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Abstract

The formation and chiroptical properties of liquid crystals of ethyl cellulose (EC)
and some related polymers are investigated to determine which features affect the
mesophase behaviour.

The onset of mesophase formation is studied by employing literature data on the
viscosity / molar mass relationship of several cellulose derivatives, including EC in
several solvents, to calculate their molecular dimensions by a recent hydrodynamic
theory. The phase separation behaviour is compared with the predictions of theories for
both freely-jointed and wormlike chains.

The effects of solvent and degree of substitution (DS) on the cholesteric structure
are assessed by studying the chiroptical properties using Circular Reflectance and Optical
Rotatory Dispersion (ORD) techniques. The DS strongly influences the helicoidal twist
sense, reflection wavelength and response of the reflection wavelength to changes in
temperature. Mesophases and cholesteric films of the methyl and n-butyl derivatives of
EC are also investigated. The ORD spectra of isotropic EC solutions are found to be
strongly influenced by the solvent employed.
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Résumé

La formation et les proprietés optiques chirales des cristaux liquides d'ethyl
cellulose (EC) et autres polyméres voisins sont étudiées afin de déterminer les facteurs qui
affectent le comportement mésophasiques.

Pour étudier la formation de la mésophase nous avons employé des données de la
littérature concernant les relations viscosité / masse moléculaire de plusiers dérivés -
cellulosiques y compris I'EC dans différents solvants. Une théorie hydrodynamique
récente a permis de calculer leurs dimensions moléculaires. La séparation de phase est
compareé avec les prédictions obtenues selon les théories des chaines "freely-jointed" et
des chaines en forme de ver.

Les effets du solvant et degré de substitution (DS) sur la structure cholestérique
sont étudiés en utilisant des techniques de dichoisme circulaire apparent et de dispersion
rotatoire cptique (DRO). Le DS influe fortement sur le sens de I'hélicité, sur la longueur
d'onde de la réflection et sur la dépendance de cette longueur d'onde en fonction de la
température. Les mésophasee et les films cholestériques de dérivés methyl et n-butyl de

I'EC sont également étudiés. Les spectra DRO des solutions isotropes d'EC dépendent
fortement du solvant employé.
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CHAPTER 1

INTRODUCTION



Liquid crystals have traditionally had two main applications: optical display
devices such as watches and televisions which are based on low molar mass components
and high strength fibres such as Kevlar ® which are manufactured from polymeric liquid
crystalline solutions and melts. Polymer liquid crystals capable of functioning as
permanent (1, 2), reversible and holographic (3) optical data storage systems have been
developed and low molar mass liquid crystals have been polymerized to give systems
with macromolecular liquid crystalline properties (4). The discovery that cellulose, an
abundantly available biological polymer, and its derivatives are also capable of forming
liquid crystals has led to numerous investigations to determine the factors controlling their
liquid crystalline properties and potential end-uses. The study of liquid crystal chemistry

and physics is essential to an understanding of all these phenomena and further

innovations in the field.

1.1 CLASSIFICATION OF LIQUID CRYSTALS

Reflection colours, which are now a recognized trait of certain types of liquid
crystals, were first observed in 1861 by Planer in a cholesteryl chloride melt (5), but the
publication acknowledged as the true beginning of the liquid crystal field is the report by
Reinitzer (6) in 1888 that cholesteryl benzoate exhibits iridescent colours and double
refraction when cooled from the melt. Initially called flowing crystals or crystalline
liquids the term flussige kristalle, meaning liquid crystal, was given to these types of
systems in 1904 by Lehmann (7) due to the unusual combination of crystal-like optical
properties in a fluid. Another term commonly used to describe these systems is
mesophase; it was introduced in 1922 by Freidel (8) te indicate that the phase is a stable
one with an order that is intermediate between the unoriented and constantly changing
structure of liquids and the long-range permanent order of solid crystals.

Within a few years of the initial liquid crystal discovery so many other compounds
had been found which exhibited different mesomorphic properties that a classification
system had to be introduced. At an elementary physical level two general categories of

liquid crystals are recognized: lyotropic and thermotropic. A lyotropic substance requires




the presence of a solvent as part of the matrix with the liquid crystal forming when, at
some critical concentration, the solution changes from an isotropic or disordered state to
an anisotropic or ordered one. Thermotropic liquid crystals are formed by the action of
heat alone on the pure compound and exist within specific ranges of temperature. While
the first low molar mass liquid crystals to be found were thermotropic and the first
polymeric liquid crystals were lyotropic, both types of mesophase have been found for
low and high molar mass compounds. However, given the vast number of organic
compounds that can form lyotropic and / or thermotropic structures (9), a more
comprehensive classification system is required.

Freidel (8) originated the modem classification system that differentiates liquid
crystals based on their optical properties. The two major categories of liquid crystals are
smectics and nematics. These are illustrated in Figure 1.1 along with an isotropic fluid.
Smectic mesophases are composed of layers of molecules in which the long axis of each
constituent molecule is at an angle to the plane of the layer. Several subgroups of
smectics have been classified on the basis of differing optical textures and x-ray
diffraction patterns (10). In nematic structures the major axes of the constituent molecules
generally point in the same direction but the centres of mass are randomly disposed
throughout the mesophase. A special form of the nematic structure is the cholesteric
phase which is sometimes called a twisted nematic. Even a small chiral component in the
molecular arrangement can cause the twisting one "layer” relative to the next (11). The
result is a supramolecular helicoidal network that is represented in a simplified form by
Figure 1.2. The name cholesteric is applied to this type of structure because most of the
early cholesteric mesophases were derivatives of cholesterol. An important attribute of
the cholesteric structure is the rotation of each layer relative to its neighbour. Two layer
rotations are possible: left-handed and right-handed. When the rotation of a successive
numbers of layers from any given layer is such that the layer director has rotated 3609, the
distance between the two layers is called the pitch. For a layer director rotation of 1800
the distance is called the half-pitch; this is illustrated in Figure 1.2 as P/ 2.
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Figure 1.1  Isotropic and anisotropic ordering of molecules. In an isotropic solution
there is no ordering of the molecules. Smectic liquid crystals are
composed of layers of ordered molecules where the molecules are at an
angle to the layer while in nematic mesophases the orientations of the
molecules are correlated but the centres of mass are randomly distributed.
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Optic Axis

Optic Axis

Right-handed
mesophase

mesophase

Left-handed

A simplified schematic of a cholesteric liquid crystal. Each layer has

Figure 1.2

nematic ordering but is twisted at an angle relative to its neighbour. The

pitch, P, is defined as the distance between two layers separated by a 360°

rotation of the layer directors. P/ 2 represents the half-pitch.



1.2 POLYMER LIQUID CRYSTALS

Interest in liquid crystals was further heightened in 1937 when the first polymeric
mesophase was discovered. Bawden and Pirie (12) first demonstrated that suspensions
of the tobacco mosaic virus were liquid crystalline and in the 1950's it was found that
polypeptides would also form anisotropic phases (13, 14). The development of liquid
crystalline polymer phases was of tremendous interest to industry. The first process for
the production of a fibre from a liquid crystal was described in 1964 by Ballard et al.
(15). Since this time several processes for the production of high strength, low weight
fibres have been developed (16). An understanding of the polymer mesophase, either in
the melt or the solution, has predictably taken on major importance.

Models for the formation of low molar mass mesophases are based on molecular
anisotropy and this is also true of polymer mesophase formation. However, the
modelling of a polymer molecule as an anisotropic entity for use in any thecry has taken
several routes in the attempt to find a mathematical description that best reflects reality. A
reliable model is particularly important for polymer hydrodynamic theories where the
shape of the macromolecule is closely related to the movement of the molecule in a

solvent.

1.2.1 Models of Polymers in Solution

The dimension of a linear polymer is frequently expressed as the mean square end-
to-end distance, <t 2>. This distance is a function of short range interactions such as
hindrance to internal rotations and long range interactions such as excluded volume effects
between remote parts of the chain. In the absence of both types of interactions a freely-
jointed chain is obtained and the dimension of the chain is expressed as <r¢2>. If short
range effects are considered then the chain dimension is changed, but the proportionality
between the end-to-end distance and the number of bonds remains the same. In this case
the average dimension of the chain is called the unperturbed dimension, <1y >. If long
range interactions are also considered then not only the restriction of the angle between

and rotation about each bond must be considered, but also the concept of excluded



volume must be included. The excluded volume is the volume each segment of a real
polymer chain occupies from which all other segments myst be excluded (17). This
refined model describes a random flight chain and the end-to-end distance is no longer
proportional to the number of bonds but rather is related to the linear expansion factor, o,
through Equation [1.1}.

<r2505= g <ry2>05, [1.1]

Kuhn (18) introduced a model in which a real chain with n bond segments of
length ! is replaced by a freely-jointed conceptual chain of n' = n / m vectors of average
length I, called the Kuhn length, where m is the number of bond segments of the real
chain contained in a vector. The chain is modelled by assembling the termini of all the
freely-jointed bond vectors such that there is less correlation between successive steps
than in the real chain, but the model chain still has the same end-to-end distance and
contour length, L, which is equal to nl. The value of m is chosen such that the directions
of the first and mt™h units are uncorrelated and still obeys Gaussian statistics. As the molar
mass increases, the resulting freely-jointed chain asymptotically approaches the random
flight conformation.

In some real chain structures such as polysaccharides, nucleic acids and helical
polypeptides L is no longer very large compared to the Kuhn segment length except,
hypothetically, at molar masses that are unobtainably high (19). This type of chain
structure is described as stiff or semiflexible. The random flight chain no longer is as
reasonable a model for these types of polymers, but an alternative has been proposed by
Kratky and Porod (20). In this method a persistent or wormlike chain model can take
stiff behaviour into account. The main advantage of this model is that it permits a
continuous description of chain character ranging from the highly flexible to the rodlike
states. The basis of the model is that free rotation with a fixed angle, 0, of nearly 180°is
permitted each of n segments of length /. The direction of the chain persists in the
direction of the first vector and the cosine of the angle between the first and last segments
decreases as exp (- L/ q), where q, the persistence length, is equal to -1/ In <-cos 6>. In

this model the mean square end-to-end distance is given by Equation [1.2].
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<r2>=2q(L-q[1-exp(-L/q)])}. (1.2}

The persistence length thus becomes a measure of chain stiffness. Two extreme cases are
possible: L << q and L >> q. In the former case the mean square end-to-end distance is
described by Equation [1.3] while for the latter condition Equation [1.4] holds.

<r2>=12 [1.3)
<r2>~2qL. [1.4]

Equation [1.4] means that at the limit of infinite molar mass, where L is very large
compared to q, the Kratky-Porod model adopts random flight statistics and behaves as a
random coil. Under these conditions twice the persistence length of the Kratky-Porod
model takes on the value of the segment length, I, in the Kuhn freely-jointed model.
When 7 is applied to the wormlike chain model it is called the "equivalent Kuhn segment
length", kw. This adaptation has been used in hydrodynamic theories that attempt to
explain polymer mesophase formation on the basis of chain dimensions (21, 22).

For most polymers the nearly free intramolecular rotation about each bond means
that an extended structure is not obtained. However, there are a variety of effects that can
restrict the rotation and cause the polymer to adopt an extended structure. Two of the
major sources of restriction are hydrogen bonding and steric hindrance. The first effect is
seen in polymers such as polypeptides and is the product of hydrogen bonding between
the amide and the carbonyl groups in the backbone. The result is a helical conformation
for the backbone which induces an extremely extended structure in the polymer. The
second effect can sometimes be seen in polymers that contain cyclic groups in the
backbone such as aromatic polyesters and amides or any of the cellulose derivatives.

These polymers are therefore considered to be semiflexible.



1.2.2 Polypeptide Liquid Crystals

The most widely researched polypeptide in the liquid crystal field is polybenzyl-L-
glutamate (PBLG) (Figure 1.3). This polymer was first shown to exhibit mesomorphic
properties in the 1950's by Elliot and Ambrose (13) and Robinson (14). The polymer
was invented as part of a program designed to produce a synthetic silk based on
polypeptides. The attractiveness of the PBLG system for experimental purposes is the
well defined nature of the molecule and the fact that it shows a variety of properties in the
liquid crystalline phase (23, 24, 25). Most theories that have attempted to explain the
cholesteric twist sense and pitch response to temperature of a polymeric mesophase have
employed PBLG and its derivatives as models (26, 27). As mentioned in Section 1.2.1,
the source of the rigidity is the helical structure of the backbone. If this helical structure is
destroyed by the addition of a hydrogen bonding inhibitor (28) or heating the sample to
above the helix-coil transition temperature (29) then the rigidity is lost and mesophase
formation will not occur. While the role of the helical backbone of polypeptides in the
isotropic / anisotropic phase transition has been discussed (30, 31), the role conformation

plays in determining the cholesteric mesophase properties is still uncertain.

1.2.3 Cellulose Derivatives

Another major class of polymers that has been found to exhibit liquid crystalline
properties is the cellulose derivatives. Cellulose is a naturally occurring polymer that is
composed of a series of 1,4- linked anhydroglucopyranose monomer units (Figure 1.4).
The possibility that cellulosic compounds might be capable of forming ordered phases
was first postulated by Flory in 1956 (32), but it was not until 1976 that the first paper
and patents on cellulose derivative mesophases began to appear (33 - 36). The first
cellulosic to be extensively studied in the liquid crystalline state was (hydroxypropyl)
cellulose (33), an ether derivative of cellulose.

Cellulose, which can be considered a carbohydrate polymer, has been known to
form oriented suspensions since 1959 (37) and mesophases since 1980 (38), but liquid
crystals based on a monomeric carbohydrate have existed since 1911 (39). In this case a
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Polybenzyl-L-glutamate (PBLG). This molecule has an inherent stiffness
due to an interaction between the amide and carbonyl groups in the
polymer backbone. The result is a helical structure whose rigidity is

sensitive to temperature and hydrogen bonding inhibitors.
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Figure 1.4 Two repeat units of a cellulose molecule. Cellulose is a 1,4 - B linked
anhydroglucopyranose homopolymer.
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long chain n-alkyl pyranoside was observed to have a double melting point, but it was not
until 193¢ that this was recognized as a thermotropic mesophase (40). Since this time
several other n-alkyl carbohydrates have been found which exhibit liquid crystalline
behaviour (41).

Cellulose derivatives are of interest as models for mesophase formation because
they constitute the largest group of naturally occurring polymers that is considered to be
semiflexible. The flexibility that is permitted is the result of individual monomer units
rotating about the anhydroglucopyranose linkage oxygen bonds in the cellulose backbone
(42). This flexibility is temperature dependent and affects the ability of the cellulosic
compound to form a mesophase (43). The higher the axial ratio, the more the polymer is
considered to be extended and rigid, but at elevated temperatures the axial ratio is reduced,
the stiffness requirement for the formation of a mesophase is lost and the chain begins to
behave as a random coil (44). While the semiflexible nature of cellulose and its
derivatives is known to be temperature dependent, the role played by the solvent is less
well defined. Most recent investigations that provide information on the axial ratio of
cellulosics have concentrated primarily on solvents in which well ordered mesophases are
produced. With the exceptions of cellulose acetate and nitrocellulose there is limited
information on the rigidity of any individual cellulose derivative in several solvents.

The liquid crystalline properties of cellulose derivatives are also of interest because
many cellulosics are capable of forming cholesteric mesophases with reflection colours.
This property of visible reflection permits a great deal of information to be derived from
classical optical methods that function in the visible region of the spectrum. The factors
that influence the properties of the cellulosic mesophases, such as the solvent type, nature
of the sidechain, concentration and temperature, can therefore be carefully examined and
this allows a comparison with the behaviour of other cholesteric mesophases and the

predictions of current theories.
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1.3 POLARIZED LIGHT: DEFINITION AND APPLICATIONS

Many of the principal techniques used in the study of liquid crystalline structures
are chiroptical methods. An understanding of how light interacts with these materials is
important for the classification of a liquid crystal because this is done on tke basis of its
optical properties. A priority of this thesis is to study the factors that influence the
cholesteric structure of cellulose derivative mesophases and these are examined by
studying the associated optical properties. The principles upon which these optical
properties are based are described below. The application of these principles to describe
the interaction of light with a cholesteric liquid crystal is discussed in Chapters 4 and 5.

1.3.1 Polarization of Light

Light consists of oscillating electric and magnetic fields which are perpendicular to
each other and propagate in a direction normal to that of the wave (Figure 1.5). For
movement in the z-direction, the oscillating electric field, E, at any time, t, can be related
to the wavelengt', A, and the frequency, v, of the electromagnetic wave by Equation
[1.5].

E = Ep cos 2x (vt - Z/A) [1.5]

where Eo = maximum amplitude of the field.

Equation [1.5] can be resolved into its component fields Ex and Ey because the electric
vector lies in the xy plane. These fields can be described by Equations [1.6] and [1.7).

Eyx = Eqx cos 2%t (ut - z/A + 8y) [1.6)
Ey = Eqy cos 21 (vt - z/A + By) [1.7]
where dx and 5y are the phase angles of the two components,

The difference in the phase angle, AS, of the two components can vary between zero and
2r. Figure 1.6 illustrates some of the possible wave shapes that the electric vector can

trace as a function of various phase angle differences. The elliptical form is considered to
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Figure 1.5 A plane polarized electromagnetic wave. The oscillating electric and
magnetic fields are perpendicular to each other and propagate in a direction
normal to that of the wave. In this diagram Ex = 0 and Ey=1.
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AS=m/2
AS=xr/4 Ad=3x/4
Ad=0 AS=m
AS=Tr/4 AS=5n/4
Ad=3r/2

Figure 1.6  Possible wave shapes of the electric vector based on the phase differences
of the Ex and Ey components of the field. Two special cases exist (i)
when the phase angle difference between Ey and Ey, A9, is zero or a
multiple of « the electric vector is plane polarized and (ji) when Ad == /2
the electric vector is left-handed circularly polarized while at AS=3n/2 it
is right-handed circularly polarized.
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be the norm but for instances where A8 is zero or a multiple of » the ellipse flattens into a
line and the light wave is called plane polarized. Another extreme exists when ASis 1t/ 2
or an odd multiple of 7t / 2 and the electric vector trace becomes a perfect circle. Under
these circumstances the wave is termed circularly polarized and can be either right-handed
or left-handed, depending on the phase angle difference. An important feature of a plane
polarized light wave is that it can be decomposed into coterminus beams of left-handed
and right-handed circularly polarized light that have equal phase and amplitude and each
of which contains 50% of the energy (Figure 1.7).

It is universally recognized that plane polarized and circularly polarized light are
merely specialized forms of elliptically polarized light but historically the definitions of
left-handed and right-handed circularly polarized light have often been contradictory or
ambiguous. An unambiguous definition is that for a beam of circularly polarized light that
is moving towards the observer, if the motion of the approaching electric vector is
counter-clockwise then the light wave is right-handed while one that moves in a clockwise
motion is left-handed. This definition has the advantage of keeping the handedness of
light polarization consistent with other particles in nature that exhibit polarization (45).

1.3.2 Optical Activity

Optical activity is the result of the interaction of the electric vector of polarized light
with the electrons of a molecule in an asymmetric environment. The electrons are acted
upon by the polarized electric field of the light wave and are compelled to move. In a
symmetric environment the electrons can simply move in the line of the electric vector
with no resultant change in the polarization of the light wave, but in a chiral environment a
nonsymmetrical motion is introduced to the electrons. The outcome of this motion is the
generation of an electric vector that is not aligned with the electric vector of the light wave.
Addition of the two vectors results in a rotation of the original electric vector from its
initial polarization. Substances that rotate the plane of polarization of the approaching
electric vector in a clockwise direction are called dextrorotatory while those that rotate the

electric vector in a counter-clockwise direction are called laevorotatory; however, the sign



Figure 1.7

17

Decomposition of a plane polarized light wave into coterminus beams of
left-handed and right-handed circularly polarized light. The plane polarized
light wave, a, can be considered to be composed of a right-handed
circularly polarized component, b, and a left-handed circularly polarized
component, ¢, each of which contains 50% of the energy.
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of the rotation is wavelength dependent (46). Despite the vectorial description used to
illustrate its origin, optical activity is not a vectorial property; it has sign and magnitude
but is not directionally dependent and so would be considered a scalar property. The
optical activity of a sample is related not only to its thickness, but also to the wavelength
of the incident light and the concentration of the optically active species.

The interaction of a plane polarized wave with an optically active medium can also
be considered as the net effect of the interaction of left-handed and right-handed circularly
polarized light. Section 1.4.1 has shown that linearly polarized light can be considered as
coterminus beams of left-handed and right-handed circularly polarized light that have
equal phase and amplitude, but when these two beams interact with an optically active
medium the refractive indices for the left-handed and right-handed circularly polarized
light waves, ni, and ng respectively, will not be equal nor will the molar absorbances, €1,
and €r. In aregion of no absorbance the net effect of the two components is a rotation of
the plane of polaization (Figure 1.8a). However, if an absorption does occur over the
wavelengths examined then the difference between €1, and €r means that the vector
lengths of the two circularly polarized beams are no longer equal and the plane polarized
light wave becomes elliptically polarized (Figure 1.8b). The principal axis of the ellipse,
equal to I€, + €Rl, defines the pseudo plane of the rotated vector while the minor axis is
equal to l€], - ERl. The quantities €1, and €R are related to the ellipticity, y, through
Equation [1.8].

tan ¥ = (€L, - €R) / (EL + ER). [1.8]

Measurement of y with respect to wavelength is called circular dichroism (CD)
spectroscopy while measurement of the angle of the principal axis, o in Figure 1.8, as a
function of wavelength is called optical rotatory dispersion (ORD) spectroscopy. Figure
1.9 shows typical CD and ORD spectra. An important feature of these techniques is that
they not only measure the wavelength of the maximum absorbance, A, but they also
measure the sign of the absorbance. The change in sign of the optical rotation in the ORD
spectrum as it passes through A, is called a Cotton Effect. CD and ORD spectroscopy
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Possible interactions of the two circularly polarized components of light
with optically active samples: (a) When ni, and ng are equal and interact
with an optically active medium the result is a rotation of the plane of
polarization, &t (b) If measured in a region of an absorption then €| and
€r will not be equal and the plane polarized electric vector becomes
elliptically polarized. The principal axis of the ellipse defines the pseudo
plane of polarization, o, and the ellipticity, v, is related to €1, and €g
through Equation [1.8].
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Typical ORD and CD spectra. ORD spectroscopy measures the rotation of
the plane of polarization, o, as a function of wavelength while CD
spectroscopy measures the variation of the ellipticity, v, as a function of
wavelength. The cross-over wavelength of the ORD spectrum

corresponds to the wavelength of maximum ellipticity in the CD spectrum.
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have both proven to be extremely useful tools for investigating the solution conformations
of biological macromolecules (47, 48).

1.3.3 Birefringence

The introduction of liquid crystalline order to a substance is accompanied by the
development of anisotropic properties, particularly optical anisotropy. Optical anisotropy
exists in any substance which responds differently to light linearly polarized in one
direction and light linearly polarized in another. The source of this difference is molecular
asymmetry. Ina molecule possessing a much greater length than width the long axis can
be considered the optic axis (49). Two extremes are possible as an oscillating electric
field passes through the molecule: the polarized electric field is parallel or perpendicular to
the optic axis. The movement of the electrons within the molecule due to the electric field
is much easier in the former instance than in the latter. As the index of refraction is
governed by the response of electrons to the electric field, the molecule described above
will have two indices of refraction, depending on the direction of polarization within the
molecule. Such a molecule is said to exhibit birefringence. For white light impinging on

a birefringent material, two refractions occur. Snell's law, Equation [1.9],
n'/sin$ =n/sin ¢ [1.9]

which relates the angle of light wave incidence, ¢, and the angle of refraction, ¢/, to the
refractive indices, n and n', of the incident and refracting media, respectively, is found to
hold for one refracted beam of light but not the other. The beam that obeys Snell's law is
called the ordinary or O-ray and the other is called the extraordinary or E-ray. The two
emerging rays are linearly polarized at right angles to each other (49).

Although a single molecule can have intrinsic birefringence, in an isotropic
medium with many other identical molecules whose molecular axes are randomly
dispersed the observation of the birefringence is impossible. However, upon formation
of the liquid crystalline phase an ordering of the molecular axes occurs. If such an

ordered array is exposed to linearly polarized light then the form birefringence becomes
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observable by the use of a polarizing microscope (50). The polarizing microscope at its
simplest level contains a polarizer and an analyzer whose preferred directions are set
perpendicular to each other. In the isotropic state, when the sample is between the
polarizer and the analyzer, the light passes though the sample with no rotation of the plane
polarized light and is not transmitted by the analyzer. In an anisotropic sample, the
sample acts as a waveplate and introduces a phase shift. This results in a rotation of the
plane of polarization and transmission through the analyzer is possible (Figure 1.10).
The transmittance of the polarized light through the anisotropic medium also causes
interference and may cause colours to be seen. The intensity and wavelength of the
colours is a function of the sample thickness, composition of the light and the
birefringence of the sample (51). The source of the interference effect is the different
refractive indices of the anisotropic sample; the apparent velocity of light of one
polarization is slower than light of the opposite polarization and thus produces a phase lag
which in tumn causes interference effects.

The onset of lyotropic liquid crystalline behaviour is a topic that is of interest to
this thesis. The study of liquid crystals by polarizing microscopy has long been known to
be an effective means of examining thermotropic mesophase properties and it has also
been found to be capable of accurately determining the critical volume fraction in lyotropic
samples (8, 43).
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Figure 1.10 Possible fields of view in a polarizing microscope. Under crossed polars
only a birefringent medium will allow the passage of light through the
analyzer.
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1.4 INTRODUCTION TO REMAINING CHAPTERS

The objective of this thesis is to provide insight into the factors that are responsible
for governing the liquid crystalline behaviour of cellulose derivatives. The previous
sections of this chapter have described the underlying principles of how liquid crystals are
perceived and investigated. The following chapters discuss these ideas and techniques as
they apply to cholesteric polymer liquid crystals in general and this study in particular.

Many cellulose derivatives have been investigated in the past but some
fundamental questions about which factors are responsible for controlling the mesophase
properties remain unanswered. In an attempt to resolve some of these questions this
thesis presents the results of a study on the liquid crystalline properties of ethyl cellulose
(EC) and some related polymers. Chapter 2 describes the preparation and characterization
of EC of varying degrees of substitution and of two other alkyl derivatives of EC.
Chapter 3 examines the chain stiffness and liquid crystalline phase separation behaviour
of several cellulose derivatives, including EC. The physical dimensions of several
cellulose derivatives are determined by the use of a recent hydrodynamic theory and the
results compared with those of an older theory. The physical dimensions from the
superior model are employed in three liquid crystalline phase separation theories and a
comparison is made with experimental results to determine which theory best predicts the
critical concentration for mesophase formation. The liquid crystalline phase separation
behaviour of EC is examined in several solvents; potential errors in the technique are
evaluated. Chapter 4 describes an investigation of the cholesteric structure of liquid
crystalline EC and deriv' dves by measurement of the optical properties using a Circular
Reflectance spectroscopy technique. The effects of solvent, concentration, temperature
and degree of substitution on the cholesteric mesophase are explored. In addition, an
investigation of thermal effects on the cholesteric film optical properties of EC and its
derivatives is described. Chapter 5 reports on an ORD study of EC and its derivatives in
the isotropic and anisotropic states. This includes the search for a pretransitional effect
and the effects of solvent and degree of substitution on the ORD spectra. Finally, Chapter
6 presents the conclusions that can be drawn from the study as a wkole, claims to original

research and suggestions for future research based on the discoveries of this study.
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2.1 INTRODUCTION

Cellulose ethers have existed since the early 1900's. Since this time they have
taken on an important commercial value in chemical industry with millions of kilograms
being produced world-wide each year (1). The most widely utilized of the ether
derivatives are (hydroxyethyl)cellulose (HEC), (hydroxypropyl)cellulose (HPC),
(carboxymethyl)cellulose (CMC), (cyanoethyl)cellulose (CEC), methyl cellulose (MC)
and ethyl cellulose (EC). Mixed ethers derivatives have also been developed. The
applications of cellulose ethers are many and varied; thickening agents, pharmaceuticals,
absorbents, sealants and films are traditional areas in which cellulose ethers have been
employed.

The synthesis of any commercial cellulose ether first requires the preparation of
alkali cellulose. High purity wood pulp or cotton linters are used as the sources of
cellulose and these are converted to alkali cellulose using sodium hydroxide. The two
possible reaction procedures used in the preparation of the ether derivatives are
nucleophilic substitution and Michael addition. EC, MC and CMC are all produced by the
former mechanism while CEC is a product of the latter. The syntheses of HPC and HEC
are special cases of the substitution reaction because sidechain polymerization can also

ocCcCur.

2.1.1 Ethyl Cellulose

Commercial EC is usually prepared from alkali cellulose by reaction with
chloroethane (1). The typical commercial product is listed as having an ethoxyl content of
48% which corresponds to a degree of substitution (DS) of ~ 2.5, but in reality the DS
can range anywhere between 2.3 and 2.6. Figure 2.1 shows two units of an idealized EC
molecule with a DS of 2.5. The physical properties of EC, such as its softening point and
solubility, have been found to be dependent on the DS (2).
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Figure 2.1

CH,0C;H,

oc:""s c"2°c2H5

An idealized segment of an EC molecule with a DS of 2.5.
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2.2 SAMPLE PREPARATION

Two modifications of an Aldrich Ltd. EC sample were required. The first
involved the preparation of EC of varying DS up to tri-O-ethyl cellulose (TEC). The
second involved the preparation of two mixed ether derivatives of EC: O-
(ethyl)(methyl)cellulose (EMC) and O-(butyl)(ethyl)cellulose (BEC).

2.2.1 Preparation of EC of Varying DS

The reaction procedures employed for the preparation of EC of varying DS are
described below. EMC and BEC were prepared by same general procedure as is
described here except that the solvent, quantities of starting material, alkylating agent or
number of alkylating reactions on the same sample are different. The general reaction
scheme is shown in Figure 2.2.

The preparation of EC of varying DS (excluding sample EC-7; vide infra) was
accomplished by dissolving 5.0 g of dry commercial grade EC in 60 mL of
tetrahydrofuran (THF) in a two necked round bottom flask that was equipped with a
nitrogen feed tube and a stirring bar. The flask was immersed in a temperature controlled
oil bath to a depth that covered the solution mixture in the flask. Sodium hydride (NaH),
0.7 g, was added to the degassed solution and allowed to mix for one hour. The
ethylating agent was iodoethane; this was added dropwise over a period of 1/2 hour. The
temperature, reaction time and quantity of ethylating agent used are listed in Table 2.1.
The reactions were terminated by removing the flask from the oil bath, allowing it to air
cool and slowly adding 50 mL of methanol. After the methanol had reacted with any
remaining NaH the solution was slowly poured into 200 mL of distilled water that
contained 1 g of sodium thiosulphate (NaS203). Precipitation of the EC was immediate
and after isolation by filtration and washing with large quantities of distilled water the
sample was vacuum dried at 60 °C. The dried product was then redissolved in THF and
precipitated in a distilled water / NaS203 solution, isolated by filtration, washed with
large quantities of distilled water and vacuum dried at 60 ©C. This last step, without the
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NaH THF or
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Figure 2.2  The general reaction scheme used for the syntheses of EC of varying DS,
EMC and BEC.
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Na$703, had to be repeated at least once before a clean sample was obtained. Yields for
these reactions ranged from 3.5-4.5 g.

Table 2.1

nditions for ionof E ingD

EC/g i ml._ Temp /O ion Ti
EC-1 5.0 1 40 3
EC-2 50 2 40 3
EC-3 5.0 5 40 3
EC-4 50 6.5 40 3
EC-5 50 8 40 3
EC-6 5.0 8 55 5

EC-7 was the first derivative of the commercial grade EC to be prepared and its
reaction conditions were slightly different than those listed above. Using the apparatus
described above dry commercial grade EC (20 g) was dissolved in 300 mL of THF, 3.2 g
of NaH added and the solution stirred for two hours at 25 ©C. lodoethane (4 mlL) was
added and after stirring for two hours the temperature of the reaction mixture was raised
to 40 OC where a second 4 mL addition of iodoethane was made. After two hours of
stirring the temperature was raised to 55 °C, 10 mL of iodoethane were added and stirring
continued two more hours. The temperature was increased to 60 ©C and a second
addition of 10 mL of iodoethane was made and the reaction mixture stirred for four hours.
After cooling to room temperature, SO mL of methanol was added and the solution was
poured into 1500 mL of distilled water containing 3 g of NaS203. The product was
isolated and cleaned in the usual manner except that dioxane was used to redissolve the

polymer for cleaning purposes. The final yield of the white powder was 17 g.

2.2.2 Preparation of O-(Ethyl)(methyl)cellulose

To 150 mL of THF in a three necked roundbottomed flask that was equipped with
a stirring bar, an air condenser, a nitrogen feed tube and a solvent delivery funnel, 10.0 g
of EC was added. After dissolution the solution was degassed by bubbling nitrogen
through the liquid. To this solution 1.6 g of NaH was added and the solution stirred for
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two hours at 25 °C., Iodomethane (3 mL) was added dropwise and after stirring for two
hours the temperature of the reaction mixture was raised to 35 °C. Iodomethane (3 mL)
was added and the mixture stirred for two more hours. The temperature of the reaction
mixture was raised to 40 °C, 4 mL of iodomethane were added and stirring continued for
five more hours. After cooling to room temperature the product was isolated in the usual

manner. The final yield was 8.2 g.

2.2.3 Preparation of O-(Butyl)(ethyl)cellulose

To 50 mL of THF in a three necked roundbottomed flask that was equipped with a
stirring bar, an air condenser, a nitrogen feed tube and a solvent delivery funnel, 5.0 g of
EC was added. After dissolution the solution was degassed by bubbling nitrogen through
the liquid. NaH (0.8 g) was added and the mixture was stirred for an hour. The flask
was then heated to 55 ©C and 8 mL of 1-iodobutane was added dropwise. The reaction
was allowed to proceed for 24 hours and after cooling to room temperature the sample
isolated in the usual manner. A Fourier transform infrared (FTIR) spectrum showed the
existence of an -OH stretching peak at 3,400 cm-1. Half a gram of the polymer was set
aside (BEC-1).

The remnant of BEC-1 (4.3 g) was dissolved in dioxane (50 mL) under nitrogen,
0.7 g of NaH added and the flask heated to 80 OC. 1-Iodobutane (14 mL) was added
dropwise and the reaction allowed to proceed for 36 hours and after cooling to room
temperature the product was isolated in the usual manner. Although smaller than the peak
in BEC-1, an FTIR spectrum showed the continued existence of a small -OH stretching
peak. Half a gram of the polymer was set aside (BEC-2).

The remnant of BEC-2 (2.5 g) was dissolved in dioxane (30 mL) under nitrogen,
0.5 g of NaH added and the flask heated to 80 ©C. 1-Iodobutane (6 mL) was added and
the reaction allowed to proceed for 24 hours. After cooling to room temperature the
product was isolated in the usual manner. An FTIR spectrum showed no -OH stretching
peak. The final yield was 2 g (BEC-3).
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2.3 CHARACTERIZATION

Two EC samples (Aldrich) were used for the purposes of the thesis. One was
used in the liquid crystal phase separation study of Chapter 3 while the other sample and
derivatives prepared from it were used for all other investigations.

Characterization of EC and its products involves two objectives: (i) determination
of the DS values of all the samples employed and (ii) a determination of the molar masses
of the starting compound and final product of the reaction used to produce EC-7.

2.3.1 Determination of Degree of Substitution

The DS values were determined from the 1H nuclear magnetic resonance (NMR)
spectra obtained on Varian X1.200 or XL300 spectrometers using CDClIj as the solvent
and tetramethyl silane as the internal reference. Assignments of DS in EC were made on
the basis of the ratio of the methyl component of the ethyl group peak area which appears
at 1.18 ppm to the area of the peaks of all other protons which extend from 2.7 ppm to
5.0 ppm (Figure 2.3). Reproducibility was excellent between samples run on both the
Varian XL.200 and XL300 NMR spectrometers. The DS of the EC sample used in
Chapter 3 was determined to be 2.52. The DS values for EC and its derivatives employed
in Chapters 4 and § are listed in Tables 2.2 and 2.3. The effect of a change in DS of EC
from 2.29 to 3.00 can also be shown by FTIR. The strong stretching peak at 3,400 cm-!
due to the unreacted hydroxyl groups in the starting compound completely vanishes in the
trisubstituted derivative (Figure 2.4).

Table 2.2
DS of E its Synthesized An
Sample DS Sample DS
EC 2.29 EC4 2.80
EC-1 2.55 EC-5 2.88
EC-2 2.65 EC-6 3.00
EC-3 2.70 EC-7 3.00

Figure 2.5 shows the NMR spectrum of EMC. The sharp peak at 3.55 ppm is
due to the methoxyl group protons. The sample is trisubstituted. Figure 2.6 shows the
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Figure23 1H NMR of EC. The peak at 1.18 ppm is due to the methyl groups
protons. All the other proton signals are contained in the region of 2.7

ppm to 5.0 ppm.
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1H NMR spectrum of EMC. The sharp peak at 3.55 ppm is due to the

methoxyl group protons.
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NMR spectrum of BEC-3; the peaks at 0.85 ppm are due to the protons of the methyl
component of the butyl group while the sharp peak at 1.28 ppm is due to the protons of
the methylene groups at the 2 and 3 positiuns of the butyl group. As with TEC, the FTIR
absorbance spectra of EMC and BEC-3 show no hydroxyl stretching peaks (Figure 2.7).
The DS values of EMC and BEC are listed in Table 2.3.

Table 2.3
DS of EMC and BEC Samples

I D fn-B
EMC 0.7 - 3.0
BEC-1 - 0.3 2.6
BEC-2 - 0.6 2.9
BEC-3 - 0.7 3.0

2.3.2 Determination of Molar Mass

Investigations of the liquid crystalline properties of cellulose tricarbanilate and
(acetoxypropyl)cellulose have found significant variations in pitch with large changes in
molar mass (3, 4). For the purposes of comparing the effect of DS on the liquid
crystalline properties it is therefore necessary to ensure that there has been no significant
change in molar mass due to the syntheses reactions. The method used to determine the
molar mass was Low Angle Laser Light Scattering (LALLS). A Chromatix LALLS in the
static mode was employed. The samples were prefiltered through a 1.0 pum filter and a
0.5 pum filter was used during sample injection into the LLAS. The dn/dc values of EC
with DS = 2.52 and 3.00 in benzene were determined using a Brice-Pheonix Differentia’
Refractometer and calculated to be -0.0278 and -0.0324, respectively, while the dn/dc
value of EC with DS =2.29 in 1,4-dioxane was found to be -0.0478. The molar mass of
the sample used in Chapter 3 was found to be 168,000 g mol-1. The molar masses of the
EC-1 and EC-7 (DS =229 and 3.00, respectively) samples used in Chapters 4 and 5
were found to be 65,000 and 62,000 g mol-!, respectively. The degrees of
polymerization based on the weight average molar masses of these samples are 280 and
252, respectively, which means that even the most rigorous synthesis procedure causes

only minor chain degradation.
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1H NMR spectrum of BEC-3. The peak at 0.85 ppm is due to the protons
of the methyl component of the butyl group.
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Figurc 2.7  FTIR spectra of EMC (lower trace) and BEC-3 (upper trace). These
trisubstituted cellulose derivatives lack the -OH stretching peak at 3,400

cm-1 which is characteristic of the starting compound (see Figure 2.4).
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2.4 DISCUSSION

Although EC itself is a widely used commercial product there is little demand for
its very highly substituted analogs. Thus, it was necessary to prepare the various EC
derivatives. The reactions employed point out some interesting features of EC chemistry.
NaH was employed as the base because sodium hydroxide proved ineffective even when
multiple reactions of the same material were attempted. The size of the ether group that
was to be introduced also appeared to played a role in the relative ease of the reactions.
While the preparation of EMC was possible at a low temperature and the highly
substituted ethyl derivatives required only moderately more rigorous conditions, the
reaction conditions required to produce a fully substituted BEC sample involved high
temperature, repetitive reactions and a very large excess of alkylating agent. This
apparent selectivity can be ascribed to a possible steric effect. The most reactive positions
of cellulose during a commercial etherification reaction are OH-2 > OH-6 >> OH-3 (5 -
8). Although not uniformly substituted, in commercial EC synthesis the OH-2 and OH-6
positions would therefore be expected to be the preferred sites of occupation. While it has
been established that if the OH-2 position is substituted then the reactivity of the OH-3
position is substantially increased (7, 8), the fact remains that the remaining unreacted
hydroxyls, located primarily at the 3 position, are even more hindered to potential
nucleophilic attack. It would be expected that the approach of a large substituent would
be more sterically hindered than the approach of a smaller one. This effect has been
observed for reactions of alkyl halides and the OH-3 group of 1,2:5,6-di-O-
isopropylidene-a-glucofuranose in dimethylformamide at 25 ©C. The relative reactivities
of the methyl, ethyl and n-propyl halides at this position were found to be ~15:~3:1 (9).
It is therefore probable that the same steric effect slows or prevents the approach of the
larger substituents in EC alkylation reactions.

A plot of the DS of the prepared EC analogs versus the molar ratio of iodoethane
to hydroxyl groups that was added to the reaction mixture (Figure 2.8) under constant
conditions shows that a large increase in the DS of EC can be achieved by the addition of
a comparatively small quantity of ethylating agent. However, as larger quantities of

iodoethane are added, the rate of the increase in the DS is lower than that observed for the
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reaction which produced EC-1. The probable reason for this lies in the relative reactivities
of the hydroxyl groups at 2, 3 and 6 positions. It has been found that the heterogeneous
reactions used to synthesize commercial EC and MC produce a heteropolymer containing
cight different residues randomly substituted along the chain (7, 8). The reaction
conditions used here are homogeneous and of the segments of the EC backbone that are
only slightly substituted, the OH-2 and OH-6 positions should be the preferred sites of
occupation for the cthylating agent. The rapid occupation of these reactive positions
would account for the large increase observed for the initial ethylating reaction while the
substitution of the remaining less reactive sites are responsible for the less rapid increases
seen for samples of higher DS.
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2.5 CONCLUSION

EC samples of several degrees of substitution have been prepared by the use of
commercial grade EC as the starting material, sodium hydride as the base and iodoethane
as the ethylating agent. By using iodomethane and n-iodobutane as the alkylating agent,
mixed trisubstituted ether derivatives of EC were also prepared. The DS values of the
samples were found to vary between 2.29 and 3.00 and molar mass measurements found
that there was no major decrease in the degree of polymerization due to the reactions. The
two commercial grade EC samples and the prepared derivatives are the samples employed

in the remainder of the thesis.
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3.1 INTRODUCTION

The first half century of investigations on liquid crystals dealt exclusively with low
molar mass organic compounds. Any of four general features can be present in these
molecules: planar units such as benzene rings, a series of double bonds in the backbone,
strong dipoles along the molecular axis and weak dipolar end groups are all typical (1).
The result of any of these characteristics is a molecule with an anisotropic shape. It has
been reported that an axial ratio of only three is required for a low molar mass organic
compound to form a mesophase (2).

With the observation in 1937 that a polymer could form a liquid crystal (3) and the
subsequent development of processes for the manufacture of high strength, low weight
fibres from polymeric mesophases (4, 5), the interest in an understanding of the liquid
crystalline phase separation phenomenon lead to a variety of theories. The application of
these theories to cellulose and its derivatives has been fueled not only by an interest in the
theoretical perspectives, but also by the practical and potentially practical ones. Patents
have been awarded based on the production of fibres from anisotropic solutions of
cellulose and its derivatives (6, 7) and the possibility of using liquid crystalline cellulosic

solutions in the production of regenerated cellulose fibres has also been discussed (8).

3.1.1 Theories of Polymer Mesophase Formation

Two fundamentally different approaches have been used to describe the liquid
crystalline phase separation behaviour of mainchain polymers in terms of the geometric
features of the polymer. One approach is based on a virial expansion method while the
other employs a lattice model. Both methods have been modified to account for several
parameters not considered in the original theoriecs. Among these modifications is the
inclusion of attractive dispersive forces between segments of the polymer chains.
Attractive dispersive forces alone were found to explain adequately low molar mass
mesophase formation (9) and they have also been used to describe successfully polymer

mesophase formation (10). However, as these theories ignore the role of the geometric
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features of the polymer and lack an easily measurable physical parameter, they have not
been as extensively employed as geometric theories in application to mainchain polymers.

3.1.1.1 Virial Expansion Theories

The first theory to predict the formation of an ordered solution for polymeric
molecules was introduced in 1949 by Onsager (11). This theory modelled the polymer
molecules as impenetrable rigid rods that possessed no intermolecular forces other than
geometric ones. The free energy of the system, AF, was expressed as a function of the
particle distribution by a virial expansion that was truncated at the second term (Equation
[3.1]).

AF /NKkT = Constant + Inc' + ¢ + bc'p' (3.1

where N = number of rods in volume V

k = Boltzmann constant

T =temperature

¢' =rod concentration (N/V)

G = entropy loss due to orientation

b =(n/4)L2d (L = length, d = diameter of rod)

p' = orientation dependent second virial term.

In the isotropic state the random distribution of the rods minimizes the orientational
entropy whereas when in the anisotropic state, the translational entropy is minimized.
The critical volume fraction, ¢', is reached when the loss in orientational entropy due to
the addition of a single molecule equals the gain in translational entropy. At this point the
solution contains both isotropic and anisotropic regions and is called biphasic. As more
of the solute is added, the solution eventually becomes fully anisotropic at some second
concentration ¢". The theory gives the critical volume fractions as a function of the axial

ratio, x, according to Equations [3.2] and [3.3].

¢'=334/x (3.2]
¢"' =4.49/x. [3.3)
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The Onsager approach has heen criticized as inappropriate for real polymer
systems because truncating the virial expansion at the second term ignores higher order
effects and requires that all parameters be dependent solely on the second virial term (12).
For example, the solution is treated as a continuum in which the diameter of the polymer
is considered to be the same as the diameter of the solvent molecules. The second virial
coefficient is dependent on the ratio of the polymer / solvent diameter and is felt to be too
large by a factor of at least two because of the truncation. For these reasons the Onsager
theory has traditionally been considered to be applicable only for situations where the
axial ratio of the polymer is much greater than one and the critical volume fraction is much
less than unity. Despite these assertions, the Onsager model continues to elicit support.
Odijk (13) has recently examined the effect of the third virial coefficient, both in terms of
the truncation effect and the polymer / solvent diameter ratio, and stated that while the
Onsager theory cannot always be considered quantitative in the normal range of polymer
axial ratios, the influence of the third virial coefficient is much less severe than critics of
the theory assume.

A difficulty with the Onsager theory, apart from objections to its theoretical
validity, is that it was originally intended to describe the ordering of pure rigid rods. Real
polymer systems tend to exhibit a number of features which deviate from this restriction,
the foremost of which is that even the stiffest of polymers has some degree of flexibility.
In Chapter 1.3 it was reported that a semiflexible polymer chain in solution can be
represented by both a freely-jointed chain and a wormlike chain. Both models have been
used in modified Onsager theories. When semiflexibility was introduced to the theory by
modelling the polymer as a series of rigid segments connected by flexible joints (14, 15)
the critical volume fractions were found to be given by Equations [3.4] and [3.5).

¢ =325/x 13.4]
¢" =486/ x. [3.5)

In modelling the semiflexible polymer as a wormlike chain Khokhlov and Semenov (16)

found that in the elementary form of their theory the critical volume fractions for

mesophase formation were
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¢'=10.48/x [3.6)
¢"=1139/x [3.7]

for the case where the contour length, L, was much greater than the equivalent Kuhn
segment length, ky. They later modified this theory to include the effect of molar mass
and found that the new critical volume fractions were as given in Equations [3.8] and
[3.9] (17).

¢ =d/ky [(3.34 + 11.3N + 4.06N2) / N (1 + 0.387N)] [3.8]
0" =d/ky [12/(1- (1 - exp (-6N)) / 6N)]. [3.9]

where d =diameter
N =L /ky = number of equivalent Kuhn segments per molecule.

This theory in turn has recently been extended by Odijk (13) who considered not
only the effect of semiflexibiiity, but also polydispersity and end effects. Odijk expressed
his theory in terms of persistence length rather than equivalent Kuhn segment length, but
for comparative purposes his equations for the critical volume fractions have been

converted to the Kuhn standard and are given as Equations [3.10] and [3.11].

¢'=d/ky [(3.34 + 11.94N + 6.34N2) / N (1 + 0.586N)] [3.10]
¢" =d/ky [(4.486 + 22.48N + 70.16N2) / N (1 + 5.66N)]. [3.11]

Khokhlov and Semenov (18, 19) have also introduced a model they term a
universal approximate method and employed it to describe polymer mesophase ordering
in both the solution and the melt. It was found that the properties of the liquid crystalline
phase separation behaviour depend not only on the chain length and the axial ratio, but
also on whether the chain is best represented by a freely-jointed Kuhn chain or a
persistent wormlike chain. The method considers contributions from both steric repulsive
and attractive forces and equates the free energy of the systems, F, according to Equation
[3.12].
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F=F1+F,+F31+F, [3.12]
where Fy =translational entropy for the molecule
F2 = orientational entropy
F3 =free energy of the steric interaction of the segments
in the second virial approximation
F4 = energy of the forces of attraction.

According to this theory, the critical axial ratio for rigid rods is 3.5, for »zmiflexible
freely-jointed chains is 7 and for persistent wormlike chains is 50.

3.1.1.2 Lattice Theories

A second description of the liquid crystal phase separation phenomenon Was
introduced by Flory (20) in 1956 and is based on a lattice model of a polymer in solution
in which only geometric contributions to mesophase formation are considered. In this
theory the rodlike molecule is allowed to adopt a continuously varying range of
orientations by replacing each solute molecule by several submolecules that are laterally
joined at their ends and are parallel to the orientation axis. The partition function that
describes the free energy, AG, as a function of the composition, the disorientation index,

y, and the axial ratio, x, is given as Equation [3.13].

AG/kT=njlnvi+nlnvy-(ny+ym)In[l-vy(l -y/x)]
- ma [In (xy?2) - y + 1] + 11xn90 [3.13]

where k =Boltzmann constant
T =temperature
n; = number fraction of solvent molecules
vy = volume fraction of solvent
ny =number fraction of solute molecules
vy = volume fraction of solute
%1 = free energy of interaction.
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The disorientation index is expected to adopt a value which minimizes AG. The
value of v at the minimum AG is termed ¢' and was defined in terms of the axial ratio
and the disorientation index by Equation [3.14).

¢'=[x/(x-y)[1-exp(-2/y)] [3.14)

By equating d¢'/dy to zero and expressing the disorientation index in terms of a series
expansion, it was found that for large values of the axial ratio the critical volume fraction
for a stable oriented phase can be expressed solely as a function of the axial ratio.

Equation [3.15] is generally considered to be valid for axial ratios greater than ten.

¢=@/x)(1-2/x%). [3.15)

According to this theory a minimum value of 6.702 for the axial ratio is required
for the coexistence of the two phases. As in the Onsager theory, the solution eventually
becomes fully anisotropic at some higher concentration, ¢". In the Flory theory this
volume fraction is equal to 12.5 / x. Also like the Onsager theory, the validity of the
Flory theory has been questioned at a fundamental level. Straley (21) has criticized the
theory on the grounds that upon refinement it leads to inconsistencies and fails to predict
phase separation even for long rods. Flory and Ronca (12) have acknowledged these
criticisms but trace the source of the error to an incorrect description of the disorientation
parameter, y, in the original theory. They determined that correction of the disorientation
parameter model still leads to essentially the same final equations as the original lattice
theory and consider Equation [3.15) to be acceptable for describing the critical volume
fraction of most polymers. The refined model gives a value of 6.417 as the critical axial
ratio for mesophase formation.

The lattice theory has been re-examined in terms of several factors, all of which
attempt to give a more realistic description of the liquid crystalline phase separation
phenomenon. Flory realized that even very rigid polymers such as helical polypeptides
were subject to deviations from pure rigidity and that the cumulative effect of such
deviations would be substantial in a long chain. In 1978 the lattice theory was re-

examined in terms of semiflexible polymers in which the semiflexibility was imparted to
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the chain by modelling it as a series of rigid rods connected by freely flexible joints (22).
It was determined that the overall length of the molecule was not the primary factor
determining the thermodynamic and phase separation behaviour but rather the axial ratio
of the rigid segments along with their combined volume fractions. The concept of
seiniﬂexibility was also considered by Ronca and Yoon (23) in a lattice model, but they
modelled the chain with wormlike character rather than as a freely-jointed Kahn chain. In
this theory the critical volume fraction for mesophase formation is a function of the molar
mass, the axial ratio of the persistence length and the temperature. They state that there is
a limiting cut-off length for the persistence length, which corresponds to a maximum
curvature of the chain, below which the mesophase will not form.

Other features of real polymer systems have also been included in the lattice theory
method. These include polydispersity (24), polymer systems composed of rigid rods
separated by flexible spacers (25, 26, 27, 28), unoccupied sites in the lattice to account
for possible free volume effects (29), and the influence of sidechains (30, 31).

Mean field theories have been used to successfully describe the formation of liquid
crystals but they ignore the role of intermolecular repulsions and consider only the effects
of attractive dispersion forces. Ten Bosch and Sixou (10) treated the formation of a
nematic melt of polymer chains based on the Maier-Saupe approach, but the theory had to
be extended to describe the formation of a lyotropic mesophase (32). The original
geometric theories have been criticized because they ignore the possible role nlayed by
these intermolecular anisotropic attractive forces, but Flory and Ronca (33) have
considered a lattice model in which factors other than geometric ones are present and
concluded that the geometric shape of the molecule is the predominant factor in
determining the phase separation behavicur. They also state that while polymers with
axial ratios greater than 6.417 should form mesophases, those with lower axial ratios
might be capable of forming ordered phases should the orientational anisotropic forces
prove sufficiently strong. Warner and Flory (34) extended the previous theory to include
the effects of diluent on the attractive dispersive forces and found that its presence
diminishes the orientation dependent interactions between molecules. Ciferri and

Marsano (35) have stated that the role played by anisotropic forces for poly(n-hexyl
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isocyanate) (PHIC) and cellulose derivatives are probably of minor significance because
the sidechains prevent any close proximity of the polarized bonds along the backbone of
the chain. Krigbaum et al. (36, 37) used the approach of Warner and Flory, in addition to
replacing the stiff rod with a Kuhn chain as suggested by Flory (22), but made the Kuhn
segment length sensitive to temperature and measured the persistence length of PHIC in
toluene and tetrahydrofuran over a range of temperatures and also calculated the Kuhn
lengths of (hydroxypropyl)cellulose (HPC) in dimethylacetamide (DMAC) according to
the data in the literature (38). It was found that by extrapolating the data for these systems
to the isotropic temperature, the temperature where the mesophase is no longer thermally
stable, produces axial ratios very near the value of the critical axial ratio predicted by
Flory and Ronca. The inclusion of a temperature dependent segment length is an
important adaptation of the original Flory theory which presumes the critical volume
fraction is independent of temperature, because experiment has shown the critical volume

fractions for both polybenzyl-L-glutamates and cellulose derivatives are temperature
dependent (39, 40).

3.1.2 Hydrodynamic Theories

Implementation of any of the phase separation theories described above requires
an estimate of a polymer’s axial ratio in a given solvent. This means that measurements
of both the persistence length, or the Kuhn length, and the diameter of the polymer must
be made.

Measurement of the stiffness of a polymer in solution is possible by several
methods: light scattering (41), sedimentation and diffusion (42), flow birefringence (43),
dielectric measurement (44) and viscosity (45). Viscosity techniques for the measurement
of the dimensions of cellulose and its derivatives have been frequently employed because
their semiflexible nature and temperature sensitive conformations make them ideal
candidates for testing the validity of frictional viscosity theories.

While the persistence length provides a reasonable estimate of a polymer's relative

stiffness, a reliable estimate of the chain diameter is also needed to determine the axial
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ratio. The length of the monomer unit of cellulose has been calculated by the use of x-ray
data as 0.514 nm (46, 47) and 0.515 nm (48) while “he width and thickness are reported
as 0.9 nm and 0.5 nm, respectively (48). A potential problem exists however, in
employing the dimensions of cellulose derivatives determined on the basis of their
crystalline structure because in the crystalline form the conformations are rigid whereas in
solution the possibility of sidechain flexibility exists. Direct measurement of a polymer's
solution characteristics is therefore the preferred method for obtaining useful dimensional
information, provided reliable theories exist to interpret the data. Hydrodynamic methods
are attractive for reasons of relative simplicity of data measurement.

The relationship between viscosity and molar mass most widely recognized is the
semi-empirical Mark-Houwink-Sakurada (MHS) equation which relates the molar mass,

M, of a polymer to its intrinsic viscosity, [n]o, through equation [3.16].

Mlo=K M2, [3.16]

K is a constant and the exponent, a, is frequently used as an approximate measure of the
chain stiffness. The utilization of the MHS exponent as a measure of chain stiffness is

theoretically possible because the exponent has four contributing factors (Equation [3.17])
(49).

a=05+ a¢+ ﬂl +15 82 [3.17])

where ap =din®/dInM
a; =3dlna/dnM
a, =dIn(<$2>,/M)/dInM.

It can be seen that the MHS exponent is related to the radius of gyration,< S 2 >0, the
hydrodynamic character, @, and the linear expansion factor, &, and how they vary with
changes in molar mass. For a polymer in a theta solvent the only contribution comes
from the first term. The three additional parameters allow for deviations from the random
coil configuration and are dependent on the specific polymer / solvent pair. The degree to
which a polymer in any gien solvent is perturbed from the idealized random coil towards
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a rigid rod is reflected in the value of the MHS exponent. The value of the exponent thus
provides some measure of information on the stiffness of the chain. In practice it is found
that polymers behaving as random coils have MHS exponents of 0.5 while those
behaving as rigid rods have a value of ~1.8 (8). Cellulose derivatives are considered to
be semiflexible and typically have an MHS exponent value between 0.8 and 1 (50). The
main source of flexibility in cellulose derivatives is the rotation of anhydroglucopyranose
units at random positions along the chain (47, 51). While the MHS exponent can give an
estimate of chain stiffness it does not provide any information on the molecular

dimensions of the polymer and thus no information on the axial ratio.

3.1.21 Yamakawa - Fujii Hydrodynamic Transport Theory

As discussed in Chapter 1.3.1, the wormlike chain model, which adopts random-
flight statistics at high molar masses, is considered to be an acceptable method for
describing both flexible and rigid polymers in solution. However, a difficulty with the
Kratky and Porod model of the wormlike chain is that while the model chain is
characterized by L and ky, the relationship between L and M is not known for many
polymers unless the molecule has a rigid local conformation. Variations of the Kratky -
Porod model have been developed which attempt to provide a more accurate description
of a polymer in solution. These include the wormlike touched bead model (52), wormlike
cylindrical model (53) and helical wormlike chain model (54). These theories are all
based on the Kirkwood and Riseman (55, 56) theory of polymer hydrodynamics.
Yamakawa and Tanaka (57) have developed a touched bead model that yields the same
results as hydrodynamic models that have had the Oseen - Burgers procedure applied to
cylindrical wormlike chains. The Oseen - Burgers procedure is a method used in
hydrodynamics for calculating the friction properties when the mean relative velocity of a
fluid over a cross section of the body is zero. Yamakawa and Fujii have stated that bead
models and cylindrical models must yield the same final results (58).

Although Yamakawa has employed the bead model he later adopted the wormlike
cylinder model. Yamakawa and Fujii's (58, 59) criticism of the wormlike cylindrical
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hydrodynamic model introduced by Ullman (53) is that it includes an additional parameter
beyond the physical dimensions of the polymer and the intrinsic viscosity and its
inclusion makes it difficult to analyze experimental data to determine the shift factor, My,
which is defined as the ratio of the molar mass to the contour length (Equation 3.18).

ML= M/L. [3.18)

For cellulose derivatives My is taken here to be equal to the ratio of the molar mass of the
substituted anhydroglucopyranose unit to the length of the unit.
The wormlike cylinder hydrodynamic model that Yamakawa and Fujii (58)

developed relates the limiting viscosity number, [1]o, of 2 wormlike chain to L, ky, and
the diameter, d, by Equation [3.19).

o= (L, d) L kyy /M (3.19]

where @ (L;, d;) is an approximate analytical expression dependent on L; and dr, the
reduced chain parameters. Ly =L /kw and d; =d / ky,. For infinitely long wormlike
chains (L —> ) the polymer can be treated as a random-flight model where < ry2 >, the
mean square end-to-end distance, is related to k, by Equation [3.20].

kw = (152> /L), = (< 12> [ M), ML [3.20]

A difficulty with the Yamakawa - Fujii model is that it is an iterative method in
which estimated values of ky, and d are used to produce computed intrinsic viscosity
values which are then compared with the experimental results. The values of ky, and d
that give the overall minimum in the average deviation are the values that best represent
the Yamakawa - Fujii model. This theory has been used to compute the molecular
dimensions of several cellulose derivatives (38, 60 - 66), but the method tends to gives
values for the diameters of the polymers which are unrealistically small. The reason for
the unrealistic dimensions is that the procedure used to compute ky, and d attempts to
minimize two the parameters simultaneously. These two dimensions are interdependent

and uncertainty in the value of one parameter creates uncertainty in the value assigned to
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the other (40). The Yamakawa - Fujii model has also been criticized by Saito (60) and
Kamide et al. (61) in two other zespects. First, because Yamakawa and Fujii did not
employ a draining term in the equation for fluid flow (which means that there is no
solvent slip on the surface of the wormlike cylinder) the theory is considered to be
oversimplified as it is claimed that there should be no distinct boundary between the
solvent and the solvated polymer. Second, it is claimed that there is an error in one of the
equations of the Yamakawa - Fujii theory that makes its application suspect at low axial

ratios.

3.1,2,2 Bohdanecky Hydrodynamic Transport Theory

More recently, Bohdanecky (67) has presented a modification of the Yamakawa -
Fujii theory. In tHis version, the assumption of Tsuji et al. (68), that the hydrodynamic
volume occupied by 1 g of the cylindrical wormlike chain is equal to the partial specific
volume, V, of the polymer, is employed. The relationship among the intrinsic viscosity,

reduced contour length and molar mass is

lo = [@ L P k> /1 M]. [3.21]

By combining Equation {3.21] with [3.19] and [3.20] the intrinsic viscosity can be related
to the mean square end-to-end distance by Equation [3.22].

o = [®, (< 12>M), M ] Fy (3.22]
where Fi=0/D_,.

In the limit of very long chains (L —> o), P takes on the limiting value of 2.86 x 1023
(69), Fy goes to unity and (< ry2 >/M),, can be determined. The value of Fy can be
approximated by Equation [3.23].

Fp = Bo +Ag/LD > (3.23)
where Bo = 1.00 - 0.0367 log dr [3.24]
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and Ao =0.46 - 0.53 log d;. [3.25]

Combining Equations [3.22] through [3.25] gives Equation [3.26).

M/ (I)1B = Ay + By MI2 [3.26)
where An=AM_®,, P [3.27]
and By =Bo®,, (< 12> /M), 2, [3.28]

The assumption that the hydrodynamic volume is equal to V yields Equation [3.29] when
By is assigned a value of 1.05. As a first approximation, the assignment of this value to

Bo is possible because Bg is a very weak function of dr.

42/ Ag= (4D, /1.21S TN,V / ATI)B‘H4 [3.29]
where N,y is Avogadro's Number.
The quantity (d,zl Ap) is related to d; by the empirical Equations [3.30] and [3.31].
log (dr2/ Ag)=0173 +2.158log d; (dr < 0.1). (3.30]

log A2/ Ag) =0.795 + 278 log dy (0.1 <d; <0.4). [3.31]

Using the equations listed above, the molecular dimensions of a polymer can calculated
from the values of the slope and intercept of a plot of (M2 / [n]o)1 against M2, These
molecular dimensions provide the axial ratios that are required for the implementation of
the theories describing polymer mesophase formation. This theory has been employed to
determine the molecular dimensions of four cellulose derivatives (65, 67,70, 71).

The primary polymer of interest in this study is ethyl cellulose (EC) and in this
chapter estimates of the molecular dimensions of EC in several solvents are obtained by
the combined use of the Bohdanecky hydrodynamic transport theory, a large body of
existing EC intrinsic viscosity / molar mass information and measurement of the apparent

partial specific volume of EC in several solvents. Confidence limits on the slopes and



61

intercepts of plots of log [n]o versus log M and plots of (M2 / (n])!/3 versus M1/2 are
employed to gain an estimate of the possible variation in the values of the MHS constants,
kw and d. The data obtained are used in the previously described virial and lattice
theories and the results compared with experimental values of the critical volume fraction
for mesophase formation. Literature data for other cellulose derivatives that have been
treated by the Yamakawa - Fujii theory are used to obtain the Bohdanecky molecular
dimensions and the results are used for comparative purposes. The data for these other
cellulose derivatives are compiled in Appendix A.



¢l

62
3.2 EXPERIMENTAL

The Bohdanecky method of determining the molecular parameters of a polymer
requires a knowledge of the partial specific volume of the polymer in a solvent. Equation
[3.32] relates ¥ to the apparent volume, v2, occupied by a mass, m3, of the polymer in
solution (72).

V=v2/ma. [3.32)

As vy can be defined by Equation [3.33]

V2=V-v] [3.33)
where v = solution volume

v} = solvent volume =m; / p1
where p1 = solvent density.

m; = solvent mass =m - mp
where m = mass of the solution in volume v

my = mass of the polymer in volume v,

the above equations can be recombined to form Equation [3.34).

- 1 (m-m,)
v= h-]-z-(v 3 2-) [3.34]

To determine V for a given polymer / solvent pair by Equation [3.34] requires a

knowledge of the density of the solution. A convenient method for determining solution
densities is by the use of a digital densitometer. The principle of this apparatus is based
on the measurement of the variation of the vibration period, T, of a glass hollow U-tube
filled with different samples. For a hollow body of mass M and volume V which is
suspended on a spring with an elastic constant C and is filled with a sample of density p,
then the vibration period of the system is

T=2nr((pV + M)/ C) 03, (3.35)

By taking the square of Equation [3.33] and inserting A = 412V /C and B = 412M / C
Equation [3.36) is obtained.
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T2=Ap+B. [3.36)
For the difference of the densities of two samples Equation [3.37] holds.

p1-p2=(Ti2-T22)/ A. [3.37]

As the constant A contains both the volume and spring constants, it can be treated as an
apparatus constant that may be determined by calibrating samples of known density.
Once this is done the density of a polymer solution may be obtained by comparison with
the density of the pure solvent. The solution density of each pure solvent and each EC/
solvent pair was determined at 25.0 °C with a Paar Density Meter. The concentrations of
the measured solutions were in the range of 1.2 - 2.3 % (WA).

Confidence limits on the slope and intercept of plots of (M2/ [M]o)!/3 versus M1/2
and plots of log [n], versus log M were computed using a Lionheart Press, Inc. statistics
package. The best fit of the data was determined using a method of least squares and both
the 95% and 68% confidence limits are calculated. Confidence limits are the assigned
upper and lower values of a range of values where it is predicted with a 95% or 68%
certainty that the true value actually falls within that range.

The concentration at which liquid crystalline phase separation occurs was found
by detecting the onset of birefringence using a Reichert polarizing microscope. Samples
were prepared by weighing known masses of EC into small vials and then adding known
masses of solvent. The vials were capped and dissolution was aided by the use of a
centrifuge. For highly concentrated samples, ¢ > 0.50, the sample vials were prepared
by weighing a known mass of EC into a vial, weighing the vial, adding a large volume of
solvent and, after complete dissolution, allowing the solvent to cvaporate. Measurement
of the mass of the vial allowed to concentration to be calculated and solution homogeniety
was then achieved by centrifugation. Each sample was smeared onto a microscope slide
and a glass coverslip was pressed on top of the sample. The samples were immediately
examined for the appearance of birefringence between crossed polars. The EC used in
this portion of the thesis had a DS of 2.52 and a weight average molar mass of 168,000
(73).



3.3 RESULTS AND DISCUSSION

A survey of the literature reveals that the relationship between intrinsic viscosity
and molar mass for EC in several solvents has been extensively studied at 25.0 °C. The
data obtained in these studies are reproduced in Tables 3.1 - 3.3. All intrinsic viscosity
data are reported in units of cm3 g1,

Table 3.1
Intrinsic Viscosi f Ethyl Cellul =252)*
Solvent Number Average Molar Mass of the EC Fractions b
1 11 4
Benzene 421 374 307 237 197 -
n-Butyl Acetate 418 356 287 216 193 138
Chloroform 438 386 308 226 201 143
Ethy] Acetate 406 339 280 - 187 129
Ethyl 1Ketone 379 323 260 _205 180 129

*  Measured by Moore and Brown (74).

b Uncertainties are reported as + 3% for the molar mass and + 2% for the intrinsic
viscosity.

Table 3.2
Intrinsic Viscosi f 1yl =2.54)*
Solvent Weight Average Molar Mass of the EC Fractions
41 2 201 181 1
223 206 143 135 110 93

Methanol
2 Measured by Scherer et al. (75).
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Table 3.3
ntrinsic Viscosi f 1l =2.56)*
Solvent Viscosity Average Molar Mass of the EC Fractions b
93.000 90000 84000 72000 59.000 30.000 22.000
Actic Acid 278 - - 220 191 - 71.0
n-Butyl Acetate 283 - - 229 192 - 76.0
Chloroform 324 302 284 254 220 113 90.0
m-Cresol 288 261 248 223 192 107 83.6
Dioxane 289 - - 220 200 - 71.0
Ethyl Acetate 273 - - 218 179 - 78.5
Pyridine 239 - - 193 162 - 66.5

8 Measured by Staudinger and Reinecke (76).
b Molar masses recalculated from re-evaluated MHS equations of Moore and Brown (74).

In the case of the study by Staudinger and Reinecke (Table 3.3), their assignments
of molar mass to each EC fraction have been ignored and the molar masscs used here
have been made on the basis of the intrinsic viscosity - molar mass study of Moore and
Brown (Table 3.1). The reason for ignoring the molar masses of Staudinger and
Reinecke is that their molar mass assignments were made on the basis of osmotic
pressure, T, experiments which yielded plots of & / concentration versus concentration
that were nonlinear. This suggests that their apparatus may have been deficient; the most
probable source of error in their study is leakage of polymer through the membrane used
in the osmometer. Assignments of molar mass to the fractions of EC studied by
Staudinger and Reinecke are made here on the basis of the work by Moore and Brown
because both studies used EC of nearly identical degree of substitution (DS) and had three
common solvents. Molar mass assignments of the EC fractions studied by Moore and
Brown were also made on the basis of osmotic pressure measurements, but in this case all
plots of &t / concentration versus concentration were linear and no leakage of EC through
the membrane was detected. The molar masses of the EC fractions in the Staudinger and
Reinecke study are calculated here by substituting the EC / n-butyl acetate, chloroform

and ethyl acetate viscosity values of Staudinger and Reinecke into the re-evaluated MHS
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equations of Moore and Brown for these EC / solvent systems (vide infra Section 3.3.1)
and taking the average value of the computed molar masses.

3.3.1 The Mark-Houwink-Sakurada Constants

The Mark-Houwink-Sakurada (MHS) parameters for the listed EC / solvent
systems in Tables 3.1, 3.2 and 3.3 have all been re-evaluated by plotting the logarithm of
the intrinsic viscosity against the logarithm of the molar mass (Figure 3.1) and using a
best fit to evaluate the MHS constant K and exponent a for each system. The constant K
is obtained from the anti-log of the y-axis intercept while the MHS exponent is equal to
the slope of the double logarithmic plot. The re-evaluated parameters are listed in Table

3.4. The values of K and a at the 68% and 95% confidence limits are given in Table 3.5.

Table 3.4
Mark-Houwink- a Constan Fi
Solvent K _a_____correlation coefficient
Benzene * 0.030 0.806 0.9908
n-Butyl Acetate * 0.014 0.870 0.9985
Chloroform * 0.011 0.896 0.9979
Ethyl Acetate 4 0.010 0.893 0.9968
Ethyl Methyl Ketone * 0.019 0.838 0.9977
Methanol b 0.0647 0.632 0.9980
Acetic Acid © 0.010 0.892 0.9996
m-Cresol ¢ 0.020 0.831 0.9988
Dioxane ¢ 0.0084 0913 0.9981
Pyridine ¢ 0.0090 0.891 0.9999

2 Based on data from ref. (74); b Based on data from ref. (75); ¢ Based on modified data
from ref. (76).
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Figure 3.1  Mark-Houwink-Sakurada plot for EC in chloroform. (Based on data from
ref. (74))
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Table 3.5

95% Limits 68% Limits

Solvent K a K a
Benzene 2 0.24 0.624 0.086 0.715
0.0038 0.989 0.011 0.897
n-Butyl Acetate 0.028 0.810 0.020 0.840
0.0071 0.931 0.010 0.900
Chloroform 2 0.026 0.821 0.017 0.859
0.0048 0.971 0.0072 0.934
Ethyl Acetate 8 0.039 0.775 0.020 0.834
0.0027 1.01 0.0053 0.952
Ethyl Methyl Ketone 2 0.042 0.766 0.028 0.802
0.0082 0.910 0.012 0.874
Methanol b 0.121 0.580 0.0886 0.606
0.0345 0.683 0.0473 0.678
Acetic Acid ¢ 0.022 0.823 0.015 0.258
0.0049 0.960 0.0071 0.926
m-Cresol ¢ 0.033 0.788 0.026 0.810
0.013 0.876 0.016 0.854
Dioxane ¢ 0.045 0.760 0.019 0.836
0.0016 1.06 0.0037 0.992
Pyridine ¢ 0.013 0.856 0.011 0.874
0.0062 0.926 0.0075 0.909

a Based on data from ref. (74).
b Based on data from ref. (75).
¢ Based on modified data from ref. (76).

As reported in Section 3.1.2, the exponent of the MHS equation is commonly
associated with the rigidity of a polymer in solution. Other factors have also been listed
as having some impact on the value the exponent (77) but in reality their effect on the

calculated value for a freely-draining coil is minor compared to the potential impact of the
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scatter of the experimental data. Tables 3.4 and 3.5 listed the values of the constants K
and a as determined by a best fit of the experimental data to a straight line and the upper
and lower values obtained at the 68% and 95% confidence limits. These data show that
within the 95% confidence interval a large variation in the calculated value of the exponent
a of the MHS equation is possible and that even at the 68% confidence limits a
considerable range of values exists. For example, EC in benzene has the lowest
correlation coefficient associated with the best fit data in Table 3.4 (0.9908) and the
possible range of values at the 95% confidence limits extends from 0.624 to 0.989,
Based on these values EC in benzene could be described as a near random coil or as an
extended polymer. This re-enforces the idea that while the MHS exponent can be used as
a rough estimate of chain stiffness, it cannot be considered an absolute method unless a
large number of data are employed and the MHS plot has an extremely high correlation
coefficient. The large potential variation in the constant K is the result of the necessity to
extrapolate the data back to zero molar mass and as the data are contained in a
comparatively narrow range, a small degree of scatter in the data results in a wide range of
possible K values; this potential variation is inherent to the viscosity / molar mass
technique. Despite its restricted applicability to statements about chain rigidity, the
technique is completely valid for molar mass determinations because both the constant K
and the exponent a change simultaneously when determining confidence limits. The
molar mass obtained for a given intrinsic viscosity by an equation using the constants at
the 95% confidence limits will therefore be very close to the value obtained by the best fit
equation. A coramon practice in the literature is to assign a small uncertainty value
(typically + 0.02 - 0.05) to the exponent a in the MHS equation and assume that this
adequately describes the uncertainty; this assumption is invalid.

3.3.2 A Comparison of the Molecular Dimensions

Determined by the Yamakawa - Fujii and Bohdanecky Methods

The differences between the dimensions that are produced by the models of
Yamakawa and Fujii (58) and Bohdanecky (67) are best revealed by a comparison of the
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results produced by the two methods using the same data sets. Bohdanecky and co-
workers (67, 71) have calculated the dimensions of nitrocellulose (NC) in acetone and
cellulose tricarbanilate (CTC) in dioxane, pyridine and acetone, but only the data for CTC
in pyridine are reported here®. Therefore, the intrinsic viscosity / molar mass data for
several cellulose derivative / solvent systems that have been treated by the Yamakawa -
Fujii model are plotted as (M2 / [n]o)!/3 versus M1/2 (Figure 3.2) to determine the
Bohdanecky constants Ay and By,. The cellulose derivative / solvent systems thus treated
are NC in acetone (64, 78); cellulose triacetate (CTA) in acetone, DMAC,
tetrachloroethane (TCE), trifluoroacetic acid (TFA), dichloromethane {(DCM) and
trichloromethane (TCM) (64, 79); CTC in dioxane and acetone (64, 80);
(acetoxypropyl)cellulose (APC) in dimethylphthalate (DMP) (65); HPC in DMAC,
ethanol and dichloroacetic acid (DCA) (35, 38, 60); and the benzoic acid ester of HPC
(BzPC) in benzene and acetone (62). With the exception of BzPC, the partial specific
volume for each of these polymers in at least one solvent is available in the literature; for
those polymer / solvent pairs that are not specifically listed the partial specific volume is
assumed to be the same as that of the listed polymer / solvent pair. The partial specific
volume of BzPC in acetone and benzene is taken to be the same as that of APC in acetone
(65). The dimensions of these cellulose derivatives as calculated by the method of

Bohdanecky and the reported Yamakawa - Fujii results are given in Table 3.6.

* In the paper by Bohdanecky and co-workers (71) on CTC in acetone, dioxane and
pyridine, the calculated dimensions of CTC in acetone are based on their own data while
for CTC in dioxane the data employed is from the paper by Sutter and Burchard (42).
The paper by Bohdanecky (71) on the NC / acetone system employs the data of
Meyerhoff (78), but it is apparent from Figure 10 of the Bohdanecky paper that a linear
regression fit was not used to calculate the slope and intercept. To compare the results of
the Bohdanecky method with those of the Yamakawa - Fujii model it is necessary to
utilize the same data for both calculations, so the data for CTC in acetone and dioxane
have been calculated according to the data of ref. (80) while the data for NC in acetone
has been recalculated using a linear regression fit.
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Figure 3.2 Examples of Bohdanecky plots for BzPC in acetone (squares; based on
data from ref (62)) and CTA in tetrachloroethane (circles; based on data
from ref.(79)).
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Bohdanccky, Yamakawa  Fujii
Polymer Solvent kwi/nm _d/nm  ky/nm  d/pm
NC Acetone 40.6 0.78 330 040+
NC Acetone 40.6 0.78 3120 1.1b
CTA Acetone 12.3 0.88 11.4 0.6
CTA DMAC 13.7 0.89 13.2 0.8
CTA DCM 9.2 0.93 1.8 0.6
CTA TCE 6.6 0.80 7.0 0.8
CTA TCM 6.4 0.79 7.0 0.8
CTA TFA 10.7 0.85 11.0 1.0
HPC DMAC 16.3 1.12 14 1.04 ¢
HPC Ethanol 16.2 1.09 - -
HPC DCA 10.6 0.89 20.0 1.04 ¢
APCd DMP 11.4 1.14 11.8 1.2¢
APCd DMP 11.4 1.14 14.3 0.5
CTC Acetone 17.8 1.16 17.2 1.4
CTC Dioxane 23.4 1.09 29.2 1.5
CrC Pyridine 20.3 1.2 19.2 1.0
BzPC Benzene 24.6 1.61 17.5 1.0
BzPC Acetone 214 1.69 13.5 1.1

2 Results of ref. (58)
b Results of ref. (64)

¢ Y.- F. ky, determined using a d value estimated from x-ray or density data.
d Corrected Bohdanecky results are shown.

Table 3.6 reveals that when the Yamakawa-Fujii method is employed considerable

variation in the diameter of a single polymer can exist depending on the solvent employed.

For example, for CTA the calculated diameter ranges from 0.6 to 1.0 nm. An extreme

case that illustrates the uncertainty of the method can be found in the treatment of the data

for NC in acetone; while the calculated kw values are approximately the same, the

diameter of NC is radically different from one report to the next, yet both studies
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employed the same data to calculate the dimensions. Due to the large possible variations
in the diameter values provided by the method, the Yamakawa - Fujii diameters are
sometimes ignored completely and the diameter utilized is the value provided by x-ray
data; such is the case for HPC.

The Bohdanecky method tends to supply diameter values that are more consistent
both in terms of the diameter of a single cellulosic in differing solvents and the relative
diameters of the various derivatives. For example, the calculated diameter of CTA in the
solvents examined falls in the comparatively narrow range of 0.79 - 0.93 nm. The
relative size of the cellulose sidechain substituent increases from top to bottom in Table
3.6 and this is also reflected in the diameters provided by the Bohdanecky method. The
diameter values provided by the Bohdanecky theory for CTA and HPC agree closely with
the values computed by a method of Flory (2) which relates the diameter of a polymer, d,
to its shift factor, M, Avogadro's number, Ny, and bulk density, p, through Equation
[3.38].

d=(ML/Na p)12. [3.38)

The diameters of CTA and HPC calculated from Equation [3.38] are 0.85 and 1.06 nm,
respectively. The Bohdanecky method can therefore be considered as a viable adaptation
of the Yamakawa and Fujii model.

3.3.3 Chain Stiffness and Critical Volume Fraction for Mesophase

Formation of Cellulose Derivatives by the Bohdanecky Theory

By applying the axial ratios (kw/d) for the cellulose derivative / solvent pairs listed
in Table 3.6 to the lattice theory of Flory (22) and virial expansion theories of Grosberg
and Khokhlov (G.-K.) (15) and Odijk (13) and comparing the predicted liquid crystal
phase separation behaviour with the experimental values, ¢' (exp), it is possible to
determine which of the theories is best suited to predicting the mesophase formation of
these cellulose derivatives. The Bohdanecky model has recently been used to obtain the

molecular dimensions of another cellulose derivative, (cyanoethoxylpropyl)cellulose
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(CEPC) in tetrahydrofuran (70). Based on a constant My, of 533 g mol-! nm'], ky, and d
were determined to be 26.8 nm and 1.38 nm, respectively. The data for these cellulose
derivatives are listed in Table 3.7.

Table 3.7

g’ sgrcclz-joimcdz 2‘ gy_{onnlikcl 8

Polymer Solvent _ Axial Rati -K ij (ex f
NC Acetone 52.0 0.15 0.06 0.22 0.12 81
CTA Ac-tone 14.0 049 023 0.78 0.24 81
CTA DMAC 15.4 045 021 0.71 0.22 81
CTA TFA 12.6 0.53 026 0.87 0.21 82,83
CTA TCE 83 0.73 0.39 Isotropic 0.22 81
HPCY  Ethanol 25.6 029 0.13 0.38 0.37 70,84
HPCe¢  Ethanol 14.9 0.46 022 0.74 0.37 84
HPC DMAC 14.6 0.47 022 0.76 0.35 35
HPC DCA 11.9 0.56 0.27 0.92 0.15 35
APC DMP 10.0 0.64 032 Isotropic 0.53 65
B2PC  Benzene 15.3 0.45 0.21 0.77 0.35 62
BzPC  Acetone 12.7 0.53 0.26 0.90 0.35 62
CEPC THF 20.7 035 016 0.53 0.34 10

& Calculated using M = 100,000.
b DS =2.75, Degree of Molar Substitution = 3.9.
¢ DS is not listed, Degree of Molar Substitution = 4,

The virial expansion theories of Khokhlov and Semenov (17) and Odijk (13) have
been found to give almost quantitative predictions for mesophase formation for polymers
with extremely extended backbones (85), but it is obvious from Table 3.7 that the freely-
jointed theories appear to provide the overall best estimates of the critical volume fractions
for mesophase formation for the cellulosics exainined here. Based on Table 3.7 there is
no reason to favour either the lattice theory or the freely-jointed virial expansion theory;

the experimental results usually fail between the predictions of these theories. However,
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these data would appear to bear out the assertion that the validity of wormlike virial
expansion theories are best suited to extremely extended polymers in which liquid crystals
form at low volume fractions. It is of interest to note that one of the cellulose derivatives
listed in Table 3.7 has a very high axial ratio; NC in acetone has an axial ratio that is
nearly twice as large as next highest in Table 3.7 and the predicted critical volume fraction
given by the wormlike chain virial expansion theory of Odijk is reasonably close to the
experimentally observed value. The axial ratio of this polymer / solvent pair is marginally
higher than the predicted critical axial ratio for persistent wormlike chaiis in the universal
approximate method of Khokhlov and Semenov (18, 19). The high extension of NC is
perhaps not an unusual feature given the polarity of the nitro groups. As opposed to a
cellulose derivative like CTC where intramolecular interactions between the carbonyl and
amine groups of the carbanilate sidechains are predicted to help stabilize the extended
structure (42), in NC it is possible that the backbone of the chain is extended in an attempt

to minimize the interactions among the nitro groups.

3.3.4 Molecular Dimensions and Mesophase Formation of EC

There are several papers in the literature on the viscosity of EC in a number of
solvents. It is of interest to re-interpret these data in terms of the Bohdanecky
hydrodynamic theory by using the data in Tables 3.1 - 3.3, measuring the apparent partial
specific volume of EC in these solvents and estimating the molecular dimensions.

The apparent partial specific volumes in cm3 g-! of EC were found to be: acetic
acid (0.87), benzene (0.88), n-butyl acetate (0.87), chloroform (0.86), m-cresol (0.84),
dioxane (0.87), ethyl acetate (0.88), ethyl methyl ketone (EMK) (0.87), methanol (0.86)
and pyridine (0.90). To obtain an estimate of the potential variation of the calculated
molecular dimensions due to the scatter of the data, the dimensions at the 95% confidence
limits have also been calculated. The slopes and intercepts that are determined for the best
fit and confidence limits in the plots of (M2 / [n)o)1/3 versus M1/2 are shown in Figure
3.3. The dimensions have also been calculated using a constant ML, of 453 g mol-! nm-1,
The calculated EC dimensions and axial ratios are given in Table 3.8.
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Figure 3.3 Bohdanecky plot for EC in benzene. The solid line represents the best fit
line for the data. The dashed lines represent the plots at the 95%
confidence limits. (Based on the data from ref.(74))
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Table 3.8
ECDi . D ined by 1
Bohdanecky * Constant M! b
— Solvent  kw/nm d/nm  kw/nm d/nm  AxialRatio  c¢.c.°

582 (.58 14.0 1.39 10.1

Benzene 136 0.78 179 1.02 17.5 0.9973
246 091 23, 0.86 27.0
139 0.79 17.5 1.00 17.6

n-Butyl Acetate 16.7 0.83 18.9 0.94 20.1 0.9995
199 0.87 20.5 0.90 22.9
149 0.79 18.7 0.99 18.9

Chloroform 183.4 0.84 20.4 0.92 21.9 0.9994
222  0.87 22.3 0.87 25.5
11.2 0.74 15.7 1.04 15.1

Ethyl Acetate 17.6 0.85 19. 0.92 20.6 0.9985
259 094 229 0.83 27.5
11.1  0.75 15.2 1.02 149

EMK 14.2 0.81 16.9 0.96 17.5 0.9994
17.7 0.83 18.5 0.90 20.5
970 0.71 145 1.06 13.7

Acetic Acid 13.2 0.78 16.5 0.98 16.9 0.9998
17.1  0.83 18.6 0.83 20.6
8.00 0.66 13.7 1.13 12.1

m-Cresol 10.8 0.72 15.2 1.02 15.0 0.9988
144 0.80 17.3 0.96 18.0
6.28 0.62 12.8 1.27 10.1

Dioxane 144 (.81 17.3 0.97 17.8 0.9984
26.8 0.93 24.1 0.84 28.8
10.8 0.79 13.8 1.01 13.7

Pyridine 12.6 0.82 14.7 0.96 15.4 0.9999
15,0 0.88 16.0 0.93 17.0
297 053 5.80 1.03 5.61

Methanol 577 0.76 6.34 0.84 7.60 0.9994
9.13 098 1.07 0.76 9,29

a gll numbers reported were determined using the values provided by the Bohdanecky
eory.

b All numbers reported were determined using ML, = 453 g mol-! nm-1.

¢ Correlation coefficient for best fit data.
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Based on Equation [3.38], which relates the diameter of the polymer to its density,
EC has a diameter of 0.81 nm. This value is in close agreement with the diameters
calculated by the Bohdanecky theory for the best fit lines, but like the MHS constants it is
apparent from Table 3.8 that only a minor degree of scatter in the data of the plots used to
calculate the Bohdanecky constants Ay and By causes a significant variation in the
calculated molecular dimensions. For example, in the EC / benzene system, which has
the lowest correlation coefficient associated with the best fit line, d and ky are 0.78 and
13.6 nm, respectively; however, based on the parameters determined at the 95%
confidence limits d can vary between 0.58 and 0.91 nm while kyy ranges between 5.8 and
24.6 nm. These possible variations in the molecular dimensions in turn affect the
calculated axial ratio; the axial ratio calculated from the slope and intercept of the best fit
line is 17.5 but at the 95% confidence limits the axial ratios are 10.1 and 27.0. Even at
the 68% confidence limits the axial ratios for this system range from 13.7 to 21.9. For
systems that have higher correlation coefficients associated with the best fit line, nontrivial
variations in the calculated axial ratios also exist. For example, the data for EC in n-butyl
acetate has the highest correlation coefficient (0.9995) calculated from the information of
Moore and Brown (74), yet the axial ratio range based on the 95% confidence limits is
from 17.6 to 22.9. These potential variations in the axial ratio will in turn affect the
predicted values of the critical volume fractions which are computed from the liquid
crystal phase separation theories. To determine the extent to which these possible
variations affect the predicted critical volume fractions, the data from Table 3.8 are used to
calculate the predicted critical volume fractions according to the freely-jointed theories of
Flory (22) and Grosberg and Khokhlov (15). These predicted critical volume fractions

are then compared with the experimentally observed values. The data are compiled in
Table 3.9.
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10.1 0.64 0.32
Benzene 17.5 0.40 0.19 NoLC
27.0 0.27 0.12
17.6 0.40 0.18
n-Butyl Acetate 20.1 0.36 0.16 NoLC
22.9 0.32 0.14
18.9 0.38 0.17
Chloroform 219 0.33 0.15 0.36
25.5 0.29 0.13
15.1 0.46 0.22
Ethyl Acetate 20.6 0.35 0.16 NolLC
27.5 0.27 0.12
14.9 0.46 0.22
EMK 17.5 0.40 0.19 NoLC
20.5 0.35 0.16
13.7 0.50 0.24
Acetic Acid 16.9 0.42 0.19 0.45
20.6 0.35 0.16
12.1 0.55 0.27
m-Cresol 15.0 0.46 0.22 0.40
18.0 0.40 0.18
10.1 0.64 0.32
Dioxane 17.8 0.40 0.18 0.48
28.8 0.26 0.11
13.7 0.50 0.24
Pyridine 15.4 0.45 0.21 0.46
17.0 042 0.19
5.61 0.92 0.58
Methanol 7.60 0.78 0.43 NoLC¢
9.29 0.68 0.35

2 The data are from Table 3.8 and represent the axial ratios calculated from the best fit
line and values at the 95% confidence limits.
® No LC means that no mesophase was found up to ¢ = 0.55.

¢ EC exhibits limited solubility in the concentration range predicted for mesophase
( formation.
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For systems that form liquid crystals the experimentally determined critical volume
fractions are all within the 95% confidence intervals of the values predicted by the lattice
theory of Flory. None of the mesophases are formed in the volume fraction range
predicted by the freely-jointed virial expansion theory of Grosberg and Khokhlov. It is of
interest to note that according to the hydrodynamic theory used, the axial ratio of EC in
solvents where no mesophase was observed is far above the predicted critical axial ratio
of 6.417 given by Flory and Ronca (12). In benzene, n-butyl acetate, ethyl acetate and
EMK the predicted phase separation does not occur even at concentrations corresponding
to the upper 95% confidence limit of the Flory theory. In fact, the axial ratios of these
solvents are, even at the lower 95% confidence limit, above those of many of the
mesophase forming cellulosic / solvent systems listed in Table 3.7. To speculate on why
some of the EC / solvent systems do not form mesophases despite having apparently
extended backbones, it is necessary to examine both the individual EC / solvent systems
and the viscosity theory used to calculate the dimensions.

The polymer / solvent interaction parameter of EC in several solvents has been
reported as: benzene (0.33), n-butyl acetate (0.33), chloroform (0.29), ethyl acetate
(0.34) and ethyl methyl ketone (0.42) (76). These values would suggest that chloroform,
in which EC forms a mesophase, is a marginally better solvent than the others in which
mesophases do not form. This suggestion is also supported by the results of an
approximate experimental procedure in which heptane, a nonsolvent for EC, was added to
EC solutions of the solvents listed above (86). The volumes of heptane required to
initiate non-liquid crystalline phase separation for chloroform, benzene, n-butyl acetate,
ethyl acetate and EMK were in the ratio of 19.3 : 2.3 : 7.3 : 8.8 : 9.4, respectively.
Several other solvents in which EC does not form: mesophases were also listed and in all
cases only minor additions of heptane were required to initiate phase separation. It is
therefore possible that even in poor solvents cellulose derivatives can have extended
backbones but that to form a mesophase requires a "good" solvent.

The possibility also exists that EC is not as extended as the Bohdanecky
calculations would suggest. While EC possesses large negative d In [n} / dT values in

the solvents that do not permit mesophase formation {87, G8), this cannot be taken as
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cvidence of an extended chain structure. The temperature dependence of [n1] can be
written as Equation [3.38] (49).

din(n]/dT = dIn®/dT +1.5dIn<$2>,/dT +3dIlna/dT [3.38]

Although the intrinsic viscosity / temperature dependence behaviour of a cellulose
derivative has been shown to be primarily due to the d In < $2 >,/ dT term (89), the fact
that some cellulose derivatives in theta solvents also show large negative d In [] /dT
values (90, 91) means that this quantity is not necessarily indicative of an extended
structure at lower temperatures. If EC does not, in fact, have as highly extended a
structure in the solvents which do not form mesophases as the Bohdanecky theory
suggests, the reason for the high calculated values might be due to the possibility of a
draining effect. Two extremes of hydrodynamic behaviour exist: freely-draining and non-
freely draining. A polymer / solvent system is considered to be freely-draining if the
solvent molecules flow freely past each segment of the chain and nonfreely-draining if the
solvent molecules within the coils of the polymer chain move with the chain. Polymers
which exhibit a behaviour intermediate between the two extremes are called partially free-
draining. The Bohdanecky theory is based on the Yamakawa - Fujii formulation which
treats the chain as freely-draining. Kamide and Saito (49) have stated that a draining
effect can affect beth the value of [n], and the calculated Yamakawa - Fujii persistence
length. As they have also stated that some cellulose derivatives exhibit a draining effect,
the possibility exists that EC in the non-mesophase forming solvents does not drain freely
and therefore gives intrinsic viscosity values that do not accurately reflect the geometry of
the EC chain in solution. These compensated intrinsic viscosity values would in turn
affect the calculated molecular dimensions. A comparison between polymer / solvent

systems which exhibit large and small draining effects would therefore be invalid.
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3.4 CONCLUSION

The equivalent Kuhn segment length and diameter of several cellulose derivatives
that have already been estimated usirg the Yamakawa - Fujii theory have been re-
calculated using the Bohdanecky theory. The Bohdanecky theory is found to be a viable
adaptation of the Yamakawa - Fujii method as it provides reasonable estimates of the
chain diameter and comparable equivalent Kuhn segments lengths. These dimensions
were used to determine the critical volume fractions for liquid crystzalline phase separation
according to virial expansion theories and a lattice theory. Based on a comparison with
experimental data for a variety of cellulose derivatives, the freely-jointed lattice theory of
Flory and the freely-jointed virial expansion theory of Grosberg and Khokhlov were
found to provide the best estimates of the critical volume fraction for mesophase
formation.

Few cellulose derivatives have had their liquid crystalline phase separation
behaviour examined in more than a limited number of solvents. The dimensions of ethyl
cellulose (EC) in several solvents were calculated using the Bohdanecky theory and were
found to be extended even in solvent- which do not allow EC to form a mesophase. A
statistical routine was used to calculate the MHS constants, physical dimensions and
critical volume fractions according to the freely-jointed theories at the $5% confidence
limits for EC in each solvent. It was demonstrated that considerable variation could exist
in the calculated MHS constants, molecular dimensions and predicted critical volume
fractions unless extremely high correlation coefficients exist for plots of log [n]o versus
log M and plots of (M2/[n],)!/3 versus M1/2, respectively. For those EC / solvent
systems which did form liquid crystals, the freely-jointed lattice theor» of Flory was
found to be superior to the freely-jointed virial expansion theory of Grosberg and

Khokhlov for predicting the critical volume fractions for mesophase formation.
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4.1 INTRODUCTION

A special form of the nematic mesophase exists when each "layer" of the structure
is twisted relative to its neighbour such that the preferred direction of the molecules in
each layer trace out a helix for the supramolecular structure. This twisted nematic
ordering is called cholesteric structure and depending on the rotation direciion of the
layers a liquid crystal with a left-harided or right-handed cholesteric structure may be
obtained (Figure 1.2). The distance between any two layers separated by a 360° rotation
of the layer directors is called the pitch so the two features characterizing a cholesteric
liquid crystal are the twist sense and pitch. The reasons for the development of the twist
in a cholesteric liquid crystal have been the subject of much debate. Any successful
theory must account not only {or the development of the twist, but also correctly predict
the response of the pitch to changes of concentration and temperature. Factors typically
investigated in an attempt to determine which features influence the pitch and cholesteric
twist sense of cellulose derivatives have included temperature, concentration, solvent
type, molar mass and nature of the sidechain substituent. Theories describing the
formation of a nematic mesophase were presented in Chapter 3; mean field, geometric and
combined mean field - geometric approaches have been used to explain the formation of
the liquid crystal. By including a chiral component these approaches have also been

employed to explain the origin of the twist in cholesteric mesophases.

4.1.1 Formation of a Cholesteric Mesophase

Keating (1) and Bottcher (2) proposed a model for a cholesteric liquid crystal in
which elongated chiral molecules made anharmonic rotational vibrations in each layer of
the cholesteric structure. The inclusion of an anharmonic term meant that the mean field
described by the potential function is asymmetric and, unlike a symmetric field in which a
nematic ordering of the molecular layers occurs, a twist develops. The theory states that
the decrease in the pitch which occurs with increasing temperature is the result of an
increase in the amplitude of the anharmonic rotational oscillations of the asymmetric

molecules. The pitch, P, is related to the temper:.ture, T, by Equation [4.1]
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where 0 = twist angle between successive layers
d =interlayer distance
I =molecule's moment of inertia
A' = constant in the anharmonicity term
k = Boltzmann constant.

While the predicted inverse relationship between the pitch and temperatre is the
behaviour almost uniformly observed for pure low molar mass cholesteric liquid crystals
(3) this relationship is frequently not exhibited by cholesteric polymer liquid crystals.

At the same time as the Keating-Boticher theory was being developed another
approach was being formulated by Goossens (4) and Wulf (5). In these theories the
mean field approach of Maier and Saupe (6), which predicts nematic ordering, was
extended to include dipole - quadrupole interactions. The angular dependence of the
interaction energy betveen two chiral molecules in adjacent layers of the cholesteric was
found to be minimized if a twist existed between the two molecules; however, the
potential function describing the mean field is symmetric so the pitch according to this
model is independent of temperature. Stegemeyer and Finkelmann (7, 8) developed a
variation of the Goossens - Wulf model which included the temperature dependence of the
hindrance to rotation about the molecules' !oing axes. For a symmetrically smooth
cylinder this rotation would be free and produces nematic structure, but in the case of
asymmetric molecules, one of the two mutually perpendicular directions of the short axis
is preferred orientation which introduces a short range rotational order. The result of this
rotational order is a twist of the layers which is temperature dependent. An increase in
temperature produces a less restricted rotation which in turn produces a decreased twist
angle between adjacent molecules which is accompanied by an increase in pitch.

Lin-Liu et al. (9, 10) combined features of the Keating-Bottcher and Goossens-
Wulf theories to model the cholesteric phase. In this theory the potential function that
describes the mean field is asymmetric as in the Keating-Bttcher model and displaced
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from the origin as in the Goossens-Wulf theory. As a result of the combination of these
features, the theory predicts several notable possibilities that depend on the initial
condition of the potential function describing the mean field: the ability of the pitch to
increase or decrease as a function of increasing temperature; the possibility that a pure
cholesteric mesophase can increase its pitch, change twist sense and then decrease in pitch
with increasing temperature; and the possibility that a chiral molecule could produce a
nematic structure. This theory preceded the experimental work of Mori (11) on lyotropic
poly(L-glutamic acid) samples and Watanabe and Nagase (12) on thermotropic poly[(y-
benzyl-L-glutamate)-co-(y-dodecyl-L-glutamate)] which demonstrated that the cholesteric
polymer liquid crystals could increase their pitch as a function of temperature, change
twist sense and then decrease in pitch.

The geometric factors that govern the helicoidal twist sense of polymer
mesophases have been examined by Kim (13) who theorized that in a polybenzyl-L-
glutamate (PBLG) liquid crystal the twist sense of the cholesteric mesophase would be
governed by the chirality of its constituent molecules. Right-handed molecules cause the
formation of a left-handed cholesteric mesophase while molecules with left-handed
chirality produce a right-handed one. This is at variance with a combined statistical-
geometric theory of Kimura et al. (14) who state that the conversion from one cholesteric
twist sense to the other occurs thermally with no transformation in the PBLG molecular
configuration. Equation [4.2] shows the relationship of Kimura et al. among the pitch, P,

the geometric features and the temperature.

2n _ 24%A In
= cfic) | — -1 42
P nLD ©) [T ] .21
where i=a scaling factor

A = the height of the groove in the twisted rod

L = the length of the rod

D = the diameter of the rod

¢ f(c) = a concentration term

TN = the temperature where the pitch is infinite (nematic)
T = the temperature.
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Although this theory has been found to adequately describe the temperature dependence of
the pitch of polypeptides and some cellulose derivative mesophases, its applicability to
statements about geometric features has been questioned by Sikora et al. (15) who state
that the calculated geometric features are affected by factors such as molar mass and
molecular flexibility.

Samulski and Samulski (16) have examined the role of dispersion forces or chiral
dielectric molecules embedded in an isotropic dielectric medium and determined that an
asymmetric term in the pair potential is sufficient to describe the origin of the cholesteric
twist of PBLG. The theoiy predicts that a critical dielectric constant, €*, exists which
equals the product of the principal values of the dielectric constant perpendicular to the
molecular axis. The dielectric constant of the solvent medium plays a role in determining
the cholesteric twist sense because the twist sense can be reversed by the addition of
another solvent which causes the dielectric constant of the medium to pass through €”.
This approach was later extended by Osipov (17) who found that the chiral interaction

potential is a function not only of the solvent, but also of temperature.

4.1.2 Interaction of Polarized Light with Cholesteric Structures

When viewed under a microscope equipped with crossed polars all classes of
mesophase possessing an effective molecular optic axis exhibit birefringence. However,
the most dramatic optical effects in the liquid crystal field can be seen with the unaided eye
and are found in cholesteric liquid crystals. At appropriate temperatures or
concentrations, cholesteric liquid crystals, including mesophases of many cellulose
derivatives, display colours which are dependent on the viewing angle. An understanding
of how light interacts with cholesteric liquid ciystals to produce this effect is important to
investigations in the field. An unambiguous description of light and the twist sense of
cholesteric liquid crystals is often complicated by contradictory conventions for the
handedness of circularly polarized light and the twist sense of cholesteric liquid crystals.
The interaction of light with a mesophase as described below and throughout the thesis

employs the definition of right-handed and left-handed circularly polarized light given in
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Chapter 1.3.1 and the cholesteric twist senses are as shown in Figure 1.2.
The interaction of a light wave with a cholesteric liquid crystal depends on the
texture of the mesophase. The texture of a mesophase is determined by the orientations of

the cholesteric domains. Two major classes of texture exist: planar and homeotropic.

4.1.2.1 Light Interaction with Planar Liquid Crystals

Planar texture is observed whe 1 the optic axes of the supramolecular structures
(see Figure 1.2) are oriented normal to the surface of the mesophase. If the helicoidal
structure has its optic axis normal to the surface then the texture is called monodomain
whereas if several axes exist then the mesophase is said to have a polydomain cholesteric
structure (Figure 4.1).

De Vries (18) presented the first successful description of the optical properties of
a cholesteric liquid crystal. The mesophase was modelled as a series of birefringent plates
each of which was rotated at a constant angle 0 relative to its neighbour. The conditions

for constructive interference of the reflected light wave were found to be met when

2n
U - 4.
% 2fd =) [4.3]

where N =mean refractive index of a layer
d =layer thickness
A =wavelength of light.

All other wavelengths of light that are reflected interfere destructively. As the pitch, P,

equals 2rnd / 0, the wavelength of maximum reflection, Ag, is related to the mean
refractive index and the pitch by Equation [4.4]

Ao=1P. [4.4]

The general case of white light, or a scan of all wavelengths of light, interacting
with a planar cholesteric structure can be understood by treating white light as a

composition of an infinite number of plane polarized light waves each of which is rotated
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Figure 4.1  Possible planar textures for cholesteric liquid crystals. (A) represents
monodomain planar texture where a single optic axis is aligned normal to
the surface. (B) represents polydomain texture where the optic axes are
perferentially, but not exclusively, oriented normal to the surface.
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at a different angle. If absorbance is ignored and only the reflection and transmittance of
light is considered then two extremes are possible for the interaction of a plane polarized
light wave with a cholesteric liquid crystal: the first where the light wave meets a layer in
which the director of the layer is aligned parallel with the plane of the wave and the index
of refraction in this direction is ny, the second where the director of the layer is aligned
perpendicular to the plane of the wave and the index of refraction is ny (Figure 4.2). A
plane polarized wave can be decomposed into 2 left-handed circularly polarized
component and a right-handed circularly polarized component, each of which contains
50% of the energy (Figure 1.6). When a plane polarized light wave whose wavelength
equals the pitch of the mesophase meets the first layer of a right-handed (left-handed)
cholesteric structure whose director is parallel to the incoming wave, and proceeds into
the sample, the right-hanided (left-handed) component rotates by the same angle as the
directors of the successive nematic layers. The lack of interaction of the right-handed
(lett-handed) wave means that while each successive layer is seen as possessing the same
refractive index, the slight rotztion of the next layer relative io the layer it is currently
passing through causes the light wave to encounter a slightly different index of refraction
at the interface (18). Fresnell's law dictates that for a light wave with intensity I, moving
from one material with refractive index nj into a second material with refractive index ny,

that part of the light wave will be reflected with an intensity of Ip according to Equation
[4.5].

R=Iin-1)/(@+1)]2 [4.5]
where n=n3/nj.

The result is a small part of the light wave reflects back at the interface of each layer of the

cholesteric structure which interferes constructively if its wavelength is given by

A.x =Ny P. [46]

Destructive interference occurs for light wave reflections with wavelength not equal to TiP.

When a plane polarized wave with wavelength equal to the pitch of the right-
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Nematic layer of cholesteric
liquid crystal

y = =N ny
X =4 ) > n X
L‘\ j" Refractive indices for light
“g’l polarized perpendicular and
parallel to layer director.
>
Layer director direction

A nematic layer of a cholesteric liquid crystal. Two refractive indices for a

polarized light wave may be observed: the first, ny, where the light wave
falls parallel to the layer director of the nematic layer; the second, ny,
where the lightwave falls perpendicular to the layer director of the nematic
layer. These refractive indices govern the width of the spectral region

selectively reflected by the cholesteric liquid crystal.
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handed (left-handed) cholesteric structure intersects a layer of the structure at an angle
perpendicular to the director of the layer, the variation of the layer refractive indices the
right-handed (left-handed) circularly polarized light encounters in each layer is again zero
but in this instance the variation in the refractive index at the interface is related to ny

rather than ny. In this case the wavelengths constructively reflected are

ly = ny P. [4.7]

For cases where the light waves intersect with the director somewhere between the two
extreme cases, the light wave sees values of the refractive index intermediate between nx

and ny, The width of the spectral region selectively reflected, A, is

A\ = (nx - ny) P. [48]

For the case of the left-handed (right-handed) circularly polarized wave component
intersecting with a right-handed (left-handed) cholesteric structure the light wave makes
contact with each layer at a different angle and sees only an average index of refraction as
it traverses the sample so only a single wavelength of light is reflected. Thus, only
circularly polarized light in a narrow spectral region is constructively reflected whereas all
other wavelengths of light, regardless of polarization, are transmitted or destructively
reflected (Figure 4.3).

If the optical properties of the selective reflection are monitored as a function of the
intensity of transmitted left-handed and right-handed circularly polarized components then
the technique of measuring the apparent circular dichroism is called Circular Reflectance
(CR) spectroscopy. In theory the reflection peak should have a flattened plateau
corresponding to AA as a peak maximum, but the fact that pure mor.odomain structure is
very rare means that the reflection peak takes on a nonideal shape that possesses a
wavelength of maximum reflection corresponding to Ag in the de Vries equation. This
nonideal peak shape is the result of polydomain structure because while the de Vries
equation is valid for a planar monodomain sample, for polydomain samples the incoming

light will not be collinear with all optic axes. In this case the relationship developed by
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Incident unpolarized
white light

Left-handed circularly Right-handed
polanzed light of width circularly polarized
= (nx- ny)P is transmitted. light of width
All other wavelengths of light 1ght ot wi
pass through the mesophase AL = (n - ny) P is reflected.

with their polarization unchanged.

Figure 4.3  The interaction of unpolarized white light with a right-handed cholesteric
liquid crystal. The width of the spectral region selectively reflected, AA, is
directly related to the difference in the two refractive indices of the nematic

layers (see Figure 4.2).
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Fergason (20) (Equation [4.9]) must be used to provide the value of Ag of an individual
domain.

Ao =T P cos 1/2[ sin"l ((sin ;) / 1.5) + sin-1 ((sin @) / 1.5)] [4.9]

where @i =angle of incidence
@r = angle of reflected light

Equation [4.9] reduces to Equation [4.4] when the light wave is collinear with the optic
axis. The fact that polydomain texture exists in real samples does not affect the value of
Ao but does explain the source of the experimentally observed diffuse peak shape and
tailing at wavelengths lower than the absorption maximum.

The two primary optical methods for studying cholesteric liquid crystals that utilize
the light wave behaviour described above are optical rotatory dispersion (ORD) (vide infra
Chapter 5) and CR. CR measures the differential transmission of left-handed and right-
handed circularly polarized light as a function of wavelength where the maximum
differential of the transmitted polarized components corresponds to Ay which also equals
the wavelength maximum in an absorbance spectrum and the cross-over wavelength of
the pseudo Cotton Effect in an ORD spectrum. The circular polarized dichroic ratio, D, is
defined by Equation [4.10].

D=(Ir-IL)/(Ir +IL) (4.10]

where Ir = intensity of the transmitted right-handed component
I, = intensity of the transmitted left-handed component.

A negative D value corresponds to a negative CR signal and indicates the existence of a
right-handed cholesteric structure while a positive D value corresponds to a positive CR
signal and is characteristic of the left-handed cholesteric structure. This technique
therefore provides information on both the reflection wavelength and twist sense of the
cholesteric structure. The mean refractive index of the mesophase can be determined by

the use of a refractometer equipped with a polarizer and this allows the value of the pitch



100

to be calculated. Values of both the pitch and wavelength of maximum reflection can be
used to describe the optical properties of liquid crystals.

4.1.2.2 Light Interaction with Homeotropic Liquid Crystals

The major type of cholesteric homeotropic texture which exists is fingerprint
texture. A fingerprint texture is observed when the optic axis of the cholesteric structure
adopts an alignment parallel to the surface of the liquid crystal (Figure 4.4).

When a homeotropic liquid crystal with a sufficiently long pitch is examined under
a polarizing microscope equally spaced parallel lines similar to a fingerprint are observed.
The source of these lines is the variation in the observed layer birefringence. Layers
parallel to the direction of observation have a minimum of birefringence while those
aligned normal to the direction of observation exhibit maximum birefringence. The
difference in the observed birefringence of the layers causes a series of dark and bright
lines to be seen and the period of the stripped pattern is equal to the half-pitch. This
technique is often used to determine the pitch of long pitch samples but its upplication to
samples of short pitch is limited. Colours may also be observed for these types of
mesophases but are the result of the diffraction properties of the grating-like spacings of
the nematic layers.

A special case of periodic spacing can occur if the binding energy of the
mesophase to the surface of its container is greater than the energy responsible for the
helical twist (21). A fingerprint texture occurs but the periodicity is much greater than the

true pitch of the sample.

4.1.3 Liquid Crystals of Cellulose Derivatives

The first paper detailing the formation of a cellulose derivative liquid crystal,
(hydroxypropyl)cellulose (HPC) in water, was published in 1976 by Werbowyj and Gray
(22). Many subsequent investigations of liquid crystalline cellulose derivatives have been

made on ether and acetate derivatives of HPC in the thermotropic state or using organic
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Figure 44  Homeotropic texture in a cholesteric liquid crystal where the optic axis is
oriented parallel to the surface. If the spacing between the nematic layers is

sufficiently large then a fingerprint pattern may be observed under a

polarizing microscope.
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solvents in the lyotropic state (23 - 28). Cellulose derivatives possessing sidechains
smaller than those of commercial grade HPC tend to form mesophases with reflection
colours in more limited selections of solvents. For example, cellulose triacetate or
commercially produced methyl cellulose require very strong solvents such as
dichloroacetic acid (DCA) or trifluoroacetic acid (TFA) (29 - 31). It has been
hypothesized that the role the sidechains play in the formation of the mesophase is to
inhibit crystallization and thereby permit the polymer chains to move into an ordered
arrangement (32). Should sufficiently large sidechains be incorporated onto the cellulose
backbone then thermotropic in addition to lyotropic behaviour may be observed in the
bulk polymer. In the absence of large sidechains, solvents capable of preventing
backbone interaction must be used. Although cellulose normally forms a liquid crystal
only in various uncommon solvent mixtures, a report has been made of liquid crystalline
order in the cellulose cell structure of a plant (33). Solvents employed for the production
of cellulose mesophases include water / N-morpholine-N-oxide (34), TFA / chlorinated
alkanes (35), lithium chloride / N,N-dimethylacetamide (36) and ammonia / ammonium
thiocyanate (37); however, reflection colours in a cellulose mesophase have yet to be
reported.

Liquid crystals composed of both high and low molar mass molecules are
sensitive to their composition and environment. It is these factors which are investigated
in the attempt to understand and control the liquid crystalline properties. Low molar mass
liquid crystals are known to be very sensitive to their composition. For example, even
minor changes such as the addition of a small quantity of a chiral species to a nematic
mesophase can convert the mesophase to a cholesteric structure (38, 39). Polymer liquid
crystals have also been shown to be sensitive to their composition in terms of their
enantiomeric composition (40). While each enantiomer alone forms a cholesteric liquid
crystal, equal proportion mixtures of the enantiomers induces the formation of a nematic
liquid crystal. Cellulose derivatives lack enantiomers, but a study on the effect of the
relative isomer composition of a chiral solvent, 2-amino-1-butanol, on HPC mesophases
determined that there is no discernable effect on the mesophase properties (41).

While many cellulose derivatives have been found to form mesophases (42, 43,
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44), only a few have been investigated in any detail. The presence of reflection colours in
mesophases makes them attractive for the purposes of structural investigations through
their optical properties. However, even for cellulose derivatives that form mesophases
with reflection colours, not all reports include information on both the cholesteric twist
sense and temperature dependence of Ag or the pitch. Information on the cholesteric twist

sense and the temperature dependence of the pitch of several cellulose derivatives is
presented in Table 4.1.
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Solvent

Water
Methanol
Acetic acid
Water-cast film
2-Amino-1-butanol

Thermotropic
Acetone
Dibutyl phthalate

Ester
Propionic acid
n-Butyric acid
Isobutyric acid

Phthalic acid
Acrylic acid

Thermotropic

Solvent

Thermotropic
Ethylene Glycol

Thermotropic
Dimethylacetamide

HPC
Twist Sense P(D
Right Increases / Decreases 2
Right NR?
Right NR
Right Increases
Right NR

Acetox Dcellulose

Right Increases
Right NR
Right Increases

Themmotropic Esters of HPC

Twist Sens P(M)
Right Increases
Right Increases
Right Increases
Right Increases
NR Increases

X Deellul
Right Increases
xyethylicellulo

Twist Sen PN
NR Increases
NR Increases

(Hydroxybutylicellulose

NR Increases
NR Increases

Reference
(22, 44)
3
45
(46)
(C7))

(23, 24)
(23)
24)

Reference
(25, 26)
(26)
(26)
(26)
27

(28)

Reference

(48)
(48)

(48)
(48)
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Table 4.1 (continued)

Cellulose acetate

Solvent Twist Sense V]

TFA Left NR

TFA Left Increases

Cellulose acetate-trifluoroacetate
TFA Right NR
Cellulose triacetate
TFA Left NR

Ethyl cellulose (nominal DS =2

Acetic acid Left Decreases
DCA Right NR
Methyl cellulose
DCA Left Increases
TFA Left Increases
Acetyl 1ul
Chloroform Right /Leftd Increases / Decreases
Dichloromethane Right / Left d NR
m-Cresol Right / Leftd NR
Aqueous phenol Right / Left d NR
Acetic acid Right / Leftd NR
DCA Right NR
1lul i nil
Ethyl methyl ketone Right Increases
2-Pentanone Right Increases
DEME ¢ Left Increases
1lul i nilat
Pyridine Right / Left e NR

-Chlorophenylureth r of
DEME Right Increases

_ Reference

(29)
(30)

29)

(29)

(49, 50)
(49)

€20)
@3

(81, 52)
(51)
(31)
(51)
(51
(51)

(50)
(50)
(53)

(50)

(54)
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Table 4.1 (continued)

Dcell

Solvent Twist Sense D

Acetic acid Left NR
Trn-Q-2-(2- 2 1 cell
Thermotropic Right Increases

Thermotropic oligomer Right/Leftf Increases / Decreases

Tri- tox Deellul

Thermotropic Left Increases
Thermotropic oligomer Left/Rightf Increases / Decreases

Tri-O-hepty! cellul
Themmotropic Left Decreases

6-O-Trityl-2,3-di-O-benzyl cellulose

Chloroform Right NR
Bromoform Right Increases
Tetrahydrofuran Right NR

6-0-Trityl-2,3-O-butyl cellulose
Chloroform Right Increases

Trityl-2.3- ntyl cellul

Chloroform Right Increases
Tetrahydrofuran Righi Increases
Trityl-2.3-di-O-hexyl cellul

Chloroform Right NR
Tewahydrofuran Left Increases

Reference
(55)

(56)
(56)

(56)
(56)

(56)

(57)
(57)
&)

(58)

(58)

(58)
(58)
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The decrease in pitch that is seen with increasing temperature is artificial. The

concentration is affected by a temperature dependent phase separation.

NR = not reported.
DEME = diethylene glycol monoethyl ether.

The twist sense and temperature dependence of the pitch depend on the acetyl content.

The twist sense is concentration sensitive.
The twist sense depends on temperature.
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It is obvious from Table 4.1 that while the majority of cellulosic mesophases
studied to date form right-handed cholesteric structures it is also possible for left-handed
systems to exist. The veriation in the liquid crystalline properties for cellulose derivatives
is perhaps unexpected because all these polymers share the same chiral backbone. The
fact that ccllulose derivatives can form both right-handed and left-handed cholesteric
liquid crystals means that the sidechains play a more significant role than just aiding in the
formation of the mesophase. Given the limited number of solvents in which most
cellulose derivatives mesophases have been studied, no general conclusions are possible
concerning a prefered twist sense or temperature dependence of the pitch. The question
therefore becomes: to what extent do the solvents and sidechains play a role in
determining the liquid crystalline properties of cellulose derivatives?

The cellulose derivative employed in this thesis to address this question is ethyl
cellulose (EC). EC was the first and is still one of the few cellulosic mesophases found to
have a solvent dependent cholesteric twist sense (49). Other studies on EC mesophases
have focused on phase separation with a second polymer (59, 60), dielectric behaviour
(61), birefringence (50, 62, 63), phase and rheological behaviour (49, 64 - 67),
morphology (68), pitch as a function of concentration and temperature (50, 68), the effect
of inorganic acids (69), and the introduction of acetyl groups (51, 52, 70). In this chapter
the effects of solvent, temperature, concentration and degree of substitution (DS) on the
mesophase properties of EC are examined by CR. The solvents employed include those
successfully utilized in the EC liquid crystalline phase separation study of Chapter 3.
Other factors examined include the effects of substituting methyl and butyl groups onto
the previously unreacted hydroxyl groups, the effect of temperature on cholesteric films
which are prepared by casting the cholesteric films from chloroform solutions of EC and

its derivatives, and the search for induced optical activity in mesophases containing achiral

dyes.
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4.2 EXPERIMENTAL

With the exception of the EC (DS =2.29) / chloroform and tri-O-ethyl cellulose /
chloroform samples, all mesophase sampies were prepared by weighing measured
quantities of polymer and solvent into a small vial that was then tightly capped. Mixing
was aided by centrifugation. After mesophase formation the samples were stored in the
dark. This was especially important for EC / m-cresol samples as these mesophases
rapidly discoloured if left exposed to light. Samples of EC in chloroform and DCA also
degraded visibly with time. Chain degradation of EC is knovn to occur in several
solvents over prolonged yperiods of time (71).

Thin samples of each mesophase were prepared for optical measurements by
sandwiching the mesophase between a glass slide and coverplate. The glass coverplate
was sealed to the slide with Devcon epoxy in an attempt to slow evaporative loss of
solvent. Samples of EC and tri-O-ethyl cellulose in spectral grade chloroform were
prepared by flame-sealing one end of a 0.4 mm thick glass microslide (Vitro Dynamics
Inc., Rockaway, NJ, 07866, USA), packing the slide with a known mass of polymer and
injecting a known mass of solvent with a microsyringe. The samples were cooled in dry
ice and the open end of the microslides were then also flame sealed. Mixing in the
microslides was aided by low speed centrifugation. Mesophases of EC in
monochloroacetic acid (MCA) and phenol were prepared by mixing EC and the solid
"solvents" in a small vial and heating to ~ 60 ©C.

Cholesteric films of the samples were prepared by making anisotropic solutions of
the cellulose derivatives in chloroform, placing the mesophase between two glass slides
and then slowly shearing the slides apart. The two slides were then placed in a small
enclosed container containing a saturated chloroform atmosphere. The slices had a single
drop of chloroform placed in the centre of the sample and after several hours the slides
were removed and dried completely. The region of the slide that had had the chleroform
drop placed on 1 offered the best texture for CR measurement. All samples were checked
for linear birefringence effects. Cellulose derivative films exhibiting linear birefringence

have been shown to exhibit circular reflection peaks whose signs vary as a function of
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their orientation in the beam path of the spectropolarimeter (72).

CR spectra were recorded with a Jasco J-500C Spectropolarimeter. All
mesophase samples were placed directly in the beam path with the surfaces of the sample
oriented perpendicular to the beam. When temperature control was required the
spectropolarimeter was equipped with a Mettler FP2 Hot Stage. The temperature was
varied at the rate of 1 °C min.”! when scans at intervals of 2.5 °C or greater were required
and at a rate of 0.2 °C min.-! when scans at intervals of less than 2.5 °C were required.
Refractive index measurements were made with an Abbé refractometer whose temperature
was controlled by a water recirculation bath. The refractometer was equipped with a
polarizing filter whose direction of polarization was established by the use of laser
equipped with a polarizer of known orientation. After the method of Suto et al. (62, 63),
all samples examined in the refractometer were allowed to relax for 30 min. before
measurement. The cellulose derivatives employed in this section of the thesis are those
listed in Tables 2.2 and 2.3
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4.3 RESULTS AND DISCUSSION

4.3.1 The Effect of Concentration on the Cholesteric
Structure of Ethyi Cellulose Mesophases

The composition feature most easily examined for lyotropic cellulose derivative
mescphases is the concentration dependence of the reflection wavelength. Figure 4.5
shows the effect of concentration on the reflection wavelength of some EC (DS = 2.29)
mesophases. The concentration dependence can be construed as "normal” in that an
increase in the EC concentration decreases the reflection wavelength of the mesophases.
While the vast majority of cellulose derivatives have been found to possess cholesteric
structures whose pitches or reflection wavelengths decrease with increasing concentration
this behaviour is not unequivocal; it has been reported that mesophases of cellulose
tricarbanilate in ethyl methyl ketone and 2-pentanone (50) increase in pitch with increasing
concentration. A more extreme case is reported for cellulose dicarbanilate in pyridine
where an increase in the polymer concentration causes a reversal of the cholesteric twist
sense (50).

Samp’es prepared with volatile solvents such as chloroform usually have their
optical properties reported as reflection wavelength rather than pitch because measurement
of the mean refractive index is difficult. For mesophases prepared with less volatile
solvents the pitch can also be reported if the refractive indices of the E-ray and O-ray are
measured. In an unsheared cholesteric liquid crystal the light wave polarized parallel to
the longitudinal direction of the plate of the Abbé refractometer has refractive index ny
which corresponds to the E-ray while the light wave polarized perpendicular to the plate
has refractive index n, and corresponds to the C-ray. The birefringence of the sample,
An, is described by Equation [4.11] while the mean refractive index, 7, of a cholesteric is
described by Equation [4.12].

An=rny-n, [4.11)
A=Qn+n)/3 [4.12]

Figure 4.6 shows that an EC mesophase can be adequately described by the
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inverse cube relationship between pitch and volume fraction which is commonly observed
for several cellulose derivative / solvent systems (23, 24, 45). While the concentration
dependence of the pitch is a useful feature in examining the behaviour of cellulosic liquid
crystals, it is the effects of solvent, temperature and sidechains on the mesophase

properties which are the factors of greatest interest.

4.3.2  Cholesteric Twist Sense of Ethyl Cellulose Mesophases

Using the CR technique to directly identify the cholesteric twist senses, this study
has investigated mesophases of EC in several solvents. Table 4.2 lists the cholesteric

twist senses of the various EC mesophases and the dielectric constants of the solvents

employed.

Table 4.2

Solvent Dielectric Constants and
h i i n =

Sol Diglectric 7) Cholesteric Twist S

MCA 1232 Left
Pyridine 1230 Left
m-Cresol 11.8 0 Left
Phenol 9.78 » Left

Dichloromethane 9.08 ¢ Left

DCA 824 Right

Acetic Acid 6.15¢ Left
Chloroform 4.806 ¢ Left
—— Bromoform 439¢ Left

2at 609C, bat259C, cat20°C, dat220C

It is apparent from Table 4.2 that the left-handed twist sense appears to be the
most common cholesteric structure for EC with DS of 2.29 as all its mesophases are left-
handed except when DCA is employed as the solvent. EC in DCA is assigned a right-
handed cholesteric structure based on a negative CR reflection peak (Figure 4.7). ECin



114

2000
> 1000 |
3
S i
~N
> or
S
o [
4 -1000 |
[
-2000 : ' ' - '
300 500 700 900

Wavelength / nm

Figure 47 CRS spectrum of EC (DS = 2.29) in dichloroacetic acid (24.0 % w/w).
The negative reflection peak indicates that right-handed circularly polarized

light is reflected and that this mesophase has a right-handed helicoidal twist
sense.
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DCA has previously been examined and, based on ORD spectra, is one of the few
cellulose derivatives reported to have a solvent dependent cholesteric twist sense (49, 50):
the ORD spectrum of EC in acetic acid showing a full pseudo Cotton Effect conclusively
proves that the system has a left-handed cholesteric structure; however, the assignment of
a right-handed cholesteric structure to EC in DCA was made on the basis of an ORD
spectrum of a long pitch sample possessing only a positive low wavelength tail of a
pseudo Cotton Effect that occurs above the operational range of the instrument. This
method of assigning cholesteric twist sense on the basis of low wavelength ORD curve
tailing is potentially prone to error if the wavelength of maximum reflection is far above
the operating limits of the spectrometer and the polymer has electronic transitions whose
absorption band signs are sensitive to its environment. In such a case the electronic
absorption bands of a strong transition, such as those associated with aromatic
chromophores, could easily dominate the optical properties that accompany long pitch
mesophase ordering in the visible region of the spectrum. The fact that the sign of CD
absorption bands for cellulosics can be solvent dependent (41) means that it would be
possible, in theory, to see long pitch mesophase samples of the same polymer in different
solvents that have the same cholesteric twist sense yet exhibit low wavelength ORD curve
tails of opposite sign. Further evidence favouring exercising caution when using ORD
curve tailing for cholesteric twist sense assignment can be found in studies of a long pitch
mesophase of methylol cellulose in dimethylsulphoxide where different regions of the
same sample produced ORD curve tailings of variable sign (74, 75). For these reasons
direct identification of the twist sense is the preferred method of assignment.

PBLG mesophases have been studied extensively and their cholesteric twist sense
is known to be solvent dependent (76, 77, 78). The results of the original studies of
cellulose derivatives tentatively suggested that this solvent dependence might not exist in
cellulosic mesophases as all samples studied were found to have right-handed cholesteric
structure. However, subsequent studies (29, 49, 50, 53, 55, 56, 58) have demonstrated
that the twist sense of several cellulosic mesophases are left-handed and that the twist
senses of a limited number of cellulosics (49, 50, 53, 58) are even solvent dependent.

Table 4.1 illustrated that although the majority of studied cellulosic mesophases have
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right-handed cholesteric structures and a few are left-handed, no cellulose derivative has
had its mesophase properties examined in more than a few solvents. It is therefore
significant that EC with DS of 2.29 has been examined in a variety of solvents including
one that produces an opposite twist sense as this permits an examination of a theory that
attempts to predict the twist sense.

Theories that have attempted to describe the relationship between the cholesteric
twist sense of lyotropic polymer mesophases and the solvent employed have frequently
used PBLG as their model. The theory of Samulski and Samulski (16) that relates the
twist sense of the mesophase to the dielectric constant of PBLG and solvents finds that
the critical dielectric constant, €*, for determining the twist sense is related to the dielectric
constant of the polymer. Non-interacting solvents with a dielectric constant higher than
€* form cholesteric mesophases with one twist sense while solvents with a dielectric
constant that is lower than the critical value form mesophases of opposite twist sense.
However, assuming that the solvents employed in this study are non-interactive, the
dielectric theory does not describe successfully the formation of a right-handed or left-
handed cholesteric structure for EC mesophases as solvents with dielectric constants both
higher and lower than that of DCA cause the formation of left-handed mesophases
whereas EC in DCA forms a right-handed structure. For PBLG mesophases the
correlation between the dielectric constant and the twist sense was highest in chlorinated
solvents but for EC no trend exists even in this class of solvents.

The assumption of non-interaction between polymer and solvent is an important
feature of the dielectric theory. For example, according to this theory PBLG in m-cresol
should have an opposite twist sense than in dioxane, yet at room temperature it does not.
Infrared studies of the PBLG / m-cresol system suggest that temperature sensitive
hydrogen bonding exists between the hydroxyl group of m-cresol and the carbonyl
groups of PBLG (77, 78). Such interactions have been found to change the orientation of
the permanent dipole moments of the sidechains (79) which in turn would affect the
critical dielectric constant of the polymer. While the validity of the dielectric theory does
not necessarily come into question under such circumstances, the PBLG / m-cresol

system illustrates the difficulty of accurately assigning true dielectric behaviour. A similar
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polymer / solvent effect can also be postulated for the mesophase systems examined here.
Many of the solvents employed here possess the capability of strongly interacting with
EC. Like PBLG, these interactions could affect the value of the polymer's critical
dielectric constant. Strong interactions between the solvent and polymer can provide a
possible explanation for the reversal of twist sense seen for EC in DCA. Low molar mass
derivatives of cholesterol have been shown to change their mesophase twist sense when
different types of achiral groups are substituted onto the parent molecule (3). Similar
behaviour has also been recently observed for cellulose derivatives when unreacted
hydroxyl groups are replaced by achiral substituents such as acetyl groups or acetyl
derivatives. The cholesteric twist sense of cellulose acetate (CA) in TFA changes from
left-handed to right-handed when trifluoracetylation of the hydroxyl groups occurs (29)
and the introduction of acetyl groups onto the EC chain produces the same effect in
chloroform (51, 52). However, the introduction of acetyl halide groups onto a cellulose
ether by reaction with solvents such as TFA or DCA does not always ensure a change in
twist sense as methyl cellulose retains its left-handed twist sense in both DCA and TFA
despite reacting with these solvents (30). Zugenmaier and Haraud (44) have found that
by mixing acetic acid and DCA in varying ratios, EC liquid crystals can be prepared with
variable pitch and cholesteric twist sense.

The variation of cholesteric twist sense with changes in temperature is a widely
studied area of both small molecule and polymer liquid crystals. As with the solvent
dependence of the twist sense, PBLG has often been cited as the model system for
theories attempting to interpret the twist sense temperature dependence of polymeric
systems. DuPré and Duke (80) postulated that sidechain orientation in PBLG molecules
may play a role in determining the cholesteric twist sense and based on a nuclear magnetic
resonance study Samulski and Czarniecki (81) concluded that this assessment was
correct; changes in the pitch and cholesteric twist sense of PBLG mesophases with
variations in temperature and / or solvent were ascribed to subtle changes in the sidechain
structure of the PBLG molecules that results in a change in the apparent molecular
helicity. These observations agree with a theory by Kim (13) which states that the chiral

sense of the molecule determines the cholesteric twist sense of the liquid crystal.
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However, the theory of Kimura et al. (14) does not require any change in the molecular
chirality and states that it is possible for a molecule with a single chiral sense to form
either a right-handed or left-handed liquid crystal. An infrared study of a thermotropic
PBLG derivative by Watanabe and Nagase (12) found that as the mesophase changes its
twist sense with increasing temperature there is no sudden drastic change the infrared
spectra which suggests that the helical backbone at least does not undergo any radical
transformation during the transition from one twist sense to the other. Recent work on
thermotropic cellulosic oligomers has shown that it is also possible for these compounds
to increase in pitch, change twist sense and then decrease in pitch with increasing
temperature (56), but no studies have yet been made to determine if there is an equivalent
change in the orientation of the sidechains as the cholesteric structure changes its twist
sense. While a possible variation in the orientation of the sidechains due to temperature or
solvent effects which thereby introduces variable apparent chirality to a polymer with a
backbone of a single chiral sense may be an attractive theory for polymers with large
sidechains, it is difficult to see how such an effect could come into play for polymers such
as EC or CA which have comparatively small sidechains. Even allowing for solvent
reactions with hydroxyl groups, the substituents introduced are small and should have

little effect on the observed chirality of the polymer chains.

4.3.3 Temperature Dependence of the Reflection Wavelength
of Ethyl Cellulose Mesophases as a Function of Solvent

As shown in Table 4.1, measurement of the temperature dependence of the pitch
or reflection wavelength of cellulose derivative mesophases as a function of solvent is
largely an unexplored area. It therefore is of interest to examine the thermal properties of
EC mesophases in several solvents. Measurement of the reflection wavelengths as a
function of temperature for liquid crystals of EC with DS of 2.29 in several solvents
reveals that this polymer exhibits an unique range of behaviour. Three types of behaviour
are observed depending on the solvent employed: (i) the mesophase is left-handed and the

reflection wavelength decreases with increasing temperature, (ii) the mesophase is left-
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handed and the reflection wavelength increases with increasing temperature, and (iii) the
mesophase is right-handed and the reflection wavelength increases with increasing
temperature. Table 4.3 lists the cholesteric twist sense and the temperature behaviour of
the EC/ solvent systems investigated. Figure 4.8 shows the temperature behaviour of the
reflection wavelength of EC in four solvents that all produce left-handed mesophases yet
two of which decrease in reflection wavelength with increasing temperature while the
other two increase in reflection wavelength. These effects are all reversible when the
temperature is reduced.

Table 4.3
holesteric Twist Sen Reflection Wavelen Function
f Temper: for E =22
Solvent Twist Sense M(D
Acetic acid Left (49 3) Decreases (49 2)
Bromoform Left Decreases
MCA Left Increases
Chloroform Left Decreases
m-Cresol Left Increases
DCA Right (49 3) Increases
Aqueous Phenol Left Increases
Phenol Left Increases
Pyridine Left Decreases
—1.1.2.2"-Tetrachloroethane Left Decreases

2 nominal DS = 2.5

All mesophase samples of PBLG and its derivatives examined exhibit the same
pitch temperature dependence; the sign of the slope of a plot of reciprocal pitch or
reflection wavelength versus temperature is always negative regardless of the cholesteric
twist sense or solvent employed (12, 78, 82). Investigations of cellulose derivative
mesophases prior to this study have shown only a little more variation in this relationship:
all right-handed mesophases examined to date increase their reflection wavelength with an

increase in temperaturc; however, cellulose tricarbanilate can form, depending on the
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Figure 4.8

Variation of reflection wavelength with temperature for left-handed EC (DS
= 2.29) mesophases in various solvents. EC in chloroform (43.7 % w/w,
filled square), in bromoform (23.0 % w/w, filled circle), in m-cresol (54.4
% w/w, open square) and in aqueous phenol (50.9 % w/w, open triangle).
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solvent employed, a left-handed or a right-handed mesophase which both increase in
reflection wavelength with increasing temperature (49, 53). The finding here that plots of
reflection wavelength versus temperature for left-handed mesophases of EC in
bromoform, chloroform, pyridine, acetic acid and 1,1',2,2"-tetrachloroethane all have
slopes of one sign while left-handed mesophases of EC in phenol, m-cresol, aqueous
phenol and MCA samples have slopes of opposite sign is important because it
demonstrates that the liquid crystalline behaviour of a cellulosic mesophase is much more
sensitive to its environment than previously reaiized. These results also permit an
evaluation of the theories that relate the pitch of the mesophase to the temperature.

Converting the plots of reflection wavelength versus temperature to pitch versus
temperature requires measurement of the refractive indices of the mesophase as a function
of temperature (Figure 4.9). The birefringence and mean refractive indices of EC
mesophases in m-cresol and acetic acid have also been measured as a function of
temperature by Suto et al. (62, 63) and are found to exhibit essentially the same
behaviour. By calculating the mean refractive index of samples that have the same twist
sense but opposite reflection wavelength / temperature relationships and plotting the pitch
versus temperature relationship (Figure 4.10) it is found that the change in reflection
wavelength for both EC samples is due primarily to changes in the pitch rather than large
differences in the rate of change of the mean refractive index.

While the discovery that the signs of dP /dT and dAg/ dT are solvent dependent is
unique, such behaviour has been predicted for mesophases by the mean field theory of
Lin-Liu et al. (9, 10) which states that although a preferred pitch / temperature relationship
exists, an opposite behaviour is possible. The conditions for this opposite behaviour
would require that the potential curves describing the mean field interaction potentials be
of opposite symmetry. The theory of Kimura et al. (14) which has been used to describe
the thermal features of PBLG and some cellulose derivatives would require that the
geometric features of EC in each class of solvent be of opposite molecular helicity for this
behaviour to occur. However, to fully use the Kimura theory requires a knowledge of the
temperature at which the cholesteric structure moves to infinite pitch, Tn;, i.e. nematic

ordering, but for all EC mesophases the clearing temperature, the temperature where the
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Figure 4.10  Variation of helicoidal pitch with temperature for EC (DS = 2.29) in

bromoform (26.9 % w/w, squares) and m-cresol (54.4% w/w, circles).
Both mesophases have a left-handed cholesteric twist sense.
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solution converts to the isotropic phase, is reached before T

4.3.4 Effect of Degree of Substitution on the Cholesteric
Structure of Ethyl Cellulose Mesophases

It is evident from Table 4.1 and the results of the preceding sections that numerous
types of sidechains have been incorporated onto the cellulose backbone and that different
types of behaviour can be observed depending on the sidechain structure and the solvent
employed. How sensitive are the liquid crystalline properties of cellulosics to minor
variations in the number sidechains? A change in the DS is one of the subtlest variation of
a cellulosic homopolymer that is possible. While x-ray diffraction studies of EC fibres
have established that a change in DS from 2.5 to 3.0 has no effect on the molecular
conformations (49) (both are left-handed threefold (3/2) helices), the role the DS plays in
determining the supramolecular properties of cellulose derivatives with liquid crystalline

ordering is largely an unexplored area.

4.3.4.1 Effect of DS on the Cholesteric Twist Sense
and Reflection Wavelength of EC Mesophases

Mesophases were prepared from EC samples with DS varying from 2.29 to 3.00
in several solvents and the CR technique was used to monitor the reflection wavelength
and cholesteric twist senses of the various mesophase systems. EC solubility is closely
linked to the DS (83) so the very highly substituted EC samples cannot be examined in the
same selection of solvents as the commercial product. Table 4.4 lists how the DS affects

the cholesteric twist sense for several solvents.
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Table 4.4
holesteric Twi nse of EC in Sever: lven Function of D

Degree of Sybstitution
Solvent 229 255 265 270 280 288 3.00
Aqueous Phenol Left  Left Left Left Left - -
Bromoform Left  Left Left Left Left - -
Chloroform Left  Left Left Left Left - Right
m-Cresol Left  Left Left Left Left - -
Dichloromethane Left Left Left Left Left - Right
DCA Right Right Right Right Right Right Right

The impact of the DS on the cholesteric twist sense is most explicitly illustrated
using chloroform or dichloromethane as the solvent. Only the sample with DS of 3.00 in
chloroform and dichloromethane forms mesophases whose cholesteric twist senses are
right-handed in contrast to the samples of lower DS that form left-handed mesophases in
these same solvents. The critical DS at which the switch from a left-handed to a right-
handed cholesteric twist sense occurs for these solvents is approximately 2.88. This
assignment is based on the fact that of all the EC samples examined in these solvents,
only samples with a DS of less than 2.88 form left-handed mesophases with reflection
colours while the sample with DS of 3.00 forms right-handed mesophases with reflection
colours. As the polymer concentration of sample with DS of 2.88 is increased from that
of an isotropic solution to the pure film, there is no appearance of visible reflection
colours or even of fingerprint texture when viewed under a polarizing microscope. The
switch in the twist sense from left-handed to right-handed cholesteric structure with
increasing DS produces no radical change in the plot of reflection wavelength versus
concentration; Figure 4.11 shows that like the sample with DS of 2.29, increasing the
concentration of the sample with DS of 3.00 in chloroform still reduces the reflection
wavelength of the mesophase. Lyotropic mesophases of CA in TFA (29) and
thermo:ropic mesophases of the propionic acid ester of HPC (PPC) (25, 26) are two other

rare examples of cellulose derivatives whose properties have been examined at more than
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one DS. At identical temperatures, increases in the DS of PPC were found to produce
moderate decreases in the reflection wavelengths of the right-handed thermotropic
mesophases. The fact that CA of low DS reacts with TFA makes assignments of the
effect of a change in DS of CA mesophases difficult to assess accurately, but it has been
established that for CA of both high and low DS in TFA that the cholesteric twist sense is
left-handed. The solvents employed here are for the most part comparatively benign
which means that an accurate assessment of the effect of DS on the cholesteric twist
sense, reflection wavelength and temperature dependence of the reflection wavelength is
possible.

The effect of solvents on mesophases in which an increase in DS does not reverse
the cholesteric twist sense offers the opportunity to observe the effect of the DS on the
reflection waveleng.h of mesophases of left-handed cholesteric twist sense. Bromoform,
aqueous phenol and m-cresol samples of EC are featured. Table 4.2 reported that in all
these solvents EC with DS of 2.29 forms left-handed mesophases. Figure 4.12 shows
that if the polymer content in the mesophases is maintiined at fixed concentration and
temperature then an increase in the DS produces an increase in the reflection wavelength
for all solvent systems. The greatest sensitivity of the reflection wavelength to DS is
observed in the m-cresol systems; the variation in the reflection wavelength for the
bromoform and aqueous phenol systems are comparatively small. The degree to which
changes in the DS of the EC / m-cresol mesophases can affect the reflection wavelength
are illustrated by Figure 4.13 which shows that an increase in the DS of 0.5 at constant
concentration can have as have much influence on the reflection wavelength as significant
changes in concentration at a single DS. There has been no significant decrease in the
molar mass during the preparation of the EC derivatives (84) so the increase is due
exclusively to the change in DS. Preparing mesophases of EC in DCA as a function of
DS at constant concentration presents the opportunity to observe the effect of DS on the
reflection wavelength of lyotropic mesophase systems whose cholesteric twist senses are
exclusively right-handed. CR measurements show that as the DS is increased a decrease
is observed in the reflection wavelength of the mesophase. This behaviour corresponds

to that observed for PPC thermotropic mesophases (25, 26) but is opposite to the effect
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observed for left-handed mesophases where increases in DS produce increases in the
reflection wavelength. The cholesteric twist sense can be loosely viewed as an extreme
case of pitch variation where right-handed structures are assigned positive pitch values
while left-handed cholesteric structures are assigned negative values. Infinite pitch
therefore corresponds to a perfect nematic structure. If the effect of the DS on the
cholesteric structure is examined as reciprocal reflection wavelength versus DS then the
coefficient of d(1/Ap) / d(DS) is positive for all samples (Figure 4.14),

4.3.4.2 Effect of DS on the Temperature Dependence of
the Reflection Wavelength of EC Mesophases

Another significant feature of these variable DS mesophases is the effect of the DS
on the temperature dependence of the reflection wavelength. The effect of temperature on
the reflection *~avelengths of EC samples with DS of 2.29 and 3.00 in chloroform can be
seen from Figure 4.15. The reflection wavelength of the right-handed trisubstituted
sample is more sensitive to a change in temperature than the left-handed sample of lower
DS, The fact that in the sample with DS of 3.00 the reflection wavelength increases with
increasing temperature whereas the reflection wavelength of the lower DS sample
decreases does not mean that the temperature behaviour of the two analogs is unrelated.
By replotting Figure 4.15 as reciprocal reflection wavelength versus temperature where
left-handed structures are assigned negative values and right-handed ones are assigned
positive values, it can be seen that the all samples have negative slopes (Figure 4.16).

Examination of the effect of the DS on the temperature dependence of the
reflection wavelength for the samples that are exclusivley left-handed also reveals unusual
behaviour. In the EC / bromoform (Figure 4.17) and EC / aqueous phenol (Figure 4.18)
samples there is only a minor change in the mesophase behaviour as a function of DS;
mesophases of EC in bromoform all decrease in reflection wavelength while mesophases
of EC in aqueous phenol increase. However, like the effect on the reflection wavelength
at a fixed temperature, the DS plays a major role in determining the temperature

dependence of the reflection wavelength in the EC / m-cresol samples. Figure 4.19
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Figure 4.15 Variation of reflection wavelength with temperature for mesopl.~ses of EC
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w/w, filled circle), EC with DS of 2.29 (41.6% wi/w, filled square), EC
with DS of 3.00 (47.6% w/w, open circle) and EC with DS of 3.00
(42.9% w/w, open square). Mesophases of EC with DS of 2.29 and 3.00
in chloroform are left-handed and right-handed, respectively.
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Figure 4.16 Variation of reciprocal reflection wavelength with temperature for
mesophases of EC with DS of 2.29 and 3.00 in chloroform. EC with DS
of 2.29 (43.7% wi/w, filled circle), EC with DS of 2.29 (41.6% w/w,
filled square), EC with DS of 3.00 (47.6% w/w, open circle) and EC with
DS of 3.00 (42.9% w/w, open square). Zero represents the nematic state.
Despite having opposite cholesteric twist senses (open points, right-
handed; closed points, left-handed) the slopes are negative for both types
of mesophases.
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Figure 4.17 Effect of temperature on the reflection wavelength of EC / bromoform

mesophases. DS = 2.29 (25.1% w/w, squares), DS = 2.80 (25.1% wiw,
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Figure 4.18  Effect of temperature on the reflection wavelength of EC / aqueous phenol
mesophases. DS = 2.29 (50.9% w/w, squares), DS = 2.65 (50.9% w/w,
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Figure 4.19 Effect of temperature on the reflection wavelength of EC / m-cresol
mesophases. DS = 2.29 (54.4% w/w, squares), DS = 2.55 (54.4% w/w,
triangles), DS = 2.65 (54.4% w/w, open circles) and DS = 2.80 (54.4%
w/w, open squares). The lines indicate the trend of the data.
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shows that not only is the DS responsible for determining the reflection wavelength of EC
|/ m-cresol mesophases, but it also controls the sign of dig / dT. For samples with DS of
2.29 the reflection wavelength increases slightly with increasing temperature while the
reflection wavelength decreases with increasing temperature for samples with DS of 2.70
and 2.80. The mesophase behaviour of EC at high DS in m-cresol now matches that of
those solvents which decrease in reflection wavelength with increasing temperature for
samples with DS of 2.29. At an intermediate DS of 2.55 the reflection wavelength is
independent of temperature.

An interesting element of the effect of the DS on the reflection wavelength or twist
sense of the mesophase and the temperature dependence of the reflection wavelength is
the fact that the DS has a large effect on both: of these parameters for EC in m-cresol and
chloroform but has only a comparatively moderate effect on the EC / bromoform and EC /
aqueous phenol mesophases. These results suggest that the forces responsible for
determining the pitch and its temperature dependence are closely related. The original
theories describing the formation of the cholesteric mesophase predicted that while
chirality was necessary for cholesteric formation, the pitch was independent of
temperature. Later theories resolved this inadequacy and found that the pitch could be
affected in by variations in temperature. The interdependence of the pitch and the
temperature is an important feature but the relevant topic of interest to the results found
here is the prediction by Lin-Liu et al. (9, 10) that the manner in which the pitch is
affected by temperature depends on the initial conditions of the mean field describing the
potential function. Not only is the pitch a function of the initial conditions, but also the
temperature dependence of the pitch can be similarly affected. It is therefore possible that
the conditions responsible for the large increases in the pitch of EC mesophases that are
observed with increases in the DS are also responsible for the variations in the

temperature dependence of the pitch.

4.3.5 Other Alkyl Derivatives of Ethyl Cellulose

It is apparent from Section 4.3.4 that very high levels of substitution of
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commercial grade EC by cthyl groups are required to change the cholesteric twist sense
from left-handed to right-handed. Recent research has shown that twist sense reversal is
also seen if acetyl groups are introduced onto the EC chain, but complete substitution is
not required for the change to occur (51, 52). Given the effects of DCA and TFA on the
twist sense of EC and CA, it is possible that the acetyl groups on the EC chain act in the
same capacity as these solvents. However, it is also possible that the reversal in twist
sense is related to the size of the substituent group or the total DS of the polymer. By
introducing other alkyl groups onto the EC commercial sample, it is possible to assess
whether the variation in cholesteric twist sense with increasing levels of substitution is
related merely to the level of substitution of the EC chain or if the size of the alkyl
substituent plays a role.

Introducing methyl groups onto the EC chain produces O-(ethyl)(methyl)cellulose
(EMC) while the introduction of n-butyl groups gives O-(n-butyl)(ethyl)cellulose (BEC)
(84). Table 4.5 lists the total DS of the samples examined and the cholesteric twist sense

of \heir mesophases in three solvents.

Table 4.5
lesteric Twist Sense of EC, EM BE h Function of D
Polymer (Total Degree of Substitution)
_ Solvent

Chloroform Left Right Left Left Left Right
Dichloromethane  Left Right Left Left Left Right

Table 4.5 shows that unlike the other trisubstituted derivatives, EMC in
chloroform and dichloromethane establishes a left-handed mesophase. This suggests that
the complete substitution of the hydroxyl groups is not necessarily sufficient to induce a
reversal in twist change. For the BEC samples with total DS of 2.6, 2.9 and 3.0, only
the trisubstituted derivative possesses a right-handed twist sense in chloroform and

dichloromethane. While interpre:ations of the comparative effects of acetyl and ethyl
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sidechains on the twist sense are limited due to large differences in the chemical nature of
the substituents, it would appear that for the alkyl analogs, where the chemical behaviour
is comparatively more uniform, the size of the substituent introduced onto the EC chain
does play a role in determining the twist sense.

Given that DCA is the only known solvent in which EC with a DS of 2.29 forms a
right-handed mesophase and the possibility exists that this is due to the interaction of the
solvent with the hydroxyl groups, it is instructive to examine the effect of DCA on the
trisubstituted derivatives where the possibility of hydroxyl group interaction is eliminated.
Table 4.5 shows that like EC with DS of 2.29, EMC, tri-O-ethyl cellulose and BEC with
total DS of 3.0 in DCA all produce right-handed cholesteric structures. These results are
of particular importance to EMC because it means that the cholesteric twist sense for this
polymer is truly solvent dependent; it forms a left-handed cholesteric mesophase in
chloroform and dichloromethane and a right-handed one in DCA.

Solutions of EC with DS of 3.00 in DCA in the concentration range of 17.8% to
19.8% (w/w) are biphasic. Examination of these samples by CR spectroscopy found that
the anisotropic regions of biphasic samples show the unusual feature of reflection colours
(Figure 4.20) and that like the fully anisotropic samples these reflection wavelengths are
sensitive to temperature (Figure 4.21). Only a small temperature range was investigated
for the biphasic sample because the anisotropic regions rapidly turn isotropic with
increasing temperature. The slight variation in the wavelength of the concentration
dependence observed for other samples within the biphasic region is not unexpected as
theory predicts that the high molar mass fractions of a sample should preferentially phase
separate (85) and a relationship is known to exist between the reflection wavelength and
molar mass (24, 53). (Samples at 19.3% and 19.8% concentration in Figure 4.20 are
probably misplaced from the trend of the data because of degradation effects. Like CA in
TFA, degradation of EC is a problem as the DCA solutions will turn black in a matter of
days.) The phase rule states that an increase in the concentration of the anisotropic
regions should not occur until the system is fully anisotropic which means that the liquid
crystalline system is established with a well developed cholesteric structure already in

place. This effect of visible reflection in the biphasic gap is noteworthy because most
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cholesteric systems phase separate initially as quasi-nematic structures that tighten into a
cholesteric arrangements with increasing concentration. The fact that it is possible for a
mesophase with reflection colours to establish itself at the inception of mesophase
formation means that the chiral forces responsible for the twist are highly established in
this polymer / solvent system.

4,3.6 Cholesteric Films of Trisubstituted EC Derivatives

Given the volatility of chloroform and the fact that EMC forms left-handed
mesophases in this solvent while EC with DS of 3.00 and the trisubstituted BEC
derivative form right-handed ones, it is possible to cast films of these polymers that
possess "frozen-in" cholesteric structure. By observing the effect of temperature on these
films it is possible to determine if a thermotropic or pseudo-thermotropic effect exists.
The size of the sidechain in cellulose derivatives appears to play a rolc in determining
whether the cellulosic compound is thermotropic. For example, Table 4.1 shows that all
the cellulosics that possess large sidechains such as the ester or ether derivatives of HPC
are capable of forming thermotropic liquid crystals with reflection colours. HPC appears
to be at the borderline of pure thermotropicity as it does not produce reflection colours
when heated in bulk form, but if cast from water to form films that possess right-handed
cholesteric structure then these films will irreversibily increase their reflection wavelength
with increasing temperature (46). One of the controlling features of HPC cholesteric
films is the need to overcome intermolecular hydrogen bonding before an increase in
reflection wavelength can occur. The trisubstituted EMC, EC and BEC polymers do not
possess this hydrogen bonding restriction so these polymers allow an investigation into
the ability of a cellulose derivative to behave as a pseudo-thermotropic as a function of
twist sense and size of the sidechain substituents.

Figure 4.22 shows there is no change in the reflection wavelength of the
cholesteric films of BEC as the temperature is increased up to the clearing temperature.
Similar behaviour is also observed for tri-O-ethyl cellulose and EMC with the exception
that the ellipticities of the EMC spectra are positive. The clearing temperatures of these
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Figure 422 Effect of temperature on the reflection wavelength and ellipticity of the
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cholesteric films are identifiable by the sudden drop in the ellipticity of the CR spectra. It
would therefore appear that even for the derivatives of EC in which hydrogen bonding
does not exist, the sidechains of these derivatives are insufficiently large to induce

pseudo-thermotropic behaviour.

4.3.7 The Search for a Polymeric Blue Phase

The previous sections of this chapter have shown that changes in temperature can
produce a variety of behaviours in EC mesophases depending on the DS and solvent
employed. An interesting effect of temperature on the structure of low molar mass
cholesteric liquid crystals that can sometimes be observed just below their clearing
temperatures is the production of a unique stable structure called the "blue phase” (86, 87,
88, 89). The clearing temperature of a liquid crystal is considered to be the temperature at
which the forces responsible for orienting the liquid crystal components are just exceeded
by the destructive influences of the components' vibrational, translational and rotational
motions. When this temperature is reached the oriented system collapses to an isotropic
state. For nematic liquid crystals the change from an oriented system to a disordered one
is direct, but for many low molar mass cholesteric liquid crystals the blue phase is
encountered. The blue phase was first identified as a stable oriented system which is not
equivalent to the cholesteric phase in 1906 by Lehmann (90). Blue phase is a trivial name
that was applied because of one of the optical properties that appears to be characteristic of
the medium; selective reflection of light in the visible region, usually in the blue end of the
spectrum. The other optical properties associated with blue phases are high optical
activity and the absence of birefringence. The structure of the blue phase is still
unresolved, but cubic structures derived from highly chiral cholesteric structures have
been most commonly postulated (88). Any complete theory of the blue phase structure
must account for both the absence of birefringence and the cholesteric-like reflection of
the phase.

To date, no chiral polymer has been found to exhibit a blue phase. There are two

main reasons for this: (i) many chiral polymers that form cholesteric systems, such as
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some polypeptides, frequently form only long pitch mesophases and there appears to be
an upper limit to the pitch of a mesophase that can form a blue phase (88) and (ii) other
polymers such as many cellulose derivatives and some polypeptides which form short
pitch cholesteric systems increase in pitch with an increase in temperature thereby
untwisting the cholesteric structure rather than tightening towards the highly chiral blue
phase. A blue phase might therefore be expected for a short pitch cholesteric mesophase
whose twist decreases with increasing temperature. EC meets these criteria.

The search for the blue phase was conducted using CR spectroscopy. An EC /
chloroform mesophase, 47.6 % (w/w), in a sealed microslide was placed in the Mettler
Hot Stage and the sample temperature was held at 40 OC for one day and then raised at the
rate of 1 0C per day. This slow heating rate was chosen so that the long cellulosic chains
would have the time to take up their equilibrium cholesteric conformation. The sample
was scanned once each day until the clearing temperature of the mesophase was reached.
At this point the temperature was reduced at the rate of 1 °C per day and the sample
scanned until the cholesteric mesophase reformed. It was expected that the presence of
the blue phase would be revealed by a CR spectrum that contained two peaks: one at
shorter wavelength which corresponded to the residual cholesteric structure and the
second at a longer wavelength which was the result of the presence of a blue phase (88).
However, despite meeting the criteria listed above no evidence for the existence of a blue
phase was found. Possible reasons why a blue phase might not be observed in this
polymer system under the conditions employed include: (i) It does not or cannot exist; the
polymer chains are so long that topological restraints may prevent the chains from
rearranging themselves into the blue phase structure; (ii) The conditions employed were
not sufficiently rigorous. For example, topological restraints may in fact only slow the
formation of the phase but not prevent it. Another possibility is that because the blue

phase is frequently encountered in only a small temperature region, the temperature

intervals used here were too large.
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4.3.8 The Search for Induced Optical Activity

In an attempt to discern why the unusual behaviour of many of the polymer /
solvent systems described in the previous sections occurs, a technique was employed that
involves adding an optically inactive dye to the cholesteric mesophases. When this
technique has been applied to other polymers the dye has sometimes become optically
active and the liquid crystal induced CD absorption bands of the dye molecule can be
studied (91, 92, 93). This technique is employed because the electronic transitions of
many polymers, including EC, are rarely directly accessible. While caution must be
exercised when attempting to interpret the data due to the possibility of artifacts (94, 95)
the technique holds the potential to provide useful conformational information. This
method would appear to be attractive for EC mesophases because of the possibility of
comparative examinations of any induced CD bands of the dye in different types of EC
mesophases. For example, mesophases that respond differently to temperature based on
solvent, such as the low DS EC sample in chloroform and m-cresol, and mesophases that
differ only in DS but have different cholesteric twist senses such as EC of DS equal to
2.29 and 3.0 in chloroform, might induce different CD bands that could provide
information about relative chain conformations in the various mesophases.

A major difficulty encountered with dissolving dyes in the EC mesophases was
that most water soluble dyes show limited solubility in the solvents for EC employed in
this study. Complete solubility is a prerequisite for a dye because if particulate matter is
present then light scattered from the aggregates can produce artificial signals. An
alternative approach that was explored was to use a reactive achiral dye and attach it to the
backbone of the EC chain. The dye chromophores of the resultant EC derivative should
in principle become optically active because they are attached to a chiral chain. By
introducing a small number of dye molecules along the backbone the solubility problem
previuosly described should be overcome and any absorption bands due to the dye can be
examined by CD. After reaction with the dye, the polymer could then be fully ethylated
and this would allow a study of all types of EC mesophases in terms of solvent effects
and cholesteric twist sense. The dye employed, Reactive Blue 4, was attached to EC by
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reaction in a THF / sodium hydride medium and gave the derivative shown in Figure
4.23. However, while mesophases of tiiis polymer could be prepared there was no
evidence found of any CD bands due to the dye. Presumably the dye molecules are so far
physically removed from the chiral cellulose backbone that their orientations are
effectively isotropic and therefore contribute nothing to the chiroptical spectrum.,

Another approach involved incorporating a smaller molecular probe, 4-chloro-2-
nitrobenzenesuphonyl chloride, onto the EC chain using N,N-dimethylacetamide and
pyridine as the reaction medium. The hope was that the smaller molecule would be
sufficiently close to the chiral backbone to become optically active. However, while only
minor substitution occurred, the properties of this EC derivative compound were such that
it would not form a mesophase in the solvents of interest and showed no CD peaks in the
isotropic state.
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Figure 423 Monomer unit of an EC chain with attached Reactive Blue dye. In
principle, the achiral dye should become optically active when attached to
the chiral polymer backbone.
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4.4 CONCLUSION

This chapter involved a study of the cholesteric structure of ethyl cellulose (EC)
and several prepared EC derivative mesophases by studying the associated optical
properties using a Circular Reflectance (CR) spectroscopy technique. A wide range of
behaviour was found depending on the degree of substitution (DS), temperature and
solvent employed. Although the cholesteric twist sense of commercial grade EC with DS
of 2.29 is solvent dependent, the usual cholesteric twist sense is left-handed. The twist
sense and temperature dependence of the reflection wavelength of EC meso,.ases are
very sensitive to the DS and solvent employed. At a DS of 2.29 mesophases of EC in
most solvents are left-handed, but at a DS of 3.00 the mesophases are right-handed in all
solvents examined. For EC in solvents that do not change their twist sense, minor
changes in DS strongly influence the reflection wavelength: left-handed EC mesophases
increase in reflection wavelength as the DS is increased under constant conditions while
right-handed mesophases decrease in reflection wavelength.

The temperature dependence of the reflection wavelength (dAg / dT) of EC
mesophases is also determined by the DS; for samples with DS of 2.29 the sign of dAgy/
dT is determined by the solvent as both increases and decreases in pitch are observed
despite the various mesophases possessing the same cholesteric twist sense. For EC with
DS of 2.29 and 3.00 in chloroform the cholesteric twist senses are left-handed and right-
handed, respectively, and the left-handed mesophase decreases in reflection wavelength
with increasing temperature while the right-handed mesophase increases in reflection
wavelength. For the EC / solvent systems that retain their left-handed twist sense with
increasing DS, the sign of dP / dT remains the same as the DS is increased for
mesophases of EC in bromoform and aqueous phenol, but dP/ dT changes from positive
to negative for EC / m-cresol mesophases.

Mesophase samples of trisubstituted O-(ethyl)(methyl)cellulose (EMC), tri-O-ethyl
cellulose and O-(n-butyl)(ethyl)cellulose (BEC) in chloroform were examined and it was
determined that EMC forms a left-handed mesophase whereas TEC and BEC form right-

handed ones. All these samples were found to form right-handed mesophases in
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dichloroacetic acid (DCA). Examination of the biphasic region of tri-O-ethyl cellulose /
DCA solutions by CR spectroscopy found that the anisotropic regions possess
temperature sensitive reflection colours. Films of EC, EMC, TEC and BEC cast from
chloroform solutions were found to possess frozen-in cholesteric structure and possess
measurable CR peaks. These reflection peaks are insensitive to temperature up to their

clearing temperatures.
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5.1 INTRODUCTION

A Circular Reflectance spectroscopy study of mesophases of ethy! cellulose (EC)
and some of its derivatives demonstrated that the effects of degree of substitution (DS)
and solvent type are significant in determining the liquid crystalline properties (1). A
natural extension of this line of research is to examine the Optical Rotatory Dispersion
(ORD) spectra of isotropic and anisotropic solutions of EC.

5.1.1 ORD Studies of Isotropic Solutions

Isotropic solutions of chiral molecules possess an inherent optical activity due to
the chromophores of the individual molecules. The optical activity of an isolated
chromophore has been described by Drude (2) who related the specific optical rotation,
[a], to the wavelength of the incident light, A, by Equation (5.1].

A

[a] = 5.
BN s

(4]

where A, is the wavelength of the absorption maximum and A is a constant. Equation
{5.1] is considered to be valid at wavelengths far removed from Ag. The major feature of
an ORD spectrum for an isotropic solution is a sudden reversal in the sign of the optical
rotation as the wavelength of the incident light traverses the wavelength of the absorption
maximum (Figure 1.9). This anomaly is known as a Cotton Effect. In contrast to
Circular Dichroism (CD) signals, ORD signals persist at wavelengths far removed from
Ag. For wavelengths longer than Ag a positive (negative) ORD curve that rises (falls)
monotonically from long to short wavelengths is called a plain positive (negative) ORD
curve. Based on Equation [5.1] a plot of [a]A2 versus [c] is called a Drude plot and is
predicted to be linear; the slope of the plot corresponds to the square of Ag.

If an interaction of chromophores exists due to molecular helicity then more
complex ORD spectra are observed. In this case the CD and ORD spectra are anomalous
(Figure 5.1) and the relationship derived by Moffitt and Yang (3) is used to relate [ct] and
A (Equation [5.2]).
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A= M 22 7L02 0‘2 _ 11)2)2 [5.2]
where M = the molar mass per monomer residue

ag = a nonexciton constant
bg = an exciton constant.

The anomalous curve shapes are the result of a splitting of the excited state into two
energy levels each of which gives a Cotton Effect of opposite sign. Summation of these
curves produces the complex curves shown in Figure 5.1. A Moffitt-Yang plot, ([a] M/
100) (A2 - Ag2) / A2 versus Ag2 / (A2 - Ag2), is predicted to be linear for these anomalous
spectra.

If a molecule has only a single major electronic transition that dominates the
accessible part of the spectrum then an examination of an isotropic solution by ORD
affords the possibility of discerning the wavelength of the major electronic transition of
that molecule even if direct measurement of Ag is impossible. The fact that this can be
accomplished at wavelengths far removed from Ao means that the technique can supply
information not generally available through direct CD measurement.

§.1.2 ORD Studies of Anisotropic Solutions

In Chapter 4.1.2 it was reported that de Vries (4) had derived the relationship
between the optical properties of a cholesteric liquid crystal and its physical structure. As
part of this theory de Vries also described the relationship between the optical rotation of
plane polarized light, o, and the wavelength of the incident light for a planar cholesteric
liquid crystal (Equation [5.3]).

2
- - — nAn“bP (5.3]
A1 - (A /29)]
where An =layer birefringence
b = thickness of sample
P =pitch.



Figure 5.1

158

B ORD
k-
o
q Wavelength
g
&

CD
g
E’ Wavelength
B
&

Ao

Typical ORD and CD spectra for chromophores in a helical environment.
Compare with Figure 1.9. The ORD signal persists at wavelengths far
removed from A9 which makes .~ an attractive technique for investigating

chiral absorptions that are obscured by optically opaque solvents.



¢

159

Equation [5.3] shows that like isotropic solutions, the optical rotation of a cholesteric
liquid crystal is also sensitive to the difference of the squares of the wavelength of the
incident light wave and the absorption maximum corresponding to the pitch, so like the
Cotton Effect seen in isotropic media, an anomaly also exists for the ORD spectra of
cholesteric liquid crystals. This type of anomaly is called a pseudo-Cotton Effect.

5.1.3 Cellulose Derivatives

Recent research into the origin of the observed ORD curves of unsubstituted
monosaccharides has been pursued primarily by the use of vacuum-ultraviolet CD
(UVCD). These studies have determined that the transitions occurring in the range of 160
- 185 nm contribute little or nothing to the ORD signal observed at higher wavelengths
and that it is the electronic transition at ~150 nm that dominates the ORD spectrum at
higher wavelengths (5, 6). Cellulose acetate (CA) films with isotropic ordering have been
examined by UVCD and have been found to possess strong electronic transitions at 195
nm and ~160 nm (7). The transition at 195 nm is due to the acetate moiety. When the
degree of substitution (DS) of the CA is decreased, the ellipticity of the acetate band
decreases but there is no corresponding appearance of an electronic band due to the
hydroxyl groups. This result is interpreted as meaning that despite being attached to a
chiral backbone, the orientations of the hydroxyl groups are effectively isotropic and they
therefore not sensitive to chiroptical techniques. Isotropic solutions of (hydroxypropyl)
cellulose in methanol have recently been examined and based on Drude plots have been
calculated to possess a transition at ~175 nm (8). This electronic absorption is assigned to
an n -> 6" transition of the lone pair of electrons on the ring and linkage oxygen atoms.
Other electronic transitions for the cellulose backbone bonds such as those associated with
C-C and C-H bonds are of higher energy and occur at much shorter wavelengths than
those of the oxygen atom lone pair electrons (5, 6). It therefore appears that there is a

single dominating influence in the observable ORD spectrum of an isotropic cellulose

ether.
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At present it is not known which features of the cellulose derivative or solvent are
responsible for the cholesteric twist sense or temperature dependence of the mesophase
structure. As was demonstrated in Table 4.1 and in Chapters 3 and 4, very closely related
cellulose derivatives or even a single cellulose derivative in different solvents can have
markedly different liquid crystalline properties. Although limited in its application to
isotropic solutions of cellulose derivatives because it cannot scan the wavelengths where
electronic absorptions occur, conventional ORD spectroscopy has previously offered
some interesting insights into the solution and liquid crystalline behaviour of polybenzyl-
L-glutamate (PBLG) (9). This study examines the ORD spectra of isotropic and
anisotropic EC solutions in several solvents to determine the effect of concentration,

solvent, DS and temperature on the solution properties.
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5.2 EXPERIMENTAL

ORD spectra were recorded with a modified Jasco ORD / UV-5 Spectrometer.
The sample cells for isotropic measurements were 1 cm quartz cells. When required, a 9
mm spacer was used to reduce the thickness of the 1 cm cells to 1 mm. Quartz plates with
0.1 mm spacer were used for anisotropic measurements. When temperature control was
required, a jacketed 1 cm quartz cell attached to a water recirculation bath was employed.
The samples employed include those listed in Table 2.2.
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5.3 RESULTS AND DISCUSSION

5.3.1 Isotropic Solutions

As all the solvents employed for EC in this study are spectrally opaque until
wavelengths far above the anticipated Ag of EC, ORD is the best chiroptical technique for
investigating the isotropic solutions of EC.

5.3.1.1 Effect of Solvent and Temperature

Figure 5.2 shows that both complex positive and plain negative ORD curves may
be obtained for isotropic solutions of EC with a DS of 2.29 depending on the solvent
employed. In m-cresol, aqueous phenol and dichloroacetic acid (DCA) plain negative
dispersion curves are found while for chloroform, acetic acid, pyridine and
dichloromethane positive dispersion curves are found. CA is also reported to have
solvent dependent curve shapes (10), but this polymer has two electronic transitions
contributing to the observed ORD signal and the sign of the acetate CD band of CA is
known to be solvent dependent (8), so the anomalous ORD curves may be the result of
variations in the sign and signal strength of the individual transitions. The question
therefore arises as to what is the cause of these variations in the ORD curve shapes of EC
where only a single band should contribute to the observed spectrum: is it a purely a
structural effect or is some other mechanism at work? Whereas a Drude plot for thc ORD
spectrum of EC with DS of 2.29 in chloroform (Figure 5.3) is not linear, which suggests
that the polymer is not in a random configuration, a Moffitt - Yang plot is linear when Ag
is taken as 150 nm (Figure 5.4). Linear Moffitt - Yang plots of an ORD curve «hat have
oniy a single band contributing to the observed signal are usually indicative of exciton
coupling which is considered to be a feature of a helical structure. Figure 5.5 shows that
the optical rotation of the EC solutions are affected by temperature, but while the optical
activity of a polymer in a helical form would be expected to be sensitive to temperature
these data do not prove the existence of a helical conformation for EC in chloroform
because the anomalous curve does not change to a plain dispersion curve when the

temperature is increased to 50 °C. An increase in temperature should cause a disruption
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ORD curves for EC with DS of 2.29 in chloroform (2.0% w/w, dashed
line) and in m-cresol (2.0% w/w, solid line). The ORD curve for EC in

chloroform is anomalous while that for EC in m-cresol is plain negative.
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Figure 5.4  Moffitt-Yang plot for EC with DS of 2.29 in chloroform (2.0% w/w).
Linear Moffitt-Yang plots are usually considered to be due to contributions
to optical activity from chromophores in a helical environment.
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of the helix and a collapse to a less ordered structure. A change from an anomalous to a
plain dispersion curve would be expected for a collapse of the helix as the exciton
contributions to the optical activity would be lost. Further evidence suggesting that a
helical structure does not exist for EC in chloroform is that if the helix did exist then it
would have to be well established to survive at a temperature of 50 °C and thus would be
expected to be very stiff at room temperature. This would be dramatically reflected in
dilute solution viscosity measurements but it has already been demonstrated that the
calculated molecular dimensions and the predicted and observed liquid crystalline phase
separation volume fractions are in approximately the same range for those solvents in
which EC produces both anomalous and plain negative dispersion spectra (11).

A possible explanation for the origin of the anomalous curves is that the solvent
itself may interact with the chiral polymer chain to such an extent that it becomes slightly
optically active and introduces a new chromophore to the chiroptical spectrum. The
possibility of solvent interaction with the polymer would also appear to be the case for
solutions of EC with DS of 2.29 in m-cresol as the Drude plot gives a calculated A, value
for EC of ~223 nm (Figure 5.6). This value is much higher than the anticipated value of
150 - 160 nm. The aromatic chromophore of m-cresol is a strongly absorbing species so
only a minor chiroptical contribution from this solvent would be required to produce this
effect.

The possibility of solvent interaction with EC was discussed in Chapter 4.3.1 as a
potential reason for the nonviability of a dielectric theory (12) that attempts te relate the
cholesteric twist sense of lyotropic mesophases to the solvent employed. The results
found here suggest that this solvent interaction may, in fact, exist for solutions of EC. As
the dielectric theory works on the assumption of noninteraction between solvent and
polymer, its inability to differentiate between the various twist senses of the EC
mesophases could be attributed to solvent interaction effects that affect the values of the

dielectric constants of the polymer in solution.
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optical activity effect involving the solvent may be responsible.
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5.3.1.2 Effect of Degree of Substitution

It was reported that minor changes in the DS can have significant effects on the
liquid crystalline properties of EC (1). The feature that is of interest here is the effect of
the complete substitution of the hydroxyl groups by ethyl substituents on the ORD spectra
of isotropic solutions. Removal of the unreacted hydroxyl groups eliminates a potential
source of solvent interaction. Figure 5.7 shows that the intensity of the optical rotation of
EC in chloroform is diminished by an increase in the DS but that the ORD spectrum is still
positive. This suggests that there are no major conformational changes as a function of
DS.

For EC in m-cresol, the intensity of the specific optical rotation is also affected by
the DS (Figure 5.8), but a Drude plot of a 2% solution of EC with DS of 3.00 in m-cresol
shows that the calculated value of Ag is ~218, still far above the anticipated value. This
suggests that if an interaction between solvent and pol*'mer does exist then it is not occur

through an association with the hydroxy! groups of the EC chain.

5.3.2 The Search for a Pretransitional Effect

It was reported that EC with DS of 3.00 (TEC) in DCA forms a mesophase with a
well developed cholesteric structure already in place (1). As the impetus for the
development of the cholesteric twist is related to the chirality of the component molecules,
the question that arises is does TEC in DCA form a liquid crystal with a cholesteric order
already in place because of a pretransitional ordering of the molecules? Polybenzyl-L-
glutamate (PBLG) has been found to show an ordering of its molecules at a concentration
below that of its critical concentration for mesophase formation (10). At this
concentration the PBLG solutions show an absence of birefringence but possesses high
optical rotatory powers. ORD is an ideal technique to follow the optical rotation of a
polymer as a function of conceniration. Figure 5.9 shows the specific rotation of the TEC
/ DCA system as a function of concentration. It can be seen that there is no apparent
increase in the specific optical rotation just below the critical concentration for mesophase

formation. This means that there is no evidence for a pretransitional effect.
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5.3.3 Anisotropic Solutions

ORD is frequently employed to assign the cholesteric twist sense of a liquid
crystals with a pitch above the visible region of the spectrum. Twist sense assignment by
ORD curve tailing is a function of the sign of the ORD spectrum; if the curve tailing is
positive (negative) then the cholesteric twist sense is left-handed (right-handed).
However, as previously discussed (Chapter 4.3.2), this method of assigning the twist
sense is potentially open: to error if the dilute solution contributions to the observed ORD
signal are stronger than those associated with the liquid crystalline ordering of the long
pitch mesophase. Section 5.3.1 reported that for isotropic solutions of EC the sign of the
optical rotation is solvent dependent and while no evidence is found for the signal strength
of the dilute solution optical activity overwhelming that of the mesophase, the variability
of the sign of the ORD spectra of a simple cellulose ether provides an excellent example of
the reason caution must be employed when using ORD to identify the twist sense of long
pi