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preface 

 

-      -  i 

PPrreeffaaccee  
 
 

 
 Cellulose is the most abundant natural biopolymer and is readily available from 

renewable resources. Esterified cellulose is a highly flexible material as its properties 

can be varied by controlling the type and amount of the ester substituents during the 

chemical manufacturing process. Some cellulose esters have been applied as optical 

films for decades by virtue of their excellent properties such as high transparency and 

heat resistance. The cellulose ester used is mainly cellulose acetate, while the 

applications are rather limited to photographic films and protective films.  

In this study, in-plane and out-of-planes birefringences in various types of 

cellulose esters including those prepared by solution-cast method was examined. 

Birefringence is an important property that defines the optical behavior of optical films. 

The information on the molecular orientation and the birefringence of a solution-cast 

film for cellulose triacetate were investigated. Incorporation of low-mass compound was 

also proposed as a mean to control three-dimensional orientation birefringence in 

cellulose esters. Moreover, effects of the type and amount of ester groups were 

investigated. It is expected that this thesis will contribute to a profound understanding 

regarding the mechanism for in-plane and out-of-plane birefringences in cellulose esters. 

This would open up possibilities of developing biopolymer-based optical films with 

birefringence suited for various functions in optical devices. 

 

Kultida Songsurang 
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Chapter 1 
 
 
 
 
 
 

 

GGeenneerraall  IInnttrroodduuccttiioonn  
 
 
 
 

 

1.1 Introduction 

 In recent years, conventional plastics have been widely used, which caused severe 

environmental problems with the increase in their waste. With mounting the environmental 

and legislative pressure to reduce plastic and packaging wastes, there has been an 

increased demand for biodegradable or biomass-based plastics that are compatible with the 

environment. Therefore, alternative materials that can be biodegraded emerge as the time 

and more environmentally friendly requires [1,2]. 

Cellulose is the most abundant biomass material in nature, and possesses some 

promising properties such as mechanical robustness, biocompatibility, biodegradability, 

low toxicity, and low cost [3,4]. Thus, cellulose has been widely applied in various fields 

such as food packaging, adhesive tape, membrane and various others [5]. Conversion of 

cellulose to its organic esters affords materials that are processable into various useful 

forms such as three dimensional objects, fibers and coating solutions [6-8]. One of the 

most important applications of cellulose esters is optical films such as polarizer protective 

films and retardation (compensation) films due to their excellent characteristic properties 

such as surface smoothness, homogeneity of thickness, high transparency, and high heat 



Chapter 1 
General Introduction 

 

  - 2 - 

resistance [5,9-13]. 

Optical films frequently exhibit birefringence as a result of processing operations 

such as injection-molding, extrusion, and drawing result from the orientation of polymeric 

chains forced in the flow direction [14]. As optical films usually deal with polarized light, 

e.g., in liquid crystal display (LCD) application, using a film with irregular birefringence 

degrades the performance of the optical devices [15,16]. Thus, it is necessary for optical 

films to have a certain birefringence characteristic when dealing with polarized light. 

Furthermore, the required birefringence characteristic differs according to its application. 

In the application as polarizer protective films, the films cover a polarizing film to protect 

it from mechanical damage, moisture and oxidation. In order to keep the polarizing 

condition of the light after passing through the polarizer, the films have to be free from 

birefringence.  While, a retardation film, the films is placed on the liquid crystal cell and/ 

or polarizers to widen the viewing angle requires a specific orientation birefringence that 

increases with increasing wavelength [12,17].  

Conventionally, optical films in LCD application are produced using solution-cast 

method, in which solvent is evaporated to obtain a film, to avoid the occurrence of 

irregular birefringence associated with extrusion process [10,18]. Therefore, the 

information on the molecular orientation and the birefringence of a solution-cast film are 

significantly important. 

For optical anisotropic films, three refractive indices, nx, ny and nz, along three 

principal axes have to be taken into consideration. The x-axis is the direction showing the 

maximum refractive index within the film plane in general, the y-axis is the direction 
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perpendicular to the x-axis within the film plane, and the z-axis is the thickness direction 

and is normal to the x–y plane. 

It is well known that a solution-cast method provides films without molecular 

orientation in the film plane, i.e. nx = ny [19]. This is the reason why a solution-cast film is 

preferably employed for a protective film rather than a melt-extruded one. However, the 

other component of birefringence, namely out-of-plane birefringence, is generally not 

zero. Therefore, it has to be precisely controlled to provide a high quality display. 

In order to achieve a film with a controlled birefringence by solution-cast method, 

a modification of the polymeric material is necessary. Up to now, several methods such as 

polymer blending [20-22] or or a low-mass compound blending [23,24], copolymerization 

techniques [25], and anisotropic crystal doping [26] have been proposed to control the 

birefringence in polymeric materials, either for polarizer protection films or retardation 

films. These methods will be discussed further in this chapter. 

This chapter covers the background information for this study. Firstly, 

fundamental information on the polymeric material dealt in this study, i.e., cellulose esters 

is presented. Subsequently, descriptions of birefringence in polymeric materials are 

provided followed by explanation on optical films. Lastly, the justification and objective 

of the study will be described. 
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1.2 Cellulose Esters 

1.2.1 Molecular Structure of Cellulose 

Cellulose constitutes the most abundant and renewable polymer resource available 

worldwide. It is estimated that by photosynthesis, 10
11

–10
12

 tons of cellulose are 

synthesized annually in a relatively pure form or combined with lignin and other 

polysaccharides in the cell wall of woody plants [27]. Cellulose is an organic 

compound with containing repeated cellobiose (disaccharide) segments with the formula 

of (C6H10O5)n. In nature, cellulose chains have a degree of polymerization (DP) of 

approximately 5,000 cellobiose units in wood cellulose and 7,500 in natural cotton 

cellulose [28]. 

Cellulose is a polydisperse linear homopolymers, consisting of β-1-4-glycosidic 

linked D-glucopyranose units. Figure 1.1 shows the molecular structure of cellulose as a 

carbohydrate polymer generated from repeating β- D-glucopyranose molecules that are 

covalently linked through acetal functions between the equatorial OH group of C4 and the 

C1 carbon atom (β-1,4-glucan), which is, in principle, the manner in which cellulose is 

biogenetically formed [29]. As a result, cellulose is an extensive, linear-chain polymer 

with a large number of hydroxy groups (three per anhydroglucose (AGU) unit) present in 

the thermodynamically preferred 
4
C1 conformation. To accommodate the preferred bond 

angles of the acetal oxygen bridges, every second AGU ring is rotated 180° in the plane. 

In this manner, two adjacent structural units define the disaccharide cellobiose. 
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Figure 1.1 Chemical structure of cellulose [30] 

Native cellulose does not exhibit thermoplasticity, due to strong intermolecular 

and intramolecular hydrogen bonding. It is poorly soluble in common solvents and is not 

melt-processable as it decomposes before undergoes melt flow. Conversion of cellulose to 

its esters affords materials that are processible into various useful forms. In fact, 

thermoplastic properties observed in common cellulosic plastics such as cellulose 

triacetate and cellulose acetate propionate, results from the esterification of cellulose 

[5,31,32]. 

 

1.2.2 Esterification of Cellulose 

Organic cellulose esters, as modified cellulose, have gained special technical 

importance due to their wide range of properties. The esterification is performed in order 

to improve processability and to produce cellulose derivatives which can be tailored for 

specific industrial applications [33]. The existence of hydroxyl groups in cellulose chains 

allows for substitution groups to be incorporated into the cellulose chains by processes 

such as esterification or etherification [34]. For the esterification process, 
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the hydroxyl groups of cellulose are partially or fully reacted with carboxylic acids or 

other acylating agents to produce a cellulose ester.  

During the formation of any particular cellulose derivatives, two reactions occur: 

a substitution reaction at the hydroxyl groups, and a glycosidic bond cleavage reaction. 

The physical and chemistry properties of cellulose derivatives are determined largely by 

the degree of substitution (DS) and the degree of polymerization (DP) [35]. The term 

degree of substitution is used to denote the extent of a reaction and is defined as the 

average of hydroxyl groups substituted out of the three available in the glucopyranose 

units and range from 0 to 3. Higher degrees of substitution, or reaction conditions which 

disrupt the crystalline regions, can be used to reduce interchain hydrogen bonding and 

force the chains apart. This results in a cellulose derivative that is soluble in common 

solvents, and capable for extrusion to form filaments or other structures [36].  

Properties that are most strongly affected by changing the degree of substitution 

are the solubility, swelling and thermoplasticity. The thermoplasticity is increased by the 

substitution of non-polar groups, where the thermoplasticity increases with increasing the 

chain length of the substituent groups [35,37]. This is because the individual chains are 

forced further apart. For materials to be used for casting films, molding plastics and 

spraying lacquers, a reduced viscosity which is obtained by a lower degree of 

polymerization is required [36]. On the other hand, if the mechanical properties are 

important in the final product, a suitable degree of polymerization is required to balance 

between good processability while attaining acceptable mechanical properties.  
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1.2.3 Cellulose Esters of Acetic, Propionic and Butyric Acid 

A cellulose ester (with all hydroxyl groups are replaced by acetyl groups) is 

called cellulose triacetate (CTA). (Fig. 1.2) CTA differs to cellulose diacetate (CDA) as 

during the manufacture of cellulose triacetate, the cellulose is completely acetylated 

whereas in regular cellulose diacetate, it is only partially acetylated [35,38]. According 

to the definition by the Federal Trade Commission, CTA refers to a cellulose ester with 

no less than 92 percent of the hydroxyl groups acetylated [39]. Cellulose triacetate is 

non toxic, odorless, tasteless and low flammable.  

 

 

 

Figure 1.2 Chemical structure of some cellulose esters. 

CTA is one of the most important cellulose esters in the cellulose acetate family. 

CTA is applied in various forms such as fiber, membrane and film.  As a film, CTA 

shows a relatively high moisture regain, high degree of heat resistance, high 

transparency, low birefringence and moderate mechanical strength and has been widely 

used as photographic film and protective film for polarizing plate for decades [10,40,41].  

Cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB) are two 

of the most important mixed cellulose esters currently available. In CAP and CAB, the 

acetyl group is grafted to the same cellulose backbone, with the propionyl or butyryl 

groups, respectively (Fig. 1.2). Thus, they confer additional properties compared to the 

homo-substituted cellulose esters. They have found many commercial uses as the 
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properties of the esters can be changed within certain limits to fit special purposes 

[42,43]. Compared to monocellulose esters such as cellulose acetate (CA), CAB and 

CAP have a number of advantages, such as excellent solubility, structural stability, light 

and weather resistance, good leveling, high gloss retention, good transparency, high 

moisture resistance and a low glass transition temperature [30,44,45]. They are widely 

used in the paint industry for top grade cars and furniture, as well as printing ink. 

 

1.3 Birefringence 

1.3.1 Refractive Index 

Refractive index is an intrinsic property of materials, which governs the velocity 

of light in a given material. Refractive index, n can be expressed by  

   n = c/v                                                  (1.1) 

where c is light velocity in vacuum, and v is light velocity in a given body [46]. In other 

words, light transmits slower in a body with a high refractive index than that with a low 

refractive index (Fig. 1.3). A light moving in a polymeric material with a refractive 

index of 1.5 is 1.5 times slower than a light moving in a vacuum.   

Figure 1.3 A phenomenon of refractive index difference. 
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Light is an electromagnetic wave with both electric and magnetic field 

components that oscillate in phase perpendicular to each other and perpendicular to the 

direction of wave propagation [47,48]. As a light ray passes through a material having 

highly polarizable molecular structure, electron polarization having the same frequency 

to the oscillating electric field of the light occurs. For example, electron polarization of 

the π-electron in the benzene rings of polystyrene as light ray passes. As the light 

progresses, electron polarization propagates to the neighboring benzene ring and the 

process continues. As the process involves innumerous benzene rings present in the 

material, the light velocity becomes slower compared when it travels in vacuum [49,50].  

The refractive index, n in a material is related to the volume and electron 

density. The relation between refractive index and molecular structure is based on the 

Lorentz-Lorenz equation and can be expressed by the equations below [51-53]:  

 
 




 

V

R
N

n

n

3

4

2

1
2

2

                                       (1.2) 










1

12
n                                                          (1.3) 

where N is the number of molecules per unit volume, α is polarizability, [R] is 

molecular refraction, and V is molecular volume (V = M/ρ, where M is molecular mass 

and ρ is density). Furthermore, incorporation of any of these molecules: aromatic ring, 

element from halogen group (except fluorine) or sulfur into a material increases its 

refractive index, while incorporation of fluorine decreases it [54,55].  
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1.3.2 Birefringence in Polymers 
 
 

Birefringence is defined as the double refraction of light when it passes through a 

transparent and anisotropic material [56,57]. It also refers to the difference between two 

refractive indices in anisotropic materials [58,59]. The structure of a birefringent material 

is such that it has an axis of symmetry called optical axis, with no equivalent axis in the 

plane perpendicular to it. When light travels on the optical axis of anisotropic crystals, it 

behaves in a manner similar to the interaction with isotropic crystals, and passes through 

at a single velocity [60,61].  

 

Figure 1.5 Polarizability ellipsoid of stilbene structure 

However, when light travels on a non-equivalent axis, it is refracted into two 

rays; each polarized with the vibration directions oriented mutually perpendicular to one 

another and traveling at different velocities [50,62]. Light with linear polarizations 

parallel and perpendicular to the optical axis has different indices of refraction, denoted as 

ne and no where the suffixes stand for extraordinary and ordinary, respectively. The 

difference in refractive index, or birefringence, ∆n between the extraordinary and 

ordinary rays traveling through an anisotropic crystal is a measurable quantity, and can be 
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expressed by the equation [59,63,64]: 

oe nnn                                                           (1.4) 

Birefringence in polymers can be explained by using polarizability ellipsoid 

model. The refractive index of a light when the polarization plane, i.e., electric field plane 

is parallel to x, y or z-axis, is given as nx, ny and nz respectively. The polarizability ellipsoid 

of stilbene groups oriented in longitudinal (z-axis) direction due to their conjugate bonding 

is shown in Fig. 1.5. The polarizability anisotropy in z-axis is higher than that in x or y-axis 

direction (nz > nx = ny).  

If a birefringent polymer receives an incident light from an oblique direction as 

shown in Fig. 1.6(a), the birefringence can be expressed by the cross-sectional surface of 

polarizability ellipsoid that contain the cut perpendicularly to the wave propagation 

direction at the origin. The incident light polarization wave will be separated into two; one 

in the direction of largest polarizability, and another one perpendicular to it. The refractive 

index of these two polarization waves is represented by the long and short axes of the 

cross-sectional surface and denoted as ne and no in the Fig. 1.6(a). The birefringence ∆n, 

when the incident light comes from this particular direction can be expressed by the 

equation 1.4 above. In this case, nz > ne > nx, nx = no.  



Chapter 1 
General Introduction 

 

  - 12 - 

 

Figure 1.6 Birefringence and its directional dependence 

On the other hand, if the incident light comes from the y-axis direction, 

birefringence can be represented by the cross-sectional surface shown in Fig. 1.6(b) and 

expressed as  

xzoe nnnnn                                                (1.5) 

which is the highest value of birefringence possible in this case. Furthermore, if the 

incident light comes from a direction parallel to the z-axis as shown in Fig. 1.6(c), which 

is parallel to the long axis of the polarizability ellipsoid, the birefringence becomes 

0 oe nnn                                                  (1.6) 

which means no birefringence occurs.  

The diagram when a linearly polarized light passing through a birefringent 

material at 45 degree angle to the z-axis is illustrated in Fig. 1.7. As a polarized light 

enters a birefringent material, it is decomposed into two polarization waves with a plane 

parallel to y and z-axis respectively. Upon exiting the material, the polarization waves 

recombine into a single ray but with a different optical characteristic, which is determined 
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by the phase difference or phase retardation of the two polarization waves. In an isotropic 

material, there is no phase retardation; hence the polarization of the exiting light is equal 

to that of the entering light as shown in Fig. 1.7(a). For an anisotropic material with a 

phase retardation of a quarter wavelength (λ/4), the exiting light will be transformed into 

a circularly polarized light as shown in Fig. 1.7(b) [65,66]. Moreover, a half wavelength 

(λ/2) of phase retardation will produce a linearly polarized light but with an angle of -45 

degree to the z-axis. Retardation, R is an important parameter in the design of optical 

films and given as the product of birefringence, ∆n and film thickness, d [67-69]:  

                                                            ndR                                                            (1.7) 
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Figure 1.7 Polarized light properties with isotropic and anisotropic materials  
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1.3.3 In-plane and Out-of-plane Birefringence 

Many optical materials as well as oriented polymer films exhibit physical 

properties which are different in different directions. When a beam of light enters such 

anisotropic medium, it is, in general, divided into two parts which are refracted in 

different directions. This optical anisotropy is often referred to as birefringence or 

double refraction. 

Birefringence is an intrinsic property of many optical materials, and may also be 

induced by external forces applied to the material. The induced birefringence may be 

temporary, as when the material is oscillated, or the birefringence may be residual, as 

may happen when, for example, the material undergoes thermal stress during production 

of the material. 

Retardation represents the integrated effect of birefringence acting along the 

path of a light beam that traverses a sample of the optical material. If the incident light 

beam is linearly polarized, the two orthogonal components of the polarized light will 

exit the sample with a phase difference, called the retardation. The fundamental unit of 

retardation is length, such as nanometers (nm). It is frequently convenient, however, to 

express retardation in units of phase angle (waves, radians, or degrees), which is 

proportional to the retardation (nm) divided by the wavelength of the light (nm). An 

“average” birefringence for a sample is sometimes computed by dividing the measured 

retardation magnitude by the thickness of the sample. 

The two orthogonal, polarized beam components mentioned above are parallel 

to two orthogonal axes associated with the optical material, which axes are referred to as 
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the “fast axis” and the “slow axis.” The fast axis is the axis of the material that aligns 

with the faster moving component of the polarized light through the sample. Therefore, 

a complete description of the retardation of a sample along a given optical path requires 

specifying both the magnitude of the retardation and the relative angular orientation of 

the fast (or slow) axis of the sample. 

The need for precise measurement of birefringence properties has become 

increasingly important in a number of technical applications. For instance, it is 

important to specify linear birefringence in optical elements that are used in high-

precision instruments employed in semiconductor and other industries. 

According to previous study [70], birefringence measurement system, hereby 

incorporated by reference, discloses methods and apparatus for measuring birefringence 

of a sample using a light beam that is directed through the sample at a normal (zero-

degree) incidence angle relative to the surface of the sample. As a result, the 

determination of the sample’s birefringence is “in-plane,” meaning that the 

determination essentially represents the difference between the indices of refraction of 

two orthogonal axes in a plane of the sample, that plane being normal to the incident 

light beam. 

The effect of birefringence on displayed visible light (such effects occurring, for 

example, when the light passes through an optical film or coating) may be to reduce 

contrast or alter colors. Also, with many materials, such as those used with liquid crystal 

display (LCD) panels, the extent or magnitude of birefringence is a function of the 

incident angle of the light under consideration. For example, increasing (from normal) 
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the viewing angle of a LCD panel will increase the birefringence effect on the light 

emanating from the panel and, without compensation, reduce the perceived quality of 

the visible light by reducing contrast and/or altering colors. 

Transparent polymer films have been developed for use with LCD panels for the 

purpose of compensating for the just noted birefringence variations attributable to 

viewing angle. In short, these films possess birefringence characteristics that 

compensate for the birefringence of the LCD panel and thus provide a wide viewing 

angle without significant loss of contrast or color. 

It is important to properly characterize the birefringence of such films, and other 

optical materials, in planes that are parallel to the normal (zero-degree) angle of 

incidence. This birefringence measure can be referred to as “vertical” or “out-of-plane” 

birefringence. One can consider the notion of in-plane and out-of-plane birefringences in 

terms of a Cartesian coordinate system. Accordingly, if the normal-incidence light is 

considered to travel in a direction parallel to the z-axis of such a coordinate system, the 

in-plane birefringence occurs in the x-y plane of the sample. Out-of-plane birefringence 

is in a plane perpendicular to the in-plane birefringence, thus occurring in the x-z or y-z 

plane. 

Moreover, birefringence is produced in polymeric films by stretching [71-73]. 

Unstretched films are isotropic as the polymeric chains are randomly orientated and 

show no difference of refractive index irrespective of direction. The residue 

birefringence produced in films stretched at high temperature and subsequently 

quenched is called orientation birefringence. The polymeric chains which are forced to 
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orientate at a specific direction by stretching at high temperature are frozen by 

quenching. In other words, orientation birefringence is resulted from the frozen state of 

the molecular orientation upon being quenched [74]. On the other hand, birefringence 

that is observed upon bending or stretching of polymeric materials in a glassy state is 

called photoelastic birefringence [75,76].  

Monomer units that constitute long polymeric chains, to a lesser or greater 

extent, do have polarizability anisotropy [77]. At certain direction from the tangential 

line of the long chains, the polarizability becomes largest. Fig. 1.8 shows monomers 

having the highest polarizability in the direction perpendicular to the main chains. When 

the polymeric chains are in random positions, the polarizability anisotropy of the 

monomer units cancels each others, thus the overall polarizability anisotropy becomes 

zero as shown in Fig. 1.8(a) [78,79]. Upon being stretched, polymeric chains are 

orientated in a particular direction, and the macroscopic view of monomer units shows a 

particular direction of orientation, hence the observed polarizability anisotropy as shown 

in Fig. 1.8(b).  

 

Figure 1.8 Birefringence associated with the orientation of polymeric chains 
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Generally, the orientation birefringence resulted from the orientation of 

polymeric chains can be expressed by the equation below [59,64,80]:  

 nnn //                      (1.8) 

where n// and n⊥  are refractive index parallel and perpendicular to the stretching 

direction, respectively. n// and n⊥ correspond to the ne and no in the equation 1.4-1.6 

above. 

Intrinsic birefringence, n
0
 has been used as an indicator for orientation 

birefringence. It is defined as the birefringence when polymeric chains are completely 

orientated and can be expressed as [81,82]:  

Fnn 0                                                          (1.9) 

where F represents orientation factor. The intrinsic birefringence is determined by the 

size of the structural unit and its degree of anisotropy. Furthermore, intrinsic 

birefringence can be given by the following equation [46,83]: 
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where ρ is density, NA is Avogadro’s number, n is average refractive index, M is 

molecular mass per unit molecule and α is polarizability for each direction.  

As for the orientation factor F, it is related to the angle that a segment makes 

with the stretching axis θ as below [84,85]:  

2

1cos3 2 



F                                              (1.12) 
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Furthermore, the orientation factor can be expressed by the dichroic ratio D (≡A||/A⊥) as 

follows [86,87]:  

1cot2

1cot2
.

2

1
2

2














D

D
F                                         (1.13) 

where α is the angle between the transition moment vector M of the absorbing group 

and the chain axis as shown in Fig. 1.9 [88]. The dichroic ratio can be measured using 

infrared spectrometer of which A|| and A⊥are the absorbance at a particular band for 

linearly polarized light, polarized parallelly and perpendicularly to the stretching 

direction, respectively.  

 

Figure 1.9 Schematic representation for molecular chain axis and transition moment 

vector M. 

 

1.3.4 Birefringence Analyzer 

The molecular orientation using birefringence measured using a refractometer or 

a polarization microscope has long been performed. However, these measurement 

methods are rather time and effort consuming [89,90]. Furthermore, it was rather 
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difficult to measure with a sufficient accuracy. In this study, the birefringence of 

stretched films is measured by a birefringence analyzer namely KOBRA-WPR from Oji 

Scientific Instruments, Inc. Using this device, birefringence can be measured as a 

function of wavelength by using multiple color filters.  The image of the device and the 

schematic diagram of measurement mechanism are shown in Fig. 1.10 below.  

 

Figure 1.10 A birefringence analyzer and its measurement mechanism diagram. 

The birefringence analyzer is basically a polarization analysis device that uses 

parallel nicols rotating method. A pair of polarizing plates which acts as light polarizer 

and analyzer is set to the upper and lower sides of a sample. A single wavelength light 

flux is irradiated from the polarizer side, and then goes through the sample while the 

sample stage is rotated around the optical axis while maintaining the polarizer and 

analyzer at parallel nicols. Phase retardation is measured from the information of 

angular dependence of penetration light intensity [91].  
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1.4 Optical Polymeric Films 

1.4.1 Optical Film in Liquid Crystal Display Application 

Optical films generally require high clarity, high transmittance throughout the 

visible light of spectrum, homogeneity in appearance, high surface smoothness and 

uniformity in thickness [10,12]. Furthermore, resistance in dimensional change upon 

changing temperature and humidity within normal use ranges are also required [5].    The 

term ‘film’ refers to a generally planar structure typically having a thickness substantially 

smaller i.e., at least 10 times than its width and length.  

In LCD applications, there are many types of optical films such as polarizing 

film, protective film, brightness enhancement film, diffusion film and retardation film 

[92,93]. Each film has different function in the LCD assembly, thus requires different 

physical and optical characteristic. For example, brightness enhancing films are used to 

improve brightness, hence allows the electronic product to operate more efficiently by 

using less power to light the display, thereby reducing the power consumption and 

extending the lifetime of the product. The film is required to have index of refraction that 

is related to the brightness gain.  

A polarizing plate protective film is used to prevent the polarizing plate from 

shrinking and to prevent the iodine or dyes, which are used as polarizing elements, from 

evaporation [10,94]. The protective film must show high transparency and low 

birefringence so that the polarized light will not be disturbed [10,95]. It also should have 

certain permeability for vaporized water so that water vapor from the adhesive used to pile 

up the polarizing element and the protective film is allowed to evaporate. A retardation film 
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is used to improve the picture quality and viewing angle of LCD. It should show a 

consistent retardation over a wideband of visible light, which requires a control of 

birefringence dispersion over a wideband of visible light [12,15,92].  

 

1.4.2 Retardation Film 

Many LCDs are equipped with a retardation film. Since LCD is a monitor device 

that utilizes polarized lights, polarizing plates are placed at the back and forth of a liquid 

crystal cell. However, when a linearly polarized light passes through a liquid crystal cell, 

it will be transformed into various types of elliptically polarized light, which depends on 

the wavelength. This resulted in degeneration of contrast at certain view angle, the so-

called limited viewing angle [96]. By inserting retardation films, the elliptically polarized 

light will be compensated back to a linearly polarized light. This enables the polarization 

plates to act as a simple yet effective switch (Fig. 1.11).    

 

 

 

 

 

Figure 1.11 The structure of liquid crystal display panel. [97] 

Generally, polymers show a decrease of birefringence with increasing wavelength 

as shown in Fig. 1.12(a). [15,98] The relationship between birefringence and wavelength 

can be predicted from the following relations such as Sellmeier (eq. 1.14) equation 
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[99,100], which express the wavelength dispersion of refractive index for conventional 

polymers.   
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Figure 1.12 Wavelength dispersion of birefringence for (a) polycarbonate (PC) and 

polymethyl methacrylate (PMMA), and (b) an ideal quarter-wavelength retardation plate. 

For a film to function as a retardation film, it has to show a consistent retardation 

value, e.g. quarter wavelength (λ/4) as in the case of quarter-wavelength retardation 

plate over a wide-band of visible light [15,101,102]. As a retardation is given by the 

product of birefringence and film thickness (eq. 1.7), a film must show an increase in 

birefringence with increasing wavelength in order to be used as retardation film as 

shown in Fig. 1.12(b). The wavelength dispersion of which the birefringence increases 

with increasing wavelength is called ‘extraordinary dispersion’ [12,25,98].  

Industrially, extraordinary dispersion of birefringence is obtained by piling 

together two or more films having different birefringence characteristic, with their fast 

axis are set to be perpendicular to each other (Fig. 1.13) [22,103]. However, as two or 
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more films are used to produce the required retardation property, the adhesion process is 

rather complicated and costly. Thus, having a single material that shows extraordinary 

dispersion of birefringence is desirable as the cost production and thickness could be 

reduced.  

 

Figure 1.13 Combination of two films to produce extraordinary dispersion of 

birefringence. 

 

1.4.3 Optical Film Fabrication 

1.4.3.1 Solution-Cast Method 

Solution-cast method is the oldest technology in polymer films manufacturing. It 

was developed more than hundred years ago driven by the needs of the emerging 

photographic industry. Nowadays, the solution-cast method is becoming increasingly 

attractive for the production of films with extremely high quality requirements such as 
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engineering plastics, optical films, medical films and sheet forming for electronic 

applications. The advantages of this method include uniform thickness distribution, 

maximum optical purity and extremely low haze. The optical orientation is virtually 

isotropic and the films have excellent flatness and dimensional stability [95]. 

For solution-cast method, the polymeric material used has to be soluble in a 

volatile solvent. Firstly, a solid polymer which can be available in various geometrical 

shapes such as flakes, granules or powder, is dissolved in a solvent and stirred to prepare 

a dope. The dope is subsequently cast onto a moving belt before going through 

evaporation and drying process. Industrially, the geometry of the stirrer, as well as the 

shear rate and the dope temperature need to be carefully controlled as they influence the 

quality of the dissolution process, hence the final film. Solution-cast method in general is 

more expensive than extrusion because (i) the production speed is slower since it 

involves the solvent diffusion process, (ii) the extra cost for solvent recovery, and (iii) the 

need to invest in facilities for handling solvents and dope solutions [104,105].  

 

1.4.3.2 Extrusion Method 

 Extrusion is a high volume manufacturing process in which a raw polymeric 

material is melted and formed into a continuous profile. In addition to preparing raw 

stock such as sheet for thermoforming and pellets for injection molding, extrusion is used 

to produce numerous end-use products such as film, tubing, wire insulation and a variety 

of profiles. [106-108] For film fabrication, the main advantages of extrusion method as 

compared to the solution-cast method are (i) capable to manufacture in high volumes (ii) 

shorter lead times and (iii) does not involve solvent evaporation.  
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In the extrusion of plastics, raw polymeric material is fed from a top mounted 

hopper into the barrel of the extruder. The material enters through the feed throat, which 

is an opening near the rear of the barrel and comes into contact with the screw. The 

rotating screw forces the raw polymer forward into the barrel which is heated to the 

desired melt temperature of the molten plastic. In most processes, a heating profile is set 

for the barrel in which three or more independent heater zones gradually increase the 

temperature of the barrel from the rear to the front. This allows the plastic beads to melt 

gradually as they are pushed through the barrel and lowers the risk of overheating which 

may cause degradation in the polymer. Extra heat is contributed by the intense pressure 

and friction taking place inside the barrel.  By the time the plastic reaches the front of the 

screw, it is completely melted. In most extruders, the temperature is monitored and kept 

below the set value by cooling fans. The pumping action of the screw forces the molten 

polymer through an orifice with a specially designed cross section, called a die where the 

polymer is shaped into a desired form. Eventually the polymer exits the die and enters a 

cooling apparatus, which usually uses air or water to solidify the shaped polymer [109]. 

For products such as plastic sheet or film, the cooling is achieved by pulling 

through a set of cooling rolls also known as calendering [110]. The cooling rolls are 

usually three or four in number. The rolling speed has to be controlled as to allow an 

adequate contact time to dissipate the heat present in the extruded plastic. In sheet and 

film extrusion, these rolls not only deliver the necessary cooling but also determine sheet 

thickness and surface texture. 
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1.5 Solution-Cast Films 

1.5.1 Processing 

 There are several sorts of polymer films for the optical use. In order to produce 

such a polymer film, a casting die is usually used to cast a dope onto a support, the cast 

dope is peeled as the polymer film from the support, and then wound as the polymer film 

after a drying process. This method is called a solution-cast method and a representative 

method for producing the polymer film. 

 The cast film process is an important industrial operation to produce thin 

polymeric film products, mainly for packaging, magnetic tape or coating applications. An 

extensive range of viscoelastic polymeric materials have been used in the cast film 

process by manufactures according to various product uses, for example poly(ethylene 

terephthalate) (PET), polystyrene (PS), polypropylene (PP), low-density polyethylene 

(LDPE) and high density polyethylene (HDPE). The cast film process can be performed 

under a wide range of processing conditions. Figure 1.14 provides a schematic of the cast 

film process. The elongational flow between the extrusion die and chill roll, which is 

usually called as air gap, plays a major role in the final film properties, because flow 

induced orientation or crystallization and profiles of film thickness and width are formed 

in this stage and it also provides initial conditions for all subsequent processing. 

Therefore, similar with most studies, we focus on the steady flow of air gap stage. The 

molten polymeric melt is extruded through a slit die and immediately stretched with a 

constant take-up velocity by a rotational chill roll. In practice, the die is designed to 

provide a constant exit velocity and uniform thickness in order to produce a film with 

uniform thickness [11]. During the process, the film width decreases along the transverse 
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direction and this phenomenon is called the neck-in defect. The film thickness at the chill 

roll is thicker at the edge than in the middle, which is called as edge bead phenomenon, 

and the thicker portion will be trimmed out. It is known empirically that neck-in and edge 

bead are the same problem, i.e., a small neck-in value leads to a wide edge bead area, 

which will be trimmed. In order to produce a film with a small neck-in value and uniform 

thickness, it is important to clarify the relationship between the neck-in phenomenon and 

the viscoelastic flow behavior of polymer melts in the cast film process [112]. 

 

Figure 1.14 Schematic of the three-dimensional cast film process [112].  

 

1.5.2 Principal advantages and drawbacks of solution-cast films 

The main advantage of solution-cast technology is caused by the unique process 

drying a liquid on a surface without applying further mechanical or thermal stress. 

Additionally, dope handling and filtration offer a variety of specific features for the final 

product. Advantages are: 

 Homogeneous thickness distribution 
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 Highest optical purity, free of gels or specks 

 Excellent transparency, low haze 

 Isotropic orientation, low optical retardation, excellent flatness 

 Processing of thermally or mechanically sensitive components is feasible 

 Possibility of production of high-temperature resistant films from non-melting but soluble 

raw materials 

 There are constraints on the types of polymer films for which solution-cast 

technology must or cannot be used. Relatively few materials can be processed into films 

by both methods: slot extrusion and solution-cast method. In these cases, a cost-

performance comparison decides. Very thin films cannot be produced by extrusion without 

stretching, very thick films are very costly to produce by solution-cast method and 

lamination. In general, solution-cast method products are more expensive than extruded 

film to manufacture for several reasons: 

 Slow production speed depending on a slow solvent diffusion process 

 Extra energy costs of solvent recovery 

 Investments in facilities for handling solvents and dope solutions 

 

1.6 Control of Birefringence in Polymeric Films 

Control of birefringence in optical polymeric films over a wideband of visible 

light is necessary to enable their function in a particular application as different 

application requires different birefringence property. As discussed previously, for the 

application as polarizer protective films, zero birefringence is required, while for 
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retardation films, the so-called extraordinary dispersion of birefringence is required. The 

various methods that have been proposed to control birefringence in polymeric films 

will be discussed in the following sub-chapters.  

 

1.6.1 Polymer Blending Technique 

Polymer blend method is a well-known method employed to control 

birefringence in polymers. It was firstly revealed by Hahn and Wendorff [113] that a 

miscible binary blend of poly(methyl methacrylate) PMMA and poly(vinylidene 

fluoride) PVDF, two polymers with opposite sign of intrinsic birefringence, shows no 

birefringence at a specific blend ratio irrespective of the molecular orientation. The 

mechanism of which the opposite polarizability cancels each other is illustrated in Fig. 

1.15. Furthermore, it is important to note that the factor of miscibility is greatly 

important as it affects transparency, which is a critical property for optical films.  

 

Figure 1.15 Illustration of birefringence offset in a miscible polymer blend. 

Using the polymer blend method, Yamaguchi and Masuzawa [114] have made 

some studies to create zero-birefringence in cellulose acetate propionate (CAP). They 

found that poly(vinyl acetate) (PVAc) and CAP are miscible and show opposite signs of 



Chapter 1 
General Introduction 

 

  - 32 - 

birefringence. Consequently, at a specific blend ratio, the blend does not show orientation 

birefringence even after stretching. In another study [115], they found that PMMA and 

poly(epichlorohydrin) (PECH) also reduce the orientation birefringence of CAP by the 

same mechanism illustrated in the in Fig. 1.15 above. 

Meanwhile, Uchiyama and Yatabe [20,21] have successfully controlled the 

wavelength dispersion using binary blend composed of poly(2,6-dimethyl-1,4-phenylene 

oxide) (PPO) and atactic polystyrene (PS). In the blend system, PS shows negative 

birefringence with strong wavelength dependence, whereas PPO exhibits positive one 

with weak wavelength dependence. Although individually both polymers show ordinary 

wavelength dispersion, their blends at certain blend compositions show extraordinary 

wavelength dispersion as the summation of the contributions from both polymers. This 

can be expressed by the equation for birefringence in a multi-component system as 

discussed by Stein et al. as follows [116] : 

 
i

iiF nnn                                                 (1.15) 

where i refers to i-th component, i is the volume fraction, and  Fn is the birefringence 

arising from form or deformation effects, which is negligible for cellulose-esters owing 

to the homogeneous structure.  

Kuboyama et al. [22,117] have managed to control the wavelength dispersion of 

miscible blend comprised of polynorbornene (NB) and poly(styrene-co-maleic 

anhydride) (SMA) by adjusting the blend composition and stretching conditions. NB has 

positive birefringence with weak wavelength dispersion, while SMA has negative 

birefringence with strong wavelength dispersion as shown in Fig. 1.16. They found that 
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the reversal in sign of birefringence between positive and negative occurred between the 

compositions of NB/SMA of 60/40 and 50/50. Furthermore, the blend shows positive 

birefringence with extraordinary wavelength dispersion when the content of NB is 

around 60 - 70 wt%. 

 

Figure 1.16 Wavelength dispersion of various NB/SMA blend compositions. [22] 

 

1.6.2 Copolymerization Technique 

The polymer blending technique, in which negative and positive birefringence 

homopolymers are blended, is a useful method to control birefringence in polymers. 

However, in practice, it is difficult to completely blend two polymers during injection-

molding or extrusion, and thus difficult to achieve the transparency and homogeneity 

required for use in high performance optical devices as the blends tend to phase separate 

into regions, thus leading to scattering [118,119]. The random copolymerization method 

[120-122] was proposed in order to solve this problem by creating chemical bonding 

between the negative and positive birefringent monomers.  

Iwata et al. [120] have developed the random copolymerization technique, in 
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which the two monomers have opposite polarizability anisotropy to each other, to obtain a 

zero-birefringence polymer. (Fig. 1.17) In the study, methyl methacrylate (MMA) was 

used as negative birefringent monomer while 2,2,2-trifluoroethyl methacrylate (3FMA) 

was used as positive birefringent monomer. They found that poly(MMA-co-3FMA) 

copolymer synthesized with a composition of MMA/3FMA (45/65) showed no 

birefringence for any draw ratio. 

 

Figure 1.17 Schematic diagram of polarizability ellipsoids for compensating the 

birefringence by copolymerization. 

Uchiyama and Yatabe [25] have studied the wavelength dispersion of a 

copolymer as a function of monomer content employing two monomers; 2,2-bis(4-

hydroxyphenyl) propane (BPA) and 9,9-bis(4-hydroxy-3-methylphenyl) fluorine (BMPF). 

The birefringence in the visible region is positive for the former and negative for the latter. 

(Fig. 1.18) The existence of positive and negative birefringence units in the copolymer is 

indispensable to achieve extraordinary dispersion of birefringence as demonstrated in 

their study. Moreover, they found that the wavelength dispersion of the copolymer films 

can be controlled by the copolymerization ratio. 
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Figure 1.18 Intrinsic birefringence ( 0n ) dispersion of BPA and BMPF homopolymers. 

[25] 

 

1.6.3 Anisotropic Molecule/Crystal Doping Technique 

The random copolymerization method approach has been somewhat successful in 

solving the phase separation problem associated to the blending technique. However, the 

typical optical, mechanical and thermal properties of most copolymers synthesized by 

this method are significantly different from their corresponding homopolymers, because 

the mixing ratio of the minority component is usually more than 10 wt%. Anisotropic 

molecule doping method has been proposed to avoid this problem [123-125]. 

In the anisotropic molecule doping method, molecules that have anisotropic 

polarizability and a rodlike shape are chosen and doped into the polymers. When the 

polymer chains are oriented in processing, the molecules are also oriented because of 

their rodlike shape. Tagaya et al. [125] have managed to compensate the negative 
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orientation birefringence of PMMA by doping rodlike anisotropic molecules with 

positive polarizability anisotropy such as trans-stilbene and diphenylacetylene.  

Ohkita et al. [126] have successfully developed a zero birefringence polymer by 

adding needlelike crystals having polarizability anisotropy opposite to the host polymer. 

(Fig. 1.19) In the study, strontium carbonate (SrCO3) crystals with a length of about 200 

nm and width of about 20 nm were doped into a copolymer of methyl methacrylate 

(MMA) and benzyl methacrylate (BzMA). The surface of the crystal was modified using 

a titanate-based coupling agent in order to disperse the crystals more homogeneously in 

the polymer. 

 

Figure 1.19 Mechanism of the compensation of orientational birefringence by the 

anisotropic crystal doping technique [126] 
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1.7 Objectives of the Study 

 Cellulose esters are biomass derived materials with great potential as optical 

films. Besides their relatively low cost, cellulose esters also possess excellent physical 

properties suitable for optical film application such as high transparency and excellent 

heat resistance. However, to fulfill that purpose, it is necessary for films of cellulose 

esters to show birefringence characteristic required for the particular application such as 

zero birefringence for polarizer protective films and extraordinary wavelength dispersion 

for retardation films.  

Despite the potential exhibited by cellulose esters, most of the reported studies on 

the control of orientation birefringence deal with a more conventional polymer such as 

PMMA. Therefore, there is serious lack of study that deals with cellulose esters or any 

biomass-derived polymer on this subject.  

The main objective of this research is to study the control mechanism of 

orientation birefringence in cellulose esters. At first, the information on the molecular 

orientation and the birefringence of a solution-cast film for cellulose triacetate was 

investigated.  

Furthermore, the effects of low-mass compound (LMC) addition on the in-plane 

and out-of-plane birefringence before and after stretching of cellulose esters were studied. 

Plasticizers such as tricresyl phosphate (TCP) and triphenyl phosphate (TPP) and 4-

cyano-4'-pentylbiphenyl (5CB) were added to cellulose esters such as cellulose triacetate 

(CTA) and cellulose acetate propionate (CAP). Then their viscoelastic properties and 

wavelength dispersion of birefringence were studied. Lastly, the effects of the type and 
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amount of the substituent ester groups on the in-plane and out-of-plane birefringence and 

its wavelength dispersion were investigated.  

Through this research, it is expected that a better understanding regarding the 

mechanism for in-plane and out-of-plane birefringences in cellulose esters can be 

achieved. This would open up possibilities of developing biopolymer-based optical films 

with birefringence suited for various functions in optical devices.  
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MMoolleeccuullaarr  OOrriieennttaattiioonn  ooff  CCeelllluulloossee  TTrriiaacceettaattee  PPrreeppaarreedd  bbyy  aa  

SSoolluuttiioonn--CCaasstt  MMeetthhoodd 

 
 
 
 
 

2.1 Introduction 

With the rapid growth of optical devices these days, there is a continuing trend to develop 

a potential material for optical films with improved functions and good cost-performance. 

In particular, cellulose triacetate (CTA), one of the biomass-derived materials, has been 

studied intensively because of their attractive properties such as high transparency and 

excellent heat resistant [1-4]. It is well known that CTA films are mainly employed in 

liquid crystal display (LCD) at present and will be used for advanced systems such as 3D 

display and electro-luminescent display. CTA films are produced by a solution-cast 

method because melt processing is not applicable due to the severe thermal degradation 

beyond the melting point [1-3]. In LCD application, CTA films are used as a polarizer 

protective film and a retardation (compensation) film. In order to be used in such 

applications, birefringence control is extremely important. In the case of polarizer 

protective films, for example, the films have to be free from birefringence, and advanced 

methods to erase the birefringence have been proposed recently [3-7]. For retardation 
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films, specific retardation, i.e., the product of birefringence and thickness, should be 

provided. 

For optical anisotropic films, three refractive indices, nx, ny and nz, along three principal 

axes have to be taken into consideration. The x-axis is a direction showing a maximum 

refractive index within the film plane in general, the y-axis is a direction perpendicular to 

the x-axis within the film plane, and the z-axis direction is a thickness direction and is 

normal to the x-y plane. 

It is well known that a solution-cast method provides the film without molecular 

orientation in the film plane (nx = ny). This is the reason why a solution-cast film is 

preferably employed for a protective film rather than a melt-extruded film. However, the 

other component of birefringence, called out-of-plane birefringence, is typically not zero. 

Therefore, it has to be precisely controlled to provide a high quality display. 

In this study, the in-plane birefringence (nin) and out-of-plane birefringence (nth) are 

defined by the following equations. 

yxin nnn           (2.1) 
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Based on the Kuhn and Grün model, the orientation birefringence n() of an oriented 

polymer is expressed in the following relation [8-12]. 
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where , n (), N, ), and are the wavelength of light, the average refractive index, 

the number of chains in a unit volume, the polarizability anisotropy, and the angle that a 

segment makes with the stretch axis, respectively. The bracketed term   2/1cos3 2   is 

identically equal to the Hermans orientation function [13], which is commonly denoted as 

F. Therefore, equation 2.3 can also be written in the following form. 

   Fnn  0         (2.4) 

where  0n  is the intrinsic birefringence.  

In the case of solution-cast films, the molecular orientation is caused by the stress induced 

by solvent removal. The alignment of polymer molecules during a solution-cast process 

has been investigated by several researchers [14-21]. According to these studies, polymer 

molecules generally tend to align in a film plane. Consequently, the in-plane refractive 

indices (nx and ny) are higher than the out-of-plane refractive index (nz) when a material 

shows positive orientation birefringence. It is known to be difficult to control the out-of-

plane birefringence which can affect the performance of the displays.  

Sosnowski and Weber (1972) reported that the optical anisotropy in a solution-cast film of 

polystyrene is given by a result of the stress developed in a coated film during drying 

process, which makes polymer chains align in the film plane. Prest and Luca (1979) also 

demonstrated the same results using polystyrene, polycarbonate and poly(2,6-

dimethylphenyleneoxide). They showed that the sign of birefringence depends upon the 

orientation of the dominating polarizable group relative to the chain backbone. 

Furthermore, the out-of-plane birefringence was found to be pronounced for a thin film. 

Prest and Luca (1979, 1980),
 
Cohen and Reich (1981), and Machell et al. (1990) studied 
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the effect of polymer formulations with various casting conditions such as coating 

thickness, drying temperature and polymer concentration on birefringence values. They 

found that the out-of-plane birefringence is determined by the competition between the 

normal stress induced by the drying process and the Brownian motion leading to random 

conformation by entropic force. Therefore, it is necessary to predict the stress applied by 

evaporation accurately to evaluate the out-of-plane birefringence. The growth of stress in 

solution-cast films was studied in detail by several investigators. Croll (1979) developed a 

simple elastic model to predict the stress, which was modified by Lei et al. (2001). Greener 

and Chen (2005) calculated the out-of-plane birefringence by using the model. They found 

that the out-of-plane birefringence occurs when the solvent concentration is beyond a 

critical value. At this stage, the compression stress applied in the normal direction to the 

film plane starts to build up and induces molecular orientation in the film by overcoming 

the entropic force. 

Since the intrinsic birefringence in eqs. 2.3 and 2.4 is a function of wavelength, the 

orientation birefringence is dependent upon the wavelength. Therefore, birefringence 

control is required in a wide range of visible light. In particular, the extraordinary 

wavelength dispersion has been desired recently because of the industrial importance for 

high performance retardation films such as wave plates. The property can provide a 

specific retardation, e.g., a quarter or a half of the wavelength, in the whole visible light. 

However, the wavelength dispersion of most polymers is represented by the following 

relation called the Sellmeier equation [8].
 
 

 
22

'
'

ab

B
An





        (2.5) 



Chapter 2 
Molecular Orientation of Cellulose Triacetate Prepared by a Solution-Cast Method 

 

 - 55 - 

where λab is the wavelength of a vibrational absorption peak in ultraviolet region and A′ 

and B′ are the Sellmeier coefficients. The equation indicates that the absolute value of 

birefringence decreases with increasing the wavelength, i.e., ordinary wavelength 

dispersion. 

At present, various techniques are proposed to obtain films showing extraordinary 

dispersion. One of the conventional methods is by piling two or more polymer films 

having different wavelength dispersions, in which the fast axis of one film is set to be 

parallel to the slow axis of the other films, as illustrated in Figure. 2.1 [4,22,23]. Although 

this technique is currently employed in industry to fabricate retardation films, it leads to 

poor cost-performance due to the complicated processing operation and results in a thick 

display. Therefore, it is more favorable to use a single film with extraordinary wavelength 

dispersion of birefringence. Blending with another polymer [24-26] or a low-mass 

compound [22,23], copolymerization with appropriate monomers [27], and addition of 

nonspherical materials having polarizability anisotropy [28]
 
are promising techniques to 

provide the extraordinary dispersion. 
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Figure 2.1 Schematic illustration of extraordinary dispersion of orientation birefringence 

for miscible polymer blend comprising of polymer A with positive birefringence and 

polymer B with negative birefringence.  

In previous paper [29], it was demonstrated that cellulose acetate propionate (CAP) and 

cellulose acetate butyrate (CAB) having appropriate substitution of each ester group show 

extraordinary wavelength dispersion. Moreover, the sign of orientation birefringence of 

CTA is negative, whereas that of CAP and CAB is positive. It was also shown in the paper 

that the orientation of main chains is not important to decide the orientation birefringence. 

Based on these experimental results, it was deduced (but not proved directly) that the 

contribution of both acetyl and propionyl/butyryl groups plays an important role in the 

birefringence, while the contribution of the hydroxyl group is ignored. Furthermore, the 

photoelastic birefringence in the glassy state was also investigated and found to be positive 

even for CTA. The opposite sign of the stress-optical coefficient between rubbery and 

glassy states for CTA suggests that the origin of the birefringence is completely different 

as the same with that of the stress generation. Moreover, the effect of a plasticizer was 
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mentioned in the study. Although the species of plasticizers affects the orientation 

birefringence, the detailed mechanism was not clarified. 

In the following paper [22], the effect of the hydroxyl group on the orientation 

birefringence was examined using cellulose diacetate (CDA). It was found that the 

hydroxyl group provides positive orientation birefringence to a great extent. The result 

indicates that the hydroxyl group in CAP and CAB plays an important role in the 

orientation birefringence, although it was not mentioned in the original paper [29]. 

Moreover, nematic interaction, which is a phenomenon in which low-mass compounds are 

forced to orient to the same direction by the alignment of polymer chains,  between CTA 

chains and plasticizer molecules was indicated during stretching in the rubbery state, 

which can be applicable to control the wavelength dispersion. 

It is found in this paper that the sign of the optical anisotropy of out-of-plane birefringence 

in a solution-cast CTA film is opposite to that of in-plane orientation birefringence in a 

hot-stretched one. Moreover, the wavelength dispersion of the birefringence is found to be 

extraordinary one for the out-of-birefringence of a cast film. The mechanism of this 

peculiar phenomenon is discussed in detail. Finally, the nematic interaction in a solution-

cast film is also discussed using CTA films containing a specific plasticizer with large 

polarizability anisotropy, which will be an advanced technique to control the out-of-plane 

birefringence. 
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2.2 Experimental 

2.2.1 Materials 

Cellulose triacetate (CTA) was obtained from Acros Organic. The degree of substitution is 

2.96, and the molecular weight Mw is 3.50×10
5
 which was evaluated using a gel 

permeation chromatograph (Tosoh, HLC-8020) with TSK-GEL
®

 GMHXL as polystyrene 

standard. The plasticizer used in this study was tricresyl phosphate (TCP) produced by 

Daihachi Chemical Industry. The CTA films were prepared using a solution-cast method. 

Both CTA and CTA/TCP (95/5 in weight) were dissolved into dichloromethane (CH2Cl2) 

and methanol (CH3OH) in 9 to 1 weight ratio and stirred for 24 h at room temperature 

before casting. In order to study the effect of solvent, chloroform (CHCl3) was also 

employed instead of dichloromethane in the same ratio. The solution containing 4 wt% of 

CTA was poured into a glass petri dish (80 mm dia x 15 mm H) with a flat bottom at room 

temperature to allow the solvent to evaporate. The thickness of the films obtained was 

from 50 to 300 m, which was controlled by varying the amount of the CTA solution.  

 

2.2.2 Measurements 

Evaporation rate was measured by weight loss using an electronic balance (Mettler 

Toledo, AB204-S), during the drying process. Moreover, the effect of the evaporation rate 

was investigated by preparing various cast films dried with and without an aluminium foil 

over the glass petri dishes. The solution was exposed to the open atmosphere as a standard 

condition for evaporation process. To prepare the films at (i) slow and (ii) very slow 

evaporation conditions, some petri dishes containing the solution were covered with an 
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aluminium foil having large and small holes, respectively. The weight loss by evaporation 

Ve was calculated by the following equation. 

100
)(

(%)
0

0 



G

tGG
Ve        (2.6) 

where G0 is the initial weight of CTA solution; G(t) is the weight of CTA solution after t 

minutes at room temperature.  

The uniaxial oriented films were also prepared by hot-stretching operation using a tensile 

machine with a temperature controller (UBM, DVE-3 S1000) at various draw ratios. The 

initial distance between the clamps was 10 mm, and the stretching rate was 0.5 mm/s. The 

drawn samples were quenched by cold air blowing to avoid relaxation of the molecular 

orientation.  

The temperature dependence of oscillatory tensile moduli in the solid state was measured 

from 0 to 250 °C by a dynamic mechanical analyzer (UBM, E-4000) using rectangular 

specimens with 5 mm in width and 20 mm in length. The frequency and heating rate used 

were 10 Hz and 2 °C/min, respectively. 

The optical properties of CTA films were measured at room temperature by a polarized 

optical microscope (Leica, DMLP) and an optical birefringence analyzer (Oji Scientific 

Instruments, KOBRA-WPR). The retardation in the thickness direction (out-of-plane 

birefringence) Rth was determined by retardation measurements at an oblique incidence 

angle of 40° as a function of wavelength by changing color filters. The corresponding 

birefringence was calculated using the film thickness measured by a digital micrometer. 

Prior to the measurement, the CTA films were placed in a temperature-and-humidity 
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control chamber (Yamato, IG420) at 25 ºC and 50% RH for one day, because the moisture 

in the film affects the orientation birefringence [30]. Since a small amount of the water 

which has strong interaction with acetyl or hydroxyl group cannot be eliminated even 

under a vacuum condition, this treatment is appropriate to obtain the reproducible data.
 

The in-plane retardation (Rin) and out-of-plane retardation (Rth) are respectively defined as 

the following relations. 

  dnndnR yxinin         (2.7) 
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nn
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thth 

















2
                                                (2.8) 

where d is the film thickness. 

 The refractive indices in three principal axis, such as nx, ny and nz, are determined 

by inn  and thn , assuming the average refractive index n

 

is a constant irrespective of 

stretching. The average refractive index n

 

was measured by an Abbe refractometer. 

Attenuated total reflection (ATR) measurements using an infrared absorption spectrometer 

(Perkin Elmer, Spectrum 100) were performed to study the molecular orientation in CTA 

films. The KRS-5 was employed as an ATR crystal. 

Thermal analysis was conducted by a differential scanning calorimeter (DSC) (Mettler, 

DSC820) under a nitrogen atmosphere. The samples were heated from room temperature 

to 320 °C at a heating rate of 20 °C/min. The amount of samples in an aluminum pan was 

about 10 mg in weight. 



Chapter 2 
Molecular Orientation of Cellulose Triacetate Prepared by a Solution-Cast Method 

 

 - 61 - 

 Wide-angle X-ray diffraction (WAXD) measurements were performed at room 

temperature using a powder X-ray diffractmeter (Rigaku, RINT2500) by refractive mode. 

Samples were mounted directly into the diffractmeter. The experiments were carried out 

using CuK radiation operating at 40 kV and 30 mA at a scanning rate of 1
o
/min over 2 

(Bragg angle) range from 10
o
 to 60

o
.  

 

2.3 Results and Discussion 

  2.3.1 Effect of film thickness  

The molecular orientation in the film occurs when the relaxation time of the solution 

becomes longer than the characteristic time for the biaxial deformation applied by the 

compressional stress due to the solvent evaporation, which was quantitatively calculated 

by Croll (1979). Therefore, the evaporation rate has to be considered to discuss the 

birefringence in a solution-cast film. 

Figure 2.2 (a) shows the growth curves of the weight loss in percent for the CTA solutions 

to obtain films with various thicknesses. Since all films are prepared using the same petri 

dish, the thickness is adjusted by the initial volume of the solution. As seen in the figure, 

the values reach to 96% eventually, suggesting that the solvent is almost fully evaporated 

at this process. Expectedly, it takes a longer time to prepare a thicker film. This is 

reasonable because the surface area of the solution is the same irrespective of the film 

thickness.  



Chapter 2 
Molecular Orientation of Cellulose Triacetate Prepared by a Solution-Cast Method 

 

 - 62 - 

0

20

40

60

80

100

0 200 400 600 800 1000

50 mm
100 mm
200 mm
300 mm

W
e
ig

h
t 
lo

ss
 (

%
)

Time (min)

0

10

20

30

40

50

60

0 200 400 600 800 1000

W
e
ig

h
t 
lo

ss
 (

g
)

Time (min)

50 m

100 m

200 m

300 m

a) b

) 

In Figure 2.2 (b), the weight loss in gram is plotted against the exposure time. The weight loss 

is proportional to the exposure time at first, and the slope is a constant for all samples. Then, 

the slope becomes low in the final stage, as CTA retards the solvent evaporation. Considering 

that the initial slope is the same for all samples, the exposing area of the solution determines 

the evaporation rate. The result suggests that evaporation occurs homogeneously without 

creating a solid film on the top of the solution. Moreover, the figures indicate that the stress 

applied by the reduction of the solution increases with decreasing thickness of the final film 

because of the rapid drying process. The distribution of molecular orientation, i.e., 

birefringence, in the thickness direction in the film is confirmed by the polarized optical 

microscope. Thin films of x-z plane cut out from the cast films by an ultramicrotome are 

observed under crossed polars by inserting a full wave plate, as shown in Figure 2.3. It is 

found that a homogeneous birefringence color is detected in the whole area of the specimen, 

demonstrating that molecular orientation is uniform in the thickness direction. This result 

indicates that homogeneous deformation takes place by the solvent evaporation. 

 

 

 

Figure 2.2 a) Growth curves of the weight loss (%) for CTA solutions to obtain films with 

various thicknesses, 50 µm (○), 100 µm (◊), 200 µm (Δ) and 300 µm (□); b) Growth curves of 

the weight loss (g) for CTA solutions to obtain films with various thicknesses,50 µm (○), 100 

µm (◊), 200 µm (Δ) and 300 µm (□) 
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Figure 2.3 The distribution of molecular orientation, confirmed by the polarized optical 

microscope, in the thickness direction in the film. Crossed polar with a full-wave plate. 

The wavelength dispersion of the out-of-plane birefringence is shown in Figure 2.4. It is 

found that the solution-cast films show positive birefringence (nz < nx, ny) that increases 

with increasing wavelength, i.e., extraordinary wavelength dispersion. This is an 

anomalous phenomenon for CTA. The in-plane birefringence is, on the other hand, 

negligible for all films. Generally, the orientation birefringence of CTA is determined by 

the contribution of acetyl and hydroxyl groups considering the previous researches at the 

best of our knowledge [22,29,31]. Since the direction of polarizability anisotropy 

associated with the acetyl group is perpendicular to the main chain, the refractive index in 

the oriented direction is the lowest, i.e., negative orientation birefringence. Moreover, it is 

known that the absolute value of birefringence decreases with increasing the wavelength, 

i.e., ordinary wavelength dispersion, for CTA, as similar to most conventional polymers 

[4,27,29,32]. However, the contribution of the hydroxyl group cannot be ignored, which 

provides positive and ordinary wavelength dispersion [22]. 

 

 

100 m 
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Figure 2.4 Wavelength dispersion of out-of-plane birefringence for cast films with various 

thicknesses; 50 m (○), 100 m (◊), 200 m (Δ) and 300 m (□). 

Figure 2.4 also demonstrates that the birefringence decreases with increasing film 

thickness, indicating that the refractive index in the in-plane direction decreases with 

increasing the film thickness. The decrease in the molecular orientation for a thick film is 

reasonable, because the rate of solvent removal is slow. Since the solvent can be entrapped 

in a thick film for a long time as shown in Figure 2.2, the molecules are less oriented in the 

film plane. Similar results have been reported by another research group, Greener et al. 

(2005). According to them, a thin film shows a high value of birefringence because the 

stress builds up faster in the drying process than the stress relaxation [33].  

In order to clarify the effect of film thickness on the birefringence, ATR measurements are 

performed focusing on the C-O-C stretching vibration in the pyranose ring and C=O 

stretching vibration in the carbonyl group. It should be noted that the same spectra were 

obtained for both surfaces (air and glass sides), indicating that the skin layer is not well-

developed on the free surface (or the contribution of the skin layer on the birefringence can 

be ignored). As seen in Figure 2.5, the absorbances of the pyranose ring and the carbonyl 
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group decrease with increasing the film thickness. Considering that the penetration depth of 

IR beam (
2

12

2

1

)(sin2 nn
d p







) into the sample is approximately 2.2 m at 1029 cm

-

1
 and 1.2 m at 1735 cm

-1
, the film thickness itself does not affect the absorbance. The 

results indicate that the pyranose ring and the carbonyl group are aligned in the film plane, 

which is pronounced in a thin, i.e., rapid evaporation film. The in-plane orientation of the 

carbonyl group will be responsible for the positive out-of-plane birefringence. In the case of 

a hot-stretched film of CTA, the carbonyl group orients perpendicular to the stretching 

direction. Consequently, the refractive index in the perpendicular direction is always higher 

than that in the stretching direction, leading to negative orientation birefringence. On the 

contrary, the carbonyl group preferably exists in a film plane for a solution-cast film, which 

is attributed to the in-plane orientation of the pyranose ring. As a result, the refractive index 

in the film plane is larger than that in the thickness direction, although the backbone chains 

of CTA are also in the film plane.  

 

 

 

 

 

Figure 2.5 ATR spectra of CTA films with different film thicknesses and relation between 

film thickness and absorbances of pyranose ring (A1029) (●) and carbonyl group (A1735) (♦) 
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According to previous paper [22], the extraordinary wavelength dispersion for CDA is 

attributed to the contributions of the polarizability anisotropy of both hydroxyl and acetyl 

groups, in which the hydroxyl group provides positive birefringence with weak 

wavelength dispersion and the acetyl group gives negative one with strong wavelength 

dispersion. In this study, CTA also shows extraordinary wavelength dispersion suggesting 

that the contribution of the hydroxyl group cannot be ignored even if the amount is small. 

In the case of CTA, the crystallization state has to be considered, because it is well known 

that CTA is a crystalline polymer [2,34]. As shown in Table 2.1, it is found that the degree 

of crystallization is almost constant irrespective of the film thickness. Furthermore, the 

degree of the crystallization is calculated to be 32 – 40 wt% based on the literature data 

[34], which seems to be extremely high for pure CTA. Therefore, WAXD measurements 

were also carried out as shown in Figure 2.6. Basically, CTA shows three sharp crystal 

peaks at 2 of 9, 13 and 17 degree. As seen in the figure, it is found that any distinct peak 

is not detected in the diffraction pattern except for a broad peak ascribed to amorphous 

region. The result supports that the crystallites have a negligible effect on the out-of-plane 

birefringence of CTA.  
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Figure 2.6 WAXD patterns for (bottom) a cast film with a thickness of 100 µm obtained from 

CH2Cl2/CH3OH at a standard condition, and (top) a film stretched at a draw ratio of 1.5 

 Table 2.1 Thermal Properties of Solution-Cast Films Obtained at Various Conditions 

 

It can be concluded from Figures 2.2-2.5, the achievable anisotropy is found to be  a 

function of the evaporation rate. Therefore, further study is performed focusing the effect 

of evaporation rate. 

Conditions  Heat of 

Fusion  

(J/g)  

Tm (°C) 

Thickness Evaporation 

Rate 
Solvent TCP   

50 m 

100 m 

200 m 

300 m 

Standard 
Standard 
Standard 
Standard 

CH
2
Cl

2
/CH

3
OH 

CH
2
Cl

2
/CH

3
OH 

CH
2
Cl

2
/CH

3
OH 

CH
2
Cl

2
/CH

3
OH 

Not included 
Not included 
Not included 
Not included 

13.8 
12.7 
11.5 
10.9  

302 

303 

304 

303 

100 m 

100 m 

Slow 
Very slow  

CH
2
Cl

2
/CH

3
OH 

CH
2
Cl

2
/CH

3
OH  

Not included 
Not included  

12.1 
11.3  

302 

303 

100 m Standard CHCl
3
/CH

3
OH  Not included  12.1  302 

100 m  Standard  CH
2
Cl

2
/CH

3
OH Included  10.2  294 
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2.3.2 Effect of evaporation rate  

The evaporation rate is controlled by covering the petri dishes with an aluminium foil. The 

growth curves of the weight loss are shown in Figure 2.7. In the figure, the “standard” 

represents the cast film obtained from uncovered petri dishes as the same with the samples 

in Figure 2.2. The “slow” and “very slow” denote the cast films obtained with an 

aluminium foil having large and small holes, respectively. The thickness of all films is 

approximately 100 µm. As seen in the figure, the evaporation rate can be controlled by this 

technique. The initial slope of “standard” is three times larger than that of “very slow”. 

 

 

 

 

 

Figure 2.7 Growth curves of the weight loss (%) for CTA solutions at various evaporation rates; 

standard (○), slow (◊) and very slow (Δ). 

The wavelength dispersion of out-of-plane birefringence of the samples is shown in Figure 

2.8. All films show positive birefringence with extraordinary wavelength dispersion 

irrespective of the evaporation rate. However, the magnitude of the birefringence increases 

with increasing the evaporation rate. Therefore, a similar situation with a thick film occurs 

for the film evaporated slowly. The decrease in the birefringence for a film obtained by the 
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prolonged evaporation process suggests that stress, i.e., molecular orientation, is relaxed. It 

is reasonable because the polymer chains are able to move randomly during the cast process.  

 

 

 

 

 

 

Figure 2.8 Wavelength dispersion of out-of-plane birefringence for films obtained at 

various evaporation rates; standard (○), slow (◊) and very slow (Δ). 

The effect of the evaporation rate on the crystallization of CTA is also studied by DSC. 

As shown in Table 2.1, however, the heat of fusion, and thus, the degree of crystallization 

is not changed in this experimental condition. 

2.3.3 Effect of solvent type 

The species of solvents affects the evaporation rate and thus the out-of-plane birefringence 

as shown in Figures 2.9 and 2.10, respectively. As seen in Figure 2.9, the evaporation rate 

of the mixed solvent of CH2Cl2 and CH3OH is faster than that of CHCl3 and CH3OH, 

because the vapor pressure of CH2Cl2 (47 kPa at 20 °C) is higher than that of CHCl3 (21 
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CHCl3/CH3OH solution is almost the same as that of the CH2Cl2/CH3OH solution with an 

aluminium foil having small holes (“slow” in Figure 2.7). The result demonstrates that the 

retardant effect of the evaporation by CTA is almost the same for both solvents. This 

would be attributed to similar molecular interaction with CTA for both solvents.  

 

 

 

 

 

Figure 2.9 Growth curves of the weight loss (%) for CTA solutions using CH2Cl2/CH3OH 

(○) and CHCl3/CH3OH (◊) as solvents. 

 

 

 

 

 

Figure 2.10 Wavelength dispersion of out-of-plane birefringence for the cast films 

obtained from CH2Cl2/CH3OH (○) and CHCl3/CH3OH (◊). 
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Because of the difference in the evaporation rate, the relaxation of molecular orientation of 

CTA is pronounced for the CHCl3/CH3OH solution as long as the evaporation condition is 

the same. Therefore, the CTA film prepared by CH2Cl2/CH3OH shows higher out-of-plane 

birefringence than that the film by CHCl3/CH3OH, as seen in Figure 2.10.  

The out-of-plane birefringence at 588 nm is plotted against the initial slope of the weight 

loss in Figure 2.11. As seen in the figure, the birefringence of the film obtained from the 

CHCl3/CH3OH solution is located on the line of the data from the CH2Cl2/CH3OH 

solution. The result demonstrates that the out-of-plane birefringence is independent of the 

species of solvents, but depends on the evaporation rate. 

 

 

 

 

 

Figure 2.11 Out-of-plane birefringence at 588 nm for the cast films plotted against the 

initial slope of the weight loss (g); CH2Cl2/CH3OH (standard) (●), CH2Cl2/CH3OH (slow) 

(♦), CH2Cl2/CH3OH (very slow) (▲) and CHCl3/CH3OH (standard) (■). 
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2.3.4 Effect of plasticizer  

Recently, it has been clarified that addition of specific plasticizers can control the 

orientation birefringence of a stretched film. In particular, it was found that orientation 

birefringence is enhanced by TCP for cellulose esters [23]. The phenomenon is explained 

by nematic interaction, i.e., intermolecular orientation correlation [35,36]. Although TCP 

is a low mass compound in a liquid state, the molecules are forced to orient in the same 

direction with the polymer chains. Considering that the nematic interaction occurs when 

the size of a low mass compound is comparable with the segmental size of a matrix 

polymer [37-39], TCP has an appropriate size for CTA. To the best of our knowledge, 

however, the nematic interaction in solution-cast films has not been studied yet.  

Figure 2.12 shows the out-of-plane birefringence of a CTA film containing 5 wt% of TCP 

with the data of pure CTA. As seen in the figure, addition of TCP greatly enhances the 

out-of-plane birefringence of CTA. Since the evaporation rate is not affected by the 

addition of TCP (but not presented here), the enhancement is attained by the orientation of 

TCP molecules in the film plane accompanied with CTA chains. Also in this experiment, 

the degree of crystallization is not changed as shown in Table 2.1.  
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Figure 2.12 Wavelength dispersion of out-of-plane birefringence for CTA (●) and 

CTA/TCP (♦). The cast films with a thickness of 100 µm were prepared by 

CH2Cl2/CH3OH at a standard condition. 

In order to confirm the contribution of TCP to the birefringence, the CTA/TCP film is 

immersed in methanol for 24 h to remove TCP. Then, the out-of-plane birefringence is 

measured again after drying at room temperature under a vacuum condition. Prior to the 

measurement, it is confirmed that the methanol immersion does not affect the 

birefringence of the pure CTA. The removal of TCP is checked by FT-IR spectra, and the 

following experiment is performed after keeping the sample in the temperature-and-

humidity controller for 24 hrs, as illustrated in Figure 2.13. The FT-IR spectrum for 

CTA/TCP shows a strong absorption peak around 780 cm
-1

, which is not detected in CTA 

but appears in TCP spectrum. This peak is attributed to the vibration of C-H bond in meta-

disubstituted benzene of TCP [23]. 
 
Therefore, the lack of this peak suggests that TCP has 

been completely removed out. After methanol immersion, the birefringence of CTA/TCP 

decreases approaching to that of pure CTA, as illustrated in Figure 2.14. The result 

demonstrates that TCP molecules oriented by nematic interaction enhance the out-of-plane 
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birefringence. In other words, the out-of-plane birefringence can be controlled by not only 

evaporation rate but also the species and amount of additives.  

 

 

 

 

 

Figure 2.13 The FT-IR spectra for CTA and CTA/TCP before and after immersion in 

methanol. 

As mentioned in introduction, the competition of molecular motion and deformation 

applied by the solvent evaporation determines the molecular orientation in a solution-cast 

film. In other words, CTA chains orient in the film plane by applied uniaxial compression 

deformation due to the solvent evaporation. At the same time, TCP molecules orient 

accompanied with the CTA chains. Therefore, the orientation relaxation of TCP molecules 

will be affected strongly by the existence of a solvent, although the relaxation time is 

reduced for both CTA and TCP. The experimental results indicate that the nematic 

interaction, i.e., orientation of TCP molecules, ocuurs only at the final stage of 

evaporation. Therefore, a solvent that retards the evaporation rate at the final stage to 

obtain smooth surface will have a strong influence on the orientation of additives. 
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Figure 2.14 Wavelength dispersion of out-of-plane birefringence for CTA/TCP before (♦) 

and after immersion in methanol (◊). 

2.3.5 Effect of hot-stretching 

The hot-stretching was performed at the temperature where the tensile storage modulus at 

10 Hz with a strain rate of 0.05 s
-1

 was 10 MPa (212 °C). The stress-strain curve is shown 

in Figure 2.15. The curve is a typical one for a viscoelastic body in a rubbery region. 

 

 

 

 

 

Figure 2.15 Stress (σ) – strain ( curve at 212 °C for CTA. 
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The refractive indices at 588 nm along three principle axes for films with various draw 

ratios are illustrated in Figure 2.16. In this experiment, the hot-stretching was performed in 

the x direction. 

As mentioned, the solution-cast film is randomly oriented in the film plane, i.e., nx = ny, 

but the principle refractive index in the thickness direction nz is lower than nx and ny, 

which results in the positive out-of-plane birefringence. On the contrary, a hot drawn film 

shows negative in-plane birefringence. 

 

 

 

 

 

Figure 2.16 Refractive indices along three principle axes; nx (●), ny (♦) and nz (▲) for 

CTA films stretched at various draw ratios. 

The wavelength dispersion of in-plane and out-of-plane birefringences for the stretched 

films is shown in Figure 2.17. As seen in the figure, the order in the refractive indices 

changes with the draw ratio. When the draw ratio is around 1.035, nz is almost the same as 

(nx + ny)/2 at 588 nm. Beyond this draw ratio, the out-of-birefringence of the unstretched 

sample shows extraordinary wavelength dispersion, whereas in-plane and out-of-plane 

birefringences for the stretched films exhibit ordinary wavelength dispersion. Moreover, 
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the out-of-birefringence of the stretched films is almost independent of the applied strain 

level, when the draw ratio is larger than 1.1.  

The negative in-plane birefringence in CTA suggests that the direction of the polarizability 

anisotropy associated with the acetyl group is perpendicular to the main chain. This result 

corresponds to the previous reports [22,23,30,31]. 

Because the hot-stretching is carried out beyond the glass transition temperature, the 

degree of crystallinity has to be considered more seriously. The top pattern in Figure 2.6 

shows the WAXD profile of a stretched film at a draw ratio of 1.5. As seen in the figure, 

several distinct peaks are clearly detected, which are attributed to the thermal history 

beyond the glass transition temperature with the flow induced crystallization during 

stretching. Therefore, the contribution of crystalline phase cannot be ignored especially 

after hot-stretching. It was found that the extraordinary wavelength dispersion of CAP 

becomes pronounced with increasing the draw ratio [22]. The result indicates that the 

acetyl group plays a more important role in the total birefringence with increasing the draw 

ratio. A similar situation is expected also for CTA, because the acetyl group is in the 

crystalline structure with the strong polarizability anisotropy in the direction perpendicular 

to the chain axis. In other words, the wavelength dispersion and the magnitude of 

birefringence for CTA, including solution-cast films, can be modified by controlling the 

crystalline state. 
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Figure 2.17 Wavelength dispersion of a) in-plane birefringence and b) out-of-plane 

birefringence for a cast film (●) and stretched films with draw ratios of 1.1 (♦), 1.3 (▲), 

and 1.5 (■). The cast films with a thickness of 100 µm were prepared by CH2Cl2/CH3OH 

at the standard condition. 

 

2.4 Conclusions 

The orientation birefringence of CTA films produced by a solution-cast method is 

studied. Prior to stretching, the CTA film shows positive out-of-plane birefringence with 

extraordinary wavelength dispersion, whereas the stretched film shows negative 

birefringence. The positive birefringence is attributed to the in-plane orientation of the 

acetyl group in CTA, which is confirmed by ATR. A thin film shows marked 

birefringence, which is originated from the molecular orientation in the film plane due to 

the stress applied by the solvent evaporation. Similarly, prompt evaporation enhances the 

birefringence irrespective of the species of solvents. Moreover, it is found that the out-of-

plane birefringence of CTA increases with the addition of TCP. This is attributed to the 

molecular orientation of TCP by the nematic interaction, i.e., intermolecular orientation 
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correlation, between CTA and TCP. This will be a key technology in the field of high-

performance optical films to improve the contrast of LCD, because there are numerous 

low-mass compounds having strong polarizability anisotropy. 
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3.1 Introduction 

Cellulose triacetate (CTA), one of the biomass-derived materials, has found its 

applications in various films that are produced by a solution-cast method because of 

severe thermal degradation beyond the melting point [1-3]. In an optical film 

application, CTA has been utilized as a photographic film base and a polarizer 

protection film for years because of their attractive properties such as high transparency 

and excellent heat resistant [1-3]. It is well known that CTA films are mainly employed 

in liquid crystal display (LCD) at present and will be used for advanced systems such as 

3D display and electro-luminescent display. In order to be used for polarizer protective 

and retardation films, birefringence control is extremely important. In the case of 

polarizer protective films, for example, the films have to be free from birefringence, and 

advanced methods to erase the birefringence have been proposed recently [4-6]. For 

retardation films, specific retardation, i.e., the product of birefringence and thickness, 

should be provided. 
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It is well known that orientation birefringence is determined by the chain 

orientation and molecular polarizability. For example, a polymer showing positive 

birefringence has a large molecular polarizability, i.e., refractive index, in the main 

chain direction. The value of birefringence is further controlled by the chain orientation 

by stretching a film. In general, refractive indices in the plane direction (nx and ny) can 

be controlled by uniaxial stretching, but it is not sufficient to control the refractive index 

of the film-thickness direction nz. Therefore a special method should be used to control 

the refractive index nz and to satisfy the relation of refractive indices.  

Several approaches to obtain the three-dimensional characteristics of the 

refractive indices have been studied by several researchers. The most conventional 

method will be biaxial stretching which is, however, considerably an expensive method. 

Therefore, various approaches have been proposed. According to Arakawa, the desired 

film is obtained by slicing an extruded rod in which the molecule is oriented [7]. 

Yoshimi proposed a laminating method using a shrinkable film [8]. This method 

comprises of laminating a resin film, i.e., the desired film, on one or both sides by a 

shrinkable polymer film. Then this laminate is stretched while being simultaneously 

heated so that the ability to shrink in the direction perpendicular to the stretching 

direction is passed on to the resin film. Three-dimensional control was also performed 

by film preparation under an electric or magnetic field [9]. After the polymer is oriented 

in the film-thickness direction in the solution, the polymer film is stretched. There is 

also a stacking method in which a stretched film with positive birefringence is stacked 

with a stretched film with negative birefringence [10].  
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Not only three-dimensional control but also the wavelength dispersion of 

birefringence has been important recently, because of the industrial importance for high 

performance retardation films. The property can provide a specific retardation, e.g., a 

quarter or half of the wavelength, in the whole visible light. Most conventional 

polymers show ordinary dispersion of orientation birefringence as expressed by 

Sellmeier relation (equation 1). Therefore, various techniques are proposed to obtain the 

films showing extraordinary dispersion. 

 
22

ab

B
An





         (1) 

where λab is the wavelength of a vibrational absorption peak in ultraviolet region, and A 

and B are the Sellmeier coefficients.  

Up to now, several methods such as copolymerization with appropriate 

monomers [11], doping of anisotropic crystal [12] and blending with another polymer 

[13-15] or a low-mass compound (LMC) [16-17] have been proposed to control the 

birefringence in polymeric materials. In a polymer blending method, miscible polymer 

pairs showing intrinsic birefringence of different signs are mixed on a molecular scale 

are usually employed to avoid light scattering. 

In our preceding papers [16,18,19], transparent films of cellulose acetate 

propionate (CAP) film show positives in-plane birefringence that increases with 

increasing wavelength, i.e., extraordinary wavelength dispersion which was explained in 

detail in our previous papers. Furthermore, also in our previous studies [20], CTA films 

that have been successfully prepared using solution-cast process show good uniformity 

in thickness, high transparency, and adequate mechanical properties. The sign of the 
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optical anisotropy of out-of-plane birefringence in a solution-cast CTA film is opposite 

to in-plane orientation birefringence in a hot-stretched one. Moreover, the wavelength 

dispersion of the out-of-plane birefringence is found to be extraordinary for a solution-

cast film. My previous study also found that the out-of-plane birefringence and its 

wavelength dispersion can be modified by addition of a certain plasticizer such as 

tricresyl phosphate (TCP). The enhancement of positive out-of-plane birefringence in 

CTA can be achieved by TCP addition, of which a certain amount (5 wt%) of TCP 

shows a good miscibility with CTA and resulted in highly transparent films [17,20]. 

This is attributed to the molecular orientation of TCP by the nematic interaction, i.e., 

intermolecular orientation correlation, between CTA and TCP.  

In this study, both three-dimensional refractive indices and wavelength 

dispersion of birefringence are controlled by uniaxial stretching with addition of various 

plasticizers with strong polarizability anisotropy. As well known in the field of T-die 

extrusion, film shrinking to the width direction, known as neck-in behavior, is reduced 

by modifying rheological properties of a molten polymer. In particular, long-chain 

branched polymers and weakly crosslinked polymers, showing marked strain-hardening 

in the transient elongational viscosity, provide small level of neck-in. In other words, 

planar elongation (one direction elongation with a constant width) rather than uniaxial 

elongation occurs. Since CTA is a crystalline polymer with low level of crystallinity, it 

is expected to show planar deformation mode to some degree only by uniaxial 

stretching. The transversal birefringence due to the transverseal orientation of CTA 

chains is magnified by plasticizeres. For the purpose, two types of plasticizers are 

employed from the viewpoint of the molecular shape: tricresyl phosphate (TCP) and 
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triphenyl phosphate (TPP) as disk-shaped molecules and 4-cyano-4’-pentylbiphenyl 

(5CB) as a rod-shaped molecule. The mechanism of this peculiar phenomenon is 

discussed in detail by comparing with blends with CAP having no/little crystallinity. 

 

3.2 Experimental 

3.2.1 Materials 

The polymeric materials used in this study were commercially available 

cellulose esters such as cellulose acetate propionate (CAP) and cellulose triacetate 

(CTA). CAP employed in this study was produced by Eastman Chemical, while CTA 

was produced by Acros Organics. The molecular characteristics are summarized in 

Table 3.1. The plasticizer used in this study was tricresyl phosphate (TCP), triphenyl 

phosphates (TPP) and 4-cyano-4’-pentylbiphenyl (5CB). TCP and TPP in this study are 

produced by Daihachi Chemical Industry. 5CB was supplied by Wako Pure Chemical 

Industries Ltd. 

Table 3.1. Characteristics of materials. 

Sample 
Compositions, wt% Molecular weights 

Acetyl Propionyl Hydroxyl Mn (x 10
5
) Mw (x 10

5
) 

CTA 43.6 (2.96) - 0.9 1.3 3.5 

CAP 2.5 (0.19) 46 (2.58) 1.8 0.77 2.1 

 

a
(Parenthesis): degree of substitution. 
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Both CTA and CAP films were prepared using a solution-cast method. CTA or 

CAP and plasricizers (95/5 in weight) were dissolved into dichloromethane (CH2Cl2) and 

methanol (CH3OH) in 9 to 1 weight ratio and stirred for 24 h at room temperature before 

casting. In order to study the effect of solvent, chloroform (CHCl3) was also employed 

instead of dichloromethane in the same ratio. The solution containing 4 wt% of polymer 

was poured into a glass petri dish (80 mm dia x 15 mm H) with a flat bottom at room 

temperature to allow the solvent to evaporate. The thickness of the films obtained was 

about 100 m, which was controlled by the amount of the polymer solution.  

Subsequently, the films were hot-drawn using a dynamic mechanical analyzer 

(UBM, DVE-4) to prepare uniaxial oriented films at different temperatures. The initial 

distance between the clamps was 10 mm and the stretching rate was 0.5 mm/s. The 

stress-strain data generated during the stretching was also collected. The samples were 

quenched by cold air blowing after holding the samples at the draw temperature for 

various times in the chamber. 

 

3.2.2 Measurements 

The temperature dependence of oscillatory tensile moduli in the solid state, such 

as storage modulus 'E  and loss modulus "E  were measured from -50 to 250 
o
C by a 

dynamic mechanical analyzer (UBM, E-4000) using rectangular specimens of 5 mm in 

width and 20 mm in length. The frequency and heating rate used were 10 Hz and 2 

o
C/min, respectively.  
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The refractive index of the polymer films was evaluated by an Abbe 

refractometer (Atago, NRA 1T) at room temperature employing α-bromonaphthalene as 

a contact liquid.  

The average refractive index with various wavelength was evaluated by a 

variable angle spectroscopic ellipsometry (VASE; J.A.Woollam Co. Inc.) with = 400 

–800 nm and 40° incident angle. 

The retardation of the drawn films was measured by an optical birefringence 

analyzer (Oji Scientific Instruments Inc., KOBRA-WPR). The measurements were 

performed as a function of the wavelength between 450 to 800 nm by changing color 

filters. Prior to the measurement, the drawn samples were placed in a temperature and 

humidity control chamber at 25 
o
C and 50 %RH.  

 Attenuated total reflection (ATR) measurements using an infrared absorption 

spectrometer (Perkin Elmer, Spectrum 100) were performed to study the molecular 

orientation in CTA films. The KRS-5 was employed as an ATR crystal. 

Thermal analysis was conducted by a differential scanning calorimeter (DSC) 

(Mettler, DSC820) under a nitrogen atmosphere. The samples were heated from room 

temperature to 320 
o
C at a heating rate 20

 o
C/min. The amount of sample in an 

aluminum pan was approximately 10 mg in weight.  

Wide-angle X-ray diffraction (WAXD) measurements were performed at room 

temperature using a powder X-ray diffractmeter (Rigaku, RINT2500) by refractive 

mode. Samples were mounted directly into the diffractmeter. The experiments were 
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carried out using CuK radiation operating at 40 kV and 30 mA at a scanning rate of 

1
o
/min over 2 (Bragg angle) range from 10

o
 to 60

o
. 

 

3.3 Results and Discussion 

3.3.1 Characteristic of Films Prior to Stretching 

The temperature dependence of oscillatory tensile moduli such as storage 

modulus E' and loss tangent tan  for CTA, CAP and CTA blends is measured at 10 Hz 

to determine the stretching temperature. The results are shown in Figure 3.1. As seen in 

the figure, E' in CTA shows a plateau beyond the glass to rubber transition, in which the 

modulus is much higher than a rubbery plateau modulus for a typical polymer. This is 

attributed to the presence of crystallites. In case of CAP, E' decreases sharply, resulting 

in the peak of tan  for CAP is narrower than that of pure CTA. The narrow peak of tan 

 as observed in CAP is possibly due to CAP have no/little crystallinity. The glass 

transition temperature Tg, which is defined as the peak temperature of tan  in this study, 

is around 209 °C for pure CTA. As for the blends, the Tg shifts to 180, 179 and 183 °C 

by the addition of 5 wt% of TCP, TPP and 5CB, respectively. There is no significant 

difference in the dynamic mechanical properties between CTA/TCP and CTA/TPP 

while CTA/5CB shows a slightly higher Tg with a broader peak than the other blends.  
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Figure 3.1 Temperature dependence of tensile storage modulus E’ and loss tangent tan  

for various samples; CTA (○), CTA/TCP5% (◊), CTA/TPP5% (Δ), CTA/5CB5% (□) 

and CAP (    ) at 10 Hz. 

The wavelength dispersion of the out-of-plane birefringence in the solution-cast 

films is shown in Figure 3.2. It is found that CTA shows positive birefringence (nz<nx, 

ny) that increases with increasing wavelength, i.e., extraordinary wavelength dispersion. 

As reported in our preceding paper [20], the pyranose ring and the carbonyl group are 

aligned in the film plane for a solution-cast film. Therefore, the in-plane orientation of 

the carbonyl group will be responsible for the positive out-of-plane birefringence. This 

is an anomalous phenomenon for a conventional polymer film. Generally, the carbonyl 

group in a hot-stretched CTA film orients perpendicular to the stretching direction. 

Consequently, the refractive index in the perpendicular direction is always higher than 

that in the stretching direction, leading to negative orientation birefringence. This 

phenomenon has been reported in our preceding papers with detailed characterization 
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[4,16-18,20,21]. Moreover, addition of LMCs greatly enhances the out-of-plane 

birefringence of CTA. The enhancement is attained by the orientation of LMC 

molecules in the film plane accompanied with CTA chains. 

 

 

 

 

 

 

 

 

Figure 3.2 Wavelength dispersion of out-of-plane birefringence for CTA and the blends; 

CTA (●), CTA/TCP5% (♦), CTA/TPP5% (▲) and CTA/5CB5% (■) 

 

3.3.2Characteristic of Films after to Stretching 

The stress–strain curves of all samples stretched at temperatures above the glass 

transition temperature are shown in Figure 3.3. The curves for the samples stretched 

above the glass transition temperature show a rubber-like behavior without yield point. 

Moreover, the final stress applied on the plasticized CTA has almost a similar value to 

that for pure CTA. 
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Figure 3.3 Stress–strain curves for CTA and the blends; CTA (○), CTA/TCP5% ◊), 

CTA/TPP5% (Δ) and CTA/5CB5% (□) stretched at the glass transition temperature.  

Prior to the discussion of out-of-plane birefringence, the effect of LMCs on “in-

plane” birefringence, i.e., the refractive index difference between stretching and 

perpendicular directions in the film, of CTA is investigated. As well known, the cast-

film prior to stretching has no in-plane birefringence because of random orientation of 

chain axis in the film plane. 

Figure 3.4 shows the wavelength dispersion of the in-plane and out-of-plane 

birefringences for the stretched CTA films at a draw ratio of 1.5. As seen in Figure 3.4a, 

the pure CTA shows negative in-plane birefringence that decreases with increasing 

wavelength, i.e., ordinary wavelength dispersion, as similar to most conventional 

polymers [4,11,18,19]. The negative orientation birefringence in CTA indicates that the 

direction of the polarizability anisotropy associated with the acetyl group is 

perpendicular to the main chain which aligns to the stretching direction. Consequently, 
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the refractive index in the oriented direction is lower than that in the perpendicular 

direction, i.e., negative orientation birefringence.  

 

 

 

 

 

 

 

 

 

Figure 3.4 Wavelength dispersion of the in-plane and out-of-plane birefringences for the 

stretched CTA films; CTA (●), CTA/TCP5% (♦), CTA/TPP5% (▲) and CTA/5CB5% 

(■) at a draw ratio of 1.5. 

Upon the addition of TCP, the negative in-plane birefringence of CTA does not 

increase instead changes drastically from negative to positive with extraordinary 

wavelength dispersion. The experimental results indicate that orientation of TCP 

molecules is forced to orient into the stretching direction accompanying the alignment 

of the polymer chains, which is known as mechanism described as nematic interaction 

[22-24]. The nematic interaction occurs in a miscible system when a low-mass 

compound has an appropriate size to move cooperatively with chain segments of a host 

polymer [25-27]. A similar result is obtained by TPP addition. The orientation 

birefringence of CTA changes from negative into positive ones with extraordinary 

-16

-8

0

8

16

24

400 500 600 700 800


n

in
(

) 
x
 1

0
4

(nm)

CTA

CTA/TPP5%

CTA/TCP5%

Draw ratio x1.5

CTA/5CB5%

-16

-8

0

8

16

24

400 500 600 700 800


n

th
(

) 
x
 1

0
4

(nm)

CTA

CTA/TPP5%

CTA/TCP5%

Draw ratio x1.5
CTA/5CB5%

a) b) 



Chapter 3 
Three-Dimensional Orientation Control by Uniaxial Drawing of Cellulose Triacetate Film 

 

 - 95 - 

wavelength dispersion. This is reasonable because TPP has a similar chemical structure 

to TCP.  The interaction between CTA and plasticizer is also performed by ATR 

measurements focusing on the C-O-C stretching vibration in the pyranose ring (1,029 

cm
-1

) and C=O stretching vibration in the carbonyl group (1,735 cm
-1

), as shown in 

Figure 3.5. It is found that all plasticizers do not affect the intensity of the absorbances 

of the pyranose ring and the carbonyl group of pure CTA, indicating that there is no 

specific interaction such as chemical or electrostatic interactions between CTA and 

plasticizer. 

 

 

 

 

 

 

 

Figure 3.5 ATR spectra of CTA and the blends. 

However, 5CB addition just changes the sign of CTA from negative to positive 

but still shows ordinary wavelength dispersion although the final stress applied on the 

plasticized CTA has almost a similar value to that for pure CTA. This is presumably to 

the large polarizability anisotropy of 5CB having ordinary wavelength dispersion with 

positive birefringence. This strong nematic interaction between CTA and 5CB will be 

also responsible for the large orientation birefringence. 
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The wavelength dispersion of the out-of-plane birefringence for the stretched 

films is shown in Figure 3.4b.  As seen in the figure, out-of-plane birefringence for the 

stretched CTA film also shows negative out-of-plane-birefringence. Furthermore, the 

LMC also affects the out-of-plane birefringence. Addition of TCP and TPP increases the 

orientation birefringence of CTA and changes to positive birefringence with 

extraordinary wavelength dispersion. The results obtained for TCP and TPP correspond 

to the trend of in-plane birefringence in Figure 3.4a. Of course, that the out-of-plane 

birefringence for stretched films is originated from the orientation of LMC molecules. 

Moreover, addition of 5CB enhances the birefringence of CTA from negative to positive 

but still shows ordinary wavelength dispersion. 

The wavelength dispersion of the out-of-plane birefringence of the stretched 

CAP and CAP/TCP is also investigated. The wavelength dispersion of the in-plane and 

out-of-plane birefringences of the stretched CAP and the blends is shown in Figure 3.6. 

The stretched CAP film shows positive birefringence with extraordinary dispersion. The 

results obtained for CAP correspond to the trend of in-plane birefringence, suggesting 

that the out-of-plane birefringence is simply originated from the chain orientation in the 

film plane. Addition of TCP increases both in-plane and out-of-plane birefringences of 

CAP. 
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Figure 3.6 Wavelength dispersion of the in-plane and out-of-plane birefringences for the 

stretched CAP (●) and CAP/TCP5% (♦) films at a draw ratio of 1.5. 

In order to study the contribution of LMC such as TCP and TPP to the 

orientation birefringence of the CTA blend, the drawn samples of the blend are 

immersed in methanol for 24 h to remove LMC. Then the orientation birefringence is 

measured again after drying at room temperature under a vacuum condition. After 24 h 

immersion, there is no considerable change in the dimension of the sample, suggesting 

that there is almost no alteration in degree of stretching upon the methanol immersion.  

The wavelength dispersion of in-plane and out-of-plane birefringences for the stretched 

films after methanol immersion is shown in Figure 3.7. As seen in the figure, the 

birefringences of the blends decrease and approach to those of pure CTA. The result 

demonstrates that the molecular orientation of CTA chains is not affected by the 

plasticizer addition. 
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Figure 3.7 Wavelength dispersion of the in-plane and out-of-plane birefringences for the 

stretched CTA films; CTA (●), CTA/TCP5% (♦) and CTA/TPP5% (▲) at a draw ratio 

of 1.5 after methanol immersion. 

The wavelength dispersion of average refractive index for CTA is illustrated in 

Figure 3.8, which is a typical one for conventional polymer. 

 

 

 

 

 

Figure 3.8 Wavelength dispersion of average refractive index for CTA 
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The normalized refractive indices along three principle axes for CTA and blend 

films after methanol immersion are illustrated in Figure 3.9. As seen in the figure, the 

refractive indices for the blends change from the previous one and approached to the 

pure CTA. The result suggests that the enhancement in birefringence in the blend is 

largely attributed to the orientation of LMC. 

 

 

 

 

 

 

 

 

 

Figure 3.9 Normalized refractive indices along three principle axes for CTA and blend 

films after methanol immersion. 

Accrodingly, it may be possible to control three-dimensional anisotropy by 
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increase the out-of-plane birefringence. 
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orientation in CTA. The refractive indices along three principle axes for films are 

illustrated in Figure 3.10. In this experiment, the hot stretching was performed in the x 

direction. For the CTA film (Figure 3.10), the refractive indices in the y and z directions 

overlap each other, indicating that the film is deformed uniaxially. However, for the 

blend samples, the refractive index in the y direction is different from that in the z 

direction. The normalized refractive indices along three principle axes for CTA and 

blend films are illustrated in Figure 3.11. As seen in the figure, the refractive indices in 

the y and z directions of the blend film are totally different, which will be due to the 

anisotropic dimension change in the width and thickness directions during stretching. 

The refractive indices along three principle axes for CAP and its blend are also 

examined, as illustrated in Figure 3.12. As seen in the figure, the refractive indices in 

the y and z directions overlap each other for CAP, so the films are uniaxially oriented. 

Moreover, the blends also show similar refractive indices in the y and z directions, 

which is different from CTA blend. This maybe because lateral reduction in the center 

part is prominent, uniaxial deformation takes place. 
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Figure 3.10 Refractive indices along three principle axes for CTA and the blends films 
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Figure 3.11 Normalized refractive indices along three principle axes for CTA and the 

blends films 
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Figure 3.12 Refractive indices along three principle axes for CAP and its blend with 

TCP 
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branched polymer and crosslinked polymer, provides a wide film, i.e., small neck-in. 

CTA will show pronounced strain-hardening than CAP at hot-stretching because 

of the existence of crystallites, which act as crosslink points. As a result, the planar 

1.472

1.473

1.474

1.475

400 500 600 700 800

CAP

n
x

n
y

n
z

R
e
fr

a
c
ti
v
e
 i
n
d
e
x

 (nm)

1.472

1.473

1.474

1.475

400 500 600 700 800

CAP/TCP

n
x

n
y

n
z

R
e
fr

a
c
ti
v
e
 i
n
d
e
x

 (nm)



Chapter 3 
Three-Dimensional Orientation Control by Uniaxial Drawing of Cellulose Triacetate Film 

 

 - 104 - 

elongational deformation takes place rather than uniaxial deformation especially in the 

center part of a film, which has been known at T-die film processing. According to the 

study on the T-die processing, a molten polymer showing marked strain-hardening in 

elongational viscosity is processed into film shape with wide width, i.e., small reduction 

in the width direction [28-30]. 

Thus, the final film shape is also investigated. In case of the stretched CTA and 

the blends films, the width of the samples reduces (10%) while thickness increases 

(5%). On the contrary, the refractive indices in the y and z directions overlap each 

other for CAP and CAP/TCP, which is different from CTA blends. The width of the 

stretched CAP and CAP/TPP reduces (30%) and also the thickness decreases (10%). 

Thus, the films are uniaxially oriented. Because CAP has a low degree of crystallinity at 

the stretching temperature (no/little strain-hardening in elongational viscosity), the 

deformation occurs in a uniaxial mode rather than a planar elongation mode. 

Generally, the ideally uniaxial drawn films shows, of course, uniaxial orientation, 

i.e., ny = nz. However, the axial symmetry in the refractive indices is not observed by the 

addition of certain plasticizers such as TCP, TPP and 5CB (nx < ny ≠ nz), as shown in 

Figure 3.11. This phenomenon can be explained by the planar orientation, i.e, in-plane 

orientation, of the plasticizer molecules.  

The planar orientation is the deformation mode of stretching with a constant 

width. Therefore, it contains the elongation in the y-direction, i.e., perpendicular to the 

stretching x-direction in the film plane. This deformation mode is pronounced when a 

molten material shows strain-hardening behavior in the elongational viscosity, i.e., the 

rapid increase in the elongational stress with the time or strain. 
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Figure 3.13 shows schematic illustration for dispersion state of disk-shaped and 

rod-shaped molecules. Because of the deformation mode in the y-direction, disk-shaped 

molecules tend to be embedded themselves in the film plane, resulting in the longer 

refractive index in the y-direction rather than that in the z-direction. In the case of rod-

shaped molecules such as 5CB, the principal axis of the molecules is basically oriented 

in the x-axis, i.e., stretching direction. Besides, the deformation mode in the y-axis leads 

to the plane orientation of the molecules. As a result, the refractive index in the y-

direction becomes larger than that in the z-direction, as illustrated in Figure 3.10 and 

Figure 3.11. 

 

Figure 3.13 Schematic illustration for dispersion state of disk-shaped and rod-shaped 

molecules  
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3.4 Conclusions 

The novel method to control three-dimensional refractive indices and 

wavelength dispersion of birefringence by uniaxial stretching with addition of various 

plasticizers with strong polarizability anisotropy is investigated. CTA and its blends 

show planar deformation mode to some degree only by uniaxial stretching. The 

transversal birefringence due to the transverseal orientation of CTA chains is magnified 

by plasticizeres. This phenomenon can be explained by the planar orientation of the 

plasticizer molecules. Disk-shaped molecules (TCP and TPP) and also a rod-shaped 

molecule and (5CB) enhance both in-plane and out-of-plane birefringences for CTA.  
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4.1 Introduction 

One of the most important applications of cellulose esters is optical films such as 

protective film and retardation film [1-6]. Cellulose triacetate (CTA) films prepared by 

the solution-casting method are widely used for this application. Besides CTA, various 

cellulose esters such as cellulose acetate propionate (CAP) and cellulose acetate butyrate 

(CAB) become candidates for the optical films these days because their films can be 

prepared by melt-extrusion, leading to good cost-performance. For the optical 

application, control of retardation, i.e., the product of birefringence and film thickness, is 

the most important aspect in material design, and various methods have been proposed. 

In the application as polarizer protective films, the films cover a polarizing film to 

protect the polarizer from mechanical damage, moisture, and oxidation. In order to keep 

the polarizing condition of the light after passing through the polarizer, the films have to 

be free from birefringence. A retardation film is defined as a film to provide a specific 

optical retardation. One of the most available applications is to compensate the 

birefringence arising from polarizers and/or liquid crystal cell, thus it is also known as a 
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compensation film. For the purpose, a retardation film is placed on the liquid crystal cell 

and/or polarizers to widen the viewing angle. Furthermore, quarter and half-wave plates 

are famous examples of a retardation film, which are used to change the anisotropic 

condition of the incident light. For the applications, not only birefringence at a specific 

wavelength but also the wavelength dependence of birefringence are significantly 

important.  

Particularly, CTA has been utilized for the protective film although only a 

solution-cast can be applied to prepare the film due to the thermal degradation. The 

solution-cast method produces no birefringence in the plane, which is desirable for the 

protective film. However, molecular orientation in the thickness direction is different 

from that in the plane by the compressed pressure during the solvent evaporation, leading 

to the so-called “out-of-plane” birefringence. 

In this study, the in-plane birefringence (nin) and out-of-plane birefringence (nth) 

are defined by the following equations. 

yxin nnn           (4.1) 

z

yx

th n
nn

n 



2

                                                  (4.2) 

Based on the Kuhn and Grün model, the orientation birefringence n() of an 

oriented polymer is expressed in the following relation [7-11]. 
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where , n(), N, (), and  are the wavelength of light, the average refractive index, 

the number of chains in a unit volume, the polarizability anisotropy, and the angle that a 

segment makes with the stretch axis, respectively. The last bracketed term 

  2/1cos3 2   is identically equal to the Hermans orientation function [12], whereas 

the other part in the right term is called as intrinsic birefringence determined by chemical 

structure. From equation (4.3), the above equation can also be written as  

   Fnn  0                                                        (4.4) 

where  0n  is the intrinsic birefringence and F is the orientation function. 

Since the orientation function is independent of the wavelength, the following 

simple relation is derived, 
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                                           (4.5) 

where 0 is the arbitrary standard wavelength. 

According to equation (4.5), the wavelength dispersion of birefringence, i.e., 

n()/n(0), is a constant and determined by the chemical structure of a polymer. 

Furthermore, it is known that thepolymeric materials decrease with increasing the 

wavelength in general, the so-called ordinary dispersion. This is attributed to a strong 

absorption in ultraviolet region for polymers. Therefore, the wavelength dispersion of the 

birefringence is contrary to that of an ideal quarter-wave retardation plate. 

Since the intrinsic birefringence in eqs. 4.3 and 4.4 is a function of wavelength, the 

orientation birefringence is dependent upon the wavelength. Therefore, birefringence 

control is required in a wide range of visible light. In particular, the extraordinary 
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wavelength dispersion has been desired recently because of the industrial importance for 

high performance retardation films. The property can provide a specific retardation, e.g., 

quarter or half of the wavelength, in the whole visible light. However, the wavelength 

dispersion of most polymers is represented by the following relation called the Sellmeier 

equation [7].
 
 

            (4.6) 

 

where λab is the wavelength of a vibrational absorption peak in ultraviolet region and A′ 

and B′ are the Sellmeier coefficients. The equation indicates that the absolute value of 

birefringence decreases with increasing the wavelength, i.e., ordinary wavelength 

dispersion. 

At present, various techniques are proposed to obtain films showing extraordinary 

dispersion. One of the conventional methods is by piling two or more polymer films 

having different wavelength dispersions, in which the fast axis of one film is set to be 

parallel to the slow axis of the other films [13-15]. Although this technique is currently 

employed in industry to fabricate retardation films, it leads to poor cost-performance due 

to the complicated processing operation and results in a thick display. Therefore, it is 

more favorable to use a single film with extraordinary wavelength dispersion of 

birefringence. Blending with another polymer [16-18] or a low-mass compound [13,14], 

copolymerization with appropriate monomers [19], and addition of nonspherical materials 

having polarizability anisotropy [20]
 

are promising techniques to provide the 

extraordinary dispersion. 

For example, acetyl group provides negative orientation birefringence whereas 
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propionyl and butyryl groups contribute positive one with an intense fashion of the 

butyryl group. This situation is similar to the miscible blend systems showing 

extraordinary dispersion, such as PPO/PS and NB/SMA. Although some of the cellulose 

esters are currently employed for retardant films because of various attractive properties 

[2,4,21-23], only a few papers on wavelength dispersion of the orientation birefringence 

have been published to the best of my knowledge [22,24]. However, it is essential to 

understand the wavelength dispersion, especially the effect of chemical structure, 

molecular weight, and processing method and condition, for material design of a retardant 

film. 

Since it was found that the in-plane birefringence of cellulose esters is generated 

by the ester groups, the effect of ester groups on the out-of-plane birefringence of a 

solution-cast film is investigated employing various cellulose esters such as CTA, 

cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB) in the study. It 

was clarified in our previous study that the in-plane birefringence of cellulose esters is not 

determined by the orientation of pyranose-ring but by the species and amounts of the ester 

groups [13]. However, it is essential to understand the out-of-plane birefringence, 

especially the effect of chemical structure (main chain and side chain), for material design 

of a retardant film. 
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4.2 Experimental 

4.2.1 Materials 

Materials employed in this study were commercially available cellulose esters 

such as cellulose triacetate (CTA), cellulose acetate propionate (CAP), and cellulose 

acetate butyrate (CAB). CTA was produced from Acros Organics and both CAP and 

CAB were produced by Eastman Chemical. The molecular characteristics are 

summarized in Table 4.1. The nomenclature used for the CAB is as follows; the last two 

digit numbers represent the weight percent of butyryl. For example, CAB17 is CAB with 

17 wt% of butyryl content. 

Table 4.1 Characteristics of the samples.
a
 

Sample 
Compositions, wt% Molecular Weights 

Acetyl Propionyl/Butyryl Hydroxyl Mn (x 10
5
) Mw (x 10

5
) 

CTA 43.6 (2.96) - 0.9 1.3 3.5 

CAP 2.5 (0.19) 46 (2.58) 1.8 0.77 2.1 

CAB17 29.5 (2.08) 17 (0.73) 1.1 0.62 2.7 

CAB52  2.0 (0.17) 52 (2.64) 1.8 0.082 0.78 

 

a
(Parentheses): degree of substitution.  

The molecular weights of the samples were evaluated using a gel permeation 

chromatograph (Tosoh, HLC-8020) with TSK-GEL® GMHXL; chloroform was 

employed as the eluant, and its flow rate was 1.0 mL/min. The temperature was 
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maintained at 40 ºC and the sample concentration was 1.0 mg/mL. The number- and 

weight-average molecular weights vs. a polystyrene standard are shown in the Table 4.1.  

The cellulose ester films were prepared using a solution-cast method by 

dichloromethane as a solvent. The initial concentration was 4 wt%. The films with 

approximately 100 µm thickness were obtained by evaporating the solvent at room 

temperature. The weight loss was monitored during the solution cast to control the 

evaporation speed.  

 

4.2.2 Measurements 

The temperature dependence of oscillatory tensile moduli in the solid state was 

measured from 0 to 250 °C by a dynamic mechanical analyzer (UBM, E-4000) using 

rectangular specimens with 5 mm in width and 20 mm in length. The frequency and 

heating rate used were 10 Hz and 2 °C/min, respectively. 

The uniaxial oriented films were prepared by hot-drawing operation using a 

dynamic mechanical analyzer (UBM, DVE-4) at various temperatures and draw ratios. 

The initial distance between the clamps was 10 mm and the stretching rate was 0.5 mm/s. 

The drawn sample was quenched by blowing cold air in order to avoid relaxation of 

molecular orientation. 

The refractive index of the polymer films was evaluated by Abbe refractometer 

(Atago, NRA 1T) at room temperature employing α-bromonaphthalene as the contact 

liquid. 
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The optical properties of CTA films were measured at room temperature by an 

optical birefringence analyzer (Oji Scientific Instruments, KOBRA-WPR). The retardation 

in the thickness direction (out-of-plane birefringence) Rth was determined by retardation 

measurements at an oblique incidence angle of 40° as a function of wavelength by 

changing color filters. The corresponding birefringence was calculated using the film 

thickness measured by a digital micrometer. Prior to the measurement, the cellulose ester 

films were placed in a temperature-and-humidity control chamber (Yamato, IG420) at 25 

ºC and 50% RH for one day, because the moisture in the film affects the orientation 

birefringence [25]. Since a small amount of water which has strong interaction with acetyl 

or hydroxyl group cannot be eliminated even under a vacuum condition, this treatment is 

appropriate to obtain the reproducible data.
 
 

Attenuated total reflection (ATR) measurements using an infrared absorption 

spectrometer (Perkin Elmer, Spectrum 100) were performed to study the molecular 

orientation in CTA films. The KRS-5 was employed as an ATR crystal. 

The melting point and heat of fusion of the obtained films were measured by a 

differential scanning calorimeter (Mettler, DSC820) at a heating rate of 20 
o
C/min.  

Table 4.2 Melting points and average refractive index of film samples. 

Sample 
Melting Point and              

Heat of Fusion 

Average Refractive 

Index 

CTA 287 
o
C, 21.8 J/g 1.48 ± 0.01* 

CAP  199 
o
C, 0.7 J/g 1.4738 

CAB17 - 1.4758 

CAB52 - 1.4737 
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4.3 Results and Discussion 

4.3.1 Dynamic Mechanical Properties 

Temperature dependence of the oscillatory tensile moduli such as storage modulus 

'E and loss tangent tan δ, was measured in order to decide the ambient temperature at hot 

drawing. Figure 4.1 exemplifies the dynamic mechanical spectra for various cellulose 

esters at 10 Hz. As seen in the figure, the glass transition temperature Tg, which is defined 

as the peak temperature in the tan δ curve, is around 148 °C. Furthermore, the storage 

modulus 'E  fall off sharply around Tg. 

 

 

 

 

 

 

 

 

 

Figure 4.1 Temperature dependence of oscillatory tensile moduli such as storage modulus 

'E  and loss tangent tan δ at 10 Hz, for a cellulose ester films; CTA (●), CAP46 (▲), 

CAB17 (♦), and CAB52 (■). 
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4.3.2 In-Plane and Out-of-Plane Birefringences 

4.3.2.1 In-Plane Birefringence 

Prior to discussion of the out-of-plane birefringence, the effect of ester group on 

“in-plane” birefringence, i.e., the refractive index difference between stretching and 

perpendicular directions in the film, of cellulose esters is investigated. Figure 4.2 shows 

the wavelength dispersion of the in-plane birefringence for the stretched films at a draw 

ratio of 2.0. As seen in the figure, the in-plane birefringence seems to be dependent on the 

species and the contents of the ester groups. For example, CTA shows negative 

birefringence that decreases with increasing wavelength (ordinary wavelength 

dispersion), whereas the others exhibit positive birefringence with extraordinary 

wavelength dispersion. In the case of CAB, the in-plane birefringence increases with the 

butyryl content (as denoted by the numerals in the sample code (wt%)). The trend of the 

birefringence indicates that the butyryl group has positive polarizability anisotropy to the 

stretching direction. Furthermore, CAP46 exhibits positive birefringence, as similar to 

CAB. These experimental results indicate that the acetyl group contributes negative 

birefringence, whereas the propionyl and butyryl groups show positive birefringence. The 

flexible and bulky methylene part in ester groups would lead to the parallel orientation of 

the polarizability anisotropy along the flow direction. Furthermore, the interaction 

between the ester groups and the main chains may be important because the higher-order 

structure of cellulose esters [2,21,23] is strongly dependent on the species of the ester 

groups. Furthermore, the data for CAB52 and CAB46 represent that the positive 

contribution of the butyryl group is stronger than that of the propionyl group.  
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Figure 4.2 In-plane birefringence for various cellulose esters at a draw ratio of 2.0; CTA 

(●), CAP46 (▲), CAB17 (♦), and CAB52 (■).  The number represents the weight 

fraction of ester group (propionyl or butyryl) for CAP and CAB. 

 

Figure 4.3 Schematic illustration of contribution of polarizability anisotropy of acetyl and 

propionyl groups and the obtained wavelength dispersion of orientation birefringence for 

CAP. 

As well known, CAP has at least two ester groups having different polarizability 

anisotropies, that is, acetyl and propionyl groups. Since the orientation birefringence n 
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component as discussed by Stein et al. [9], it is provided by the following relation:  

i
i

iF
nnn                                                      (4.7) 

where i refers i-th component, 
i

  is the volume fraction, and
F

n  is the birefringence 

arising from form or deformation effects, which is negligible for cellulose esters owing to 

the homogeneous structure. Therefore, the orientation birefringence is determined by the 

summation of the birefringence arising from the acetyl group and that from the propionyl 

group as expressed in the following relation: 

      PPAA FnFnn 
00

                                           (4.8) 

where  0

An  and  0

Pn  are the intrinsic birefringences, and AF  and PF  are the 

orientation functions of the acetyl and propionyl groups, respectively. The extraordinary 

wavelength dispersion of the orientation birefringence with positive sign for CAP is 

explained by the illustration in Figure 4.3. In the figure, the polarizability anisotropy of 

ester groups is represented by ellipsoids. As depicted in the figure, the addition of both 

components, denoted by a bold line, gives the extraordinary dispersion with positive 

orientation birefringence, when the wavelength dependence of the propionyl group is 

weaker than that of the acetyl group.  

The normalized orientation birefringence is shown in Figure 4.4. It is 

demonstrated that the wavelength dependence of the normalized orientation function 

becomes weak as the butyryl content is increased. This is reasonable because the butyryl 

group has weak wavelength dependence.  
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Figure 4.4 Normalized in-plane birefringence nin()/nin(0 = 588 nm) for various 

cellulose esters  at a draw ratio of 2.0; CTA (●), CAP46 (▲), CAB17 (♦), and CAB52 

(■). Hot-drawing was performed at the temperature where the tensile storage modulus is 

10 MPa at 10 Hz. 

Figure 4.4 also indicates that the slope of the orientation birefringence for CAP is 

larger than that for CAB52, although both contain a similar level of the degree of 

substitution of ester groups such as propionyl and butyryl ones. It suggests that the 

birefringence of the propionyl group shows strong dependence on the wavelength as 

compared with that of the butyryl group. 

As a result, the following relation is expected. 
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It is generally accepted that a wavelength dependence of the orientation 
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relation [10,26,27]; 

                                                  

 
22

ab

B
An





                                             (4.10) 

where ab is the coefficient having the relation with the wavelength of a strong 

vibrational absorption peak in ultraviolet region, and A and B are the Sellmeier 

coefficients. In the case of cellulose esters, equation 4.9 is predictable because ab of the 

ester groups is in the following order; acetyl > propionyl > butyryl. 

 

4.3.2.2 Out-of-Plane Birefringence 

The wavelength dispersion of the out-of-plane birefringence of the samples is 

shown in Figure 4.5. The solution-cast films including CTA (butyryl content is zero) 

show positive birefringence although CTA shows negative in-plane birefringence. The 

out-of-plane birefringence increases with the butyryl content. Moreover, the out-of-plane 

birefringence of CAP46 is significantly smaller than CAB52, implying that the propionyl 

group exhibits lower birefringence. The results obtained for CAP and CAB correspond to 

the trend of in-plane birefringence in Figure 4.2, suggesting that the out-of-plane 

birefringence is simply originated from the chain orientation in the film plane. In contrast, 

the birefringence of CTA in Figure 4.5 is not consistent with that in Figure 4.2. In order 

to investigate the origin of the out-of-plane birefringence of CTA, the acetyl orientation is 

evaluated by a Fourier-transform infrared spectroscopy (FT-IR). 
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Figure 4.5 Out-of-plane birefringence for solution-cast films of various cellulose ester; 

CTA (●), CAP46 (▲), CAB17 (♦), and CAB52 (■). 

Figure 4.6 compares the FT-IR spectra for carbonyl and ether in CTA films by 

using the attenuated total reflection (ATR) method. CTA films were prepared at two 

different evaporation rates (fast and slow), leading high and low chain orientations, 

respectively. The chain orientation which affects the intensity of ether band in the 

pyranose ring is enhanced by the prompt evaporation. Additionally, the carbonyl band 

become strong with evaporation rate, indicating that acetyl orientation in the plane also 

increases. Since the birefringence of CTA is mostly determined by the acetyl orientation, 

the positive birefringence for the out-of-plane is attributed to the in-plane alignment of 

acetyl group generated by the solution-cast method.  
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Figure 4.6 ATR spectra of CTA films prepared by the solution-cast method with different 

evaporation rates. 

 

4.4 Conclusions 

The birefringence of various types of cellulose esters and its dependence of the 

wavelength were studied. The species and contents of ester groups determine the sign and 

magnitude of the birefringence as well as the wavelength dispersion. Prior to stretching, 

the CTA film shows positive out-of-plane birefringence with extraordinary wavelength 

dispersion, whereas the stretched film shows negative birefringence. The in-plane and 

out-of-plane birefringences increase with increasing the wavelength for CAP and CAB, 

which is desired for a retardant film covering a broad wavelength. The difference in the 

sign of birefringence and the dependence of the wavelength for each ester group is 

responsible for the extraordinary dispersion. Furthermore, CAP shows strong dependence 

of the orientation birefringence as compared with CAB, because the propionyl group 

gives stronger wavelength dependence than the butyryl group.  
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Chapter 5 
 
 
 
 
 
 

 

GGeenneerraall  CCoonncclluussiioonnss  
 
 
 
 

 

Cellulose esters are biomass-derived materials with great potential as optical films. 

Besides their relatively good cost-performance, cellulose esters also possess excellent 

physical properties suitable for optical film application such as high transparency and 

excellent heat resistance. However, to fulfill the optical function, it is necessary for films 

to show optical birefringence required for the particular application such as no 

birefringence for polarizer protective films and extraordinary wavelength dispersion that a 

birefringence increases with increasing wavelength over a wideband of wavelength for 

retardation films. Consequently, it is of great importance to produce films with a 

controlled birefringence, i.e., having a certain birefringence property, in order to fulfill 

various requirements in practical applications. 

Despite the potential exhibited by cellulose esters, most of the reported studies on 

the control of orientation birefringence deal with a more conventional polymer such as 

PMMA. Therefore, there is serious lack of study that deals with cellulose esters or any 

biomass-derived polymers on this subject. Several techniques such as polymer blending, 

copolymerization and anisotropic crystal or molecule doping have been reported to be 

useful for modifying the orientation birefringence in polymers.  



Chapter 5 
General Conclusions 

 

 - 130 - 

The main objective of this research was to study the control mechanism of 

orientation birefringence in cellulose esters. At first, the information on the molecular 

orientation and the birefringence of a solution-cast film for cellulose triacetate was 

investigated.  These were discussed in the Second chapter. In solution-cast process, CTA 

molecules are induced to align in the film plane. Furthermore, the birefringence in the 

thickness direction, called “out-of-plane birefringence”, shows positive out-of-plane 

birefringence with extraordinary wavelength dispersion, which is an indispensable 

property for advanced displays such as 3D and electro-luminescent display while the 

stretched film shows negative birefringence. The level of the out-of-plane birefringence 

for cast films can be controlled by the preparation conditions, which is shown with the 

information on molecular orientation. Moreover, it is firstly demonstrated that the 

birefringence and its wavelength dispersion can be further modified by the addition of an 

appropriate low-mass compound such as tricresyl phosphate (TCP). During the 

evaporation, TCP molecules orient in the film plane accompanied with the orientation of 

CTA chains by intermolecular orientation correlation, called nematic interaction. This 

will be a key technology in the field of high-performance optical films to improve the 

contrast of LCD, because there are numerous low-mass compounds having strong 

polarizability anisotropy. 

As a method to control three-dimensional refractive indices and wavelength 

dispersion of birefringence in cellulose esters, we proposed to use a low-mass compound 

(LMC). The LMCs used have high polarizability as well as good miscibility with the host 

polymer. The Third Chapter generally discusses the effect of LMC addition on the in-

plane and out-of-plane birefringence before and after stretching of cellulose esters were 
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studied. Plasticizers such as tricresyl phosphate (TCP) and triphenyl phosphate (TPP) and 

4-cyano-4'-pentylbiphenyl (5CB) were added to cellulose esters such as cellulose 

triacetate (CTA) and cellulose acetate propionate (CAP). Then their viscoelastic 

properties and wavelength dispersion of birefringence were studied. In this study, CTA is 

a crystalline polymer with low level of crystallinity, it is show planar deformation mode 

to some degree only by uniaxial stretching. The transversal birefringence due to the 

transverseal orientation of CTA chains is magnified by plasticizeres. 

Chapter Four discusses the effect of the types and amounts of the substituent ester 

groups on the in-plane and out-of-plane birefringences and its wavelength dispersion were 

investigated. The types and amounts of ester groups determine the sign and magnitude of 

the birefringence as well as the wavelength dispersion. Prior to stretching, the CTA film 

shows positive out-of-plane birefringence with extraordinary wavelength dispersion, 

whereas the stretched film shows negative birefringence. A remarkable result was 

observed in CAB and CAP, i.e., show extraordinary dispersion of in-plane and out-of-

plane birefringences, which is the essential property for the retardation film application. It 

was also demonstrated that types and contents of ester groups, rather than the pyranose 

chain, determine the sign and magnitude of birefringence as well as its wavelength 

dispersion. These facts explain the extraordinary dispersion of birefringence observed in 

CAP and CAB, which is attributed to the combination of positive birefringence having 

weak wavelength dependence, and negative birefringence having strong wavelength 

dependence.  

This reserach demonstrated that cellulose esters are highly potential materials as 

an ideal optical film. Cellulose esters can be produced by solution-cast method which 
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provides the film without molecular orientation in the film plane. This is the reason why a 

solution-cast film is preferably employed for a protective film rather than a melt-extruded 

film. The level of the out-of-plane birefringence in cast films depends on the preparation 

conditions, which is predictable considering the evaporation rate. Certain types of 

cellulose esters such as CTA and CAP were also found to exhibit the positive out-of-plane 

birefringence with extraordinary wavelength dispersion, a property essential for wideband 

retardation films. As the type and amount of substitution groups can be varied the 

esterification process, from the viewpoint of material design, cellulose esters are highly 

flexible and offer boundless possibility. It is also demonstrated that three-dimensional 

refractive indices and wavelength dispersion of birefringence in cellulose esters can be 

altered by the addition of a small amount of low-mass compounds. This would open up 

possibilities of developing biopolymer-based optical films with birefringence suited for 

various functions in optical devices. Besides them, some possibilities are suggested for 

the future development cellulose esters such as the effect of processing condition and 

effect of low mass compound. Further, the fact that mechanism of the peculiar 

phenomenon of solution-cast film is also dependent on the contribution of crystalline 

phase leads to further understanding of the information on the molecular orientation of 

polymer. Finally, suitable technique should be improved and reviewed carefully to 

support to large scale industries with some effort to develop high performance cellulose 

ester films for optical films and new LCD device with good cost-performance.  
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EEnnhhaanncceedd  AAnnttii--TTooppooiissoommeerraassee  IIII  AAccttiivviittyy  bbyy  MMuuccooaaddhheessiivvee  

44--CCBBSS––CChhiittoossaann//PPoollyy  ((llaaccttiicc  aacciidd))  NNaannooppaarrttiicclleess    

 
 
 
 
 
 

1. Introduction 

Topoisomerase II (Topo II) is a enzyme that passes an intact helix through a 

transient double-stranded break in DNA to modulate the DNA topology using ATP and 

plays a key role in transcription, replication, and chromosome segregation [1]. DNA is a 

cellular target for a number of widely used antitumor agents, such as doxorubicin (DOX) as 

well as etoposide [2]. Moreover, antitumor agents also intercalate into DNA and form 

reactive metabolites that interact with many intracellular molecules. A considerable interest 

has therefore arisen in combining Topo II inhibitors with a mucoadhesive polymer for 

enhancement of the Topo II activity. 

Recently, mucoadhesive biodegradable and biocompatible polymeric 

nanoparticles have become a topic of great interestin biomedical applications to increase 

the specificity and localization at the target site enhance the permeability property and 

improve the delivery efficiency [3-5]. Chitosan, one of the most promising biodegradable 

polymers, has gained increasing attention in the pharmaceutical field due to its favorable 

biological properties, i.e., non-toxic, biocompatible and biodegradable [6,7]. Moreover, 

chitosan chains show good adhesive properties on mucosal surfaces, a property that can 
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be exploited for the development of bioadhesive delivery devices. In our previous work, 

we developed mucoadhesive chitosan by modification with 4-

carboxybenzenesulfonamide (4-CBS) for stomach-specific drug delivery, specifically for 

the treatment of Helicobacter pylori infections. In that study, the mucoadhesive 4-CBS–

chitosan was shown to have enhanced mucoadhesive and swelling properties in the 

simulated gastric fluid (SGF; 0.1 M HCl, pH 1.2). Furthermore, the modified chitosan 

displayed antibacterial activity against Escherichia coli and Staphylococcus aureus and 

appeared non-toxic to Vero, KB, MCF-7 and NCI-H187 cell lines in tissue culture [8]. 

Despite these advantageous characteristics of chitosan, its insolubility in either 

water or common organic solvents and its poor mechanical properties for supporting 

tissue cells have limited basic research and various bio-fabrication applications [9,10]. 

Several approaches have been taken to overcome the limitations of chitosan, i.e., graft 

polymerization [11], blending [12] and mixing with other polymers [13] such as poly 

(lactic acid) (PLA) [14], which can impart desirable mechanical properties to the resultant 

copolymer composite while retaining the desirable properties of chitosan. 

The aim of this work was to prepare a mucoadhesive polymer composite for non-

paraenterally administered routes, particularly in mucoadhesive sites. Therefore, the 

present work focuses on the preparation and in vitro dug release behavior; Topo II 

inhibitory activity; and evaluation of the cytotoxic activity of doxorubicin (DOX)-loaded 

4-CBS–chitosan/PLA nanoparticles formed by electrospray ionization. 
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2. Experimental 

2.1 Materials 

Chitosan with a deacetylation level of 95% (Mw = 400 kDa) was purchased 

from Biolife (Thailand). The PLA, with a View the MathML source of 121.4 kg/mol 

and consisting of a 1:24 mole ratio of d-lactide:l-lactide, was purchased from 

NatureWorks 2000D (Thailand). The 4-CBS and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDAC) were obtained from Sigma (St. Louis, USA). 

Cellulose dialysis tubing (Membrane Filtration Products, Inc., USA) with a 12–14 kDa 

molecular weight cut-off was used to purify all of the modified chitosan. The 

doxorubicin (DOX) hydrochloride, etoposide, PBR322 plasmid, sodium 

tripolyphosphate (TPP) and SDS were purchased from Sigma Aldrich. Human Topo II 

was purchased from Amersham (UK), andlactic acid was purchased from Union 

chemicals (Thailand). All other chemicals used in this work were of reagent grade. 

 

2.2 Measurements 

2.2.1 Preparation of 1:1 (w/w) DOX-loaded 4-CBS–CS/PLA nanoparticles 

Firstly, the 4-CBS–chitosanwas prepared via the coupling reaction of 4-CBS to 

chitosan in the presence of EDAC as a coupling reagent as previously reported [8]. 

Then, the preparation of DOX-loaded 4-CBS–chitosan/PLA nanoparticles was formed 

by ionic cross-linking. Briefly, DOX was added to a solution of 1% (w/v) 4-CBS–

chitosan/PLA at three different (w/w) ratios of 4-CBS–chitosan to PLA (1:1, 1:2, and 

2:1), selected for two different amounts of DOX (1% and 2%, w/v) in 4:1 (v/v) 

dichloromethane: toluene, and subsequently electrosprayed into 80 mL of a 5% (w/v) 
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aqueous solution of TPP. An applied voltage of 10 kV, an 8-cm working distance, a 

800-rpm stirring rate, 20 G needle, and a flow rate of 10 mL/h were used for the 

electrospray ionization process. 

The DOX-loaded hydrophobic 4-CBS–chitosan/PLA colloidal nanoparticles 

formed spontaneously under mild agitation at room temperature, and after 30 min of 

stirring, the colloidal nanoparticles were harvested by centrifugation at 15,000 × g for 

30 min. The supernatant was discarded, and the deposit was re-dispersed in distilled 

water for further use. 

 

2.2.2 Characterization of the 4-CBS–chitosan/PLA nanoparticles with or without 

DOX loading 

Samples for scanning electron microcopy (SEM) analysis were prepared by 

sprinkling the dried nanoparticles on one side of a double adhesive stub. The stub was 

subsequently coated with gold under vacuum conditions. The microcapsules were 

observed via SEM (Phillips XL30CP) operating in the range from 10 kV to 20 kV. 

 

2.2.3 Evaluation of in vitro DOX release 

The DOX release from the 4-CBS–chitosan/PLA nanoparticles was studied as a 

suspension in phosphate buffer (PBS) at pH 7.4 using the dialysis bag diffusion 

technique. Accurately weighed quantities (∼10 mg) of nanoparticles were enclosed in a 

dialysis bag (molecular weight cutoff of 3.5 kDa) and dialyzed against 50 mL of PBS at 

pH 7.4 in a flask, which was shaken at 100 rounds per minute (rpm) and incubated at 37 

± 1 °C. At designated time points, 200 μL of the dialyzed PBS was removed for analysis 
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of the DOX content (spectrophotometrically at 480 nm, as detailed above) and replaced 

by an equal volume of fresh PBS. The amount of released DOX was determined over 30 

days, correcting for the PBS replacements each time. 

 

2.2.4 Inhibition of topoisomerase II (Topo II) activity 

The 4-CBS–chitosan/PLA nanoparticles, with or without DOX-loading, were 

screened for in vitro inhibitory activity against Topo II activity in terms of the ability of 

the nanoparticles to inhibit the conversion of supercoiled PBR322 plasmid double-

stranded (ds) DNA to its relaxed form by human Topo II. 

The Topo II reaction was performed in 20 μL of reaction mixture containing 10 

mM Tris–HCl (pH 7.9), 175 mM KCl, 0.1 mM EDTA, 5 mM MgCl2, 2.5% (v/v) 

glycerol, 1 mM ATP, 0.5 mM dithiothreitol, 30 μg/mL bovine serum albumin, 0.2 μg 

pBR322 plasmid DNA, 0.3 units (U) of human DNA Topo IIα and the test compound 

(100 μM) in a final volume of 50 μL. An addition of etoposide instead of the test sample 

was used as a positive control. The reaction mixtures were incubated at 37 °C for 30 

min and terminated by the addition of 3 μL of an aqueous solution of 0.77% (w/v) 

SDS/77 mM EDTA. The samples were mixed with 2 μL of an aqueous solution of 30% 

(w/v) sucrose, 0.5% (w/v) bromophenol blue and 0.5% (w/v) xylene cyanol and 

subsequently resolved by electrophoresis on a 1% (w/v) agarose-TBE gel at 1.5 V/cm 

for 10 h. The gels were stained for 30 min in an aqueous solution of ethidium bromide 

(0.5 μg/mL) and rinsed. The DNA bands were visualized by UV transillumination and 

quantified using an image analyzer and Syngene software [15]. 
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3. Results and Discussion 

3.1 Preparation of the 4-CBS–chitosan/PLA complex 

The first modification in this study was achieved via the covalent attachment of 

4-CBS to chitosan using EDAC as the activating agent, as described previously [8]. The 

4-CBS–chitosan was white in color and odorless. The polymer displayed a fibrous 

structure and was easily dissolved in 1% (v/v) acetic acid solution to form a high 

viscosity pale yellow gel. The obtained 4-CBS–chitosan was synthesized and verified 

by 1H NMR and FTIR measurements (data not shown) accordingly with the 

methodologies described in the previous work, Suvannasara et al. (2013). The 4-CBS–

chitosan samples with % DS values of 4.1–13.3 were obtained by changing the weight 

ratio of 4-CBS to the primary amine groups (-NH2) of the CS from 0.05 to 1. The 

second modification was performed between 4-CBS–CS and PLA via a complexation 

method by mixing of aqueous 4-CBS–chitosan with SDS followed by solution mixing 

of the hydrophobic 4-CBS–chitosan complex with PLA (with or without the DOX to be 

encapsulated), and electrospray ionization was carried out to obtain the 4-CBS–

chitosan/PLA composite nanoparticles. It was noticeable that the hydrophobic 4-CBS–

chitosan complex appeared as a gel and could be dissolved in such low- or non-polar 

solvents as toluene, hexane and dichloromethane (data not shown), thus revealing the 

likely hydrophobic nature of the 4-CBS–chitosan complex. Therefore, the obtained 

hydrophobic 4-CBS–chitosan was likely compatible with PLA. Accordingly, the 4-

CBS–chitosan/PLA composite was synthesized by the solution mixing method using the 

hydrophobic 4-CBS–chitosan prepared from complexation of 4-CBS–chitosan and SDS. 

For DOX-loaded 4-CBS–chitosan/PLA composites, 1% (w/v) DOX was added to a 
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solution of 1% (w/v) 4-CBS–chitosan/PLA in 4:1 (v/v) dichloromethane: toluene and 

electrosprayed into 80 mL of a 5% (w/v) aqueous solution of TPP. 

 

 3.2 Characterization of the 4-CBS–chitosan/PLA nanoparticles with or without 

DOX loading 

  Fig. 1 shows representative SEM images of the surface morphology of 

anhydrous 4-CBS–chitosan/PLA and DOX-loaded 4-CBS–chitosan/PLA nanoparticles 

at three different (w/w) ratios of 4-CBS to PLA (1:1, 1:2, and 2:1, w/w). The anhydrous 

4-CBS–chitosan/PLA nanoparticles (Fig. 1a and b) were uniformly spherical in shape, 

with visible pores and an average particle size of 228 ± 39 nm. In the case of the DOX-

loaded 4-CBS–chitosan/PLA nanoparticles (Fig. 1c–f), the majority of the particles 

were also spherical in form and devoid of aggregates, with a slightly larger size than 

that of the unloaded 4-CBS–chitosan/PLA nanoparticles except for 1% DOX-loaded 

(1:2, w/w) 4-CBS–chitosan/PLA. Therefore, the size of the particles decreased with 

increasing PLA ratio. Moreover, the size of the particles increased with increasing DOX 

ratio. 
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Fig. 1 SEM images of particles: (a) 4-CBS–chitosan/PLA at wide screen, (b) 4-CBS–

chitosan/PLA (capture of one particle), (c) (4-CBS–chitosan/PLA)-DOX (1:1, w/w)-1%, 

(d) (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%, (e) (4-CBS–chitosan/PLA)-DOX (1:2, 

w/w)-1% and (f) (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-2% 

 

 3.3 In vitro DOX release profiles 

  The release of the DOX from encapsulated nanoparticles is another important 

factor that determines their suitability. The release behavior of DOX from hydrophobic 

chitosan/PLA (our previous study, data not shown) and 4-CBS–chitosan/PLA 

nanoparticles was evaluated in PBS (pH 7.4) by dialysis until 100% of the DOX had 

been released (Fig. 2). 
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Fig. 2 Cumulative DOX release profile from (chitosan/PLA)-DOX (1:1, w/w)-1%, (4-

CBS–chitosan/PLA)-DOX (1:1, w/w)-1%, (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%, 

(4-CBS–chitosan/PLA)-DOX (1:2, w/w)-1% and (4-CBS–chitosan/PLA)-DOX (1:2, 

w/w)-2% nanoparticles at pH 7.4 and 37 °C. 

 

3.3.1. Effect of CS/PLA and 4-CBS–CS/PLA with DOX 

The release behavior of DOX from the nanoparticles can be described in a graph, 

and the release rate of DOX-loaded chitosan/PLA and 4-CBS–chitosan/PLA is shown in 

Fig. 2. 

The cumulative release of DOX from (chitosan/PLA)-DOX (1:1, w/w)-1% 

exhibited the two release stages. In first stage, the drug was burst-released by 

approximately 35% within 8 h, followed by the slower release rate of the second stage 

over8 days and a slow sustained release rate to 100% by 12–14 days (data not shown). 

However, in the case of the 1:1 (w/w) DOX-loaded 4-CBS–chitosan/PLA nanoparticles, 
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also at 1% (w/v) in PBS pH 7.4, a much slower biphasic and sustained release of DOX 

was observed. In the first stage, the drug was released by approximately 20% within 8 h. 

In the second stage, the release rate was slower and was sustained up to 18 days. 

It was clearly observed that (4-CBS–chitosan/PLA)-DOX (1:1, w/w)-1% 

showed a significantly prolonged release profile of DOX up to18 days compared with 

that of (chitosan/PLA)-DOX (1:1, w/w)-1%. Thus, 4-CBS–chitosan/PLA was selected 

for further studies to improve the release profile. 

 

3.3.2. Effect of4-CBS–CS and PLA with DOX 

The release rates for DOX-loaded (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%, 

(4-CBS–chitosan/PLA)-DOX (1:2, w/w)-1% and (4-CBS–chitosan/PLA)-DOX (1:2, 

w/w)-2% nanoparticles are given in Fig. 2. 

The in vitro release profiles of (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%, (4-

CBS–chitosan/PLA)-DOX (1:2, w/w)-1% and (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-

2% nanoparticles were investigated in phosphate buffer solution (PBS, pH 7.4) until 

100% of the drug was released, and these formulations showed sustained release 

profiles. The (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1% nanoparticles exhibited 

nearly 50% and 80% release within 10 and 15 days, respectively, followed by 

continuing release. The release profiles of the (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-

1% nanoparticles exhibited nearly 50% and 80% release within 17 and 22 days, 

respectively, and DOX displayed subsequent sustained released. It was observed that 

the release rate of (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-1%was slower than that of 

the (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%nanoparticles. If the amount of PLA 
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was increased, the release rate was slower and the release was prolonged from 18 days 

to 26 days. Therefore, (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-1% nanoparticles were 

selected for further studies. 

With increases in the loaded DOX, the periods of release remained the same (26 

days), but the release rate was faster due to the higher loading of DOX. 

It was obvious that the cumulative release of DOX increased with the increasing 

amount of DOX in the formulation. The higher level of DOX corresponding to a lower 

level of the polymer in the formulation resulted in an increase in the cumulative 

percentage release. As additional drug was released from the nanoparticles, more 

channels were produced, thus contributing to faster drug release. In addition, higher 

drug levels in the nanoparticle formulation produced a higher drug concentration 

gradient between the nanoparticles and dissolution medium, and thus the cumulative 

release of drug was also increased [16]. 

 

3.3 Topo II activity assay 

Topo II is a nuclear enzyme that catalyzes changes in the topological state of 

DNA by single-strand breaking and rejoining of (ds)DNA. This enzyme plays important 

roles in DNA metabolism, including replication, recombination, transcription and 

chromosome condensation. The DNA is a double helix with a mostly supercoiled 

structure. However, supercoiled DNA must be relaxed by the Topo II enzyme before 

processing during transcription, repair or replication. DOX is known to inhibit Topo II 

activity, and thus the ability of the DOX-loaded polymer nanoparticles to inhibit the 

relaxation of supercoiled pBR322 plasmid dsDNA by human Topo II was evaluated as a 
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measure of the release of functional DOX from the DOX-loaded hydrophobic 

chitosan/PLA (1:1, w/w) and 4-CBS–chitosan/PLA nanoparticles at three different 

(w/w) ratios of 4-CBS to PLA (1:1, 1:2, and 2:1, w/w). 

As shown in Fig. 3, the % inhibition was classified into strongly or weakly 

active, depending on whether the% inhibition was lower or higher than the activity of 

the reference control of100 μM etoposide (63.4% inhibition). All formulations of DOX-

loaded 4-CBS–chitosan/PLA nanoparticles displayed a strong Topo II inhibitory 

activity with greater than 63.4% inhibition at 100 μM. The (4-CBS–chitosan/PLA)-

DOX (1:1, w/w)-1% (63.4%) displayed stronger Topo II inhibition than (hydrophobic 

chitosan/PLA)-DOX (1:1, w/w)-1% (59.4%) nanoparticles at 100 μM. The results 

suggest that 4-CBS–chitosan enhanced the anti-Topo II activity. Furthermore, (4-CBS–

chitosan/PLA)-DOX (1:2, w/w)-2% showed the strongest Topo II inhibition (over 

77.4%) compared with etoposide as the reference (63.4%). Accordingly, the DOX-

loaded 4-CBS–chitosan/PLA nanoparticles would appear to release functional DOX, 

and therefore, if the nanoparticles are internalized into the cells (or if the DOX is 

released nearby and taken up by the target cells), this delivery could be a potentially 

potent inhibitor of Topo II activity. 

 

 

 



Abstract of Minor Research Theme 
Enhanced Anti-Topoisomerase II Activity by Mucoadhesive 4-CBS–Chitosan/Poly (lactic acid) Nanoparticles 

 

 

 - 151 - 

 

Fig. 2 Inhibitory effects of tested compounds on human DNA topoisomerase II (lane 1): 

(chitosan/PLA)-DOX (1:1, w/w)-1%, (lane 2): (4-CBS–chitosan/PLA)-DOX (1:1, w/w)-

1%, (lane 3): (4-CBS–chitosan/PLA)-DOX (2:1, w/w)-1%, (lane 4): (4-CBS–

chitosan/PLA)-DOX (1:2, w/w)-1%, (lane 5): (4-CBS–chitosan/PLA)-DOX (1:2, w/w)-

2%.  

 

4. Conclusions 

The 4-CBS–chitosan/PLA nanoparticles were fabricated via electrospray 

ionization for the delivery of DOX as a model payload drug. The size distribution of the 

DOX-loaded 4-CBS–chitosan/PLA nanoparticles was relatively narrow (PDI of 0.455–

0.705) and yielded a high EE (over 60%). The DOX-loaded 4-CBS–chitosan/PLA 

nanoparticles exhibited prolonged release of DOX and more sustained release, up to 26 

days. The DOX-loaded 4-CBS–chitosan/PLA nanoparticles may be an advantageous 

alternative vehicle for sustained release formulation of DOX in the treatment of certain 

cancers. 
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