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Copolycarbonate optical films developed using
birefringence dispersion control

Akihiko Uchiyama1, Yuhei Ono1, Yoshinori Ikeda1, Hiroshi Shuto2 and Kazuo Yahata2

A retardation film is a type of optical film that is widely used as a polarization transformation material to improve the image

quality of flat panel displays (FPDs). One of the issues associated with retardation films has been the wide-banding of

birefringence dispersion. A conventional optical design method that uses double-layered retardation films has been adopted

to achieve wide-band properties. However, this conventional method has problems that have led to the demand for a single

retardation film with wide-band birefringence properties. This situation motivated us to develop birefringence dispersion control

(BDC) and to develop new polymers based on our novel molecular design. Wide-band characteristics are obtained using

copolymers or miscible blends of polymers comprised of positive and negative anisotropic monomer units at specific volume

fractions. The wide-band properties appear in a narrow range near the birefringence zero point, which is determined by the

monomer volume fractions. The relationship between the orientation functions and birefringence dispersion is also clarified

using theoretical studies, polarized IR and birefringence measurements. We have successfully industrialized a wide-band

retardation film consisting of a newly developed copolycarbonate (co-PC) with a fluorene ring using the novel BDC theory.

This film exhibits superior optical properties in FPDs.
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INTRODUCTION

Flat panel displays (FPDs), such as liquid crystal displays (LCDs) and

organic light-emitting displays (OLEDs), have replaced conventional

cathode ray tubes in televisions and personal computer monitors and

have also helped create the new world of personal digital devices, such

as mobile computers and smart phones. Optical retardation films,

made of transparent polymers with refractive-index anisotropy, have

been used to produce new high-quality displays that have high contrast

and wide viewing-angle properties.1,2 The two most important

functions of retardation films are to control the three-dimensional

refractive indices and the wavelength dispersion of the birefringence.3

Retardation films can be divided broadly into two categories: a

polymer-stretching type4 and a liquid crystal type5 that uses its

spontaneous orientation. When referred to in this paper, the

retardation film can be assumed to be of the former type unless

otherwise specified.

Birefringence generated by polymer stretching causes optical

retardation of the polarized incident beam, which is the film’s most

important function (Figure 1). Figure 1 describes an optical config-

uration at vertical incidence to the retardation film. The retardation

film also has to control the polarization state of the oblique incident

beam to improve the viewing-angle performance of LCDs. The

viewing angle of the first generation of commercialized LCDs was

much narrower than the current generation. Many ideas have been

developed to address this problem.5,6 The refractive-index anisotropy

control of retardation films is one of the most effective solutions for

improving performance and reducing costs and has become the

standard means of improving the viewing angle.5

A second important development, which can address issues such as

color dispersion and the contrast of FPDs, is the control of the

birefringence dispersion on retardation films. Figure 2 shows a typical

example of the effect of birefringence dispersion control (BDC) of the

retardation film in a reflective LCD with a single polarizer. This figure

illustrates how the film works to make a black state of an image. The

retardation film described in Figure 2 is a quarter-wave plate that is

required to switch between linear and circular polarization over a broad

part of the visible light spectrum. Figure 3 shows the birefringence

dispersion of conventional retardation films and the ideal dispersion

when the anisotropy of the LC cell is neglected. The term ‘wide-banding’

in this paper refers to the process of having the birefringence dispersion

curve approaching the ideal linear dispersion as much as possible. A

‘wide-band retardation film’ is defined in this study as a retardation film

that exhibits these wide-banding characteristics. Figure 4 depicts

schematically that the conventional retardation films that exhibit

extremely non-ideal dispersion in LCDs (from Figure 2) do not succeed

in obtaining low reflectance over a wider visible light range because the
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black state is not achromatic. This phenomenon occurs because the

inadequate dispersion of the retardation value is quite different from the

ideal dispersion at longer and shorter wavelength ranges. Wide-band

retardation films (Figure 3) enable us to obtain low reflectance over a

wide range of the visible spectrum. This example shows that BDC of

retardation films is extremely important.

The birefringence dispersion of the retardation films was previously

only controllable by conventional optical design methods using multi-

layered retardation films with different optical parameters for each

film.7 Multi-layered films were the only solution because there was no

way of controlling the dispersion using a molecular design for a single

retardation film. Figure 5 illustrates the conceptual difference between

the two types of wide-band retardation films, one controlled by the

new molecular design using a single polymer layer and the other by

the conventional optical design using multiple layers. The new

molecular design method to control the birefringence dispersion of

polymers can solve many of the problems of the conventional multi-

layered film, such as large film thicknesses, film processes of greater

complexity and narrower viewing-angle properties. These improve-

ments motivated our research to create novel molecular design

methods and to develop new retardation films using them.8–11

In this paper, we first describe the theory describing polymer

birefringence and dispersion, which are extremely important concepts

for explaining our new dispersion control that is based on molecular
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Figure 3 Birefringence dispersion of conventional and ideal wide-band

retardation films. A full color version of this figure is available at Polymer

Journal online.
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Figure 4 Conceptual view of two black state reflective spectra according to

the difference in birefringence dispersion. A full color version of this figure

is available at Polymer Journal online.
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reflective LCD with a single polarizer. A full color version of this figure is

available at Polymer Journal online.
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design. Polymer birefringence has been thoroughly researched,12–16

but the method of controlling birefringence dispersion of polymers

for wide-banding has not yet been explored. We therefore examined

the theoretical behavior of our new BDC system and then

experimentally validated the new BDC theory and the effects of

orientation functions on birefringence dispersion. Finally, we

introduced features of the newly developed wide-band retardation

films made from copolycarbonate (co-PC).

THEORETICAL STUDY OF BDC

We first need to clarify the basic theoretical background to establish

our BDC theory before we introduce our BDC theory.

Relationship between molecular orientation and birefringence

dispersion

Amorphous polymers, such as polycarbonate (PC), cellulose ester,

cycloolefin and acrylic resins, are the most widely used compounds

for retardation films because they satisfy the basic optical requirements,

including high transparency and extremely low polarization scattering in

the visible spectrum. Therefore, this paper explores oriented amorphous

polymers in its theoretical treatment of birefringence dispersion.

The relationship between molecular orientation and birefringence

has previously been suggested using the statistical segment model,12–15

which is a hypothetical model that subdivides a linear polymer chain

into cylindrical statistical segments having a vector n in each segment.

Assuming that n has a statistical angular distribution, it can be

described using equation (1):

n¼ðsin y cosf; sin y sinf; cos yÞ ð1Þ

The statistical average of n is given by

nh i¼

Z

np y;fð ÞdO; ð2Þ

where p y;fð Þ is the orientation distribution function. The molecular

polarizability tensor of orientation birefringence in each segment is

assumed to show uniaxial anisotropy because each segment in an

amorphous polymer can rotate freely around the orientation axis and

can allow the complex chemical structures of each segment to be

averaged. Assuming that the molecular polarizability tensor can be

described using equation (3), which is based on this segment model,

then the polarizability tensor is described in the Cartesian coordinate

system using equations (4) and (5). The relationship between the

molecular polarizability of the single segment unit and that coordi-

nate system is shown in Figure 6.16
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2 y sinf cosf

axz ¼ azx ¼ða jj � a?Þ sin y cos y cosf

ayz ¼ azy ¼ða jj � a?Þ sin y cos y sinf

ð5Þ

Provided that the polymer has uniaxial anisotropy when the

optical axis is z, the average polarizability tensor is described using

equation (6):

axxh i¼ ayy
� �

¼ a?
ð1þ cos2 yh iÞ

2
þ a jj

sin2 y
� �

2

azzh i¼ a? sin2 y
� �

þ a jj cos2 y
� �

ð6Þ

The average polarizability tensor of biaxial anisotropy is similarly

described by equation (7). In this case, the polarizability tensor of

each segment unit and the total optical anisotropy are assumed to be

uniaxial and biaxial, respectively.

axxh i¼ a?ð cos2 y cos2 f
� �

þ sin2 f
� �

Þþ a jj sin2 y cos2 f
� �

ayy
� �

¼ a?ð cos2 y sin2 f
� �

þ cos2 f
� �

Þþ a jj sin2 y sin2 f
� �

azzh i¼ a? sin2 y
� �

þ a jj cos2 y
� �

ð7Þ

The relationship between the molecular polarizability and the

refractive index, which are microscopic and macroscopic

physical quantities, respectively, is described by the Lorentz–Lorenz

equation (8).

n2a � 1

n2a þ 2
¼

4pN

3

r

M
hai ð8Þ

In the case of low birefringence, the birefringence is given by

Dn¼ nz � ny ¼
2p

9

n2a þ 2
� �2

na

rN

M
ð aZZh i� ayy

� �

Þ; ð9Þ

where na, r, M, N and /aS are the average refractive index, the

medium density, the molecular weight of the segment unit, Avoga-

dro’s number and the average polarizability of each segment unit,

respectively. nx, ny and nz are the three principal refractive indices in

the direction of the x, y and z axes shown in Figure 6. In this paper,

positively birefringent polymers are defined as oriented polymers in

which the direction of the largest refractive index is parallel to the

main uniaxial stretching direction and negatively birefringent poly-

mers are oriented polymers in which the direction of the largest

refractive index is perpendicular to the main uniaxial stretching

direction (see Figure 1). ne and no are extraordinary and ordinary

refractive indices, respectively, which are defined as nx¼ ny¼ no and

nz¼ ne using the coordinates used in Figure 6.

In uniaxial and biaxial films, birefringence values in the yz plane are

described using Equations (10) and (11), respectively. The molecular

polarizabilities and average refractive indices are functions of the

wavelength, but the terms of orientation distribution are not
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Figure 6 Definition of the molecular polarizability of a single segment unit

in a rectangular coordinate system.
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functions of the wavelength in those birefringence equations.

Dn¼
3 cos2 yh i� 1

2

4p

9

n2a þ 2
� �2

na

rN

M
ða jj � a?Þ ð10Þ

Dn¼ cos2 y
� �

� sin2 y sin2 f
� �� � 4p

9

n2a þ 2
� �2

na

rN

M
ða jj � a?Þ

ð11Þ

The terms ð3 cos2 yh i� 1Þ/2 and cos2 yh i� sin2 y sin2 f
� �

express-

ing the molecular orientation are the orientation functions, f, whereas

the other terms are defined as the intrinsic birefringence Dn0.17

Therefore, the birefringence in both uniaxial and biaxial films is

written as

Dn lð Þ¼ fDn0 lð Þ: ð12Þ

For instance, a functional group in a polymer structure can be

assumed to be a segment unit of that segment model. However, to

construct a practical and simple molecular design, the monomer unit

of the polymer should be defined as the segment unit. Therefore, the

monomer unit is used as the segment unit of the segment model in

this paper.

The normalized birefringence dispersion of a homopolymer should

be constant, as shown in equation (13) (which is derived from

equation (12)).

DnðlÞ

Dnðl0Þ
¼

Dn0ðlÞ

Dn0ðl0Þ
¼C ð13Þ

Equation (13) is theoretically valid under the assumption that the

intrinsic birefringence of a homopolymer is constant with respect to

changes in molecular orientation. This conclusion is supported by the

result that the normalized birefringence dispersion of Bisphenol A

(BPA) homo-PC is constant and shows no dependency on molecular

orientation.18 Equation (13) also shows the dispersion of the

molecular anisotropic polarizability of a monomer unit in the

homopolymer, and this equation is extremely useful for obtaining a

microscopic physical value using a macroscopic birefringence mea-

surement. Therefore, the normalized dispersion is used as an

expression of birefringence dispersion in this paper. The birefringence

at 550 nm is used for the normalization procedure because it lies in

the center of the visible spectrum (400–700nm) that is used in FPDs.

Birefringence dispersion of a multi-component polymer system

In our new molecular design, a multi-component polymer system,

such as a copolymer or a blend polymer, is employed to control

birefringence dispersion. The total birefringence Dn of the multi-

component system is given by15

Dn¼
X

i

viDni þ
X

i

viDn
d
i þDnf ; ð14Þ

where the first, second and third terms are the static birefringence of

molecular orientation, dynamically stress-induced birefringence by

elastic deformation and the form birefringence, respectively. ni, Dni
and Dndi represent the volume fraction, the orientation birefringence

and the stress-induced birefringence of the i-th component,

respectively. The second term is almost negligible within the normal

operating environment of retardation films. The form birefringence is

also negligible because we do not use the form birefringence effect for

our new design. Therefore, equation (14) can be transformed to

equation (15).

Dn¼
X

i

viDni ð15Þ

Equation (15) is also derived from the Lorentz–Lorenz equation (16)

for multi-component systems (equations (8) and (9)).19

n2a � 1

n2a þ 2
¼

X

i

vi
n2i � 1

n2i þ 2
ð16Þ

na and ni are the average refractive index and the refractive index of

the i-th component, respectively. This equation is valid under the

assumption that the refractive index of each component does not

change in the multi-component system. Therefore, the same

assumption is necessary for equation (15). This assumption is used

later to discuss BDC using the multi-component polymer system.

Equation (13) for the multi-component system can be transformed

to equation (17).

Dn lð Þ

Dn l0ð Þ
¼

P

i

nifiDn
0
i lð Þ

P

i

nifiDn
0
i l0ð Þ

ð17Þ

If each orientation function for the monomer units is the same, then f

can be neglected and equation (17) can be rewritten as equation (18).

Dn lð Þ

Dn l0ð Þ
¼

P

i

niDn
0
i lð Þ

P

i

niDn
0
i l0ð Þ

ð18Þ

Equation (18) should be constant under the assumption that each

intrinsic birefringence does not vary and that the orientation

functions of each segment unit are the same for any stretching

parameters. Equation (18) also predicts that the birefringence disper-

sion should only depend on the volume fractions of the monomer

units, provided the assumption is valid.

Birefringence dispersion of conventional polymers and the

necessary condition for the wide-band property

Figure 7 show the intrinsic birefringence dispersion of uniaxially

oriented films consisting of BPA-PC18 and atactic polystyrene

(PS),20,21 respectively. Equation (13) was previously verified to be

valid for both of these homopolymers.19–21 Therefore, the intrinsic

birefringence dispersions are same as the birefringence dispersions for

the homopolymers. These homopolymers are typical examples of

materials that have only narrow-band birefringent properties. These

positive and negative birefringence homopolymers also show negative

and positive slopes, respectively (see Figure 7). The relationships

between birefringence and the slopes of conventional polymers are

summarized in Table 1.

The conditions required for wide-band properties are listed in

Table 2. The absolute values of birefringence must increase with

increasing wavelengths in the visible range for wide-banding. There-

fore, both the birefringence and the slope of wide-band retardation

films must be either positive or negative. These conditions are valid

for both uniaxial and biaxial films.

The classic Lorentz model of dielectric dispersion is simple, but it

can qualitatively explain the birefringence dispersion of conventional

polymers in Table 1. Media with higher refractive indexes have lower

natural angular frequencies using this model. The natural angular

frequency is related to the wavelength of maximal absorption.

Therefore, if a material has a lower natural angular frequency, then

the wavelength of maximal absorption shifts to longer wavelengths.

This model leads to the conclusion that media with higher refractive
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indexes will produce greater absolute values of their slope in the

visible spectrum. The relationship between extraordinary and ordin-

ary refractive indices in positive birefringence polymers is ne4no;

according to the Lorentz model, the birefringence slope should

therefore be negative. This conclusion is supported by many experi-

mental results, including those obtained with the BPA-PC and PS

homopolymers shown in Figure 7. These results also indicate that a

new molecular design must be established to control the wavelength

dispersion for wide-banding.

New molecular design concept for the control of birefringence

dispersion

As mentioned above, controlling birefringence dispersion and making

it wide-banding is difficult using only a homopolymer. We have paid

much attention to the large differences in slopes between birefrin-

gence-positive and -negative polymers. First, to simplify the discus-

sion, we use equation (15) to examine the necessary conditions

for two-component polymer systems consisting of a positive and

negative birefringence unit. The equations that describe the necessary

conditions for a wide-band retardation film (listed in Table 2) are

written as

Dn¼DnP þDnN 4 0 ð19Þ

dDn

dl
¼

dDnP

dl
þ

dDnN

dl
4 0; ð20Þ

where DnP and DnN are the total birefringence of the positive and

negative segment units in the two-component polymer system,

respectively. The meaning of equations (19) and (20) is illustrated

in Figure 8. As shown in Figure 8, the sum of positive and negative

birefringence must increase with increasing wavelengths to satisfy the

above necessary conditions. The other necessary condition for a wide-

band retardation film is expressed by equations (21) and (22).

Dn¼DnP þDnN o 0 ð21Þ

dDn

dl
¼

dDnP

dl
þ

dDnN

dl
o 0 ð22Þ

All of these necessary conditions are generalized using equation (15)

for the multi-component polymer system, as follows:

Dn¼
X

i

viDni 4 0 and
dDn

dl
¼

X

i

vi
dDni

dl
4 0 ð23Þ

or

Dn¼
X

i

viDni o 0 and
dDn

dl
¼

X

i

vi
dDni

dl
o 0: ð24Þ

These equations are valid under the assumption that the birefringence

change induced by the interactions between each component and the

form birefringence are negligible.

Equations (23) and (24) are established using the birefringence

equations for each component, which are macroscopic physical

properties. In the next step, we examine the relationship between

the necessary conditions and the molecular polarizabilities of mono-

mer units to choose best the molecular design of each monomer unit.

From equations (12) and (15), the total birefringence of a multi-

component polymer system can be written as

Dn¼
X

i

vifiDn
0
i ðlÞ: ð25Þ

This equation expresses the relationships between the macroscopic

birefringence Dn and the intrinsic birefringence, which is composed

of the sum of the microscopic molecular anisotropic polarizabilities of

the monomer units. Therefore, to satisfy equations (23) or (24) in the

multi-component polymer system, the polymer should be designed

using monomer units with positive and negative anisotropies of

Table 2 Necessary conditions for wide-band retardation films

Birefringence (Dn) Slope (dDn/dl)

Wide-band retardation film 1 Positive Positive

Wide-band retardation film 2 Negative Negative
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Figure 8 Basic concept of BDC using birefringence-positive and -negative

segment units. A full color version of this figure is available at Polymer

Journal online.
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Figure 7 Intrinsic birefringence dispersion of BPA-PC and atactic PS.

Table 1 The relationships between the birefringence and the slopes

of conventional retardation films

Birefringence (Dn) Slope (dDn/dl)

Conventional retardation film 1 Positive Negative

Conventional retardation film 2 Negative Positive
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molecular polarizability. equations (23) and (24) are transformed to

Dn¼
X

i

vifiDn
0
i lð Þ4 0 and

dDn

dl
¼

X

i

vifi
dDn0i
dl

4 0 ð26Þ

and

Dn¼
X

i

vifiDn
0
i lð Þo 0 and

dDn

dl
¼

X

i

vifi
dDn0i
dl

o 0; ð27Þ

respectively.

A copolymer or a miscible polymer blend can be used to create

polymers with positive and negative anisotropic monomer units. The

polymer design concept is illustrated in Figure 9. These polymers

must satisfy Equations (26) or (27) to obtain wide-banding proper-

ties. The resulting polymers make up our new design concept of BDC

for wide-band retardation films.

Curve-fitting equation for birefringence dispersion

Cauchy’s equation (equation (28)) is generally used to describe the

relationship between birefringence and the wavelength of light.

Dn¼Aþ
B

l2
þ

C

l4
þ � �� ð28Þ

This equation is derived from the classic Lorentz model of dielectric

dispersion that expresses resonance dispersion although neglecting

quantum effects. It is well known that this empirical equation is fitted

with the polymer birefringence dispersion that birefringence decreases

with increasing wavelengths.22 However, there have been no attempts

to examine whether the equation applies to birefringence dispersions

that increase with increasing wavelengths of light. Figure 10 shows the

fitting results for an ideal wide-band dispersion to ascertain the

necessary parameter values for equation (28). Using the first three

terms of Cauchy’s equation is sufficient to express ideal dispersion, as

shown in Figure 10. Therefore, we use this equation up to the third

term to fit the birefringence dispersion curve. In this paper, the

birefringence slopes are calculated at 550 nm using this equation.

EXPERIMENTAL PROCEDURE

Polymerization

Co-PC consists of two kinds of monomer units. Aromatic PCs containing

fluorene side chains were synthesized from 2,2-bis(4-hydroxyphenol)propa-

ne(BPA), 9,9-bis(4-hydroxy-3-methyl phenyl) fluorene (BMPF) and phosgene

by interfacial polycondensation for use in experiments aimed at verifying the

BDC theory described above. BPA homo-PC is a positive birefringence

polymer and BMPF homo-PC is a negative birefringence polymer. The

copolymer ratio was controlled by changing the feed ratio of BPA and BMPF.

The polymer structure is described in Figure 11. The details of the

polymerization conditions used have been described in our previous report.23

Co-PCs consisting of BPA and 3,3,6,30,30,60-hexamethyl-1,10-spirobiindane-

5,50-diol (SPI) monomer units were synthesized using the same method. The

SPI homopolymer used exhibits negative birefringence, and its structure is

illustrated in Figure 12.

Miscible blend polymers consisted of two kinds of monomer units. Atactic

polystyrene (Mn ¼ 90 900, Mw ¼ 243 000, PS) and poly(2,6-dimethyl 1,4-

phenylene oxide) (Mn ¼ 6200, Mw ¼ 42 500, PPO) were purchased from

Aldrich (Tokyo, Japan). The molecular weights were estimated using gel

permeation chromatography.

Polymer characterization
The glass transition temperature was obtained using a TA Instruments DSC

2920 differential scanning calorimeter at a heating rate of 20 1Cmin�1. The

intrinsic viscosities of the co-PCs were measured using an Ubbelohde capillary
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Figure 10 Curve fitting to ideal wide-band retardation films using Cauchy’s

equations with different term numbers. A full color version of this figure is

available at Polymer Journal online.
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viscometer. The monomer ratios and copolymer sequences of the co-PCs were

analyzed using1H-NMR and 13C-NMR, respectively.

Film preparation
The film samples were prepared by solvent casting. The BPA and BMPF co-PCs

with molar fractions of BMPF units ranging from 0 to 0.85 were dissolved in

dichloromethane (18–20wt%) and coated onto glass substrates.23,24 The

BMPF homopolymer was dissolved in Chloroform (22wt%). Co-PCs

containing SPI monomer units were also dissolved in dichloromethane

(18–20wt%) and coated onto glass substrates. After film casting, the films

were dried at 40 1C for 10h and peeled from the glass substrate. The films were

further dried and annealed at a temperature 10 1C higher than the glass

transition temperature (Tg) of the material for 1 h to remove the solvents and

alleviate internal stresses. The film thicknesses were measured using an Anritu

K351C electronic micrometer and ranged from 20 to 200mm.

A blend of PS and PPO and a PPO homopolymer were dissolved in

chloroform (20wt%) and coated onto glass substrates.20,21 The PS

homopolymer was dissolved in dichloromethane (20wt%). After film

casting, the films were dried at 30 1C for 10h and peeled from the glass

substrate. The films were further dried and annealed for 12h at a temperature

10 1C higher than the glass transition temperature of the material to remove

the solvents and alleviate the internal stresses. Their thicknesses ranged from

40 to 100mm.

All these films were optically isotropic. The uniaxially oriented films used to

measure the intrinsic birefringence and birefringence dispersion values were

prepared as follows. Each isotropic film was fixed in a uniaxial orientation

device placed in an oven at the experimental temperature. After 5min, when

the film had reached the equilibrium temperature, it was stretched to a set

position at 120mm min�1 and was immediately cooled to room temperature.

Birefringence and polarized IR
A spectro-ellipsometer (JASCO M150) equipped with a monochromator, a

photoelastic modulator and a dual lock-in amplifier was employed for

measuring birefringence, intrinsic birefringence and birefringence dispersion.

The measurement principle behind birefringence is based on polarization-

modulated transmission spectro-ellipsometry.25 The wavelengths used for

intrinsic birefringence and birefringence dispersion measurements ranged

from 400 to 700 nm.

The birefringence slopes at 550nm were obtained from the fitting curves

using Cauchy’s equation (28).

The birefringence of uniaxially oriented amorphous polymer film samples

was measured. The orientation functions are expressed by

f ¼
3o cos2 y4 � 1

2
: ð29Þ

This orientation function is evaluated from the infrared dichroic ratio

D¼A j j /A? of any absorption band; A// and A? are the absorbances parallel

and perpendicular to the stretching direction, respectively. The orientation

function, f, is written as

f ¼
ðD� 1Þð2 cot2 aþ 2Þ

ðDþ 2Þð2 cot2 a� 1Þ
; ð30Þ

Where, a is the angle between the transition moment vector of the absorbing

group and the axis. Equation (30) allows f to be determined by measuring the

value for D of the IR absorption with a known a. The dichroic function is

described as (D�1)/(Dþ 2). The IR spectra of uniaxially oriented films were

obtained using a Shimadzu FTIR-8100M Fourier transform infrared (FTIR)

spectrometer.26 All spectra were recorded at a resolution of 2 cm�1 using 200

scans. The assignment of the infrared dichroic absorption bands and other

details have been published in our previous reports.20,21,23,24

Durability evaluation
The stability of the retardation and birefringence dispersion were tested at

80 1C for 1000h in an Espec thermostat chamber.

Evaluation of the optical performance of wide-band retardation films
The new single wide-band retardation film and the conventional films were

evaluated using wide-band quarter-wave plates for circular polarizing films.

The film with wide-banding properties was prepared from the co-PC

synthesized from BPA and BMPF (nP ¼ 0:24). The conventional film samples

were prepared from homo- BPA-PC polymer. We evaluated the wide-band

properties of the circular polarizing films using their reflective spectrums and

viewing angle properties. The retardation films used in this experiment were

optically uniaxial. An equivalent transmissive optical system based on the

concept illustrated in Figure 13 rather than a reflective evaluation system was

employed to avoid the surface reflection of circular polarizing films in the
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equivalent Half wave

plateMirror Polarizer

=

Polarizer PolarizerQuarter

wave plate

Circular polarizer

Figure 13 Optically equivalent model measuring the wide-band properties of

circular polarizers. A full color version of this figure is available at Polymer

Journal online.
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evaluation. The optical configurations of single and double-layered retardation

films are shown in Figure 14. Visible transmission spectra were recorded using

a Hitachi U-4000 spectrometer. The viewing angle properties of the reflectance

were recorded using an Otsuka electronics LCD-5100 evaluation system, the

optical configuration of which is described in Figure 15. The circular polarizing

film was attached to an aluminum reflector using a transparent adhesive agent.

The light intensity of the viewing angle measurement was evaluated using

Y values of the CIE 1931 XYZ color space.9

RESULTS AND DISCUSSION

Verifying the BDC theory using a two-component polymer system

We first examined the BDC using the synthesized co-PC consisting of

BPA and BMPF monomer units. Figure 16 shows the relationship

between the volume fraction of positive monomer units (BPA) and

the birefringence slopes at 550 nm. Figure 17 illustrates the intrinsic

birefringence dependence on the volume fraction of positive mono-

mer units. The intrinsic birefringence is zero at nP ¼ 0:18; therefore,

the birefringence is always positive at nP 4 0:18. The slope is also

positive at nP o 0:31. It should be noted that these polymer films

satisfy equation (26), one of the two necessary conditions for wide-

banding, when the volume fraction of positive monomer units is in

the range:

0:18o nP o 0:31: ð31Þ

Figure 18 demonstrates the normalized birefringence dispersion based

on the volume fraction nP. Figure 18 demonstrates that co-PC

retardation films with volume fractions satisfying Equation (31)

exhibit wide-band properties. These results support our BDC theory.

Figure 19 shows the relationship between the volume fraction of

positive monomer units and the normalized birefringence dispersion.

The dots and lines represent the experimental and calculated results,

respectively. Importantly, the calculated values are consistent with the

experimental results. These theoretical values were calculated using
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Figure 16 Birefringence slopes of the uniaxially oriented co-PC (BPA/BMPF)

films as a function of the BPA volume fraction. The film samples were

stretched at Tgþ5 degree C and a stretching ratio of 2.1. A full color

version of this figure is available at Polymer Journal online.
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Figure 17 Intrinsic birefringence of co-PCs (BPA/BMPF) as a function of

the BPA volume fraction. The solid line represents a least-squares linear

plot. A full color version of this figure is available at Polymer Journal online.
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Figure 18 Normalized birefringence dispersion of the uniaxially oriented

co-PC (BPA/BMPF) films as a function of the BPA volume fraction.
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Figure 19 Normalized birefringence dispersion of the uniaxially oriented

co-PC (BPA/BMPF) films stretched at Tgþ5 degree C and a draw ratio of

2.1 as a function of the BPA volume fraction. The triangles and squares

indicate experimental results measured at l¼450 and 650nm,

respectively. The thin and broken lines show the theoretical results

calculated for l¼450 and 650nm, respectively, using Equation (18) and

the parameters listed in Table 3. A full color version of this figure is

available at Polymer Journal online.
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Equation (18) and the parameters of the homo- BPA and BMPF

polymers were listed in Table 3. This consistency demonstrates that

this copolymer system obeys equation (18) for the multi-component

system, indicating that the form birefringence and the stress-induced

birefringence are negligible, whereas the intrinsic birefringence of each

component is constant even in a multi-component system. These

results support the validity of our BDC theory.

The BMPF homopolymer exhibits negative birefringence

(Figure 17). Figure 20 presents the polarized IR spectra in the range

of 1350–1470 cm�1 for the uniaxially oriented BPA and BMPF co-PC

films. The absorbance at 1449 cm�1 was assigned to various

combinations of CC stretching and CH in-plane bending vibrations

in the fluorene ring. The perpendicular absorbance at 1449 cm�1 is

greater than the parallel absorbance.22 The fluorene ring is also

assumed to have large molecular polarizability anisotropy. Therefore,

the negative birefringence can be explained by the fluorene plane

being perpendicular to the polymer chain axis.

Figure 21 illustrates the birefringence dispersion of the BPA and SPI

co-PC film, which exhibited wide-band birefringence properties,

negative slope and negative birefringence values, which satisfy the

necessary conditions expressed in equation (27).

It should be noted that a wide-band retardation film can

experimentally satisfy either equation (26) or equation (27). In this

paper, we demonstrate that two types of wide-band retardation films

exist, as defined by those two equations. Table 4 presents the

birefringence dispersions of homopolymers consisting of each mono-

mer component of the two co-PC types. Table 4 also indicates that the

magnitude of the correlation of the birefringence dispersion of the

positive and negative birefringence monomer units decides the type of

wide-band retardation film (1 or 2) (Table 2). This result can be

theoretically explained by equation (17).

Necessary and sufficient conditions for the industrialization of new

wide-band retardation films

Birefringence dispersion is one of the most important specifications

for wide-band retardation films. However, in addition to BDC, many

other required specifications exist for polymers used in retardation

films; these specifications include the necessary birefringence values

linked to the polymer orientation and the intrinsic birefringence,

thermal stability and mechanical properties. Furthermore, the retar-

dation films require sophisticated optical qualities, such as optical

uniformity and decreasing defects, based on chemical and physical

gels. We have examined many polymers to obtain wide-band

retardation films that satisfy all the required specifications. One of

the best materials provided by our screen is an aromatic co-PC

consisting of BPA and BMPF monomer units that is introduced in

this paper. The main reasons for the conclusion are as follows:27

(1) Wide-band birefringence dispersion

(2) Sufficient birefringence values

(3) Stability of the birefringence dispersion

(4) Durability

The first property has already been discussed, and the third and

fourth properties are discussed in the following sections. The second

property, which is discussed in this section, requires that the polymers

used for retardation films generate sufficiently large birefringence.

Wide-band retardation films are mostly used as quarter-wave plates in

FPDs with a required retardation of approximately 140 nm at a

measurement wavelength of 550 nm. The film thickness should be

o80mm because of the thickness limitations regarding the thinner

Table 3 Optical parameters for calculating the birefringence

dispersion

Positive unit

(BPA homopolymer)

Negative unit

(BMPF homopolymer)

Dn0(550) 0.200 �0.045

Dn0(450)/Dn0(550) 1.074 1.167

Dn0(650)/Dn0(550) 0.962 0.932

Abbreviations: BMPF, 9,9-bis(4-hydroxy-3-methyl phenyl)fluorine; BPA, bisphenol A.

The values were obtained experimentally using homopolymers.
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Figure 20 Polarized IR spectra in the range 1350–1470cm�1 for the

uniaxially oriented consisting of co-PC (BPA/BMPF) film (BPA¼70.0

mol%).
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Figure 21 Birefringence dispersion of the uniaxially oriented co-PC (BPA/

SPI) film (BPA¼22.4 mol%). The film was stretched at 230 1C and a draw

ratio of 1.9. The triangles and solid line show the experimental results and

the curve fitted using equation (28). A full color version of this figure is

available at Polymer Journal online.
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designs of current FPDs, especially for mobile applications. Therefore,

the birefringence should be 40.00175. Co-PCs with volume fractions

with near-zero intrinsic birefringence (Figure 17) need much larger

orientation functions to generate a birefringence 40.00175. However,

the orientation functions of uniaxially oriented amorphous polymers

generally range from 0 to 0.2, depending on the polymer. Polymers

with zero intrinsic birefringence cannot be industrialized as retarda-

tion films. Therefore, the suitable volume fractions of the co-PCs

(BPA/BMPF), which are close to but not equal to zero birefringence

points, mostly range from 0.22 to 0.31. The required wide-band

properties and large birefringence are satisfied by these co-PCs

consisting of BPA and BMPF monomer units. The polymers used

for wide-band retardation films are completely different from those

necessary for zero birefringence polymers.

Effects of orientation functions on birefringence dispersion

Retardation films are formed by a casting and stretching process. The

polymers’ molecular orientations are generated during the stretching

process. The main factors controlling the orientation functions are the

drawing process parameters, with the most effective factors being the

drawing ratios and the temperature. Therefore, we examined the

influence of orientation functions on the birefringence dispersion by

changing the drawing ratios and the temperature.

Figures 22 and 23 illustrate the drawing ratios and the temperature

dependence of the birefringence dispersion on the co-PC films

consisting of the BPA and BMPF monomer units, respectively.

Figures 24 and 25 also illustrate the dependence of the parameter’s

effects on the orientation functions on the co-PCs. The birefringence

dispersion of the co-PC films is found to be constant with respect to

the two stretching parameters. The orientation functions of the BPA

and BMPF monomer units had the same values under any stretching

parameters. The constancy of the birefringence dispersion is ascribed

to the fact that two orientation functions always indicate the same

values. The reason why the dispersions are constant for any stretching

parameter can be explained by equation (18). In that equation, f can

be eliminated because the orientation functions of each component

are approximately equal.

The independence of the birefringence dispersion from the

stretching parameters may cause the two following features of these

copolymers: (1) these co-PCs comprise a random sequence of

Table 4 Normalized birefringence dispersion of the uniaxially

oriented homopolymer films, stretched at Tgþ5 degree C and using a

draw ratio of 2.1

BPA-PC BMPF-PC SPI-PC

Dn(450)/Dn(550) 1.074 1.167 1.046

Dn(650)/Dn(550) 0.962 0.932 0.971

Abbreviations: BMPF, 9,9-bis(4-hydroxy-3-methyl phenyl)fluorine; BPA, bisphenol A; SPI,

3,3,6,30,30,60-hexamethyl-1,10-spirobiindane-5,50-diol.
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Figure 22 Normalized birefringence dispersion of co-PC (BPA/BMPF)

(nP¼0.22, 30 mol% BPA) films stretched at Tgþ5 1C as a function of the

draw ratio. The triangles and squares indicate the experimental results

measured at l¼450 and 650nm, respectively. A full color version of this

figure is available at Polymer Journal online.
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Figure 23 Normalized birefringence dispersion of co-PC (BPA/BMPF)

(nP¼0.22, 30 mol% BPA) films stretched at a draw ratio of 1.5 as a

function of the draw temperature. The triangles and squares indicate

experimental results measured at l¼450 and 650nm, respectively. A full

color version of this figure is available at Polymer Journal online.
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online.
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monomer units and (2) the intrinsic birefringence for each monomer

unit is constant for all stretching parameters.

Figure 26 illustrates the dependence of birefringence dispersion

on the drawing ratio for the BPA and SPI co-PC films. The

birefringence dispersion varies with the drawing ratio. We have

already reported that the birefringence dispersion of BPA homo-

polymer films is constant under any stretching parameters for an

ordinary production process. Therefore, the change in birefringence

dispersion is assumed to be induced by the SPI monomer units.

Either the orientation functions of the SPI monomer units may

change independently of those of the BPA monomer units or the

intrinsic birefringence may vary depending on the stretching

parameters.

Figure 27 illustrates the dependence of birefringence dispersion on the

drawing ratio for the PS/PPO blend films. Figure 28 illustrates the

orientation functions of the PS/PPO films as a function of the drawing

ratio. These two orientation functions change independently of each

other, with completely different results than those found when examin-

ing the co-PC (BPA/BMPF) films. The dispersion change can be

explained by the orientation function change according to equation

(17). We have also previously demonstrated that the birefringence

dispersion changes depending on the drawing temperature.21

Therefore, these results show that the birefringence dispersion of the

PS/PPO films changes depending on the stretching parameters. Our

experimental results are also supported by those of Lefebvre et al.,28 who

reported similar results for PS/PPO films. Furthermore, our previous

0.12

0.08

0.10

0.04

0.06

0.02

O
ri

en
ta

ti
o

n
 f

u
n

ct
io

n

0.00
-5 0 5 10 15 20 25

T-Tg (°C)

Figure 25 Orientation functions of co-PC (BPA/BMPF) (nP¼0.22, 30

mol%BPA) films as a function of stretching temperature at a draw ratio of

1.5. The triangles and squares indicate the BPA and BMPF orientation

functions, respectively. A full color version of this figure is available at

Polymer Journal online.
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Figure 27 Normalized birefringence dispersion of the uniaxially oriented

PPO/PS blend films at 25.6 wt% PPO and atTgþ15 degree C as a function

of the draw ratio. The triangles and squares indicate the normalized

dispersion values measured at l¼450 and 650nm, respectively. A full

color version of this figure is available at Polymer Journal online.
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Figure 26 Normalized birefringence dispersion of co-PC (BPA/SPI)

(22.4mol% SPI) films stretched at 230 1C as a function of the draw ratio.

The triangles and squares indicate experimental results measured at

l¼450 and 650nm, respectively. A full color version of this figure is

available at Polymer Journal online.
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Figure 28 Orientation functions of the uniaxially oriented PPO/PS blend

films at 25.6 wt% PPO and at Tgþ15 1C as a function of the draw ratio.

The triangles and squares represent the orientation functions of PPO and

PS, respectively. A full color version of this figure is available at Polymer

Journal online.
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results have demonstrated that the birefringence dispersion can also be

controlled using the PS/PPO blend ratio,20 which can be explained based

on equation (17). However, the birefringence dispersion of the PS and

PPO homopolymer films has been found to be independently of the

stretching parameter.21 These results can be explained by our theoretical

study, which was discussed in the previous section.

In conclusion, we found two cases where the birefringence disper-

sion depends on the stretching parameters: in one, the birefringence

dispersion is constant, and in the second, it is variable. The variation of

the birefringence dispersion in the second case must be controlled by

the stretching parameters during the production process. However, this

control may not be realistic for industrialization because many other

control parameters are needed to obtain high-quality retardation films

during the general production process. Therefore, a constant birefrin-

gence dispersion under stretching parameters is optimal. We believe

that the BPA and BMPF co-PC film is better than other polymers

under these conditions.

Durability

Figures 29 and 30 show the durability test results for the retardation

films consisting of BPA and BMPF co-PC (33 and 36 mol% BPA) at

80 1C and 1000h. The films demonstrate sufficient thermal stability of

the retardation and birefringence dispersion for practical applications.
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Figure 30 Durability test results of the uniaxially oriented co-PC (BPA/

BMPF) films regarding normalized birefringence dispersion at 80 1C at

1000h. The triangles and the squares represent polymer contents of 33

and 36 mol% BPA monomer units, respectively. A full color version of this

figure is available at Polymer Journal online.
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Figure 29 Durability test results of the uniaxially oriented co-PC (BPA/

BMPF) films on retardation at 80 1C for 1000h. The triangles and squares

represent films containing 33 and 36 mol% BPA, respectively. A full color

version of this figure is available at Polymer Journal online.
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Figure 31 Transmission spectra of circular polarizing films using the

equivalent transmissive optical system shown in Figure 14. The newly

developed single and conventional retardation films consisted of BPA/BMPF

co-PC (BPA/BMPF) (nP¼0.24) and BPA homopolymers, respectively. A full

color version of this figure is available at Polymer Journal online.
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Figure 32 Reflective viewing-angle properties of circular polarizing films

measured in the optical configurations shown in Figure 15. The newly

developed single and conventional retardation films consisted of BPA/BMPF

co-PC (BPA/BMPF) (nP¼0.24) and BPA homopolymers, respectively. A full

color version of this figure is available at Polymer Journal online.
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The high Tg of these co-PCs (225–229 1C)23 is one of the reasons for

their high durability.

Optical performance

Figures 31 and 32 show the transmission spectra of circular polarizing

films on the equivalent transmissive optical system (see Figures 13

and 14) and the viewing angle reflectance properties of those films,

respectively. In the transmission spectra, the circular polarizing film

made from the new single wide-band retardation film (the BPA and

BMPF co-PC) demonstrates much wider polarization properties than

the conventional single retardation film consisting of BPA homo-

polymer. The new single polarizer also exhibits equal or wider

polarization properties, depending on the wavelength range, than

does the conventional double-layered retardation film made of BPA-

PC, the optical configurations of which are illustrated in Figure 14.

These results confirm that our newly developed single retardation film

represents a practical, single wide-band retardation film.

Our single retardation film system also has wider viewing angle

properties than the conventional double-layered film system

(Figure 32). The difference in viewing angle properties is ascribed to

the optical film configurations. In the double-layered system, a designed

angle of two slow axes in the retardation films is critical to its ability to

obtain wide-band birefringence dispersion properties. However, the

effective angle of two axes changes largely with the angles of incident

light. Therefore, the narrow viewing angle properties of the double-

layered system are mainly caused by a gap between the effective angle

and the designed angle. The single retardation film system does not

have that gap because the wide-band properties are obtained from the

molecular structure rather than the optical configuration.

CONCLUSIONS

The following conclusions were derived from the development of the

new wide-band retardation films developed on the basis of BDC theory:

1. The new molecular design method using mixtures of positive and

negative monomer units has established and enabled us to control

the birefringence dispersion of polymer films. Controlling the ratio

of positive to negative monomer units in a copolymer or blend

polymer is proved to be essential. The wide-band properties of

birefringence dispersion only eventuate in the narrow volume

fraction range close to, but not at, the zero birefringence point. The

molecular designed polymer in the narrow range must generate

birefringence large enough for practical applications.

2. The relationship between the orientation functions and the

birefringence dispersion of the copolymers and blend polymers

show that there are two types of films, one with constant

birefringence dispersion and one with birefringence that varies

depending on the stretching parameters. Discovering a new co-PC

with constant birefringence properties has enabled us to produce

stable films for use as novel wide-band retardation films.

3. The newly developed wide-band retardation films, consisting of

BPA and BMPF co-PC, satisfy all of the requirements of retarda-

tion films, including not only the wide-band properties of

birefringence, but also such properties as sufficiently large birefrin-

gence, thermal stability and other practical specifications.

The novel wide-band retardation films designed on the basis of BDC

theory have been industrialized by the Teijin Group and have been

widely used in FPDs, such as LCDs and OLEDs, thereby contributing

to improved display images.
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