
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공 사 논  

 

A study on the optimized molecular structures for 

 high dichroism and orientation in PVA-based 

polarizing films and guest-host coatable polarizers 

 

PVA 계 편 름과 코  게스트- 스트 

편 자에  고이색 과 고 향이 가능  

분자구조에  연구 

 

 

 

2015  2 월 

 

울  원 

재료공 부 

장 재 복  



 

 

 



i 

 

Abstract 

 

The optical anisotropy and orientaional behavior of dichroic dyes were 

investigated to better understand the effect of the molecular structure in a highly 

efficient polarizer. For this purpose, twenty novel dyes were synthesized, and 

PVA-dye polarizing films and guest-host coatable polarizers were prepared. 

The results in this study were analyzed in terms of the linearity, transition 

dipole moment, and affinity for host materials. 

The linearity affects both the dichroic and the orientational behavior of the 

dyes. The linearity of dyes was modulated by the change of the positions of azo 

linkages and terminal substituents. A molecular structure with long and linear 

conjugation was geometrically advantageous for the anisotropic transition 

dipole moment and the high orientation order. The linearity was an important 

factor in guest-host coatable polarizers as well as PVA-based polarizing films.  

The transition dipole moment is essential to ensure the selective absorbance 

and polarization of particular light frequencies. The anisotropic transition dipole 

moment was determined by the direction of charge transfer in conjugated 

system, and affected by the charge distribution modified by electron donating 

and withdrawing groups. High dichroic ratios required the charge transfer 
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without electronic obstacles, the charge distribution without deviation from 

long-axis and abundant π-electrons for transfer.  

The affinity for the host material is important as it governs the degree of 

molecular alignment and orientation. The affinity was influenced by the various 

intermolecular interactions according to the molecular structure of dyes. The 

intermolecular interactions were analyzed by the influences of van der Waals 

force, hydrogen bonding interaction, π-π interaction, electrostatic effect, 

hydrophilic/hydrophobic ratio, polarity and steric hindrance. Generally, van 

der Waals force and steric hindrance were the dominant factors for the affinity 

and orientation in both PVA-based polarizing films and coatable polarizers. In 

PVA-based polarizing films, the hydrogen bonding had a great effect on the 

affinity, whereas the polarity played an important role in coatable polarizers.  

The dye concentration in host materials was a crucial factor determining the 

dichroic ratio of polarizers. To achieve a high dichroic ratio, the dye 

concentration should be the optimum amount in PVA-based polarizing films 

and should not exceed the permissible limit in guest-host coatable polarizers. 
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Chapter 1 

Introduction 

 

 

1.1. Polarizer and polarizing film 

 

A polarizer or a polarizing film is an optical device designed to control the 

polarization states of light. Natural light can be defined as a random mixture of 

electromagnetic waves having different frequencies (wavelengths), phases, and 

polarization states. As an electromagnetic wave, light consists of time-varying 

electric and magnetic fields. The electric and magnetic fields propagate together 

and oscillate constantly along directions orthogonal to one another. 

Consequently, the electromagnetic wave can usually be characterized using the 

electric or the magnetic vector only. By convention, the electric vector is 

preferred since matter interacts more strongly with electric rather than magnetic 

fields [1]. Materials that interact with electric fields can affect the polarization 
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of light by selecting only particular states. Materials that transmit only one 

polarization state of light are called dichroic materials.  

Since light is a transverse wave, the electric field vector lies in a plane 

perpendicular to the direction of propagation [2]. The two mutually independent 

components of the electric field vector oscillate sinusoidally, as shown in Fig. 

1.1(a). The phase difference (δ) between the two components of the electric 

field vector determines its polarization state. The polarization states are 

classified into three states (elliptic, circular and linear polarization states) 

according to the phase difference. The most general case of a polarized light is 

the elliptic polarization states. The circular and linear polarization states are 

special case of elliptic polarization states. Circular polarization occurs when the 

phase difference is ±
 

 
  rad (90° or 270°) and linear polarization arises when 

the phase difference is 0 or π rad (180°), as shown in Fig. 1.1(b). For all other 

phases differences, (from –π to π rad), polarized light waves are said to be 

elliptically polarized. The linear and circular polarization states are more 

important for optical applications than the elliptical one. Polarizers that convert 

unpolarized light into linear and circular polarization states are called linear and 

circular polarizers, respectively. Circular polarizers are usually composed of a 
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linear polarizer and a quarter-wave plate. Since linear polarizers are more 

common, the term polarizer usually refers to a linear polarizer. 

 

 

Fig. 3.1. a) The phase difference (δ) between the two components of the electric 

field vector and b) elliptic, circular and linear polarization states. 
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Linear polarizers are categorized as absorptive type and beam-splitting type. 

Within the latter, polarization can be achieved by reflection, or through 

birefringence using Nicol or Glan–Thompson prisms. In absorptive polarizers, 

the light in unwanted polarization states is absorbed using dichroic materials. 

Nowadays absorptive-type polyvinyl alcohol (PVA) based films are the most 

widely used polarizers. PVA based polarizing films, known as H-sheets, were 

invented by Edwin H. Land in 1938 and their optical properties have been 

steadily improved ever since [3–4]. Polarizing films are employed in a variety 

of commercial applications such as optical glass lenses, photographic filters, 

anti-glare films, and optical components for displays. Currently, the largest 

market for polarizing films is liquid crystal displays (LCDs). The driving 

system for LCDs contains two polarizing films, termed polarizer and analyzer, 

as shown in Fig 1.2. In organic light emitting diode (OLED) panels, a sheet of 

polarizing film is used to suppress reflections.   
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Fig. 1.4. The role of polarizing films in liquid crystal displays. 
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1.1.1. Manufacturing of PVA-based polarizing films 

 

PVA based polarizing films are manufactured using the following process, as 

depicted in Fig. 1.3.  

 

 

Fig. 1.3. The manufacturing process for PVA-based polarizing films. 

 

 

1. PVA film preparation 

PVA films for optical applications need to be transparent, stretchable, and have 

a uniform thickness. For this reason, it is advisable that PVA polymers have 
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1,2-diol contents of less than 1.5 mol% and a saponification degree greater than 

99%. The PVA films used are usually 75 μm thick.  

 

2. Swelling 

Having been washed to remove surface impurities, the PVA films are soaked in 

a bath of warm water (30–50°C) to increase in volume and soften. This swelling 

helps to dye the film evenly. 

 

3. Dyeing 

Dye baths are prepared with distilled water, dichroic materials (iodine or 

dichroic dyes) and dyeing auxiliaries such as sodium sulfate. The PVA films 

immersed in the dye bath absorb the dichroic materials. Dyeing temperatures 

generally range from room temperature to 60°C. The optimum dyeing time and 

composition of the dye bath vary according to the molecular structure of the 

dichroic materials used. 

 

4. Drawing 

After washing, the dyed films are drawn 4–6 times in a 1–5 wt% boric acid 

solution at 40–70°C. The drawing tension drives the high-degree orientation of 

the PVA chains and of the dichroic materials. Boric acid forms bridges between 
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the PVA chains by intermolecular crosslinking [5]. This enhances the durability 

and increases the orientation of the polarizing film [6].   

 

5. Drying 

The stretched films are washed with water and dried in an oven (40–80°C) for 

1–30 min. The tensile forces applied by the drawing frame need to be 

maintained until the drying process is complete to prevent any shrinking of the 

film. 

 

 

1.1.2. Two dichroic materials for PVA based polarizing films  

 

 PVA-iodine polarizing film 

 

PVA-iodine complexes have been studied since the discovery by Staudinger 

et al. that aqueous solutions of PVA with iodine were blue [7]. PVA-iodine 

polarizing films consist of stretched semicrystalline PVA polymers and iodine 

molecules, I3
− and I5

−, which absorb short and long wavelengths, respectively, 

as shown in Fig. 1.4 [8–9]. Because iodine molecules have a broad absorption 

band, these two molecules are sufficient to achieve panchromatic absorption. 
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Fig. 1.4. Absorption spectra of iodine molecules in the polarizing film. 

 

 PVA-iodine polarizing films are the most widely used polarizing films in 

industry due to their favorable optical properties. PVA-iodine polarizing films 

are renowned for a polarizing efficiency in excess of 99.9% and a high 

transmittance (43–45%), because the iodine molecules are well arranged 

parallel to the PVA polymer chains [10–12]. However, iodine molecules are 

quasi-stable at high temperatures and high levels of humidity. This has limited 

their application in automobiles for instance, and for a range of other displays 

designed to function in harsh environments. 
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PVA-dye polarizing film 

 

To overcome the quasi-stability of iodine molecules, dichroic dyes applied to 

PVA films. Among all kinds of dyes, direct dyes, which are anionic dyes with 

substantivity for cellulosic fibers, have been mostly used as dichroic materials 

for PVA-dye polarizing films [13–15]. The structural characteristics of polyazo 

direct dyes, such as their linearity, coplanar conformation, and hydrogen 

bonding ability, which are particularly suited to ensure high orientation order in 

stretched PVA films, afford a high level of optical anisotropy to the polarizing 

film. While PVA-dye polarizing films are stable with respect to high 

temperatures and humidity levels, their transmittance and polarizing efficiency 

is generally inferior to that of PVA-iodine films. Usually therefore, PVA-dye 

polarizing films are only used in outdoor applications where a high stability is 

required.  

In general, dichroic dyes for polarizing film exhibit the narrower absorption 

bands compared to iodine molecules. Therefore, panchromatic absorption in 

PVA-dye polarizing films is realized by mixing dyes of different colors. 

Typically, three colors, e.g. yellow, magenta, and cyan, are blended for the 

polarizing film to exhibit neutral gray, as shown in Fig. 1.5. 
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Fig. 1.5. Absorption spectra of dichroic dyes in the polarizing film.  
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1.2. Coatable polarizers 

 

PVA based polarizing films need to be protected to preserve the dichroic 

materials they contain and to avoid shrinking. Currently, tri-acetyl cellulose 

(TAC) films are the most popular for protection in this context because of their 

high transparency, low birefringence, high moisture permeability, high 

uniformity, and good curling properties [16–17]. PVA based polarizing films 

usually have a sandwich structure wherein a TAC film is placed on either side 

of the PVA based polarizing films as shown in Fig. 1.6. The TAC films are 

attached to either side of the PVA based polarizing film using acrylate 

adhesives, and to the substrate (typically glass) using pressure sensitive 

adhesives (PSA).   

The TAC films are typically 80 μm thick thus the complete PVA based 

polarizing film has a total thickness of about 200 μm. This is a significant 

drawback in the context of the current drive toward thinner displays. 

Furthermore, the laminated structure of PVA based polarizing films leads to 

high production costs and renders them unsuitable for flexible displays. With 

the growth of the display market and the development of new technologies, the 

demand is increasing for a new type of polarizer. As a solution for the 

shortcoming of PVA based polarizing film, coatable polarizers are currently 
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attracting much attention. The coatable polarizer is fabricated by coating the 

liquid crystal composite. Using this method, a film with a thickness of less than 

10 μm can be formed on any substrate. Two types of coatable polarizers are 

currently being researched: guest-host systems and lyotropic chromonic liquid 

crystals (LCLCs). 

 

 

 

Fig. 1.6. a) The structure of the PVA-based polarizing film and b) the structure 

of the coatable polarizer. 

 

 

1.2.1. Guest-host systems 

 

Guest-host systems can be described as complexes that consist of two or more 

molecules held together by intermolecular forces. In coatable polarizers, dyes 
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cause absorption of light as a guest and liquid crystalline polymers aid in 

aligning the molecules as a host. . The dye molecules, which are dispersed in 

the liquid crystal molecules, tend to align along the long molecular axis of 

liquid crystals. This alignment tendency is called the guest-host effect [18], . 

The alignment of gust-host system is schematically shown in Fig. 1.7. 

 

 

 

Fig. 1.7. Guest-host system and its alignment in the coatable polarizer. 
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The properties of the host are affected by the guest concentration. Generally, 

low concentrations of guest molecules have a little effect on the viscosity, order 

parameter, and transition temperature of the host, whereas high dye 

concentrations have been shown to modify these properties [19–23]. 

 

 

1.2.1.1. Types of liquid crystals 

 

There are two types of liquid crystal phases known as thermotropic and 

lyotropic liquid crystals. Thermotropic liquid crystals form a stable liquid 

crystal phase over a particular temperature interval. On the other hand, a 

lyotropic liquid crystal forms a liquid crystal phase when its molecules are 

appropriately mixed with a solvent.  

Thermotropic liquid crystal molecules are generally rod-like in shape with a 

rigid long axis (e.g. biphenyl) and flexible tails (e.g. alkyl chains). They may 

also contain groups with permanent dipoles (e.g. CN groups) and easily 

polarizable substituents (e.g. chlorinated substances) [24]. Depending on these 

parameters and the temperature, thermotropic liquid crystal materials can have 

several different phases within the liquid crystal phase. In 1922, George Friedel 
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classified liquid crystals into three broad categories: nematic, cholesteric, and 

smectic. These phases are illustrated schematically in Fig. 1.8. 

 

 

Fig. 1.8. Schematic illustration of the liquid crystal phases; a) nematic, b) 

cholesteric and C) smectic. 

 

 

The most commonly occuring phase is the nematic in which the molecules 

have no positional order but are oriented preferentially along a particular 

direction. The average alignment direction of the liquid crystal molecules is 

defined by a non-polar unit vector,   ⃗ , called the director.  

The cholesteric liquid crystal phase is typically composed of nematic 

molecules with a chirality-induced twist in the directors. This leads to the 

formation of a structure with very thin nematic-like layers whose directors are 
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twisted with respect to those above and below, i.e. the directors form a 

continuous helical pattern about the layer normal.  

Smectic liquid crystals have at least twelve different phases which are labelled 

smectic A, B, C, etc., according to the chronological order of their discovery 

rather than their microscopic properties [24]. In smectic phases, the molecules 

point not only along their director, but also tend to align themselves in layers. In 

the smectic A phase, the director is perpendicular to the layer plane. In the 

smectic C phase, the molecules in each layer are tilted at a certain angle away 

from the layer normal. Smectic phases occur at much lower temperatures than 

nematic ones, but their orientation order and viscosity are much higher.  

 

 

1.2.1.2. Alignment of the liquid crystals 

 

In order to make use of the anisotropic physical properties of liquid crystals, a 

uniform alignment is required with the long molecular axis oriented along a 

preferred direction. The uniform alignment of the liquid crystal molecules can 

be achieved by applying an external field (magnetic, electric, or 

electromagnetic) or by using an alignment layer. The alignment layer is usually 

made by coating the substrate (e.g. glass) with a polyimide, 
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polytetrafluoroethylene and PVA, and rubbing it with a cloth [25]. According to 

the rubbing method the surface of the coating layer is simply rubbed uni-

directionally by means of a rubbing cloth either by hand or a rubbing machine. 

The rubbing process heats and stretches the alignment layer locally, and leads 

to the formation of nanometer-scale grooves in the rubbing direction [26–27]. 

To minimize the surface energy, the liquid crystal molecules tend to align 

parallel to the rubbing direction.  

The alignment is called homogeneous when the liquid crystal molecules are 

aligned parallel to the substrate, as shown in Fig.1.9. On the other hand, 

homeotropic alignment, in which the liquid crystal molecules are aligned 

perpendicular to the substrate, can be induced using surface active-agent layers 

[2]. 

 

 

Fig. 1.9. Alignment types; a) homogeneous alignment and b) homeotropic 

alignment. 
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1.2.2. Lyotropic chromonic liquid crystals (LCLCs). 

 

 LCLCs have been regarded as a potential route towards commercially viable 

coatable polarizers, because layers less than 100 μm thick can be deposited in a 

simple manner [28]. LCLCs mostly exploit the alignment properties of discotic 

(disc-like) liquid crystals. Discotic liquid crystals form columnar phases 

through the stacking of disk-like mesogenic moieties. The most widely used 

disk-like mesogenic moieties are perylene and anthraquinone vat dyes. The 

introduction of the flexible tails turns perylene and anthraquinone vat dyes into 

discotic liquid crystals having dichroism. At appropriate concentrations, these 

discotic liquid crystals self-assemble into columns, as shown in Fig. 1.10. The 

columns can be macroscopically aligned along a shear direction, using a Meyer 

rod for instance [29]. Dried LCLCs films exhibit anisotropic optical properties. 

However, the drawback of LCLCs is that their chromophores have inferior 

dichroic properties as compared to polyazo dyes. 
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Fig. 1.10. A discotic liquid crystal molecule and the columnar phase of LCLCs. 
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1.3. Optical properties of the polarizers 

 

A polarizer’s optical properties are related to the anisotropic absorption and 

orientation of the dichroic materials. To evaluate the performances of 

polarizers, three optical properties: dichroic ratio(R), single piece 

transmittance (Tsp) and polarizing efficiency (PE) have been measured. They 

are defined as equations 1–3 [15]. 

 

R=A∥∕A⊥                                                     (1) 

Tsp = (T∥ + T⊥)∕2                                          (2) 

PE = {(T⊥ - T∥)∕(T⊥ + T∥)}1/2                             (3) 

 

where A∥ and A⊥ are respectively the parallel and perpendicular absorbance, 

in the drawing direction for PVA based polarizing films, or along the director 

for coatable polarizers. T∥ and T⊥ can be calculated from the absorbance  

(T = 10−A). 

The dichroic ratio is the simplest optical property through which the optical 

anisotropies of different polarizers can be compared. The single piece 
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transmittance and the polarizing efficiency are important mostly for industrial 

applications. Since the two are inversely proportional, a polarizer can either 

have high transmittance or high polarizing efficiency.  

 

 

1.3.1. Order parameter 

 

The dichroic materials contained in the polarizer are aligned along a 

particular direction. The degree of order present in the polarizer is quantified by 

an order parameter. The orientation of the dichroic materials is related to the 

axis of alignment (N)—the drawing direction for PVA films and the director for 

coatable polarizers—and a molecular axis of the dichroic material (M), as 

shown in Fig. 1.11. If θ denotes the angle between N and M, the order 

parameter of M can be defined as the average of the Legendre polynomial, as 

given in equation 4 [30], 

 

  =
 

 
〈3 cos  − 1〉                                   (4) 

 

where 〈cos  〉 is the average cos2θ for all dichroic molecules. The order 
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parameter SM approaches unity (SM → 1) as the angular deviation of the 

dichroic molecules from the axis (N) approaches zero degrees (θ → 0°).  

In the same manner, the transition dipole moment of a dichroic molecule (T) 

deviates by an angle β from the molecular axis of the dichroic material (M). 

The transition moment order parameter (ST) bears relation to the molecular 

order parameter (SM), as shown in equation 5 [31].  

 

  	 =
 

 
[  (2 − 3 sin  )]                               (5) 

 

The molecular order parameter (SM) can also be derived from the measured 

dichroic ratio following equation 6. 

 

  = ( − 1)/( + 2)                                  (6) 
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Fig. 1.11. Geometrical relationship of the axis of alignment (N), the moleculr 

axis (M) and transition moment (T) of dichroic molecule. 

 

 

 

1.4. Research objective 

 

PVA-dye polarizing films have a high thermal and moisture stability but their 

optical properties are inferior to those of PVA-iodine polarizing films. 

Enhancing the optical properties of PVA-dye polarizing films should therefore 

N 

M 

T 

θ 

β 
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improve their commercial competitiveness. The direct dyes used in industry to 

prepare PVA-dye polarizing films have been developed for dyeing textiles and 

are therefore not optimal for polarizing film applications. Furthermore, previous 

studies on PVA-dye polarizing films have focused on factors other than the dyes, 

such as the drawing ratios, drawing temperatures, the characteristics of the PVA 

films, and dyeing auxiliaries. Therefore, a methodical study of the effects of the 

dyes themselves on the optical anisotropy of the polarizing film is lacking.  

Similarly, research into guest-host coatable polarizers, which have not yet 

been commercialized, has focused mainly on the host material (liquid crystals), 

while guest materials (dichroic dyes) have been somewhat neglected. Dyes with 

a simple molecular structure have generally only been used to investigate the 

efficiency of different host materials. To stimulate the commercialization of 

guest-host coatable polarizers, studies on guest and host should be carried out in 

tandem. 

These are the motives for this study, which aims to compare and analyze the 

effects of dyes with various molecular structures. Three features of dichroic 

dyes can be identified that influence their dichroic and orientational properties. 

Firstly, a key factor is linearity, which affects both the dichroism and the 

orientational behavior of the dyes. Secondly, anisotropic transition dipole 

moment is an essential factor to absorb selectively polarized light vibrating in 
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one particular direction. Lastly, the affinity for the host material plays an 

important role in the molecular alignment and orientation.  

Linearity, which is a measure of the elongated shape of molecules, is a 

geometric factor of the alignment of the dye molecules in the host material. 

Linear molecular structures are favorable for anisotropic absorption. In polyazo 

dichroic dyes, the length of the long-axis of the dye molecules depends mainly 

on the direction of the azo linkages and aromatic rings. The short-axis of the 

dye molecules varies with the substituents that are introduced to control the 

absorption maxima and the intermolecular interactions. The positioning of 

substituents has a strong influence on the dichroism and orientation of dichroic 

dyes.  

Transition dipole moment is a driving force that dyes can absorb light and 

should be anisotropic in order to have dichroism. The transition dipole moment 

in π-conjugated dyes is related to the difference in charge density between the 

highest occupied molecular orbital (HOMO) state and the lowest unoccupied 

molecular orbital (LUMO) state. This can be explained by qualitative valence 

bond (VB) theory and quantitative molecular orbital (MO) theory. VB theory is 

based on the formation of a covalent bond by the overlap of atomic orbital (e.g. 

sp1, sp2 and sp3 hybrid orbitals). According to VB theory, transition dipole 

moments are elucidated as the result of charge transfer via the modified 
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covalent bonds by the mesomeric effect.  

Molecular orbital theory postulates that valence electrons between atoms are 

contained in molecular orbitals. The possible positions of the electrons in a 

molecule can be calculated by the molecular orbital wave function. For dye 

molecules, electron positions are usually obtained via ab initio or semi-

empirical computational chemistry methods. In MO theory, the transition dipole 

moments are the difference between the charge distributions in the HOMO and 

LUMO states.  

The affinity of the dye for the host material is affected by various 

intermolecular interactions between the dye and host molecules. The relevant 

intermolecular interactions include hydrogen bonding, the van der Waals force, 

the electrostatic potential, and π-π interactions. Steric hindrance and the 

difference in hydrophobicity between the dye and the host materials are also 

important factors.   

This study could help better our understanding of how the above-mentioned 

factors influence the performance of PVA-based polarizing films and coatable 

polarizers, and help define theoretically the optimum molecular structure for 

dye-based polarizers. 
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Chapter 2 

Effect of dye structure on dyeing and optical 

property of dichroic dyes for PVA polarizing film 

 

 

2.1. Introduction 

 

A polarizing film is an optical component used to polarize back light in 

LCDs (Liquid crystal displays). Currently, PVA-Iodine polarizing films are 

used most widely owing to their high optical properties. However, iodine-

based polarizing films have low thermal and humid stability due to the 

sublimation of iodine [1-3]. For applications where high stability is required, 

dye-based polarizing films, which are produced by dyeing dichroic dyes on 

PVA films, are used as an alternative to iodine-based polarizing films with 

limited durability.  

Dichroic dyes for polarizing films should have linear and planar structures 

for high dichroism as well as hydrogen bonding groups with an affinity to 
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Poly (vinyl alcohol). For this purpose, direct dyes used for cellulosic fiber 

dyeing are the usual choices. However, the dichroic properties of the 

polarizing films produced with these dyes are lower than those produced with 

iodine. Therefore, an improvement in the dichroic properties has been of 

utmost concern for studies of dye based polarizing films. Most studies of the 

dichroic properties of polarizing films focused on the effects of the dyeing 

conditions, draw ratio of the PVA film, and the orientation of polymer chains 

and dye molecules rather than the structure of the dichroic dyes [4-9]. 

Therefore, a better understanding of the effect of the dye structure on the 

dichroic properties is needed to produce a more efficient dye based polarizing 

film.  

In this study, four disazo dichroic dyes were designed and synthesized. All 

dyes were designed to have planar and linear structures. Carboxylic acid 

groups and the pyridine moiety were introduced to increase the dichroic and 

dyeing properties. Subsequently, polarizing films were produced by dyeing 

PVA films under a range of dyeing conditions, and their polarizing properties 

were measured and analyzed. The effect of the dye molecular structure on the 

optical and dyeing properties of the polarizing film was observed. 
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2.2. Experimental 

 

2.2.1. Materials and instrumentation 

 

7-amino-4-hydroxy-2-naphthalenesulfonic acid (J-acid) and 5-

aminopyridine-3-carboxylic acid were purchased from TCI and 3-

aminobenzoic acid, 4-aminobenzoic acid, and 5-amino-2-pyridinecarbonitrile 

were obtained from Sigma-Aldrich. All the above chemicals were used as 

received. All other chemicals used in this study were of synthesis grade. 

Poly(vinyl alcohol) film was supplied by Kuraray Co. Ltd., with the degree of 

polymerization of 2400, the degree of saponification of 99.9% and its 

thickness was 75 µm. 

1H NMR spectra were recorded on a Bruker Avance 500 spectrometer using 

DMSO-d6 and TMS as the solvent and the internal standard, respectively. FT-

IR spectra were recorded on a Thermo Scientific Nicolet 6700 using ATR 

method. Densities of the dyes were measured using a Micromeritics AccuPyc 

II 1340. Absorption spectra were measured on a HP 8452A spectrophotometer 

which was equipped with a Glan-Thompson polarizer.  
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2.2.2. Synthesis of dye intermediates 

 

 2.2.2.1. Synthesis of dye intermediate (I1) 

Dye intermediates were synthesized as shown in Scheme 2.1. 5-amino-2-

cyanopyridine (2.0g, 0.0167mol) was slowly added to sulfuric acid (20mL) 

with stirring and the reaction mixture was heated at 90℃ for 2 h in a sealed 

tube. The solution was diluted with water (40mL) and heated at 100℃ for 

another 2 h. The reaction mixture was cooled to room temperature and poured 

into ice-water (200mL). The solid separated was filtered, washed with cold 

water and dried in a vacuum oven : yield=95.0%; 1H NMR (DMSO-d6, ppm): 

5.85 (s, 2H, NH2), 7.69 (d, J=8.5Hz, 1H, ArH), 7.69 (d, J=8.6Hz, 1H, ArH), 

8,95 (s, 1H, ArH); FT-IR (ATR. cm-1): 3039 (O-H, carboxylic acid), 3347 (N-

H). 

 

 2.2.2.2. Synthesis of dye intermediate (I2, J-J acid) 

7-amino-4-hydroxy-2-naphthalenesulfonic acid (5.30g, 0.02 mol) was 

dissolved in 100mL of water at room temperature and pH of the solution was 

adjusted to 7.0 by adding 10% sodium carbonate solution. The solution was 



３７ 

 

cooled to 0-5℃ and 5mL of 4M sodium nitrite aqueous solution was added 

dropwisely. The ensuing solution was dropped into 50mL of 2M hydrochloric 

acid and stirred for 1 h. After this, a small portion of sulfamic acid was added 

as a nitrous acid scavenger. The resulting diazonium salt solution was added 

to a coupling component solution of 7-amino-4-hydroxy-2-

naphthalenesulfonic acid (5.30g, 0.02 mol) dissolved in 150mL of water, 

while the temperature and pH of the mixture were maintained at 0-5℃ and 8-

9, respectively, in the course of the addition. The reaction mixture was stirred 

for 2 h and the precipitate was filtered, washed with brine and dried in a 

vacuum oven. The crude product was heated in ethanol for 2 h under reflux, 

hot filtered, washed with hot ethanol and then dried in a vacuum oven : 

yield=93.2%; 1H NMR (DMSO-d6, ppm): 6.37 (s, 2H, NH2), 6.66 (s,1H, ArH), 

6.70 (d, J=8.6Hz, 1H, ArH), 7.09 (s. 1H, ArH), 7.27 (s. 1H, ArH), 7.57 (s. 1H, 

ArH), 7.91 (s. 1H, ArH), 7.96 (d, J=8.5Hz, 2H, ArH), 8.10 (d, J=9.1Hz, 1H, 

ArH), 10.2 (s, 1H, OH), 16.3 (s, 1H, OH); FT-IR (ATR. cm-1): 1041, 1180 (-

SO3), 1608 (C=O), 3363 (N-H). 

 

 

 



３８ 

 

N

NH2NC

N

HOOC NH2

OH

HO3S NH2

Diazotization

NaNO2/HCl/ 0-5oC

pH 8-9/0-5oC

N

N

HOHO

NaO3S NaO3S

NH2

J-acid

conc. H2SO4/H2O

I1

I2  

             Scheme 2.1. Synthesis of the dye intermediates (I1 and I2). 

 

 

2.2.3. Synthesis of dichroic dyes (Dye1-Dye4) 

 

 Dyes 1-4 were synthesized as shown in Scheme 2.2. A mixture of 0.285 g 

(0.002 mol) of 5-amino-2-pyridine (I1), 18ml of 2M hydrochloric acid and 

0.14g (0.002mol) of sodium nitrite in water (1mL) was stirred for 1 h at 0-5℃. 

To this solution, a small portion of sulfamic acid was added as a nitrous acid 

scavenger. The resulting diazonium salt solution was added to a coupling 
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component solution of J-J acid (I2) (1.07 g, 0.002 mol) dissolved in 150mL of 

water while the temperature and pH of the mixture were maintained at 0-5℃ 

and 8-9, respectively, in the course of the addition. After coupling, the 

solution was stirred for 2 h and the precipitate was filtered, washed with brine 

and dried in a vacuum oven. The crude product (Dye2) was refluxed in 

ethanol for 2h, hot filtered, washed with hot ethanol and then dried in a 

vacuum oven. The other dichroic dyes (Dye1, 3, 4) were prepared in a similar 

manner. The yields, 1H NMR and FT-IR data of the dyes are given below. 

Dye 1 : yield=90.1%; 1H NMR (DMSO-d6, ppm): 6.55 (s, 2H, NH2), 6.66 

(s,1H, ArH), 6.69 (d, J=8.7Hz, 1H, ArH), 7.29 (s. 1H, ArH), 7.51 (s. 1H, 

ArH), 7.80 (s. 1H, ArH), 7.82 (d, J=8.5Hz, 2H, ArH), 7.87 (s. 1H, ArH), 7.93 

(d, J=8.6Hz, 1H, ArH), 7.98 (d, J=8.5Hz, 2H, ArH), 8.24 (d, J=8.6Hz, 2H, 

ArH), 15.7 (s, 1H, OH), 15.9 (s, 1H, OH); FT-IR (ATR. cm-1): 1049, 1219 (-

SO3), 1605 (C=O), 2973 (O-H, carboxylic acids), 3347 (N-H). 

Dye 2 : yield=88.2%; 1H NMR (DMSO-d6, ppm): 6.52 (s, 2H, NH2), 6.65 

(s,1H, ArH), 6.68 (d, J=8.6Hz, 1H, ArH), 7.28 (s. 1H, ArH), 7.52 (s. 1H, 

ArH), 7.84 (s. 1H, ArH), 7.87 (d, J=9.0Hz, 1H, ArH), 7.93 (d, J=8.6Hz, 1H, 

ArH), 8.03 (d, J=8.4Hz, 1H, ArH), 8.13 (d, J=8.5Hz, 1H, ArH), 8.24 (d, 

J=8.7Hz, 1H, ArH), 8.89 (s. 1H, ArH), 15.7 (s, 1H, OH), 15.9 (s, 1H, OH); 
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FT-IR (ATR. cm-1): 1049, 1218 (-SO3), 1605 (C=O), 2974 (O-H, carboxylic 

acids), 3340 (N-H). 

Dye 3 : yield=88.3%; 1H NMR (DMSO-d6, ppm): 6.55 (s, 2H, NH2), 6.66 

(s,1H, ArH), 6.69 (d, J=8.6Hz, 1H, ArH), 7.29 (s. 1H, ArH), 7.52 (s. 1H, 

ArH), 7.53 (t, J=7.8Hz, 1H, ArH), 7.77 (d, J=7.6Hz, 2H, ArH), 7.86 (s. 1H, 

ArH), 7.86 (d, J=7.8Hz, 1H, ArH), 7.93 (d, J=8.5Hz, 1H, ArH), 7.99 (d, 

J=8.5Hz, 1H, ArH), 8.17 (s. 1H, ArH), 8.25 (d, J=9.0Hz, 1H, ArH), 15.8 (s, 

1H, OH), 16.2 (s, 1H, OH)--; FT-IR (ATR. cm-1): 1049, 1219 (-SO3), 1608 

(C=O), 3066 (O-H, carboxylic acids), 3347 (N-H). 

Dye 4 : yield=87.6%; 1H NMR (DMSO-d6, ppm): 6.54 (s, 2H, NH2), 6.66 

(s,1H, ArH), 6.69 (d, J=8.6Hz, 1H, ArH), 7.28 (s. 1H, ArH), 7.52 (s. 1H, 

ArH), 7.85 (s. 1H, ArH), 7.85 (d, J=8.2Hz, 1H, ArH), 7.93 (d, J=8.7Hz, 1H, 

ArH), 8.26 (d, J=8.6Hz, 1H, ArH), 8.40 (s, 1H, ArH), 8.82 (s, 1H, ArH), 8.99 

(s. 1H, ArH), 15.8 (s, 1H, OH), 15.9 (s, 1H, OH); FT-IR (ATR. cm-1): 1049, 

1219 (-SO3), 1608 (C=O), 2973 (O-H, carboxylic acids), 3340 (N-H). 
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Dye1: X=C, Ya=COOH, Yb=H 

Dye2: X=N, Ya=COOH, Yb=H 

Dye3: X=C, Ya=H, Yb=COOH 

Dye4: X=N, Ya=H, Yb=COOH 

Scheme 2.2. Synthesis of the dichroic dyes (Dye 1- Dye 4). 
 

 

 

2.2.4. Preparation of polarizing films 

 

Dye baths were prepared with a dye (0.2g), Na2SO4 (1.5g) and distilled 

water (1L). PVA films (50×70 mm) were treated in the dyeing solution for a 
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range of time (2–30min) at 40℃. The dyed PVA films were drawn 6 times in 

2wt% of boric acid solution at 50℃. The stretched films were washed with 

water and dried in an oven for 10min.  

 

 

2.2.5. Investigation of optical properties of polarizing films 

 

Optical properties of the polarizing films were measured with a UV-vis 

spectrophotometer equipped with a Glan-Thompson polarizer. Dichroic 

ratio(R), order parameter (S), single piece transmittance (Tsp) and polarizing 

efficiency (PE) were evaluated at the absorption maximum of the polarizing 

films according to Eqs. (1)–(4) [10]. 

 

R = A∥∕A⊥                                                (1) 

S = (R-1)/(R+2)                                      (2) 

Tsp = (T  ∥ + T⊥)∕2                                            (3) 

PE = {(T  ⊥ - T∥)∕(T  ⊥ + T∥)}1/2                          (4) 
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where A  ∥ and A⊥ are parallel and perpendicular absorbance to the drawing 

direction, respectively. T∥ and T  ⊥ were calculated from the absorbance (T = 

10 -A). 

 

 

 

2.3. Results and discussion 

 

2.3.1. Synthesis and characterization of dichroic dyes 

 

The dyes were designed and synthesized so that the diazo component bonds 

at the ortho-position of the hydroxyl group of the coupling component 

imparted linearity and planarity to the dyes (Fig. 2.1). For this purpose, the 

hydroxyl group of the coupling component was activated at pH 8-9. The 

hydroxyl group of the coupling component and azo linkage form a strong 

intramolecular hydrogen bond that imparts linearity and planarity to the dyes 

[11]. This was confirmed by the down fielded proton peaks of the hydroxyl 

group (15.7-16.3 ppm) in 1H NMR [12].  

 



４４ 

 

N

N

NH2

N

N

HO

O

O O

NaO3S NaO3S

HH

 

Dye1 

N

N

NH2

N

N

NHO

O

O O

NaO3S NaO3S

HH

 

Dye2 

N

N

NH2

N

N

O O

NaO3S NaO3S

HH

OH

O

 

Dye3 

N

N

NH2

N

N

N

O O

NaO3S NaO3S

HH

OH

O

 

Dye4 

Fig. 2.1. Structures of the dichroic dyes (Dye1 – Dye4). 
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Table 2.1 lists the optical and physical characteristics of the synthesized 

dyes. The dyes had maximum absorption wavelengths of 526-548 nm, and 

dyes with the pyridine moiety had lower molar extinction coefficients than 

those with the benzene moiety.  

 

 

Table 2.1. Material properties of the dichroic dyes. 

   

 a Measured in H2O. 

 

 

To examine the linearity of the dyes, which is a crucial factor for the 

dichroic properties, the aspect ratio(l/d) was calculated from the geometry of 

the optimized conformation of the dye by molecular modeling using 

CONFLEX/MM3 calculations (Fig. 2.2) [13]. The aspect ratio is subject to 
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change according to the substituted position of the terminal carboxyl group. 

Dyes with a carboxyl group in the para position had higher aspect ratios than 

those with the carboxyl group in the meta position. When the carboxyl group 

was at the para position (Dyes 1 and 2), it was parallel to the longitudinal 

direction of the dye. A change in the dye structure caused by the introduction 

of a pyridine moiety had little effect on the aspect ratio. 

 

 

 

Fig. 2.2. Aspect ratio of the dichroic dye (Dye 1). 

 

 

To investigate the intermolecular interactions of dichroic dyes, their 

densities were measured. The strength of the intermolecular interaction of a 

molecule is generally recognized by its melting point. However, DSC analysis 
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of the synthesized dyes showed only decomposition temperatures, and the 

melting peaks could not be confirmed. Between dyes with similar molecular 

weights and structures, a dye that is more closely packed by stronger 

intermolecular interactions will have a higher density. Therefore, the 

magnitude of the density is considered to be proportional to the strength of the 

intermolecular interaction. According to the density data, dyes with a carboxyl 

group in the para position had stronger intermolecular interactions than those 

with a carboxyl group in the meta position due to the increased linearity. Dyes 

with the pyridine moiety appear to show stronger intermolecular interactions 

than those with the benzene moiety because the electrostatic interactions and 

hydrogen bonding are increased by the nitrogen atom of the pyridine moiety 

[14–15]. 

 

 

 

2.3.2. Dyeing of PVA film with dichroic dyes 

 

The rates of dyeing were investigated to compare dyeability of each dye. 

Fig. 2.3 shows the absorbance of the PVA films dyed at various dyeing times 

ranging from 2 to 30 minutes. The absorbance increased with increasing 
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dyeing time and the increments slowly decreased. The absorbance is 

proportional to both the molar extinction coefficient and amount of dye 

adsorbed. Therefore, the adsorption of dyes was compared by dividing the 

absorbance of the dyed PVA films by the molar extinction coefficient of each 

dye. These values were again divided by the largest value (Dye 2 at a dyeing 

time of 30minutes) to obtain the relative adsorption. 

 

 

Fig. 2.3. Rate of dyeing of dichroic dyes on PVA films. 
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Fig. 2.4 shows the relative adsorption of the dyes at various dyeing times. 

Dyes 1 and 2, in which the carboxyl group was at the para position of the 

benzene or pyridine ring, showed greater adsorption than Dyes 3 and 4, in 

which the carboxyl group was at the meta position. This difference in the 

amounts of adsorbed dyes appears to be due to the linearity of the dyes. In 

addition, the adsorption of Dye 2 was higher than that of Dye 1. This may be 

due to the introduction of a pyridine moiety, which increased the substantivity 

of dyes to polymer chains. The nitrogen atom in the pyridine ring appears to 

act as a hydrogen bonding group to the PVA polymer.  

Dyes 3 and 4 have a different number of hydrogen bonding groups similar 

to Dyes 1 and 2. However, their adsorption in the early stage of dyeing 

(before 10 minutes) had a smaller difference than that between Dye1 and 

Dye2. This is believed to be caused by the difference in the position of the 

hydrogen bonding group in the pyridine ring. In Dye 2, the nitrogen atom and 

carboxyl group are both on the same side of the dye molecule so that they can 

make hydrogen bonding with PVA together. However, the nitrogen atom and 

carboxyl group of Dye 4 were located on the opposite side of the pyridine ring, 

and they would not be able to participate in hydrogen bonding with polymer 

chains together. Therefore, while Dye 2 has enhanced affinity for the PVA 
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chains compared to Dye1, Dye 4 would have a similar affinity to the PVA 

chains to Dye3.  

 

 

 

Fig. 2.4. Relative adsorption of dichroic dyes on PVA films. 

 

 

The dye-uptake of Dye 4 was similar to that of Dye 3 in the early stages of 

dyeing, but the gap between them widened with increasing dyeing time 

despite the fact that Dyes 3 and 4 have the same linearity and similar 
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hydrogen bonding ability. This means that the adsorption is affected by other 

factors rather than the affinity of the dyes for the PVA chains when the dyeing 

time is increased. In the early stages of dyeing, the dyes diffuse as single 

molecules into the polymer substrate and attach preferentially to the inner 

surface of the polymer substrate. However, as dyeing continues, the inner 

surfaces are occupied and the diffused dyes would aggregate inside the 

substrate [16]. This change in adsorption behavior is believed to be cause of 

the different dye-uptake of Dye 4 compared to Dye 3 after an 8 minutes 

dyeing time. As mentioned before, Dye 4 showed stronger intermolecular 

interactions between the dyes themselves than Dye 3 due to the stronger 

electrostatic interaction ability of the pyridine ring compared to the benzene 

ring. This means that, when dyes have similar structures, the dye with a 

stronger intermolecular interaction could have a larger dye-uptake. Indeed, the 

dye-uptake of each dye at a dyeing time of 30 minutes depended on the 

magnitude of the intermolecular interaction, which was estimated from the 

density of each dye (Fig.2.4 and Table 2.1). These results suggest that the 

dominant factor of dye-uptake in the early stages of dyeing is the affinity 

between the dye molecules and PVA. However, as the level of adsorption is 

increased, the influence of the intermolecular interaction between dyes 

appears to play larger role in their adsorption to PVA.   
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2.3.3. Optical properties of the polarizing films 

 

While the dye-uptake of PVA film increased steadily with increasing dyeing 

time and converged to a maximum, the dichroic ratios of the films increased to 

a maximum and then decreased (Fig. 2.5). This change in dichroic ratio is 

caused by the difference in the parallel and perpendicular absorbance of the 

dyed film, as shown in Fig. 2.6. The rate of parallel absorbance decreased with 

increasing dyeing time, whereas that of the perpendicular absorbance increased 

steadily. This difference can be expalined by the average orientation of the dyes 

in the film. The orientation of the dye is related to the drawing direction of the 

PVA film (N) and dye molecular axis (M), as shown in Fig. 2.7. The direction 

of each dye molecule deviates from the drawing direction of the film [17]. If θ 

denotes the angle between N and M, the order parameter SM of M can be 

defined as the average of the Legendre polynomial, as given in equation 5 [18]. 

 

SM = (3<cos2θ> − 1)∕2                                  (5) 

 

where <cos2θ> is the average cos2θ for all dye molecules. The order parameter 
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SM approaches unity (SM → 1) as the deviation of the dye molecules from the 

drawing direction decreases (θ → 0o).  

In the same manner, the transition dipole moment of the dye (T) is not 

parallel to the dye molecular orientation axis (M), but deviates from it by the 

angle β. The transition moment order parameter (ST) and molecular order 

parameter (SM) are related by equation 6 [19].  

 

ST = [SM(2 − 3sin2β)]/2                                 (6) 

 

The order parameter (S) of table 2.2 represents the transition moment order 

parameter (ST) but β is a constant, which is characteristic of a dye molecule. 

Therefore, a change in dichroic ratio is related to θ, namely the orientational 

behavior of the dye molecules. 
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Fig. 2.5. Change in the dichroic ratio of polarizing films. 
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Fig. 2.6. a) Parallel (A∥) and b) perpendicular (A⊥) absorbance of polarizing 

films dyed with Dye1.  
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Fig. 2.7. Geometrical relationship of the drawing direction of a PVA film (N), 

dye molecular axis (M) and transition moment (T). 

 

 

The orientational behavior of dye molecules in the film is affected by both the 

affinity between the dye molecules and PVA, and the intermolecular interaction 

between dye molecules. As mentioned previously, the affinity between the dye 

molecules and PVA is the dominant factor in the early stages of dyeing. 

Consequently, dyes adsorbed in the early stage of dyeing would be attached to 

the PVA polymer chains to have as small θ as possible. Therefore, a well 

N 

M 

T 

θ 

β 
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oriented PVA film should have a maximum dichroic ratio and it should be 

maintained during the early stages of dyeing. However, the result showed that 

the films had low and increasing dichroic ratios in the beginning, which means 

that dyes are adsorbed with large θ in the film at first. The dyes with large θ are 

believed to be adsorbed in the defects of the PVA film. Since the orientation of 

the polymer chains in a drawn PVA film is not ideal, some part of the polymer 

chains that are less oriented would exist as defects. Dyes are believed to be 

adsorbed preferentially on these defects first because the diffusion of dyes in 

the defects is easier [20]. Therefore, as dyeing time increased, the portion of 

dyes with a larger θ decreased and the dichroic ratios increased to their maxima.  

On the other hand, the decreases in the dichroic ratio after reaching the 

maximum means that the newly adsorbed dyes have larger θ values. This 

increase in θ is believed to be due to dye aggregation. Once the surface of the 

PVA polymer chain is occupied with dyes, the subsequently adsorbed dyes 

would aggregate and their orientation would have less relationship with the 

drawing direction of the PVA polymer chains. The increase in the amount of 

randomly oriented dyes is supported by a continuous increase in the 

perpendicular absorbance despite the decrease in the amount of the newly 

adsorbed dyes, as shown in Fig. 2.6.  
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Table 2.2. Optical properties of the polarizing films with the maximum 

dichroic ratio for each dye 

 

 

 

Table 2.2 lists the parameters relevant to the optical anisotropy of the 

polarizing films when they have the maximum dichroic ratio of each dye. 

Single-piece transmittances and polarizing efficiencies are commercially 

important evaluation criteria for polarizing films. However, the dichroic ratio is 

a more useful term to easily compare the optical anisotropy of dyed polarizing 

films. Polarizing films with Dyes 1 and 2 had higher dichroic ratios than those 

with Dyes 3 and 4. Dyes 1 and 2 are more linear, and would have a better 

orientation with the PVA polymer chains, resulting in a higher dichroic ratio 
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of the polarizing films. A linear conformation of dye molecule leads to good 

orientation of the dyes along the polymer chains in drawn PVA film.  

When polarizing films dyed with dyes containing a pyridine ring were 

compared with those dyed with dyes containing a benzene ring, those 

containing the pyridine ring (Dyes 2 and 4) had lower dichroic ratios than 

those with a benzene ring. This appears to be due to the charge distribution of 

the pyridine ring. The nitrogen atom in the pyridine ring acts as a donating 

center when an electron withdrawing group is substituted on the pyridine ring, 

but acts as a withdrawing center when an electron donating group is 

substituted on it [21]. Therefore, the nitrogen atom in the pyridine ring will 

act as an electronic obstacle for smooth charge transfer within a dye molecule 

and decrease the transition moment of the dye by reducing the electron 

withdrawing effect of the carboxyl group.  
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2.4. Conclusions 

 

This study examined the effect of the dichroic dye structure on the dyeing 

and optical properties of the PVA polarizing film. The affinity of the dyes to 

PVA acts as a dominant factor in dye-uptake. The linearity and hydrogen 

bonding ability of the dyes were decisive factors in determining the affinity of 

the dyes to PVA film. The dye-uptake was also influenced by the 

intermolecular interaction between the dyes themselves. The results of the 

optical properties suggest that dyes with higher linearity have superior optical 

properties owing to their improved orientation with a drawn PVA film. For 

further enhancement of the optical properties, the charge distribution of the 

terminal substituent was also found to be important. The introduction of a 

pyridine ring increased the number of intermolecular interactions without 

altering the linearity but worked to the disadvantage of the transition moment 

due to the adulteration of electron donating and withdrawing substituents on 

the aromatic ring of the dye. This suggests that high dichroic ratio was 

attained by the charge transfer without electronic obstacle. These findings will 

be useful for the molecular design of novel dichroic dyes for highly efficient 

polarizing films. 
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Chapter 3 

Dichroic and spectral properties of anthraquinone 

-based azo dyes for PVA polarizing film 

 

 

3.1. Introduction 

 

The polarizing films are linear polarizers that absorb light in one particular 

vibration direction. Commercial polarizing films for liquid crystal displays 

(LCDs) are manufactured from oriented poly(vinyl alcohol) films containing 

polarizing materials, such as iodine or dichroic dyes. Iodine types have 

superior transmittance and polarizing efficiency but they are vulnerable to 

heat and humidity [1-3]. In contrast, dye types have inferior optical properties 

compared with iodine types but they have higher resistance to heat and 

humidity [4-6]. As the flat panel display market grows and the demand for 

highly durable polarizing film increases, dye types are gaining more industrial 

attention. 
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Poly azo dyes are the most widely used class of dyes for polarizing films 

because they are advantageous in adsorption on PVA and they achieve higher 

dichroism due to their linear structure and anisotropic transition moment. 

Generally, poly azo dyes have narrower light absorption bands compared to 

iodine anions (I3
- and I5

-) [7, 8]. Therefore, various dyes of different colors 

should be appropriately blended for the even absorption of visible light. This 

color matching for neutral gray becomes complicated when the number of 

dyes used increases. Therefore, broadening of absorption ranges of dyes is 

helpful for easier color matching and higher color reproducibility. However, 

recent studies have mostly been focused on the improvement of transmittance 

and polarizing efficiency of dye type polarizing film [4-8].  

 In this study, anthraquinone-based azo dyes, which have an anthraquinone 

and two azo chromophores, were designed and synthesized for dichroic dyes 

with broader absorption spectra than the dyes used in our previous work [9]. 

PVA polarizing films were produced with the dyes, and their spectral and 

dichroic properties were examined and compared with those of the disazo dye 

(DA).  
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3.2. Experimental 

 

3.2.1. Materials and instrumentation 

 

1,5-diamino-anthraquinone and 2,6-diamino-anthraquinone were purchased 

from Sigma-Aldrich and 7-amino-4-hydroxy-2-naphthalenesulfonic acid (J-

acid) and 4-amino-acetophenone were obtained from TCI. All other chemicals 

used in this study were of synthesis grade. Poly(vinyl alcohol) film was 

supplied by Kuraray Co. Ltd., with degree of polymerization of 2400, a 

degree of saponification of 99.9% and its thickness was 75 µm.  

1H NMR spectra were recorded on a Bruker Avance 500 spectrometer using 

DMSO-d6 and TMS as the solvent and the internal standard, respectively. FT-

IR spectra were recorded on a Thermo Scientific Nicolet 6700 using ATR 

method. Mass spectra were recorded in fast atom bombardment (FAB) 

ionization mode using a JEOL JMS-AX505WA/HP 6890 Series II Gas 

Chromatography-Mass Spectrometer. Absorption spectra were measured on a 

HP 8452A spectrophotometer which was equipped with a Glan-Thompson 

polarizer. The color differences of the polarizing films were analyzed using a 

Scinco Colormate. 
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3.2.2. Synthesis of dyes 

 

3.2.2.1. Synthesis of anthraquinone-based azo dyes 

 

 Anthraquinone-based azo dyes were synthesized as shown in Scheme 3.1. 

2,6-diamino-anthraquinone (1.43g, 0.006mol) were slowly introduced into 

concentrated sulfuric acid (10mL) and temperature of the mixture was kept 

below 40℃. After stirring for 30 min at room temperature, 40% nitrosyl 

sulfuric acid (2.6mL) was added dropwise maintaining the mixture at room 

temperature. The mixture was stirred for 4 h at room temperature and then it 

was quenched with ice water (140mL). After stirring for 30 min, the 

diazonium salts were obtained by filtration of the mixture. The diazonium 

salts were added to 30mL of water with 5mL of 2M hydrochloric acid and the 

mixture was stirred for 30min. The ensuing mixture was dropped into a 

solution of 7-Amino-4-hydroxy-2-naphthalenesulfonic acid (2.87g, 0.012mol) 

dissolved in water (100mL) for coupling reaction. In the course of dropping, 

the temperature and pH of the mixture were maintained at 0-5oC and 9~10, 

respectively. The reaction mixture was stirred for 2h at 0-5oC and then another 

5h at room temperature. The mixture was acidified with 2M hydrochloric acid 
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and the precipitate was collected by filtration. The crude product (26B) was 

washed with brine and ethanol and dried in a vacuum oven. The other 

anthraquinone-based azo dyes were prepared in a similar manner.  

15A : yield 81.3%; 1H NMR (DMSO-d6, ppm): 7.08 (s, 1H, NH), 7.95 (s. 1H, 

ArH), 8.01 (d, 1H, ArH), 8.28 (d, 1H, ArH), 8.31 (s, 1H, ArH), 8.40 (s, 1H, 

ArH), 8.45 (d, 1H, ArH), 8.65 (d, 1H, ArH), 10.13 (s, 1H, OH), 13.92 (s, 1H, 

NH); Mass: m/z 738.08,(100%, [M+H]+). 

15B : yield 82.4%; 1H NMR (DMSO-d6, ppm): 6.89 (s, 2H, NH2), 7.55 (s. 1H, 

ArH), 7.66 (d, 1H, ArH), 7.74 (d, 1H, ArH), 7.94 (s, 1H, ArH), 8.18 (s, 1H, 

ArH), 8.21 (d, 1H, ArH), 8.33 (d, 1H, ArH), 15.81 (s, 1H, OH); Mass: m/z 

738.08,(100%, [M+H]+). 

26A : yield 83.1%; 1H NMR (DMSO-d6, ppm): 7.17 (s, 1H, NH), 7.45 (s. 1H, 

ArH), 7.65 (d, 1H, ArH), 7.73 (d, 1H, ArH), 7.98 (s, 1H, ArH), 8.15 (s, 1H, 

ArH), 8.29 (d, 1H, ArH), 8.30 (d, 1H, ArH), 10.89 (s, 1H, OH), 12.54 (s, 1H, 

NH); Mass: m/z 738.08,(100%, [M+H]+). 

26B : yield 81.6%; 1H NMR (DMSO-d6, ppm): 6.67 (s, 2H, NH2), 7.56 (s. 1H, 

ArH), 7.69 (d, 1H, ArH), 7.78 (d, 1H, ArH), 8.01 (s, 1H, ArH), 8.18 (s, 1H, 

ArH), 8.26 (d, 1H, ArH), 8.45 (d, 1H, ArH), 16.01 (s, 1H, OH); Mass: m/z 

738.08,(100%, [M+H]+). 
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Scheme 3.1. Synthesis of 26B.  

 

 

 

3.2.2.2. Synthesis of disazo dye 

 

 A disazo dye (DA) was synthesized as shown in Scheme 3.2. 7-amino-4-

hydroxy-2-naphthalenesulfonic acid (2.65g, 0.01mol) was dissolved in water 

(50mL) at room temperature and pH of the solution was adjusted to 7.0 by 

adding 10% sodium carbonate solution. The solution was cooled to 0-5℃ and 

2.5mL of 2M aq sodium nitrite was added dropwise. The ensuing solution was 

dropped into 2M hydrochloric acid (50mL) and stirred for 1 h, after which 
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time, a small portion of sulfamic acid was added as a nitrous acid scavenger. 

The resulting diazonium salt solution was added to a coupling component 

solution of 7-amino-4-hydroxy-2-naphthalenesulfonic acid (2.65g, 0.01mol) 

dissolved in water (80mL), while the temperature and pH of the mixture were 

maintained at 0-5℃ and 8-9, respectively, in the course of the addition. The 

reaction mixture was stirred for 2 h and the precipitate was filtered, washed 

with brine and dried in a vacuum oven. The intermediate was heated in 

ethanol for 2 h under reflux, hot filtered, washed with hot ethanol and then 

dried in a vacuum oven  

A mixture of 4-amino-acetophenone (0.54g, 0.004mol), 2M aq hydrochloric 

acid (36mL) and sodium nitrite (0.28g, 0.004mol) was stirred for 1 hr at 0-5℃. 

To this solution, a small portion of sulfamic acid was added as a nitrous acid 

scavenger. The resulting diazonium salt solution was added to a coupling 

component solution where the intermediate (2.14g, 0.004mol) was dissolved 

in water (150mL) while the temperature and pH of the mixture were 

maintained at 0-5℃ and 8-9, respectively, in the course of the addition. After 

coupling, the solution was stirred for 2 h and the precipitate was filtered, 

washed with brine and dried in a vacuum oven. The crude product (DA dye) 
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was refluxed in ethanol for 2h, hot filtered, washed with hot ethanol and then 

dried in a vacuum oven. 

DA : yield 67.8%; 1H NMR (DMSO-d6, ppm): 6.55 (s, 2H, NH2), 6.66 (s,1H, 

ArH), 6.69 (d, 1H, ArH), 7.29 (s, 1H, ArH), 7.51 (s. 1H, ArH), 7.80 (s. 1H, 

ArH), 7.82 (d, 2H, ArH), 7.87 (s. 1H, ArH), 7.93 (d, 1H, ArH), 7.98 (d, 2H, 

ArH), 8.24 (d, 2H, ArH), 15.7 (s, 1H, OH), 15.9 (s, 1H, OH); Mass: m/z 

635.08,(100%, [M+H]+). 
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Scheme 3.2. Synthesis of DA.  

 

 

 

 

 

 



７４ 

 

3.2.3. Preparation of polarizing films 

 

Dye baths were prepared with a dye (0.5g), Na2SO4 (1.5g) and distilled 

water (1L). PVA films (50×70 mm) were treated in the dyeing solution for 

6min at 40℃. The dyed PVA films were drawn 6 times in 2wt% of boric acid 

solution at 50℃. The stretched films were washed with water and dried in an 

oven for 10min.  

 

 

3.2.4. Investigation of optical properties of polarizing films 

 

 The optical properties of the polarizing films were measured with a UV-vis 

spectrophotometer equipped with a Glan-Thompson polarizer. Dichroic ratio 

(R), single-piece transmittance (Tsp) and polarizing efficiency (PE) were 

evaluated at the absorption maximum of the polarizing films according to Eqs. 

(1)-(3) [10]. 

 

R=A∥/A⊥                                                        (1) 

Tsp = (T∥ + T⊥)/2                                             (2) 
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PE = {(T⊥ - T∥)/(T⊥ + T∥)}1/2                             (3) 

 

where A  ∥ and A⊥ are parallel and perpendicular absorbance to the drawing 

direction, respectively. T∥ and T  ⊥ were calculated from the absorbance (T = 

10 -A). 

 

 

3.2.5. Molecular orbital (MO) calculation  

 

   CAChe 6.1.8 software package [11] was used in order to optimize the 

geometry of dye structures by using molecular mechanics MM3, conducting the 

iterative energy-minimizing routines with the conjugate gradient minimizer 

algorithm [12]. CONFLEX conformational search procedure was used for 

finding low-energy conformations of the dye molecules [13]. The semi-

empirical method, PM5, was also examined with respect to geometry 

optimization. On optimization of conformers, the dye molecules were assumed 

to have azo linkages in the trans forms. 

   Aspect ratios (l/d) of dye molecules were calculated from the geometry of 

the most stable conformer optimized by CONFLEX/MM3 calculation in 
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consideration of van der Waals radius, where l and d represent the length of the 

long axes and diameter of the circumscribed cylinders of the dye molecules, 

respectively. Directions of the transition dipole moments of the dichroic dyes 

were examined by INDO/1 in the ZINDO package [14] using the dye structures 

optimized by the above-mentioned calculation. Configuration interaction (CI) 

calculation up to 676 configuration functions was performed by adapting the 

occupied orbitals of (HOMO−25 to HOMO) and the vacant orbitals of (LUMO 

to LUMO+25). Each configuration function was generated through the single 

excitation (S-CI) from the ground-state function [15, 16]. 

 

 

 

3.3. Results and discussion 

 

3.3.1. Structure of synthesized dyes 

 

Anthraquinone-based azo dyes have azo groups conjugated with 

anthraquinone, as shown in Fig.3.1. 15A and 15B were synthesized by using 

1,5-diamino anthraquinone as a diazo component and J-acid as a coupling 
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component. The position of coupling depended on the pH of the coupling 

reaction mixture. The coupling of 15A was induced to take place at the ortho 

position of the amino group (α –position) of J-acid by coupling it under acidic 

conditions. The coupling reaction of 15B proceeded in alkaline conditions to 

induce coupling at ortho position of the hydroxyl group (β –position). For 

26A and 26B, the diazonium salt of the 2,6-diamino anthraquinone was 

coupled to the α and β –position of the J-acid, respectively.  

DA was prepared as a reference for comparison with anthraquinone-based azo 

dyes. DA has a disazo structure which is common for dichroic dyes and its 

azo linkages are arranged linearly by coupling at the β–position of the J-acid 

(Scheme 3.2). Also, a terminal acetophenone moiety is introduced in DA to 

make it similar to the chromophore unit of anthraquinone. 

The azo linkages of the synthesized dyes existed predominantly in the 

hydrazone form due to intramolecular hydrogen bonding with an adjacent 

amino or hydroxyl group. This was confirmed by the down fielded proton 

peaks (12.5-16.0ppm) of amino and hydroxyl groups in the 1H NMR data [17].  
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Fig. 3.1. Structures of anthraquinone based azo dyes. 
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3.3.2. Spectral properties of the dyes and PVA polarizing 

films 

 

The spectral properties of synthesized dyes in water and PVA film are 

presented in Table 3.1. The dyes in water had maximum absorption 

wavelengths of 526-538nm with magenta shades. Anthraquinone-based azo 

dyes exhibited similar molar extinction coefficients ranging from 21,000 to 

23,000 L·mol-1·cm-1, whereas DA had higher tinctorial strength (εmax=31,000 

L·mol-1·cm-1). Half-band widths of anthraquinone based azo dyes in water 

were more than 200nm, whereas that of DA was only 95nm.  

The spectral properties of anthraquinone-based azo dyes in PVA film 

showed a clear dependence on the structure of the dye. 15A and 26A exhibited 

bathochromic shifts of more than 40nm in the PVA film whereas 15B and 

26B had relatively small spectral changes. While the absorption maxima of 

dyes in the PVA film depended on the position of the coupling of the J-acid, 

half-band widths were influenced by the position of coupling at the 

anthraquinone. 15A and 15B had relatively wider half-band widths than 26A 

and 26B.  
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Table 3.1. Spectral properties of the synthesized dyes. 

 

a In water. 

b In PVA film. 
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The absorption maxima of dyes appear to be determined primarily by the 

charge transfer of the azo chromophore, which consists of a donor (J-acid), a 

conjugated system (azo linkage) and an acceptor (anthraquinone). This fact is 

supported by the distinction between the absorption maxima of the dyes 

coupled at the α–position and at the β–position. An azo chromophore absorbs 

a longer wavelength, as the electron-donating power of the adjacent 

substituent increases. Therefore, in the PVA films, 15A and 26A were more 

bathochromic than 15B and 26B due to the stronger electron-donating power 

of the amino group compared to the hydroxyl group. Unlike the donor part, 

the difference of the acceptor part seems to have relatively little influence on 

the absorption maxima of the dyes. This is because anthraquinones act as 

acceptor parts with similar levels of electron-withdrawing ability. Carbonyl 

groups of anthraquinone in 1,5-disubstituted dyes are located on the ortho or 

meta positions relative to the azo linkage, and carbonyl groups in 2,6-

disubstituted dyes are located on the meta or para positions relative to the azo 

linkage. It is known that electron-withdrawing groups exert a similar inductive 

effect on the color of the azo chromophore when they are situated on the ortho 

or para position relative to the azo linkage [18].  

Anthraquinone in this study acted as a chromophore as well as an acceptor 

for the azo chromophore. However, an anthraquinone chromophore typically 
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has a lower tinctorial strength than an azo chromophore. Also, the 

anthraquinone chromophores of the synthesized dyes are supposed to absorb 

around the mid-400nm wavelength range while the absorption band of azo 

chromophore lies around the mid-500nm wavelength range. Therefore, the 

anthraquinone chromophores did not change the absorption maxima of the 

dyes, which were determined by the azo chromophores, but they broadened 

the absorption spectra of the dyes by additional absorption in the shorter 

wavelength range.  

As shown in Fig.3.2, 1,5 and 2,6-disubstituted anthraquinones had different 

charge transfer transitions and 1,5-disubstituted anthraquinones are known to 

be generally more bathochromic and tinctorially stronger than 2,6-

disubstituted anthraquinones [18]. Therefore, additional absorption by 1,5-

disubstituted anthraquinones could be higher and closer to the absorption 

maxima compared to that achieved by 2,6-disubstituted anthraquinones. As a 

result, the dyes have distinctively wide half-band widths depending on the 

coupling position of the anthraquinone.  
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Fig. 3.2. Charge transfer transitions of 1,5- and 2,6- substituted anthraquinone. 

 

 

3.3.3. Dichroic properties of anthraquinone-based azo dyes 

in PVA polarizing films 

 

The linearity of dye molecules could be used as an index for the 

comparison of their dichroic properties when dyes have chromophores of 

similar structures, as reported in our previous work [9]. However, the linearity 

of anthraquinone-based azo dyes, denoted as aspect ratio, seems to bear no 

relation to the dichroic ratio at the absorption maxima, as shown in Table 3.2. 
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In the case of DA, the comparison of its dichroic ratio to other dyes is 

meaningless because of the differences in the structures of chromophores. 

When dyes have different chromophores, their dichroic ratios are more greatly 

influenced by other factors, such as the strength and direction of transition 

moment, than by their aspect ratios. However, this cannot explain the 

disagreement between the aspect ratio and dichroic ratio in anthraquinone-

based azo dyes. The reason for this unexpected result could be accounted for 

by studying the dichroic ratios of the PVA polarizing film throughout the 

whole visible region.  

 

Table 3.2. Aspect ratio and optical properties of the polarizing films at the 

absorption maximum of each dye. 
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Dichroic ratios of anthraquinone-based azo dyes in a PVA polarizing film 

throughout the whole visible region are depicted in Fig. 3.3 (a). For all 

anthraquinone based azo dyes, their maximum dichroic ratios were obtained at 

longer wavelengths than their absorption maxima. The maximum dichroic 

ratios of 15A, 15B, 26A and 26B were 15.46, 17.57, 15.52 and 18.35, 

respectively. When these values were compared to those of their aspect ratio, 

they were in good agreements. The wavelengths for the maximum dichroic 

ratio and their difference with the absorption maxima were 598, 586, 590 and 

592nm and 22, 38, 10 and 58nm, respectively, for 15A, 15B, 26A and 26B. 

This discrepancy between the absorption maxima and maximum dichroic ratio 

is noticeable since the dichroic ratios of general dichroic dyes, such as DA, 

are almost consistent with their absorption spectra, as shown in Fig. 3.3 (b).  
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Fig. 3.3.  a) Dichroic ratio spectra of anthraquinone based azo dyes and 

dichroic ratio (black line) and absorption (red line) spectra of b) DA, c)15A, 

d)15B, e)26A and f)26B.  
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To investigate the transition moment of each chromophore, the maximum 

heights of the dichroic ratio spectrum and absorption spectrum were set equal 

and they are depicted in Fig.3.3 (c), (d), (e) and (f). In the wavelength region 

below the absorption maxima, 1,5-substituted dyes had lower dichroic ratios 

compared to absorbance, while 2,6-sustituted dyes had similar values. This 

difference is believed to be caused by the disagreement of the directions of the 

transition moments of anthraquinones. As mentioned before in Fig. 3.2, the 

direction of charge transfer in 1,5 and 2,6-sustituted anthraquinone 

chromophores are different. The different charge transfers lead to changes in 

the direction of the transition moment. Consequently, the direction of the 

transition moment of the anthraquinone chromophore would be perpendicular 

to the molecular axis in 1,5-substituted dyes and parallel in 2,6-substituted 

dyes as shown in Fig.3.4. The deviated transition moment of the 

anthraquinone chromophore in 1,5-substituted dyes resulted in the increase of 

perpendicular absorbance and thus lowered the dichroic ratio in the shortwave 

region with respect to absorbance.  
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Fig. 3.4. Schematic diagrams of the orientations of the transition moments of 

the anthraquinone and azo chromophores in 15B and 26B. 

 

 

The absorptions of 1,5-substituted dyes are caused by two chromophores: 

anthraquinone chromophore with a lower dichroic ratio absorbs the shorter 

wavelength region and the azo chromophore with a higher dichroic ratio 

absorbs in the longer wavelength region. Within the overlapping absorption 

region of the anthraquinone and azo chromophore, the absorbance can 

increase but the dichroic ratio will decrease since absorbances are obtained by 

the sum of each contribution, but dichroic ratios are calculated by averaging 

their values. Therefore, the dichroic ratio at the absorption maxima would be 
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lower than the dichroic ratio of the azo chromophore itself. For these reasons, 

15-substituted dyes had the discordance of absorption maxima and maximum 

dichroic ratios.  

The dichroic ratio curve of the 2,6-substituted dyes were more similar to 

their absorbance curve in the shortwave region owing to the parallel transition 

moment of anthraquinone. However, there is still some discrepancy in the 

wavelengths of absorption maxima and maximum dichroic ratios. This result 

suggests that the dichroic characteristic of the anthraquinone-based azo dyes 

is further affected by factors other than the overlapping of the absorption of 

anthraquinone and azo chromophore.  

Fig. 3.5 shows the charge density distribution of 26B as prepared by 

molecular modeling. Blue and green clouds on the J-acid are the electron rich 

parts in the ground state and the red and yellow clouds on anthraquinone are 

the electron rich parts in the excited state of the dye. When anthraquinone acts 

as an acceptor of the azo chromophore, the resonance energy transfer pathway 

of the excited electron will branch off into two directions. This pathway 

would depend on the energy state of the absorbed light and thus the direction 

of the transition moment should be subject to change with the wavelengths of 

absorption. In anthraquinone-based azo dyes, the transition moment beyond 

the absorption maxima is believed to have a smaller deviation angle relative to 
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the molecular long axis than the angle at the absorption maxima. Accordingly, 

the maximum dichroic ratio was observed in longer wavelengths than the 

absorption maxima.    

 

 

 

Fig. 3.5. Charge distribution at HOMO (blue and green electron clouds) and 

LUMO (red and yellow electron clouds) level of 26B. 
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3.3.4. Advantage for neutral gray 

 

The cross transmittance of a pair of polarizing films was measured for films 

dyed with 15B, 26B, DA and iodine. As shown in Fig.3.6, the iodine type 

absorbed evenly throughout the visible range but the dye types absorbed in 

limited regions within the visible range. The absorption regions of the 

anthraquinone based-azo dyes were broader than that of DA.   
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Fig. 3.6. Cross transmittances of the polarizing films. 
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The broadness in the longer wavelength region is likely due to the acceptor 

effect of anthraquinone. When an anthraquinone acts as an acceptor of the azo 

chromophore, their two-way electron-withdrawing effect that was explained 

previously would allow various excited state π-electrons distributions and this 

will lead to increases in the bathochromic absorption of the dye.   

Difference of transmittance in the shortwave range between 15B and 26B is 

caused by the different tinctorial strength of anthraquinone chromophores. 

The wavelengths ranging from 400nm to 450nm leaked more on 26B than 

they did on 15B. This different light leakage related to the shades of the dyes, 

as shown in Fig. 3.7. In the L*a*b Color Space, 15B and 26B had closer color 

coordinates to neutral gray than DA.  
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Fig. 3.7. Color difference on L*a*b* Color space CIE1976 and luminance of 

the polarizing films.  

 

 

 

3.4. Conclusions 

 

The introduction of the conjugated bichromophore system in a dichroic dye 

was found to be very effective for increasing the absorption bandwidth. The 

broad absorption spectra of anthraquninone-based azo dyes are influenced not 

only by merging different absorptions of anthraquinone and azo chromophores 

but also by the acceptor effect of anthraquinone. The anthraquinone acted as an 
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acceptor of the azo chromophore and led to broader and bathochromic 

absorption of azo chromophore due to its various transient energy states. 

Accordingly, anthraquinone-based azo dyes had a favorable color shade for 

producing neutral gray polarizing films.  

Anthraquinone-based azo dyes had lower dichroic ratios in comparison with 

general polyazo dichroic dyes such as DA due to the misalignment of transition 

moments depending on absorption band. The difference between the transition 

moments of anthraquinone and azo chromophores reduces dichroic ratios in 

overlapping absorption bands. The transition moment of azo chromophore is 

attenuated by acceptor effect of anthraquinone because two electron-

withdrawing groups of anthraquinone share the charge density of the excited 

state. These facts could be confirmed by analysis of the discrepancy in the 

wavelengths between the absorption maxima and maximum dichroic ratio. 

The findings of this work are expected to provide useful information about the 

correlation between dichroic ratio and transition moment. 
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Chapter 4 

Effect of dye structure on orientational behavior 

and transition moments in coatable guest-host 

polarizer 

 

 

4.1. Introduction 

 

A polarizer is a widely used optical device to control the polarization states 

of light in various applications, including displays. Nowadays, the maximum 

demand for polarizers is in the area of liquid crystal displays (LCDs). PVA-

iodine polarizing films, which exhibit the highest polarization efficiency among 

commercial polarizers, are mainly used in this area [1-3]. However, PVA-based 

polarizing films should be protected by tri-acetyl cellulose (TAC) because of 

their low stability. For this reason, PVA-based polarizing films must be 

laminated structures that are the causes of the increase of film thicknesses and 

restricting the application to flexible displays [4-5]. As a solution to this 



99 

 

problem, a coatable polarizer has been identified and has attracted industrial 

attention. The coatable polarizer is fabricated by coating the liquid crystal 

composite. Using this method, a film with a thickness of less than 10 μm can be 

formed on any substrate. However, some drawbacks of the coatable polarizer, 

such as inferior optical properties and incomplete film formation, must be 

overcome before it can be commercialized to replace PVA-based polarizing 

films [6-10]. 

Coatable polarizers can be classified into two types: lyotropic chromonic liquid 

crystals (LCLCs) types and guest-host types [11-15]. LCLCs types employ the 

behavior of discotic liquid crystals and mechanical shear as the driving force for 

orientation. Guest-host types utilize the alignment ability of rod-like liquid 

crystals as the driving force for orientation. 

 In this study, guest-host coatable polarizers were fabricated by a using a 

liquid-crystalline polymer as the host. The liquid crystalline polymer contains 

side chains, which consist of a flexible alkyl chain and a rigid mesogen. The 

side chains having liquid crystallinity align along the rubbed direction, and the 

dichroic dyes are arranged along the side chains by the guest-host effect (Fig. 

4.1). Polymer-type hosts can be simply fabricated by thermal curing, as 

opposed to monomer-type hosts, which require photostabilization [16]. The 

properties of dyes related to the molecular structure, such as linearity, solubility, 
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and polarity, were investigated to determine the requirements for high optical 

anisotropy in the guest-host coatable polarizer. The effect of guest 

concentration and coating thickness on the alignment was also investigated. The 

effect of charge distribution on the transition dipole moments and transition 

energies was compared and analyzed. 

 

 

 

Fig. 4.1. Schematic diagram of the orientation of liquid crystalline polymer 

doped with dichroic dye molecules on rubbed polyimide alignment layer.  
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4.2. Experimental  

 

4.2.1. Materials and instrumentation 

 

Disperse Orange 3, acetic anhydride, 4-nitroaniline, 40% nitrosyl sulfuric acid, 

and sodium sulfide were purchased from Sigma-Aldrich. Disperse Red 1, 2-

diethylaminophenol, 2,5-dimethoxyaniline, and 2-(N-ethylanilino)ethanol 

were obtained from TCI. All other chemicals used in this study were of 

synthesis grade. Host OPR-003(Host-003) was supplied by Osaka chemical 

Co. Ltd.  

1H NMR spectra were recorded on a Bruker Avance 500 spectrometer using 

DMSO-d6 and TMS as the solvent and internal standard, respectively. 

Elemental analysis was carried out with a Flash EA 1112 CNH analyzer. Mass 

spectra were recorded in fast atom bombardment (FAB) ionization mode 

using a JEOL JMS-AX505WA/HP 6890 Series II gas chromatography-mass 

spectrometer. Absorption spectra of the dyes were measured on an HP 8452A 

spectrophotometer. The absorption maxima and minima of the polarizer 

samples were measured by using an Axoscan Mueller Matrix 

spectropolarimeter. 
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4.2.2. Synthesis of dyes 

 

4.2.2.1. Synthesis of Dye 2 

 

Disperse Orange 3 (0.97g, 0.004 mol) was dissolved in 60 ml of 0.3 M 

aqueous hydrochloric acid solution at room temperature. The solution was 

cooled to 0–5℃, and 0.004 mol of sodium nitrite was added and stirred for 1 h. 

Then, a small portion of sulfamic acid was added as a nitrous acid scavenger. 

The resulting diazonium salt solution was added to a coupling component 

solution of 2-(N-ethylanilino)ethanol (0.66 g, 0.004 mol) dissolved in 20 ml of 

ethanol and 30 ml of water, while maintaining the temperature and pH of the 

mixture at 0–5℃ and 5–6, respectively, during the course of addition. The 

reaction mixture was stirred for 2 h, and the precipitate was filtered, washed 

with brine and ethanol, and dried in a vacuum oven. The crude product was 

purified by recrystallization in methylene chloride. 

Yield 77.0%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 3H, CH3), 3.53 (m, 4H, 

CH2), 3.62 (m, 2H, CH2), 4.84 (t, 1H, OH), 6.86 (d, 2H, ArH), 7.82 (d, 2H, 

ArH), 7.97 (d, 2H, ArH), 8.11 (d, 4H, ArH), 8.44 (d, 2H, ArH); Mass: m/z 
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418.18 (100%, [M+H]+); Found: C, 63.05; H, 5.36; N, 20.42. Calc. for 

C22H22N6O3: C, 63.15; H, 5.30; N, 20.08.   

  

4.2.2.2. Synthesis of Dye 3 

 

 A solution of Dye 2 (0.84 g, 0.002 mol) in 25 ml of ethanol was stirred for 1 

h at 70℃. Then, 50 ml of water was added, and 10 ml of aqueous sodium 

sulfide (1.5 g 0.005 mol) solution was dropped into the prepared solution. The 

reaction mixture was heated to 90℃ and stirred for 3 h under reflux. After 

cooling the reaction mixture to room temperature, 100 ml of water was added 

and stirred for 1 h. The mixture was neutralized by adding dilute hydrochloric 

acid; the precipitate was filtered, washed with water, and dried in a vacuum 

oven. 

Yield 94.3%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 3H, CH3), 3.52 (m, 4H, 

CH2), 3.62 (m, 2H, CH2), 4.84 (t, 1H, OH), 6.53 (s, 2H, NH2), 6.86 (d, 2H, 

ArH), 6.96 (d, 2H, ArH), 7.82 (d, 2H, ArH), 7.98 (d, 2H, ArH), 8.12 (d, 4H, 

ArH);Mass: m/z 388.20 (100%, [M+H]+); Found: C, 67.61; H, 6.95; N, 21.46. 

Calc. for C22H24N6O: C, 68.02; H, 6.23; N, 21.63. 
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Scheme 4.1. Synthesis of Dye2 and Dye3. 
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4.2.2.3. Synthesis of Dye 4 

 

 A mixture of 0.276 g (0.002 mol) 4-nitroaniline, 18 ml of 2 M hydrochloric 

acid, and 0.14 g (0.002 mol) sodium nitrite in water (1 ml) was stirred for 1 h 

at 0–5℃. To this solution, a small portion of sulfamic acid was added as a 

nitrous acid scavenger. The resulting diazonium salt solution was added to a 

coupling component solution of 2,5-dimethoxyaniline (0.306 g, 0.002 mol) 

dissolved in 50 ml of water, while maintaining the temperature and pH of the 

mixture at 0–5℃ and 5–6, respectively, during the course of addition. After 

coupling, the solution was stirred for 2 h and the precipitate was filtered, 

washed with brine, and dried in a vacuum oven. The intermediate was heated 

in ethanol for 2 h under reflux, hot-filtered, washed with hot ethanol, and then 

dried in a vacuum oven. 

The intermediate (1.43 g, 0.006 mol) was slowly introduced into concentrated 

sulfuric acid (10 mL), and the temperature of the mixture was kept below 

40℃. After stirring for 30 min at room temperature, the solution was cooled 

to 0–5℃ and 40% nitrosyl sulfuric acid (2.6mL) was dropped slowly. The 

mixture was stirred for 4 h at 0–5℃. The resulting mixture was added 

dropwise to a solution of 2-diethylaminophenol 0.003 mol (0.495 g) dissolved 
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in glacial acetic acid (100 ml) and ice-water (100 ml) to initiate the coupling 

reaction. The pH of the reaction mixture was adjusted to approximately 4 by 

adding 20 wt% aqueous sodium acetate solution. The reaction mixture was 

stirred for 3 h at 0–5℃ and then for 5 h at room temperature. The precipitate 

was filtered, washed with brine, and dried in a vacuum oven. 

Yield 63.2%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 6H, CH3), 3.58 (m, 4H, 

CH2), 3.86 (s, 6H, CH3), 6.53 (s, 1H, ArH), 6.84 (d, 1H, ArH), 7.06 (d, 1H, 

ArH), 7.44 (s, 2H, ArH), 7.82 (d, 2H, ArH), 8.46 (d, 2H, ArH), 15.4 (s, 1H, 

OH); Mass: m/z 478.20,(100%, [M+H]+); Found: C, 60.36; H, 6.06; N, 17.12. 

Calc. for C24H26N6O5: C, 60.24; H, 5.48; N, 17.56. 
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Scheme 4.2. Synthesis of Dye4.  



108 

 

4.2.3. Fabrication of coatable polarizers 

 

Host-003 and the synthesized dyes were mixed in a vortex mixer for 60 s 

and stirred using a magnetic bar for 1 h at 60℃. The resulting mixtures were 

spread by spin-coating on a rubbed polyimide alignment layer. The alignment 

layer was prepared by coating AL16301(JSR Co.) on glass. AL16301 is 

suitable for achieving a parallel homogeneous alignment [17-18]. The spin-

coating was performed at 700 rpm or 1100 rpm for 10 s. The spin-coated 

samples were stabilized by curing at 100℃ for 3 min. 

 

 

4.2.4. Investigation of optical properties of coatable polarizers 

 

The optical properties of the polarizing films were measured using a UV-

vis spectrophotometer equipped with a Glan-Thompson polarizer. The 

dichroic ratio (R) and order parameter (S) were evaluated at the absorption 

maximum of the coatable polarizers, according to Eqs. (1) and (2) [19]. The 

average angle of the deviated dye molecules (θ) can be derived from the order 
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parameter S, defined as the average of the Legendre polynomia, as given in Eqs. 

(3) [20]. 

  

R = A∥∕A⊥                                                  (1) 

S = (R-1)∕(R+2)                                       (2) 

θ = arccos 
    

 
                                       (3) 

 

where A  ∥ and A⊥ denote the absorbance parallel and perpendicular to the 

alignment direction (director,   ⃗ ), respectively. 

 

 

4.2.5. Theoretical calculation  

 

   Gaussian 09 software package was employed to optimize the geometry of 

the dye structures by using molecular mechanics MM3, conducting iterative 

energy-minimizing routines with the conjugate gradient minimizer algorithm 

[21]. The CONFLEX conformational search procedure was used for finding 

low-energy conformations of the dye molecules [22]. Optimization to the 
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transition state of the dichroic dyes was examined by DFT, with the B3LYP/6-

31+G(d,p) basis set, using the dye structures optimized by the abovementioned 

calculation. 

   Aspect ratios (l/d) of the dye molecules were calculated from the geometry 

of the most stable conformer optimized by CONFLEX/MM3 calculation, in 

consideration of the van der Waals radius, where l and d represent the length of 

the long axis and diameter of the circumscribed cylinders of the dye molecules, 

respectively.  

 

 

 

4.3. Results and discussion  

 

4.3.1. Structure and characterization of synthesized dyes 

 

Dichroic dyes used for PVA-based polarizing films are water-soluble direct 

dyes having sulfonic acid groups. However, dichroic dyes with low water 

solubility are required for effective mixing with Host-003 and its solvent, 

cyclopentanone. The dispersion property of disperse dyes is suitable for this 

purpose. Among disperse dyes, Disperse Red1 (Dye 1) is selected as the 
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reference material for the synthesized dyes because of its linear and D-π-A 

molecular structure. Dye 1 is a monoazo dye containing an electron donating 

group and electron withdrawing group, as shown in Fig. 4.2. Dye 1 has a 

solubility of 2 wt% in cyclopentanone, which is because of the polarity-

induced D-π-A molecular structure, steric hindrance, as well as the 

hydrophobicity resulting from the bulky alkyl chain of the amine group and 

the hydrophilicity resulting from the hydroxyl and nitro substituents.  
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Fig. 4.2. Molecular structures of the dichroic dyes (Dye1-Dye4). 
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Dye 2 has the same terminal substituents as Dye 1 but has a diazo structure, 

which enhances dichroism by extension of the π-conjugation length. Dye 2 

shows poorer solubility (0.8 wt%) in cyclopentanone than does Dye1 because 

of its stronger van der Waals force and π-π interactions, which are 

intermolecular interactions depending on the π-conjugation length. The poor 

solubility of Dye 2 is also believed to be due to its high polarity induced by 

the nitro group. Dye 3, synthesized by reduction of the nitro group of Dye 2, 

shows 2 wt% solubility in cyclopentanone.  

Dye 4 contains lateral substituents such as methoxy and hydroxyl groups, 

which are usually used in direct dyes for PVA-based polarizing films. 

Introduction of such lateral substituents increases intermolecular steric 

hindrance, thus suppressing aggregation. Consequently, Dye 4 has a solubility 

of 2 wt% in cyclopentanone.    

In cyclopentanone, Dye 1 shows the maximum absorption wavelength of 484 

nm, with a molar extinction coefficient of 27,000 L mol-1cm-1 and half-band 

width of 106 nm, as shown in Table 4.1. Dye 2 exhibits a bathochromic shift 

(526nm) and larger molar extinction coefficient (35,000 L mol-1cm-1) as 

compared to Dye 1, because of the extended π-conjugation length. Dye 2 

shows a comparatively large half-band width (130 nm). Dye 3 exhibits a 

hypsochromic shift (500nm) compared to Dye 2 because of the disappearance 
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of the effect of the electron-donating group and electron-withdrawing group at 

each end of the Dye 2. Dye 3 has a molar extinction coefficient of 41,000 L 

mol-1cm-1 and a half-band width of 116 nm.  

Dye 4 shows absorption maximum at the longest wavelength (556 nm), the 

highest molar extinction coefficient (52,000 L mol-1 cm-1) and the smallest 

half-band width (88 nm), probably because of the additional electron-donating 

groups, D-π-A structure, and hydrazine form. The azo linkage of Dye 4 exists 

predominantly in the hydrazone form due to intramolecular hydrogen bonding 

with the hydroxyl group located at the ortho position relative to the azo 

linkage.  

 

 

Table 4.1. Spectral properties and solubility of the dichroic dyes in 

cyclopentanone. 
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4.3.2 Characteristics of guest-host coatable polarizers 

 

The fabricated coatable polarizers were observed under a polarizing 

microscope to check the uniform alignment of the samples. All the samples 

were aligned uniformly on the alignment layer without any defect (e.g., 

disclination), as shown in Fig. 4.3. The samples had different thicknesses 

depending on the spin-coating speed. The average thicknesses of the samples 

spin-coated at 1100 rpm and 700 rpm were 1.6 μm and 1.9 μm, respectively.  

 
Fig. 4.3. Microscopic image of coatable polarizer containing a)Dye1, b)Dye2, 

c)Dye3 and d)Dye4 under the polarizing microscope at 50X magnification. 
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The effect of dye concentration on the alignment was investigated by 

comparing the anisotropic absorption of the samples. The spectra for absorption 

parallel and perpendicular with respect to the alignment direction (director,   ⃗ ) 

for coatable polarizers having 1.6 μm thickness, with various Dye 1 contents, 

are presented in Fig.4.4. The perpendicular absorbance increased in 

proportion to the concentration of Dye 1; however, the increment of parallel 

absorbances gradually reduced as the concentration of Dye 1 was increased. 

This means that the dye concentration affects the dichroic ratio and that an 

appropriate concentration is required for a higher dichroic ratio in the guest-

host system.  

 
Fig. 4.4. Perpendicular and parallel absorbances of coatable polarizers 

(thickness~1.6μm) doped with different contents of Dye1. 
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The sample containing 4 wt% dye exhibited the highest dichroic ratio, while 

those containing a greater concentration of dye had lower dichroic ratios, as 

shown in Table 4.2. These results suggest that the alignment ability of the host 

depends on the amount of the guest. When the guest molecules are added to 

the host molecules, various intermolecular interactions between each other 

begin to act and its influence grows according to increasing amount of added 

dyes. Intermolecular interactions are believed to affect the properties of the 

host molecules, in terms of the alignment, when the dye concentration exceeds 

a certain limit.   

 

Table 4.2. Dichroic ratio of coatable polarizers doped with Dye1. 

 

 

 

When the dye concentration was 4 wt%, the dichroic ratio of the sample 

with 1.6 μm thickness was similar to that of the sample with 1.9 μm thickness. 

This means that the parallel and perpendicular absorbance increased at the 
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same rate and that the alignment remained constant while the thickness was 

changed. The absorbance should be proportionate to the sample thickness, 

according to Lambert-Beer’s law. However, the samples containing more than 

4 wt% dye showed a decrease in dichroic ratio with increasing thickness. This 

is caused by the increased amount of deviated dyes with respect to the director, 

unlike the samples containing 4 wt% dye. 

Host-003 doped with dyes was stacked on the rubbed polyimide alignment 

layer and aligned parallel to the substrate. The molecules in the vicinity of the 

alignment layer were aligned by the effect of the surface force of the 

alignment layer, and the molecules above them were arranged by the influence 

of the liquid crystal aligning property (the alignment that results in minimum 

elastic free energy) of the adjacent molecules [23–27]. Because of the 

increasing thickness of the coatable polarizer, a large number of molecules 

were affected by the liquid crystal aligning property of the adjacent molecules. 

Liquid crystal molecules having good alignment ability might maintain their 

alignment in thicker layers, whereas those having poor alignment ability 

would not maintain their alignment in thinner layers. The reduced alignment 

ability is believed to cause a decrease in the distance maintaining alignment 

and dichroic ratio.  
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For a sample thickness of 1.6 μm, the dichroic ratio was smaller when the 

dye concentration was 6 wt% than when the dye concentration was 4 wt% (the 

difference in dichroic ratios was 0.10). However, in the samples with 1.9 μm 

thickness, the difference in dichroic ratio between 6 wt% and 4 wt% dye 

concentrations was 0.81. This large difference in dichroic ratios was apparent 

in the samples with higher dye concentrations. In the samples with 6 wt% dye 

concentration, the dichroic ratio showed a 14% decrease as the thickness 

increased by 0.3 μm. In the samples with 8 wt% and 10 wt% dyes, the 

dichroic ratios decreased by more than 25% as the thickness increased by 

0.3μm. These results suggest that the increase in the guest concentration 

affects the decrease in the alignment ability of the host.   

In the samples with 2 wt% dye, the dichroic ratio increased as the thickness 

increased, because the alignment was preserved for thicknesses of 1.6 μm and 

1.9 μm. When the alignment is maintained, the dichroic ratios should be 

similar even if the thickness is changed, as in the case of the 4 wt% samples. 

Dichroic ratio is defined as the ratio of parallel absorbance to perpendicular 

absorbance. Hence, dichroic ratios are more sensitive to perpendicular 

absorbance. In the case of weak absorption, there is a high probability of 

measurement error. Because of its small magnitude, the perpendicular 

absorbance of the sample with 2 wt% dye and 1.6 μm thickness appears to be 
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strongly affected by measurement error. The dichroic ratio of the sample with 

2 wt% dye and 1.9 μm thickness is believed to be a proper value to evaluate 

the alignment in the samples with 2 wt% dye.  

The effects of thickness and guest concentration on the alignment suggest 

that the guest concentration should be set to a certain permissible limit so the 

alignment of the liquid crystalline polymers in the guest-host system is not 

disturbed. This is a distinguishing characteristic of guest-host coatable 

polarizers as opposed to the PVA-based polarizing films, in which there is an 

optimum dye concentration to maximize the dichroic ratio [28]. Unlike the 

PVA-based polarizing films fabricated by dyeing and drawing, the guest-host 

coatable polarizers are believed to have similar dichroic ratios at various guest 

concentrations within the permissible limit.   

 

 

4.3.3. Effect of dye structure on dichroic ratio 

 

The dichroic ratio of each dye is presented in Table 4.3. The difference 

between the dichroic ratios of Dye 1 and Dye 2 showed that linearity is an 

important factor in guest-host coatable polarizers as well as PVA-based 

polarizing films. The molecular structure of Dye 2 was 1.38 times longer than 
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that of Dye 1 because of the addition of an azo group containing a benzene 

ring. Long and linear conjugated system leads to an increase in the dichroic 

ratio, owing to intrinsic and extrinsic factors related to the dye molecules [28]. 

The magnitude and anisotropy of the transition dipole moment (intrinsic 

factor) should be improved by charge transfer along the long and linear 

conjugated system. This should result in enhancement of dichroism. An 

extrinsic factor is geometrically advantageous to the parallel alignment. 

Because of these factors, Dye 2 exhibited a 48% higher dichroic ratio than did 

Dye 1.  

Dye 1 and Dye 2 comprise typical D-π-A structures having a strong 

electron-donating group (tertiary amine group) and a strong electron-

withdrawing group (nitro group). The permanent dipole moments of two dyes 

were calculated as 10.79 D and 13.56 D, respectively, as shown in Table 4.3. 

Cyclopentanone is a solvent having a dielectric constant of 14.45 and a 

permanent dipole moment of 3.28 D. Dye 1 and Dye 2 had higher permanent 

dipole moments than did cyclopentanone, but Dye 2 had stronger van der 

Waals force because of the increased linearity and larger difference in polarity 

from that of cyclopentanone. Consequently, Dye 2 exhibited poor solubility in 

cyclopentanone. The high polarity of Dye 2 led to a large difference with the 

polarity of the host as well. The permanent dipole moment of the mesogen 
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monomer containing flexible side chains in Host-003 was calculated to be 

7.04D. 

The driving forces of the guest-host effect are non-covalent bondings: 

hydrogen bonding, ionic bonding, van der Waals forces, and hydrophobic 

interactions [29-30]. The high polarity of Dye 2 is a factor affecting 

hydrophilicity, but the mixture of cyclopentanone and host molecules is 

relatively hydrophobic. The difference in hydrophobicity caused by polarity is 

believed to be a reason for weakening the guest-host effect and deteriorating 

the alignment.  

To investigate the effect of polarity, Dye 2 and Dye 3 are compared. Dye 3 

contains an amine group instead of the nitro group, which causes high polarity 

in Dye 2. Dye 3 has a D-π-D structure, whereby its permanent dipole moment 

is 2.54 D, so that its polarity is close to that of cyclopentanone. Dye 3 and 

Dye 2 are considered to have similar van der Waals forces because there is 

hardly any difference in linearity between them. Dye 3 is believed to have 

stronger intermolecular interactions than does Dye 2 because of the addition 

of a hydrogen-bonding donor such as a primary amine group. Nevertheless, 

Dye 3 is more soluble in cyclopentanone than is Dye 2 because of the effect of 

polarity. 
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Table 4.3. Aspect ratio and dipole moment of dichroic dyes and dichroic ratio and order parameter of coatable 

polarizers.  

 
a Calculated values by DFT B3LYP/6-31+G(d,p) 
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The low polarity of Dye 3 is believed to affect the affinity for the host as 

well as the solubility. The difference between the polarities of Dye 3 and the 

host was over 30% lower than that between Dye 2 and the host. Dye 3 

exhibited a dichroic ratio of 12.37, which was 70% higher than that of Dye 2 

having the same linearity. This result indicates that polarity has a noticeable 

effect on the alignment of the guest-host system. Polarity is believed to be a 

highly influential factor in guest-host coatable polarizers, unlike PVA-based 

polarizing films that consist of a hydrophilic substrate and a water-soluble 

dichroic dye.  

In the case of Dye 2 and Dye 3, the polarity was related to both solubility 

and affinity for the host, which are independent parameters. Dye 4 showed 

high solubility because of steric hindrance and the high polarity caused by the 

D-π-A structure. Dye 4 exhibited the lowest dichroic ratio despite of its 

significant conjugation length. The steric hindrance caused by the two 

methoxy groups of Dye 4 is believed to have a negative influence on the 

guest-host effect. This effect of steric hindrance appears to be more 

pronounced in guest-host coatable polarizers than in PVA-based polarizing 

films. 

In a previous study, the dichroic ratios of PVA-based polarizing films were 

found to be related to the linear conjugation length, but not to the aspect ratio 
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of the whole molecule [31]. The methoxy groups had a small effect on the 

alignment in PVA-based polarizing films and were widely used in direct dyes 

for PVA-based polarizing films [32-34]. The liquid crystalline polymers of the 

guest-host system are believed to be sensitive to the steric hindrance of the 

dyes and have very poor receptive capacity as compared to PVA polymers 

containing innumerable hydrogen bonding groups. 

 

 

4.3.4. Transition dipole moment of dichroic dyes in guest-host 

system 

 

In a polarizer, the dichroic ratio is decided by the orientation of the 

molecules as well as the magnitude and direction of the transition dipole 

moments in the molecule. Additional investigation about the transition dipole 

moment is necessary to clarify the effect of the difference in polarities 

between the host and the guest.  

Dye 2 and Dye 3 had different charge densities because of the inductive 

effects by the introduced terminal substituents. This simultaneously affected 

two properties of the dye: (1) the polarity related to the permanent dipole 
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moment and (2) the polarizability related to the transition dipole moment [35–

36]. 

  Polarizability (α) is defined as the magnitude of the induced dipole 

moments (μ) generated in a molecule by an electric field (ϵ) [37], and is 

represented by equation 4. 

 

α =         	/                                 (4) 

 

The polarizability of the dyes can be elucidated as the magnitude of charge 

separation, since the charge density is redistributed in the excited state by the 

electric field (ϵ) of a particular wavelength of light. For a general electric 

dipole, μρ	 =	 eρ	 (ρ	 =	 x,y,z),	 μ	 =	 ex	 +	 ey	 +ez,	 the	 transition	 moment	

between	the	HOMO and LUMO states is defined as given in equation 5 [38]: 

 

〈  〉 = ⟨     |  |     ⟩,	〈 〉 = 〈  ⟩ + 〈  〉 + ⟨  〉   (5) 

 

where       and       are the HOMO and LUMO state wave functions, 

respectively. The magnitude of the transition dipole moment can be calculated 



126 

 

by the total sum of the magnitude of the charge transfers in the transition state 

(from the HOMO to the LUMO state) along the x, y, and z directions. 

 When the long-axis of the synthesized dyes is the x-axis, the z-axis can be 

omitted. The transition dipole moment along the z-axis is insignificant in the 

synthesized dyes because the dyes have a planar structure, except for the alkyl 

chains of the terminal substituents, as shown in Fig. 4.5. Charge transfer in the 

dyes mainly occurs via the conjugated system.   

 

 

Fig. 4.5. Geometry-optimized structures of the dichroic dyes in the x-z plane. 
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Chromophores having a linear structure can have anisotropic transition 

dipole moments along the long axis (x-axis) and thus exhibit high dichroism, 

unless the chromophores have banana-shaped structures, as in Pucci et al.’s 

study [39]. The transition dipole moments of the azo chromophores hardly 

deviate from the long axis, unless the substituent with the induced effect is 

located on the site leading to diverged and distorted charge transfer [28].  

The charge distributions at the HOMO and LUMO states of Dye 2 and Dye 3 

are presented in Fig. 4.6. The electron-withdrawing group of Dye 2 

deactivated its ortho and para positions and made the linked benzene ring 

electron-deficient in the HOMO state. This led to biased charge distribution 

toward the nitro group in the LUMO state. Dye 3 has benzene rings with 

abundant π-electrons because of the electron-donating effect of the two amine 

groups at both ends. Consequently, the charge density tended to be 

concentrated at the center where the azo linkages exist. The changes in charge 

distributions in Dye 2 and Dye 3 showed that the charge transfer in each dye 

had different directions, but all the charge distributions preserved symmetry 

with respect to the x-axis. In the transition from the HOMO state to the 

LUMO state, the momenta on the y-axis would offset each other and the 

transition dipole moment should be dominated by charge transfer along the x-

axis. This anisotropic charge distribution can result in dichroism.  
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The extent of charge transfer is related to the magnitude of the transition 

dipole moment, and this can be calculated by the experimentally determined 

spectral properties of the dye. The square of the transition dipole moment is 

proportional to the oscillator strength (f), as given in equation 6 [40].  

 

 	 ∝ 	∆E|〈 〉|                                 (6) 

 

∆E indicates the transition energy, which is the band gap between the HOMO 

and LUMO states, and is related to the absorption wavelength.  

 The oscillator strength is known to be proportional to the molar extinction 

coefficient (    ) and the half-band width (∆  ̅
 
), as shown in equation 7. 

 

 ≈
    ×∆   

 

 
                                 (7) 

 

Generally, n is known to be in the range 2.3– 2.5 × 10  [41]. Equation 8 is 

obtained by the combination of equations 6 and 7.  
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|〈 〉| 	∝ 	
    ×∆   

 
	

 	×	     
                         (8) 

 

 The absorption maximum wavenumber (   ̅  ) was calculated by the 

expression 107/λmax (cm-1). The half-band widths of Dye 2 and Dye 3 were 

4,884 cm-1 and 4,900 cm-1, respectively. The ratio of the transition dipole 

moments of Dye 2 and Dye 3 was calculated to be 1:1.0569. As mentioned 

above, 〈  〉 of the dyes is much larger than 〈  〉; therefore, 〈  〉 of Dye 3 is 

estimated to be 5.69% higher than that of Dye 2. If Dye 3 and Dye 2 have 

equal alignment states, Dye 3 would have a 5.69% higher parallel absorbance 

than Dye 2. This could cause the dichroic ratio to increase by 0.41, order 

parameter to increase by 0.01, and average angle of the deviated dye 

molecules to decrease by 0.41˚. According to the experimentally derived 

results for Dye 3, the dichroic ratio is higher by 5.12, the order parameter is 

higher by 0.11, and the average angle of the deviated dye molecules is smaller 

by 4.92˚ as compared to Dye 2. This means that the high dichroic ratio of Dye 

3 is mainly attributed to its alignment state and that polarity plays an 

important role in the alignment. 

In the case of Dye 2 and Dye 3, the difference in charge distributions 

between the D-π-A and D-π-D structures had a negligible effect on the 
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magnitude of the transition dipole moments but had a large effect on the 

transition energies. In Dye 2, the charge distribution was divided into an 

electron-deficient part and an electron-rich part in the HOMO state. This 

biased charge distribution leads to electrical potential difference and reduction 

in the band gap between the HOMO and LUMO states. Dye 2 exhibited a 

bathochromic shift because of the induced effect. In Dye 3, the amine groups 

acted as electron-donating groups and the azo linkages functioned as electron-

withdrawing groups. Dye 3 absorbed at a shorter wavelength as compared to 

Dye 2 because the azo linkage has weaker electron-withdrawing effect than 

does a nitro group.  

In molecular orbital theory, the transition dipole moment should increase 

sufficiently when the absorption maximum shifts toward longer wavelengths 

to offset the decrease in oscillator strength [42]. This proposition is valid in 

the case of Dye 1 and Dye 2. The half-band width of Dye 1 was 4,638 cm-1 

and the transition dipole moment of Dye 1 was 82.10% of that of Dye 2. Dye 

2 absorbed at 42 nm longer wavelength and had a 1.22-fold larger transition 

dipole moment than did Dye 1 because of the extended π-conjugation length. 

However, the relationship between the bathochromic shift and the increasing 

transition dipole moment is unclear in the case of Dye 2 and Dye 3. The D-π-

D structure of Dye 3 led to increasing transition dipole moment by charge 
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transfer with abundant π-electrons, owing to the strong donating effect; this 

caused a hypsochromic shift as compared to Dye 2. 
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Fig. 6. Charge distributions at HOMO and LUMO states of Dye2 and Dye3.
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4.4. Conclusions  

 

In guest-host coatable polarizers, dyes cause absorption of light as a guest 

and liquid crystalline polymers aid in aligning the molecules as a host. 

However, the guest and host are not completely independent of each other. In 

particular, the guest plays an important role in the alignment of the guest-host 

system. The influence of the guest strengthened with an increase in the guest 

concentration. Any increase in the guest concentration beyond the permissible 

limit decreased the alignment ability of the host, possibly because of the effect 

of intermolecular interactions between the guest and the host on the liquid 

crystallinity of the host. To achieve a high dichroic ratio, the dye 

concentration should not exceed the permissible limit.  

The linearity of dyes is considered an important factor in guest-host coatable 

polarizers as well as PVA-based polarizing films. A molecular structure with 

long and linear conjugation is advantageous for the high transition dipole 

moment and geometrical factor for the alignment. Guest-host coatable 

polarizers tend to be more sensitive to intermolecular steric hindrance as 

compared to PVA-based polarizing films. Careful consideration should be 

given to the introduction of substituents into the positions along the short axis 

in guest-host coatable polarizers. 
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 A remarkable factor in guest-host coatable polarizers is the dye polarity. A 

highly polar dye can result in deviated alignment because of the poor affinity 

for the host, which is relatively hydrophobic. Therefore, the dyes for guest-

host coatable polarizers should be designed to have proper polarity, in 

consideration of the induced effect of the substituents.      

An appropriate charge distribution can lead to a bathochromic shift and a 

simultaneous increase in the transition dipole moment. However, the charge 

distribution for a bathochromic shift is neither necessary nor sufficient to 

generate a large transition dipole moment. The transition dipole moment is 

thought to be related to the magnitude of charge transfer density and the 

transition energy is regarded as the band gap between the HOMO and LUMO 

states. For a highly anisotropic transition dipole moment, the charge 

distribution should be symmetrical with respect to the long axis of the 

molecule, without deviation, and there should be abundant π-electrons for 

transfer. 
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Chapter 5 

Optimized molecular structures of guest-host 

system for highly efficient coatable Polarizer 

 

 

5.1. Introduction 

 

In the guest-host system using dichroic dyes, the guests (dichroic dyes) are 

responsible for anisotropic absorption, and the hosts (liquid crystals) are 

responsible for the alignment of molecules along a particular direction [1–3]. 

Anthraquinone dyes to have easily liquid crystallinity have been usually used as 

the guests of the guest-host liquid crystal displays (GH-LCD), while azo dyes 

with high dichroisms are widely used in guest-host systems such as coatable 

polarizers [4–6]. Studies on the host have focused on the monomer types of 

liquid crystals rather than the polymer types [7–10]. The monomer types, which 

usually form films by a photo curing method, have limitations in complete film 

formation and maintaining the alignment of molecules in the guest-host 
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coatable polarizer [11–13]. In comparison, the polymer types are more 

advantageous to use in film formation because they involve a thermal curing 

method, which is a simpler method than photo curing.  

Liquid crystals can be classified as thermotropic and lyotropic liquid crystals 

[14, 15]. Thermotropic liquid crystals exhibit phase transitions according to 

temperature changes, whereas lyotropic liquid crystals exhibit phase transitions 

according to concentration changes in solvents. Liquid crystalline polymers 

generally consist of many side chains that contain rod-like mesogens and are 

usually used with a solvent. Additionally, liquid crystalline polymers exhibit the 

characteristics of both thermotropic and lyotopic liquid crystals.  

The alignment of calamitic or rod-like liquid crystals varies according to 

temperature, and different alignments indicate phase changes. The phases are 

classified as smectic, nematic, and isotropic, depending on the degree of 

alignment. The smectic phases are further categorized as smectic A, smectic B, 

smectic C, etc. [16]. Liquid crystals have different numbers and kinds of phases, 

as well as diverse ranges of transition temperature depending on their molecular 

structures [17].  

In this study, the guest-host coatable polarizers were fabricated using two liquid 

crystalline polymers containing different mesogens as the host. The mesogen of 

each liquid crystalline polymer has a similar molecular structure to the nematic 
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liquid crystals, which have transition temperatures that range from 30 to 75℃ 

[17-19]. To investigate the gust-host effects in relation to the molecular 

structures of the guest and host, various dyes were synthesized and applied to 

each liquid crystalline polymer. The resulting alignments and the dichroic ratios 

of the fabricated samples were compared and analyzed to determine the most 

appropriate molecular structures of the guest and the host for highly efficient 

coatable polarizers. 

 

 

5.2. Experimental  

 

5.2.1. Materials and instrumentation 

 

Disperse Orange 3, acetic anhydride, 4-nitroaniline, 40% nitrosyl sulfuric acid, 

o-tolidine and sodium sulfide were purchased from Sigma-Aldrich. Disperse 

Red 1, 4,4’-diaminostilbene dihydrochloride, 2-diethylamino-phenol, 2,5-

dimethoxyaniline, N-(2-cyanoethyl)-N-methylaniline, 2-(N-ehtylanilino)-

ethanol, N,N-dibutylaniline and o-dianisidine were obtained from TCI. All 

other chemicals used in this study were of synthesis grade. Host OPR-
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003(Host-003) and Host OPR-006(Host-006) was supplied by Osaka chemical 

Co. Ltd.  

1H NMR spectra were recorded on a Bruker Avance 500 spectrometer using 

DMSO-d6 and TMS as the solvent and the internal standard, respectively. 

Elemental analysis was carried out with a Flash EA 1112 CNH analyzer. Mass 

spectra were recorded in fast atom bombardment (FAB) ionization mode 

using a JEOL JMS-AX505WA/HP 6890 Series II gas chromatography-mass 

spectrometer. Absorption spectra of the dyes were measured on a HP 8452A 

spectrophotometer. The absorption maxima and minima of the polarizer 

samples were measured by an Axoscan Mueller Matrix spectropolarimeter. 

 

 

5.2.2. Synthesis of dyes 

 

5.2.2.1. Synthesis of BP series 

 

o-Tolidine (0.85g, 0.004 mol) was dissolved in 40ml of 1M aqueous 

hydrochloric acid solution at room temperature. The solution was cooled to 0–

5℃ and 0.008mol of sodium nitrite was added and stirred for 1 h. Then, a 
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small portion of sulfamic acid was added as a nitrous acid scavenger. The 

resulting diazonium salt solution was added to a coupling component solution 

of 2-diethylamino-phenol (1.32g, 0.008 mol) dissolved in 50ml of water, 

while maintaining the temperature and pH of the mixture at 0–5℃ and 5–6, 

respectively, during the course of addition. The reaction mixture was stirred 

for 2 h and the precipitate was filtered. The crude product (BP1) was washed 

with brine and ethanol and dried in a vacuum oven. The other BP series dyes 

were prepared in a similar manner.  

BP1 : Yield 88.3%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 12H, CH3), 2.54 (s, 

6H, CH3), 3.51 (m, 8H, CH2), 6.46 (d, 2H, ArH), 6.53 (d, 2H, ArH), 7.52 (d, 

2H, ArH), 7.67 (d, 2H, ArH), 7.94 (d, 2H, ArH), 8.01 (d, 2H, ArH), 14.94 (s, 

2H, OH); Mass: m/z 564.32,(100%, [M+H]+); Found: C, 73.02; H, 7.05; N, 

14.34. Calc. for C34H40N6O2: C, 72.31; H, 7.14; N, 14.88. 

BP2 : Yield 90.6%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 12H, CH3), 3.52 (m, 

8H, CH2), 3.99 (s, 6H, CH2), 6.48 (d, 2H, ArH), 6.53 (d, 2H, ArH), 7.00 (d, 

2H, ArH), 7.43 (d, 2H, ArH), 7.63 (d, 2H, ArH), 7.86 (d, 2H, ArH), 14.96 (s, 

2H, OH); Mass: m/z 596.31,(100%, [M+H]+); Found: C, 68.38; H, 6.75; N, 

14.23. Calc. for C34H40N6O4: C, 68.43; H, 6.76; N, 14.08. 

BP3 : Yield 87.1%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 6H, CH3), 2.54 (s, 6H, 

CH3), 3.52 (m, 8H, CH2), 3.62 (m, 4H, CH2), 4.83 (t, 2H, OH), 6.96 (d, 4H, 
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ArH), 7.52 (d, 2H, ArH), 7.94 (d, 2H, ArH), 8.01 (d, 2H, ArH), 8.14 (d, 4H, 

ArH); Mass: m/z 564.32,(100%, [M+H]+); Found: C, 72.18; H, 7.21; N, 14.92. 

Calc. for C34H40N6O2: C, 72.31; H, 7.14; N, 14.88.  

BP4 : Yield 85.2%; 1H NMR (DMSO-d6, ppm): 2.54 (s, 6H, CH3), 2.76 (s, 6H, 

CH3), 3.57 (m, 4H, CH2), 3.72 (m, 4H, CH2), 6.98 (d, 4H, ArH), 7.52 (d, 2H, 

ArH), 7.94 (d, 2H, ArH), 8.01 (d, 2H, ArH), 8.13 (d, 4H, ArH); Mass: m/z 

554.29,(100%, [M+H]+); Found: C, 73.47; H, 6.15; N, 20.38. Calc. for 

C34H34N8: C, 73.62; H, 6.18; N, 20.20.  
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Scheme 5.1. Synthesis of BP series. 
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5.2.2.2. Synthesis of ST series 

 

  4,4’-diaminostilbene-dihydrochloride (0.56g, 0.002 mol) was dissolved in 

30ml of 0.6M aqueous hydrochloric acid solution at room temperature. The 

solution was cooled to 0-5℃ and 0.004mol of sodium nitrite was added and 

stirred for 1 h. Then, a small portion of sulfamic acid was added as a nitrous 

acid scavenger. The resulting diazonium salt solution was added to a coupling 

component solution of 2-(N-Ethylanilino)-ethanol (0.66g, 0.004 mol) 

dissolved in 20ml of ethanol and 30ml of water, while maintaining the 

temperature and pH of the mixture at 0–5℃ and 4–5, respectively, during the 

course of addition. The reaction mixture was stirred for 2 h and the precipitate 

was filtered. The crude product (ST3) was washed with brine and ethanol and 

dried in a vacuum oven. The other ST series dyes were prepared in a similar 

manner.  

ST1 : Yield 86.4%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 12H, CH3), 3.52 (m, 

8H, CH2), 6.45 (d, 2H, ArH), 6.52 (d, 2H, ArH), 7.24 (d, 2H, CH), 7.68 (d, 2H, 

ArH), 7.70 (d, 4H, ArH), 7.97 (d, 4H, ArH), 15.02 (s, 2H, OH); Mass: m/z 

562.31,(100%, [M+H]+); Found: C, 73.17; H, 6.72; N, 14.96. Calc. for 

C34H38N6O2: C, 72.57; H, 6.81; N, 14.94. 
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ST2 : Yield 61.5%; 1H NMR (DMSO-d6, ppm): 0.91 (t, 12H, CH3), 1.22(m, 

8H, CH2), 1.67(m, 8H, CH2), 3.53 (m, 8H, CH2), 6.94 (d, 4H, ArH), 7.25 (d, 

2H, CH), 7.69 (d, 4H, ArH), 7.96 (d, 4H, ArH), 8.16 (d, 4H, ArH); Mass: m/z 

642.44,(100%, [M+H]+); Found: C, 78.25; H, 8.55; N, 13.20. Calc. for 

C42H54N6: C, 78.46; H, 8.47; N, 13.07. 

ST3 : Yield 90.3%; 1H NMR (DMSO-d6, ppm): 1.16 (t, 6H, CH3), 3.53 (m, 

8H, CH2), 3.62 (m, 4H, CH2), 4.83 (t, 2H, OH), 6.96 (d, 4H, ArH), 7.24 (d, 

2H, CH), 7.69 (d, 4H, ArH), 7.95 (d, 4H, ArH), 8.14 (d, 4H, ArH); Mass: m/z 

562.31,(100%, [M+H]+); Found: C, 72.36; H, 6.96; N, 15.01. Calc. for for 

C34H38N6O2: C, 72.57; H, 6.81; N, 14.94.  

ST4 : Yield 82.6%; 1H NMR (DMSO-d6, ppm): 2.76 (s, 6H, CH3), 3.57 (m, 

4H, CH2), 3.73 (m, 4H, CH2), 6.98 (d, 4H, ArH), 7.25 (d, 2H, CH), 7.68 (d, 

4H, ArH), 7.96 (d, 4H, ArH), 8.14 (d, 4H, ArH); Mass: m/z  552.27,(100%, 

[M+H]+); Found: C, 73.31; H, 5.83; N, 20.86. Calc. for C34H32N8: C, 73.89; H, 

5.84; N, 20.27.  
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Scheme 5.2. Synthesis of ST series. 

 

 

5.2.2.3. Synthesis of US series 

 

 The procedures and results about US series dyes were described in the 

Chapter 4. 
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5.2.3. Fabrication of coatable polarizers 

 

Hosts(Host-003 or Host-006) and the synthesized dyes were mixed in a vortex 

mixer for 60sec and stirred using a magnetic bar for 1h at 60℃. The resulting 

mixtures were spread by spin-coating on a rubbed polyimide alignment layer. 

The alignment layers were prepared by coating AL16301(JSR Co.) on glass. 

AL16301 is suitable for achieving a parallel homogeneous alignment [20–21]. 

The spin-coating was performed at 1100rpm for 10sec. The spin-coated 

samples were stabilized through the curing procedure. 

 

 

5.2.4. Investigation of optical properties of coatable polarizers 

 

The optical properties of the polarizing films were measured using a UV-

vis spectrophotometer equipped with a Glan-Thompson polarizer. The 

dichroic ratio(R) and order parameter (S) were evaluated at the absorption 

maximum of the coatable polarizers according to Eqs. (1) and (2) [22]. The 

average angle of the deviated dye molecules (θ) can be derived from the order 



153 

 

parameter S defined as the average of the Legendre polynomia, as given in Eqs. 

(3)[23]. 

 

R = A∥∕A⊥                                               (1) 

S = (R-1)∕(R+2)                                       (2) 

θ = arccos 
    

 
                                       (3) 

 

where A∥ and A⊥ denote the parallel and perpendicular absorbance to the 

rubbing direction, respectively. 

 

 

5.2.5. Theoretical calculation  

 

Gaussian 09 software package was employed to optimize the geometry of the 

dye structures by using molecular mechanics MM3, conducting iterative 

energy-minimizing routines with the conjugate gradient minimizer algorithm 

[24]. The CONFLEX conformational search procedure was used for finding 

low-energy conformations of the dye molecules [25]. Optimization to transition 
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state of the dichroic dyes were examined by DFT, with the B3LYP/6-31+G(d,p)  

basis set using the dye structures optimized by the above-mentioned calculation. 

Aspect ratios (l/d) of the dye molecules were calculated from the geometry of 

the most stable conformer optimized by CONFLEX/MM3 calculation in 

consideration of the van der Waals radius, where l and d represent the length of 

the long axes and diameter of the circumscribed cylinders of the dye molecules, 

respectively.  

 

 

5.3. Results and discussion  

 

5.3.1. Difference between Host-003 and Host-006 

 

Host-003 and Host-006 are both thermally curable liquid crystalline 

polymers that use cyclopentanone as a solvent. They contain side chains with 

ester links to the main alkyl chain; each side chain consists of a flexible part 

connected to a rigid part by an ether linkage. Host-003 contains a biphenyl 

rigid core with a cyano group, while Host-006 contains a monoazo benzene 

derivative as a rigid moiety (Fig. 5.1). 
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Fig. 5.1. Structures of the a) Host-003 and b) Host-006 

 

At 25℃, Host-003 exhibits a solid content of 20.7 wt% and a viscosity of 6.1 

mPa.s, whereas Host-006 exhibits a solid content of 20.0 wt% and a viscosity 

of 8.0 mPa.s. Considering that the molecular weight of a side chain in Host-

003 was 393.52 and that of Host-006 was 454.60, the mole fraction of Host-

006 was 83.64% lower than that of Host-003. This means that the difference 

between the intermolecular interactions of both host molecules is actually 

larger than the difference between the viscosities. 

The difference between the intermolecular interactions of both host 

molecules is attributed to the different molecular structures of the rigid parts. 



156 

 

Because the host molecules lack hydrogen bonding donors, van der Waals 

forces and π-π interactions are likely the main intermolecular interactions 

between the host molecules. These interactions are influenced by the 

geometries of the host molecules. For example, the rigid parts of the host 

molecules exhibit different degrees of linearity and planarity, as shown in Fig. 

5.2. Due to a short π-conjugation length and a twisted 35.5˚ dihedral angle, 

the rigid part of Host–003 exhibits a weaker intermolecular interaction than 

that of Host-006. This feature presumably results in the differing thicknesses 

of the samples spin-coated (1100 rpm/10 sec) by Host-003 and Host-006. The 

average thickness of Host-003 samples was 1.6 μm, while that of Host-006 

samples was 1.9 μm.  

Unlike Host-003, Host-006 absorbed visible light due to the presence of azo 

chromophores. Absorption spectra of solutions of Host-006 in various 

concentrations are depicted in Fig. 5.3(a). Because a concentration of 20.0 wt% 

was too high to define the absorption maximum wavelength, more dilute 

solutions were analyzed. The absorption maximum wavelength of the azo 

chromophore in Host-006 was 360 nm in cyclopentanone. Meanwhile, the 

coatable polarizer composed of only Host-006 exhibited an absorption 

maximum wavelength of 420 nm, as shown in Fig. 5.3(b). Since the azo 

chromophore in Host-006 exhibited a dichroic property, the parallel and 
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perpendicular absorbance spectra of the sample were measured and the 

dichroic ratio was calculated. Host-006 had a dichroic ratio of 7.66 and its 

order parameter was 0.69, which is within the order parameter range (0.4–0.7) 

of typical nematic phases [17].   

 

 

 

Fig. 5.2. Geometry-optimized structures of the a) Host-003 and b) Host-006. 
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Fig. 5.3. a) Absorption spectra of Host-006 in the cyclopentanone and b) 

parallel and perpendicular absorbance spectra of coatable polarizer composed of 

only Host-006. 

 

 

 

5.3.2 Structure and characterization of dichroic dyes 

 

Disperse Orange 3 (DO3) and Disperse Red 1 (DR1) were prepared as 

monoazo dyes, while three unsymmetric dyes (US series) and eight symmetric 

dyes (BP and ST series) were designed and synthesized as disazo dyes. As 

shown in Fig. 5.4, the monoazo dyes have D-π-A structures involving a 
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primary amine group or a tertiary amine group. DO3 exhibited an aspect ratio 

of 2.74 while DR1 exhibited a slightly longer aspect ratio of 2.94 due to the 

alkyl chains of the tertiary amine group. Every disazo dye, except US1, 

exhibited greater linearity than the monoazo dyes. The lower aspect ratio of 

US1 was attributed to the lateral substituents, which increased solubility. US2 

and US3 had aspect ratios on the order of four. The symmetric dyes had long 

conjugation lengths due to the introduction of either biphenyl or stilbene 

moieties. These long conjugation lengths decreased the influence of the 

terminal substituents on the linearity of the symmetric dyes. The aspect ratios 

of the BP series were on the order of five and those of the ST series were on 

the order of six.  

DO3, which contains an electron donating group opposite to an electron 

withdrawing group, exhibited an absorption maximum wavelength of 436 nm 

(Table 5.1). DR1 exhibited an absorption maximum wavelength of 484nm, 

which is more bathochromic than DO3 by the stronger donating power of the 

tertiary amine group compared to the primary amine group. DR1 also 

exhibited higher solubility compared to DO3 due to the bulky alkyl chains of 

the tertiary amine group. The US series absorbed longer wavelengths than the 

monoazo dyes because the addition of azo linkages extended the π-

conjugation lengths in the former. US1 exhibited the longest absorption 
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maximum wavelength (554 nm) due to increased donation from additional 

substituents. Meanwhile, the absorption maximum wavelength of US2, a D-π-

A structure, was 526 nm and that of US3, a D-π-D structure, was 500 nm. The 

hypsochromic shifts in the US series correlated with the symmetries of the 

charge distributions.  

BP1 and BP2 absorbed longer wavelengths than BP3 and BP4 because the 

former contain hydrazone forms of the azo linkages; these are due to 

intramolecular hydrogen bonding interactions between hydroxyl groups ortho 

to the azo linkages. BP2 exhibited a longer absorption maximum wavelength 

(526 nm) than BP1 as a result of stronger donation from the methoxy groups 

compared to the methyl groups. The BP series exhibited bathochromic shifts 

that increased with the degree of donation from their substituents. The 

relatively high solubilities of the BP series were caused by the twisted 

dihedral angles of both the biphenyl and the lateral moieties, such as the 

methoxy and methyl groups.  

The ST series, on average, exhibited higher molar extinction coefficients than 

the dyes of the other series due to the linear and planar molecular structures of 

the stilbene moieties. Furthermore, the dyes in the ST series absorbed longer 

wavelengths than the dyes with identical terminal substituents in the BP series. 

However, this structural feature of the stilbene moiety resulted in stronger van 
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der Waals forces and π-π interactions. Consequently, the solubilities of the ST 

series, excluding ST2, were less than half those of the BP series. ST2 

exhibited the highest solubility due to its sterically bulky alkyl chains. 

 

 

 

Fig. 5.4. Structures of the dichroic dyes (DO3, DR1, US series, BP series and 

ST series). 
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Table 5.1. Spectral properties, aspect ratio and solubility of the dichroic dyes. 
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5.3.3. Orientation of dichroic dyes within Host-003 

 

All samples containing Host-003 were aligned uniformly without any 

disclinations, as shown in Fig. 5.5. This means that Host-003 and 13 dyes 

were compatible, indicating that dye molecules did not disturb the uniform 

alignment of Host-003. The host properties, such as transition temperature, 

order parameter, and elastic constant, are known to change due to the 

following molecular interactions between the guests: hydrogen bonding, van 

der Waals forces, and electrostatic forces [26–27]. Host-003 presumably 

exhibits different orientations based on the molecular structure of the guest. 

However, the partial loss of liquid crystallinity from interaction with the guest 

did not occur in guest-host systems containing Host-003. 
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Fig. 5.5. Microscopic image of coatable polarizers using Host-003 doped with 

the dyes under the polarizing microscope at 50X magnification. 
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The dichroic ratios (R), orientation order parameters (S), and average angles 

of deviated dye molecules (θ) of the samples containing Host-003 are 

presented in Table 5.2. The monoazo structures DO3 and DR1 exhibited 

dichroic ratios of 4.94 and 4.91, respectively. US1 exhibited the lowest 

dichroic ratio (3.46) because sterically bulky lateral substituents disrupted the 

orientation of the dye molecules. The disazo structure US2, which has the 

same terminal substituents as DR1, exhibited a dichroic ratio of 7.25. US3, 

which has a similar linearity but different polarity compared to US2, exhibited 

the highest dichroic ratio (12.37) in samples containing Host-003. 

The dichroic ratios of the BP series were affected by intermolecular 

interactions between the hosts and guests. BP1 exhibits van der Waals forces 

and hydrogen bonding interactions because the hydroxyl groups are in the 

conjugated system of the dye molecules. The hydroxyl groups of BP1 are also 

involved in hydrophilic repulsive forces between the host and guest molecules. 

Due to these intermolecular interactions, BP1 exhibited a dichroic ratio of 

6.51. The van der Waals forces and hydrogen bonding interactions in BP3 

presumably interact separately within the host molecules; unlike the hydroxyl 

groups of BP1, those of BP3 are located at both ends of the dye molecule. 

This molecular structure causes BP3 to have a dichroic ratio of 7.39. BP4, 

which contains nitrile groups instead of hydroxyl groups, exhibited a dichroic 
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ratio of 4.79. The nitrile groups were introduced in BP4 to change the partial 

charges of the terminal alkyl chains and are believed to adversely affect the 

orientation of BP4 in Host-003. Remarkably, BP2 exhibited the highest 

dichroic ratio (7.96) in the BP series despite its low aspect ratio, which is 

attributed to its lateral methoxy groups. In contrast to the case of US1, the 

lateral methoxy groups of BP2 barely affect the orientation of the dye 

molecules because of the long molecular length of BP2. Instead, the lateral 

methoxy groups presumably prevent a decrease in the liquid crystallinity of 

BP2: the steric hindrance of the lateral methoxy groups helps maintain a 

certain distance between BP2 and the mesogens of Host-003. This effect is 

thought to improve the orientation of the dyes; thus, BP2 exhibited the highest 

order parameter (0.70) and the smallest angle (26.53˚) of deviated dye 

molecules.  

ST1, which has the same terminal substituents as BP1, exhibited a higher 

dichroic ratio (7.10) and order parameter (0.67) than BP1. However, the levels 

of these properties are relatively low within the ST series. These results 

suggest that the hydroxyl group located in the conjugated system negatively 

influences the guest-host effect in Host-003. ST2, which contains bulky alkyl 

chains, exhibited the lowest dichroic ratio (6.57) in the ST series. ST3 had the 
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highest dichroic ratio (7.99) out of the dyes with symmetric structures because 

of its high linearity and its incorporation of substituents that encourage 

parallel alignment. ST4, which contains the same terminal substituents as BP4, 

exhibited a dichroic ratio of 7.80, and did not exhibit the adverse effects of 

nitrile substituents that were present in BP4. This means that nitrile 

substituents in a more linear and planar conjugated system have little adverse 

effects on the orientation of the dyes.  

In the case of DR1 and US2, the linearities and dichroic ratios increased by 

38.01% and 47.66%, respectively. However, the linearities of BP3 and ST3 

increased by 32.76% and 53.20%, respectively, while their dichroic ratios 

only increased by 1.93% and 10.20%, respectively, compared to US2. 

Considering the importance of linearity in the dichroic ratio, these results 

indicate that other factors affect the relatively low dichroic ratios of BP3 and 

ST3. The two dyes presumably have no intrinsic factors, such as steric 

hindrance, polarity, the direction of transition dipole moment, etc., that 

adversely affect their dichroic ratios. Therefore, extrinsic factors of dye 

structure are believed to affect the dichroic ratios of BP3 and ST3 in Host-003. 

The ratio of the conjugation lengths is Host-003 : monoazo : US series : BP 

series : ST series = 1 : 1.38 : 2.31 : 3.02 : 3.33, as shown in Fig 5.6. 

Depending on the conjugation length of the molecules, intermolecular 
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interactions, such as π-π interaction and van der Waals forces, dominate the 

guest-host effect. The conjugation lengths of the BP and ST series are too 

long to interact effectively with the rigid segment of Host-003. Therefore, the 

BP and ST series are aligned by insufficient guest-host effects and have 

orientations with reduced order parameters in Host-003. In particular, ST3 

exhibited a much higher dichroic ratio than US2 in Host-006, which has a 

longer rigid segment than Host-003. Further details of the dichroic properties 

of dyes in Host-006 are explained in section 5.3.5. 
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Fig. 5.6. The ratio of π-conjugation length of rigid segment in Host-003, 

monoazo dye, US, BP and ST series dyes.  
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Table 5.2. Dichroic and orientaional properties of coatable polarizers using 

Host-003 doped with the respective dyes. 
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5.3.4. Alignment of Host-006 doped with dyes 

 

The coatable polarizer composed of only Host-006 was fabricated without 

disclinations by curing at a temperature of 90℃. The samples containing 

Host-006 doped with DO3 and DR1 exhibited uniform alignments without 

disclinations by curing at a temperature of 90℃ as well. However, the Host-

006 samples cured at 90℃ and doped with disazo dyes showed disclinations 

in the samples cured at 90℃. Thus, higher curing temperatures were applied 

to the samples containing disazo dyes to produce uniform alignments. The 

orientations of the Host-006 samples doped with disazo dyes changed 

according to curing temperature, as shown in Fig. 5.7. 

The types of disclination varied with the molecular structures of the dyes and 

the curing temperatures, yet all samples exhibited sand-like disclination 

textures at the curing temperature of 120℃. The fast evaporation rate of the 

solvent promotes the formation of a crystalline phase [28]. Since the boiling 

point of cyclopentanone is 130℃, a curing temperature of 120℃ leads to a 

fast solvent evaporation rate and therefore results in the crystalline phases 

which are scattered in the samples. The disclinations are presumably affected 

by the intermolecular interactions between the dyes, the host molecules, and 
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the solvent. Out of 11 disazo dyes, only US2, BP2, and ST3 aligned with 

Host-006 without disclinations at the curing temperature of 110℃.  

 

 

 

Fig. 5.7. Optical microscopy texture of Host-006 doped with the dyes on the 

coatable polarizers having different curing temperature under the polarizing 

microscope at 50X magnification. 
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Alignments without disclinations in the samples containing Host-006 doped 

with disazo dyes were achieved by an additional heat treatment step. The 

disclinations in the sample with BP2, which was fabricated at the curing 

temperature of 90℃, changed upon additional heat treatment and disappeared 

at 110 , as shown in Fig. 5.8. ℃  

 

 

 

Fig. 5.8. Change in the microscopy texture of Host-006 doped with BP2 

depending on the heat-treatment temperature a) 90℃, b)100℃, c)110℃, d)115℃ 

and e)120℃. 
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Further, the sand-like disclination texture was not formed at 120℃ upon 

additional heat treatment. This phenomenon is similar to the phase transition 

of thermotropic liquid crystals, in which the alignments vary with temperature. 

Host-006 presumably has a low orientational degree of freedom compared to 

liquid crystal monomers because of its polymer structure; yet, a certain 

orientational degree of freedom could remain in Host-006 even after the 

curing process. The driving forces that change the liquid crystal phase with 

increases in temperature supposedly realign the guest and host molecules. 

Even upon additional heat treatment, only US2, BP2, and ST3 exhibited 

alignments without disclinations. 

The disclinations were formed in the samples with disazo dyes, but not in 

the samples with monoazo dyes. These results suggest that the π-conjugation 

lengths of dye molecules affect the alignment of Host-006. Also, the π-

conjugation lengths of the rigid segments of the host molecules presumably 

play an important role in achieving alignments without disclinations. As 

mentioned in section 5.3.1, Host-003 exhibits a weaker van der Waals force 

than Host-006 because its rigid segment is short and has a twisted dihedral 

angle. Overall, Host-006 exhibits stronger intermolecular interaction with 

guest dyes compared to Host-003. This difference is due to the ability of Host-

003 to accommodate all dyes without the partial loss of liquid crystallinity 
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that results in disclinations. However, Host-006 can easily agglomerate with 

guest dyes that have long π-conjugation lengths.  

Disclination, which is a line singularity in the overall molecular orientation, 

is caused by discontinuities within the uniform alignment and provides 

various structures based on the liquid crystal phase [29–30]. In nematic liquid 

crystals, disclinations are observed as droplets-textures, thread-textures, or 

schlieren-textures in the boundary between an isotropic phase and a nematic 

phase [31–32]. The disclination shapes of the samples containing Host-006 

are presented in Fig. 5.9. US1 and ST2, which have sterically hindered 

structures, displayed mixtures of thread-textures and schlieren-textures. BP1 

and ST1, which have strong intermolecular interactions composed of 

hydrogen bonding and van der Waals forces, displayed mainly droplets-

textures. BP4 and ST4, which contain nitrile substituents, clearly displayed 

grain boundaries. These different disclination shapes indicate changes in the 

liquid crystallinity of host molecules, which arise from the different 

intermolecular interactions that vary according to the molecular structures of 

the guest dyes.  

US3, which has a short conjugation length among the disazo dyes, showed 

relatively few droplet-like disclinations. On the other hand, US2, which has a 

similar linearity but higher polarity compared with US3, showed uniform 
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alignment without disclinations. The large difference in polarities between 

US2 (13.56 D) and the mesogen of Host-006 (0.56 D) decreases the affinity 

between US2 and Host-006. Therefore, compared to US2, US3 had a higher 

affinity for Host-006 as compared to US2. High affinity between the guest and 

host molecules can lead to decreased liquid crystallinity of the host molecules 

due to agglomeration from strong intermolecular attractions.  

The lateral methoxy substituents of BP2 provided structural repulsion between 

BP2 and host molecules. However, BP2 exhibited less steric hindrance 

compared to US1 and ST2 because of its long conjugation length. The degree 

of steric hindrance in BP2 is believed to achieve an alignment without 

disclinations by balancing intermolecular attraction and repulsion. In BP2, a 

certain distance between the guest and host molecules is maintained and is 

required to prevent disclination in Host-006. In the case of ST3, hydrophilic 

repulsion from the terminal hydroxyl groups presumably helps maintain a 

certain distance between the guest and host molecules. In other words, the 

hydrophilic/hydrophobic ratio of ST3 is believed to beappropriate to achieve 

uniform alignment with Host-006.
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Fig.5. 9. Microscopic image of coatable polarizers using Host-006 doped with 

the dyes under the polarizing microscope at 50X magnification.  
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5.3.5. Dichroic properties of Host-006 doped with dyes 

 

In samples containing Host-006, the absorption spectra of the dyes 

overlapped with the absorption spectrum of the azo chromophore of Host-006, 

as shown in Fig. 5.10. The overlapping absorption band depended on the 

absorption maximum wavelengths of the dyes. The absorption maximum of 

DO3 was measured at 460 nm, which is the peak of its absorption spectrum. 

The absorption maxima of the other dyes were measured at the shoulder peak 

above 500 nm.  

DR1, US2, and ST3 exhibited higher dichroic ratios in Host-006 than they 

did in Host-003 (Table 5.3). DR1 and US2 exhibited dichroic ratio increases 

of 25.66% (6.17) and 58.07% (11.46), respectively. ST3 exhibited the highest 

dichroic ratio (17.04) increase by 113.27%. These results indicate that Host-

006 has a superior alignment ability compared to Host-003. Moreover, the 

remarkable increase in the dichroic ratio of ST3 is attributed to an extended π-

conjugation length in the host molecules. Supposedly, the guest-host effect 

depends on the π-conjugation length of the guest and host molecules. ST3 

exhibits a relatively low dichroic ratio in Host-003 that is attributed to the 

short π-conjugation length of Host-003. The π-conjugation length ratio of 

Host-003 and ST3 was calculated to be 1:3.33, whereas that of Host-006 and 
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ST3 was calculated to be 1:2.41. The appropriate π-conjugation length ratio of 

the host and guest molecules causes the guest-host effect that enables guest 

molecules to have high orientation orders.  

Both DO3 and BP2 exhibited lower dichroic ratios in Host-006 than in 

Host-003. However, while the sample with DO3 exhibited a dichroic ratio at 

420 nm below 7.66, which is the dichroic ratio of Host-006 itself, the sample 

with BP2 exhibited a dichroic ratio at 420 nm above 7.66, as shown in Fig. 

5.10(f). These results indicate that DO3 disrupts the orientation of the entire 

guest-host system, while BP2 improves the alignment of the host molecules 

regardless of its own low dichroic ratio. The low dichroic ratio of BP2 is 

supposedly caused by steric hindrance. The lateral substituents of BP2 had 

little effect on the orientation in Host-003 but not in Host-006 because of the 

increased lengths of the rigid segments of the host molecules.  

The improved alignment ability of Host-006 depends on the properties of the 

dyes. For instance, BP2 and US2 raised the dichroic ratios of Host-006 to 9.72 

and 10.60, respectively. US2 has a short π-conjugation length and decreased 

steric hindrance compared to BP2. ST3, which has the longest π-conjugation 

length and the highest dichroic ratio, increased the dichroic ratio of Host-006 

to 13.46. 
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Table 5.3. Absoprtion maxima, dichroic and orientaional of coatable polarizers 

using Host-006 doped with the respective dyes.  

 

a Measured to coatable polarizer 

 



181 

 

 

Fig. 5.10. Parallel and perpendicular absorbance of coatable polarizer using 

Host-006 doped with the dyes a)DO3, b)DR1, c)US2, d)BP2 and e)ST3 and 

f)dichroic ratio spectra of the coatable polarizers.  
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5.4. Conclusions  

 

The intermolecular interactions between guest and host molecules greatly 

influence the orientations and alignments of coatable polarizers. The 

intermolecular interactions are determined by combinations of the following 

factors: van der Waals forces, hydrogen bonding interactions, electrostatic 

effects, hydrophilic/hydrophobic ratios, polarities, and steric hindrance. These 

factors depend on the molecular structures of the dyes and the mesogens of 

liquid crystalline polymers. The twist-shaped mesogens of Host-003 ensured 

uniform alignment without disclinations, but exhibited relatively low dichroic 

ratios compared to those of Host-006. The planar and linear mesogens of Host-

006 favor high orientation orders, but easily form disclinations in association 

with disazo dyes. The molecular structures of the dyes affect the alignment of 

the host molecules and the orientation of the guest molecules. Dyes with 

strong intermolecular interactions caused disclinations to form in Host-006. 

Meanwhile, disazo dyes with appropriate intermolecular interactions led to 

improved dichroic ratios in Host-006. To simultaneously achieve high 

orientations and uniform alignments in guest-host coatable polarizers, 

intermolecular attraction and repulsion between the guest and host molecules 

should be balanced against each other. 
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The π-conjugation lengths of the host and guest molecules are important to 

achieve high dichroic ratios. When the π-conjugation length of the guest is 

much longer than that of the host, the guest cannot sufficiently align to 

achieve a high orientation order. Therefore, π-conjugation lengths of the dyes 

should be designed while considering those of the host molecules. The long π-

conjugation lengths of the guest and host molecules presumably favor high 

orientation orders unless disclinations occur. 
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Summary 

 

This study focused on the effect of molecular structures on the dichroic 

properties in PVA-based polarizing films and guest-host coatable polarizer. The 

linearity and anisotropic transition dipole moment of dyes were important 

factors for high dichroic properties. To achieve high dichroic properties, the 

directions of azo linkages and aromatic rings should be aligned along the long 

axis of dye molecules, and terminal substituents should be located at the 

positions to minimize the decline of linearity as far as possible. To improve 

anisotropic transition dipole moments, long conjugation length, abundant π-

electrons for transfer and the charge distribution without deviation from long 

axis are required. 

The dichroic ratio of PVA based polarizing film was maximized at the 

optimum amount of the adsorbed dye. The linearity and hydrogen bonding 

ability of the dyes were the dominant factors for the affinity and orientation in 

the PVA films, which in turn determined the dichroic ratios of the polarizing 

films. Dye adsorption and optical anisotropy of the dyes were further affected 

by the electronic effect of the substituents in the dyes. The difference in the 

electrostatic interactions of the substituent within the dyes also had an 
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influence on dye-uptake. Moreover, smooth charge transfer in a dye molecule 

led to a higher dichroic ratio of the polarizing film dyed with it. 

Dichroic dyes with broad absorption bands are advantageous for the 

production of neutral gray polarizing films. For this purpose, anthraquinone-

based azo dyes were synthesized to have a conjugated bichromophore design 

and this was applied to PVA polarizing films. The spectral and dichroic 

properties of the polarizing films were examined and compared to the films 

produced with a general disazo dichroic dye. The polarizing films with 

anthraquinone-based azo dyes had wider absorption bands, but lower dichroic 

ratios compared to the films with a general disazo dichroic dye. It was found 

that the alignment between the transition moments of the anthraquinone and azo 

chromophores has a great effect on the dichroic properties of anthraquinone-

based azo dyes.  

Guest-host coatable polarizers exhibited the highest dichroic ratio within the 

permissible limit of guest concentration, because any increase in the guest 

concentrations beyond the permissible limit decreased the alignment ability of 

the host. Guest-host coatable polarizers tend to be more sensitive to 

intermolecular steric hindrance as compared to PVA-based polarizing films. 

The polarity difference between the guest and the host had a great effect on the 

alignment of guest-host system. Therefore, the dyes for guest-host polarizers 
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should be designed to have proper substituent positions and polarity, in 

consideration of the geometric factors and the induced effects of the 

substituents. 

The planar and linear mesogens of host molecules had an advantage in 

exhibiting high orientation orders, but easily formed disclinations due to 

causing the strong intermolecular attraction between the guest and host 

molecules. To simultaneously achieve high orientations and uniform alignments 

without disclinations, intermolecular attraction and repulsion between the guest 

and host molecules should be balanced against each other. In addition, to obtain 

the guest-host effect for high orientation, π-conjugation lengths of the guest 

molecules should be designed while considering those of the host molecules. 

  

 

 

 

 

 

 

 

 



192 

 

  

 

분자 구조가 편 효 에 미 는 향  고찰 고 고 능 편 자를 

개   이    여 이색  염료   

등 과 향거동에  연구를 진행 다. 이를 해 20 개  

신규염료를 합 고 PVA-염료 편 름들과 코  게스트-

스트 편 자들  작 다. 각각  결과들  , 이 극자, 

스트 질과    심도 있게 ∙분 었다. 

 염료  이색 과 향거동에 동시에 향  미 는 

인자이다. 염료   아조연결과 말단  변 에 

해 뀌게 다. 고 인 분자구조는 높  이 극자를 

는데 리 고  높  도를 가능케 다. 

 PVA 계 편 름과 코  게스트- 스트 편 자 

모 에  요  인자  작용 다. 

이 극자는 특 장   택  고 편 시키는데 

본질 인 요소  작용 다. 등 인 이 극자는 공액 이 결합 
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시스  내에  이동  향에 해 결 며 자 공여 기 및 

구인  도효과에 라 달라지는 분포에 향  는다. 

고이색 는  해 이 없는 원  자 름과 장축 

향에  틀어짐이 없는 분포, 그리고 이가능  π 자들이 

풍부  분자구조에  달 었다. 

스트 질과   분자들  과 향  좌우 는 요  

요소  염료분자구조에 른 다양  분자간상 작용에 해 향  

는다. 데르 스힘, 소결합, π-π 상 작용,  효과, 

/소  , 극 , 입체장애들이 분자간 상 작용  요소  

분 었다. 일  데르 스힘과 입체장애가 PVA 계 

편 름과 코  편 자 모 에  과 향에  향  

미 는 요인  작용 다. PVA 계 편 름에 는 소결합이 큰 

향  보인 면 코  편 름에 는 극 이 이색 를 

결 는데 요  역  다. 

스트 질에  염료 농도 역시 이색 를 결 는 요  

요소  작용 다. 높  이색 를 달  해  PVA 계 
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편 름에 는  농도를 맞추는 것이 요 며 코  

편 자에 는 허용농도를 지 않는 것이 요 다. 

 

 

 

주요어: 이색 염료, PVA 계 편 름, 게스트- 스트 시스 , 

코  편 자, 향, , , 이 극자, 분자간 상 작용, 

액 고분자 
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