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Chapter 1 

General Introduction 

1-1  Motivation

The liquid crystal display (LCD) was put to practical use as a display for calculators and 

digital watches at the beginning of the 1970s. Taking advantage of their features of thinness, 

light weight, and low power consumption, LCDs not only acted as substitutes for cathode-ray 

tubes (CRTs) but also enabled many new applications. The LCD industry has now grown to be a 

huge industry, which accounts for about 90 % of displays1.  

During the above-mentioned period of rapid development of the LCD industry, the image 

quality of LCDs also improved quickly. When the thin-film transistor LCD (TFT LCD) was put 

to practical use in the early 1990s, the key issues with respect to the image quality of LCDs 

were the viewing angle characteristics and moving pictures. The former issue was resolved by 

the development of new LCD modes with the wide viewing angle characteristics such as an 

in-plane switching (IPS) mode2 and a multi-domain vertical alignment (MVA) mode3. The latter 

issue was overcome via driving technology such as the overdriving4, blinking backlight5, and 

double-speed driving techniques accompanied by frame interpolation technology6, in addition to 

improvements in the liquid crystal materials and the LC panel design. At present, the image 

quality of LCDs has reached a level equivalent to that of the CRT and the plasma display panel 

(PDP). 

On the other hand, the LCD industry is approaching the plateau of the S-curve7, i.e., the 

maturation period. Innovative improvements in technology and cost reduction are becoming 

difficult. Moreover, the LCD industry is faced with a situation in which the functionality and 
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performance levels of products exceed the level that customer's request8, and the choice of the 

direction of development is also becoming very difficult from the point of view of value. In 

addition, organic light emitting diode displays (OLEDs) have been put to practical use. In recent 

years, the LCD industry has thus been faced with a situation in which it must overcome the de 

facto standard of competition within the display industry. The development of innovative LCDs 

that can demonstrate differentiation from conventional LCDs and meet the challenge of the 

OLEDs is strongly desired in the LCD industry. 

Against such a background, with the aim of creating innovative LCDs, I have introduced 

a new concept that changes the common idea of a conventional LCD completely: the practical 

use of an anchoring free state and the development of this new LCD mode by means of IPS 

driving. In this thesis, the results of basic research toward the realization of a stable zero 

anchoring state of the azimuth angle direction using a high-density polymer brush, which serves 

as a basis for the realization of the new LCD mode, are reported. In addition, an outline of the  

new LCD mode with IPS driving, which utilizes an anchoring free state of the azimuth angle 

direction for the first time at practical level in the history of the LCD, and improvements in the 

innovative characteristics of the new LCD mode are also reported.  

1-2 Background

1-2-1  The Principle and Structure of the LCD9,10

A liquid crystal is defined as a state in which long-distance order in molecular orientation 

exists, although there is no long-distance order in the center of gravity of molecules11. A liquid 

crystal is a unique material that combines mobility and various forms of anisotropy such as 

anisotropy of its dielectric constant and refractive index. 
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An LCD is a display that exploits electro-optical characteristics in which the optical 

properties of a liquid crystal change under the influence of an electric field, and is a non-light 

emitting type display that does not emit light by itself. 

Although various kinds of LCD exist, three types of classification are possible from the 

viewpoint of functional structure (Figure 1-1). The first type of classification is based on the 

light source. Unlike spontaneous light-emitting type displays such as CRTs and PDPs, an LCD 

cannot emit light by itself but needs a light source for the display of a picture. The second form 

of classification is based on the LCD mode, and is also a classification based on the state of 

orientation of the liquid crystals and the principle that generates optical modulation on the 

application of a voltage: optical rotation, birefringence, optical interference, light scattering, etc. 

The third type of classification is based on the driving system: static addressing, active matrix 

addressing. According to the kind of application and the required specifications, an LCD is 

designed by combining technologies chosen from these three categories. For example, the 

following combinations exist: transmissive type, IPS mode, and amorphous silicon (a-Si) TFT12 

in the LCD television; transflective (semi-transmissive) type, electrically controlled 

birefringence (ECB) mode13, and low-temperature polycrystalline silicon (LTPS) TFT14 in the 

mobile phone; and reflective type, twisted nematic (TN) mode15, and static driving in the pocket 

calculator. 

Henceforth, I will explain the principle and structure of LCDs, focusing on TN LCDs, 

which have been widely used over a long period of time. As shown in Figure 1-2, a TN LCD 

consists of a liquid crystal cell in which the liquid crystal is filled between two glass substrates 

and a backlight unit. A color filter (CF) is formed on a front glass surface, and the TFT 

electrodes, which consist of TFTs, gate, source, drain electrodes, and pixel electrodes made of 

indium tin oxide (ITO), and storage capacitances, are formed on the surface of a backboard. 
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TFTs are formed at the intersection of the gate and source electrodes, and the gate, source, and 

drain electrodes of the TFTs are connected to the gate, source, and pixel electrodes, respectively. 

Common electrodes made of solid ITO are located on the CF. One pixel consists of red, green, 

and blue sub-pixels, and a TFT is formed in every sub-pixel. The CF has a coloring function, 

and the TFT electrodes play the role of transmitting an electrical signal from the driving circuit 

to each sub-pixel. Moreover, an alignment layer is formed on the TFT electrodes and the 

common electrode, the space between the two glass substrates is filled with the liquid crystal, 

and polarizers are attached to the back of the two glass substrates. The dimming function 

(optical shutter function) is realized by the liquid crystal, polarizer, and alignment layer, and the 

component that acts as the optical shutter is referred to as the LC cell. The backlight plays the 

role of the light source and consists of light sources such as a cold-cathode fluorescent lamp or 

light-emitting diode, a light guide plate, diffusion films, a light reflector, and prism sheets. 

The display in an LCD is obtained as follows. A picture signal is changed into a driving 

signal, which is used for driving the LCD, in the driving circuit. The driving signal is 

transmitted to sub-pixels through various electrodes, and a voltage is applied to the sub-pixels. 

When a voltage is applied to a sub-pixel, the alignment of the liquid crystals changes according 

to the strength of the voltage, and the intensity of the light entering from the backlight unit is 

adjusted. Various brightness and colors can be obtained by additive color mixing by adjusting 

the light volume for every red, green, and blue sub-pixel. 

1-2-2  History of the Research and Development of LCDs9,16,17

The liquid crystal was discovered by Reinitzer, who was a botanist from Austria, in 

188818. Research into liquid crystals started when he requested the German physicist Lehmann 

to carry out a detailed analysis19. The invention of the first LCD was performed by Heilmeier et 
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al. at RCA Laboratories in the United States in 196220. The basic principle of LCDs, namely, the 

optical shutter that controls the light intensity of liquid crystal molecules, was first produced at 

this time. This basic principle has not changed until now. 

The first display mode, which was developed by Heilmeier et al., was dynamic scattering 

(DS) mode20. In DS mode, although the liquid crystal layer is transparent when the voltage is off, 

when the voltage is on the liquid crystal layer becomes opaque owing to the light scattering, 

because of the turbulent flow of liquid crystal molecules. The LCD that Heilmeier et al. created 

was a reflective type and had a structure that sandwiched a nematic liquid crystal (NLC) 

between a backboard with a reflective electrode and a frontboard with transparent electrodes20. 

After the development of DS mode, new LCD modes were successively developed such as 

guest-host mode21 in 1968, ECB mode13 in 1970, TN mode15 in 1971, and a prototype of the 

present IPS mode22 in 1973. DS mode was the first among these five display modes, which were 

all proposed during the same period, to be put to practical use, and was put on the market as a 

display for calculators by Sharp in 1973. However, DS mode never became the mainstream in 

LCDs owing to its high power consumption, difficulties in visivility in segmented displays, and 

a limit to the number of scanning lines in dot-matrix driving. 

After it transpired that DS mode had limits, TN mode came to attract attention. TN mode 

was put on the market by Suwa Seikosha (Seiko Epson) as a display for a wristwatch in 1973. 

Although Schadt and Helfrich first reported the transmissive type in 1971, the reflective type of 

TN LCD with a reflector on the backboard was employed in many applications such as digital 

watches and calculators after its practical utilization. Although the driving system of TN mode 

was a static driving in the first stage, a dynamic driving system came to be used afterwards. 

These are the prototypes of TN mode, which is one of the mainstream display modes used at 

present and was employed in portable games machines, etc., in the 1980s. 
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Then, TN mode developed into the dot-matrix display from the segmented display. At that 

time, discussions regarding which system should be selected in order to produce dot-matrix 

displays had already taken place. The principle of the active matrix system was proposed by 

Lechner et al. at RCA Laboratories in 197123. In this proposal, three systems were successfully 

commercialized or underwent examination for practical use, namely, the diode address, TFT 

address, and plasma address methods. The first trial production run using the TFT address 

method was reported by Brody et al. at Westinghouse Research Laboratories in the United 

States24. However, because the crystal structure of CdSe which was used for TFTs was unstable, 

this method did not result in commercial utilization. Utilization of the TFT system found itself 

in an impasse temporarily until silicon thin-film technology was invented in the 1980s. 

From the above background, development progressed in the direction toward the 

realization of a dot-matrix display using a passive matrix system. Although the production of a 

dot-matrix display using a passive matrix was first considered in DS mode, its utilization was 

first realized in TN mode. The first trial product incorporating a dot-matrix TN LCD was 

developed by Hitachi in 197625. Hitachi also developed a reflective-type dot-matrix TN LCD in 

1978. However, because the voltage ratio between on and off states was small in TN mode, the 

maximum number of scanning lines in TN mode LCD was limited to 50 to 100. To enable 

further enlargement and higher resolution, new technical innovations were required. 

The discovery of super-twisted nematic (STN) mode solved the problem of the above- 

mentioned TN mode. In order to increase the number of scanning lines, Waters et al. at the 

Royal Signals and Radar Establishment in the United Kingdom and Scheffer at Brown Boveri 

Research Center in Switzerland proposed making the voltage–transmittance characteristic curve 

steep in 198326,27. In 1984, Scheffer et al. announced the development of STN mode, in which 

the twist angle of the liquid crystal was made to be 270 ° and the voltage–transmittance 
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characteristic curve was made steep28,29. Scheffer et al. formed the alignment layer by a vapor 

deposition method. After Hitachi succeeded in developing an STN LCD by a rubbing method in 

198630, this structure became standard in STN mode. Although STN mode gave rise to blue or 

yellow colors, the color output was whitened by stacking two panels. A laptop computer 

equipped with a two-layer STN panel was put on the market by Seiko Epson in 1988. Then, 

instead of stacking two panels, a new whitening technique in which retardation films were 

attached to the STN panel was developed, and products using the new technique were put on the 

market by Seiko Epson, Hitachi, and Sharp, etc., in 1988. 

For the colorization of LCDs, Uchida of Tohoku University proposed a technique using a 

micro-color filter31. This method is also used at present. The colorization of LCDs proceeded in 

TFT LCDs in advance of STN mode, because there was no solution applicable to black and 

white displays in STN mode at that time. After a monochrome display was obtained in STN 

mode, as mentioned above, colorization also progressed in STN mode32-34. In trial products 

using TFT LCDs in the second half of the 1980s, in addition to a TFT and a CF, an edge 

light-type backlight was already used35,36. The basic structure of present TFT LCDs was already 

completed.  

The TFT system is a form of active matrix system and was developed in order to prevent 

crosstalk, which was seen in passive matrix LCDs such as TN or STN mode. As mentioned 

above, because CdSe was used for early TFTs, the crystal structure was unstable and this 

method did not result in commercial utilization. Eighteen years after the invention of the TFT, 

after the method of using a silicon thin film was proposed, examination of the utilization of the 

TFT system commenced. An a-Si TFT was made as an experiment by Le Comber et al. at 

Dundee University in the United Kingdom in 197912, and an LCD with an a-Si TFT was 

produced in 198037. Hitachi made an LTPS TFT as an experiment in 198014. The first product 
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using a TFT system was an LCD television with a high-temperature polycrystalline silicon 

(HTPS) TFT put on the market by Seiko in 1984. The first product with an a-Si TFT system was 

an LCD television developed by Matsushita Electric Industrial in 1986. After that, in a-Si TFT 

systems development proceeded toward the enlargement of the screen size. A typical example 

was a 14-inch a-Si TFT LCD announced by Sharp in 1989. 

The TFT LCD industry was established after a laptop computer with an a-Si TFT color 

LCD was launched in 1991. Although TN mode was used in early TFT LCDs, it had the 

problem that the viewing angle was narrow. In order to overcome this problem, Hitachi 

developed IPS mode in 19952. Then, Fujitsu, Sanyo, and Samsung developed MVA mode3 in 

1997, electrically tilted vertical alignment (EVA) mode38 in 1997, and patterned vertical 

alignment (PVA) mode39 in 1998, respectively. Moreover, Hyundai developed fringe field 

switching (FFS) mode as a technique that increased the transmittance of IPS mode in 200140. By 

the development of these new modes, the viewing angle characteristics of LCDs were improved 

drastically. After the solution of the viewing angle problem, the a-Si TFT-LCD dominated the 

monitor market at the end of the 1990s and the television market at the beginning of the 21st 

century and, as a result, the LCD industry has grown to be a huge industry. An outline of the 

history of the development of LCDs is shown in Table1-1. 

1-2-3 Outline and Issues of IPS LCD

Among the several LCD modes that have been proposed, IPS mode LCDs have now 

become widely used because of their outstanding viewing angle characteristics, i.e., uniform 

grayscale levels and colors over a wide range of viewing angles2. The interdigital electrode 

method, which formed the origin of IPS mode, was reported by Soref at the Sperry Research 

Center in the United States22. Then, an LCD using IPS mode was announced with a wide 
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viewing angle characteristic, in which comb-shaped electrodes were used and an in-plane 

electric field was applied to the liquid crystals41. Furthermore, Kondo et al. at Hitachi succeeded 

in the development of a TFT IPS LCD in 19952. LCDs came to be recognized as displays that 

could compete with CRTs.  

Although an electric field is applied between the substrates (perpendicular to the 

substrates) in TN mode or VA mode, it is applied almost parallel to the substrates in IPS mode. 

As a result, liquid crystal molecules transfer from a homogeneous to a twisted orientation in a 

plane parallel to the substrates in IPS mode on the application of a voltage. Figure 1-3 shows the 

structure of an IPS LCD for comparison with TN mode (Figure 1-4) and MVA mode (Figure 

1-5). TFT, pixel electrodes, etc. are formed in a lower substrate and the common electrode is

formed in an upper substrate in TN mode or MVA mode. However all electrodes including TFT, 

and comb-shaped electrodes (pixel and common electrodes), etc. are formed in a lower substrate 

in IPS mode, and comb-shaped electrodes that apply the in-plane electric field are formed for 

every sub-pixel. The liquid crystals are aligned homogeneously parallel to the substrates. The 

easy axis of liquid crystal alignment is arranged to coincide with the polarization axis of one of 

the polarizing plates, which are arranged in a cross-Nicol configuration.  

The change in the transmittance of the IPS LCD upon the application of a voltage is 

represented by Equation 1.1:  

I =  (1.1) 

The transition to a twisted orientation from a homogeneous alignment corresponds to a change 

in the value of in Equation 1.1, and the value of  in Equation 1.1 hardly 

changes, because the liquid crystal molecules rotate in a plane parallel to the substrates. For this 

reason, a wide viewing angle characteristic with little change in color is achieved in IPS mode. 

However, if the direction of rotation of liquid crystals is only in one way, changes in color from 
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yellowish to bluish according to the angle between the visual axis and the screen occur. This 

issue was improved by the formation of bent comb-shaped electrodes and the coexistence of 

two domains, in which the direction of rotation of liquid crystals differed, in a sub-pixel42. 

Whereas IPS mode has an outstanding viewing angle characteristic, it has a higher driving 

voltage and lower transmittance than TN mode. The lower transmittance is attributed to the fact 

that in IPS LCDs light above the electrodes is not transmitted because a longitudinal electric 

field is formed above the comb-shaped electrodes and the liquid crystals cannot rotate in a 

sufficiently horizontal plane.  

Because the transmittance of an LCD has a significant influence on the power 

consumption of a range of products, the improvement of transmittance is an important factor in 

IPS mode. FFS mode was developed in order to improve the transmittance of IPS mode. 

Because FFS mode uses an in-plane electric field parallel to the substrates, as does IPS mode, it 

exhibits an excellent viewing angle characteristic equivalent to that of IPS mode. The difference 

between FFS mode and IPS mode lies in the structure of the electrodes. In FFS mode, the solid 

common electrode and the comb-shaped electrodes, which consist of ITO, are arranged through 

an insulating layer. A fringe field is formed between the common electrode and the 

comb-shaped electrodes by making the distance between these electrodes smaller than both the 

distance between the comb-shaped electrodes and the cell thickness. Liquid crystals are made to 

rotate in a plane parallel to the substrates by the fringe field (Figure1-6). Because the fringe 

field is formed at a peripheral location on the comb-shaped electrodes, a large portion of the 

liquid crystals above the comb-shaped electrodes can rotate horizontally. FFS mode can 

substantially increase the aperture ratio in comparison with IPS mode40. However, superior 

transmittance in FFS mode is restricted to the field of high-resolution LCDs for smart phones, 

etc. The transmittance of an LCD is determined by the aperture ratio and the permeability of 
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many laminated layers in the direction of transmission of light. Although FFS mode is 

advantageous with respect to the aperture ratio, it is disadvantageous with respect to 

permeability, because the insulating layer and the ITO common electrode layer have been added 

to those used in IPS mode. In a high-resolution LCD, because the area ratio of the comb-shaped 

electrodes occupying a sub-pixel is large, the transmittance of FFS mode, which can allow light 

to penetrate above the comb-shaped electrodes, is higher than that of IPS mode. On the other 

hand, in an LCD with low resolution, because the area ratio of the comb-shaped electrodes 

occupying a sub-pixel is not so large, the influence of permeability declines owing to the 

increase in the sizes of the insulating layer and the ITO common electrode, which counteracts 

the improving effect of the larger aperture ratio. As a result, in an LCD that is not so 

high-resolution the transmittance in IPS mode is higher than that in FFS mode. Moreover, if the 

capability of the photolithography method used in a large substrate is taken into consideration, it 

is difficult to make the width of the comb-shaped electrodes less than the level used at present 

and an improvement in permeability in FFS mode cannot be expected. 

Thus, regardless of the resolution of an LCD, the invention of a new technique that 

increases the transmittance of IPS LCDs is strongly desired to reduce their power consumption. 

1-2-4 The Role of Anchoring in LCDs

Anchoring between the liquid crystal and the interface is indispensable in all the LCD 

modes currently put to practical use. Uniform orientation of the liquid crystal and recovery to 

the initial orientation state of the liquid crystal after removal of the applied voltage are achieved 

by anchoring between liquid crystal molecules and the interface. Present LCDs cannot perform 

a predetermined function if anchoring does not take place between liquid crystal molecules and 

the interface.  
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Anchoring between liquid crystal molecules and the interface is brought about by an 

alignment material and orientation processing. In general, polyimide (PI) is used as the 

alignment material in order to enable strong anchoring to take place. The liquid crystal 

molecules are aligned uniformly in a predetermined direction by a rubbing43 or photo-alignment 

method44 in an LCD mode in which the initial direction of orientation of liquid crystal 

molecules is horizontal to the substrate, such as TN, STN, IPS, FFS, and surface-stabilized 

ferroelectric liquid crystal (SS-FLC) modes45. Although there is no necessity for rubbing in a 

mode in which the initial direction of orientation of liquid crystal molecules is perpendicular to 

the substrate, such as MVA and PVA modes, a treatment that fixes the pre-tilt angle of liquid 

crystal molecules by forming a polymer layer on the surface of the alignment film is sometimes 

performed with the aim of an improvement in the response time or the contrast ratio46. On the 

other hand, anchoring between liquid crystal molecules and the interface is a fundamental factor 

in the existence of the threshold voltage in the Freedericksz transition47 of LCD. Taking the 

converse point of view, if anchoring does not take place between liquid crystal molecules and 

the interface, a threshold voltage does not occur in LCDs and the orientation of the liquid crystal 

can not only be changed by a very low voltage, but the orientation at the time of application of 

the voltage can also be maintained after removal of the voltage. In other words, it can be 

expected that an innovative LCD that combines the advantages of ultralow voltage driving 

performance and a memory characteristic can be obtained.  

1-2-5 Application to LCD of a Weak Anchoring State

Practical use of a weak anchoring state has also been considered in previous work. 

Nehring et al. at the Brown Boveri Research Center predicted, by theoretical calculations of TN 

mode, that the driving voltage would decline and the response time in the voltage-on state 
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would shorten as the strength of anchoring became low; however, the response time in the 

voltage-off state would lengthen. Moreover, they also predicted that the twist state would 

become unstable and that bi-stability would appear when the strength of anchoring became less 

than a certain level48.  

Bryan-Brown et al. at the Defense Evaluation and Research Agency found out that the 

strength of anchoring at the interface decreased when a minute quantity of the oligomer was 

dissolved in the liquid crystal49. They produced a TN LCD that had weak anchoring at interfaces 

by the following procedure: they produced the cell by attaching two substrates that had fine 

concavo-convex structures on each surface so that they might mutually intersect perpendicularly, 

and injected the liquid crystal, in which a minute quantity of the oligomer was dissolved, into 

the cell. In their LCD the threshold voltage decreased in contrast to that in a conventional TN 

LCD into which the liquid crystal without the oligomer was injected, and the response time in 

the voltage-on state was shortened. However, the response time in the voltage-off state was 

lengthened, as Nehring et al. had predicted.  

Bryan-Brown et al. also proposed a new LCD mode, namely, voltage-controlled twist 

(VCT) mode50. In VCT LCD mode, a fine concavo-convex structure with low surface energy 

was formed in one substrate and a rubbed PI surface was formed in another substrate. The two 

substrates were attached so that the longitudinal direction of the fine concavo-convex structure 

and the direction of rubbing might mutually intersect perpendicularly, and a liquid crystal with 

negative dielectric anisotropy was injected between the two substrates. However, the liquid 

crystal molecules on the fine concavo-convex structures with low surface energy aligned 

perpendicularly to the substrate, whereas the liquid crystal molecules on the rubbed surface 

aligned horizontally to the substrate. As a result, the liquid crystal molecules changed their 

alignment direction gradually from a planar orientation on the rubbed PI surface to a vertical 
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orientation on the surface of the fine concavo-convex structure with low surface energy in the 

absence of an applied voltage. Because the dielectric anisotropy of the liquid crystal was 

negative, when an electric field was applied in a direction vertical to the substrates, the liquid 

crystal molecules on the surface of the fine concavo-convex structure changed their director in 

the direction horizontally to the substrate. Moreover, they aligned in the direction parallel to the 

longitudinal direction of the fine concavo-convex structure when a voltage beyond a certain 

threshold was applied. In other words, the liquid crystal molecules transferred to a 90 ° twisted 

orientation from the rubbed PI surface toward the surface of the fine concavo-convex structure. 

VCT LCD mode not only achieved a steep electro-optic characteristic curve and a high contrast 

ratio equivalent to that of TN mode, but also shortened the response time in comparison with 

IPS mode50. On the other hand, the viewing angle in VCT mode is considered to be intrinsically 

narrower than that in IPS mode, because the orientation of liquid crystal molecules transferred 

to a planar orientation from a hybrid orientation on the application of a voltage. 

Thus, although the practical use of weak anchoring at the interface has the potential to 

enable the development of innovative LCDs, almost all previous works about the practical use 

of weak anchoring considered so far concerned a longitudinal electric field system. This is 

because the formation of the comb-shaped electrodes is complicated and the IPS system was 

considered to be disadvantageous, when compared with the longitudinal electric field system, in 

respect of its cost. On the other hand, LCDs using the IPS system such as IPS and FFS modes 

are currently applied in many fields because they have extremely wide viewing angle 

characteristics and uniform grayscale levels and colors over a large range of viewing angles; 

moreover, their technical completeness is high. Hence, the use of the IPS system based on weak 

anchoring at the interface is expected to enable the development of innovative LCDs that take 
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advantage of the merits of having weak anchoring at the interface for LCDs and eliminates the 

disadvantages for LCDs of the longitudinal electric field system.  

1-2-6  Achieving of a Weak Anchoring Surface by Polymer Coating or Mixing Method

Weak anchoring at the interface has been repeatedly achieved in previous studies via the 

technique of applying polymer materials to a substrate. These substrates with applied polymer 

materials exhibited a weak anchoring state at high temperatures51-54. When a cell filled with 

NLCs between these two substrates slowly annealed from the isotropic to the nematic phase, the 

liquid crystals adopted a planar orientation. When an external field, such as a magnetic field, 

was applied while this annealing occurred, the liquid crystals were uniformly oriented. When 

the cell was cooled, the uniformly oriented state was fixed, and the coated polymer surface 

displayed a strong anchoring state. The coated polymer interface assumed a viscoelastic state, 

and the liquid crystals gradually rotated to the direction of an external field under external 

influence at intermediate temperatures. These temperatures fell between the temperatures at 

which the polymer interface exhibited strong and weak anchoring characteristics, 

respectively55-58. In contrast, it is unavoidable that the coated polymer materials mix with the 

liquid crystals to a certain extent, causing them to be exfoliated from the substrate. For these 

reasons, the technique of applying polymer materials to a substrate cannot be used to achieve a 

stable weak anchoring surface. 

Weak anchoring at the interface has also been achieved by mixing certain substances into 

the liquid crystal. Bryan-Brown et al. achieved weak anchoring at the interface by dissolving a 

minute quantity of the oligomer in the liquid crystals49. Yamamoto et al. succeeded in producing 

a zero-azimuth anchoring interface at which an anchoring force in the direction of an azimuthal 

angle does not exist although a force exists in an angular direction59. To accomplish this, they 
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produced a cell filled with NLCs containing a minute quantity of dissolved polystyrene (PS) and 

a block co-polymer consisting of PS and liquid-crystalline polymer between two substrates that 

were treated to have an affinity with the liquid layer. Liquid/liquid crystal phase separation 

occurred in the cell, and the liquid layer segregated on both these treated substrates. As a result, 

a structure, with a sandwiched liquid crystal layer between the liquid layers, was formed. Herein, 

the block co-polymer played a role in stabilizing the liquid/liquid crystal phase separation. 

Because the liquid crystal layer existed on the liquid layer, the liquid crystals were restricted in 

the angular direction; however, they could freely rotate in the azimuth-angle direction. In 

contrast, the zero-azimuth anchoring state was obtained only over a narrow temperature range 

by dissolving certain substances in the liquid crystals. For every liquid crystal type, it is 

impractical to select the specific substances and their amounts to be mixed into the liquid 

crystals. 

1-2-7  The Interaction of Polymer Brushes and Liquid Crystals

Polymer brushes have the potential to overcome the above-mentioned issues. Polymer 

brushes are produced by surface graft polymerization, in which polymer chains are tethered at 

one end to a substrate and grow perpendicularly to the substrate. The wettability and water 

repellency of a surface can be changed by forming polymer brushes of a length of a few 

hundred nanometers on the surface. Moreover, frictional, adhesive, and antifouling properties, 

etc., can be improved drastically by the appropriate design of the chemical structure of brush 

chains. Thus, the polymer brush has been actively studied as a new method of surface treatment 

in recent years. Polymer brushes are classified as dilute brushes (below 0.01 chains/nm2), 

semi-dilute brushes (0.01 - 0.1 chains/nm2), and concentrated (high density) brushes (above 0.1 

chains/nm2), according to the graft density. Fukuda and Tsujii et al. succeeded in forming 
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polymer brushes with a high graft density, which was increased to 0.1 - 0.7 chains/nm2, in which 

the length and distribution of the chains were controlled on the surface of the inorganic 

material60,61. They discovered many new characteristics of the high density brushes, which were 

not observed in semi-dilute brushes, via systematic research. In their solvent-swollen state, the 

polymer chains are highly extended, the thickness of the high density brush reached 80 - 90 % 

of its full length, and the high density polymer brushes proved highly resistant to compression62. 

However, they also have ultralow surface friction properties, i.e., almost no frictional 

resistance63,64. The high density polymer brushes exhibit a distinct size exclusion effect, which 

prevents the entry of molecules larger than a certain size into the brushes and inhibits the 

adsorption of bio-related materials such as proteins65. Moreover, the high density polymer 

brushes are even incompatible with the same kind of polymers when free in the molten state66. 

In addition, silica particles with the high density brushes grafted on their surface provide 

exceptionally good dispersibility in solvents. They form a semi-colloidal crystal at a gas–liquid 

interface and develop structural color67,68. 

I expected that either of the following two states would be obtained when the high density 

polymer brushes were used as an orienting film for liquid crystals, because the high density 

polymer brushes display a size exclusion effect and polymer chains are tethered at one end to a 

substrate. The first supposition assumes the case in which liquid crystal molecules cannot enter 

into polymer brushes owing to the size exclusion effect of the high density brushes. When liquid 

crystals align perpendicularly to the surface of polymer brushes, a loss of entropy takes place 

because liquid crystal molecules have to arrange their terminals at the interface with polymer 

brushes. However, when liquid crystals align parallel to the surface of polymer brushes, a loss 

of entropy does not occur because there is no necessity for liquid crystal molecules to arrange 

their terminals at the interface with polymer brushes. Therefore, liquid crystal molecules are 
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considered to align horizontally on the high density polymer brushes. In this case, it is expected 

that the interaction between liquid crystals and polymer brushes becomes very small, because 

liquid crystal molecules contact polymer brushes in the state near their point of contact and the 

strength of anchoring between liquid crystals and polymer brushes becomes close to zero. On 

the other hand, the second supposition assumes the case in which liquid crystal molecules enter 

into polymer brushes. In this case, it is considered that a stable liquid crystal swelling layer is 

formed at the interface between liquid crystals and polymer brushes, because polymer chains are 

tethered at one end to a substrate and cannot dissolve in liquid crystals. It is expected that the 

liquid crystal swelling layer assumes a pseudo-liquid state in which liquid crystal molecules can 

move freely, because the glass transition temperature (Tg) of polymer brushes at the liquid 

crystal swelling layer decreases sharply depending on the selection of liquid crystals and 

polymer brushes. It was shown by Yamamoto et al. that the restraining force in the direction of 

the azimuthal angle applied to liquid crystal molecules at the interface between the liquid crystal 

and liquid is zero59. It is considered that a near-zero anchoring state can be attained by obtaining 

a stable pseudo-liquid state at the interface of liquid crystals and polymer brushes using high 

density polymer brushes. 

1-3 Research Objectives

The purpose of this thesis is to investigate the following three subjects: 

1) Elucidation of the anchoring behavior between the high density polymer brushes and NLCs;

2) Achievement of a zero-azimuth anchoring state using the high density polymer brushes; and

3) Creation of a new LCD mode driven by IPS that utilizes the zero-azimuth anchoring state
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1-4 Research Methods

A series of examinations in this study was performed using an LC cell in which NLCs 

were injected between two glass substrates, one of which had comb-shaped ITO electrodes for 

IPS driving, and the other had photospacers. Moreover, the high density polymer brushes were 

formed on the substrates as an alignment layer. The temperature dependence of anchoring 

behavior and the strength of azimuthal anchoring at the interface between polymer brushes and 

liquid crystals were examined on the basis of the results of electro-optical measurements made 

at various temperatures. LC cells using polymer brushes that had different Tg values and 

different compatibility with liquid crystals were produced. The influence that the Tg value of 

polymer brushes and the compatibility between polymer brushes and liquid crystals had on the 

azimuthal anchoring coefficient (A2) of the polymer brush interface was examined using these 

LC cells. The achievement of a zero-azimuth anchoring state at room temperature was also 

examined. 

In addition, the development of a new LCD mode that utilized the zero-azimuth 

anchoring state driven by IPS was examined. On the basis of the knowledge acquired by the 

above-mentioned examination, poly(hexyl methacrylate) (PHMA) brushes were used as the 

alignment layer and the optimization of the structure and optical design of the LC cell was 

examined. The electro-optical properties of the new mode of LCD were measured and its 

operational mechanism was also examined.  

1-5 Organization of the Thesis

This thesis consists of five chapters. Chapter 1 forms the general introduction. First of all, 

the motivation of this research is described. Next, as the background of this research, the 

principle, structure, and research and development history of LCDs, the role of anchoring in 
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LCDs, and the interaction between polymer brushes and liquid crystals are reviewed, taking into 

account previous studies. Furthermore, on the basis of this background, the goal of this research 

is stated and a research method is described. 

In chapter 2, the temperature dependence of anchoring at the interface between polymer 

brushes and liquid crystals is examined. LC cells were produced using high-density poly(methyl 

methacrylate) (PMMA) and PS brushes as an alignment layer (PMMA-B cell and PS-B cell, 

respectively), and the temperature dependence of the change in transmittance when the LC cells 

were driven in IPS mode at various temperatures for a long time was measured. From the results 

of the measurements, it was clarified that PMMA and PS brushes displayed a strong anchoring 

property equivalent to that of rubbed PI near room temperature and a viscoelastic property at 

high temperature. In addition, when the PS-B cell was cooled to form a nematic phase from an 

isotropic phase, liquid crystals aligned parallel to the comb-shaped electrodes immediately after 

transferring to the nematic phase. This result showed that the interface of PS brushes assumed a 

near-zero-azimuth anchoring state near 110 °C. 

In chapter 3, the influence that the Tg value of polymer brushes and the compatibility 

between polymer brushes and liquid crystals has on the A2 value of the polymer brush interface 

is examined. LC cells were produced using high-density PMMA, poly(ethyl methacrylate) 

(PEMA), PHMA, and PS brushes as an alignment layer (PMMA-B cell, PEMA-B cell, 

PHMA-B cell, and PS-B cell, respectively), and the A2 value of the polymer brush interface at 

various temperatures was determined from the threshold voltage when the LC cells were driven 

in IPS mode at various temperatures. Our results demonstrated that the value of A2 was affected 

by the glass transition temperature (Tg) of the grafted polymers and decreased with an increase 

in temperature, but decreased when the compatibility of the polymer with the NLC was high. In 

addition, liquid crystals in the PHMA-B cell aligned along the comb-shaped electrodes after a 
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slight push owing to the unevenness of the brush surface. The PHMA-B cell was driven at a 

threshold voltage of one-fifth that of a conventional cell. These results demonstrated that the 

interface of PHMA brushes assumed a near-zero-azimuth anchoring state at room temperature. 

In chapter 4, on the basis of the knowledge acquired in chapter 3, the development of a 

new LCD mode utilizing zero-azimuth anchoring state, which achieves innovative 

improvements in characteristics, is examined. An LC cell in which PHMA brushes and rubbed 

PI were used as alignment layers for each substrate exhibited a significant reduction in driving 

voltage and a substantial increase in maximum transmittance and contrast ratio when compared 

with a conventional IPS LCD. Such a drastic improvement in transmittance was achieved 

because NLCs above the comb-shaped electrodes rotated toward the electric field direction on 

the application of a voltage and the light above the electrodes transmitted.   

Chapter 5 represents the conclusion of this thesis. 
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Table 1-1. History of the research and development of LCDs9,16,17 

Year Content Inventor Nation 

1888 Discovery of liquid crystal18 F. Reinitzer Austria 

1961 Article on TFT RCA Laboratories USA 

1962 Patent application for DS mode RCA Laboratories USA 

1968 Article on DS mode20 RCA Laboratories USA 

1968 Article on guest–host mode21 RCA Laboratories USA 

1970 Article on ECB mode13 Xerox USA 

1971 Article on TN mode15 Hoffman-La Roche Switzerland 

1971 Patent application for TN mode Hoffman-La Roche Switzerland 

1971 Article on two-frequency driving method in 
DS LCD 

Brown Boveri 
Research Center 
General Electric 

Switzerland 

USA 

1971 Article on active matrix driving system23 RCA Laboratories USA 

1971 Development of wristwatch equipped with 
DS LCD 

Suwa Seikosha Japan 

1972 Article on ECB mode matrix-type LCD Thomson-CSF France 

1972 Patent application for 1/3 bias voltage 
equalizing method 

Hitachi Japan 

1972 Article applying the voltage equalizing 
method in an LCD 

Texas Instruments USA 

1973 Article on LCD with interdigital electrode 
system22 

Sperry Research 
Center 

USA 

1973 Article on 1/3 bias voltage equalizing 
method 

Hitachi Japan 

1973 Article on trial manufacture of CdSe TFT 
matrix-type LCD24 

Westinghouse 
Research 

Laboratories 
USA 

1973 Launch of electronic calculator equipped 
with DS LCD 

Sharp Japan 

1973 Launch of electronic wristwatch equipped 
with TN LCD 

Hattori Seiko Japan 
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1973 
Patent application for arbitrary bias voltage 

equalizing method 
Hitachi Japan 

1974 
Article on line sequential driving method 
(the effective value of dependency was 

taken into consideration) 
IBM USA 

1974 Patent application for arbitrary bias voltage 
equalizing method 

Hitachi Japan 

1975 Article on trial manufacture of DS mode 
matrix-type LCD 

Hitachi 
Asahi Glass 

Dai Nippon Toryo 
Japan 

1976 Article on trial manufacture of TN mode 
matrix-type LCD25 

Hitachi Japan 

1978 Launch of TN mode matrix-type LCD Hitachi Japan 

1979 
Article on development of orthogonal 

functions expression of driving waveform 
of matrix-type LCD 

Brown Boveri 
Research Center 

Switzerland 

1979 Article on trial manufacture of a-Si TFT12 Dundee University UK 

1980 Article on trial manufacture of a-Si TFT 
matrix-type LCD37 

Dundee University UK 

1981 Article on trial manufacture of LTPS14 Hitachi Japan 

1981 Patent application for LTPS Hitachi Japan 

1981 Article on color filter system LCD31 Tohoku University Japan 

1983 
Article that suggested that the voltage–

transmittance characteristic curve should be 
made steep26,27 

Royal Signals and 
Radar Establishment 

Brown Boveri 
Research Center 

UK 

Switzerland 

1983 Patent application for STN LCD 

Royal Signals and 
Radar Establishment 

Brown Boveri 
Research Center 

UK 

Switzerland 

1984 Launch of color TV equipped with HTPS 
LCD 

Hattori Seiko Japan 

1985 Article on trial manufacture of STN mode 
matrix-type LCD28,29 

Brown Boveri 
Research Center 

Switzerland 

1986 Article on STN mode matrix-type LCD 
manufactured by rubbing method30 

Hitachi Japan 

1986 Launch of STN mode matrix-type LCD Hitachi Japan 
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1986 Article on method of controlling high 
pre-tilt angles by rubbing 

Tokyo University of 
Agriculture and 

Technology  
Japan 

1986 Launch of color TV equipped with a-Si TFT 
matrix-type LCD 

Matsushita Electric 
Industrial 

Japan 

1987 Patent application for double-layered STN 
(D-STN) mode matrix-type LCD 

Seiko Epson Japan 

1987 Launch of laptop computer equipped with 
D-STN mode matrix-type LCD

Seiko Epson Japan 

1988 Article on trial manufacture of D-STN 
mode matrix-type color LCD32–34 

Sharp 
Asahi Glass 
Seiko Epson 

Japan 
Japan 
Japan 

1988 Article on trial manufacture of 14-inch a-Si 
TFT matrix-type color LCD 

Sharp Japan 

1988 Patent application for film-compensated 
STN (F-STN) mode matrix-type LCD  

Seiko Epson Japan 

1988 Launch of F-STN mode matrix-type LCD Seiko Epson Japan 

1989 Launch of notebook computer equipped 
with F-STN mode matrix-type LCD 

Toshiba Japan 

1990 Launch of laptop computer equipped with 
F-STN mode matrix-type color LCD

NEC Japan 

1991 Launch of notebook computer equipped 
with a-Si TFT matrix-type color LCD 

NEC 
IBM Japan 

Japan 
Japan 

1995 Article on IPS mode TFT LCD2 Hitachi Japan 

1997 Article on MVA mode TFT LCD3 Fujitsu Japan 

1997 Article on EVA mode TFT LCD38 Sanyo Electric Japan 

1998 Article on PVA mode TFT LCD39 Samsung Electronics Korea 

1999 Launch of 20-inch color LCD TV Sharp Japan 

2001 Article on FFS mode TFT LCD40 Hyundai Electronics 
Industries 

Korea 
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Figure 1-1. Classification of LCDs9 
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Figure 1-2. Structure of an LCD
10
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Figure 1-3. Structure of an IPS LCD 
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Figure 1-4. Structure of a TN LCD 
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Figure 1-5. Structure of an MVA LCD 
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Figure 1-6. Structure of an FFS LCD 
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Chapter 2
High-density Polymer Brushes as Anchoring 

Surfaces of Nematic Liquid Crystals 
 

Abstract 

The orientation behavior of a nematic liquid crystal (LC) was examined in a cell 

consisting of two substrates on which the same kind of high-density polymer brushes were 

grafted. The nematic LC was injected into cells consisting of two substrates on which 

poly(methyl methacrylate) (PMMA) brushes with a density of 0.299 chains nm−2 or polystyrene 

(PS) brushes with a density of 0.43 chains nm−2 were grafted. The LC molecules displayed 

degenerate planar orientation, which became uniform on cooling from 120 °C in a magnetic 

field of 1 T. At ambient temperature, the aligned LC cells exhibited typical electro-optical 

properties when driven in in-plane switching (IPS) mode, which indicated that the LC 

molecules were anchored to the brushes with their director parallel to the magnetic field 

direction. In contrast, they functioned as a viscoelastic anchoring surface at higher temperatures. 

Moreover, at 110 °C (near the isotropization temperature of the bulk nematic) the PS brushes 

provided a near-zero-azimuth anchoring surface on which an anchoring force in the direction of 

an azimuthal angle did not exist, although a force existed in an angular direction. Zero 

anchoring is useful not only for the development of new liquid crystal display modes with novel 

non-contact orientation capabilities but also for the formation of an interface with ultralow 

friction with potential applications in a number of fields. 
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2-1 Introduction 

Surface graft polymerization produces polymer brushes that are polymer chains tethered 

with one chain end to a solid substrate and modify solid surfaces effectively. By applying atom 

transfer radical polymerization (ATRP), chain length and distribution can be controlled and the 

graft density has been increased up to 0.7 chains nm−2 in the case of poly(methyl methacrylate) 

(PMMA) brushes1-5. Such high-density PMMA brushes have characteristic structures and 

properties that differ from polymer brushes with a moderate density of 0.001 - 0.05 chain nm−2. 

In the solvent-swollen state, the polymer chains are highly extended, nearly to their full length, 

and highly resistant against compression3. Even in the dry state, the polymer chains are so 

extended that the thickness of the polymer brushes reaches 35 % of the fully extended chain 

length4. Such high-density brushes grafted on the surface provide an exceptionally good 

dispersibility in solvents for silica colloids6,7 and a low friction coefficient between substrates8,9.  

In this chapter, I report the anchoring of a nematic liquid crystal (LC) to high-density 

PMMA brushes with σ = 0.299 chains nm−2 and polystyrene (PS) brushes with a high density of 

0.43 chains nm−2. The nematic LC was injected into a cell consisting of two substrates with 

polymer brushes. They aligned the director in the plane parallel to the substrate with the 

azimuthal angle being arbitrary. The director direction was along a preferred azimuthal direction 

by applying a magnetic field to the cell cooled from temperature of 120 ◦C, which was higher 

than the isotropization temperature of the nematic LC and as high as the glass transition 

temperature (Tg) of the brushes. The cell can be driven in the in-plane switching (IPS) mode 

with electro-optic characteristics similar to these of a conventional cell with rubbed polyimide 

(PI)-coated substrates at ambient temperature. On increasing temperature, in contrast, the 

transmittance became time-dependent, suggesting that the LC molecules anchoring to the 

brushes rotated toward the electric field direction. The brushes thus function as ‘‘soft’’ 
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anchoring surfaces for the nematic LC. In addition, at 110 ◦C (near the isotropisation 

temperature (Ti) of the bulk nematic), the PS brushes showed the near-zero azimuthal anchoring 

surface in which an anchoring force in the direction of an azimuthal angle does not exist, 

although the force exists in an angular direction. 

 

2-2 Experimental Procedure 

High-density PMMA brushes were prepared by surface initiated ATRP on two glass 

substrates, one of which had comb-shaped indium-tin oxide (ITO) electrodes for the IPS of the 

LC orientation10-12. The initiator of (2-bromo-2-methyl) propionyloxyhexyltriethoxysilane 

(BHE) was synthesized by the method described in the literature6. BHE (0.4 g) dissolved in 

ethanol (17.6 g) was added to a mixture of ammonia solution (28 % NH3 aqueous solution, 2 g) 

and ethanol (20 g), and then stirred. In the resulting solution, the glass substrates cleaned by 

UV/ozone treatment were immersed for 12 h at ambient temperature to bond BHE to the surface. 

The modified glass substrates were cleaned by sonication in chloroform, rinsed in acetone, and 

then dried. Polymerization was performed by dipping the BHE-immobilized substrate in a 

degassed solution of methyl methacrylate (37.5 g, 0.37 mol), CuBr (0.53 g, 3.75 mmol), 

4,4'-dinonyl-2,2’-bipyridine (3.67 g, 8.97 mmol), anisole (37.5 g, 0.35 mol), and 

2-bromoisobutylic acid ethyl ester (0.067 g, 0.34 mmol) as a free initiator at 90 ◦C for 3 h. The 

number average molecular weight Mn and the polydispersity index Mw/Mn of the brushes were 

1.12 × 105 and 1.17, respectively, as estimated from the gel permeation chromatogram of the 

freely initiated PMMA1,3,4. The thickness h of the brushes was determined on the basis of X-ray 

reflectivity (Rigaku UltimaIV) to be 46.8 nm (Figure 2-1). The graft density σ was estimated to 

be 0.299 chains nm−2 using the relationship σ = ρhNA/Mn and assuming that the brush density ρ 

is equal to the density of the bulk PMMA (1.188 g cm−3)4.  
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High density PS brushes were also prepared by surface initiated ATRP on two glass 

substrates, one of which had the same comb-shaped ITO as above. The initiator 

(2-bromo-2-methyl) propionyloxyhexyltriethoxysilane (BHE) was synthesized as described in 

the literature6. BHE (0.4 g) dissolved in ethanol (17.6 g) was added to a mixture of ammonia 

solution (28 % NH3 aqueous solution, 2 g) and ethanol (20 g), and the resulting mixture was 

stirred to form a solution. The glass substrates cleaned by ultra-violet (UV)/ozone treatment 

were immersed in this solution for 12 h at ambient temperature to bond BHE with the surface. 

The modified glass substrates were cleaned by sonication in chloroform, rinsed in acetone and 

then dried. Polymerisation was performed by dipping the BHE-immobilized substrate in a 

degassed solution of styrene (44.9 g, 0.43 mol), CuBr (0.61 g, 4.26 mmol), 

4,4’-dinonyl-2,2’-bipyridine (3.31 g, 8.10 mmol) and 2-bromoisobutylic acid ethyl ester (0.081 

g, 0.41 mmol) as a free initiator at 110 ◦C for 3 h. The number average molecular weight (Mn) 

and polydispersity index (Mw/Mn) of the PS brushes were 7.06 × 104 and 1.21, respectively, as 

estimated from the gel permeation chromatogram of the freely initiated PS in the same vessel1,3,4. 

The thickness h of the brushes was determined to be 48.2 nm on the basis of X-ray reflectivity 

(Rigaku UltimaIV, Figure 2-2). The graft density σ was estimated to be 0.43 chains nm−2 by 

using the relationship σ = ρhNA/Mn and assuming that the brush density ρ is equal to the density 

of the bulk PS (1.05 g cm−3)4. The polymerization conditions and the characteristics of the 

PMMA and PS brushes are summarized in Table 2-1 and 2-2, respectively. 

An experimental cells were fabricated by injecting a nematic LC (JNC JC-5051XX with a 

nematic-isotropic transition temperature, TNI = 112.7 ◦C ) between two plates of PMMA or 

PS-grafted glass with a gap of 3 μm by capillary action at ambient temperature. A conventional 

cell was also prepared using two rubbed PI (JSR AL16301)-coated substrates with the same gap 

as the experimental cells. Here, the experimental cells with PMMA brush and PS brush and the 
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conventional cell were designated as PMMA-B cell, PS-B cell and rubbed PI (RPI) cell, 

respectively. Both of the magnetic field directions in the PMMA-B and PS-B cells and the 

rubbing direction in RPI cell were tilted by 20 ° with respect to the comb-shaped electrodes 

(Figure 2-3(a)), and a typical IPS mode was adopted, in which the electric field induced the 

twisted arrangement of molecules from the parallel arrangement as illustrated in Figure 2-3(c). 

The electro-optical properties of the LC cells were measured using Otsuka Electronics 

LCD-5200. The intensity of incident light near the surface of the LC cell was about 2.2 million 

cd/m2. Polarized optical microscopy (POM) observation was performed by Olympus BX50P 

microscopy. 

 

2-3 Results 

2-3-1 Uniform Planar Alignment of Nematic LC by Magnetic Field 

The nematic LC as-injected into the PMMA-B and PS-B cells showed Schlieren texture 

under POM (Figure 2-4(a) and 2-5(a), respectively), indicating that the nematic LC on the 

PMMA and PS brushes had a degenerate planar orientation. To obtain a uniform planar LC 

alignment in the cell, a magnetic field of 1 T was applied in the direction parallel to the 

substrates. Although the magnetic orientation of the LC orientation was not achieved at ambient 

temperature both in the PMMA-B and PS-B cells, it was attained when the cells were heated to 

120 ◦C and then cooled gradually. Such a macroscopic nematic director orientation was 

confirmed by POM observations (Figure 2-4(b) and 2-5(b), respectively).  

It is interesting that the temperature determined whether the magnetic orientation of the 

LC was achieved. The lowest temperature at which the magnetic orientation can be achieved in 

the PMMA-B cell was determined by the following procedure. At the magnetic field, the cell 

was first heated to a predetermined temperature, annealed for 20 min, and then cooled to 
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ambient temperature at a rate of 3 ◦C min−1. The LC orientation was confirmed by POM. When 

the temperature was set to 30 ◦C and increased in 10 ◦C steps, the uniform planar orientation 

was completed only when the cell was heated to temperatures higher than 120 ◦C. This 

characteristic temperature is as high as the glass transition (Tg) of neat high-density PMMA 

brushes5 and is higher than the TNI of the nematic LC. 

 

2-3-2 In-Plane Switching of PMMA-B Cell at Ambient Temperature 

The PMMA-B cell was driven in the IPS mode at ambient temperature. Figure 2-6 (a) 

shows the voltage-light transmittance (V-T) curves of the PMMA-B and RPI cells at 25 ◦C. Here, 

the cells were set with the nematic LC director direction coinciding with the polarizer direction. 

The transmittance was represented by the relative values taking the transmittances in the 

electric-field-off state and at its maximum as 0 and 100 %, respectively. The curves were almost 

identical in shape but slightly different in voltage showing the maximum transmittance Vmax, 

which was determined to be 8.5 V for the PMMA-B cell and 9.1 V for the RPI cell. Figure 2-6 

(b) shows the transmittance responses of the PMMA-B and RPI cells upon switching the 

voltage on and off. The response times on switching the voltage on and off were 13.2 and 22.5 

ms for the PMMA-B cell, respectively, which were similar to those (12.1 and 20.2 ms) observed 

for the RPI cell. Figure 2-6 (c) shows the time dependence of the transmittance observed when 

Vmax was applied to the PMMA-B cell over a period of 10,000 s and then switched off. The 

transmittance changed sharply on switching on and off the voltage and was persistently 

time-independent during both on and off states, indicating the durability of the anchoring effect. 

These results show that the PMMA brushes function as anchoring surfaces, such as the rubbed 

PI. 
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2-3-3 In-Plane Switching of PS-B Cell at Ambient Temperature 

Figure 2-7(a) shows the voltage–light transmittance curves of the PS-B and RPI cells 

driven in the IPS mode at 25 ◦C. Here the cells were set originally such that the nematic LC 

director coincided with the polarizer direction leading to complete darkness, and the 

transmittance is represented as the relative values taking the transmittance value in the electric 

field-off state and at maximum field strength as 0 and 100 %, respectively. The curves are 

almost identical in shape, although they slightly differ for the voltage showing a maximum 

transmittance (Vmax), which was determined to be 8.0 V for the PS-B cell and 9.1 V for the RPI 

cell. Figure 2-7 (b) shows the time dependence of the transmittance observed when Vmax was 

applied to the PS-B cell for 10,000 s and then the voltage was switched off. The transmittance 

changed sharply on switching the voltage on and off and was persistently time independent 

during both on and off states, indicating the durability of the anchoring effect. These results 

show that the PS brushes also function as anchoring surfaces at ambient temperature similar to 

the rubbed PI.  

 

2-3-4 Temperature Dependency of Anchoring Characteristics of PMMA Brushes 

The LC anchoring effect of the PMMA brushes was not as heat-resistant as that of the 

rubbed PI. Figure 2-8 shows the time dependence of the transmittance of the PMMA-B cell at 

45, 65, and 85 ◦C. Unlike the RPI cell, the transmittance of the PMMA-B cell became 

time-dependent when the temperature increased. While the transmittance remained constant at 

temperatures up to 45 ◦C (Figure 2-8(a)), it became time dependent at 65 and 85 ◦C (Figure 

2-8(b) and (c)). The time-dependent transmittance changes were observed clearly at 85 ◦C 

during the first 10,000 s in the field-on state and the following 20,000 s after switching off the 

voltage. In the field-on state, the transmittance increased and then decreased with time to show a 
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maximum at about 500 s. After switching off the voltage, the transmittance initially increased 

with time, reached the maximum value of 35 %, and then decreased. 

 

2-3-5 Temperature Dependency of Anchoring Characteristics of PS Brushes 

Similarly to the PMMA brushes, the LC anchoring on the PS brushes is not as 

heat-resistant as that on the rubbed PI. A strong anchoring effect was assured only in a 

temperature range below 35 ◦C and the transmittance became time-dependent as the temperature 

increased. The typical examples of time-dependent transmittance are shown in Figure 2-9(a), (b) 

and (c), which were measured at 45, 65 and 85 ◦C, respectively.  

The time-dependence of the transmittance at 45 ◦C in Figure 2-9(a) is similar to that of 

the PMMA-B cell observed at the higher temperature of 85 ◦C. In the 10,000 s field-on state, the 

transmittance increased and then decreased with time showing a maximum at approximately 

3,100 s. After switching off the voltage, the transmittance initially increased, reached the 

maximum value of 30 % and then decreased.  

 

2-3-6 Zero Anchoring Surface of PS Brushes Resulting in Spontaneous Alignment of LC 

Molecules 

The orientation behaviour at high temperatures in the PS-B cell exhibits two interesting 

cell properties: (1) the comb-shaped electrodes function as anchoring substrates and (2) the PS 

brushes provide a near-zero azimuthal anchoring surface. Anchoring by the electrodes at high 

temperature could also be recognized when the PS-B cell was heated to the isotropic 

temperature of 115 ◦C and then cooled to the nematic phase at 110 ◦C. Figure 2-10 shows the 

optical textures for the nematic phase thus prepared. The LC molecules were found to align 

uniformly in the direction parallel to the electrodes immediately following the transformation to 
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the nematic phase, whereas the polydomain schlieren texture appeared in the region without 

electrodes. Considering that the electrodes offer only a very small surface anisotropy (thickness, 

55 nm; width, 4 μm and distance between neighbouring electrodes, 10 μm) or a negligibly small 

elastic force, the distinctly perfect alignment along the electrodes can only be allowed by a 

near-zero azimuthal anchoring nature13 of the PS brushes at 110 ◦C.  

 

2-4 Discussion 

2-4-1 A Uniform Planar Orientation Obtained by Magnetic Field  

The uniform planar orientation in PMMA-B cell was completed only when the cell was 

heated to temperatures higher than 120 ◦C. A fundamental question arises as to why the 

magnetic orientation was achieved on cooling the cell from a temperature higher than 120 ◦C. 

The temperature of 120 ◦C was as high as the Tg of the PMMA brushes; thus, the brushes 

exhibited micro-Brownian motions. At the same temperature, the LC was in the isotropic liquid 

state. Thus, the LC could be miscible with PMMA enough to seep into the brushes (Figure 

2-11(a)). On the following cooling, the LC would decrease its miscibility with PMMA owing to 

its transformation into the nematic state; however, some LC molecules still seeped into the 

interface and oriented along the magnetic field direction. The magnetic orientation seems to 

require the LC molecules to seep into the PMMA bushes. On further cooling, the LC molecules 

were clamped by the polymer brushes losing mobility so as to anchor the LC molecules to the 

brushes (Figure 2-11(b)). In PS-B cell, the uniform planar orientation was considered to have 

been achieved by the same mechanism as above. In addition, this anchoring effect may be 

similar to memory effect of the nematic LC on polymer alignment layers14-18.  
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2-4-2 Planar LC Orientation Generated on PMMA and PS Brushes 

The nematic LC on the PMMA and PS brushes preferentially oriented such that its 

director was parallel to the surface, contrary to the expectation that it would be arranged in a 

perpendicular fashion (homeotropic alignment) because of steric interactions between the LC 

molecules and the aliphatic chains, similar to the surfactant-treated nematic LCs19. This can be 

explained by assuming that the segments of the brushes in the LC-molecule swelling area are 

parallel to the substrate. The polymer brushes possess some molecular weight distribution; little 

stretching out was observed near the end of the brushes because the polymer density near the 

end of the brushes is not as high as that near the center. When the LC molecules seeped into the 

brush region, the mobility of the brushes in the LC-molecule swelling area greatly increased 

owing to the plasticizing effect of the LC. As a result, the brushes entangled with the 

surrounding brushes, as depicted in Figure 2-11. The LC molecules, thus, mostly interfaced with 

the side of the brushes, which caused them to orient themselves parallel to the surface.  

 

2-4-3 Time-Dependent Transmittance Changes of PMMA-B Cell at High Temperature 

The anchoring molecules rotated toward the electric field and tended to recover the initial 

orientation after turning off the field above 65 ◦C. This can explain the time-dependent 

transmittances of the PMMA-B cell at high temperature shown in Figure 2-8. The angle at 

which the electric field rotated the anchoring molecules can be estimated from the extinction 

direction of the cell that was quenched to ambient temperature on switching off the voltage. 

Here, it was assumed that the LC molecules between the substrates immediately became parallel 

to the anchoring ones on switching off the voltage. The extinction direction did not alter at 45 

◦C, but rotated anticlockwise by 6.5 and 56 ° relative to the initial ones at 65 and 85 ◦C, 

respectively, as illustrated on the right-hand side of Figure 2-8(a), (b) and (c). After switching 
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off the voltage, all the LC molecules rotated toward the initial position. During this process at 

85 ◦C, the director direction passed through the diagonal position of the crossed Nicoles to 

produce the transmittance maximum. In contrast, such a recovery of the orientation direction did 

not take place at all when the cell was quenched to ambient temperature on switching off the 

field and the LC maintained the director direction for at least more than over one month. The 

anchoring molecules thus can rotate at high temperatures to produce time-dependent 

transmittances in the field-on and following field-off states. The azimuthal angle φ of the 

anchoring molecules in the voltage-on and -off states can be estimated from the transmittance. φ 

is defined as the counter-clockwise angle from the initial orientation direction. To determine φ 

in the voltage-on state, the relative transmittance was calculated using 2D optical calculation by 

assuming the continuously twisting director configuration where the director directions in the 

middle of the substrates and on the brush surface are parallel to the electric field and φ, 

respectively20. The calculated transmittance T is approximated as a quadratic function of φ, T = 

(-2.89×10-4) φ2 + (1.56 ×10-2) φ + 0.789, where T is the transmittance normalized by the 

maximum value. Φ can be estimated by solving the quadratic equation where T is equated with 

the observed transmittance normalized by the maximum value. On the other hand, φ in the 

following field-off state can be estimated simply by assuming that the transmittance is 

proportional to sin2(2φ) because all the molecules lie along one direction. Here, I shall focus on 

the transmittance at 85 ◦C because it shows clear maxima in both the voltage-on and off states 

that can give clues to the identity of the director configuration in the PMMA-B cell. In Figure 

2-12, the φ values thus estimated in the electric field-on and off states are plotted against the 

elapsed time. In the field-on state, φ increases gradually to reach 54 ° with the application of an 

electric field for 10,000 s. This angle agrees with that estimated by the extinction direction 

measured for the cell on turning off the voltage. In the following field-off state, φ decays 
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exponentially with time. These time dependences of φ in the field-on and off states are similar to 

the strains of the viscoelastic materials loaded and unloaded, respectively, suggesting that the 

PMMA brushes behave as a viscoelastic solid21. The electric field exerted force on the 

anchoring molecules to rotate their long axis to the field direction. This azimuthal rotation of the 

anchoring molecules involved the viscoelastic deformation of the polymer brushes; thus it 

occurred gradually. Upon switching on the field, the elastic energy generated by the deformation 

of the brushes was balanced by the energy generated by the forces exerted on the anchoring 

molecules that were nonparallel to both the LC between the substrates and the electric field 

direction. After switching off the voltage, the forces exerted on the anchoring molecules 

disappeared and the elastic energy exerted force on the brushes to recover their original 

configuration. The recovery of the brush configuration affected the orientation of the anchoring 

LC molecules. The PMMA brushes thus serve as viscoelastic anchoring surfaces for the nematic 

LC; hence, their anchoring effect on the LC is temperature-dependent. 

 

2-4-4 Time-Dependent Transmittance Changes of PS-B Cell at High Temperature 

The time-dependent transmittance changes of PS-B cell at 45 ◦C can be explained 

according to the model illustrated on the right in Figure 2-9(a). As proposed for the PMMA-B 

cell, the molecules anchored by the PS brushes are forced to rotate towards the electric field in 

the field-on state causing the transmittance to initially increase and then decrease with time. On 

switching off the voltage, the LC molecules in the bulk aligned immediately parallel to the 

anchored ones on the surface, which had been rotated from their initial orientation direction. 

During this process, the director direction passed through the diagonal position of the crossed 

Nicols to maximize the transmittance at point D in Figure 2-9(a). The temperature at which 

time-dependent transmittance appeared in the PS-B cell was significantly lower than that for the 
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PMMA-B cell. This is presumed to be because there is greater compatibility between the PS 

brushes and LC molecules than between the PMMA brushes and LC molecules, i.e. there is a 

larger depression of the glass transition temperature in the PS brushes than in the PMMA ones.  

On further heating to 65 ◦C and then to 85 ◦C, as observed in Figures 2-9(b) and 2-9(c), 

respectively, the transmittance began to decrease immediately after switching on the voltage and 

approached a constant value. The transmittance changes in the field-on state at 65 ◦C and 85 ◦ C 

are considered to be essentially the same as those observed at 45 ◦C; however, these changes 

take place in different time scales, i.e. very rapidly. In the field-off state, on the other hand, a 

distinct behaviour is observed at these high temperatures; the transmittance increased rapidly up 

to the maximum value and then decreased as observed at 45 ◦C, but began to increase again 

after reaching the minimum zero value at approximately 15,000 s and 1 s for 65 ◦C and 85 ◦C, 

respectively. In the final stage after 30,000 s at 85 ◦C, the transmittance was approximately 6 %, 

which is expected when the nematic director is parallel to the comb-shaped electrodes (refer to 

the molecular arrangements illustrated on the right in Figure 2-9(c)). In practice, this peculiar 

orientation along the electrodes was easily confirmed by POM observations. Thus, I conclude 

that at higher temperatures the LC molecules are rotated all the way to the position parallel to 

the comb-shaped electrodes, advancing beyond the orientation direction initially set by the 

magnetic field.  

At 110 ◦C (near the Ti), this trend becomes remarkable; after switching off the voltage, 

the molecules immediately aligned parallel to the comb-shaped electrodes. The zero anchoring 

state is presumed to occur because of the low Tg of the PS-B surface, which results from the 

compatibility between the PS brushes and LC molecules; i.e. because the LC molecules, at least 

those in the interface between the PS brushes and bulk nematic LC, acquired sufficient mobility 

(close to that of a liquid) at 110 ◦C. Therefore, the orientation behaviour is considered to be 
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constant in the temperature range of 65 - 110 ◦C. However, the response time is different 

because of the temperature-dependent viscoelastic properties of the PS brushes.  

 

2-5 Conclusions 

The high-density PMMA and PS brushes functioned as anchoring surfaces for the 

nematic LC. The nematic LC injected into the PMMA and PS-B cells showed a degenerate 

planer orientation, which became uniform upon the LC cooling from 120 °C in a magnetic field 

of 1 T. During this process, an LC in the isotropic liquid state seeped into the brushes and 

transformed into the nematic phase with its director oriented with the magnetic field direction. 

The LC molecules were fixed when the brushes lost mobility upon further cooling. At ambient 

temperatures, the LC was driven in IPS mode with electro-optical properties typical for LC 

cells.  

In contrast, at temperatures higher than 45 °C for the PS-B cell and 65 °C for the 

PMMA-B cell, time dependency for the transmittance was observed. In the field-on state, the 

anchoring molecules were rotated toward the field direction by the elastic force produced 

between the anchoring molecules and the bulk LCs, which were aligned by the electric field. In 

the subsequent field-off state, the anchoring molecules were rotated all the way to the position 

parallel to the comb-shaped electrodes by the elastic force produced between the anchoring 

molecules and the bulk LCs, which were aligned along the comb-shaped electrodes. These 

resulted in time-dependent transmittances. The viscoelasticity of the polymer brushes could 

explain the temperature-dependent LC anchoring. 

Furthermore, the PS brushes approached near-zero anchoring at 110 °C. The 

zero-anchoring state was presumed to occur because of the presence of a liquid-like layer in the 

interface zone between the PS brushes and the bulk nematic LC. Due to the existence of the 
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liquid-like layer, the bulk LCs could intercept the anchoring influence from the substrate and 

could rotate freely on the liquid-like layer.  

The zero- azimuth anchoring technology has potential not only for the development of 

new LCD modes with novel non-contact orientation capabilities but also for the formation of an 

ultra-low friction interface with potential applications in number of fields. 
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Table 2-1. Polymerization condition of PMMA and PS brushes 

Polymer 
brush 

Monomer
(mol) 

Initiator 
(mmol) 

Catalyst 
(mmol) 

Solvent 
(mol) 

Temp. 
(◦C) 

Period 
(h) 

PMMA 
methyl 

methacrylate
/0.37 

2-bromoisobutylic 
acid ethyl ester a  

/0.34 

CuBr/3.75 
4,4’-dinonyl 

-2,2’-bipyridine/8.97 

Anisole 
/0.35 

90 3 

PS 
styrene  
/0.43 

2-bromoisobutylic 
acid ethyl ester a  

/0.41 

CuBr/4.26 
4,4’-dinonyl 

-2,2’-bipyridine/8.10 
- 110 3 

a ethyl bromoisobutyrate 
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Table2-2. Characterization of PMMA and PS brush substrates 

Polymer brush Mn Mw/Mn 
Thickness h 

(nm) 
Graft density σ a 

(chains nm−2) 

PMMA 112,000 1.17 46.8 0.299 

PS 70,600 1.21 48.2 0.43 

a estimated assuming the density ρ is equal to that of the bulk polymers. PMMA: 1.188 g cm−3, 
PS: 1.05 g cm−3. 

 

 

 

 

 

 

 

 

 



59 
 
 

 

 

 

 

Figure 2-1. X-ray reflectivity curve of PMMA brushes on glass substrate. The experimental 

data was fitted by setting the brush and BHE layer thicknesses to 46.8 and 1.60 nm, respectively. 

The densities (ρ) of the layers were assumed to be 1.188 (equal to ρ of the bulk PMMA) and 

1.126 g cm−3, respectively. 

 

 

 



60 

Figure 2-2. X-ray reflectivity curve of PS brushes on glass substrate. The experimental data was 

fitted by setting the brush to 48.2 nm. The density (ρ) of the PS layer was assumed to be 1.05 g 

cm−3 (equal to ρ of the bulk PS). 
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Figure 2-3. Schematic diagram of the PMMA-B cell and PS-B cell: (a) front and (b) side views, 

and (c) molecule alignments in field-on and -off states viewed from the side. In the field-on 

state, the molecules at the center of the cell are oriented to the field, and the rest of the 

molecules are twisted continuously between two orientations on the anchoring surface and at the 

center. 
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Figure 2-4. Optical images taken with a polarizing microscope. (a) The PMMA-B cell just 

filled with the nematic LC, then (b) cooled to ambient temperature at the rate of 3 ◦C min−1

under a magnetic field of 1 T after annealing at 120 ◦C for 20 min. P and A indicate the 

polariser and analyser, respectively. In (b), the arrow indicates the direction of the magnetic 

field and the dark dots represent the spacers set within the cell.
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Figure 2-5. Optical images of the PS-B cell captured with a polarising microscope. (a) Cell just 

filled with the nematic LC. (b) Cell cooled to ambient temperature at the rate of 3 ◦C min−1

under a magnetic field of 1 T after annealing at 120 ◦C for 20 min. P and A indicate the 

polariser and analyser, respectively. In (b), the arrow indicates the direction of the magnetic 

field and the dark dots represent the spacers set within the cell.
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Figure 2-6. (a) Voltage–light transmittance characteristics of the PMMA-B (circles) and the 

RPI (triangles) cells. The cells were set with the nematic LC director direction coinciding with 

that of one of the crossed Nicole polarizers and the light transmittance was observed in the IPS 

switching mode. (b) Optical response measured by applying AC voltage with amplitude of Vmax

at frequency of 60 Hz to the cells. The response time was the period required for the change in 

normalized transmittance between 10 and 90 %. (c) Time dependence of the transmittance of 

the PMMA-B cell measured by applying the voltage of Vmax in the first 10,000 s and then 

switching off at 25 ◦C. In (a) and (b), the transmittance is normalized as 100 % at Vmax, and in 

(c), it is given as the transmittance measured without the cell to be 100 %.

(a)

(b) (c)
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Figure 2-7. (a) Voltage–light transmittance characteristics of the PS-B (circles) and RPI 

(triangles) cells. (b) Time dependence of the transmittance of the PS-B cell at 25 ◦C measured 

after applying the voltage of Vmax for the first 10,000 s and then switching off the voltage. In (a), 

the transmittance is normalised to 100 % at Vmax. In (b), the transmittance measured without the 

cell is normalised to 100 %. 

(a)

(b)
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Figure 2-8. Time dependence of the transmittance of the PMMA-B cell measured by applying 

the voltage of Vmax in the first 10,000 s and then switching off at temperatures of (a) 45, (b) 65, 

and (c) 85 ◦C. Illustrations on the right-hand side show the anchored molecules rotated during 

the application of the electric field for 10,000 s (see the text). The angles can be determined 

from the extinction direction measured between crossed polarizers for the homogeneously 

aligned sample at point A. The arrows P and E show the direction of the polarizer axis and the 

electric field applied, respectively.
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Figure 2-9. Time-dependence of the transmittance of the PS-B cell measured after applying the 

voltage of Vmax in the first 10,000 s and then switching off the voltage at temperatures of (a) 45 

◦C, (b) 65 ◦C and (c) 85 ◦C. The molecular alignments are illustrated at the A - I points in the

field-on and field-off states on the right in (a) and (c). 
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Figure 2-10. Optical images of the PS-B cell captured with a polarising microscope just after 

transforming from the isotropic phase (115 ◦C) to the nematic phase (110 ◦C). (a) The electrodes 

did not coincide with the polariser direction. (b) The electrodes coincided with the polariser 

direction. The region above the white line is the area where the electrodes existed and that 

below the white line is the area where no electrodes were present. 
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Figure 2-11. Illustration of the LC molecules immersed in the PMMA or PS brushes. At 120 ◦C, 

the LC molecules in the isotropic state seep in the part of the PMMA or PS brush, as show in (a). 

On cooling under the magnetic field, the LC molecules immersed in the brushes and bulk LC 

molecules are transformed into the nematic LC state, aligning uniformly with the director 

corresponding to the field direction, as shown in (b).When the PS-B cell is heated to the high 

temperature (for example 110 ◦C) near the Ti of the bulk nematic LC, the interface zone between 

the PS brushes and the bulk nematic LC becomes liquid-like to offer the nearly zero anchoring 

surface as shown in (c). 
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Figure 2-12. Time dependence of the angle φ between the nematic director direction in the 

PMMA-B cell and the polarizer axis (a) in the field-on state for 10,000 s and (b) the subsequent 

field-off states at 85 ◦C. The strength of the field applied was equal to Vmax. 
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Chapter 3
Nematic Liquid Crystal Anchoring Strengths of 

High-density Polymer Brush Surfaces 

Abstract 

The azimuthal anchoring coefficient (A2) of a nematic liquid crystal (NLC) on 

high-density polymer brushes (PBs) was investigated using the threshold voltage for in-plane 

switching of liquid crystal (LC) cells consisting of polymer-grafted substrates. The value of A2 

was affected by the glass transition temperature (Tg) of the grafted polymers and decreased with 

an increase in temperature. NLCs on poly(methyl methacrylate) (PMMA), poly(ethyl 

methacrylate) (PEMA), and polystyrene (PS) brushes had an A2 value of 10−5 J m−2 at 25 °C. In 

contrast, high-density poly(hexyl methacrylate) (PHMA) brushes provided a near-zero-azimuth 

anchoring surface for NLCs at room temperature. NLCs in a cell with PHMA-grafted substrates 

aligned along the comb-shaped electrodes after a slight push owing to the unevenness of the 

brush surface. The LC cell was driven at a threshold voltage of one-fifth that of a conventional 

cell and the NLCs on PHMA brushes exhibited a small A2 value (1.1 × 10−6 J m−2) at 25 °C. 

With an increase in temperature to 90 °C, the A2 values of the NLCs on the PEMA and PS 

brushes decreased to 10−7 J m−2, and the NLCs were oriented in a similar way to that in the 

PHMA brush cell. Although the Tg values of PMMA and PS are similar, at 90 °C the A2 value of 

the NLCs on the PMMA brushes was 4.5 × 10−6 J m−2 and a magnetic field was required for 

orientation of the LC. Such a difference in the A2 value is explained by the fact that PS has 

better compatibility with the NLCs than PMMA. 
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3-1 Introduction

In liquid crystal displays (LCDs), the LC molecules at the interface with the substrate are 

strongly anchored. The director alignment is not influenced by the external-field-induced 

deformation of the LCs and allows the deformed LCs to recover their orientation in the absence 

of the field. If the LC molecules are not anchored to the substrates, the director can be aligned in 

an arbitrary direction by an external field and memorized in the absence of the field. Such a 

zero-anchoring surface may enable the development of new LCD modes with novel noncontact 

orientation capabilities1. Substrates coated with polymers at sufficiently high temperatures have 

offered weak azimuthal anchoring surfaces2-6. When nematic LCs (NLCs) between two 

polymer-coated substrates were heated to the isotropic phase and cooled slowly to the nematic 

phase, they were in degenerate planar alignment. An external field applied during the heating 

and cooling processes can align the NLC director and the resulting orientation can be 

memorized at low temperatures. At moderate temperatures, the coated polymer offers a 

viscoelastic surface to the anchoring LC molecules and the LC director gradually rotates 

towards the field direction7-10.  

While polymer-coated substrates may not avoid the exfoliation of polymer films from the 

glass substrates, surface grafting of polymer chains onto the substrate via covalent bonding 

yields thin polymer films that cannot be detached from substrates. Grafted polymer chains can 

reform surfaces and control the orientations of LCs on surfaces11,12. In previous chapter, I 

constructed in-plane switching (IPS) LC cells by grafting poly(methyl methacrylate) (PMMA) 

and polystyrene (PS) to substrate surfaces and examined the orientation behaviours and 

voltage-transmittance (V-T) properties of the IPS LC cells11,12. Polymer chains grafted on glass 

substrates by surface-initiated atom transfer radical polymerisation (ATRP) at high density (0.3 

- 0.5 chains nm−2 ) form thin layers with a thickness of 40 - 50 nm. NLCs within the cells were
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in a homogeneous planar orientation when slowly cooled from the isotropic phase with a 

magnetic field. At room temperature, the aligned LC cell showed typical electro-optical 

properties, indicating that the LC molecules are strongly anchored to the brushes. With 

increasing temperature, the cell showed time-dependent transmittance on long-period driving, 

which is attributed to the rotation of the anchored molecules towards the electric field direction. 

For cells with PS-grafted substrates, NLCs tended to orient along the comb-shaped electrodes. 

Thus, the anchoring force of the polymer brush (PB) surfaces decreases with increasing 

temperature, similar to that in substrates coated with polymers via spin coating and dipping.  

Such a decrease in the anchoring force of LCs on polymer films may be connected to the 

micro-Brownian motions of polymer chains that are released at the glass transition temperature 

(Tg). The Tg values of PMMA and PS are approximately 100 °C, which can be decreased by 

mixing with NLCs at the interface. Comparatively, Tg of PS decreases more significantly 

because PS bearing benzene rings can be more miscible with NLCs. LC molecules are strongly 

anchored to polymer surfaces at T < Tg, whereas the molecules can be rotated by aligning fields 

at T > Tg. These LC orientation behaviours in the PB cells suggest that the LC anchoring force 

of the PB surface decreases with increasing temperature. Thus, polymers with a Tg that is 

sufficiently lower than room temperature are expected to offer zero azimuthal anchoring 

surfaces at room temperature. These trends agree with the temperature dependence of the 

threshold voltage (Vth) of the PB cells.  

In this chapter, I treat the LC anchoring force of polymer brushes quantitatively using Vth 

in the IPS mode. The Vth is related to the twist anchoring coefficient A2 as shown in the 

following equation13:  

 (3.1) 
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where l is the electrode distance; d, the cell gap; K2, the twist elastic constant of the LC; ε0, the 

dielectric constant in free space; and Δε, the dielectric constant anisotropy of the LC. 

PB cells were fabricated with substrates onto which PMMA, poly(ethyl methacrylate) (PEMA), 

PHMA and PS chains with different Tgs were grafted. The Tgs of bulk PMMA, PEMA, PHMA 

and PS are 105 °C, 65 °C, −5 °C and 100 °C, respectively14. Although the A2 values of the 

PEMA-B and PS-B cells at 25 °C were more than ten times larger than that of the PHMA-B cell 

to exhibit Vth comparable to that of a rubbed polyimide (RPI) cell, they decreased to a value 

comparable to the A2 of the PHMA-B cell at 25 °C with increasing temperature, indicating that 

the LC molecules were barely anchored to the PEMA-B and PS-B brushes at high temperature. 

3-2 Experimental Procedure

PMMA, PEMA, PHMA and PS brushes were grafted on two glass substrates, one of 

which had comb-shaped indium tin oxide (ITO) electrodes for driving the IPS mode of the NLC 

orientation, via surface-initiated ATRP. The ITO electrodes were 55 nm thick and had lines and 

spaces that were 4 μm and 10 μm, respectively. The initiator (2-bromo-2-methyl) 

propionyloxyhexyltriethoxysilane (BHE) was synthesized as described in the literature15 and 

immobilized on the substrates. Polymerization was performed by dipping the substrate with 

immobilized BHE in a degassed polymerization solution of the monomer, a free ATRP initiator 

(2-bromoisobutylic acid ethyl ester), catalyst and solvent. The number average molecular 

weight (Mn) and polydispersity index (Mw/Mn) of each polymer brush were estimated from the 

gel permeation chromatogram of the freely initiated polymer in the same vessel16-18. The 

thickness (h) of each brush was determined based on its X-ray reflectivity (Rigaku UltimaIV, 

Figure 2-1, 3-1 and 3-2 for PMMA, PEMA and PHMA brushes, respectively). The graft density 

(σ) of each brush was estimated using the relationship σ = ρhNA/Mn, assuming that the brush 
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density (ρ) was equal to the density of each bulk polymer18. The polymerization conditions and 

key characteristics of the polymer brushes are summarized in Tables 3-1 and 3-2, respectively. 

The PB cells were fabricated by injecting a nematic LC (JC-5051XX, JNC Corporation; 

nematic-isotropic transition temperature TNI = 112 °C) between the two plates of the 

polymer-grafted glass with a gap of d = 3 μm via capillary action at ambient temperature. A 

reference cell was prepared using two rubbed polyimide (AL16301, JSR Corporation)-coated 

substrates with the same gap as that of the experimental cells. The rubbing direction was parallel 

to the electrode direction. Hereafter, the reference cell is referred to as the RPI cell. Outlines of 

the LC cells used in this study are shown in Figure 3-3. 

The electro-optical properties of the LC cells were measured using an LCD-5200 (Otsuka 

Electronics). The intensity of incident light near the surface of the LC cell was about 2.2 million 

cd/m2. Polarized optical microscopy (POM) observation of the LC cells was performed using an 

Olympus BX50P microscope. The level differences of the comb-shaped electrodes and the 

polymer brush surfaces in the electrode regions of the PHMA-B cells were measured using an 

Olympus OLS4100 laser scanning microscope. Differential scanning calorimetry (DSC) was 

performed using a PerkinElmer DSC-7 differential scanning calorimeter at a heating rate of 

20 °C min−1. 

3-3 Results and Discussion

The nematic LC as-injected into the PMMA-B, PEMA-B and PS-B cells showed 

Schlieren texture under polarized optical microscopy, indicating that the nematic LC on these 

brushes had a degenerate planar orientation. The uniform planar LC orientation in the PMMA-B 

cell was achieved by applying a magnetic field of 1 T along the electrode direction during 

cooling from the isotropic liquid state (see Figure 3-4(a)). In the PEMA-B and PS-B cells, it 
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was accomplished by new noncontact orientation method which was shown in the second 

chapter: by heating to the isotropic temperature and then cooled to room temperature (nematic 

phase). Figure 3-4(b) and (c) show the polarized optical microscope images of the PEMA-B and 

PS-B cells, respectively, cooled at a rate of 1 °C min−1 from the isotropic liquid state. Although 

no orientation treatment was performed, the LCs in these PEMA-B and PS-B cells exhibited 

uniaxial orientation in the electrode regions and had extinction positions upon rotation of the 

cells between the crossed Nicol polarisers, while the LCs in the regions without the electrodes 

exhibited schlieren texture. The existence of extinction positions indicated that the directors of 

the NLCs were arranged uniformly parallel to the comb-shaped electrodes.  

On the other hand, The NLCs in PHMA-B cell showed the specific behavior which was 

not seen in other PB-cells. Figure 3-5 shows images of the PHMA-B cell positioned between 

crossed Nicol polarisers. Immediately upon filling the cell, the LC exhibited the schlieren 

texture, a satisfactory indication of degenerate planar alignment, although the cell was filled 

with LC in the nematic phase. On closer inspection, two ‘brushes’ emerged from most of the 

defect cores in the region without the electrodes (left of the dashed line in Figure 3-5 (a)), 

whereas four brushes emerged from most of the cores in the region with the electrodes. The 

latter brushes represent a so called Néel wall, which is observed for NLCs on weak anchoring 

surfaces19. On pushing the cell surface lightly at room temperature, the schlieren texture in the 

region with the electrodes changed into a uniform texture, while the schlieren texture was 

maintained in the region without the electrodes (Figure 3-5 (b) and 3-5 (c)). The extinction 

positions on rotation of the cell between the crossed polarizers and the retardation indicate that 

the LC in the region with the electrode arranged the director parallel to the electrodes. The 

spontaneous LC orientation in the PEMA-B and PS-B cells upon cooling from the isotropic 

liquid state and PHMA-B cell on pushing the cell surface lightly at room temperature is related 
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to the level differences in the electrode regions. The level difference at the substrate surface of a 

PHMA-B cell was confirmed to be similar to that of the electrodes (4 μm-wide, 40 - 50 nm-tall 

and 10 μm-long) via confocal laser microscopy (Figure 3-6). Although such surface grooves can 

induce LC orientation near hills, the observed homogeneous orientation requires propagation of 

the local LC orientation between the hills at a distance of 10 μm, which is 20,000 times greater 

than the lateral distance of the neighbouring LC molecules (0.5 nm). The conditions are thus not 

always sufficient for LC alignment, and the propagation is typically limited by interfacial 

interactions such as anchoring forces20. Hence, LC orientation in the regions with the electrodes 

suggests that the LC anchoring forces of these polymer brush surfaces were negligible at 

temperatures as high as 90 °C. The LC in the PHMA-B cell was aligned simply by lightly 

pushing the substrate, suggesting that the LC was barely anchored to the PHMA-B surface at 

25 °C. 

The differences in the surface anchoring of the LC molecules between the PB surfaces 

influenced the voltage–transmittance (V-T) properties for driving the cells in the IPS mode. 

Figure 3-7 shows the V-T curves of the RPI and PB cells measured at various temperatures. 

With increasing applied voltage, the transmittance of each of the cells began to increase at a 

certain voltage, which is defined as the threshold voltage (Vth), and then reached a maximum at 

a voltage Vmax. At 25 °C, the V-T curves of all of the PB cells, except the PHMA-B cell, 

resembled that of the RPI cell. However, while the V-T curves of the RPI cell were independent 

of temperature, the values for both Vth and Vmax of the PB cells shifted to lower voltages with 

increasing temperature. When the cells were heated from 25 °C to 90 °C, Vmax for the RPI cell 

remained nearly constant at 8.5 V, whereas Vmax for the PB cells decreased. The PHMA-B cell 

exhibited a distinct V-T curve even at 25 °C with a Vmax of 1.7 V, which is significantly lower 

than Vmax for other cells. In addition, when cooled to −15 °C, Vmax for the PHMA-B cell 
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increased to 5.3 V, but did not reach Vmax for the other cells at 25 °C. Moreover when the 

voltage was increased beyond Vmax, the transmittance decreased to zero, indicating that the LC 

molecules at the PHMA brush interface as well as those between the substrates arranged their 

long axis in the electric field direction.  

The anchoring forces of the polymer brushes can be treated quantitatively by examining 

Vth. Assuming that the RPI cell is within the strong anchoring limit, the twist anchoring 

coefficient A2 was calculated according to the following equation: 

(3.2) 

where Vth, RPI is the Vth of the RPI cell (4.70 V). Here Vth is approximated to be the voltage at 

which the transmittance is 2 % of the maximum transmittance at Vmax and the values are listed in 

Table 3-3 which also includes the temperature-dependent K2 values provided by JNC 

Corporation. The estimated values for A2 are plotted as a function of temperature in Figure 3-8. 

At temperatures below 25 °C, the A2 values of the PB cells, except for the PHMA-B cell, were 

each on the order of 10−5 Jm−2. Although these A2 values are smaller than the A2 of the RPI cell 

(3.3 × 10−4 J m−2)21, the LCs can be as strongly anchored to the surfaces of the polymer brushes 

as the LC on the RPI cell to exhibit Vth comparable to each other. In contrast, the PHMA-B cell 

exhibited an A2 value of 1.1 × 10−6 J m−2 at 25 °C. Such a low A2 value is assumed to be a 

typical value for a surface to which the NLC molecules are barely anchored. In addition, with 

increasing temperature up to 90 °C, the A2 of the PEMA-B and PS-B cells decreased to values 

smaller than 1 × 10−6 J m−2, indicating that the LC was barely anchored to the PEMA-B and 

PS-B surfaces at higher temperatures and thus could be aligned by the surface unevenness. On 

the other hand, the A2 of the PMMA-B cell decreased to 4.5 × 10−6 J m−2 and still required an 

external field for LC orientation, even at 90 °C.  
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Such temperature-dependent anchoring forces for the polymer brushes also influenced the 

response times of the LC cells. The optical response time of an LC cell after switching off the 

voltage (τoff) increases as A2 decreases according to the following equation22; 

 (3.3) 

where γ1 is the twist viscosity of the LC. Figure 3-9 shows the temperature dependence of τoff for 

the PB and RPI cells after a voltage of Vmax was applied for 100 ms and then switched off. The 

value of τoff was approximated as the period required for a change in the normalized 

transmittance to 90 %. In the temperature range investigated, the τoff of the RPI cell was 

approximately 10 ms, while that of the PHMA-B cell was approximately 1,000 ms. These τoff 

values for the RPI and PHMA-B cells are assumed to be typical values for the strong and weak 

anchoring limits, respectively. In addition, the τoff of the PMMA-B cell was slightly larger than 

that of the RPI cell over the entire temperature range, indicating that the LC molecules were 

anchored to the PMMA brushes at the interface. On the other hand, the values of τoff of the 

PEMA-B and PS-B cells were comparable to that of the PMMA-B cell at temperatures below 

45 °C, and then increased tenfold between 45 °C and 65 °C to become comparable to τoff of the 

PHMA-B cell at temperatures above 65 °C. Thus, the LC anchoring forces for the PEMA and 

PS brushes decreased drastically as the temperature increased from 45 °C to 65 °C.  

The temperature at which A2 began to decrease (Td) increased in the order PHMA (lower 

than 25 °C) <  PEMA and PS (~ 35 °C)  <  PMMA (65 °C). Notably, this order for the Td 

values for the poly(methyl methacrylate) is the same as that of the Tg values for the bulk 

polymers: PHMA (−5 °C)  <  PEMA (65 °C)  <  PMMA (105 °C). Such an agreement in 

the order of the Td and Tg values suggests that the decrease in the LC anchoring force of the 

polymer brushes is related to the Tgs of the polymers. In addition, the fact that the Td values are 
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significantly lower than the corresponding Tg values suggests that the LC, which had a low Tg, 

permeated into the surfaces of the brushes. Furthermore, the significantly lower value for Td of 

the PS brushes compared to that of the PMMA brushes is reasonable even though the Tg of PS 

(100 °C) is comparable to that of PMMA, because PS is more miscible with the NLC than 

PMMA is, as confirmed by a decrease in Tg upon mixing the NLC into the polymer. Specifically, 

the Tgs of mixtures of the NLC and each polymer were measured by DSC as a function of the 

weight fraction of NLC (Figure 3-10). With increasing LC fraction, the Tg of the NLC/PS 

mixture decreased more significantly than that of the NLC/PMMA mixture. In addition, when 

the NLC fraction was increased to 15 wt%, the Tg of the PS/ LC mixture was 20 °C, while that 

of the PMMA/LC mixture was 70 °C. Such trends suggest that PS has a higher compatibility 

with the NLC than PMMA does. At the interface with the NLC, the Tg of the PS brush was 

therefore decreased more efficiently than that of the PMMA brush. Consequently, the decrease 

in the LC anchoring force for the polymer brushes is associated with the Tg of each polymer 

brush at the interface with the NLC. This Tg at the interface depends on the Tg of the polymer 

and decreases as the miscibility of the polymer with the NLC increases. 

3-4 Conclusions

Our results demonstrate that the LC anchoring coefficient A2 of high-density polymer 

brushes decreases above the Tg of the polymers at the interface with the NLC. The A2 values of 

the polymer brushes decreased with increasing temperature. At 25 °C, PB cells with PMMA, 

PEMA and PS brushes each exhibited an A2 on the order of 10−5 J m−2, as well as V-T curves 

and τoff values similar to those of the reference RPI cell. At the same temperature, the PHMA-B 

cell exhibited a lower Vth and longer τoff than the other cells, along with a lower A2 of 1 × 10−6 J 

m−2. The LC in the PHMA cell was aligned along the electrode by only slightly pushing the 
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substrate, and when the voltage was increased beyond Vmax, the transmittance decreased to zero, 

indicating that the LC was barely anchored to the brush surface. Thus, this A2 value is assumed 

to be typical for weak LC anchoring. In addition, with increasing temperature, the A2 values of 

the PEMA-B and PS-B cells began to decrease at Td = 35 °C and reached a value on the order of 

10−7 J m−2 at 90 °C. The LCs in these cells were thus barely anchored to the brushes and aligned 

along the electrode after cooling from the isotropic liquid phase. On the other hand, the A2 of the 

PMMA-B cell only decreased to 5 × 10−6 J m−2 at 90 °C, and a magnetic field was required to 

align the LC upon cooling from the isotropic phase. The τoff values of the PB cells also varied in 

relation to A2 in the range from 101 to 103 ms.  

The decrease in the A2 values of the PB cells is associated with the glass transition of each 

PB at the interface with the NLC. The order of the Td values of the PMMA, PEMA and PHMA 

brushes is the same as that of the Tg values of the corresponding bulk polymers, although the Td 

values are much lower than the Tg values. In addition, the lower Td value of the PS-B cell than 

that of the PMMA-B cell, even though the Tg of PS is similar to that of PMMA, suggests that 

the NLC, which has a low Tg, permeated into the brushes to decrease the Tg at the interface. PS 

is more compatible with the NLC than PMMA is, and thus the Td of the PS-B cell was lowered 

more efficiently than that of the PMMA-B cell. These results demonstrate that the LC anchoring 

force for the PB surface depends on the Tg of the bulk polymer, but can be decreased when the 

compatibility of the polymer with the NLC is high. 

These results demonstrate that weak azimuthal anchoring of LC molecules at room 

temperature can be achieved by coating the substrate surface with polymers exhibiting a subzero 

Tg. Because the Tg of PHMA is −5 °C, the surface of the PHMA grafted substrate remains in the 

liquid state at room temperature. I believe that a durable surface with weak azimuthal anchoring 

can be provided only by polymer brushes. Spin-coated or dip-coated polymer films in the liquid 
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state can more or less mix with NLCs and can be easily exfoliated from the substrate. In 

contrast, polymer brushes composed of polymer chains bonded covalently to substrates are 

durable and can permanently offer ultra-weak LC anchoring surfaces. The ultra-weak LC 

anchoring surfaces at room temperature are expected to contribute greatly to the development of 

not only new LCD modes with novel noncontact orientation capabilities but also new applicable 

fields such as an ultra-low friction interfaces. 
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Table 3-1. Polymerization condition of polymer brushes 

Polymer 
Brush 

Monomer 
(mol) 

Initiator a 
(mmol) 

Catalyst 
(mmol) 

Solvent 
(mol) 

Temp. 
(°C) 

Period 
(h) 

PMMA 0.37 0.34 CuBr 3.75 
DNbipy b 8.97 

anisole 
0.35 90 3.0 

PEMA 0.13 0.13 CuBr 1.58 
DNbipy b 1.22 

anisole 
0.14 90 4.0 

PHMA 0.10 0.23 CuBr 0.67 
PMDETAc 0.96 

anisole 
0.16 90 14.0 

PS 0.43 0.44 CuBr 4.33 
DNbipy b 8.66 - 110 3.3 

a 2-bromoisoisobutylic acid ethyl ester 
b 4,4ʹ-dinonyl-2,2ʹ-bipyridine 
c N,N,Nʹ,Nʺ,Nʺ-pentamethyldiethylenetriamine 

. 
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Table 3-2. Characterization of PB substrates 

Brush Mn Mw/Mn 
Thickness h 

(nm) 
Graft density σ a 

(chains nm−2) 

PMMA-B 112,000 1.17 46.8 0.299

PEMA-B 95,900 1.31 42.0 0.314

PHMA-B 69,000 1.36 44.5 0.388

PS-B 64,300 1.21 36.5 0.359

a estimated assuming the density ρ is equal to that of the bulk polymers. PMMA: 1.19 g cm−3, 
PEMA: 1.19 g cm−3, PHMA: 1.01 g cm−3, PS: 1.05 g cm−3. 
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Table 3-3. K2 of NLC and and Vth(V2%) of PB-cells at various temperatures 

Temperature 
(°C) 

K2 
a  

(pN) 

Vth (V) 

PMMA-B PEMA-B PHMA-B PS-B 

−15 7.9 4.38 1.81 3.98

5 7.5 4.34 1.34 3.90

25 6.9 3.84 4.48 0.89 3.56

45 6.5 3.79 3.80 0.62 2.72

65 6.0 3.62 2.23 0.57 0.88

90 5.5 2.60 0.94 0.32 0.54
a provided by JNC Corporation. 
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Figure 3-1. X-ray reflectivity curve of PEMA brushes on glass substrate. The experimental 

data was fitted by setting the brush to 42.0 nm. The density (ρ) of the PEMA layer was 

assumed to be 1.19 g cm−3 (equal to ρ of the bulk PEMA). 
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Figure 3-2. X-ray reflectivity curve of PHMA brushes on glass substrate. The experimental data 

was fitted by setting the brush and BHE layer thicknesses to 44.5 and 0.90 nm, respectively. 

The densities (ρ) of the layers are assumed to be 1.01 (equal to ρ of the bulk PHMA) and 

1.301 g cm–3, respectively. 
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Figure 3-3. Schematic diagram of the RPI and PB cells: (a) front and (b) side views. The 

aligned axes are parallel to the comb-shaped electrodes. (c) Molecular alignments in the electric 

field-on and field-off states for the IPS switching mode viewed from the side and a perspective 

perpendicular to the initial aligned direction. In the field-on state, the molecules at the centre of 

the cell are oriented with the field, and the rest of the molecules are twisted continuously 

between two orientations at the anchoring surface and at the centre, if the anchoring functions 

properly. The cells were set such that the initially aligned nematic LC director coincided with 

the direction of one of the crossed Nicol polarisers, and the light transmittance was observed in 

the IPS switching mode. Under this condition, there is no light transmittance in the field-off 

state, while there is a significant transmittance in the field-on state.
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Figure 3-4. POM images of the (a) PMMA-B cell which was applied a magnetic field of 1 T

parallel to the electrode direction, and (b) PEMA-B cell and (c) PS-B cell after cooling from 

the isotropic liquid state. Comb-shaped electrodes can be seen only to the right of the dashed 

line and are parallel to the line. Scale bar: 200 μm.
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Figure 3-5. Optical images captured with a polarizing microscope of the PHMA-B cells filled 

with LCs (a) before and (b) after a light push. (c) The same area as in that in (b) observed with 

the analyser removed. Comb-shaped electrodes are seen only to the right of the dashed line and 

are parallel to the line. Scale bar, 200 μm.  
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Figure 3-6. Level differences for the PHMA brush (open circles) and ITO comb-shaped 

electrode (closed triangles) surfaces determined via laser scanning microscopy. 
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Figure 3-7. V-T curves for each cell measured at the indicated temperatures: (a) RPI cell, (b) 

PMMA-B cell, (c) PEMA-B cell, (d) PHMA-B cell and (e) PS-B cell. 
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Figure 3-8. Temperature dependence of the twist anchoring coefficient A2 for the PMMA 

(squares), PEMA (circles), PHMA (triangles) and PS (lozenges) brushes. 
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Figure 3-9. Temperature dependence of the relaxation time τoff of the PMMA-B (square), 

PEMA-B (circle), PHMA-B (triangle), PS-B (lozenge) and RPI (cross) cells. The value of τoff 

was measured by applying Vmax at the measurement temperature and then turning off the 

voltage. 
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Figure 3-10. Glass transition temperature of mixtures of polymers and the NLC as a function of 

the weight fraction of NLC: PMMA (square), PS (lozenge) and PEMA (circle). The Mn (Mw/Mn) 

values for the PMMA, PS and PEMA polymers were 50,500 (1.26), 54,000 (1.17) and 88,000 

(1.40), respectively. 
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Chapter 4
An In-plane Switching Liquid Crystal Cell with 

Weakly Anchored Liquid Crystals on the 
Electrode Substrates   

 

Abstract 

A new “one side zero-azimuth anchoring in-plane switching” (OZ-IPS) mode of liquid 

crystal (LC) display featuring low driving voltage, higher transmittance efficiency, and higher 

contrast ratio than that of the conventional IPS LCD has been established. The OZ-IPS mode 

LC cell is assembled from an electrode substrate to which polymer chains are grafted and a 

counter substrate coated with a rubbed polyimide film where the rubbing direction is parallel to 

the interdigital electrodes. LC molecules filling the cell are strongly anchored to the counter 

substrate whereas they are hardly anchored to the electrode substrate so that the LC director is 

parallel to the rubbing direction under the crossed polarizers and the cell exhibits 20% smaller 

transmittance than the conventional IPS cell in the voltage-off state. In the voltage-on state, the 

LC director is twisted in going from the counter substrate to the electrode substrate and the 

transmittance starts to increase and becomes the maximum with increasing the voltage up to a 

threshold voltage (Vth) and at a voltage (Vmax), respectively, which are two times lower than that 

in the conventional IPS cell. When a voltage of Vmax is applied to the cell, linearly polarizing 

light incident on the counter substrate passing the cell rotates the polarizing direction by 90 ° so 

that the emitted light entirely passes the analyzer. To this switching process the area above the 

electrodes contributes. Thus this OZ-IPS mode LCD has almost two times greater maximum 
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transmittance and 2.3 times higher contrast ratio than the conventional IPS-LCD although a 

longer turn-off response time is intrinsic due to the lower Vth. 

 

4-1 Introduction 

While organic light emitting diode (OLED) displays have been put to practical use, liquid 

crystal display (LCD) industries need a new LCD mode for further improvement of the 

characteristics such as higher transmittance and contrast ratio, lower driving voltage, and better 

viewing characteristic. The in-plane switching (IPS) mode LCD has taken place of the twisted 

nematic (TN) mode LCD because of their surpassing viewing angle characteristics, i.e., uniform 

gray levels and colors in a large range of viewing angle;1-3 however, it has lower transmittance 

than the TN LCD4. The area above the electrodes does not contribute to the switching process to 

decrease the aperture. Above the electrodes molecules are not switched by the electric field 

between interdigital electrodes. The electrical field lines above the electrodes lie almost 

perpendicular to the electrodes, so there exists a week in-plane electric field. Such an intrinsic 

problem has been overcome in the fringe-field switching (FFS) LCDs5,6. Stripe electrodes 

having the same electric potential are placed on a common electrode insulated with a 

passivation layer. When the electrode space is shorter than both the electrode width and the cell 

gap, an in-plane field between a stripe electrode and the common electrode becomes strong 

enough to rotate molecules above the electrodes. On the other hand, the transmittance is 

decreased by the absorption and reflection of light in each layer and at the layer interface, 

respectively. Therefore, a higher transmittance efficiency is expected for the IPS mode rather 

than the FFS mode in the case of displays with the resolution as high as that in the television in 

which the ratio of the stripe electrode area to the pixel area is not very great. 
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Considering the above-mentioned backgrounds, I propose a new IPS mode LCD in which 

LC molecules are strongly anchored to the counter substrate which is the uniaxial orientation 

treatment whereas they are hardly anchored to the electrode substrate. When applying voltage to 

the NLC filling the cell via the electrodes, the positive dielectric anisotropy NLC molecules 

tend to change their alignment from parallel to perpendicular to the electrodes. While NLC 

molecules on the counter substrate anchored strongly to the rubbed PI, molecules on the 

electrode substrate can rotate and align along the electric field by extremely low voltage. Thus, 

the electric field can twist the director of NLC contained in the cell to make the molecular 

orientation similar to that in the TN cell in the voltage-off state. If the optical design of a TN 

mode is applied to new mode LCD, realization of LCD which has both high transmissivity and 

extremely low driving voltage characteristics can be expected. 

 

4-2 Experimental Procedure  

The new mode LCD cell, hereafter designated as “type-I cell” (Figure 4-1(a)). A 

peculiarity of the type-I cell is that the electrode substrate is coated with poly(hexyl 

methacrylate) (PHMA) brush to offer a zero-azimuth anchoring surface. The high-density 

PHMA brush surface exhibited an NLC anchoring energy 1/300 lower than that of the rubbed PI 

at room temperature7,8. PHMA brushes were polymerized by the following methods. The 

initiator 2-bromo-2-methyl-N-(3-(triethoxysilyl) propanamide (BPA) (0.05 g), ethanol (4.7 g) 

and ammonia solution (28 % NH3 aqueous solution, 0.25 g) was mixed, and the resulting 

mixture was stirred to form a solution. The glass substrates cleaned by ultra-violet (UV)/ozone 

treatment were immersed in this solution for 12 h at ambient temperature to bond BPA with the 

surface. The modified glass substrates were cleaned by sonication in acetone and then dried. 

Polymerization was performed by dipping the BPA-immobilized substrate in a degassed 
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solution of hexyl methacrylate (29.74 g, 174.7 mmol), CuBr (152.2 mg, 1.06 mmol), 

N,N',N'',N''-Pentamethyldiethylenetriamine (PMDETA) (243.8 mg, 1.41 mmol), ethyl-2- 

bromoisobutyrate (EBIB) (68.7 mg, 0.35 mmol) as a free initiator and anisole (29.97 g, 277 

mmol) at 70 °C for 7 h. The number average molecular weight (Mn) and polydispersity index 

(Mw/Mn) of PHMA brushes were 88,900 and 1.74, respectively, as estimated from the gel 

permeation chromatogram with PMMA standards of the freely initiated PHMA in the same 

vessel9-11. The thickness h of the brushes was determined on the basis of X-ray reflectivity 

(Rigaku UltimaIV) to be 18.0 nm (Figure 4-2). The graft density was estimated to be 0.123 

chains nm−2 using the relationship σ = ρhNA/Mn and assuming that the brush density ρ is equal to 

the density of the bulk PHMA (1.01 g cm−3)11. The polymerization conditions and key 

characteristics of the PHMA brushes are summarized in Tables 4-1 and 4-2, respectively. On the 

other hand, PI (JSR, AL-16301) was coated as the alignment layer on the counter substrate on 

which 6 μm-high photo spacers were formed. The rubbing treatment was executed to PI on the 

counter substrate so that NLCs might be homogeneous alignment in the direction parallel to the 

comb-shaped electrodes in LC cell. The electrode and the counter substrates were stuck by the 

sealant, and it was cured by heating the cell at 120 °C for 2 h under nitrogen atmosphere. NLC 

was injected via capillary action into the cell and the inlet of NLC was sealed with the UV 

curing type sealing agent. The electrode substrate has comb-shaped ITO electrodes (thickness: 

55 nm, lines and spaces: 4 μm and 10 μm, respectively), and photo spacers were formed on the 

counter substrate similarly to the conventional IPS LCD cell. The cell gap was set at 6.0 μm so 

that the first minimum condition12 might be fulfilled. 

To understand the characteristics of the cell, other two type reference cells were prepared. 

Schematics of these reference cells are show in Figure 4-1(b) and 4-1(c), respectively. The 

reference type-II cell was produced to compare the response time. It differs from the type-I cell 
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in that the electrode substrate is coated with PI film. The type-III cell is the same as the cell in 

the practical IPS-LCD. Both substrates were coated with PI film rubbed in the direction tilted by 

20 ° with respect to the electrodes. The cell gap of the type-III cell was set at 3.4 μm so that Δnd 

equals λ/2 (λ = 550 nm). Type-II and type-III cells were fabricated at the same process as type-I 

cell except that the sealant was cured at 150 °C for 2 hours. All the three cells were filled with 

the NLC (JNC, JC-5051XX, a nematic-isotropic transition temperature: 112.7 °C and Δn = 

0.081) and were placed between linear polarizer P and analyzer A with P  A and P is on the 

counter side with the axis parallel to the rubbing direction.  

The voltage-transmittance (V-T) curves, the viewing angle characteristic and the response 

time were measured at 25 °C by Otsuka Electronics LCD-5200. The intensity of the incident 

light near the surface of the LC cell was about 2.2 million cd/m2. The transmittance of each cell 

was given as the transmittance measured without the cell to be 100 %. The viewing angle 

characteristics of type-I and type-III cells were measured with applied voltage of 0 V and Vmax 

for the off and on states, respectively. The response times of type-I and type-II cells were 

measured by applying AC voltage with amplitude of Vmax at frequency 60 Hz to the cell. τon was 

the period from the application of the voltage until the transmittance was reached to 90 % in 

normalized transmittance. On the other hand, τoff was the period from the removal of the voltage 

until the transmittance was reached to 10 % in normalized transmittance. 

The normalized Stokes parameter measurement when arbitrary electric field was applied 

to type-I cell was performed using green light (λ = 546nm) by LCD Analyzer (Meiryo technical 

co., ltd. LCA-LU4As10) at room temperature. To determine the Stokes parameters, the linearly 

polarized light perpendicular to the rubbing direction (x-direction) was normally incident on the 

counter substrate and the transmitted light intensity Iij were measured with inserting a 

quarter-wave plate (QWP) and an analyzer behind the LC cell where i and j refer the fast axis 
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direction of the quarter-wave plate and the analyzer axis, respectively. i and j are either of x, y, 

and d, where y is orthogonal to the x-direction and d is the direction at 45 ° with respect to the 

x-axis (see Figure 4-3). The Stokes parameters are defined as follows13. 

    S1 = (Ixx – Iyy) / (Ixx + Iyy)  (4.1) 

S2 = [2Idd − (Ixx + Iyy)] / (Ixx + Iyy)   (4.2) 

S3 = [2Iyd − (Ixx + Iyy)] / (Ixx + Iyy) (4.3) 

Polarized optical microscopy (POM) observation was performed by Olympus BX50P 

microscopy.  

 

4-3 Results and Discussion 

The NLCs as-injected into type-I cell arranged uniformly the director parallel to the 

comb-shaped electrodes. Considering that the anchoring induced by the unevenness of the 

comb-shaped electrodes14 is two orders of magnitude smaller than the anchoring induced by 

rubbing treatment15, the uniform orientation in type-I cell is considered to be achieved by the 

rubbing treatment mainly. 

Figure 4-4 shows the voltage-transmittance (V-T) curves of type-I and type-III cells at 25 

◦C. With increasing voltage, the transmittance starts to increase at a threshold voltage (Vth) and 

becomes the maximum at a voltage (Vmax). Here Vth is defined as the voltage at 2 % of the 

maximum transmittance (Tmax). Vth and Vmax of the type-I cell are 1.7 and 4.3 V, respectively, 

which are significantly lower than that of the type-III cell (Vth = 2.6 V, Vmax = 8.8 V). Thus the 

type-I cell can be driven with lower voltage than the type-III cell. Tmax of the type-I cell is 

33.2 %, almost two times greater than Tmax of the type-III cell (18.1 %). The transmittance 

efficiency (TE), which is defined as the ratio of Tmax to the transmittance measured with setting 

the two polarizers parallel, is 86 % for the type-I cell, which is comparable to that of the 

TN-LCD. On the other hand, in the voltage-off state, the transmittance of the type-I cell is 20 % 
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lower than that of the type-III cell. The lower transmittance in the voltage-off state, in addition 

to the high transmittance efficiency in the voltage-on state, produces the higher contrast ratio 

(CR). The contrast ratio of the type-I cell is 2.3 times higher than that of the type-III cell. The 

lower transmittance of the type-I cell in the voltage-off state is attributed to the uniaxial 

orientation of LC along the rubbing direction in the voltage-off state. In the conventional IPS 

cells, LC tends to twist to cause slight transmittance in the voltage-off state because of small 

difference in rubbing direction between the two substrates. In the type-I cell, LC is hardly 

anchored to the electrode substrate and oriented along the rubbing direction of the counter 

substrate. Moreover, reflecting the in-plane LC orientation change, the type-I cell exhibited 

excellent viewing angle characteristics equivalent to the conventional IPS cell. In addition, the 

region with high-contrast-ratio over 300 of the type-I cell were about 5 times wider than that of 

the type-III cell reflecting the contrast ratio improvement (Figure 4-5). 

The high transmittance efficiency of the type-I cell is attributed to the following two 

points. First, the type-I cell has a higher aperture ratio than the conventional IPS LCDs. The 

electrode region in the type-I cell transmits light in the voltage-on state although that in the 

conventional IPS LC cell (type-III) does not (Figure 4-6). Although in the IPS LCDs the 

in-plane electric field above the electrodes is too small to rotate molecules, the molecules in the 

type-I cell are hardly anchored to the electrode substrate surface covered with PHMA chains so 

that LC molecules above the electrodes can be rotated by the small in-plane electric field to 

transmit light and by the elastic torque with the LC between electrodes. Thus in the voltage-on 

state, the type-I cell has larger aperture than the conventional IPS LC cell. 

Second, at Vappl = Vmax, the type-I cell emits light linearly polarizing along the analyzer 

direction. Figure 4-7 shows the voltage dependence of the Stokes parameters measured for the 

type-I cell. At Vappl = 0 V, S1 = −1.0, S2 = 0, and S3 = 0 are consistent with the homogeneous 

director alignment along the x-direction. Over the range of Vappl investigated, S3 is almost 

constant at zero, indicating that the light passing the cell is linearly polarized, whereas S1 and S2 
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vary in value, suggesting the polarization direction is dependent on Vappl. At Vappl = Vth = 1 V, S1 

and S2 begin to increase and decrease, respectively. At Vappl = 2 V, S1 = 0 and S2 = −1 showing 

that the polarization direction is in the direction at an angle of 45 ° with respect to the 

x-direction. With further increasing Vappl greater than 4.5 V (close to Vmax = 4.3 V), S1 = 1 and S2 

is close to zero, indicating that the polarization direction is along the y-direction. Thus, in a 

measured voltage range, the light passing through the type-I cell is linearly polarized. When 

viewed from the electrode substrate side, the polarization direction of the light emitted from the 

cell rotates with increasing Vappl in the counterclockwise direction from the rubbing direction 

and becomes parallel to the analyzer axis so that the light entirely passes the analyzer. This 

rotation of the polarizing direction of light emitted from the LC cell is associated with the 

director of nematic LC rotating preferentially counterclockwise in going from the counter 

substrate to the electrode substrate. This counterclockwise twisting of LC director direction can 

be ascribed to a slight displacement of the rubbing direction from the electrode direction. 

A drawback of the type-I cell is longer response times. The response times (τon and τoff) on 

voltage-on and off were measured for the type-I and type-II cells at 25 °C and plotted against 

the applied voltage (Vappl) in Figure 4-8(a) and 4-8(b), respectively. When Vappl was set at Vmax 

for each cell (4.3 V and 7.3 V for the type-I and type-II cells, respectively), τon of the type-I cell 

was 144 ms, which was 2.3 times longer than that of the type-II cell (62.8 ms). Such longer τon 

of the type-I cell is a side effect of the lower Vth and Vmax. τon of conventional IPS-LCD in which 

the LC was assumed to be anchored strongly to both substrates is inversely proportional to Vappl
2 

− Vth
2 2. When the Vappl for the type-I cell was set at 6.73 V so as to equate the value of Vappl

2 − 

Vth
2

, τon became 42.3 ms, 30 % shorter than that of the type-II cell. The response speed on 

voltage-on of type-I cell is essentially considered to be faster than that of the type-II cell. It may 

be attributed to the weak LC anchoring of the electrode substrate surface in the type-I cell.  

On the other hand, the longer τoff is intrinsic to the type-I cell. Theoretical calculation of 

response in IPS mode shows that τoff is inversely proportional to the square of the threshold 
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electric field (Eth
2) assuming strong LC anchoring to both substrates2. Thus, τoff of the IPS LC 

cells with the same electrode distance is inversely proportional to Vth
2 and independent on Vappl. 

In contrast, the type-I cell increases τoff with increasing Vappl and becomes 540 ms at Vmax, which 

is 7.7 times longer than that of the type-II cell (70 ms). Such a Vappl dependence of τoff is 

expected because the twist angle increases with increasing Vappl. A long τoff of the type-I cell may 

be attributed both to a low Vth and to a large twisting angle of the LC molecules on the weak LC 

anchoring substrate. 

 

4-4 Conclusions 
In summary, a new IPS mode LC cell is assembled from electrode and counter 

substrates which are coated with grafted polymer chains and rubbed polyimide film, 

respectively, to feature lower driving voltage, higher transmittance efficiency, and higher 

contrast ratio than that of the conventional IPS LC cell. In the new IPS mode cell in the 

voltage-off state, LC is oriented along the direction of rubbing of the counter substrate and 

appears to be black under crossed polarizers at 20 % smaller transmittance than that of the 

conventional IPS cell. With increasing applied voltage, the transmittance starts increasing at Vth 

and then becomes maximum at Vmax. These Vth and Vmax are two times smaller than that of the 

conventional IPS cell. The polarizing direction of the light incident on the counter substrate is 

rotated by 90 ° at Vappl = Vmax. To this switching process the molecules above the electrodes 

contribute to make the aperture greater than that of the conventional IPS cell. Thus, the 

transmittance efficiency becomes as large as that of the TN-LCD and the contrast ratio is 2.3 

times higher than the conventional IPS cell. On the other hand, the lower Vth results in an 

intrinsic longer turn-off response time. This new mode IPS is termed as “one side zero-azimuth 

anchoring in-plane switching (OZ-IPS) mode”. 
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Table 4-1. Polymerization condition of PHMA brushes 

Polymer Monomer 
(mmol) 

Initiator a 
(mmol) 

Catalyst 
(mmol) 

Solvent 
(mmol) 

Temp. 
(°C) 

Period 
(h) 

PHMA 174.7 0.35 CuBr 1.06 
PMDETAb 1.41 

anisole 
277 70 7 

a ethyl-2- bromoisobutyrate  
b N,N,Nʹ,Nʺ,Nʺ-pentamethyldiethylenetriamine 
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Table 4-2. Characterization of PHMA brush substrates 

Brush Mn Mw/Mn 
Thickness h 

(nm) 
Graft density σ a 

(chains nm−2) 

PHMA-B 88,900 1.74 18.0 0.123 

a estimated assuming the density ρ is equal to that of the bulk PHMA: 1.01 g cm−3. 
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Figure 4-1. Schematics of the (a) type-I, (b) type II, and (c) type-III cells. In the upper and 

middle parts of each panel, the front and side views are shown, respectively. In the lower

part of each panel, the molecular alignments are shown for the electric field-on and 

field-off states (viewed side-on). Light sequentially propagates through the polarizer, 

counter substrate, LC, electrode substrate, and analyser. In each cell, the polarizer and 

analyser axes are parallel and perpendicular, respectively, to the polyimide (PI) rubbing 

direction.
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Figure 4-2. X-ray reflectivity curve of PHMA brushes on glass substrate. The experimental data 

was fitted by setting the brush to 18.0 nm. The density (ρ) of the PHMA layer was assumed to 

be 1.01 g cm−3 (equal to ρ of the bulk PHMA).  
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Figure 4-3. Schematic diagram of the optics setup for measuring the Storks Parameters. 
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Figure 4-4. Voltage-transmittance characteristics of the type-I cell (circle) and type-III cell 

(triangle) measured at 25 °C. 
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Figure 4-5. Contour map of the contrast ratio for (a) type-I cell and (b) type-III cell. The region 

with contrast ratios higher than 300 is shown by white color. A difference laid in the symmetry 

of the high contrast region, which was just 20 ° between the type-I and type- III cells. This 

corresponded to the differences of the cross Nicole and rubbing directions which differed just 

20 ° between these cells (see Figure 4-1). The initial LC orientation directions of the type-I and 

type-III cells were 70 ° - 250 °, 90 ° - 270 ° directions, respectively.
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Figure 4-6. Polarizing optical microscopy image of (a) the type-I and (b) type-III cells applied a 

voltage of Vmax at which the transmittance is maximum. Light did not transmit above the 

electrodes even in the field-on state in the type-III cell. In contrast, light transmitted in the 

field-on state in all area including above electrodes in the type-I cell. Red arrows indicate the 

rubbing direction.

(a) (b)

A

P
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Figure 4-7. The Stokes parameters of S1 (circle), S2 (triangle), and S3 (lozenge) measured for the 

type-I cell driven at voltages ranging from 0 to 7 V at room temperature. 
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Figure 4-8. Applied voltage dependence of the response times of (a) τon and (b) τoff for the type-I 

cell (circle) and the type-II (triangle) at 25 °C. 
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Chapter 5
General Conclusions 

5-1 Conclusions 

The purpose of this research was to investigate the following three subjects: 

1) Elucidation of the anchoring behavior between high-density polymer brushes and nematic 

liquid crystals (NLCs); 

2) Achievement of a zero-azimuth anchoring state using high-density polymer brushes; and 

3) Creation of a new liquid crystal display (LCD) mode driven by in-plane switching (IPS) that 

utilizes the zero-azimuth anchoring state.  

 

The following five conclusions were reached as the results of this research: 

1) The NLCs on the high-density polymer brushes have a degenerate planar orientation. A 

uniform planar alignment of the NLCs on the high-density polymer brushes can be attained 

when the NLCs are slowly cooled from the isotropic phase in a magnetic field. 

 2) The anchoring state at the interface between the high-density polymer brushes and NLCs 

changes to the following three states on changes in temperature: a strong anchoring state 

equivalent to rubbed polyimide, a viscoelastic state, and a near-zero-azimuth anchoring state, 

in which anchoring in the direction of the azimuthal angle was mostly lost. Moreover, the 

temperature of the transition between each state changes with the kind of polymer brush and 

LC. The anchoring force of the LC on the polymer brush surface depends on the glass 
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transition temperature of the polymer brush, but can be decreased when the polymer brush is 

highly compatible with the NLC. 

3) The interface between the high-density polymer brushes and LCs provides a strong anchoring 

state when the azimuthal anchoring coefficient (A2) is over 10−5 J m−2, a near-zero-azimuth 

anchoring state when the A2 value is below about 1 × 10−6 J m−2, and a viscoelastic state 

between these A2 values.  

4) High-density poly(hexyl methacrylate) provides stable near-zero-azimuth anchoring for 

NLCs at ambient temperature. 

5) A new LCD mode by IPS which utilized the zero-azimuth anchoring state was succeeded in 

developing. An LC cell with NLCs injected between a substrate with a near-zero-azimuth 

anchoring interface and a substrate with a strong anchoring interface has a driving voltage 

reduced by almost half, 1.8 times greater maximum transmittance, and 2.3 times higher 

contrast ratio than a conventional IPS LCD. Such a drastic improvement in transmittance is 

achieved because NLCs above the comb-shaped electrodes rotate toward the electric field 

direction on the application of a voltage and the transmission of light above the electrodes. 

This new mode IPS is termed as “one side zero-azimuth anchoring in-plane switching 

(OZ-IPS) mode”. 

 

5-2 Future Works 

5-2-1 Basic Researches 

The following two investigations are required as basic research: 

1) A study of the state of the LC molecules in the high-density polymer brushes. It has not been 

fully examined whether LC molecules enter the polymer brushes. It will be an interesting 
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research task to determine the state of LC molecules in the polymer brushes, if LC molecules 

are present in the high-density polymer brushes.  

2) A study of the density of polymer brushes that provide a zero-azimuth anchoring state. It has 

not been fully clarified whether a zero-azimuth anchoring state is achieved by low-density 

polymer brushes. This will represent an important research task, which will have a major 

influence on the direction of applied research. 

 

5-2-2 Applied Researches 

The study of the practical use of the new LCD mode by IPS, which utilizes the 

zero-azimuth anchoring state, is given as an example of applied research. The greatest challenge 

to its practical use is the development of a substitute material for high-density polymer brushes. 

Because the polymerization of polymer brushes takes a long time, it is difficult to carry out in 

the existing mass production of LCDs. In addition, because a substrate of which the side is 

about 3 m long must be immersed in a polymerization solution to form polymer brushes on the 

substrate, the development of new equipment and an immense amount of investment are 

required. With such a background, the development of a coating material that can provide the 

zero-azimuth anchoring state is very important. In addition, when compared with conventional 

IPS LCDs, there is a drawback in the new LCD mode, namely, that the response time on 

switching the voltage off (τoff) is longer. In order to overcome this drawback, it will be necessary 

to also consider improvements based on innovative ideas, in addition to gradual improvements 

to existing knowledge such as making the cell gap thinner, reducing the viscosity of the LCs, 

and increasing the twist elastic modulus of LCs. At present, an innovative idea to reduce the 

value of τoff has been suggested and the concrete design, material, and production process to 

achieve this are under examination. 
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Although the new LCD mode introduces a concept that changes completely the common 

idea of conventional LCDs, it has the merit that the structure of conventional IPS LCDs and 

many existing processes can be retained. I aim to accelerate the pace of the research described 

in this section and achieve a true innovation, i.e., a technological innovation with economic 

merit, in a short period of time.  
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