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Abstract 

 

A study on the thermal stability of water-soluble dyes 

and their application on ink-jet printed color filters 

 

Kim Young Do 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

While color filters produced by pigment-dispersed method have good thermal and photo-

chemical stability, they have low chromatic properties due to the aggregation behavior of 

pigment particles used as colorants. Dyes can be attractive alternatives to overcome this 

limitation due to the reduced light scattering resulting from the fact that they are dissolved in the 

media and exist in molecular form. Although dyes have superior spectral characteristics, they are 

not widely used as coloring materials for liquid crystal display color filters owing to their low 

thermal stability. In this study, several perylene and phthalocyanine derivatives having high 

thermal stability were synthesized and then used to fabricate color filters by a spin-coating 

technique. The spectral and thermal stabilities of the color filters were investigated in 

comparison with those of pigment-dispersed color filters. The transmittance and color properties 

of the prepared color filters were higher and the thermal stability was similar to those of the 

pigment-dispersed color filters.  
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In order to manufacture a simple process of LCD color filters, ink-jet printed color filters 

were introduced using the synthesized RGB water-soluble dyes. Even though its chromaticity 

was unsatisfied due to their lower pattern thickness, the prepared dyes could be successfully 

applied to ink-jet printed LCD color filters since the thermal stability of ink-jet printed color 

filters was similar to that of spin-coated color filters.  

    Experimental studies on thermal stability of the water-soluble dyes were also conducted. 

For the investigation of structure–thermal stability relationships and thermal decomposition 

mechanism of water-soluble dyes, a series of structurally isomeric water-soluble azo naphthalene 

dyes were synthesized, and dye-based red color filters were fabricated using the synthesized azo 

dyes. Superior transmittance (98.9%) at 650 nm and a wide color gamut (62.8%) were achieved 

using one of the color filters. Thermal properties of the prepared isomeric dyes were examined 

by thermogravimetric analysis and differential scanning calorimetry. All the prepared isomeric 

azo dyes had a degradation temperature above 280 oC, varied with the dye structure. The 

degradation temperatures of the dyes were presumed to be related to the intra- and inter-

molecular interactions of the structural isomers. It is confirmed that their intra-molecular 

interactions were similar from quantum mechanics calculations. However, the degradation 

temperatures generally increased as the proportion of their density. According to the molecular 

mechanics calculations, the structural differences gave rise to change of electrostatic attraction, 

steric hindrance and linearity of the dyes, which in turn caused changes in their molecular 

packing geometry, density and degradation temperature. 

Thermal decomposition mechanism of the water-soluble dyes was also discussed. In case of 

the prepared isomeric azo dyes with strong electrostatic inter-molecular interactions decomposed 

gradually without melting and their degradation temperatures increased as the proportion of their 
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inter-molecular interaction. Thus, when the prepared water-soluble dyes had higher density – 

stronger inter-molecular interaction, they exhibited higher degradation temperatures since the 

dyes with stronger inter-molecular interactions could have stabilized intra-molecular interactions 

of the dye molecules. And the aggregates with larger diameters and higher aggregation numbers, 

would have stronger inter-molecular interaction and greater stabilized intra-molecular 

interactions than those with smaller particle sizes. This result could explain that, for the prepared 

water-soluble dyes, dye aggregates with smaller particle size degraded first and those with larger 

particle size degraded later.  

 

 

KEYWORDS: LCD, Color filter, Pigment dispersed method, Ink-jet printing method, 

Transmittance, Chromaticity, Color gamut, Water-soluble dye, Thermal stability, Thermal 

decomposition, Azo dye, Perylene dye, Phthalocyanine dye, Intra-molecular interaction, Inter-

molecular interaction 
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Chapter 1  

Introduction 

 

 

1.1 An overview of LCDs (Liquid Crystal Displays) 

 

In the age of information, the display of information has become increasingly essential 

in many ways of everyday life. There exist several types of display system to visualize 

information such as cathode ray tubes (CRTs), electroluminescence (EL) devices, field 

emission devices (FEDs), plasma display panels (PDPs) and liquid crystal displays (LCDs). 

Each of displays has its own special characteristics and the proper choice of the display for a 

particular use, depends on many factors such as cost, size, brightness, definition, life, power 

consumption, temperature range, operating voltage and device circuit, etc. [1,2].  

Among these display systems, the LCDs have emerged as the most promising displays 

during last decade. The extremely low power consumption, low voltage operation, high 

definition, compactness and flexibility of size are just some of the distinctive features which 

make LCDs preferable over other types of displays [3,4]. Figure 1.1 shows a basic structure 

of LCD panel. The LCD is basically consisted of a thin layer of liquid crystal sandwiched 

between a pair of polarizers. To control the optical transmission of the display element 

electronically, the liquid crystal layer is placed between transparent electrodes [e.g., indium 

tin oxide (ITO)]. The polarizer and the electrodes are cemented on the surfaces of the glass 

plates. A minimum thickness of a few millimeters is needed to maintain the structural 

integrity of the panel. The thickness of the liquid crystal layer is kept uniform by using 

spacers that are made of photosensitive polymers. By applying a voltage across the electrodes, 
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an electric field inside the liquid crystal can be obtained to control the transmission of light 

through the liquid crystal cell. To achieve the display of information, we need a two-

dimensional array of these electrodes. These electrodes can be electrically driven for data 

input by using two sets (x,y) of parallel array of electrodes. Color filter (CF) is a key 

component for rendering color images in LCD panel. The color filter layer is fabricated with 

colorants of red (R), green (G), and blue (B) from either dyes or pigments. These colorants 

convert white backlight into R, G, B colors 

 

 

 

 

 

 

Figure 1.1 Basic structure of Liquid crystal display (LCD). 
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1. 2 Structure of LCD Color Filters (CFs) 

 

The fundamental structure of LCD color filters is magnified in Figure 1.2 [3,4]. A color 

filter consists of clear substrate, black matrix (BM), color filter layer (RGB colors), overcoat 

layer, and column spacer. The clear substrate is generally used by thin glass or plastic. The 

black matrix material is coated on clear substrate in the optically inactive areas to prevent 

light leakage and provide a light shield for the amorphous silicon transistors. The black 

matrix material should have a low reflectance to optimize contrast ratio (CR). Black matrix 

material can be used by organic or inorganic, with carbon black a most popular organic 

choice. The RGB colors are fabricated which contain red, green and blue colors from either 

dyes or pigments. After the color layer is formed, protection overcoat layer is deposited. 

Transparent acryl resin, polyimide resin or polyurethane resin are used for overcoat material. 

The purpose of overcoat layer is the reduction of color pattern’s thickness variation, 

durability against sputtering and chemical resistance. Especially, the overcoat layer is 

important for dyeing CF and printing CF. For the dyeing CF, the overcoat layer is necessary 

to protect the liquid crystal from impurities in the CF layer and to increase the chemical 

stability. In printing CF, the overcoat layer flattens the CF surface. A column spacer is a 

material used to maintain a uniform cell gap between the TFT and the color filter glass. There 

are two kinds of spacer applied in LCD panel, a bead spacer and a photo-spacer. A bead 

spacer is not adequate for larger-sized LCD panels because of the low uniformity of the cell 

gap and many problems in manufacturing process. For this reason, bead spacers are being 

changed to photo-spacers to satisfy today’s manufacturing trend. A photo-spacer is patterned 

on the color filter glass, exactly on the blue pattern, by using a negative photo-resist, and the 

process includes cleaning, coating, exposure, developing and oven baking. 
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Figure 1.2 Fundamental structure of LCD color filters. 
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1. 3 Requirements of color filters 

 

1.3.1 High color purity and high transmittance 

 

This property is essential for good color representation. In order to have both high 

quality color picture and brightness in TV, notebook PC and monitor, the LCD panel is 

required to have high color purity and high transmittance. Therefore, the selection of the 

colorants such as pigments and dyes should be based on sharp spectrum eliminating 

unnecessary wavelengths and retaining only the necessary light [6-8]. Besides, the surface 

roughness of colored patterns caused by pigments can affect the color characteristics of the 

filter. The roughness is produced by the pigment particles lying on the surface of the coloring 

layer. The surface of a colored pattern becomes cloudy and thereby decreases the 

transmittance [10,11]. This drawback can be controlled by adding leveling agent or 

optimizing conditions of manufacturing process such as soft-bake and development. 

 

1.3.2 High contrast 

 

The color filter contrast is defined as the ratio of transmissive light intensity of setting 

two polarizer parallel to intensity of setting them across, setting the color filter between two 

polarizer sheet. High contrast characteristic is necessary for high color purity and good 

legibility [9]. The depolarization effect is the most important optical characteristics of the 

color filter. It occurs when the light that is linearly polarized by passing through a polarizer 

plate is distributed in the film due to the scattering and birefringence by pigment particles. It 

causes a reduction in the contrast ratio. The low contrast ratio of the film may cause a serious 

problem with active matrix liquid crystal displays (AMLCD). This problem can be overcome 
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by decreasing the particle size and improving the stability of dispersion. 

 

1.3.3 Low reflection 

 

Reflectivity of TFT-LCD module is mainly determined by black matrix material on color 

filter. Chromium, chrome oxide or black resins have been widely used for STN-LCD and 

TFT-LCD because of light shielding ability and low reflection. High resistivity, high optical 

density (OD), high light shielding, high resolution, low reflectance and low cost black matrix 

is preferred for LCD applications. 

 

1.3.4 High stability against heat, light and chemical 

 

The color filters must exhibit high heat resistance without thermal flow and chromatic 

changes during the alignment layer formation step. The chromatic changes (ΔEab) should be 

less than 3 after heating at 250oC for 1 h [10,11]. The light stability of the pixels is important 

because these pixels are illuminated with back light of LCDs. The CFs are exposed to a 

mercury–xenon lamp with ultraviolet (UV) filter for more than two million lux hours. The 

chromatic changes (ΔEab) after exposure should be less than 3 [4,5]. The chemical stability is 

a key factor since CFs are exposed to solvents, acids and bases during the LCD fabrication 

process. The cured film must be resistant towards alignment layer solvents such as NMP and 

γ-butyrolactone, towards acids during etching of the ITO or towards bases used in the 

development system [4,5]. 
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1.4 Fabrication of RGB color pattern using Color Photo-resist (Color PR, 

CPR)  

 

1.4.1 Color Photo-resist (Color PR, CPR) 

 

A photo-resist is a light-sensitive material used in several industrial processes, such as 

photolithography and photoengraving to form a patterned coating on a surface. Photo-resists 

are classified into two groups: positive and negative-tone resists. 

l A positive-tone photo-resist is a type of photo-resist in which the portion of the 

photo-resist that is exposed to light becomes soluble to the photo-resist developer. 

The portion of the photo-resist that is unexposed remains insoluble to the photo-resist 

developer. 

l A negative-tone photo-resist is a type of photo-resist in which the portion of the 

photo-resist that is exposed to light becomes insoluble to the photo-resist developer. 

The unexposed portion of the photo-resist is dissolved by the photo-resist developer. 

The color photo-resist is negative-tone photo-resist which is made up of coloring 

material, dispersant, photo-sensitive binder, multi-functional monomer, photo-initiator and 

additives such as leveling agent and coupling agent as shown in Figure 1.3.  

An acryl-based photo-polymerizable material is used as binder system materials since 

the acryl polymer has a superior transparency. The binders have influence on heat light 

stability, coating flatness, adhesion to substrate, hardness, developability and durability. Since 

pigments have strong absorption in i-, h-, and g-line region, by fixing multi-functional 

monomers and photo-initiators, the materials with higher photosensitivity can be made.  

Colorant system is consisted of pigment and dispersant which is pigment-derivative 

dispersant. In particular, considering of spectral property, chromaticity and stability, the 
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colorants are limited to eleven pigments as shown in Table 1.1. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Components of color photo-resist. 
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Table 1.1 Conventional colorants for LCD color filters. 

Color Color Index Number Structure 

Red 

C.I. Pigment Red 177 

 

C.I. Pigment Red 254 
 

Green 

C.I. Pigment Green 7 

 

C.I. Pigment Green 36 

 

C.I. Pigment Green 58  

Blue 

C.I. Pigment Blue 15:6 

 

C.I. Pigment Blue 60 

 

Violet C.I. Pigment Violet 23 
 

Yellow 

C.I. Pigment Yellow 138 

 

C.I. Pigment Yellow 139  

C.I. Pigment Yellow 150  
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1.4.2 Fabrication of RGB color pattern  

 

Conventional fabrication process of color filters is following complicated 

photolithographic method using color photo-resist [4,5] as shown in Figure 1.4.  

 

1. Black matrix formation;  

A black matrix is formed first in order to prevent any leakage of backlight and the RGB 

color mixture. 

2. Color resist coating;  

Color photo-resist is coated on the entire glass substrate surface.gjjgj  

3. Exposure;  

To make the pattern insoluble, it is UV cured by exposure through a photo-mask. 

4. Development & baking;  

After the removal of unnecessary portions of the color resist by the developing solution, 

the pattern is cured through baking. 

2-4. Repeat of step 2 to 4;  

The above processes from step 2 to 4 are repeated three times (for RGB). 

5. ITO film formation;  

ITO film (transparent conductive film) is formed by the spattering method. 
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Figure 1.4 Color filter manufacturing process by the photolithographic method. 

 

 

 

 

 

 

 

 



12 

 

1.5 Classification of colorants 

 

    Colorants can be classified into two main groups: pigments and dyes. Figure 1.5 shows 

schematic diagram of classification between pigments and dyes. When inter-molecular 

interaction of colorant molecules (Fmm) is stronger than interaction between colorant 

molecule and solvent (Fms), the coloring materials would exist as crystalline particles 

(aggregates or agglomerates), which results in high stability for heat, light and chemical. And 

they are insoluble in media solvent but dispersed with surfactant. Therefore, they would 

decrease transmittance of color filters. This colorant belongs to the group of pigments.  

    In case of dyes, on the other hand, when Fms is stronger than Fmm, the colorants would 

dissolve in media (organic solvent or water) and behave as a molecule, resulting in reducing 

of light scattering. Therefore, the dyes have superior optical properties such as transmittance 

and color strength although they have lower stability than pigments. A solvent dye is a dye 

soluble in organic solvents. It is usually used as a solution in an organic solvent. However, 

water-soluble dyes are very polar and ionized in water - they are salt-like materials and they 

could have stronger inter-molecular interaction than solvent dyes owing to the electrostatic 

interactions such as ionic interaction and dipole-dipole/dipole-induced dipole inter action. 
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Figure 1.5 Schematic diagram of classification between pigments and dyes. 
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1.6 Previous researches  

 

In case of LCD devices, only 5-7 % of the backlight can pass through the whole panel, 

which includes a polarizing filter, TFT-array, LC cell, and color filter. In particular, the 

transmittance through the color filter is the lowest (25-30%). Therefore, developing high 

transmittance color filters is essential for saving energy consumption as well as improving 

high-quality displays. In order to improve transmittance of the color filters, over the past few 

decades, a considerable number of studies have been conducted on minimizing of particle 

size of pigment. However, color filters produced by pigment-dispersed method have a 

limitation - low chromatic property due to the aggregation behavior of pigment particles used 

as colorants. Therefore, dyes could be attractive alternatives to overcome this limitation due 

to the reduced light scattering resulting from the fact that they are dissolved in the media and 

exist in molecular form. Nevertheless, in order for the dyes to be applied successfully to the 

LCD manufacturing process, their low thermal stability needs to be improved. Moreover, 

they should be highly soluble in industrial solvents and have sharp absorption peaks for 

superior optical properties.  

In our research group (Prof. J.P. Kim group), organic solvent-soluble red perylene dyes 

were synthesized for LCD color filters. Perylene-3,4,9,10-tetracarboxylic diimide derivatives 

show excellent thermal stability originating from their very high resonance stabilization 

energy and π-π interactions due to the planar molecular structure. In addition, they have very 

strong and sharp absorption at approximately 530 nm. However, they have low solubility in 

common industrial solvents, such as cyclohexanone, which limits their applications [10].  

Our research group was also prepared dye-based green color filters using phthalocyanine 

and benzoperylene dyes (solvent dye), which was the first report of applying 100% dyes to 



15 

 

the green color resist for photolithography process. The green color, which transmits light 

within the range of 520–550 nm, has the greatest contribution to the optical property of color 

filters since it is the most sensitive to human eyes [3]. 
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1.7 Research Purpose 

 

Current fabrication method for LCD color filters is photolithography using pigments as 

coloring materials. However, it has some disadvantages such as the complicated process, 

waste of photo-resist and low optical property of color filters. And, with the progress of 

display, needs of using water-soluble dyes in this industry for the environmentally friendly 

organic solvent-free coloring process has increased. Therefore, the paradigm of materials and 

manufacturing process should be changed in organic solvent-free materials and direct printing 

method such as roll-to-roll and ink-jet printing [12-16]. In this study, water-soluble dyes and 

ink-jet printed color filters would be introduced. That is, according to the shift of pigment to 

water-soluble dyes, optical property such as transmittance can be enhanced, and color filters 

would be manufactured in eco-friendly environment. Also, complicated fabrication process of 

color filters can be simplified by ink-jet printing method.   

On the other hand, there have been few systematic investigations of the thermal stability 

of water-soluble dyes for these purposes. Therefore, in this study, academic investigation of 

structure–thermal stability relationships and thermal decomposition mechanism of water-

soluble dyes will be discussed.  

The following contexts consist of three parts: 

Chapter 2  The synthesis and application of thermally stable dyes for ink-jet printed  

LCD color filters 

    Chapter 3  Synthesis, application and investigation of structure–thermal stability 

relationships of thermally stable water-soluble azo naphthalene dyes for 

LCD red color filters 

    Chapter 4  A study on thermal decomposition behavior of some water-soluble azo 

dyes 



17 

 

1.8 References 

 

[1] Yeh P, Gu C. Optics of liquid crystal displays. John Wiley & Sons, Inc; 1999. P. 1-5. 

[2] Yang DK, Wu ST. Fundamentals of liquid crystal devices. New Jersey: Wiley-SID; 2006 p. 

278–281. 

[3] Choi J, Kim SH, Lee WS, Yoon C, Kim JP. Synthesis and characterization of thermally 

stable dyes with improved optical properties for dye-based LCD color filters. New J. Chem. 

2012; 36:812–818. 

[4] Sabnis RW. Color filter technology for liquid crystal displays. Displays 1999;20:119–29. 

[5] Tsuda K. Color filters for LCDs. Displays 1993;14:115–124. 

[6] Yeh P, Gu C. Optics of liquid crystal displays. New York: John Wiley & Sons, Inc.; 1999 

p. 270–272. 

[7] Sugiura T. Dyed color filters for liquid-crystal displays. Journal of the SID 1993;1:177–

180. 

[8] Kim YD, Kim JP, Kwon OS, Cho IH. The synthesis and application of thermally stable 

dyes for ink-jet printed LCD color filters. Dyes and Pigments 2009;81:45–52. 

[9] Yeh P, Gu C. Optics of liquid crystal displays. New York: John Wiley & Sons, Inc.; 1999 

p. 198–222. 

[10] Choi J, Sakong C, Choi JH, Yoon C, Kim JP. Synthesis and characterization of some 

perylene dyes for dye-based LCD color filters. Dyes and Pigments 2011;90:82–88. 

[11] Sakong C, Kim YD, Choi JH, Yoon C, Kim JP. The synthesis of thermally-stable red 

dyes for LCD color filters and analysis of their aggregation and spectral properties. Dyes and 

Pigments 2011;88:166–173. 

[12] Chang CJ, Chang SJ, Shin KC, Pan FL. Improving mechanical properties and chemical 



18 

 

resistance of ink-jet printer color filter by using diblock polymeric dispersants. Journal of 

Polymer Science: Part B: Polymer Physics 2005;43:3337–3353.  

[13] Koo HS, Chen M, Pan PC, Chou LT, Wu FM, Chang SJ, Kawai T. Fabrication and 

chromatic characteristics of the greenish LCD colour-filter layer with nano-particle ink using 

inkjet printing technique. Displays 2006;27;124–129. 

[14] Koo HS, Chen M, Pan PC. LCD-based color filter films fabricated by pigment-based 

colorant photo resist inks and printing technology. Thin Solid Films 2006;515;896–901. 

[15] Ohya H, Morimoto H. Water based ink composition and image forming method. US 

2001/0023652 A1. 

[16] Kim YD, Cho JH, Park CR, Choi JH, Yoon C, Kim JP. Synthesis, application and 

investigation of structure–thermal stability relationships of thermally stable water-soluble azo 

naphthalene dyes for LCD red color filters. Dyes and Pigments 2011;89:1-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

Chapter 2  

The synthesis and application of thermally stable dyes for ink-jet 

printed LCD color filters 

 

 

2.1 Introduction 

 

Color filter (CF) is a key component for rendering color images in liquid crystal displays 

(LCD) panel. The color filter layer is fabricated with colorants of red (R), green (G), and blue 

(B) from either dyes or pigments. These colorants convert white backlight into R, G, B colors 

[1-2].  

In manufacturing CFs, there are four traditional processes, which include dyeing, 

pigment dispersion, printing and electrodeposition method [3-4]. Among these technologies, 

the pigment dispersion method has been widely used in mass production of CF for LCD since 

it can produce CFs of high durability and good color reproducibility. However, this method 

has spectral drawbacks such as decreased transmittance of light and contrast ratio caused by 

aggregation of pigment particles [5].  

In order to manufacture LCD panels of higher resolution and larger-size, some 

innovative methods for CF have been tried such as ink-jet printing, latent pigment technology 

and acid proliferation type pigment dispersion [6-10]. Among these technologies, researches 

on ink-jet printing method are active nowadays, thanks to the full development of digital 

printing technology. However, all these approaches use pigments, therefore they have the 

aforementioned limitation of transmittance and contrast ratio.  
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On the other hand, dye-based CF (D-CF) can have higher transmittance and contrast 

ratio due to lower light scattering since dyes can be dissolved in a media and exist in 

molecular phase. Especially, for the ink-jet system which needs highly concentrated ink, the 

dye-based ink is more suitable than pigment-based ink. Thus, to overcome the limited optical 

performance of CF with pigments, applying dyes to CF can be an attractive alternative.  

It was previously studied that CF fabricated by dyeing method was characterized by 

high transmittance and good color purity. However, the dyeing method using dyes as coloring 

materials is not widely used for commercial manufacturing process of CF due to the 

unsatisfactory thermal, light and chemical resistance of dyes [11]. Thermal stability of dyes is 

a main drawback while light and chemical stability are not so serious problems. In case of 

photo-stability, the light emitted from the backlight unit loses considerable energy as it passes 

through first polarizing film, glass, TFT array and liquid crystal. Also, the light entered from 

outside is blocked by frontal anti UV-coating film, second polarizing film, indium tin oxide 

(ITO) and overcoat layer, thereby preventing photo-fading of the colorants [12,13]. Moreover, 

the photo-fading can be decreased by mixing auxiliaries such as antioxidants containing 

benzophenone moiety [14,15]. The chemical stability of colorants can also be compensated 

by the overcoat layer. However, many dyes are not as resistant to heat as pigments. 

Discoloration of dye easily occurs during the alignment layer forming step performed at 230 

oC for an hour. Thus, it is indispensable to improve thermal stability of dyes for commercial 

production of dye-based CF. 

In this study, we have designed and synthesized perylene and phthalocyanine based dyes 

of high thermal stability and superior spectral property for ink-jet printed CF. The structure of 

the dyes are designed so that they can induce sufficient intermolecular packing. In addition, 

the dyes are designed to have high water solubility so that they can be dissolved into the main 

media of the ink i.e. water. With the synthesized dyes, CF was fabricated via direct ink-jet 
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printing on the black matrix patterned glass. The heat-resistance, transmittance and color 

gamut of the prepared CF were investigated and compared with those of pigment-based CF. 

 

 

2.2 Experimental  

 

2.2.1 Materials and instrumentation 

 

3,4,9,10-Perylene-tetracarboxylic dianhydride, 4-chloroaniline, 4-bromoaniline, 

sulfanilic acid, m-cresol, fuming sulfuric acid (oleum) of 20 % SO3 from Sigma-Aldrich, and 

6-amino-2-naphthalene-sulfonic acid, isoquinoline, Co-phthalocyanine, Cu-phthalocyanine, 

Ni-phthalocyanine, Zn-phthalocyanine, 2,4-dinitro-1-naphthol-7-sulfonic acid disodium salt 

(C.I. Acid Yellow 1), C.I. Acid Violet 43 from TCI were used. ORASOL® Yellow 4GN (C.I. 

Solvent Yellow 146) was supplied by Ciba Korea Ltd. Pigment-based color resists of NF-

R017D (red), NF-G022M (green), NF-B016M (blue) were supplied by Dongwoo Fine-Chem. 

All other reagents and solvent were reagent-grade quality and obtained from commercial 

suppliers. Transparent glass substrate was provided from Paul Marienfeld GmbH & Co. KG.. 

Commercial acrylic binders of LM100, LM300, LM500 and Cr-based black matrix patterned 

glass were supplied by LG Micron Co., Ltd. 

    1H-NMR spectra were recorded by Bruker Avance 500 at 500MHz using DMSO-d6, as 

solvent and TMS as the internal standard. Fourier transform infrared (FT-IR) spectra were 

recorded as KBr pellets on a Perkin Elmer Spectrum 2000 FT-IR spectrometer. Matrix 

Assisted Laser Desorption/Ionization Time Of Flight (MALDI-TOF) mass spectra were 

collected on a Voyager-DE STR Biospectrometry Workstation with α-cyano-4-hydroxy-

cynamic acid (CHCA) as matrix. Absorption and transmittance spectra were measured on a 
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HP8452A spectrophotometer. Chromatic characteristics of CFs were analyzed by Otsuka 

Electronics LCF A2000 spectrometer. Thickness of the CFs was measured using Nano 

System Nanoview E-1000. Thermogravimetric analysis (TGA) was conducted under nitrogen 

at a heating rate 10K/min with a TA Instruments Thermogravimetric Analyzer 2050. 

 

2.2.2 Synthesis 

 

2.2.2.1 Synthesis of dye intermediates (1a-d) 

 

N,N’-bis-(4-chlorophenyl)-3,4,9,10-perylenebis(dicarboximide) (1a) was prepared 

according to the following procedure. A mixture of 3,4,9,10-perylene-tetracarboxylic 

dianhydride (19.6 g, 0.05 mol), 4-chloroaniline (12.8 g, 0.1 mol), m-cresol (300 ml) and 

isoquinoline (30 ml) was stirred at 50 oC for 2 hour. The solution was heated at 130 oC for 5 

hours, the temperature was raised to 150 oC and kept for 4 hours. The reaction was then 

completed by stirring at 200 oC overnight. The warm solution was poured into 250 ml of 

acetone, and the precipitate was filtered out and dried at 100 oC under vacuum. The crude 

product was washed with 5 % NaOH until the characteristic green fluorescent color of 

perylene dianhydride disappear and the unreacted 4-chloroaniline and high boiling point 

solvents, m-cresol and isoquinoline were cleared by ethanol reflux for 2 hours. Dyes of 1b-d 

were synthesized in the same manner with dye 1a using 4-bromoanilene, sulfanilic acid and 

6-amino-2-naphthalene-sulfonic acid (Scheme 2.1). The yields, 1H-NMR, FT-IR and Mass 

data of the dyes are given below. 

(1a): yield 83.2 %; 1H-NMR (DMSO-d6, ppm): 9.12 (d, 4H), 8.65 (d, 4H), 7.62 (d, 4H), 7.50 

(d, 4H); FT-IR (KBr, cm-1): 1705 (C=O), 1356 (C–N); MALDI-TOF MS: m/z 649.94 (100%, 
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[M+K]+). 

(1b): yield 81.5 %; 1H-NMR (DMSO-d6, ppm): 9.00 (d, 4H), 8.60 (d, 4H), 7.55 (d, 4H), 7.44 

(d, 4H); FT-IR (KBr, cm-1): 1703 (C=O), 1357 (C–N); MALDI-TOF MS: m/z 685.38 (100%, 

M+). 

(1c): yield 75.7 %; 1H-NMR (DMSO-d6, ppm): 8.62 (d, 4H), 8.53 (d, 4H), 8.25 (d, 4H), 8.20 

(d, 4H); FT-IR (KBr, cm-1): 1700 (C=O), 1358 (C–N), 1255, 1181 (S=O), 642 (S–O); 

MALDI-TOF MS: m/z 746.90 (100%, [M+2Na]+). 

(1d): yield 77.8 %; 1H-NMR (DMSO-d6, ppm): 8.42 (s, 2H), 8.07 (d, 4H), 7.82 (d, 4H), 7.67 

(d, 2H), 7.58 (d, 2H), 7.35 (d, 2H), 7.16 (s, 2H), 7.10 (d, 2H); FT-IR (KBr, cm-1): 1704 (C=O), 

1348 (C–N), 1200, 1096 (S=O), 615 (S–O); MALDI-TOF MS: m/z 824.78 (100%, [M+Na]+). 

 

2.2.2.2 Synthesis of 1,7-disulfo-3,4,9,10-perylenebis(dicarboximide) derivatives (2a-d) 

 

Since the synthetic procedures of perylene dyes 2a-d are all similar, only 2a is given as a 

representative example (Scheme 2.1). 6g (0.01 mol) of N,N’-bis-(4-chlorophenyl)-3,4,9,10-

perylenebis(dicarboximide) (1a) with 30 ml of oleum (20% SO3)  was refluxed at 145 oC for 

6 hours under Ar atmosphere. The hot solution was cooled at room temperature and 

dropwised into 200 ml of N,N-dimethylmethanamide. Then, the mixture solution was poured 

into 1400 ml of acetone, and the precipitate of 2a was filtered out and dried at 40 oC under 

vacuum. In order to remove the remaining sulfuric acid, the product was dissolved in 800 ml 

of distilled water. After addition of sodium chloride (50 g) to the solution, the precipitate 

formed was filtered, washed with ethanol and dried in a vacuum oven at 40 oC. The purity of 

2a was confirmed by thin layer chromatography using isopropyl alcohol/acetone/ammonia 
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(1:2:1). The yields, 1H-NMR, FT-IR and Mass data of the dyes are given below.  

(2a): yield 68.8 %; 1H-NMR (DMSO-d6, ppm): 8.80 (d, 4H), 8.50 (d, 4H), 7.91 (s, 2H), 7.58 

(d, 2H), 7.43 (d, 2H); FT-IR (KBr, cm-1): 1701 (C=O), 1360 (C–N), 1233, 1069 (S=O), 625 

(S–O); MALDI-TOF MS: m/z 772.05 (100%, [M+2H]+). 

(2b): yield 72.3 %; 1H-NMR (DMSO-d6, ppm): 8.73 (d, 4H), 8.45 (d, 4H), 7.94 (s, 2H), 7.76 

(d, 2H), 7.33 (d, 2H); FT-IR (KBr, cm-1): 1700 (C=O), 1358 (C–N), 1233, 1058 (S=O), 623 

(S–O); MALDI-TOF MS: m/z 904.89 (100%, [M+2Na]+). 

(2c): yield 65.3 %; 1H-NMR (DMSO-d6, ppm): 8.90 (d, 4H), 8.67 (d, 4H), 7.79 (s, 2H), 7.74 

(d, 2H), 7.53 (d, 2H); FT-IR (KBr, cm-1): 1708 (C=O), 1328 (C–N), 1195, 1041 (S=O), 617 

(S–O); MALDI-TOF MS: m/z 861.93 (100%, [M+4H]+). 

(2d): yield 71.2 %; 1H-NMR (DMSO-d6, ppm): 9.29 (s, 2H), 9.15 (s, 2H), 9.05 (d, 2H), 8.87 

(d, 2H), 8.64 (d, 2H), 8.40 (d, 2H), 8.33 (d, 2H), 8.07 (s, 2H), 7.80 (d, 2H); FT-IR (KBr, cm-

1): 1709 (C=O), 1362 (C–N), 1193, 1041 (S=O), 615 (S–O); MALDI-TOF MS: m/z 961.98 

(100%, [M+4H]+). 

 

2.2.2.3 Synthesis of sulfonated metal-phthalocyanine (3a-d) 

 

Water soluble dyes with metal-phthalocyanine moiety (3a-d) were synthesized by heating 

metal phthalocyanines in oleum (Scheme 2.1). 5 g of metal-phthalocyanine with 20 ml of 

oleum (20 % SO3) was refluxed at 145 oC for 3 hours. In the case of zinc-phthalocyanine, 

however, the mixture was stirred at 90 oC for 6 hours. The solution was added into 500 ml of 

distilled water. After addition of sodium chloride (80 g) to the solution, the precipitate formed 

was filtered, washed with ethanol and dried in a vacuum oven at 40 oC. The crude product 

was refluxed in ethanol for 2 hrs, hot filtered, washed with hot ethanol and subsequently 

dried in vacuum oven. The yields, FT-IR and Mass data of the dyes are given below. 
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(3a): yield 81.3 %; FT-IR (KBr, cm-1): 1640 (C=N), 1422, 1145 (S=O), 622 (S–O); MALDI-

TOF MS: m/z 892.58 (100%, [M+4H]+). 

(3b): yield 88.0 %; FT-IR (KBr, cm-1): 1638 (C=N), 1396, 1141 (S=O), 622 (S–O); MALDI-

TOF MS: m/z 896.70 (100%, [M+4H]+). 

(3c): yield 83.5 %; FT-IR (KBr, cm-1): 1633 (C=N), 1331, 1193 (S=O), 637 (S–O); MALDI-

TOF MS: m/z 891.84 (100%, [M+4H]+). 

(3d): yield 87.7 %; FT-IR (KBr, cm-1): 1638 (C=N), 1326, 1192 (S=O), 658 (S–O); MALDI-

TOF MS: m/z 898.86 (100%, [M+4H]+). 
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Scheme 2.1 Synthesis of thermally stable dyes. 
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2.2.3 Preparation of dye-based inks 

 

Aqueous red ink was composed of dye 2a (1.0 g), C.I. Solvent Yellow 146 (0.5 g), 

distilled water (7.5 ml), N,N-dimethylmethanamide (2 ml) and LM100 (0.5 ml) as a binder 

based on acrylate. Aqueous green ink was prepared with dye 3d (1.0 g), C.I. Acid Yellow 1 

(0.5 g), distilled water (9.5 ml) and LM300 (0.5 ml). Aqueous blue ink was made up of dye 

3b (1.0 g), C.I. Acid Violet 43 (0.5 g), distilled water (9.5 ml) and LM500 (0.5 ml). 

 

 

2.2.4 Fabrication of pigment-based and dye-based color filters 

 

2.2.4.1 Fabrication of pigment-based CFs using spin-coating method 

 

Commercial pigment-based inks were coated on transparent glass substrate using MIDAS 

System SPIN-1200D spin coater. The coating speed was kept for 5 seconds at 100 rpm. Then, 

the speed was raised up to 800 rpm and kept constant for 20 seconds. Wet pigment-coated 

CFs were baked at 180 oC for 1 hour. Thickness of them was around 1.7 μm. 

 

2.2.4.2 Fabrication of dye-based CFs using spin-coating method 

 

Prepared dye-based inks were coated on transparent glass substrate using MIDAS System 

SPIN-1200D spin coater. The coating speed was kept for 5 seconds at 100 rpm. Then, the 

speed was raised up to 700 rpm and kept constant for 20 seconds. On the other hand, dye-

based red CF was coated at 100 rpm for 5 seconds and the coating speed was raised to 1500 
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rpm and kept constant for the same time. Wet dye-coated CFs were baked at 180 oC for 30 

minutes, the temperature was raised to 220 oC and kept for 1 hour. All dye-based CFs through 

spin-coating had 1.7 μm of thickness.  

 

2.2.4.3 Fabrication of dye-based CFs using ink-jet printing method 

 

The Cr-based black matrix was fabricated as previously described [8,9]. To facilitate 

adherence of the colorant inks in the black matrix patterned glass of sub-pixels, the patterned 

glass was previously treated with plasma of CF4 and O2 using Korea Vacuum Tech. MEICP 

before printing [9]. The inks were printed using UJ 100 ink-jet printer made by UNIJET Co., 

Ltd. The size of nozzle was around 30 μm. After printing, these inks were heated at 180 oC 

for 30 minutes, the temperature was raised to 220 oC and kept constant for 1 hour. The 

dimension of one sub-pixel cell is around 27 μm by 88.0 μm by 1.2 μm which can contain 

32.1 to 42.8. pico liter of ink, and the thickness of each colorant film in the cell will be 0.8 

μm.  

 

2.2.5 Investigation of spectral and chromatic properties  

 

Transmittance spectra of pigment-based CFs and dye-based CFs were examined by UV-

vis. spectrophotometer. Chromatic properties of them were investigated by color 

spectrophotometer (LCF A2000). In case of ink-jet printed CFs, monitoring with a CCD 

camera of LCF A2000, the transmittance and chromaticity of separated sub-pixels on the 

substrates could be measured. 
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2.2.6 Investigation of thermal stability  

 

2.2.6.1 Thermal stability of synthesized dyes 

 

Thermogravimetric analysis was used to examine decomposition temperature and relative 

weight losses of synthesized dyes. The prepared dyes were heated to 110 oC for 10 minutes to 

remove any residual water and solvent. Then, it was heated to 220 oC and held there for 30 

minutes to simulate the processing thermal conditions of CF manufacturing. The dyes were 

finally heated to 450 oC to determine their degradation temperature. All heating was carried 

out at the rate of 10 oC/min under nitrogen atmosphere [16]. 

 

2.2.6.2 Thermal stability of color filters 

 

Prepared pigment-based and dye-based CFs were heated at 250 oC and kept for 1 hour 

using Jeiotech Co., Ltd. Forced Convection Oven OF-02GW. The chromaticity difference 

(ΔEab) values before and after heating was examined by color spectrophotometer (LCF 

A2000).  

 

 

 

 

 

 

 



30 

 

2.3 Results and Discussion  

 

2.3.1 Synthesis of dyes 

 

Prepared dyes have the same structures of corresponding thermally stable perylene and 

phthalocyanine pigments [17,18], but they have sulfonic acid groups. Sulfonation of 3,4,9,10-

perylenebis(dicarboximide) derivatives (2a-d) in oleum gave disulfonate derivatives of 

3,4,9,10-perylenebis(dicarboximide). Sulfonation in air gave a mixture of isomeric 1,7-

disulfo-3,4,9,10-perylenebis(dicarboximide) and 1,6- disulfo-3,4,9,10-

perylenebis(dicarboximide). The proton peaks of 6-position and 7-position of perylene 

appeared at the same field (7.90 ~ 7.95 ppm for 2a-d) and these were confirmed by 1H-NMR. 

On the other hand, the sulfonation with oleum in an inert atmosphere led to the homogeneous 

1,7-disulfo-3,4,9,10-perylenebis(dicarboximide).  

The sulfonic acids of metal phthalocyanines were readily accessible by direct sulfonation 

with oleum. However, by varying the oleum concentration, reaction temperature, and time, up 

to four sulfonate groups could be introduced in the 4-position of the benzene ring [19,20]. 

The resulting products were mixtures of different regio-isomers which have slightly different 

polarity and solubility. Therefore, in order to obtain the homogeneous tetra-sulfonated metal 

phthalocyanines, the oleum concentration and reaction condition were controlled closely. In 

case of Co, Cu and Ni-phthalocyanine (3a-c), we used 20 % of oleum and the sulfonation 

reaction was carried out at 145 oC for 3 hours. Similarly, the tetra sufonated Zn-phthalocyaine 

(3d) was synthesized with 20 % oleum at 90 oC for 6 hours. The purity of metal-

phthalocyanien dyes (3a-d) were identified in Matrix Assisted Laser Desorption/Ionization 

Time Of Flight (MALDI-TOF) mass spectrum. 
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2.3.2 Preparation of ink-jet printed color filter 

 

Figure 2.1 briefly describes the direct ink-jet printing process on black matrix-patterned 

glass using the synthesized dyes. Compared to the presently commercialized complicated 

pigment dispersion process, the color stripe can be formed by ink-jet printing of color inks in 

one simple step. In addition, as this process does not involve photo-lithography, it saves on 

materials and minimizes the use of toxic solvent such as N-methylpyrrolidone. 

Figure 2.2-(a) shows the image of red ink prepared with 2a dye jetting from the ink-jet 

printer nozzle and the black matrix patterned glass. Figure 2.2-(b) shows the evenly patterned 

RGB pixel (27.0 μm × 88.0 μm × 1.2 μm) on a glass where RGB ink with the prepared dyes 

were successively jetted on.  

However, the coating thickness of ink-jetted colorant layer was restricted to less than 1.2 

μm which was the height of black matrix. For this reason, the prepared ink-jetted CF had a 

thickness of 0.8 μm as shown in Table 2.1.  
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Figure 2.1 Schematic representation of ink-jet printing technology for fabrication of color 

filter. 
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(a) 

    
(b) 

 
 

Figure 2.2 Optical microscopy (OM) image of ink-jetted sub-pixels. (a) Red ink of 2a and 

Y1 being jetted in black matrix patterned glass and gray-scale OM image of printed red stripe. 

(b) RGB patterned color filter using ink-jet printing method. 
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Table 2.1 Thermal stability of dye-based and pigment-based color filters. 

 
Red 

(ΔEab) 

Green 

(ΔEab) 

Blue 

(ΔEab) 

Thickness (T) 

(μm) 

D-CF a 0.15 0.2 0.14 1.5 

D-CF b 0.21 0.36 0.19 1.5 

Ink-jetted D-CF b 0.27 0.4 0.21 0.8 

P-CF  0.2 0.7 1.9 1.5 

 

a Dye based color filter without color compensating dyes  

b Dye based color filter with prepared and color compensating dyes 
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2.3.3 Spectral properties of dyes and dye-based color filters 

 

Table 2.2 shows UV-Visible absorption spectra of prepared dyes in water. Dyes 2a-d 

exhibited two characteristic absorption bands between 500-550 nm. The absorption maxima 

(λmax) of dyes 2a-d were not quite dependent upon the substituent, R. As for color strength, 

2a showed the highest molar extinction coefficient (εmax) value among the dyes.  

The absorption spectra of metal phthalocyanine dyes 3a-d in water showed an intense 

absorption band in the range of 650-670 nm depending on the nature of the central metal 

atom. In these dyes, 3b had superior absorption properties at 668 nm such as high εmax value 

and sharp absorption band. On the other hand, 3d showed two absorption maxima of 634 and 

658 nm and it also had some absorption over 700-750 nm to make it more suitable for green 

colorant. 

 

Table 2.2 UV-Visible absorption spectra of the prepared dyes in water. 

Dye λmax 

(nm) 

εmax 

(L·mol-1·cm-1) 
Hue 

2a 500, 542 33700, 17500 Red 

2b 504, 538 24100, 20600 Red 

2c 502, 530 27500, 23700 Red 

2d 500, 536 24600, 31100 Red 

3a 658 39000 Blue 

3b 668 98700 Greenish blue 

3c 658 83000 Blue 

3d 634, 658 67400, 68700 Bluish green 
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Based on spectral properties including λmax and εmax values of the prepared dyes, dyes 2a 

(Red), 3d (Green) and 3b (Blue) have been chosen as colorants for LCD CF. However, these 

selected dyes themselves did not have accurate RGB transmittance spectra. Figure 2.3 shows 

the transmittance spectra of RGB CFs. For red CF, 2a showed undesirable transmittance at 

400-450 nm even though it had considerable transmittance at over 600 nm. Thus, by adding 

small amount of C.I. Solvent Yellow 146 (Y1) which could cut down transmittance at 400-

450 nm, excellent red spectrum could be obtained. Similarly, we compensated green 

transmittance spectrum using C.I. Acid Yellow 1 (Y2) which decreased unnecessary 

transmittance at 400-450 nm. Also, we corrected blue transmittance spectrum by adding C.I. 

Acid Violet 43 (V1) which effectively cut down transmittance at 500-600 nm. However, 

transmittance at around 450 nm decreased a little bit due to the absorption of V1 at that 

region. Although the transmittance of the prepared CF has been somewhat lowered by color 

compensation, the transmittance of D-CF was higher than that of P-CF. The transmittance of 

red, green and blue D-CF was 92.4 %, 82.1 % and 82.9 % at 650 nm, 550 nm and 450 nm, 

respectively.  
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Figure 2.3 Transmittance spectra of spin-coated RGB color filters with pigments (solid line), 

prepare dyes (dotted line), and prepared dyes and color compensating dyes (dashed line). (a) 

Red color filter, (b) Green color filter and (c) Blue color filter. 
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Figure 2.4 and Table 2.3 compare chromaticity diagrams and coordinate values of NTSC, 

P-CF and D-CF. D-CF had a slightly wider color gamut than P-CF, which would improve 

color impression of display. D-CF also had higher brightness (Y) values than P-CF. It is 

known that the scattering power of the pigment particles depends upon particle size and the 

maximum opacity of the P-CF occurs when the diameter of particles is about half the 

wavelength of light, that is, about 200 nm. Thus, the smaller particle size of dyes (10 nm) 

than that of pigments (100 nm) lowers the scattering of incident light as shown in Figure 2.5 

[21]. These enhanced transmittance and brightness can increase the contrast ratio, and 

consequently, a high-definition LCD will be obtained [22]. 

However, the chromatic property of ink-jet printed D-CF was lower than that of spin-

coated D-CF. This would be due to the lower color saturation resulting from the thinner 

thickness (0.8 μm) of ink-jetted CF than that of spin-coated D-CF (1.5 μm). If the dye-based 

inks can be printed on higher black matrix (>1.5 μm) patterned glass, the chromaticity for 

ink-jetted D-CF would be enhanced.  
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Figure 2.4 CIE 1931 chromaticity diagram of NTSC (solid line), pigment-based color filter 

(dashed line), dye-based color filter using spin-coating (dotted line) and dye-based color filter 

using ink-jet printing (dash-dotted line). 
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Table 2.3 The coordinate values corresponding to CIE 1931 chromaticity diagram of NTSC, 

pigment-based and dye-based color filter. 

 Color x y Y Gamut (%) 

NTSC 

Red 0.670 0.330 29.0 

100 Green 0.210 0.710 60.4 

Blue 0.140 0.080 10.4 

P-CF 

Red 0.608 0.339 19.3 

45.5 Green 0.315 0.533 56.3 

Blue 0.142 0.158 11.7 

D-CF a 

Red 0.653 0.344 19.63 

57.3 Green 0.312 0.556 63.12 

Blue 0.141 0.131 16.15 

D-CF b 

Red 0.535 0.302 25.38 

33.6 Green 0.309 0.528 51.85 

Blue 0.159 0.207 30.19 
 

a D-CF using spin-coating method (T = 1.5 μm) 

b D-CF using ink-jet printing method (T = 0.8 μm) 
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(a) 

100 nm100 nm

 
 
(b)     

10 nm10 nm10 nm

 
 
Figure 2.5 FE-SEM images of color filters. (a) pigment-based color filter with pigment-

crystalline particles. (b) dye-based color filter with dye aggregates. 
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2.3.4 Thermal stability of dyes and dye-based color filters 

 

In general, a material with strong intermolecular interaction has high thermal stability. For 

the high thermal stability, the dye molecules should have strong intermolecular interaction 

and form compact aggregates [23-25]. The synthesized perylene (2a-d) and phthalocyanine 

(3a-d) dyes have planar and symmetric molecular structure, which results in effective 

molecular packing through π-π interaction. In addition, their high molecular weight and polar 

substituent will make intermolecular interaction such as Van der Waals' Force and dipole-

dipole interaction strengthened. As a result, all of the prepared dyes showed satisfactory 

thermal stability for manufacturing of LCD color filter. 

Thermal stability of the dyes is investigated through measuring of their change in weight 

at 220 oC - the highest temperature in LCD manufacturing process [26,27]. Figure 2.6 shows 

the thermogravimetric analysis graph of synthesized dyes. The majority of dyes showed 

below 5 % weight loss for 30 minute maintenance at the temperature of 220 oC and they were 

stable up to 250 oC. Dyes 2a, 2b and 3b exhibited below 1 % weight loss.  

For commercial applications, CFs should have the chromaticity difference (ΔEab) values 

less than three after heating for an hour at 250 oC from the view point of thermal stability 

[24,25]. As shown in Table 2.1, the ΔEab values of D-CF both with and without color 

compensating dyes were similar to that of P-CF or even lower in some cases. ∆Eab values of 

D-CF using color compensating dyes were higher than D-CF without them, which implied 

that the thermal stability of compensating dyes might be lower than that of the synthesized 

dyes. The ∆Eab values of ink-jetted CFs using dyes were slightly higher than those of spin-

coated CFs due to their thinner coating thicknesses. Nevertheless, the ∆Eab values of ink-

jetted CFs were generally lower than that of P-CF. Therefore, it can be concluded that the 

thermal stability of D-CFs with thermally stable dyes were not largely affected by the 
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manufacturing method, and the prepared dyes could be successfully applied to ink-jet 

printing technology. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Thermogravimetric analysis (TGA) of prepared dyes. 
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2.4 Conclusions 

 

Eight thermally stable RGB dyes were synthesized and LCD CFs were fabricated using 

some of these dyes. Adequate RGB transmittance spectra for CF could be obtained by the 

addition of yellow and violet color compensating dyes. Since the particle size of dyes is 

smaller than that of pigments, the prepared D-CF had higher optical performance than the P-

CF while it showed a similar thermal resistance to the P-CF. In addition, the synthesized dyes 

were successfully applied to the ink-jet printing system which would be the new 

manufacturing technology for LCD CF. Fabricated ink-jet printed CF did not differ 

significantly from P-CF in terms of its thermal stability.  
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Chapter 3 

Synthesis, application and investigation of structure-thermal 

stability relationships of thermally stable water-soluble azo 

naphthalene dyes for LCD red color filters 

 

 

3.1 Introduction 

 

Dyes have been traditionally used for the coloring of textiles. However, dyes are 

nowadays being employed in a range of high technology areas, such as display [1-5], energy 

[6-8], bio [9-11] and digital printing [12-14] industries. In particular, with the progress of 

display and digital printing industries, the necessity of using water-soluble dyes in these 

industries for the environmentally friendly organic solvent-free coloring process has 

increased. However, the weak thermal stability of water-soluble dyes is the main 

disadvantage in manufacturing dye-based LCD color filters (CFs) [15,16] and thermal type 

ink cartridges [17-20]. Nevertheless, there have been few systematic investigations of the 

thermal stability of water-soluble dyes for these purposes [21,22]. 

In this study, a range of water-soluble azo dyes with the same molecular weight, 

chemical formula and substituents were designed and synthesized. With these structurally 

isomeric dyes, dye-based color filters (D-CFs) were fabricated by spin-coating on transparent 

glass substrates. The absorbance, transmittance and chromaticity of the color filters were 

measured by UV-Vis spectrophotometry and colorimetry. In addition, their total energies and 

bond lengths for intra-molecular interactions, densities and molecular packing geometries for 
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inter-molecular interactions were investigated to determine relationships between structure 

and thermal stability of the structurally isomeric dyes. 

 

 

3.2 Experimental 

 

3.2.1 Materials and instrumentation 

 

5-Amino-1-naphthalenesulfonic acid (Laurent’s acid), 5-amino-2-naphthalenesulfonic 

acid (1,6-Cleve’s acid), 6-amino-1-naphthalenesulfonic acid (Dahl’s acid), 6-amino-2-

naphthalenesulfonic acid (Bronner’s acid), and 2,4-dinitro-1-naphthol-7-sulfonic acid 

disodium salt (C.I. Acid Yellow 1) were purchased from TCI. 4-Hydroxy-2,7-

naphthalenedisulfonic acid disodium salt (Rudolf Guercke acid) and 3-hydroxy-2,7-

naphthalenedisulfonic acid disodium salt (R acid) were obtained from SigmaeAldrich. All 

the above chemicals were used as received. All other reagents and solvents used were of 

reagent-grade quality. Transparent glass substrates were provided by Paul Marienfeld GmbH 

& Co. KG. Commercial acrylic binder of KGAP-823 was supplied by APEC Co., Ltd. 

The 1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 

500 spectrometer at 500 MHz using DMSO-d6 and TMS, as the solvent and internal standard, 

respectively. The mass spectra were recorded in fast atom bombardment (FAB) ionization 

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

Spectrometer. The absorption and transmittance spectra were measured on a HP8452A 

spectrophotometer. Density data of the dyes was collected from a Micromeritics AccuPyc 

1330 density analyzer. Thermogravimetric analysis (TGA, Thermogravimetric Analyzer 2050, 

TA Instruments) and Differential Scanning Calorimetry (DSC, Differential Scanning 
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Calorimeter 2920, TA Instruments) were carried out under nitrogen at a heating rate of 10 

K/min. Intra- and intermolecular interactions of the dye molecules were calculated by Dmol3 

and Discover embedded in a Materials Studio 4.3 (Accelrys, USA). The chromatic 

characteristics of the color filters were analyzed using an Otsuka Electronics LCF A2000 

spectrometer. The thickness of the color filters was measured using a Nano System Nanoview 

E-1000. 

 

3.2.2 Synthesis of dyes 

 

Figures 3.1 and 3.2 show the synthetic scheme of the dyes and their structures, 

respectively. All dyes were synthesized as previously described through direct diazotization 

[23,24] of 5-amino-1-naphthalenesulfonic acid (1), 5-amino-2-naphthalenesulfonic acid (2), 

6-amino-1-naphthalenesulfonic acid (3) and 6-amino-2-naphthalenesulfonic acid (4), 

followed by the coupling of the diazonium salts with 4-hydroxy-2,7-naphthalenedisulfonic 

acid disodium salt (a) and 3-hydroxy-2,7-naphthalenedisulfonic acid disodium salt (b) in an 

alkaline medium [25]. After adding sodium chloride to the solution, the precipitate formed 

was filtered, washed with ethanol and dried in a vacuum oven at 40 oC. The crude product 

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

dried in a vacuum oven. To remove the remaining sodium chloride, 2 g of the product was 

dissolved in 80 ml of N,N-dimethylmethanamide. The mixture solution was then poured into 

600 ml of diethyl ether, and the precipitate was filtered and dried at 40 oC under vacuum. The 

purity of the prepared dyes was confirmed by thin layer chromatography using isopropyl 

alcohol/acetone/ammonia (1:2:1) as the mobile phase. Table 1 lists the yield, absorption 

maxima (lmax), molar extinction coefficients (3max), 1H NMR and mass data of the 

synthesized dyes. 
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Figure 3.1 Reagents and representative synthetic scheme for the dyes studied. 
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Figure 3.2 Structures of the prepared dyes. 
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Table 3.1. Yields, spectral properties, 1H NMR and mass data of the prepared dyes 

Dye 
Yield 
(%) 

λmax 
a
 

(nm) 

εmax 
a
 

(1·mol-1·cm-

1) 

1H NMR 
(ppm, DMSO-d6) 

mass 
(m/z) 

1a 68 518 21,000 

7.64 (s, 1H ), 7.70 (t, 1H), 7.74 (t, 1H), 
7.77 (d, 1H), 7.79 (s, 1H), 8.10 (d, 1H), 
8.24 (d, 2H), 8.37 (d, 1H), 8.86 (d, 1H), 

17.44 (s, 1H, OH) 

605 
(100%, 

[M+H]+) 

1b 71 518 17,000 

7.70 (t, 1H), 7.73 (t, 1H), 7.84 (s, 1H), 
7.95 (s, 1H), 7.98 (d, 1H), 8.12 (d, 1H), 
8.31 (d, 1H), 8.45 (d, 1H), 8.64 (d, 1H), 

8.92 (d, 1H), 17.26 (s, 1H, OH) 

627 
(100%, 

[M+Na]+) 

2a 72 518 26,000 

7.63 (s, 1H), 7.70 (t, 1H), 7.77 (d, 1H), 
7.93 (s, 1H), 7.98 (d, 1H), 7.98 (d, 1H), 
8.23 (d, 1H), 8.25 (d, 1H), 8.29 (s, 1H), 

8.37 (d, 1H), 17.30 (s, 1H, OH) 

605 
(100%, 

[M+H]+) 

2b 57 518 22,000 

7.73 (t, 1H), 7.84 (d, 1H), 7.95 (s, 1H), 
7.96 (d, 1H), 8.01 (s, 1H), 8.03 (d, 1H), 
8.29 (s, 1H), 8.33 (d, 1H), 8.39 (d, 1H), 

8.60 (d, 1H), 17.30 (s, 1H, OH) 

605 
(100%, 

[M+H]+) 

3a 69 502 34,000 

7.50 (t, 1H), 7.60 (s, 1H), 7.86 (d, 1H), 
7.92 (s, 1H), 7.92 (d, 2H), 8.12 (d, 1H), 
8.23 (s, 1H), 8.29 (d, 1H), 8.92 (d, 1H), 

19.38 (s, 1H, OH) 

627 
(100%, 

[M+Na]+) 

3b 62 502 24,000 

7.48 (t, 1H), 7.71 (s, 1H), 7.92 (d, 1H), 
7.95 (s, 1H), 7.98 (d, 1H), 8.06 (d, 1H), 
8.14 (d, 1H), 8.33 (s, 1H), 8.60 (d, 1H), 

8.94 (d, 1H), 16.59 (s, 1H, OH) 

627 
(100%, 

[M+Na]+) 

4a 60 502 36,000 

7.59 (s, 1H), 7.76 (s, 1H), 7.76 (d, 1H), 
7.89 (d, 1H), 7.91 (s, 1H), 8.11 (d, 1H), 
8.19 (d, 2H), 8.19 (s, 1H), 8.28 (d, 1H), 

16.34 (s, 1H, OH) 

605 
(100%, 

[M+H]+) 

4b 63 502 26,000 

7.86 (d, 1H), 7.95 (s, 1H), 8.00 (s, 1H), 
8.02 (d, 1H), 8.11 (d, 1H), 8.19 (d, 1H), 
8.22 (s, 1H), 8.32 (s, 1H), 8.33 (d, 1H), 

8.54 (d, 1H), 16.64 (s, 1H, OH) 

605 
(100%, 

[M+H]+) 

 

a Measured in H2O. 



53 

 

3.2.3 Preparation of dye-based inks 

 

1 wt% of aqueous red ink was composed of the synthesized dyes (10.0 mg), distilled 

water (0.5 ml), and KGAP-823 (0.5 ml) as a binder based on acrylate. 5 wt% of aqueous red 

ink was composed of dye 4a (30.0 mg), C.I. Acid Yellow 1 (20 mg), distilled water (0.5 ml), 

and KGAP-823 (0.5 ml). 10 wt% of aqueous red ink was composed of dye 4a (60.0 mg), C.I. 

Acid Yellow 1 (40 mg), distilled water (0.5 ml), and KGAP-823 (0.5 ml).  

 

3.2.4 Fabrication of dye-based color filters 

 

The dye-based inks were coated onto a transparent glass substrate using a MIDAS 

SystemSPIN-1200D spin coater. The coating speed was kept for 10 s at 300 rpm. The speed 

was increased to 700 rpm and kept at that rate for 50 s. The wet dye-coated color filters were 

baked at 150 oC for 1 h. All spin coated dye-based color filters were 1.7 mm thick. 

 

3.2.5 Quantum mechanics (QM) and molecular mechanics (MM) Calculation  

 

To evaluate the intra-molecular interaction of the dye molecules, density functional 

theory (DFT) calculations were performed using the local density approximation (LDA) 

functional [26]. A double numerical plus d-functions (DND) was adopted as the basis set, 

which is embedded in the Dmo13 (Materials Studio, Accelrys,USA) [27]. The orbital cut-off 

distance and energy convergence were set to 4.5 A and 0.026 kJ/mol respectively. Molecular 

mechanics (MM) calculations were used to calculate the optimized molecular packing 

geometries of the prepared dyes. The DREIDING ForceField (FF) [28] was adopted to 

optimize the structure of dyes, which included a 6-membered ring induced by H-bonding 
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between –C=O and H–N–N– in the hydrazone form, because this FF is known to be 

moderately accurate for the optimization and calculation of the geometry, conformational 

energy, inter-molecular binding energy and crystal packing of organic molecules. The qEq 

charge equilibrium method [29], which is applicable to the sodium sulfonate ionic bond, was 

also used to assign the atomic charge of the dyes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 

 

3.3 Results and discussion 

 

3.3.1 Synthesis and spectral properties of dyes 

 

The diazo-components of the dyes were coupled to the ortho-position of the hydroxyl 

group of the coupling components to make the dyes water-soluble. 2-Azo-1-naphthol 

derivatives exist mainly in hydrazone form via intra-molecular hydrogen bonds, which results 

in the linearity and coplanar conformation of the dyes (Figure 3.2) [30]. The proton peaks 

involved in intra-molecular hydrogen bonding appeared at a much lower field in the 1H NMR 

spectrum (17.4–16.3 ppm for dyes of 1a–4b) than the normal proton peak of the hydroxyl 

group [31]. 

Table 1 lists the spectral properties of the prepared dyes. As shown in the table, dyes 

coupled at the α-position of the diazo-component were bathochromic compared to those 

coupled at the β-position. On the other hand, the molar extinction coefficients of dyes 1a–4b 

were higher than those of dyes 1a–4b. 

 

3.3.2 Spectral and chromatic properties of dye-based color filters 

 

To apply a dye to LCD red color filters, the dye needs to have a sharp absorption 

spectrum near 500 nm and thermal stability at above 250 oC [15,16]. Figure 3.3(a) shows the 

absorption spectra of the fabricated color filters with 1 wt% of the prepared dyes. All the 

prepared red color filters had absorption maxima between 502 to 520 nm, and their molar 

extinction coefficients varied with the dye structure. The color filters with the 3a, 3b, 4a and 

4b dyes had absorption maxima within 502 nm and 504 nm, and the color filters had high 
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transmittances above 600 nm, as shown in Figure 3.3(b). In particular, since dye 4a has the 

highest molar extinction coefficients, the color filter using dye 4a could have the lowest 

transmittance at 500 nm. However, dye 4a had undesirable transmittance at 400-500 nm. 

Nevertheless, an excellent red spectrum could be obtained by adding C.I. Acid Yellow 1, 

which could cut down transmittance at 400-500 nm. 

Figure 3.3(c) shows the transmittance spectra of the color-compensated red color filters. 

The red D-CF of 5 wt% and 10 wt% dye content showed 100 % and 98.9 % transmittance at 

650 nm respectively. These values were 8.23 % and 7.03 % higher than 92.4 % of our 

previous manufactured red D-CF [15].  
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Figure 3.3 Spectral properties of the prepared color filters. (a) Absorption spectra of the 

fabricated color filters with 1 wt% of the prepared dyes. (b) Transmittance spectra of the 

fabricated color filters with 1 wt% of the prepared dyes. (c) Transmittance spectra of the color 

compensated red color filters with yellow dyes.  
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This high transmittance of the dye 4a-based CF might be due to following three reasons. 

(1) The prepared water-soluble azo dyes have three sodium sulfonate water-solubilizing 

groups, while the water-soluble perylene dye has two sodium sulfonate groups [15]. 

Therefore, the azo dyes could have higher solubility in water and compatibility for the 

hydrophilic acrylic binder than those of the perylene dye, which resulted in the low 

aggregation of dye molecules in the water-based ink. Low aggregation leads to low light 

scattering, which could increase the transmittance of the prepared D-CFs. (2) Dye 4a has a 

higher molar extinction coefficient than the perylene dye used in previous red D-CF [15]. 

Therefore, the red D-CF with dye 4a could have a lower dye content, which results in higher 

transmittance than the previous red D-CF. (3) The C.I. Acid Yellow 1 (2,4-dinitro-1-naphthol-

7-sulfonic acid disodium salt) color compensating dye can be dissolved easily in the media 

(water) and has higher compatibility with the water-soluble binder than the Solvent Yellow 

146 (metal free mono azo dye) color compensating dye for the previous red D-CF due to its 

sulfonic acid group [15]. Therefore, the higher solubility in water and compatibility with the 

binder of Acid Yellow 1 may result in less aggregation in the water-based ink, which could 

enhance the transmittance of the prepared red D-CF. 

In addition, as shown in Figure 3.4, the D-CF with dye 4a and Acid Yellow 1 had wider 

color gamut of 62.8 % than the previous D-CF, which had a value of 57.3 %, even though the 

CF had lower dye content than the previous D-CF (10 wt.% vs. 15 wt%) [15]. This could be 

due to the high molar extinction coefficient of dye 4a.   
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Figure 3.4 CIE 1931 chromaticity diagram of the prepared dye-based color filter (solid line) 

and previous dye-based color filter (dashed line).   

 

 

 

 

 



61 

 

3.3.3 Structure-thermal stability relationships of dyes 

 

All the prepared dyes showed degradation temperatures of above 280 oC (Figure 3.5). 

However, the degradation temperatures varied according to the structure of the prepared dyes. 

This structural difference in the dyes will result in a change in the intra- and inter-molecular 

interactions of the dyes. Therefore, it is only logical to assume that the thermal stability of the 

prepared dyes is related to the intra- and inter-molecular interactions between the dye 

molecules. The effect of the intra and inter-molecular interactions resulting from the 

structural difference in the dyes on their thermal stability are discussed.  
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Figure 3.5 TGA and density data. (a) TGA curves, degradation temperatures and densities of 

the prepared dyes, (b) The relationship between degradation temperature and density. (The 

weight loss up to 150 oC is due to the evaporation of H2O and DMF.)  
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3.3.3.1 Intra-molecular interaction of dyes 

 

In general, hydroxyl azo dyes can cause azo-hydrazone tautomerism, and dyes with the 

hydrazone form and intra-molecular hydrogen bonding have higher thermal stability than 

those with the azo forms [30]. Therefore, when a dye shows tautomerism, the energy 

difference between the azo and hydrazone form could affect its thermal equilibrium. Table 

3.2 shows the total energies of the prepared dyes using QM calculations. The energy 

differences between the hydrazone and azo forms ranged from -19.42 to -25.34 kcal/mol, as 

shown in the 4th column of Table 3.2. These correspond to the additional strength of the intra-

molecular N-H∙∙∙O hydrogen bond with a 6-membered ring structure in the hydrazone form 

compared to that in the azo form. Since the energy at room temperature (300 K) corresponds 

to 0.6 kcal/mol, most of the synthesized dyes should exist in the hydrazone forms at room 

temperature, which was confirmed by 1H-NMR, as shown in Table 3.1.  

The change in the total energies of the dye molecules can also be induced from the 

difference in the intra-molecular hydrogen bond length or azo bond length. The 2nd column of 

Table 3.3 shows that the hydrogen bond lengths of the prepared dyes were 1.516 ~ 1.535 Å, 

which are shorter than the general hydrogen bond length of 1.7 Å. This is due to the 

resonance stabilization effect of the hydrazone form with a 6-membered ring structure [32]. 

The 3rd and the 4th columns of Table 3.3 show the azo bond lengths of the prepared dyes. The 

azo form has bond lengths of 1.259 ~ 1.265 Å, whereas the bond lengths of the hydrazone are 

1.288 ~ 1.293 Å. However, since the variation in hydrogen bond length and azo bond length 

was quite small (< 0.019 Å), it was difficult to find a meaningful relationship between the 

total energy and bond lengths of the dye molecules. 
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Table 3.2. Total energies of the prepared dyes using QM calculations. 

 
Dye 

Total energy a 

Azo 
form 
 
 
 
 
 
 
(Ha b) 

Hydrazone 
form 
 
 
 
 
 
 
(Ha b) 

Difference 
of energy 
between  
azo and 
hydrazone 
form 
  
 
(kcal/mol) 

For hydrazone form 

Difference 
of a and b 
dyes  
 
 
 
(kcal/mol) 

Dyes 
without 
SO3

-Na+ 

  
 
 
(Ha b) 

Difference 
of a and b 
dyes 
without 
SO3

-Na+ 

 

(kcal/mol) 

1a - 3293.221 - 3293.259 - 24.24 

- 9.80  

- 947.1568  

1.13  

1b - 3293.244 - 3293.275 - 19.42 - 947.1550  

2a - 3293.218 - 3293.258 - 24.70 

- 10.71  

- 947.1568  

1.13  

2b - 3293.243 - 3293.275 - 19.63 - 947.1550  

3a - 3293.220 - 3293.260 - 25.34 

- 11.84  

- 947.1572  

0.92  

3b - 3293.245 - 3293.279 - 21.28 - 947.1558  

4a - 3293.224 - 3293.261 - 23.17 

- 9.66  

- 947.1572  

0.92  

4b - 3293.241 - 3293.277 - 22.51 - 947.1558  

 

a energy of the geometrically optimized dye structure using DFT calculations. 

b 1 Ha (hartree) = 627.15 kcal/mol. 
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Table 3.3. Bond lengths of the prepared dyes geometrically optimized with QM calculation. 

 
Dye Bond length  (Å) 

Hydrogen bonding 

of O(ΙΙ) b···H 

 
 
 

Azo bonding Ionic bonding 

Azo 
form 
(-N=N-) 

Hydrazone 
form 
(-N-N=) 

O(Ι)a···Na(Ι)c 

 
O(Ι)a···Na(Ι)c, 

O(ΙΙ)b···Na(ΙΙ)d 

1a 1.517 1.259 1.288 2.184 -   

1b 1.531 1.264 1.291 2.189 2.235, 2.241 

2a 1.517 1.262 1.288 2.183 - 

2b 1.529 1.263 1.291 2.190 2.232, 2.255 

3a 1.517 1.259 1.288 2.182 - 

3b 1.527 1.264 1.289 2.190 2.278, 2.239 

4a 1.516 1.260 1.288 2.184 - 

4b 1.535 1.265 1.293 2.190 2.228, 2.251 

 

a O(Ι) is the oxygen of the sodium sulfonate salt. 

b O(ΙΙ) is the oxygen of the carbonyl groups in hydrazone formed azo dyes. 

c Na(Ι) is the sodium of the general sodium sulfonate salt. 

d Na(ΙΙ) is the sodium of the specific sodium sulfonate salt, which is located at the ortho- 

position to the carbonyl group in the hydrazone formed azo dyes. 
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The 5th column of Table 3.2 shows the differences in the total energies of the a and b 

dyes. When the dyes in the hydrazone form with the same diazo-compound were compared, 

the total energies of dyes 1b-4b were 9.66 ~ 11.84 kcal/mol lower than those of dyes 1a-4a. 

According to QM calculations, two of the three oxygen atoms in SO3
- interacted with Na+ as 

shown in Figure 3.6. On the other hand, dyes 1b-4b had one SO3
- Na+ ionic pair at the ortho-

position of the carbonyl group. Consequently, its specific sodium cation (Na(ΙΙ)+) could make 

a multi-ionic interaction with the oxygen atom (O(ΙΙ)) of the nearby carbonyl group as well as 

those in SO3
-. This multi-ionic interactions of the sodium cation could strengthen the intra-

molecular electrostatic attraction of dyes 1b-4b, which results in dyes 1b-4b having a lower 

total energy than dyes 1a-4a. However, in dyes 1b-4b as shown in Figure 3.3, with the 

additional Na(ΙΙ)∙∙∙O(ΙΙ)=C attraction, the C=O(ΙΙ)∙∙∙H-N hydrogen bonds were 0.01~0.02 Å 

longer than those of dyes 1-4a (the 2nd column of Table 3.3). Hence, the multi-ionic 

interaction of the sodium cation stabilized the total energy of the dye molecule, even though 

it decreased the strength of the intra-molecular hydrogen bond. An examination of the total 

energy of the hydroxyl azo naphthalene dyes without ionic sodium sulfonate functional 

groups revealed all the dyes to have extremely small energy differences (~ 1 kcal/mol), as 

shown in the 7th column of Table 3.2 (here, dyes 1a and 2a, 1b and 2b, 3a and 4a, and 3b and 

4b have identical molecular structures). Therefore, the Na(ΙΙ)∙∙∙O(ΙΙ)=C electrostatic 

attraction in the dye molecules lowered the total energies of dyes 1b-4b. 
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(a)                         (b) 

 

Figure 3.6 The optimized molecular structure of 4a (a) and 4b (b) dyes by QM calculation.  

(unit =Å). 
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3.3.3.2 Inter-molecular interaction of dyes 

 

Figure 3.5(a) shows the TGA curves and densities of the prepared dyes. The dyes 

decomposed at different temperatures, even though they had the same molecular weight and 

covalent bonding, such as C―N, C―O, C―S, N―N and N―H, etc. However, as stated in 

session 3.2.1, the differences in their total energies for the hydrazone form were < 12.54 

kcal/mol (0.02 Ha). Judging from the above results, the change in the degradation 

temperatures of the dyes are believed to be related more to their inter-molecular interactions. 

DSC analysis was conducted to examine the inter-molecular interactions of the dyes, but their 

melting peaks could not be confirmed. This is different from the general melting and 

decomposition behavior of dyes, and the results of a study of the decomposition behavior of 

the prepared dyes will be reported in a separate paper. 

Since a dye with a stronger inter-molecular interaction could have a higher density than 

the others, the inter-molecular interactions of the prepared dyes of structural isomers could be 

examined by comparing their densities. Fig. 5(b) shows the relationship between the 

degradation temperatures and densities of the prepared dyes. The degradation temperatures 

generally increased with increasing density. Therefore, the thermal stability of the prepared 

dyes was related to their density. 

The density of a dye is related to its molecular packing geometry, which could be 

evaluated by MM calculations. Figure 3.7 shows the representative packing structure of dye 

4b. The dye molecules are aggregated three-dimensionally via strong electrostatic attractions 

between the three pairs of sodium sulfonate groups. Due to this aggregation behavior, all the 

prepared dyes had high thermal stability (Td > 280 oC). This optimization of the molecular 

packing geometry can be affected by the change in electrostatic attraction, steric hindrance 

and linearity of dye molecules.  
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Figure 3.7 The representative packing structure of dye 4b by MM calculation. 
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3.3.3.2.1 Effect of electrostatic attraction 

 

Dyes 1b-4b (red lines) generally show higher degradation temperatures and densities 

than those of dyes 1a-4a (black lines), as shown in Figure 3.5(a). In the case of dyes 1a-4a, 

all sodium sulfonate (SO3
- Na+) groups of the dyes make the general salt form by ionic 

interaction. However, in dyes 1b-4b, there is a specific sodium sulfonate group that is located 

at the ortho-position to the carbonyl group in the hydrazone form. This can make an 

additional electrostatic attraction with O(ΙΙ) of the adjacent carbonyl group (Figure 3.6). In 

addition, Na(ΙΙ)+ can make an multi-ionic interaction with C=O(ΙΙ) and SO(Ι)3 of the 

neighboring dye molecules, which can strengthen the inter-molecular electrostatic attractions 

as well as the intra-molecular electrostatic attractions of the dyes, as shown in Figure 3.7 and 

the 5th column of Table 2. Consequently, due to the more effective packing of dyes 1b-4b 

than that of dyes 1a-4a, the densities of dyes 1b-4b can be increased, resulting in an increase 

in their degradation temperature.  

 

3.3.3.2.2 Effect of steric hindrance 

 

In order for the prepared dyes to have dense packing geometry, the strength of the inter-

molecular electrostatic attractions between the three pairs of sodium sulfonate groups should 

be similar and there should be no torsion in the dye molecule. Dyes 2b and 4b had higher 

degradation temperatures than dyes 1b and 3b. These results might be caused by steric 

hindrance of the pendant sulfonate group of the diazo-component. Figure 3.8 shows the 

optimized packing geometries of dyes 1b-4b according to MM calculations. In the case of 

dyes 2b and 4b, the adjacent dye molecules were packed parallel due to the well-balanced 

electrostatic attractions between the three pairs of sodium sulfonate groups. On the other hand, 
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in dyes 1b and 3b, the electron rich sodium sulfonate group in the diazo-component pushes 

the electron rich aromatic ring of the adjacent dye molecule and distorts the parallel 

molecular packing structure. Therefore, dyes 2b and 4b could have a more compact 

molecular packing structure with higher density, which would result in higher degradation 

temperatures than dyes 1b and 3b. 

 

 

 

 

 

 

Figure 3.8 The optimized packing geometries of the dyes 1b-4b by MM calculation. 
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3.3.3.2.3 Effect of linearity  

 

The linearity of the dye molecules studied was affected by the position of the amine 

group in the diazo-component. The dye coupled at the β-position of the diazo-component had 

a more linear structure than the dye coupled at the α-position of the diazo-component [32,33]. 

The degradation temperatures of dyes 4b and 3b were higher than those of dyes 2b and 1b 

(Figure 3.5). As shown in Figures 3.1 and 3.2, dyes 4b and 3b have diazo-components with 

amine groups substituted at the β-position of the naphthalene ring, which results in a more 

linear structure. Therefore, dyes 4b and 3b may have denser packing structures which could 

increase the degradation temperature compared to dyes 2b and 1b. 

 

 

3.4 Conclusion  

 

Eight structurally isomeric water-soluble azo dyes were synthesized and their thermal 

stabilities were examined. All the prepared dyes showed high degradation temperatures 

(above 280 oC), while they did not have clear melting temperatures. This might be caused by 

the aggregation behavior by the strong inter-molecular electrostatic attractions.  

Red color filters with the prepared dyes had absorption maxima between 500 nm and 

520 nm. The optimal color filter was fabricated with dye 4a and commercial yellow dye, 

which showed 98.9 % transmittance and a 62.8 % color gamut. Its transmittance and color 

gamut were improved by 7.03% and 9.6%, respectively, compared to the previous dye-based 

color filter. 

    The degradation temperatures of the prepared dyes varied according to their structure, 
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and the structure - thermal stability relationships were examined using the prepared 

structurally isomeric dyes. The prepared dyes had similar intra-molecular interactions but 

their thermal stability increased in proportion to their inter-molecular interactions, which 

could be represented by their densities. MM calculations of the molecular packing structure 

of the prepared dyes suggested that the electrostatic attraction, steric hindrance and linearity 

of the dyes could be changed by the position of the azo linkage and sodium sulfonate groups. 

When the dyes had multi-ionic interactions and linear structures, they could have dense 

molecular packing structures. On the other hand, steric hindrance between the neighboring 

dye molecules disturbed the effective molecular packing. The results of MM calculations of 

the molecular packing corresponded to those of density analysis. In conclusion, for 

application of the dyes in LCD color filters, dyes with more compact packing structures may 

have higher density values and degradation temperatures. 
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Chapter 4  

A study on thermal decomposition behavior of some water-soluble 

azo dyes 

 

 

4.1 Introduction  

 

Azo dyes are the most versatile class of synthetic dyes since they are relatively 

economical to produce and have a full color spectrum with high color strength [1]. Recently, 

azo dyes are used in high-tech applications involving electrochromic devices [2,3], 

photodynamic therapy [4-7], digital printing [8-12], solar cells [13-17], and displays [18-21]. 

Especially with the development of display and digital printing industries, the demand for 

water-soluble azo dyes has been growing in regards to the environmentally friendly organic 

solvent-free coloring process. However, water-soluble dye-based LCD coloring materials are 

not widely used for the commercial manufacturing process due to the unsatisfactory thermal 

resistance of dyes [22-23]. Also, there is little information found pertaining to their thermal 

stability. 

In this study, a series of structurally isomeric water-soluble dyes were synthesized. 

Thermal properties of the prepared dyes were examined by TGA and DSC. Their thermal 

decomposition process was also investigated by analyzing UV-Vis. absorbance of the 

prepared water-soluble dyes in various degradation temperatures. In addition, a new thermal 

decomposition mechanism for the prepared water-soluble hydroxyl azo dyes was suggested 
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via density analysis, X-ray diffraction (XRD), dynamic light scattering (DLS) and density 

functional theory (DFT) calculation.  

 

 

4.2 Experimental 

 

4.2.1 Materials and instrumentation 

 

5-amino-1-naphthalenesulfonic acid (Laurent's acid), 5-amino-2-naphthalenesulfonic 

acid (1,6-Cleve's acid), 6-amino-1-naphthalenesulfonic acid (Dahl's acid), 6-amino-2-

naphthalenesulfonic acid (Bronner's acid), 2-naphthol from TCI and 4-hydroxy-2,7-

naphthalenedisulfonic acid disodium salt (Rudolf Guercke acid), 3-hydroxy-2,7-

naphthalenedisulfonic acid disodium salt (R acid) and 1-naphthylamine from Sigma-Aldrich 

were used without further purification. All other reagents and solvents used were of reagent-

grade quality. 

1H-NMR spectra were recorded by a Bruker Avance 500 at 500MHz using DMSO-d6 as 

the solvent and TMS as the internal standard. Mass spectra were recorded in fast atom 

bombardment (FAB) ionization mode with a JEOL JMS-AX505WA/HP 6890 Series II Gas 

Chromatography-Mass Spectrometer. Absorption spectra were measured on a HP8452A 

spectrophotometer. Thermogravimetric analysis (TGA) and Differential Scanning 

Calorimeter (DSC) was conducted under nitrogen at a heating rate of 10K/min with a TA 

Instruments Thermogravimetric Analyzer 2050 and TA Instruments Differential Scanning 

Calorimeter (DSC) 2920. Small-angle X-ray scattering (SAXS) was conducted with the 

general area detector diffraction system (GADDS, Bruker, Germany). Particle sizes of dye 
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aggregates were measured by CILAS Particle Size Analyzer 1064LD. 

 

4.2.2 Synthesis of dyes  

 

All water-soluble hydroxyl azo dyes were synthesized by the same scheme as shown in 

Figure 3.1. Their structures are previously illustrated in Figure 3.2. Absorption maxima (λmax), 

molar extinction coefficients (εmax), 
1H NMR and Mass data of synthesized dyes are 

described in Chapter 3. 

A water-insoluble hydroxyl azo dye was synthesized as follows to compare its 

degradation mechanism with water-soluble dyes [24,25]. 1-naphthylamine (1.43 g, 0.01 mol) 

was dissolved in 50 ml water containing concentrated hydrochloric acid (4.8 ml) at room 

temperature. The solution was cooled to 0-5 oC and 10 ml of sodium nitrite (0.7 g, 0.01 mol) 

solution was added. The diazotization was continued for 2 hrs. For coupling solution, 2-

naphthol (1.44 g, 0.01 mol) was dissolved in 50 ml ethanol. The prepared diazonium salt 

solution was added into the coupling component solution and temperature was maintained at 

0-5 oC. Sodium acetate ethanol solution (1 M) was added into the solution so as to adjust pH 

between 8 and 9. The mixture solution was stirred for 2 hrs, and then the dye was filtered off 

with suction and washed with methanol until drops of filtrate appeared colorless. The dye 

was then washed with hot water, dried in a vacuum oven at 40 oC. Yield 81.5 %; 1H-NMR 

(DMSO-d6, ppm): 9.83 (s, Ar-OH), 8.21 (d, Ar-H), 8.16 (d, Ar-H), 8.07 (d, Ar-H), 8.03 (d, Ar-

H), 7.99 (d, Ar-H), 7.67 (d, Ar-H), 7.63 (d, Ar-H), 7.52 (t, Ar-H), 7.51 (t, Ar-H), 7.49 (t, Ar-H), 

7.46 (t, Ar-H), 7.35 (t, Ar-H), 7.17 (d, Ar-H); GC-MS: m/z 298.11 (100%, M+).  
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4.2.3 Measurement of the relative absorbance of the prepared dyes in various temperatures 

 

From 250 oC to 450 oC, the prepared dyes were baked at every 50 oC and their loss of 

color strength was monitored. Absorbances (AT) of the baked dyes at each temperature (T) 

were measured by a UV-Vis. spectrophotometer. To compare absorption intensity for each 

prepared dyes, the relative absorbance (AR) of the prepared dyes were calculated by the 

following Eq. (1) and presented in Table 4.1.  

 

AR = AT/A0 × 100  ··············  Eq. (1) 

Where, A0 is the absorbance at room temperature (25 oC). 

AT is the absorbance after baking at T oC. 

AR is the relative absorbance after baking at T oC. 

 

4.2.4 Calculation of the intra-molecular interaction of dye aggregates 

 

Intra-molecular interaction of dye aggregates was calculated by Quantum Mechanics 

(QM) based on Density Functional Theory (DFT). The BLYP functional and DNP basis set 

embedded in DMOL3 code (Materials Studio v5.0 in Accelrys, USA) was adopted and 

atomic orbital cut-off distance was set as 4.5 Å.  

The degradation enthalpy of single azo dye, ΔH should have been calculated by Eq. (2). 

However, in this paper, we considered breaking of azo group is the only pathway for the azo 

dye since azo group is the weakest bond in azo dye. With this premise, since the aggregated 

and dissociated states of dyes are solid crystalline materials, the rotation and transition of 

dyes could be left out. And the variation and volume change of the dyes would be ignorable 

compared with the internal electronic energy (ΔU). However, in recent calculations for phase 
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change enthalpy, zero-point energy (ZPE) should be considered [26]. Therefore, degradation 

energy at the absolute zero could be defined as a function of the internal energy (U) and zero-

point energy as shown in Eq. (3).  

∆H = ∆U + ∆Hrot + ∆Htrans + ∆Hvib + ∆pV    ···········   Eq. (2) 

Where, ∆U is internal energy. 

∆Hrot is rotational energy. 

∆Htrans is transitional energy. 

∆Hvib is vibrational energy.  

∆H = ∆U + ∆EZPE, where ∆EZPE is zero point energy.   ·········   Eq. (3) 

Aggregates of azo dyes are affected with their strong inter-molecular attraction. In 

particular, dyes with sodium sulfonate group, such as the prepared dyes have very strong   

electrostatic attraction as shown in Figure 4.4(b). In order to investigate the variation of intra-

molecular interactions for the structurally isomeric dyes, the dissociation enthalpy (∆Hdis) - a 

bonding dissociation energy for a single dye molecule in dye aggregates, was calculated by 

Eq. (4).  

∆Hdis = ∆U(Aggregated state) - ∆U(Dissociated state) + ∆EZPE (Aggregated state) - ∆EZPE 

(Dissociated state)   ·········   Eq. (4) 
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4.3 Results and discussion 

 

4.3.1 Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) of 

the dyes 

 

Figure 4.1(a) shows TGA curves and denstity values of the prepared water-soluble 

hydroxyl azo dyes. The degradation temperatures caculated from TGA curves generally 

increased in proportion to the density values, while they did not have clear melting 

temperatures [21].  

Figure 4.1(b) shows TGA and DSC data of the water-soluble dye 1b, dye 2b and the 

water-insoluble azo dye, which has a corresponding aromatic backbone of dyes 1b and 2b . 

DSC curves of dyes 1b and 2b did not demonstrate clear endothermic melting peaks while 

distinct exthothermic degradation peaks could be seen from their DSC curves. Their 

degradation temperatures from DSC curves corresponded well to those of TGA curves. On 

the other hand, the water-insoluble azo dye showed clear endothermic melting peaks in the 

DSC analysis and had a much lower degradation temperature compared to dye 1b and dye 2b. 

From these results, it could be pressumed that the degradation mechanism of the water-

soluble hydroxyl azo dyes differ from that of the water-insoluble azo dye, which is dicussed 

in chapter 4.3.4. 
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Figure 4.1 TGA[21], DSC and density data of prepared dyes. (The weight loss up to 150 oC is 

due to the evaporation of H2O and DMF.)  
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4.3.2 Crystalline properties of the dye aggregates  

 

In general, the water-insoluble dyes such as the disperse dye show clear melting peaks 

and regular packing structures [27,28]. However, the prepared water-soluble dyes showed 

crystalline properties and did not exhibit melting points in the DSC curves. Figure 4.2 shows 

the crystalline properties of dyes 4a and 4b. Both 4a and 4b dyes showed unique peaks at 

6.3o and 26o of 2θ; thus, they exhibit interplanar spacing whose distance between surfaces is 

14 Å and 3.4 Å, respectively. However, it was difficult to obtain more information on the 

packing structure since the dyes were not in a single crystalline phase. On the other hand, in 

dye 4b, an additional peak was formed at 8.4o, resulting from the existance of Na+ for multi-

ionic interaction [21]. In other words, the additional Na∙∙∙O=C attraction with adjacent 

molecules, did generate a new packing parameter correspoding to the 8.4o. This different 

molecular packing parameter between dye 4a and 4b was also shown in dynamic light 

scattering data, and is discussed in detail in chapter 4.3.3.  
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Figure 4.2 XRD data of dyes 4a and 4b. 
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4.3.3 Dynamic Light Scattering (DLS) data of the dye aggregates  

 

Figure 4.3 shows the particle size analysis data of dyes 4a and 4b. For the case of dye 4a, 

diameters of aggregates were distributed in the range of 30 nm - 100 nm. On the other hand, 

dye 4b had binordal distribution at the range of 100 nm - 600 nm. Since the prepared water-

soluble dyes are structurally isomeric, the aggregate size of the dyes can be proportial to the 

inter-molecular interaction of them. Therefore, it can be presumed that the inter-molecular 

interaction of dye 4b is stronger than that of dye 4a. Additionally, the binordal graph of dye 

4b indicates that the dye aggregates are rod-shape particles with a high aspect ratio, since the 

DLS equipment measures the diameter as it perceives a material as a globular shape [29]. 

This can also be seen from XRD, considering the fact that 8.4o peak generated from the 

additional Na∙∙∙O=C attraction with adjacent molecules shows very high intensity. Thus, it 

can be inferred that the packing parameter corresponding to the 8.4o plays an important role 

in making rod-shaped aggregates for dye 4b.  
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Figure 4.3 Particle size analysis data of dyes 4a and 4b. 
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4.3.4 Thermal decomposition mechanisms of the prepared dyes  

 

As shown in Figure 4.1(b), the degradation temperature of the water-insoluble dye was 

higher than its melting temperature, and the water-insoluble hydroxyl azo dye rapidly lost its 

weight beyond the degradation temperature, which is similar to the weight loss of general 

water-insoluble azo dyes [30,31]. In this case, the dye molecules were presumed to have 

decomposed simultaneously following the melting of dye aggregates as shown in Figure 

4.4(a). That is, since the intra-molecular interaction of the water-insoluble dye is stronger 

than its inter-molecular interaction, the decomposition of the dye molecules occurs after the 

melting process. 

On the other hand, in case of water-soluble dyes, only degradation peaks were shown 

and their melting peaks could not be confirmed in the DSC curves (Figure 4.1(b)). 

Furthermore, their weight losses in the TGA curves occurred gradually beyond the 

degradation temperatures (280-400 oC). Therefore, it could be presumed that the thermal 

decomposition mechanism of the prepared water-soluble dyes differ from that of the water-

insoluble azo dye. In regards to that, one might ask how and why the prepared water-soluble 

dyes would have different decomposition behavior from that of the general water-insoluble 

dye, and how they could be decomposed in a wide range of degradation temperatures. The 

answer to this question came from the results of the UV-Vis. spectrophotometry study for the 

heat treated dyes at various temperatures.  
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Figure 4.4 Two different decomposition mechanisms of dye molecules.  
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Figure 4.5 shows the UV-Vis. absorption spectra and color changes of water-insoluble 

dye and water-soluble dyes 1a and 4b in water after baking at various temperatures. As 

shown in Figure 4.5(a), the water-insoluble dye exhibited rapid color change and absorbance 

within 250 - 300 oC, which is corresponds to its TGA data (Figure 4.1(b)). So, it can be 

concluded that this sharp change resulted from the thermal breakage of the azo group - 

chromophore of the dye. However, as shown in Figure 4.5(b) and Figure 4.5(c), both of the 

two water-soluble dyes showed gradual decolorization beyond the degradation temperature 

even though they had the same aromatic back bone of the water-insoluble dye. Moreover, the 

azo group of dye 1a with a lower density dissociated and decolorized more rapidly compared 

to dye 4b. For the case of dye 1a with the lower density, its color strength dropped gradually 

within 250 - 350 oC. For the case of dye 4b with the higher density, its decolorization started 

from 350 oC and it became colorless at 450 oC.  
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Figure 4.5 The representative UV-Vis absorption spectra and images of color change of 

water-insoluble dye (a) in cyclohexanone and dyes 1a (b) and 4b (c) in H2O at the various 

temperatures.  
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Table 4.1 shows relative absorbance intensity (AR), which is the representitive residue of 

chromophore according to the heating temperature. Inter-molecular interactions of the 

prepared dyes could be proportial to their density since all the dyes studied are structural 

isomers. As shown in Table 1, the "b series” of the dyes showed less degradation of 

chromophore compared to the "a series” of the dyes with lower density and weaker inter-

molecular interaction. To examine the relationship of inter-molecular interactions and thermal 

degradation temperatues of the dyes, their intra-molecular interactions - the bond dissociation 

enthalpy (∆Hdis) of azo group for the single dye molecule, were calculated as shown in Figure 

4.6. It could be seen that as the aggregation number increased, dissociation enthalpy of the 

dyes decreased. Therefore, it is thought that the decomposition temperatues of the dyes 

increased by stablization of intra-molecular interaction which was induced by the increase of 

inter-molecular interaction.  

Also, in comparison with ΔHdis at the same aggregation number, the intra-molecular 

interaction of dye 4b was more stable than that of dye 4a. In other words, the induced intra-

molecular energy stabilization from the increased inter-molecular interaction was more 

effective in the “b series” of dyes. It is thought that in dyes 1b-4b, multi-ionic interactions 

resulted from SO3
-Na+ ionic pairs existing in the ortho-position of the carbonyl group could 

reinforce their intra-molecular interactions [21].  
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Table 4.1 The relative absorbance (AR) of dyes according to the heating temperature  

Dye 

 

 

 

Density 

(g/cm3) 

λmax 
a
 

(nm) 

 

 

AR 

Baking Temperature  

25 oC 250 oC 300 oC 350 oC 400 oC 450 oC 600 oC 

1a 1.59 518 100 95.77 67.15 10.82 4.38 6.20 0.53 

1b 1.65 518 100 98.42 94.01 50.33 15.68 8.55 1.15 

2a 1.64 518 100 93.50 91.30 14.37 3.66 5.01 1.53 

2b 1.73 518 100 98.91 97.22 74.57 33.69 5.06 0.18 

3a 1.63 502 100 94.57 76.52 13.35 2.33 3.34 0.12 

3b 1.65 502 100 98.40 95.14 57.52 18.01 8.04 1.13 

4a 1.67 502 100 97.63 95.87 29.93 4.21 4.20 0.03 

4b 1.75 502 100 99.45 98.61 93.35 74.29 6.00 0.11 

 

a Measured in H2O. 
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Figure 4.6 Intra-molecular interaction of aggregates of the dyes 4a and 4b. 
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Moreover, Figure 4.6 explains the result that the decomposition temperature of the 

synthetic water-soluble dye molecules decreased gradually (Figure 4.1). As shown in Figure 

4.3, particle sizes of the synthetic water-soluble dyes have broad distribution. Here, the 

aggregates with larger diameters and higher aggregation numbers, would have stronger inter-

molecular interaction and greater stabilized intra-molecular interactions than those with 

smaller particle sizes. This result could explain that, for the prepared water-soluble dyes, dye 

aggregates with smaller particle size degraded first and those with larger particle size 

degraded later. Thus, the thermal degradation of dyes occurred slowly and gradually within 

the wide-ranged temperature of 250 - 450oC.  

This thermal degradation mechanism of water-soluble dyes was presented in Figure 

4.4(b). Since the prepared water-soluble dyes have stronger inter-molecular interactions than 

intra-molecular interactions due to the additional electrostatic attraction of the sodium 

sulfonate group, they could be decomposed without the melting process even though they 

exhibited crystalline properties. Besides, intra-molecular interactions of dye molecules could 

be stabilized when the dyes have stronger inter-molecular interactions (Figure 4.6).  
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4.4 Conclusion 

 

Structurally isomeric water-soluble hydroxyl azo dyes were synthesized and their 

thermal properties were evaluated by TGA and DSC. The prepared water-soluble dyes with 

strong electrostatic inter-molecular interactions decomposed gradually without melting and 

their degradation temperatures increased in proportion to their inter-molecular interaction. 

When the prepared water-soluble dyes had higher density – stronger inter-molecular 

interaction, they exhibited higher degradation temperatures since the dyes with stronger inter-

molecular interactions could have stabilized intra-molecular interactions of the dye molecules. 

While the thermal stabilities of azo dyes are reported to be weak in general, this research 

can provide a new molecular design concept for preparing highly heat-resistant azo dyes by 

improving their inter-molecular interactions.  
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Summary 

 

Eight thermally stable RGB dyes were synthesized and LCD color filters were fabricated 

using some of these dyes. Adequate RGB transmittance spectra for color filter could be 

obtained by the addition of yellow and violet colors compensating dyes.  

Since the particle size of dyes is smaller than that of pigments, the prepared dye-based 

color filter had higher optical performance than the pigment-based color filter while it 

showed a similar thermal resistance to the pigment-based color filter. Additionally, the 

synthesized dyes were successfully applied to the ink-jet printing system which would be the 

new manufacturing technology for LCD color filters. Fabricated ink-jet printed color filter 

did not differ significantly from pigment-based color filter in terms of its thermal stability.  

    In order to investigate thermal stability of the water-soluble dyes, eight structurally 

isomeric water-soluble azo dyes were synthesized and their thermal stabilities were examined. 

All the prepared dyes showed high degradation temperatures (above 280 oC), while they did 

not have clear melting temperatures. This might be caused by the aggregation behavior by the 

strong intermolecular electrostatic attractions. Red color filters with the prepared azo dyes 

had absorption maxima between 500 nm and 520 nm. In particular, the optimal color filter 

was fabricated with dye 4a and commercial yellow dye, which showed 98.9% transmittance 

and a 62.8% color gamut. Its transmittance and color gamut were improved by 7.03% and 

9.6%, respectively, compared to the perylene dye-based red color filter. The degradation 

temperatures of the prepared dyes varied according to their structure, and the structure-

thermal stability relationships were examined using the prepared structurally isomeric dyes. 

The prepared dyes had similar intra-molecular interactions but their thermal degradation 

temperatures increased in proportion to their inter-molecular interactions, which could be 
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represented by their densities. MM calculations of the molecular packing structure of the 

prepared dyes suggested that the electrostatic attraction, steric hindrance and linearity of the 

dyes could be changed by the position of the azo linkage and sodium sulfonate groups. When 

the dyes had multi-ionic interactions and linear structures, they could have dense molecular 

packing structures. On the other hand, steric hindrance between the neighboring dye 

molecules disturbed the effective molecular packing. The results of MM calculations of the 

molecular packing corresponded to those of density analysis. In conclusion, for application of 

the dyes in LCD color filters, dyes with more compact packing structures may have higher 

density values and degradation temperatures. 

Thermal degradation behavior of thermal stable water-soluble dyes was also investigated. 

In case of the prepared isomeric azo dyes, when the dyes had higher density – stronger inter-

molecular interaction, they exhibited higher degradation temperatures since the dyes with 

stronger inter-molecular interactions could have stabilized intra-molecular interactions of the 

dye molecules. And the aggregates with larger diameters and higher aggregation numbers, 

would have stronger inter-molecular interaction and greater stabilized intra-molecular 

interactions than those with smaller particle sizes. This result could explain that, for the 

prepared water-soluble dyes, dye aggregates with smaller particle size degraded first and 

those with larger particle size degraded later. Therefore, the thermal degradation of dyes 

occurred slowly and gradually within the wide-ranged temperature of 250 – 450 oC.  
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액 스플 이(LCD) 컬러필 용 색소재료는 안료  염료  구분 다. 안료

경우 용매에 용해 지 않고 분산  상태  용매 내에 존재하  에 막 

시 50 ~ 100 nm 도  평균 입자크 를 가지므  산란에 한 과도  

하가 일어난다. 이에 해, 염료는 용매에 녹  상태  존재하  에 막이 

 뒤에 50 nm 이하  평균 입자크 는 가지며, 산란이 거  일어나지 않

므  높  과도를 나타내는 색소재료이다. 그러나, 염료는 우 한 학 특

 나타냄에도 불구하고, 낮  내열  에 LCD 컬러필 용 색소재료  리 

사용 지 못하 다. 본 연구에 는 높  열안  가지는 4종  퍼릴

(perylene) 염료  4종  프탈 시아닌(phthalocyanine) 염료를 합 하 다. 그

리고 합 한 염료를 사용하여 스핀 법  컬러필 를 조한 뒤 안료분산법

 조  컬러필  하면  분  특   열안  고찰하 다. 염료

를 이용한 컬러필  경우, 열안  안료를 사용한 컬러필  사하 고 

안료보다 작  입자크  인해 산란이 감소 었 며, 과도(transmittance)

 색특 (chromaticity)이 안료분산법  조  컬러필 보다 높았다. 

LCD 컬러필  공  단 를 해 , 합 한 고내열 용  RGB 염료  

상용 용  인 를 사용하여 잉크  프린 법  컬러필 를 조하 다. 잉

크  프린 법  조  컬러필  경우, 막 께가 낮게 어 색특  

스핀 법  조  컬러필 보다 낮았지만, 열안  스핀 법  

조  컬러필  동등 이었 므 , 합 한 고내열 용  염료가 잉크  프

린 법에 한 컬러필  조에 공  용   있  본 연구를 통하
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여 인할  있었다. 

한편, 용  염료  열안 에 한 연구는 한 상태이다. 라 , 본 

논 에 는 용  염료  열안 에 해 실험 이고 체계 인 연구를 행하

다. 즉, 용  염료  구조  열안 , 용  염료  열분해 커니즘  고찰

하  해  8종  구조이 질체 용  아조 염료를 합 하 다. 합 한 염료를 

이용한 Red 컬러필 는 98.9%  높  과도  62.%  높  색재  범 를 보

여주었다. 합 한 이 질체 염료  열  특  열 량분

(thermogravimetric analysis)  시차 주사 열량측 법(differential scanning 

calorimetry)를 이용하여 측 었다. 염료 구조에 른 차이는 있었지만 모든 

염료들  280 oC 이상  분해 도를 가지고 있었다.  

한편, 용  염료  구조  열안  계에 한 고찰  하여, 염료  

내열 (분해 도)  분자내 결합 과 분자간 결합 이 연 어 있다고 가 하

고, 양자역학계산(quantum mechanics calculation)  이용하여 이 질체 염료들

 분자내 결합  계산한 결과, 이 질체 염료들  분자내 결합  사한 

이었다. 면에, 이 질체 염료들  분해 도는 도에 하여 증가하 다. 

이에 한 고찰  해, 분자역학계산(molecular mechanics calculation)  이용

하여 염료 분자간 packing 상  시뮬 이  하 다. 시뮬 이  결과, 염료 분

자 구조  차이에 해  인 (electrostatic attraction), 입체장애

(steric hindrance), (linearity)  변 가 생 고, 이러한 변 가 염료  

packing geometry, 도, 분해 도  변 를 일 킴  알  있었다. 

또한, 용  염료  열분해 커니즘에 해  논하 다. 분자간 강한 

 인 이 존재하는 합  이 질체 아조 염료  경우, 용 과  거치지 않
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고 히 분해 었고, 분자간 결합 에 하여 분해 도가 증가 하 다. 즉, 

높  도를 가진 (강한 분자간 인  가진) 용  염료  경우, 강한 분자간 

인 이 분자내 결합에 지를 안  시킬  있었  에 분해 도가 높았다. 

그리고, 회합체  크 가 큰 (회합 가 큰) 염료  경우 입자 크 가 작  염료 

회합체에 해  강한 분자간 인 이 존재하고 분자내 결합에 지  안  도

가  크게 나타났다. 이러한 결과는 강한 분자간 인  가진 용  염료  열

분해는 입자 크 가 작  것에  입자크 가 높   열분해 는 것  명

할  있었다.      

 

 

주요어: 액 스플 이(LCD), 컬러필 (color filter), 안료분산법, 잉크  프린

법, 과도, 색좌 , 색재 범 , 용 염료, 내열 , 열분해, 아조 염료, 퍼릴

 염료, 프탈 시아닌 염료, 분자내 인 , 분자간 인  
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