
ABSTRACT 

DING, YI. Color Gamut Comparison Methodology and Evaluation for Textile Ink Jet 

Printing. (Under the direction of Dr. Harold S. Freeman and Dr. Lisa Parrillo-Chapman.) 

 

There is growing interest in making significant portions of the domestic outdoor 

furniture soft goods production competitive with overseas production as this seasonal, bulky 

product could be produced more effectively closer to the market. It is anticipated that 

domestic production can be increased by implementing new technologies in fabric printing 

operations to enable a) the cost-effective domestic production required for success in 

servicing the retail sector; b) new product innovations not feasible using current production 

technologies in this category, and c) a flexible and responsive supply chain capable of quick 

response to customer market trends. The development of high-speed digital printers, capable 

of printing 70 m/min, has made this process competitive with rotary screen printing in terms 

of speed and cost, while offering a competitive advantage when printing shorter runs or 

multiple colorways. Thus, digitally printed fabrics for outdoor furnishings would offer a 

game changing strategy for the domestic textile complex.  With this in mind, the 

development of cost-effective digitally printed outdoor fabrics with high UV stability that 

matches an end user’s color gamut and are readily available and responsive to demand 

activated point of sale is a logical undertaking.  

This research sought to develop an understanding of currently used ink jet printing 

colorants and color management strategy for the outdoor market. The author studied how 

colors are digitally mixed and color is controlled and matched. The Delphi method was used 

to investigate current color gamut analysis methods, a critical component of color 

management systems (CMS). Ink jet printing experts were interviewed, to understand how 



they manage color and their process for analyzing and comparing color gamuts. A significant 

result of this study was the development of a four-stage process model for color gamut 

analysis, color management and print quality evaluation for textile ink jet printing. This study 

also uncovered an industry initiative toward the improvement of color management systems 

(CMS) for more accurate color matching, a need to stabilize variables in the manufacturing 

process, and a need to create standards for related tests and evaluations. The study also 

revealed new CMS software and technologies developed for ink formulation and pre/post-

treatment methods to facilitate high quality production in textile ink jet printing. 

To test and validate the process model, two experimental studies were conducted. The 

first study compared and analyzed the color gamut of pre-treated versus un-treated polyester 

and cotton substrates using a six-color pigment set. The second study compared and analyzed 

the color gamut and print quality of two different colorant sets, a seven-color disperse set and 

an eight-color pigment set. The process model was found to be effective for evaluating the 

two experimental studies. Results of these studies showed that 1) commercially available 

fabric pre-treatments significantly enhance color gamut for pigment-based ink-jet inks, 2) 

disperse dye based inks provide a larger color gamut and better crock fastness than pigment-

based inks, and 3) pigment inks afford better lightfastness than disperse dye based inks. 

To assist on-going efforts to enhance the lightfastness of colorants in disperse-based 

inks for textile ink jet printing, a series of analytical methods were used to characterize the 

molecular and excited state properties of disperse dyes for modern day ink-jet inks.  Results 

showed that lightfastness was improved by using certain dye mixtures and by eliminating 

singlet oxygen formation and excited state lifetimes. 
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 Introduction 

The development of high-speed digital printers, capable of printing 70 m/min (1), are 

competitive with rotary screen printing in terms of speed and cost, while offering a 

competitive advantage when printing shorter runs or multiple colorways. Therefore, digitally 

printed fabrics for outdoor furnishings would offer a game changing strategy for the domestic 

textile complex.  

In the current textile printing supply chain, rotary screen-printing is the predominant 

method, and the majority of manufacturing occurs in the Far East area (2). However, as labor 

costs increase in Asia, and consumers demand shorter delivery and product customization, 

domestic ink jet printing is gaining momentum as a compliment or replacement for 

traditional off-shore screen printing (3-5).  

Textile ink jet printing technology offers a number of benefits including personalization 

and quick response to fashion changes; lower costs for shorter print runs and just-in-time 

delivery; reduced fabric inventory and storage costs,; and a lower negative impact on the 

environment due to the reduction of energy and water consumption (6). 

The development of textile ink jet printing technology comprises several different 

research areas. For example, ink chemistry, ink jet printing hardware, software processing 

requirements, manufacturing workflow and industry supply chain. Once established, ink jet 

printing offers opportunities for new and existing textile printed products for markets such as 

apparel, garment badges and labels, interior textiles, carpets and floor-coverings, technical 

textiles, flags and banners and industrial graphics (7). This technology has the potential to 

replace a significant portion of the screen-printing market in the future (8). 
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While advancements in ink jet printing are considerable, many of the early research and 

development initiatives centered on paper printing. When compared to ink jet printing on 

paper, textile printed products have additional, more complex market specifications and 

requirements, particularly concerning fastness properties. In addition, to achieve the desirable 

print quality and target color an increased number of variables must be considered. For 

example, the construction of fabrics (weave or knit) can cause wicking problems, leading to a 

higher ink penetration that reduces color strength on the substrate (9,10). Therefore, the inks 

used in digital textile printing must have a higher concentration of colorants than inks used in 

graphic printing processes. Therefore, pre- and post-treatment of the substrate is typically 

required to improve print quality, Also, fabrics used as apparel or home textiles have to 

withstand multiple washing or dry cleaning and ironing cycles without fading or changing 

shade (11). 

The inks for textile ink jet printing must exhibit key physical and chemical properties to 

be suitable for jetting, including: purity, viscosity, surface tension, conductivity, pH values, 

foaming properties and particle size (11). Currently, the commercial available colorants in 

textile ink jet inks include reactive, acid, and disperse dyes and pigments. The chemical 

properties of the colorant determine the extent of the interaction with the textile substrate, as 

well as the pre- and post-treatment required for printing (12-14). Four-color set comprised of 

cyan, magenta, yellow and black (CMYK) has become the industry standard for textile ink 

jet printing(15). Additional colors, beyond the CMYK set can be also added into the ink set, 

to increase the range of color gamut, and reduce total ink consumption (16). 
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1.1 Research Objective 

The objective of this study is three-fold: 1) to enhance our current understanding of 

developments pertaining in textile ink jet printing technology; 2) to develop a methodology 

for analyzing color gamut and for evaluating relative print qualities in textile ink jet printing; 

and 3) to make advances in the utility of disperse dyes for ink jet printing for outdoor fabrics. 

1.2 Relevance of Research 

Digital printing is predicted to grow up to 21% for 2016 (4). This rapidly growing industry is 

supported by research efforts in the areas of pigment and dye development, ink head 

development, color gamut analysis, ink consumption analysis, printing sustainability, color 

reproduction accuracy, printing speed and fastness properties. Arguably, one of the most 

critical research and development (R&D) areas is color gamut analysis, particularly as new 

colorant sets, pre-treatment formulas, and ink jet heads are developed. An effective and 

standard method of color gamut analysis is needed for a number of R&D and manufacturing 

scenarios. For example, if a company wishes to develop a six- or eight-color ink set, using 

CMYK as the base four colors, decisions must be made as to which additional colors will 

provide the most impact on the color gamut. This decision may be based on market color 

trend demands, cost of each colorant, and print head type. For example, companies 

developing ink sets for newer print heads that have increased capability of variable dot sizes 

may not need to focus development efforts in paler shades such as light magenta, light cyan 

or grey and could instead focus efforts on orange, blue, violet, red or green. A considerable 

investment of time and money is needed for the development of each new color, so the 
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decision making process to determine which color(s) to focus on, for example red vs orange, 

or blue vs green, must be informed by credible research. Additions of colors to the basic 

CMYK ink set increases the color gamut (16); however this addition may also decrease 

printing speed. A print house, can almost double the print speed by outfitting a printer with 

two sets of CMYK rather than, for example, a CMYK, + O,R,B,G. To effectively make these 

types of decisions, color gamut analysis is needed. 

Development of a process model for color management and color gamut analysis will 

provide industry and academia with a better understanding of ink jet textile printing color 

reproduction. A thorough review of pertinent patents and literature will help build an 

understanding of the new generation of disperse inks’ stability to UV exposure. The 

information gleaned from these studies will provide a road map for individuals who have no 

prior experience or knowledge in this area, and contribute to the wider adoption of color 

gamut analysis and light fast dye design for textile ink jet printing. 
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 Literature Review 

The review of literature covers five sections: background of textile printing development, 

textile ink jet printing technology, digital color management system, ink chemistry for textile 

ink jet printing, and photostability of ink jet inks. 

2.1 Background 

Textile printing is a large global industry that makes profit for fiber, fabric and fashions. It 

requires time, labor, resources and generates waste (17). Rotary screen-printing is currently 

the major printing method in the textile industry (1,18). It uses a cylindrical screen fitted with 

a squeegee to deliver the colored print paste through holes on the screen, as the fabric passes 

beneath the screen. The printing speed of rotary screen-printing can reach 50-100 m/min with 

adequate drying capacity.  

Transfer printing is another printing process that is widely used in textile coloration 

(1,18). In this case, the design is first printed onto a flexible non-textile substrate (e.g. paper) 

and then transferred in a separate step onto the textile. This method is competitive with direct 

printing since it provides an economical and easy way to print and diminishes the need to 

physically store the design. On the other hand, no single transfer-printing method is 

universally applicable to a wide range of textile fibers, and disposal of the waste paper 

remains an issue (19). 

Much of the fundamental theory of ink jet technology was first described by Lord 

Rayleigh in 1878 (20), as a “non-impact dot matrix printing technology in which droplets of 

ink are jetted from a small aperture directly to a specific position on a medium to create an 
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image” (20,21). Most of the subsequent development for this technology started in late 1950s 

to 1960s, several ink jet printing devices were developed for paper printing applications.  

A significant step in the development of ink jet printing technology was a method for 

adjusting the gray scale, which was developed by Hertz, by controlling the number of drops 

deposited in each pixel (22), as well as the ink volume for each drop (23). As the 

development continued, Sweet from Stanford University conceived of continuous ink jet 

printing, by applying a pressure wave pattern to the ink stream and breaking ink into uniform 

sized droplets (24,25). The technology was launched and licensed on computer output 

devices in the late 1970s (22,23). Meanwhile, drop-on-demand devices were invented and 

commercialized, which eliminated some complexities of continuous ink jet printer, such as 

with drop charging and ink recirculation systems (26). The ink jet methods for drop-on-

demand included thermal jet, piezo-electric, electrostatic and acoustic (27,28). 

As rapid advances were made in ink jet printing technologies for home and office 

systems, a system for digital ink jet printing for textile substrates was also developed in the 

mid/late 1980s (26). The associated data is drafted or transferred from any digital model, by 

scanner from standard photographic models, or from drawings to the fabric (28). Thousands 

of colors can be printed using a cyan, magenta, yellow and black inksets in a relatively short 

time, without moving substrates between machines at different locations (26). The first 

textile printer was the Milliken Company’s Milltron for printing carpet, which had print 

resolution only 10 dots per inch (dpi) (29). Over the years, more textile ink jet printers were 

launched, with an improvement in print resolution, as well as printing speed. 
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Textile ink jet printing is becoming competitive with conventional screen-printing, by 

offering distinct advantages for short runs, sampling and proofing. Also, no screens are 

required, which means all costs to engrave screens, make the paste, or create strike-offs are 

eliminated. In addition, with ink jet printing, printer downtime and colorant and substrate 

waste are eliminated. Other benefits include reduction of manufacturing space needed due to 

the lack of film masters, stencils, screens or plates typically required for screen printing. The 

multicolor registration capability of ink jet printing makes possible an unlimited repeat size 

and number. Inventory and pollution control costs are decreased tremendously, as most of the 

colorants go onto the fabric. No thickener or paste is required, and water consumptions is 

much lower. Also, ink jet printing enables just-in-time deliveries and mass customization 

(19).Meanwhile, the print quality is improved significantly. Less or no color overlap or 

trapping is observed on the fabric. 

Different approaches and opportunities for digital textile printing exist in apparel 

fabrics, made-up garments, garment badges and labels, interior textiles, carpets and floor-

coverings, technical textiles, flags and banners and industrial graphics (30). Digital ink jet 

printing is expected to take the place of screen-printing in the future (8). This technology was 

established in production environments and has been particularly effective for short-run 

prints for the mass-customization market (8,31).  
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2.2 Textile ink jet printing technology 

Various types of textile ink jet printers were introduced in the 1980s. Wide format machines 

were designed for printing advertisement displays, matched with suitable inks, and yielded 

prints on most textile materials with acceptable quality and fastness properties. 

Except for carpet printers, the ink jet printer used for textiles based on dye jets 

controlled by solenoid valves was introduced in 1987, which was a charged-drop or 

continuous ink jet (CIJ) type, and operated on the binary principle with four print heads 

(CMYK) that scanned across the fabric attached to a rotating drum. Print production was 

very slow (about 1 hour to produce a square meter) but near continuous mode could be 

achieved by controlling the amount of ink deposited at each spot in the image. Multi-level 

charge systems were introduced later on with a multiple array of printheads to increase 

output (10). In 1999, the TIJ water-based ink printer was launched with a 300 dpi resolution, 

and the print speed could reach 12m2/hr. In 2003, Artistic 2020 printer was showed in the 

ITMA expo, which was compatible with reactive, disperse, acid dyes and pigment inks. Also, 

600 dpi was achieved, and the print speed was 30m2/hr. In 2011, MS Italy launched the MS 

Lario printer, which improved the print speed to 70m2/hr with 600 dpi. In ITMA 2015, 

several printer manufacturers brought their new single pass high resolution (1200 dpi) 

printers (32). 

Different ink sets consist of different primary colors. Basically, a four-color ink set 

contains cyan, magenta, yellow and black, the so-called CMYK inks. The mixture of primary 

inks produces thousands of colors to print on fabrics. Some ink manufactures have launched 
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their CMYK+ additional colors inkset, by using more colors to improve the print quality 

(16). 

2.2.1 Printer/Printhead 

Most wide format ink jet printers for textiles use the printhead to carry the array of jets, 

which are based on a reciprocating mechanism (7). The printhead uses stepper motors, and 

are indexed forward by an appropriate distance before each subsequent scan across the width 

of the substrate being printed (33). Large containers of ink are usually placed at the side of 

the machine and connected to the printhead via plastic capillary tubing (6). 

The printing definition along the fabric weft is determined by the scanning velocity and 

frequency with which the jets can be fired. For example, in the warp direction, it depends on 

the closeness with the individual jet outlets spaced on the printhead and the number of passes 

the printhead makes; in the weft direction, the output of a printer depends on the width of the 

swatch printed on each scan across the fabric, which is determined by the number of jet 

outlets per color in the printhead. Those factors set some important parameters in designing 

and manufacturing of the printheads, which differ in the charged drop types. The choice of 

printhead is critical to their speed, replacement cost, long-term reliability and consistency; in 

addition, the printhead technology influences the fabric penetration, image resolution and 

greyscale performance (19,29,34,35). 

Jet printing systems used for textiles may be classified based on a selectively deflected 

charged-drop (continuous drop production) principle and a drop-on-demand (DOD) method 

(drops produced as required by some impulse system) (27,36,37). The ink can be pressured 

(3-5 MPa) for charged drop printers but is supplied at essentially atmospheric pressure in the 
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most commonly used drop-on-demand printheads, such as the bubble jet and piezo-electric 

type (1). The majority of printheads are manufactured in Japan with the exception of brands 

such as Fuji Dimatix and Ricoh. Table 2. 1 provides more details about the printheads (32). 
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Table 2. 1. Printheads used in currently digital textile printers. 

Manufacturer Type Units for textile applications 

Seiko Epson DX4, DX5, DX6, DX7, 

TFP(Precision core technology) 

Robustelli Mona Lisa, Mimaki 

TX Series, Mutoh, DTG 

Machines, Epson SureFire Dye 

Sub SC-F Series 

Ricoh Gen 4, Gen 4L, 

 

Gen 5 

Mimaki TX400, Durst Kappa 

180 V2, Anajet DTG MP5 M 

Mimaki TX500, D’Gen Telios 

Green G5, Aleph TXB-500 

Seiko Printek(SII) 508GS, 1024GS, 

 

 

510BN, 1024BN, 

RC512(JetFlow) 

Zimmer Colaris, D-Gen Atrix 

Toshin 2020, Hollanders 

Colorbooster, Vutek 3250r, 

Ichinose 2050 Series 

Konica Minolta KM256, KM512, 

 

KM1024i 

Nassenger V, Nassenger V11, 

Nassenger Pro 60, Pro 120, Pro 

1000, Nassenger SP-1 

Kyocera KJ4B 

 

 

 

KJ4b-03T(2C) 

Reggiani Renior, MS JPK, MS 

La-Rio, LM QualiJet K, Atexco 

Vega, Aeoon Kyseres DTG 

MS JP-3, MS JP5 EVO, Arioli 

ArioPrint ,16 

Fuji Dimatix Spectra Series 

 

StarFire SG1024 

 

Samba(Mems) 

Agfa Aquajet, Durst Rhotex, 

Kornit DTG Printers 

ITE GB Series (India) 

Zimmer Colaris 3 

SPG Pike Single Pass 

Panasonic UN-HA800 Series Atexco (Honghua) Ajet Series, 

DGI FD-1908, Mimaki TS300P 

Panasonic UN-HA800 Series Atexco (Honghua) Ajet Series, 

DGI FD-1908, Mimaki TS300P 
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2.2.2 Drop formation and impaction 

The formation and delivery of ink drops is crucial for textile ink jet printing (38). Ink drops 

become printed dots on a substrate, which influence print resolution, print quality and speed 

directly (39). Several key points affecting drop formation and impaction are concluded 

below, include: drop shape, drop volume, jet speed and jet straightness.  

Generally, all the bubblejet printheads tend to eject a long stream that subsequently 

breaks up and produces satellite drops (40). The ink drop forms a ‘tail’ connected with a 

‘neck’ with the drop head. The impact of satellite drops may account for the contour 

sharpness in the weft direction of some textile jet printers (36). The shape and location of the 

heater in bubblejets have also been proved to affect the clean ejection of drops. Using 

modified annular heaters has been showed to eliminate the formation of satellite drops (41).  

A second key point is the ink drop volume. Ink bleeding issue will occur if drops 

contain too much ink, which means ink diffuse along fiber and out of the desired print area. 

Variable drop sizes print mode eliminates this issue significantly (39,42). 

The third key point is the jet speed, including firing speed and drop frequency. The jet 

speed must be fast as well as consistent, which varies according to the printhead mechanism 

and ink formulation. Meanwhile, the jet speed also related to the productivity and production 

cost impact in commercial and industrial applications (39). 

The last key point is the jet straightness. Nozzles in the printhead must be aligned in 

the optimum direction with the substrate, as well as with each other. The angle and 

straightness of jet falling onto fabric account for print consistency, print accuracy, which 
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means no gap or overlapped printing issue. The ambient temperature and humidity can affect 

drop formation and jet alignment (39). 

2.2.3 Drop impact on the substrate 

Textile designs can be printed digitally by specifying RGB and CMYK values for pixels in 

each location. Some files, such as BMP and TIFF formats, can be used (36). The color of 

each pixel is determined by the proportions of each colored ink, which are jetted onto the 

fabric surface as a matrix (usually 4*4 or 8*8) of tiny drops. In some charged drop CIJ 

machines, the number of drops and the volume of ink delivered to each location within the 

super-pixel can be modulated to the number of different shade. Textile printing requires 

larger drops than rephotographics to achieve the required pick-up of ink on the textile 

surface. Once the drops of ink impact the substrate surface drying commences, partly by 

capillary absorption into the fiber and partly by surface evaporation. At slow printing speeds, 

atmospheric drying is usually acceptable but some of the latest ink jet printers incorporate 

forced air-drying ducts. When printing woven structures, the ink will spread preferential in 

the warp and weft directions forming a four-pointed star effect rather than a circular spot. 

Some special pretreatment procedures are required for textile ink jet printing, to avoid those 

bleeding issues.  

In general, the total average number of drops applied per pixel bears a linear 

relationship to the corresponding grey levels in the pattern data. However, the visual color 

strength of the print is not simply related with the value of drops per pixel. As increasing the 

amount of ink applied on fabric, ink penetration of the color into the fabric will be increased 

as well. Ideally the color data will be modified by the application of color management 
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software (CMS), which attempts to ensure that individual color printers are calibrated and 

produce shades that match originally specified files.  

In general, the total average number of drops applied per pixel bears a linear 

relationship to the corresponding grey levels in the pattern data. However, the visual color 

strength of the print is not simply related with the value of drops per pixel. In fact, 

microscopic examination coupled with color measurements shows that there is little increase 

in color yield when no uncolored textile fibers remain on the fabric surface. At this point 

increasing the amount of ink applied simply results in increased penetration of the color into 

the fabric. The modification of color calibration and color matching is required for different 

type of printing environments. 

2.2.4 Textile handling 

The printers have limits for the width of textiles, which have to fit into the feed mechanisms 

of the machine. A sufficient width of the fabric determines the calculation of printing trials, 

and maintains a smooth and stable process, which is also consistent with the color 

management software.  

Flatbed and roll-to-roll printers are both widely used in textile ink jet printing. Fabrics 

can be treated as paper and put onto a flatbed for printing, which are well-cut and ready for 

garments, such as whole garment printing (43). For roll-to-roll printing, the fabric roll is 

unraveled to send for printing and then often wound to another roll before printing. This 

method is easier for storage, transportation and use, but when re-wound, care should be taken 

to ensure the fabrics have no wrinkles or puckers, and tension is inform across the width of 

the fabric to maintain correct printing registration of images during printing. For a very soft 
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fabric such as silk, a stiff paper-backing is often lightly adhered to the pretreated fabric, to 

facilitate the fabric feed into roll-to-roll printing system. More recently, a high quality belt-

feeding method was developed, which utilized a special chemical-coated tacky belt to 

support fabrics, reducing distortion or shrinkage of the substrate (1,44). 

2.3 Digital color management system 

Color perception is a psychological phenomenon that is initiated by light reflection from a 

surface or object, or light emission from a source, which is then received by eyes and 

interpreted by the brain. The perception of color involves light detection; and sight and as 

such is influenced by the individual’s physiology and psychology.  

The use of color is a science as well as an art. Humans react to certain colors 

physiologically, which will influence the selection of colors for textile prints seasonally. The 

effective use of CMS is significant for either design sample or industrial production, and also 

scientific researches. 

Ideally the color data will be modified by the application of color management 

software (CMS), which attempts to ensure that individual color printers are calibrated and 

produce shades that match originally specified files (45). 

2.3.1 Color perception 

Colorimetry is used for scientists in color science, photography, printing and graphic 

communications, to quantify and describe human color perception, also to determine and 

identify the concentrations of substances that absorb light. The technology of colorimetry is 

often used in CIE (Commission on Illumination) tristimulus values and related quantities, 
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which established the standards of measuring procedures for use in color and appearance 

areas, also the light sources, observer response to color and geometry for reflectance 

spectrophotometers, such as RGB, CMYK, CIELab, or CIELuv color system.  

Two types of color mixing methods are used in color theory: additive and subtractive. 

For additive mixing, the primary colors are red, green and blue, which can be overlapped in 

projected lights to form mixed-colors. Different proportions of mixing red, blue or green 

mixtures, can be observed by human eyes(46). Subtractive mixing is used in textile printing. 

In this case, the primary colors are yellow, magenta, and cyan. White is the absence of color 

and mixing the three primaries produce black (47). 

Correspondingly, there are two color reproduction models in ink jet printing: 

(a). CMY and CMYK, which stands for cyan, magenta, yellow (and black). This system uses 

subtractive mixing methods to describe colors such as pigments and dyes to print on a 

substrate. The colors perceived by our eyes are reflected by inks on the printed area. Most 

desktop printers in the printing industry use CMY-based color spaces. An additional black is 

added to overprint the mixed areas to give the images better contrast in CMYK.  

(b). RGB, which stands for red, green and blue, is a system mixing colors as lights from 

emissions to show on a viewing screen. It is an example of additive mixing method. The 

computer monitors start from “no light” and then combined to make millions of colors. There 

are 256 types of different values for each primary color, and the maximum color gamut can 

be formed by using the phosphor to arrange the color stimulus (10).  

Colorimetric values of a printed image can be transferred from scanner (RGB) to 

printer (CMYK) for a printed image. However, the reproduction results are very 
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unsatisfactory because of the wide variation of color reproduction characteristics between 

input and output devices. Some complex polynomial equations and non-linear 

transformations were used in the conversions, together with further calibration and 

characterization of equipment, to achieve uniform performance on different displays (10). 

The range of color, which can be reproduced by different types of color mixing is 

called “color gamut”. The gamut of CMYK and RGB are overlapped but also have some 

differences. For textile digital ink jet printing, CMS helps to input the RGB model of design, 

and transfer it to an output CMYK ink recipe. To obtain a better color matching, many 

printers use “light” version of CMYK, or add additional sets of red, orange, purple, green and 

grey to extend the range of color (16). 

2.3.2 Color mixing methods 

Two types of color mixing methods are used in the color science area: additive and 

subtractive. For additive mixing, the primary colors are red, green and blue, which can be 

overlapped in projected lights to form mixed-colors. Different proportions of mixing red, 

blue or green mixtures, can be observed by human eyes(46). Subtractive mixing is used in 

textile printing. In this case, the primary colors are yellow, magenta, and cyan. White is the 

absence of color and mixing the three primaries produce black (47). 

Correspondingly, there are two color reproduction models in ink jet printing: 

▪ The CMY/CMYK system is based on the subtractive color mixture, which is used to 

develop recipes based on dyes and pigments to print a given color on a substrate. The 

colors perceived by our eyes are the result of light reflected from the surface after 

absorption and scattering by inks on the printed area. Most desktop printers in the 
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printing industry use CMY-based color spaces. An additional black is employed to 

overprint the mixed areas to improve image contrast in the CMYK system.  

▪ The RGB system uses red, green and blue primaries to mix colored lights and form 

projections on a screen in an additive manner. Computer monitors project color by 

combining these primaries to make millions of colors. Each primary value can be 

adjusted from 0- 255 for an 8-bit system and the maximum color gamut of 16,777,216 

possible colors (10).  

 

The RGB space varies with a change in several parameters, including the hue of red, 

green or blue primaries, brightness of the source used in the display, hue of the white point 

and other factors. Color scientists usually use the R’G’B’ (R-prime, G-prime, and B-prime) 

space as the ‘gamma-corrected” space to identify the nonlinear operations used to 

code/decode the tristimulus values used in imaging systems(48,49). 

The simple relationships between the RGB and CMY color spaces in term of digital 

values are given by: 

R= 255- C G= 255- M B= 255- Y 

The RGB and CMY values for a printed image are converted in the CMS employed by 

scanners and other color reproduction devices. However, the results are often not very 

satisfactory due to the wide variation of color reproduction characteristics between input and 

output devices. Some complex polynomial equations and non-linear transformations are used 

in conversions, together with further calibration and characterization of equipment, to 

achieve uniform performance on different displays (10). 



 

19 

The range of color, which can be reproduced by different types of color mixing methods 

is called “color gamut”. The CMYK and RGB gamut overlap but also have some differences. 

In textile digital ink jet printing, CMS may be used to input the RGB for a design, and 

convert those to an output for the CMYK ink recipe. To obtain a better color matching, many 

printers use a “light” version of CMYK, with some additional sets of red, orange, purple, 

green and grey inks to extend the color range (16). 

2.3.3 Digital color spaces 

The common color spaces can be divided into three categories: device-dependent, device-

independent and internal color spaces. A device-dependent color space is used where the 

color performance is depended on the equipment and the set-up used to reproduce them, 

including RGB and CMYK. Color attributes data can be easily obtained from the device and 

can be processed by software but varies between different devices and cannot provide 

enough information of actual colors. Computing with 8 bits per channel for RGB (24-bit 

color) and CMYK (32-bit color), 256 grey levels for each primary can be obtained, which 

leads to a theoretically possible 16.7 million (224) colors. 

A device-independent color space is used where the coordinates are specified to 

produce the same color wherever they are applied, such as the CIE color spaces. Parts of CIE 

color spaces are listed in Table 2. 2 (47), including the merits and demerits for each of them. 

Those spaces are widely used in digital printing areas. 

CIELab color space accounts for the chromatic adaption, luminance, and color 

constancy accurately. The model includes information on lightness, chroma, hue, which are 

all significant for colorimetric, it is also useful for color difference measurement. This model 
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works well for many daylight illuminants and moderate illuminance levels. However, there is 

no direct formulae for the direct conversion between RGB and CMYK using L*a*b* values. 

Internal color spaces such as sRGB, AdobeRGB can be used for the conversion.  

A visual detailed example is shown in Figure 2. 1, the CIE L*a*b*Cab*hab is plotted 

in three-dimensional rectangular coordinates, in which L* specifies light/dark, a* specifies 

red/green and b* specifies yellow/blue attributes. Positive values on a* axis indicate red color 

while the negative values indicate the degree of greenness. Similarly, on the b* axis, 

yellowness is shown by positive values while blueness is denoted by negative values. For 

both axis, zero indicates a natural grey. Chroma, Cab*, is the vector specifying the distance 

between the achromatic point and the color, which equals to the square root of the sums of 

squares of a* and b*. The longer the distance is, the higher the chroma is. Hue is measured in 

degrees and ranges from 0 and increases in the anticlockwise direction. These color 

distributions are shown in the Figure 2. 2. The CIELAB color space represents the full color 

gamut that can be perceived visually. It was created as a more uniform model, and device-

independent space through several transformations from XYZ values. 
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Figure 2. 1. CIE Lab color space. 

 

 

Figure 2. 2. Hue circle. 
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Table 2. 2. Examples of some color spaces. 

Color spaces Attributes Merits Demerits 

CIE XYZ 

X,Y,Z: imaginary 

non-negative 

primaries 

Y: Luminance 

Device independent; 

excellent for 

communicating a 

color and for 

mapping a 

representation that  

can be used for 

accurate color mixing 

Perceived as non-

uniform 

CIE xyY 

Y: Luminance 

x and y are 

chromaticity 

coordinates 

Device independent; 

excellent for 

communicating 

colors and for 

mapping a 

representation that 

can be used for 

accurate color mixing 

Perceived as non-

uniform 

CIELAB 

L= Luminance 

a*= red-green 

b*= blue-yellow 

Perceived as linear 
Color temperature 

must be known 

CIELUV 

L= Luminance 

U= Saturation 

V= Hue angle 

Perceived as linear 
Color temperature 

must be known 

CIELCh 

L= Luminance 

C= Chroma 

h= Hue angle 

Perceived as linear 
Color temperature 

must be known 

RGB Red, Green and Blue 

Excellent for video 

display usage and 

color additive 

properties 

Perceived as non-

linear. Device 

dependent 
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2.3.4 Color Management System (CMS) 

Digital data can be transferred from design work, to the computer monitor then the printer to 

obtain color reproductions. From an observer’s vision, the colors are transferred through 

cones to the brain and form images, which can be influenced by the illuminant and 

background. Images are captured through the scanner or spectrophotometer, as a series of 

RGB data for the computer to process. Images are then displayed through their RGB signals 

and lighting system on the monitors. Finally, the RGB data has to be converted into CMYK 

ink primaries and jetted onto the substrate as the ink drop matrix.  

The ink jet printer and the variety of printing methods, dyestuffs and fabric all 

produce and handle colors in different ways, which results in independent and variable color 

spaces. To establish a stable conversion among different color spaces, a significant step is the 

characterization of the ink jet printer, which requires enough information for full color 

potential of a given set of inks and substrate with a specific set of software parameters. The 

target colors can be printed on a selected substrate, by defining the maximum range and 

subtleties of tones, which is conducted using a spectrophotometer and a color gamut for the 

sets can be mapped as well. 

The CMS assists color transferring from image capture to the final printing system, 

which provides a control system to measure the color data of design, and accurately 

transformed into output data for display on monitor, or as input data for printer (15). The 

color management process includes two different transformations: first, capturing the device 

data (a display’s RGB or a printer’s CMYK) and transform it into a colorimetric description 
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(PCS) for specific viewing condition; second, an inverse one that take the colorimetric 

description back into device color space data.  

In 1993, the ICC (International Color Consortium) was founded by commercial 

members, concerning of the standardization of printing production. ICC color management 

system is commonly used as CMS, which helps to interpret device-specific values into a 

device-independent model, and manage the conversion between different color space 

encodings and image encodings, to maintain the color consistency through the color 

reproduction workflow. Four main components in the ICC system are: the profile connection 

space (PCS), which is the standard intermediate space that all profiles convert into and out 

of; the color management module (CMM), which is a software ‘engine’ that embedded into 

the operation system and performs all the conversion; the ICC profiles, which contains all the 

information for color conversion into and out of PCS; the rendering intents, which provide 

different approaches to deal with color gamut mapping. Each ICC profile contains the 

information for color space conversion (15). Their relationship is shown in the Figure 2. 3. 
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Figure 2. 3. ICC Color Conversion. 

 

There are many commercial available software packages compatible with major 

textile ink jet printer to capture, display and print images, which use a widely accepted 

standard form of ICC Color Profile. Color management systems for textiles may selectively 

include a textile design system, a color physics system for calibration, a raster image 

processing (RIP) system, and a software that allows recipe predictions with different 

dye/fiber system to produce desired color (10). There are a lot of market available RIP 

software for textile ink jet printing, such as Ergosoft TexPrint, RIPMaster, Efi, AVA digital 

print RIP, Caldera Textile Pro, NeoStampa RIP. 
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2.3.4.1 Color calibration, characterization, and profile creation 

To avoid loss of color fidelity, it requires devices to be calibrated and characterized by CMS, 

which enable color information communication between devices. An output device profile 

establishes the relationship between printer with ink recipe signals sent to them (50). Some 

desktop devices are supplied with default profiles for the typically used colorants or 

substrates, however, for textile ink jet printer, more parameters should be bear in mind to 

keep uniform print environment, such as pretreatment condition, substrate type and thickness, 

printhead height and alignment, etc. 

When printers are calibrated and characterized, there are several methods to realize 

conversion from RGB into CIELab, including: look-up tables (LUT), artificial neutral 

networks (ANN) and polynomial transforms (50). The LUT method is normally achieved by 

measuring a large number of color samples (51), which consumes a lot of time and work 

(52); the ANN method is more widely used these days, especially for color desktop 

publishing systems (DTP), which is using digital color media (printers) to manipulate color 

images (53), the input data can be transformed into output data through a transfer function 

(52,53). 

To create a custom output profile, reflection spectrophotometers are required to 

measure the colorimetric attributes. Some hand-held devices, such as Barbieri Spectro Series, 

Mecbeth, X-Rite series devices are mostly used in the market. A test target in electronic form 

is sent to the printer and the printed version is then compared to the reference file. ICC 

device profile is a data file mostly used for the forward and inverse transformation (15). 
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2.3.4.2 Color reproduction 

The last function in the CMS is concluded as color reproduction. It is defined as “the process 

by which color information from an original medium, under the original’s viewing 

conditions, is transferred to a reproduction medium, under its viewing conditions, with the 

intention of the reproduction having a predetermined property” (54). Mostly, the aim of color 

reproduction in many imaging processing workflow is to obtain ‘faithful’ reproduction. 

However, it is impossible to reproduce the whole gamut under different print environment. 

For example, a desired color reproduction requires to consider physical color-related 

properties (e.g. spectral power distribution, reflectance or transmission characteristics), the 

stimulus to viewer’s photoreceptor (cone response, XYZ tristimulus values), the appearance 

attributes (brightness, colorfulness and hue); the context information such as the influence of 

background; the media that color is applied or exhibited, such as textiles, plastic surfaces, 

displays, etc.; also viewing condition, including viewers, illuminations and the spatial 

arrangement of viewing(55). 

2.3.4.3 Rendering intent 

Four different color rendering intents are defined in ICC color management: relative intent, 

absolute intent, perceptual intent and saturation intent. The relative colorimetric intent maps 

the media white point to the PCS white point, by allocating the media white point to PCS 

CIELab values (100, 0, 0). This ensures that the white of the image retains its white 

appearance to the eye on the new medium. All the other colors in the gamut are rescaled to 

the media white point, maintaining the relative difference between values. The absolute 
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colorimetric intent mapped the white point of the illuminant (D50, or other illuminant 

adapted to it) to the PCS LAB (100, 0, 0), the media white will be mapped relative to it.  

The perceptual intent is designed to produce images that are pleasing, but not 

necessarily colorimetrically accurate. Color reproductions may be optimized for the output 

source. Medium is selected to provide a limited gamut, which is useful intermediate between 

many input and output color spaces. The intent typically includes adjustments to the tonal 

range to map the dynamic range of the image from source to output. Then the gamut is 

warped and compressed to bring out-of-gamut colors inside the gamut, while preserving 

relationships between colors. When using perceptual intent, the input and output may be 

significantly different, colorimetric accuracy is not required.  

The saturation intent preserves the highest saturation of image, with possible 

compromise of hue and lightness. It is mostly used in magazine or advertisement, for images, 

which containing graphics objects, but less suited to accurate reproduction of natural images.  

2.3.4.4 Color gamut mapping  

Basing on the purpose of color reproduction, which is categorized as rendering intent, 

the color gamut mapping provides the link between the appearance of an original source and 

the appearance possible in the reproduction destination, by assigning colors from the 

reproduction medium to colors from the original medium or image. The gamut boundaries 

play vital roles in gamut mapping, basing on the consideration of rendering intent (55).  

Several types of mapping methods can be used: no intersection, partial overlap, 

reduction and expansion, depending on the source color information and the destination they 

are going to be applied. The most common situation is that the destination gamut is smaller 
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than the source gamut, which means that mapping is either applied color-by-color or pressed 

into a gamut by accounting the spatial relationship. The gamut reduction can be divided into 

compression and clipping, where the compression change source color that are inside the 

destination gamut while the clipping can only change colors outside it (55). 

Two sets of appearance attributes can be used in the gamut mapping predictor. These 

are absolute values (brightness, colorfulness and hue) and white point relative values 

(lightness, chroma and hue). The choice of the attributes used depends on the desired 

reproduction properties and the viewing conditions. For example, the absolute attributes will 

be chosen if an artwork reproduction is viewed in the original surrounding, instead of 

someone’s living room. However, most reproduction experiments use relative attributes, 

which are not viewed in the original conditions. 

The choice of color space is very important for a successful gamut mapping. The 

most common color spaces used in the gamut mapping includes: CIELab (56), which uses 

L*, C* and hab as predictors. This model was developed based on the subtractive media in 

1976. Another space, which is used in a smaller number of gamut mapping applications is the 

CIELUV space. The shortcoming of these spaces is the cross-contamination issue. Another 

popular space used as a visual space in color gamut mapping is the Munsell color order 

system. The samples are set under the same hue but different chroma and value (lightness) 

levels. It is a physical sample set, which is based on a large number of visual judgements 

about reflective surface color samples. As one of the most accurate appearance space now in 

CMS, CIECAM02 is also used in the mapping transformation process (57). 
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As a conclusion, color management plays a significant role in digital printing 

workflow. Consider about the unique features of textile ink jet printing, it is important to 

maintain the consistency of color reproduction, to achieve the pleasant print quality in the 

workflow.  

2.4 Ink chemistry for textile ink jet printing 

2.4.1 Current requirements for textile ink jet printing inks and substrates 

As mentioned before, textile printing has additional requirements compared to paper printing. 

Because of the construction of fabrics (weave or knit), it leads to a much higher ink 

penetration and reduces color strength on the substrate. Normally, the inks used in digital 

textile printing have to have a higher concentration than inks used in graphic printing 

processes to reduce the penetration level. Also, the length of run is much higher than in 

graphic printing. 

The inks for textile ink jet printing have required physical and chemical properties, 

including: purity, viscosity, surface tension, conductivity, pH values, foaming properties and 

particle size. Requirements of the substrates included substrate orientation, fastness strength, 

and compatibility with conventional printing methods (11). The required properties affect 

both printing and functional performances in different ways. 

Yellow, magenta, cyan and black are required for a full-color printing set. The 

absorption maxima and shape of absorption curves are key parameters to describe the color 

performance. Ideally, a narrow absorption curve indicates a bright color. Also, the ink 
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concentration, pH value, ink solvents and ink-substrate interactions affect the color 

performances (28). 

For example, color strength of the inks must be high enough to provide high optical 

densities and flexibility for the ink formulations, leaving more space for the additives (58). 

Viscosity influences the printing quality and efficiency very much, which has been 

established through various experiments (28). Surface tension plays an important role of the 

droplet formation. The surface tension of commercial inks varies between 21mN/m and 

48mN/m. The conductivity of ink should also be taken into consideration, which requires a 

value between 6mS/cm and 12mS/m. 

A dye for ink jet inks should also have high solubility to minimize the possibility of 

dye crystallization leading to nozzle blockage (58). Also, particle size affects the printing 

qualities in terms of dispersion stability, optical density, color gamut, gloss and lightfastness 

(59). 

Photostablity and thermal stability are required especially for thermal ink jet system, 

and even heat-setting process, to avoid the degradation of dyes. Also, the effects on 

environment, health and safety must be also taken into account these years (58,60,61). Table 

2. 3 lists most of the required properties of inks of ink jet printing and their relationships 

between each other. 
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Table 2. 3. Important properties of digital ink jet printing (62,63). 

Physical properties Printing properties Functional properties  

Viscosity Good optical density Machine compatibility 

Specific gravity No featuring Stable drop formation 

Surface tension Uniform spreading No particle contamination 

Conductivity Fast set time No nozzle crusting 

pH Good fading resistance Low corrosion 

Dye purity Good soak resistance Low corrosion 

Particle size Good rubbing resistance Long shelf life 

Color Good smear resistance 

Gloss 

Able to print on textiles 

No long-term health 

problem 

No chemical hazards 

 

Textile-specific requirements are also based on consumer expectations, which can 

differ from the demands in the graphics industry. Fabrics are used as apparel or home 

textiles, which have to withstand multiple washing or dry cleaning and ironing cycles without 

fading or changing shade (11). For industrial applications, the interaction between ink 

formulation, printhead and substrate properties, affects the print quality and products 

properties in different ways, as shown in Figure 2. 4. 
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Figure 2. 4. Factors affecting printing properties in different ways (32). 

 

Most of the factors are interrelated and the final ink selection must take into account 

the total system in order to provide the final textile ink print performance required by the end 

user. The most important areas are the application of the necessary chemicals by either a pre- 

or post-treatment. In textile ink jet printing, a fixation stage (heat or steam) is also required, 

together with washing off the unfixed dye (and the removal of any excess pretreatment 

chemicals) with ink systems. 

2.4.2 Colorants in textile ink jet printing 

Digital ink jet inks must satisfy some requirements to print on fabrics, which determines the 

ink selections for different types of substrates. The classification of colorants can be defined 

according to their chemistry and applications, which include pigments and dyes. The dyes 

currently used in ink jet printing include acid, direct, reactive and disperse dyes. The 

chemical properties of the colorant determine the extent of the interaction with textile 
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substrate, as well as the pre- and post-treatment for their use. In textile ink jet printing, it the 

first developments involved water-soluble dyes such as reactive and acid dyes, because the 

development was relatively easy and there was dye purification and filtration equipment 

already available at the colorant manufacturers (64). 

The development of textile ink jet inks based on dispersion technologies, for pigment 

and disperse dyes inks are more recent developments because of the difficulties in 

developing stable dispersion based ink formulations at the nano-scale level (65,66). 

2.4.2.1 Acid dyes 

These are anionic dyes that are relatively small in size. They form ionic bonds with the 

positively charged dye sites on the fiber. The anionic groups determine their aqueous 

solubility, and they can be used for the coloration for nylon and protein (wool and silk) fibers 

with the high image intensity and chroma. However, their poor image durability (wet-

fastness and light fastness) has led to their use in textile ink jet in specialized areas such as 

silk printing. Nowadays, photorealistic, wide-format and other end user applications require 

higher performance colorants than the acid dyes (64). 

2.4.2.2 Direct dyes 

These have a higher molecular size than the acid dyes, which gives affinity for cellulosic 

fabric. Direct dyes are generally soluble in water, especially at low salt levels. They tend to 

have large planar aromatic structures. They are not as bright as acid dyes but their wet 

fastness and light fastness are generally better. In textile ink jet printing, direct dyes have not 

been used although they are used in other areas of ink jet printing such as desktop and wide 

format ink jet printing on paper. 
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Some modified direct dye structures have been developed to enhance the interaction 

with media, the carboxylic acid group replaced sulfonic groups in second generation of ink 

jet dyes, which enhanced the aqueous solubility at alkaline pH condition, but decreased it at 

acidic pH. Later on, functional groups were added to could enhance the affinity between dyes 

and cellulose fabric and improve the light fastness. 

2.4.2.3 Reactive dyes 

These are high chroma, water-soluble colorants, containing a reactive group, for printing on 

cellulosic and protein substrates. The major advantage of using these colorants is that they 

form a covalent link with the fibers, and produce a bright durable color print with excellent 

wash fastness on cellulose fibers. 

Two major factors determine whether they are suitable for digital ink jet printing: 

reactivity and substantivity. The dichlorotriazine dyes, the most reactive ones, cannot be used 

in digital ink jet printing, due to their low stability in storage or ink paste. However, 

monochlorotriazine, less reactive, are widely used in ink jet printing. 

Apart from the dye, the inks contain hygroscopic agents such as diethylene glycol, 

propylene glycol and diethyleneglycol monobutyl either to avoid drying out in the nozzle. 

2.4.2.4 Disperse dyes 

Disperse dyes have very low solubility in water but soluble in an organic solvent, and can be 

applied as finely dispersed aqueous ink jet inks to target media. With the high performance in 

hue, brilliant and color strength, they are used as colorants in inks for hydrophobic substrates 

(12-14), such as polyester, for both vapor phase transfer printing and direct printing (using 

high temperature steam and dry heat fixation, followed by a wash-off process). The 
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development of disperse dyes used for ink jet printing is later than the water-soluble dyes. 

The particle size of disperse dyes plays a significant role on printing consistent images 

without nozzle clogging. Manufacturers tend to produce two types of disperse dyes, one for 

direct printing and the other for transfer printing. 

Some popular disperse dyes for outdoor use include: 

 Disperse Yellow 42, Yellow 86, Yellow 54  

 Disperse Red 60, Red 91 

 Disperse Blue 27, Blue 56, Blue 60, Blue 77 

The structures of these dyes are shown in Figure 2. 5 to Figure 2. 13. 

 

 

Figure 2. 5. C.I. Disperse Yellow 42 molecular structure. 
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Figure 2. 6. C.I. Disperse Yellow 86 molecular structure. 

 

 

Figure 2. 7. Disperse Yellow 54 molecular structure. 

 

 

Figure 2. 8. C.I. Disperse Red 60 molecular structure. 
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Figure 2. 9. C.I. Disperse Red 91 molecular structure. 

 

 

Figure 2. 10. C.I. Disperse Blue 27 molecular structure. 
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Figure 2. 11. C.I. Disperse Blue 56 molecular structure. 

 

 

Figure 2. 12. C.I. Disperse Blue 60 molecular structure. 

 

 

Figure 2. 13. C. I. Disperse Blue 77 molecular structure. 
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2.4.2.5 Pigments 

Pigments are insoluble colorants, which must be applied as fine particulate dispersions, in a 

similar manner to disperse dyes. Generally, they have excellent light fastness, but there is no 

affinity between pigments and textile substrates. Normally, the fastness to the textile using 

conventional screen-printing depends on the binder and other additives in the print paste (10). 

In ink jet printing, pigment inks are be dispersed in aqueous media (65), and the 

incorporation of the textile binder in the ink formulation is very dependent on the specific 

printhead technology (67), due to the particle aggregation and nozzle blockage. Some 

examples of pigments used in textile ink jet printing are shown from Figure 2. 14 to Figure 2. 

16. 

 

 

Figure 2. 14. Pigment Blue 15 molecular structure. 
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Figure 2. 15. Pigment Red 122 molecular structure. 

 

 

Figure 2. 16. Pigment Yellow 14 molecular structure. 

 

2.4.3 Ink formulation  

The components of inks include colorants of the types described in above section. A solvent 

carrier, which is water-based or oil-based, is used to deliver ink drops to substrates. Water is 

used to adjust the ink concentration and viscosity and a surfactant is used to reduce the 

surface tension and enable mixing of all the components. Depending on the pre- and post-

treatment process, some other additives may be added to the inks, such as an anti-oxidizing 

agent, fixing accelerators, UV absorbers, disinfectants and anti-flammability agents. 
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Beyond the chemistry considerations, the print production, ink durability and other 

sustainability concerns are also required for the ink formulation (42).  

2.4.4 Substrate pre/post-treatment and their effects 

Figure 2. 17 shows three typical printing processes using pigments, disperse dyes and 

reactive dyes. The pretreatment materials are hydrophilic and sensitive to moisture content in 

a storage environment. Therefore, in the storage of treated fabrics, humidity control is very 

important. Also, the conditions used to pretreat fabrics before printing are important in 

attaining target image quality, especially on ink spreading and absorption.  

 

 

Figure 2. 17. Textile ink jet printing process flow chart. 

 

Pretreatment components range from simple to complex, and include thickeners, 

which hold the colorants within a certain area for curing and fixation; alkali, which is 

required by reactive dye to form a chemical bond with the fiber; urea, enables the dyestuff to 

fully dissolve in water to give a more concentrated solution (42).  
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Pretreatment provides a reactive surface for ink-jet printing and prevents undue ink 

penetration or spreading. The fabric sample should be properly desized, scoured and 

bleached, in order to improve pretreatment effectiveness.  

Polyester and polyester/cotton blends can be treated with a hydrophilic enhancing 

agent, which act as a receiving layer for the ink. Commercially pretreated fabrics for ink jet 

printing can be labeled as PFP or PFDP (prepared for digital printing), which is compatible 

with the ink formulation, as the recommendation of ink manufacturers (42). 

2.4.4.1 Printing with pigment inks 

Tradition textile pigment inks with emulsion-based binders for ink jet printing makes up to 

50% of the textile printing market. The development of pigment inks for ink jet printing must 

take into consideration issues such as the drying and nozzle clogging. Normally, the pigment 

inks contain 50 to 150 nm crystalline particles as a colloid system while dye inks are much 

more uniformly mono molecular solutions. The lack of affinity between pigments and the 

substrate requires the use of a polymeric binder to give acceptable wash and crock fastness 

properties. The binders should have adequate stability and shelf lifetime toward 

sedimentation, homo- and hetero-coagulation and phase separation, as well as low viscosity 

and Tg to avoid nozzle-clogging problems. 

A typical pigment ink formulation for ink jet textile printing includes: 

 A nano-scale pigment dispersion for color 

 A polymeric binder, a soluble polymer or latex for image durability 

 Water, for aqueous ink jet inks – a medium to carry other components 
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 A co-solvent, helping water to carry other ingredients through solubility and 

compatibility and enhancing the performance of other ingredients in terms of 

wetting and adhesion to the substrates and jetting properties. 

 Surfactants, for nozzle and substrate wetting and jetting reliability and also for 

stabilizing the key ingredients such as binder and pigment particles from 

coagulation 

 Humectants, to prevent ink drying when not printing 

 An antifoam agent to reduce foaming 

 A viscosity control agent for damping control and droplet formation 

 A penetrant to speed drying on porous media such as paper and textile 

 A biocide to prevent spoilage 

For textile printing, it is critical to incorporate enough binder in the ink for acceptable 

wash-fastness maintains low viscosity, ink stability and reliable jetting, solids level. For 

example, a nonionic surfactant based on polyethylene glycol aids ink stability and controls 

wetting. The humectant slows water evaporation and prevents ink drying near the nozzle, and 

as rheology modifier controls the viscosity profile and therefore jetting and drip formation. A 

cross-linkable and ink medium soluble but water insoluble polymer could serve as a 

dispersant for the pigment, as a binder to bind the pigment particles to the fabric for wash and 

rub resistance, and a rheology modifier. The pigment system requires a dry-heat fixation step 

after printing as well. 
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2.4.4.2 Printing with reactive dyes 

The reactive dye inks are mostly used for cellulosic substrates, but also for wool, silk and 

nylon. They produce bright shades with good wash fastness. Covalent bonds are formed 

between dyes and fabric under alkaline conditions. 

Printing process steps with reactive dye ink for cotton include pretreatment padding, 

drying, printing, steaming, soaping and rinsing. The pretreatment solution should contain a 

water-soluble polymer, sodium carbonate as base, salts and urea. All agents selected should 

not react with the reactive dyes. Fixation of prints on fabrics is by atmospheric steaming for 

10 minutes at 102 °C, followed by wash-off. 

2.4.4.3 Printing with disperse dyes 

The pretreatment of fabric is also important for disperse dyes used in textile ink jet printing, 

which enhances the wetting of polyester, giving good image quality and smooth transport to 

fiber.  

Inks with disperse dye differ a lot from those used for screen-printing, in terms of the 

particle size (68), the type of dispersing agent and the final viscosity (69-71). The 

pretreatment agent replaces of polymer used in the textile paste for screen-printing. The 

dispersed colorants are usually prepared as concentrations between 10-20 wt % in water and 

are highly purified. The range of mean particle size is roughly from 100 to 250 nm. The 

viscosity range of the concentrated dispersion is from 10 to 50 mPa•s. Fixation of prints is 

achieved by temperatures at 170-180 °C, followed by washing-off. 



 

46 

2.4.5 Other print quality assessments 

Various methods have been used for the fastness testing following textile dyeing and 

printing, which can be referred from relative books (72,73). A recent study has discussed the 

test of large format ink jet printing products, due to the lack of established color standard and 

printing qualities in the market (74). The tests include: color gamut size, color management 

accuracy, print uniformity, print repeatability, registration, ink consumption, print speed, rub 

resistance and weathering fastness. Some of the detailed parameters influencing printing 

qualities have also been studied, for example the humidity and temperature of printhouse, the 

position of fabric in steamer, and factors of thickners and other auxiliaries might influence 

color repeatability (75). 

2.5 Photo stability for ink jet inks 

2.5.1 Basic concept of color 

When light strikes an object, it can be absorbed, reflected or transmitted through different 

media, then, when reflected light reaches the retina of human eyes, a photochemical process 

is initiated, which causes the perception of colors by human eyes. White color results when 

all wavelengths of the light are reflected from the surface. Black is perceived when all 

wavelengths are absorbed by the object. The light may also be completely transmitted 

through the object, with little interaction, which results in a colorless object, such as glass. 

For colors such as red, yellow, blue, green and so on, some wavelengths can be reflected and 

others absorbed, resulting in the appearance of the different colors (76). 



 

47 

For the dye molecule, the chemical structure has a significant influence on the color 

absorbed, which determines the color seen. 

2.5.2 Dye structure and color 

Three important components in a dye molecule play significant roles in the absorption of 

visible light, as discussed in the following sections. 

2.5.2.1 Conjugated system 

All dyes contain a conjugated double bond system, which a system of alternating double and 

single bonds (Figure 2. 18). The length of the conjugated system influences the position of 

the absorption band. In sp3-hybridized molecules, an s orbital is combined with three p 

orbitals. In sp2 hybridizations, two p orbitals (px and py) are combined with ones orbitals, 

allowing pz to form π bond (double bond) with a neighboring atom (77). In the π orbitals, the 

electrons are generally further away from the attracting atomic center, which means less 

energy is required to transfer electrons from π to π* orbitals, which results in longer 

absorption wavelengths. Furthermore, if the wavelength lies in the visible region, the 

compound will be colored. 

 

 

Figure 2. 18. Conjugated and not conjugated structures. 
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2.5.2.2 Chromophore 

Chromophores are the groups attached to the conjugated system that make color possible. 

Examples of chromophores are shown in Figure 2. 19. The chromophore structures have a 

significant influence on the photostability of the dyes and pigments (78), which will be 

discussed later. 

 

 

Figure 2. 19. Some examples of chromophores. 

 

2.5.2.3 Auxochromes 

Auxochromes are the group attached to dye structures and are known as called as “color 

helpers”. Auxochromes can be classified as nonionic, cationic, or anionic, such as 

ammonium, carboxyl, hydroxyl and sulfonic groups. Sulfonic groups can be used to confer 

water solubility. Unlike chromophores, auxochromes do not produce color but they can 

influence color.  
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2.5.2.4 Electron excitation 

Every photochemical reaction begins with the absorption of a photon, causing electronic 

transitions within a given molecule. Based on Stark-Einstein Law, “when a photon interacts 

strongly with a molecule so that it is absorbed, the oscillating electric field associated with 

the photon perturbs the electronic structure of the molecule to an extent that the photon 

ceases to exist and its energy is transferred to the molecule, whose structure changes to an 

excited state.” The energy absorbed can be expressed by the wave function of ground and 

excited states, which determines the position of the absorption after energy transfer. 

𝐸(𝑎𝑏𝑠. ) = ℎ𝑣 = 𝐸Ψ∗ − 𝐸Ψ 

The Lambert-Beer Law is another component of photochemistry. It describes a 

situation that occurs when a beam of monochromatic light of intensity I0 passes through a 

sample whose optical path length is 𝑙 (cm), and the concentration of the absorbing molecules 

is 𝑐 moles liter-1. The equation is simplified in the following equation. 

𝐿𝑜𝑔 (
𝐼0

𝐼
) = 𝜀𝑐𝑙 

In the above equation, the quantity 𝜀 is the molar extinction coefficient, which is a 

quantitative measure of the intensity of the absorption. 𝐿𝑜𝑔 (
𝐼0

𝐼
) is the absorbance, which can 

be measured directly by a commercial spectrophotometer. This value is directly proportional 

to the concentration of the absorbing species. 

2.5.2.5 Joblonski Diagram 

Once a molecule has absorbed energy in the form of electromagnetic radiation, there are a 

number of routes by which it can return to ground state. The pathways can be illustrated by a 
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Jablonski diagram, which is shown in Figure 2. 20. States and transitions are shown, such as 

the singlet ground electronic state (S0), in the first excited singlet state (S1) and second 

electronic excited state (S2). Electrons can exist in a number of vibrational energy levels at 

each state, which are represented by the multiple lines in each electronic state. The spacing 

between energy levels is about 1500 reciprocal centimeters, which exceeds the energy for 

population of excited vibrational states by thermal energy at room temperature. The 

electronic transitions are almost instantaneous in nature, often occurring in timeframes 

ranging from nano to sub-pico seconds 

 

Figure 2. 20 Jablonski diagram illustrating electronic transitions. 

 

As illustrated in Figure 2. 20, when a molecule absorbs light energy, it can be excited 

to a higher energy level (e.g. S1 or S2), and rapidly relax to a lowest energy level. If a photon 

emission (loss of energy) occurs between states of the same spin state (e.g. S1 to S0), the 

process is termed fluorescence. Lifetimes of fluorescence are typically four orders of 
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magnitude slower than vibrational relaxation (10-5 to 10-8 seconds), giving the molecules 

sufficient time to achieve a thermally equilibrated lowest-energy excited state prior to 

fluorescence emission. 

Phosphorescence decay is similar to fluorescence, except the electron first undergoes 

a spin conversion into a "forbidden" triplet state (T1) instead of the lowest singlet excited 

state, a process known as intersystem crossing. Emission from the triplet state occurs with 

lower energy relative to fluorescence, hence emitted photons have longer wavelengths. With 

delayed fluorescence, the electron crosses back over into the lowest singlet excited state 

before returning to the ground state. The phosphorescence lifetime is longer than 

fluorescence (10-4 seconds to minutes or even hours). Both fluorescence and 

phosphorescence are radiative process. 

Internal conversion (IC), intersystem crossing (ISC) and vibrational relaxation are 

non-radiative process. Internal conversion is the non-radiation transition between energy 

states of the same spin state. Intersystem crossing is a non-radiation transition between 

different spin states. Vibrational relaxation indicates a change from a non-equilibrium 

vibrational energy distribution in a given electronic state to an equilibrium vibrational energy 

distribution of the same state. For most molecules, it is the most common of the three 

transitions, and it occurs very quickly (less than 10-12 seconds). 

2.5.2.6 Photofading reactions for textile dyes 

As seen in the Jablonski diagram, the energy level of an excited singlet state is higher than 

the respective triplet state making the excited singlet more reactive. However, the lifetime of 

excited singlet state (1-1000 ps) is too short for efficient chemical reactions, and most 
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conventional photochemical reactions originate from triplet states. In general, textile dyes 

react in the excited singlet state despite of the short lifetime because of the direct contact with 

reactive groups on the fabric. However, the triplet state reacts more with the molecular 

oxygen since oxygen diffuses into the dyed fabric (79). 

Photo-oxidation and reduction are two major reactions causing photofading. The 

ability of dyed or pigmented fabrics to withstand prolonged sunlight exposure without fading 

or undergoing physical deterioration is determined largely by the photochemical 

characteristics of the absorbing colorant itself.  

2.5.2.7 Photooxidation  

The light-induced fading of dye often occurs in the presence of oxygen. It is an irreversible 

process, in which the dye is degraded into colorless products. This fading process inevitably 

involves the participation of singlet oxygen or superoxide.  

Most dyes can be degraded in the presence of singlet oxygen, which can be generated 

by singlet oxygen sensitizers (80,81). For example, both methylene blue and copper 

phthalocyanine (82) are efficient singlet oxygen sensitizers, which can transfer energy from 

lowest triplet states to the acceptor (molecular oxygen). The acceptor then will be raised to an 

excited state and the original donor will revert the ground state. 

Griffiths and Hawkins studied the photooxidation of azo dyes, which are 

characterized by one or more azo groups (83). It was found that singlet oxygen was the key 

component in the fading reaction. They proposed that singlet oxygen reacted with the 

ketohydrazone tautomer by an the ‘ene’ reaction to produce a hydroperoxide (Figure 2. 21), 

which decomposed to a naphthaquinone and the toluene-p-diazonium ion. 
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Figure 2. 21. ‘Ene’reaction in azo dyes photooxidation. 

 

The photooxidation of azo dyes is generally associated with oxidative cleavage of the 

azo linkage, as shown in Figure 2. 22. Singlet oxygen attacks the hydrazone form of the dye, 

as an intermediate step. Some researchers found that electron-donating or –withdrawing 

substituents alter the electron density at the reactive site and influence the fading rate 

significantly. The electron-withdrawing groups such as NO2 accelerate the fading, while the 

electron-donating groups such as OCH3 have an inhibiting effect on azo dyes fading (84-88). 
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Figure 2. 22. Mechanism of oxidation of azo dye hydrazone form by singlet oxygen. 

 

Other dyes can also be degraded by singlet oxygen, including polymethine and 

arylmethine dyes, indigo and sulfur dyes (89). Superoxide can also be generated via the 

electron-transfer reactions in the excited states of dyes. The subsequent reaction may lead to 

decolorization of dye, which is illustrated in the scheme below (90): 

𝐻𝐷∗ + 𝑂2 → 𝐻𝐷+• + 𝑂2
−• 

𝑂2
−• + 𝐻𝐷 → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛   

 

2.5.2.8 Photoreduction 

At the same time, many dyes undergo fading in the absence of oxygen when a suitable 

electron or hydrogen atom donor is present. Photoreduction is believed to happen mostly on a 

protein substrate such as wool, also on some hydrophobic polymers when there is no free 

access to oxygen. High-energy light (UV and near UV) is required to facilitate the cleavage 

of bonds. The reaction pathway can be illustrated in the scheme below: 
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𝐻𝐷∗ + 𝑅𝐻 → 𝐻2𝐷• + 𝑅• 

𝐻2𝐷• → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑡𝑖𝑜𝑛 

𝑅• + 𝑂2 → 𝑅𝑂2 

𝑅•/𝑅𝑂2
• + 𝐻𝐷 → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 

The hydrogen atom was attracted by HD* from RH, the oxidizable functional group 

on the substrate, to form H2D
• and R•. Then, both R• and the peroxy radical RO2

• caused the 

degradation of the dye. The radical H2O
• may also react with RH to generate H3O and R•. 

There is another possibility that the dye acts as a sensitizer for photooxidation, which is 

shown in the scheme below: 

𝐻2𝐷• + 𝑂2 → 𝐻𝐷 + 𝐻𝑂2
•  

This reaction helps to initiate and propagated free radicals with the substrate. The 

build-up of peroxides in the substrate can cause bleaching of the dye indirectly. This type of 

fading exists in quinone dyes, which have long-lived triplet states, which means, that 

photofading is initiated by photoreduction, but long-term degradation is the product of 

photooxidation (79,90). 

2.5.3 Factors affecting lightfastness 

Besides the photochemistry summarized above, there are other factors influencing the 

photostability of dyes. Generally, the factors are (85,91): 
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▪ the wavelength distribution of radiation 

▪ the surrounding environmental factors 

▪ the molecular structures of dyes and pigments 

▪ the physical state of dyes and pigments 

▪ the nature of the substrate 

2.5.3.1 The wavelength distribution of incident radiation 

The UV light is one of the most significant contributor to the photofading process., Some 

colorants can also be degraded by exposure to sunlight and other light sources, which provide 

different spectral power distributions (92). Some artificial illuminants have also been used 

for the lightfastness assessment, such as Xenon Arc light. 

2.5.3.2 Environmental factors 

The environmental factors influence the fading process mainly includes the atmospheric 

gases, the content of moisture and the temperature. Investigators in 19th century have already 

found out that organic colorants fade more rapidly in light when in the presence of oxygen 

and moisture. Comparisons have been conducted by changing the content of oxygen and 

nitrogen. Also the pressure of oxygen can also influence the fading rate (93), since O2 is the 

principal agent in the breakdown of the photochemical excited dye molecule in the oxidation 

process. 

Some researchers also found that fading of dyes susceptible to humidity when faded 

may actually be more rapid on dull than on bright days, the reason could be that bright 
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sunshine heats up more than in dull conditions, and reduce the regain of the fiber. Also, the 

absorbed moisture may swell the fiber and facilitate the ingress of the oxygen of the air. 

In another words, the fiber structure itself exerts a retarding action on fading, by slow 

diffusion of air through its pores. Adsorbed water vapors swell the fiber and enables air to 

penetrate the intermolecular pores more rapidly. The adsorbed dyes have more chance to 

react with the hydrogen atoms on the polymer chains, which leads to photofading reactions. 

Also, the increase of water content will reduce the tendency for dyes aggregating, as more 

energy is required for them to do so. 

The rate of fading also increases as the temperature increases for most dyes. It is an 

accelerant of secondary reactions following the initial excitation of the dye molecule. High 

temperature facilitates the permeability of water vapor, oxygen. However, there are some 

anomalous results in PET, due to high crystallinity structure. Further, these factors also 

depend on the size of the dye aggregates, the tightness with which they are held in the 

substrate, and the polarity of the host polymer, which will be discussed later. 

2.5.3.3 Physical state of dyes and pigments 

Researchers have observed that dyes of high lightfastness often showed aggregated particles 

of the dye, while those of low lightfastness often did not (93,94). It has also been reported 

that dyes connected with fiber ionically provided higher lightfastness, compared with the 

ones having covalent bonds (93,95). 

2.5.3.4 Chemical nature of substrate 

The substrate to which the dye is bonded is also involved in the excitation step and 

participates in the photofading reaction later on. For example, the dyes in protein fibers can 
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undergo photoreduction since the host polymer can donate hydrogen atoms (87,96). It has 

been reported that amino acid side groups, such as histidine and tyrosine leads to dye 

photoreduction; while for the non-protein substrate, it is believed that the diffusion of 

oxygen, water and other atmospheric components play a role in photooxidation. 

Also, the partial charges on the polar groups of the substrates tend to neutralize or 

‘iron out’ those on the substituent groups of the dye molecule, thus reducing the influence 

those groups have in either raising or lowering the light fastness of the dye. It means that the 

more polar the fiber, the more uniform is the lightfastness of any range of dyes applied to it. 

There is less difference between the fastness of the worst and best in the series than there is 

for a less polar fiber (93). 

2.5.3.5 Molecular structural factors 

Some studies found that the position and type of substituents affect dye lightfastness 

significantly. For example, in Figure 2. 23 the ortho-chloro and ortho-nitro substituents 

lowered the lightfastness of azo dyes; while the ortho-carboxy dye showed good light 

stability (93,97).  
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Figure 2. 23. Azo dyes used to assess effects of substituents on light fastness, where X= Cl, 

NO2CO2H. 

 

Another effect involves azo-hydrazone tautomerism (Figure 2. 24). It is known that 

the proportion of hydrazone form determines the lightfastness property: the higher 

hydrazone-azo ratio, the higher relative fading ratio for the dyes. The substituent on the dyes 

influenced the equilibrium for the reaction, however, it also varie on different substrate. For 

example, when measuring a phenylazo-1-naphthol dyes photostability on polypropylene 

under anaerobic conditions, electron-donating groups stabilize the hydrazone form to 

photodegradation and shift the hydrazone to the azo side (Figure 2. 25), which is in 

consistent with a photoreduction result. However, when the substrate was placed in a 

atmosphere that contained oxygen, both electron-donating and electron-withdrawing groups 

influence the fading rates. A study of these dyes on polyester indicated that the electron-

withdrawing substituents increased photostability (85,98,99). 
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Figure 2. 24. Azo-hydrazone tautomerism. 

 

 

Figure 2. 25. Azo-phenylhydrazone tautomerism. 

 

Another example is the position of the nitro groups, in the nitrodiphenylamine dyes 

(Figure 2. 26). The high photostability 2-nitrodiphenylamine arise from the formation of a 

strong intramolecular hydrogen bond, which rapidly transfers a proton in the first excited 

state (internal conversion), which decreased the lifetime of the excited state. 
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Figure 2. 26. Position of nitro group for hydrogen bond formation. 

 

For some azo dyes, lightfastness also depends on the length of an alkyl chain added to 

the dyes to improve their washfastness. Possible reason is that the alkyl chain length 

influences aggregation. In the same way, the number and distribution of sulfonic acid groups 

affect lightfastness. Symmetrically placed sulfonic groups improve the state of aggregation of 

dye molecules; however, aggregation is not a critical factor in the photostability of disperse 

dyes (93). 

The hydroxyl and the amino groups are two principal auxochromes for anthraquinone 

dyes, which also make contributions to the photo-stability of anthraquinone dyes. As shown 

in Figure 2. 27, the hydroxyl group in the 1 position helps stabilize the molecule by forming 

a hydrogen bond to a nearby carbonyl group. 
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Figure 2. 27. Intramolecular proton transfers in anthraquinone dyes. 

 

2.5.4 Methods to improve lightfastness 

2.5.4.1 Dye mixtures 

Since disperse dyes are widely used for dyeing or printing on polyester-based fabric, there 

are several inventions that concern using disperse dye mixtures which have good light 

fastness in textiles for outdoor use (100,101). Examples of red, yellow and blue mixtures are 

shown in the Figure 2. 28 and Figure 2. 29. 

In the blue dye mixture, the formulae [I] and [II] formed a blue-green color, however, 

by adding the formulae [III] in the mixture, a mid-blue is obtained (100). In a US patent 

grated to Huntsman, dyes such as C.I. Disperse Violet 107, C.I. Disperse Blue 60, C.I. 

Disperse Blue 284, C.I. Disperse Blue 295, etc. were mentioned to be rather stable in the dye 

mixture applications (102). Another patent of azo-anthraquinone dyes involved, C.I. Disperse 

42, C.I. Disperse 65, C.I. Disperse 86, and C.I. Solvent Yellow 163, etc. (103). The inventors 

found that a composition comprising at least one nickel complex pigment and one disperse 

dye with specific formula provided a high level of light fastness (104). 
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Figure 2. 28 Blue dye mixture example (100) 
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Figure 2. 29 Yellow dye mixture example (105) 

 

2.5.4.2 UV absorbers, light stabilizers, and oxygen quencher 

The photodegradation process caused by photooxidation indicates the oxygen and energy 

transfer, which has been introduced in last chapter. Based on these reactions, light stabilizers, 

UV absorbers and oxygen quenchers (106-108) have been used to improve the light fastness 

of disperse dyes (109,110). Yang and Naarani (111) found out an up to 1-class increase in 

AATCC lightfastness ratings by adding benzophenone UV absorbers (Figure 2. 30) onto 

printed fabric. A limitation of using these types of UV absorbers is bringing yellowish color 

shift. UV absorbers undergo proton transfer by absorbing energy under light exposure, which 
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protects the dyes from photodegradation (Figure 2. 31). However, some studies shown that 

some polymers bear UV absorber structure as pendant group destabilize the colorants (112). 

 

 

Figure 2. 30. Examples of benzophenone UV absorbers. 

 

 

Figure 2. 31. Mechanism of benzophenone UV absorber stabilization. 
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More UV absorbers were mentioned in the patents reviewed, which were found to 

improve the light fastness properties, by use individually or mixed with one another (113). 

UV absorbers were also recommended to be used together with the dye mixtures to give 

exceptional heat and light stability (101,103). 

2.5.4.3 Molecular design 

Based on the idea of using UV absorbers for protecting dyes on PET fabric, Freeman and 

Posey to incorporated UV stabilizers into disperse dye structure directly, which led to 

enhanced lightfastness (14). Some researchers also found a correlation between oxidation and 

the lightfastness in ink jet prints (60,114,115). This led to improved lightfastness by avoiding 

oxidation reactions on films by increasing the oxidation potential of dyes (60). 

Chemists also developed heteroarylazo disperse dyes for polyester printing to achieve 

higher lightfastness. By coupling the strong electron acceptor heterocyclic ring onto the 

parent C.I. Disperse Red 60 structure, a significant bathochromic shift was observed as well 

as improvement lightfastness, to a level suitable for automotive fabrics (116). 
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  Methodology 

This research was comprised of two main objectives. For the first objective (O1), the author 

sought to gain a macro view understanding of the fiber-color interaction that occurs during 

ink jet printing. In order to understand this process, the Delphi method was used to gather 

information from experts in the field of textile digital printing. The purpose of this 

component of the project was to develop a methodology and process model for color gamut 

analysis in textile ink jet printing. The target process model and methodology was developed 

and tested by soliciting feedback from industry experts in textile ink jet printing, ink jet 

colorant and pre-treatment manufacturing, ink jet printer manufacturing and color 

management software development.  

 For the second objective (O2) of the research, the author sought to enhance 

knowledge pertaining to the molecular nature and excited state properties of disperse dyes 

developed with lightfastness suitable for outdoor use in mind. The experiments employed 

included: dye purification, high-performance liquid chromatography, mass spectrometry, 

NMR, UV-vis and fluorescence measurements, and X-ray crystallography. 

3.1 O1: Development of the Process Model 

The Delphi method is widely used in decision-making, forecasting in technology, education 

and other fields (117-120). The research committee, through personal contacts and the review 

of literature, identified experts in the field of textile ink jet printing. The level of expertise 

was quantified by asking the participants to self-assess frequency and time of color gamut 

analysis.  A standard set of open-ended interview questions was developed relative to the 
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process for color gamut analysis and color management. Individual interviews were 

conducted solely by the author, and in some instances the author was able to observe the 

process. Each interview was conducted individually, so that the expert’s opinions and 

preferences would not influence another expert, and so that the participants would remain 

anonymous to each other, to avoid influence by reputation, authority or affiliation (120). The 

Delphi protocol, shown in Table 3. 1, was used consistently for each interview. Component 

One research, the development and validation of the process model and methodology, was 

carried out in three stages.  

 

Table 3. 1. The Delphi protocol of the C1 study. 

1.Selection of a panel of textile ink jet printing experts 

2.Interview of the panel with a prepared questionnaire, based on preliminary experiments 

and literature review 

3.Summarize numerical results and develop a method for color gamut evaluation 

4.Present results to panel and re-interview, asking for evaluation of the methodology from 

the experts 

5.Make adjustment for the methodology and re-interview, until maximum agreement 

achieved, for a practical method for color gamut evaluation on textile ink jet printing 

 

3.1.1 Stage One Objectives:  

The main objectives of Stage One were to build a vocabulary of ink jet printing terms that 

could be used to develop the questionnaire, chart the digital printing process workflow, 

become familiar with current capabilities and limitations of color gamut analysis, and 

identify potential new development areas. 

The author completed this stage by: 
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1) Participating in over 80 hours of training by technicians from two ink jet printer 

manufacturers, as well as a Raster Image Processing (RIP) software expert, by using different 

brands of textile ink jet printers, such as: Mutoh 1613, Mimaki JV55, MS JP5 evo and MS 

JP7 printer; 

2) Conducting two experimental studies with technicians from the textile printing 

industry, that tested pretreatment and ink limit effects for color gamut in textile ink jet 

printing; 

3) Developing the interview questionnaire based on the literature review, personal 

training and experimental study experience. 

3.1.2 Stage Two Objectives:  

The objectives of stage two were to: 1) develop a full understanding of current technologies 

for color gamut analysis and print quality evaluation; 2) to determine evaluation criteria, 

quantify the complexity of the entire process, narrow the research scope; and 3) to establish a 

preliminary methodology, to practice and test, in order to find out limitations and identify 

areas for modification. 

To complete this stage, the author conducted interviews using the Delphi method to 

collect information. From September 2015 to May 2016, 40 experts from various textile ink 

jet printing areas were contacted and 15 of them completed the interviews with the author. 

3.1.3 Stage Three Objectives:  

The objectives of Stage Three were to validate the methodology developed in Stage Two, 

and to conduct an additional experimental study, using the modified methodology to analyze 

color gamuts for a number of inksets. 
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To complete this stage, the PI first sent the preliminary methodology to the 15 experts 

who participated and completed the expert interview in Stage Two. The author asked their 

approval and comments for each procedure, item explanation, and to add anything more in 

the methodology. After the modification and validation of methodology, a second experiment 

was conducted by the author. In Experiment 2, two type of inksets: disperse-dye based and 

pigment-based, were tested. Three sets of disperse dye inks were tested: a four color CMYK 

set; a six color CMYK+ R,B; and a seven color CMYK+R,B,V where C = cyan; M = 

magenta; Y = yellow; K = black; R = red; B = blue; V = violet. Four sets of pigment inks 

were tested: the four color CMYK set; a six colo CMYK+R,B, a seven color CMYK+R,B,G, 

and an eight color CMYK+RBGO, where where C = cyan; M = magenta; Y = yellow; K = 

black; R = red; B = blue; G= green; O = orange. 

3.2 O2: Characterization of disperse dyes used in textile ink jet inks 

The inks for digital ink jet printing must meet the requirements of good print quality and be 

compatible with a printer. The selection of inks determines the efficiency and economy of 

ink jet printing. Also, the choice of colorants determines the long-term stability of the prints. 

In this regard, inks can be divided by dye-based and pigment-based. Preliminary results from 

assessing the fastness properties of polyester printed with the two ink types showed that 

disperse dye based inks did not achieve the level of lightfastness produced by pigment inks.  

With this in mind, this project was expanded to include studies aimed at enhancing our 

knowledge of the molecular nature and excited state properties of disperse dyes developed 

with lightfastness suitable for outdoor use. The experiments employed were dye purification, 
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high-performance liquid chromatography, mass spectrometry, NMR, UV-vis and 

fluorescence measurements, and X-ray crystallography. 
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 Experiment procedures 

4.1 O1: Color Gamut Analysis and Print Quality Evaluation 

4.1.1 Stage One Procedure 

Initially, the printer manufacturer provided two expert technicians to operate the printer and 

to train the author. The training of color calibration and characterization by using RIPMaster 

V11 software was conducted with a RIP software expert, based on a CMYK+ R,B,O,Grey. 

The inkset, referred to as Inkset A, including: cyan, magenta, yellow, black, and four 

additional colors: orange, red, purple and grey. Table 4. 1 describes all inksets used in this 

dissertation study. 

The operational steps were: 

 Stage 1: Channel page – measure ink density 

 Stage 2: Virtual Channels – measures the percentage of any light inks. For 

example, grey for the nano-pigments and light magenta and light cyan for the 

reactive inks. 

 Stage 3: Main pages – measures the percentage of all eight inks, 

See Appendix A for the detailed operations manual. 
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Table 4. 1. Inksets used in this research. 

Code Name Sub code Colorant type Color Set 

Inkset A  Pigment Cyan, Magenta, Yellow, Black, Red, Blue, 

Violet, Grey  

(CMYK+R,B,V,Grey) 

Inkset B  Pigment Cyan, Magenta, Yellow, Black, Red, Blue 

(CMYK+R,B) 

Inkset C C-4c Pigment Cyan, Magenta, Yellow, Black (CMYK) 

C-6c Cyan, Magenta, Yellow, Black, Red, Blue 

(CMYK+R,B) 

C-7c Cyan, Magenta, Yellow, Black, Red, Blue, 

Green (CMYK+R,B,G) 

C-8c Cyan, Magenta, Yellow, Black, Red, Blue, 

Green, Orange (CMYK+R,B,G,O) 

Inkset F F-4c Disperse Cyan, Magenta, Yellow, Black (CMYK) 

F-6c Cyan, Magenta, Yellow, Black, Red, Blue, 

(CMYK+R,B) 

F-7c Cyan, Magenta, Yellow, Black, Red, Blue, 

Violet (CMYK+R,B,V) 

 

4.1.1.1 Experimental Study 

A preliminary, general method for color gamut analysis was generated by the author based 

on 1) 80 hours training with two printer manufacturers and one RIP software service 

technician, and 2) practical field research where the author practiced color calibration and 

characterization procedures using an MS JP5 evo printer and the RIPMaster V11 software. A 

Color Table (CTB) profilewas created using RIPMaster software. A CTB profile is 

proprietary to RIPMaster and was used when printing absolute versus perceptual colors. 

Absolute color is defined as maxium chroma at key hue values for color reproduction, to 

achieve an ink recipe that is calculated for each individual color in the image; perceptual 

color is defined as colors that are adjusted to retain their visual relationship with all other 

colors in the image (121). A color blanket was generated after characterization, which 
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provided physical samples of printed color chips, which could be used as a resource for 

color-matching. After training and successful color calibration, the author designed an 

experiment to compare the pretreatment effects on polyester and cotton fabric. The 

experiment incorporated significant factors that affects color gamut analysis in textile ink jet 

printing, including the pretreatment, ink limit effects, substrate selection, etc. 

After completing Experiment 1, the author sought to solicit color gamut analysis 

information from a broader array of experts. The Delphi method was used to collect data and 

a protocol was developed, see Table 4. 2.  

 

Table 4. 2. Protocol overview for development of the process model for color gamut analysis. 

 Develop a general method for color gamut analysis 

 Selection of experimental studies, using the method I as guidance 

 Research question development  using method I, process model and author’s ink jet 

printing field experience  

 Initial contact of participants were contacted via email to set up an interview time 

 Individual interviews with the expert participants 

 Analysis of data and conversion of interview notes into paragraph form 

 Tabulation of data and process model 

 Key informants review a draft of the interview results 

 Key informants review the process model 

 Revision of results based on participants’ feedback  

 

4.1.1.2 Experiment One: Pretreatment effects on color gamut and color fastness properties 

for textile ink jet printing 

Findings from the literature review, indicated that effective pretreatment improves print 

quality (9,10). Textile printing has additional requirements when compared with ink jet 

printing on paper. For example, the construction of fabrics (weave or knit) causes a wicking 
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issue, causing ink penetration and reducing the color intensity and print sharpness on the 

substrate  (Figure 4. 1).  

 

 

Figure 4. 1. Ink drop effect on pretreated/untreated fabric. 

 

A spun fiber polyester fabric (NC1512) and a plain cotton fabric were chosen for 

these experiments. The polyester fabric was chosen because it closely matched the 

specifications of fabric used for the outdoor cushion market. The cotton fabric was chosen 

because it is as commonly used substrate for a variety of printed goods. Pretreatment agents 

were padded onto the fabric using directions provided by the ink manufacturer. Untreated 

polyester and cotton were scoured in the same manner as the fabric that was pre-treated, and 

used as a control. 

An MS JP5 textile ink jet printer, which has the Kyocera piezo drop-on-demand 

printhead (32), was used to conduct all the printing work. The printer was installed with a 

six-color nano-pigment set, referred to as Inkset B, comprised of cyan, magenta, yellow, 

black, red and blue. Print Mode C was used as this mode is most often used in production 

settings requiring a balance between production speed and print quality. Print mode C uses 

Ink drop on untreated fabric Ink drop on pretreated fabric 
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seven variable drop sizes (4, 7, 11. 14, 16, 19, and 24); 600x600 dpi, 4 pass, Bidirection and 

the carriage speed is "High. On the JP5, there are eight modes A-H and three carriage speeds, 

HQ, High, Max (the mode and speed are intrinsically synced). The RIP can be set to either 

Unidirection or Bidirection. Each mode has a different droplet range from 4 to 72 as seen in 

Table 4. 3. 

RipMaster software was used to build the color profiles. An i1-pro reflection spectral-

photometer was used to measure the L* a* and b* values to describe the individual and 

mixed colors. After obtaining the colorimetric data, comparisons of individual colors as well 

as the mixed colors were conducted by Origin. Origin s a software for interactive scientific 

graphing and data analysis, supporting various types of 2D/3D plots. 

 

Table 4. 3 MS JP5 EVO Print Modes and Drop Sizes. 

A 4 7 12             

B 7 12 18             

C 4 7 11 14 16 19 24         

D 4 8 12 16 19           

E 4 8 12 15 19 21 26 31 36       

F 4 8 16 19 22 25 28 33 38 43 48     

G 4 8 12 16 20 28 36 42 48 54      

H 4 8 12 16 20 24 28 32 36 40 48 54 60 66 72 

 

A CTB profile was used in the printer calibration, and color gamut plotting (122). The 

main steps to create a color profile included:  

▪ Linearization of individual colors 

▪ Printing test targets with ink mixtures 

▪ Creation of CTB profile to build the connection of CMYK with CIELAB color spaces 
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▪ Generation of color blankets.  

Heat setting is necessary, because the unset color could crock or migrate, and possibly 

contaminate adjoining colors. To avoid colorant contamination, the printed pages were heat 

set for 2 min in the oven at 180℃ before the measurements.  

The author used, RIPMaster software to record the raw data, which is the colorimetric 

attributes, of individual and mixtures of inks.  The data was inputted using L*, a* and b* 

values. The L*, a*b* and C*values of the untreated and pre-treated printed substrates were 

entered into a bar chart to show a comparison of each value. In addition, a scatter plot format 

was used to show the comparison of the distribution, from 1-100% density, of the individual 

colors. Three-dimensional models were built by the author using Origin software, to compare 

the gamut difference of: untreated polyester vs pre-treated polyester and cotton. 

The lightfastness tests were conducted following AATCC test method 16.3-2012 (123). 

The exposure times were set as 160 hours, 300 hours and 500 hours. The exposed printed 

substrates were visual and instrumental assessments and compared to the standard (the 

unexposed printed substrate) using the AATCC Gray Scale for Color Change, by using both. 

The crock fastness test was performed following the AATCC test method 116-2010 (124). 

Prepared test specimens were rubbed with a white crock square under controlled air 

conditions, by using the crockmeter. The Gray Scale for Staining was used to evaluate the 

crock fastness. 

4.1.1.3 Development of Interview Questions 

Potential participants were identified by the author through conducts in industry and 

academia. A snowball sampling method effect was used to increase the number of expert 
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participants. Sedlack and Stanlley (125) state that in snowball sampling “a person selected 

for study assists the researcher by identifying other relevant people and sometimes, 

establishing the initial meeting between the researcher and the referred person.” Since color 

gamut analysis is a complex developing technology, and there are a limited number of 

experts in the field, the Delphi method was deemed the most appropriate methodology for 

data source. Another benefit of this group-decision method, is that this Delphi method does 

not require the experts to meet physically. In addition, the Delphi study is flexible in its 

design, amendable to follow-up and facilitates a collection of richer data for research 

questions (120). Electronic distribution allowed the participants to complete the 

questionnaire through emails, phone call meetings or face-to-face interviews. 

4.1.2 Stage Two Procedure 

Stage Two consisted of for two steps: selection of experts and the interviews with experts. 

Data was collected and analyzed from the interviews for the development of methodology for 

color gamut analysis and print quality evaluation. 

4.1.2.1 Selection of Experts 

The author limited the participants to those who had expertise in the following areas: textile 

print manufacturing, ink manufacturing, printer manufacturing, color management service 

and software development. These areas are closely related to each other within the textile ink 

jet printing complex and offered the potential to gather experts’ opinions on diverse product 

quality preferences due to varying customer requirements. 

The interview participants’ expertise was determined through a comprehensive 

literature review and from the contacts of the principal investigator. An initial list of 30 
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experts were identified from ink manufacturers, printer manufacturers, and the color 

management software and textile printing areas. The four relevant categories of experts have 

important and valuable knowledge about textile ink jet printing, and could offer different 

perspectives. Among these contacts, 19 of them indicated a willingness to join the interview, 

1 expert confirmed his willingness after a second time contact. Among the 20 experts, 8 of 

them recommended other contacts to this interview as well. After that, 10 experts were added 

into the KNWR sheet. Totally, 40 experts were contacted, 26 of them confirmed an interview, 

13 of them completed the interview. 
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Table 4. 4 The steps of procedure for selecting experts (120). 

Step 1 

Prepare a knowledge 

resource nomination 

worksheet (KRNW) 

 

• Identify relevant disciplines or skills: textile printing, 

ink jet printing, color management software 

• Identify relevant organizations 

• Identify relevant academic and practitioner literature 

Step 2 

Populate KRNW with 

names 

 

• Write in names of individuals in relevant disciplines or 

skills 

• Write in names of individuals in relevant organizations 

• Identify relevant academic and practitioner literature 

Step 3 

Nominate additional 

experts 

 

• Contact experts listed in KRNW 

• Ask contacts to nominate other experts 

Step 4 

Rank experts 

 

• Create groups of sub-lists, one for each discipline 

• Categorize experts according to appropriate list 

• Rank experts within each list based on other 

qualifications 

 

Step 5 

Invite experts 

 

• Invite experts for each panel, with the panels 

corresponding to each discipline 

• Invite experts in the order of their ranking within their 

discipline sub-list 

• Target size is 8-12 

• Stop soliciting experts when each panel size is reached 

 

4.1.2.2  Interviews with Experts 

Two individuals from the list of identified experts were chosen by the author to take part in a 

pilot interview. The pilot interview instrument was developed and distributed to the two 

experts: one was identified as an expert in CMS services; the other was identified as an 

expert in the manufacture of textile prints. The pilot participants’ response was analyzed to 

determine if the questions were appropriate, or if additional questions were needed. 
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The two individuals who completed the pilot interview were chosen by the author 

based on their breath and depth of color gamut analysis on textile ink jet printing. The 

experts who worked in color management service, was designated as Pilot Expert C1, had 

greater than 15 years the in textile ink jet printing CMS service, and owned his own company 

focused on a specific Raster Image Processing (RIP) software application in textile ink jet 

printing. The expert who worked in the manufacturing of textile prints, was designated as 

Expert T1, had more than 6 years in a research and development department focused on new 

product development for ink jet printing. 

Based on the response from the Pilot experts, several changes were to the interview 

questions. For example, the definition of color gamut mapping and gamut analysis were 

distinguished, and for this questionnaire, the objectives were focused on the gamut analysis 

method. Also, the item quality control was used to refer to a bigger scope, which included 

gamut analysis. After the questionnaire was amended, more experts were contacted. 

Study participants were contacted via email (see Appendix D for a copy of the cover 

letter) and asked to participate in the study by completing the interview. All correspondence 

and the interview questionnaire were prepared in compliance with North Carolina State 

University’s Institutional Review Board (IRB). The IRB determined that this study was 

exempt from full review. Participants were asked to answer a questionnaire through email, 

phone-call, Skype or face-to-face interview in their working place or if possible, were invited 

to interview at North Carolina State University, College of Textiles (see Appendix C for 

interview questionnaire). Collected data was recorded by handwritten notes and electronic 

notes, and was transmitted using SSL encryption and data was stored on a secure, password-
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protected server accessible by the principal investigators. Each participant was assigned a 

capitalized letter with an alpha numeric code name (such as C1) that was used to identify him 

or her in the dissertation. Participants’ identification information was used to cross check 

answers with participants’ occupation, and to notify participants once the research was 

published. The names of participants were kept confidential. The study participants were not 

compensated. An indirect benefit to participants of the study was the knowledge that they 

were contributing to an enhanced body of knowledge about color gamut analysis for textile 

ink jet printing. 

4.1.3 Stage Three Procedures 

After the experimental studies, further data were collected by interviews from key 

participants. The author described the methods and showed the experimental results to 

experts. The information gathered assisted in validating this method and benchmarking 

successful use of color gamut analysis in textile ink jet printing. 

4.1.3.1 Experiment Two: color gamut analysis to help with ink formulation by using CTB 

and ICC profiles 

Based on the modified Method II for color gamut analysis and print quality evaluation, 

Experiment Two was designed by the author. This experiment was designed to provide a side 

by side comparison of pigment-based and disperse dye-based inksets on a polyester substrate 

through visual and instrumental assessment, including color gamut analysis, wet and dry 

crock fastness, and light fastness, to evaluate their suitability for outdoor textile applications. 

Findings of this research will help support the dot.com, quick response, and short run 
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manufacturing models for suppliers of a multinational retail corporation and others 

considering digital printing technologies. 

An MS JP5 Evo printer equipped with Kyocera print heads was used. Print Mode C2 

was used because it is most often employed in production settings requiring a balance 

between production speed and print quality. RIPMaster v11 and Xrite i1Profiler version 1.6.3 

software were used for calibration and characterization, and for creating profiles for the ink 

and substrate combinations. Analysis of color performance and evaluation of the colorimetric 

values of individual inks were measured with an X-rite 2nd generation i1iO 

spectrophotometer. AATCC Test Method 116-2010: Colorfastness to crocking and AATCC 

Test Method 16-2004: Colorfastness to light were used to test fastness properties. All 

samples were assessed with a Datacolor SF600X spectrophotometer equipped with Xrite 

Color iControl v9.4 software.  

Two color profiles were used, a unique CTB profile developed by RIPMaster for 

textile spot color prints and the ICC profile.  For CTB profiles, a general color gamut model 

was created through Origin software. For ICC profiles, the visible color gamut was created 

and measured using ColorThink Pro v3.0.3 software. 

A 7.0 oz/yd2 woven fabric containing 100% spun polyester (PET) yarns was prepared 

for printing by scouring, and a resulting wet-pick up of 43% was determined. A pretreatment 

formulated for digital printing on PET fabric was applied using Mathis AG model HVF 

padding equipment. 

The color shades from individual inks and the color gamut volumes were compared 

for seven inksets: CMYK, CMYK+R,B and CMYK+,R,B,V disperse dye-based systems and 
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CMYK, CMYK+R.B, CMYK+R,B,G and CMYK+R,B,G,O pigment-based systems. DP001 

pretreated PET fabric (NC1512) was used to print with Inkset C (pigments) and DP002 

pretreated (NC1616) was used to print with Inkset F (disperse dyes). The later pretreatment 

contained a photostabilizer and anti-migrant. 

The process workflow is shown in Figure 4. 2. The high temperature heat-setting 

process can cause unwanted fabric shrinkage. The shrinkage ratio depends on the heat-set 

temperature and duration. Therefore, a pre-shrinkage step was conducted before pretreatment. 

For disperse dye inks, an additional wash-off step is required to remove surface dye that is 

not fixed to the fabric, because it affects the performance of color fastness properties. The 

procedure to create ICC profile is shown in Appendix B. 
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Figure 4. 2. Preparation, printing and testing process used in this study. 

 

4.2 O2: Characterization of Disperse Dyes Used in Textile Ink Jet Printing 

4.2.1 Dye Isolation and Purification 

Commercial dye (5g) was stirred with DMF (50 mL) at 70 °C for 30 min and the mixture 

was filtered.  H2O (500 mL) was added to the filtrate and the mixture was allowed to stand 

overnight without stirring.  The next day, the mixture was filtered and the collected solid was 

air dried, to give 1g of dye.  A portion of the dye (0.5 g) was dissolved in dichloromethane 

(DCM), mixed with 5g of silica gel, then dried in the hood.  The dried mixture of dye and 
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silica gel was used to conduct chromatographic separations on a silica gel 60 columns, using 

DCM as eluent.  Chloroform was used as the eluent for the TLC analysis of collected 

fractions. 

4.2.2 HPLC 

HPLC analysis was performed using acetonitrile (48%) + 0.1% formic acid and water 

(52%). The column was an X Bridge C18 2.7µm, 3.0 x 100 mm column. The flow rate was 

0.5 mL/min and the injection volume was 1µL. Two different gradients were used. The 

gradient used for disperse dyes is presented in Table 4. 5, where %B is acetonitrile. The 

gradient used for solvent dyes is presented in Table 4. 6, where %B is acetonitrile. 

 

Table 4. 5. The gradient used for disperse dyes. 

%B Time (min) 

48 0 

70 8 

70 12 

48 12.5 

 

Table 4. 6 The gradient used for solvent dyes. 

%B Time (min) 

48 0 

95 8 

95 12 

48 12.5 
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4.2.3 Mass Spectra 

Mass spectra were obtained at the NC State Mass Spectrometry Facility located in the 

Department of Chemistry.  Dye samples were submitted in solid form and were stored at 

room temperature until analyzed.  

LC-MS analysis was carried out on a high-resolution mass spectrometer – the Thermo 

Fisher Scientific Exactive Plus MS, a benchtop full-scan Orbitrap mass spectrometer – 

using Heated Electrospray Ionization (HESI).  Samples were dissolved in methylene chloride 

or acetonitrile and analyzed via LC injection into the mass spectrometer at a flow rate of 225 

µL/min. The mobile phase was acetonitrile with 0.1% formic acid and water with 0.1% 

formic acid. The gradient used is shown in Table 4. 6. The column was a Thermo Hypersil 

Gold 50 x 2.1mm, particle size 1.9 µ. The mass spectrometer was operated in positive ion 

mode, using the conditions shown in Table 4. 7. 
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Table 4. 7. The gradient used for dyes, where %B is acetonitrile. 

Gradient 

%B  Time   

48 0.0 

70 5.0 

70 14.5 

48 15.0 

 

Table 4. 8. Parameters for HESI. 

HESI Source Parameters 

Spray voltage  3.5 kV 

Capillary temperature 350oC 

Heater temp  50oC 

S Lens RF level 70 V 

Sheath gas flow rate 10 

Resolution  70,000 

Scan Range 200-1000 m/z 

 

4.2.4 NMR Analysis 

Pulsed field NMR experiments were performed on a Bruker AVANCE 500 MHz 

Spectrometer (1996) equipped with Oxford Narrow Bore Magnet (1989), HP XW 4200 Host 

Workstation, and Topspin 1.3 Software version. The instrument was also equipped with three 

Frequency Channels with Wave Form Memory and Amplitude Shaping Unit, three Channel 

Gradient Control Unit (GRASP III), variable Temperature Unit, Pre-Cooling and 

Temperature Stabilization Unit.  A 5 mm ID 1H/BB (109Ag-31P) Triple-Axis Gradient 

Probe (ID500-5EB, Nalorac Cryogenic Corp.) was used for all 1D 1H experiments. The NMR 

probe was tuned to the 1H frequency of 500.128 MHz. All spectra were acquired at 294 K. 

The instrument parameters for acquisition of the one-dimensional proton data and are listed 

in Table 4. 9. 
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Homonuclear (1H-1H) 2D COSY, TOCSY and heteronuclear (1H-13C )2D HSQC 

experiments were recorded on a 500MHz Bruker Advance system operating at 500.18 MHz 

for 1H nuclei and 125.5 MHz for 13C nuclei equipped with room temperature inverse 

detection probe. Topspin 3.1 Software version from Bruker was used for data processing. 

1H NMR and 13C NMR chemical shifts (δ) are reported in ppm relative to the TMS 

signal and 1H-1H average coupling constants (J) are reported in Hz. Tables of chemical 

shifts along with predicted chemical shift by ACD (Advanced Chemistry Developments) 

software and coupling constants are provided in the Supplementary Information section. 

 

Table 4. 9. 1H data collection parameters. 

Parameter 1H value 

Spectrometer frequency (MHz) 500.128 

Spectral width (Hz) and (ppm) 13.2 ppm 

Number of data points 32 K 

 Relaxation Delay (s) 1 

Acquisition time (s) 2.47 

Pulse width (µs) and tip angle  9.5 at 90o  

Number of transients 128 

Number of dummy scans  4 

Presaturation delay 2sec 

Presaturation power  58db 

 

4.2.5 UV-Visible Spectra 

UV- visible (UV-VIS) spectra were recorded using an Agilent Technologies Cary 300 UV-

VIS spectrophotometer coupled with Cary Win UV software. Dyes were dissolved in 

acetonitrile. 
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4.2.6 Fluorescence 

Fluorescence spectra were recorded using a Horiba Jobin Yvon Fluorolog FL3-11 machine, 

coupled with FloroEssence software. Samples were dissolved acetonitrile. 

4.2.7 X-ray Crystallographic Analysis 

The X-ray crystallographic analysis was conducted in the Chemistry Department, North 

Carolina State University, using a Bruker-Nonius X8 Apex2 diffractometer. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data 

were corrected for absorption effects using the multi-scan method (SADABS). 
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 Results and Discussion 

5.1 O1: Color Gamut Analysis and Print Quality Evaluation 

This research was an iterative and cumulative process, in which each stage was built upon the 

previous one. The results are discussed by the phase of the research study: Stage One, Stage 

Two and Stage Three.  

5.1.1 Stage One Results 

The first stage of this research was to identify problems based on the literature review and the 

author’s experience. The literature studies pertained to print quality requirements for textile 

ink jet printing, including color gamut evaluation, color matching accuracy, print uniformity, 

print repeatability, ink consumption, print speed, rub resistance, and light fastness (74). The 

factors influencing color reproduction in textile ink jet printing are: print mode, which varies 

in ink volume and drop sizes; the substrate physical properties; ink formulation; ink color 

combination; and pre- or post-treatment for the fabrics. Currently, most of the evaluation 

methods are based on textile screen-printing and paper photographic printing, the textile ink 

jet printing industry lacks quality control standards and preferences. In Stage One, the PI was 

trained by color expert from RIPMaster software for color calibration and characterization on 

the textile ink jet printer MS JP5 Evo, located in NC State.  

5.1.1.1 Experiment One: Pretreatment effects on color gamut and color fastness properties 

using Pigment Inkset B 

Pigment Inkset B was evaluated on plain woven polyester fabric and cotton with and without 

pretreatment. The colorimetric attributes of the most saturated individual inks are reported in 
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Table 5. 1. The lightness value (L*) decreased for all six inks after pretreatment, while their 

chroma (C*), increased, which indicated deeper color shades were obtained after 

pretreatment. Difference in a* and b* values of the inks can also be seen in Figure 5. 1. 

Magenta, red and blue inks became redder after pretreatment, while cyan became less 

greenish after fabric pretreatment. Deeper color shades were obtained and the yellow and red 

became yellower (increased b*), while cyan and blue became bluer (larger negative b*) after 

pretreatment.  

 

Table 5. 1. Colorimetric measurements for the most saturated colors printed with individual 

inks. 
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 L* 44.36 52.62 48.95 51.50 87.13 87.70 30.42 40.05 53.97 60.84 40.10 51.07 

a* -3.25 -6.44 53.45 52.09 -9.59 -10.10 0.55 0.51 55.65 45.08 10.18 5.20 

b* -44.24 -42.89 -5.96 -7.00 77.65 66.12 1.85 1.81 26.39 16.15 -34.43 -27.97 

C* 43.25 43.06 53.78 52.56 78.24 66.89 1.03 1.88 61.59 47.88 35.90 28.45 

C
o
tt

o
n
 L* 44.23 48.44 48.51 51.97 88.03 86.37 27.42 33.26 53.07 56.96 38.85 45.56 

a* -3.62 -5.60 59.15 52.88 -9.75 -9.33 1.14 1.56 62.34 55.83 14.41 10.86 

b* -47.76 -43.48 -9.90 -12.07 80.11 70.19 1.91 0.53 31.40 20.11 -41.96 -39.05 

C* 45.89 42.85 59.97 54.24 80.70 70.81 2.22 1.64 69.80 59.34 44.36 40.53 

1the ink limit of untreated polyester was decreased to 70% due to an ink bleeding problems.  
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Figure 5. 1. Colorimetric attributes comparison among four print trials. 

 

Besides the most saturated color of each ink, there were more than 200 color chips 

were measured to achieve color linearization. Two-dimensional scatters were plotted in 

Figure 5. 2 to describe the color distribution. 

By looking at Figure 5. 2 (I), the trajectory of pretreated polyester and cotton were 

slightly different. Color shifts happened for cyan at especially for the lower coverage, which 

indicating a greenish shift (larger negative a*). Cyan became bluer (larger negative b*) on 

cotton compared with polyester. Polyester exhibited yellowish red compared with cotton, 

while magenta on cotton was bluer than on polyester. By looking at Figure 5. 2 (II and III), 

there are also differences in color lightness based on the L* values, especially for magenta, 
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trajectory of cotton were both above polyester, indicating higher lightness on cotton than on 

polyester. 

 

 

Figure 5. 2 L*, a*, b* distribution for individual colors for pretreated polyester and cotton 

Color gamut comparisons. 

 

A brief comparison of the color gamut based on the CTB profile was obtained using 

Origin 9.0. From Figure 5. 3 (I), most points from pretreated cotton lie above the gamut of 

polyester. Cotton fabric should provide a much richer color in textile ink jet printing. Figure 

5. 3 (II) shows a comparison between pretreated polyester and untreated fabric. Much deeper 

color shades, mainly in L* direction, were obtained after pretreatment. Similar results were 
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obtained for cotton fabric, the color gamut was increased not only in L* direction, but also in 

a* and b* direction, indicating an increase in colorfulness of printed colors. 

 

 

Figure 5. 3. Color gamut comparison between pretreated/untreated polyester and cotton. 

 

Results from crock fastness evaluation for printed polyester are reported in Figure 5. 

2. As mentioned before, the crock fastness of nano-pigment printing was not as good as dye-

based inks, since there was no chemical bonding between substrate and colorants. Dry and 

wet crock fastness were both tested in warp and weft directions. The highest rating for 

pretreated polyester was from red, which was 2.5. The other color gave no higher than 2. The 
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lowest grating from in the pretreated polyester was 1, which was the wet crock fastness for 

blue in warp direction. They crock fastness rating for untreated polyester was higher than the 

pretreated one by 1 or 1.5 level. The highest grating was 3.5, which was dry crock fastness 

for black in both warp and weft directions, and dry blue in warp direction. No rating was 

lower than 2.5. A possible explanation was the pretreatment lessened the adhesion of most 

colorants on the surface of the substrate, which made it easier to be removed. 

 

Table 5. 2. Crock fastness grey scale rating for pigment inks on polyester. 

   Cyan Magenta Yellow Black Red Blue 

Pretreated 

Weft 
Dry 1.5 1.5 2 2 2 2 

Wet 1.5 1.5 2 1.5 2 2 

Warp 
Dry 2 2 2 2 2 2 

Wet 1.5 1.5 1.5 2 2.5 1 

Untreated 

Weft 
Dry 2.5 2.5 2.5 3.5 3 3. 

Wet 2.5 2.5 2.5 2.5 3 3 

Warp 
Dry 2.5 2.5 2.5 3.5 3 3.5 

Wet 2.5 2.5 2.5 2.5 2.5 3 

 

Crock fastness on cotton was measured for the red and black colors. The results are 

shown in Table 5. 3. Most ratings from the pretreated cotton were 2, except for a slightly 

higher rating for dry crock fastness for red. The ratings for untreated cotton were lower than 

the pretreated cotton, from wet crock fastness of black in both directions, and wet crock 

fastness for red in the warp direction. 
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Table 5. 3. Crock fastness of red and black pigment inks on pretreated/untreated cotton. 

   Black Red 

Pretreated 

Weft 
Dry 2 2.5 

Wet 2 2 

Warp 
Dry 2 2 

Wet 2 2 

Untreated 

Weft 
Dry 2 2.5 

Wet 1.5 2 

Warp 
Dry 2 2 

Wet 1.5 1.5 

 

Ink bleeding was also observed on the untreated polyester, which definitely reduced 

color intensity, and affected the color gamut volume. Pretreatment of fabrics was able to 

reduce color penetration, hold colorants on the top of the substrate, improving color intensity. 

Further, the results showed that pretreatment enhanced printing of both polyester and cotton 

fabric. The color saturation for individual ink was increased clearly, and the color gamut was 

enlarged as well. Deeper blackness was obtained on pretreated cotton. Comparing pretreated 

polyester and cotton, color was more vivid on cotton, with a larger color gamut. However, as 

a common disadvantage of pigment, the crock fastness was not as good as the dye-based 

inks, which needs a solution for wider application in textiles.  

5.1.1.2 Development of Interview Questions 

The author developed a set of interview questions based on information learned from the 

literature review and field study research.  The practical research and literature review helped 

the author understand the procedures for color calibration, characterization, profiling and 

color gamut analysis. Additionally, more technical questions were generated during the pilot 

study conducted in Stage One, including the purpose and relationship of the color 
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characterization and gamut analysis steps; the selection process for print setting parameters; 

description of other factors that affect the color gamut, and state of the art methods for color 

characterization and gamut analysis steps.  

The interview questions spanned three pages. The first page consisted of a consent 

form that followed the requirements of the PI’s Institutional Review Board (IRB). The 

following two pages contained nine questions; seven descriptive and two open-ended 

questions that sought to capture the participants’ color gamut analysis experience. 

Specifically, participants were asked to 1) quantify their work experience and frequency of 

color gamut analysis, 2) describe their print environment, 3) provide details as to any print 

quality requirements, 4) describe in detail the procedure used to conduct a print quality 

analysis, including the operations, purpose for each step, and how to evaluate test prints, 5) 

explain their rationale for choosing a specific color gamut to analyze, 6) describe the color 

gamut analysis procedure, including the selection of color management software, and the 

specific functions used and 7), characterize the analytical methods used to interpret results. 

The last two open ended questions sought to gain further insight into the participant’s 

understanding of current limitations of print quality control and color gamut analysis, and 

how to improve this technology. Participants were asked to provide suggestions and 

additional comments that would further this research. 
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Table 5. 4. The description of questionnaire. 

Title Page # Questions Description of content Objective 

Consent Form 1 N/A Consent to participate in 

the research 

Comply with IRB 

Contact 

information 

1 N/A Current position, types of 

products produced, job 

responsibilities, business 

address 

Provide 

background 

information for 

response 

Expertise 

identification 

2 1, 2 Length and frequency of 

work,  

Quantify the 

participant’s 

expertise 

Experience 2 3 Description of of print 

environment and print 

quality 

Self-assessment of 

level of expertise, 

triangulation of 

expert 

identification 

Print quality 

analysis 

method 

3 4 Procedure description, 

method for quality 

assessment 

A brief overview of 

print quality 

evaluation 

procedure 

Gamut 

information 

3 5 Color model selection Confirm the 

expert’s process 

color model 

methods 

Gamut 

mapping 

procedure 

3 6 Software selection, 

operation procedures 

A brief overview of 

color gamut 

mapping procedure 

Gamut analysis 3 7 Color gamut information Methods for 

analysis 

Limitations  3 8 Limitation for current 

technology, possible 

improvements 

Expert opinion on 

current limitations 

of this technology 

Comments and 

suggestions  

3 9 Other information for us to 

conduct this study 

Expert opinion on 

future research 

Other 3 N/A Recommendations of other 

experts in this field 

Increase the 

interviewee panel 

  



 

100 

5.1.2 Stage Two Results 

Results from the analysis of the color experts’ responses were used to refine the preliminary 

methodology for color gamut analysis. The interview response rate was 65%, a total of 40 

emails were sent to color gamut analysis experts in the field of textile ink jet printing. Of the 

40 respondents, 26 started the interview process and 13 completed the interview. 

5.1.2.1 Expert Selection  

In the first round of the Delphi study selection, 30 experts were contacted during the period 

from September 2015 to May 2016. Of these 30 contacts, 19 experts responded with their 

willingness to participate after the first contact by the PI. One expert confirmed his 

willingness after a second point of contact. Among the 20 experts, eight recommended other 

experts, resulting in an additional ten experts. In total, 40 experts were contacted, 26 

confirmed their willingness to participate, two individuals were deemed to not have sufficient 

experience experts, and and 13 actually completed the interview. Interviews were set and 

conducted via email, see Table 5. 5. 

An initial list of 40 experts was identified by the PI from ink manufacture (named as 

I1, I2…), printer manufacturer (named as P1, P2…), color management service (named as 

C1, C2…), textile ink jet printing (named as T1, T2…), color scientists (named as S1, S2…). 

The four relevant categories of experts have important and valuable knowledge about color 

gamut analysis in textile ink jet printing with different perspectives. Among the 40 experts, 7 

of them are specialized in textile printing, 4 of them were color scientists, 1 was a 

photographer and image expert, 13 of them were CMS experts, 7 of them worked for printer 

manufacturers and 8 of them were from ink manufacturers. 
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Among the 13 experts, five self-reported that they conducted color gamut analysis related 

work once a day, two reported that they conducted this type of work at least once every two 

weeks, one of the experts reported that they conducting color gamut analysis more than twice a 

day, one reported once a week, one reported once a month, and four stated that the frequency of 

this work was dependent on different projects, see Figure 5. 4. Two of the experts have worked 

in this field greater than 20 years; eight reported working in this field for 10 to 20 years, three 

worked in this field for 5 to 10 years, one worked for 3 to 5 years, and the one started in this field 

just under 3 years ago, see Figure 5. 5. 
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Table 5. 5. Information collected from experts in Round 1. 

 Titile Area First contact Second contact Third contact First interview Second 

interview 

R
e
c
o

m
m

e
n

d
e
d

 b
y

 

Comments 

T
im

e
 

M
eth

o
d
 

R
esp

o
n

se 

T
im

e
 

M
eth

o
d
 

R
esp

o
n

se 

T
im

e
 

M
eth

o
d
 

R
esp

o
n

se 

T
im

e
 

M
eth

o
d
 

T
im

e
 

M
eth

o
d
 

1 Owner RIP software for 

textile digital 

printing 

9/22/15 email yes             9/29/15 face to 

face  

       

2 

  

Research 

and 

Developme

nt 

Associate 

textile digital 

printing 

9/22/15 email yes 10/16/

15 

email no 2/19/

16 

email no          Job change during 

the interview 

3 Printer 

technician 

textile ink jet printe 

manufacture 

9/30/15 face to 

face  

yes 10/1/1

5 

email no          

4 Research & 

Developme

nt director 

textile digital 

printing 

10/5/15 email yes             10/14/15 face to 

face  

       

5 Research 

and 

Developme

nt 

Associate 

textile digital 

printing 

10/9/15 email yes             10/15/15 face to 

face  

10/25/15 email    

6 Owner Color science 10/1/15 email no                     3   

7 Color 

managemen

t and 

imaging 

specialist 

Color management 

specialist 

10/1/15 email no                     3   

8 Professiona

l 

photograph

er and 

producer 

Photographer 10/1/15 email no                     3   

9 Color 

scientist 

Dyeing, color 

science 

10/21/15 face to 

face 

yes 10/21/

15 

email no                Not involved in this 

area 

10 Professiona

l 

photograph

er and 

producer 

Graphic printing, 

color management 

10/20/15 email yes             10/23/15 skype 11/1/15 email    

11 Professor of 

color 

science 

color science 10/22/15 email yes       10/23/15 email    Haven't been 

involved in this 

area for more than 

ten years 
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Table 5. 5. continued. 

12 Chemical/I

nk 

Marketing 

ink chemistry 1/29/16 email yes             2/3/16 email      Not involved in this 

area 

13 President / 

Imagineer 

media testing & 

color profiling 

1/29/16 email no 2/5/16 email yes                  

14 President textile digital 

printing 

2/5/16 email yes             2/11/16 face to 

fact  

    12   

15 President textile digital 

printing 

2/17/16 email yes 3/1/16 email yes       3/1/16 phone 

call 

    13   

20 Digitally 

Printed 

Textiles 

Expert 

Digital textile 

production 

3/22/16 email yes 3/23/1

6 

email yes       4/7/16 email 4/8/16 email    

21 Specialist 

ink jet 

application 

Color expert 4/1/16 email yes 4/4/16 email yes                conflict with 

company 

intellectural 

property 

22 N/A Textile printing 4/1/16 email no                        

23 Specialty 

applications 

chemist, 

Textile 

chemistry 

research 

Textile printing 4/1/16 email no                        

24 N/A Ink manufacture 4/1/16 email no                        

25 CEO Printer manufacture  4/1/16 email no                        

26 Strategic 

Customer 

Support 

Manager 

Ink manufacture  4/1/16 email no                       

27 Global 

Technical 

Promotions 

Manager 

Ink manufacture  4/1/16 email no                        

28 Manager Textile printing  4/1/16 email no                        

29 Director of 

Marketing, 

CAO & 

CIO 

Ink jet printer 

manufacture 

4/2/16 email no                        

30 Print and 

Digital 

Fabrication 

Consultanc

y 

digital printing 4/2/16 email yes 4/10/1

6 

email no 4/19/

16 

email              
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Table 5. 5. continued. 

31 Manager, 

Ink jet 

Chem, Lab 

Ink manufacture 4/2/16 email                          

32 Group 

Leader, Ink 

jet Chem, 

Lab 

Ink manufacture 4/2/16 email yes 4/6/16 email no 4/19/

16 

email   5/2/16 email        

33 Application 

& 

Consumabl

es Products 

director 

Ink jet printer 

manufacture 

4/4/16 email yes 4/19/1

6 

email Yes       5/3/16 Skype     25   

34 RIP 

software 

technician 

Color management 

software 

4/6/16 email Yes             4/12/16 phone 

call 

       

35 RIP 

software 

technician 

Color management 

software 

4/8/16 email yes 4/19/1

6 

email                 21   

36 Account 

Manager 

Ink manufacture 3/14/16 email yes 4/8/16                      

37 Ink jet 

printing 

expert 

Ink jet printing 4/19/16 email yes 5/5/16                      

38 Color 

scientist 

Color management 

software 

development 

4/28/16 face to 

face  

yes              4/28/16 face to 

face 

     Conduct the 

interview together 

with expert 16 

39 Technician 

service 

engineer 

Ink manufacture 5/6/16 email yes       5/10/16 phone 

call 

  36  

40 Manager RIP software 5/10/16 email no           39  
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Figure 5. 4. Experts’ working frequency for color gamut analysis. 

 

 

Figure 5. 5. Experts’ working experience in color gamut analysis. 

>2/day, 1

1/day, 5

1/week, 11/two 
weeks, 2

1/month, 
1

never, 1

depend on 
projects, 4

1-3 years, 
1 3-5 years, 

1

5-10 
years, 3

10~20 
years, 8

>20 years, 
2
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5.1.2.2 Expert Interviews 

Most of the interviews were conducted individually, except in the instances of expert T1 and 

T2, and C6 and S2, who completed the interviews in pairs. The first two questions were 

expertise identification, which identified the experience and frequency of those experts’ 

activities in this field. The third question asked the experts to identify their print 

environment. Twelve of the 13 participants had extensive experience with textile ink jet 

printing, however, C2’s experience was solely related to paper printing. Participants listed 

use of the printers such as:  MS, Mimaki, Mutoh, Kornit, and Epson, see Table 5.6. Eight of 

participants reported using large format paper printers as well. For the inks and substrate, 

participants reported that colorant selection was based on substrate properties, including acid 

dye-based ink for silk, reactive dye-based ink for cotton, disperse-dye based ink for polyester 

and pigment for a variety of types of textile substrate, see Table 5. 6. 

For the quality requirements, the PI’s answers could be divided into six categories: 

physical appearance, image quality, fabric, ink and pretreatment requirement, printer, and 

software (Table 5. 7). Physical appearance included: checking the visible printing 

performance, such as: visible dots, dithering issue, printhead alignment, banding and striping 

issue, ink lay-down, and registration. Image quality was categorized as to what the color 

looked like after printing, including: linearization, maximum ink limit, color gamut, ink 

brightness, blackness, saturation, whiteness and print repeatability. The author found that 

physical and chemical properties of fabric, ink and pretreatment also affect the print quality. 

Generally, pre-treatment was reported to have positively impacted color fastness properties 

such as light-, crock- and wash-fastness, and negatively affected fabric hand and color 
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(yellowing). Other responses indicated that, the ink formulation and ink/substrate 

combination; the print setting parameters, drop size, and print head firing could affect the 

print quality. The participants stated that color reproduction quality is largely impacted by 

factors such as type of RIP software, and accuracy and type of profile (ICC or CTB). 
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Table 5. 6. Print environment identification within the experts. 

E
x

p
e
r
t N

u
m

b
e
r 

Printer Ink Substrate 

Textile printer Paper printer Pigment Disperse Acid Reactive Latex UV 

ink 

Textile Film Paper 

     D
irect 

S
u

b
lim

atio
n
 

    C
o
tto

n
 

P
o

ly
ester 

S
ilk

 

O
th

ers 

V
in

ly
 

  

C1 MS JP5, Mutoh 1618, 1638, Mimaki   ✔ ✔ ✔   ✔     ✔ ✔         

C2   Ink jet printer                          ✔ 

C3 Many types HP printer ✔   ✔                     

C4 Mimaki  HP Latex ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔      

C5 Many types   ✔ ✔ ✔   ✔     ✔ ✔     ✔ ✔ 

S2       

C6 Many types ✔ ✔ ✔ ✔ ✔     ✔ ✔     ✔ ✔ 

T1 MS JP5, Mutoh 1618, 1638   ✔   ✔   ✔ ✔   ✔ ✔    ✔ ✔ 

T2 

T3 MS JP5, JP7, Kornit, Mutoh 1618, 1638 HP Latex 

3500, HP 
L2530 

✔   ✔     ✔   ✔ ✔    ✔ ✔ 

P1 Kornit printer   ✔             ✔ ✔ ✔ ✔ ✔ ✔ 

I2 Mimaki JV33, JV5, Epson 4880, MS JP6   ✔     ✔ ✔     ✔ ✔ ✔      

I3 95% piezo printhead printer HP printer ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔    ✔ 
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Table 5. 7. Print quality requirements concluded from the expert response in Question 3. 

  Physical appearance Image quality 

Fabric, ink and 

pretreatment Printer Software 

  

V
isib

le d
o
ts 

D
ith

erin
g
  

B
an

d
in

g
 

L
ay

 d
o

w
n
 

S
trip

es 

R
eg

istratio
n
 

B
leed

in
g
 

A
lig

n
m

en
t 

L
in

earizatio
n
 

In
k

 lim
it 

G
am

u
t 

B
rig

h
tn

ess 

S
atu

ratio
n
 

B
lack

n
ess 

W
h

iten
ess 

P
rin

t rep
eatab

ility
 

C
o
lo

r fastn
ess 

F
ab

ric h
an

d
le 

Y
ello

w
ish

 

In
k

 fo
rm

u
latio

n
 an

d
 co

m
b

in
atio

n
 

C
o
n

sisten
cy

 o
f m

ach
in

e 

P
rin

th
ead

 in
k

 d
eliv

erin
g

 

D
ro

p
 sizes 

C
o
lo

r sep
aratio

n
 

C
o
lo

r accu
racy

 

D
elta E

 

C
o
lo

r m
ax

im
izatio

n
 

C
o
lo

r p
red

ictio
n
 

P
ro

file 

C1 ✔   ✔   ✔   ✔ ✔       ✔ ✔                               ✔ 

C2                 ✔ ✔           ✔       ✔       ✔ ✔ ✔ ✔ ✔ ✔ 

C3                                                         ✔ 

C4           ✔ ✔ ✔       ✔ ✔     ✔ ✔ ✔ ✔   ✔       ✔   ✔     

C5 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
✔ 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
✔ 
  

✔ 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

S2           ✔ ✔ ✔       ✔ ✔     ✔ ✔ ✔ ✔   ✔       ✔   ✔     

C6 
  
  

✔ 
  

✔ 
  

✔ 
  

  
  

  
  

✔ 
  

✔ 
  

✔ 
  

  
  

✔ 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

✔ 
  S1 

T1           

  

  

  

  

  

  ✔ 

  

  ✔ ✔ ✔ ✔ 

  

  

  

  ✔   

  

  ✔     ✔ 

  

  

  

  

  

  

  

  

  

  ✔ 

T2                                                           

T3 
  
  

  
  

  
 

  

✔ 

  
  

  

✔ 

  

✔ 

  

✔ 
✔ 
✔ 

  

✔ 
✔ 
✔ 

  

✔ 

  

✔ 

  

✔ 

  

✔ 

  
  

✔ 
✔ 

✔ 
  

✔ 
  

  
  

  

✔ 

  

✔ 

  
  

  
  

  

✔ 

  
  

  
  

  
  

✔ 
✔ P1 

I1                                                         ✔ 

I2                                 ✔                       ✔ 

I3 

   
✔ 

  
✔ 

 
✔ ✔ 

 
✔ ✔ ✔ 

 
✔ ✔ 

  
✔ 

    
✔ 

 
✔ 

 
✔ 
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For the fourth question, the experts described their color gamut analysis procedure 

and how they evaluated print qualities. See a summation of results in Table 5. 8. 

Analysis of the participants’ response by the author showed that color gamut analysis 

procedures could be categorized into four major steps: ink limit, linearization, calibration, 

and profile creation. Additional steps were mentioned by some of the experts. For example, 

experts C1 and C3 stressed the importance of a pretreatment step. C1 and T3 included a 

visual nozzle check, alignment and ink bleeding, and stressed the need to maintain 

uniformity of print mode, print speed and resolution. Experts C2, T1, T2 and T3 used the 

reflectance curve to determine the ink limit, in order to avoid ink waste. C2 and I3 used their 

own proprietary RIP software to print using single and multiple channel control. Both experts 

stated that this additional color calibration step improved color accuracy and ink limit 

control. The majority of the experts completed those procedures in order to create an ICC 

profile, except for experts C1, C2 and C6, who had their special profile to drive the printer. 

Some experts mentioned that the ICC profile is best used for graphic printing and has 

limitations in textiles, as the delta E value in textile printing is not uniform. Another 

conclusion from the experts was that while there are many types of RIP software in the 

market place, many are for traditional graphic printing, which performs well for CMYK 

systems but are limited in textile printing that often requires a CMYK + additional colors. 

The experts had different preference for selecting parameters when creating ICC profiles, 

such as the total ink limit and number of color patches. 
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Table 5. 8. Information collected from Question 4. 

Expert Procedure Purpose Other comments 

C1 Nozzle check 

Alignment 

Pretreatment process 

Visual and instrumental assessment to see 

the deepest/darkest/brightest color without 

bleeding 

Test print by changing different drop 

density, print mode and resolution 

  

C2 White calibration 

Calibration with other colors 

Compare color with Pantone colors 

Color prediction basing on calculation 

Mix colors 

Color separation 

Match colors again 

Generate ink recipe 

All the prints are printed twice, one is measured 

right after printing and the other is measured after 

two weeks 

Linearization is not needed, because the 

machine is uniform enough; all the 

calculation is comprehensive and 

continuous; 

Only study 8 color system, colors are dealt 

with individually 

C3 Pretreatment of fabric 

Linearization 

Maximize ink channel curve  

Set total ink limit and create profile 

Fixation 

Measure profile, check profile table, 

calculate shrinkage 

Step 3 is to avoid waste of ink 

 

For research, there are many variables for fabric, ink 

and printer, they must meet with the needs of 

customers 

 

ICC has limitation for textiles 

It is important to stabilize the print batch, 

establish file designs in the market, it 

depend on the market requirements (auto, 

furniture, hospital or hotel, etc.) 

Color patches around 2000 

C4 Determine the max ink limit 

RIP ink registration for CMYK 

Determine the ink registration for two 

mixed colors 

Determine the ink registration for four 

colors 

Linearization 

Create ICC profile 

There are different target charts to create the profile, 

it depends on what kind of color the clients want, 

e.g. fresh color, grey color, or more pop color 

Sometimes it is necessary to create the 

LUT by myself; 

the color between two points in ICC charts 

need to be linear and interpolation 

C5&S2 Linearization 

Measurements 

Generation of ink recipe 

ICC workflow has weakness for textile ink jet 

printing; 

Color matching is hard between different 

printers, different locations by using ICC 

profile. 

Unstable deltaE value and metamerism 

happened a lot in textile printing 
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Table 5. 8. continued. 

C6 Establish the ink limit for substrate 

Identify density and chroma limit 

Linearization 

Create an ICC profile 

  

T1&T2 Create a profile 

Test the file 

Use spetra-photometer to match color 

Create linearization curve 

Measure color shift after 4 weeks 

Do linearization again 

For step 3, delta E is an important factor for 

evaluation 

1200 color chips were used to create ICC 

profile; 

400% total ink limit 

T3 Play with resolution, print mode, passes, 

print speed to get expected quality 

Linearization 

Maximize density, ink limit, get 

reflectance curve 

Create ICC profile 

  

P1 Calibration 

Linearization 

Check the ink limit of different ink 

combination 

Create ICC profile 

Step 1, to obtain the good resolution, purity and 

color intensity on specific substrate 

the number of color patches can be around 

1000~2000, if too little, it won’t be 

enough for accurate measurement; if too 

much, it will affect the measurement also, 

due to textile fabric structure; it also 

depend on the software engineer 

I2 Ink selection: 4 colors or 6 colors 

Pretreatment of fabric 

Create ICC profile 

Print with ICC profile 

Check color accuracy  

Spot color management if necessary 

  

I3 Single channel ink limit control 

Double channel ink limit control 

100% ink density check 

Linearization 

Create ICC profile 

 Color patches number is around 800-1000, 

if depends on the products qualification; 

Total ink limit is 400% 
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In the fifth and sixth questions, the experts were asked to provide the details used for 

the color gamut analysis procedure such as preferences for type color models used to 

compare gamut, and match colors; RIP and other CMS software, and instrumental and visual 

measurement procedures, see Table 5. 9. 

The majority of the experts reported using the CIELab color system for ink jet 

printing to describe the color gamut; stating that this model is the most universal and is 

accepted in different applications. However, for traditional textile screen-printing, the 

CMYK model was reported by the experts as more widely accepted. To enlarge the color 

gamut, textile ink jet printing typically requires a colorant set consisting of CMYK+ 

additional colors, therefore the majority of the experts chose to have visual as well as 

instrumental assessments to meet customer requirements. The participants mentioned using 

more than one brand of RIP software as each RIP had unique features that might provide a 

better fit for each customer’s requirements. A number of profiling software were mentioned 

by the experts, however, the X-rite series was reported most frequently, especially the i1 

profiler. For the spectrophotometer, both Barbieri and i1 were mentioned most frequently. 

For visual assessment and quantity measurements of color gamut, Color Think Pro was 

recommended the most, as a gamut-plotting tool.  
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Table 5. 9. Information collected from Question 5. 

Expert Color models RIP software Other CMS  Spectrophotometer Other comments 

C1 CIELab+additional 
colors 

RIPMaster i1 profiler i1iO  

C2 Convex hull model; use 

Alpha shape calculation 

Oynx, to control 

each channel 

individually 

 i1 Lightness, darkness, and colorfulness are 

considered via single channel control and 

double channel control 

C3 It depends on customer 
requirements 

 

They are many RIP 
software in the 

market, different 

brand has their 

unique functions 

Monaco profilers; 
i1 profiler; 

Profile maker Color 

Think Pro 

i1 
Barbieri 

for graphic printing and offset industry, it 
counts more on the spot color matching, 

and looks nature; 

For textiles, LAB is used to maximize 

color gamut and CMYK is used for color 

separation and Photoshop adjustment 

C4 LAB, it is universal and 

convenient 

 i1 profiler 

Gamut viewer 

Barbieri  

C5&S2 Calculation directly 
from reflectance spectra 

data 

Own CMS system i1 spectro Technically, there is no need to generate 
gamut by using this CMS, but ICC profile 

can be created by using this database. 

C6 Not fixed     

T1&T2 LCH model Own Color Think Pro Barbieri   

T3 LAB Ergo, RIPMaster Color Think Pro Barbieri Barbieri has different functions on 

different modes, to account for optical 

brightness, yellow adjustment and UV 
reflectance curve 

P1 LAB to get good color 

accuracy; 

check density to obtain 
color intensity and 

darkness, blackness 

Own  i1 profiler; 

Proofer 

Profile viewer 
 

Barbieri   

I2 Perceptual matching Wasatch, texprint i1 publish i1  

I3 CMYK Caldera, Efi, Fiery i1 profiler i1 Pro 2 Different inksets are compared, including 

the color information and if they are over-
inking. 
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The answers for the last three questions are summarized in Table 5. 10.  The experts 

were asked the expected results from the color gamut analysis, the limitations for current 

methods, and were given the opportunity to provide additional comments and suggestions.  

To conclude, participants stated that the most important aspect of color gamut analysis is to 

improve color-matching accuracy. In addition, the main purpose of color gamut analysis is to 

quantify color gamut volume, blackness, brightness, and color intensity. The experts stated 

that these factors have a significant effect on the final image quality. Limitations of the 

current methods were also mentioned by the experts and included:  

The limitation of the ICC profile, which is generated from graphic printing, and is not 

always compatible with textile printing. When using the ICC profile, color matching is not 

accurate due to the transformation from reflectance spectra data to XYZ, and LAB data. This 

issue is likely to cause metamerism. 

The lack of standard methods to test and evaluate print quality, such as ink performance, 

color intensity, color gamut volume, substrate properties, and rendering intent for color 

reproduction; The difficulty in controlling print consistency and repeatability, due to RIP 

limitations, and most significantly, the many variables of the printing environment. For 

example, the preparation of fabric, the print mode and speed selection, the heat-set 

temperature and duration time, the selection of inksets, color combination and ink 

formulations, are all variable that should be controlled to maintain a stable print environment. 

One expert stated that one must a “find a balance between good print quality and good 

production efficiency”. 
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Table 5. 10. Information collected from Question 7,8,9. 

Expert Target results for gamut 

analysis 

Limitation of the method Comments and 

suggestion for us 

Other comments 

C1 Color accuracy to 

reproduce color; 

Ink spreading evenly 

There is no standard for 

the gamut volume 

measurement. 

There is no standard for 

gamut evaluation and 

testing method. 

The gamut evaluation include gamut 

analysis, profile creation and print 

quality control; keep in mind that a lot 

of factors influence the image quality. 

C2 High color accuracy in 

different rendering intent 

ICC profile is generated 

from LAB or XYZ spaces, 

which has metamerism, it 

will be better if we create 

the color spaces directly 

from spectra reflectance 

data (SPD) 

ICC is for photographic, 

not for professional color 

scientist. 

 

C3 Set bench mark for 

different colorants; 

To have correct color 

matching; 

To maintain the production 

by control variables 

It is hard to control color 

shift and variables in the 

whole process; 

There is no standard right 

now and kind of hard to 

setup the standards; 

Compare different 

software tools; 

Consider about in-gamut 

color accuracy 

This process of production decided 

the ink evaluations, and back to 

quality control, everything trade-off. 

C4 Maximum color gamut and 

best color, image quality 

There are too many 

variables in digital 

printing: the heat-set 

durable time, press 

method affects color 

consistency, the print 

environment needs to be 

stable.  

Find a balance between 

speed and print quality 

Textiles need to be measured with 

spectrophotometer with larger 

aperture. 
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Table 5. 10. continued. 

C5&S2 No gamut is needed    

C6 To create a particular 

color gamut as customer 

required.  

The RIP offering in the 

markets now is hard to 

handle more than four-

color system effectively, 

since they are developed 

from commercial paper 

printing, they do not 

have the basis to 

calibrate and utilize 

extra colors. 

It is important to 

understand clients’ 

expectations, but also 

doing some education 

to make sure they 

understand the 

limitaions. 

 

T1&T2 To get a big color gamut, 

the blackness need to be 

low enough (<20 for 

reactive, ~25 for pigment) 

The change of white 

point of substrate should 

be considered; 

the ink drop size and ink 

formulation, especially 

for grey is hard to 

understand. 

There is a lack of 

industry standard for 

selection of rendering 

intent; 

It is hard to play with 

heat-set time and 

temperature. 

Keep 100% ink limit for black if 

possible 

T3 Color gamut volume; 

Consider about 

brightness, yellow 

adjustment and UV 

reflectance 

The LAB system is not 

full proved based on 

human perceptual 

colors; the metamerism 

happened in different 

situation and hard to 

control  

Test more profiles to 

learn more in this area 

 

P1 Gamut volume, color 

purity and intensity, best 

color without bleeding 

Not much limitation The products 

development should 

consider about the 

customers’ 

requirements. 

 



 

118 

Table 5. 10. continued. 

I2 Use the gamut to collect 

all the components in our 

CMYK space, if not, we 

have to tell customer or 

designer that the image 

cannot be printed as 

designed. 

The print quality is not 

consistency in different 

printer system. 

A uniform CMS system 

is needed for the supply 

chain and to compare 

different profiles. 

 

I3 The gamut of ICC 

profile; 

Colorfulness of different 

inks; 

The pixel performance of 

prints; 

Multiple performance of 

black and grey; 

Balance between ink 

consumption and better 

reading 

There is no standard of 

substrate, which makes 

it hard to keep a balance 

of ink lay-down. 

The gamut volume is 

not the most important 

factor, the print 

consistency, print 

repeatability, and how 

the blackness is 

introduced, are also 

very important. 
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5.1.2.3 Optimal Color Gamut Analysis Method 

A methodology to evaluate print quality and analyze color gamut was developed by the 

author based on the experts’ description of their procedures for color gamut analysis and 

evaluation, and the purpose of each step. This method was developed in consideration of the 

most important factors the experts stressed, the limitations they currently encounter, and was 

also guided by the author’s experimental results. 

The author’s initial methodology contained eight steps, however, The author condensed 

these into four steps for the final model. The initial eight steps included: Pretreatment of 

fabric, Printer check, Printer parameter setting, Print and fixation, Linearization and 

calibration and profile creation, Color gamut analysis, Print quality evaluation 

▪ Pretreatment of fabric 

Pretreatment was mentioned by three experts as an important step for color gamut analysis. 

The pretreatment was always conducted after the scouring process, to remove water-soluble 

sizes, spin finishes and other lubricants (1). The pretreatment agent, which is typically 

padded onto the fabric, reduces ink diffusion on the substrate, so that the color intensity is 

increased and the color gamut is enlarged.  

Four experts mentioned that the pretreatment should consider about the ink 

formulation, and the fixation mechanism between colorants and substrate. For pigment-based 

ink, some pretreatment was formulated with chemicial binder to help with the colorant 

fixation; for disperse-based ink, some pretreatment was formulated with UV-inhibitor and 

anti-migrant to prevent ink migrant and improve lightfastness. Three experts mentioned that 

the ink and pre-treatment vendors typically supply accurate information about the pre-
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treatment method needed based on substrate fiber content, weight and fabric formation 

process. Seven experts stressed the effects of pretreatment for the color fastness properties; 

two of them especially mentioned that pretreatment also affects the fabric handle and might 

yield to yellowish of the substrate.  

Base on the author’s printing experiences, the fabric type should be labeled with the 

item code (eg. Project#_Fiber type_Treatment_Location), to avoid confusion in the inventory. 

The specific description of each substrate should be stored in a database so that the 

technicians can always go back to check data, including fiber type, fabric structures, 

manufacture vendor, etc. 

Within the 13 experts, 7 experts mentioned that the shrinkage of the substrate is a 

major factor that should be considered, especially for polyester. The ratio of shrinkage 

depends on the fiber structure, the heat-set method (duration time and temperature), and also 

the pretreatment. A check of fabric shrinkage is recommended. A pre-shrinking step was 

recommended together with the scouring process. From a second interview with expert C1, a 

size example of the color page was recommended to print and heat-set first, to calculate the 

shrinkage ratio. Then the pages to be printed should be enlarged based on the shrinkage ratio. 

See Table 5. 11 as an example of checklist for pretreatment conducted by the author. 
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Table 5. 11. Example of checklist for pretreatment. 

Basic information 

Fabric type NC_WM15_14_Pretreated_Polyeseter 

Machine information MS JP5 evo 

Pretreatment 

Pretreatment agent DP001 

Pretreatment formulation 90 to 120 g/m^2, formula N/A 

Pretreatment temperature  275°F 

Pretreatment pressure 14 psi 

Duration time 60s 

Wet pickup 60% 

Scouring and preshrunk treatment (Optional) 

Scouring formula 2g/L Soda Ash, 2g/L CLARITE JBS 

Fabric shrinkage ratio N/A 

Preshrunk method Scour at 240°F, increase the temperature 1°F per 

minute after 180°F, dry at 240°F 

Other information 

Pretreatment location Pilot Plant, College of Textiles, NCSU 

Pretreatment date 1/31/2016 

Contact person Yi Ding 

Other  

 

▪ Print quality check 

After pretreatment of the substrate, a basic print quality check is required for the printing 

environment. All the experts recommended a physical check of the printer, mainly to see if 1) 

all of the print heads were firing correctly; 2) the substrate was installed successfully, ie. The 

fabric tension was adjusted correctly and the fabric had no skewing, wrinkles or bubbles; 3) 

the ink jet heads were alignment with each and the print head height was aligned well with 

the fabric. If the print was not acceptable, then nozzle cleanings were recommended, 

substrate tension adjustment, or the printhead height should be inspected and corrected by the 

technician. See Table 5. 12 as an example of the print quality check conducted by the PI.  
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Table 5. 12. Example of print quality checks. 

Basic information 

Printer name MS JP5 evo 

Ink type Pigment Inkset A 

Inkset colors CMYKRB 

Printhead height 3.5 inch 

Physical test 

Nozzle check Pass 

Fabric installation Pass 

Alignment check Pass 

Other 

Date and time 2/1/2016 

Location Room 1102 

Other  

 

▪ Print parameter setting 

The next step is to set the print mode, print speed, resolutions and ink limit for individual 

channels for this ink/substrate combination. The main goal of this step is to make sure the 

inks were registered well with the printer, ink lay-down and the printhead alignment work 

normally. 

This procedure requires the technician to test the parameters several times, normally 

determined by visual assessments or experience, to decide the print mode and speed (passes, 

print with uni-direction or bi-direction), print resolutions. Five experts stressed to check for 

ink bleeding problems. One mentioned printing the linearization page to visually assess the 

deepest/darkest/brightest colors without bleeding; another two used spot color files to check 

ink bleeding. Figure 5. 6 shows an example of color bleeding observed on untreated fabric 

and Figure 5. 7 shows an example of sharp printing on pretreated fabric. Normally, the 

bleeding issue could be reduced significantly via suitable pretreatment, if not, the ink limit 

for each channel can be adjusted to avoid the bleeding.  
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Figure 5. 6. Bleeding issue on untreated substrate (in the black circle). 

 

 

Figure 5. 7. A good example of sharp printing on pretreated substrate. 
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Besides ink bleeding, bandings should be checked as well. Color banding is a 

problem that results in color distortions of the prints, as a result of colors bunching together 

at a low resolution. Due to the undesired effect of color bunching from banding, the result of 

printing is colors that are not smooth. Two experts mentioned that for high-resolution printers, 

it was also necessary to check for the presence of dots on the prints.  

Table 5. 13 shows an example of printer parameter setting for a satisfactory print trial. 

Once those parameters are set, the linearization page can be printed. 

 

Table 5. 13. Printer parameters setting. 

Parameter Information Parameter Information 

Print mode C2 Resolution 360dpi 

Print passes 8 passes Ink limit 100% 

Uni-/bi-direction Uni-direction Other  

Visual assessment  Visual assessment  

Visible dots No Banding No 

Dithering No Ink bleeding No 

Others    

 

▪ Print and fixation 

For this research, the author selected RIPMaster V11 and i1 profiler to conduct the 

calibration and profiling, Table 5. 14 showed several RIP software that were recommended 

by the experts. 
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Table 5. 14. A widely used RIP Software for textile ink jet printing. 

Software 

name 

Key advantages Website 

RipMaster A special CTB 

profiles for spot 

color matching  

http://www.dpinnovations.com/ 

Ergosoft 

TexPrint 

14 

ColorGPS 

profiling 

application; 

Textile specific 

features: color 

replacement, color 

combine; 

shrinkage 

correction, etc. 

http://www.ergosoft.net/ergosoft/index.php 

AVA 

digital 

print RIP 

Supports spot 

printing of 

speciality metallic 

and white inks and 

inhibitors 

http://avacadcam.com/ava-software/digital-

print-rip/ 

Caldera 

TextilePro 

Supports all major 

textile printer 

manufacturers 

http://www.caldera.com/product/textilepro/ 

NeoStampa 

RIP 

Manages process 

color and spot ink 

combinations with 

up to 16 colors  

http://www.inedit.com/en/product/neostamp

a_1 

ONYX 

Textile 

edition 

ChomaBoostTM 

technology 

achieve brighter 

more saturated 

colors even on 

difficult to profile 

media; 

Individual ink 

configuration to 

reorder ink 

position for textile 

applications; 

http://www.onyxgfx.com/products/onyx-

textile-edition/ 
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As mentioned earlier, in order to improve measurement accuracy, shrinkage 

correction is required for the substrates that undergo shrinkage after the fixation step. A 

practical way to correct shrinkage was recommended by Expert C1 during the second 

interview: A sized sample is printed first, with the height and width recorded. The size 

sample is then heat-set, and the dimensions measured again. In this way, the shrinkage ratio 

under the specific heat-set environment can be calculated. Color patch pages that are printed 

next will be enlarged to the corresponding ratio. The spectrophotometer will allow a size 

difference of ±0.25”. 

Table 5. 15 shows an example of the shrinkage correction conducted by the author. 

From a second interview with Expert T2, the padding temperature and pressure to employ are 

variables that could influence print consistency. It would be necessary to keep track of these 

two factors, to maintain a consistent print size. 

 

Table 5. 15. Substrate shrinkage correction (Optional). 

Shrinkage ratio calculation 

Heat-set temperature: 400°F Heat-set duration:1min 

 Before heat-set After heat-set 

Page Height Width Height Width 

Size sample  27cm 18.4cm 26.4cm 18.1cm 

Shrinkage ratio in height:97.78% Shrinkage ratio in width:98.37% 

 

Pages 

Original After correction 

Height Width Height Width 

Linearization 27cm 18.4cm 27.8cm 18.77cm 

Color patches 27com 18.4cm 27.8cm 18.77cm 
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▪ Linearization and calibration 

After print settings are determined a device calibration and profiling is required in order to 

obtaining good-quality prints. The calibration process drives the relationship between device-

dependent (RGB) and device-independent (LAB) color representations for a calibrated 

printer. The output of the calibration and characterization process is a set of mappings 

between device-independent and device-dependent color descriptions, via 3x3 matrix 

conversion, white-point normalization, one-dimensional (1D LUT) and multidimensional 

(3D LUT) lookup tables. The information can be stored in a variety of formats, of which the 

most widely adopted industry standard is the International Color Consortium (ICC) profiles. 

Normally, the conversion is completed through the software driver automatically, by printing 

and measuring several color patches as the software required. 

The first and key step for calibration is Linearization. Linearization is a process that 

enables each ink channel to lay down ink in a smooth and linear fashion. Individual ink 

channel is printed beginning with a white (no ink laid down) substrate to its maximum 

density in smooth increments. 

The process varies slightly depending on the RIP software with the same end goal. 

The first goal of linearization is for linear output, for example, the 40% ink laydown has 

twice density as 20% laydown. The second goal is to determine the earliest point at which 

maximum density is reached. In this way, the printer linearization redistributes the ink along 

the CMYK gradation to ensure smooth color transitions. 

Different RIP software have different linearization files to print and measure. 

Basically, individual color from each ink channel will be printed in gradations from 0% to 
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100% ink coverage, then the spectral values will be measured by the spectrophotometer, 

including L*, a*, b* and C values for individual colors. An example of linearization page of 

RIPMaster is in the Figure 5. 8. 

 

 

Figure 5. 8. An example of linearization page. 

 

There are three steps for linearization and the procedure can be completed by the 

profiling software. The purpose of each step is listed below. 

1. Transition curves 

The first step depends on whether the printer has light inks (light cyan, light magenta, or grey 

in additional to CMYK) or not. There is no need to create the transition curves if the printer 

has no light inks. If the printer has light inks, the printer has to control how much light ink is 

used before introducing the dark ink and how the two types are mixed. Also, if the printer has 

variable droplets, the dark inks are introduced where the variable droplet transitions are 

created. The procedure is complex and normally created automatically. 
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2. Ink limit per channel 

After establishing an optimum set of transition curves, the ink limits for each channel are 

defined depending on different types of media, resolution and colorants. This process is done 

by printing and measuring a gradation of printers’ primary colors. The original curve is 

normally nonlinear and is increased as the printing density is scaled from 0% to 100%. There 

is a point that the curve begins flat, around which the ink limit should be defined. 

3. Linearization curves 

After defining the optimum ink limit per channel, a new measurement should be made and a 

compensation curve is generated to make the output of each channel linear. Examples of 

curves obtained are illustrated in Figure 5. 9 -Figure 5. 11. 

 

Figure 5. 9. An example of nonlinear spectral values for C, M, Y, K inks (126). 
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Figure 5. 10. An example of the spectral values for C, M, Y, K inks after determine the 

individual ink limit (126). 

 

 

Figure 5. 11. An example of the spectral values for C, M, Y, K after linearization (126). 

 

After completing linearization, the software will then create profiles. Twelve of the 

thirteen participants in this study used ICC as the printer profile. Within the 12 experts, one 
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used another type of spot color CTB profile, which was specifically designed for textile 

printing, to evaluate the color gamut as well. There are several profiler software 

recommended by the experts, such as i1 profiler, Monaco profiler, Caldera, Efi, Wasatch, etc. 

The X-rite i1 profiler is selected to create the ICC profile in this method, since we have the 

i1iO2 spectrophotometer equipped in our lab. The software has detailed selection of profile 

workflow. First, the colorimetric information of inkset should be input, “CMYK” or 

“CMYK+ additional colors”, the L*, a* and b* value for each additional colors. Two 

parameters should be input to create the profile: number of color patches and total ink limit. 

Printer profiles are built by printing a set of known color patches. A reflectance a 

spectrophotometer then reads the color patches so the software can interpret the difference 

between the original file and the printed patches. This information is stored in the form of an 

output profile, which is applied to images to ensure they are printed correctly. Color patches 

vary depending on which level of color management suits your purpose. They can range 

from 343 colors to 4,982 colors (127). Seven of the thirteen participants recommended using 

1000~2000 color patches. Too many color patches will result in color reproduction accuracy 

especially for textile substrates. 

Total Ink limit, or total area coverage is the amount of ink in one area of the image. 

For better print quality in photographic prints, it is recommended that images have less than 

300% total ink density. The total ink density for Dwell Magazine is 280%. The lower the 

total ink density, the thinner or grayer the shadows will look, making the image look flatter. 

It is recommended to use a value of 1000 with total ink limit of 300% for RIPMaster V11 
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software, which also differs for different RIP software. The page size should be consistent 

with the color patch page size.  

A shrinkage correction is required if the fabric shrunk after fixation, especially for 

polyester. The size can be adjusted through Photoshop. After fixation, the color patch pages 

can be measured by i1iO automatically. The software has detailed instruction on how to 

follow, until the ICC profile is generated. Some examples of using i1 profiler to create the 

ICC profile are shown in Figure 5. 12 to Figure 5. 14. 

 

 

Figure 5. 12. Screen used to select a printer to create ICC profile. 
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Figure 5. 13. Screen used to input the color information for additional colors. 

 

 

Figure 5. 14. Using the i1iO2 to conduct the measurement for color patches. 

 

▪ Color gamut analysis 

After the ICC profile is generated, further analysis can be conducted by using a software that 

plots the gamut such as Color Think Pro, Profiler viewer, Gamut viewer, etc. Color Think 

Pro was selected by the author as an example tool. A manual of the software is available 

online (www.colorwiki.com/wiki/ColorThink_Pro_3_Manual). This software has the 

http://www.colorwiki.com/wiki/ColorThink_Pro_3_Manual
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“Profile Inspector” function, in which the ICC profile can be opened, the information 

includes: gamut volume, white point and black point measurement, ink statistics for different 

rendering intents, etc. 

The rendering intent determines how the profile is going to deal with the color arising 

from a printable gamut. There are four types of rendering intent for color reproduction: 

perceptual intent; saturation intent; relative intent and absolute intent.  

Perceptual intent 

It compresses the total gamut from one device's color space into the gamut of another 

device's color space by preserving the visual relationship between colors, either shrinking the 

entire color space and shifting all colors, including the in-gamut colors. 

Saturation intent 

It aims at reproducing the original image color saturation (vividness) when converting 

into the target device's color space. The relative saturation of colors is maintained from 

gamut to gamut. This render intent is primarily designed for business graphics, where the 

exact relationship between colors is not as important as are bright saturated colors intent. 

Relative intent 

When a color in the current color space is out of gamut in the target color space, it is 

mapped to the closest possible color within the gamut of the target color space, while colors 

that are in gamut are not affected. Two colors appearing different in the source color space 

can be the same in the target color space.  
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Absolute intent 

The color matching method is similar with the relative rendering intent, except that 

colors match exactly with no adjustment made for white point or black point that would alter 

the image's brightness. Absolute colorimetric values are valuable for rendering "signature 

colors", those colors that are highly identified with a commercial product. 

For textile spot color printing, the rendering intent can be set as “absolute intent”; 

however, if photographic image is aimed to print, “Perceptual intent” can be used. The 

reproduction colorimetric value of a different rendering intent can be seen in the analysis by 

Color Think Pro (Figure 5. 15). Also, the 2D and 3D gamut can be visually plotted and 

compared against each other as shown in (Figure 5. 16). 

 

 

Figure 5. 15. An example of using Color Think Pro to analyze color gamut. 

 



 

136 

 

Figure 5. 16. Visualization of 2D and 3D color gamut by Color Think Pro. 

 

Color Think Pro has the function that the colors reproduced through the created 

profile could be compared with the original color information, which is designed in a 

standard LAB space, Adobe RGB, or sRGB, etc. The color difference between the same 

colors in different profiles could be measured automatically. 

Another way to evaluate the color accuracy is through visual assessment, by looking 

at the reproduced sample against the original design, or to use the spectrophotometer to 

measure specific colors. However, since in most cases the output gamut is smaller than the 

input gamut, the colors reproduced will be more or less different compared to the original 

design. It is of course possible to use Photoshop to edit colors, or change some of the ink 

recipes for specific colors in the RIP software. For most textile prints visually acceptable 

reproductions are more desirable than less visually appealing reproductions with highly 

accurate colors.  
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▪ Print quality evaluation 

Considering the original purpose of color gamut analysis expert responses were examined. 

Three experts stressed that achieving the best color matching, which is the highest color 

accuracy is the most important feature. Five experts stressed that attaining the maximum 

color gamut is the priority, while 2 of the 5 mentioned the importance of getting low L* for 

black inks; and 3 experts indicated that the color quality requirements of customer and prints 

application was more important than the color gamut volume for textile ink jet printing and 

that a balance must be struck between production cost and print quality. In addition, three 

experts preferred to test the image quality by printing several different pictures to see ink 

spreading performance and whether the colorfulness of image is as expected.  

After the above analysis some other print quality evaluations were considered as well, 

including the color fastness properties on textiles, print repeatability, and ink consumption. 

Color fastness tests were based on AATCC test methods: AATCC Test Method 116-

2010 Colorfastness to crocking; AATCC Test Method 61-2010 Color fastness to Laundering; 

AATCC Test Method 16-2004 Colorfastness to light. Spot colors shown in Figure 5. 17 

provided an example of the lightfastness results. Spot colors were printed on a fabric swatch, 

a cardstock was used to cover on an unexposed section.  
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Figure 5. 17. Illustration of lightfastness test sample. 

 

One expert indicated that in addition to conducting the light fastness test according to 

the AATCC method, and evaluating the color patches after two weeks, it is important to 

leave the specimen exposed to the air. Two experts stated the color patches should be 

evaluated and their color difference compared after 4 weeks.  

The ink consumption is another important factor that affects the manufacturer. Most 

RIP software applications have the ability to determine ink consumption for each print trial. 

For RIPMaster, the ink consumption can be set to be automatically recorded in the “Print 

Option” menu (Figure 5. 18). The ink consumption can be used to compare the ink recipe, 

and also to determine the production cost. 
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Figure 5. 18. RIPMaster setting to determine ink consumption. 

 

During the interview, three experts also mentioned the importance of print uniformity 

for one long yardage run. A repeat pattern is required to print on one run and determine the 

relevant colorimetric attributes. This is a significant factor that most textile print customers 

require, especially when large yardage production is printed which significantly depends on 

the stability of the printer. 
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5.1.2.4 Stage Two Conclusions  

A summation of the experts’ responses resulted in a detailed description of current practices 

for color gamut analysis and print quality evaluation. However, several of the experts made 

recommendations for an improved methodology, based on their experience with some of the 

limitations and technical obstacles of the current method. Four areas of improvement were 

identified. 

▪ Selection of ICC profile 

The ICC profile was created for photographic printing, and does not consider the unique 

requirements of textile substrates. For example, the structure of the substrate (i.e. type of 

weave, knit or nonwoven) can cause ink bleeding problems, and lead to a smaller color 

gamut. Also, the texture of the textile substrate requires a more accurate spectral reading to 

achieve high quality color reproduction. Another issue that is distinct to textiles is that the 

ICC profile is a general perceptual model. However, often textile printers need to prioritize 

the reproduction of specific colors. For example, a six color design may contain a bright, on 

trend- royal blue, and preference would need to be given to this color, rather than trying to 

match the overall color of the print.  

▪ Metamerism issues 

Metamerism issues were mentioned by three experts as the reason for not using the ICC 

profile. Illuminant metamerism is a phenomenon wherein two colored samples will appear to 

be of the same shade under one light source (e.g. light bulb, daylight) but will appear to be 

different shades under a second source (128). In other words, two different colors have the 

same color appearance under one light source (metameric match) and look different under 
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another light source (metameric mismatch). This is because of the differences in the 

reflection curves of two colors. Only colors with the same reflectance curve will be perceived 

as being the same color under various light sources. To avoid this issue, three experts chose 

to formulate the ink recipe from the reflectance data of each color, instead of the generated 

ICC profile. While this process increased the length of overall color control and calibration 

procedure the experts felt that the extra time was justified as the significantly improved color 

accuracy obtained. 

▪ Lack of standards 

Five experts mentioned the lack of a standard test procedure during the analysis process leads 

to difficulties in color reproduction and quality comparisons. Firstly, there is no standard for 

measurement of color gamut volume. Various gamut plotting software currently available in 

the market have their own approach to calculating the volume, which makes it difficult to 

compare the profiles of different ink/printer manufacturers. 

In addition, there is no specified standard textile substrate to evaluate the performance of 

inks and printers. For example, photographic printing has a standard coated paper or matte 

photo paper used for testing ink lay-downs.  One expert commented that he found it hard to 

decide the best rendering intent for the color reproduction and the large amount of variables 

that had to be controlled in textile ink jet printing make it difficult to set up standards. 

▪ Variables to control during printing 

Two experts empathized the need to control every variable during printing. For example, the 

pretreatment machine, pretreatment formulation, the temperature and duration of heat-
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setting; the moisture and temperature of the print environment, the print speed, number of 

passes, etc. All of these variables could affect the print consistency and repeatability. 

In summary, the experts stated that color calibration is an important factor, especially 

gamut volume, the blackness of black ink, and the colorfulness of inks. However, the 

reproduction requirements for the customer might be different due to different uses or 

purposes. Compromises often need to be made to achieve the best print quality for a large 

scale production, instead of for one perfect sample run. The experts stressed the need to 

maintain a balance between production costs and the print quality; particularly if digital 

printing will be used to support the U.S. reshoring efforts. 

5.1.3 Stage Three Results 

Stage Three results came from the analysis of the two experimental designs and consensus 

approval of the experts. These results contributed to the author’s final color gamut process 

model. 

5.1.3.1 Experiment Two: Inkset F 

The Inkset F is a disperse dye-based high lightfastness ink. F-4c is four-color inkset, which 

contains cyan, magenta, yellow and black; F-7c added blue, red and purple colors. Both 

pretreated and untreated fabrics were tested using these inkset, the pretreatment agents were 

DP003 and DP004, which were combinations of UV inhibitor and anti-migrant. The 

composition of the seven inks is shown in Table 5. 16 and compared in Figure 5. 19. It can be 

seen that deeper colors (lower L* values) were obtained by applying the pretreatment agent 

to fabric. Note for black color that L* value decreased from 32 to 26. Similarly, the chroma 

for each individual color increased, especially for yellow, where the C value increased from 
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65 to 80. Two sets of color profiles were created, one using the four-color Inkset (F-4c) and 

the other using the seven-color Inkset (F-7c). 

 

Table 5. 16. Colorimetric values from 100% coverage of individual colors  

(pretreated and untreated polyester NC1616, Inkset F). 

 

Pretreated Untreated 

 

L* a* b* C* L* a* b* C* 

Cyan 44.69 -15.05 -28.88 31.12 54.09 -18.71 -24.15 30.55 

Magenta 40.31 52.86 18.75 56.08 49.51 48.95 11.20 50.21 

Yellow 78.24 3.58 82.54 80.29 78.52 0.95 64.94 64.95 

Black 26.22 1.36 -1.27 1.86 32.29 1.59 -0.46 1.65 

Blue 35.83 3.11 -39.92 40.04 46.49 -2.44 -32.14 32.23 

Red 49.50 56.63 40.36 69.54 54.41 50.37 32.78 60.09 

Purple 29.38 25.06 -33.11 41.52 39.79 21.92 -32.05 38.82 
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Figure 5. 19. Comparison of colorimetric values for 100% coverage of individual colors 

(pretreated and untreated polyester NC1616, Inkset F). 

 

Figure 5. 20 and Figure 5. 21 show the colorimetric values of individual colors in 

inkset F-4c and F-7c, as well as a comparison of their color gamut. By looking at the 

individual colors values from 0% to 100% and the color gamut of the Inkset F-4c, the 

pretreatment increases the color gamut significantly, especially in L* direction. However, the 

color gamut increased more in a* and b* directions for the Inkset F-7c, which is probably 

because the three additional colors have increased the colorfulness. 
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Figure 5. 20. Individual colors and color gamut comparisons between pretreated and 

untreated polyester (NC1616, Inkset F-4c). 

 

 

Figure 5. 21. Individual colors and color gamut comparisons between pretreated and 

untreated polyester (NC1616, Inkset F-7c). 

 

Figure 5. 22 shows the color gamuts from four-color and seven-color inksets. A 

slightly larger color gamut can be observed for the seven-color inkset, especially at the 

bottom along L* values and b* values.  
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Figure 5. 22. Color gamut comparison between Inkset F1 and F2 from CTB profile. 

 

In order to have a more accurate measurement of the color gamut, the ICC profiles 

were created by the i1 profiler software, and analyzed using the Color Think Pro software. 

Table 5. 17 containes the gamut volume results from ICC profiles for Inkset F-4c and F-7c. 

Figure 5. 23 showed the 2D and 3D gamut for each of them. The color gamut volume of 

Inkset F-4c was 135,687, and the volume of Inkset F-7c was much larger, which was 

186,533. 

 

Table 5. 17. Color gamut volume of Inkset F-4c and F-7c. 

Inkset F Color 

combination 

Gamut 

volume 

F-4c CMYK 135,687 

F-7c CMYK+R,B 186,533 
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Figure 5. 23. ICC color gamut of Inkset F-4c (left) and Inkset F-7c (right) on NC1616 

polyester fabric. 

 

The 2D color gamut comparison for Inkset F-4c and F-7c are shown in Figure 5. 24. 

The gamut of F-7c, which has four additional colors, is enlarged especially in +a* and –b* 

directions, which represents red, purple and blue color components. Also, by looking at the 

3D gamuts in Figure 5. 25, F-7c also enlarged in the blackness direction (lower L* value). 
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Figure 5. 24. 2D gamut comparison between Inkset F-4c and F-7c. 

 

 

Figure 5. 25. 3D gamut comparison between Inkset F-4c and F-7c. 
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5.1.3.2 Experiment Two: Inkset C  

Inkset C is a pigment-based inkset, reformulated from Inkset B, mainly changed in magenta 

and black content. This inkset contains eight color component: cyan, magenta, yellow, black, 

blue, red, green and orange. The individual colors for each of them was measured from 0% to 

100%. In DP001 were used as the pretreatment. In order to compare the effects of additional 

color components on color gamut, four-color (Inkset C-4c), six-color (Inkset C-6c), seven-

color (Inkset C-7c), and eight-color (Inkset C-8c) combinations were tested, by creating ICC 

and CTB profiles. 

 

Table 5. 18. Colorimetric values for individual pigment colors  

(Pretreated NC1512, Inkset C). 

 

L* a* b* C 

Cyan 44.03 -2.87 -46.97 45.42 

Magenta 50.00 57.44 -8.19 58.02 

Yellow 87.40 -10.80 78.30 79.04 

Black 29.31 0.53 1.67 1.75 

Blue 40.19 11.29 -37.27 38.94 

Red 53.54 58.96 28.45 65.46 

Green 68.09 -49.27 14.58 51.38 

Orange 63.93 47.97 54.28 73.31 
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Figure 5. 26. Colorimetric values comparison of individual colors between disperse dye-

based Inkset F and pigment-based Inkset C. 

 

The same six color component: cyan, magenta, yellow, black, red and blue were 

compared in terms of their L*, a*, b* and C values, between disperse inkset F and pigment 

inkset C. As shown in Figure 5. 26, the lightness values of colors in the pigment set were 

higher than those for disperse dyes, except for cyan. Meanwhile, the chroma of yellow, red 

and blue were higher for the disperse set, while the chroma of cyan and magenta were higher 

for the pigment set. The disperse black from Inkset F provides a lower L* value (26) than L* 

value in pigment (29). The cyan ink in disperse has more green and less blue component than 
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that in pigment. Disperse set has a reddish yellow while the pigment has a greenish yellow 

according to the a* values. 

The gamut volumes of inkset C by using four-color, six-color, seven-color and eight-

color combinations were compared, and the results are shown in Table 5. 19. The volume of 

six-color combination was the smallest, even though two additional colors (red and blue) 

were included in that set compared to the CMYK inkset. The ICC gamuts are plotted in 

Figure 5. 27. By looking at the gamuts plotted from the CTB profile in Figure 5. 28, the six-

color gamut decreased the lightness of the gamut, which indicated an increase of the color 

intensity effect from the two additional colors. However, the eight-color combination, which 

had green and orange in the inkset, increased the color gamut significantly. The effects could 

also be proved by the comparison of the CTB profile comparison. The color gamut of the 

eight-color inkset was much bigger than that for the seven-color inkset. 

 

Table 5. 19. Color gamut volumes for Inkset C with different color combinations. 

Inkset C Color 

combination 

Gamut 

volume 

Inkset C-4c CMYK 161,305 

Inkset C-6c CMYK+R,B 152,317 

Inkset C-7c CMYK+R,B,G 168,825 

Inkset C-8c CMYK+R,B,G,O 188,426 
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Figure 5. 27 .2D and 3D color gamuts for Inkset C with different color comparisons (I: Inkset 

C-4c; II: Inkset C-6c; III: Inkset C-7c; IV: Inkset C-8c). 
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Figure 5. 28. Color gamuts comparison between Inkset C with different color combinations. 

 

Figure 5. 29 shows the 2D color gamut comparison for the four different inkset color 

combinations. Comparing of the inkset C-4c, with the inkset C-6c shows that the former has 

lower color intensity in –a* +b* and –a*-b* directions, which stands for yellow, green and 

blue component. However, the color intensity in +a*+b* area was much higher for the inkset 

C-6c than for C-4c, which could explain the decrease of color gamut by adding two 

additional colors. In the inkset C-7c, the additional green color helps with the increase of 

color gamut in –a* area, which stands for green component, but decreased a little bit in the 
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orange area. The inkset C-8c has the largest color gamut, by adding the last orange ink, the 

color gamut in the orange area was enlarged significantly. 

 

 

Figure 5. 29. 2D gamut comparison of Inkset C with different color combinations. 

 

By comparing the colorimetric values of pretreated fabric printed with Inksets C and 

F, it can be seen that most of the colors in Inkset C gave a somewhat lighter color (higher L* 

value) on polyester, except for cyan. For black, the L* value from inkset C was 29 and 26 for 

inkset F, which deepened colors in the overall color gamut. Also, the red and magenta in 

inkset C gave slightly higher a* value (59 for red and 57 for magenta), than a* values from 

Inkset C-4c 

Inkset C-6c 

Inkset C-7c 

Inkset C-8c 
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inkset F (57 for red and 53 for magenta). The negative b* value for cyan was greater from 

inkset F (-29) than the one from inkset L (-47). The magenta from inkset F gave a positive b* 

value, which indicated a yellow character; while the magenta from inkset L gave a negative 

b* value that indicated a blue character for this color. Generally, the chroma of cyan (45) and 

magenta (58) were higher for inkset C compared with those for cyan (31) and magenta (56) 

in inkset F. However, the chroma values for the other colors were higher for inkset F than 

inkset C. 

The four-color combinations were compared between inkset F-4c and inkset C-4c and 

plotted by using both CTB (Figure 5. 30) and ICC (Figure 5. 31) profiles. Pigment set has a 

larger coverage for green, blue and purple areas, and disperse set has higher color intensity in 

red, yellow and orange range. 

 

 

Figure 5. 30. Color gamut comparison from CTB profiles between Inkset F-4c and Inkset C-

4c. 
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Figure 5. 31. 2D and 3D ICC color gamut comparison between Inkset F-4c and Inkset C-4c. 

 

5.1.3.3 Experiment Two: Seven Color Comparison between Disperse and Pigment inksets 

The seven-color combinations of inkset F-7c and Inkset C-7c were also compared through 

the plot from CTB (Figure 5. 32) and ICC profile (Figure 5. 33). No significant changes in 

color gamut are noted in the gamut from CTB. By looking at the 2D gamut from ICC profile, 

the pigment ink covered more yellow and green areas compared to the disperse set, while the 

disperse set covers more red and yellow regions. The purple color of disperse tends to be 

more bluish, but the one of pigment tends to be more reddish. 
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Figure 5. 32. Color gamut comparison from CTB profiles between Inkset F-7c and Inkset C-

7c. 

 

 

Figure 5. 33. 2D and 3D ICC color gamut comparison between Inkset F-7c and Inkset C-7c. 

 

5.1.3.4 Experiment Two: Light fastness and Crock fastness Testing 

To evaluate the color fastness properties of the C and F inksets, light fastness was evaluated 

at exposure levels of 160, 300, and 500 hours (h) and wet and dry crock fastness were 
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measured in warp and weft directions. The rating scale was 1 (poor) to 5 (excellent), with a 

minimum rating of 3 acceptable. 

The crock fastness ratings from Inkset F and Inkset C are shown in Table 5. 20. Most 

of the colors gave a rating of 5, except for wet crock fastness for red in the warp direction, 

which was still very good at 4.5. However, the crock fastness for Inkset C was low. In this 

case, the highest rating was obtained from green, which was 3; for the others, most ratings 

were around 2. Overall, these results arise from dye penetration into the fiber structure versus 

pigment occupying the surface of the fibers.  Without a strong binder, pigment particles are 

more subject to removal by abrasion. 

The light fastness results from Inkset F and Inkset C are shown in Table 5. 21 and 

indicate that color faded appreciably as the exposure time increased, with ratings at the 500-h 

exposure level no higher than 2. The highest ratings were generally 2-3 at the 300-h exposure 

level. However, the lightfastness ratings from Inkset C were above 3 even after the 500-hour 

exposure, except for the orange pigment. Black and magenta gave a rating of 4 after 500 h, 

while cyan, yellow and blue gave a 3.5 after 500-h. Overall, these results reflect the 

particulate structure of organic pigments, giving layers of molecules rather than the mono-

molecular arrangement of disperse dyes inside the fiber. The latter makes the colorants more 

accessible to photodegradation and the solution is the co-adsorption of a suitable 

photostabilizer to facilitate energy dissipation from excited dye molecules. 
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Table 5. 20. Crock fastness ratings from Inkset F and Inkset C. 

D/W Color 
Inkset F Inkset C 

Weft Warp  Weft Warp 

D 

Cyan 5 5 1.5 2 

Magenta 5 5 2 2 

Yellow 5 5 2 2 

Black 4.5 5 2 2 

Red 4.5 5 2 2 

Blue 5 5 2 2 

Orange 5 5 2 2 

Green - - 2.5 3 

W 

Cyan 5 5 1.5 1.5 

Magenta 5 5 2.5 2.5 

Yellow 5 5 2 1.5 

Black 4.5 5 2 2 

Red 4.5 4.5 2 2.5 

Blue 5 5 2 2.5 

Orange 4.5 5 2 2 

Green - - 3 3 
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Table 5. 21. Lightfastness results from Inkset F and Inkset C. 

Color 
Exposure 

levels (h) 
Inkset F Inkset C 

Cyan 

160 2.5 4.5 

300 2.5 4 

500 2 3.5 

Magenta 

160 3.5 5 

300 3 4.5 

500 2 4 

Yellow 

160 3.5 4.5 

300 3 4.5 

500 2 3.5 

Black 

160 3.5 4.5 

300 2.5 4.5 

500 2 4 

Red 

160 3.5 3.5 

300 2.5 3 

500 2 3 

Blue 

160 3 4 

300 2 4 

500 1.5 3.5 

Violet 

160 2.5 4 

300 1.5 3.5 

500 1 3 

Green 

160 - 3.5 

300 - 2 

500 - 1 

 

As a conclusion, ink jet printing on PET benefits from a fabric pretreatment step, 

whether disperse dyes or organic pigments are used in the inks employed.  This enhances 

fiber receptiveness for the inks, leading to increased color intensity and color gamut. In 

addition, expansion of the standard CMYK color combination (inkset) to 7 (disperse dye-

based systems) or 8 (pigment-based systems) significantly increases the color gamut, as 

would be anticipated.  Pigment-based inksets and disperse dye-based inksets bring 

advantages and disadvantages to the table. In this regard, the particulate nature of pigments 
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can lead to superior lightfastness over disperse dye-based inks.  In the present study, the 

disperse dye based inksets did not give satisfactory lightfastness at 300-500 h exposure 

levels, unlike the pigment systems.  On the other hand, the inability of pigment particles to 

diffuse into the fibers during the fixation step can lead to crock fastness problems.  Compared 

with the pigment inksets, the disperse dye inksets provided deeper color shades on PET, the 

L* of black color was much lower in Inkset type F than in Inkset type C, which would be 

helpful in increasing the color intensity for the prints, when using the black ink individually, 

or when mixing it with other colors. 

It should also be noted that the high temperature fixation process could cause fabric 

shrinkage – requiring a preshrinking step. For disperse dye inks, a wash-off step is required 

to remove surface dye that adversely affects color fastness.  

The fastness properties of the inksets used in this study merit further study with various 

photostabilizers and polymeric binders to enhance disperse dye lightfastness and pigment 

crock fastness, respectively. Of interest would be to determine whether optimum results are 

obtained in a pretreatment or post-treatment step. 

5.1.3.5 Validation 

After compiling and analyzing the responses from the expert interviews, the author sent the 

methodology to the experts to build consensus of the description of procedures and 

comments as to the limitations and areas for improvement. All of the experts approved the 

methodology with no additional comments. 

Based on the eight-step methodology approved by the experts in Section 5.1.2.3, the 

PI condensed the method into a four-stage process model, shown in Figure 5. 34.  
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Stage 1 called Fabric and printer preparation. In this stage, fabric is scoured, 

pretreated and pre-shrunk if needed. The printer is prepared with the correct setting. Physical 

appearance of printing behavior is checked, such as nozzle check and print head alignment, 

to avoid banding or ink bleeding issues. 

Stage 2 called Linearization, calibration and profiling, which comprise the major 

steps for printer color characterization. Linearization is the first step of calibration, from 

which, the individual ink limit is determined. Colorimetric attributes are re-distributed 

evenly, with the adjustment of the ink recipe. Then, the total ink limit is determined, as well 

as the color patches to be printed and measured, in order to generate the color profile. All the 

printed pages sizes should be corrected based on the shrinkage ratio.  

Stage 3 Color gamut analysis: In this step, the generated ICC profile is input into the 

gamut plotting software, and a visualized 2D or 3D color gamut is generated. Related data is 

collected, such as gamut volume, white point and maximum black colorimetric attributes 

under different rendering intent. 

Stage 4: Print quality evaluation. In this step, additional, related print qualities are 

tested, such as light/crock/wash fastness properties, color matching evaluation between 

original design and reproduced prints, these variables can be gathered from industry/ 

customer feedback, to improve process workflow, and improve product quality. 
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Figure 5. 34. Process model for color gamut analysis and print quality evaluation. 
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5.2 O2: Characterization of Disperse Dyes Used in Textile Ink Jet Printing 

A TLC plate from all three generations of disperse dyes is shown in Figure 5.35, with 

information pertaining to their color and generation type shown in Table 5.22. It is clear that 

Generation 1 are not among the subsequence generations of dyes. However, similar 

components were evident in the red, blue and scarlet dyes of Generations 2 and 3. Not 

surprising, the black dye was a mixture of red, blue, yellow, purple and other components. 

 

 

Figure 5.35. TLC analysis of the three generation of dyes, using CHCl3 as eluent. 
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Table 5.22. Identity of dye spots in TLC plate. 

Dye # Dye Designation Generation 

1 Disperse Yellow 42 Generation 1 

2 Disperse Yellow 86 Generation 1 

3 Yellow II Generation 2 

4 Yellow III Generation 3 

5 Disperse Red 60 Generation 1 

6 Red II Generation 2 

7 Red III Generation 3 

8 Disperse Blue 56 Generation 1 

9 Blue II Generation 2 

10 Blue III Generation 3 

11 Scarlet II Generation 2 

12 Scarlet III Generation 3 

13 Violet-Blue III Generation 3 

14 Cyan III Generation 3 

15 Black III Generation 3 

 

 

5.2.1  Generation 2 Lightfast Disperse Dyes 

5.2.1.1 Dye Blue II 

Results from TLC of a concentrated solution of this blue dye revealed six blue components 

(Figure 5. 36). The HPLC of the dye mixture was recorded at 607nm (Figure 5. 37). The 

major components were isolated by column chromatography and analyzed. UV-Vis spectra 

arising from HPLC analysis of these components are shown in Figure 5. 38 and Figure 5. 39. 

The major components, by far, were the third (35.63%) and fourth (50.19%). There were 

three components at levels below 1%, which were not be visible on the Figure 5.2 TLC plate. 
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Figure 5. 36. TLC analysis of dye Blue II, using CHCl3 as the eluent. 
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Figure 5. 37. HPLC analysis of dye Blue II recorded at 607 nm. 
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Figure 5. 38. UV-vis spectra extracted from the HPLC of Blue 1 (top), Blue 2 (middle) and 

Blue 3 (bottom), component of dye Blue II. 
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Figure 5. 39. UV-vis spectra extracted from the HPLC of Blue 4 (up), Blue 5 (middle) and 

Blue 6 (bottom), component of dye Blue II. 
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Blue 4 and Blue 5: 

Blue 4 and Blue 5 are the key components in dye Blue II.  Based on MS (Figure 5. 40 and 

Figure 5. 41 for Blue 4, and Figure 5. 42 and Figure 5. 43 for Blue 5), it was evident that they 

are are isomers of each other.  The exact mass is 376.0695, which was measured as 377.0754 

in MS for M+H. Structures were established by 500 MHz NMR (Figure 5. 44 and Figure 5. 

45), which were also compared with the calculated 1H spectra NMR from ChemBio Draw 

software (Figure 5. 47 and Figure 5. 49). The proposed chemical structures of Blue 4 and 

Blue 5 are thus shown in Figure 5. 46 and Figure 5. 48, both of which were mentioned in the 

literature (100,101) as providing good lightfastness on polyester.  

 

 
Figure 5. 40. B-4 total ion chromatogram at UV 615. 
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Figure 5. 41. B-4 scan 7.92-8.08 min. 

 

 

 
Figure 5. 42. B-5 total ion chromatogram at UV 615. 
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Figure 5. 43. B-5 scan 8.29-8.48 min. 

 

 

 
Figure 5. 44. B-4 500 MHz 1H-NMR spectrum. 
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Figure 5. 45. B-5 500 MHz 1H-NMR spectrum. 

 

 

 

Figure 5. 46. Chemical structure for the Blue 4 component of dye Blue II. 

 



 

174 

 

Figure 5. 47. Calculated 1H NMR spectrum of Blue 4 (DMSO, 300MHz). 

 

 

 

Figure 5. 48. Chemical structure for the Blue 5 component of dye Blue II. 
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Figure 5. 49. Calculated 1H NMR spectrum of Blue 5 (DMSO, 300MHz). 

 

Crystals of Blue 4 and 5 were then crystallized and submitted for X-ray crystallographic 

analysis. 

Blue 4 

A dark blue plate-like specimen of C20H12N2O6, approximate dimensions 0.138mm 

x0.212mm x0.360mm, was used for the X-ray crystallographic analysis.  

The total exposure time was 13.05 h.  The frames were integrated with the Bruker 

SAINT software package using a narrow-frame algorithm. The integration of the data using a 

monoclinic unit cell yielded a total of 40283 reflections to a maximum θ angle of 35.15° 

(0.62 Å resolution), of which 6952 were independent (average redundancy 5.794, 

completeness = 99.6%, Rint = 2.56%, Rsig = 1.78%) and 5855(84.22%) were greater than 2σ 

(F2). The final cell values for a, b, c, β, volume, were based upon the refinement of the XYZ-

centroids of 417 reflections above 20 σ(I) with 6.371° < 2θ < 69.06°. Data were corrected for 

absorption effects using the multi-scan method (SADABS). The ratio of minimum to 
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maximum apparent transmission was 0.958. The calculated minimum and maximum 

transmission coefficients (based on crystal size) were  0.9580 and 0.9840.  

The final anisotropic full-matrix least-squares refinement on F2 with 262 variables 

converged at R1 = 4.45%, for the observed data and wR2 = 12.58% for all data. The 

goodness-of-fit was 1.035.  On the basis of the final model, the calculated density 

was 1.597 g/cm3 and F(000), 776 e-.  

Table 5. 23 shows the hydrogen bond distances and angles for Blue 4 dye molecule. 

Based on the distance, the possible hydrogen bonds are shown in Figure 5. 51, which occur 

for N2-H2-O6, O1-H1-O6, and O4-H5-O5.  Also, the packing diagram is shown in Figure 5. 

52 shows 4 molecules in the crystal cell of this dye. 

 

 

Figure 5. 50. X-ray crystal structure of the Blue 4 component of dye Blue II. 
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Table 5. 23. X-ray crystal data for the Blue 4 component. 

Chemical formula C20H12N2O6 

Formula weight 376.32 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.138 x 0.212 x 0.360 mm 

Crystal habit dark blue plate 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 9.4763(3) Å α = 90° 

 b = 24.9680(6) Å β = 106.0290(10)° 

 c = 6.8825(2) Å γ = 90° 

Volume 1565.12(8) Å3  

Z 4 

Density (calculated) 1.597 g/cm3 

Absorption coefficient 0.121 mm-1 

F(000) 776 

 

 

Table 5. 24. Hydrogen bond distances (Å) and angles (°) for the Blue 4 component. 

 Donor-H Acceptor-H Donor-

Acceptor 

Angle 

O1-H1...O6 0.886(15) 1.725(15) 2.5393(8) 151.5(14) 

O5-H5...O4 0.924(15) 1.675(15) 2.5319(9) 152.7(13) 

N2-H2...O1 0.863(13) 2.635(13) 3.3672(9) 143.4(11) 

N2-H2...O6 0.863(13) 1.964(14) 2.6381(9) 134.1(12) 
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Figure 5. 51. Hydrogen bond distances for the Blue 4 molecule. 

 

 

 

Figure 5. 52. Packing cell diagram for the Blue 4 component. 
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Blue 5 

A metallic purple rod-like specimen of C20H12N2O6, approximate dimensions 0.056 mm 

x 0.106 mm x 0.369 mm, was used for the X-ray crystallographic analysis.  

The total exposure time was 15.27 h. The frames were integrated with the Bruker 

SAINT software package using a narrow-frame algorithm. The integration of the data using 

a monoclinic unit cell yielded a total of 3959 reflections to a maximum θ angle of 25.03° 

(0.84 Å resolution), of which 3959 were independent (average redundancy 1.000, 

completeness = 100.0%, Rint = 0.00%, Rsig = 9.34%) and 2558 (64.61%) were greater than 

2σ(F2). The final cell values of a, b, c, β, and volume, are based upon the refinement of the 

XYZ-centroids of 2767 reflections above 20 σ(I) with 4.829° < 2θ < 47.62°.  The structure 

was solved and refined using the Bruker SHELXTL Software Package, using the space 

group P 1 21/c 1, with Z = 4 for the formula unit, C20H12N2O6. Also, the packing cell 

diagram is shown in Figure 5. 55. 

Table 5. 26 shows the hydrogen bond distances and angles for Blue 5 dye molecule. 

Based on the distance, the possible hydrogen bonds are shown in Figure 5. 54, which occur 

for N2-H2-O6, O3-H3-O4, and O4-H5-O5.  Also, the packing diagram is shown in Figure 5. 

55 shows 4 molecules in the crystal cell of this dye. 
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Figure 5. 53. X-ray crystal structure of the Blue 5 component of dye Blue II. 

 

 

Table 5. 25. X-ray crystal data for the Blue 5 component. 

Chemical formula C20H12N2O6 

Formula weight 376.32 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.056 x 0.106 x 0.369 mm 

Crystal habit metallic purple rod 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 4.8995(4) Å α = 90° 

 b = 19.7614(14) Å β = 96.478(3)° 

 c = 16.2993(11) Å γ = 90° 

Volume 1568.0(2) Å3  

Z 4 

Density (calculated) 1.594 g/cm3 

Absorption coefficient 0.120 mm-1 

F(000) 776 
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Table 5. 26. Hydrogen bond distances (Å) and angles (°) for Blue 5. 

 Donor-H Acceptor-H Donor-

Acceptor 

Angle 

O3-H3...O4 0.91(5) 1.75(5) 2.560(4) 147.(5) 

O3-H3...O4 0.91(5) 2.31(5) 2.763(4) 110.(4) 

O5-H5...O3 0.84(5) 2.45(5) 3.094(4) 134.(4) 

O5-H5...O4 0.84(5) 1.84(5) 2.572(4) 146.(5) 

N2-H2...O6 1.00(4) 1.75(4) 2.594(5) 140.(4) 

 

 

 

Figure 5. 54. Hydrogen bond distances for the Blue 5 molecule. 
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Figure 5. 55. Packing cell diagram for the Blue 5 component. 

 

 

 Emission spectra 

Emission spectra for components Blue 4 and Blue 5 are shown in Figure 5. 56, where it can 

be seen that both dyes do exhibit fluorescence. However, the intensity of the emission band 

for Blue 5 is significantly lower than that for Blue 4. 
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Figure 5. 56. Absorption and emission spectra for Blue 4 and 5. 
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5.2.1.2 Dye Red II  

Results from TLC and HPLC analysis of a concentrated solution of the Red II dye is shown 

in Figure 5. 57 and Figure 5. 58. This commercial dye contained six components, 3 scarlet 

and 3 red. The biggest component is the second peak.  The UV-vis spectra of R1, R2 and R3 

were obtained from the HPLC analysis and are shown in Figure 5. 59. 

 

 

Figure 5. 57. TLC analysis of commercial dye Red II using chloroform. 
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Figure 5. 58. HPLC analysis of commercial dye Red II recorded at 517 nm. 
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Figure 5. 59. UV-Vis spectra of R1 (top), R2 (middle), R3 (bottom). 

 

 

Red 1 and Red 2 

From the LC-MS analysis of the commercial Red II sample, there were quite low levels of 

R1 and R2 components in this mixture.  Following column chromatograph, the individual 

components were analyzed, and the results are shown in the Figure 5. 60 and Figure 5. 61. 

From the results, R1 and R2 have a peak at RT=13.1, recorded at 517nm, which 

corresponded to molecular weight of 503.  MS results (Figure 5. 62 and Figure 5. 63) in 

combination with experimental (Figure 5. 64) and calculated NMR spectra led to the 

proposed chemical structure for R1 and R2 shown in Figure 5. 65. However, they are too 
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close with each other to be separated. An experiment to synthesize them was tried, based on 

the patent US 2004/0055097(129), in Example 1. The two isomers were synthesized 

following the instruction, however, they are too closed to each in the chromatography to 

separate. 

 

 

Figure 5. 60. HPLC analysis of R1 recorded at 517 nm. 
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Figure 5. 61. HPLC analysis of R2 recorded at 517 nm. 

 

 

 
Figure 5. 62. R-1 total ion chromatogram at UV 517. 
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Figure 5. 63. MS corresponding to the R-1 scan at 12.25-12.74 min. 

 

 

 
Figure 5. 64. NMR spectrum (500 MHz) for R1/R2. 
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Figure 5. 65. Proposed structure of R1/R2 dyes. 

 

 

Red 3  

A pure sample of the Red 3 component was obtained from column chromatography. From 

the LCMS measurements, the molecular weight of Red 3 is 497.1361 (Figure 5. 66 and 

Figure 5. 67), which matches the exact mass of Disperse Red 92 (m/z 496.1304).  The 

chemical structure of Disperse 92 is shown in Figure 5. 69. The experimental and calculated 

NMR spectra (Figure 5. 68 and Figure 5. 70) were also consistent with Disperse Red 92. 
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Figure 5. 66. R-3 total ion chromatogram at UV 517. 

 

 

 
Figure 5. 67 R-3 Scan 6.29-6.45 min. 

 

  

RT: 0.00 - 20.01

0 2 4 6 8 10 12 14 16 18 20

Time (min)

0

5000

10000

15000

m
A

U

0

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

6.31

497.13611

1.00

260.09396
14.36

413.26480
15.66

368.42392
11.96

282.27826

9.32

583.20959
2.65

750.20764
5.77

527.11285

6.25

0.00000

0.75

0.00000

NL:

7.71E8

TIC  MS 

152576_R7

NL:

1.78E4

UV_VIS_1  

UV 

152576_R7

152576_R7 #1055-1085 RT: 6.29-6.45 AV: 31 NL: 2.34E8

T: FTMS + p ESI Full ms [200.00-1000.00]

200 300 400 500 600 700 800 900 1000

m/z

0

10

20

30

40

50

60

70

80

90

100

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

497.13630

519.11710 993.26155
330.07332



 

191 

 
Figure 5. 68. R3 NMR spectrum. 

 

 

 

Figure 5. 69. Disperse Red 92 structure. 
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Figure 5. 70. Calculated 1H NMR prediction of Disperse Red 92 (DMSO, 300MHz). 

 

 

As the major component, Red 3 was selected for UV-vis and fluorescence 

measurements and Commercial Disperse Red 92 was compared with Red 3.  Both dyes 

exhibited florescence, overlapping bands for absorption and emission.  Dye 3 also had a 

second (weaker) emission band around 750nm. See Figure 5. 71. 
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Figure 5. 71. Absorption and emission spectra for Red 3 and disperse red 92. 

 

 

5.2.1.3 Dye Scarlet II 

TLC of the Scarlet II dye is shown in Figure 5. 72, which revealed three components (two 

orange and one red).  Results from HPLC analysis of this sample are shown in Figure 5. 73, 

and suggested 2 major components.  UV-Vis spectra for the three components are shown in 

Figure 5. 74 but NMR spectra were recorded only for Sc2 and Sc3, since the amount of 

isolated Sc1 was too small.  The NMR spectra are shown in Figure 5. 75.  Sc2 and Sc3 

provided almost the same mass result but different NMR results. 
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Figure 5. 72. TLC analysis of the Scarlet II commercial dye. 

 

 

 

Figure 5. 73. HPLC analysis of the Scarlet II dye recorded at 486 nm. 
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Figure 5. 74. UV-Vis spectrum of Sc1 (top), Sc2 (middle), Sc3 (bottom). 

 

 

 

Figure 5. 75. 1H NMR spectra of Sc2 (top) and Sc3 (bottom). 
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Scarlet (Sc1)  

This component is less than 2% in the mixture, based on HPLC analysis. The MS gave M/z 

518.1554 for the peak at Rt = 14.649 min (Figure 5. 76). The molecular formula for this 

component is C26H17N10O3, the proposed structure of which is shown in Figure 5. 77. This 

impurity could be a byproduct of Sc2 synthesis.  

 

 

 

Figure 5. 76. Mass spectrum of the Sc1 component. 
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Figure 5. 77. Proposed molecular structure for the Sc1 component. 

 

 

Scarlet 2 (Sc2) 

LCMS was run for the Sc2 component, the results of which are shown in Figure 5. 78 and 

Figure 5. 79.  The MS of Sc2 has M/z 442.1217, which matches the molecular formula: 

C20H14F3N7O2 (Figure 5. 80), and the exact mass is 441.1161. 
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Figure 5. 78. Sc2 total ion chromatogram at UV 487.  

 

 

 
Figure 5. 79. MS of Sc2 scan at 9.03-9.28 min. 
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Figure 5. 80. Proposed molecular structure for Sc2. 

 

 

Scarlet 3 (Sc3) 

Sc3 also showed M/z 442.1217, from LCMS analysis (Figure 5. 81 and Figure 5. 82), which 

matches the molecular formula C20H14F3N7O2 (Figure 5. 83), whose exact mass is 441.1195. 

 

 
Figure 5. 81. Sc3 total ion chromatogram and UV 493. 
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Figure 5. 82. MS for the Sc3 peak at 9.25-9.42 min. 

 

 

 

Figure 5. 83. Proposed molecular structure for Sc3. 
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X-ray results 

A red plate-like specimen of C20H14F3N7O2, approximate dimensions 0.518mm × 0.309mm × 

0.247mm, was used for the X-ray crystallographic analysis. A summary of the X-ray data for 

Sc3 is shown in Table 5. 27.  The total exposure time was 13.05 h. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a triclinic unit cell yielded a total of 28451 reflections to a 

maximum θ angle of 72.86°, of which 9000 were independent, were greater than 2σ(F2). The 

final cell constants of a = 7.5946(2) Å, b = 11.0683(3) Å, c = 11.3236(3)Å, β = 88.6460(10)°, 

volume = 929.59(4) Å3. 

The final anisotropic full-matrix least-squares refinement on F2 with 262 variables 

converged at R1 = 4.05%, for the observed data and wR2 = 11.52% for all data. The 

goodness-of-fit was 1.027. The largest peak in the final difference electron density synthesis 

was 0.7 e-/Å3 and the largest hole was -0.46 e-/Å3. Also, the pack cell of this molecule is 

shown in Figure 5. 85. The possible hydrogen bond length and angle of this structure is 

shown in Table 5. 28, and the bonds are shown in Figure 5. 86, the bond is more likely to 

form between N7-H7-N1. 
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Figure 5. 84 Molecular structure of Sc3 component measured by X-ray. 
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Table 5. 27. Crystal data and structure refinement for Sc3 (rds494_0m). 

Empirical formula C20H14F3N7O2 

Formula weight 441.38 

Temperature/K 100.04 

Crystal system triclinic 

Space group P-1 

a/Å 7.5946(2) 

b/Å 11.0683(3) 

c/Å 11.3236(3) 

α/° 80.9900(10) 

β/° 88.6460(10) 

γ/° 81.4210(10) 

Volume/Å3 929.59(4) 

Z 2 

ρcalcg/cm3 1.577 

μ/mm-1 0.128 

F(000) 452.0 

Crystal size/mm3 0.518 × 0.309 × 0.247 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.642 to 72.86 

Index ranges -12 ≤ h ≤ 12, -18 ≤ k ≤ 18, -18 ≤ l ≤ 18 

Reflections collected 28451 

Independent reflections 9000 [Rint = 0.0236, Rsigma = 0.0238] 

Data/restraints/parameters 9000/0/299 

Goodness-of-fit on F2 1.027 

Final R indexes [I>=2σ (I)] R1 = 0.0405, wR2 = 0.1152 

Final R indexes [all data] R1 = 0.0506, wR2 = 0.1241 

Largest diff. peak/hole / e Å-3 0.70/-0.46 
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Figure 5. 85 Pack cell for the molecular Sc3 

 

 

Table 5. 28 Hydrogen bond distances (Å) and angles (°) for Sc3 (rds494_0m). 

 
Donor-H Acceptor-H Donor-Acceptor Angle 

N6--H6A--O21 0.878(14) 2.189(14) 3.0310(9) 160.5(12) 

N6--H6B--N52 0.843(13) 2.512(13) 3.1085(9) 128.6(11) 

N7--H7--N1 0.912(12) 1.933(12) 2.6728(8) 136.9(10) 
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Figure 5. 86 Possible hydrogen bond formation with the Sc3 molecule. 

 

 

Spectral results 

Results of UV-vis and fluorescence measurements are shown in Figure 5. 87 to Figure 5. 89. 

All three component have emission spectra after the absorbing radiation and the shapes of 

Sc2 and Sc3 are similar. 
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Figure 5. 87 Absorption and emission spectra for Sc1. 
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Figure 5. 88 Absorption and emission spectra for Sc2. 
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Figure 5. 89 Absorption and emission spectra for Sc3. 

 

 

5.2.1.4 Dye Yellow II 

Commercial Yellow II contains six components: two reds (R1 and R2) and four yellows 

dyes. The corresponding TLC plate is shown in Figure 5. 90. The dye was also analyzed by 

HPLC (Figure 5. 91) which showed 4 major components in the chromatogram. The 

corresponding UV-Vis spectra of Y1, Y2, Y3 and Y4 are shown in Figure 5. 92, since the R1 

and R2 have been described in previous section.  
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Figure 5. 90. TLC analysis of Yellow II using CHCl3 as eluent. 

 

 

 

Figure 5. 91. HPLC analysis of the Yellow II dye recorded at 463 nm. 
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Figure 5. 92. UV-Vis spectra of Y1 (top), Y2 (middle – red), Y3 (middle – blue), Y4 

(bottom). 

 

 

Yellow 1 

Based on the LCMS results (Figure 5. 93 and Figure 5. 94), the sample was recognized as 

Solvent Yellow 163, structure of which is shown in Figure 5. 95. The exact mass of Solvent 

Yellow 163 is 424.0592, which matches the MS results from Y1 for M+H = 425.0641.  
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Figure 5. 93. Y1 total ion chromatogram at UV 459. 

 

 

 

 
Figure 5. 94. MS of Y1 peak at 11.86-12.03 min. 
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Figure 5. 95. Solvent Yellow 163 structure. 

 

Yellow 2, 3 and 4 

HPLC results shown in Figure 5. 96 revealed major components having percentage of 

39.07%, 37.01% and 23.92%.  However, the components were too close in polarity to be 

readily separated by column chromatography.  Based on the LCMS results, the molecular 

mass for Y2 was 427, for Y2 was 441, and for Y3 was 469 (see Figure 5. 97 to Figure 5. 

100).  
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Figure 5. 96. Results from HPLC analysis of Y2, Y3 and Y4 recorded at 463 nm. 

 

 

 
Figure 5. 97. Y2, Y3 and Y4 total ion chromatograms at UV 460. 
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Figure 5. 98. MS for Y2, Y3 and Y4 peak at 7.82 – 8.00 min. 

 

 

 

Figure 5. 99 MS for Y2, Y3 and Y4 peak at 8.83 -9.08 min. 
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Figure 5. 100. MS for Y2, Y3 and Y4 peak at 10.95 – 11.29 min. 

 

 

Basing on the result of MS spectral, possible structures for Y2, Y2, and Y4, which 

was measured as 427, 441 and 469 in MS for M-H. Those structures referred US patent 

7097670(105). 

 

Figure 5. 101 Proposed molecular structure of Y2 component. 
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Figure 5. 102 Proposed molecular structure of Y3 component. 

 

 

 

Figure 5. 103 Possible molecular structure of Y4 component. 

 

The proportion of Y1 component is around 50%. Proportions of Y1, Y2, Y3 and Y4, 

there are still around 10% for Red 1 and Red 2 in the mixture. 
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5.2.2 Generation 3 Lightfast Disperse Dyes 

TLC comparison of the Generation 3 and Generation 2 dyes showed Generation 3 dyes to be 

somewhat less complex.  These results are captured in Figure 5. 104 and Table 5. 29.  

 

 

 

Figure 5. 104. TLC comparison of generation 2 & 3 dyes, using DCM as eluent. 
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Table 5. 29. Comparison of Components in Generation 2 and 3 dyes. 

Dye # Dye Designation Generation Description 

1 Yellow II 2  

2 Yellow III 3 Less Y1, R1, R2 than Gen 2 

3 Red II 2  

4 Red III 3 Less R1, R2 than Gen 2 

5 Scarlet II 2  

6 Scarlet III 3 Same as Scarlet II  

7 Blue II 2  

8 Blue III 3 Similar to Blue II 

9 Disperse Blue 77  Similar to Blue II 

10 Cyan III 3 Disperse Blue 60 

11 Disperse Blue 60  Same as Cyan III 

12 Violet-Blue III 3  

13 Black III 3  

 

 

5.2.2.1 Yellow III dye 

Results from TLC and HPLC analysis indicated that this dye contains three yellow 

components (see Figure 5. 105 and Figure 5. 107).  The UV-Vis spectra are shown in Figure 

5. 106.  The MS results were quite similar to Yellow 2, 3 and 4 in the Generation 2 dyes (see 

Figure 5. 109 to Figure 5. 111). 
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Figure 5. 105. TLC comparison of Generation 2 and 3 yellow dyes. 

. 
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Figure 5. 106. UV-Vis spectra of Yellow III components. 
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Figure 5. 107. Results from HPLC analysis of Yellow III dye recorded at 460 nm. 

 

 

 
Figure 5. 108. Yellow III total ion chromatogram at UV 460. 
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Figure 5. 109. MS for Yellow III HPLC peak at 7.82 – 8.00 min. 

 

 

 

Figure 5. 110. MS for Yellow III HPLC peak at 8.83-9.08 min. 
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Figure 5. 111. MS for Yellow II HPLC peak at 10.95 – 11.29 min. 

 

 

5.2.2.2 Scarlet III dye  

Results of TLC analysis shown in Figure 5. 112 indicated that Scarlet III is essentially the 

same as Scarlet II, the Generation 2 dye.   
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Figure 5. 112. TLC comparison of Generation 2 and 3 Scarlet dyes, using CHCl3 as eluent. 

 

 

5.2.2.3 Red III dye  

The dye contains three components.  It is a mixture of Disperse Red 92, and Scarlet II.  

However, it was still not possible to separate the scarlet components for full characterization. 

The UV-Vis spectra of the three components are shown in Figure 5. 114.  HPLC analysis was 

also conducted on this dye, the results of which are provided in Figure 5. 115.  The major 

component was the second peak, which was more than 60%.  The chemical structure of 

Disperse Red 92 in shown in Figure 5. 116. 
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Figure 5. 113. TLC comparison of Generation 2 and 3 red (left) and scarlet (right) dyes, 

using CDCl3 as eluent. 
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Figure 5. 114. UV-Vis spectra of components of Red III (Disperse Red 92 – top, Sc2 – 

middle, Sc3 – bottom). 
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Figure 5. 115. HPLC analysis of Red III recorded at 517 nm. 

 

 

 

Figure 5. 116. Chemical structure of Disperse Red 92. 
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5.2.2.4 Violet-Blue III dye  

From the Figure 5.90 TLC plate, this dye contains only one component.  UV-Vis and LCMS 

results are presented in Figure 5. 117 – Figure 5. 118. Based on MS and comparison with a 

group of commercial dyes, the dye was recognized as Disperse Violet 57, which has a 

molecular mass of 410 (Figure 5. 118 and Figure 5. 119).  The chemical structure of Disperse 

Violet 57 is shown in Figure 5. 120. UV-Vis and fluorescence spectra are shown in Figure 5. 

124, which showed weak emission after absorbing light. 

 

 

 

Figure 5. 117. UV-Vis spectrum of Violet-Blue III dye. 
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Figure 5. 118. Violet–Blue III total ion chromatogram at UV 551. 

 

 

 
Figure 5. 119. MS from Violet – Blue III peak at 7.20 – 7.56 min. 
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Figure 5. 120. Disperse Violet 57 structure. 

 

 

X-ray crystallographic analysis was conducted for the Violet III dye component, the 

results of which are summarized in Table 5. 30. A brown plate-like specimen of 

C21H15NO6S, approximate dimensions 0.044 mm x 0.352 mm x 0.565 mm, was used for the 

X-ray crystallographic analysis.  The total exposure time was 8.48 h. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a monoclinic unit cell yielded a total of 36002 reflections to a 

maximum θ angle of 27.52° (0.77 Å resolution), of which 4159 were independent.  The final 

cell constant values of a, b, c, β, volume were based upon the refinement of the XYZ-

centroids of 9868 reflections above 20 σ(I) with 5.062° < 2θ < 54.92°. Data were corrected 

for absorption effects using the multi-scan method (SADABS). The ratio of minimum to 
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maximum apparent transmission was 0.946. The calculated minimum and maximum 

transmission coefficients (based on crystal size) are 0.8860 and 0.9900.  

The final anisotropic full-matrix least-squares refinement on F2 with 269 variables 

converged at R1 = 3.21%, for the observed data and wR2 = 8.95% for all data. The 

goodness-of-fit was 1.042.  

 

 

 

Figure 5. 121. X-ray crystal structure of the Violet III dye component. 
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Table 5. 30. X-ray crystal data for the Violet III dye component. 

Chemical formula C21H15NO6S 

Formula weight 409.40 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.044 x 0.352 x 0.565 mm 

Crystal habit brown plate 

Crystal system monoclinic 

Space group C 1 2/c 1 

Unit cell dimensions a = 32.7039(13) Å α = 90° 

 b = 8.3319(3) Å β = 108.2650(10)° 

 c = 13.9917(6) Å γ = 90° 

Volume 3620.5(2) Å3  

Z 8 

Density (calculated) 1.502 g/cm3 

Absorption coefficient 0.220 mm-1 

F(000) 1696 

 

 

Table 5. 31 shows the hydrogen bond distances in the Violet III dye dye molecule.  

Key hydrogen bonds involve N1-H1-O1, O2-H3-O3.  The hydrogen bonds are demonstrated 

in Figure 5. 122. Also, the packing diagram of crystal for this dye molecule is shown in 

Figure 5. 123, showing 8 molecules in the unit cell. 

 

Table 5. 31. Hydrogen bond distances (Å) and angles (°) for the Violet III dye component. 

 Donor-H Acceptor-H Donor-Acceptor Angle 

O3-H3...O2 0.81(2) 1.83(2) 2.5707(15) 151.(2) 

N1-H1...O1 0.799(19) 1.953(18) 2.6016(16) 137.9(17) 

N1-H1...O3 0.799(19) 2.517(19) 3.2183(16) 147.3(16) 
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Figure 5. 122 Key hydrogen bond distances for the Violet III dye molecule. 

 

 

 

Figure 5. 123. Packing diagram for the Violet III dye. 
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Figure 5. 124. Absorption and emission spectra for Violet III dye. 

 

 

5.2.2.5 Cyan III dye 

TLC and HPLC analysis showed there is only one component in this dye.  HPLC results 

show that this component is more than 90% in the dye composition (Figure 5. 125). The UV-

Vis spectrum is also shown in Figure 5. 126. Cyan III was recognized as Disperse Blue 60, 

which has a molecular mass of 379.  The chemical structure of Disperse Blue 60 is shown in 

Figure 5. 127. UV-Vis and fluorescence spectra are shown in Figure 5. 128, indicating weak 

fluorescence following light absorption. 
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Figure 5. 125. HPLC of Cyan III recorded at 667 nm. 

 

 

 

Figure 5. 126. UV-Vis spectrum of Cyan III dye. 
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Figure 5. 127. Disperse Blue 60 structure. 
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Figure 5. 128. Absorption and emission spectra of Cyan III dye. 

 

5.2.2.6 Blue III dye  

From TLC results in Figure 5. 129, the dye contains two main components. Based on TLC 

and comparison with Blue II (Gen II) and commercial dyes, one component was recognized 
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as Disperse Blue 77, and the other its isomer.  Figure 5. 130 shows the chemical structure of 

the Disperse Blue 77. 

 

 

 

Figure 5. 129 TLC plate of Generation 2 and 3 blue dyes. 

 

 

 

Figure 5. 130. Disperse Blue 77 structure. 
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 Summary and Conclusion 

6.1 O1: Color Gamut Analysis and Print Quality Evaluation 

The results of this project contributed to the knowledge base of textile ink jet printing, 

including the technology development, dye and ink chemistry, color management and color 

reproduction, by collecting and analyzing experts’ opinions. The study provides a 

comprehensive and updated understanding of the color gamut analysis and print quality 

evaluation methodology in textile ink jet printing.  

The primary objective of this project was to develop an effective method for color 

gamut analysis in textile ink jet printing. Outcomes of this objective are a methodology 

approved by digital printing experts. This model was further validated by a set of experiment 

completed by following this methodology. 

Stage One consisted of literature review, problem identification, field experience, and 

questionnaire development. The literature review built the knowledge base for technologies 

associated with textile ink jet printing, and assisted in building a vocabulary of ink jet 

printing terms that could be used to build the questionnaire. Eighty hours training by 

technicians from ink jet printer manufacturers and a RIP software expert helped the author to 

chart the digital printing process workflow, become familiar with current capabilities and 

limitations of color gamut analysis, and identify potential new development areas. To 

complete Stage Two, the author selected and interviewed a 13-experts’ using the Delphi 

method.. Data analysis from the experts’ interviews assisted in the full understanding of 

current technologies for color gamut analysis and print quality evaluation; helped to 

understand and determine evaluation criteria, quantified the complexity of the entire process, 
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narrowed the research scope and to established a preliminary methodology for Stage Two. 

The experts expressed their opinion that new professional software and hardware 

technologies need to be developed that consider the unique features of textile substrates and 

the textile manufacturing process.  

A significant conclusion of this project was the detailed description of current and 

future color gamut analysis and print quality evaluation methods. A comprehensive 

methodology from the preparation of fabric, to the final print quality evaluation was created 

basing on the investigation, including detailed descriptions of the processes, that provided 

map of the entire workflow, the purpose for each step and the analysis method. The detailed 

experiment studies tested the effects from pretreatment, ink limit, colorant categories and 

color combination to the color gamut analysis, and related print quality evaluations.  

Data analysis from experts in different manufacturing sectors, such as ink, printer, RIP 

software, provided various points of view for color gamut analysis and print quality 

evaluation. For example, some experts chose to achieve the largest color gamut, the most 

saturated or vivid color, while some aimed to provide the best color match. A few of the 

experts mentioned that customization would require specific color requirements for many 

different applications. By building consensus of the experts’ opinions, a broader view of the 

relationship between color gamut and print quality with printer, ink, substrate and software 

was created, which will help facilitate t advanced technology development. The experts also 

mentioned current limitations of and some possible solutions for color gamut analysis and 

print quality assessment. These main points are the 1) selection of ICC profiles, which is not 

an ideal profile for textile printing, and may lead to a bigger color mismatch between the 
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original design and the final reproduced product; 2) metamerism issues caused by different 

illuminant sources and ink recipe differences, which would affect the color performance and 

reproduction. Some CMS software developers are trying to solve those problems by skipping 

the ICC profile creation step for the color reproduction, and instead using innovated ideas for 

ink recipe development for color matching. 3) lack of testing and procedural standards during 

the analysis process make it difficult to compare technologies, colorants, substrates. and 4) 

large number of variables that need to be controlled during the preparation, printing and 

finishing  process. An attempt must be made to standardize all processes. 

The color gamut analysis and print quality evaluation is a critical step in the digital 

manufacturing workflow. Technologies of textile printing, fabric treatment, dye and ink 

manufactures, software and hardware selections all effect the process. Future researchers and 

technicians must understand the big picture of this technology, particularly the relationship 

between substrate, chemistries, colorant, software and hardware.  

 

6.2 O2: Characterization of Disperse Dyes Used for Textile Ink Jet Printing 

Based on the brief comparison of two generations of dyes used for textile ink jet printing, dye 

mixtures were widely used to improve the lightfastness properties of Generation 2 dyes. 

There were few homogeneous dyes among those analyzed in this study. The components 

were isomers or byproducts from the synthesis, or colors formulated to generate specific 

colors. The major components of blue dyes in Generation 2 were proved to be C.I. Disperse 

Blue 77, and its isomer. C.I. Disperse Red 92 was confirmed to be 95% proportion in the red 

II dye.  Solvent Yellow 163 was the biggest component in Yellow II, with three more 
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components that were too close in polarity to separate.  Some components were used in not 

only one color; for example, the red color has the same components (Sc1, Sc2 and Sc3) as 

the scarlet dye.  The red components (R1 and R2) were found in yellow II dye as well. The 

dyes were simplified in Generation 3, especially for red and blue.  

All dyes had relatively weak emission spectra and though not shown they did not 

produce singlet oxygen, a known contributor to dye photodegradation. 
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Appendix A: Color calibration and creation of CTB profile 

There are three stages for printer calibration and so three different steps are needed to generate the 

print file for each stage. Each stage will require and then a spectrophotometer reading. 

Stage 1: Channel page – measure ink density 

Stage 2: Virtual Channels – measures the percentage of any light inks. For example, grey for the 

nano-pigments and light magenta and light cyan for the reactive inks. 

Stage 3: Main pages – measures the percentage of all eight inks, 

Three are three Calibration Choices: 

 Standard – most typically used, will create 3-6 Main pages 

 Condensed – only used for Windows desktop printers 

 Enhanced – rarely used, will create 30-36 Main pages 
Both Standard and Enhanced will allow the entire printable gamut to be used, however, when color 

matching with the spectrophotometer, the enhanced will sometimes provide a more accurate match. 

 

STEP 1: Directions for Creating the Channels Page 

1. Click on the ProfileMaster tab to open the RipMaster software. 

2. Click on the “create new calibration” icon, and provide a distinct new name for the 

calibration 

3. Choose Standard from the pull down menu 

4. Click on the Printer tab and select the correct printer 

5. Check the box for Use Virtual Channels, Mode: 8 colors 

6. Click in the box that says Ink 1 and type in the name of the colors that corresponds to 

the ink location in the printer. Ex. Ink 1 should be re-named Cyan. Continue to 

rename Ink 2-8. 

7. Tab through when finished and make sure that the Printer Slots are renamed with 

each ink color in the correct position. 

8. Tab to the grey printer slot, and check the box Light Ink. 

9. Tab to the black printer slot, and check the box Black. 

10. Hit OK. 

11. Click on the Format tab to change the size of the color table chips so that they fit in 

one page. Change from .65 to .6. When asked to apply settings choose: Yes. 

12. Click on the Pages icon to send the color table to the print windows. 

13. When in the Print windows, hit the “test”, make sure Calibration is not checked. Hit 

Print to send the files to the printer. 
 

Note: 

Duplicate the color table file in the printer window so that you have 3-4 files set-up to print. Printing 

more than one color table file will ensure that you have at least one good quality print should you 

have a wrinkle in the fabric, head-strikes, fabric feed issues, etc. 

 

STEP 2: Directions for Measuring the Channels Page with the Spectrophotometer 

1. Remove the fabric from the printer and trim so that the printed Channel page fits 

on the spectrophotometer table. 
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2. Position the printed Channel page so that the image is straight. Tape down any 

edges that are curling. Turning on the electrostatic charge on the calibration table 

will help most fabrics to lie smoothly. 

3. Click on the Measuring tab in RipMaster. 

4. Select the appropriate spectrophotometer: 1)Gretag (xy) Eye-One i0 (USB) when 

using the spectrophotometer with the reading Table, 2)Gretag Eye-One when 

using the spectrophotometer only. 

5. Hit Apply. Hit Spectro Reset (will take a few seconds to process). Then hit White 

Calibration (will also take a few seconds to process). It will come out with “insert 

white standard”, then hit “OK. 

6. In RipMaster, select the Measure xy icon and check Use defined page size. 

7. On the reading table, manually position the clear plastic crosshair over the top 

right color chip. In RipMaster, a number representing the top left position should 

now appear in the box next to Top left (1/1). Click OK to the right of Top left 

(1/1). 

8. On the reading table, manually position the clear plastic crosshair over the top 

right color chip. In RipMaster, a number representing the top left position should 

now appear in the box next to Top left (1/24). Click OK to the right of Top right 

(1/24). 

9. On the reading table, manually position the clear plastic crosshair over the top 

right color chip. In RipMaster, a number representing the top left position should 

now appear in the box next to Bottom left (1/24). Click OK to the right of Bottom 

left (1/24). 

10. On the reading table, manually position the clear plastic crosshair over the top 

right color chip. In RipMaster, a number representing the top left position should 

now appear in the box next to Bottom Right (1/24). Click OK to the right of 

Bottom Right (1/24). 

11. Click OK at the bottom of the RipMaster page. 

12. The Spectrophotometer will begin reading in the color chips, which will take 

around 12-15 minutes. 
 

STEP 3: Directions for Creating the Virtual Channels Page 

1. After the spectrophotometer reading of the Channel page is complete, a new image 

will be added Measurement Channel page 1. By clicking on the color chip in the file, 

the LAB value will be shown. 

2. Click on the darkest color chip on the Grey ink value scale and note the “L” value. 

Ex. 42.47. 

3. Locate the closest “L” value on the Black ink value scale. Ex. Two close matches 

were 43.87. We choose position 224, but either would work. 

4. Locate the calibration file on the C drive, for example, Users\Public\Public 

documents\RipMaster Data Folder\Printer\Calib\Profiles\Nano Cotton Sateen 

0114\Chan 01. cpt. 

5. Open this file by choosing Notepad 

6. In the notepad, locate the line for 224 and write down the formula, note the number 

for Black=64. 
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0 0 0 64 0 0 0 0 

Cyan Magenta Yellow Black Orange Red Violet Grey 

 

7. Change the black and the grey to the correct percentage. To calculate percentage, 

divided 64 by 256, =25%. 

8. Click on the virtual Channels Tab, select “black” in the virtual channel drop-down 

manu, click on the add New Step icon and enter 25. 

9. Select the 25 Step line. 

 Cyan Magenta Yellow Black Orange Red Violet Grey 

0         

25 0 0 0 64 0 0 0 0 

100         

 

10. In the Physical channel drop-down menu, change the Black to 0 and the grey to 100. 

11. Select Pages icon to send the light color blanket, select “channel page 2” 

12. After printing it out, follow step 2. 

 

STEP 4: Directions for creating a color blanket 

1. Click Pages icon and there will be four main pages formed, send them to printer and 

follow step 2, reading main pages one by one into computer. 

2. After reading all of the main pages, the software will show CTB icon. Click on the 

CTB icon.  

Color Table Type: From LAB to printer COL8, include gamut data (check) 

3. Click on Gamut mapping details.  

Check the white in the paper tab. Gamut mapping: absolute Colorimetric, then click 

OK. 

4. Click calculate and the calculation will last for a while 

5. Click RipMaster, then color tab, select color catalog, then check LAB parameters 

under Options/creation parameters 

6. Load calibration—load the CTB file 

7. Create LCH catalog, enter catalog name, check limit to device gamut 

8. Click “Device Calibration”, then load the CTB file into device calibration 

9. Click OK, save. 

10. Click on “load catalogue”, select the “pcf” file. Create a new folder for your 

calibration file, export RGB catalog to the new folder. 

11. Under printer’s window, load the new CTB file to the calibration 
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Appendix B: ICC Profile creation 

STEP 1: Linearization by RIPMaster 

The linearization process is the same with previous guidance to create the CTB profile. By creating 

the channel page, the L*, a*, b* values are obtained from 0% to 100% that are divided into 16 steps. 

 

STEP 2: Creating color charts by i1 profiler 

Open the i1 profiler software, select “creating a new profile”, the format “CMYK+additional colors” 

depend on the printer information. Rename each additional color, and put the L*, a* and b* value in 

each of them, basing on the measurement of channel pages by RIPMaster. 

The color charts should be generated by i1 profiler, 1000 patches are used in our measurement. The 

charts created by i1 profiler are stored in a postscript format, and need to be saved in a Photoshop 

PSD Channel format, then sent to RIPMaster to print. 

 

STEP 3: Resizing the image size on polyester fabric 

To create the ICC profile, the i1 spectrophotometer requires an accurate color chart to read. In the 

previous study, the polyester fabrics were shrunk a lot after a high temperature pretreatment. In order 

to improve the accuracy of measurements, a resizing step was done in this study. Before print out the 

color charts, a sizing image was printed with the wide and length: 10.63” x 7.244” inch. The sizing 

image was sent to heat-set under the temperature 205 ℃ for 1 min, and the size was measured again. 

For example: 10.63” was now (after heat fixation) 9.56”. So, 100/10.63 * 9.56 = 89.934%, the page 

was now 89.934% of its original size. 

To get it to be 100% the image need to increase the original size by 100/89.934 = 1.1119. So, the 

original size of 10.63” x 1.1119 = 11.8194” should be the size to print the ICC color charts in width. 

The same calculation need to be done for the height. 
 

STEP 4: Printing ICC color charts by RIPMaster 

Before loading the ICC color charts into RIPMaster, the printer driver settting need to be changed.  

The “VirtChan” tab under the “Printer Option” much be enabled. The profile, which the virtual 

channel setting should be obtained from, is also need to be confirmed. Then the color charts can be 

printed by RIPMaster. 

 

STEP 5: Creation of ICC Profile 

After the color charts are printed and heat-set, the i1 profiler workflow requires the measurement of 

the pages, and then generate the ICC profile. The default setting fit for most situation, 300% total ink 

limit and profile version 2 are used. 
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Appendix C: Cover letter 

Yi Ding 

North Carolina State University 

Fiber and Polymer Science 

 

Dear [NAME], 

The NCSU College of Textiles, is conducting a study to develop an optimal process for color 

gamut mapping for digital printing. The purpose of this research will be to facilitate a 

standard method for comparing and analyzing various inks, pretreatments, print modes and 

substrates. Yi Ding, a doctoral student at NCSU’s College of textiles will be evaluating the 

results of the study as part of her graduate requirements for her dissertation.  Your 

participation in this study is voluntary and any data that you provide will be held in the 

strictest confidence where the identity of yourself or your company will not be associated 

with any data elements in my dissertation or subsequent presentation or publications.  

If you are willing to participate this study, please contact me by email to set up a time to 

meet. I anticipate that I will need no more than 1 hour of your time. 

Your cooperation is greatly appreciated.  If you have any questions concerning this study, 

please contact me at yding4@ncsu.edu, or call me at 919-600-2656.  

 

Sincerely, 

Yi Ding 

Doctoral Student 

North Carolina State University 

Fiber and Polymer Science program, College of Textiles 

 

Lisa Parrillo-Chapman, Ph. D. 

Associate Professor—NCSU  

North Carolina State University 

Textile and Apparel Technology and Management 

  

mailto:yding4@ncsu.edu
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Appendix D: INFORMED CONSENT FORM for RESEARCH 

Title of Study: Development of color gamut analysis for textile digital printing 

 

Principal Investigator: Yi Ding     Faculty Sponsor: Dr. Lisa Chapman 

 

 

What are some general things you should know about research studies? 

You are being asked to take part in a research study.  Your participation in this study is voluntary. You have the 

right to be a part of this study, to choose not to participate or to stop participating at any time without penalty.  

The purpose of research studies is to gain a better understanding of a certain topic or issue. You are not 

guaranteed any personal benefits from being in a study. Research studies also may pose risks to those that 

participate. In this consent form you will find specific details about the research in which you are being asked to 

participate. If you do not understand something in this form it is your right to ask the researcher for clarification 

or more information. A copy of this consent form will be provided to you. If at any time you have questions 

about your participation, do not hesitate to contact the researcher(s) named above.  

 

What is the purpose of this study? 

Digital ink jet printing technology enables quick response to the market: greater design capability, and reduced 

inventory. Needed, is a method for comparing and analyzing the color gamut of various systems. There are 

several color analysis methods used in research and industry but no standard method of color gamut analysis. 

The purpose of this research is to interview color experts and develop an effective method to standardize the 

color gamut analysis for textile digital ink jet printing. 

 

What will happen if you take part in the study? 

If you agree to participate in this study, you will be asked a series of questions by the principal investigator, 

asking you to describe your color gamut analysis methods. Once recorded, the principal investigator will allow 

you to review your responses. 

 

Risks 

There are no foreseeable risks associated with this study. 

 

Benefits 

Participating this study will contribute to a greater body of knowledge on digital textile printing and color 

gamut analysis.  

 

Confidentiality 
The information in the study records will be kept confidential to the full extent allowed by law. Data will be 

stored securely on a password protected server accessible only by the principal investigators.  SSL encryption 

will be used for transmitting survey results.   No reference will be made in oral or written reports, which could 

link you to the study. You will NOT be asked to write your name on any study materials so that no one can 

match your identity to the answers that you provide.  

 

Compensation  
You will not receive anything for participating. 

 
What if you have questions about this study? 

If you have questions at any time about the study or the procedures, you may contact the researcher Yi Ding 

yding4@ncsu.edu or 919-600-2656 and Dr. Lisa Chapman lisa_chapman@ncsu.edu or 919-513-4020.  

 

What if you have questions about your rights as a research participant? 

mailto:lisa_chapman@ncsu.edu
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 If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in 

research have been violated during the course of this project, you may contact Deb Paxton, Regulatory 

Compliance Administrator at dapaxton@ncsu.edu or by phone at 1-919-515-4514. 

 
Consent To Participate 

“I have read and understand the above information.  I have received a copy of this form.  I agree to participate 

in this study with the understanding that I may choose not to participate or to stop participating at any time 

without penalty or loss of benefits to which I am otherwise entitled.” 

 

Subject's signature_______________________________________ Date _________________ 

Investigator's signature__________________________________ Date _________________ 
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Appendix E: Questions for color gamut mapping and evaluation procedure 

1. How frequently do you analyze color gamut? 

 Greater than two times a day 

 Once a day  

 Once a week  

 Once every 2 weeks 

 Once a month 

 Never 

 Other ____________________________________________ 

2. How long have you been working in the field of color gamut analysis? 

 

 One to three years 

 Three to five years 

 Five to ten years 

 Greater than ten years 

 Other ____________________________________________ 

 

3. What type of digital printing environment (substrate, ink, process, printer) have you 

analyzed? What are your quality requirements for the prints? 

 

 

4. Please describe the procedure (step by step) that you employ to analyze the print 

quality of various digital ink jet printed substrate. Please include the type of profiles 

you use and the purpose for each step. How do you evaluate test prints? 

 

 

5. What model do you employ for obtaining color gamut and why? 

 

 

6. What type of software do you use for the QC analysis and why? Could you briefly 

describe the procedure you use to obtain the color gamut including the function you 

may utilize?  
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7. What kind of results do you aim to obtain through color gamut mapping? How do you 

incorporate these results into your analysis? 

 

 

8. Have you observed any limitations in the method you are using currently? How 

would you attempt to resolve them? 

 

 

9. Do you have any additional comments or suggestions for us to improve the gamut 

mapping process? 
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Appendix F: Supporting material for X-ray analysis of Blue 4 component 

 

Table 8. 1. Data collection and structure refinement for Blue 4 (rds477). 

Theta range for data 

collection 

2.24 to 35.15° 

Index ranges -15<=h<=12, -40<=k<=40, -11<=l<=11 

Reflections collected 40283 

Independent reflections 6952 [R(int) = 0.0256] 

Coverage of 

independent reflections 

99.6% 

Absorption correction multi-scan 

Max. and min. 

transmission 

0.9840 and 0.9580 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2013 (Sheldrick, 2013) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 

parameters 

6952 / 0 / 262 

Goodness-of-fit on F2 1.035 

Δ/σmax 0.001 

Final R indices 5855 data; 

I>2σ(I) 

R1 = 0.0445, wR2 = 

0.1196 

 all data R1 = 0.0536, wR2 = 

0.1258 

Weighting scheme w=1/[σ2(Fo
2)+(0.0727P)2+0.4166P]  

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and 

hole 

0.655 and -0.267 eÅ-3 

R.M.S. deviation from 

mean 

0.072 eÅ-3 
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Table 8. 2. Atomic coordinates and equivalent isotropic atomic displacement parameters (Å2) 

for Blue 4 (rds477)  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

O1 0.03043(7) 0.41728(3) 0.13737(10) 0.01588(12) 

O2 0.86396(10) 0.30278(3) 0.85698(13) 0.03069(18) 

O3 0.65197(8) 0.32369(3) 0.65410(12) 0.02361(14) 

O4 0.73494(7) 0.42507(2) 0.80270(9) 0.01594(12) 

O5 0.59529(7) 0.50993(3) 0.82968(9) 0.01647(12) 

O6 0.91175(7) 0.50603(2) 0.18049(9) 0.01407(11) 

N1 0.78573(9) 0.32554(3) 0.70722(12) 0.01783(14) 

N2 0.75917(8) 0.59430(3) 0.18272(10) 0.01339(12) 

C1 0.97312(8) 0.39824(3) 0.28055(12) 0.01325(13) 

C2 0.00154(10) 0.34468(3) 0.33908(13) 0.01659(14) 

C3 0.94320(10) 0.32239(3) 0.48338(13) 0.01681(14) 

C4 0.85826(9) 0.35374(3) 0.57376(12) 0.01428(13) 

C5 0.83322(8) 0.40794(3) 0.52809(12) 0.01212(12) 

C6 0.76096(8) 0.44265(3) 0.64604(12) 0.01213(13) 

C7 0.72301(8) 0.49674(3) 0.57527(11) 0.01098(12) 

C8 0.63865(8) 0.52733(3) 0.67193(11) 0.01257(13) 

C9 0.59484(9) 0.57967(3) 0.60112(12) 0.01381(13) 

C10 0.63560(9) 0.60061(3) 0.44273(12) 0.01384(13) 

C11 0.72166(8) 0.57078(3) 0.33906(11) 0.01159(12) 

C12 0.76776(8) 0.51853(3) 0.40847(11) 0.01093(12) 

C13 0.85804(8) 0.48689(3) 0.31472(11) 0.01127(12) 

C14 0.88809(8) 0.43044(3) 0.37558(11) 0.01148(12) 

C15 0.68338(9) 0.63790(3) 0.06859(12) 0.01479(14) 

C16 0.53018(10) 0.64149(4) 0.01647(13) 0.02026(17) 

C17 0.46029(13) 0.68334(5) 0.89326(14) 0.0308(3) 

C18 0.54079(17) 0.72048(5) 0.81914(16) 0.0370(3) 

C19 0.69281(16) 0.71678(4) 0.87197(16) 0.0322(3) 

C20 0.76501(12) 0.67594(3) 0.99821(14) 0.02070(17) 
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Table 8. 3. Bond lengths (Å) for Blue 4 (rds477). 

O1-C1 1.3369(10) O1-H1 0.886(15) 

O2-N1 1.2299(11) O3-N1 1.2193(11) 

O4-C6 1.2502(10) O5-C8 1.3353(10) 

O5-H5 0.924(15) O6-C13 1.2652(9) 

N1-C4 1.4700(11) N2-C11 1.3565(10) 

N2-C15 1.4165(10) N2-H2 0.863(13) 

C1-C2 1.4011(11) C1-C14 1.4192(11) 

C2-C3 1.3802(12) C2-H2A 0.95 

C3-C4 1.3872(11) C3-H3 0.95 

C4-C5 1.3945(11) C5-C14 1.4104(11) 

C5-C6 1.4786(11) C6-C7 1.4468(11) 

C7-C8 1.3996(10) C7-C12 1.4362(11) 

C8-C9 1.4161(11) C9-C10 1.3578(11) 

C9-H9 0.95 C10-C11 1.4317(11) 

C10-H10 0.95 C11-C12 1.4162(10) 

C12-C13 1.4413(10) C13-C14 1.4755(10) 

C15-C20 1.3936(13) C15-C16 1.3988(13) 

C16-C17 1.3926(13) C16-H16 0.95 

C17-C18 1.384(2) C17-H17 0.95 

C18-C19 1.388(2) C18-H18 0.95 

C19-C20 1.3908(13) C19-H19 0.95 

C20-H20 0.95   
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Table 8. 4. Bond angles (°) for Blue 4 (rds477). 

C1-O1-H1 105.5(9) C8-O5-H5 103.0(9) 

O3-N1-O2 124.75(8) O3-N1-C4 117.23(7) 

O2-N1-C4 117.87(8) C11-N2-C15 124.66(7) 

C11-N2-H2 116.7(9) C15-N2-H2 117.5(9) 

O1-C1-C2 117.79(7) O1-C1-C14 122.42(7) 

C2-C1-C14 119.78(7) C3-C2-C1 120.56(7) 

C3-C2-H2A 119.7 C1-C2-H2A 119.7 

C2-C3-C4 119.49(7) C2-C3-H3 120.3 

C4-C3-H3 120.3 C3-C4-C5 122.02(8) 

C3-C4-N1 116.05(7) C5-C4-N1 121.73(7) 

C4-C5-C14 118.65(7) C4-C5-C6 121.39(7) 

C14-C5-C6 119.79(7) O4-C6-C7 121.89(7) 

O4-C6-C5 119.94(7) C7-C6-C5 118.17(7) 

C8-C7-C12 120.43(7) C8-C7-C6 118.09(7) 

C12-C7-C6 121.46(7) O5-C8-C7 123.59(7) 

O5-C8-C9 116.96(7) C7-C8-C9 119.45(7) 

C10-C9-C8 120.68(7) C10-C9-H9 119.7 

C8-C9-H9 119.7 C9-C10-C11 121.82(7) 

C9-C10-H10 119.1 C11-C10-H10 119.1 

N2-C11-C12 122.84(7) N2-C11-C10 118.70(7) 

C12-C11-C10 118.43(7) C11-C12-C7 119.14(7) 

C11-C12-C13 121.32(7) C7-C12-C13 119.53(7) 

O6-C13-C12 121.87(7) O6-C13-C14 118.89(7) 

C12-C13-C14 119.24(7) C5-C14-C1 119.35(7) 

C5-C14-C13 120.65(7) C1-C14-C13 119.99(7) 

C20-C15-C16 120.23(8) C20-C15-N2 118.13(8) 

C16-C15-N2 121.53(8) C17-C16-C15 119.32(10) 

C17-C16-H16 120.3 C15-C16-H16 120.3 

C18-C17-C16 120.60(11) C18-C17-H17 119.7 

C16-C17-H17 119.7 C17-C18-C19 119.77(9) 

C17-C18-H18 120.1 C19-C18-H18 120.1 

C18-C19-C20 120.56(11) C18-C19-H19 119.7 

C20-C19-H19 119.7 C19-C20-C15 119.49(10) 

C19-C20-H20 120.3 C15-C20-H20 120.3 
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Table 8. 5. Torsion angles (°) for Blue 4 (rds477). 

O1-C1-C2-C3 -178.78(8) C14-C1-C2-C3 2.31(12) 

C1-C2-C3-C4 -1.32(13) C2-C3-C4-C5 -2.04(13) 

C2-C3-C4-N1 172.87(8) O3-N1-C4-C3 -114.18(9) 

O2-N1-C4-C3 61.40(11) O3-N1-C4-C5 60.75(11) 

O2-N1-C4-C5 -123.68(9) C3-C4-C5-C14 4.27(12) 

N1-C4-C5-C14 -170.35(7) C3-C4-C5-C6 -171.03(7) 

N1-C4-C5-C6 14.35(12) C4-C5-C6-O4 7.53(11) 

C14-C5-C6-O4 -167.72(7) C4-C5-C6-C7 -172.79(7) 

C14-C5-C6-C7 11.96(10) O4-C6-C7-C8 -8.11(11) 

C5-C6-C7-C8 172.21(7) O4-C6-C7-C12 172.97(7) 

C5-C6-C7-C12 -6.71(11) C12-C7-C8-O5 -178.90(7) 

C6-C7-C8-O5 2.17(11) C12-C7-C8-C9 1.39(11) 

C6-C7-C8-C9 -177.54(7) O5-C8-C9-C10 179.31(7) 

C7-C8-C9-C10 -0.95(12) C8-C9-C10-C11 1.05(12) 

C15-N2-C11-C12 159.79(8) C15-N2-C11-C10 -22.22(12) 

C9-C10-C11-N2 -179.64(7) C9-C10-C11-C12 -1.56(12) 

N2-C11-C12-C7 179.94(7) C10-C11-C12-C7 1.95(11) 

N2-C11-C12-C13 -0.25(11) C10-C11-C12-C13 -178.24(7) 

C8-C7-C12-C11 -1.92(11) C6-C7-C12-C11 176.98(7) 

C8-C7-C12-C13 178.27(7) C6-C7-C12-C13 -2.83(11) 

C11-C12-C13-O6 7.02(11) C7-C12-C13-O6 -173.17(7) 

C11-C12-C13-C14 -172.55(7) C7-C12-C13-C14 7.26(10) 

C4-C5-C14-C1 -3.17(11) C6-C5-C14-C1 172.21(7) 

C4-C5-C14-C13 176.90(7) C6-C5-C14-C13 -7.72(11) 

O1-C1-C14-C5 -178.88(7) C2-C1-C14-C5 -0.02(11) 

O1-C1-C14-C13 1.05(11) C2-C1-C14-C13 179.91(7) 

O6-C13-C14-C5 178.47(7) C12-C13-C14-C5 -1.95(11) 

O6-C13-C14-C1 -1.46(11) C12-C13-C14-C1 178.12(7) 

C11-N2-C15-C20 145.07(8) C11-N2-C15-C16 -38.74(12) 

C20-C15-C16-C17 0.18(13) N2-C15-C16-C17 -175.94(8) 

C15-C16-C17-C18 1.37(14) C16-C17-C18-C19 -1.57(16) 

C17-C18-C19-C20 0.23(16) C18-C19-C20-C15 1.29(15) 

C16-C15-C20-C19 -1.49(13) N2-C15-C20-C19 174.75(8) 
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Table 8. 6. Anisotropic atomic displacement parameters (Å2) for Blue 4 (rds477) 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 

h k a* b* U12 ] 

 

 U11 U22 U33 U23 U13 U12 

O1 0.0168(3) 0.0135(2) 0.0194(3) -0.0002(2) 0.0083(2) 0.0032(2) 

O2 0.0345(4) 0.0278(4) 0.0303(4) 0.0153(3) 0.0098(3) 0.0080(3) 

O3 0.0201(3) 0.0204(3) 0.0322(4) -0.0018(3) 0.0104(3) -0.0062(2) 

O4 0.0184(3) 0.0148(3) 0.0150(2) 0.00132(19) 0.0053(2) -0.0003(2) 

O5 0.0192(3) 0.0174(3) 0.0144(2) 0.0003(2) 0.0073(2) 0.0009(2) 

O6 0.0135(2) 0.0132(2) 0.0169(2) 0.00085(19) 0.0065(2) 0.00188(19) 

N1 0.0212(3) 0.0108(3) 0.0225(3) 0.0012(2) 0.0079(3) -0.0003(2) 

N2 0.0148(3) 0.0116(3) 0.0148(3) 0.0013(2) 0.0059(2) 0.0040(2) 

C1 0.0116(3) 0.0116(3) 0.0160(3) -0.0019(2) 0.0030(2) 0.0009(2) 

C2 0.0178(3) 0.0112(3) 0.0210(4) -0.0012(3) 0.0060(3) 0.0033(3) 

C3 0.0186(3) 0.0104(3) 0.0212(4) -0.0004(2) 0.0051(3) 0.0021(2) 

C4 0.0138(3) 0.0110(3) 0.0178(3) 0.0008(2) 0.0038(3) -0.0005(2) 

C5 0.0110(3) 0.0100(3) 0.0146(3) -0.0008(2) 0.0022(2) 0.0002(2) 

C6 0.0102(3) 0.0117(3) 0.0135(3) -0.0008(2) 0.0016(2) -0.0008(2) 

C7 0.0098(3) 0.0106(3) 0.0121(3) -0.0010(2) 0.0022(2) -0.0002(2) 

C8 0.0114(3) 0.0140(3) 0.0120(3) -0.0020(2) 0.0026(2) 0.0000(2) 

C9 0.0147(3) 0.0141(3) 0.0126(3) -0.0019(2) 0.0037(2) 0.0032(2) 

C10 0.0149(3) 0.0129(3) 0.0134(3) -0.0015(2) 0.0033(2) 0.0038(2) 

C11 0.0111(3) 0.0110(3) 0.0122(3) -0.0009(2) 0.0025(2) 0.0011(2) 

C12 0.0097(3) 0.0102(3) 0.0128(3) -0.0009(2) 0.0030(2) 0.0010(2) 

C13 0.0091(3) 0.0107(3) 0.0132(3) -0.0013(2) 0.0018(2) 0.0004(2) 

C14 0.0098(3) 0.0098(3) 0.0143(3) -0.0013(2) 0.0026(2) 0.0004(2) 

C15 0.0202(4) 0.0129(3) 0.0118(3) 0.0002(2) 0.0054(3) 0.0058(3) 

C16 0.0204(4) 0.0266(4) 0.0133(3) -0.0009(3) 0.0038(3) 0.0106(3) 

C17 0.0363(5) 0.0422(6) 0.0134(3) 0.0016(3) 0.0059(3) 0.0284(5) 

C18 0.0644(8) 0.0331(5) 0.0177(4) 0.0099(4) 0.0181(5) 0.0345(6) 

C19 0.0615(8) 0.0181(4) 0.0246(4) 0.0076(3) 0.0246(5) 0.0147(4) 

C20 0.0327(5) 0.0140(3) 0.0192(4) 0.0020(3) 0.0136(3) 0.0047(3) 

 

  



 

273 

Table 8. 7. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å2) 

for Blue 4 (rds477). 

 x/a y/b z/c U(eq) 

H1 1.0024(15) 0.4512(6) 0.121(2) 0.024 

H5 0.6423(16) 0.4773(6) 0.859(2) 0.025 

H2 0.8221(15) 0.5775(5) 0.135(2) 0.016 

H2A 1.0615 0.3235 0.2789 0.02 

H3 0.9611 0.2858 0.5205 0.02 

H9 0.5363 0.6003 0.6651 0.017 

H10 0.6062 0.6360 0.3995 0.017 

H16 0.4744 0.6156 0.0646 0.024 

H17 0.3564 0.6864 -0.1402 0.037 

H18 0.4922 0.7484 -0.2676 0.044 

H19 0.7480 0.7424 -0.1785 0.039 

H20 0.8692 0.6740 0.0362 0.025 

 

  



 

274 

Appendix G: Supporting material for X-ray analysis of Blue 5 component 

Table 8. 8. Data collection and structure refinement for Blue 5 (rds482). 

Theta range for data 

collection 

2.06 to 25.03° 

Reflections collected 3959 

Independent reflections 3959 [R(int) = 0.0000] 

Coverage of 

independent reflections 

100.0% 

Absorption correction none 

Max. and min. 

transmission 

0.9930 and 0.9570 

Structure solution 

technique 

direct methods 

Structure solution 

program 

SHELXS-97 (Sheldrick 2008) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 

parameters 

3959 / 0 / 263 

Goodness-of-fit on F2 1.033 

Final R indices 2558 data; 

I>2σ(I) 

R1 = 0.0595, wR2 = 

0.0990 

 all data R1 = 0.1131, wR2 = 

0.1165 

Weighting scheme w=1/[σ2(Fo
2)+(0.0283P)2+1.4856P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and 

hole 

0.281 and -0.290 eÅ-3 

R.M.S. deviation from 

mean 

0.069 eÅ-3 
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Table 8. 9. Atomic coordinates and equivalent isotropic atomic displacement parameters (Å2) 

for Blue 5 (rds482). 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

 

 x/a y/b z/c U(eq) 

O1 0.7069(7) 0.73918(18) 0.1356(2) 0.0375(9) 

O2 0.4605(8) 0.65738(18) 0.0771(2) 0.0495(11) 

O3 0.0527(7) 0.49815(16) 0.3714(2) 0.0314(8) 

O4 0.7536(6) 0.55022(15) 0.47393(19) 0.0272(8) 

O5 0.4651(7) 0.60057(15) 0.58138(19) 0.0270(8) 

O6 0.2874(6) 0.71856(15) 0.23791(17) 0.0231(7) 

N1 0.6146(8) 0.6812(2) 0.1339(2) 0.0266(9) 

N2 0.0052(7) 0.77783(18) 0.3426(2) 0.0225(9) 

C1 0.7155(8) 0.6347(2) 0.2004(3) 0.0190(10) 

C2 0.9159(9) 0.5896(2) 0.1813(3) 0.0240(11) 

C3 0.0245(9) 0.5440(2) 0.2396(3) 0.0244(11) 

C4 0.9366(9) 0.5433(2) 0.3176(3) 0.0227(11) 

C5 0.7337(8) 0.5898(2) 0.3374(3) 0.0184(10) 

C6 0.6480(9) 0.5910(2) 0.4200(3) 0.0207(10) 

C7 0.4435(8) 0.6396(2) 0.4402(3) 0.0204(10) 

C8 0.3631(9) 0.6409(2) 0.5193(3) 0.0240(11) 

C9 0.1562(9) 0.6861(2) 0.5373(3) 0.0244(11) 

C10 0.0427(9) 0.7301(2) 0.4803(3) 0.0241(11) 

C11 0.1253(9) 0.7332(2) 0.3997(3) 0.0192(10) 

C12 0.3238(9) 0.6864(2) 0.3790(3) 0.0197(11) 

C13 0.3998(8) 0.6840(2) 0.2957(3) 0.0195(10) 

C14 0.6212(8) 0.6362(2) 0.2773(3) 0.0200(10) 

C15 0.8482(9) 0.8366(2) 0.3576(3) 0.0215(10) 

C16 0.6380(9) 0.8552(2) 0.2978(3) 0.0245(11) 

C17 0.4828(10) 0.9108(2) 0.3080(3) 0.0295(11) 

C18 0.5337(10) 0.9503(2) 0.3794(3) 0.0311(12) 

C19 0.7485(10) 0.9336(2) 0.4376(3) 0.0279(11) 

C20 0.9093(9) 0.8767(2) 0.4269(3) 0.0262(11) 
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Table 8. 10. Bond lengths (Å) for Blue 5 (rds482). 

O1-N1 1.231(5) O2-N1 1.221(5) 

O3-C4 1.333(5) O3-H3 0.91(5) 

O4-C6 1.260(5) O5-C8 1.340(5) 

O5-H5 0.84(5) O6-C13 1.240(5) 

N1-C1 1.464(6) N2-C11 1.366(5) 

N2-C15 1.428(6) N2-H2 1.00(4) 

C1-C14 1.385(6) C1-C2 1.387(6) 

C2-C3 1.374(6) C2-H2A 0.95 

C3-C4 1.387(6) C3-H3A 0.95 

C4-C5 1.417(6) C5-C14 1.407(6) 

C5-C6 1.455(6) C6-C7 1.452(6) 

C7-C8 1.390(6) C7-C12 1.436(6) 

C8-C9 1.407(6) C9-C10 1.345(6) 

C9-H9 0.95 C10-C11 1.420(6) 

C10-H10 0.95 C11-C12 1.410(6) 

C12-C13 1.448(6) C13-C14 1.495(6) 

C15-C20 1.385(6) C15-C16 1.386(6) 

C16-C17 1.357(6) C16-H16 0.95 

C17-C18 1.400(6) C17-H17 0.95 

C18-C19 1.376(7) C18-H18 0.95 

C19-C20 1.396(6) C19-H19 0.95 

C20-H20 0.95   
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Table 8. 11. Bond angles (°) for Blue 5 (rds482). 

C4-O3-H3 108.(3) C8-O5-H5 108.(3) 

O2-N1-O1 124.8(4) O2-N1-C1 116.6(4) 

O1-N1-C1 118.4(4) C11-N2-C15 127.4(4) 

C11-N2-H2 112.(2) C15-N2-H2 120.(2) 

C14-C1-C2 122.2(4) C14-C1-N1 122.6(4) 

C2-C1-N1 115.2(4) C3-C2-C1 119.7(4) 

C3-C2-H2A 120.2 C1-C2-H2A 120.2 

C2-C3-C4 120.2(4) C2-C3-H3A 119.9 

C4-C3-H3A 119.9 O3-C4-C3 117.1(4) 

O3-C4-C5 122.8(4) C3-C4-C5 120.1(4) 

C14-C5-C4 119.5(4) C14-C5-C6 120.2(4) 

C4-C5-C6 120.3(4) O4-C6-C7 120.3(4) 

O4-C6-C5 119.8(4) C7-C6-C5 119.9(4) 

C8-C7-C12 119.7(4) C8-C7-C6 119.8(4) 

C12-C7-C6 120.5(4) O5-C8-C7 124.7(4) 

O5-C8-C9 115.8(4) C7-C8-C9 119.4(4) 

C10-C9-C8 121.2(4) C10-C9-H9 119.4 

C8-C9-H9 119.4 C9-C10-C11 121.9(4) 

C9-C10-H10 119.1 C11-C10-H10 119.1 

N2-C11-C12 121.1(4) N2-C11-C10 120.8(4) 

C12-C11-C10 118.0(4) C11-C12-C7 119.7(4) 

C11-C12-C13 120.2(4) C7-C12-C13 120.1(4) 

O6-C13-C12 123.7(4) O6-C13-C14 117.8(4) 

C12-C13-C14 118.5(4) C1-C14-C5 118.2(4) 

C1-C14-C13 121.2(4) C5-C14-C13 120.6(4) 

C20-C15-C16 119.7(4) C20-C15-N2 122.2(4) 

C16-C15-N2 117.9(4) C17-C16-C15 120.8(4) 

C17-C16-H16 119.6 C15-C16-H16 119.6 

C16-C17-C18 120.2(5) C16-C17-H17 119.9 

C18-C17-H17 119.9 C19-C18-C17 119.4(4) 

C19-C18-H18 120.3 C17-C18-H18 120.3 

C18-C19-C20 120.3(4) C18-C19-H19 119.8 

C20-C19-H19 119.8 C15-C20-C19 119.4(4) 

C15-C20-H20 120.3 C19-C20-H20 120.3 
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Table 8. 12. Torsion angles (°) for Blue 5 (rds482). 

O2-N1-C1-C14 -106.4(5) O1-N1-C1-C14 79.4(5) 

O2-N1-C1-C2 74.6(5) O1-N1-C1-C2 -99.6(5) 

C14-C1-C2-C3 0.8(6) N1-C1-C2-C3 179.9(4) 

C1-C2-C3-C4 -0.7(7) C2-C3-C4-O3 -179.3(4) 

C2-C3-C4-C5 0.1(7) O3-C4-C5-C14 179.8(4) 

C3-C4-C5-C14 0.4(6) O3-C4-C5-C6 1.6(6) 

C3-C4-C5-C6 -177.8(4) C14-C5-C6-O4 -178.6(4) 

C4-C5-C6-O4 -0.4(6) C14-C5-C6-C7 0.7(6) 

C4-C5-C6-C7 178.9(4) O4-C6-C7-C8 -0.4(6) 

C5-C6-C7-C8 -179.6(4) O4-C6-C7-C12 179.7(4) 

C5-C6-C7-C12 0.4(6) C12-C7-C8-O5 -178.6(4) 

C6-C7-C8-O5 1.4(7) C12-C7-C8-C9 2.8(6) 

C6-C7-C8-C9 -177.2(4) O5-C8-C9-C10 178.5(4) 

C7-C8-C9-C10 -2.8(7) C8-C9-C10-C11 -0.1(7) 

C15-N2-C11-C12 -165.7(4) C15-N2-C11-C10 17.8(7) 

C9-C10-C11-N2 179.4(4) C9-C10-C11-C12 2.8(7) 

N2-C11-C12-C7 -179.3(4) C10-C11-C12-C7 -2.7(6) 

N2-C11-C12-C13 -1.3(6) C10-C11-C12-C13 175.3(4) 

C8-C7-C12-C11 -0.1(6) C6-C7-C12-C11 179.9(4) 

C8-C7-C12-C13 -178.1(4) C6-C7-C12-C13 1.9(6) 

C11-C12-C13-O6 -4.7(6) C7-C12-C13-O6 173.3(4) 

C11-C12-C13-C14 176.9(4) C7-C12-C13-C14 -5.1(6) 

C2-C1-C14-C5 -0.3(6) N1-C1-C14-C5 -179.2(4) 

C2-C1-C14-C13 -178.4(4) N1-C1-C14-C13 2.6(6) 

C4-C5-C14-C1 -0.4(6) C6-C5-C14-C1 177.9(4) 

C4-C5-C14-C13 177.8(4) C6-C5-C14-C13 -4.0(6) 

O6-C13-C14-C1 5.8(6) C12-C13-C14-C1 -175.7(4) 

O6-C13-C14-C5 -172.3(4) C12-C13-C14-C5 6.2(6) 

C11-N2-C15-C20 35.6(7) C11-N2-C15-C16 -148.0(4) 

C20-C15-C16-C17 -3.0(7) N2-C15-C16-C17 -179.5(4) 

C15-C16-C17-C18 0.2(7) C16-C17-C18-C19 2.3(7) 

C17-C18-C19-C20 -1.9(7) C16-C15-C20-C19 3.3(7) 

N2-C15-C20-C19 179.7(4) C18-C19-C20-C15 -0.9(7) 
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Table 8. 13. Anisotropic atomic displacement parameters (Å2) for Blue 5 (rds482)  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 

h k a* b* U12 ] 

 

 U11 U22 U33 U23 U13 U12 

O1 0.031(2) 0.037(2) 0.046(2) 0.0125(17) 0.0102(16) 0.0012(17) 

O2 0.054(3) 0.053(2) 0.037(2) 0.0175(19) 0.0166(19) 0.0187(19) 

O3 0.032(2) 0.0277(18) 0.035(2) 0.0009(16) 0.0067(17) 0.0137(17) 

O4 0.026(2) 0.0230(18) 0.0328(19) 0.0021(15) 0.0020(15) 0.0079(15) 

O5 0.033(2) 0.0224(19) 0.0265(18) 0.0032(15) 0.0073(15) 0.0105(15) 

O6 0.0218(17) 0.0237(17) 0.0235(17) 0.0028(14) 0.0006(14) 0.0022(14) 

N1 0.021(2) 0.036(3) 0.024(2) 0.0038(19) 0.0056(19) 0.009(2) 

N2 0.020(2) 0.022(2) 0.025(2) 0.0016(18) 0.0027(17) 0.0066(18) 

C1 0.012(2) 0.019(2) 0.025(3) 0.0047(19) 0.0007(19) 0.0032(19) 

C2 0.019(3) 0.023(3) 0.031(3) -0.010(2) 0.006(2) -0.003(2) 

C3 0.018(3) 0.022(3) 0.032(3) -0.010(2) 0.000(2) 0.001(2) 

C4 0.020(3) 0.017(2) 0.030(3) -0.005(2) -0.002(2) 0.000(2) 

C5 0.012(2) 0.019(2) 0.024(2) -0.003(2) 0.0001(18) 0.0024(19) 

C6 0.017(2) 0.017(2) 0.027(3) -0.003(2) 0.000(2) -0.004(2) 

C7 0.014(2) 0.022(3) 0.025(3) -0.006(2) 0.001(2) 0.0005(19) 

C8 0.025(3) 0.023(3) 0.024(3) -0.003(2) 0.003(2) -0.002(2) 

C9 0.023(3) 0.024(3) 0.027(3) -0.004(2) 0.010(2) 0.002(2) 

C10 0.024(3) 0.023(3) 0.026(3) -0.003(2) 0.005(2) -0.005(2) 

C11 0.015(2) 0.014(2) 0.029(3) -0.003(2) 0.0044(19) 0.0012(19) 

C12 0.015(2) 0.018(2) 0.026(3) 0.0036(19) 0.001(2) -0.001(2) 

C13 0.010(2) 0.020(2) 0.029(3) -0.006(2) 0.002(2) -0.004(2) 

C14 0.014(2) 0.016(2) 0.029(3) -0.006(2) 0.003(2) 0.0060(19) 

C15 0.018(2) 0.017(2) 0.031(3) 0.000(2) 0.007(2) 0.0011(19) 

C16 0.017(2) 0.019(2) 0.036(3) -0.005(2) 0.002(2) 0.000(2) 

C17 0.023(3) 0.023(3) 0.042(3) 0.008(2) 0.001(2) 0.000(2) 

C18 0.036(3) 0.023(3) 0.038(3) 0.009(2) 0.020(2) 0.010(2) 

C19 0.043(3) 0.018(2) 0.024(3) -0.004(2) 0.013(2) 0.001(2) 

C20 0.026(3) 0.026(3) 0.027(3) 0.001(2) 0.006(2) 0.003(2) 
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Table 8. 14. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å2) 

for Blue 5 (rds482). 

 x/a y/b z/c U(eq) 

H3 0.983(10) 0.505(2) 0.420(3) 0.047 

H5 0.579(10) 0.574(2) 0.564(3) 0.041 

H2 0.065(9) 0.770(2) 0.287(3) 0.027 

H2A 0.9779 0.5904 0.1281 0.029 

H3A 1.1603 0.5127 0.2265 0.029 

H9 0.0956 0.6856 0.5906 0.029 

H10 -0.0968 0.7599 0.4945 0.029 

H16 -0.3978 0.8288 0.2491 0.029 

H17 -0.6609 0.9230 0.2666 0.035 

H18 -0.5791 0.9883 0.3875 0.037 

H19 -0.2123 0.9610 0.4854 0.034 

H20 0.0592 0.8656 0.4668 0.031 
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Appendix H: Supporting material for X-ray analysis of Red 3 component 

 

Table 8. 15. Data collection and structure refinement for Red 3 (rds496). 

Theta range for data 

collection 

2.53 to 27.52° 

Index ranges -42<=h<=42, -10<=k<=10, -18<=l<=16 

Reflections collected 36002 

Independent reflections 4159 [R(int) = 0.0284] 

Coverage of 

independent reflections 

99.9% 

Absorption correction multi-scan 

Max. and min. 

transmission 

0.9900 and 0.8860 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2013 (Sheldrick, 2013) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 

parameters 

4159 / 0 / 269 

Goodness-of-fit on F2 1.042 

Δ/σmax 0.001 

Final R indices 3624 data; 

I>2σ(I) 

R1 = 0.0321, wR2 = 

0.0850 

 all data R1 = 0.0382, wR2 = 

0.0895 

Weighting scheme w=1/[σ2(Fo
2)+(0.0454P)2+4.1238P]  

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and 

hole 

0.421 and -0.462 eÅ-3 

R.M.S. deviation from 

mean 

0.051 eÅ-3 
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Table 8. 16. Atomic coordinates and equivalent isotropic atomic displacement parameters 

(Å2) for Red 3 (rds496) 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 

 x/a y/b z/c U(eq) 

S1 0.75714(2) 0.72215(4) 0.15271(2) 0.01577(9) 

O1 0.02265(3) 0.41336(12) 0.40575(9) 0.0267(2) 

O2 0.06193(3) 0.78330(11) 0.44682(8) 0.0218(2) 

O3 0.98330(3) 0.70499(12) 0.35573(9) 0.0253(2) 

O4 0.77830(3) 0.58509(11) 0.10472(7) 0.0175(2) 

O5 0.71472(3) 0.73704(12) 0.08375(7) 0.0215(2) 

O6 0.76218(3) 0.68364(12) 0.25526(7) 0.0213(2) 

N1 0.94268(4) 0.35123(14) 0.30605(10) 0.0205(3) 

C1 0.95416(4) 0.19315(15) 0.32050(10) 0.0154(3) 

C2 0.99678(4) 0.14702(15) 0.37425(9) 0.0142(2) 

C3 0.02974(4) 0.26768(16) 0.41683(10) 0.0173(3) 

C4 0.07397(4) 0.21356(16) 0.47354(10) 0.0168(3) 

C5 0.10501(5) 0.32816(18) 0.51937(11) 0.0231(3) 

C6 0.14716(5) 0.28243(19) 0.56598(12) 0.0268(3) 

C7 0.15886(5) 0.12100(19) 0.56750(11) 0.0243(3) 

C8 0.12810(4) 0.00595(17) 0.52494(10) 0.0192(3) 

C9 0.08532(4) 0.05124(16) 0.47860(9) 0.0154(3) 

C10 0.05212(4) 0.92774(15) 0.43712(10) 0.0157(3) 

C11 0.00783(4) 0.97988(15) 0.38580(9) 0.0139(2) 

C12 0.97640(4) 0.86391(15) 0.34639(10) 0.0169(3) 

C13 0.93430(4) 0.91203(16) 0.29155(10) 0.0184(3) 

C14 0.92378(4) 0.07064(16) 0.27787(10) 0.0166(3) 

C15 0.90093(4) 0.40993(15) 0.25751(10) 0.0169(3) 

C16 0.86536(5) 0.35586(17) 0.28272(11) 0.0221(3) 

C17 0.82458(4) 0.41405(17) 0.23232(11) 0.0212(3) 

C18 0.82029(4) 0.52997(15) 0.15967(10) 0.0153(3) 

C19 0.85499(4) 0.58844(15) 0.13450(10) 0.0166(3) 

C20 0.89563(4) 0.52739(16) 0.18387(10) 0.0177(3) 

C21 0.78750(5) 0.89389(17) 0.14848(11) 0.0219(3) 
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Table 8. 17. Bond angles (°) for Red 3 (rds496). 

Atoms Angle/˚ Atoms Angle/˚ 

O5-S1-O6 118.74(6) O5-S1-O4 103.70(6) 

O6-S1-O4 109.55(6) O5-S1-C21 110.33(7) 

O6-S1-C21 109.20(7) O4-S1-C21 104.24(6) 

C12-O3-H3 104.8(15) C18-O4-S1 118.54(8) 

C1-N1-C15 125.87(12) C1-N1-H1 115.9(13) 

C15-N1-H1 118.2(13) N1-C1-C2 121.33(12) 

N1-C1-C14 120.46(12) C2-C1-C14 118.15(11) 

C1-C2-C11 119.68(12) C1-C2-C3 120.62(11) 

C11-C2-C3 119.69(11) O1-C3-C2 122.70(12) 

O1-C3-C4 118.56(12) C2-C3-C4 118.72(11) 

C5-C4-C9 119.70(12) C5-C4-C3 118.97(12) 

C9-C4-C3 121.29(12) C6-C5-C4 120.21(13) 

C6-C5-H5 119.9 C4-C5-H5 119.9 

C5-C6-C7 120.06(14) C5-C6-H6 120.0 

C7-C6-H6 120.0 C8-C7-C6 120.17(13) 

C8-C7-H7 119.9 C6-C7-H7 119.9 

C7-C8-C9 120.03(13) C7-C8-H8 120.0 

C9-C8-H8 120.0 C8-C9-C4 119.74(12) 

C8-C9-C10 120.02(12) C4-C9-C10 120.23(11) 

O2-C10-C11 121.48(12) O2-C10-C9 119.97(12) 

C11-C10-C9 118.55(11) C12-C11-C2 120.01(11) 

C12-C11-C10 118.80(11) C2-C11-C10 121.19(12) 

O3-C12-C11 124.40(12) O3-C12-C13 116.08(12) 

C11-C12-C13 119.52(12) C14-C13-C12 120.85(12) 

C14-C13-H13 119.6 C12-C13-H13 119.6 

C13-C14-C1 121.69(12) C13-C14-H14 119.2 

C1-C14-H14 119.2 C20-C15-C16 119.67(12) 

C20-C15-N1 118.58(12) C16-C15-N1 121.74(12) 

C17-C16-C15 120.33(12) C17-C16-H16 119.8 

C15-C16-H16 119.8 C18-C17-C16 118.69(12) 

C18-C17-H17 120.7 C16-C17-H17 120.7 

C17-C18-C19 122.34(12) C17-C18-O4 118.87(11) 

C19-C18-O4 118.70(11) C18-C19-C20 118.67(12) 

C18-C19-H19 120.7 C20-C19-H19 120.7 

C19-C20-C15 120.26(12) C19-C20-H20 119.9 

C15-C20-H20 119.9 S1-C21-H21A 109.5 

S1-C21-H21B 109.5 H21A-C21-H21B 109.5 

S1-C21-H21C 109.5 H21A-C21-H21C 109.5 

H21B-C21-H21C 109.5   
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Table 8. 18. Torsion angles (°) for Red 3 (rds496). 

Atoms Angle/˚ Atoms Angle/˚ 

O5-S1-O4-C18 -174.88(9) O6-S1-O4-C18 -47.15(11) 

C21-S1-O4-C18 69.61(10) C15-N1-C1-C2 -177.20(13) 

C15-N1-C1-C14 5.5(2) N1-C1-C2-C11 -178.54(12) 

C14-C1-C2-C11 -1.20(18) N1-C1-C2-C3 0.60(19) 

C14-C1-C2-C3 177.94(12) C1-C2-C3-O1 -2.3(2) 

C11-C2-C3-O1 176.87(13) C1-C2-C3-C4 179.41(12) 

C11-C2-C3-C4 -1.45(18) O1-C3-C4-C5 5.3(2) 

C2-C3-C4-C5 -176.34(13) O1-C3-C4-C9 -172.39(13) 

C2-C3-C4-C9 6.01(19) C9-C4-C5-C6 2.7(2) 

C3-C4-C5-C6 -175.02(14) C4-C5-C6-C7 -0.1(2) 

C5-C6-C7-C8 -1.8(2) C6-C7-C8-C9 1.2(2) 

C7-C8-C9-C4 1.4(2) C7-C8-C9-C10 -177.29(12) 

C5-C4-C9-C8 -3.3(2) C3-C4-C9-C8 174.31(12) 

C5-C4-C9-C10 175.38(12) C3-C4-C9-C10 -6.99(19) 

C8-C9-C10-O2 2.74(19) C4-C9-C10-O2 -175.95(12) 

C8-C9-C10-C11 -177.83(11) C4-C9-C10-C11 3.47(18) 

C1-C2-C11-C12 -1.64(19) C3-C2-C11-C12 179.21(12) 

C1-C2-C11-C10 177.23(11) C3-C2-C11-C10 -1.92(19) 

O2-C10-C11-C12 -0.68(19) C9-C10-C11-C12 179.91(11) 

O2-C10-C11-C2 -179.56(12) C9-C10-C11-C2 1.03(18) 

C2-C11-C12-O3 -178.08(12) C10-C11-C12-O3 3.0(2) 

C2-C11-C12-C13 2.76(19) C10-C11-C12-C13 -176.14(11) 

O3-C12-C13-C14 179.77(13) C11-C12-C13-C14 -1.0(2) 

C12-C13-C14-C1 -1.9(2) N1-C1-C14-C13 -179.62(13) 

C2-C1-C14-C13 3.01(19) C1-N1-C15-C20 -131.47(15) 

C1-N1-C15-C16 49.8(2) C20-C15-C16-C17 2.4(2) 

N1-C15-C16-C17 -178.90(13) C15-C16-C17-C18 -2.2(2) 

C16-C17-C18-C19 0.9(2) C16-C17-C18-O4 177.33(12) 

S1-O4-C18-C17 83.92(14) S1-O4-C18-C19 -99.48(13) 

C17-C18-C19-C20 0.4(2) O4-C18-C19-C20 -176.09(11) 

C18-C19-C20-C15 -0.2(2) C16-C15-C20-C19 -1.1(2) 

N1-C15-C20-C19 -179.87(12)   
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Table 8. 19. Anisotropic atomic displacement parameters (Å2) for Red 3 (rds496). 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 

h k a* b* U12 ] 
 

 U11 U22 U33 U23 U13 U12 

S1 0.01135(15) 0.01770(16) 0.01758(16) 0.00040(12) 0.00354(12) 0.00211(11) 

O1 0.0204(5) 0.0119(5) 0.0409(6) 0.0021(4) -0.0001(4) 0.0026(4) 

O2 0.0217(5) 0.0129(5) 0.0309(5) 0.0020(4) 0.0083(4) 0.0064(4) 

O3 0.0199(5) 0.0101(5) 0.0436(7) 0.0005(4) 0.0067(5) 0.0031(4) 

O4 0.0113(4) 0.0187(5) 0.0207(5) -0.0031(4) 0.0023(4) 0.0024(3) 

O5 0.0128(4) 0.0264(5) 0.0227(5) 0.0010(4) 0.0019(4) 0.0040(4) 

O6 0.0177(5) 0.0264(5) 0.0199(5) 0.0018(4) 0.0062(4) 0.0045(4) 

N1 0.0147(5) 0.0113(5) 0.0309(7) 0.0037(5) 0.0005(5) 0.0014(4) 

C1 0.0175(6) 0.0134(6) 0.0159(6) 0.0026(5) 0.0062(5) 0.0032(5) 

C2 0.0170(6) 0.0116(6) 0.0145(6) 0.0014(4) 0.0056(5) 0.0022(5) 

C3 0.0180(6) 0.0136(6) 0.0189(6) 0.0011(5) 0.0035(5) 0.0033(5) 

C4 0.0181(6) 0.0160(6) 0.0149(6) 0.0005(5) 0.0030(5) 0.0035(5) 

C5 0.0234(7) 0.0170(6) 0.0237(7) -0.0016(5) -0.0004(6) 0.0022(5) 

C6 0.0224(7) 0.0234(7) 0.0266(8) -0.0022(6) -0.0039(6) -0.0001(6) 

C7 0.0177(6) 0.0278(8) 0.0222(7) 0.0016(6) -0.0016(5) 0.0060(6) 

C8 0.0208(6) 0.0189(7) 0.0173(6) 0.0024(5) 0.0049(5) 0.0066(5) 

C9 0.0180(6) 0.0161(6) 0.0123(6) 0.0015(5) 0.0048(5) 0.0040(5) 

C10 0.0192(6) 0.0144(6) 0.0153(6) 0.0016(5) 0.0082(5) 0.0046(5) 

C11 0.0163(6) 0.0127(6) 0.0139(6) 0.0013(4) 0.0064(5) 0.0035(5) 

C12 0.0197(6) 0.0113(6) 0.0222(6) 0.0008(5) 0.0101(5) 0.0029(5) 

C13 0.0174(6) 0.0150(6) 0.0239(7) -0.0018(5) 0.0081(5) -0.0011(5) 

C14 0.0157(6) 0.0165(6) 0.0176(6) 0.0011(5) 0.0055(5) 0.0020(5) 

C15 0.0154(6) 0.0117(6) 0.0219(6) 0.0008(5) 0.0034(5) 0.0028(5) 

C16 0.0256(7) 0.0159(6) 0.0281(7) 0.0086(5) 0.0130(6) 0.0053(5) 

C17 0.0186(6) 0.0170(6) 0.0325(8) 0.0044(5) 0.0145(6) 0.0017(5) 

C18 0.0110(6) 0.0138(6) 0.0200(6) -0.0018(5) 0.0034(5) 0.0021(4) 

C19 0.0165(6) 0.0144(6) 0.0189(6) 0.0036(5) 0.0054(5) 0.0015(5) 

C20 0.0142(6) 0.0135(6) 0.0261(7) 0.0025(5) 0.0071(5) -0.0005(5) 

C21 0.0218(7) 0.0177(6) 0.0262(7) -0.0034(5) 0.0077(6) -0.0026(5) 
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Table 8. 20. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å2) 

for Red 3 (rds496). 

Atom x/a y/b z/c U(eq) 

H3 1.0085(7) -0.304(3) 0.3873(16) 0.038 

H1 0.9618(6) 0.415(2) 0.3262(13) 0.025 

H5 1.0971 0.4380 0.5185 0.028 

H6 1.1682 0.3608 0.5970 0.032 

H7 1.1880 0.0902 0.5979 0.029 

H8 1.1361 -0.1040 0.5272 0.023 

H13 0.9129 -0.1670 0.2637 0.022 

H14 0.8954 0.0999 0.2388 0.02 

H16 0.8691 0.2787 0.3347 0.027 

H17 0.8001 0.3747 0.2476 0.025 

H19 0.8512 0.6689 0.0844 0.02 

H20 0.9199 0.5659 0.1673 0.021 

H21A 0.7871 0.9129 0.0791 0.033 

H21B 0.8173 0.8780 0.1915 0.033 

H21C 0.7751 0.9867 0.1725 0.033 
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Appendix I: Supporting material for X-ray crystal analysis of Sc3 component 

 

Table 8. 21. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for Sc3 (rds494_0m). Ueq is defined as 1/3 of of the trace of the 

orthogonalised UIJ tensor. 

Atom x y z U(eq) 

F1 2509.7(7) 4390.8(4) 3964.7(5) 17.92(10) 

F2 5020.1(7) 3710.0(5) 3216.7(5) 18.37(10) 

F3 4612.9(9) 3385.9(5) 5119.8(5) 24.57(12) 

O1 3059.2(13) -387.1(7) 6939.7(6) 30.32(16) 

O2 2106.6(11) -1649.5(6) 5915.1(6) 25.63(14) 

N1 2454.9(8) 2957.7(6) 1886.4(5) 11.46(10) 

N2 1983.8(8) 2605.9(6) 927.6(5) 11.19(10) 

N3 2576.9(10) -656.2(6) 6002.1(6) 17.00(12) 

N4 2043.9(8) 5409.6(6) -1369.0(5) 11.73(10) 

N5 -69.2(10) 3072.1(7) -4091.2(6) 19.57(13) 

N6 1282.9(9) 5743.8(7) -3330.0(6) 16.06(12) 

N7 2846.6(9) 5149.5(6) 616.5(5) 11.51(10) 

C7 3828.4(10) 3423.7(7) 4064.4(6) 13.69(12) 

C1 2486.7(9) 2013.5(6) 2886.2(6) 11.17(11) 

C2 3158.3(9) 2231.8(6) 3969.9(6) 11.45(11) 

C3 3183.6(10) 1352.9(7) 4989.4(6) 12.84(11) 

C4 2555.8(10) 254.7(7) 4920.8(6) 13.14(12) 

C5 1898.7(11) 1.0(7) 3864.1(7) 15.12(12) 

C6 1860.8(11) 886.2(7) 2854.0(6) 14.73(12) 

C8 1871.5(9) 3423.4(6) -116.4(6) 10.24(10) 

C9 1301.9(9) 2953.6(6) -1114.6(6) 10.79(11) 

C10 1083.9(9) 3730.5(6) -2202.0(6) 11.02(11) 

C11 1472.2(9) 4969.9(6) -2297.1(6) 11.19(11) 

C12 2255.3(9) 4684.1(6) -308.1(6) 10.04(10) 

C13 934.7(11) 1645.7(7) -1008.4(7) 14.84(12) 

C14 455.1(10) 3338.7(7) -3233.0(6) 13.42(12) 

C15 3274.9(9) 6340.4(6) 662.1(6) 10.95(11) 

C16 3364.8(11) 7265.5(7) -326.0(6) 14.50(12) 

C17 3762.8(11) 8410.5(7) -148.1(7) 15.98(13) 

C18 4080.9(11) 8660.5(7) 983.8(7) 16.14(13) 

C19 4024.4(11) 7731.9(7) 1959.8(7) 16.52(13) 

C20 3628.2(11) 6584.5(7) 1801.6(6) 14.28(12) 
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Table 8. 22. Anisotropic Displacement Parameters (Å2×103) for for Sc3 (rds494_0m).  

The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

F1 20.3(2) 11.2(2) 21.8(2) -1.83(16) 1.04(17) -2.02(16) 

F2 15.0(2) 20.7(2) 19.2(2) 1.44(17) 0.60(16) -7.02(17) 

F3 37.6(3) 22.8(3) 14.7(2) 1.85(18) -12.7(2) -12.0(2) 

O1 53.2(5) 24.4(3) 11.5(2) 4.4(2) -4.0(3) -6.6(3) 

O2 35.8(4) 13.7(3) 25.3(3) 7.0(2) -1.7(3) -7.2(2) 

N1 15.3(2) 10.6(2) 8.0(2) 0.64(17) -0.85(17) -2.34(18) 

N2 13.5(2) 10.9(2) 8.7(2) -0.04(17) -0.52(17) -1.95(18) 

N3 20.5(3) 13.0(3) 14.4(3) 4.3(2) 1.9(2) 0.5(2) 

N4 14.9(2) 11.3(2) 8.9(2) 0.36(18) -1.76(17) -3.79(19) 

N5 23.8(3) 22.6(3) 13.1(3) -4.9(2) -3.0(2) -3.3(3) 

N6 20.8(3) 17.5(3) 9.9(2) 4.0(2) -4.6(2) -8.5(2) 

N7 17.5(3) 8.9(2) 8.5(2) -0.56(17) -1.49(18) -3.79(19) 

C7 16.2(3) 13.9(3) 10.7(2) 0.8(2) -3.0(2) -3.5(2) 

C1 14.2(3) 9.9(3) 8.7(2) 0.42(19) -0.03(19) -1.7(2) 

C2 14.1(3) 10.1(3) 9.5(2) 0.6(2) -0.81(19) -1.6(2) 

C3 16.1(3) 11.7(3) 9.4(2) 1.2(2) -0.7(2) -0.7(2) 

C4 16.3(3) 10.2(3) 10.7(2) 3.0(2) 1.2(2) 0.2(2) 

C5 20.7(3) 10.8(3) 13.4(3) 0.6(2) 0.6(2) -3.5(2) 

C6 21.7(3) 11.2(3) 11.4(3) -0.3(2) -0.6(2) -4.5(2) 

C8 12.9(3) 9.3(2) 8.3(2) -0.13(19) -0.80(18) -2.3(2) 

C9 12.3(3) 10.4(3) 9.7(2) -1.33(19) -0.43(19) -2.1(2) 

C10 13.1(3) 12.1(3) 8.2(2) -1.2(2) -0.96(19) -3.1(2) 

C11 11.7(3) 12.4(3) 9.2(2) 0.9(2) -0.92(18) -3.3(2) 

C12 11.8(2) 9.4(2) 8.8(2) -0.63(19) -0.47(18) -1.91(19) 

C13 20.3(3) 10.5(3) 14.3(3) -1.9(2) -2.2(2) -3.7(2) 

C14 15.1(3) 14.4(3) 10.7(3) -2.0(2) -0.5(2) -2.0(2) 

C15 13.2(3) 9.0(2) 11.0(2) -1.23(19) -0.18(19) -2.9(2) 

C16 21.1(3) 11.5(3) 11.5(3) -0.5(2) -0.1(2) -5.7(2) 

C17 21.7(3) 11.6(3) 15.0(3) 0.4(2) -0.2(2) -6.3(2) 

C18 19.3(3) 12.1(3) 18.5(3) -3.2(2) -0.7(2) -6.1(2) 

C19 22.8(3) 14.3(3) 14.1(3) -3.2(2) -2.7(2) -6.5(2) 

C20 20.3(3) 11.9(3) 11.3(3) -1.1(2) -2.4(2) -5.0(2) 
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Table 8. 23. Bond Lengths for for Sc3 (rds494_0m). 

Atom Length/Å Atom Atom Length/Å 

F1-C7 1.3451(9) C1 C6 1.4057(10) 

F2-C7 1.3380(9) C2 C3 1.3868(9) 

F3-C7 1.3399(8) C3 C4 1.3838(10) 

O1-N3 1.2248(10) C4 C5 1.3910(10) 

O2-N3 1.2243(10) C5 C6 1.3825(10) 

N1-N2 1.2848(8) C8 C9 1.4176(9) 

N1-C1 1.4134(9) C8 C12 1.4501(9) 

N2-C8 1.3675(8) C9 C10 1.3852(9) 

N3-C4 1.4579(9) C9 C13 1.5007(10) 

N4-C11 1.3322(9) C10 C11 1.4329(10) 

N4-C12 1.3351(8) C10 C14 1.4233(10) 

N5-C14 1.1546(9) C15 C16 1.4013(10) 

N6-C11 1.3341(9) C15 C20 1.3990(10) 

N7-C12 1.3503(9) C16 C17 1.3911(10) 

N7-C15 1.4127(9) C17 C18 1.3868(11) 

C7-C2 1.5026(10) C18 C19 1.3910(11) 

C1-C2 1.4084(9) C19 C20 1.3868(10) 
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Table 8. 24. Bond Angles for for Sc3 (rds494_0m). 

Atom Angle/˚ Atom Angle/˚ 

N2-N1-C1 111.92(6) N2-C8-C9 114.41(6) 

N1-N2-C8 118.88(6) N2-C8-C12 127.94(6) 

O1-N3-C4 118.49(7) C9-C8-C12 117.65(6) 

O2-N3-O1 123.89(7) C8-C9-C13 121.30(6) 

O2-N3-C4 117.62(7) C10-C9-C8 118.56(6) 

C11-N4-C12 119.54(6) C10-C9-C13 120.14(6) 

C12-N7-C15 129.81(6) C9-C10-C11 119.59(6) 

F1-C7-C2 112.25(6) C9-C10-C14 121.77(6) 

F2-C7-F1 106.39(6) C14-C10-C11 118.63(6) 

F2-C7-F3 106.89(6) N4-C11-N6 116.51(6) 

F2-C7-C2 112.70(6) N4-C11-C10 122.18(6) 

F3-C7-F1 106.23(6) N6-C11-C10 121.31(6) 

F3-C7-C2 111.93(6) N4-C12-N7 118.38(6) 

C2-C1-N1 117.74(6) N4-C12-C8 122.45(6) 

C6-C1-N1 123.37(6) N7-C12-C8 119.17(6) 

C6-C1-C2 118.88(6) N5-C14-C10 177.13(8) 

C1-C2-C7 121.38(6) C16-C15-N7 125.37(6) 

C3-C2-C7 118.17(6) C20-C15-N7 115.63(6) 

C3-C2-C1 120.43(6) C20-C15-C16 119.00(6) 

C4-C3-C2 118.93(6) C17-C16-C15 119.32(6) 

C3-C4-N3 118.31(7) C18-C17-C16 121.69(7) 

C3-C4-C5 122.29(6) C17-C18-C19 118.81(7) 

C5-C4-N3 119.39(7) C20-C19-C18 120.39(7) 

C6-C5-C4 118.48(7) C19-C20-C15 120.77(7) 

C5-C6-C1 120.99(7)     
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Table 8. 25. Torsion Angles for Sc3 (rds494_0m). 

Atoms Angle/˚ Atoms Angle/˚ 

F1-C7-C2-C1 68.53(9) C3-C4-C5-C6 -0.61(12) 

F1-C7-C2-C3 -110.20(7) C4-C5-C6-C1 0.62(12) 

F2-C7-C2-C1 -51.58(9) C6-C1-C2-C7 -179.34(7) 

F2-C7-C2-C3 129.69(7) C6-C1-C2-C3 -0.64(11) 

F3-C7-C2-C1 -172.11(7) C8-C9-C10-C11 1.32(10) 

F3-C7-C2-C3 9.16(10) C8-C9-C10-C14 -177.71(6) 

O1-N3-C4-C3 3.83(11) C9-C8-C12-N4 1.86(10) 

O1-N3-C4-C5 -175.66(8) C9-C8-C12-N7 -178.23(6) 

O2-N3-C4-C3 -176.21(7) C9-C10-C11-N4 0.08(10) 

O2-N3-C4-C5 4.30(11) C9-C10-C11-N6 179.82(7) 

N1-N2-C8-C9 -178.62(6) C11-N4-C12-N7 179.61(6) 

N1-N2-C8-C12 1.18(11) C11-N4-C12-C8 -0.49(10) 

N1-C1-C2-C7 -0.28(10) C12-N4-C11-N6 179.74(7) 

N1-C1-C2-C3 178.42(6) C12-N4-C11-C10 -0.51(10) 

N1-C1-C6-C5 -179.02(7) C12-N7-C15-C16 -8.12(12) 

N2-N1-C1-C2 173.54(6) C12-N7-C15-C20 171.79(7) 

N2-N1-C1-C6 -7.44(10) C12-C8-C9-C10 -2.20(10) 

N2-C8-C9-C10 177.62(6) C12-C8-C9-C13 177.91(6) 

N2-C8-C9-C13 -2.26(10) C13-C9-C10-C11 -178.79(6) 

N2-C8-C12-N4 -177.94(7) C13-C9-C10-C14 2.18(10) 

N2-C8-C12-N7 1.97(11) C14-C10-C11-N4 179.14(7) 

N3-C4-C5-C6 178.86(7) C14-C10-C11-N6 -1.12(10) 

N7-C15-C16-C17 178.49(7) C15-N7-C12-N4 1.23(11) 

N7-C15-C20-C19 -178.54(7) C15-N7-C12-C8 -178.68(7) 

C7-C2-C3-C4 179.40(7) C15-C16-C17-C18 0.26(12) 

C1-N1-N2-C8 179.33(6) C16-C15-C20-C19 1.38(11) 

C1-C2-C3-C4 0.66(11) C16-C17-C18-C19 0.97(12) 

C2-C1-C6-C5 -0.01(11) C17-C18-C19-C20 -1.02(12) 

C2-C3-C4-N3 -179.50(6) C18-C19-C20-C15 -0.15(12) 

C2-C3-C4-C5 -0.03(11) C20-C15-C16-C17 -1.42(11) 
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Table 8. 26. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for Sc3 (rds494_0m). 

Atom x y z U(eq) 

H6A 1561(18) 6491(13) -3362(12) 19 

H6B 899(18) 5555(12) -3959(12) 19 

H7 2949(17) 4613(11) 1319(11) 14 

H3 3625 1502 5723 15 

H5 1485 -763 3837 18 

H6 1405 730 2127 18 

H13A -296 1606 -743 22 

H13B 1752 1111 -424 22 

H13C 1108 1366 -1788 22 

H16 3156 7112 -1109 17 

H17 3818 9037 -819 19 

H18 4333 9452 1091 19 

H19 4258 7885 2739 20 

H20 3596 5957 2475 17 

 


