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CHAPTER I 

 

INTRODUCTION 

 

1.1 Overview 

Materials that can change their colors in response to external stimuli such as 

temperature, pH, moisture, stress, and electric and magnetic fields have potential 

applications as signal transducers, sensors, indicators and detectors [1,2]. Leuco dye is 

the most commercially available thermochromic materials while polydiacetylene 

(PDA) is a research material which exhibit various kinds of chromism properties 

including thermochromism, solvatochromism, alkalinochromism, affinochromism and 

mechanochromism. Proper deposition techniques of these chromic materials onto 

surfaces of various objects can expand their utilization. The incorporation of these 

chromic materials into a commercial polymer is also desirable where the applications 

of the products can cause wear and tear. Interestingly, there have not been many 

studies reporting the fabrication techniques of this type of materials.   

 

Since only some of the diacetylene monomers are commercially available in 

small quantity for research, they will be studied only in the surface deposition 

techniques as the examples for development of temperature, solvent and humidity 

indicators. The thermochromic leuco dye is commercially available in larger quantity, 

it is thus investigated for both surface deposition and incorporation techniques.  
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1.2 Theory 

 

1.2.1 Polydiacetylene                                                                                   

A polydiacetylene (PDA) is an ene-yne conjugated polymer comprising of 

double and triple bonds in its backbone. It can be prepared by a topological 1,4-

addition polymerization of diacetylene monomer by UV light or -irradiation of 

crystalline or semicrystalline states obtained from molecular self-assembled 

diacetylene (DA) monomer without the need for chemical initiators or catalysts as 

shown in Figure 1.1.   

 

 

Figure 1.1 Topopolymerization of diacetylene monomers [3]. 

  

  Topological polymerization is a polymerization which requires specific 

prealignment of the monomer usually found in solid state crystal [4]. For topological 

polymerization of diacetylenes, the distance (d) between the corresponding tripple 

bonds of the adjacent monomers and the orientation angle () relative to the 

translation axis should be ~5 Å and ~45º, respectively [5-6]. 10,12-Pentacosadiynoic 

acid (PCDA), 10,12-Tricosadiynoic acid (TCDA) are the most commonly used and 

widely studied diacetylene for chromic applications, Various types of stimuli such as 

temperature, organic solvent, mechanical stress, molecular recognition, pH and UV 

light can cause color change of PDAs. The color transition property can be tuned via 

rational design of supramolecular interactions among the polymeric side chains [7-9].     
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 The structures of PCDA and TCDA as show in Figure 1.2. PDAs have also 

been prepared in the forms of various nanostructures such as vesicles, tubes, and 

ribbons [10-15]. The formation of nanovesicles allows the preparation of 

homogeneously dispersed PDA vesicle solutions resulting in several noteworthy 

chemical and biological sensing systems [16]. However, the aqueous sols have short 

shelf life and are not suitable for portable and tag-on applications. Fabrication of 

PDAs as solid state sensors or indicators in the form of gel [17] thin film [18,19] and 

electrospun fiber [20] have recently been reported. The preparation methods for these 

forms of PDAs generally require additional polymer matrix and equipment setup. 

Recently, white paper has been demonstrated as a very promising supporting material 

for portable and disposable multi-sensing devices because it is omnipresent, 

inexpensive and easy to be stored, transported and handled [21-22, 60]. In our 

research group, we have also recently reported the use of filter paper as a support for 

fabrication of PDA based colorimetric sensors of solvents, surfactants, VOCs [23-25, 

78] and time-temperature chromatic sensor [74]. 

 

 

 
 

Figure 1.2 Structures of diacetylene monomers a) 10,12-Pentacosadiynoic acid 

(PCDA) and  b) 10,12-Tricosadiynoic acid (TCDA). 

 

  UV-Vis absorption measurement is a common method for determination of 

colorimetric response percentage (%CR) for solution samples [13,19,26] but this 

technique does not generally give reliable values for opaque solid materials. CCD 

imaging technology has turned photography into a readily processable digital form 

[27]. The capability to capture wide area of image of digital imaging is also the 

advantage, in comparison with the reflective spectroscopic instrument, that produce 

more reliable color analysis of rough surface samples such as paper. For examples, it 

b) a) 
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has recently been used along with the RGB color system to record and evaluate 

colorimetric sensors [21] including PDA films [23-25, 28-29]. In this research, a 

utilization of webcam and RGB values to quantify the color transition PDAs on paper 

support along with mathematical formula to use RGB values in specifying the color 

transition of PDA paper based indicators [69]. The technique developed in this work 

should provide practical guidelines for systematic and comparison of chromic 

properties of PDAs toward the development of economical and reliable multi-

purposed paper indicators from diacetylenes.  

 

1.2.2 Leuco dye [81]  

Leuco dye depend upon the difference in dipole moment of the 

solvatochromic color molecule between its ground state and excited state, there are 

two types of salvatochromism i.e. negative solvatochromism that corresponds to 

hypsochromic shift, positive solvatochromism that corresponds to bathochromic shift 

with increasing solvent polarity. 4,4'-bis(dimethylamino)fuchsone (orange in nonpolar 

toluene, red in slightly polar acetone, and red-violet in more polar methanol) is a 

proper example of positive solvatochromism while the examples of negative 

solvatochromism include 2-(4'-hydroxystyryl)-N-methyl-quinolinium betaine (ink-

blue in nonpolar chloroform and blood-red in polar water) and 4-(4'-hydroxystyryl)-

N-methyl-pyridinium iodide (violet in n-butanol, red in 1-propanol, orange in 

methanol, and yellow in water). 
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Thermochromic dyes undergo a color change over a specific temperature 

range. The dyes currently available change from a particular color at low temperature 

to colorless at a high temperature (e.g. red at 29.5 °C and colorless at above 32 °C). 

The color change temperature can be controlled, such that the color-change can take 

place at different temperatures (e.g. just below a person's external body temperature 

so that a color change occurs in response to a human touch). The thermochromic dye 

manufacturers are able to manipulate the critical temperature for the color change 

[80]. 

Certain dyes undergo keto-enol type of tautomerism. Such tautomeric 

rearrangements can lead to an increase in the conjugation and formation of a new 

chromophore, leading to color development. Such rearrangements can be induced by 

a change of temperature, resulting in thermochromism. These dyes are extensively 

used for textile applications. The most common types are fluorans, crystal violet 

lactones (CVL), and spiro pyrans. All of these dyes undergo ring opening 

rearrangements. The equilibrium of crystal violet lactone is shown in Figure 1.4.  

Leuco dye is a common coloring agent use in various commercial reversible 

thermochromic powders (Figure 1.3), which consist of three components i.e. 

thermochromic dye, a color developer and a phase-change medium [68].  

 

 
Figure 1.3 various color powder of leuco dye.  
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Crystal violet lactone (CVL) is the most commonly used and widely studied 

leuco dye for thermochromic applications. Color developers are weak acids that act as 

proton donors to induce the colored state of the leuco dye components [76]. The 

phase-change medium, also referred to as the ‘solvent’, can be a fatty alcohol or ester. 

The melting and crystallization points of this ‘solvent’ largely control the 

temperatures of color change. The picture develops through the reaction of colorless 

leuco dye with acid component in polymer matrices as shown in Figure 1.4. 

 

 
Figure 1.4 Mechanism of reversible thermochromic process of crystal violet lactone 

via complex formation with bisphenol A in response to the phase change of solvent 

(e.g. 1-dodecanol).  

The components must be entrained together within a protective shell to allow 

reversibility of the thermochromic effect and to prevent loss of the ‘thermochromic 

composite’ due to fluidity after melting. Thermochromic materials are typically 

microencapsulated prior to application to textile and other substrates as shown in 

Figure 1.5 [67].  

 
 

Figure 1.5 Image representation of the encapsulation of pigment material. 
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1.2.3 Colorimetric Response (CR) 

The color transition of the polymerized vesicles was monitored by measuring 

the absorbance differences between the vesicles before and after stimulation by an 

interesting parameter. This information is often converted to a percentage, termed the 

Colorimetric Response (CR) [34]. 

A quantitative value for the extent of blue-to-red color transition is given by 

the colorimetric response (%CR) which is defined as 

 

%CR = (PB0-PB)/PB0 × 100 

 

Where PB = Ablue/(Ablue+Ared), Ablue and Ared are the absorbance of the blue 

and the red phase at 630 and 540 nm, respectively. The visible absorbance was 

measured by a temperature controlled UV-vis spectrometer. PB0 is the initial percent 

blue of the vesicle solution and film before heated. All blue-colored PDA vesicle 

solution and film samples were heated from 10 to 90 C. 

  

1.2.4 RGB color model 

According to development of paper based colorimetric respond of 

polydiacetylene is a simple method and suitable to use as a sensors application, since 

evaluate the results into a quantitative analysis can be collected by using the RGB 

color model. The RGB color model is an additive color model in which red, green, 

blue color are added together in various component ratio to reproduce a broad array of 

colors as shown in Figure 1.6. The name of the model comes from the initials of the 

three additive primary colors, red, green, and blue. The main purpose of the RGB 

color model is for the sensing, representation, and display of images. The RGB color 

model was used to descript how much of each red, green, and blue color is included in 

the photographic images [35]. 
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The basic of the RGB value, the color is black when the intensity of each 

component is zero (0, 0, 0) and the color is white when the intensity of each 

component is full (255, 255, 255). When the intensities are the same, the result is a 

shade of gray, darker or lighter depending on the intensity. 

 

 
Figure 1.6 The RGB color model. 

 

 1.2.5 Humidity indicator [82] 

Humidity is the amount of water vapor in the air. Water vapor is the gaseous 

state of water and is invisible. Humidity indicates the likelihood of precipitation, dew, 

or fog. Higher humidity reduces the effectiveness of sweating in cooling the body by 

reducing the rate of evaporation of moisture from the skin. This effect is calculated in 

a heat index table or humidex, used during summer weather. 

There are three main measurements of humidity: absolute, relative and 

specific. Absolute humidity is the water content of air. Relative humidity, expressed 

as a percent, measures the current absolute humidity relative to the maximum for that 

temperature. Specific humidity is a ratio of the water vapor content of the mixture to 

the total air content on a mass basis. 

Relative humidity is the ratio of the partial pressure of water vapor in the air–

water mixture to the saturated vapor pressure of water at those conditions. The 

relative humidity of air is a function of both its water content and temperature.  

http://en.wikipedia.org/wiki/Water_vapor
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Precipitation_(meteorology)
http://en.wikipedia.org/wiki/Dew
http://en.wikipedia.org/wiki/Fog
http://en.wikipedia.org/wiki/Sweating
http://en.wikipedia.org/wiki/Evaporation
http://en.wikipedia.org/wiki/Heat_index
http://en.wikipedia.org/wiki/Humidex
http://en.wikipedia.org/wiki/Ratio
http://en.wikipedia.org/wiki/Partial_pressure
http://en.wikipedia.org/wiki/Vapor_pressure
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The amount of water vapor in the air at any given time is usually less than that 

required to saturate the air. The relative humidity is the percent of saturation 

humidity, generally calculated in relation to saturated vapor density. The relative 

humidity was calculated from the following equations [83].  

 
 

Humidity is an important physical parameter for living, safety for food, drug 

and some industrial products. Therefore, the US Food and Drug Administration 

(FDA) had set a guideline to keep and store medicines and pharmaceutical products at 

25 °C and ≤60% RH to lower the chance of fungi and bacteria growth.  

 

 1.2.6 Ink-jet printing [84] 

Inkjet printing is a type of computer printing that creates a digital image by 

propelling droplets of ink onto paper, plastic, or other substrates. Inkjet printers are 

the most commonly used type of printer, and range from small inexpensive consumer 

models to very large professional machines. 

The emerging ink-jet material deposition market also uses inkjet technologies, 

typically printheads using piezoelectric crystals, to deposit materials directly on 

substrates. The continuous inkjet (CIJ) method is used commercially for marking and 

coding of products and packages. In CIJ technology, a high-pressure pump directs 

liquid ink from a reservoir through a gunbody and a microscopic nozzle, creating a 

continuous stream of ink droplets via the Plateau-Rayleigh instability. A piezoelectric 

crystal creates an acoustic wave as it vibrates within the gunbody and causes the 

stream of liquid to break into droplets at regular intervals: 64,000 to 165,000 droplets 

per second may be achieved. The ink droplets are subjected to an electrostatic field 

created by a charging electrode as they form; the field varies according to the degree 

of drop deflection desired (Figure 1.7). This results in a controlled, variable 

electrostatic charge on each droplet. Charged droplets are separated by one or more 

uncharged "guard droplets" to minimize electrostatic repulsion between neighbouring 

http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/vappre.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/vappre.html#c1
http://www.fda.gov/
http://en.wikipedia.org/wiki/Computer_printing
http://en.wikipedia.org/wiki/Digital_image
http://en.wikipedia.org/wiki/Ink_jet_material_deposition
http://en.wikipedia.org/wiki/Piezoelectric
http://en.wikipedia.org/wiki/Plateau-Rayleigh_instability
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droplets. The charged droplets pass through an electrostatic field and are directed 

(deflected) by electrostatic deflection plates to print on the receptor material 

(substrate), or allowed to continue on undeflected to a collection gutter for re-use. The 

more highly charged droplets are deflected to a greater degree. Only a small fraction 

of the droplets is used to print, the majority being recycled. CIJ is one of the oldest 

ink-jet technologies in use and is fairly mature. The major advantages are the very 

high velocity (~50 m/s) of the ink droplets, which allows for a relatively long distance 

between print head and substrate, and the very high drop ejection frequency, allowing 

for very high speed printing. Another advantage is freedom from nozzle clogging as 

the jet is always in use, therefore allowing volatile solvents such as ketones and 

alcohols to be employed, giving the ink the ability to "bite" into the substrate and dry 

quickly. 

                        

Figure 1.7 Images representation of the operation of the ink-jet printing with 

printheads using a) the piezoelectric crystals and b) the high-pressure pump. 

 

The ink system requires active solvent regulation to counter solvent 

evaporation during the time of flight (time between nozzle ejection and gutter 

recycling), and from the venting process whereby air that is drawn into the gutter 

along with the unused drops is vented from the reservoir. Viscosity is monitored and a 

solvent (or solvent blend) is added to counteract solvent loss. The basic problem with 

inkjet inks is the conflicting requirements for a coloring agent that will stay on the 

surface vs. rapid dispersement of the carrier fluid. Desktop inkjet printers, as used in 

offices or at home, tend to use aqueous inks based on a mixture of 

water, glycol and dyes or pigments. These inks are inexpensive to manufacture, but 

Heating 

Firing 

Printing 

http://en.wikipedia.org/wiki/Volatility_(chemistry)
http://en.wikipedia.org/wiki/Ketones
http://en.wikipedia.org/wiki/Piezoelectric
http://en.wikipedia.org/w/index.php?title=Aqueous_ink&action=edit&redlink=1
http://en.wikipedia.org/wiki/Glycol
http://en.wikipedia.org/wiki/Dye
http://en.wikipedia.org/wiki/Pigments
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are difficult to control on the surface of media, often requiring specially coated media. 

Aqueous inks are mainly used in printers with thermal inkjet heads, as these heads 

require water to perform. While aqueous inks often provide the broadest color 

gamut and most vivid color, most are not waterproof without specialized coating 

or lamination after printing. Most dye-based inks, while usually the least expensive, 

are subject to rapid fading when exposed to light. Pigment-based aqueous inks are 

typically more costly but provide much better long-term durability and ultraviolet 

resistance.  

 

 1.2.7 Airbrush painting [85] 

An airbrush is a small, air-operated tool that sprays various media 

including ink and dye, but most often paint by a process of nebulization. Spray guns 

were developed from the airbrush and are still considered a type of airbrush. An 

airbrush works by passing a stream of fast moving (compressed) air through a venturi, 

which creates a local reduction in air pressure (suction) that allows paint to be pulled 

from an interconnected reservoir at normal atmospheric pressure. The high velocity of 

the air atomizes the paint into very tiny droplets as it blows past a very fine paint-

metering component. The paint is carried onto paper or other surface. The operator 

controls the amount of paint using a variable trigger which opens more or less a very 

fine tapered needle that is the control element of the paint-metering component. An 

extremely fine degree of atomization is what allows an artist to create such smooth 

blending effects using the airbrush (Figure 1.8). The technique allows for the 

blending of two or more colors in a seamless way, with one color slowly becoming 

another color. Freehand airbrushed images, without the aid of stencils or friskets, have 

a floating quality, with softly defined edges between colors, and between foreground 

and background colors. A well skilled airbrush artist can produce paintings of 

photographic realism or can simulate almost any painting medium. Painting at this 

skill level involves supplementary tools, such as masks and friskets, and very careful 

planning. 

http://en.wikipedia.org/wiki/Color_gamut
http://en.wikipedia.org/wiki/Color_gamut
http://en.wikipedia.org/wiki/Lamination
http://en.wikipedia.org/wiki/Dye
http://en.wikipedia.org/wiki/Pigment
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Pneumatics
http://en.wikipedia.org/wiki/Ink
http://en.wikipedia.org/wiki/Dye
http://en.wikipedia.org/wiki/Paint
http://en.wikipedia.org/wiki/Atomizer_nozzle
http://en.wikipedia.org/wiki/Spray_painting
http://en.wikipedia.org/wiki/Venturi_pump
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Stencil
http://en.wikipedia.org/wiki/Frisket_(art_material)
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Figure 1.8 Composition of airbrush. 

Some airbrushes use pressures as low as 20 psi (1.38 bar) while others use 

pressures in the region of 30-35 psi (2-2.4 bar). Larger "spray guns" as used for 

automobile spray-painting need 100 psi (6.8 bar) or more to adequately atomize a 

thicker paint using less solvent. They are capable of delivering a heavier coating more 

rapidly over a wide area.  

 

 1.2.8 Melt spinning [86] 

Melt spinning is used for polymers that can be melted. Pellets or granules of 

the solid polymer are fed into an extruder. The pellets are compressed, heated and 

melted by an extrusion screw, then fed to a spinning pump and into the spinneret. The 

polymer solidifies by cooling after being extruded from the spinneret. Nylon, olefin, 

polyester, saran and sulfar are produced via this process. The picture of melt spinning 

processes as shown in Figure 1.9.  

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Pounds_per_square_inch
http://en.wikipedia.org/wiki/Extruder
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Figure 1.9 Melt spinning processes for producing polymer fibers. 

1.2.9 Two roll mill [87] 

Method for mastication rubber like mixing, calendaring, extrusion, all 

processes being essential to bring crude rubber into a state suitable for shaping the 

final product. The former breaks down the polymer chains, and lowers their molecular 

mass so that viscosity is low enough for further processing. After this has been 

achieved, various additions can be made to the material ready for cross-linking. 

Rubber may be masticated on a two-roll mill (Figure 1.10) or in an industrial mixer, 

which come in different types. Rubber is first compounded with additives like sulphur, 

carbon black and accelerators. It is converted into a dough-like mixture which is 

called "compound" then milled into sheets of desired thickness. Rubber may then be 

extruded or molded before being cured. 

 

Figure 1.10 Image representation of the mastication on two roll mill.  

Rubber 

b) 

http://en.wikipedia.org/wiki/Mastication
http://en.wikipedia.org/w/index.php?title=Calendaring&action=edit&redlink=1
http://en.wikipedia.org/wiki/Extrusion
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Industrial_mixer
http://en.wikipedia.org/w/index.php?title=Industrial_Mixer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Mastication
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1.3 Literature survey 

1.3.1 Forms of PDA 

PDA have been prepared in numerous forms: bulk single crystal, Langmuir 

monolayer film, multilayer film, nanotube and vesicle. These forms of PDA are 

closely related to the molecular self-assemblies of the corresponding diacetylene 

monomers. 

 

A. Vesicles 

The vesicle is one of the most widely used forms of polydiacetylene for sensor 

applications [13]. It is water filled spherical assembly of lipid bilayer. The formation 

of vesicle is thermodynamically driven so that the hydrophobic surface of the lipid 

molecules is not exposed to water. Only the hydrophilic head group of the lipid is 

exposed to water inside and outside of the bilayer membrane. A number of lipids 

containing diyne unit can self assemble into vesicle that have the right packing 

parameters for topological polymerization to form PDA vesicles (Figure 1.11). In the 

form of vesicle, PDA can be homogeneously dispersed in an aqueous media to form a 

sol type colloid, which is convenient for further characterization, fabrication and 

applications. The most studied diacetylene lipids are 10,12-pentacosadiynoic acid 

(PCDA). The interest in these lipid vesicles is mainly related to the development into 

bio- [30] and chemosensors [31]. 

 
Figure 1.11 Structure and formation of a PDA lipid vesicle.  



  
 

15 

B. Films 

Several techniques have been utilized for making different types of thin films 

on the surface of substrates. Langmuir-Blodgett film can generate an ideal highly 

ordered monolayer assembly of lipid molecules at water/air interface. The monolayer 

can be transferred onto solid substrate by horizontal or vertical deposition (Figure 

1.12). The monolayer Langmuir-Blodgett film is however often fragile and difficult to 

prepare in large area. The number of layers can be increased by repeating the 

transferring process with a newly generated monolayer. Hence, it can be quite 

bothersome to prepare a multilayer film as the preparation of each new monolayer 

requires a slow surface compression and the transferring step needs adroit attention. 

This type of PDA film is one of the most interesting forms of PDA in research but the 

development of the technique for practical mass production remains elusive [32]. 

 

 
Figure 1.12 Preparation of Langmuir Blodgett film a) floating of condensed 

monolayer film on the water subphase, b) film deposition, c) monolayer films on the 

substrate.  

 

The polyelectrolyte multilayers (PEM) technique is an alternative method for 

the preparation of multilayer thin film (Figure 1.13). Although based on a very 

simple adsorption process, PEM assembly has proven to be a very powerful method 

for immobilizing charged species onto a substrate. In this technique, oppositely 

charged polyelectrolytes (polyanions and polycations) are assembled into thin films 

by sequential dipping of a substrate into polyelectrolyte solutions followed by rinsing 

steps. The electrostatic interaction between the adsorbed layer on the substrate and the 

oppositely charged polyelectrolytes in the solution leads to the adsorption of another 
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polyelectrolyte layer and the reversal of the surface charge, allowing the deposition of 

the next layer. The PEM technique is well suited for the preparation of thin films on 

objects with various types of surface and shape. The thickness of the film can also be 

easily controlled by choosing the appropriate number of layers deposited, which is 

convenient for preparation of colorimetric sensing devices detectable by naked eyes. 

Early use of the PEM technique to assemble diacetylene monomers or 

polydiacetylene chains with polyallylamine (PAH) resulted in thin films with an 

irreversible red color, which excluded them from being colorimetric sensors [42]. It is 

important to emphasize here that in order for polydiacetylene vesicles to be usable in 

sensing applications, the characteristic blue color of the vesicles must be maintained 

during the film preparation process [62-63]. 

 

 

 
 

    

   

Figure 1.13 a) Chemical structures of polycationic polymers, b) schematic 

preparation of PCDA vesicles, and c) illustration of layer-by-layer assembly on glass 

substrate. 

 

 

a) 

b) c) 



  
 

17 

C. Electrospun fibers 

Electrospinning has proved to be an efficient method for forming long 

polymer fibers with diameters in the range from nanometers to several micrometers 

[77]. In this technique, a high voltage is applied to a conductive capillary attached to a 

reservoir containing a polymer solution as shown in Figure 1.14. A charged polymer 

jet is ejected from the surface of the polymer solution when the charge imbalance 

exceeds the surface tension of the polymer solution. Polymer fibers are formed when 

the jet stream, driven by the electrostatic force, moves to the grounded screen 

collector [33]. 

 

 
 

Figure 1.14 A schematic representation of the preparation of polymer fibers 

embedded with PDA supramolecules using the electrospinning technique, followed 

by irradiation with UV light.  
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1.3.2 Deposition of PDA 

There are different techniques for fabricated the PDA onto various surface 

materials: ink-jet printing, airbrush painting technique, dip coating technique. 

A. Ink-jet printing  

In 2002, Magdassi, s. et al. [66] demonstrated new route for low-cost 

fabrication of various products that require fine patterning of functional molecules. 

The organic nanoparticles could be patterned, by printing of an oil-in-water 

microemulsion, in which the organic functional molecules are initially dissolved 

within the internal phase of the microemulsion. It was expected that the concept can 

be applied to a variety of organic molecules, including polymers, without the need for 

complex preparation processes prior to pattern printing by ink-jet printers (Figure 

1.15).  

 

 
Figure 1.15 Schematic presentation of microemulsion conversion into nanoparticles 

by ink-jet printing.   

 

In 2011, Yoon, B. et al. [56] gernerated printable ink solution to fabricated 

four diacetylene (DA) monomer i.e. 10,12-Pentacosadiynoic acid (PCDA), N-(2-(2-

(2-aminoethoxy)ethoxy)ethyl)pentacosa-10,12-diynamide (PCDA-EDEA), N-(2-(2-

hydroxyethoxy)ethyl)pentacosa-10,12-diynamide (PCDA-AEE) and 3-pentacosa-

10,12-diynamidobenzoic acid (PCDA-mBzA) on paper by printer technique [57-58] 

that can be used for daily life applications such as displays, sensors, solar cells, and 

memory devices. Nonionic surfactants (Brij 78) was found to be compatible with all 
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of the DA monomers investigated and these composites enabled generation of 

reasonably high quality PDA images with a precursor concentration of about 13 mM 

suspended in an aqueous solution. Figure 1.6c shows a schematic representation of a 

supramolecular complex formed between DA monomers and nonionic surfactant. In 

the complex the hydrophobic alkyl chain of the surfactant molecule is embedded in 

the hydrophobic part of DA assembly and the hydrophilic ethylene oxide moieties 

favor the polar aqueous environment. Inspection of scanning electron microscopic 

(SEM) images, displayed in Figure 1.6d, reveals that a nanorod-like morphology of 

PCDA-Brij 78 composite exists and that the shape of the nanostructures are strikingly 

different from those obtained using pure PCDA (Figure 1.16e). The ink suspension 

was found to be stable for at least for three months at room temperature and could be 

used after a prolonged storage in a refrigerator about 6 months.   

 

 
Figure 1.16 a) Structures of diacetylene monomers and b) surfactant molecules 

employed in this study. c) Schematic of a complex formed between diacetylene 

monomers and nonionic surfactants. d) SEM images of PCDA-Brij 78 composite   

and e) PCDA vesicles. 
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B. Airbrush painting  

In 2012, Adrian, A. D. et al. [59] showed solution containing two diacetylene 

monomers, 2,4-hexadiyne-1,6-bis(phenylurethane) (HDDPU) and 2,4-hexadiyne-1,6-

bis(p-chlorophenylurethane) (HDDCPU) (HDDPU:HDDCPU 10:1, in acetone 

solution) was used to the detection latent fingermarks on various surfaces such as, 

polymer banknotes, paper, non-porous surfaces (including glass, aluminum foil, 

coins), plastics (including fluorescent acrylic sheets, transparency sheets, parafilm and 

polyethylene bags) and infrared-reflective (metal-oxide coated) glass slides to develop 

fingermarks on a wide variety of surface, both non-porous and porous, including 

paper. An airbrush system was optimized for the application of the reagent solution. 

Once the solution evaporates on a surface, the monomers co-crystallize in different 

ways, depending upon a number of factors, including the surface residue. ‘‘Active’’ 

co-crystallization leads (with heat or radiation) to the formation of purple polymer, 

while ‘‘inactive’’ crystallization results in a non-polymerizable white deposit (Figure 

1.17. Finger mark contrast was achieved as a result of active co-crystallization (giving 

purple polymer) in either the ridges or the furrows, depending upon the surface and 

other factors. A general observation (supported by spot tests with linseed oil, salt and 

amino acid solutions) was that on paper, oily materials are more likely to lead to the 

formation of the purple polymer, while the presence of water inhibits polymerization. 

An interesting observation was the development of fingermarks deposited on paper 

that had already been treated with the diacetylene reagent.  

 
Figure 1.17 Inactive development under white light (left) and its interaction with 350 

nm UV light (right). Although it is difficult to discern, it is the white ridges which are 

fluorescing on the right. 



  
 

21 

C. Dip coating  

In 2011, Pumtang, S. et al. [23] reported the synthesis of a novel series of 

diacetylene acids from the condensation of pentacosa-10,12-diynylamine 

(PCDAmine) and dicarboxylic acid or its anhydrides. One of these diacetylene lipids, 

4-(pentacosa-10,12-diynylamino)-4-oxobutanoic acid (PCDAS), is used in 

combination with pentacosa-10,12-diynoic acid (PCDA) for dropcasting on pieces of 

filter paper which are consequently irradiated by UV light to generate a paper based 

sensor array for solvent detection and identification. Upon the exposure to various 

types of organic solvents, the blue colored sensors colorimetrically respond to give 

different shades of colors between blue to red (Figure 1.18). The color patterns of the 

sensor array are recorded as RedGreenBlue (RGB) values and statistically analyzed 

by principal component analysis (PCA). The PCA score plot reveals that the array is 

capable of identifying eleven common organic solvents.  

 

 
Figure 1.18 Array of cropped photographic images of PDAs on filter paper fabricated 

from PCDA and PCDAS responding to various organic solvents. 
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In 2011, Thongmalai, W. et al. [71] reported the synthesis and fabrication of 

PDA on filter paper for anionic surfactants from DAs containing primary amino, 

secondary amino and ammonium polar groups and preparation of the colorimetric 

sensors. From Figure 1.19, the blue to pink colorimetric transition of polymerized 

DAs in the presence of anionic surfactants such as sodium dodecanoate (SDC), 

sodium docecyl sulphate (SDS), and sodium dodecyl benzene sulphate (SDBS) are 

observed by the naked eye.  

 

 
 

Figure 1.19 Photograph of PDA coated paper derived from primary amine  (1% w/v) 

after being dipped in a solution of SDC, SDS, SDBS, TTAB, DTAB, HTAB, Tween 

20, Brij58P and Triton X-100 (500 mM). 

 

 

In 2012, Eaidkong, T. et al. [25] reported detection and identification of VOCs 

by paper-based polydiacetylene (PDA) colorimetric sensor array. They were prepared 

from eight diacetylene monomers, six of which are amphiphilic and the other two are 

bola-amphiphilic. To fabricate the sensors, monomers are coated onto a filter paper 

surface using the drop-casting technique and converted to PDAs by UV irradiation. 

The PDA sensors show solvent induced irreversible color transition upon exposure to 

VOC vapors as shown in Figure 1.20. When combined into a sensing array, the color 

change pattern as measured by RGB values and statistically analyzed by principal 

component analysis (PCA) is capable of distinguishing 18 distinct VOCs in the vapor 

phase. The PCA score and loading plots also allow the reduction of the sensing 

elements in the array from eight to three PDAs that are capable of classifying 18 

VOCs.   
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Figure 1.20  a) Structure of diacetylene monomers b) Scanned images of the paper-

based PDA sensor array prepared from 1–8 exposed to various saturated vapors of 

volatile organic solvents. 

 

1.3.3 Colorimetric properties of PDA  

PDAs usually appear as deep colored materials that exhibit interesting 

colorimetric properties. Optical absorption in polydiacetylene occurs via an electronic 

  * transition within the linear -conjugated polymer backbone. Upon 

polymerization, frequently the first chromogenically interesting state of PDA appears 

blue in color. The exposure of PDA to environmental perturbations, such as 

temperature, UV light, pH, solvent, mechanical stress and ligand-receptor interactions 

[75], induce a significant shift in absorption from low to high energy bands of the 

visible spectrum, so the polydiacetylene transforms from blue (max ~ 630 nm) to red 

(max ~ 540 nm) [8-9]. These perturbations alter the polymer side chain orientation 

that inturn change the backbone strain and torsion, thus changing the electronic states 

and the corresponding optical absorption. The most investigated PDAs are those 

having blue color, which can change their color to red corresponding to the shift of 

the maximum absorption peak from as a result of reduction of the effective 

conjugation length. The color transition can be induced by several external stimuli.  

a) b) 
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For plots of %B and %R as a function of temperature or time, the crossing 

point between %B and %R curves can be assigned as the color transition temperature 

or time. The percentages of the red (%R), green (%G) and blue (%B) colors can 

calculate by the following equations [69].  

  

    
 

     
     (1)  

    
 

     
     (2) 

    
 

     
     (3) 

 

 A. Thermochromism  

Thermochromism, the color transition upon the increase of temperature, is one 

of the interesting chromic properties of polydiacetylenes both for its applications and 

fundamental understanding [79]. Thermochromism in polydiacetylenes arises from 

the conformational changes of the conjugated backbone from planar to non-planar due 

to movement of the side chains. The color transition is thus resulted from the increase 

of energy gap between the HOMO and LUMO level. The color transition of polydia-

cetylenes is driven by the relief of mechanical strain in their structures [36].  

 

For polydiacetylene vesicles, hydrogen bonding between the head groups of 

the lipid monomers is usually responsible for the planarity of the conjugated 

backbone. Thermal energy can break or weaken the hydrogen bonding between the 

head groups resulting in random movement of the side chains and lower the planarity 

of the backbone and hence the average conjugation length of -electrons along the 

polymer backbone inducing the color change from blue to red.  
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In 1998, Okada, S. et al. [13]. studied the self-assembly in vesicles form of 

diacetylene containing carboxylic in hydrophilic head group and its derivatives which 

various alkyl chain length within the chain and between diacetylene and carboxyl 

group (Figure 1.21) in water media. Then polymerized by UV-irradiation 254 nm and 

studied the thermochromic properties monitoring by UV-vis spectrometer. It was 

found that polydiacetylene which have the short alkyl chain length between 

diacetylene and carboxyl group (compound 3 and 4) were more sensitive to the 

thermal changes than long alkyl chain length (compound 1 and 2). 

 

 
 

Figure 1.21 Structure of diacetylene monomers used in investigations of 

thermochromism in vesicles. 

 

In 2005, Kim, J. M. et al. [3] reported the colorimetric reversibility of 

polydiacetylene supramolecules, derived from a variety of functionalized diacetylenic 

lipids as shown in Figure 1.22. Polydiacetylene vesicles prepared from PCDA-mBzA 

1, bearing terminal m-carboxyphenylamido groups. They studied the effects of (1) 

internal amide groups, (2) headgroup aromatic interactions, (3) lengths of the 

hydrophobic alkyl chains, and (4) terminal carboxylic groups on the colorimetric 

reversibility of polydiacetylene. The results demonstrate that well developed 

hydrogen-bonding and aromatic interactions between headgroups are essential for 

complete recovery of the length of the conjugated -electron chain following thermal 

stimulus. 
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Figure 1.22 Structures of diacetylene lipids investigated for thermochromism. 

 

In 2006, Kim, J. M. et al. [72] investigated blue-to-red color transition of PDA 

film, prepared from 10,12-pentacosadiynoic acid-2,2-(ethylenedioxy) bis(ethylamin) 

(PCDA-EDEA) embedded in Poly(vinyl alcohol) (PVA) reported the preparation of  

DA monomer (PCDA-EDEA) embedded in  Poly(vinyl alcohol) film by mixing-

drying process. The blue film obtained after UV irradiation and applied as thermal 

sensor. The author reported that the PCDA-EDEA thin film required higher 

temperature to induce a complete color transition from blue to red compared to the 

PCDA-EDEA in aqueous solution due to less mobility of PDA molecules in solid 

state as shown in figure 1.23.  
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Figure 1.23 Photographs of PCDA-EDEA embedded in PVA film and the PCDA-

EDEA vesicle solution during heating process. 

 

 

In 2007, Fujita, N. et al. [37] proposed that molecular modeling to seek a 

stable conformation of PDA prepared from Gns in the gel state which is useful in 

predicting the effective conjugation length (ECL) in PDA where the odd-even number 

of alkyl chains (n) is a key factor for determining the blue and red phases of the PDAs 

(See in Figure 1.24).  

 

 

 
 

Figure 1.24 Chemical structure of Gn and the optimized conformation of 24 mers of 

(upper) polyG3 and (lower) polyG4. 

Polydiacetylene films 

Polydiacetylene Vesicles 
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In 2009, Ahn, D. J. et al. [2] proposed the mechanism of the color transition 

from blue to red of PDA (Figure 1.25). The authors suggested that headgroup 

interactions (hydrogen bonding, aromatic interactions, etc.) play significant roles in 

leading the orientation of methylene sidechains of PDAs to a distorted state during the 

polymerization process. The distortion results in mechanical strain in the PDA 

backbone. In the cased of color irreversible PDA system, head group interaction are 

relatively weak. Thus, the release of mechanical strain upon thermal stimulation 

results in C-C bond rotation of polymer backbone and weakening of headgroup 

hydrogen bonding interaction. 

 
Figure 1.25 Mechanism of chromic responses of irreversible PDAs. 

 

In 2010, Wacharasindhu, S. et al. [8] synthesized Mono- and diamides 

derivatives of 10, 12-pentacosadiynoic acid (PCDA) from condensation of PCDA 

with various aliphatic and aromatic diamines. The color transition temperatures and 

thermochromic reversibility of the polymers are varied depended on the number of 

amide groups and the structure of the aliphatic and aromatic linkers. The 

phenylenediamide and polymethylenediamide PCDA derivatives give 

polydiacetylenes with complete thermochromic reversibility, while the 

polydiacetylenes obtained from 1,2-cyclohexylene and glycolic chain diamide 

derivatives exhibited irreversible thermochromism, whereas the polymers attained 
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from the aromatic monoamide analogues are partially reversible. The variation of the 

linkers also allows the color transition temperature of the polydiacetylene to be tuned 

in the range of 20 C to over 90 C (See in Figure 1.26).  

 

 
Figure 1.26 Color of PDA sols recorded by photography during the heating process 

displaying the variation of color transition temperature. 

 

In 2010, Phollookin, C. et al. [9] investigated a series of bisdiynamide lipids 

containing various lengths of methylene spacer (m=2, 3 and 4) between the diynes 

and the diamide headgroup and number of methylene units (n = 6 and 9) in their 

hydrophobic tails are synthesized. The color transitions from blue to red during 

heating-cooling cycles of the PDA sols are photographically recorded and monitored 

byUV-vis absorption spectroscopy. The bisdiynamide PDAs exhibit excellent 

thermochromic reversibility and the color transition temperature can be tuned 

between 25-55 C by the variation of m and n values as shown in Figure 1.27.  The 

decrease of n value enhances the thermal sensitivity resulting in lower color transition 

temperature, the effect of m value is not as straightforward. Moreover, temperature 

indicators can be obtained by applying a screen printing ink formulated from the 
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bisdiynamide monomer on plastic substrates followed by UV irradiation to generate 

desired patterns of thermochromically reversible PDAs. 

 

 
Figure 1.27 Structure of diacetylene monomers, their color transition and reversibility 

in vesicles solution. 

 

In 2012, Ampornpun, S. et al. [38] reported that two series of symmetrical 

(Sx) and unsymmetrical (Uy) diacetylene monomers containing diamide groups with 

different methylene units are successfully prepared (See in Figure 1.28). 

Photopolymerization of their nanovesicles dispersed in water is carried out by 

irradiation at 254 nm affording blue sols of the corresponding PDAs. The degree of 

thermochromic reversibility (%DR) of the PDA sols are determined using UV−vis 

spectroscopy in order to probe effects of the number of the methylene units, x  and y , 

within the linker and hydrophobic tail, respectively. The complete color reversibility 

(%DR > 89%) is observed only when x is an even number while partially reversible 

or irreversible thermochromism (%DR < 65%) is displayed in the case of odd x  

number. For the Uy series, the color recovering ability within the heating and cooling 

process increases along with the y number; %DR = 3, 62, and 90% for y  = 0, 4, and 

16, respectively. This work is the first direct demonstration of the roles of number of 

methylene units within the diacetylene monomers on the thermochromic reversibility 

of their PDAs that provide additional dimensions for rational molecular design in the 

development of PDA thermal sensors. 
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Figure 1.28 Structure of investigated diacetylene monomers: symmetrical 

diyndiamides (Sx) and unsymetrical diyndiamide monomers (Uy). 

 

In 2013, Chanakul, A. et al. [39] reported polydiacetylene (PDA)/ZnO 

nanocomposites are prepared by using three types of monomers with different alkyl 

chain length, 5, 7-hexadecadiynoic acid, 10, 12-tricosadiynoic acid, and 10,12-

pentacosadiynoic acid. The monomers dispersed in aqueous medium spontaneously 

assemble onto the surface of ZnO nanoparticles, enhanced by strong interfacial 

interactions. All nanocomposites show reversible blue/purple color transition upon 

multiple heating/cooling cycles, while the irreversible blue/red color transition is 

observed in the systems of pure PDAs (Figure 1.29). The shortening of alkyl side 

chain in PDA/ZnO nanocomposites leads to a systematic decrease in their color 

transition temperatures.  

 
Figure 1.29 Color photographs of the aqueous suspensions of (a) pure poly(PCDA), 

(b) poly(PCDA)/ZnO nanocomposite, (c) pure poly(TCDA), (d) poly(TCDA)/ZnO 

nanocomposite, and (e) poly(HDDA)/ZnO nanocomposite taken upon increasing 

temperature from 30 to 90 C, followed by cooling to room temperature.  
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B. Solvatochromism 

Solvatochromism is the ability of a chemical substance to change color due to 

a change in solvent polarity. The molecularly ordered states of supramolecular PDAs 

can be influenced also by the presence of organic solvents as investigated by many 

researchers. 

 

In 2007, Yoon, J. et al. [31] have developed the efficient sensors for the 

detection of volatile organic compounds (VOCs) based on conjugated polymer-

embedded electrospun fibers. The observation of an organic solvent induced, blue-to-

red color transition of PDA embedded electrospun fibers suggests that the 

colorimetric response might vary in an organic solvent-dependent manner on the 

structure of diacetylene monomer. They show different colorimetric responses upon 

exposure to the 4 organic solvents such as chloroform, tetrahydrofuran (THF), ethyl 

acetate (EA), or n-hexane as illustrated in Figure 1.30. 

 

 

      
 

Figure 1.30 Photographs of the PDA-embedded electrospun fiber mats prepared with 

diacetylene monomers 1-4 after exposure to organic solvent. 
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In 2008, Potisatityuenyong, A. et al. [7] conduced extensively investigation 

poly-10,12-pentacosadiynoic acid (poly(PCDA)) vesicle solution in the aspect of 

thermochromism, solvatochromism and alkalinochromism. In the case of 

solvatochromic and alkalinochromic experiment, UV-vis absorption and observation 

by eye show the similar pattern, blue to red color transformation. The decreasing and 

increasing in absorbance of red and blue phase without peak shifting indicate directly 

to quantitative conversion between blue and red vesicle. Solvatochromism and 

alkalinochromism involve hydrogen bond breaking turning the blue vesicle into red 

color. The author proposed the mechanism of color transition of PCDA as shown in 

Figure 1.31.  

 

 

 
Figure 1.31 Proposed side-chain movements in the chromic transitions of 

poly(PCDA) vesicles upon organic solvent. 
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In 2009, Yoon, J. et al. [48] have generated the electrospun fiber mats from 

PDA-embedded polymer matrix that can be used to detect volatile organic compounds 

(VOCs). The results display the different color patterns of the fiber mats derived from 

different combinations of PDA-ABA 1 and PCDA-AN 2 as illustrated in Figure 1.32.  

 

 
Figure 1.32 Schematic representation of the preparation of PDA-embedded 

electrospun microfibers and photographs of the polymerized PDA-embedded 

electrospun fiber mats after exposure to organic solvents at 25 ºC for 30 s. 

 

In 2010, Jiang, H. et al. [49] have also reported the development of a novel 

polydiacetylene (PDA)-based sensitive colorimetric microarray sensor for the 

detection and identification of volatile organic compounds. PDA-embedded polymer 

matrix films as the multi-layer PDA-based micro patterns (Figure 1.33) could be 

prepared by the spin-coating method combined with the sol–gel process. 

Polydimethylsiloxane Sylgard 184 (PDMS) was employed to enhance the stability of 

the PDA films when dipped in VOCs, especially chlorinated solvent. 
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Figure 1.33 photographs of the PDA-embedded polymer matrix films derived from 

TCDA, PCDA, PAPCDA and CNAPCDA after dipped in organic solvents at room 

temperature. 

 

In 2010, Gou, M. et al. [70] demonstrated time–temperature chromatic sensor 

based on PDA vesicle and amphiphilic polymer. In presence of amphiphilic polymers 

(i.e. Pluronic F127, F68 and L35 and Tween-20), PDA vesicles could gradually 

transit from blue to red, which was irreversible and depended on the temperature, 

time, and properties of amphiphilic polymer (Figure 1.34). The authors suggested 

that the hydrophobic segment of amphiphilic polymer were gradually inserted into 

vesicles due to hydrophobic interaction. This work provides Time-temperature 

chromatic sensor based on PDA vesicles and amphiphilic polymers and use as time-

temperature indicator. 

 
Figure 1.34 Photographs of TTIs prepared from PCDA solution incorporated with 

Pluronic F127. 
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In 2010, Wu, S. et al. [50] investigated the effects of solvents on structure of 

micelle-like assemblies of an azo chromophore-functionalized polydiacetylene 

(polyAzoDA) and polymerized tricosa-10,12-diynoic acid (polyTDA). They used the 

mixtures of water with glycol, DMSO, ethanol and THF to observe blue-to-red color 

changes of polydiacetylenes. They found that the colors of polyTDA and polyAzoDA 

change at certain contents of organic solvents. The results in Figure 1.35 exhibit the 

strength of the polyTDA-solvent interaction in the following order: THF>ethanol> 

DMSO>glycol.  According to the results, THF is a solvent which can effected on 

blue-to-red color transitions of polyAzoDA in THF/water mixtures. However, they do 

not observe color transitions in the other solvents/water mixtures. The authors have 

proposed that the stability to several solvents of polyAzoDA caused by the H- and J-

like aggregates of azo chromophores in polyAzoDA.  

 

 
Figure 1.35 Photographs of micelle dispersions in different water-solvent mixtures. 

At increasing solvent content, the color of (a) polyTDA and (b) polyAzoDA changes 

from blue to purple/red depending on type of solvent and its relative content, 

respectively. 
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In 2012, Pattanatornchai, T. et al. [73] investigated the color transition 

behavior of PDA using different alcohol (i.e. molecule size, length, shape, polarity 

and charge)(linear and branched alcohol). In the case of linear alcohol, the longer 

alkyl chain causes easier colorimetric response (Figure 1.36a and 1.36b). The author 

suggested that the driving force for the alcohols to penetrate into the hydrophobic 

layers of the PDAs increases with increasing the alkyl length. The longer alcohols can 

also penetrate into the deeper region of PDA layers. Therefore, it requires lesser 

amount of long chain alcohols to induce segmental rearrangement and hence color 

transition of the PDAs (Figure 1.36c). 

 

 

 
 

Figure 1.36 Colorimetric responses (CR) of a) poly(TCDA), b) poly(PCDA) vesicles 

in aqueous suspensions upon addition of linear alcohols with different chain lengths 

and c) the penetration of methanol and 1-butanol into the layers of poly(PCDA). 

 

 

 

 

(C) 
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C. Alkalinochromism and Acidochromism 

Alkalinochromism and acidochromism were chromic properties that material 

can change color by deprotonation in case of alkalinochromism and protonation in 

case of acidochromism. Either alkalinochromism or acidochromism, the role of head 

group of diacetylene monomer had directly impact on the colorimetric transition as 

reported by several researchers. 

 

In 1998, Cheng, Q. et al. [51] had been synthesized and studied the 

colorimetric response in various pH solutions of a series of amino acid-derivatized 10, 

12-pentacosadiynoic acid. The result showed a different colorimetric response based 

on type of head groups. For example, Glu-PDA which has dicarboxylic head group 

changed the color from blue to red at pH 6 by deprotonation of the carboxylic group. 

The protonation of the tertiary amine head group of DMAP-PDA changed its color at 

pH 5. His-PDA which has both of carboxylic and imidazole changed the color at pH 

below 0 and pH 8-9 (Figure 1.37).  

 

    
 

Figure 1.37 a) Structure of the diacetylene lipid 10,12-pentacosadiynoic acid (1) and 

its derivatives: lipids 2-6, amino acids derivatives; lipid 7, 3-(dimethylamino) 

propylamine (DMAP) derivative. b) Schematic diagram of amino acid-derivatized 

polydiacetylene liposomes in a chromatic transition. 

 

a) b) 
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In 1999, Jonas, U. et al. [15] studied a novel system based on hydrazide 

derivatives of single chain diacetylene lipids which are 10,12-Tricosadiynohydrazide 

(THY) and 10,12-Pentacosadiynohydrazide (PHY). These materials showed an 

unusual aggregation and polymerization behavior in organic solution, in contrast to 

the parent carboxylic acids. In addition, these hydrazide lipids undergo an 

unprecedented reversible color change (blue/red) in polymerized vesicles when the 

pH of the surrounding aqueous medium is cycled between acidic and basic conditions. 

This unusual behavior is attributed to the unique hydrogen-bonding pattern of the 

hydrazide head group (Figure 1.38). 

 

 
 

Figure 1.38 Schematic representations of the polymerization behavior and 

colorimetric changes of the diacetylene hydrazides PHY and THY in the presence of 

HCl or NH3. 
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In 2011, Charoenthai, N. et al. [52] investigated that the colorimetric response 

of the polydiacetylene (PDA) vesicles prepared by 10,12-tricosadiynoic acid (TCDA), 

10,12-pentacosadiynoic acid (PCDA) and N-(2-aminoethyl)pentacosa-10,12-

diynamide (AEPCDA) were stimulated by temperature, ethanol and pH. They found 

that a shorter side chain of poly(TCDA) yields weaker inter- and intra-chain 

dispersion interactions in the bilayers compared to the system of poly(PCDA). The 

color transition of poly(TCDA) and poly(PCDA) vesicles occured when increasing of 

pH to ~9 and ~10, respectively (Figure 1.39). The poly(AEPCDA) vesicles, on the 

other hand, change color upon decreasing pH to ~0.  

 
 

 

 

 

 

 

 

Figure 1.39 a) The colorimetric responses (%CR) of the vesicles were plotted as a 

function of pH. Symbols are () poly(PCDA), () poly(TCDA) and (☐ ) 

poly(AEPCDA). b) The charged species of head groups of poly(PCDA) in high pH 

region and poly(AEPCDA) in low pH region. 

 

 

 

 

  

a) 

b) 
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1.3.4 Fabrication of thermochromic leuco dyes 

In 2009, Marla, V. et al. [64] investigated online measurements of fiber 

temperature and diameters were made for both the melt-spinning and the meltblowing 

processes. The fiber temperature was determined by infrared thermography, and the 

fiber diameter was determined by high-speed photography (Figure 1.40). These 

measurements were then compared with predictions made with mathematical models 

for melt spinning and melt blowing. In melt spinning, the fibers seemed to cool 

slightly faster with an increase in spinning speed for both polypropylene (PP) and 

polybutylene (PB). When the heat in melt blowing, the fiber temperature at any 

downstream location showed a slight increase with an increase in the mass studied. 

The predictions of the fiber diameter profile from the melt-blowing model compared 

favorably with experimental data obtained from high-speed flash photography. The 

choice of heat transfer correlation did not show a strong effect on the predicted 

diameter profile obtained from the melt blowing model. There was good agreement 

between the models and the experimental results, and the agreement was best when 

heat-transfer correlations developed specifically for fine fibers (cylinders) were used. 

 
Figure 1.40 Equipment used for spinning fibers while measuring fibers diameter and 

temperature. 
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In 2009, Chen et al. [65] investigated the initial example of producing fibers 

with improved properties by the well-controlled generation of the precursor 

morphology using the practicable melt-spinning process. Poly(ethylene terephthalate) 

(PET) and poly(ethylene naphthalate) (PEN) fibers with unique precursor morphology 

were directly produced in the melt-spinning process via a liquid isothermal bath 

(LIB). The fibers, which were white in color, were amorphous but oriented, as 

measured by WAXD. SEM observations revealed a banded structure and microvoids 

in the white fibers (Figure 1.41). After hot drawing, the white color of the fibers 

faded, accompanied by the transformation of the banded structure into a highly 

crystallized fibrillar structure. As a result, fibers with improved properties were 

produced by applying a low draw ratio. 

 

Figure 1.41 SEM images of PEN fibers spun with LIB (a) surface and (b) cross 

section of undrawn fibers; (c) surface and (d) cross section of drawn fibers. 
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In 2009, Kauffman, J et al. [61] created polydiacetylene (PDA)-doped calcium 

alginate fibers by the solution blending of polymerized 10,12- pentacosadiynoic acid 

liposomes with sodium alginate in water prior to extrusion. The liposomes maintained 

their blue color during wet spinning and drying of the fibers but changed to red with 

exposure to specific external stimuli (heat, solvent, and chemical) (Figure 1.42). In 

the latter case, the color change only occurred when the fibers were sufficiently 

permeable for the reacting species to reach the interior. A parameter termed the 

“Raman response” (RR) has been developed to quantify the amount of PDA 

liposomes in each of two critical conformations within the fibers. The RR attributes a 

quantitative measure of PDA response to individual stimuli. This method provides 

advantages over the commonly used “colorimetric response” in systems where sample 

limitations and chromophore activity make UV-vis spectroscopic measurements 

difficult or inaccurate. PDA liposomes are shown to effectively add a versatile 

sensing component to alginate fibers. 

 

 
Figure 1.42 From left: Photograph of the control alginate fiber (white), as-spun 

alginate fiber with PCDA liposome (blue), and alginate fiber with PCDA liposome 

after exposure to 60 °C for 45 s (red). 
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In 2010, Malherbe et al. [68] demonstrated a ‘solvent facilitated’ coaxial 

electrospinning process was used to produce reversible narrow temperature gap 

thermochromic, core-shell fibers (Figure 1.43). A thermochromic composite 

composed of crystal violet lactone (the leuco dye), bisphenol A (the developer) and 1-

dodecanol (the phase-change solvent) was entrained as core material inside 

poly(methyl methacrylate) shells. A mutual core and shell solvent (chloroform) was 

used to obtain low interfacial tension between the core and shell spinning solutions. 

This enabled room temperature entrainment of the low molecular weight, low 

viscosity core fluid. In order to minimize the effect of light scattering and 

subsequently produce fibers with visible color transitions, the fibers were produced 

with external diameters of 3-8 mm and core diameters of 1.7-5.7 mm. In order to 

produce core-shell fibers with repeated, reversibly thermochromic behaviour and a 

stable color developed state, it was necessary to entrain a dye composite that 

contained an excess developer, essentially making this composite non-thermochromic 

prior to entrainment. The fibers were analyzed using SEM and DSC. 

 
 

Figure 1.43 Coaxial electrospinning setup used to produce thermochromic core-shell 

PMMA fibers. 
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1.4 Objectives and scope of the research 

The main goal of this thesis is to develop a practical colorimetric indicator 

from chromic materials i.e. diacetylene and leuco dyes by studying various surface 

deposition and incorporation techniques. To achieve this goal, the following working 

scopes are set: 

1. To study the surface deposition techniques i.e. ink-jet printing, airbrush 

painting and dip coating of diacetylene lipids and leuco dyes on various 

materials.  

2. To evaluate the colorimetric responses of diacetylene and leuco dye coated 

materials.  

3. To study incorporation techniques i.e. melt spinning, compression molding 

and two roll mill of lueco dyes into various commercial polymers. 

4.  To evaluate the colorimetric responses of leuco dye incorporated polymers.  

5. To select the suitable deposition or incorporation techniques to be used in the 

development of at least one indicator prototype.  

 

  

 

 



 
 

CHAPTER II 

EXPERIMENTAL 

 

2.1 Surface deposition of diacetylene and leuco dye   

 Materials : 

 10,12-Pentacosadiynoic acid (PCDA), GFS Chemicals, USA 

 10,12-Tricosadiynoic acid (TCDA), GFS Chemicals, USA 

 Brij® 58 P, Fluka 

 Triton® X-100, Fluka 

 Tween® 20, Fluka 

 Sodium hydroxide (NaOH), Merck, Germany 

 Potassium carbonate anhydrous (K2CO3), Fluka, France 

 Magnesium chloride (MgCl2), Sigma-Aldrich, USA 

 Lithium chloride anhydrous (LiCl), Fluka  

 Calcium chloride dehydrated (CaCl2), Fluka 

 Dimethyl sulfoxide, RCI Labscan 

 Thinner, Ocean Rota Co., Ltd, Thailand 

 Lacquer (TOA T-5000), TOA PAINT (THAILAND) CO.,LTD,  

Thailand 

 

 

 

 

 

 

 

 

 

 

https://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&sqi=2&ved=0CC8QFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2F&ei=MgHMUMSbHIyiiAfe9IC4Dg&usg=AFQjCNHWUD93dGuPc7Njh7FSkCiUuQGzBg&sig2=hvTjDg5__22nCpRGTwHWoQ&bvm=bv.1355325884,d.aGc
http://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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  Equipments : 

 Rotary evaporator, R200, Buchi , Switzerland 

 Ultrasonicator, Elma, Germany 

 UV Lamp, TUV 15W/G15 T18 lamp, Philips, Holland 

 Webcam, ICON228, 14M pixels 

 Airbrush ,HKX HB-3G, Hongkong 

 Printer, HP Deskjet K109g  

 Ink cartridge, HP 703 

 Laptop, Lenovo Thinkpad E435, Malaysia 

 pH meter, UB-10, Denver Instrument 

 Magnetic stirrer, Fisher Scientific, USA 

 Hot plated magnetic stirrer, IKA, Germany 

 Syringe filter, Verticlean, PTFE, 13 mm, 0.45 µm   

 

 

2.1.1 Photographic imaging and colorimetric analysis 

The images on thin substrates were obtained by a scanner (Epson Perfection 

V33). For real time monitoring, a commercial webcam (ICON228, 14M pixels) was 

used. The color pictures of thick or 3-D substrates were captured by a Digital SLR 

camera (Nikon D40X with a Nikon Nikkor lens 18–55 mm) fixed to a camera stand at 

the nearest distance from the object for possible focus.  

The colors of the images were evaluated into RGB values by an image 

processing program (Adobe Photoshop CS6). The percentages of red (%R), green 

(%G) and blue (%B) colors were calculated and plotted as a function of a variable 

parameter i.e. temperature and time [69]. 
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 2.1.2 Application techniques 

Ink-jet printing 

A typical method for the preparation of diacetylene ink suspension is as 

follows. PCDA (30 mg) and nonionic surfactant (Brij® 58 P or Triton® X-100 or 

Tween® 20) (30 mg) were dissolved in 0.30 mL of dimethyl sulfoxide (DMSO), and 

the organic solution was slowly dropped into 3.7 mL of DI-water at 80 C. The 

resulting suspension was sonicated (Elma S40H Elmasonic) for 30 min at 80 C. 

Following the sonication, the suspension was kept at 4 C overnight and filtered to 

remove large lipid aggregates using sintering glass (4-5 m) and syringe filter (0.8 

m), respectively, to obtain the desired diacetylene ink. A commercial inkjet cartridge 

(HP703 black) was emptied, thoroughly washed with water and methanol, 

respectively, and dried at 100 
C for 2 hours. Then, the diacetylene ink (4 mL) was 

loaded into the clean cartridge before it was installed into a printer (HP Deskjet Ink 

Advantage K109a-z) (Scheme 2.1).  

 

Scheme 2.1 Method for the preparation of diacetylene ink solution from 

PCDA/surfactant.  
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Airbrush painting 

A thermochromic dye i.e. PCDA and leuco dye (30 mg) was dissolved in a 

binder solution (4 mL) made from a 1:2 (v/v) mixture of  a commercial lacquer (TOA 

T-5000, TOA PAINT) and thinner (Ocean Rota). The ink solution loaded into an 

airbrush tank (HKX HB-3G, 6 mL). The solution was sprayed onto the tested surface 

by nitrogen gas pressurization at 2 bar via a regulator (Sunny tool, Taiwan). The 

surfaces used in this study included a clean aluminum lid, Thai coppernickel 1 baht 

coin, PET bottle, PE sheet, PE plate, 80 g/m2 paper (A4, Double A), wood board, 

white cotton textile and  glass slide. 

 

Multi-component sensing array  

Multi-component, The array was designed to contain 3- striped pattern of 
PCDA/surfactant i.e. Brij® 58 P, Triton® X-100 and Tween® 20 sensing array was 
conveniently fabricated by load ink each ink component into a airbrush tank and then 
spray for each the ink solution onto paper when the paper ejected from feed slot of 
printer, under control similar condition (pressure, object distance and volume size of 
spray nozzle), repeated this method for other ink solution on same paper to obtained 
multi-detector on single substrate.  

  

Dip coating  

White polyester thread (1 m) was dipped into a PCDA solution in CH2Cl2 (10 
mM) for 1 hours. The soaked thread was allowed to dry in the air for 5 minutes. The 
PCDA coated thread was sew into white polyester textile by sewing machine and 
irradiated by UV lamp (254 nm) to create a blue pattern. 
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2.1.3 Paper-based polydiacetylene humidity indicators  

A paper strip (1 x 6 cm2) was divided into 2 zones with 2 cm and 4 cm lengths 

(Scheme 2.2). The 2 cm zone was dipped into a salt solution and dried at 100 C for 

30 min. The 4 cm zone was dipped into a TCDA solution in CH2Cl2, allowed for air 

dry. The dipping process was performed with care to make sure that these two zones 

are separated by 3 mm. The end of the strip was cut to leave 3 cm of TCDA zone and 

kept in a desiccator for at least 30 min before further study. The coated paper was 

irradiated with 254 nm UV light to generate a humidity indicator with blue PDA zone 

on one end and off-white zone of the salt on the other end.  

 

 

Scheme 2.2 Design of humidity paper indicator.           
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Three types of paper i.e. printing paper (Double A, 80 grams), drawing paper 

(80 and 100 grams) and filter paper (Whatman No. 1 and No. 3) were tested as the 

indicator substrate. At least five pieces of replicate samples were prepared for each 

indicator.  

Five types of salts i.e. calcium chloride (CaCl2), magnesium chloride (MgCl2), 

lithium chloride (LiCl), potassium carbonate (K2CO3) and sodium hydroxide (NaOH) 

and their combinations were tested as moisture absorbing and chromism inducing 

agents for poly(TCDA). 

 

Study of humidity sensitivity 

To test the humidity sensitivity, the blue indicator samples were placed in a 

closed transparent Poly(methyl methacrylate) container (26x12x14 cm3) of which 

relative humidity was controlled at 60%RH by a saturated NaBr solution (15 mL). 

The color images of the indicators were recorded by a webcam (1.4 Mpixel). The 

%RH within the container was monitored with a hygrometer which showed relatively 

constant humidity of 632 %RH at 28±2 °C throughout the entire experimental period 

of 24 h. The color image of the blue zone was cropped into a 1x1 cm2 square and the 

RGB values were read by an image processing software (Adobe Photoshop CS6). The 

percentages of red (%R), green (%G) and blue (%B) colors were calculated from the 

following equations.  

 

    
 

     
     (1) 

    
 

     
     (2) 

    
 

     
     (3) 

At each %RH, the %B and %R were plotted as a function of time. The time 

required for the intersection between the %B and %R curves was assigned as a color 

transition time that used to evaluate the sensor sensitivity.  

https://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&sqi=2&ved=0CCwQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPoly(methyl_methacrylate)&ei=9IENUufKGKLpiAfUxIGwBA&usg=AFQjCNEI5g2xM7VNTz16b1RPQN6BzeVNWg&sig2=fYLBY2E9OVTxC_8Qym2hhg&bvm=bv.50768961,d.aGc
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Development of humidity indicator prototypes 

The humidity indicator was developed by using a mixture of K2CO3 and 

NaOH (4:1 mole ratio) as moisture absorbing and chromism inducing agents for 

poly(TCDA). The salt zone lengths were 2 and 4 cm. The TCDA zone was created by 

an airbrush painting technique to form periodic patterns using the coresponding masks 

(Scheme 2.3). The TCDA periodic patterns were designed to achieve a more 

evocative time dependent humidity indicators. 

 

 Scheme  2.3 Preparation of humidity indicator prototypes. 
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2.2 Incorporation of leuco dyes in commercial plastics  

 Material and equipments : 

 Leuco dye (Chameleon-T Powder), Polychrom.Co.Ltd, Korea 

 Differential scanning calorimetry (DSC), NETZSCH, DSC 204 

F1Phoenix. 

 Thermogravimetric analysis (TGA), NETZSCH STA 409 C/CD  

 Scanning electron microscopy (SEM), JEOL, Japan (model JSM-

5410LV) 

 Compression machine, Yong Fong Machinery Co., Ltd. (Model 

YFY HM 100T with main motor 7.5 kW)  

 Two roll mill machine, Yong Fong Machinery Co., Ltd. (Model YF 

R-8 F8” 18”L with main motor 7.5 kW)  

 Melt spinning machine (ThermoHaake® PolyDrive) 

 Polypropylene (PP, 561R grade, Thai Polypropylene, SCG) 

 Low-density polyethylene (LDPE, ExxonMobil™ LDPE LD 100 

Series) 

 General-purpose polystyrene (GPPS, PORENE, Thai ABS Co., 

LTD) 

 Styrene butadiene rubber (sbr 1502 r)  

 Airbrush, HKX HB-3G, Hongkong 

 Thinner (Ocean Rota Co., Ltd, Thailand) 

 Lacquer (TOA T-5000,TOA PAINT Co.,Ltd, Thailand) 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Low-density_polyethylene
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2.2.1 Thermal analysis of leuco dye 

Thermogravimetric analysis (TGA) of leuco dye 

Thermogravimetric analysis was performed on a NETZSCH STA 409 C/CD 

under nitrogen gas flow at a rate of 50 mL/min. A leuco dye sample (6 mg) was 

placed in a platinum pan. Starting at 25 °C, the sample was heated to 800 °C at a ramp 

rate of 10 °C/min. The decomposition temperature and percent weight loss of the 

sample were determined by using TA Instrument Universal Analysis 2000 program. 

 

Differential scanning calorimetry of leuco dye 

Differential scanning calorimetry was performed on a NETZSCH, DSC 204 

F1Phoenix. A leuco dye sample (5 mg) was placed in an aluminum pan and the pan 

was sealed. The sealed sample was heated in a DSC cell under helium flow (20 

mL/min) from 25 °C to 380 °C (10 °C/min) and then cooled to -70 °C (-10 °C/min) 

with liquid nitrogen at a rate of 50 mL/min. The DSC thermogram was recorded on 

the second heating with the same rate. 

 

2.2.2 Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) was used to determine the particle 

size of the leuco dye samples.  A leuco dye powder sample was spread on a SEM stub 

and coated with gold by sputtering technique. The image was acquired using a JEOL, 

Japan (model JSM-5410LV) electron microscope equipped with a CCD camera. The 

measurement was operated at 15 kV.  
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2.2.3 Study of thermal stability of Chameleon-T Powder  

The Chameleon-T Powder was placed in a watch glass and then heated to 220 

°C in a laboratory calcined furnace for 5 min. The heated Chameleon-T Powder was 

filled into test tubes and then immersed onto a water beaker (500 mL) and were then 

warmed up form 5 to 40 °C. The color images of the Chameleon-T Powder at 

different temperatures were recorded by a digital camera (Nikon D40X with a Nikon 

Nikkor lens 18–55 mm). 

 

2.2.4 Melt spinning of polypropylene/leuco dye 

Fiber filaments of polypropylene (PP, 561 R grade, Thai polypropylene, SCG) 

blended with 1,2 and 3% (w/w) Chameleon-T  powder (Polychrom.Co.Ltd, Korea) 

were created by a single screw extruder (ThermoHaake® PolyDrive) equipped with a 

spinneret with five 0.3 mm holes and a 105µm filter plate. The temperatures of the 1st-

5th extruder zones were set at 180, 190 , 200, 212 and 220 °C, respectively. The 

mixture of PP/Chameleon-T powder (0.5 kg) was loaded to the extruder with the 

screw speed of 4 rpm. The operating pressure range was controlled within 2-100 bar. 

The fiber filament samples were collected from the spinneret on a 8.5 cm roll at the 

speed of 57-59 rpm. 
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2.2.5 Compression molding of polymer/leuco dye 

A flat plastic plate of polymer/Chameleon-T powder (3% w/w) blend was 

fabricated by compression molding (Yong Fong Machinery Co., Ltd. Model YFY HM 

100T with main motor 7.5 kW). Chameleon-T powder (1.65 g) and the commercial 

polymer pellet ( 5 mm × 2 mm, 55 g) i.e. polystyrene (PS, PORENE, Thai ABS 

Co., LTD), polypropylene (PP) and low-density polyethylene (LDPE, ExxonMobil™ 

LDPE LD 100 Series) were thoroughly mixed in a shaking bag. The mixture was 

filled into an aluminum mold plate (20 cm  20 cm  2 mm) and the upper and lower 

plates were heated at the processing temperature of 150, 210 and 250 °C for LDPE, 

PP and PS, respectively. The molding process included a preheating time of 3 min, 

venting time of 3 sec, full-pressing time of 6 min and cooling time of 5 min, 

respectively.  

 

2.2.6 Two roll mill of rubber/leuco dye 

The Chameleon-T powder (5% w/w) and additives such as sulfur (curing 

agent, 2 phr), N-cyclohexyl-2-benzothiazole sulfonamide (CBS, accelerator, 1.3 phr), 

stearic (activator, 1 phr) and paraffinic oil (softener, 5 phr) were masticated 

with styrene butadiene rubber (sbr 1502 r) by a two roll mill machine (Yong Fong 

Machinery Co., Ltd. Model YF R-8 F8” 18”L with main motor 7.5 kW). The resulted 

rubber compound was cured and compressed in an aluminum mold plate (12 cm  12 

cm  5 mm) at 95 °C with a preheating time of 3 min and full-pressing time of 9 min. 

 

http://en.wikipedia.org/wiki/Low-density_polyethylene


CHAPTER III 

RESULTS AND DISCUSSION 

This thesis deals with the surface deposition and incorporation of 2 types of 

chromic materials, i.e. polydiacetylenes (PDAs) and leuco dyes, and their applications 

as colorimetric sensors or indicators. The results and discussion in this chapter is thus 

divided into 2 sections. The first section involves the study of deposition of PDA and 

leuco dye on solid surfaces using ink-jet printing, airbrush painting and dip coating 

techniques. The end of the first section devotes extensively to the development of 

PDA humidity indicators on paper substrates. The second section describes the 

attempt to incorporate thermochromic leuco dyes into various commercial polymers 

starting from the thermal and morphology characterization of the commercial dyes 

(Chameleon-T, Polychrom Co., Ltd. Korea) followed by the incorporation techniques.  

 

3.1 Surface deposition of diacetylene and leuco dye 

For colorimetric sensing applications, especially for naked eye detection, 

deposition of an appropriate chromic material on solid substrates is very economical 

and reasonable because it can produce high detection area per material mass. In 

majority of this section, PDA generated from a commercially available diacetylene 

monomers i.e. 10, 12-pentacosadiynoic acid (PCDA) and 10,12-tricosadiynoic acid 

(TCDA) were used as a model of chromic materials for the study of fabrication 

techniques on various solid substrates. Three techniques i.e. inkjet printing, airbrush 

painting and dip coating were evaluated. The commercial leuco dye was also tested in 

the airbrush painting techniques. The dye coated substrates were tested for 

colorimetric properties. The results and discussion of these studies are elaborated in 

details as follows.  
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3.1.1 Ink-jet printing   

To fully utilize PDAs in sensing applications, fabricating and patterning 

techniques are of importance. Ink-jet printing allowed ability to create designed 

patterns with noncontact operation on surface in low-cost, especially for custom made 

or low volume manufacture. In this work, a commercial office ink-jet printer (HP 

Deskjet K109g) was used. The aqueous solution of PCDA monomer (20 mM) 

containing a nonionic surfactant (Brij® 58 P, Triton® X-100 and Tween® 20) (as 

shown in Figure 3.1) was used as the printing ink (see section 2.1.3 for the 

preparation details). The surfactant was required to produce a high concentration 

solution by inducing the formation of stable diacetylene/surfactant rod-shaped 

aggregates in nanometer size [56]. The printing results were evaluated by comparing 

the color depth and uniformity after the UV irradiation. 

       
 

Figure 3.1 Structures of a) diacetylene monomer (PCDA), b) Triton® X-100, c) Brij® 

58 P and d) Tween® 20. 

The diacetylene ink was printed on printing paper (80 grams) by an ink-jet 

printer. The printed paper was allowed for air dry for 2 hours and stored in the dark. 

The dry printed paper was irradiated at 254 nm UV light (1400 µW/cm2) for 2 

minutes. As shown in Figure 3.2, among three nonionic surfactants used, Brij® 58 P 

provided the highest contrast blue image of poly(PCDA) after the irradiation. The 
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image turned to red color upon heating at 90 C for 10 sec indicating that the 

PCDA/surfactant mixtures retained the thermochromic properties of poly(PCDA). It 

is important to mention here that the aqueous solution of PCDA without the surfactant 

can be prepared with a significantly lower concentration of only 5 mM that produce 

only fade color printing images. The results found in this work are in good agreement 

with the previously reported literature work that the Brij® nonionic surfactants can 

increase the concentration of PCDA stabilized in water suspension [56]. As described 

above, Brij® 58 P was also found here to give better color depth for the printing 

images comparing with Triton® X-100 and Tween® 20. 

          
Figure 3.2 Color images of poly(PCDA) printed from PCDA/surfactant aqueous 

solutions using a) Brij® 58P b) Triton® X-100 c) Tween® 20 before (left) and after 

(right) heating at 90 C for 10 sec. 

The poly(PCDA) printed paper was studied for the thermochromism properties 

by gradual heating from 30 to 95 C on the wall of a beaker filled with water (450 

mL). The color images of the printed paper captured by a commercial webcam are 

shown in Figure 3.3. The images show blue-to-red color transition around 60-70 C 

for all PCDA/surfactant combinations. 

a) 

 

b) 

 

c) 
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Figure 3.3 Color images of poly(PCDA) printed from PCDA/surfactant aqueous 

solutions using a) Brij® 58P b) Triton® X-100 c) Tween® 20 upon heating from 30 to 

90 C. The experiment was performed in three replicates.  

The images of poly(PCDA) printed on A4 paper were converted to %R, %G 

and %B values in the RGB system by an image processing software (see section 2.1.2 

for experimental details). The plots of %B and %R against temperature gave two 

curves with the intersection assigned as the color transition point (Figure 3.4) [69]. 
  

 
Figure 3.4 Plots of %R and %B against temperature, corresponding to the 

photographic images in Figure 3.3. 

a) 

 

b) 

 

c) 

 

a) 

 

 

 

b) 

 

 

c) 
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From this assignment, the blue to red color transition temperature of 

poly(PCDA) incoporated with Brij® 58 P, Triton® X-100 and Tween® 20 were 

determined as 68, 63 and 60 C, respectively. Thus, it is discovered here that the 

surfactants not only help stabilizing the PCDA nanoassembly but also provide a mean 

to tune down the color transition temperature of poly(PCDA) (70 C). 

 

The morphology of PCDA/surfactant aqueous solutions in the presence of  

Brij® 58P, Triton® X-100 and Tween® 20 were studied by scanning electron 

microscopy (SEM). The morphologies of the lipid assembly clearly changed with the 

presence of the surfactants. However it was not clear to justify the change of their 

sizes. PCDA itself showed pellet shape with various sizes (Figure 3.5a left). These 

pellets tended to highly aggregate (Figure 3.5a right). The mixture of PCDA/Brij® 

58P had a rod shape (Figure 3.5b left). These rods seemed to be more stable with less 

tendency to form aggregates (Figure 3.5b right). The morphology of PCDA/Triton® 

X-100 mixture was a spherical droplet shape (Figure 3.5c left). The individual 

droplet assembly also seemed to be more stable comparing with the surfactant-free 

PCDA. The mixture of PCDA/Tween® 20 had a rice grain shape (Figure 3.5d left). 

This mixture also showed some aggregation of the assemblies with relatively lager 

size (Figure 3.5d right). The SEM images confirmed that the nonionic surfactants, 

especially for Brij® 58P and Triton® X-100, could stabilized the molecular self-

assembly of PCDA preventing them from aggregation that allow the formulation of 

the high concentration of PCDA ink solution for the ink-jet printing of which nozzle 

usually contains 20 µm outlets. 
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Figure 3.5 SEM images of dry samples on glass substrate prepared from aqueous 

solutions of PCDA (13 mM, 7.5 mg/mL) in the absence and presence of surfactants 

(7.5 mg/mL): a) PCDA, b) with Brij® 58 P, c) with Triton® X-100 and d) with 

Tween® 20). 
 

a) 

 

 

 

 

 

b) 

 

 

 

c) 

 

 

 

 

d) 



 
 

63 
 

3.1.2 Airbrush painting 

The airbrush painting technique [59] is a useful alternative method for dye or 

ink deposition on material surface especially for the unprintable area such as 

stationary, large, 3-D, thick or rough surface objects. The airbrush reservoir tank is 

tolerant to many kind of solvents including organic solvents with allow greater 

flexibility in ink formulation with or without the use of surfactant. It is also very 

robust painting system that is easy to operate and maintain. The painting pattern can 

also be easily created and controlled by masking technique.   

The airbrush painting was tested for the deposition of PCDA on surfaces of 

various types of objects including a clean aluminum lid, Thai coppernickel 1 baht 

coins, PET bottle, PE sheet, PE plate, white paper (80 g/m2), wood board, white 

cotton textile and glass slide. A commercial thermochromic leuco dye (orange color, 

transition temperature 31 C) was also studied for comparison. Use of the PCDA or 

leuco dyes with binder (see section 2.1.2 for preparation details) for airbrush painting 

was found to be viable for surface of all material types tested. Both PCDA and leuco 

dyes attached well with the surfaces. PCDA ink produced deep to light blue color 

after UV irradiation while the leuco dye showed its original orange to pink color 

without UV irradiation (Figure 3.6). The blue poly(PCDA) on the surface turned to 

red color after heating to 85-90 C. The orange and pink color of leuco dye on the 

sample surface disappeared and the original color of the substrates appeared above 40 

C. The darker substrate materials led to darker shade of the final appearance. White 

substrate such as paper (Figure 3.6 d) is thus the most suitable substrate for indicator 

application and colorimetric analyses. These results demonstrated that the airbrush 

technique is very convenient to be applied in the deposition of the thermochromic dye 

onto the surface of various materials with retained thermochromic properties ability of 

the dye materials.    
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Figure 3.6 Photographic images of PCDA/binder and orange leuco dye/binder 

solution airbrush-painted on various types of surfaces: (a) aluminum lid, (b) Thai 

cupernickel coins, (c) PE thin film, (d) paper, (e) PE plate, (f) cotton textile, (g) wood 

board, (h) PET bottle, (i) glass slide before and after heating. 

 

To demonstrate the benefits of this technique, a multi-component sensing 

array was fabricated on paper by airbrush painting. The array was designed to contain 

3- striped pattern of PCDA/surfactant i.e. Brij® 58 P, Triton® X-100 and Tween® 20.  

The 3-striped pattern (Figure 3.7) was conveniently generated by the airbrush 

painting in conjunction with the ink-jet printer paper feeding system (see section 2.1.3 

for experimental details). The PCDA/surfactant array was tested for colorimetric 

responses toward various solvents i.e. water, MeOH, CH2Cl2, toluene and THF.  

 

Figure 3.7 Photograph of multi-detector from airbrush painting technique co-operated 

with ink-jet printing 
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Upon the solvents exposure, the blue poly(PCDA) printed paper also showed 

different patterns of blue-to-red solvatochromic color transition depending on the 

types of solvents (Figure 3.8). The results indicate that the combination of PCDA 

with various surfactants may be used as solvatochromic agents for the fabrication of 

solvent sensing array by the airbrush painting. The variation of the surfactants gave a 

tunability of the solvent sensitivity of poly(PCDA). The array platform allowed 

simultaneous exposure of 3 sensing elements to the solvents. It is also important to 

mention that the airbrush painting technique can give the images with deeper color 

than the ink-jet printing technique due to its greater deposition amount of PCDA .    

 

 

 

  
Figure 3.8 Photographic images of UV-irradiated paper printed with 

PCDA/surfactant after the exposure to water (control) and various organic solvents. 
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3.1.3 Dip coating 

The dip coating technique is an excellent alternative deposition technique on 

thin and long shape substrates or hard to reach area of small objects. In this work, the 

dip coating technique was tested for coating of PCDA thermochromic precursor on 

white polyester threads (see section 2.1.2 for preparation details).  

 

 
Figure 3.9 Photographic images of PCDA coated polyester thread sewn to white 

polyester fabric pieces.   

 

 The poly(PCDA) coated polyester thread sewn to white polyester fabric pieces 

was studied for the thermochromism and physical properties. The color images of the 

coated polyester thread sewn to white polyester fabric pieces are show in Figure 3.9. 

The images show white thread turned to blue color after UV exposed and turned to 

red color after heating to 85-90 C. The sewn thread also withstood against finger 

rubbing (Figure C1). The results demonstrated that the dip coating technique can be 

applied for the deposition of thermochromic PDA dye onto long and small objects 

such as thread which may be in turn sewn into logos or brand names of products for 

anti-counterfeiting purpose.  
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3.1.4 Paper-based polydiacetylene humidity indicators 

The design of humidity indicators made from polydiacetylene was based on 

the alkalinochromism properties of acidic PDAs [15,51-52] and hydroscopic 

properties of some basic salts. In this work, 10,12-tricosadiynoic acid (TCDA) was 

used as the monomer for PDA coloring agent while CaCl2, MgCl2, LiCl, K2CO3 and 

NaOH were tested as the hydroscopic and basic salts. The white color paper of 

various types were tested as the substrates. The dip coating technique was used for the 

deposition of all reagents on the substrates (see section 2.1.4 for preparation details).   

 

Fabrication and substrate selection  

The substrate selection was performed by testing the water absorbing ability of 

5 types of white color papers i.e. printing paper (80 grams), drawing paper (80 and 

100 grams) and filter paper (whatman No. 1 and No. 3). As shown in Figure 3.10, the 

filter paper (Whatman No. 1 and No. 3) gave the fastest water absorbing rate while 

the printing and drawing papers absorbed water at much slower rates. The filter paper 

was thus a substrate of choice for the humidity indicator as it should give the highest 

moisture sensitivity. In this work, filter paper No. 3 was selected because it is thicker 

and less flimsy than filter paper No. 1. 

   

Figure 3.10 Images of water droplet on a) printing paper b) drawing paper and c) 

filter paper in the water absorbing test.  

a) b) c) 



 
 

68 
 

After the deposition of TCDA and a salt on the filter paper No. 3, the UV 

irradiation of the coated paper strips gave blue indicators. Five types of the indicators 

containing no salt and 4 tested salts were incubated in a closed transparent 

Poly(methyl methacrylate) container with controlled %RH (Scheme 3.1). 

 

Scheme 3.1 Flow chart for preparation and study of humidity indicators. 

  Selection of hydroscopic and basic salts 

In this work, 5 types of salts i.e. CaCl2, MgCl2, LiCl, K2CO3 and NaOH were 

tested as a hydroscopic and basic salt. Table 3.1 shows percentage of relative air 

humidity over saturated solutions of the tested salts [55-56]. The lower relative air 

humidity indicates the higher moisture absorbing capability of the solutions. All of 

these salts give saturated solutions that can control relative air humidity lower than 

the 63%RH level recommended by US food and drug administration (FDA) for 

keeping moisture sensitive foods and drugs [88]. While the saturated NaOH solution 

seems to be the best choice as a hydroscopic and basic salt because of its highest 

moisture absorbing capability and basicity. However, it severely damaged the filter 

https://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&sqi=2&ved=0CCwQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPoly(methyl_methacrylate)&ei=9IENUufKGKLpiAfUxIGwBA&usg=AFQjCNEI5g2xM7VNTz16b1RPQN6BzeVNWg&sig2=fYLBY2E9OVTxC_8Qym2hhg&bvm=bv.50768961,d.aGc
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paper causing intense yellowish and deformation, after dipping and drying process, 

due to its strong basic properties. The indicator fabricated from the saturated NaOH 

solution was not investigated further (Figure 3.12).  
 

Table 3.1 Relative humidity over saturated salt solutions at specified temperatures  

Salt 
Relative air 

humidity (%) 

At a temperature 

(°C) 

Sodium hydroxide 6 25 °C 

Lithium chloride 11 25 °C 

Calcium chloride 31 20 °C 

Magnesium chloride 33 25 °C 

Potassium carbonate 43 25 °C 

Sodium bromide 58 25 °C 

Sodium chloride 75 25 °C 
 

In the initial test of the indicators, the color transition of the indicators were 

monitored in a closed container at 75%RH controlled by a saturated NaCl solution. 

Without the salt, the blue poly(TCDA) on the filter paper did not change its color after 

moisture exposed for 5 hours while the indicators fabricated with saturated K2CO3 

solution gave the fastest blue-to-red color transition of poly(TCDA). As the moisture 

absorbing ability of the saturated K2CO3 solution is not as good as those of the other 

salt solutions, it is likely that the fast color change induce by K2CO3 is due to its 

basicity. The pH measurement confirmed that the saturated solution of K2CO3 has the 

highest pH value (Figure 3.11) [62]. The non-basic saturated LiCl solution did not 

induce the color transition of poly(TCDA) despite being the most hydroscopic. These 

results indicate that K2CO3 has the most suitable hydroscopic and basic properties to 

be used in inducing the blue-to-red color transition of poly(TCDA) in the humidity 

indicators.     
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Figure 3.11 Time dependent color image of TCDA zone of the humidity indicators 

without salt, with MgCl2, CaCl2, K2CO3 and LiCl incubated in a closed container with 

75%RH. The pH values of the saturated salt solutions are shown in the right table. 

 

In the next step, the indicators prepared from TCDA and K2CO3 were tested 

under 63%RH. The color of the indicators gradually turned from blue to red as shown 

in Figure 3.13a. The plot of %R and %B against the incubation time gave the 

intersection of the two curves at 5 hours (Figure 3.13b) which is assigned as the color 

transition time. To enhance the sensitivity of humidity indicators, a more hydroscopic 

and basic salt such as NaOH was used in combination with K2CO3. The salt zone of 

the indicators was dip coated with the K2CO3:NaOH mixed solution (7.81 molal) 

having a mole ratio of 4:1, 3:2 and 2:3. In comparison with the indicators coated with 

K2CO3 alone, those coated with the mixed base developed more yellowish color 

(Figure 3.12) due to the effect of the strong base NaOH as mentioned earlier. 

 

a) No Salt

b) MgCl2

c) CaCl2

d) K2CO3

e) LiCl

0    0.5  1.0   1.5  2.0  2.5 3.0 3.5  4.0  4.5  5.0  Hr

Salt pH 

MgCl2 7.4 

CaCl2 7.4 

K2CO3 11.9 

LiCl 5.9 
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Figure 3.12 Photographic images of the salt zone prepared from 7.81 molal aqueous 

solution of a) K2CO3, and K2CO3/NaOH mixed solution with b) 4:1, c) 3:2. and d) 

2:3  mole ratio. 

 

Under 63%RH, the indicators prepared from the mixed salts showed similar 

blue-to-red color transition to those prepared from K2CO3 alone but with somewhat 

difference in sensitivity (compare Figure 3.14 and Figure 3.13a). From the plots of 

%R and %B, the indicators with 4:1 K2CO3/NaOH mole ratio gave the blue-to-red 

color transition time of less than 4 hours which was faster than those with K2CO3 

(compare Figure 3.15a and Figure 3.13b). However, the color transition times of the 

indicators with 3:2 and 2:3 K2CO3/NaOH mole ratio were nearly 9 hours. These 

longer color transition times indicated the lower moisture absorbing capability of 

these mixed salts that may be attributed to the unsaturation of the mixed salt solutions 

used under this experimental design with the control total base molality. Although the 

sensitivity of the indicators may be enhanced further by using the mixed salts from 

their saturated solution, it was not investigated due to the undesirable appearance of 

the salt zone fabricated with high NaOH content. Therefore, the mixed solution of 

K2CO3 and NaOH at 4:1 mole ratio was used in the development of humidity 

indicator prototypes.   

a) K2CO3 b) 4:1 

c) 3:2 d) 2:3
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Figure 3.13 a) Photographic images of TCDA zone of the humidity indicators 

prepared with K2CO3 alone at different incubation times, and b) Plots of %R () and 

%B () of the TCDA zone in the humidity indicators versus exposure time under 

controlled %RH () by NaBr (63±3%). 

 

 

 

 

 

a) 

b) 
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Figure 3.14 Photographic images of TCDA zone of the humidity indicators prepared 

with a) 4:1 b) 3:2 and c) 2:3 mole ratio of K2CO3/NaOH mixed solution (7.81 molal) 

at different incubation times under 63±3%RH.   
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Figure 3.15 Plots of %R () and %B () of the TCDA zone in the humidity 

indicators prepared with a) 4:1 b) 3:2 and c) 2:3 mole ratio of K2CO3/NaOH mixed 

solution (7.81 molal) versus exposure time under controlled %RH () by NaBr 

(63±3%). 

 

 

a) 

c) 

b) 
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Since the sensitivity of the humidity indicators depends on the moisture 

absorbing ability, the length of K2CO3 (50 %w/w) salt zone was increased from 2 to 4 

cm to expand the moisture absorbing area and hence enhance the sensitivity of the 

indicator (Figure 3.16). 

 

 

 

Figure 3.16 Humidity indicators with different zone lengths: a) initial design and b) 

expanded salt zone design. The dash square depicts the cropping area for the color 

analysis. 

 

At 63%RH, the blue PDA zone of the humidity indicators from both 

preparations turned to red. The plot of %R and %B showed that the color transition 

time of the indicators having 4 cm salt zone (4 hours) was shorter than that of the 

ones with 2 cm salt zone (5 hours) (Figure 3.17). Thus, the increase of salt zone 

lengths can indeed enhance the sensitivity of the humidity indicators. Consequently, 

the salt zone length of 4 cm was used in the further development of the humidity 

indicator prototypes. It is however critical to point out here that the dip coating must 

be performed with care to avoid the overrunning of TCDA onto the salt zone. The 

overlapping part between these two zones became insensitive to moisture and 

remained blue throughout the experimental period (Figure D12).  

a) 

b) 
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Figure 3.17 Color images of TCDA zone of the humidity indicators prepared with a) 

2 cm and b) 4 cm of K2CO3 (50 %w/w) zone and their corresponding plots of %R 

() and %B (). The indicators were incubated under controlled RH of 63±3% (). 

 

To further enhance the sensitivity of the humidity indicators, the 4:1 (mole 

ratio) mixed K2CO3/NaOH solution was used to fabricate the 4 cm salt zone. The 

indicators rapidly turned red within 1 hour at 63%RH (Figure 3.18). In conclusion, 

the combined application of K2CO3/NaOH mixed salt and expanded salt zone can 

cooperatively enhance the sensitivity of the indicators.  

 

(c) 

(d) 
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Figure 3.18 a) Color images of TCDA zone of the humidity indicators prepared with 

4 cm of K2CO3/NaOH (4:1 mol ratio) zone and b) their corresponding plots of %R 

() and %B (). The indicators were incubated under controlled RH of 63±3% (). 

 

Furthermore, the humidity indicators with 4 cm of K2CO3/NaOH (4:1 mol 

ratio) zone also showed the blue-to-red color transition under 36%RH. The color 

change was however significantly slower than those under 63%RH. The cropped 

image area (11 cm2) of blue TCDA zone did not completely turn to red color even 

after 24 hours of the incubation time (Figure 3.19). 

 

 

a) 

b) 
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Figure 3.19 a) Color images of TCDA zone of the humidity indicators prepared with 

4 cm of K2CO3/NaOH (4:1 mol ratio) zone and b) their corresponding plots of %R 

() and %B (). The indicators were incubated under controlled RH of 36±2% (). 

 

Development of humidity indicator prototypes  

In the development of humidity indicator prototypes, the scaling patterns are 

designed to allow the moisture exposure time to be easily justified by simple 

visualization. To create time scaling patterns, the airbrush painting technique (see 

section 2.1.3 for preparation details) was selected over the ink-jet printing technique 

because it is easier to generate the pattern with high color intensity with lower risk of 

nozzle fouling. The dip coating technique was not used because the pattern generating 

and controlling by this technique was not so straightforward.  

 

 

 

a) 

b) 
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In order to design the time scaling pattern, the humidity indicators prepared 

with 4 cm of K2CO3/NaOH (4:1 mol ratio) zone were tested at 63%RH. The blue 

TCDA zone of the indicators was monitored by a webcam and the expanding distance 

of the red color was measured against the millimeter scale marked on its side. The 

plot of the distance against the moisture exposure time (Figure 3.20) was used to 

assign the time scaling marks on the indicator prototypes. For examples, the marks at 

3.0, 8.0, 13.5, 20.5 and 27.5 mm corresponded to the moisture exposure times of 1, 3, 

6, 12 and 24 hours.   

 

 

Figure 3.20 Plot of expanding distance of the red color in TCDA zone of humidity 

indicators versus moisture exposure time at 63±3%RH.  

 

Two patterns of the poly(TCDA) zone of the humidity indicator prototypes 

were generated by an airbrush painting. The thick lines in one design and the circular 

dots in the other represent the time scaling marks of 1, 3, 6, 12 and 24 hours. Under 

the incubation at 63%RH, each blue poly(TCDA) mark turned to red color one by one 

precisely corresponding to the designed time scales (Figure 3.21). The results 

demonstrated that these periodic patterns could provide a design for humidity 

indicator prototypes with more explicit time dependence. 
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Figure 3.21 Humidity indicator prototypes tested under controlled %RH of 63±3% 

and 36±2% for 24 hours. 

 

3.2 Techniques for incorporation of leuco dyes into commercial polymers  

The incorporation of a thermochromic dye into a commercial polymer is 

desirable where the applications of the products can cause wear and tear. Three 

techniques (melt spinning fiber, compression molding and two roll mill) for 

incorporation of the thermochromic materials into various commercial polymers were 

studied. Before the processing test, the thermochromic orange Chameleon-T powder 

with color transition temperature (CTT) of 31°C was characterized by thermal 

analyses and SEM. The results and discussion of these studies are elaborated in details 

as follows.  
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Characterization of leuco dye  

A leuco dye is a lactone dye which can reversibly change its color by the 

protonation and deprotonation process. It has been developed into one of the best 

known commercially available reversible thermochromic dyes. The control of 

thermochromic properties usually involve three components i.e. a leuco dye, a weak 

acid and a phase-change medium (PCM) which are microencapsulated within a 

protective polymeric shell such as melamine. The typical weak acid and PCM used 

are bisphenol-A and lipids, respectively [67-68]. In this work, the thermal properties 

of a commercial thermochromic leuco dye (Chameleon-T, orange color, CTT 31°C) 

were studied by using differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA). The DSC thermogram of the leuco dye exhibited 2 endothermic 

peaks at 37 °C and 348 °C (Figure 3.22) corresponding to the melting temperatures of 

the  PCM and the decomposition temperature of the thermochromic dye components 

including the encapsulating shell, respectively. The results agreed with the color 

transition temperature of the Chameleon-T and the decomposition temperature of 

melamine specified by the vendor [89]. The TGA thermogram (Figure 3.23) of 

Chameleon-T showed the first step weight loss of 3% at 100 °C corresponding to the 

loss of moisture content in a material. The second step showed another 12% weight 

loss at 220 °C possibly corresponding to some loss of one or more of the three 

components (leuco dye, PCM or weak acid). The third step showed additional 60% 

weight loss at 330 °C which represented the major thermal decomposition of all the 

components including the polymeric shell. This decomposition temperature is in good 

agreement with the DSC results. 
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Figure 3.22 DSC thermogram (2nd heating) of commercial thermochromic leuco dye 

(Chameleon-T). 

 

 
Figure 3.23 TGA thermograms of commercial thermochromic leuco dye 

(Chameleon-T). 
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The results from DSC and TGA suggested that this class of commercial 

thermochromic materials (Chameleon-T powder) should be used under 220 °C to 

retain their reversible thermochromic properties. To demonstrate this hypothesis, 

Chameleon-T powder was heated at 220 °C for 5 min in oven. The heating time was 

selected based on the residual time in the screw extruder of the melt spinning process 

utilized in the subsequent experiment. As show in Figure 3.24a, after the 

thermochromic was heated, its appearance at 25 °C remained almost the same as that 

before heating. The thermochromic property of the after heating was evaluated in 

comparison with the sample before heating by gradual heating from 5 to 40 °C in a 

test tube immersed in a water bath (see section 2.2.3 for experimental details). The 

results in Figure 3.24b showed almost identical color transition of the material 

samples before and after heating to 220 °C. It is thus possible to use a thermal 

process, where the processing temperature is not over 220 °C, such as melt spinning, 

compression molding and two roll mill for the incorporation of Chameleon-T powder 

into a commercial polymer.  
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Figure 3.24 Photo images of Chameleon-T powder samples before (left) and after 

(right) heating to 220 °C recorded a) at temperature 25 °C and b) during heating from 

5 to 40 °C.  
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  Scanning electron microscopy (SEM) 

The particle sizes and shapes of the Chameleon-T powder were studied by 

scanning electron microscopy (SEM). The particles were found to be spherical in 

shape with diameters below 10 µm (Figure 3.25) which are small enough to pass 

through the 0.3 mm spinnerets and 105µm filter plate used in the melt spinning 

process.  

 
Figure 3.25 SEM images (3,500x and 15,000x) of Chameleon-T powder.   

 

3.2.1 Melt-spinning of polypropylene/leuco dye 

The direct incorporation of thermochromic materials into fiber could allow the 

production of temperature responsive fiber-based products for applications for 

industrial safety, process control and anti-counterfeit technology. In this work the 

commercial thermochromic leuco dye, Chameleon-T powder (black color, CTT 28 

°C), was used as a model to be incorporated at 1, 2 and 3% w/w into polypropylene 

(PP, 561R grade, Thai Polypropylene, SCG) by melt-spinning technique. The fiber 

filament samples were collected and visually inspected. As shown in Figure 3.26, the 

thermochromic property of Chameleon-T powder was retained after the melt spinning 

processing. The fiber filament with 2% w/w of leuco dye showed the better 

thermochromic color contrast comparing with the fiber filament with 1% w/w of 

leuco dye. However, increase of the dye content to 3% w/w did not improve the color 

contrast. This was due to the loss of the dye from severe clogging of the filter plate 

(Figure 3.27). The clogging implied significant aggregation of the Chameleon-T 

powder at the higher contents that was evidenced by many small beads found in the 
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fiber filaments. Additionally, the higher Chameleon-T powder contents, the poorer the 

strength and smoothness of the fiber filaments became that discouraged their further 

processing into texture and thread.    

   

     

 

                

Figure 3.26 Photographs of black Chameleon-T powder (1, 2 and 3% w/w) 

incorporated polypropylene fiber filament at a) 25 °C b) body temperature (hand 

touch) and c) warm temperature (blown with a hair dryer). The insets are the closed 

up pictures showing beads in the fiber filaments with 3% w/w of Chameleon-T 

powder.  

 
Figure 3.27 Photographs of filter plate (105 µm) a) before and b) after melt spin 

processing of PP with % w/w of Chameleon-T powder.  
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3.2.2  Compression molding of polymer/leuco dye 

The compression molding can allow the incorporation of a thermochromic 

material into a polymer to give 2D-shaped thermochromic objects. These platforms 

may be attractive for various applications such as toys and temperature warning plates 

in industry and kitchen. In this work the commercial thermochromic leuco dye, 

Chameleon-T powder (black color, CTT 29 °C ), was used as a model to be 

incorporated at 3% w/w into polystyrene (PS, PORENE, Thai ABS Co., LTD), 

polypropylene (PP, 561R grade, Thai Polypropylene, SCG) and low-density 

polyethylene (LDPE, ExxonMobil™ LDPE LD 100 Series) by compression molding 

technique. The flat plates (20 cm  20 cm  2 mm) were prepared and visually 

inspected. As shown in Figure 3.28, the polymers blended with 3% w/w of 

Chameleon-T powder gave black plastic plates. These plates showed thermochromic 

reversibility of Chameleon-T powder with transition temperature around 30 °C. 

However, the color of the plastic plates was not homogeneous and the plates 

contained many small cracks on the surface. The appearances of the polymer plates at 

the temperature above CCT were not clear but rather opaque indicating significant 

segregation of Chameleon-T powder during the compress molding process. The PS 

plate appeared yellowish at the temperature above CCT due to its high processing 

temperature of 250 °C inducing some decomposition of Chameleon-T powder. These 

results indicate that the incorporation of Chameleon-T powder into polymers by 

compress molding process still needs significant improvement before it can be used in 

the real applications. Possibly, polymer compounding is necessary to ensure the good 

dispersion of Chameleon-T powder and to allow the processing temperature to be 

below 220 °C.  
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Figure 3.28 Photo images of 3% black Chameleon-T powder incorporated by 

compressing molding technique with a) LDPE at 150 °C, b) PP at 210 °C and c) PS at 

250 °C, the image recorded at 25 °C (up) and warm temperature (blown with a hair 

dryer) (down).  

 

3.2.3 Two roll mill of rubber/leuco dye 

It is also interesting to incorporate the thermochromic materials into elastomer 

for some applications that require elasticity and temperature responsive properties 

such as temperature warning sleeves on milk bottles, water hoses and smart rubber 

tiles. In this work styrene butadiene rubber (SBR, 1502 r) was used as an elastomer 

model to incorporate with 5% w/w Chameleon-T powder (black color) using a two 

roll mill compounding process. The rubber compound was compressed into flat plates 

(12 cm  12 cm  5 mm) by a compression molding technique at 95 °C. As shown in 

Figure 3.29a, the SBR plate containing 5% w/w of Chameleon-T powder was black 

at 25 °C and turned colorless and transparent around 30 °C. However this SBR plate 

was rather weak that it could be broken easily by hand tearing. To improve the 

mechanical properties of this SBR plate, the additives such as sulfur (curing agent, 2 

phr), N-cyclohexyl-2-benzothiazole sulfonamide (CBS, accelerator, 1.3 phr), stearic 

(activator, 1 phr) and paraffinic oil (softener, 5 phr) were added during the 
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compounding process. After the compression molding, the cured SBR plate with the 

additives appeared in gray color and showed thermochromic reversibility of 

Chameleon-T powder with CTT around 30 °C. The cured rubber plate also became 

tougher but its surface was not smooth but contained many small cracks and voids. 

Furthermore, the cured plate became white opaque above the CTT (Figure 3.29b). 

Again, the incorporation of Chameleon-T powder into rubber by two roll mill process 

still needs significant improvement before it can be used in the real applications. 

Possibly, transparent curing agents such as peroxide and better compounding 

techniques are necessary to ensure the good appearance of the final rubber products.  

 

 

 
 

Figure 3.29 Photographs of a) SBR plate containing 5% black Chameleon-T powder 

and b) cured SBR plate containing 5% black Chameleon-T powder at 25 °C (left), and 

at above 30 °C (blown with a hair dryer, right).  

a)      

b)  



 

 
 

CHAPTER IV 
 

CONCLUSION 
 

 In conclusion, ink-jet printing, airbrush painting and dip coating techniques 

can be used to fabricate diacetylene monomers (PCDA and TCDA) onto surface of 

various solid materials. The conversion of the monomers on the solid surface can be 

achieved by UV irradiation that produces blue PDA coating with retained blue-to-red 

chromism properties. In the ink-jet printing technique, a nonionic surfactant was 

required for the diacetylene ink formulation and it can affect the color transition 

points in chromism of the PDA. In general, the surfactant increased the chromism 

sensitivity of the PDA. The airbrush painting technique allowed the deposition of both 

diacetylene and leuco dyes with or without the use of surfactants on surfaces of 

various materials. While retaining the desired chromic properties of the dyes, the 

airbrush painting also gave more intense color images on the surface than those 

produced by the ink-jet printing. Although the airbrush painting required manual 

operation and brought about more dye loss, it was more convenient to be used in the 

early development stage due to its greater operating flexibility and hassle-free dye 

formulation in comparison with the ink-jet technique. The dip coating was however 

the most simple dye deposition technique to be used in the earliest step for the 

development of indicators. It was successfully used to deposit the diacetylene lipids 

(TCDA and PCDA), from their solutions in CH2Cl2, onto the surface of polyester 

(PET) thread and filter paper strips. The diacetylene deposited by the dip coating 

technique was also polymerized by UV irradiation to give the corresponding blue 

PDA with retained blue-to-red color transition properties that the coating on the filter 

paper was readily developed into humidity indicators. The most sensitive humidity 

indicators consisted of two dip coating zones i.e. K2CO3/NaOH (4:1 mole ratio) and 

TCDA. The humidity sensing is operated by the moisture absorption of the salts 

followed by the diffusion of hydroxide ion which in turn induces alkalinochromism of 

poly(TCDA). The moisture sensitivity of the indicators is thus also highly depended 

on the amount of the salts deposited on the filter paper. To develop the time-humidity 
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indicator prototypes, the airbrush painting was used in the subsequent step to generate 

the designed time-scale patterns of the TCDA deposition. The blue poly(TCDA) 

marks in the indicator prototypes exhibited blue-to-red color transition one by one 

precisely corresponding to the designed time scales of 1-24 hours at 63%RH. 

Additionally, this moisture indicator can perform at 36%RH. The time-humidity 

indicator prototypes developed in this thesis work should find immediate applications 

where the excessive environmental moisture is concerned. 

For the incorporation of thermochromic leuco dyes into commercial polymers, 

3 techniques i.e. melt spinning, compression molding and two roll mill processes. The 

results indicated that these 3 techniques could be used to incorporate the commercial 

thermochromic Chameleon-T powder into several commercial polymers with retained 

reversible thermochromic properties provided that the processing temperatures were 

below its decomposition temperature of 220 °C. In the melt spinning process, only 

2% of Chameleon-T powder could be incorporated into PP fiber filaments. The higher 

Chameleon-T powder contents weaken the fiber strength, increased fiber surface 

roughness and caused clogging of the filter plate for the spinneret that discouraged 

their further processing into texture and thread. The compression molding process 

allowed the incorporation of 3% Chameleon-T powder into LDPE, PP and PS plastic 

plates. Good thermochromic reversibility of Chameleon-T powder with transition 

temperature around 30 °C were observed for LDPE and PP but not PS due to the high 

processing temperature of PS (250 °C).  However, the colors of the plastic plates were 

not homogeneous and their surface contained many small cracks on the surface. The 

appearances of the polymer plates at the temperature above CCT were opaque 

indicating significant segregation of Chameleon-T powder during the compress 

molding process. The two roll mill combined with the compression molding process 

allowed the incorporation of 5% w/w of Chameleon-T powder into SBR rubber 

plates. Without the curing agents, the rubber plates showed good optical and 

thermochromic properties but weak mechanical properties while adding sulfur curing 

agents could improve the mechanical properties but somewhat adversely affected the 

final appearance. Therefore, further investigation is required to optimize these 

incorporation techniques before they can be used in preparation of real temperature 

sensing plastic products. 
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APPENDIX A 

INK-JET PRINTING 
 

Table A1 RGB values of PCDA/ Brij® 58 P indicators at UV exposure times             

(3 independent experiments)  

 
 

 
Figure A1 Plots of %RGB value of 3 independent PCDA/ Brij® 58 P indicators 

against UV exposure times to determine the optimized time for exposure of PCDA  

 

Time

(min) R G B sum R G B sum R G B sum

0.5 203 212 237 652 204 213 238 655 206 214 237 657

1.0 201 209 234 644 200 207 232 639 203 211 236 650

1.5 200 207 233 640 200 206 233 639 200 206 232 638

2.0 195 200 228 623 199 203 231 633 198 203 229 630

2.5 196 200 227 623 198 201 229 628 198 202 228 628

3.0 195 201 228 624 198 200 228 626 197 202 228 627

3.5 197 199 226 622 198 199 227 624 197 200 226 623

4.0 195 196 222 613 198 199 227 624 197 200 226 623

4.5 197 196 224 617 200 200 227 627 197 198 225 620

5.0 197 197 224 618 200 199 226 625 200 201 228 629
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Table A2 RGB values of PCDA/ Triton® X-100 indicators at UV exposure times                 

(3 independent experiments)  

 

 
 

 
Figure A2 Plots of %RGB value of 3 independent PCDA/Triton® X-100 indicators 

against UV exposure times to determine the optimized time for exposure of PCDA  

 

 

 

 

Time

(min) R G B sum R G B sum R G B sum

0.5 204 215 241 660 206 217 243 666 205 217 241 663

1.0 198 208 235 641 200 210 237 647 201 211 237 649

1.5 191 199 225 615 198 206 232 636 198 206 231 635

2.0 194 201 228 623 197 205 231 633 197 204 231 632

2.5 193 199 225 617 195 200 227 622 195 201 228 624

3.0 195 199 225 619 196 200 227 623 195 200 227 622

3.5 195 198 224 617 195 199 226 620 194 198 225 617

4.0 191 194 220 605 194 196 224 614 194 198 224 616

4.5 192 194 219 605 195 196 223 614 193 195 223 611

5.0 195 196 221 612 195 196 222 613 195 197 222 614
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Table A3 RGB values of PCDA/ Tween® 20   indicators at UV exposure times                     

(3 independent experiments)  

 

 
 

 
Figure A3 Plots of %RGB value of 3 independent PCDA/ Tween® 20   indicators 

against UV exposure times to determine the optimized time for exposure of PCDA  

 

 

 

 

Time

(min) R G B sum R G B sum R G B sum

0.5 189 200 228 617 187 199 228 614 187 197 228 612

1.0 185 194 226 605 187 197 228 612 183 194 228 605

1.5 184 192 224 600 182 191 223 596 181 189 225 595

2.0 182 189 222 593 180 187 220 587 177 185 221 583

2.5 181 186 219 586 179 184 217 580 176 182 217 575

3.0 180 184 216 580 179 184 216 579 177 182 217 576

3.5 181 184 217 582 180 184 216 580 177 181 217 575

4.0 181 183 216 580 179 182 214 575 176 180 216 572

4.5 180 182 215 577 177 181 214 572 177 179 214 570

5.0 179 178 211 568 178 179 213 570 177 179 213 569
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APPENDIX B 

AIRBRUSH PAINTING 

 

 

 
Figure B1 Cropped photographic images of solvent sensing arrays fabricated by a) 

airbrush painting and b) ink-jet printing technique of PCDA incorporated with Brij® 

58 P, Triton® X-100 and Tween® 20 after the exposure to water (control) and 14 

organic solvents.  

 

 
Figure B2 RGB histogram of colorimetric responses of PCDA incorporated with 

Brij® 58 P, Triton® X-100 and Tween® 20 in the present of water (control) and 14 

organic solvents. 
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APPENDIX C 

DIP COATING 

 

 

 

 
Fingure C1 Photo image of rubbing on polyester thread sewn to white polyester 

fabric pieces.  
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APPENDIX D 

PAPER-BASED POLYDIACETYLENE HUMIDITY INDICATORS 

 
Table D1 RGB values of TCDA indicators without base after exposure at 63% RH 

for 24 hours (5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 60 57 99 216 61 59 101 221 64 61 100 225 60 59 99 218 59 59 98 216

3 63 58 96 217 62 59 98 219 66 62 97 225 64 61 95 220 61 60 94 215

6 66 58 99 223 66 61 102 229 70 65 101 236 67 62 100 229 63 60 99 222

9 65 58 102 225 65 58 102 225 68 60 102 230 66 59 99 224 64 57 100 221

12 64 55 96 215 65 55 96 216 68 59 95 222 66 56 94 216 63 56 93 212

15 64 56 95 215 66 55 97 218 69 58 97 224 67 57 95 219 63 56 96 215

18 66 56 94 216 65 56 93 214 68 60 95 223 67 57 93 217 64 56 95 215

21 66 54 96 216 66 54 95 215 70 57 97 224 67 56 93 216 65 55 92 212

24 67 61 100 228 67 60 100 227 72 63 100 235 70 61 98 229 67 59 97 223

1 2 3 4 5
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Table D2 RGB values of TCDA humidity indicators prepared with K2CO3 alone at 

different incubation time under 63% RH for 24 hours (5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 120 122 152 394 109 111 147 367 109 113 147 369 108 114 148 370 111 118 146 375

1 112 112 134 358 105 102 135 342 100 101 126 327 95 103 126 324 106 110 128 344

2 111 111 132 354 100 101 127 328 98 99 125 322 102 101 122 325 105 109 127 341

3 124 114 138 376 113 103 131 347 112 103 128 343 112 105 129 346 119 112 129 360

4 134 117 136 387 125 106 129 360 123 106 126 355 121 107 127 355 130 116 128 374

5 134 112 129 375 126 102 121 349 122 102 119 343 122 103 120 345 129 111 122 362

6 133 113 120 366 126 103 113 342 123 103 111 337 122 104 112 338 129 112 114 355

7 141 113 124 378 133 104 117 354 131 103 113 347 131 104 115 350 134 112 117 363

8 138 114 118 370 133 105 108 346 129 104 108 341 129 105 110 344 133 112 112 357

9 141 115 115 371 135 105 109 349 129 104 107 340 130 105 107 342 133 112 110 355

10 142 117 119 378 137 106 110 353 131 105 109 345 131 107 110 348 134 113 112 359

11 145 114 122 381 139 103 111 353 132 103 111 346 135 104 111 350 136 111 114 361

12 141 115 115 371 135 104 107 346 128 103 106 337 130 105 107 342 132 111 110 353

1 2 3 4 5
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Table D3 RGB values of TCDA humidity indicators prepared with 4:1 mole ratio of 

K2CO3/NaOH mixed solution at different incubation time under 63% RH for 24 hours 

(5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 100 105 135 340 102 105 136 343 105 108 142 355 109 109 143 361 110 114 143 367

1 102 110 132 344 106 111 130 347 105 109 133 347 99 102 128 329 102 105 129 336

2 101 106 125 332 102 104 123 329 107 110 131 348 98 101 125 324 102 103 126 331

3 119 109 127 355 120 107 125 352 119 109 134 362 112 104 131 347 119 107 133 359

4 133 110 119 362 132 110 122 364 130 113 131 374 127 107 126 360 131 111 130 372

5 131 100 112 343 130 100 110 340 128 102 116 346 125 100 119 344 132 106 122 360

6 132 102 111 345 130 101 101 332 126 103 106 335 126 102 111 339 132 107 114 353

7 138 102 101 341 137 102 105 344 135 103 113 351 134 102 113 349 140 107 114 361

8 137 103 96 336 134 104 100 338 134 104 107 345 132 103 107 342 139 109 112 360

9 137 104 96 337 136 104 100 340 135 105 105 345 135 103 106 344 141 109 110 360

10 137 104 96 337 136 104 101 341 138 106 106 350 137 104 106 347 144 110 111 365

11 139 101 98 338 140 101 102 343 140 104 107 351 140 103 109 352 146 108 113 367

12 137 104 96 337 135 103 98 336 137 105 105 347 137 104 105 346 142 110 110 362

1 2 3 4 5
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Table D4 RGB values of TCDA humidity indicators prepared with 3:2 mole ratio of 

K2CO3/NaOH mixed solution at different incubation time under 63% RH for 24 hours 

(5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 107 112 139 358 109 117 143 369 105 120 147 372 108 120 148 376 107 124 148 379

1 105 117 138 360 108 115 141 364 108 115 145 368 110 115 146 371 109 120 147 376

2 108 111 139 358 107 119 143 369 112 118 146 376 115 118 148 381 115 121 148 384

3 92 97 123 312 99 102 126 327 98 100 126 324 98 100 127 325 103 103 129 335

4 98 98 122 318 100 102 126 328 98 101 127 326 99 102 127 328 105 102 129 336

5 102 101 120 323 104 103 123 330 101 100 124 325 101 102 126 329 106 103 129 338

6 106 98 116 320 107 101 118 326 104 98 122 324 104 99 121 324 106 101 122 329

7 108 100 115 323 111 104 120 335 107 100 119 326 109 102 122 333 110 103 126 339

8 114 101 112 327 116 104 118 338 114 101 118 333 113 103 120 336 112 102 122 336

9 119 102 109 330 118 104 116 338 116 102 116 334 116 102 115 333 113 103 122 338

10 123 102 108 333 121 104 114 339 120 102 114 336 121 102 114 337 116 103 119 338

11 129 103 107 339 122 104 112 338 124 104 112 340 129 103 111 343 120 104 119 343

12 137 105 108 350 131 106 117 354 130 103 114 347 131 103 114 348 125 103 120 348

1 2 3 4 5
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Table D5 RGB values of TCDA humidity indicators prepared with 2:3 mole ratio of 

K2CO3/NaOH mixed solution at different incubation time under 63% RH for 24 hours 

(5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 116 122 146 384 112 119 143 374 113 122 143 378 107 119 140 366 103 118 139 360

1 108 112 137 357 109 109 134 352 109 112 136 357 104 111 134 349 103 110 135 348

2 115 120 144 379 114 118 144 376 115 120 143 378 110 118 143 371 108 118 142 368

3 102 103 127 332 97 100 125 322 98 102 124 324 97 105 125 327 96 107 127 330

4 103 104 129 336 99 101 127 327 100 103 126 329 99 106 127 332 97 108 129 334

5 103 104 128 335 99 102 126 327 99 104 125 328 100 106 129 335 102 109 129 340

6 104 101 123 328 99 98 122 319 99 101 120 320 102 105 123 330 104 107 122 333

7 110 103 121 334 105 101 122 328 106 105 121 332 110 109 121 340 113 111 120 344

8 114 105 120 339 111 103 119 333 113 106 118 337 115 111 120 346 121 114 119 354

9 118 104 114 336 115 105 116 336 117 106 115 338 121 109 114 344 124 113 115 352

10 123 105 115 343 119 103 114 336 123 105 111 339 126 111 111 348 129 114 114 357

11 127 107 113 347 124 105 113 342 127 107 111 345 121 113 110 344 132 116 111 359

12 135 107 114 356 132 105 113 350 136 107 111 354 137 113 112 362 141 116 114 371

1 2 3 4 5
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Table D6 RGB values of TCDA humidity indicators prepared with 2 cm of K2CO3 

(50 %w/w) solution at different incubation time under 63% RH for 12 hours (5 

independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 118 120 158 396 131 141 157 429 130 143 159 432 120 137 161 418 126 144 160 430

1 113 117 153 383 126 132 156 414 130 137 159 426 124 138 160 422 133 146 164 443

2 119 116 150 385 127 130 154 411 131 136 159 426 126 137 160 423 134 145 163 442

3 124 114 142 380 133 128 146 407 130 132 154 416 130 134 154 418 141 144 156 441

4 129 115 131 375 134 128 140 402 129 132 145 406 133 133 146 412 141 145 147 433

5 142 119 133 394 143 128 138 409 136 131 147 414 141 133 144 418 151 145 147 443

6 141 117 121 379 142 128 128 398 134 132 138 404 141 133 135 409 150 144 139 433

7 147 118 124 389 150 128 132 410 140 131 140 411 149 133 136 418 157 144 143 444

8 147 118 121 386 150 128 126 404 140 131 133 404 148 134 131 413 156 144 138 438

9 146 116 122 384 141 127 126 394 140 131 135 406 148 133 132 413 154 143 138 435

10 146 117 123 386 148 128 127 403 143 131 135 409 151 134 132 417 156 144 139 439

11 146 118 122 386 148 128 128 404 144 131 136 411 150 133 132 415 155 143 137 435

12 147 117 122 386 150 129 128 407 145 132 133 410 151 135 131 417 157 144 139 440

1 2 3 4 5
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Table D7 RGB values of TCDA humidity indicators prepared with 4 cm of K2CO3 

(50 %w/w) solution at different incubation time under 63% RH for 12 hours (5 

independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 101 111 147 359 118 128 152 398 112 123 150 385 108 114 149 371 113 118 153 384

1 95 100 136 331 112 115 146 373 110 112 146 368 104 103 141 348 111 111 150 372

2 99 100 135 334 119 116 146 381 112 111 146 369 107 104 142 353 112 110 149 371

3 113 101 127 341 128 117 137 382 123 113 140 376 117 103 133 353 113 108 143 364

4 133 117 123 373 133 117 123 373 130 114 126 370 125 106 122 353 121 110 132 363

5 140 107 111 358 147 121 128 396 149 117 126 392 141 108 122 371 138 113 131 382

6 137 106 106 349 143 121 121 385 144 117 125 386 141 110 113 364 142 115 120 377

7 142 106 107 355 147 122 123 392 150 118 125 393 147 108 114 369 148 115 125 388

8 139 107 106 352 149 121 122 392 148 118 122 388 145 111 112 368 146 114 124 384

9 137 106 108 351 144 120 122 386 146 119 122 387 143 108 114 365 149 114 124 387

10 141 107 110 358 149 122 123 394 147 119 122 388 146 110 116 372 147 115 123 385

11 140 108 111 359 144 122 124 390 147 118 121 386 149 109 117 375 146 114 125 385

12 140 108 111 359 146 121 125 392 148 119 123 390 146 110 116 372 146 116 125 387

1 2 3 4 5
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Table D8 RGB values of TCDA humidity indicators prepared with 4 cm of 

K2CO3/NaOH (4:1 mole ratio) at different incubation time under 63% RH for 12 

hours (5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 75 71 115 261 80 72 117 269 80 71 116 267 77 74 116 267 71 72 109 252

1 102 76 102 280 101 75 101 277 95 77 103 275 87 69 97 253 89 74 96 259

2 125 80 88 293 126 82 88 296 123 85 90 298 116 76 85 277 112 83 85 280

3 144 83 75 302 142 85 78 305 142 87 76 305 129 78 72 279 132 85 71 288

4 146 90 76 312 140 86 78 304 141 88 76 305 127 79 72 278 131 91 71 293

5 148 91 83 322 140 84 79 303 140 85 77 302 128 73 74 275 130 83 74 287

6 156 99 83 338 145 91 83 319 143 93 82 318 132 81 74 287 138 90 79 307

7 156 98 85 339 148 92 84 324 145 94 85 324 132 80 75 287 135 91 80 306

8 159 101 85 345 149 95 85 329 147 96 85 328 137 83 75 295 135 94 80 309

9 157 96 84 337 145 90 85 320 146 91 84 321 132 77 75 284 136 88 78 302

10 151 92 83 326 143 85 81 309 139 89 79 307 128 73 75 276 131 83 76 290

11 155 92 83 330 144 84 83 311 143 88 81 312 130 73 74 277 136 83 75 294

12 152 94 82 328 144 86 83 313 141 89 80 310 129 75 75 279 133 86 76 295

1 2 3 4 5
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Table D9 RGB values of TCDA humidity indicators prepared with 4 cm of 

K2CO3/NaOH (4:1 mole ratio) at different incubation time under 36% RH for 24 

hours (5 independent experiments) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Time

(Hr) R G B Sum R G B Sum R G B Sum R G B Sum R G B Sum

0 104 103 139 346 103 102 145 350 102 103 140 345 102 107 146 355 104 111 143 358

3 121 104 128 353 116 99 131 346 114 101 130 345 110 102 135 347 112 107 129 348

6 130 105 122 357 123 100 124 347 120 102 125 347 118 105 130 353 123 110 127 360

9 139 109 119 367 130 103 124 357 126 106 125 357 123 108 129 360 129 113 127 369

12 141 110 117 368 136 104 121 361 130 105 122 357 127 107 128 362 132 112 122 366

15 142 109 114 365 135 102 116 353 131 104 119 354 129 105 125 359 133 111 120 364

18 145 115 117 377 139 107 118 364 135 106 120 361 134 108 124 366 132 111 118 361

21 149 119 116 384 148 112 119 379 139 110 119 368 139 112 123 374 139 116 119 374

24 151 113 116 380 142 106 117 365 141 107 118 366 141 106 119 366 143 112 116 371

1 2 3 4 5
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Figure D10 the photo image of TCDA humidity indicators prepared with K2CO3 

alone deposit on a) filter paper Whatman No.1 and b) filter paper whatman No.3 of (5 

independent experiments) at different incubation time under 63% RH for 24 hours. 

 

The thickness of filter paper involve for surface area for contact with moisture, 

stable shape and affect to high hygroscopic of paper as show as Figure D10. 
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Figure D11 a) Color image of TCDA zone of the humidity indicators prepared 

without b) their corresponding plots of %R () and %B (). The indicators were 

incubated under controlled %RH  of 63±3% () for 24 hours. 
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Figure D12 Image of indicators fabricated by dip coating of TCDA and 

K2CO3:NaOH mole ratio (4:1) a) before b) after exposed to UV lamp for 1 minute 

and c) after exposed to ambient humidity.  
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APPENDIX E 

MELT-SPINNING OF POLYPROPYLENE/PCDA 

 

 
 

Figure E1. Photo image of multi-filament of PP + 0.5 % PCDA a) after UV 

irradiated b) after heated.  
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APPENDIX F 

AWARD 

 

 

 
 

Figure F1 Winning the 2nd award from 5th Sci & Tech initiative and Sustainability 

Award by The Thai Institute of Chemical Engineering and Applied Chemistry, SCG 

Chemicals and Dow Chemical (From left to right : Mr. Jettapong Klaharn, Mr. 

Natdanai Suta, Mr. Pracharat Sa-ngadsup and Mr. Watcharin Ngampeungpis) 

(“System for real time monitoring of environmental parameters via optical 

responses”)  
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