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ABSTRACT

The dynamic and visually striking properties of thermochromic materials, which alter their color with
temperature fluctuations, have ignited a wave of research interest, driving advancements in diverse
applications from smart sensors to sustainable design solutions. Temperature-responsive thermochromic
materials, which has attracted a lot of interest because of their many uses in industries like safety
indicators, textiles, coatings for sustainable energy efficiency and sensors. These thermochromic colorants
are of organic like liquid crystals, leuco dyes and inorganic like vanadium oxide. They function by altering
their structural characteristics and their behaviours change at operating conditions. This paper reviews on
basic principles, synthesis, performance traits of thermochromic colorants. Difficulties of several
thermochromic systems such as liquid crystals, leuco dyes, and phase-change materials recent
developments in enhancing the reversibility, stability, and response time of thermochromic materials are
emphasized. It sheds light on the potential for combining thermochromic materials with other intelligent
materials in the future for multipurpose uses. The application of nanotechnology to thermochromic
materials (TCM) has improved their color-changing capabilities, stability, and sensitivity. The flexibility
and durability of polymer-based materials have increased, and TCM lifespan is increased by
microencapsulation techniques that shield them from external influences.
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1. INTRODUCTION

Thermochromic pigments are materials that change their color reversibly in response to their temperature
changes. Changes in the material's molecular or crystal structure impact its optical characteristics, giving
birth to this intriguing phenomenon. The materials capacity to change hue in response to temperature has
generated a lot of attention towards many applications. These materials serve as a visual indicator for
tracking temperature changes and are used in a variety of products, such as textiles, safety indicators,
temperature-sensitive labels, and packaging. Thermochromic materials are still being developed, which
could lead to more creative and effective solutions across a range of industries.

2. CLASSIFICATION

Leuco dyes and liquid crystals are the two main classification of thermochromic pigment.

When the temperature changes, a class of chemicals known as leuco dyes which are normally colorless or
pale go through a reversible chemical process. The dye changes into a colored form as a result of this int-
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eraction. The dye reverts to its initial colorless condition as the temperature drops.

Substances with characteristics halfway between those of liquids and solid crystals are known as liquid
crystals. The location of the liquid crystal molecules changes with temperature, altering their interaction
with light and, consequently, the color they reflect. Products like thermometers, temperature-sensitive
screens, and apparel with heat-responsive patterns frequently use liquid crystals.
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Figure 1, Thermochromic change is shown schematically. The schematic shows reversible thermochromic
change in part (B) and irreversible thermochromic change in part (A). In this instance, the reversible
thermochromic transformation serves as an example of composite thermochromic inks, where the circle
represents the Leuco dye and the letter d represents the developer.

3. VARIATIONS

Although both liquid crystals and leuco dyes have useful thermochromic qualities, their distinct benefits
and drawbacks make them suitable for different kinds of applications. Leuco dyes are inexpensive and
simple to use in products, they might not be as robust or adaptable as liquid crystals. However, liquid
crystals are more expensive and difficult to make, but they have a wider temperature range and more
consistent performance.

Usually colorless or only slightly tinted when cooled, leuco dyes alter structurally when heated, producing
anoticeable color shift. Usually, this change is a transition from a dim or colorless state to one that is more
distinctly colored.

A more dynamic and continuous color shift is seen in liquid crystals than in leuco dyes, which show a
more binary transition between colorless and colored states. Because of these distinctions, leuco dyes can
be utilized in applications that call for noticeable color changes, but liquid crystals are frequently employed
in displays or other circumstances that call for a gradual, seamless transition.

3.1 MECHANISM OF LEUCO DYES

In reaction to external stimuli, usually temperature, a class of colorless or weakly colored chemicals known
as leuco dyes can change color by a reversible chemical transformation. The fundamental process is the
dye being in a reduced, colorless state and then undergoing an oxidation or other chemical shift in response
to heat, which creates a colored species. The dye reverts to its initial, colorless state when the temperature
drops or the external stimulation is eliminated, indicating that this color shift is reversible. Leuco dyes are
frequently employed in applications that are sensitive to temperature, including temperature-indicating
labels, which show whether a product has been exposed to a given temperature.

3.2 MECHANISM OF LIQUID CRYSTAL

Conversely, liquid crystals have characteristics in between those of solid crystals and regular liquids.
Under some circumstances, their usually elongated molecules can align in an orderly structure. External
elements like pressure, temperature, and electric fields can affect how these molecules align, changing the
material's optical characteristics. For instance, in thermotropic liquid crystals, variations in temperature
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create a shift in the molecular alignment, which alters how light is reflected and produces a discernible
color shift. Because of their helical form, which causes them to reflect light at particular wavelengths,
cholesteric liquid crystals (CLCs) are extremely sensitive to temperature. The alignment of the molecules
in CLCs varies with temperature, which causes a change in the color that is reflected.

4. PHASE CHANGE MATERIAL

Materials that experience a reversible phase shift, usually from solid to liquid or vice versa, in response to

temperature changes are known as Phase Change Materials (PCMs) in thermochromic systems. These

materials are perfect for thermochromic applications because they show discernible color changes during

this phase transition. As the material moves through its many phases, changes in its molecular or structural

arrangement cause the color to change.

The phase shift in thermochromic PCMs is usually associated with the molecular dynamics of the material

or the existence of certain thermochromic chemicals coated or embedded in the PCM. Depending on the

temperature, these substances which can be either inorganic (like vanadium dioxide) or organic (like leuco

dyes) cause the material to change from one color state to another.

4.1 CHALLENGES IN PCM

1. Longevity and Reversible: One challenge with PCM-based thermochromic materials is ensuring the
phase shift can be reversed frequently without losing color-changing properties.

2. Responses Duration: It can be difficult to achieve a consistent and rapid color shift at the appropriate
temperatures, especially for large-scale applications.

3. Sustainable and Ecological Concerns: To ensure environmental responsibility, it is vital to address
the long-term stability and environmental impact of some organic PCMs and the chemicals employed
in thermochromic systems.

9]

. APPLICATIONS

1. Flexible Thermochromic Fabrics for Dynamic Displays: A study published in the Textile Research
Journal in 2022 used wet spinning to create flexible thermochromic fibers. These fibers have reversible
color shifts and may be woven into fabrics, allowing for applications in smart textiles, wearable
devices, and human-machine interfaces. The study proved the fibers potential for developing dynamic
color displays and interactive fabrics.

2. Intelligent Thermochromic Fabrics for Temperature Regulation: In 2023, research published in
Scientific Reports focused on the development and characterisation of intelligent thermochromic
fabrics. These fabrics use thermochromic colorants that change color in response to temperature
stimuli, providing novel options for temperature regulation in textiles. The study emphasized the
potential of these textiles for adaptable apparel and protective gear.

3. Dynamic Thermochromic Smart Textiles: An investigation on dynamic thermochromic smart
fabrics, published in 2023, looked at the incorporation of thermochromic pigments into wearable
technologies. The study emphasized the fabrics' programmability, which allows for dynamic color
changes in response to temperature differences. This innovation opens up possibilities for new uses in
fashion and interactive fabrics.

4. Color-Changing Textiles for Temperature Regulation: In December 2024, Chemistry World

published an article about the development of color-changing cloths that combine cooling and heating

effects without requiring an external energy source. These adaptive materials have been used in smart
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apparel and tents to provide effective temperature regulation in harsh environments. The production
process is scalable and suitable for a variety of materials, including textiles.

CONCLUSION

The growing need for eco-friendly technology and intelligent systems is another factor fueling interest in
thermochromic materials. By incorporating interactivity into thermochromic materials enable the
development of innovations that react dynamically to external stimuli. Research into thermochromic
materials, which may provide further advantages including energy savings, durability, and environmental

friendliness, has also been made possible by the growing need for sustainability in a variety of industries.
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