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Abstract

Thermochromism and thermochromic materials research and development are of great
interest in various applications such as energy efficient building structures, textile industries,
thermal or heat storage, antique maintenance processing, and sensors, etc. In general,
thermochromic materials have been classified into four categories, including inorganic, organic,
polymeric, and hybrid systems, based on their unique material properties and operating
conditions. Thermochromic materials have been prepared via different physico-chemical
techniques with some of them combined to maximize the yield, stability, and efficiency of the
prepared TCMs. Pristine TCMs often undergo severe degradation when exposed to various
external stimuli including UV irradiation from sunlight and ambient environmental conditions
such as temperature, pressure, and humidity variations. Such degradation causes property and
physical behavioral changes in TCMs. Various microencapsulation procedures and coating
techniques are utilized to enhance the thermochromic performance of the materials and to protect
the core TCMs from degradation. Many desirable candidate materials have been developed and
extensive metrological tools have been deployed to understand the structural, morphological,
microstructural, thermal, chemical, surface, and interfacial characteristics of these TCMs and
their microencapsulated variants. The potential applications of the microencapsulated TCMs in
industrial, commercial, and residential sectors are briefly discussed in this dissertation. The

future looks bright for the development of novel microencapsulated TCMs possessing nano-



structural derived properties that can be effectively used in inks, paints and coating agents for
sustainable energy efficiency and many other applications.

This dissertation focuses on different types of microencapsulated materials for thermal
energy storage such as a three-component thermochromic core material microencapsulated by a
stable PMMA shell formed by the polymerization of a monomer, polymethyl methacrylate
(MMA), a synthesized n-eicosane phase change material (PCM) encapsulated by a crystalline
sol-gel titania, TiO2, shell, and the design of a commercial dye thermochromic powder as a core
with a structured TiO2 shell for reversible and durable thermal energy storage. These three types
of encapsulated materials were successfully encapsulated by different methods. Moreover,
various thermochromic coatings on glass slides were used to investigate the potential of titanium
dioxide (TiO,) to protect thermochromic particles (such as a three-component blue dye, prepared

in the lab, or a commercially available black dye) from UV radiation.

Xi



Chapter 1: Introduction
The fast rise of industries, population, and production in the past few years has increased
the use of natural resources. It is projected that the world population will increase from 7 billion
currently to be over 9.9 billion by 2050 [1], requiring an increase in the energy consumption in
buildings of 7- 40% 0 [2]. Figure 1 shows the energy use in different sectors, with the highest
amount consumed by commercial and residential buildings [3]. Renewable energy sources are
becoming a principal portion of electricity generation worldwide, with an expected increase of

42% from 2021 to 2040 (Figure 2).
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Figure 1: Energy Consumption in North America of Residential and Commercial Buildings
(2010) [3].
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Figure 2: Diagram of Different Electricity Sources by 2040 [4].

A considerable amount of energy can be saved by the use of thermochromic materials
(TCMs) and energy storing phase change materials (PCMs). The reversible color change of
microencapsulated TCMs, as the temperature changes, and the ability of PCMs to store
significant amounts of thermal energy, can be used to increase the energy efficiency of buildings,
especially in hot and cold climates [5]. For example, TCMs can change color from black (when it
is cold) to white (when it is hot), thus reflecting sunlight in the summer and absorbing sunlight in
the winter. TCMs can also be used as coatings on glass surfaces, to produce smart windows, or
on roofs of buildings. However, there are still some challenges that need to be addressed, for
example, photodegradation and chemical reactions of TCMs with surrounding materials [6].
TCMs can also be used in other applications such as safety warning signs, security sensors,
consumer packaging, product labels, toys, medical thermography, and renewable energy systems
(e.g., thermal storage and energy efficiency) [7].There are different types of thermochromic

materials, such as liquid crystals, leuco dyes, and a nontoxic chlorophenol (CPR) - water



system[8] for promising applications including 3D printing and screen-printing inks. Liquid
crystals exhibit a continuously changeable spectrum of specific colors during the temperature
change which is a significant part of the color-display. The leuco dye systems having
differentratios of leuco dye with respect to co-solvent can produce different reversible color
changes with changes in temperature [9]. In the case of the three-component thermochromic
system, there is a unique solvent, like an intermediate material synthesis during the change of
temperature, which is responsible for its phase change behavior. For the case of CPR-water
thermochromic systems, the change in color due to temperature changes is primarily governed by
the melting/crystallization of the solvent without a need for a developer [8].

In general, thermochromic materials change color because the application of heat changes
the chromophoric nature of the material and this changes its absorption behavior giving rise to
different colors. But practically the materials may have different functional groups which may
have ability to change color by the interaction of suitable reacting species. For example, a three-
component system possesses a suitable dye, a color developer and a solvent where the dye
carries the color former by adjustment of its concentration, which is pH-sensitive, while the color
developer forms a complex [10] with the dye by a proton or electron transfer process to produce
a stable color, and, finally, the solvent possesses hydrophobic interactions. Hence, this kind of
thermochromic system may be designated by a specific name, such as composite pigment (Ts)
which changes color at a specific temperature. In many cases, the components of thermochromic
materials are not suitable for heat sensitivity, but the system may possess pH sensitivity that can
change with temperature [11]. The primary role of protons in the color former is to allow the
material to turn from color to colorless, using the color developer as a proton reservoir. To make

sure of the amount of color developer added, it is necessary to systematically adjust this until one



obtains the desired color. Most importantly, the solvent environment must be a suitable medium
for interaction between the dye and the color provider. The solvent has a liquid state when the
temperature is less than that at the color change due to the increase of temperature and the
interaction between the color developer and the dye results in the colorful system. During the
melting process, the dye is solvated due to the interaction between the color developer and the
dye upon which the main color in the system will change [12, 13]. In some cases, the
temperature in a specific transition can change the color in the system that depends on the type of
solvent transition temperature which brings an advantage to the thermochromic system.
According to the literature, many researchers have covered different types of dyes,
especially regarding crystal violet lactone (CVL), and different types of developers with their
corresponding behaviors. For instance, studies show that bisphenol A (BPA) [14-18] has been
used extensively as a color developer. For solvent purposes, as a part of a Ts, the 1-tetradecanol
[18-22], 1-dodecanol [23], 1-hexadecanol [19, 20, 22], 1-octadecanol [22, 24], 1-octanoic acid
methyl ester [16], myristic acid [9], and stearic acid [14] have been used. However, color
formers having furan activating groups have been omitted in many cases in the synthesis of
thermochromic materials. Furthermore, to develop and improve thermochromic benzofluoran
[25], a series of hydroxyaryls has been used to synthesize the three-component system without
bisphenol A. A different research group investigated a new technique by using reductive
alkylation in aminofluorene to create a wide range of hydroxybenzaldehydes, leading to a new
and novel thermochromic material that uses methyl stearate without any color developer [26].
Attempts have also been made to synthesize thermochromic materials by using BPA as a

developer, benzofluoran as a dye, and octadecanol or tetradecanol as solvent. Thermal analyses



of the developed materials obtained by using different molar ratios of the dye, developer, and
solvent have been performed and the results reported [25].
1.1 Motivation for the Work

The increased demand for improved energy efficiency and better thermal energy storage
has encouraged research in thermochromic encapsulation technologies, with emphasis on
material selection and methodology optimization [27]. In addition to the normal benefits derived
from the use of TC materials, the heat of melting, during the TCM phase change, can be used for
thermal storage [21] and utilized on the roof of buildings to reduce heat transfer to the building
[28]. TiO2 microencapsulation of polymer encapsulated TC particles or plain organic three-
component systems has been investigated to obtain TCMs that can be used for thermal storage
and energy efficiency of buildings [29, 30]. Thermochromic microcapsules that can be used by
the energy industries in outdoor applications is indeed an important research area. The problem
with outdoor use is the degradation of organic materials when exposed to sunlight
(photodegradation). Since TC materials that change color at low temperatures are mainly
organic, inorganic metal oxides could be used to prevent photodegradation. In addition to
photodegradation, issues such as cost, selection of materials and safety, must be addressed.
Similar concerns exist with the use of thermochromic textiles in outdoor applications.
1.2 Research Objective

The overall objective of this research is to develop microencapsulated, phase change,
thermochromic particles that can be used in outdoor applications. Several strategies can be
applied in the effort to achieve the above objective.

The first part of this research focuses on the fabrication and characterization of polymer

encapsulated, thermochromic, three-component blue dyes. The thermochromic system includes



crystal violet lactone (CVL), a leuco dye, bisphenol A (BPA), a color developer, and 1-
tetradecanol (TD) as the solvent. An emulsion polymerization technique was employed by using
polymeric and co-polymeric materials such as polymethyl methacrylate (PMMA) and
polymethyl methacrylate-co-methacrylic acid PMMA-co-MA for the microencapsulation of the
thermochromic system.

The second part of this research pursues the fabrication and characterization of inorganic
metal oxide (TiO2) encapsulated n-eicosane (PCM) and a blue TC dye, in the form of a core-
shell structure. In this objective, the role of TiO2 encapsulation is to protect the thermochromic,
phase change particles from degradation due to solar radiation. Anionic surfactants, such as
sodium dodecyl sulfate (SDS), have been used to synthesize the TiO, microencapsulated, phase
change, thermochromic particles with tetrabutyl titanate (TBT) as the precursor to TiOx.

In the third part, we investigate the effects of different surfactants and their
concentrations on the TiO2 microencapsulation of commercially procured, thermochromic black
dyes. These off-the-shelf phase change materials involve Leuco dye particles that have
demonstrated color change (black to white) behavior at the low transition temperature of about
31 °C. The role of TiO2 encapsulation is to protect these thermochromic particles from solar
photodegradation. Various surfactants such as CTAB, SDBS, hexadecanol and tetradecanol at
different concentrations have been used to synthesize the TiO2 microencapsulated, phase change,
thermochromic particles.

1.3 Scope of the Dissertation

The primary purpose of this research is to focus on thermochromic microencapsulation

by using different types of thermochromic materials, such as commercial black dyes and three-

component system prepared blue dyes and synthesized n-eicosane phase change material (PCM),



encapsulated by a crystalline, sol-gel titania, TiO>, shell. The outline of the dissertation is as
follows.

As a brief introduction, thermochromic microencapsulation and a review of
thermochromic materials, including development, characterization, and applications are
presented in Chapter 2. Chapter 3 discusses thermochromic material characterization techniques,
preparation of thermochromic materials, and microencapsulation methods. In Chapter 4, the
behavior of multilayer thin film coatings on different thermochromic materials and the effect of
non-toxic titanium dioxide (TiO2) coatings are investgated. Conclusions and recommendations

for future work are presented in Chapter 5.



Chapter 2: Background / Review of Thermochromic Materials: Development,
Characterization and Applications?

2.1 Introduction

Thermochromic materials reversibly change color when their temperature changes
(Figure 4). This thermal effect may cause changes in the material’s molecular structure [5] which
is accompanied by changes in its crystalline phase. Many industries involved in manufacturing
chemical-based materials would benefit from color responsive, thermochromic materials-based
temperature indicators because the temperature of the system due to the loss or gain of heat in
chemical reactions kinetically controls the reaction steps resulting in better yields of industrial
products. In the case of chemical storage [31], maintenance of the storage temperature can be
critically important and any thermochromic material used in this application must involve a
rapid, robust color responsive temperature indicator. Common examples of extensively used
thermochromic materials are inorganic oxides such as VO, TiO2, ZnO mixed with organic leuco
dye systems [32] and less common thermochromic materials such as NbO., FeSi» and Ti»O3 [33].

Thermochromic materials (TCMs) have wide applications in the manufacturing of inks
[34], smart materials coating of window glass surfaces to produce smart windows, textiles [35],
cements, color indicators [36], and luminescent thermosensors. As TCM change color with

temperature,

This chapter was accepted in Journal of Coatings Technology and Research and moved on to
production (in press) (Hakami, A., Srinivasan S. S., Biswas, P. K., Krishnegowda, A. S., Wallen
S. L., and Stefanakos E. K., “Review of Thermochromic Materials: Development,
Characterization and Applications.” Acceptance information is included in Appendix A.
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Figure 3: Graphical Abstract: Enhanced Energy Efficiency of Buildings with Smart Coatings of
Microencapsulated TCMs.

One example of naturally occurring TCMs is ruby, it appears red in color but on heating
above certain temperature turns into shiny green and returns to red on cooling[37] due to the
change in energy levels of d-d transition of the chromium impurity, giving rise to different
absorbance behavior. During heating, the crystal field energy is relatively high while for cooling
it is relatively low which occurs by the change in crystal symmetry at the phase transition. As the
photon energy of green is relatively high with respect to that of red, the material behaves as a
TCM. Thermochromism has been known since antiquity [13]. Since 1963 the reversible and
irreversible thermochromism phenomena in single component based inorganic or organic
compounds as well as in organic-inorganic hybrid materials have been investigated by different
workers [38-40]. In the past decade, significant development has been made in the field of
thermochromism due to the advancement of nanotechnologies applied to the area. These
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developments have contributed immensely to the synthesis and modification of thermochromic
materials with desired functional properties in several application areas. This has considerably
enlightened the synthesis of organic and inorganic TCM semiconductor nanoparticles,
nanofibers, and other nanoarchitectures with the ability to abruptly change the materials’
physical properties. With the advancement of nanotechnology, there is great potential for the
development of TCMs that can be used in many applications, by enhancing their properties and

aid in the adoption of these materials in real energy efficient systems.

_ i R, 35%6
Figure 4: Reversible Color Changes of a TCM [5ye Encapsulated by SiO> at Different
Temperatures [41].

The origin of thermochromism in TCMs, their classification, synthesis, encapsulation,
and their structural and physical characterization, along with their applications as bulk materials
and as coatings are reviewed and reported in this paper. The thrust is on the discussion of
microencapsulation of TCMs and its ability to make them highly stable and durable materials.
The application of encapsulated materials as an overlayer (referred to as a shell) on top of the
TCM substrate (the core) is also an important part of the discussion. The photodegradation and
thermal degradation behavior of TCMs and their protective mechanisms are highlighted with

potential applications of these unique materials.
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2.2 Thermochromism

Thermochromic materials have the property of thermochromism which generally
involves a reversible color change due to heating and cooling cycles. In the case of inorganic
thermochromic compounds, not often reversible color changes are due to the thermoresponsive
variation of crystal symmetry, which occurs due to the corresponding reversible phase transitions
upon heating and cooling. The basic mechanism is the change in the ligand geometry and / or
change in coordination number brought about by changes in temperature that cause variation in
the crystal field energy lying in the photon energy range of visible electromagnetic radiation. In
the case of the organic and polymeric thermochromic materials, changes in molecular structure
give rise to variation in the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels. The interconversion of stereoisomeric
forms in organic molecules can also be a factor for causing thermochromism. There are several
mechanisms responsible for thermochromism and some are briefly described below (Figure 5).
2.2.1 Crystal Field Effect on the d-d Orbital Transition of Transition Metal lons

Temperature-dependent changes in crystal symmetry may occur in the case of transition
metal ions which cause variation of ligand field energy levels. This phenomenon may result in
change in the color of thermochromic materials. For example, ruby, naturally occurring
corundum (Al,O3) with the transition metal ion, Cr3*, impurity replacing about 1% of the AI**
ions that gives rise to the red color of the d-d transition of the crystal field splitting which
corresponds to photon energy resulting in red color. Ruby changes color since upon heating [42]
it changes crystal symmetry giving rise to relatively high crystal field energy where the d-d
transition corresponds to green color of relatively high photon energy. Other examples are

provided by dye in a previous review[43].
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Figure 5: Various Mechanisms Responsible Types and Salient Examples for Thermochromism.
2.2.2 Band Gap Energy Change of a Semiconductor

The band gap energies of semiconductors decrease with increasing temperature.
Hence, changes in the temperature of a semiconductor alters its band gap energy. For example,
ZnO is white and changes to a yellow color upon heating due to a change in the band gap. The
different band gaps exhibit different absorption behavior leading to the development of different
colors. This occurs due to the creation of defect centers in ZnO. The heating removes a minor
quantity of oxygen from the system leaving free electrons at interstitial sites. Accordingly, the

band gap of the heated ZnO differs significantly from that at room temperature [44].
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2.2.3 Phase Transitions of Solid Electrolytes

Temperature-driven crystalline phase transitions may occur in some typical compounds
resulting in color change. For example, cuprous mercuric iodide, CuzHgls, is red at 20°C in the
ordered tetragonal phase and is maroon / black [40] at 70°C in the disordered, pseudo-cubic
phase, possibly from transformation to a solid solution where the ionic conductivity is relatively
high [45].
2.2.4 Change in Coordination Geometry of Metal-Complex Species

Temperature-driven changes in the coordination geometry of complexed species may also
occur where a ligand’s orientation around the transition metal ion can be developed, causing
color changes. For example, at 20°C, bis(diethylammonium)tetrachloridocuprate(ll) complex,
(Et2NH2).CuCls, has a square planar geometry and it appears green, while at 43°C, a transition to
tetrahedral geometry causes it to appear yellow [46].
2.2.5 Change in Coordination Number of Metal Complex Species

Temperature-driven changes in the coordination geometry of complexed species may also
occur where a ligand’s orientation around the transition metal ion can be developed, causing
color changes. For example, at 20°C, bis(diethylammonium)tetrachloridocuprate(ll) complex,
(Et2NH2).CuCls, has a square planar geometry and it appears green, while at 43°C, a transition to
tetrahedral geometry causes it to appear yellow[46].
2.2.6 Interconversion of Stereoisomeric Forms with Conformational Inversion

Interconversion of stereoisomeric forms of a compound on change in temperature also
results in color changes. For example, thermal E, Z stereo-isomerization with conformational

inversion was found to occur in the bianthrone series. The yellow-colored 2,2'-disubstituted
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bianthrone, with carbonyl (>C=0) groups at the 10,10’- positions, turns green upon melting with
an increase in temperature [47]. In this case, a twisted conformation is formed with an
accompanying conformational inversion which is responsible for the observed thermochromism.
2.2.7 Change in Molecular Structure

A change in temperature causes structural change in some spirooxazine molecules where
ring opening usually occurs. This may result in changes in absorption behavior due to the
different structures of the existing chromophore. The ring opening isomerization of the Cspiro — O
chromophore occurs by both thermal and/or UV irradiation effects which generate different
colors during heating and cooling as the molecular structure changes [48]. This type of molecule
in a suitable medium may also change color with change in concentration. Thermal equilibrium
exists between the parent molecule and the structurally changed molecule [49]. For example,
some spirooxazines show strong color changes upon melting. In addition, a colorless very dilute
solution of the order, 10 mol/L in ethanol turns blue with increase in concentration.
2.2.8 Change in Crystal Structure

Variation in temperature may lead to a change in the crystal structure of organic
compounds, causing color change. For example, liquid crystals may change their color due to a
change in temperature. Rod-shaped liquid crystals are basically calamitic molecules which
possess orientational order and these are aligned in the spiral position of a helical axis. The
optical properties are symmetric about this axis and depend on this chiral nematic phase. If the
temperature is changed, a phase transition occurs. The cholesterol derivatives exhibit color
changes with temperature due to the existence of a nematic phase where the cholesteric type,
liquid crystals are characterized by the helix pitch depending on the crystal’s rotation with

respect to the helical axis. The pitch length range of the helical structure is from 100 nm to
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infinite. If the pitch length is in the visible region, then the reflection color becomes visible.
Change in the pitch length of the helical structure of cholesteric liquid crystals may occur at
different temperatures which results in different reflecting colors in the visible wavelength
region [50].

In general, thermochromism in inorganic thermochromic compounds are due to a phase
change of the entity to a different crystal structure and ligand geometry-based isomerization
effects. For the organic and polymeric thermochromic materials, changes in molecular structures
give rise to variations in the energy levels of the LCAO (linear combination of atomic orbitals)
as well as interconversion of stereoisomeric forms which are the main factors responsible for
thermochromism.

2.3 Classifications of TCMs

On the basis of the chemical composition, thermochromic materials (TCMs) belong to
four major categories. These include inorganic, organic, organic-inorganic hybrid, and polymeric
TCMs [51-55] (Figure 6).

2.3.1 Inorganic Thermochromic Materials (ITCM)

The inorganic thermochromic materials exhibit thermochromic behavior at temperatures
ranging from 70°C - 500°C. The ITCMs with a color change near 70°C have attracted much
research  interest for their prospective applications in building construction and energy
efficiency[40]. The ITCMs are thermally stable above 200°C and maintain stable chromaticity,
mechanical durability, and shelf-life stability for their stable crystal symmetry, as required for
their reversible thermochromic effect. But these materials have some disadvantages for showing
an irreversible and reversible thermochromic effect [56] at relatively high and fixed transition

temperatures. Major ITCMs are toxic in nature, hence, suitable sealing to prevent environmental
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release is required for their use. Examples of inorganic thermochromic materials are CuzHgls
[57], ZnO [46], Cr.03-Al;03 [58], VO2 and TiO2[59]. In the VO, and TiO> system, the
thermochromic effect is obtained from VO2 while TiO> is responsible for only the photocatalytic
effect. This work is focused on the multifunctional properties. Among these, VO is the most
suitable inorganic thermochromic compound with its characteristic optical and electrical
properties at transition temperatures around 68°C VO [60] which exhibits a crystal phase
transition [37a] with an accompanying thermochromic effect when the monoclinic (M) insulating
phase [37b] transforms to the tetragonal, rutile (R), metallic form of the material. In this case,
the vanadium atoms occupy the lattice point of the body-centered cubic structure and are located
at the centers of the tilted VOe octahedra. During the cooling phase transition from VO2(R) to
VVO2(M), the vanadium atoms move along the V-V direction, resulting in the pairing and tilting
of VOs octahedra. The number of atoms in one VO2(M) unit cell is 12 which is doubled
compared to the 6 atoms in one VO2(R) unit cell. Hence, dramatic changes occur in the optical
properties in the near-infrared region during heating due to the metallic phase character at the
transition temperature which is highly reflective with the ability to regulate solar heat flux by the
automatic response to environmental temperature. The phase transition temperature can be
decreased by incorporating a suitable dopant.[35, 61]. Although the rutile phase is apparently in
a metallic domain, it is of anomalously low conductivity with other unusual properties due to
strong electron-electron correlations according to the Mott model [38a]. However, thrust has
been given to dope suitable metal oxides into the VO system to lower the transition temperature
[62] for their smart and potential use to reflect solar heat flux. Presently work on localized
surface plasmonic resonance (LSPR) of metallic character of VO2 system is being utilized by

making composite with metamaterial, elastomer. The plasmonic effect due to the metallic
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character of VO2 has been followed in this case [39 b] to have relatively high absorption in the

near IR region. One disadvantage is the toxicity of the VO, compound [63, 64].
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Figure 6: Classification of TCMs.
2.3.2 Organic Thermochromic Materials (OTCMs)

An organic, lactone ring-based dye, called a leuco dye, is a common organic
thermochromic material (OTCM) due to its ability to switch between two reversible color forms.
Structural changes (opening or closing of the lactone ring) occur by heat, light, or pH changes
which cause a reversible change of color of the dye. Therefore, some leuco dyes are heat
sensitive. Practically the color generating system of this type of organic dye consists of three
components which include a lactone-based dye, a selected developer, and a selected solvent [65,
66]. Examples of leuco dyes are crystal violet lactone (CVL) [66, 67], spirolactones [68],
fluorans [69], spirooxazine [70], and spiropyran [65, 71] leuco dyes. Crystal violet lactone is a
mixture of the lactone derivative of crystal violet 10B and a triarylmethane organic dye. It
changes color through heat treatment causing absorption at longer wavelengths. CVL possesses a

high absorption coefficient, high chromaticity, and excellent oil solubility [67, 72]. Additionally,
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the cost of this material is relatively low. On the other hand, spiropyrans change their colors
through a ring opening reaction caused by UV irradiation and this occurs through the
interconversion of the two species. These types of organic dyes have some advantages as
isomerization occurs efficiently by simple irradiation with UV light. Moreover, the isomeric
open and closed forms are thermally stable with very high photo-fatigue resistance [73-76].

2.3.3 Organic-Inorganic Hybrid Thermochromic Materials (OIHTCMs)

Organic-inorganic hybrid thermochromic materials usually involve a structural phase
transition due to heat treatment which results in color change. Other factors such as changes in
interatomic distance, intermolecular charge transfer, or strong m-m interactions in the organic
parts may also cause thermochromism [77, 78] in hybrid materials. For example, [(PyCH2NH3)e]
[Pbs122].3H20 is an OIHTCM in which a 2D inorganic layer is produced in between two organic
layers through heat treatment. Reversible color change is observed turning from orange at room
temperature to red at 80°C [79-82].

2.3.4 Polymeric Thermochromic Materials (PTCMSs)

Polymeric thermochromic materials are of four types: (a) A polymer is itself thermo
responsive with an inherent thermochromic property; (b) the polymer embeds thermochromic
pigments; (c) the polymer possesses thermo responsive additives; and (d) the polymer contains a
thermo-responsive dye having protic properties.

2.3.5 Polymers with Inherent Thermochromism

Liquid crystalline and conjugated polymers belong to this category [37] . If the liquid
crystal polymers have a chiral molecular structure, they form helical superstructures and show a
Bragg’s reflection type of thermo-responsive effect on exposure to visible light [83]. The most

common liquid crystalline phase is cholesteric liquid crystalline polymers [84]. The pitch length
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of this type of liquid crystalline polymer changes with temperature which results in color
changes for thermochromism. Examples of liquid crystalline polymers are cholesteric liquid
crystalline polymers[84], polymer gels[85, 86], and thermochromic pigments which are
microencapsulated cholesteric liquid crystals of relatively low molecular weight [50]. Among
these, the most studied and commercially available are cholesteric liquid crystalline polymers
[37]. The conjugated polymers also have inherent thermochromic properties [37]. They possess
conjugated m-electron system, i.e. a backbone chain of alternate double and single bonds [37].
These polymers are colored as they absorb in the visible and there is variation of color with any
change in their conjugation state with temperature which results in thermochromism [87]. Even a
small change in their conformation such as a change in the stereoisomeric form results in
significant color change which occurs during a phase transition [87]. Generally, conjugated
polymers show reversible thermochromic effects. However, if the thermal treatment is
kinetically controlled, then irreversible thermochromism will be observed [37]. Some examples
of conjugated polymers are polyacetylenes [88, 89], polydiacetylenes(PDA) [90, 91], polysilanes
[92, 93], polythiophenes [94, 95], and poly-(phenylenevinylene) [96, 97]. Another type of
inherent thermochromic effect is observed in polymers having overcrowded partial stems of
polycyclic aromatic groups. The thermochromism is observed for the increased thermal atomic
oscillations [98] of the distorted molecules present in the overcrowded partial stems of the
polymers.
2.3.6 Polymers Embedding the Thermochromic Pigments

The most widely used thermochromic pigments are polymer microencapsulated leuco
dye-developer-solvent systems. Usually, a polymer shell separates the core of thermochromic

components which is basically a mixture of leuco dye, a developer, and a solvent. In the solid
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state, they are generally colored but turns to a colorless liquid when heated [37]. There are also a
few examples of a color change occurring in the phase transition from a liquid to a solid[99].
One example of leuco dye-developer-solvent is crystal violet lactone (CVL) — lauryl gallate (LG)
-long chain alcohol (LCA) system. The system consists of the three components combined in the
molar ratio of 1:6:40 [50]. LG and the LCA react strongly and form a colorless compound (LG).-
LCA. In the molten state, LG interacts weakly with LCA and strongly with CVL, resulting in the
formation of colored complexes of the formula, (LG)x-CVL, where x can range from 3 to 9.
Solidification with slow cooling causes expulsion of CVL from the (LG) x-CVL and results in
the formation of the colorless (LG).-LCA compound. Here, LCA also acts as a decolorizer by
deactivating the CVL by complexation [55, 100]. Cholesteric liquid crystals of low molecular
weight may also be used as a component of composite thermochromic pigments. In the case of
using thermochromic pigments, microencapsulation of the pigments by a suitable polymer is the
common art for technological development [50].
2.3.7 Polymers with Thermo Responsive Additives

Organic liquid crystalline materials possess helical superstructures, and these encompass
a cholesteric type liquid crystal of chiral nature. Reversible phase transitions occur during heat =~
cool treatment. If this type of material is used as an additive with a non-thermochromic polymer
matrix, then the overall polymer matrix shows thermochromism [83, 101].
2.3.8 Polymers with Protic, Thermo Responsive Dyes

A temperature dependent interaction occurs between the pH indicator dyes and hydrogel
like polymers. For example, cross linking of polyvinyl alcohol (PVA) and borax yield a hydrogel
polymer network. A temperature dependent phenol-phenolate equilibrium was observed in the

PVA based hydrogel system of Reichardt betaine dye, 2,6-diphenyl-4-2,4,6-(triphenyl-1-
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pyridinio)-phenolate (DTTP) and cresol red. The dye changes its color by protonation and
deprotonation in aqueous media which allows it to function as a pH indicator [37].
2.3.9 Potentiality on the Classification of Thermochromic Materials

Out of the different types of thermochromic materials, the inorganic and organic hybrid
materials possess unique physical, mechanical, and thermal properties due to the interfacial
interactions between the organic polymer and inorganic species. These new hybrid materials
possess tuneable, combined properties of both the organic polymer and inorganic glass. As there
are thermochromic materials of inorganic compounds as well as of organic polymers,
combination of organic and inorganic thermochromic materials with different physicochemical
properties results in a multifunctional hybrid system with unique functional properties [102].
Examples of these hybrids are polydiacetylene (PDA)/Zn0O) [103], PDA/SIO; [104], cobalt(I1)-
chloro complexes [105], Ag/PDA [106], [C2-Apy][Pbls] Co-Apy* = 1-ethyl-4-aminopyridinium)
[102], (2-aminobenzothiazolium),CuCla [107], [BMIP][Pb2Cie] and
[BMIP][Pb1.5Cls]-H.0(BMIP?*=1,3-bis(1methylimidazolium)propane) [108].
2.4 Synthesis and Characterization of TCMs

The efficiency of thermochromic materials can be upgraded by increasing the surface
area of the material’s particles. For better performance of thermochromism it is important to
increase the crystalline quality of the material striving for a low density of crystal defects [109].
If a nanoparticle synthesis route is exploited for the preparation of TCMs, then increases in
surface area and crystalline quality can be achieved. There are a number of techniques to
synthesize these materials as shown in Figure 7. However, the most commonly used techniques
include microemulsion [110-112], sonochemical [113, 114], sol-gel, [115, 116], hydrothermal

[117, 118], solvothermal [119], and gas pyro-hydrolysis [120]. Various characterization
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techniques such as X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Energy

Dispersive Spectroscopy (EDS), UV-Vis spectroscopy [6], shown in Figure 7.

Synthesis of TCMs

Chemical , ,
& Microemulsion

Electro

Microwave (_/— Teehigues Solvothermal
Irradiation
Schill Sol-Gel
Base
Wy Polymerization
Irradiation  Mechanical
Grinding

Figure 7: Synthetic Approaches to Prepare TCMs.
2.4.1 Microemulsion Technique

The most frequently used technique for microemulsion first involves the synthesis of the
material (possessing properties such as phase change, thermochromic, etc.), followed by in-situ
encapsulation of the material. In the case of a phase change material that can be used for thermal
storage, a surfactant-assisted microemulsion technique was used to synthesize TiO2 with an
anatase rich phase and spherical shape (Figure 9A) [121, 122], where surfactant micelles act as a
template for particle growth.
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Figure 8: A Schematic of Various Techniques Used for the Characterization of Thermochromic
Materials.

Increase in the acidity, by using the anionic surfactant sodium dodecyl sulfate (SDS),
increased the nanocrystallinity [110]. Different shapes of TiO. such as rice, flower and star
shapes (Figure 9 B) were obtained using tetramethyl ammonium hydroxide (TMAH) as a
surfactant template in a hydrothermal route [123]. The hydrothermal process also helped develop
high rutile, active site facets with photocatalytic activity three times that of a normal rutile site
[124]. Cationic, anionic, and neutral surfactants (CTAB, SDS, and Triton X-100) were used to
understand the effects of the surfactant and its charge on the phase-controlled synthesis of TiO>
via pH and temperature dependent hydrothermal and microemulsion processes [125]. The
synthesized TiO> phase was characterized using x-ray diffraction (XRD) (Figure 10 A) and
scanning electron microscopy (SEM). The methyl orange degradation method (Figure 10 B)
showed excellent photocatalytic activity which depends on several factors, especially the particle
size and phase crystallinity. The control of particle size also depends on the stability, size, and
shape of the surfactant micelles used for their synthesis [125]. The optical properties have been
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determined by coating glass slides with different thermochromic materials with specific

thickness around 300 um (Figures 11 and 12).
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Figure 9: XRD of a Microencapsulated Phase Change Material (A) and Photocatalytic
Degradation of Methyl Orange (MO) [41].
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Figure 10: Microstructure of Microencapsulated Phase Change Material of Different Geometries
[41].
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Figure 11: Optical Glass Images of the Black and Blue Thermochromic Materials.
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Figure 12: Transmission (A) and Spectral Reflectance (B) of TiO2 Encapsulated Black Dye and
Blue Dye.

2.4.2 Solvothermal Technique

Slag wool fibers (SWF) can be modified by the deposition of cetyl trimethyl ammonium
bromide (CTAB) to produce CTAB modified slag wool fibers (CMSWF). The SWF and the
CMSWEF were coated with anatase TiO2 using a solvothermal method where the solvent was
pure ethanol and the anatase TiO. precursor was titanium isopropoxide [119]. It was observed
that TiO, coated CMSWF were stable upon UV irradiation and have a higher photocatalytic
activity than the TiO. coated SWF [119]. A surfactant-free, solvothermal method was used to
synthesize a rutile TiO2 microsphere/graphene oxide (TiO2/GO) composite [126]. As the GO
imparts excess charge transport routes to the system, the TiO2/GO composite showed an
accelerated dye degradation performance compared to that of the TiO2 microspheres alone [126].
2.4.3 Sol-Gel Technique

lodine-doped, nanovoid-structured TiO. was developed by sol-gel processing using
titanium isopropoxide as a TiO2 precursor diluted in a suitable solvent. Characterization by
Fourier Transform Infrared (FTIR) and Raman spectroscopy, TEM, XRD, and the methylene

blue degradation method revealed the surface-specific efficiency of photocatalytic activity which
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is approximately 10 times higher than that of the commercial, P25 TiO, photocatalyst of smaller
surface area [109]. Both ionic and non-ionic templating agents resulted in porous nanostructured
TiO2 coating of polyvinylidene fluoride membrane with a hierarchical structure and improved
hydrophobicity [127] through sol-gel processing. The structure, wettability and desalination
performance of the coating were dependent on the physical and chemical properties of the
templating agents [127]. Simple sol-gel process has been followed to prepare spin coated VO3
thin films on pure silica glass. Vanadium(V) oxide was dissolved in 30% hydrogen peroxide to
make gel precursor. The VO film was done by annealing the film at higher temperature
(~750°C) in vacuum. These were characterized by XRD, microstructure, UV-Visible-NIR
spectral studies, etc. The film exhibited very good thermochromic properties near 65 °C due to
reversible metal.~insulator phase transition. The characteristic spectral behaviour (250 — 2500
nm) and the hysteresis loop (temperature versus % transmittance) due to heating and cooling in
the temperature range (20 - 100 °C) were studied by N. Wang et al.
2.4.4 Chemical and Electrochemical Polymerization Technique

The derivatives of the conductive polymer polythiophene exhibit good thermal and
environmental stability and can be synthesized by introducing different groups at the 3- and/or 4-
positions of the thiophene rings followed by polymerization through oxidation with iron (I11)
chloride (FeCls) [128]. A copolymer of an alkylthiophene and azothiophene was synthesized
which possessed improved solubility, optical, and chromic properties. The copolymer was
characterized by high-performance size exclusion chromatography (HPSEC), thermal analysis,
and UV-Vis spectroscopy. These systems exhibited thermochromic and solvo thermochromic
properties [129]. Polythiophene-derived copolymers containing varying content of pyrene units

were successfully synthesized using FeCls as an oxidizing agent, and characterized by FTIR
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spectroscopy, proton nuclear magnetic resonance spectroscopy (*H-NMR), and thermal
gravimetric analysis (TGA) [130, 131]. Both copolymers exhibited good thermal stability and
their transmittance spectra showed temperature dependent behavior [130, 131]. Figures 13,14

shows representative DSC ,TGA and FTIR profiles of pristine and microencapsulated TCM with

SiO, [132].
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Figure 13: DSC (A) and TGA (B) Profiles of TCM and TCM Encapsulated with SiO; [41].
2.4.5 Mechanical Grinding Technique

A thermochromic Ni(ll) complex, synthesized by grinding Ni(ll) chloride with dilute
HCI in an agar mortar pellet, exhibited a stable and significant thermochromic property as
characterized by elemental analysis, FTIR spectroscopy, diffuse reflectance spectroscopy (DRS),
SEM, thermal analysis including TGA, differential thermal gravimetry (DTG) and differential
scanning calorimetry (DSC), XRD, and magnetic susceptibility studies [133]. The complex
changed color from green to yellow / spring green by heating from room temperature to 100°C.
Increasing the temperature to 120°C, it turns to dark blue. This color change was confirmed by
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visual observation as well as by spectral measurements. This change in color with temperature is

due to a change in the structural geometry of the complex’s symmetry [133].
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Figure 14: FTIR of TCM Encapsulated with SiO; [41].

2.4.6 UV lrradiation Technique

Polydiacetylene (PDA) can be modified using carbamide like small compounds that can
form hydrogen bonds and results in a polydiacetylene-based compound with improved properties
which exhibits high temperature reversible thermochromism with a relatively high melting point.
Mapazi et al. synthesized deep blue colored poly-pcd-urea by the irradiation of UV light (254
nm) onto the fine mixed powders of the starting components. The radiation introduced urea to
the head group of 10, 12-pentacosadiynoic acid. The compound was characterized by UV-Vis
spectroscopy, XRD, TGA and differential scanning calorimetry (DSC) analyses. The
characterization of the compound revealed that poly-pcd-urea turned back into its original blue
color on heating up to 150°C and the resultant polymer was thermally stable up to 315°C [134].
2.4.7 Schiff Base Synthesis Technique

Zhu et al. synthesized three Schiff base compounds that are naphthaldehyde hydrazone

derivatives, viz., N-(5-phenylthiazole-2-yl)-2-hydroxylnaphthaldehydehydrazone (1), N-(4’-
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chloro-5-phenylthiazole-2-yl)-2-hydroxylnaphthaldehydehydrazone (2), N-(4’-nitro-5-
phenylthiazole-2-ylhydroxylnaphthaldehydehydrazone (3) [129]. They characterized their
thermochromic properties by temperature-variable IR, UV-Vis spectroscopic studies, TGA, and
DSC analyses [135]. It was found that only compound 2 is thermochromic resulting from the
original enol-imine tautomer switching to a keto-amine tautomeric form on heating [135]. Since
all of the compounds had similar structures with the only difference being the substituted
functional groups on the phenyl ring, it was expected that the ring substitutions made an
important contribution to the thermochromism [135].
2.4.8 Microwave Irradiation Technique

Mehta et al. used a polycondensation reaction to synthesize thermochromic material with
bisphenol-A-based, benzoxazine monomer by microwave irradiation without using any solvent
or catalyst. They characterized the product by FTIR and DSC analyses [136]. These results help
in understanding and developing a smart thermochromic system based on polybenzoxazine.
2.5 Microencapsulation of TCMs

To increase the durability, versatility, and provide protection from the external
environment, thermochromic materials are encapsulated with suitable film-forming materials to
form microcapsules. Microencapsulation also protects TCMs from contamination as well as
avoiding melting or sublimation of thermochromic components. If the thermochromic materials
are organis and polymers, there is large possibility of photodegradation by UV radiation. Hence
suitable encapsulation is essentially required to protect the TCM from photodegradation (vide
supra). In-situ, chemical, polymerization-based deposition of a shell layer may be accomplished
with a nanostructured shell component which is incorporated during the synthesis of leuco dye

based TCMs by the microemulsion technique (vide supra). Moreover, the shell materials can also
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be deposited onto the TCMs surface by different physical deposition techniques such as
spraying, wetting / dipping, etc. As an example, Figure 15 shows how spraying technique
developes homogeneous coating step by step. Solidification of all the components of TCM and
shell material may also yield an encapsulated final product. Overall, the shell materials can be
classified into three categories depending on their chemical nature: organic shells, inorganic
shells, and organic-inorganic hybrid shells [137]. Organic shell materials include the natural and
synthetic polymers which have sealing properties, structural flexibility, and are resistant to
volume changes associated with the repeated transformations of thermochromic materials. Some
examples of organic shells used in microencapsulation are poly (methyl methacrylate) [21, 138],
urea-formaldehyde resin[139], polyurethane [140], polylactic acid [141] and melamine
formaldehyde resin [142]. However, the applications of organic shells are restricted due to
several limitations. Disadvantages include flammability, low thermal conductivity, and poor

mechanical properties [143].

praying — wetng soliifeaion - homogeneous cout

Figure 15: TCM Microencapsulation Process.
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Recently, inorganic shells have been widely used for the encapsulation of thermochromic
materials owing to their higher rigidity, mechanical strength, and better thermal conductivity as
compared to organic shells [137]. Inorganic shell materials that are generally used for
microencapsulation are SiO2 [35, 144, 145] , ZrO, [146] , HfO2[147], and TiO2 [145]. As the
organic thermochromic materials (OTCMs) are usually degraded by UV radiation, these
materials are protected by the development of core-shell structures (Figure 16) where the shell
material is usually nanostructured, photocatalytic TiO. and SiO. mixed TiO>, and the core is the
OTCM. To stabilize this shell structure, SiO, may be added to the TiO. system [148]. In
addition, the shell material should possess a nanostructured form with a relatively high surface
area possessing appreciable amounts of active sites for the formation of a chemically bonded,
stable shell layer. A lot of work has been performed to develop nanostructured crystalline titania
(vide supra) and silica-titania [148-150] systems which make the TiO2 or TiO2-SiO;
microencapsulated shell structure as desirable.

In order to take advantage of the individual properties of both organic and inorganic
shells in a single material such as an organic-inorganic hybrid, hybrid shells have been
developed and used intensely in the microencapsulation of thermochromic materials. To
illustrate the individual properties, it may be stated that high rigidity, mechanical strength, and
thermal conductivity are prevailing in the inorganic shells while good structural flexibility and
sealing properties are present in the organic shells to complete entire desirable function of
microencapsulation. Some examples of organic-inorganic hybrid shells are poly(methyl
methacrylate)-SiO, [151], poly(methyl methacrylate)-TiO2[152], polyurethane-SiO2[153], and
polyurea-SiO» [153]. Both organic and inorganic shells in a single material such as an organic-

inorganic hybrid, hybrid shells are most fouces in this section.
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Figure 16: H Images of Core TCM Microeulted with a SiO> Shell 41].
2.5.1 Overview of Different Techniques of Microencapsulation

Several processes have been reported for the microencapsulation of thermochromic
materials. Based on the deposition techniques, there are three types which can be defined as
physical methods, chemical methods, and physicochemical methods. Each method has its own
advantages and disadvantages which are depicted pictorially in (Figure 17).
2.5.2 Physical Methods

Thermochromic materials can be encapsulated by physical processes like drying,
dehydration, and adhesion using processes such as spray-drying and solvent evaporation [137].
2.5.3 Spray Drying

In the spray drying method, an oil-water emulsion containing the thermochromic and
shell materials is prepared, and then the emulsified material is sprayed in a drying chamber using
an atomizer. The sprayed droplets are dried by passing a drying, gas stream at an optimum
temperature, and then solid particles are separated by a cyclone and filtered [154]. Hawlader et
al. microencapsulated paraffin particles with gelatin and gum arabic using the spray drying
method, which was shown to have a thermal energy storage / release capacity of about 145-240
J/g. Therefore, the method is very promising and the product can be a potential storage material

for solar energy [155]. Microencapsulation of paraffin Rubither®RT27 with carbon nanotubes
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by the spray-drying method resulted in an enhanced thermal conductivity of paraffin which was

found to be stable and reversible on microencapsulation [156].
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Figure 17: Common Methods of Microencapsulation Along with Their Basic Principle of
Deposition and Properties.
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2.5.4 Solvent Evaporation

Solvent evaporation is another method of encapsulation which involves the preparation of
polymer solution precursor first by dissolving the shell materials in a volatile solvent, then
followed by addition of thermochromic materials to the solution to form an oil-water emulsion.
On solvent evaporation, shells are formed on the droplets of the thermochromic material,
resulting in microcapsules after filtration and drying [137]. For example, microencapsulation of
sodium phosphate dodecahydrate (DSP) with poly(methylmethacrylate) (PMMA) by the solvent
evaporation method resulted in microcapsules which possess an interesting energy capacity of
142.9 J/g at 51.51°C and can be used for several applications [157]. Microencapsulation of
myristic acid with ethyl cellulose using the solvent evaporation method prevented the leakage of
melted myristic acid with consequent storage and release of latent heat through a solid-liquid
phase transition [158]. Microencapsulation also prevented its contact with the external
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environment [158]. Physical methods of microencapsulation offer several advantages which
include low processing cost, production of a wide variety of potential coating materials with
good encapsulation efficiency, and good stability of the microcapsules. These methods can be
scaled-up in a continuous process mode [159]. Aside from these advantages, the physical
methods have the disadvantage of possible temperature-degradation of temperature-sensitive
materials. These methods also have limitations with respect to controlling particle size and the
yields are relatively low in small batches [159].
2.5.5 Chemical Methods

In chemical microencapsulation, shells are formed around the core by the polymerization
or condensation of monomers, oligomers, or prepolymers at an oil-water interface [137]. The
chemical methods of microencapsulation include in situ polymerization, interfacial
polymerization, suspension polymerization, and emulsion polymerization [137].
2.5.6 In situ Polymerization

In in situ polymerization, prepolymerized monomers are further polymerized on the
surface of an emulsion droplet [137]. In this process, thermochromic material was added to the
solution of surfactant to prepare the oil-in-water emulsion, and a separate prepolymer solution
was formed from the monomers. Then, at optimum reaction conditions, the prepolymer solution
was added to the oil-in-water emulsion to form the microcapsules [137]. Zhang et al. prepared
microcapsules containing an n-eicosane core and ZrO> shell by in situ polymerization [146]. The
microcapsules prepared had dual functionality which included latent-heat storage / release
capability and photoluminescence. Thermochromic microcapsules containing thermochromic
compounds as a core material and urea-formaldehyde as a shell material were prepared by in situ

polymerization. It was observed that the surface morphology and the particle size of the
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microcapsules were affected by the emulsifying agents preconditioning. Zhu et al. [139]
proposed that the properties of the microcapsules are dependent on the stirring rate and core-to-
shell ratio.
2.5.7 Interfacial Polymerization

In interfacial polymerization, the polymerization takes place at the oil-water interface
where two reactive monomers are dissolved separately under the action of an initiator [137].
Chang et al. reported the encapsulation of VO- films within hafnium dioxide (HfO.) layers.[147],
as HfO- has a suitable refractive index (1.85 — 2.1) with low absorption in the range, UV to the
mid IR [160]. Moreover, it has natural hydrophobicity, a relatively low vapor pressure
transmission rate, and excellent mechanical properties which result in enhancing the
thermochromic performance of VO». Hence, HfO> provides an excellent protective layer as an
overcoat of VO films [147].
2.5.8 Suspension Polymerization

The suspension polymerization method involves the suspension of dispersed droplets
containing thermochromic materials, monomers and initiators in a continuous aqueous phase
with the help of surfactants and mechanical stirring [137]. Here, the initiator free radicals are
released into the suspension to initiate monomer polymerization at an optimum temperature and
stirring rate [146]. Novel and low, supercooling spherical microcapsules containing a n-
octadecane core with n-octadecyl methacrylate-methacrylic acid (MMA) copolymer as a shell
were prepared by suspension polymerization [161]. The n-octadecane was microencapsulated in
the thermochromic pigment / PMMA shells using a suspension polymerization method with five
different pigment-to-MMA ratios. The highest melting and crystallization enthalpies were

achieved for the microcapsules without pigment [162].
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Figure 18: Microencapsulation Mechanism Showing Tiny Particles (Droplets) of Active
Ingredients are Surrounded by a Coating Shell (Multilayer Liquid Crystalline Microsphere).
2.5.9 Emulsion Polymerization

Emulsion polymerization (Figure 18) involves suspension of a dispersed phase consisting
of thermochromic materials and monomers in a continuous phase as discrete droplets with the
help of surfactant and vigorous agitation. Here, the initiator present in water and solution media
triggers the polymerization [163]. Ma et al. demonstrated the microencapsulation of
thermochromic dyes with water-soluble monomers or polymers using an emulsion
polymerization process in which thermochromic dyes were emulsified in water followed by
polymerization on the surface of microbeads of the thermochromic dyes. The microcapsules
formed protected the sensitive thermochromic dyes from building coating components [164].
Encapsulation of TiO2 nanoparticles with a highly uniform shell of carbon (TiO.@C
nanoparticles) by emulsion polymerization alleviated the problem of moderate photocatalytic

activity displayed by TiO2 semiconducting nanoparticles due to their relatively high band gap

and high rate of electron-hole recombination [165].

36



2.5.10 Physicochemical Method

In the physicochemical method, physical processes such as phase separation, heating, and
cooling are combined with the chemical processes such as hydrolysis, cross-linking, and
condensation to achieve efficient microencapsulation. Examples of physicochemical methods are
supercritical emulsion extraction, sol-gel method, coacervation, and melt-coaxial
electrospinning.
2.5.11 Supercritical Emulsion Extraction

In the continuous supercritical emulsion extraction (SEE-C) method, organic solvents are
continuously extracted from emulsions using a counter current packed tower [161]. This results
in microsphere formation which are recovered from the bottom of the tower in the form of a
water suspension [166]. Campardelli et al. produced photoactive and biodegradable polylactic
acid/TiO2 (PLA/TiO2) nanostructured particles [141]. exploiting the supercritical emulsion
extraction technique. TiO2 particles were encapsulated with PLA microspheres by the
continuous supercritical emulsion extraction technique retaining the photocatalytic and
bactericidal activity of TiO2 [141].
2.5.12 Sol-Gel Processing

The sol-gel method is the most commonly and widely used method for the core
microencapsulation. It involves the uniform dispersion of the constituents such as thermochromic
materials, precursor, solvent, and emulsifier, in a continuous phase to form a colloidal
suspension / solution by the hydrolysis reaction of the components, followed by formation of a
polymeric gel system through polycondensation / polymerization of monomers, which results in
microcapsules after drying, sintering, and curing processes. In this method, inorganic materials

like SiO2 and TiO> can be generally used to form the shells [145]. Yi et al. prepared composite
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thermochromic and phase-change materials (CTPCM) containing bromocresol purple, boric acid,
and tetradecyl alcohol. They encapsulated it in the three-dimensional network of the SiO2 gel
using the sol-gel method. These CTPCM exhibited good thermochromic behavior and thermal
properties with a good appearance on treated textiles [144]. Zhang et al. prepared silica
encapsulated thermochromic leuco dye nanocapsules (TLD@SiO;) by a sol-gel method to
generate dye polyester fabrics [35]. For encapsulation, they hydrolyzed tetraethyl orthosilicate
and condensed it onto the surface of the emulsified thermochromic leuco dye nano-droplets [35].
Dyeing of fabrics with TLD@SiO> provided durable, reversible color changing fabrics with
excellent color response fastness [35].
2.5.13 Coacervation Method

Depending on the number of shell materials used in the coacervation, it is categorized
into simple coacervation and complex coacervation. The simple process involves only one type
of shell material while the complex one requires two types of shell materials of opposite charge.
Complex coacervation results in microcapsules with better morphology, uniform size, and better
stability than in simple coacervation. Complex coacervation involves the dispersion of
thermochromic materials in an aqueous polymer solution to form an emulsion, followed by the
addition of a second aqueous polymer solution of opposite charge, resulting in the deposition of
shell material on the surface of droplets by electrostatic interactions. Then stable microcapsules
are formed by cross linking, desolvation, or thermal treatment [145]. Wu et al.
microencapsulated reversible thermochromic phase change material containing a spironolactone
derivative as color former, a phenolic hydroxyl compound as color developer, and 1-hexadecanol
as the phase change material and co-solvent. This was followed by complex coacervation of

modified gelatin containing vinyl groups and gum Arabic. The stability of microcapsules and
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encapsulation efficiency were further improved by the cross-linking between vinyl groups on
modified gelatin, a divinyl crosslinker and subsequent glutaraldehyde cross-linking [142].
2.5.14 Melt Coaxial Electrospinning Method

The melt coaxial electrospinning method allows microencapsulation of non-polar solids
by combination of melt electrospinning and a coaxial spinneret [167]. A phase-transformation
thermochromic material, consisting of CVL (crystal violet lactone), bisphenol A, and 1-
tetradecanol core, was encapsulated in a poly(methyl-methacrylate) nanofiber shell Figure 19A
by the melt coaxial electrospinning technique. Figure 19 B shows SEM microscopic images of
electrospun thermochromic fibers encapsulated with TCM. The fabricated core-shell nanofibers
have good thermal energy management, fluorescent thermochromism, and reversibility. Hence
this method has good potentiality in the preparation of temperature sensors with good fluorescent
signals and body-temperature co-reactive materials to give rise to intelligent thermal energy

absorption, retention, and release [21].
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Figure 19: Electrospinning Apparatus (A) [168] and Optical/SEM Microscopic (B) Images of
Electrospun Thermochromic Fibers Encapsulated with TCM [169].
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2.6 Thermochromic Coating

The properties and functionality of thermochromic coatings (Figure 20) can be enhanced
by making the precursor wettable to a substrate by mixing with an appropriate surfactant. The
precursor materials are of different forms as required for the deposition technique used. Coating
also provides protection from the external environment like exposure to UV radiation, weather
conditions, oxidation, and other elements susceptible to react. There are different methods
available for thermochromic coatings that include physical vapor deposition, pulsed laser
deposition, sol-gel deposition, and chemical vapor deposition methods [171].

2.6.1 Physical VVapor Deposition (PVD)

In this method, thermochromic materials to be coated are chosen as target which is
bombarded using high energy beam of electrons or ions under reduced pressure. This results in
displacement and vaporization of the atoms from the surface of the thermochromic
materials[171] that targets the substrate surface through the created flux path. Thus, this method

mainly involves evaporation of the thermochromic materials. Sputtering method is a PVD
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technique. There are several types of sputtering methods that are used for the deposition of
thermochromic materials. As for example, radio frequency magnetron sputtering[172], direct
current magnetron sputtering[173] and ion beam sputtering[174] are suitable sputtering systems
for these materials. Using the PVD technique, suitable doping can also be accomplished by
incorporating the doped material into the main target TCM. However, in this case, preparation of
a doped target is a critical job as doping is dependent on target size of homogeneous mixed
components. The simple mixing would generate inhomogeneous film product. However, the
doped target is placed in the vacuum deposition chamber for the coating [175].

2.6.2 Pulsed Laser Deposition (PLD)

Recently, laser ablation has been used for the coating of thermochromic materials. It is
also a type of PVD technique. This was initially used to deposit the superconductor oxides and it
is very suitable for metal oxide film growth. In PLD, the thermochromic material to be deposited
is placed in a vacuum chamber and targeted with a high energy pulsed laser beam in order to
withdraw atoms / molecules from the target. The deposition can be done either in ultra-high
vacuum or in the presence of background gas, which is selected according to the desired product.
For example, oxygen is used for the deposition of oxides. The vaporized thermochromic
materials are deposited as thin films on the substrate [171]. This technique was first used by
Borek et al. in 1993 for the deposition of VO film. They used a krypton fluoride (KrF) pulsed
excimer laser (248 nm) to withdraw the atoms from the metallic vanadium target placed in the
deposition chamber filled with argon and 10% oxygen (100-200 mTorr). Deposition of pure VO
on the substrate was maintained at approximately 500°C.[176] The same method was also
applied to deposit a thin film of VO, on sapphire substrates at 630°C using the KrF pulsed

excimer laser (193 nm) to withdraw / expel atoms from 99% pure pressed V203[177].
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2.6.3 Sol-gel Depositions

This method is widely used for thermochromic coatings [178]. In this method, a colloidal
sol of thermochromic material is prepared in a suitable solvent / solvent mixer medium by
controlled hydrolysis and polycondensation reactions [179]. Maintenance of wettability,
viscosity, and concentration control is very important for the deposition of layers on suitable
substrates by the dipping or spinning technique. Wettability depends on the surface tension of the
medium and adherence of the precursor with the substrate depends on the wettability. The
resulting physical thickness of the coatings / films depends on the viscosity of the precursor.
Relatively high thickness films have been developed from the precursors of relatively high
viscosity. Physical thickness also depends on the concentration of the precursor. The higher
concentration would generate relatively high thickness. The colloidal precursor sol thus prepared
was subjected to physical treatment like drying, heating or aging for the attainment of suitable
concentration, viscosity, porosity and crystallinity. This results in the formation of a metal oxide
network by connection of metal (M) and oxygen (O) as -M-O-M- or -M(OH)-M- polymers in a
gel of the precursor, by following condensation reaction. The hydroxo containing polymer is
partially condensation polymer. This precursor is used to deposit films onto a substrate either by
the dipping or spin coating method. Takahashi et al. used three types of precursor sols containing
(i) polyvanadate with W and V, (ii) polymolybdate with W and Mo, and (iii) polytitanate with W
and Ti to prepare thermochromic materials. These were used to deposit materials onto suitable
substrates by the spin coating technique for the successful development of thermochromic
coatings using sol-gel processing [171]. Moreover, physical thickness of the coatings / films

depends on the viscosity of the precursor in this case of method.
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2.6.4 Chemical Vapor Deposition (CVD)

This method is widely used in the industry to make the thermochromic thin films with
high functionality and premium quality. In CVD, thermochromic thin films are deposited via
chemical reactions in the gaseous phase using suitable precursor chemicals such as hydrides,
halides, and organometallics. In addition, materials including metals, carbides, nitrides, oxides,
and sulfides, are utilized as precursors [171]. Deposition of pure VO films by the CVD
technique usually exploits organometallic vanadium compound-based precursors. However,
some researchers refer to this technique as metal-organic CVD or organometallic CVD. Coating
using CVD techniques can be atmospheric pressure-assisted or aerosol-assisted. Greenberg
successfully deposited pure VO thin films onto glass substrate using vanadyl tri-isopropoxide as
a precursor in an open atmosphere, with and without post-annealing [180]. Takahashi et al. also
deposited pure VO3 thin films onto glass substrate; however, they used vanady! tri(isobutoxide)
as a precursor [181]. Barreca et al. prepared VO2 and V2Os thin films using vanadyl precursors
VO(L)2(H), where L is a B-diketonate ligand at 380°C in different atmospheres such as Oz, N2
and a mixture of N2 and H20 [182]. In the case of VO films, the precursors used in CVD require
post-reduction to form the desired vanadium (V) oxide thin films.

2.6.5 Advantages and Disadvantages of the Coating Methods

There are several advantages and disadvantages associated with the different techniques
adopted for thermochromic coatings. As the PVD technique has a slow film growth rate, it can
produce homogeneous ultra-thin TCM coatings and is a relatively easy and efficient way of
utilizing precursors, if no dopant is used. In the case of formation of doped TCM coatings,
fabrication of a suitable target requires a lot of effort [183]. Its feasibility at low temperatures

makes it a compatible technique with different substrates. However, maintenance of requisite
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vacuum at reduced pressure, in the case of physical vapor deposition (PVD) sputtering systems,
takes considerable time and overall, the equipment is expensive. Accordingly, the cost of
production is relatively high for the slow rate of production. Thus, the application of PVD on a
commercial scale is restricted as it is not economical[184]. The PLD technique has the advantage
of maintaining the target stoichiometry in the coated films which is due to the high ablation rate
that allows the target metal to evaporate simultaneously. It is a clean, versatile, and economic
coating technique [185]. However, it has the disadvantage of a limited sample size.
Inhomogeneity in film / coating quality occurs, if the substrate / sample size is increased. This
results in thermal surface defects due to particulate splashing of the film[185]. Moreover, the
equipment is of relatively high maintenance cost. Sol-gel techniques / processing is very simple
and cost effective as simple mixing of requisite components including the dopant system can be
accomplished homogeneously in a suitable solvent medium to prepare a precursor. Its shelf life
can be increased by using chemical stabilizer. And the equipment for deposition is of very low
cost as a simple dipping operation followed by withdrawal is enough for the deposition of a
homogeneous layer onto the substrates in the sizes ranging from 2.0 cm x 2.0 cm to 100.0 cm X
100.0 cm. The spin coating technique can also be used for the deposition, but the substrate size
range is limited to ensure homogeneous coatings. But the main drawback of this processing is
that it is a slow and a multi-step process may be required for deposition of relatively high
thickness. It also requires considerable time for sol establishment, maintenance of uniform
viscosity and surface tension. However, using this technique, the substrate is fully coated with a
uniform thickness throughout its surface at low temperature by using readily available precursors
[186]. CVD is an effective technique that offers high coating rates at low temperatures, and it can

also produce pure, dense, and uniform thin films / coatings with good adhesion properties. It
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requires inexpensive precursors which are readily available and thus is a very economical
technique on the industrial scale. It does not require a vacuum or reduced pressure and has a
moderately high film growth rate [187]. But for large scale production, the cost of equipment for
a large scale manufacturing unit is quite high and it is not possible to perform multiple layer
coatings with defined stoichiometry using this technique [188].
2.7 Photodegradation and Thermal Degradation of TCMs

The lifespan of the TCMs is affected by the external environment including solar
radiation, high temperature, aerial oxygen, and atmospheric pollutants [189]. Photodegradation
and thermal degradation are the two main problems hindering the successful application of the
TCMs. Deterioration occurs when the TCM is exposed to solar radiation and higher
temperatures, leading to the loss of the reversible thermochromic effect. These phenomena are
known as photodegradation and thermal degradation. Exposure to solar radiation either breaks
the polymer chains of TCMs or cross-links them, resulting in changed mechanical and chemical
properties that eventually lead to the loss of a reversible thermochromic effect[190, 191]. Several
TCMs have exceptional thermal stability, however, exposure to higher temperature may result in
an irreversible color change. In some TCMs, made of phosphates, carbonates and hydroxides
groups such type of behavior is observed due to their decomposition. The resultant color of the
irreversible TCMs depends on the environmental temperature and the time of exposure in that
environment. The solar radiation that reaches the Earth’s atmosphere is in the wavelength range
from 295 to 2500 nm. These radiation wavelegths are classified as UV-B (280-315 nm), UV-A
(315-400 nm), visible (400-780 nm) and near-infrared (780-2500 nm). (Figure 21) [192]. The
UV-B radiation has the highest photon energy and quickly degrades TCMs through the direct

photolysis of the covalent bonds of the organic / polymeric TCM components. Fortunately,
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because of the stratospheric layer, a very small amount of UV-B reaches the Earth’s surface.
Solar radiation contains about 4-5% UV-B and UV-A and this can greatly damage organic
TCMs. Visible light may also cause damage to the TCMs due to the presence of photosensitizing
chromophores in the materials that accelerate polymer degradation, but this damage is very very
low. Finally, infrared radiation can also cause thermal degradation of TCMs, resulting in a

transformation to a darker pigmentation [193].
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Figure 21: Classification of the Electromagnetic Radiation Spectral Wavelength Range.

TCMs often undergo photooxidation in the presence of aerial oxygen and thereby solar
radiation generates peroxidic species that initiate a free radical chain reaction to accelerate
photodegradation. Use of photo-antioxidants and quenchers during fabrication of TCMs helps in
inhibiting photooxidation. Photo-antioxidants deactivate generated peroxidic species and
quenchers deactivate the excited species of the chromophore present in the polymer. As for
example, the chromophore, carbonyl groups in the polymer dissipate energy in the form of heat
or fluorescent and phosphorescent radiations. As most of the quenchers are salts or chelates of
nickel that turn the TCMs green, compatibility and environmental contamination issues restrict

the application of these quenchers [189].
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Photodegradation can be inhibited or reduced using photostabilizers, like UV-absorbers
or light screening pigments, that prevent the effects of exposure to solar radiation on the TCM
polymer matrices [189]. Light screening pigments minimize the penetration of harmful solar
radiation by selectively absorbing the incident radiation, and to some extent, also deactivating
the photoactivated species [194]. UV-absorbers are colorless compounds that possess high
absorption coefficients in the UV region of the solar spectrum. They absorb harmful actinic solar
radiations preventing the generation of excited chromophoric impurities, thereby, protecting the
TCMs from photo induced damages [195, 196].

Thermal degradation of TCMs is an auto-oxidation process and this occurs due to
overheating. Higher temperatures or longer exposure to near infrared radiation may cause
breaking of the TCM backbone, the fragments of which on reacting with each other change the
physical and chemical properties of the parent TCM [197]. Thermal stabilizers including
polyprophylene and polyethylene can be used to prevent the thermal degradation of TCMs by
keeping the polymer chains and the original molecular structure intact, thereby retaining the
thermochromic properties of TCMs over a longer period of time [198].

2.8 Applications of TCMs

TCMs can play an important role in the development of energy-efficient buildings as
shown in Figure 22 and demonstrated through modelling using Energy Plus [170], to reduce
energy consumption and greenhouse gas emissions. Due to lighting, air-conditioning, and
heating, buildings consume 40% of the energy and emit almost 30% of the anthropogenic
greenhouse gases [199, 200]. TCM coatings on building fenestrations is a feasible approach to
reduce the building energy consumption. TCM coatings are reflective in the summer due to the

temperature-based transition to a white colored phase and can reduce the air-conditioning energy
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consumption. In the winter they are absorptive due to their low temperature colored state (black),
thereby reducing the energy needed to heat a building [201].

10 mm TC coating

15 mm asphalt shingle
25 mm roof insulation
Smm PCM layer

50 mm concrete

Figure 22: Schematic of a Building with Different Layers of Roof Insulation [202].

In addition, TCMs have applications in the biomedical field. With the recent advances in
technology, several devices have been developed based on the properties of thermochromic and
liquid crystal materials. As for example, optical display systems, imaging, microscopy,
spectroscopy, and optically probing biological systems [203] are outcomes based on the
properties of liquid crystals. TCMs have applications (Figure 23) as the active component of
sensors owing to their color changing property on exposure to different temperatures. A simple
thermochromic polydiacetylene (PDA) sensor has been developed by introduction of urea to the
head group of 10,12-pentacosadiynoic acid that exhibited reversible thermochromism up to
150°C [134]. Biosensors based on TCMs have also been developed that allow observation of
biological phenomenon with the naked eye[204]. TCMs have been used to develop a temperature
monitor “ThermoSpot”, which is basically a skin sticker that changes color from green to black
when an organism suffers from hypothermia (core temperature of < 35°C) [205, 206]. The

photocatalytic property of TiO2 encapsulated TCMs makes them effective in the mineralization
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of organic pollutants in water and air. For example, the TiO. nanofibers have practical
application in photocatalytic waste-water treatment and air purification processes[207, 208].
Sakthivel compared the solar photocatalytic degradation of azo dye by ZnO and TiO. and
observed that ZnO absorbs a larger fraction of the solar spectrum and more light quanta than
TiO2. The complete mineralization of azo dye was determined by total organic carbon analysis,
COD measurement, and estimation of the formation of inorganic ions such as NH4", NOs", CI',

and SO+ [31, 209].
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Figure 23: Different Applications of TCMs.
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Chapter 3: Microencapsulation and Characterization of TCM and PCM Materials?

3.1 Introduction

This chapter focuses on three types of microencapsulated materials: (1) a three-
component thermochromic core material microencapsulated by a stable PMMA shell, formed by
the polymerization of a monomer, in the presence of a cross linker and methacrylic acid (MA);
(2) a synthesized n-eicosane phase change material (PCM), encapsulated by a crystalline, sol-gel
titania, TiO2, shell; and (3) a thermochromic, 3-component system composed of a leuco dye
containing crystal violet lactone, bisphenol-A, and myristyl alcohol, and a commercial dye,
thermochromic powder used as the core material encapsulated by TiO2. Two types of surfactants,
CTAB and SDBS, were used for obtaining the best performance and behavior in the
microemulsion process leading to the formation of the TiO> shell. A single surfactant was finally
used successfully to encapsulate the commercial dye, thermochromic material powder (CDTCM)
by TiO.. We first describe the encapsulation of a blue dye, as a three-component system, with a
PMMA,; second, the encapsulation of n-eicosane by a crystalline TiO2 shell; and third,
investigate the effects of different surfactants and their concentrations in the fabrication of
microencapsulation with  TiO> phase change, thermochromic materials. Different
physicochemical characterization techniques, such as XRD, FTIR, DSC, SEM, TEM. CIE Lab

Color Meter, and EDS were used to determine their successful synthesis.

2This chapter has been submitted at Elsa — Elsevier as a book chapter (Hakami, A., Biswas, P.
K., Srinivasan, S. S., and Stefanakos, E. K. "Thermochromic and color switching phase change
materials.” ISBN: 603879. Submision is included in Appendix A.
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3.2 Characterization
3.2.1 Scanning Electron Microscopy

Scanning electron microscopy was carried out with a Hitachi SU3500 with EDS
capability to obtain the chemical composition of the materials. The SEM was operated at 25 kV
as shown in Figure 24. The SEM is capable of working not only under vacuum but also at
increased pressures inside the chamber of up to 600 PSI. This enables the study of surface
morphology and microstructure, which are very reactive, and sensitive to moisture. The SEM
images revealed a variety of sizes in both the polymeric shell and the TCM core structures. The
SEM image results show that the polymers possess a smooth surface and uniform encapsulation.
Most of the samples were tested at both higher SEM magnification (100-500 microns) and at

lower magnification (30-40 microns).

Figure 24: Scanning Electron Microsope (Hitachi SU3500) at Florida Pontehnic University.
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3.2.2 Transmission Electron Microscopy

A transmission electron microscope (TEM), Tecnai TF-20, with a maximum accelerating
voltage of 200 kV was used for the characterization of the materials (Figuer 25). The powder
sample thermochromic material was prepared with DI water and then dried for the TEM analysis
that took around three hours. The sample thickness must be less than 200 nm to allow electrons
to transmit through it. For encapsulated TCMS or PCMS, the TEM can identify the shell and

core thicknesses. [210].

Figure 25: Picture of the Transmission Electron Mlc;;scope (Tena| F 20) at the USF NREC.
3.2.3 Differential Scanning Calorimetry (DSC)

The instrument used for testing the thermochromic powder samples was a TGA/DSC 1
thermogravimetric analyzer manufactured by Mettler-Toledo GmbH (Figure 26). The DSC was
used to analyze the material’s thermal behavior and the effect of microencapsulation of

thermochromic materials on the melting point and enthalpy changes. It was also used for the
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thermal characterization of the samples (<15 mg sample), such as heat flow, weight loss or gain,
transition temperature before melting (sensible heat) or phase change (latent heat), purity, and
stability. It is a good technique for powders, thin films, liquids, and fibers. The TGA/DSC is
highly sensitive as a micro balance scale allows analysis of the heat flow of the
microencapsulated TCM. For each experiment, the plain thermochromic sample was ran at the
same time as the encapsulated thermochromic material [211, 212]. Moreover, DSC shows the
transition state of the solid-liquid or liquid-solid phase change of the material corresponding to

the color change when temperature changes.
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Figure 26: TGA / Differential Scanning Calorimetry (METTLER TOLEDO) TGA/DSC 2 TGA
1 at Florida Polytechnic University.

3.2.4 UV-Visible Spectrophotometry

A series of the samples’ optical spectra were obtained using a UV-Visible
spectrophotometer (Cary 5000 UV-Vis-NIR) shown in Figure 27. The main objective was to
measure and analyze the UV-Vis spectra of thin film samples of microencapsulated
thermochromic materials to study the absorption, transmission, and spectral reflectance behavior
of the blue dye, black dye and also of the CVL [213] upon encapsulation. In this work different

samples were prepared on glass substrates using a film applicator (doctor blade) to apply a
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uniform 300 pum coating. The samples were dried at room temperature (20 °C) for at least 6
hours. All samples were protected by a suitable parafilm cover. The main purpose of this work

was to study the performance of different types of glass-coated dyes.

Figure 27: UV-Vis Spctrophotometer (Cary 5000 UV-Vis-NIR) at Florida Pdlytechnic
University.

3.2.5 Fourier Transform Infrared (FTIR) Spectroscopy

The Fourier Transform Infrared Spectroscopic analysis of the plain dyes (black and blue)
and polymer encapsulated TCMs was carried out to understand the bonding characteristics of
the polymer used for encapsulation. The FTIR spectra for plain and polymer encapsulated TCMs
were recorded [214]. The broad peaks range from 500-4000 cm?, each broad peak representing a
different functionl group vibration, such as the hydrogen-bonded hydroxyl of the color developer
BPA used in the blue dye [215]. Moreover, the developed TCM undergoes a phase transition at
Ts when the solid TCM transforms to liquid. Usually both intramolecular and intermolecular
hydrogen bonding persists in both solid and liquid form which can be distinguished by the FTIR
spectra. The most important reason for using the FTIR spectra of the core TCM and that of the
TiO2 encapsulated TCM is to obtain a better understanding of the encapsulation behavior of
TiO». All of the thermochromic samples were in powder form. The FTIR can help to obtened the

bands and compered with plain matierls were uesed.
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3.2.6 X-ray Diffraction (XRD)

The XRD uses a powder sample to identify unknown crystalline materials through
determination of their crystal structure. The x-ray diffraction patterns of the plain and
encapsulated samples were used to analyze the thermochromic materials, by matching different
peaks with the JCPDS database to identify magnetite crystal diffractions for 20 taken with the
XRD system [216, 217]. Also, it allowed identification of nanostructural crystallites when
compared to the highly crystalline plain PCM phase.

3.2.7 CIE Lab Color Meter

The CIE LAB color apparatus is a color measurement instrument established by the
International Commission on lllumination in 1976is shown in Figure 28. The CIE Lab represents
a standard color by three numerical values, the lightness, L* , the green-red, a*, and the blue-
yellow color, b* [218]. The thermochromic color change can be identified by obtaining the CIE
LAB coordinates [219]. The CIE LAB color instrument was used to analyze the
microencapsulated thermochromic samples at room temperature and at higher temperature,

around 40°C, after the sample changed color.

Standard Measurement T
D65 45/0 920 15:27 2021.08.02
T104

Figure 28: CIE Lab Color Meter at Florida Polytechnic University.
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3.3 Encapsulation of Thermochromic Material with a Polymer Shell

One of the main objectives of this research is to microencapsulate polymeric TC and PC

materials in order to protect them from environmental effects, especially chemical reactions and

photodegradation. Additionally, microencapsulation of thermochromic materials is treated as the

end product for delivery in industry and this is a critical issue in many industrial applications.

The three-component thermochromic and phase change material (Figure 29) was prepared by

using different ratios (Table 1) of CVL (as a dye), BPA (as the color developer), and 1-

tetradecanol (as the solvent). The three-component based blue dye was then used as the central

core while the polymethyl methacrylate, methyl methacrylate-co methacrylic acid was used as

the polymeric shell material (Figure 1).

3-Compent System

Figure 29: Encapsulation Process of a Thermochromic Material.

MMA+ Cross-linker

PMMA shell

Table 1: Synthesis of Six Batches of a Three-Component System with Different Weight Ratios.

Ratio Crystal violet lactone(g) | BPA (g) | 1-tetradecanol

Batch# | CVL | BPA TD (9)

1 1 4 70 04 11 20

2 1 4 60 0.4 1.1 17.14

3 1 4 50 0.4 11 17.3

4 1 6 70 0.4 1.65 20

5 1 6 60 0.4 1.65 17.14

6 1 6 50 0.4 1.65 14.3
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3.3.1 Materials

The components of the three-component TC were leuco dye CVL (purity: > 99.1 %,
Millipore Sigma), BPA (purity: > 99.5-99.1 %, Millipore Sigma) and 1-tetradecanol TD (purity:
> 99.1 %, Sigma-Aldrich). All the chemicals had the same purity and were used for the
preparationt of the main core solution. Methyl ester of methacrylate (MMA) and methacrylic
acid (MM) were used as monomer and cross linker, respectively. Ethylene glycol
dimethylacrylate (EGDMA) was used as the main connector for cross-linking. These were
procured from Alfa Aesar Company with high purity (>99%) and used to synthesize the
microencapsulated shell material. Polyethylene glycol (PEG) (Sigma-Aldrich, purity >95%) was
tused as a surfactant. Ferrous sulfate heptahydrate (FeSOas-7H20) (Alibaba Company, purity
99%), tert-butyl-hydroperoxide (Millipore Sigma, solution 70 %), ammonium persulfate (APS)
((NH4)2S208) (Sigma Aldrich, purity 96%) and sodium thiosulfate (STS) (Na2S207) (Millipore
Sigma, purity >99%) were used as initiators for polymerization.
3.3.2 Preparation of a Blue Dye Three-Component System, as the Core Ts

The reported literature [26] helped to select the best ratio of the components of the three-
component system (Batch # 2 of Table 1; CVL: BPA: TD = 1: 4: 60). Initially, the leuco dye,
CVL, was heated at 80 °C for 1h and then mixed with bisphenol-A at the same temperature with
stirring while 1-tetradecanol was added.; Stirring was then continued at 100-200 rpm for 2h to
obtain a homogeneous mixture of the three-component system, a thermochromic phase change
material (TPCM) at around 29°C as shown in Figure 30. Three-component thermochromic
system: Crystal violet lactone (CVL, Dye) Bisphenol A (BPA, color developer)l-tetradeconol
(solvent). Different wegith raito have been obtained and the weghit ratio was as 20g of 1-

tetradeconol ,0.4g CVL and 1.1g of BPA.
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20g of

1-tetradeconol

—>

L.1g of 0.4gms of
Bisphenol-A

(BPA)

Crystal violet
lactone(CVL)

= Stirring @ 100 rpm
- Temp @ 80°C

Figure 30: Preparation of the Three Component TCM.
3.3.3 Preparation of a Three Component TCM Encapsulated with a Polymer and a Metal Oxide
To study the encapsulation of the three-component TCM core with polymethyl
methacrylate (PMMA) and methacrylic acid (MA) shells, multiple emulsion polymerization
strategies [211] were followed. Initially 20.0 g of the 3-component system (blue dye) as the
main core material and 0.8 g of PEG 1000 as surfactant were mixed in 64.0 mL DI water
(labeled as solution A) at 50 °C while stirring was continued. The chosen temperature was above
the melting point of the 3-component system (34 - 39 °C). The stirring was continued for an
additional hour at a relatively high speed of ~10,000 rpm using a homogenizer (OMNI
International, GLH 850) while the microemulsion was formed. Next, a 10.0 g mixture of MMA
(monomer) and MA (cross linker) along with 1 mL of ethylene glycol dimethyl acrylate as
additional cross-linker (labeled as solution B) was added dropwise to the emulsion (solution A)
and stirred for more than one hour. Subsequently, 80.0 mL DI water was mixed with 0.12 g of
ferrous sulfate heptahydrate, FeSO4-7H-0, to prepare a stock solution (labeled as solution C) of
an initiator. Approximately 0.4 mL from this stock solution was then mixed with the emulsion

product developed from the solution mixture of A and B. Next 0.1 g of ammonium persulfate
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((NH4)2S20g)), 0.1 g of sodium thiosulfate (Na2S207) and 5.0 g tert-butyl-hydroperoxide were
added dropwise to the above final emulsion product for at least 1 h duration. At the last reaction
step, the stirring speed was reduced from 10,000 to 1000 rpm while the temperature of the
system was increased to ~90 °C. Finally, the stirring was continued for 4 h under a nitrogen
atmosphere. The final emulsion was washed by DI water and dried at ~45 °C overnight. As per
Table 1, a number of batches have been prepared. The most successful ratio of CVL: BPA: 1-
tetradecanol was 1:4: 60 which is the same as that the chosen by Q. Feng et al [29]. The melting

temperature of the thermochromic product was slightly above that of the TCM solvent as shown

in Figure 31.
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Figure 31: Preparation of the Three Component TCM Encapsulated with a Polymer.
3.3.4 Results and Discussion
3.3.4.1 Fourier Transform Infrared (FTIR) Spectroscopy

The Fourier Transform Infrared Spectroscopic analysis of the plain and polymer
encapsulated TC systems have been investigated to understand the bonding behavior of the
polymer used for encapsulation. Figure 32 represents the FTIR of both plain and polymer
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encapsulated, three component-based blue dye. The plain TCM is practically solid, and it is
assumed it remains solid with the same molecular state after encapsulation by the polymer.
Hence, it may be presumed that before the phase transition with respect to temperature, the FTIR
spectra of the core TCM in the encapsulated product will be the same as that of the plain TCM.
Therefore, we have recorded two FTIR spectra for the plain and polymer encapsulated TCMs as
shown in Figure 32. The broad peaks in the range of 3150 — 3500 cm™ are responsible for the
free and hydrogen bonded hydroxyl groups. Both BPA and tetradecanol have -OH groups with
hydrogen bonding. The color developer, BPA, forms a complex with CVL and gets linked. In
addition, CVL may also link all components by hydrogen bonding. Hence, hydrogen bonding has
a greater role in the system and, accordingly, this is reflected in the FTIR spectra. Moreover, the
developed TCM undergoes a phase transition at Ts when the solid TCM transforms to liquid.
Usually both intramolecular and intermolecular hydrogen bonding persists in both solid and
liquid form which can be distinguished by the FTIR spectra. Usually, the stretching frequency
due to the hydroxyl groups of intramolecular hydrogen bonding is red shifted with respect to
that of the intermolecular hydrogen bonding. In addition, the absorption peak due to
intramolecular hydrogen bonding is independent of concentration while that due to
intermolecular hydrogen bonding is dependent on the concentration [214, 215, 220]. The plain
TC system is well recognized at around 3350 cm™, while for the encapsulated product, the broad
absorption in the range, 3150 — 3500 cm™ signifies the presence of both inter- and intra-
molecular hydrogen bonding, assuming the well-defined shoulder at around 3450 cm™ represents
the intermolecular hydrogen bonding. Overall, the absorption in the broad region, 3150 — 3500
cm cannot ignore the contribution due to the stretching frequency of the hydroxyl groups of

BPA and tetradecanol. As the plain TCM is a solid product and it possesses intramolecular
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hydrogen bonding as evident from its FTIR spectrum, it may be presumed that intramolecular
hydrogen bonding prevails in the solid TCM. After encapsulation, shifting of the -C-H stretching
frequency at around 2900 cm™ is possibly due to steric hindrance of the solvent (tetradecanol)
upon encapsulation. Various strong absorption (at 1490 cm™ and 1400 cm™), and weak
absorption (at 750 cm™ and 760 cm™) peaks, for the plain TCM, are possibly due to stretching of
-C-H and -C-O in tetradecanol at the molten state. Bisphenol-A plays a good role in the
thermochromic system when it reacts with crystal violet lactone (CVL) as the carboxylate forms
a ring in the solid-state. According to the literature, there is a shift between the stretching
frequency of carbonyl group of closed and open lactone rings to a relatively lower frequency,
because of the H-bonded carbonyl's uniform behavior in the carboxylate group dealing with an
open ring [221]. A maximum absorption occurs for the plain TCM due to the carbonyl group at
1620 cm™ where the CVL is in the closed ring configuration which diminishes in the case of

plain TCM (Figure 32).
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Figure 32: FTIR Spectral Profiles of Polymer Encapsulated and Plain TCM.
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3.3.4.2 Differential Scanning Calorimetry (DSC)

Phase transitions of the polymer encapsulated TCM and the plain thermochromic system
were determined by Differential Scanning Calorimetry (DSC). Both measurements of the cooling
and heating cycle were carried out to estimate the reversibility and color changing
characteristics. The DSC profiles of the polymer encapsulated and plain TC system are shown in
(Figures 33-35). The graphs show that multiple transitions occur, as evident from the change in
enthalpy and phase performance that depend on the temperature. An endothermic characteristic
peak during the heating process was observed in all the DSC curves’ cycles in both the polymer
encapsulated TCM and the plain TC systems. Moreover, both solid and solid-liquid behaviors
were observed during heating. A literature search verified the cooling curves regarding the liquid
to solid transition, and the phase shift displayed as a colored vertical ellipse (Figure 33). Figure
34 shows the melting transition at around 37 °C for the plain, three-component thermochromic
system, however, no melting was observed for the PMMA encapsulated TCM due to the
effective encapsulation of polymer shell of the core TCM system compared with PMMA-TCM.
The effect of crystal shape is not only dependent on the solid-to-solid transition but also on the

increase of the solvent concentration in the plain TCM [9, 221, 222].
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Figure 33: DSC Thermograms of Cooling and Heating Transitions of the Plain TCM Phase
Change Material.
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Figure 35 depicts the DSC profiles of the polymer encapsulated and plain TCMs with
respect to temperature at a constant ramping rate. This exercise was carried out to understand the
kinetics and heat flow enthalpies for these systems. Based on our analysis, it is very clear that the
polymer encapsulated systems show the normalized (meaning same sample size for both plain
TCM and PMMA encapsulated TCM) heat flow values which are at least 50 J/g lower than the
heat flow required for the plain TCM samples. However, the accurate amounts of TCM in the
PMMA encapsulated sample is obviously in fractional quantities, so the melting transition
behavior was not as pronounced as the DSC endothermic peak of the plain TCM sample as
shown in Figure 34. Based on the raw DSC data, Table 1 and Figures 36 and 37, the following

analysis helps to understand the role of encapsulation of the core TCM by PMMA.
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Figure 34: DSC Profiles of the Plain and Polymer Encapsulated TCM Melting Transitions.
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Figure 35: Heating DSC Profiles of the Polymer Encapsulated TCM for Many Consecutive
Cycles.
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Table 2: DSC Raw Data of a TCM and an Encapsulated TCM.

Plain TCM Mass | Normalized | Onset | Peak

mg Jgt °C °C
1°C/min 5.247 -130.46 35.15 37.14
2°C/min 5.304 -112.73 34.59 37.31
3°C/min 5.346 -133.92 33.98 37.51
4°C/min 5.366 -148.48 33.89 37.73
5°C/min 5.165 -142.75 33.69 37.62
Encapsulated TCM Mass | Normalized | Onset Peak

mg Jgt deg C °C
1°C/min 5.098 -84.66 36.51 39.39
2°C/min 5.09 -63.38 36.32 40.23
3°C/min 5.097 -103.16 36.13 41.46
4°C/min 5.059 -96.93 36.19 42.65
5°C/min 5.065 -86.15 35.83 43.18

The heat flow characteristics of the PMMA encapsulated TCM for the endothermic phase
transition are systematically higher than the plain TCM, however, the peak temperature of the
melting phase transition is higher for the PMMA encapsulated TCM than the plain TCM. The
results can be explained by the presence of the PMMA layer encapsulating the core TCM and the
relative weights of the encapsulated and plain TCM materials. Depending on the PMMA layer
thickness and the rate of change of temperature, delays in the melting of the core TCM are
expected. Also, the relative weights of the core TCM and the encapsulating PMMA layer as well
as the total weight (core + shell) of each sample will have a definite effect on the sensible and
latent heat of the sample. The average difference of the heat flow values and the peak melting
transition temperatures for the PMMA encapsulated TCM and those for the plain TCM,
corresponds to ~46.8 J/g and ~4 °C, respectively. Depending on the PMMA layer thickness and
the rate of change of temperature, delays in the melting of the core TCM are expected. Also, the

relative weights of the core TCM and encapsulating PMMA layer as well as the total weight.
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Ramping Rate vs Heat Flow of Plain TCM and PMMA Encapsulated TCM
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Figure 36: Ramping Rate vs Heat Flow (at Peak Melting Transition) of the Plain and PMMA
Encapsulated TCM (A).
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Figure 37: Changes in Heat Flow and Peak Temperature of Melting Between PMMA
Encapsulated and Plain TCM (B).

3.3.4.3 Scanning Electron Microscopy (SEM)

Figures 38 and 39 show the Scanning Electron Microscopy (SEM) images of the (MMA-
co-MA)/TS microcapsule layers and also their surface morphologies. Several images display
spherical particles with a uniform surface feature. Moreover, the SEM images reveal that the
particles are of different sizes as we deal with both polymeric shell and TCM core structures.
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The SEM image results suggest that the polymers possess a smooth surface and provide uniform
encapsulation [211, 212, 223]. The images of the encapsulated polymer shell (Figure 38) have
been magnified and illustrate that the shells are netlike, and the unit length seems to be in the
range of 300-500 nm. In addition, the magnified layered structure of the polymer shell also
illustrates the placement of the cores in the overall moiety. It is interesting to comment that the
core shell may have different forms, not just spherical. The cores are dispersed between the
layers as shell-like flakes. On the other hand, a spherical core-shell structure may be present, but
its fraction may be limited. This cannot be identified very clearly in this study. In Figure 39, the
SEM images also demonstrate the agglomeration of PMMA encapsulated TCMs in smooth and

porous morphologies.
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Figure 38: SEM Images of the Mlcrocapsules Encapsulated by the Polymer Shell Layer at
Different Magnifications.
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3.4 Encapsulation of Phase Change Materials with Metal Oxide Shell Structures

There exists renewed interest in energy materials, focusing on materials exhibiting phase
change (PCMs), that typically occurs during the melting-solidification transition at constant
temperature (latent heat). The most effective use of phase change materials is to store and release
a large amount of latent heat energy at the phase transition temperature. Increase of PCM use
may contribute to a reduction of fossil fuel use and the corresponding generation of greenhouse
gas. Hence, new areas of academic research and development in thermal energy storage are
getting much attention. Many excellent and exciting results show the benefit of using high
efficiency PCMs to reduce energy consumption [224, 225]. Phase change materials can also be
used successfully to save energy in applications related to the energy efficiency of buildings, by
absorbing or reflecting solar radiation, depending on the ambient temperature or thermal storage

in hot water systems [226]. The most often used PCMs are organic paraffins, fatty alcohols and
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acids, neopentyl glycol, eutectics, and some inorganic substances, such as salt-hydrates, that
have good phase-change enthalpies in the range of 149-241 J/g [227].

However, there are some disadvantages of using PCMs in some applications. Some
devices are of relatively high cost due to the need of containment of the PCM. In addition, the
PCMs are not easy to handle when the phase transitions result in changes from solid to liquid.
For applications in buildings, the thermal storage capability should be maintained [228, 229] by
enhancing the salt hydrate proportion and crystal water stability of the composite PCMs.
Additionally, some materials can interact quickly when mixed with other components, such as
paraffin waxes, and evaporate into the air due to raising the amount of volatile organics [230]. In
some applications, PCMs may require fast heat transfer, but occasionally exhibit very slow heat
transfer. Hence, various methods are applied to increase thermal conductivity [231] and maintain
stability with proper thermal management. Due to the above disadvantages, use of PCMs
especially without encapsulation may not be feasible [229]. Different technologies and methods
can be used to minimize the above problems and prevent chemical reactions with surrounding
materials [232]. Encapsulation of PCMs can effectively minimize the above disadvantages and
protect the PCM from environmental degradation.

The most effective method for encapsulating phase change materials is the formation of a
shell-like cover around the PCM, by the interaction of the materials the TCM is made of. This
technique can engulf liquid or solid particles as a strong wall with the benefit of stopping any
leakage when the PCM is in the liquid state [233]. However, PCMs microencapsulated by
polymeric shells possess poor and sometimes negative performance, especially when they are
flammable and have poor thermal conductivity [234, 235]. Better thermal regulation transfer and

energy storage can be achieved if the polymeric shell is replaced by a mechanically durable
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inorganic shell material. Considerable research is now focused on the encapsulation of PCMs by
different inorganic materials for better mechanical strength [231]. Thus, inorganic materials as a
shell can be the best choice in the development of efficient and durable PCMs.

In the present study, for energy saving applications [236-238], PCMs were prepared
utilizing an n-eicosane as the core, followed by encapsulation with a titania (TiO) shell. The
shell was synthesized by the hydrolysis and polycondensation of titanium alkoxide (tetrabutoxy-
titanium) in liquid phase, a TiO2 precursor of sol-gel route. The most essential purpose of using
PCMs is for latent heat storage, absorption of considerable amount of thermal energy during the
phase change. The interest is in the transfer of thermal energy at constant temperature for
improving energy efficiency and heat regulations [239]. Microencapsulation of PCMs has been
developed in recent times because of their wide number of applications in different areas such as
solar heat conversion, thermal energy saving and other applications [240, 241]. Presently, the
thermochromic application using the PCM as a core followed by TiO2 encapsulation is utilized to
increase mechanical durability. This study systematically considers the encapsulation and
extensive characterization of the TiO, encapsulated PCM.

3.4.1 Materials

Several chemicals were procured for the experimental work. Sodium dodecyl sulfate
(SDS) was used as a surfactant and sodium fluoride (NaF) was used for the crystalline phase
transformation of the TiO> layer. Both chemicals had a purity of 98% and were used directly as
received. Both chemicals, n-eicosane and formamide, had the objective to serve as an emulsion
of water phase and an oil phase. The tetrabutyl titanate (TBT) was the starting material of the
sol-gel TiO2 precursor, part of the chemical groups in this experiment. This precursor interacts

with the outer surface of the emulsified drop through the hydroxyl group resulting in a titania.
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3.4.2 Encapsulation of n-eicosane with a TiO2 Shell

Microencapsulation the n-eicosane core by TiO2 was synthesized by following the in-situ

process of forming polymers in the nonaqueous system where the precursor components of the

shell and core materials were chosen stoichiometrically. The essential items in the general

synthesis procedure were: (i) a 500-mL one-neck round bottomed flask supplied with a heating

mantlearound it, (ii) a dropping system by a laboratory syringe, and (iii) a mechanical stirrer with

high-speed (rpm) stirring capability. The mechanical system initially stirred a mixture of 83.3

mL of formamide, 8.3 g of n-eicosane, and 2.7 g of the surfactant SDS, with the mixture heated

between 45 to 50 °C under continuous stirring at high speed. This resulted in an oil-water

emulsion, a critical step of the process, with the development of the n-eicosane and formamide

mixture as liquid water and oil phase change. Subsequently, 8.3 g of tetrabutyl titanate TBT was

added to the emulsion with high-speed stirring (40 min) as shown in Figure 40.

30 mins @ 7000 - 8000 rpm

Steps2,3 & 4|

@
TBT

@
formaide & DI water
drop by drop for 2h

@

NaF + DI water

Steps 123 & 4

24h @ 2000 rpm

Figure 40: Preparation of Microencapsulation of TiO2 Shell with n-eicosane as Core.
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Then, 50.0 mL of formamide mixed with 4.1 mL of pure deionized water was added drop
by drop to the flask over a period of 1.5 h under vigorous stirring (around 8000 rpm). The
stirring operation was continued for 4.7 h maintaining the temperature at 47 °C. A white residue
was the product at this stage. Next, 5.0 mL of deionized water containing 1.66 sodium fluoride
NaF was poured into the suspension. The temperature was then increased to 70 °C with the
stirring speed reduced to around 2000 rpm for 24 h to finalize the shape of the crystalline TiO-
shell (Figure. 41). The final product was a white powder which was then washed many times
with ethanol followed by pure deionized water and dried at 45 °C overnight in preparation for

testing and characterization.

n-eicosane

0SDS 0Ti(0C4Hg)4 0 H:0 TiOz shell

Figure 41: Schematic Diagram of the PCM Encapsulation Process Using a TiO2 Shell.
3.4.3 Results and Discussion
3.4.3.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the core n-eicosane and that of the TiO, encapsulated n-eicosane were
recorded (Figure 42) to understand the encapsulation behavior of TiOa. It is clearly observed that
the number of absorption peaks for the encapsulated n-eicosane has been reduced as compared to
pure n-eicosane. There are very narrow absorption peaks at 3560, 3490 and 3430 cm™ for the
encapsulated n-eicosane. However, tentatively, these can be referred to as the peaks due to

hydroxyl affiliation as distinct absorption peaks and shoulders are observed at similar positions
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of the spectrum of the core system. The pure core may possess both inter- and intra- molecular
hydrogen bonding as evident from the distinct absorption peak and shoulders [214, 215, 220].
Assuming similar quantities have been used to obtain the FTIR spectra of the pure and
encapsulated n-eicosane, it may be inferred that the narrow nature of the absorptions in the range
from 3400 — 3600 cm™ is possibly due to the decrease of the intermolecular hydrogen bonding.
The peak at 3560 cm™ explains the extending stretching vibration of the hydrogen bonding of the
hydroxy functional group in the TiO2 shell. The other peaks at 3490 and 3430 cm™ may be due
to the stretching vibration of the O-H bond of intermolecular bonding in water. On the other
hand, the peaks located at 2901 and 1375 cm™ are seen in the infrared spectral range and could

be assigned to the alkyl C-H due to the stretching phase behavior of the methyl functional group.
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Figure 42: FTIR Spectra of the Pure and TiO2 Microencapsulated PCM n-Eicosane.

Moreover, the two narrow absorption peaks present in the infrared spectra at 1601 and
1480 cm* may also be assigned as the absorption of the methylene group. On the other hand, the
absorption range at 720 cm™ is marked as planar methylene fluctuation vibration as evident from
the relatively broad absorption of pure n-eicosane. The appearance of the sharp absorption near

740 cm™ and the narrow absorption near 900 cm™ may also be interpreted as the stretching
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vibrations [242] of bonded TiO> present in the shell as the crystalline TiO2 shows (theoretically
calculated) two bands at ~730 and ~880 cm™ [242] which may be shifted towards a lower
frequency due to bonding which practically happens here (Figure 42). Moreover, the symmetric
bonding nature of TiO. shell with the core, n-eicosane, possibly minimizes the number of
absorption peaks of the FTIR spectrum of the microencapsulated n-eicosane (Figure 42). The rest
of the characteristic absorption peaks of the plain n-eicosane are in good agreement with respect
to those of pure n-eicosane. In addition, the microencapsulated sample shows absorption at ~600
cm* because of the additional IR vibration of Ti-O. However, the very narrow peak at 3300 cm
would clarify the stretching vibration of the hydroxyl group bonded to Ti, although it signifies
the intermolecular hydrogen bonding. It is crucial to infer about the absorption peaks located at
1110 and 1405 cm™ because it may be assigned to the C-H wavelength extending vibrations
specified from the formamide solvent. Finally, it may be inferred that comparative FTIR spectra
of the plain and encapsulated n-eicosane seems to reveal the formation of a shell by TiO.

3.4.3.2 X-ray Diffraction (XRD)

The crystallinity of TiO> can impact photocatalytic performance. On the other hand,
hydrothermal synthesis can yield an amorphous TiO2 shell. The reason for adding NaF
electrolyte is to improve crystallization enabled by the presence of Na* and F ions. Figure 43
shows the X-ray diffraction patterns of the plain and encapsulated products. The data is matched
with the JCPDS database to identify magnetite crystal diffractions for 26 taken from XRD [216,
217]. In general, the results support that the TiOz shell is the crystallized moeity due to effects of
fluordie ions. The XRD of pure n-eicosane shows sharp crystalline peaks of (111) and (020)
Miller nidices at the 20 values of 21.2° and 22.2°, respectively, and these are well matched with

the CxoHa2 rotator phase as reported by Giambattista [243]. The metal oxide encapsulated PCM
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samples showed predominantly the titania peaks of both structural phases such as anatase and
brookite [244]. In the present work, the PCM favors a (020) orientation, and there is a significant
shift that occurs from the relaxation behavior of this rotator phase due to the TiO2 encapsulation
[59]. It is noteworthy to mention that the TiO2 encapsulated PCM shows nanostructural
crystallites when compared to the highly crystalline plain PCM phase. The crystallite sizes and

lattice strain calculations are under study and will be reported in future communications.
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Figure 43: XRD of TiO2 Microencapsulated n-eicosane and Plain n-Eicosane.
3.4.3.3 Differential Scanning Calorimetry (DSC)

The DSC heating profile patterns of the puren-eicosane and the TiO2
microencapsulated n-eicosane are shown in Figure 44. The pure n-eicosane PCM shows melting
of n-eicosane starting at around 43 °C with an endothermic peak transition at 44.2 °C (Figure 44)
and crystallization with an exothermic peak around 40 °C (cooling curve DSC profile of Figure
45). For the case of the TiO2 encapsulated PCM, the DSC profile shows an endothermic melting
transition with an on-set, peak and end-set temperatures are at 42.0°C, 45.4°C and 50.0°C,
respectively. The broader integral area of the DSC curves and the change in the heat flow values

were from -221.01 J/g for plain n-eicosane to -83.11 J/g for the TiO. encapsulated n-eicosane.
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Moreover, the possibility of reliance on the microcapsules' thermal stability was verified by
different cycle scans. Figure 45 illustrates DSC results of various thermal cycles for the
microencapsulated and pure n-eicosane materials. Many cycles were carried out, for both heating

and cooling transitions, in order to study the samples’ behavior.
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Figure 44: Heating DSC Curves of the Microencapsulated n-Eicosane and Plain n-Eicosane.
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PCM.
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3.4.3.4 Scanning Electron Microscopy (SEM)

The surface morphology of the PCM microcapsules were verified by SEM imaging
recorded at different magnifications, as shown in Figure 46. At higher magnifications, for
example, 100-500 microns (Figure 46a-b), the morphologies reveal agglomerated particles,
however, at lower magnification, 30-40 microns (Figure 46c-f), they appear as foamy type
microstructures with a porous nature, allowing the shell metal oxide layer to adhere to the core
PCM. Figure 48a shows the EDS map of the elements, with TiO, being about 15.70 wt%,
encapsulating the core PCM material. The microstructure suggests that, if the images were
magnified, then the nanosized n-eicosane could possibly be visualized. The image would also
exhibit features of the TiO> shell. The elements of Na and F are shown in the EDS images, since
NaF was used to prepare the TiO. shells. The sulfur, at low concentration, from the residual

surfactants and the excess carbon are also present because of the Cyo n-eicosane organic phase

(Figure 48b).
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Figure 47: EDS Map Sum Image and Spectrum of the Microencapsulated n-icosane (A).
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Figure 48: EDS Elemental Mapping of TiO, Encapsulated n-Eicosane Wt% Inserted in the
Images (B).

3.5 Effect of Surfactant on the TiO2 Microencapsulation of Thermochromic
This work investigates the effect of surfactant on the microencapsulation of

thermochromic materials (TCMs) by TiO.. Two types of surfactants, namely Cetrimonium
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Bromide (CTAB) and Sodium Dodecyl Benzene Sulphonate (SDBS), are deployed during the
microemulsion process for the formation of a TiO2 shell layer on a commercial dye TCM
(CDTCM). These off-the-shelf CDTCMs are primarily Leuco dye particles that exhibit a color
change (black to white) behavior at around 33 °C. The role of TiOz shell material encapsulation
is not only to protect the CDTCMs from solar-irradiated photodegradation but also to provide

self-cleaning photocatalytic benefits.

Figure 49: Microencapsulation Process of CDTCM@TiO. Using Different Surfactants.

In this study, focused on using a commercial dye, thermochromic black powder as the
core CDTCM, and a sol-gel TiO2 precursor for the formation of crystalline TiO; as a shell, using
a microemulsion process. The process for the establishment of a core-shell structure requires
solubilization of the core in the surfactant solutions for micelles formation with the core species.
There are several methods that can be used to microencapsulate TCMs, as shown in Figure 49.
Two of these methods are spray-drying and solvent evaporation, but they may have limitations

with respect to controlling the particle size. As an example, for a surfactant, Figure 50 [245]

78



illustrates this interaction on the TiO> microencapsulation of thermochromic phase change
materials. Moreover, initially, the CDTCM core material along with its polymer shell will be
identified through detailed characterization to establish the hydrophobic or hydrophilic character
of the CDTCM core. After that, a suitable surfactant is selected to enable the formation of
micelles to produce TiO2 microcapsules. In this research, innovative work of CDOTCM@TIOz is
presented, using two different types of cationic and anionic surfactants, CTAB and SDBS,
respectively, for the formation of stable micelles leading to thermal stability.

Table 3: Nomenclature.

TCM Thermochromic Material

CDTCMs | Commercial Dye Thermochromic Materials
PCM Phase change Material

PCTCMs Phase-Change Thermochromic Materials

MPCTCM | Microencapsulated Phase Change Thermochromic Material

EPCMs Encapsulated Phase Change Materials

Surfactant
hydrophilic
head group

Hydrophobic tail

Outer region

Palisade region

Figure 50: A Surfactant Micelle in Water: Three Different Regions of a Micelle are Identified as
the Outer Region, the Palisade Region, and the Core.
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3.5.1 Preparation of TiO2 Precursor Solution, Encapsulation and Filtration

The first step was to place 80 mL beaker on a stirrer and pour in 10.0 mL toluene and
10.0 mL 2-propanol followed by stirring at a rate of 200 rpm at room temperature for 30
minutes. Then, 3.0 mL titanium isopropoxide and 1 drop of HCI were added to the solution
(name this step TTIP*). The stirring was continued for 1 hour and the solution was covered. The
CTAB and SDBS were individually mixed with 80.0 mL DI water in a beaker maintaining
several mass ratios of the components as per Table 4 and under continuous stirring. Next, the hot
plate was set to around 80 °C and stirred at 900 rpm until the water temperature reached 75 °C.
Then, the hot plate temperature was reduced to 60°C and 1.0g commercial TC dye, CDTCM,
was added at constant temperature over a 30-minute time interval for complete dissolution. The
surfactant amount for each system was kept the same (2.0 g). Around one drop (0.2 mL) of
NaOH solution was added for pH adjustment and stirred for 1 hour. Finally, 3.0 mL of TTIP*
was added drop by drop every 5 seconds between and stirring was continued for 4 hours before
filtration. A funnel was set on an empty flask on which a Whatman filter paper was placed. Then,
the solution was poured through the filter paper to separate the powder. Lastly, the filter paper
was washed with 10% ethanol solution three times in order to ensure proper filtration. The
filtered powder was then placed overnight in an incubator at around 70 °C. Different types of
microcapsules were prepared by this microemulsion process. The product weight of the
microcapsules was specified to be around 1.0 g for each sample. Figure 51 shows the preparation
of the TiO> precursor solution at each steps A, B and C.

Table 4. The Compositions of the TTIP* and Surfactant Types.
Surfactants (g) | TTIP* (mL) | Deionized water (mL) | CDTCM (g) | NaOH (mL)

CTAB 2.0 3.0 80.0 1.0 0.2
SDBS 2.0 3.0 80.0 1.0 0.2
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1) DI water 1) Sodium hydroxide 1) 2-propanol

2) Commercial black dye 2) DI water 2) Toluene

3) CTAB or SDBS 3) Titanium Isopropoxide
4) NaOH ¢ 4) Hydrochloric acid

30 mins in each step 30 mins N add ImL to A 30 mins in each step

Figure 51: Preparation of TiO2 Encapsulated Black Dye.
3.5.2 Results and Discussion

An investigation on the identification of an ideal surfactant for the TiO> encapsulation
process was undertaken. We have tested CTAB and SDBS as potential surfactant options and
used scanning electron microscopy (SEM), high-resolution transmission electron microscopy
(HRTEM) and energy-dispersive x-ray spectroscopy (EDS) to evaluate their effectiveness in
encapsulating commercial thermochromic powders, by observing the surface morphologies and
microstructures. A few physico-chemical characterization methods, such as XRD, FTIR, UV-
Vis, CIE LAB, optical microscopy, and DSC were used to understand the structural, chemical,
optical and thermal chromic color change behavior of TiO2 microencapsulated systems.
3.5.2.1 SEM, HRTEM, EDS

SEM and HRTEM were utilized to investigate the composite surface morphology and
core-shell structure of the microcapsules, with the resultant micrographs presented in Figures 52

and 53. The SEM-HRTEM micrographs of the CDTCM@TiO: (using CTAB) show a smooth
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morphology with a core-shell structure and symmetric spherical particles with particle size of
~3.7 nm. Moreover, the samples synthesized with CDOTCM@TiO; using SDBS, shown in Figure
53, resulted in a mixture of amorphous CDTCM@TiO. nanoparticles. It is noted that the
inorganic TiO2 shell can effectively increase the thermal conductivity of the CDTCM [210].
Figures 52e and 53h show that the TiO. nanosheets display a transparent thin layered structure
with corrugations and waves.

Furthermore, the core-shell microstructure of CDTCM@TiO2 microcapsules obtained by
using the CTAB and SDBS surfactants had a thickness of about 3.7-3.9 nm, obtained from the
images of the HRTEM, Figure 2f for the CTAB and Figure 53d for the SDBS, respectively.
Figure 52a clearly shows that the CTAB surfactant produces distinct particles with core and shell
as compared to the particles produced by using the SDBS surfactant. In general, the
microcapsules’ core and shell structure can be seen in Figure 52b-g for the CTAB and in Figure
53e-f-g for the SDBS. The darker shell is TiO2, and the lighter is the CDTCM particle inside the
shell, shown in some small areas in Figure 52d (encapsulated) and Figure 53b (unencapsulated)
CDTCM crystals. The high-resolution TEM micrographs as exhibited in Figures 52g-h and 53e
show lattice fringes with d-spacings 2.5 A (101), 2.2 A (111) corresponding to the TiO, anatase
phase for the CTAB surfactant, and 3.5A (101) corresponding to the TiO> rutile phase for the
SDBS, according to Hanawalt et al [246]. It can be observed that the TiO2 encapsulated
microcapsules have a spherical shape with a particle diameter of 3-4 nm, according to the
HRTEM and SEM images. Moreover, it can be noticed that the structure and particle topography
of CDOTCM@TIiO2 microcapsules are successfully synthesized by self-assembly for CTAB and
contain mix of amorphous media for SDBS. Figures 54 and 55 show the EDS spectral results of

CDTCM@TIiO2 using CTAB and SDBS together with the wt% of the titanium composition. The
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EDS images in Figures 54 and 55 show all the sample zone elements such as carbon, copper,
oxygen, and titanium contained in the shell chemical composition. The titanium and oxygen
elemental compositions are of the appropriate weight ratios corresponding to an effective

encapsulant shell layer.

Figure 52: SEM-HRTEM Micrographs of CDOTCM@TiO: by Using CTAB Surfactant.
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Figure 53: SEM-HRTEM Micro

K S0nm 2nm

graphs of CDOTCM@TIiO; by Using a SDBS Surfactant.
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Figure 55: EDS Spectrum of the Microencapsulated CDTCM with a Crystalline TiO>

Shell SDBS.

3.5.2.2 DSC - Thermal Heat Flow

The TCM phase change from solid to liquid, when the solvent melts, is responsible for

the color change [41, 247]. Differential scanning calorimetry (DSC) was utilized to analyze

different types of materials, such as the CDTCM encapsulated with TiO, using CTAB and SDBS
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as surfactants. Table 5 shows the peak temperatures and the enthalpy values associated with the
phase transition for samples, plain CDTCM and CDTCM@TiO: encapsulated using CTAB and
SDBS, respectively.

Table 5: Peak Temperatures and Enthalpy Values for the Plain and Encapsulated CDTCM for
Surfactants, CTAB and SDBS.

Sample Heating Curve

Solid-Liquid Phase Change | Enthalpy Stored at the

Transition Peak Temperature | Solid-Liquid

(°C) Phase Transition (J/g)
CDTCM 32.50 43.06
CDTCM@TiO»- 33.86 68.01
CTAB
CDTCM@TiO»- 34.66 53.83
SDBC

The DSC results shown in Figure 56 are compared with the color change properties for
different samples. The plain commercial CDTCM material changes color from black to white
and undergoes phase transition at around 32.50 °C with a change in heat flow enthalpy of 43.06
J/g. The solid to liquid transition peak temperature of the TiO2 encapsulated CDTCM using
CTAB was around 33.86 °C with the heat flow value of 68.01 J/g. The TiO2 encapsulated
CDTCM using SDBS changes color from black to white at a peak melting temperature of about
34.66 °C and the heat flow enthalpy is of 53.83 J/g. As it can be seen in Figure 56, the dye
encapsulated with TiO2 using CTAB as surfactant has the best performance at the solid-liquid
phase transition with a larger integrated area than the plain CDTCM. This indicates that the TiO-
encapsulated CDTCM using CTAB has a larger latent heat storage per the unit weight of all the
samples. This is because of the additional TiO: - shell layer on the CDTCM core. Moreover, the
DSC curve of all the CDTCM@TiO> encapsulated samples are asymmetrical sharp peaks and are

narrower in peak transition than the bulk plain CDTCM. Overall, it is noteworthy to mention that
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the DSC profiles of the TiO> microencapsulated CDTCM using different surfactants, such as
CTAB and SDBS, demonstrate higher heat flow enthalpies of at least 10-20 J/g with the peak

transition temperature increasing by 1 to 2 °C.
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Figure 56: DSC Profiles of CDTCM & CDTCM@TiO2 Encapsulated.
3.5.2.3 CIE LAB Color Simulation

The plain and encapsulated TCM color changes, during the phase change transition,
were determined by the International Commission on Illumination (CIE LAB) color space
coordinates for both the CTAB and SDBS surfactants [219]. The plain CDTCM was used as a
standard for the color variation analysis [248]. Figure 57 shows the results of these studies taken
at room temperature and at 50 °C. The six types of colors shown in Figure 57 and in Table 6
exhibited a dynamic linear shift in the coordinates and h, which are highly sensitive to
temperature change (room temperature to 50 °C). From the Table 6, it is observed that the
change in lightness index, dL* consistently increases for all the samples heated at 50 °C from
room temperature and hence demonstrates the chromic color change behavior. Out of the two
surfactants used for the TiO2 encapsulation, the CTAB shows greater effect in terms of lightness

change (from 5.048 at room temperature to 21.598 at 50 °C) than the SDBS prepared samples
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(from 11.807 to 15. 217). This data is well supported by Figure 57 where the CTAB sample at

50 °C qualitatively has more color contrast on the brighter scale than the SDBS sample. The

other color coordinator parametric values such as dE*, da*, db*, dc* and dh* in Table 6, has the

same trend as dL* in differentiating the CDTCMs or TiO2 microencapsulated CDTCMs at room

temperature and samples heated at the transition temperature of 50 °C.

CDTCM Room CDTCM
Temp 50 °C

Figure 57: CIE LAB Color Simulation of the Samples at Room Temp & at 50 °C.

CDTCM @TiOz2- CDICM @TiOz2- CDTCM@Ti02 - CDTCM @TiO2 -
CTAB Room Temp

CTAB 50°C

SDBS RoomTemp

SDBC 50 °C

Table 6: C.I.LE. L*a*b* Data Sets for the Samples at Room Temperature (Standard) and at 50 °C

(Sample).

Standard CDTCM: L* =12.135, a* = 5.129, b* = 0.839, c*=5.197, h* = 9.286
Sample Name de* dL* da* db* dc* dh*
CDTCM50°C 32.865 | 32.647 | -2.412 | 2909 | -0.568 3.736

CDTCM@TiO2-SDBC | 12.105 | 11.807 | -2.497 | 0.953 | -2.013 1.758
Room Temp
CDTCM@TiO2-SDBC | 15.332 | 15.217 | -1.867 | 0.194 | -1.776 0.609
50°C
CDTCM@TiO-CTAB | 5913 | 5.048 | 0.127 | 3.077 1.357 2.764
Room Temp
CDTCM@TiO,-CTAB | 22.388 | 21.598 | -0.723 | 5.850 2.813 5.180
50°C
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3.5.2.4 UV-Visible Spectrophotometer Absorbance and Reflectance

Figures 58A and 58B shows the UV-Vis absorption and reflectance spectra of the plain
CDTCM and TiO2 microencapsulated CDTCM at around room temperature and at 50 °C. The
absorption band at around 625 nm with a shoulder band at around 580 nm are due to the chromic
color change behavior of the thermochromic dye particle (CVL lactone ring opening) as a core
constituent. The spectra of the decolored CDTCM at room temperature and also at 50 °C do not
show any characteristic absorption band for CVL as it is the lactone of a closed ring, this
behavior is similar to that of the theoretical and experimental spectra of CVL where the lactone
ring is closed [213].. The presence of CVL as a leuco dye microencapsulated by a polymer in
CDTCM can be supported by the XRD pattern reported elsewhere [8] and also in the present
study (next section).

If the leuco dye in the CDTCM is CVL, one can assume its hydrophilic nature. Hence it
needs a cationic surfactant for the microemulsion process [245] to generate shell formation
around the CVL. Therefore, smooth micelle formation occurs with the cationic surfactant, CTAB
and TiO2 precursor to form a TiO2 shell around the CVL core. In this case, all the opened lactone
rings are utilized and would not show any absorption bands, even after the melting / phase
change shown in Figure 58A. Therefore, the absorbance curves at room as well as elevated
temperatures should be the same. On the other hand, the use of an anionic surfactant, SDBS, for
the microemulsion process for the hydrophilic CVL would create very week interaction between
the CVL and the surfactant. In this case, the next interaction with the titania precursor would
generate a porous and inhomogeneous shell structure around CVL. Accordingly, then the
developed shells would have different optical density without any characteristic bands Figure

58A. Utilization of the UV-Visible spectrophotometer (Cary 5000 UV-Vis-NIR) can also be
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applied to the energy-saving efficiency of coatings [249, 250]. Reflectance spectra of all the
samples are replicas of their corresponding absorbance spectra Figure 58B. Variation of
intensities are due to the possession of different refractive indices. The CTAB-based, core-shell
material shows relatively high reflectance while the SDBS-based core-shell material shows
relatively low reflectance. This observation indicates that CTAB forms a uniform TiO; shell
layer while SDBS forms a negligible TiO. shell layer as its reflectance is close to that of the
untreated CDTCM (Figure 58B). The thickness of the shell layer is around 300 pum estimated

from the processing system.
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Figure 58: Absorbance (A), Reflectance (B) Spectra of CDTCM and CDTCM@TiO2 Room
Temp and 50 °C.
3.5.2.5 XRD Phase Analysis

The phase behavior and structure of the CDTCM and CDTCM@TIiO, with different
surfactants, namely CTAB and SDBS, were characterized by XRD as shown in Figure 59. The
XRD curves exhibit diffraction patterns of relatively high intensity. Comparison of the
diffraction patterns of the present work with those of the amino aldehyde prepolymer based

microencapsulated CVL [40] show great similarity. The presence of strong diffraction peaks at

the same angles, along with similar intensity ratios, as given in Figure 59, is an indication of the
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same crystalline phase in all cases. All of the diffraction patterns seem to be independent of the
microencapsulation materials. However, the small difference at around 19° is possibly due to the
decolored and colored types [213]. Moreover, the peak near 19.8° with relatively low intensity
suggests the presence of PMMA [251] as microencapsulates in all the systems of CDTCM as
shown in Figure 59. As the nanostructured TiO: shell thickness is very small [vide supra-in the
section, HRTEM Microstructure Discussion], the X-ray diffraction pattern (Figure 59) cannot be

used to identify the formation of anatase or rutile TiO crystal faces.
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Figure 59: The XRD Patterns of CDOTCM, CDTCM@TiO2-CTAB and SDBS.

3.5.2.6 FTIR Spectral Data Analysis
Figure 60 shows the FTIR spectra of the composite microcapsule materials, CDTCM and
CDTCM@TIiO, using the CTAB surfactant and the CDTCM@TiO- using the SDBS surfactant.

It is expected that the polymer encapsulated leuco dye in commercially available CDTCM has a
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PMMA polymer shell, as the carbonyl group of the ester group of PMMA responds to the
appearance of a band at around 1740 cm™ in the FTIR spectra of CDTCM, CDTCM@TiO:
(CTAB surfactant) and CDTCM@TiO. (SDBS surfactant), as shown in Figure 60, due to the

symmetric stretching mode of the carbonyl group [251, 252].
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Figure 60: The FTIR Spectra CDTCM, CDTCM@TiO,-CTAB and SDBS.

Moreover, for the black dye, a colored state occurs due to the opening of lactone ring of
dye, and there is a possibility to exhibit the asymmetric stretching vibration of the carbonyl
group. Practically, appearance of the FTIR absorption (a weak shoulder) near 1640 cm™ for all

systems confirms the presence of a dye system having a lactone ring which is opened in the
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colored state. The nature of a positive shift of this type of vibrational mode indicates the dye
takes part in a reaction of the composite to establish a bond. On the other hand, the absorption
near 1340 cm™ is possibly for the symmetric vibrational mode of the carbonyl group of the
existing dye. In this case, considerable negative shifting is observed which supports the above
type of reaction in the system. From the previous discussion on UV-Visible spectra and XRD
patterns, we suggest that the above vibrational modes appearing at 1640 and 1340 cm™ are for
the carbonyl group of CVL. The very weak and broad absorption near 3500 cm™ may be for the
stretching vibration of hydrogen bonded hydroxyl groups. On the other hand, the absorption
peaks at ~2848 cm™ and ~2917 cm™* are for the stretching vibration of C-H. After encapsulation
of CDTCM by the anatase TiO2 shell, the FTIR absorption feature of CDTCM near 650 and 750
cm™ are changed (Figure 60) due to the bonding of the TiO, shell with the outer surface of
CDTCM. As the stretching vibrational modes of TiO, appear near 650 and 750 cm™, the above
change in the absorption feature after encapsulation, is possibly due to the TiO, encapsulation

[242, 244].
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Chapter 4: Effects of Multilayer Thin Film Coatings on Different Thermochromic
Materials for Thermal Energy Storage Applications®

4.1 Introduction

Nowadays, there is an increased use of heating and cooling systems needed to provide
comfortable environments in buildings. This leads to increased power consumption and
greenhouse gas emissions [253]. Over the past decade, considerable research has focused on this
topic [254] leading to new technological approaches and reduction of the “heat island” effect
[255]. Different materials used as smart coatings significantly impact a building’s thermal
envelop [256] with smart windows and cool roofs being the best known applications [257].

Highly reflective fenestration obtained by applying different coatings are commonly used
in various types of construction, and urban settings. This also provides more comfortable
temperatures at outside surfaces and their immediate surroundings [258]. Moreover, the layers of
different coating materials have suitable absorptive, reflective and transmissive properties,
positively impact energy savings during hot seasons [259]. Thermochromic smart materials can
play a significant role and can help reduce a building’s energy needs during both hot and cold
seasons [260]. By using smart thermochromic materials on external window glass surfaces, a

reduction in the room temperature can occur as the glass surface color changes.

3This chapter was before published in SPIE Proceedings (Hakami, A., Srinivasan, S.S., Marildi,
H., Biswas, P. K., Wallen, S. L., & Stefanakos, E. K.) (2021, August). Effects of multilayer thin
film coatings on different thermochromic materials for thermal storage applications. In Current
Developments in Lens Design and Optical Engineering XXII (Vol. 11814, p. 118140F).
International Society for Optics and Photonics. Permission is included in Appendix A.
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Although windows cover a small part of a building’s surface, the amount of energy saved
by the application of different thermochromic materials can be significant. In the past few years,
the use of thermochromic coatings on the roofs and windows of buildings is gradually increasing
[164]. In the present study, a thick glass (2 mm) has been used as the substrate for
thermochromic coatings. The optical components of the developed coatings are tested. Two
kinds of dye, namely, (1) commercially available black dye and (2) lab synthesized three
component based blue dye have been used as thermochromic materials. TiO2 or SiO, were
chosen to protect the polymer based thermochromic materials from photodegradation or thermal
degradation.

4.2 Experimental

In this study, several samples were prepared by applying different thermochromic
coatings on 2 mm thick glass surfaces. Powdered titanium dioxide (TiO2) (purity > 98.9%,
Sigma-Aldrich, Inc), silicon dioxide (SiOz) (Purity 99% from TEOS precursor, Sigma-Aldrich,
Inc) encapsulated blue dye prepared via a wet chemistry route, a 3-component blue dye, and a
commercially available black dye (with and without a TiO2 second layer coating). These were
studied by mixing selected components with a sodium silicate binder. The blue dye three
component system included 1-tetradecanol as the solvent, crystal violet lactone (CVL) as the
basic dye system, and bisphenol A (BPA) as a color developer. All the chemicals were purchased
from Sigma-Aldrich, Inc (Purity > 99.0%,). The encapsulation process of the blue dye has been
previously reported [41]. The black dye (Atlanta Chemical Engineering Company) was used
both for its color change and its phase change when heated above 30 °C. The sodium silicate was

used as binder in both black and blue dye thermochromic samples. The wt% of the dye was
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calculated using equation (1) [261]. The details of the studied system components along with

their mass are shown in Table 7.

d
Wt % of dye = -——esorde  , qqp (1)
Total mass of solution
(A) (B)
I AT
\\‘\ " l” \\ "I'

‘\‘ & V4 \ /

\ Ultraviolet , \ Infrared /

2 \ / \ !

Thin Glass / \ / Lol b /
< Visible Light P

Lioo_ 450 475 550,

Figure 61: Schematic Showing Thick and Thin Glass with Layers (A), UV-VIS
Spectrophotometer Wavelength Range (B).

Table 7: Compositions of All Components with a Binder.

Components Mass of dye Total mass of solution (g)
components (g) (Mass of each component
increased due to addition of
water)
Plain black dye with binder 13.08 17.03
Plain blue dye with binder 12.85 15.01
TiO2 powder with binder 12.55 15.20
SiO2 with blue dye gel (wet 13.08 16.09
chemistry)
TiO2 with blue dye (multilayer 13.75 16.33
coating)
TiO2 with black dye (multilayer 14.08 16.90
coating)

Brief descriptions for the preparation of the precursor of the black and blue dyes are
given below. The fundamental formulation (in wt%) of the precursor for the glass coating is 1.5

wt%. The binder, 0.7-0.8 ml sodium silicate, was mixed with water. Each component was mixed
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using a round bottom flask and stirred at an average rpm speed of 800 rpm for 2 hours. Next, the
requisite amount of TiO> pure powder was added to the mixture and stirred for 45 min. Then, the
stirring speed was reduced to 700 rpm, and a small amount, ~0.1%, of pure black/blue dye was
added to the mixture. Finally, a homogeneous solution containing all the components was
obtained and used for coating. Stirring was continued during the whole process.

In this study, six types of samples were prepared Table: 7. The glass substrate was set in
a film applicator (doctor blade) to apply a uniform 300 um coating (schematic in Figure 61A).
The samples were dried at room temperature, 20 °C, for at least 6 hours. All samples were
protected by a suitable parafilm cover. The main purpose of this work is to study the
performance of different types of glass-coated dyes. Analytical tools such as UV-Visible
spectrophotometer (schematic in Figure 61B), Differential Scanning Calorimeter, Scanning
Electron Microscope, and Energy Dispersive x-ray detector have been employed for the
characterization of these thin films. The CIE L*a*b* (International Commission on Illumination)
was used to quantify the color coordinates of the samples, where L* represents the lightness
index while a* and b* indicate the values for the green-red and blue-yellow color
components[218] .

4.3 Results and Discussion

A series of the samples’ optical spectra were obtained using a UV-Visible
spectrophotometer (Cary 5000 UV-Vis-NIR). The spectra of both colored (20 °C) and colorless
coatings (30-40 °C) deposited on 2mm glass were measured and analyzed. Figure 62-64 (A-F)
shows the UV-Vis spectra of all thin film samples listed in Table 7, at 20 °C and 40 °C. These
samples are binder and CVL leuco dye-based black and blue dyes which are also encapsulated

individually by SiO2 and TiO, except in one case where the black dye was not encapsulated by
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SiO2. To obtain a more precise evaluation of the binder-TiO2 coating, its absorption,
transmission, and reflection spectra were also recorded, not shown due to page limitation. In the
three-component system we have used CVL as the leuco dye while the commercially available
black dye needs a validation regarding the nature of dye [213]. A comparative study of the
absorption behavior of the blue dye, black dye and also of the CVL, theoretically and
experimentally carried out by K. Takaoka et al. Figure 51 helped us understand the nature of the
dye used in black dye. Basically, CVL possesses lactone rings which are colorless. The lactone
ring opens with proton addition through a change of temperature of the system. This leads to a
change of color giving rise to the thermochromic effect. Three absorption bands can be observed
at around 620 nm, 570 nm, and 470 nm. The bands are assigned nm—mx* transitions of the
aminophenyl rings of CVL, occurring from the HOMO to LUMO levels, as per the molecular
orbital calculations. The CVL lactone ring opening and closing in a reversible manner in the
presence of a proton.

Figure 62A shows that the black dye coated a glass substrate exhibits two major
absorption bands at approximately 450 nm and 625 nm with a weak shoulder at around 570 nm,
having overall absorption close to 0.8 due to the thickness of around 300 um. This shows the
black dye has higher absorption at these wavelengths due to the resonance of the canonical
structures of the ring opening form [213].

These absorption bands disappear (Figure 62B) and the overall absorbance reduced from
0.8 to 0.6 when the black dye was heated to 40 °C. This observation suggests that the black dye
contains CVL leuco dye with the ring opening and closing mechanism occuring at 20 °C and 40
°C, respectively. In the case of the three-component system, (blue dye with the binder) at room

temperature, Figure 62A shows a broad absorption band in the range of 500 nm to 650 nm with a
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peak maximum of approximately 625 nm and a shoulder at 550 nm for the ring opening structure
of CVL. The absorbance (0.8-0.95) of the blue dye with binder at room temperature Figure 62A
is reduced by at least 50% when the same sample is heated to 40 °C, as shown in Figure 62B, due
to the ring closure. The SiO2 encapsulated blue dye shows no change in the absorbance when
going from room temperature to 40 °C, due to the very low concentration of the dye particles.
This physical effect can be explained by the presence of the dye in the very low refractive index
(n) material, i.e., n of SiO2 (1.46). Similarly, for the black or the blue dye coated glass substrates
with multiple TiO- layers, the figure shows a smooth UV-Vis absorbance spectrum in the range
of 0.2-0.6 in the wavelength rangeof 400 — 800 nm. However, their absorptions are relatively
high when encapsulated by particles of relatively high refractive index (n= ~2.0, TiO2). Spectra
plotted as percent transmission versus wavelength are given in Figure 63 (C and D). Overall, the
transmission curves of the plain dye/binder samples show an increase in the percent transmission
from 10-20% to 20-50% because of the color change characteristics from black or blue to white
which is highly reflective and desirable for building applications. The color change behavior
would create dispersion in the visible causing a change in the refractive index. In this case, an
increase in refractive index would signify a change in reflectance behavior. For an individual
metal oxide encapsulated thermochromic dyes, there is little or no change of visible transmission
for the samples heated to 40 °C when compared to those at room temperature. But there is a
change in transmission behavior in the case of encapsulation made by different oxide systems.
Usually, for the silica-based encapsulation, transmission will be high as its refractive index is
very low (1.46) while for the titania-based encapsulation, transmission will be lower as its

refractive index is near 2.0. In the case of reflectance spectra, the effect will be reciprocal.
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Figure 64 (E and F) shows the UV-Vis reflectance spectra of the samples at temperatures
of 20 °C (room temperature) and 40 °C for wavelengths ranging from 400-800 nm. Though the
samples have been transported to the UV-Vis instrument at a temperature close to 40 °C, these
sample intrinsically loose heat due to the long scanning process to cover the wavelength range.
Therefore, some discrepencies noted in terms of reflectance were observed in Figure 64 (E and
F). Overall, the plain dye with binder coated on the glass substrate shows a higher reflectance
due to the chromogenic behavior, i. e. changing color from black or blue to white and, thereby,
generating dispersion and relatively high reflectance. For the metal oxide encapsulated or
multilayer coatings of these dyes, no drastic change was observed in terms of the reflectance.

The band at around 625 nm is very prominent for the blue dye.
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Figure 62: Absorbance Spectra of Plain Black Dye, Plain Blue Dye, SiO2/Blue Dye, TiO2/Black
Dye, and TiO2/Blue Dye at (A) Room Temperature and at (B) 40 °C.
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Figure 64: Reflection Spectra of Plain Black Dye, Plain Blue Dye, SiO2/Blue Dye, TiO2/Black
Dye, and TiO2/Blue Dye at (E) Room Temperature and at (F) 40 °C.
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Two of the films coated on the glass substrates were examined by microstructural
imaging and chemical (elemental) analysis via scanning electron microscopy and energy
dispersive X-ray spectroscopy. One type of film considered was the plain commercial black dye,
mixed using sodium silicate as a binder, and coated with a thickness of ~ 300 um. The second
type of film was the blue dye, mixed with sodium silicate binder, and coated with the same

thickness of ~300 um on the thick glass substrate.

io0um WSU3580 15,0k 6.5mm x650 BSE-COMP S8 S0 oum:

SU350015.0kV 6.5mm x320 BSE-COMP

Figure 65: SEM Micrographs of Black Dye with Sodium Silicate Binder Coated on a Thick
Glass Substrate at (A) Lower Magnification and (B) Higher Magnification.
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Flgure 66 SEM Mlcrographs f Blue Dye with Sodium Sillcate Blnder Coated ona ThICk Glass
Substrate at (C) Lower Magnification and (D) Higher Magnification.

From Figure 65 (A & B), the coated black dye/binder films show some island effects due
to the fact that these commercial black dyes have been pre-encapsulated with a polymer layer
that separates each individual spherical dye particle and maintains its thermochromic
characteristics. On the other hand, the blue dye synthesized in the lab, using the three-component
system, and then mixed with a sodium silicate binder, and coated on a glass substrate exhibits
very homogeneous surface morphology as shown in Figure 66 (C & D). The EDS spectra show
signatures of carbon, oxygen, and other stoichiometric elements such as silicon, and sodium due
to the presence of the black or blue dyes and the sodium silicate binder. These spectral results are
not shown here due to page limits of this manuscript.

Table 8: C.I1.LE. L*a*b* Data Sets for the Samples Treated at Room Temperature (Standard) and

at 40 °C (Sample).
A: Standard Name: Black Dye/Binder, L*=47.827, a*=3.800, b*=5.152, ¢*=6.402,
h*=53.588
No. Sample Name | dE* dL* da* db* dc* dh*
1 1 21.043 | 20.879 -2.589 0.422 -0.698 2.529
2 2 25.079 | 24.857 -3.332 -0.136 -1.364 | 3.043
Average (D65/;u8mm, 23.061 | 22.868 -2.961 0.143 -1.031 2.786
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Table 8: (Continued)

B: Standard: Blue Dye/Binder, L*=45.151, a*=6.682, b*=-33.463, c*=34.123, h*=281.292

No. Sample Name de* dL* da* db* dc* dh*

1 1 45,920 |23.555 |[-5.471 39.037 | -28.419 | 27.316
2 2 47.721 | 27.533 |-6.214 38.479 | -29.085 | 25.947
Average (D65/{u8mm, 46.820 | 25.544 | -5.842 38.758 | -28.752 | 26.631

C: Standard: TiO2/Binder, L*=34.281, a*=-2.938,

b*=-3.136, c*=4.297, h*=226.871

No. Sample Name | dE* dL* da* db* dc* dh*

1 1 35.751 | 34.425 4.148 8.710 1.407 9.544
2 2 39.406 | 38.403 3.406 8.152 0.741 8.804
Average (D65/{u8mm | 37.578 | 36.414 3.777 8.431 1.074 9.174

D: Standard: SiO2/Blue Dye, L*=48.400, a*=-1.513, b*=-2.324, ¢*=2.773, h*=236.942

No. | Sample Name | dE* dL* da* db* dc* dh*

1 1 21.958 20.306 2.724 7.898 2.931 7.824
2 2 25.446 24.284 1.981 7.340 2.265 7.258
Average (D65/'|u8mm | 23.702 | 22.295 | 2.352 7.619 | 2598 7.541

E: Standard: TiO2/Blue Dye, L*=38.629, a*=-1.643, b*=-3.231, c*=3.624, h*=243.051

No | Sample Name de* dL* da* db* dc* | dh*

1 1 31.469 30.077 2.853 8.805 2.080 9.019

2 2 35.103 34.055 2.111 8.247 1.413 8.395
Average (D65/{u8mm, 33.286 32.066 2.482 8.526 1.746 8.707

103



Black Dye Room Temp Black Dye 40 c

. F
Blue Dye Room Temp Blue Dye 40 °C
Figure 67: Photographic Images of the Coated Samples at Room Temperature (Left) and 40 °C
(Right) CIE LAB Color Simulation of the Samples.
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Table 8 (A-E) represents the color coordinate values of the standards (at room
temperature, 20 °C) and sample iterations 1 and 2 of the heat-treated samples at 40 °C. We will
elaborate on the first two sets of table values (Table 8(A & B) and Figure 67) with the rest being
similar. The lightness index L* of the black dye/binder coated glass substrate (Table 8A) shows
the value of 47.827, however, these samples, heat-treated at 40 °C, turned white and show an
increase in the L* (70.689) value with an average difference, dL*=22.862. Similarly, for this
sample, the dE* value shows a positive difference of 23.061 indicating a clear color change of
these heat-treated samples. Examining Table 8B, the blue dye/binder system at room temperature
exhibits a blue color and, upon heating to 40 °C, becomes white with a change in color
coordinates as obtained from the CIE LAB instrument (Figure 67B). In this particular case, the
lightness index of the blue dye/binder system is 45.151, whereas, in the heat-treated white
sample counterpart the difference in lightness index is found to be dL*=25.444 with
dE*=46.820. Tables 8D, 2E and 2E show similar patterns of increasing lightness index values
due to the fact that these composite materials are either encapsulated or in a multilayer
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configuration that encloses the black or blue dye particles in the core. For Table 8C, without dye
incorporation, the TiO, ad-mixed with the sodium silicate binder shows positive values of
dL*=36.414 and dE*=37.578 because of the interaction of TiO. particles with the binder
increasing the whiteness. Moreover, the opacity is enhanced as inferred from the UV-Vis spectra

discussed above.
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=22.00
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Figure 68: DSC Profiles of Plain Blue Dye and SiO> Encapsulated Blue Dye in Both Heating and
Cooling Cycles Exhibit Thermal Storage Characteristics While Changing its Color from Blue to
White and Vice-Versa.

The thermal storage characteristics of the candidate dye particles and their encapsulated
metal oxide counterparts were systematically examined using differential scanning calorimetry at
ambient pressure and a ramping temperature rate of 1 °C/min from room temperature to at least
up to 45 °C in a dynamic scanning mode. Figure 68 shows the DSC profiles of the three
component plain blue dye system synthesized in the laboratory and the silicon dioxide
encapsulated blue dye particles. The amount of SiO2 is controlled to obtain uniform
encapsulation for subsequent characterization procedures. The plain blue dye particles exhibit an

endothermic transition at around 38 °C where the color changes from blue to white, whereas in

the cooling cycle, the blue dye is reconstructed by regaining its color and, hence, the exothermic

105



transition appears indicating complete reversibility of the thermochromic transition. In the case
of the SiO2 encapsulated blue dye particles, a similar endothermic transition was observed 2 °C
earlier (36 °C) and this transition appears wider when compared to the pristine blue dye. The
cooling curve of the SiO> encapsulated blue dye shows an earlier exothermic transition around
31 °C and reversibility is observed in this system as well. However, due to the low thermal
conductivity of the silica system, the encapsulation of the dye by silica would favor relatively
high thermal storage. The heat flow observed in this process for both pristine and encapsulated

blue dye are approximately from -10.35 to -14.10 mW°C.
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Chapter 5: Conclusions and Recommendations for Future Work

5.1 Conclusions

Several strategies must be used for the improvement of TCM properties to make them
more effective. Several processes have been developed for the synthesis and microencapsulation
of TCMs in recent years, but further investigation is required to overcome the limitations of the
methods in the pursuit of making them more efficient by increasing their stability and durability,
particularly from photodegradation and thermal degradation. In addition, the application areas
may be increased in the near future by tuning the properties of thermochromic materials. A
sound understanding of nanotechnology, nanoengineering, colloidal science, polymer chemistry,
and process engineering would play an important role in the improvement of all these
processesleading to the improvement of the performance of TCMs for future applications.

Various experiments have been addressed in this dissertation. The first part was a three-
component thermochromic blue dye was successfully synthesized by in-situ polycondensation
and was encapsulated by PMMA. The results strongly suggest that the blue dye not only can be
used as a thermochromic material, but also, by utilizing the latent heat absorbed during the color
change transition, as a thermal storage material. The encapsulated TCM material was extensively
characterized and its latent heat, at the transition temperature, determined by using differential
scanning calorimetry (DSC). In the second part of this chapter, the n-eicosane phase change
material (PCM) was microencapsulated by TiO2. The microencapsulated PCM was synthesized

by a sol-gel TiO. based precursor used for the TiO> shell formation, with TBT being the starting
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material of the sol-gel precursor. The encapsulated particles were characterized to understand the
core-shell features and, by DSC measurements, evaluate the thermal and heat energy storage
properties of the material. The third part is microencapsulation, characterization and testing of
commercially available black thermochromic dyes (transition temperature) by TiO- by individual
surfactant were used successfully to construct a titanium oxide shell. These off-the-shelf
thermochromic materials involve Leuco dye particles that demonstrate color change (black to
white) behavior at the low transition temperature of about 32.50 °C. the final part, were six types
of thin films fabricated and their UV-Vis spectral responses were studied in terms of absorbance,
percent transmission, and percent reflectance with incident wavelengths ranging from 200 to 800
nm at room temperature and heat-treated at 40.0 °C. The absorption spectra show distinct

features for the plain black and blue dyes.

Shell

Different
surfactants

Figure 69: Different Surfactants Beside TCM@TIiOo.
5.2 Recommendations for Future Work

To continue work for the thermochromic microcapsules development, further research and
study are needed to comprehend the behavior of the chemical components (i.e., surfactants and

shell types). It is important to control the thickness of microcapsules with several kinds of
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components as long as the shell thickness is uniform overall. There is an ample scope of research

to find new solutions for how to control the shell of TiO,. Also, the different surfactants, such as

PEG 1000, SDS, and PEG 200, can be successfully utilized between the core and shell. The

suggested solutions are listed below for both black and blue dyes as shown in Figure 69.

5.3 Abbreviation

TCM’s - Thermochromic Materials

HOMO — Highest Occupied Molecular Orbital

LUMO — Lowest Occupied Molecular Orbital

LCAO - Linar Combination of Atomic Orbitals

CN — Coordination Number

ITCM - Inorganic Thermochromic Material

OTCM - Organic Thermochromic Material

CVL - Crystal Violet Lactone

UV- Ultraviolet

XRD - X-ray Diffraction

FESEM — Field Emission Scanning Electron Microscope
SEE-C — Continuous supercritical emulsion extraction
CTPCM - Composite thermochromic and phase-change materials
TLD — Thermochromic leuco dye

PVD — Physical VVapor Deposition

PLD — Pulsed Laser Deposition

CVD - Chemical Vapor Deposition
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