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ABSTRACT

Textile materials are one of the basic needs for the human life after food and shelter. It can be
applied in various forms from clothing to high tech applications such as protective textiles,
medical textiles, geo textiles and sports textiles. Due to the environmental changes, there is a
high chance of getting skin cancer, eye damages and immune system damages due to ozone
layer depletion. Skin cancer is one of the most effective threaten to the human being and
everyone is cringed in these regards. Therefore, it gives immense inspiration to prepare the UV
sensor based on incorporating the various photochromic pigments in to textile materials. In this
regard, take more attention to prepare the mass colored polypropylene filaments and sol-gel
coated with photochromic pigments and which can able to use as flexible UV-sensor. For the
production of mass coloration, metallocene catalyst polypropylene (miPP) filaments were
chosen due to many features. The mass colored filaments were produced with various
concentrations as well as different color. Also, the filaments were produced with different
cross-sections. On other hand, different precursors are used to preparing the sol-gel solution
along with photochromic pigment which later applied to PET fabrics. After production, it
applied to different drawing ratio, object of this research to investigate how the drawing ratio
is affected the various optical properties like K/S functions, changes in optical density, color
difference by AE* (CIE 1976), half-life of color change in during exposure and reversion phase,
rate constant, color intensity in beginning, at half of the cycle and color intensity at infinitive
were studied. Apart from optical properties, it also investigated the various physical properties
like tensile strength, elongation at break, flexural rigidity and bending modulus. In the case of
sol-gel coating, since different precursors are used, therefore it is required to investigate the
precursors impact on the various optical properties as like the same properties which above
mentioned was analyzed. Thermal analysis was done with pigments by TGA to get an idea for
the thermal properties and DSC analysis could be done with produced filaments to know the
impact on drawing ratios. The laser scanning confocal microscope analysis helps to find the
surface roughness after the coating process. Finally, SEM analysis could be done to understand
the surface modifications of both filaments and fabrics. The overall photochromic response is
depending on the drawing ratio on the filaments, whereas the fabric is depending on the
precursors which used in the sol-gel coated fabric. The miPP filaments generally showed a
good stability of photocoloration during the color measurement and the optical density have
been reduced with increasing the fineness of the miPP filament. Thermal degradation is varied
with respect to the photochromic pigments it can be confirmed by TGA results, it is due to their
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structures, highest degraded pigment shows less photochromic response than another one. In
fact, the thermal analysis can give an idea that how the drawing ratio changes its crystallinity
% and melting temperature, however, the drawing ratio positively increased all these
properties. The surface characterization confirms that there is no change in case of
unpigmented and colored filaments. In some case, it shows some micro fibrils, which is due to
their cross sections and nor on the pigment addition or process conditions. On other hand, the
photochromic response for the fabric was depending on the precursor and its combinations, in
some case the reflectance spectrum was shifted, which denoted as hypsochromic shift. This
shift is due to the polarity of the precursors. Also, the precursors have a strong influence on the
physical and handle properties. The surface characterization confirms that there is a deposition
of precursors in the fabrics, laser scanning confocal microscopy analysis showed significant
changes in the surface micro-roughness after coating.
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ANOTACE

Textilni materialy jsou jednou ze zakladnich potieb lidského Zivota po jidle a pfistiesi. Tyto
materialy mohou byt vyuzity v riznych formach odévi az po high-tech aplikace jako jsou
ochranné textilie, textilie vyuzivané v medicing, geo-textilie nebo sportovni textilie. Vzhledem
ke globalnim zménam klimatu se zvySuje moznost onemocnéni rakoviny ktize, poskozeni oci
a imunitniho systému v dasledku snizeni ozonové vrstvy. Rakovina kize je jednou
Z nejefektivnéjSich rakovin, kterd ohrozuje lidské byti a kazdy je v tomto ohledu ohrozen.
Tento fakt poskytuje inspiraci pro ptipravu UV senzori/Cidel zalozenych na zabudovani
raznych fotochromnich pigmentii do textilnich materiald. Tato prace se vénuje piedevSim
piipravé barvenych polypropylenovych filamenti ve hmoté a materidlim s povrchové
nanesenymi fotochromnimi pigmenty, které mohou byt vyuzity jako flexibilni UV-senzory.
Pro barveni ve hmoté¢ byly vybrany, vzhledem k mnoha svym vlastnostem, metalocen-
katalycké-polypropylenové (miPP) filamenty. Vysledné filamenty byly vyrobeny s riznou
koncentraci a stejn¢ tak i s riznym odstinem, jakoZto i s riiznym pfi¢nym fezem. Na druhou
stranu, pro piipravu sol-gel roztokl byly pouzity rizné prekurzory spole¢né s fotochromnimi
pigmenty, které byly nésledné aplikovany na polyesterové tkaniny. To bylo aplikovano
s riznym dlouzicim pomérem. Cilem tohoto vyzkumu je studium, jak dlouzici pomér ovliviiuje
ruzném optické vlastnosti, napt. Kubelka-Munkovu funkci, zménu optické propustnosti,
barevny rozdil AE*vyjadieni pomoci CIE 1976, polocas barevné zmény béhem osvitové a
reverzni faze, rychlostni konstantu, intenzitu odstinu na zacatku, v poloviné a na konci cyklu.
Vedle optickych vlastnosti byly zkoumany rtzné fyzikalni vlastnosti jako pevnost v tahu,
prodlouzeni pii pretrzeni, ohybova tuhost a pevnost v ohybu. V disledku pouziti riznych
prekurzord u sol-gell, bylo zkoumano, jak tyto prekurzory ovliviiuji optické vlastnosti, tak 1
fyzikalni vlastnosti uvedené vyse. Tepelna analyza byla provedena pomoci termogravimetrické
metody ke zjisténi tepelné degradace filamentt. Diferencni skenovaci kalorimetrie byla pouzita
pro zjisténi, jak tepelnd degradace ovliviiuje dlouZici pomér filament. Konfokalni laserova
skenovaci mikroskopie (SEM) byla pouzita pro zjiSténi povrchovych drsnosti zptsobenych
nandSecim procesem. SEM analyza mize byt provedena pro pochopeni povrchovych
modifikaci filamentl a tkanin. U filamentl zavisi celkova fotochromni zména na dlouzicim
poméru, zatimco u tkanin s aplikovanym sol-gelem je tato zména zavisla na pouzitém
prekurzoru. Polypropylenové filamenty obecné vykazovaly dobrou barevnou zménu beéhem
meéteni a opticka hustota se snizovala se zvySujici se jemnosti pouzitych polypropylenovych
filamentd. Tepelna degradace se lisi s ohledem na typ fotochromniho pigmentu, coz Ize potvrdit

vysledky TGA analyzy na zéklad¢ jejich struktury. Vice degradovany pigment vykazuje nizsi
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fotochromni odvezu nez ostatni. Na zaklad¢ tepelné analyzy lze ziskat myslenku, jak zména
dlouziciho poméru miize ovlivnit krystalinitu a teplotu tani. Avsak dlouzici pomér pozitivné
zvySuje vSechny tyto vlastnosti. Povrchové analyza potvrdila, ze v ptipad¢ nepigmentovanych
a barevnych filamentd nedochdzi k zddnym zménam. V nékterych ptipadech se objevuji
mikrofibrily, které nemaji diky svému pfi¢nému fezu vliv na procesni podminky. Povrchova
analyza potvrdila, Ze neni zZadny rozdil mezi nepigmentovanymi a barvenymi filamenty. V
nékolika piipadech (8-cipé) se mikrofibrily objevily na povrchu filamentd. AvSak analyza
prokazala, Ze neexistuje vztah mezi pfidanim pigmentt a generaci téchto mikrofibril. Na druhé
stran¢ Ize fici, Ze fotochromni odpovéd’ zavisi na typu prekurzoru. V nékolika piipadech doslo
k posunu maximalni vlnové délky smérem k niz§im vlnovym délkam. Hypsochromni posun je
Zpusoben polaritou prekurzori. Prekurzory maji velky vliv na fyzikalni a povrchové vlastnosti.
Povrchova analyza potvrdila, ze v tkaninach dochazi k ukladani prekurzora. SEM analyza

ukézala vyznamné zmény povrchové mikrostruktury po nanaseni sol-gela.
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Chapter-1 INTRODUCTION

In our day to day life, for various application such as clothing, furnishing and for technical uses
such as protective clothing, medical textiles and geotextiles, therefore, textile materials are
essential. The creative idea of imparting colors into textiles has an extended application of these
materials. In 2500 BC, ancient Egyptians who applied color to their clothing have delivered
the pleasure of colors have been beyond the thinking of them, and the consequent development
of colorants from natural dyes derived from the plants which are used for introduction of
different colors on various textiles materials through the modern synthetic dyes. One of the
well-established technologies is to introduce colors to textiles. Under the influence of external
stimuli such as light, heat or chemical process, these particular colorants possess the ability to
undergo reversible color change. Photochromic colorants are a class of unusual colorants which
undergo reversible color change stimulated by applying light of different wavelengths which
is an example of color changeable materials. Due to the color changing properties, it is shown
that potential applications such as ophthalmic sun-screening applications, flexible sensors,
security printing, optical recording and switching, solar energy storage, nonlinear optics and
biological systems (Figure 1). However, the production of photochromic textiles offers color
changeable fabrics which may be used as fashionable textiles, security prints and ultraviolet
(UV) sensitive textiles such as a visual alarm for a signal indicating the high levels of UV
radiation in specific areas. There are many photochromic materials, spirooxazines (SPO)
having significant interest since it has good fatigue resistance and relative ease of synthesis
towards to their intense color generation properties. Due to a ring-opening reaction, the existing
range of products generally undergoes positive photochromism, a light-induced transition from
colorless to color. The aim of this research work is to find the impact of different drawing ratio
on physical, mechanical and optical properties of mass colored photochromic polypropylene
filament as well as the impact of the precursor on optical and physical properties of sol-gel
photochromic coated fabrics. For mass coloration, polypropylene (PP) was chosen since it is
most versatile polymer available currently with the huge potential application, such as plastics,
filaments, textile fabrics, medical devices and etc. The advantages of PP, it has good resistance
to the chemicals, solvents, having good impact strength and excellent abrasion resistance.
Since, non-polar in nature, and having the aliphatic structure, high stereoregularity and high
crystallinity, therefore, coloration of polypropylene is very difficult on classical methods of
dyeing as like other fibers. Nevertheless, mass coloration can solve such issues and helps to

make coloration of PP textiles. However, this technique provides better dispergation and
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homogenization properties of dyed PP textiles. Based on these advantages and the fact behind
the dyeability of PP, it is decided to produce photochromic polypropylene filaments through
mass coloration techniques. The end product of polypropylene is mainly depended on the
degree of orientation, which can be obtained by the drawing process with different ratios. SPO
based photochromic pigments were used for this study, the pigments are formulated with many
additives which include, hindered amine light stabilizer (HALS). However, these additives are
not only impaired the tensile strength but also show some significant changes in the optical and
physical properties. The second technology which is used to produce the photochromic
materials are sol-gel coating technology, by using this technology, photochromic pigments can
be incorporated into textile fabrics. Polyethylene terephthalate (PET) was chosen for the sol-
gel coating since it has many advantages as compared other synthetic fibers, particularly more
resistant to wear and tear, good durability, good resistance to chemicals except strong alkalis.
In this work, different types of precursors are used to study on their impact of optical, physical

properties.
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Figure 1: Application of photochromic materials in the various fields.
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Structure of the Thesis

This thesis consists of eight chapters as follows.

Chapter 1 gives an introduction to the thesis which includes the specific aims and objectives of

this study.

Chapter 2 contains a review of the literature on photochromism and its history, types, the
mechanism involved. It also reviewed the basics of optics, color measurement of photochromic

textile materials.

Chapter 3 provides the information on the materials and methods which involved to produce
the mass coloration of polypropylene filaments. In this chapter, the deep discussion on
characterization and analysis techniques which is used to determine the various properties like
kinetic, physical and thermal properties of produced photochromic miPP filaments. Also, it
describes on the basis of results which were obtained and discussion on the mass colored miPP
filaments. This investigation carried out with photochromic properties of mass colored
filaments with respect to the drawing ratio. The physical, thermal and mechanical properties
also examined and how it influenced on the photochromic properties were discussed in this

chapter.

Chapter 4 gives information on the materials, technological factors which are involved to
produce photochromic fabrics via sol-gel coating technology. In this chapter, the deep
discussion on characterization and analysis techniques which is used to determine the various
properties like physical, handling and kinetic properties of produced photochromic fabrics.
Also, it describes the results on photochromic properties of sol-gel coated fabric with respect
to the precursor composition. The physical and mechanical properties also examined and how

it influenced on the photochromic properties were discussed in this chapter.

Chapter 5 describes the combine results of mass coloration and sol-gel coating technology in

terms of kinetic properties.
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Chapter 6 covers the overall conclusion which drawn from this investigation in terms of two
technologies and their influence on photochromic performance. Also, this chapter suggests the

potential possibilities for the future work.

Chapter 7 provides the new finding from this work.

Chapter 8 provides the extensive list of reference which is used for this study. The various
photochromic parameters like half-life, the rate constant, various stages of shade intensity,

physical and mechanical properties of miPP filaments and PET fabrics were given as

appendices, and the list of publications was provided at the end of the thesis.
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Chapter-2 LITERATURE REVIEW

2.1 Introduction and history of Photochromism

One flourishing field in photochemistry is photochromism [1]. During the 1950’s, Hirschberg
suggested the use of the term photochromism to describe the phenomenon of color change on
exposure to light, a word which is derived from two Greek words, @w{ (phos) meaning light
and ypwuo (chroma) meaning color, with the suffix (-ism) which means phenomenon.
Photochromism is defined by the international union of pure and applied chemistry (IUPAC)
as a “Light-induced reversible change of color”; the reversible color change occurs on exposure
to electromagnetic radiation (mainly on exposure to UV radiation). Photochromic compounds
are a kind of chromic materials since chromic materials were divided into several types,
photochromic and thermochromic materials are the most often used due to their wide scope of
applications [2]. There are significant differences between photochromism and thermo-
chromism; in photochromism, the color change is normally brought about by electromagnetic
radiation, whereas it is the heat that is responsible for the change in color in thermochromism
[3]. The presence of light alone is not sufficient to induce a photochemical reaction in
photochromic materials: the light must also be of the correct wavelength to be absorbed by the
reactant species; there needs to be a reversible change of a single chemical species between
two states having distinguishably different absorption spectra and such change should be able
to be induced in at least one direction by electromagnetic radiation. The two forms of the
reactant species may differ in terms of other properties such as their redox potential [4, 5],
fluorescent intensity, dipole moment [6, 7] and molecular shape. Von Grothus (1819) and
Draper (1841) formulated the first law of photochemistry: “When a molecule absorbs light, the
light can produce photochemical changes in the respective molecule”. This law relates
photochemical activity to the fact that each chemical substance absorbs certain wavelengths of
light unique to that substance. A photochromic or color-changing chemical compound was
observed by Fritsche in 1867; he found that decoloration of an orange-colored solution of
tetracene occurred on exposure to daylight and that the original color returned when it was
replaced in darkness [6, 7]. Silver halide in borosilicate or aluminoborosilicate is perhaps the
best example of an inorganic photochromic material becoming excited in the wavelength range
of 200-400nm [8], but researchers mostly study organic rather than inorganic photochromic
materials, due to the higher possibility of obtaining a photochromic response in the visible

spectrum (400-700nm). Despite the only significant commercial applications being in
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ophthalmic lenses [9], photochromic materials can be considered a growing domain of research
with various applications like optical data storage, non-linear optics, photo-switching and
molecular-photonic devices, polymeric membranes and photochromic polymers [10]. The most
commonly available organic photochromic materials at present are the diarylethenes, fulgides,
azobenzenes, spiropyrans (SP), spirooxazine and naphthopyrans, among it, azobenzenes,
spiropyrans, spirooxazine and naphthopyrans are thermally unstable and return to their original
form by the reversible photochromic reaction when left in darkness. In photochromism, the
stable form of the photochromic compound A is converted on absorption of radiation at its
absorption maximum into the thermodynamically-metastable form B, which reverts back to
form A by the absorption of thermal energy or the absorption of radiation at the absorption
maximum of form B (a process resulting in reversible color change) as shown Eqg. 2.1. In order
to achieve a useful photochemical process, a number of factors are involved, they are exposed
to transmission spectra to generate the colored form, responsiveness to light, speed of recovery
(fatigue resistance), and long-term stability (ability to withstand extended exposure to light and

therefore to yield a high number of cycles) [11].

hv,

A(4)————B(4) 2.1)

During UV radiation, the photochromic pigments were absorbing energy from the UV radiation
which initiated to structural modification of the colorless molecules to a colored molecule
through a process known as “photoisomerization”. These modifications vary and depending
upon the photochromic colorant. Generally, the radiation within the UV region (naphthopyrans,
for example, respond to radiation at wavelengths of 350-380nm), but for a few compounds
such modifications occur on radiation with light in the visible region; SPO, for instance, are
activated by radiation at a wavelength of 410nm. The excited state behavior of photochromic
materials (each isomer) can decide its efficiency [12, 13]. Based on the color formation, it can

be classified in to two types, positive and negative photochromism;

Positive photochromism

Figure 2 illustrates how optical density varies depending on wavelength in the case of so-called
positive photochromism; the absorption maximum of form A is located at a shorter wavelength
range than that of the thermodynamically metastable form B. The thermo-dynamically more-
stable, colorless or slightly yellow form A, is transformed by radiation with UV-light to the

colored, in this case, blue form B. The reverse reaction may either occur spontaneously if the
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compound is left in the dark and/or photochemically by radiation with light of wavelength in

the range of the absorption maximum of form B.
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Figure 2: Graphic representation of a photochromic system (A-colorless; B-colored form).

Negative Photochromism

In the case of negative photochromism, instead of color development, decoloration takes place.
The photochromic compound, which in this case is colored until it is exposed to UV radiation,
becomes decolorized on exposure to UV radiation because the photoproducts absorb at shorter

wavelengths than the original compound [7, 14].

2.1.1 Mechanisms of photochromism

There are many conformational changes that can take place in the excitation process, which
lead to changes in electronic absorption spectra, resulting in a visible color change [15, 16].

The formation of a new absorption band, resulting from the transition from various vibrational

levels in the excitation of a colorless molecule SlA is schematically described in Figure 3.
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Figure 3: The Jablonski-diagram for the representation of electronic, radiative and non-

radiative transitions (Adapted and modified from [17]).

After the molecule is in the excited state S the colored molecule is deactivated to the ground

state SlB. Then there follows an exergonic process (i.e. a spontaneous reaction releasing
energy) in which the regeneration of the colorless form occurs via a radiationless transition
back to the original form in its ground state SlA (System B is not thermodynamically stable
and therefore spontaneously returns to state A). Frequently the backward reaction B — A(the

so-called thermal conversion from S”to S*), proceeds via a transition state X, whose energy

is higher than the singlet state of the colored form SlB . The process is thermally activated. The

reaction B — A may also be induced by long-wavelength light (infrared radiation) or by the

light of wavelength near to the new absorption band. With regard to the energy difference
E(Sg)—E(Sy), the photochromic change can be used to provide energy accumulation. As

with the yield from the light energy on conversion to thermal energy, so the accumulative
capacity of thermodynamic difference between colored (B) and colorless (A) forms; which
depends on the chemical structure of the meta-stable photoproduct, which has non-

conventional bond lengths, angles, dissipation of resonance energy which involves to increase
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stability caused by delocalization of z electrons. The limitation of the effect results is from the

second law of thermodynamics, due to the overall reaction between temperatures T and T, the

photochemical reaction A(S;') — A(S/) —(S,) at temperature T and the exothermal reaction

of B(S§) — X — A(S?) at temperature T 'the final yield of accumulative capacity increases at

a temperature T 'as does the energy of ground state of the “colored” molecule (s?) [16, 18].

Six categories may be used to classify the mechanism of photochromic effects [16, 18, 19] as

follows;

e Triplet-triplet photochromism

e Heterolytic cleavage

e Homolytic cleavage

e Trans-cis isomerization

e Photochromism based on tautomerism

e Photodimerization

Triplet-triplet photochromism

In this system, the absorption band in the long wavelength region of the spectrum characterizes
the colored form B (Eq. 2.1). In general, these chromophores can quickly absorb radiation to
raise ground state molecules to an excited singlet state, then as a second step, the excited singlet
state proceeds by a process known as intersystem crossing, to convert to a triplet state; in the
third stage, triplet state molecules absorb incident radiation to convert from the first triplet state
level to a higher level. Usually, materials exhibiting triplet-triplet photochromism respond very
quickly with a bleaching time of less than one second for the reversion of photochromic change
from colored to colorless. The concentration of oxygen in the system can decide the quantum
yield of triplet-triplet photochromism, since oxygen cause triplet excitation, a good example is

a pentacene [16, 20].

Heterolytic cleavage

Heterolytic cleavage can cause the formation of charged ions with absorption characteristics
that differ from those of the parent photochromic compound. During the cleavage reaction, a
covalent bond is broken in the excited molecule and new bonds are created with zwitterionic

(dipolar) structures; typical examples exhibiting this photochromic mechanism are the pyrans.
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During UV radiation, the bond between the carbon and oxygen atoms is broken and the pyran
ring is opened, forming the ionic structure (B1) as shown in Scheme 1. These ionic structures
provide intense coloration through interconversion of the pyrans (colorless form) into
merocyanines (colored form). In the latter, there is a resonance contribution from the neutral
form (B:) and the cis-trans conversion (isomer Bs) and triplet-triplet absorption can play a vital
role in the photochromic process of pyrans. The thermal bleaching rate depends on the
substituent's R1, Rz, Rz and R4 [20].

R;

Scheme 1: Photochromic reactions of pyrans with heterolytic cleavage [16].

Homolytic cleavage

In this system, the bond is broken during UV radiation into two or more parts, which in the
case of azo colorants contain the azo group electrons [18]. This dissociation is accompanied by
changes in the spectral absorbance due to the formation of colored radicals which may be stable
and persist for long periods of time. In the case of the heterolytic cleavage mechanism on the
other hand, where the products have some ionic character, the paramagnetic radical products
are formed by homolytic cleavage. The cleavage character depends on the type of bonding
configuration accommodating the dissociation of electrons. Examples of this system are given

in Scheme 2 which explains the formation of naphthoxy radicals from 3-TCDHN-1 [57]. Hexa-
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aryl ethanes and bisimidazoles also exhibit photochromism by homolytic cleavage (see Scheme

2, for hexaphenylbisimidazole).

N Ph N Ph Ph N
— \ hv —
M 2
—~— Ph
\N: ; : _— AT or dark \N :
Ph

Scheme 2: Homolytic cleavage for hexaphenylbisimidazole (Adopted and modified [57]).

Ph

Ph

Trans-cis isomerization
Most photochromic agents are capable of trans-cis isomerism around the carbon-carbon double
bond. However, thermal energy can cause a change from the trans-state to cis-state [20]. The

generalized trans-cis isomerization process is shown in the Scheme 3.

N=N N=N
uv _ /N
Vis <\ /> / \
trans-azobenzene cis-azobenzene

Scheme 3: Trans-Cis isomerization of azobenzene (Adopted and modified from [57]).

Tautomerism

Tautomerism based on interconversion of hydrogen atom transfer is the mechanism by which
a number of organic compounds exhibit photochromism. Photochromic tautomerim results in
a photochemical shift in the equilibrium between two tautomers having different absorption
spectra, thereby giving rise to a reversible color change; light exposure can change the relative
concentration of isomers which may or may not reach thermal equilibrium readily [21].
Examples of this mechanism are ortho-substituted phenyl ketones, aromatic nitro compounds
and anils. Salicylidene anils (Scheme 4) are examples of compounds which are photochromic

by virtue of tautomerism [20].

Cx Ph c Ph
©[ AN hy EI \T/
H H
O/ (6]

Pale Yellow Red

Scheme 4: Tautomerism in salicylidene anils [20].
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2.1.2 Kinetics of photochromism

The dynamics of photochromism are shown in Figure 4, which describe the optical density of
a photochromic compound under the influence of UV radiation, the numbers 1,2,3 and 4,
positioned above the line which traces the changes in optical density with respect to the impact
of UV radiation, the numbers 1 & 4 indicates the colorless (or weakly colored) and numbers 2
& 3 indicates the partially and fully colored compounds respectively. The sequence of the
photochromic system could be like, before exposure to the UV radiation, the photochromic
compound is colorless. On UV-exposure, the colorless form of photochromic compound
rapidly begins to be converted into the colored form. After a sufficient period of exposure, the
equilibrium is shifted to the furthest extent in favor of the colored form of the photochromic
material. On terminating the UV-radiation stage, the (thermal or light-induced) back reaction

occurs and the photochromic compound reverts to its original colorless state.

A
o 3
exposure
|
>
-q: ------------------------------------------- - -
w)
c
)]
©
S| 1
—
o S N e — - -
O reversion
- >
Time

t t112E t1 t1/2R

Figure 4: Typical behavior of a photochromic compound under UV radiation (Adopted and
modified from [14, 22]).

where, to- start of UV radiation; t1- end of the UV radiation; ty2e- time taken to achieve half of
the total photochromic response during exposure; ti2r- time taken for half of the photochromic
reversion to take place; lo- Optical density at beginning; 112- Half of optical density; l..- Optical

density at infinity.
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2.1.3 Classification of photochromic materials

Photochromic materials can be classified based on the type of back reaction, if the back reaction
occurs through irradiation with the light is called a P-type photochromic material, whereas back
reaction is caused by thermal means T-type.

2.1.3.1 P-type photochromic materials

Last five decades, a significant amount of research could be conducted on the P-type
photochromic materials, however, these materials are mostly used in molecular switches. The
diarylethene, fulgide and fulgimide family constitute an important class of P-type photo-

chromic compounds.

2.1.3.2 T-type photochromic materials

There are many T-type photochromic compounds have been investigated in the last five
decades, some are commercialized such as spiropyran, spirooxazines and naphthopyrans [12,
23, 24].

Spiropyrans

Spiropyrans (SP) was the first commercialized T-type photochromic compounds, it was deeply
studied in 1950. The general structure of photochromic SP contains a second ring system
attached to a pyran core in a spiro manner [25]; the photochromic response is brought through
ring opening which is caused by UV radiation (Scheme 5); removal of UV radiation causes

reversal effect from colored to colorless.

Closed form Open form
(colorless) (colored)
Spiropyran Merocyanine

Scheme 5: The photochromic reaction of spiropyrans.

During ring opening of pyrans under UV radiation, the merocyanine form is created. It exists
as a cis-cis/trans-trans mixture in equilibrium and is responsible for the intensification of color

[25]. Removal of UV source has the opposite effect; the equilibrium moves towards to the
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colorless pyran form of the colorant, the result of which seen as a fading of the color. Generally,
the thermal bleaching (Figure 5) rates for spiropyrans are low, since it is very sensitive to
temperature, the photochromic effect will be weaker at a higher temperature. In terms of textile
applications, the spiropyrans are less due to the poorer photostability.

1.6 Photostationary
equilibrium

1.4 7 UV- off

1.2 1
1.0 S

0.8 - Fading of short-lived isomer

K/S

0.6

0.4 -
Residual color

0.2 - due to long-lived isomer

UV-on
0.0 -

2 ! > ! : ! i 1 - | : I : I . 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (Sec)

Figure 5: Various kinetic reactions of the photochromic system (adopted & modified from

[25]).

Spirooxazines

The chemical structures of spirooxazines (SPO) are similar to those of spiropyrans except that
the pyran core is replaced by an oxazine group, more specifically, a condensed ring substituted
2H-(1,4)oxazine in which it is the number two carbons of the oxazine ring that is involved in
the spiro linkage. In 1970’s, first SPO photochromic compounds were reported and patented
by Ono and Osada [26], Arnold and Volmer [27], but were not subject to much research
attention due to the growth of interest at that time in SP [28, 29]. In 1982, however, Hovey et
al [29] reported SPO photochromic compounds having excellent resistance to photo-
degradation. Generally, SPO provides a relatively fast-fading blue photo-coloration; with small
adjustments in their structure can provide improved hue, intensity and half-life. The parent
structure of indolinonaphthoxazine turns blue during UV-radiation on the absorption of a
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dominant wavelength of 600nm (Scheme 6) which rapidly reverts and fades back to the
colorless form on the removal of the activating radiation. The kinetic properties of SPO is
depends on the substituent's and its positions, the effects of substituent's and structure on
various Kinetic properties are summarized in Figure 6. However, placing bulky alkyl groups on
the indoline nitrogen (R in Figure 7) helps to slow down fading and increase the color strength
[12].

Moderate
kinetic effect

e

R2 TR

Minor color and Minor color
Kinetic effects and kinetic effects

Major color and

Maijor klnetlc effect kinetic effects
Moderate color

and kinetic effects
Figure 6: Summary of substituent effects in 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H)
naphtho(2,1-b) (1,4)-oxazine].

Me Me Me Me Me Me

—N X =N —N / \
‘ A
N N N O =N
R R O R
Violet and blue color Greenish blue color Blue color

R= alkyl; X=H, amino, hetaryl, etc; Y=H, halogen, etc; A=electron acceptor

Figure 7: Structure modification on spirooxazine with its final color [12].

In the 1990's, plastic photochromic ophthalmic lenses were successfully produced using SPO
as the photochromic agent and since then other applications following on from the synthesis of
a large number of modified SPO have emerged in the form of photochromic inks, dyes and
cosmetic products such as nail polish. While there is numerous example of more-complex SPO
in the patent literature, most do not offer any advantages over simple derivatives [12]. Vikova
et al.[30] produced the mass colored polypropylene filaments through melt spinning. The
application of spiroindolinonaphthoxazines as disperse dyes on polyethylene terephthalate
(PET), nylon-6 (PA-6) and polyacrylonitrile (PAN) fabric was studied by Billah et.al [31, 32],
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color build-up for the spiroindolinonaphthoxazines on PA-6 was significantly higher than PET
and PAN (dyeing results for PAN and PET were similar). In another approach, Billah et al [33]
dyed various textile substrates such as nylon, polyester and acrylic with spiroindolino-
naphthoxazines, for detailed exploration of solvation effects. They wetted the photochromic
dyed fabric samples in different solvents, namely acetonitrile, water, ethanol, dichloromethane
and toluene. After wetting the samples were irradiated with UV light for two minutes. The
solvent-treated samples invariably showed higher color build-up than the dry fabric. Among
the five solvents, acetonitrile exhibited the highest effect on colorability, attributable to the fact
that it was the most polar in nature, whereas the least-polar solvents such as toluene produced
lower coloration; the reason for their effectiveness is that the polar solvents not only penetrate
into the fibers to cause swelling but also provide a medium in which the photo-conversion is
favored.

Closed form
(colorless)

en form
Spirooxazine Op

(colored)
Merocyanine

Scheme 6: Photochromic reaction of spirooxazines.

Naphthopyrans

Naphthopyrans used in the manufacture of plastic photochromic lenses, it also known as
benzochromenes, chemically based on chromene, 2-H-1-benzopyran. The photochromism of
SP, benzo- and naphthopyrans are similar in that all involve the breaking of the oxygen-carbon
bond of the pyran core. The photochromic effects for naphthopyrans by light-induced ring
opening of the structure described in Scheme 7 [14, 25].
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Colourless closed form Coloured open form isomer
(Merocyanine)

Scheme 7: Photochromic reaction of naphthopyrans,

Note: (TT=trans-trans; CT= cis-trans; TC= trans-cis; CC=cis-Cis).

2.1.4 Photodegradation

Generally, photochromism is a non-destructive process, but there is a possibility of side
reaction. The degradation of chemicals lead to reduce the photochromic response with respect
to the time is termed as "fatigue”, the major cause of degradation by the oxidation process [34].
The fatigue resistance is depending upon the excited state reactivity of spiro/merocyanine (MC)
forms. Previous literature confirms that the oxygen can react to the triplet state of SPO/SP, lead
to photooxidation [35]. Generally, SPO is more stable than the SP, the previous literature shows
that the photooxidation of SPO; mechanism wasn't clear although it was suggested due to the
interaction of a biradical form of the merocyanine with oxygen or with singlet oxygen 'O, .
Lenoble et al. [35] studied the photooxidation of SPO/SP, actually, it acts as the sensitizers by
promoting the formation of singlet oxygen. Ayesha studied the degradation products of SPO
yielded more 1,3,3-trimethyloxindole (Figure 8-a) whereas the SP yielded 3,3-dimethy-
loxindole (Figure 8-b) 1,2,3,4-tetrahydro-2,3-dioxo-4,4-dimethylquinoline (Figure 8-c).
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Figure 8: Photodegradation yield of 1,3,3-trimethyloxindole (a), 3,3-dimethyloxindole (b)
1,2,3,4-tetrahydro-2,3-dioxo-4,4-dimethylquinoline (c) [21].

2.2 Interaction between light and matter
2.2.1 Reflectance

It can be defined as the reflection of light at an object or an interface between the two media,
it can be denoted as R(Z) which is written in the Eq. 2.2.

R(4)= I'O((i)) 2.2)

where (1) and lo(4) are the reflected and incident intensities respectively.

Boundaries of all kinds of materials are applied by spectral reflectance's, including materials
with opaque, transparent and translucent. In case of non-fluorescent materials, an intrinsic
property of the material is a spectral reflectance is independent of the intensity of the incident
light. The spectral linearity allows transformation of reflectance data to other illumination

conditions is referred to as the spectral linearity.

2.2.2 Transmittance

It is the ratio between the transmitted and incident energy can be written in Eq. 2.3,
(A

where /(7) and lo(4) are the intensities of the transmitted and incident lights; for prediction of
the result after a light ray passes through a thin, transparent layer such as a filter is also useful
in predicting a spectral transmittance [36]. To compute the light intensity after the transmission
the following relationship may be used. Based on spectral reflectance, a similar equation for
computing the spectral power distribution of reflected light is allowed to use by this

interpretation.
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2.2.3 Absorbance

The concentration of an absorbing species is plotted by the transmittance, but the relationship
is not linear. Transparent or translucent material within a unit path length (I) of light
propagation absorbs the spectral absorptivity is the part of the light energy. General analytical

description of spectral absorption is given by Eqg. 2.4.

1 di(ar)
a(/1’r)_|(;t,r) dl

(2.4)

Wavelength / is not only depended on the spectral but in case of not homogenous material also
on spatial location r. The SPD of a light after it travels from ro to r with I=[ro — r] can be

calculated with respect to the spectral linearity from [16],

—ja(/l,r)dl
L(A,r)=1,(A,r)e? (2.5)

where, |, (/1, ro) is the initial SPD, the spectral absorptivity of homogenous material will be in
independent location, therefore, simplification model can be used, whichisa(4,r)=a(4).So,
the equation derived from Eq. 2.5 [16],

1(A)=1,(A)e™ (2.6)

We know this equation are Bouguer's law, however, there is another expression of this law can
be,

T /1)= I(ﬂ’) —e (2.7)

internal (

where spectral transmittance internal are T,...(4), from the Eq. 2.7, optical effect of

absorption can be described, however, it depends on the object thickness. Absorption can
depend on the concentration of the homogeneous solution (transparent), it can describe through

Beer's law [16],
Tinternal (ﬂ’) = e*S(l)d (28)

where ¢(4) is the spectral functions (i.e. absorption coefficient), ¢ is a concentration of the
solution. However, Bouger's law is rigorous for all conditions, whereas Beer's law is not and

only for low or moderate concentration, but for turbid media, both are valid [16].

2.3 Kinetics behavior of photochromic materials

In order to characterize the kinetic behavior of photochromic reaction, it is desirable to

determine how the rate of reaction varies as the reaction progresses. The differential-rate law
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relates to the rate of reaction for the concentrations of the various species in the system.
Differential-rate laws can take on many forms but most of the chemical reactions obey one of
three differential-rate laws [18, 37, 38], each rate law contains a constant (k). The kinetics of
many chemical reactions are well-explained by the first order equation, it explains the
conversion rate is directly proportional to the number (or concentration) of unreacted species.
In previous studies, it has been well documented that thermal isomerization for the
photochromic systems are follows the first-order kinetics [39-42], however, the behavior of
commercial photochromic dyes can often be approximated by the first order kinetics and it
derived from the following Eq. 2.9 [18, 43, 44];

ng (t)=ng(0)e™ (2.9)
where n, (0) is the initial concentration and k represents the rate constant, typically it deviates

from this simple relationship due to additional processes. Janus et al. [43] investigated the

isomerization kinetics by monitoring the absorbance of the transforms of substituted

azobenzenes at 350nm. Based on the Beer-Lambert law, the concentration ratio n(t)/n,(0)
is given by the Eq. 2.10 [45],

Ng (t) 3 A(oo)—A(t)
n.(0)  A(x)—A(0) (2.10)

In general, for photochromic compounds which show photo-induced conversion from the

colorless to the colored form, the kinetics of the conversion can be observed by simple
monitoring of absorbance bands. Therefore, the absorbance A=-log(T) or the Naperian
absorbance Ae=—In(T)=A(1/T), respectively, is determined from the measurement of

transmission T, where;

T=1,/1, (2.11)

in which d is the thickness of the sample, lo is the intensity of light measured at the input face
(z=0) of the sample and lq is the transmitted light intensity measured behind its output face
(z=d) [46, 47].

—In(i(t)J:—ln{MJ—ln(—&(oo)_Ae(t)} (2.12)

AA(0) AA(0) A(»)-A(0)

So, the first order kinetic equation can be re-written as follows:

£:_|n£”R_(t)]_|n(MJ (2.13)

: n.(0)) | A(e0)— A(0)
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In Eq. 2.18, the time constant (z) is defined as z =kR™, and A(0), A(t) and A (o) are the initial,
momentary and final values of the absorbance respectively. It is very difficult to determine a
value for A(x), particularly for the long period relaxation processes where an instability in the
measurement could play an essential role, and in those cases where there may be some UV

degradation of the photochromic material [47].

—ocIln— o In— (2.14)
T dt dt

Both methods, that shown by Eq. 2.12 and that in Eq. 2.13 give similar results for (z) so Eq.

2.15 can be written in following form [46]:

A(t)=[ A(0)— A() Je ™ + A(o) (2.15)
whereas,

—In[i':(((t)))J =k,t or (2.16)
AA(t) = AA(0)e ™ (2.17)

In the case of translucent media, Lambertian absorption A can be replaced by the K/S function.
Vikova and Vik [48] suggested that Eq. 2.13 & 2.15 could be suitable for calculating the kinetic
data; shade intensity (I) can be used as the measure for absorbance A or a K/S function; [18,
22, 49];

1(t)=[1(0)—1()]e™ +1() (2.18)

2.3.1 Kinetic model for photochromic materials

Gauglitz [50] described the exponential decay (i.e. reversion) of light intensity in absorbing
matters, and based on his conclusion, Vikova and Christie [57] proposed the first order kinetic
model for photochromic compounds incorporated into textiles for their response during
exposure as well as in the reversion. It provides a simplified way of describing the changes
within a sample of an applied photochromic pigment from lo (color intensity at time to, or
sample without exposure), to l. (the color intensity after an infinite exposure time t.) as

illustrated in Figure 9.
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time time
Exposure Reversion

Figure 9: A kinetic model of exposure & reversion phase of photochromic materials [16].

The proposed model is based on the approximate view that the process follows first-order
kinetics with the rate described by Eq. 2.19. The rate of color intensity development dl/dt is
directly proportional to the difference of color intensity at time t and in equilibrium;

dl

—=—k(I-1 2.19
=k(-1.) (219)
where lo is the color intensity of the sample at the time of to.

_dr =—k.dt (2.20)

o0

where 1 is the color intensity of the sample at the time of t.

f( dl
I(qj=—kt (2.21)

lo

where |, is the color intensity of the sample in time t,

After substituting | —1, =z — dl =dz , we obtain the following solution for the integral;

Id—zz Inz—[In(I - |w)]' :Me‘“ —>1=1,=(l,-1,)e™" (2.22)

z b (1,—1,)
So, the kinetic model for exposure is (1),
le=1,+(l,—1,)e™ (2.23)
The kinetic model for reversion phase and change of color intensity I, for the photochromic
pigment (photochromic response during reversion) is based on the fact that during reversion

the change in color intensity as it reduces from I to lo, is as shown in Figure 9.

dI
E:—k(lo—l) (2.24)

where lo is the color intensity of the sample at time to,
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= —k.dt (2.25)
l,— |

where | is the color intensity of the sample in time t.

e dl
J[ Io -1 ]:_kt
8 (2.26)

where | is the color intensity of the sample in time t..

After making the substitution |, —1 =2 —dl =dz, the following solution of the integral is
obtained;
9 _ Inz —[In(l, - D], , = Me(‘k‘) —>1=1,=(_-1,)e™ (2.27)
z (=)
so, the kinetic model for reversion Ir is,
le=Tlo+(1,—1,)e™ (2.28)

2.3.2 Half-life of color change for photochromic materials

In a first-order reaction, the half-life of the reactant (the photochromic material) may be used
as the half-life of the reaction. Similarly, when more than one reactant is involved in the
photochromic reaction at concentrations in their stoichiometric ratios, the half-life of each
reactant is the same, and once again it may be used to give the half-life of the reaction. Using
concentrations of a reactant which are not in stoichiometric ratios will not give the half-life of
the reaction [16, 51-53]. Generally, the speed of the coloration and decoloration processes
depend upon the type of photochromic materials, but apart from this the photochromic
materials also require enough free space for the transformation of its structure by photo-
induction to change from its colorless to colored form (Figure 4). The half-time for the color
changing properties of photochromic materials can then be calculated through Eq. 2.29 and the

rate constant can be calculated via the Eq.2.30.

In2
by = (2.29)
i - In2 (2.30)
t,

where k is the rate constant.
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2.4 Color measurements

2.4.1 Color measurement of photochromic textiles

It is difficult to analyze the kinetic behavior of photochromic materials with commercial
spectrophotometers which require controlled exposure at selected irradiance levels [54]; a long
time may be required between individual measurements (approximately 5s) or, if using a
separate UV source any time delay between irradiation and measurement can allow thermal
fading of the sample to affect the results [48, 55]. Also, the commercial spectrophotometer
cannot measure the whole color change during UV exposure without interruption of
illumination of the samples [48, 56]. The required experiments can be done by other researcher
in Datacolor Spectraflash SF600 spectrophotometer with specular component excluded (SCE)
and UV component included [32], if at first the fabric samples undergo UV-radiation and are
then immediately transferred to the spectrophotometer to evaluate the fading behavior, but it
will not give the required accuracy for kinetic data; the photochemical reaction can take place
in times of the order of attoseconds to nanoseconds. To solve such issues, it is necessary to add
an additional aperture to the spectrophotometer for the UV-radiation. Vik and Vikova [16, 54,
57, 58] developed such a spectrophotometer (Figure 10) to help to resolve the above issues and
allow determination of the development of color during continuous irradiation to measure the
behavior of photochromic textiles and other substrates [55]. Dual light source construction of
the spectrophotometer with a shutter over an excitation light source makes a possible
continuous measurement of photochromic color change during reversion after switching off
the excitation light source [54, 59]. Due to control over excitation with light sources by using
the shutter, it becomes possible to examine the photochromic properties of materials with
respect to single or multiple cycles. The main feature of the instrument can measure
continuously; it allows to study the color-changing photochromic kinetics, the influence of
exposure time and thermal and spectral sensitivities of photo-chromic samples and can be used
as a fatigue tester. The most of the photochromic materials are sensitive towards to temperature,
so this instrument also offers control of temperature during the measurement [54, 59]. In this
work, the produced photochromic materials are measured its kinetics by a special

spectrophotometer (Photochrom-3).
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Figure 10: Scheme of LCAM designed Spectrophotometer (Photochrom-3).
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2.4.2 Color difference assessment of photochromic materials

According to Berns [60], the color difference is a three dimensional space with approximately
uniform visual spacing in terms of color difference judgments. To find the color difference,
there are several formulae was developed by previous studies, but in this research CIE L*, a*,
b* was used, it is a rectangular coordinate system which having the axes of L*, a* & b*. It
explains (AL*) as the lightness, (Aa*) as redness to greenness and (Ab*) as yellowness to
blueness of the color difference, the color difference of photochromic textile can be computed
by the Eq.2.31.

AE" = \/(AL*)Z +(aa’) +(ab) (2.31)

where AL*=L,*-L * (L2-batch and Li-standard, for Aa* and Ab* also the same).

On other hand, the color difference can be possible to calculate by using the CIELCH color
space, which is similar with CIELAB. In this case the use of C* & H* (chroma and hue
respectively) coordinates, which are colorimetric coordinates that clearly describe the change
a shift the shade with respect to the change in color and purity, given that it is a cylindrical
coordinate system and hue shift is described herein by shifting the hue angle ho. The both
CIELAB and CIELCH color space on photochromic materials are studied [61] and concluded
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as CIELCH has a certain problem that they pose cylindrical coordinates, however, CIELCH

color space is not used in this thesis and there is no specific reason that.
2.5 Conclusion

In this chapter, the review of the history of photochromism, mechanism of photochromic
materials, classification of photochromic materials, photo-degradation are discussed. Also, it
reviewed other optical property's such as transmittance, reflectance, absorptivity, fundamental
of color measurement and also the optical measurements of the photochromic system with
respect to the issues associated from the previous works could be discussed in this chapter.

Page- 30-



[Properties of Photochromic Textiles]

Chapter 3 MASS COLORED miPP FILAMENTS

3.1 Introduction

The polypropylene has been chosen for the mass coloration, in the section 3.1.1 reviewed
elaborately about the mass coloration techniques. Commercially, there are three types of
polypropylenes (i.e. based on its backbone structure) but metallocene catalyst based isotactic
polypropylene (miPP) has been selected for this study to produce the filaments via melt
spinning technology. In general, miPP having salient features like stereo-regularity and narrow
molecular weight distributions, therefore it ensures the filament or fiber production with
improved processing and mechanical characteristics of final product, therefore it is expected to
get higher tensile strength, lower elongation, allow faster spinning with lower denier of the
final filaments [62-65]. The mass colored photochromic miPP filaments was produced with
the cooperation of STU-Bratislava, Slovakia Republic. Since, the end product of photochromic
miPP filaments were depends on the degree of orientation, which can be obtained through
drawing process with different drawing ratios. The main aim of this chapter is to discuss to the
effect of drawing ratio on the optical, mechanical and physical properties of produced
photochromic miPP filaments. Therefore, this chapter deals with the production of miPP
filament with their obtained results and their discussions on the various properties. So, the
various optical properties like color strength values (K/S functions), color strength maxima
(K/S (max)), changing in optical density, color difference by residual AE* values, half-life for
color change of photochromic response during exposure and reversion phase, rate constant and
various color intensity has been discussed. Also, it discusses the influence of drawing ratios
and addition of pigment concentration on the various physical properties like linear density,
tenacity, elongation at break, Young's modulus and several thermal properties like melting
temperature, changing in enthalpy & entropy, crystallinity% has been discussed. For all the

measurement, the error can be calculated through standard uncertainty measurement [66, 67].

3.1.1 Mass coloration of miPP filament

Polyolefins, a class of polymeric materials is exemplified by polypropylene (PP). For the past
60 years, there is a remarkable growth in this thermoplastic polymer, PP is one among [68].
Synthetic polymers having versatile, it ability to modify for specific applications arising from
its overall balance of physical, mechanical, electrical, chemical and thermal properties and a

competitive price are the reasons for this growth. In viewing to the applications, a large volume
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of PP is utilized in the area classified as the fibers and fabrics in which carpet backing,
upholstery fabrics, smart textiles, clothing, geotextiles, disposable diapers, medical fabric, and
automotive interior fabrics are included. In the present century due to these reasons, PP fiber
has a bright future as a smart material. The low specific gravity that is greater bulk per given
weight, strength, chemical and stain resistance are the advantages offered by the PP filaments.
The discovery of metallocene catalysts was opened frontier in the area of polymerization of
polyolefin's, polymer synthesis and various processing of polymers. Before metallocene,
polyolefin's were manufactured through Ziegler-Natta catalysts, in spite of this, it has few
drawbacks which is not possible to produce the PP with the uniform molecular weight and
tacticity and tacticity distributions, but metallocene catalyst based PP can ensure the
homogeneous in molecular weight distributions, tacticity and tacticity distributions [68],
nevertheless, this is not the main scope of this research work. Generally, as an olefin textile
fiber from an aqueous dyebath the PP fibers are undyeable, polar groups are lacked by
polypropylene and is regarded as a hydrophobic polymer with a moisture regain of less than
1%, also due to the aliphatic structure, high crystallinity and high stereo-regularity, which limit
the accessibility of dye molecules. It is caused by factors such as;
e Chemical affinity is insufficient between the fibers and dyes due to the ionic absence
or polar groups in the polymer chain, only due to the presence of weak Van der Waals’
forces, the dye molecules are retented.

e Due to the high degree of crystallinity, the accessibility of dyes on the fibers is poor.

Therefore, polypropylene can be colored through mass or spin coloration techniques. In this
technique, the colorants are added during or after polymerization but before the polymers are
extruded through the spinneret. The mass coloration techniques offer a uniform coloration,
good fastness properties, low coloration cost, negligible waste generation, reduce the
consumption of water, heat and other resources for the subsequent treatments. Also, it ensures
the sustainability. The factors deciding the pigment durability for spin coloration are heat
stability, dispersibility, fastness properties especially light fastness and solubility in polymer

melts and it depends on the pigment chemical structure [69—73].
3.2 Experimental procedure

Metallocene catalyst isotactic polypropylene: Metocene HM 562R (miPP) with melting flow
rate (MFR) 2.66 g.min"* was procured from Lyondell Basell, Italy. In this study, three different
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colors of photochromic pigments were used, these pigments are commercially available in the
market, the list is given in Table 1, and the chemical structure has been given in Figure 11.
Actually, the pigment is in the form of ink with 50% concentration of pure pigment and rest
are formulated by the tetrakis (1,2,2,6,6-pentamethyl-1-4-piperdyl)-1,2,3,4-butanetetra-
carboxylate (HALS) and other additives, the formulated pigment was purchased from Matsui
Shikiso Chemical Co., Ltd, Japan. However, these additives are not only impaired the tensile

strength also show some significant changes in optical and physical properties of final products.

Table 1: Commercial photochromic pigments used for the production of mass colored

filaments.
Color | Abbreviation | CAS number Chemical name
Blue MPB 27333-47-7 1,3,3-trimethylspiro [indolino-2,3’-
(3H)naphtho(2,1-b)(1,4)-oxazine] [74, 75].
Purple MPP 27333-50-2 5-chloro-1,3,3-trimethylspiro[indoline-
2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine] [74, 75].
Yellow MPY 4222-20-2 3,3-diphenyl-3H-naphtho[2,1-b]pyran [74, 75].
IO oo ol
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HiC CHg HiC  CHy Q
MPB MPP MFY

Figure 11: Chemical structure of three commercial photochromic pigments used for this study
[74, 75].

3.2.1 Production of photochromic filaments

Two varieties of miPP filaments were produced (i.e. with and without pigment), during the
production, miPP dried chips were used with standard conditions which could be specified by
the manufacturer. For the production of colored filaments, first 100% colored miPP was
produced like a tape/ribbon form, therefore photochromic pigments and miPP dried chips (un
colored) were mechanically mixed before it melts, finally, it can be dried and converted into
chips form. The single-screw tape extruder was used to produce the tape, although it has three
different temperature zones, however, the same temperature was maintained in all the zones at

220°C (i.e. photochromic pigment is sensitivity towards temperature if more than 230°C), after
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extruding the colored tapes passed through water bath immediately and then dried to make
chips. Later, these air-dried colored chips were vacuum dried for 2 hours at 105 °C, then these
chips (colored chips) were mixed to colorless chips with four different concentrations (0.25;
0.50; 1.50 and 2.50 on weight % of the chips (wt.%)) to produce colored photochromic
filaments. The filaments were produced by laboratory scale single-screw melt extruder (melt
spinning) with the diameter of 16mm, L/D ratio of 30. The spinneret has 13 orifices and each
having the diameter of 0.5mm (i.e. the spinneret designs are varied according to the shape of
filament produced). The detailed process sequence is given in Figure 12, spinning temperature

and the other process parameters were as illustrated in Table 2.

Table 2: Parameters used in melt spinning for the production of miPP filaments.

Temperature during melt spinning zone 220 °C
Pigment concentration 0.0; 0.25; 0.5; 1.5; 2.5 wt.%
Drawing temperature (Tq) 120°C
Melt flow index (MFI) 2.66 g.min'*
L/D ratio 30
Number of holes in the spinneret 13
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Mechanically mix the photochromic pigments with
miPP dried chips

h 4
[ Melt at single-screw tape extruder ]

h 4
( Extrude the miPP in the tape (ribbon) form J

A 4
[ Cool at water, then dry and make chips form J

(100% colored miPP chips)

l

( Vacuum dry for 100% colored miPP chips at 105°C for 2hr )

'

Add colored miPP chips with colorless miPP chips with different
concentration (0.25,0.5,1.5 and 2.5 %;
on weight of colorless miPP chips)

.

( Melt the composition at scale single-screw ]

melt extruder

h 4
( Spinning the melt through spinneret with 13 orifice )

4
( Solidify the filaments ]

I

[ Drawing the filaments with six draw ratios ]

(1,2,2.5,3,3.5,4) at 120°C

l

Colored photochromic miPP filaments were wind
on the gray cardboard

Figure 12: The process sequence of photochromic miPP filaments manufacturing.
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Table 3: Details of photochromic miPP filaments with a circular cross-section.

Pigment Composition Drawing ratio (DR)
miPP (without pigment) 1.0/20]25|30|35 |40
miPP + 0.25 wt.% pigment 10(20(25]3.0|35]| 4.0
MPB miPP + 0.5 wt.% pigment 10/20|25|30|35| -
miPP + 1.5 wt.% pigment 10/20|25|30|32| -
miPP + 2.5 wt.% pigment 1.0/20|25(30|32 ]| -
miPP (without pigment) 1.0/20]25|30| 35|40
miPP + 0.25 wt.% pigment 10/20]25|30|35 |40
MPP miPP + 0.5 wt.% pigment 1020|2530 |35 | -
miPP + 1.5 wt.% pigment 10/20|25|30|32| -
miPP + 2.5 wt.% pigment 10|120|25|30|32| -
miPP (without pigment) 1.0/20]25|30|35 |40
miPP + 0.25 wt.% pigment 10(20(25]3.0|35]| 40
MPY miPP + 0.5 wt.% pigment 10/20|25|30|35| -
miPP + 1.5 wt.% pigment 1.0/20|25(30|32| -
miPP + 2.5 wt.% pigment 1.0/20|25(30|32 | -

Table 4: A details of the photochromic miPP filaments with non-circular cross-sections.

Cross-section Composition Drawing ratio (DR)

Triangle miPP (without pigment) 1.0 5.7
miPP +3 wt.% MPY 1.0 4.0

miPP + 3 wt.% MPB 1.0 3.5

miPP + 3 wt.% MPP 1.0 2.3

5-star miPP (without pigment) 1.0 3.5
miPP +3 wt.% MPY 1.0 2.0

miPP + 3 wt.% MPB 1.0 2.5

miPP + 3 wt.% MPP 1.0 2.0

10-star miPP (without pigment) 1.0 5.2
miPP +3 wt.% MPY 1.0 2.3

miPP + 3 wt.% MPB 1.0 3.5

miPP + 3 wt.% MPP 1.0 2.3
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3.2.2 Drawing process

Generally, the drawing process is carried out to increase the molecular orientation for both
crystalline and amorphous phase of the filaments. Drawing is the process carried out by simple
stretching of the synthetic filament between the two set of rollers, often called feed and take-
up rollers. Generally, the drawing process carried out at room temperature or at elevated
temperature, selection of temperature is purely depended on the type of filaments and its
applications. A typical drawing process is shown in the Figure 13, which was used for this
study. The machine drawing ratio is defined as the ratio of surface speed between the take-up
(V2) and feed roller (V1). After the drawing process, the filaments may get relaxed and recover
to some extent, therefore, the ratio between the final length (i.e., after relaxation) and the
original length is called actual drawing ratio. After drawing process, miPP filaments shows the
improved physical, structural and mechanical properties. In this research, six different drawing
ratios (DR- 1.0; DR-2; DR-2.5; DR-3; DR- 3.5 and DR- 4.0) was applied under 120°C.

Spinning of
miPP with
Photochromic
pigment
¢ Drawing Zone
Heater
Photochromic miPP
V1 filament

Figure 13: Schematic representation of drawing process (i.e. V1- feed roller; V2- take-off

roller).

3.2.3 Winding process

After the drawing process, the filaments were winded on the gray cardboard with uniform
tension as well as sufficient thickness, therefore six layers of the filaments can be winded on
the cardboard. The color of the cardboard is gray and there no addition of fluorescing agents in

the cardboard and it can be confirmed by subsequent tests.
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3.2.4 Measurement of Kinetic properties of photochromic materials

As discussed in the section 2.4.1, Photochrom-3 has made with the activation light source of
Edixeon UVLED EDEV-3LAl with radiometric power (&v)=350mW with adjustable
minimum peak wavelength. The minimum peak wavelength for the pigment MPB and MPP
incorporated filaments are measured at 385nm, whereas MPY incorporated filaments measured
at 365nm, the minimum peak wavelength is based on the pigment characteristics, it can be seen
in Figure 14. The Photochrom-3 having the construction of dual light source with the shutter
over the exciting light source makes the continuous measurement of photochromic materials
with the UV energy density of 675 +50uW.cm™. Due to the easy control over excitation with
light sources by using the shutter, it becomes possible to examine the photochromic properties
of materials with respect to single or multiple cycles. The produced photochromic miPP
filaments have been measured five cycles both exposure and reversion phase. One
measurement cycle consists of 5 min exposure under UV and 5 min of reversion phase (i.e.
without UV-radiation) and totally 10 min per cycle. Average value of the five repetitive
measurements was used for statistical data treatment. Generally, photochromic colorants are
sensitive towards the temperature, therefore a thermostat was used to maintain the temperature
at 22 +2°C and the relative humidity is 45 +10%. Figure 4 describes the simple process of
changes within a sample of an applied photochromic colorants from lg (color intensity at time
to, or sample without exposure), l.. (color intensity after infinite time t.). A kinetic model for
exposure and reversion phase can be developed based on the first order kinetics, it has been
discussed in the section 2.3.1 and 2.3.2 After the kinetic measurement, the Photochrom-3
provides the reflectance value (i.e. reflectance factor) with an accuracy of +0.5nm. The
reflectance values can be utilized to find out the color strength and another related properties,
the color strength (K/S function) values can be computed as following equation Eq. 3.1;

K (1-R)

—= —( ) (3.2)

S 2R

where R- reflectance factor, K-absorption; S-scattering of colorant. The changing in optical

density (AOD) was calculated using the Eqg. 3.2;
AOD = K/S/lmaxGmax - K/SﬂbmaxDmin (32)

where K/Simaxomax 1S the maximal value of K/S function at a wavelength of absorption maxima
during exposure phase and K/Smuaxpmin is the minimal value of K/S function at a wavelength of
absorption maxima during reversion phase. The color difference (AE*) of drawn and undrawn

filaments are computed through simple CIE lab formula in the Eq. 2.31. From the first order
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kinetics, the half-life (ty2) of color change and rate constant (k) for the photochromic miPP

filaments can be calculated by using the Eq. 2.29 & 2.30 respectively.

3.2.5 Thermogravimetry analysis of miPP filaments

To find out the thermo-chemical behavior of photochromic pigments, the thermogravimetry
analysis could be done in Mettler Toledo TGA analyzer. Therefore, the samples weighing
between 7-8mg were used for analysis to heat from 25°C to 300°C with a heating rate of

5°C.mint under the nitrogen atmosphere.

3.2.6 Differential scanning calorimetry of miPP filaments

The thermal behavior of a material which undergoes to physical and chemical changes with the
absorption or emission of heat as a function of the temperature is studied by differential
scanning calorimetry (DSC). The function of temperature such as thermal transitions, phase
changes, crystallization, melting glass transitions of a material is studied by it. In this analysis,
the flow of heat either heat of absorption (endothermic) or heat of emissions (exothermic) is
measured as a temperature’s function or time of the sample and compared with that of a
thermally inert reference. In this research work, the DSC analysis were performed on Perkin
Elmer based on ASTM standard D3418-08, the reason for choosing the respective ASTM
standard which is advised to start the experiment below 50°C. In the DSC analysis, the
produced colored miPP filaments were heated at a rate of 10°C.min* from 25°C to 200°C
(melting phase), later it cooled from 200°C to 25°C (cooling phase). After the measurement
the data was collected for both heating and cooling phase. The measurement can be done under
the nitrogen atmosphere in the rate of 20 mL.min"%. Based on the DSC data, the various thermal
properties can be calculated such as melting temperature (Tm) and melting enthalpy (Hm),
change in melting enthalpy (AHm). Change in entropy (ASm) can be calculated through Eq. 3.3.
— AHm
T

m

AS (3.3)

The crystallinity (Xc%) of the produced filaments were computed from the Eq. 3.4, where 4Hm
is 209 J.g [76],

o]
m

Xc(%) = i:n <100 (3.4)
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3.2.7 Physical & Mechanical properties of miPP filaments

Before going to the mechanical properties, the linear density of produced filaments was
analyzed. Later the mechanical properties have been determined through Instron instrument
according to the international organization for standardization (ISO) standard 2062:1993. The
various mechanical properties namely tenacity, elongation, Young’s modulus was investigated
and discussed in the section 3.3.2, the coefficients of variations for all these mechanical
properties are tabulated in the Appendix- B. For each specimen, the above testing was repeated
20 times and the mean value has been plotted. During the testing, clamping length of 12.5cm

was maintained with clamp speed of is 350 m.min™.

3.2.8 Microscopic analysis of miPP filaments

The surface morphology of control and photochromic miPP filaments were observed by using
TS5130 Vega-Tescan scanning electron microscope (SEM). While preparing the filament for
SEM analysis, first the razor blade is used to cut and used for the cross-sectional analysis.
Before SEM analysis, the filaments were sputter-coated with gold by using of Sputter coater to
avoid the accumulation of high static electric fields. In the measurement, the electron column
was kept at vacuum and other following parameters were used; 20kV accelerating voltage and
500x magnification levels with a vacuum of 7.8x103Pa. The working distance between the

sample and objective lens can be adjusted according to the image resolution.

3.3 Results and Discussion of photochromic miPP filaments (circular cross-
section)

3.3.1 Effect of photochromic response on drawing ratio of photochromic filaments

3.3.1.1 Effect of K/S Values on drawing ratio of photochromic filaments

In this study, three different photochromic pigments were used to produce the miPP filaments,
the reflectance characteristics of these colored filaments were shown in Figure 14. To
determine their reflectance characteristics of colored filaments, same concentrations pigments
were used (i.e. 1.5 wt.%). During the measurement, it was subjected to exposure 5 minutes
under UV-radiation. Photochromic materials are sensitive towards to the amount of UV energy;
therefore, it is necessary to ensure the amount of UV energy during the measurement. So,

amount of UV energy was measured under exposure and reversion phase, the value of energy
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is 675+50uW.cm?, 2.26+0.8 uW.cm respectively, the detailed measurement of UV energy

data was given in Appendix- C.
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Figure 14: The reflectance spectrum of used photochromic pigments under UV-radiation,
Note: MPB- Matsui Photopia Blue; MPP- Matsui Photopia Purple; MPY- Matsui Photopia

Yellow.
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Figure 15: Produced photoc
(B-UV off; C-UV on).

Figure 15 shows the photographs of original color (i.e. colorless) and developed the color of

the filament under the UV exposure. These photographs were captured after removal of UV-
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radiation and within 3s. Nevertheless, there are practical issues associated with the picture
capturing, but it mostly with weekly developed color as well as the pigment having the fast
decay (i.e. reversion). In case of color difference is not possible to capture within the specified
time limit, due to the in presence of UV-radiations. For color measurement, the color human
eye is the oldest techniques and it used for a long time, still some of the people used (i.e. visual
assessment), however, it has specific drawbacks like the memory of colors and its related
parameters such as hue, value and chroma. These drawbacks are solved by developing the
instrument, research still has the growing and interest in the field of color measurement. The
first spectrophotometer was developed by Hardy and Hunter in 1935 and 1948 respectively
[77]. There are many assumptions on the color measurement, the theory of Kubelka and Munk
is one among them. This theory corresponds to the ratio of the absorption (1) and scattering S
(4) coefficient with respect to the dominant wavelength (1). In simple words, it defines the
spectral reflectance (R %) of the colored substrate with its absorption (K) and scattering (S). In
general, the K/S values can be calculated when the color measurement is carried out in the
reflectance mode. To understand, the K/S values grow to infinity when the reflectance towards
to zero. In other words, it is a ratio of absorption coefficient to the scattering coefficient, in
purely it indicates the number of colored molecules absorbed in the filaments. Normally, the
higher the K/S value, greater the dye uptake and deeper the color shades. In textile, paper and
coating industries are mostly using this Kubelka-Munk equation to formulate the colors, since,
it assumes the scattering coefficient (S) of colorants which depends on the type of substrate and
its physical properties, on other hand, the absorption coefficient (K) of light depends on the
colorants. Therefore, Kubelka-Munk (K/S) model is most suitable for the colored textiles since
it included the higher scattering effects. The absorption property of colorants decides the
strength of color, it is not only for the classical colored materials but also for the textiles colored
with functional dyes. In simple explanations, the K/S values express the color strength, even
for the photochromic colored textiles as like classical dyed textiles. However, the rate of shade
change is a complex parameter indicating the rate of change achromatic shade to color shade
where all three (i.e. reflectance, absorption & scattering) changes are present coordinate of the
colorimetric system, it is better to express this parameter using the K/S values or Kubelka-
Munk function, which is simultaneously the expression of spectral change characteristics- in
other words, the remission properties with respect to the change of the photochromic
conformation organic molecules, as described in section 2.3. The kinetic measurement of
photochromic materials can be done in Photochrom-3 under the reflectance mode, finally,

results are computed as K/S value by using of Eq. 3.1. Later on, the various optical properties
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of photochromic materials are analyzed, namely, color build-up analysis through K/S function,
K/S (max) at exposure phase, changing in the optical density (AOD), color difference analysis
via L*, a*, b* & AE* (under CIELAB 1976), half-life of color change in both exposure and
reversion phase, rate constant and color intensity at beginning, half and infinitive. This
Photochrome-3 is used to find all these colorimetric properties photochromic miPP filament
with respect to the spectral characteristics. Above mentioned properties were used to express
the optical properties of a photochromic system with respect to the color difference and color
buildup under UV & without UV-radiations. The K/S values of both exposure and reversion
phase with respect to the time and wavelength interval are plotted in Figure 16 and Figure 17
respectively for the filament with MPP pigment. These graphs provide the information on the
influence of K/S values with respect to the UV radiation. Figure 16 describes, K/S values are
significantly increased some extent with respect to the time and in this case, it required 30s to
reach the maximum value of K/S (i.e. 6.27), thereafter the systems get saturated with minor
stabilization, in this position called photostationary state or photostationary equilibrium. There
are many parameters which decide the time requirement to reach the maximum K/S values,
such as the structure of colorants, amount of UV energy, measurement geometry and properties
of the substrate. Figure 17 defines the idea of K/S values with respect to the time at reversion
phase, time 0 second indicates the UV radiation was switched-off. After removal of UV
radiation, it requires 128s to reach the minimum value of K/S from the maximum value of K/S.
It is evident from these two graphs are, positive acceleration of K/S values under UV exposure
required less time than the negative acceleration of K/S under reversion phase, it is due to the
structure of photochromic pigment (MPP) which having the higher half-life. The results of
half-life for color change can be discussed in deeply in section 3.3.1.4. In other words,
conversion of colored form to the colorless form required more time, which is slightly
depended on the time, whereas reverse phase is independent on the time. The reason behind
this is, during the exposure phase, the photochromic compounds get faster reconversion of the
original chemical structure (i.e. conversion of original form to merocyanine form), in case of

reversion phase, it becomes slower reconversion of merocyanine form to original form.

Page- 43-



[Properties of Photochromic Textiles]

K/S values
6.860

6.180
5.500
4.820
4.140
3.460

2.780

) S

2.100

1.420

0.7400

0.06000

Figure 16: Kubelka-Munk characteristics miPP filaments (MPP-2.5 wt.%) under 5 minutes of

exposure phase.
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Figure 17: Kubelka-Munk characteristics miPP filaments (MPP-2.5 wt.%) under 5 minutes of

reversion phase.

Page- 44-



[Properties of Photochromic Textiles]

Figure 16 and Figure 17 gives the information on the individual spectra curves, in the case of
exposure phase shows overlapping (4—B), on the other hand, it gives good separation of
spectra curves under reversion phase (B—4). Figure 18 illustrates the result of photochromic
miPP filaments with (MPP- 2.5 wt.%) exposure and reversion phase, this result is an average
value of five measurements in both exposure and reversion phase. The span of measurement
error in the exposure phase shows higher than the reversion phase, which means that the error
from reversion phase is invisible, this is due to the higher variability in exposure phase and
lower variability in reversion phase. However, the variability of measurement in the reversion
phase shows higher at the initial stage and gradually reduced and to some extent it becomes
invisible. The reason behind for these phenomena is, the molecular vibration in the excited
state is generally higher than the opposite direction (i.e. excited state to ground state, also called

as reversion), it can be confirmed by the results.
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Figure 18: Conversion of photochromic system (4— B- exposure) and (B—A- reversion) (MPP
2.5 wt.%).

The results of K/S values for five cycles of exposure and reversion phase for the various
concentration of photochromic miPP filaments with MPP pigments on circular cross-sections
were plotted in Figure 21 to Figure 24. Results significantly show the reduction of K/S values

with increasing the fineness of filament (i.e. increasing the drawing ratio). Therefore, K/S
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values are depending on the drawing ratios of respective filaments, in a simple way, it could
be, amount of light reflection during the color measurement is marginally depends on the
presence of pigment in the filament with respect to the unit area. Therefore, light reflection is
decreased with increasing the drawing ratio. During the drawing process, there is an extension
of filaments towards to the drawing direction (i.e. lengthwise), in other word, increasing the
length of filaments causes the reduction of the diameter. In the mass colorations, the pigments
are mixed thoroughly with the polymer in the molten state, when it extrudes, the pigments are
incorporated with the filaments since the amount of pigment per unit area could reduce

according to the drawing ratio in the drawing process.

2.5
—~ 2.0 1
S
E
n
5 N
1.5 S
g i
('o ~
5 R
e .
3 AN
e i\ .
0.5~ - .n
y=-0.35+3.98*exp(-x/2.42)
R°=0.97
OO T T T T T T T T T T T T T
1.0 1.5 2.0 2.5 3.0 35 4.0

Drawing ratio

Figure 19: Thickness of 6 layers of the produced filament in the card board (MPP-0 wt.%).

Apart from this fact, the thickness of filament layers also influences the light reflection, for all
drawing ratio, the filaments are wind uniform number of layers (i.e. six layers) on the gray
board, which already explained in the section 3.2.3, the thickness of layers is decreased with
increasing the drawing ratio, this is due to the reduction of filament fineness. The thickness of
filament layers versus drawing ratio is plotted in Figure 19. The drawing ratio 1 shows the
highest thickness and drawing ratio four indicates the lowest thickness of the layers. In this
case, the drawing ratio 4 could not reflect all the light during the color measurement, due to the
lowest thickness of the layers may cause that some part of light could be absorbed by the
background, it can be confirmed in Figure 20.
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Figure 20: Reflectance spectra of photochromic miPP filaments (MPP-0.5 wt.%)
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Figure 21: Effect of DR on K/S values of photochromic miPP filaments (MPP-0.25 wt.%).
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Figure 22: Effect of DR on K/S values of photochromic miPP filaments (MPP-0.50 wt.%).
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Figure 23: Effect of DR on K/S values of photochromic miPP filaments (MPP-1.50 wt.%).
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Figure 24: Effect of DR on K/S values of photochromic miPP filaments (MPP-2.50 wt.%).

Generally, it is the well-known effect of absorption coefficient (K), which express the
absorption of light rays versus presence of colorant in the photochromic miPP filament during
the color measurement, the absorption values could be modified with respect to the drawing
ratio. Nevertheless, the opposite value of absorption coefficient (K) is the scattering co-efficient
(S) and the value of scattering co-efficient also depends on the substrate (photochromic
filament). Increasing the value of (S) is nothing but the amount of colorless reflection, which
purely reduces the shade intensity or color buildup of photochromic filaments. Apart from these
facts, there are some factors which influence the colorimetric analysis, which is, refraction
coefficient of the filament with and without coloration, the cross-section of the filaments (i.e.
closer to circle, triangle, 5-star, 8-star), filament surface and distribution of the photochromic

pigments on the filament.

3.3.1.2 K/S (max) of photochromic miPP filaments during the exposure phase

K/S (max) for produced photochromic miPP filaments (circular cross-sections) under exposure
phase were plotted in Figure 25 to Figure 27 with respect to the color of the pigment. Results

were significantly reduced with increasing the drawing ratio. Therefore, K/S (max) values are
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purely depending on the drawing ratio of the produced photochromic miPP filament. This is
due to the changing of physical and geometrical properties of the filaments, the modifying
physical and geometrical properties of the filaments could modify the light absorption/
reflection properties of the colored filament. From these results, it is confirmed that negative
correlation between fiber fineness & K/S (max). Therefore, the optical characteristics are

decreased with increasing the drawing ratio.
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Figure 25: Dependence of K/S (max) on the photochromic miPP filaments with MPP under
exposure phase.

The results of K/S (max) on drawing ratio was fitted with exponential functions to find the
goodness of fit. For all drawing ratios, the photochromic miPP filaments with MPP shows
R?=0.98 and above, which conclude there is a strong relationship between the drawing ratio
and concentration of MPP pigment. The same trend was observed in case of MPB, the goodness
of fit was observed in all the cases R?=0.98 and above. On other hand, filaments with MPY
shows a linear relationship between drawing ratio and concentration of pigment. Also, it shows
220% less K/S (max) values than another pigment (i.e. MPP) in the same concentration. There
are many possibilities for the reduction of K/S (max) values, one is the thermal degradation of

the pigment during the melt spinning, it can be discussed in upcoming section.
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Figure 26: Dependence of K/S (max) on the photochromic miPP filaments with MPB under

exposure phase.
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Figure 27: Dependence of K/S (max) on the photochromic miPP filaments with MPY under

exposure phase.
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Figure 28: Dependence of K/S (max) for various photochromic miPP filaments (DR-2) under

exposure phase.

Figure 28 shows the K/S (max) for all three pigments with same drawing ratio (i.e. DR-2),
overall K/S (max) is increased with increasing the pigment concentration. The results of K/S
(max) for all the data was used to fit with linear regression and MPP shows the R?=0.98; MPB
is R?=0.99 and MPY provides R?=0.92, it confirms there is a strong linear relationship between
the pigment concentration and K/S (max) values. Among of three pigments, MPP shows highest
and MPY shows lowest K/S (max) values, even in the same concentration. This purely depends
on the dyeability of photochromic pigment with respect to the miPP filament, there are many
parameters which influence the dyeability, namely, stability of pigment towards to the heat,
chemical structure of pigments, adverse interactions between the additives like stabilizers
(HALS and others), other impurities present in the pigments, these factors may have caused to
reduction of dyeability. These unforeseen reactions will reduce the K/S values among the
pigments. Figure 43 shows the thermal properties of three different photochromic pigments.
Among three pigments, MPY shows the highest degradation in terms of weight loss towards to
the specific temperature, it can be seen in TGA measurement. In the mass coloration, heat

stability for the colorants decides the dyeability, if heat stability is good, which produce higher
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dyeability and it is vice versa and the factors behind these phenomena could be well explained

in the section 3.3.3.

3.3.1.3 Changing in optical density of photochromic miPP filaments

AOD of produced photochromic miPP filaments (circular cross-sections) were plotted in Figure
29 to Figure 31 and it can be calculated through the Eq.3.2. The changing in optical density
can be measured on the undrawn filament (DR-1) with respect to the drawn filaments. Results
significantly show the reduction AOD values with increasing the drawing ratio. Therefore,
AOD were depending on the drawing ratio of produced photochromic miPP filaments.
However, this is due to changing the physical and geometrical properties of the filaments,
which change the AOD. From these results, it is confirmed that negative correlation between
fiber fineness and AOD. It is due to the light absorption/reflection between the filament and
optical characteristics are decreased with increasing the drawing ratio. The results of AOD with
respect to the drawing ratio was fitted with exponential functions, which helps to find the
goodness of fit. For all drawing ratio, the photochromic miPP filaments with MPP shows
R?=0.95 and above, which conclude there is a good relationship between the drawing ratio and
the concentration of MPP pigment. The same trend was observed in case of MPB, the goodness
of fit was observed in all the cases R?=0.98 and above. On other hand, AOD for the filaments
with MPY shows a linear relationship between drawing ratio and concentration of pigment.
The goodness of fit was found R?=0.83 in case of the concentration 1.5 wt.%, for other
concentration shows above R?=0.92. The results of AOD for three pigments shown in Figure
32 with same drawing ratio (i.e. DR-2), the AOD is increased with increasing the pigment
concentration, the trend was observed for three pigments. The results of AOD for all the data
was used to fit with linear regression and MPP shows the R?=0.98; MPB is R?=0.99 and MPY
provides R?=0.89, it confirms there is a strong linear relationship between the pigment
concentration and AOD. Among of three pigments, MPP shows highest and MPY shows lowest
AOD, even in the same concentration. These phenomena are purely depending on the dyeability
of photochromic pigment with respect to the miPP filament, there are many parameters which
influence the dyeability, namely, stability of pigment towards to the heat, chemical structure of
pigments, adverse interactions between the additives like light stabilizers (HALS and others),
other impurities present in the pigments, these factors may have caused to reduction of
dyeability. These unforeseen reactions will reduce the AOD among the pigments. Figure 43
shows the thermal properties of three different photochromic pigments. Among three pigments,

MPY shows the highest degradation in terms of weight loss towards to the specific temperature,
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it can be seen in TGA measurement. In the mass coloration, heat stability for the colorants
decides the dyeability, if heat stability is good, which produce higher dyeability and it is vice
versa and the factors behind these phenomena could be well explained in the section 3.3.3.
Generally, the absorption (K) and scattering (S) of produced photochromic miPP filaments are
negatively correlated in photochromic pigment absorption bands, in other words, when the
concentration of photochromic pigment is increase, the absorption (K) ascends and scattering
(S) will descend, it is confirmed from K/S values and followed by K/S (max) and AOD.
However, the miPP filament already have the property of scattering, once it has mass colored
(i.e. filament contains the photochromic pigment) created many absorbing points. In most
cases, we consider the refractive indexes of substrate, but it is necessary to consider the
refractive indexes of colorants (in this case, photochromic pigment) and its effects on the
filaments with respect to the scattering, but these scattering effects are very small and it is
within tolerable and so it could be ignored. When the concentration of photochromic pigment
is increased, the distance between scattering and absorption points of photochromic miPP
filaments have bellowed the limit of incoherence, which is nothing but, the scattering and

absorption points of photochromic miPP filaments are coherent [78].
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Figure 29: Dependence of AOD on the photochromic miPP filaments with MPP.
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Figure 30: Dependence of AOD on the photochromic miPP filaments with MPB.
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Figure 31: Dependence of AOD on the photochromic miPP filaments with MPY.
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Figure 32: Dependence of AOD on the various photochromic miPP filaments (DR-2).

3.3.1.4 Half-life of color change for photochromic miPP filaments

The term 'half-life' is a rate of time taken for the photochromic colorants to fade back to original
color or vice versa. The concept of half-life is important for the photochromic materials which
explains the stability and rate of reaction of photochromic response of the materials. In this
research work., the half-life of color change could be calculated as per the first-order kinetics,
the equation is clearly described in the section 2.3.2. The reason for choosing the first order
kinetics, to calculating the half-life is, the photochromic reaction is directly proportional to the
concentration of photochromic pigments in other words the reaction is independent of the initial
concentration of photochromic pigment since it is a unique aspect of first-order kinetics. The
half-life of color change for the photochromic filaments could be calculated as per the Eq. 3.4.
The relationship between in the half-life of color change during the exposure and reversion
phase was studied with pigment concentration, the observed results show that there is a
significant dependence of half-life of color change with respect to the pigment concentration,
the trend is same for both exposure and reversion phase. Figure 33 shows the half-life of color
change of photochromic miPP filaments with respect to the pigment concentration under the
exposure phase, results are evident that purely depends on the concentration of pigments, the
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trend of the result is same as for all the pigments. The half-life for color change during exposure
is approximately two times less than the reversion phase. The results of the half-life of color
change and rate of reaction varied with respect to the type of pigment, even though in same
concentrations. In the concentration of 0.25 wt.%, results of the half-life of color change during
the exposure phase shows 34s, 24s, 15s for the pigment MPP, MPB and MPY respectively. So,
it confirmed that the filament with the pigment MPY shows faster reaction which is nothing
but shorted half-life as compared to other pigments. Similarly, the pigment MPP provides the
longer half-life color change, which denotes the slower reaction. During the exposure phase,
all the pigments show half-life of color change has been reduced linearly with increasing the
concentration of pigments from 0.25 to 2.5 wt.%. It was observed, miPP filament with MPP
shows 34s when the concentration is 0.25 wt.%, the same filaments were reduced to 24s when
the concentration has been increased to 2.5 wt.%, Similarly the lowest half-life of color change
was found in filaments with MPY, 14s and 5s respectively with the above-mentioned
concentration, these data were fitted with linear regression and the goodness of fit was found
R?=0.91. The observed linear trend is same for another pigment too. The goodness of fit for
MPB and MPY shows R?=0.89, R?=0.91 respectively. The variability of error shows higher in
case of filaments with MPP and lower with MPY. Overall the results conclude that filament
with MPP shows longer half-life which denotes slower reaction, on other hand filaments with
MPY shows shorter half-life of color change, which is nothing but faster reaction. The half-life
of color change for all three pigments in the order of MPP>MPB>MPY. Figure 34 described
the half-life of color change of photochromic miPP filaments under the reversion phase, it is
clearly described that the results are depending on the pigment concentration, which is similar
to the exposure phase. The results of the half-life of color change during reversion phase has
been reduced linearly by increasing the concentration of pigment, it can be observed for all
three pigments. In the concentration of pigments at 0.25 wt.%, MPP incorporated filament
shows 71s, when the concentration is increased to 2.5 wt.%, the half-life of color change could
be reduced to 45s. This trend is same for other pigments too, overall results during the reversion
phase were found that filament with MPY shows the lowest half-life, 23s for 0.25 wt.%, in case
of 11s for 2.5 wt.%. The results of the half-life of color change during reversion phase with
respect to the pigments in the order is MPP>MPB>MPY. There are many parameters which
influence the half-life of color change, such as, amount of UV radiation and its absorption rate
of pigment, concentration of photochromic colorant, available form of colorant, chemical
structure of the colorant, number or type of functional groups present in the colorant, position

of functional group, surface area of reactant, temperature of the system, reaction rate and type
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of substrate. However, it is generalizing the statement and it is difficult to articulate the specific
parameter which influences on the half-life of color change. However, one conclusion can be
proposed from these results, increasing concentration makes faster reconversion of the original
form of photochromic pigment into merocyanine form. Based on the first order kinetics, the
detailed kinetic parameters of photochromic miPP filaments are tabulated in the Appendix- A.
Figure 35 shows the dependence of half-life of color change on the drawing ratio of miPP
filaments under exposure phase, the graph is made with a constant concentration (i.e. pigment
concentration- 1.5 wt.%) of all three pigments. From this graph, it is evident that increasing the
drawing ratio of photochromic miPP filaments causes to increase the half-life of color change.
Therefore, the half-life of color change is strongly depended on the drawing ratio too. To
confirm these facts, data were fitted with linear regression, the R? values shows, 0.98, 0.90 for
the filament with pigment MPP and MPB respectively. In the case of MPY shows 0.82, which
means that moderate relationship between the parameters. Drawing ratio has a strong influence
on the half-life, this effect is same in both exposure and reversion phase (Figure 36). The reason
behind these phenomena is, increasing the drawing ratio will decrease the number of
photochromic colorant per unit mass of the filaments which reduce the rate of reaction of
conversion and reconversion of the original structure of photochromic pigments to
merocyanine form and vice-versa, so, it increases the half-life of color change, it happened in
both exposure and reversion phase. Even other photochromic properties like color strength
values, changing in optical density and maximum color strength also reduced with increasing
the drawing ratio. All these facts are described already elaborated at the section 3.3.1. The life
time of colored merocyanine forms of MPP incorporated filaments found longer than other
pigments, the reason might be the merocyanine group of MPP could be stabilized by the

intermolecular interaction between the two spirooxazine photochromic groups.
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Figure 33: Half-life of color change on miPP filaments under exposure phase (DR-2).
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Figure 34: Half-life of color change on miPP filaments under reversion phase (DR-2).
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Figure 35: Half-life of color change on miPP filaments under exposure phase,

(pigment concentration- 1.5 wt.%).
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Figure 36: Half-life of color change on miPP filaments under reversion phase,

(pigment concentration- 1.5 wt.%).
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3.3.1.5 Color difference analysis of miPP filaments

The CIELAB color space (1976) is very well established for the determination of color changes
by using different colorimetric properties, namely L*a*b*. Based on these models, it is possible
to identify the various level of color perceptual. However, the photochromic systems show the
color or tint shift during the exposure phase (i.e. under UV irradiance) can be expressed
different colorimetric properties such as reddish, yellowish, bluish and greenish. Therefore, the
orthogonal three-axis system can be used to describe the color properties of photochromic
materials, it can be discussed deeply in section 2.4.2 and the residual AE* and the results are
plotted in Figure 37 to Figure 39. The speed of coloration and discoloration for the
photochromic materials mainly depends on the chemical structure and amount of UV energy,
however, when it applied in to the other materials like textiles may create another parameter
which influences the properties of the substrate. For all these parameters which could decide
the coloration and discoloration, stability, fatigue resistance and discoloration of photochromic
materials. Perhaps, the color difference AE* can explain the changing of hue, shade intensity
or shifting of the lightness of the color which is produced by the photochromic materials. These
colorimetric properties were analyzed with respect to the residual AE* values which explains
the visible color difference on the photochromic filaments and it is depended on the physiology
of the human vision, nevertheless, when these filaments are used as a sensorial application for
the determination of UV (i.e. when it applied to the UV sensor) in the atmosphere, there is an
important requirement which ability to recognize the specific color difference for the human
visual evaluation. For human eyes can identify the discernible color differences, when the
residual AE* values is higher than 0.4. Overall the results found that the maximum residual
AE* values are ~2.5 units and minimum is ~0.02. Also, the maximum residual AE* values are
found for the lowest drawing ratios, however, these residuals AE* values are a significantly
nonlinear relationship with respect to the concentration of pigment and drawing ratio, the
residual AE*values are marginally increased with increasing the concentration of pigment, it
can be observed for all three pigments. Among three photochromic miPP filaments, coloration
with MPB shows higher residual AE* values (~2.5 units) when the drawing ratio is 2. The data
were fitted with an exponential function to find the goodness of fit, which show R?=0.95. It
conveys that there is a non-linear relationship between the residual AE* and the concentration
of pigment. The goodness of fit for another drawing ratio also shows above 0.95, which
conveys that there is a non-linear relationship between the concentration and residual AE*

values. The photochromic miPP filament with MPY pigments observed lowest AE*, it can be
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seen in the lowest drawing ratio as well as in the highest concentration of pigment too. The
reason behind in these phenomena is, first it provides the lower color strength values, also these
colors is brighter, which shows the lower color differences. There are many reasons behind in
this fact for the varying the residual AE* values, first concentration of pigment, under the
exposure, the same number of colored molecules affected for lower and higher (up to certain
limit) concentration, on the other hand, it create big difference in the lowest concentration, this
mechanism is similar to the light fastness of classical dyed textile goods, therefore it accelerate
to change the residual AE* values, second reason is the molecular structure and functional
groups present in the photochromic pigment. Generally, it undergoes isomerization with the
presence of UV radiations to form merocyanine groups or vice versa (i.e. without UV
radiations), during these structural modifications, there is a possibility to form some side
product, which may react thermally or photochemically to form short-lived isomers (Q and U)
between the singlet energy state (ASES) or triplet energy state (A™®S) to colored isomer (B), the
detailed mechanism is described in Scheme 8. This effect is more apparent on the highest
concentration of pigment (2.5 wt.%) and in case of lowest concentration (0.25 wt.%), the AE*
values are not perceptible by human eyes since the results show less than 1 unit.

ASES

ATES

T
U

B

Scheme 8: Possible pathway of photoisomerization of photochromic colorants (i.e. A-colorless;
ASES- singlet energy state; ATES- triplet energy state; Q and U- short-lived intermediates; B-

colored isomer (adopted and modified from [79]).
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Figure 37: Residual AE* values for photochromic miPP filament with MPP.
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Figure 38: Residual AE* values for photochromic miPP filament with MPB.
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Figure 39: Residual AE* values for photochromic miPP filament with MPY.

3.3.2 Physical and mechanical properties of photochromic miPP filaments

3.3.2.1 Linear density of photochromic miPP filaments

After the drawing process linear density of miPP filaments are decreased with increasing the
drawing ratio, it can be seen in Figure 41. The linear density of 45.3 £0.3 tex for the drawing
ratio of 1, and when the drawing ratio is 4, the linear density can be 14 +£0.17 tex. There is an
exponential trend was observed when increasing the drawing ratio between the linear density.
The linear density can be measured 20 different places of the filament and the average data was
fitted with exponential functions, the goodness of fit was found R?=0.98, it confirmed that there
is an exponential relationship between drawing ratio and linear density. In this work, produced
filaments were drawn at 120°C, which is above the glass transition temperature (Tg). The
drawing process can be applied increase the tensile load on the miPP filament which is another
reason for the reduction of linear density, the respective tensile load is increased with increasing
the drawing ratio. However, decreasing the linear density by increasing the drawing ratio was
expected. It is due to the heat and strain which was applied to the filaments during the drawing
process, therefore it reduces the linear density. But it depends on the how much strain was
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applied under specific temperature. In other words, during the straightening process, the
macromolecules of the filament can tend to arrange themselves with respect to the filament
direction, which purely caused to reduce the linear density. The structural arrangement of
macromolecules during drawing process can be explained in Perterlin model, which is shown
in Figure 40. There is interesting fact was observed, the addition of photochromic pigment can
cause to decreasing the linear density (Figure 42). The linear density of 45.3 +0.3 tex for the
concentration of 0 wt.% (i.e. without the addition of photochromic pigment) and when the
concentration 2.5 wt.% the linear density was reduced to 34.2 +0.22 tex, it concludes that linear
density was reduced 24% by addition of pigment. In general, the introduction of additives can
reduce the size of spherulites, since it cannot enter into composition of spherulites, however it
can be positioned in the intercrystallite phase, therefore, the polymer supermolecular structure
can be disordered, it can be extensively studied by Danilova [80], due to all these modifications

there is a reduction of linear density and other physical properties of colored filaments.

3.3.2.2 Tensile strength of photochromic miPP filaments

It is a well-known effect that increasing the molecular orientation leads to increase the tensile
properties. In case of molecular orientation in isotactic polypropylene will take place in the
monoclinic (), hexagonal (5) and orthorhombic (y) [81, 82]. As discussed earlier the drawing
process can lead to modify the structural arrangement of polymers in both crystal and non-
crystal forms. The drawing process was carried out in two methods, they are hot and cold
drawing. During the hot drawing process, the plastic deformation will take place by twinning
and the phase transformation of lamellae [82], in case of cold drawing there are large plastic
deformation takes place due to the neck formation, in compression of both the methods have
pros and cons which already studied by many researchers [83-85]. Therefore, Peterlin model
gave an idea of how the drawn fiber/filament can provide the improved tensile properties by
modifying its structural orientations. According to the Peterlin model, the folded chain blocks
are broken off from lamella during the drawing process, which also turns to their axes to the
drawing direction, therefore, it ensures to modify the crystalline and amorphous regions of
polymer structure, the proposed Peterlin model was described in Figure 40.
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Figure 40: Filament molecular model (Peterlin model) of structure transformation during the

drawing process (adopted and modified from [86, 87]).

Figure 41 shows the dependence of tensile strength on the drawing ratio, where the tensile
strength of 10.51 cN.tex* for the drawing ratio of 1, and when the drawing ratio is 4, the tensile
strength of 31.94 cN.tex?, however, the limit of drawing ratio has been increased further till 5
and the results are falls slightly, this is due to the large variance in the gripping method during
the sample testing, also, finer diameter of filaments were difficult to determine the elongation.
The results show that non-linear relationship between the drawing ratio and tenacity, which
can be fitted with exponential functions to find the goodness of fit, which shows 0.96. The
goodness of fit was confirmed that there is strong relationship between the tenacity and drawing
ratio. The tensile strength is the function of both crystallinity and orientation of molecular
chain, as the peterlin model shows that the increasing the drawing ratio make changes in the
molecular orientation which directly influenced on the tensile behavior, also it modifies the
birefringence. In general, the addition of spinning additives can reduce the tenacity and
elongation at break, it can be studied [88-90], in this research, results confirms that the addition
of photochromic pigment causes to reduce the tensile strength and elongation at break, which
is shown in Figure 42. Results of tenacity have been reduced 28 % between the concentration
from 0.25 wt.% to 2.50 wt.%. The results confirm that there is a non-linear relationship between
the pigment concentration and tenacity, the goodness of fit was found (R?=0.99), which
describes there is a strong dependence of tenacity with respect to the pigment concentrations.
A possible explanation of these phenomena can be a pre-orientation of the crystalline segments
of the polymeric chains are located around the photochromic pigments, which causes with
slight decreasing of its melt viscosity. The melt viscosity is responsible for the backbone bonds
such as chain flexibility and degree of entanglement. According to the reference [91], addition
of additives like pigments are usually affects their strength and structure, which also confirmed

from our research too.
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3.3.2.3 Elongation at break of photochromic miPP filaments

Elongation at break is the strain at which polymer breaks during the testing under controlled
temperature. To understand, the polymer with high crystallinity and orientation tends to be
strong, on the contrary, the semi-crystalline polymers with low orientation have the higher
elongations at the break with low modulus. Figure 41 shows results of elongation at break with
respect to the drawing ratio. There is an exponential relationship between the drawing ratio and
elongation at break, the goodness of fit was found R?=0.99, which recommend that there is a
strong relationship between the drawing ratio and elongation at break. The elongation at break
260.3% for the drawing ratio of 1, and when the drawing ratio is increased to 4, the elongation
at break was found 39.9%, which confirms there is a reduction of 84%. The reason is, when
the filaments to pull down in to the tensile direction causes to stretch the amorphous molecules,
in depth, when the strain force is applied on the semi-crystalline polymer, first the amorphous
phase of polymers are affected, nevertheless, this process is purely elastic in nature, when the
force on the polymer was released to the polymeric system can be stress free, however, it is up
to some extent. If the force is beyond the limit, the polymer is going to deformed, which causes
to the sliding of crystallites. In general, each crystallite of the polymer can be composed of
chain-folded lamellae, which are the primary reason for the low modulus as well as high
elongation to the respective polymer. During the drawing process, lamellae can be orientated
by themselves from a parallel direction to deformation direction, however, there is a possibility
of interlamellar slipping, also the lamellae can be unfolded which causes the ultimate break.
All these modifications can be increased with increasing the drawing ratio, as results elongation

at break can be decreased and it confirmed from the results.

3.3.2.4 Elastic modulus of photochromic miPP filaments

The Young's modulus (i.e. elastic modulus) is one of the important parameters which helps to
investigate the mechanical properties of photochromic miPP filaments. The Young's modulus
of photochromic miPP filaments was plotted in the Figure 41, the data was used to fit with non-
linear regression and goodness of fit was found R?=0.98. Results show that significant
improvement in Young's modulus, it was increased 65% from drawing ratio 1 to 4,
nevertheless, it is due to the molecular arrangements and followed by the variation in the
crystalline region of the filament. In other words, Young's modulus increased continuously
with increasing the crystallinity. Therefore, this structural modification may cause to increase

the tenacity and Young's modulus and decrease the elasticity. The Young's modulus of miPP
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filaments as a function of photochromic pigments are shown in Figure 42. It is evident from
this results that the photochromic pigments increased the filament flexibility, particularly in
higher concentration. However, the reduction of Young's modulus with influencing of
photochromic pigment is very less (i.e. 6%), and it could be within the tolerable limit. In overall
the photochromic pigments having significant change in the physical and mechanical
properties, particularly pigment concentration can influence the coefficient of variance (CV)
for the tenacity, it decreases with increasing the pigment concentration, in some cases the
results are not affected as such, for example with the drawing ratio of 2.5 at the concentration
of 0.5 wt.%. The CV for the elongation and Young's modulus, there is no significant influence
and the results are fluctuations. Pigment concentration and drawing ratio have a strong

influence on the linear density and other physical properties of produced photochromic

filaments.
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Figure 41: Effect of drawing ratio on various physical properties (MPP-0.25 wt.%).
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Figure 42: Impact of pigment concentration on various physical properties (DR-1).

3.3.3 Thermogravimetric Analysis of miPP filaments

Before production of photochromic miPP filaments, it is necessary to analyze the thermal
degradation of photochromic pigments by thermogravimetric analysis. The purpose of this
characterization is to understand how the photochromic chromophore was degraded with
respect to the temperature. In this study, three different photochromic pigments were used to
analyze their thermal properties and the results are shown in Figure 43. First all the pigments
started degradation at 50 to 130°C, however this is due to the HALS and other residual additives
present in the pigments, thereafter it sustains for higher temperature and start complete
degradation, for MPY pigments degrade significantly during heating and degrade 76% of

weight loss by 325°C, whereas MPB and MPP is much better and weight loss of 62% and 53%
respectively.

Page- 69-



[Properties of Photochromic Textiles]

100
— MPP
— MPB
— MPY
80
S 60
S MPP- 125 °C, 46%
n MPP- 325 °C, 53%
8 MPB- 125 °C, 52%
W
S 40-
MPY- 125 °C, 60% MPB- 325 °C, 62%
20 MPY- 325 °C, 76%
0 ! ) T " T T T T T T T T ]

50 100 150 200 250 300 350
Temperature (°C)

Figure 43: TGA analysis of photochromic pigments.

The value of onset degradation was obtained from the point of intersection of extrapolated pre-
weight-loss baseline with the tangent to the curve produced by the decomposition reaction.
However, this characterization has a small quantity of error and it was estimated around at 5°C.
So, this result concludes that there is an impact of kinetic properties, since MPP shows less
thermal degradation temperature, perhaps MPY shows higher degradation. Thermal
degradation of the pigment is purely depending on their structure, while production of the miPP
filament, the mixture of pigment and polymers are in the molten state, which stays for more
than 30 minutes. Due to longer time and higher temperature may reduce dyeability of MPY
pigment and the results are evident for this statement and it is shown in Figure 28 and Figure
32.

3.3.4 Differential scanning calorimetry analysis on miPP filaments

DSC is one of the most widely accepted techniques to study the thermal properties of polymeric
materials. It helps to analyze the crystallization exotherm of photochromic polypropylene

filaments, the results were shown in Figure 44 to Figure 49. However the polypropylene
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belongs to semi-crystalline polymer and it forms the structure during the higher temperature,
particularly close to their melting temperature when relaxation of polymer chain in amorphous
phase is prevented mechanically, keeping fibers under tension [87, 92-94], therefore, it
significantly change the thermal characteristics namely melting temperature, melting enthalpy
and entropy, it is sure that these changes further influencing on their mechanical properties.
The quantities structural characterization of isotactic polypropylene was studied very first by
Samuel [86] and concluded as follows; isotactic polypropylene fibers are providing the higher
melting temperature and enthalpy, the orientation of crystalline phase will not affected by the
melting temperature of the filaments, whereas the linear dependence of melting temperature on
the factor of amorphous phase, which means that melting temperature of the constrained PP
fibers drawn for gradually higher drawing ratio is fully controlled by orientation of the non-
crystalline phase of the filaments. The melting temperature of the polymer is known to the
function of crystallization temperature, generally, it is dependence on the crystal thickness of
polymeric materials. From the results, melting temperature was increased with the increasing
the drawing ratio, also the heat of fusion is increased continuously with increasing the drawing
ratio, this is due to the thickness of lamella can be reduced as well as the increased molecular
orientation of the filaments with respect to the drawing ratio. The increasing the heat of fusion
can be seen in the entropy with respect to the drawing ratio, results confirm that change in
entropy can lead to increase the melting temperature along with drawing ratio was increased.
The results reveal the difference in the melting peak temperature dependence on the drawing
ratio. The melting temperature (Tm) of undrawn filament shows 146.08°C, whereas the drawing
ratio 4 shows 150.28°C.

Table 5: Thermal and crystallinity properties of miPP filaments with respect to various drawing

ratio (i.e. without the addition of photochromic pigment).

Drawing ratio Tm (°C) Xc (%) AHm 3.9%) ASm (J.97)
1.0 146.1 27.11 56.16 0.38
2.0 147.2 28.63 59.30 0.40
2.5 147.9 29.50 61.10 0.41
3.0 148.6 35.78 74.11 0.49
3.5 1494 37.73 78.15 0.52
4.0 150.2 40.65 84.20 0.56
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Figure 44: DSC test of miPP filament (i.e. DR-1, MPB- 0 wt.%).

The changing of melting enthalpy is increased with increasing the drawing ratio, from 56.16 to
84.20 J.g* for drawing ratio 1 and 4 respectively (Table 5), this is due to the thermal
demonstration of the components during the crystallization of the polymer which may create
the supermolecular structure of the polymer. In general, the liquid phase may reduce the
distance between adjacent chains and therefore it increases the fraction of lower energy trans
conformation. The melting temperature of miPP filaments with photochromic pigments are
increased ~2°C with increasing the photochromic pigment concentration (Figure 48). Of
course, the drawing ratio is highly responsible for the increasing of melting temperature, it can
be seen in Figure 49. However, it is desired and expected effects on the photochromic filaments.
In the drawing ratio 4, there are two melting peaks were visible (Figure 47), it is due to the
during the DSC measurement the mass colored miPP was exposure to set conditions or may be
melting of less stable g crystallites formed during the measurement. The crystallinity of
photochromic filaments was increased with increasing the drawing ratio, therefore, the higher
rate of crystallization makes many modifications in the filament, mainly the «, £ modification
of morphological structure. From the results (Table 6 and Table 7), pigment concentration on
crystallinity can be changed 13% on the drawing ratio of 1, in case of drawing ratio 4 does

show much influence, however, this effects purely depend on the drawing ratio and slightly on
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the pigment concentration too. The variation in the crystallinity can be found is higher when

the drawing ratio is less and difference can be reduced in case of higher drawing ratio.

Similarly, the changing in melting enthalpy and entropy was observed there is a variation with

respect to the pigment concentration, however, it is due to the drawing process and slightly on

the pigment concentrations.

Table 6: Thermal and crystallinity properties of miPP filaments with respect to their

photochromic pigments (i.e. DR-1).

Pigment concentration (MPP- wt.%) Tm (°C) | Xc (%) | AHn (3.1 | ASm(J.g7Y)
0.0 146.08 26.24 54.34 0.371
0.25 146.10 | 27.30 56.54 0.386
0.5 146.31 28.63 59.29 0.405
15 146.67 29.02 60.10 0.409
2.5 147.41 30.18 62.51 0.428

Table 7: Thermal and crystallinity properties of miPP filaments with respect to their

photochromic pigments (i.e. DR-4).

Pigment concentration (MPP- wt.%) Tn (°C) | Xc (%) | AHn (3.1 | ASn(J.gY)
0.0 149.44 40.55 83.99 0.566
0.25 149.98 40.44 83.75 0.558
0.5 150.15 41.48 85.92 0.567
15 150.78 41.76 86.49 0.567
2.5 151.63 42.54 88.11 0.577
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Figure 45: Normalized DSC curves for miPP filaments, (MPP=0.0 wt.%).
—2.5%
— 1.5%
. . —0.5%
] 147.4°C — 0.25%
0%
: A
| A
_ ——/D
T T T T T T T T 1
40 60 100 120 140 160 180

Temperature (°C)

Figure 46: Normalized DSC curve of MPP incorporated miPP filament (DR-1).
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Figure 47: Normalized DSC curve of MPP incorporated miPP filament (DR-4).
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Figure 49: Effect of drawing ratio on Tn.

3.3.5 Surface morphological analysis of miPP filaments

SEM characterization was used to investigate surface characteristics of the produced
photochromic miPP filaments with the influence of photochromic pigments and their
distributions. In these regards, the longitudinal views were conducted to visualize the surface
characteristics of mass colored filaments. For this analysis, the photochromic pigment
concentration of 2.5 wt.% (i.e. all three pigments) with the different drawing ratio was selected.
Since there is no special reason behind why different drawing ratio was chosen rather than

availability of filaments.
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Figure 50: Longitudinal view of Photochromic miPP filaments with a circular cross-section,
(A) unpigmented; (B) containing 2.5 wt.% MPP; (C) containing 2.5 wt.% MPB; (D) containing
2.5 wt.% MPY; (DR-2).

Figure 50 shows the longitudinal views of produced photochromic miPP filaments with the
compression of the unpigmented filament (i.e. circular cross-sections). The outer surface for
all the filaments (i.e. colored and uncolored) looks similar with a smooth surface, which means
that there is no significant influence on the pigments with its distribution of filaments on surface
characteristics. Also, in all the filaments does not shows any uneven and striated effects which
confirm that the drawing process cannot be affected the filaments. The results are same in

cross-sectional views too (Figure 51).
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Figure 51: Cross-sectional view of photochromic miPP filaments with a circular cross-section,

(A) unpigmented circular shape; (B) circular shape with 2.5 wt.% MPP;

The produced circular filaments have no melt fracture or distortion which is confirmed from
these microscopical images. Therefore, it is confirmed that the process of polymer melting
ability to stay together as a continuous fluid at a high shear rate. There are many intrinsic
parameters were involved for fracture of miPP filaments, namely molecular weight, the degree
of crystallinity, structural morphology, molecular orientation and various processing

conditions, particularly drawing process and its ratio.

3.4 Results and Discussion of photochromic miPP filaments (non-circular)

3.4.1 Optical properties

Table 8 and Table 9 shows K/S (max) values to the different drawing ratio of photochromic
miPP filaments on non-circular cross-sections. Due to the limited options, it manufactured with
only one concentration by each pigment, therefore it is very difficult to make a graphical
representation with limited independent and depended on values. Results describe the circular
cross-sectional filament shows higher K/S (max) values than the non-circular filaments even in
all the drawing ratios as well as in the same concentration of pigment. In over all, results of
K/S (max) values were observed that it varied with respect to the cross-sectional shape of the
filaments. The results of K/S (max) values on the filaments with MPP pigment, 8-star and 5-
star cross-sectional filaments show 63% and 72% less K/S (max) values than the circular cross-
sections in the same drawing ratios. The results trend is similar to other pigments too, so, it
evidenced and confirmed that the shape of cross-sections plays a vital role in the optical
properties of produced filaments. The reason behind these phenomena is, during the color
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measurement the reflected light always depends on the angle of incidence, which could be
modified by the substrate and its surface characteristics. Circular cross-sectional filaments
typically generate the more specular reflection, on other hand, the surface reflection increased
for the filament containing quadrilobe cross-section. Therefore, the refraction and the
frequencies of the light intensity could change the direction, which causes to reduce the
transmission coefficient of light intensity. As a result, reduce the amount of light transmission
on the miPP filament with quadrilobe cross-sections. In other words, the quadrilobe cross
section having the more refraction light path as compared to circular and trilobal cross-sections.
Due to the above reason, circular cross-section produces more K/S (max) values than other
cross-sections. However, the non-circular cross-sectional filaments have more surface area
than a circular one, so it increases the air resistance and sound absorption and other handle &

surface properties.

Table 8: The K/S (max) on the different cross-sections of the produced filament (DR-1) under

exposure phase.

Cross- Pigment concentrations 1.5 wt.%
sections MPP | CV%kssmaxy | MPB | CV%kssmax) | MPY |  CV%kss (max)
Circular 3.230 82.2 2.835 112.4 1.397 229.7
5-star 0.949 95.4 0.4969 249.6 0.544 160.0
8-star 1.229 80.1 0.6024 67.0 0.948 183.3
Triangle - - - - 0.688 120.9

Table 9: The K/S (max) on the different cross-sections of the produced filament (DR-2) under

exposure phase.

Cross- Pigment concentrations 1.5 wt.%
sections MPP | CV%kismax) | MPB | CV%kssmax) | MPY | CV%kss (max)
Circular 2.523 135.6 2.201 90.7 1.229 190.8
S-star 0.704 153.9 0.415 101.2 0.502 112.2
8-star 0.945 118.2 0.520 95.1 0.495 118.7
Triangle - - - - 0.479 116.1

Page- 79-




[Properties of Photochromic Textiles]

3.4.2 Surface morphological analysis of miPP non-circular filaments

Figure 52 shows the longitudinal views of produced miPP filaments with non-circular cross-
sections. Results are evident that there is a smooth surface in case of triangular and 5-star
shapes, whereas in 8-star contains some microfibers which leads to generating the fibrillation
on the surface, however, there is no significant relationship with the pigment concentration
with respect to these effects, it purely depends on the shape of cross-sectional. Since it contains
8-star which means there is 8-stars, due to the serrated like structure of this filament generates
the microfibrils, so the 8-star shaped filament makes unevenness in the surface. Figure 53
shows the cross-sectional views of produced miPP filaments with non-circular cross-sections.
Results indicate the circular and triangular shape cross-sections having no impact of addition
of pigments or the drawing process, in case of 5-star some of the filaments never drawn, it can
be identified by the size of the filaments by comparison of other filaments in this group, which
means that some filaments are bigger than other filaments in the same groups, it can be seen in
the Figure 53. However, there is no influence on the pigment for these effects. The reason may
be slippage during the drawing process which leads to the particular filament to not drawn as
per the respected drawing ratio, this effects only occur in the 5-star shape and not in the 8-star
shape which is shown in Figure 54. In overall, there is an impact of drawing process with
respect to the size of diameter, it can be seen visually, however it is well-known effects and
expected results too.

Figure 52: Longitudinal view of non-circular Photochromic miPP filaments,
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(A) unpigmented triangular shape; (B) triangular shape with 2.5 wt.% MPP; (C) unpigmented
5-star shape (D) 5-star shape with 2.5 wt.% MPP; (E) unpigmented with 8-star shape; (F) 8-
star shape with 2.5 wt.% MPP (DR for unpigmented is 1 and pigmented filaments are 2).

SEM MAG: 450 X Det: BSE+SE | 100um
Date(midly): 02/01/18

SEM HV: 20.0 kV. WD: 10.81 mm VEGA3 TESCAN
SEM MAG: 450 X Det: BSE+SE | 100um
Date(midly): 01/24/18 TUL Liberec

Figure 53: Cross-sectional view of non-circular photochromic miPP filaments,
(A) unpigmented triangle shape (B) triangle shape with 2.5 wt.% MPP; (C) unpigmented with
5-star shape; (D) 5-star shape with 2.5 wt.% MPP (DR for unpigmented is 1 and pigmented

filaments are 2).

The produced non-circular miPP filaments have no melt fracture or distortion which is
confirmed from these microscopical images. Therefore, it is confirmed that the process of
polymer melting ability to stay together as a continuous fluid at a high shear rate. There are
many intrinsic parameters were involved for fracture of miPP filaments, namely molecular
weight, the degree of crystallinity, structural morphology, molecular orientation and various
processing conditions, particularly drawing process and its ratio. From the scanning electron
microscopic images, it is evident that there is no microfibrils in the miPP filament structure

Page- 81-



[Properties of Photochromic Textiles]

except the 8-star shape, However, the transition of lamellae to microfibrils can take place

during the cold drawing process, it can be extensively studied in many literature.

SEM HV: 20.0 kV WD: 11.45 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 12.16 mm
SEM MAG: 450 x Det: BSE+SE | 100 ym SEM MAG: 450 x Det: BSE+SE | 100 ym
Date(m/dly): 01/31/18 TUL Liberec Date(m/dly): 01/25/18

Figure 54: Cross-sectional view of non-circular photochromic miPP filaments,
(A) unpigmented with 8-star shape; (B) 8-star shape with 2.5 wt.% MPP (DR for unpigmented

is 1 and pigmented filaments are 2).
3.5 Conclusion

The methods and process parameters which used to produce the photochromic miPP filaments
in both circular and non-circular cross-section has been discussed in this chapter. Also, it
discusses the various properties which have been measured for the produced filaments. At last,
various optical, structural, physical and thermal properties of produced filaments could be
discussed with their obtained results, the detailed conclusion of this chapter has been given in

section 6.1
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Chapter 4 SOL-GEL PHOTOCHROMIC FABRIC

4.1 Introduction

In textile field, sol-gel technology has been used to provide fabrics with various functions by
incorporating different functional materials such as photochromic, thermochromic, anti-
microbial, water repellent, superhydrophobic, flame retardant etc. In this work, incorporation
of commercial photochromic pigment (Table 10) into textile fabric by sol-gel coating. PET was
chosen for the sol-gel coating since it has many advantages than other fibers except moisture
absorptions. The sol-gel can be prepared by using the various precursor, then it applied to the
PET fabric with different concentration of photochromic pigment (MPP). In this work, a
different type of precursors is used to find the impact of precursors on the photochromic
response in the coated fabric. The main aim of this study is to find the influence of precursor
on photochromic response with respect to the physical and mechanical and handling properties
of coated fabrics. Therefore, the first two sections are deals with the application of
photochromic pigment to the fabric via sol-gel coating and the last section of this chapter is
dealing with obtained results and their discussions. So, the various optical properties like color
strength values (K/S functions), color strength maxima, changing in optical density, color
difference by residual AE* values, half-life for color change of photochromic response during
exposure and reversion phase, rate constant and various color intensity, photochromic response
towards to the abrasion and washing resistance has been discussed. Also, it discusses uptake%
during the coating process, various physical and handling properties of coated fabric, surface
morphology and surface roughness has been discussed. For all the measurement, the error can

be calculated through standard uncertainty measurement

4.1.1 Sol-gel coating on PET fabric

Sol-gel coating is one of the most important emerging technology in textile industry due to its
many advantages such as highly effective, adjustable coating thickness, good coating
durability, easy combination with various functions and less environmental impacts. Typically,
metal oxides starting from a colloidal solution (sol) that acts as the precursor for an integrated
network (or gel) of either discrete particles or network polymers are used for the fabrication of
materials. Typical precursors are metal alkoxides and metal salts (such as chlorides, nitrates
and acetates), which undergo various forms of hydrolysis and polycondensation reactions. Both
in liquid and solid phase contained in the formation of a gel-like diphasic system are evolved
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by the ‘sol’ in this chemical procedure whose morphologies range from discrete particles to
continuous polymer networks. A significant amount of fluid may need to be removed initially
for the gel-like properties to be recognized in the case of the colloid, due to slow in the volume
fraction of particles (or particle density) which can be accomplished through a number of ways.
The method which is simple is to allow time for sedimentation to occur and then pour off the
remaining liquid. A drying process is required in the removal of the remaining liquid (solvent)
phase which is typically accompanied by a significant amount of shrinkage and densification.
The distribution of porosity in the gel determines the rate at which the solvent can be removed.
During this phase of processing, changes imposed upon the structural template will strongly
influence the microstructure of the final component [95-103]. Figure 55 represents the
deposition process of thin films using sol-gel method. In this method, a homogeneous solution
of molecular reactant precursors (sol) into an infinite molecular weight three-dimensional
network (gel) filling the same volume as the solution is converted by a set of chemical reactions
irreversibly. In order to produce the binary or ternary systems; each molecular precursor has
its own reaction rate depending on the parameters such as pH of the solvent, concentration and
temperature in which the mixtures of precursors can also be used. In a single precursor
component system, interconnected nanoscale porosity can be designed to the final material and
hence a high surface area, it depends upon the precursors used and the solvent employed [52,
104-109]. Previous literature studied the silica sol-gel matrices with photochromic dyes [99,
102, 110, 111] on films and other materials, however, these studies help us to produce the

photochromic fabric via sol-gel coating technology.

Coatlng

Heat

Xerogel film Dense Film

Wet Gel

Coating
Hydrolysns

Polymerlsatlon

Dense Ceramic

Evaporatlon - Heat .

Aerogel

Gelling

Uniform Particles

Extraction
of Solvent
Prel:lpltatlng

Figure 55: Schematic representation of Sol-gel coating method,
(adopted and modified from [112]).
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4.1.1.1 Dip coating method

The dip coating technique is a popular way of creating thin films for research purposes which
ensure the uniform films onto flat or cylindrical substrates. Generally, it can be done under
controlled temperature and atmospheric. In this work the photochromic pigments are integrated
to the fabric through dip coating, this process can be separated into five stages.

e Immersion: The fabric is immersed in the solution of the coating material at a constant
speed.

e Start-up: The fabric has remained inside the solution for a while and is starting to be
pulled up.

e Deposition: The thin layer deposits itself on the fabric while it is pulled up. The
withdrawing is carried out at a constant speed to avoid any jitters. The speed determines
the thickness of the coating (faster withdrawal gives thicker coating material).

e Drainage: Excess liquid will drain from the surface of fabric.

e Evaporation: The solvent evaporates from the liquid, forming the thin layer. For
volatile solvents, such as alcohols, evaporation starts already during the deposition &
drainage steps.

4.2 Experimental procedure for sol-gel coating

Pre-treated, 100 % PET plain structured fabric was used for this study. Triacetoxyvinyl-
precursor (TAS); Octyltriethoxyprecursor (OTES); Phenyltriethoxyprecursor (PhTES);
aminopropyltriethoxy precursor (APS) and MPP (photochromic pigment). Since 5-chloro-
1,3,3-trimethylspiro[indoline-2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine] provide the better
photochromic performance (in case of miPP filament), therefore it chosen for the sol-gel
coating and there is no other reason for this. All the chemicals were purchased from Sigma-
Aldrich, USA. Deionized water was used for the preparation of sol solutions.

Table 10: Commercial photochromic pigment used to produce photochromic fabrics.

Color | Abbreviation CAS Chemical name

Purple MPP 27333-50-2 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H)
naphtho(2,1-b) (1,4)-oxazine].
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Table 11: Various physical properties of Raw PET fabric.

Properties Warp Weft
Flexural rigidity (mg.cm) 949.9 543.1
Bending modulus (kg.cm™) 330.9 184.1
Bending length (cm) 4.7 3.2
Thickness (mm) 0.326
Areal density (g.m?) 170.7

PhTES OTES TAS
OC;Hs
NHZ\/\/Sli—OCEH5
0C,Hs

APS

Figure 56: Chemical structure of PhTES, OTES, APS and TAS.

4.2.1 Silica sol-gel synthesis and coating on fabrics

The silica sols were prepared by mixing the different precursors with the catalyst and solvent,
the mixing can be done with the proper proportion of silanes, catalyst, water and solvent by
32:1:100:320 molar ratios respectively, many studies could be conducted and optimize this
proportions. The mixture was stirred until the crystals of the catalyst can be dissolved until a
clear solution was obtained. Later, the deionized water was added to the above mixture by
using the syringe pump at the speed of 1mL.h. Triacetoxyvinyl silane (it has the dual functions
like a catalyst, certainly it will be the third precursor) was chosen as a catalyst for this study
since it slowly releases the acetic acid during the hydrolysis reaction and ensures to avoid the
rapid hydrolysis. The solution was continuously stirred for 24 hours at room temperature to
allow the complete hydrolysis of precursors. The detailed process sequence and conditions are
provided in Figure 57. The chemical structures of PhTES, OTES, APS and TAS are shown in
Figure 56. The coating solution was prepared by mixing the above sol with photochromic
pigments. Before mixing, the photochromic pigments were slowly added into the prepared sol

and it is mixed until it is dissolved. In some cases, pigment cannot be mixed well, then the
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mixture can stir at 70°C until the solution was clear. Two pieces of PET fabrics (30cmx=12cm)

were dipped into the solution and then withdrawn vertically at a constant speed (~10mm.sec™).

The fabrics were dried in atmospheric condition and then cured at 110°C for 10 minutes. Before

measurement, the coated fabric was left in atmospheric condition for 24-48 hours to ensure

complete stabilizing of the silica matrices, followed by washing two times as per the standard

washing procedure. Samples were named as per the silica precursor’s composition, which is

summarized in Table 12.

Table 12: Recipe and coating conditions.

Abbrev Type of precursor MPP photochromic pigment (wt.% of fabric)
iation

OTES Octyltriethoxy silane 0.25 | 0.50 | 1.00 | 1.50 | 2.00 | 2.50

PhTES Phenyltriethoxy silane 0.25 | 050 | 1.00 | 1.50 | 2.00 | 2.50

APS (3-Aminopropyl) triethoxy silane 0.25 | 050 | 1.00 | 1.50 | 2.00 | 2.50

O:P Octyltriethoxy silane: Phenyltriethoxy | 0.25 0.50 | 1.00 | 1.50 | 2.00 | 2.50
silane (2:1 molar ratio)

P:O Phenyltriethoxy silane: Octyltriethoxy | 0.25 | 0.50 | 1.00 | 1.50 | 2.00 | 2.50
silane (2:1 molar ratio)

/s OH
7 |
| N L
H3C/\O—S|i—(CH2)7CH3+ H* OH —s € O |' (CH2); CH3 + CcH,0H
H3C\/O Hydrolysis H3C\/O
N l oH
|
HsC 0—|i—(CHz)7 CH, + H3C/\O—S|i—(CH2)7CH3
H3C\/O H3C\/O
CHy— —CH;
o) o
Nsi—o—si_ +  x H'OH
7| | S
o
oH—" (Gl <?H2)7¥CH3
CH;  CHs

Scheme 9: Hydrolysis and condensation reaction of OTES.
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OC,Hs NH, NH
2 NHZ\/\/Sli—OCZHs L OH_Séi_o_g._o_ + 2 C,Hs0H + H,0
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OH—Sl—O—gi—O— + OH—S|—0—§—O—
OH gH OH (l)H
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Scheme 10: Hydrolysis and condensation reaction of APS.
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Scheme 11: Hydrolysis and condensation reaction of PhTES.
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Figure 57: The sequencing process for the sol-gel coating process.

4.2.2 Measurement of kinetic properties of photochromic PET fabric

After the sol-gel coating, the fabric is measured its kinetic properties by using of Photochrom-
3 with the minimum peak wavelength of 385nm. The detailed procedure for the kinetic
measurement could be discussed already in the section 3.2.4. The sol-gel coated fabric has been
measured five cycles both exposure and reversion phase. One measurement cycle consists of 5
min exposure under UV and 5 min of reversion phase (i.e. without UV-radiation) and totally
10 min per cycle. Average value of the five repetitive measurements was used for statistical
data treatment. As discussed in the section 3.2.4, the various kinetic properties such as K/S
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functions, K/S (max), change in the optical density, half-life of color change, rate constant

could be calculated for the coated fabric.

4.2.3 Effect of abrasion durability on photochromic response

It is necessary to analyze the durability of the coating towards to the photochromic response;
therefore, it can be determined by using simple abrasion resistance by Martindale abrasion
tester. So, the coated samples were abraded for 100, 300, 500, 700 and 1000 cycles under the
pressure of 9kPa. The abrasion durability with respect to the photochromic response can be
computed via the Eq. 4.1,

% loss :[AK/iZK_/g K/Sljxloo (4.1)
1

where AK/S: and AK/S; are the K/S (max)) before and after abrasion measurement with respect

to the abrasion cycles respectively.

4.2.4 Effect of washing durability on photochromic response

The durability of coated samples against washing with respect to the photochromic response is
another important property, which can be analyzed through simple washing conducted as per
AATCC-61 standard. It is a test which can be able to simulate the home laundering practices
as like consumer use, however, it is an accelerated washing test can be equal to five or more
home commercial launderings. Before testing, the specimens (10cm to 4cm) are attached with
multifiber adjacent fabric by simple sewing, then the wash liquor has been prepared by
dissolving the 4g of detergent per liter of water. Later on, adding the prepared liquor on the
stainless-steel container with steel balls. Close the container and operate the machine at the
temperature of 60°C for 60 minutes. Later on, un-sew the adjacent fabric and test specimen.
Now the test specimen has to wash twice with cold water and required to dry in the atmospheric
conditions. The washing durability towards to the photochromic response can be computed the
Eqg. 4.1, where AK/S; and AK/S; are the K/S (max) before and after washing measurement cycles

respectively.

4.2.5 Uptake % of the coated fabric

The amount of coating solution absorbed by the fabric can be computed by the Eq. 4. 2.

Coating uptake (%):V% %100 4.2)

1

where W1 and W are the weight of fabric before and after coating respectively.
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4.2.6 Effect of physical properties of sol-gel coated fabrics

After the coating, the various physical properties of coated fabric can be analyzed to know the
influence of precursors. First, the fabric thickness was measured by thickness gauge tester
according to the ASTM D1777. Areal density was calculated based on the ASTM D3776-07.
The bending properties of coated and control fabric can be measured by using SDL ATLAS
(Shirley) stiffness tester, the measurement can be done as per the ASTM D1388 [113]. During
the bending measurement, 2.5cm x 20cm of strips made in both warp and weft directions of
fabrics, while preparing the sample, the ruler was placed on the strips and slid horizontally
along the designated platform of the stiffness tester, it continues until the suspended end of the
strip met two parallel marks on the wall of stiffness tester, the marking point is exactly 41.5
degrees below the horizontal plane. The length of the travelled specimen on the ruler had been
recorded as the bending length (C) of both the ends as well as the front and back of the specimen
can be noted an average value can be calculated for further computations [114]. From the
bending length, it is possible to calculate the flexural rigidity (mg.cm) and bending modulus
(kg.cm™). The above measurements were done five times and the average value was used to
find the flexural rigidity and bending modulus of coated and control fabrics. The flexural
rigidity and bending modulus were calculated from the Eq. 4.3 and 4.4 in mg.cm and kg.cm

respectively.

G =0.1MC® (4.3)
where M is the mass per unit area (g.m) and C is the bending length (cm) of the fabric [113];
-6
_ (12G6 ><310 ) (4.4)
9;

where Q is the bending modulus in (kg.cm™), G is the flexural rigidity and g is the fabric
thickness (cm).

4.2.7 Surface morphological analysis of sol-gel coated fabric

The surface morphology of control and sol-gel coated fabrics were observed by using TS5130
Vega-Tescan scanning electron microscope (SEM). Before SEM analysis, the samples were
sputter-coated with gold by using of Sputter coater to avoid the accumulation of high static
electric fields. In the measurement, the electron column was kept at vacuum and other
following parameters were used; 20kV accelerating voltage and 500x magnification levels with
a vacuum of 7.8x102 Pa. The working distance between the sample and objective lens can be
adjusted according to the image resolution.
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4.2.8 Surface roughness analysis of sol-gel coated fabrics

An Olympus OLS 3100 model LSCM was employed to measure surface roughness properties
of control and sol-gel coated fabrics. From this analysis, the surface roughness (which
including the maximum peak height (Rp), maximum valley depth (Rv) and maximum height
profile (Rz)) and other related properties were calculated as per the 1SO 4287:1997 standard,
the pictorial representation of analyzed surface roughness is shown in Figure 58. LSCM also
generates the three-dimensional profile, which helps to find the surface modification before
and after sol-gel coating. The maximum height profile (Rz) could be computed by Eq. 4.7.

Rp = Max(Rp,) 45)
Rv = Max (R, ) 4.6)
Rz=Rp+Rv 7)
Rp
= | Rz

Rv

Sapling length (1)

Figure 58: Schematic representation of surface roughness analysis.

4.3 Results and discussion on sol-gel coated photochromic fabrics

4.3.1 Effect of photochromic response on the sol-gel coating

4.3.1.1 Effect of K/S Values on drawing ratio of photochromic filaments

The reflectance characteristics of the photochromic pigment incorporated sol-gel coated fabric
are shown in Figure 59. It was observed without UV radiation, the sol-gel coated fabric shows
the flat trend of the spectrum. As discussed in the section 3.3.1.1, it is mandatory to ensure the
amount of UV energy during the optical measurement and the results of UV energy are
tabulated in Appendix- C. Figure 60-(A&B) shows the photographs of original color (i.e.
colorless) and developed color of the photochromic fabric under the UV influence. These

photographs were captured after removal of UV radiation and within 3s. However, there are
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practical issues associated with the picture capturing, but it mostly with weekly developed color
as well as the color with fast decay. In case of color difference is not possible to capture within

the specified time limit, due to the in presence of UV radiations.

1.04 — UV off
- --UVon

0.8

Reflectance factor (-)

0.0

T T T T T T T T T T 1
450 500 550 600 650 700
Wavelength (nm)

Figure 59: Visible reflection spectrum of sol-gel (OTES) coated fabric with MPP pigment.

Figure 60-(B) shows the visual observation of the color change of produced photochromic
fabrics (i.e. original color of the pigment is purple). The color strength values of the
photochromic fabrics with respect to different precursor compositions were shown in Figure
61. Results indicates, in the same concentration pigment derived different K/S values and it
depends on the type of precursor. Therefore, K/S values are purely depending on the type of
precursor used during the sol-gel coating process. From the observed results, the precursor
having the strongly influence the photochromic pigment and their optical properties. Among
the different precursor, OTES and its combination produce higher photochromic response than
sol prepared from APS & PhTES alone or its combinations, even though at the same
concentration of photochromic pigment, it can be visible in the Figure 61. The reason behind
these phenomena is, the chemical structure of precursor, size & shape of silica network and
available free space in the pore of sol network are the important parameters which influence

on the optical properties of the photochromic pigment. Fact for why OTES based precursor
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provide higher photochromic response, since it contains long flexible chains which creates
more pore space along with flexible silica network, therefore it allows the photochromic
pigment to undergo isomerization reactions without any interference (i.e. original to
merocyanine and merocyanine to original forms), in fact APS and PhTES based precursors
contains propyl and phenyl groups, which is basically rigid in nature. Therefore, it reduces the
space between the pore and photochromic pigment, resulting in lower photochromic response
by restricting the isomerization reaction of photochromic pigment. The lower isomerization
takes to lower photochromic response, during optical measurement, it altered the light
reflection, which marginally depends on the colored (isomerizes) molecules, so, results are the
reduced absorption of light under UV radiations. In other words, light reflection is affected
where the sol network is in a rigid manner. Another interesting fact found in the sol-gel coated
fabric was the reversion phase, in case of miPP filaments, the reversion phase is almost similar

trend, but in sol-gel coated fabric was varied and it depends on the precursors.

Figure 60: Photochromic sol-gel coated fabric, (A) indicates the fabric coated with APS

precursor and (B) indicates the fabric coated with OTES precursor (Colored portion indicates

the influence of UV radiation).
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Figure 61: Effect of the precursor on the K/S values of coated fabrics (MPP-2.0 wt.%).
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Figure 62: K/S values of OTES coated fabric (MPP-2.50 wt.%) under 5 minutes of exposure
phase (UV-on).
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Figure 63: K/S values of OTES coated fabric (MPP-2.50 wt.%) under 5 minutes of reversion
phase (UV-off).

4.3.1.2 K/S (max) functions on sol-gel coated fabrics under exposure phase

K/S (max) of produced photochromic coated fabrics with different precursor combinations was
plotted in Figure 64 and the AOD were plotted in Figure 65. AOD can be calculated as per the
Eqg.3.2. AOD can be measured on the coated fabric without the addition of photochromic
pigment and fabric coated with photochromic pigment. Results are significantly increasing the
K/S (max) and AOD values with increasing the concentration of pigment. Therefore, K/S (max)
and AOD are depending on the concentration of photochromic pigment, of course, it is a well-
known effect. On other hand, K/S (max) and AOD is purely depended on the precursor and its
combinations, since precursor has strongly influenced on the color strength values and followed
by changes in the optical density. The reason behind is, the chemical groups and structure of
the precursors, if the precursor is more rigid, which reduce the optical properties, it is evidently
observed from these results. The combination of O:P (both 1:2; 2:1) and PhTES provided lower
photochromic response than sol prepared from OTES and APS alone, even though at the same
concentration of photochromic pigments. Therefore, the photochromic response is purely

dependent on the chemical structure of precursor, size & shape and space of the pore of silica
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network. The previous literature has been shown that the photochromic colorants were covered
by sol networks during the applications [8, 115-118] and some of the literature was proposed
the silica matrices along with the photochromic colorants. The data for the K/S (max) was fitted
with linear regression, it concludes the goodness of fit all the precursors is above 0.98, which
strongly recommend that there is a linear dependency of both the variables. Figure 66 shows
K/S (max) values of different precursors with respect to the same concentrations. In this figure,
two types of precursors and its combinations was used, among two, octyl based precursor
shown better optical property than the phenyl based, the reason is phenyl groups in the PhTES
creates a rigid network and followed by the structural transformation, which results in the
reduced absorption of light under the UV radiation. However, the PET fabric (raw fabric)
already have the property of scattering, once it has coated with photochromic pigment created
many absorbing points. In most cases, people consider the refractive indexes of the substrate,
but it is necessary to consider the refractive indexes of colorants (photochromic pigment) and
its effects on the fabrics with respect to the scattering, but these scattering effects are very small
and it is within tolerable and so it could be ignored. When the concentration of photochromic
pigment is increased, the distance between scattering and absorption points of coated fabric
have bellowed the limit of incoherence, which is nothing but, the scattering and absorption
points of photochromic coated fabric are coherent [78]. The changing in optical densities of
coated fabrics are given in Figure 65. There were statistically significant differences between
AOD values of photochromic fabrics prepared by the different precursor, the data were fitted
with linear regression, it shows better coefficient determination, in all the precursors shows
above 0.97, which conveyed that there is a strong dependency on both AOD and concentration

of pigment.
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Figure 64: Dependence of K/S (max) on the sol-gel coated fabric under exposure phase.
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Figure 65: Dependence of AOD on the sol-gel coated fabric.
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Figure 66: Dependence of K/S (max) on sol-gel coated fabric (MPP-2.50 wt.%) under exposure

phase.

4.3.1.3 Half-life of color change for sol-gel coated fabric

In this research, half-life color change could be calculated as per the first-order kinetics, the
equation is clearly described in the section 2.3.2. The relationship between in the half-life of
color change and rate constant on the pigment concentration & precursor influences was
studied, the results significantly depend on the pigment concentration & precursor
combination, this trend is same for both exposure and reversion phase. Figure 67 shows the
half-life of color change of sol-gel coated PET fabric with respect to the pigment concentration
under the exposure phase, results are evident that purely depends on the concentration of
pigments and precursor types. From the results, it is confirmed that the fabric coated with
OTES, APS shows faster reaction than the PhTES & its combination. The half-life of color
change for the fabric coated with PhTES shows 26s when the concentration of pigment is 0.25
wt.%, whereas it reduced to 16s at the concentration of 2.5 wt.%. In case of OTES provides the
23s at lowest and 10s at highest concentration of pigments, on other hand, APS provides 22s
at lowest 14s at highest concentration, in the combination O:P (i.e. 2:1 molar ratio) has lowest
half-life of color change than the combination of P:O (i.e. 2:1 molar ratio). Among the different
precursors, only PhTES shows highest half-life of color change, in case of other precursors,

shows the overlapping results until the pigment concentration of 1.5 wt.%. This is due to the
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lowest concentration of pigment which requires almost similar time for the conversion of
merocyanine form of spirooxazine. To find the statistical dependency, the data were fitted with
linear regression and it shows the better coefficient determination values (<0.90). From the
graph, there are some overlapping caused by the fabric coated with OTES, it shows that in
lowest concentration pigment having a higher half-life, whereas the concentration is increased,
the half-life is decreased as faster than its actual predicted trend. Figure 68 described the half-
life of color change of photochromic fabric under the reversion phase, it is clearly described
that the results are depending on the precursor types and pigment concentration. The half-life
of color change during reversion phase shows higher than the exposure phase, this is due to the
structural modification of pigment during the isomerization reaction. Generally, structural
conversion in to merocyanine is take lower half-life than the structure of merocyanine is
converting into their original structure. The half-life of color change for the fabric coated with
PhTES shows 57s when the concentration of pigment is 0.25wt.%, whereas it reduced to 36s
at the concentration of 2.5 wt.%. In case of OTES provides the 42s at lowest and 21s at highest
concentration of pigments, on other hand, APS provides 51s at lowest 26s at highest
concentration, in the combination O:P (i.e. 2:1 molar ratio) has lowest half-life of color change
than the combination of P:O (i.e. 2:1 molar ratio). To find the statistical dependency, the data
were fitted with linear regression and it shows the better coefficient determination values
(<0.95).
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Figure 67: Half-life of color change during exposure phase of coated fabric.
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Figure 68: Half-life of color change during reversion phase of coated fabric.
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Figure 69: Impact of precursors on the half-life of color change (MPP-2.5 wt.%).
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Figure 69 shows the dependence of half-life of color change on the precursors under exposure
and reversion phase, the graph is made with a constant concentration (i.e. pigment
concentration- 2.5 wt.%) of MPP. From this graph, the half-life of color change can be varied
with respect to the precursors types, which is purely depends on it. In other words, both
exposure and reversion phase, the half-life of color change, there is an influence of silica sol
network, since it has been discussed in the section 4.3.1.5. Other than the silica network, there
are many parameters which influence the half-life of color change, such as, UV absorption rate,
concentration of photochromic colorant, available form of colorant, chemical structure of the
colorant, number and type of functional groups present in the colorant, position of functional
group, surface area of reactant, temperature of the system, reaction rate, level of UV energy
and type of substrate. However, it generalizes the statement and it is difficult to particulate the
specific parameter which influences on the half-life of color change. However, one conclusion
can be proposed from these results, increasing concentration makes faster reconversion of the
original form of photochromic pigment into merocyanine form. Based on the first order
kinetics, the detailed kinetic parameters of photochromic coated fabrics are tabulated in the

Appendix- D.

Table 13: Comparison of optical properties of photochromic filaments and fabrics.

(MPP-2.5 wt.%) K/S (max) | tuze (S) ke (s1) tior () kr (s1)

Filament miPP 5.13+0.12 21 0.03648 42 0.01650
filaments

Sol-gel OTES 1.71£0.15 10 0.05776 21 0.02476

coated O:P 1.21+0.12 12 0.04951 25 0.02390

fabric APS 0.89+0.10 12 0.04621 26 0.02166

P:0 0.83+0.09 14 0.04332 30 0.02166

PhTES 0.63+0.07 16 0.03466 36 0.01824

Note: K/S (max) can be calculated under exposure phase, ti2e and ke is the half-life color
change and rate constant at the exposure phase respectively; ti2r and kr is the half-life color

change and rate constant at the reversion phase respectively.

The comparison results of K/S (max) and half-life of color change in the exposure and reversion
phase for the photochromic miPP filaments and the PET fabrics are tabulated in Table 13. The
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K/S (max) values are ~4 times higher in case of miPP filaments than the sol-gel coated fabrics.
On other hand, the half-life of color change has been varied, in case of miPP filaments shows
two times higher than the sol-gel coated fabric with OTES. Obviously, it is due to their size of
the silica structure, size of the pore of the silica, which is directly proportional to the
photochromic response of coated PET fabrics, however miPP filament has slow rate than the
sol-gel coated fabric, this trend is same in both exposure and reversion phase. The predicted
reason could be, the sol-gel coating can provide the thin layer on the surface of PET fabric
along with the photochromic pigments, which is nothing but, the fabric has the photochromic
pigments only on its surface, whereas the mass coloration provides the good penetration of the
colors along with the polymeric structure. Therefore, the miPP filaments required more time to
undergo the molecular collision, which directly influenced on the lower speed of reaction (i.e.
low rate constant) compared to the sol-gel coated fabrics. Among the sol-gel coated fabric,

precursors like APS and OTES shows the highest rate than other fabrics.

4.3.1.4 Color difference analysis of sol-gel coated fabric

Based on the Eg. 2.31, color difference (AE*) of photochromic coated fabric was analyzed and
the results are shown Figure 70. The rate of coloration and discoloration of photochromic
pigments are generally depending on the molecular structure of the pigments when it
incorporated to the precursors, it is necessary to consider the sol network and other related
parameters too. Also, these parameters influence on the stability and fatigue resistance of the
produced photochromic fabrics. The changing of hue can be explained by the color difference
(AE*) and the photochromic system produces the shade intensity or shifting of the lightness of
the developed color. In this work, highest residual AE* was found ~3.1 units and lowest was
~0.1 units. In all the concentration photochromic fabric with OTES precursor shows highest
AE*, which confirms that there is a visible color difference since a human can identify the color
difference if AE* is more than ~0.4 units. The main objectives to produce these fabrics to
determine the UV in the environment, which act as a flexible UV-sensor, therefore the residual
AE* values are more important to consider. The fabric coated with PhTES shows lowest AE*
values it can be seen in all the concentration. On other hand APS based precursor shows
moderate (~1 units at maximum concentration). The fact behind these results, precursor having
the strong influence, since PhTES has shown lower AE* values since it has the rigid structure,
which could not allow the photochromic pigments to undergo isomerization reaction, on the

contrary, it shows very less uptake % during the coating (see Table 14). Therefore, it confirms
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two possibilities, one is less uptake % (~65%) of photochromic pigments in the coating as well
as less isomerization reaction, so it produces less color strength values which cause to lower
color difference or in other words, the color difference is could not have identified since it has
less than 1 units. In case of photochromic fabric produced with OTES based precursor shows
higher AE* values, the reason, OTES precursors allow the pigment to isomerizes as its
maximum, which causes to produce more color, also this precursor allows the fabric to more
uptake % (~83%). However, both OTES and PhTES produce blue color due to the
hypsochromic shift whereas the original color of the pigment is purple. All the results are fitted
with exponential functions to find the goodness of fit, all the results show more than 0.98,
which strongly recommend that there is a significant dependency on AE* values and the

concentration of pigment as well as precursor types.
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Figure 70: Residual AE* for the sol-gel coated fabric.

4.3.1.5 Effect of silica sol networks on optical and physical properties

Sol-gel coating involved two basic reaction called hydrolysis and polycondensation, which is
similar to the polymerization of various artificial polymers. Resulting, these reaction makes
colloidal particles to the three-dimensional network, which often called sol-gel network.

Generally, the physical characteristics of the sol-gel network are depending on the particle size
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and cross-linking before the gelation treatment, also, the sol-gel network is deciding the
physical and optical properties of coated fabric or some other substrate. Depending on the
precursor types, it varies the bridging bonds which are generally created during the
condensation reaction, which greatly influence the stiffness of the sol-gel network. The silica
network derives the effect of sol-gel coated fabric on the optical response speed (coloration
and decoloration, half-life, etc.) and physical properties, the structure of precursor determines
the morphology of the coated materials. Previously, many researchers proposed predicted silica
network [115, 116, 118-121], from there results, it is easy to understand the how the sol-gel
matrix is formed with pore and pore size. From the OTES based precursors, obtained pores are
surrounded by flexible octal chains, due to the presence of long alkyl aliphatic chain, since the
phenyl groups are rigid in nature, phenyl groups in PhTES lead to a more rigid pore shell. Also,
it has less steric hindrance effect on the pigments, therefore, this structural arrangement allows
the pigment to undergo the photochromic reaction easily. In other words, the octyl groups
produce a more flexible network with the higher surface area than other silanes, which also
ensure the smaller spherical particles with more uniform distributions [122]. In a flexible shell
inside a pore, a photochromic molecule can easily undergo a photochromic reaction. Also, a
flexible silica coating layer is led by the flexible chain of OTES could lead to that has little

effect on the fabric handle properties, which is deeply described in the upcoming sections.

4.3.1.6 Uptake % of the coated fabric and their photochromic response

The fabric uptake % of the coating process can be computed according to the Eq. 4.2, the
method of determination is well described in the section 4.2.5 and the results are tabulated in
Table 14. The maximum uptake was found 83.2%=0.9 for the sol prepared with OTES, the
lowest uptake was found 65.3%+0.6 for the sol prepared with PhTES. Although in same
coating conditions, PhTES and its combination absorbed lower coating solution as compared
to OTES and APS, due to these facts it shows lower photochromic response and it visualized
in the color strength values and K/S (max) values. The reason might be rheological properties
of precursor, it could be varied with respect to the precursor. However the rheological
properties of prepared sol-gel were not studied, but there is literature studied towards to the
sols viscosity and its impact on the add-on % it advised that, if sol viscosity is higher might

cause the lower add-on % [123].
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Table 14: Uptake %, and K/S (max) (MPP-2.50 wt.%) of coated fabrics.

Precursor Uptake (%) after coating K/S (max) ti2e (S) ti2r (S)
% uptake CV%
OTES 83.2+0.9 102.9 1.71 10 21
O:P 75.1+£0.7 165.6 121 12 25
APS 72.3+0.7 66.5 0.89 12 26
P:O 70.6+0.6 47.8 0.83 14 30
PhTES 65.3+0.6 92.0 0.63 16 36

Note: K/S (max) can be calculated under exposure phase, ti2e is the half-life color change at

the exposure phase; tu2r is the half-life color change at the reversion phase respectively.

The observed rate constant of photochromic pigment in the silica matrices is notably faster than
the photochromic pigment in the filament thorough the mass coloration techniques. The half-
life of color change given in Table 14, it can be clearly visible that how uptake% of coating
process can affect the optical properties. Higher the uptake % by the sols like OTES and its
combinations cause the higher K/S (max) values than the sols with PhTES which the lowest
uptake is 65.3 £0.6%. Another reason for the reduction of the optical properties are, the open
merocyanine form of photochromic pigment largely affected by the phenyl ring of PhTES,
therefore, these interactions cause the chromophore of photochromic pigment into the off-
reaction. The half-life of color change has been varied with respect to the precursors types,
however precursors with PhTES shows the low speed of reaction than the OTES, the reason
might be the ionic interaction of precursors (cations) and the pigments (oxygen anion in the

spirooxazine).

4.3.2 Hypsochromic shift on sol-gel coated fabrics

The nature and amount of the organic groups (R) in the silica matrices determine the polarity
of the inner surface of the pores, in general, the photochromic properties of spirooxazine
molecules are strongly depending on the polarity of the pore where the spirooxazine molecules
are located. Therefore, the spectral and kinetic properties of sol-gel coated fabrics are purely
affected by the polarity of precursors, which means, it affects the absorption spectrum of the
colored form of merocyanine. Thus, the hypsochromic shift of ~40nm was observed
(absorption maxima are shifted from 610nm to 570nm), when the fabric is coated with
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OTES/PhTES or its combinations with 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H)
naphtho(2,1-b) (1,4)-oxazine]. Since the phenyl and octyl groups made decreasing the polarity
of the respective precursors. This is due to the lowering the polarity of functional groups of
phenyl and octyl attached to the surface of large organic chains might hindering the influence
of OH groups in the pore surface. So, the photochromic fabric with OTES/PhTES precursors
is turnrd to Blue color instead of its original color (i.e. Purple) under the UV radiations. The
reflectance spectrum of both precursors is given in Figure 71 and the produced fabric under

UV radiations are given in Figure 60- (a & b).
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Figure 71: Reflectance spectra of coated fabric with different precursors (MPP-2.5%).

A colorless 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine]
(i.e. MPP) can be isomerizes to purple colored merocyanine form in presence of APS precursor,
whereas same pigment isomerizes to blue colored merocyanine when the PET fabric coated
with the help of OTES or PhTES based precursor. Chemically the OTES/PhTES containing
the methoxy groups which generally the electron donating in nature which are the prime reason
for the hypsochromic shift of coated fabric from 610nm to 570nm. Apart from the electron

donating groups, the polarity of the precursors in the OTES/PhTES major reason for the
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hypsochromic shift, since it is less than the precursor APS and it confirmed by the visual
appearance of fabric under UV radiations. As per the Kellmann et al. [124] hypothesis, the
ground-state weakly polar molecule of 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H)
naphtho(2,1-b) (1,4)-oxazine] could approach to the configuration of quinoid form. The
polarity of both precursors OTES/PhTES plays a vital role in terms of solvatochromism and it
is sensitivity towards to the precursors polarity with respect to the electron donating groups of
5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H) naphtho (2,1-b)(1,4)-oxazine]. Due to the
precursors polarity, the energy level of ground state declines more sharply than the excited
state. Therefore, the result shows the energy between two different merocyanines, which has
been produced during the UV radiations. The energy difference in the order of AE1<AE><AE3
which is shown in Figure 72. This is the main reason for the observed hypsochromic shift.
Generally, the Amax IS depended on the precursors polarity and the order of Amax will be
(A1>42>43) which is according to the 4E=hv=hc/A. During sol-gel preparation, ethanol was
added as a solvent, which also influence on the kinetics, but it is tolerable, for all these
hypothesis, the molecular modeling was not done, however it can be confirmed by previous
studies [124-129]. The effect kinetics and quantum yield on substitutes on 5-chloro-1,3,3-
trimethylspiro[indoline-2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine] are explained in Chapter 2
(Figure 6), from this we drawn that the quantum yield depending on the presence of electron
in the 5-chloro-1,3,3-trimethylspiro[indoline-2,3°-(3H) naphtho(2,1-b) (1,4)-oxazine] which
donates its substitutes in the 6'-position, however it controlled by the nature of the precursor,

therefore, higher yield is given by the precursor with non-polar in nature [130].
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Figure 72: Schematic interpretation of hypsochromic shift on precursors polarity.
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4.3.3 Effect of abrasion durability on photochromic response

The abrasion durability of sol-gel coated fabrics is investigated, the detailed method of
measurement is given in the section 4.2.3. First, fabric is analyzed the photochromic response
through K/S (max) values, thereafter the coated samples were abraded for 100, 300, 500, 700
and 1000 cycles under pressure of 9kPa, after the abrasion resistance the fabric again analyzed
the photochromic response by computing the difference in the K/S (max) values before and
after abrasion measurement. Figure 73 shows the abrasion durability of coated fabrics, which
refer to the fabric samples that had been abraded various cycles and maximum for 1000
abrasion cycles. The durability of abrasion of the silica incorporated photochromic response
has been reduced 17% at 1000 cycles for precursor with OTES, even though in same abrading
level PhTES decreased 28%. The combination of Octyl and Phenyl in 2:1 molar ratio provides
20% and the combination of Octyl and Phenyl in 1:2 molar ratio provides 26% color loss at
1000 abrasion cycles, APS alone shows 24% color loss in the photochromic response. In case
of PhTES based coating reduce the color loss % from 12%, 16%, 21%, 26%, 28% for the
abrasion cycle of 100, 300, 500, 700 and 1000 respectively. The results of both before and after
abrasion resistance on the K/S (max) confirm that there is a non-linear relationship on the
precursors types, the goodness of fit was found R?=0.92 and above, which strongly describes
that there is a strong non-linear dependence on the abrasion resistance with respect to the
precursor types. In overall, the coating process reduces the abrasion durability on the
photochromic response, however, the overall level of abrasion durability on photochromic
response is satisfactory except PhTES and its combination where PhTES is more concentrated.
The results of the color loss % on the abrasion cycles (in all level) were in the order of PhnTES>
P:0O> APS> O:P> OTES.
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Figure 73: Abrasion durability of coated fabrics on photochromic response (MPP-2.5 wt.%).

4.3.4 Effect of washing durability on photochromic response

The assessment of washing durability of photochromic fabrics with respect to their

photochromic response and results are described in Figure 74. The method of washing

durability assessment was discussed in the section 4.2.4. The washing durability of sol-gel

coated fabric on their photochromic response is varied with respect to the type of precursor.

The poor washing durability was found in the case of OTES and its combinations whereas

PhTES based precursors provide the better washing durability. This indicates that PhTES based

precursors provide good washing fastness, and the reason for this phenomenon is the structure

of silica matrices, in other words, K/S (max) values are decreased slightly but did not change

as like the samples coated with OTES alone. Therefore, these results indicating that the

photochromic effect was slightly affected due to the washing process.
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Figure 74: Washing durability of coated fabric on photochromic response (MPP-2.5 wt.%).

The durability of washing on the photochromic response of PET fabric has been reduced 47%
precursor with OTES, which is very high color loss% on other hand the PhTES based PET
fabric shows only 14% as color loss. The combination of Octyl and Phenyl in 2:1 molar ratio
provides 29% color loss, in case of combination of Octyl and Phenyl in 1:2 shows the 26%
color loss after specified washing cycles. APS alone provide the 18% loss in the photochromic
response. In overall, the coating process reduces the photochromic response due to the washing,
however, the overall level of washing durability is satisfactory except OTES and its
combination. The reason behind for this phenomenon is the chemical structure of the sol, which
has been deeply discussed in the section 4.3.1. The results of both before and after washing on
the K/S (max) confirm that there is a non-linear relationship on the precursors types, the
goodness of fit was found R?=0.91 and above in case of K/S (max); whereas R?=0.81 for the %
loss of K/S (max), which describes there is a strong dependence on the washing durability with
respect to the precursor types. However, the APS having the different chemical groups,
therefore it is not used for statistical fit which is demonstrated in the Figure 74. The results of
the color loss % on the washing cycles were in the order of OTES> O:P> APS> P:0> PhTES.
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4.3.5 Effect of physical properties of sol-gel coated fabrics

4.3.5.1 Thickness and areal density of coated fabrics

The fabric thickness was analyzed and the results are tabulated in Table 15. Results shows,
there is a significant relationship between fabric thickness and coating process. However, the
thickness of the fabric is depending on the type of precursor used. There is no significant
difference between the samples coated with OTES and control fabric (i.e. without coating
treatment). Fabric coated with APS, PhTES and its combinations show increased fabric
thickness, it is due to the rigid structure of silica networks, the results also confirm with surface
roughness analysis.

Table 15: Physical properties of the sol-gel coated fabric (MPP-2.5 wt.%).

Sample Bending length Fabric Fabric areal density
thickness

Warp (cm) | CV% | Weft(cm) | CV% | (mm) | CV% (g.m?) CV%
Control 4.7 53.9 3.2 22.7 | 0.326 | 143.1 | 170.7 363.9
OTES 5.0 41.9 3.3 82.8 | 0.328 | 1049 | 1729 69.2
O:P 6.1 46.1 3.5 41.2 | 0.361 | 40.2 171.6 219.4
APS 6.1 37.7 3.5 22.8 | 0.353 | 16.0 173.2 100.2
P:O 6.5 19.4 3.6 67.0 | 0.375 | 25.8 172.4 109.4
PhTES 6.7 62.3 3.7 31.3 | 0.334 | 198.7 | 1729 95.8

However, the thickness of the coating can be controlled by using different organic groups or
may use a different molar proportion of these precursors but not sure for the expected
photochromic response. Also, the viscosity of sols plays a vital role in the coating thickness, it
can be reviewed by many researchers [123, 131-134]. In general, the coating thickness can be
increased or decreased by introducing some functional groups, which directly influence on the
coating thickness on the substrate. In some cases, with APS and PhTES coated fabric did not
even bend to some extent; therefore, the coating affects other physical properties, such as drape
coefficient, stiffness, bending modulus and flexural rigidity too. In general, deposition of any
material on the substrate change its areal density, in our case the sol-gel coated samples show
increased areal density than the control samples. The summary of the results is shown in Table
15.
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4.3.5.2 Bending length, flexural rigidity and bending modulus of coated fabrics

The most significant factors in handling determination and comfort of textile are fabric
stiffness. Flexural tests were conducted to the sol-gel coated fabrics, the procedure of flexural
rigidity and bending modulus are explained in the section 4.2.6. Flexural rigidity and bending
modulus of fabrics are calculated as per the Eq. 4.4 and 4.5 respectively, after calculation, the
mean values are used to plot the graphs. The detailed results of fabric handle properties are
given in the Appendix- E. The flexural rigidity and bending modulus are depicted in Figure 75
and Figure 76 respectively. As a result, a significant increase in the stiffness is caused by APS,
PhTES and combination of PhTES based sol-gel treatment. OTES is the only treatment which
did not cause a significant increase in the flexural rigidity and bending modulus. A higher
flexural rigidity and bending modulus in the warp direction compared to uncoated fabric, while
this trend was observed for all coatings in the weft directions too. Not as like precursors and
its combination, the coating with OTES has the long aliphatic chain which ensures the softness
of fabric without affecting the fabric bending and flexural rigidity. The most rigid fabric was
observed higher when the fabric was coated with PhTES and APS coated fabric. Contrarily,
O:P (2:1) combination did not show higher bending modulus and flexural rigidity, whereas,
P:O (2:1) has shown higher, the reason is the higher contribution of PhTES. As a result, it
increases the rigidness of coated fabric if the precursors contain PhTES, phenyl groups
containing PhTES increase the rigidness of coated fabric. LSCM images have also confirmed.
The results of APS coated fabric shown an increase in flexural rigidity and bending modulus,
chemically APS containing the propyl groups due to its purely rigid in structure, which is the
prime reason for the increasing the rigidness of fabrics. The increasing trend of flexural rigidity
and bending modulus was All the treatments showed a higher flexural rigidity and bending
modulus in the warp direction in comparison with the control, while this trend was observed
for all coatings in the weft directions too. The coating with OTES has the long aliphatic chain
which ensures the softness of fabric without affect the fabric bending and flexural rigidity as
like other precursors and its combinations. PhTES and APS coated fabric were observed higher
bending modulus and flexural rigidity, which says that most rigid fabric. On the contrary, O:P
(2:1) combination did not show higher bending modulus and flexural rigidity, whereas, P:O
(2:1) has shown higher, the reason is the higher contribution of PhTES. In overall, if the
precursors contain PhTES, phenyl groups containing PhTES increase the rigidness of coated
fabric. The results of both fabrics flexural and bending modulus in warp and weft way confirm

that there is a non-linear relationship between the precursors types, the goodness of fit was
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found R?=0.92 and above in case of flexural rigidity; whereas R?=0.71 and above for the
bending modulus, which describes there is a strong non-linear dependence on both flexural and
bending modulus with respect to the precursor types. Since, APS having the different chemical
groups, therefore it is not used for statistical fit which is demonstrated in the Figure 75 and
Figure 76. This results also confirmed by LSCM images. The results of APS coated fabric
shown an increase in flexural rigidity and bending modulus, chemically APS containing the
propyl groups which is purely rigid in structure, which is the prime reason for the increasing
the rigidness of fabrics. In both the warp and weft direction, the increasing trend of flexural

rigidity and bending modulus was found.
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Figure 75: Flexural rigidity of sol-gel coated fabric (MPP-2.5 wt.%).
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Figure 76: Bending modulus of sol-gel coated fabric (MPP-2.5 wt.%).

4.3.6 Surface morphological analysis on sol-gel coated fabric

The surface of coated and uncoated PET fabric samples was observed using SEM. Figure 77
shows the surface characteristics of PET fabrics with the different precursor. Uncoated PET
(i.e. control sample) sample has plain surface without any deposition of chemicals. In contrast,
such characteristic completely disappeared on the surface of coated PET samples. It is apparent
from the micrographs that a thin film was formed on the coated fiber surface and the film
thickness increases by changing the precursor, as compared to another precursor, PhTES shows
higher deposition of sols and it formed like film, since phenyl groups in the sol networks and
makes thick film formation this is the main reason why it changes the handle and other physical
properties of coated samples. In fact, all coated fabrics (i.e. fibers) are covered with a
continuous layer of sols, these layer formation on the fiber surface could be confirmed that the
pigments containing sols were successfully coated on the PET fabrics.

Page- 115-



[Properties of Photochromic Textiles]

SN MV B ERY WO 118 %
BAM MAG 300 ¢ Cot DEL*36 | ° Y S - N 30 0MY

Gun v edy) SEA | & Limmws - T = WU MAVIAUKE | E SR (W)

Figure 77: Surface morphological characterization of sol-gel coated fabric,
(A)-control PET fabric and modified with (B) OTES; (C) O:P (2:1); (D) P:O (2:1) (E) APS and
(F) PhTES precursors (MPP-2.5 wt.%).

4.3.7 Surface roughness analysis on sol-gel coated fabrics

The coated fabric shows different handle properties; consequently, it is necessary to analyze
their surface characteristics. The surface roughness was analyzed by using LSCM and the
various roughness data was analyzed and tabulated in Table 16. For visual scope, the LSCM
images are given in Figure 78 (A-F) and it shows the surface property of fabrics before and
after the sol-gel coating. These pictures and the data were confirmed that sol-gel coating made
significant changes in the surface by creating the roughness. However, the images and data
demonstrate that surface roughness was significantly changed and it depends on the type of
precursor used, in this picture (Figure 78-F). Sols prepared with PhTES and APS containing
photochromic pigment made more roughness than the sols prepared OTES alone or its
combinations, which is due to the chemical groups presented in the precursor and its structure.
However, OTES having the flexible long alkyl chain groups provided the significantly less

roughness, although APS could not produce the roughness as like PhTES or its combinations.
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Table 16 shows the roughness characteristic of the fabric before and after coating. In overall,
numerical values showed there are changes in the peak height (Rp), depth valley (Rv) and the
addition of both parameters (Rz). As a result, the highest numerical value indicates the more
roughness, and thus significant changes in the surface roughness.

Table 16: Surface roughness characteristics of coated fabric (MPP-2.5 wt.%).

Max. Peak height (Rp) Max. Valley depth (Rv) Max. Depth (Rz)
Rz=Rp+Rv
Rp (um) CVrp % Rv (um) CVr% Rz (um) | CVr%
Raw 1.756 92.0 4.082 104.8 05.838 46.1
OTES 2.080 44.9 4.690 73.3 06.769 73.7
O:P 3.811 29.2 4.935 25.8 08.746 48.7
P:O 5.825 18.1 6.413 88.4 12.238 54.0
APS 4.080 88.4 4.830 55.6 08.909 41.4
PhTES 9.292 100.0 6.378 84.2 15.670 100.5

Figure 78: LSCM images photochromic fabrics with (A) control PET fabric and modified with
(B) OTES; (C) O:P (2:1); (D) P:O (2:1) (E) APS and (F) PhTES precursors (MPP-2.5 wt.%).
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4.4 Conclusion

This chapter described the production of photochromic fabric through the sol-gel coating.
There are some issues faced during the manufacturing and the optimize the process to produce
the final products. Also, the various properties which have been measured for the produced
PET fabrics. At last, it discusses the various optical, physical and handling properties of
produced fabric could be discussed with their obtained results, the detailed conclusion of this

chapter has been given in section 6.2.
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Chapter-5 COMPARISON RESULTS OF BOTH THE TECHNIQUES

5.1 Kinetics response of photochromic change on a different substrate

The photochromic pigment was incorporated on two different substrates with different
techniques which they are the mass coloration of miPP filaments and sol-gel coating on PET
fabrics. To get a better idea of the application technology, it is required to compare both in
terms of optical characteristics, which gives an immense idea regarding the techniques involved
and the type of substrate. Figure 79 describes the K/S (max) for the mass colored miPP
filaments and sol-gel coated PET fabrics with respect to their relative concentrations, in this

case, the same concentrations of pigment (i.e. MPP-2.5 wt.%) was used.
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Figure 79: K/S (max) of photochromic textiles with different technique with respect to their

relative concentrations.

Figure 79 shows the comparison results of photochromic textiles, among two different
techniques, mass colorations produced a highest photochromic response via K/S max functions.

However, the concentrations of pigment are same, perhaps the relative concentrations might

Page- 119-



[Properties of Photochromic Textiles]

be varied with respect to the uptake % on the sol-gel coated fabrics, this is purely depends on
the precursors, which used during the sol-gel preparations. Among the different precursor, the
PhTES provided the lowest uptake%, the reason might be the viscosity of sol, which reduce
the uptake% during the dip coating. So, the respective coated fabric has considerably lowest
available pigments per mass, which compared to the coated fabric with highest uptake%. Apart
from these facts, there are some other reasons which is in the mass coloration, the pigments are
mixed with the molten polymer solution, whereas in the sol-gel coating it just applied on the
surface, secondly, the medium of the substrate is different in terms of their optical properties.
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Figure 80: Half-life of color change photochromic textiles (i.e. MPP-2.5 wt.%).

Figure 80 shows the half-life of color change for the MPP incorporated textiles and results of
the rate constant of various photochromic textiles have been demonstrated in the Figure 81, the
rate constant of sol-gel coated fabrics varies with respect to the precursors. Obviously, it is due
to their size of the structure, size of the pore, which is directly proportional to the photochromic
response, rate constant is one among it, however, miPP filament has slow rate than the sol-gel
coated fabric, the observed trend is same for both exposure and reversion phase. The predicted
reason could be, the sol-gel coating can provide the thin layer on the surface of PET fabric
along with the photochromic pigments, which is nothing but, the fabric has the photochromic
pigments only on its surface, whereas the mass coloration provides the good penetration of the
colors along with the polymeric structure. Therefore, the miPP filaments required more time to
undergo the molecular collision, which directly influenced on the lower speed of reaction (i.e.
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low rate constant) compared to the sol-gel coated fabrics. Among the sol-gel coated fabric,
precursors like APS and OTES shows the highest rate than other fabrics.
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Figure 81: Rate constant of photochromic textiles (i.e. MPP-2.5 wt.%).
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Chapter-6 CONCLUSION

The main aim of this chapter to conclude based on the results and its discussion of this work.
The first part conclusion is the effects of drawing ratio on the optical, mechanical and physical
properties of produced photochromic miPP filaments. The second part of conclusion is deals
with the influence of precursor and its combination on the optical and physical properties of

photochromic fabrics.

6.1 Photochromic miPP filaments

On the basis of this research, it was observed that Kubelka-Munk functions are purely
depending on the drawing ratios of produced photochromic miPP filaments, it is confirmed
through the K/S values, that decreased with increasing the fineness of filaments. Also, the color
buildup was varied with respect to the pigment types, filaments with MPY 220% less K/S (max)
values than filament with MPP even in the same concentration, it is due to the thermal
degradations of pigment during the melt extrusion also MPY pigment forms two transoid
isomers of the quinoid forms during the isomerization (i.e. it can be confirmed through the
literature), which are the primary reason for the reduction of color build-up of MPY
incorporated miPP filaments. Generally, the stabilization causes the measured errors in the
exposure phase shows higher than the reversion phase, which means that the error from
reversion phase is invisible, this is due to the higher variability in exposure phase and lower
variability in reversion phase. The K/S (max) values for MPP incorporated miPP filaments with
different cross-sectional, 8-star and 5-star cross-sectional filaments shows 63% and 72% less
K/S values than the circular cross-sections respectively. The results trend is similar to all other
pigments. So, it evidenced that the shape of cross-sections plays a vital role in the optical
properties of produced miPP filaments. During the measurement, reflected light always
depends on the angle of incidence, which could be modified by the substrate and its properties.
Circular cross-sectional filaments typically generate the more specular reflection, on other
hand, the surface reflection increased for the filament containing quadrilobe cross-section. The
AOD values have been reduced with increasing the drawing ratio, it has the non-linear
relationship between the drawing ratios of produced filaments. The color difference of
photochromic filaments under the exposure phase was analyzed through residual AE* values,

from the results it concludes that the maximum residual AE* values was observed ~2.5 units

Page- 122-



[Properties of Photochromic Textiles]

and minimum was ~0.02 units. The residual AE* values are decreased with increasing the
drawing ratios, which confirms that lowest drawing ratio has highest residual AE* values.
These AE* values are a significantly nonlinear relationship with respect to the concentration of
pigment as well as to the drawing ratio. The residual AE* values are marginally increased with
increasing the concentration of pigment, it can be observed for all three pigments, this is due
to the structural modifications of the pigment under the exposure phase, there are some
possibilities to form some side product, which may react thermally or photochemically to form
short-lived isomers (Q and U) between the singlet energy state (ASES) or triplet energy state
(AT®) to colored isomer (B), these are all the important fact behind the higher AE* values of
these pigment incorporated filaments. The prime intends to determine the residual AE* values
can help to find the color difference, since the human vision can able to identify the color
difference, if the residual AE* is more than 0.4 units. Therefore, lowest drawing ratio has
highest color difference, which can be easily visible by human vision. During the exposure, the
color build-up was significantly increased with respect to the time, it required 30s to reach the
maximum value of K/S (i.e. 6.27 0.2 at 2.50 wt.% of MPP), thereafter the systems gets
saturated with minor stabilization, in this position called photostationary state or
photostationary equilibrium, this trend was observed in all the concentration as well as drawing
ratios of the particular pigment. In case of reversion phase, it requires 128s required to reduce
the maximum color build-up to a minimum it can be identified by K/S values. The observed
trend is same for another pigment, only time requirement is different. Therefore, the positive
acceleration of K/S values under UV exposure required less time than the negative acceleration
of K/S under reversion phase, it is due to the structure of photochromic pigments which having
the higher half-life. For all colored filaments, in the concentration of 0.25 wt.%, results of the
half-life of color change during the exposure phase shows 34s, 24s, 15s for MPP, MPB and
MPY respectively. So, it confirmed that the filament with the pigment MPY shows faster
reaction which is nothing but shorted half-life as compared to other pigments. Overall the
results conclude that the half-life of color change for all three pigments in both exposure and
reversion phase in the order of MPP>MPB>MPY . The linear density has been determined and
it reduced with respect to the drawing ratios, whereas 45.3 £0.3 tex for the drawing ratio of 1,
and when the drawing ratio is 4, the linear density can be 14.2 +0.17 tex, however, it is expected
and the observed trend is exponential. Addition of pigment reduces the linear density of
filaments by 24% from 0 wt.% to 2.5 wt.%. The tenacity of colored filaments was analyzed,
results of tensile strength are increased with increasing the drawing ratio, whereas the tensile

strength of 10.51 cN.tex* for the drawing ratio of one, and when the drawing ratio is four, the
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tensile strength of 31.94 cN.text. Meanwhile, the addition of pigment has been reduced 28 %
for the colored filaments from 0.25 wt.% to 2.50 wt.% of the concentration, it is due to the
changes in the melt viscosity caused by the addition of the pigment during the melting. The
mechanical properties of colored filament have been reduced by addition of the pigment.
Results confirms that significant improvement in Young's modulus, it was increased 65% from
drawing ratio 1 to 4, nevertheless, it is due to the molecular arrangements and followed by the
variation in the crystalline region of the filament. Results confirms that the elongation at break
was reduced from 260.3% to 39.9% when the drawing ratio was increased from 1 to 4, which
confirms there is a reduction of 84%. The reason is, when the filaments to pull down in to the
tensile direction causes to stretch the amorphous molecules. In case of thermogravimetric
analysis, it concluded that all the pigments started degradation at 120 to 140°C, however this
is due to the HALS and other residual additives, thereafter it sustains for higher temperature
and start complete degradation, for MPY pigments degrade significantly higher during heating
and degrade 40% of weight loss by 270°C, whereas MPB and MPP is much better and degrade
25% weight loss at 310°C and 2% weight loss at 320°C respectively. The colored filaments
were analyzed DSC to find out the structural modifications, the drawing ratio has a strong
influence on the melting enthalpy, melting temperature which was increase with increasing the
drawing ratios. The changing of melting enthalpy is increased with increasing the drawing
ratio, from 56.16 to 84.20 J.g' for drawing ratio 1 and 4 respectively (i.e. without
pigmentation), this is due to the thermal demonstration of the components during the
crystallization of the polymer which may create the supermolecular structure of the miPP
filament. The crystallinity of photochromic miPP filaments were increased with increasing the
drawing ratio, therefore, the higher rate of crystallization makes many modifications in the
filament, mainly the «, # modification of morphological structure (see Table 5 to Table 7),
pigment concentration on crystallinity can be changed 13% on the drawing ratio of one, in case
of drawing ratio four does show much influence, however, this effects purely depend on the
drawing ratio and not on the pigment concentration. Addition of pigment shows that there no
much influence on the melting temperature of the filaments, however, it varies the changing in
enthalpy as well as the crystallinity%. SEM characterization was done, the longitudinal views
of produced photo-chromic miPP filaments, the colored and uncolored filaments look similar
with a smooth surface, which means that there is no significant influence on the pigments with
its distribution of filaments on surface characteristics. In case of different shape of the filament,
there is a smooth surface on the triangular and 5-star shape, whereas in 8-star contains some

microfibers which leads to generating the fibrillation on the surface, however, there is no
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significant relationship with the pigment concentration with respect to these effects, it purely
depends on the shape of cross-sectional. The cross-sectional views of filament show, circular
and triangular shape cross-sections having no impact of addition of pigments, in case of 5-star
shape there are some effects, some of the filaments never drawn, based on the size of other
filaments in this group, which means that some filaments are bigger than other filaments in the
same groups. However, there is no influence on the pigment for these effects. The reason may
be slippage during the drawing process which leads to the particular filament to not drawn as
per the respected drawing ratio, this effects only occur in the 5-star shape and not in the 8-star

shape.

6.2 Photochromic PET fabric

In this work, successfully deposited the photochromic pigments to the PET fabric through a
sol-gel coating. Silica sols were prepared by different precursors and applied with different
concentration of photochromic pigments. The color build-up results conclude that the same
concentration of pigment derived from different K/S values and it depends on the type of
precursor. Therefore, K/S values are purely depending on the type of precursor used during the
sol-gel coating process. From the observed results, the precursor having the strongest influence
the photochromic pigment and their optical properties. Among the different precursor, OTES
and its combination produce higher photochromic response than sol prepared from APS &
PhTES alone or its combinations, even though at the same concentration of photochromic
pigment. Apart from this, K/S (max) and AOD values are significantly increased with
increasing the concentration of pigment. Therefore, K/S (max) and AOD are depending on the
concentration of photochromic pigment, of course, it is a well-known effect. On other hand,
K/S (max) and AOD is purely depended on the precursor and its combinations, since precursor
has strongly influenced on the color strength values and followed by changes in the optical
density. In terms of color difference, the fabric coated with PhTES shows lowest AE* values it
can be seen in all the concentration. On other hand APS based precursor shows moderate (~1
units at maximum concentration). The fact behind these results, precursor having the strong
influence, since PhTES has shown lower AE* values, since it has the rigid structure, which
could not allow the photochromic pigments to undergo isomerization reaction, on the contrary,
it shows very less uptake % during the coating. The silica network derives the effect of sol-gel
coated fabric on the optical response speed (coloration and decoloration, half-life, etc.) and

physical properties, the structure of precursor determines the morphology of the coated
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materials. Therefore, the chemical structure of precursor, size & shape of silica network and
available free space in the pore of sol network are the important parameters which influence
on the optical properties of the photochromic pigment. OTES based precursor provide higher
photochromic response, since it contains long flexible chains which creates more pore space
along with flexible silica network, therefore it allows the photochromic pigment to undergo
isomerization reactions without any interference, also the OTES based precursors, obtained
pores are surrounded by flexible octal chains, due to the presence of long alkyl aliphatic chain,
since the phenyl groups are rigid in nature, phenyl groups in PhTES lead to a more rigid pore
shell. Also, OTES has less steric hindrance effect on the pigments, therefore, this structural
arrangement allows the pigment to undergo the photochromic reaction easily. In other words,
the octyl groups produce a more flexible network with the higher surface area than other
silanes, which also ensure the smaller spherical particles with more uniform distributions. The
half-life of color change of sol-gel coated PET fabric was analyzed, photochromic fabric coated
with PhTES shows 26s when the concentration of pigment is 0.25 wt%, whereas it reduced to
16s at the concentration of 2.5 wt.%. In case of OTES provides the 23s at lowest and 10s at
highest concentration of pigments, on other hand, APS provides 22s at lowest 14s at highest
concentration, in the combination O:P (i.e. 2:1 molar ratio) has lowest half-life of color change
than the combination of P:O (i.e. 2:1 molar ratio). In this work, different types of precursors
used for the sol-gel coating, the interesting behaviors of hypsochromic shift of ~40nm was
observed (absorption maxima are shifted from 610nm to 570nm), when the fabric is coated
with OTES/PhTES or its combinations with 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H)
naphtho(2,1-b) (1,4)-oxazine] shows Blue colored merocyanine under the UV radiations, in
case of APS coated photochromic fabric shows the original color (i.e. Purple), it can be visible
in the reflectance spectrum which is shown in Figure 82. Since the phenyl and octyl groups
made decreasing the polarity of the respective precursors. This is due to the lowing the polarity
of functional groups of phenyl and octyl attached to the surface of large organic chains might
hindering the influence of OH groups in the pore surface. So, the photochromic fabric with
OTES/PhTES precursors is turns to Blue color instead of its original color (i.e. Purple) under
the UV radiations. The reflectance spectrum of both precursors is given in Figure 71 and the
produced fabric under UV radiations are given in Figure 60-(A&B). Chemically the OTES/
PhTES containing the methoxy groups which generally the electron donating in nature which
are another reason for the hypsochromic shift of coated fabric from 610nm to 570nm.
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Figure 82: Reflectance spectra of MPP coated fabric with different precursors.

The durability of abrasion of the silica incorporated photochromic response has been reduced
17% at 1000 cycles for precursor with OTES, even though in same abrading level PhTES
decreased 28%. The combination of Octyl and Phenyl in 2:1 molar ratio provides 20% and the
combination of Octyl and Phenyl in 1:2 molar ratio provides 26% color loss at 1000 abrasion
cycles, APS alone shows 24% color loss in the photochromic response. In case of PhTES based
coating reduce the color loss % from 12%, 16%, 21%, 26%, 28% for the abrasion cycle of 100,
300, 500, 700 and 1000 respectively. In overall, the coating process reduces the abrasion
durability on the photochromic response, however, the overall level of abrasion durability on
photochromic response is satisfactory except PhTES and its combination where PhTES is more
concentrated. The results of the color loss % on the abrasion cycles (in all level) were in the
order of PhTES> P:0> APS> O:P> OTES. The durability of washing on the photochromic
response of PET fabric has been reduced 47% precursor with OTES, which is very high color
loss% on other hand the PhTES based PET fabric shows only 14% as color loss. The
combination of Octyl and Phenyl in 2:1 molar ratio provides 29% color loss, in case of

combination of Octyl and Phenyl in 1:2 shows the 26% color loss after specified washing
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cycles. APS alone shows 18% loss in the photochromic response. In overall, the coating process
reduces the photochromic response due to the washing, however, the overall level of washing
durability is satisfactory except OTES and its combination. The results of the color loss % on
the washing cycles were in the order of OTES>0:P>APS>P:O>PhTES. The maximum uptake
was found 81% for the sol prepared with OTES, the lowest uptake was found 66% for the sol
prepared with PhTES. Although in same coating conditions, PhTES and its combination
absorbed lower coating solution as compared to OTES and APS, due to these facts it shows
lower photochromic response and it is visualized in the color strength values and K/S (max)
values. The various physical properties were analyzed, in case of thickness, there is a
significant influence on the precursors. The increased stiffness of coated fabric was observed
by APS, PhTES and combination. OTES is the only treatment which did not cause a significant
increase in the flexural rigidity and bending modulus. A higher flexural rigidity and bending
modulus in the warp direction compared uncoated fabric by all the treatments, while this trend
was observed for all coatings in the weft directions too. Since, OTES has the long aliphatic
chain which ensures the softness of fabric without affecting the fabric bending and flexural
rigidity. The most rigid fabric was observed higher when the fabric was coated with PhTES
and APS coated fabric. SEM characterization shows the surface characteristics of PET fabrics
with different precursor. Uncoated PET (i.e. control sample) sample has plain surface without
any deposition of chemicals. In contrast, such characteristic completely disappeared on the
surface of coated PET samples. It is apparent from the micrographs that a thin film was formed
on the coated fiber surface and the film thickness increases by changing the precursor, as
compared to other precursor, PhTES shows higher deposition of sols and it formed like film,
since phenyl groups in the sol networks and makes thick film formation this is the main reason
why it changes the handle and other physical properties of coated samples. In fact, all coated
fabrics (i.e. fibers) are covered with a continuous layer of sols, these layer formation on the
fiber surface could be confirmed that the pigments containing sols were successfully coated on
the PET fabrics. Surface roughness on the LSCM pictures and the data were confirmed that
sol-gel coating made significant changes in the surface by creating the roughness. However,
the images and data demonstrate that surface roughness was significantly changed and it
depends on the type of precursor used, sols prepared with PATES/APS made more roughness
than the sols prepared OTES alone or its combinations, which is due to the chemical groups
presented in the precursor and its structure. Advantages of sol-gel coating technique are, very
simple process which does not required the special machine, can control the thickness of the

coating, since it will not affect the fabric physical properties as like traditional printing on the
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fabric due to the effect of binder, apart from this it produce the better durability than the printed
process. On other-hand, it has a drawback like, the precursors are strongly influenced on the
photochromic response and change the absorption spectrum. The comparison results of
photochromic textiles show for two different techniques, mass colorations produced highest
photochromic response than sol-gel coating. Overall the sol-gel coated fabric shows a lowest
photochromic response in the all the case, also, the photochromic response is purely depending
on the precursor types. Generally, in mass coloration, the pigments are mixed with the molten
polymer solution, whereas in the sol-gel coating it just applied on the surface, secondly, the
medium of the substrate is different in terms of their optical properties. The rate constant for
photochromic miPP show less than the sol-gel coated fabrics, also the rate constant of sol-gel
coated fabrics varies with respect to the precursors. Obviously, it is due to their size of the
structure, size of the pore, which is directly proportional to the photochromic response, rate

constant is one among it.
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6.3 Suggestion for future work

Based on the results of research in this thesis, it can be extended further in various directions
which aiming to apply the photochromic pigment into different textile materials with respect
to the different techniques and on the basis of method investigated it is extended to a number

of final uses, as given in the examples below.

As a synthetic fiber for textile and clothing's, polyethylene terephthalate having more
advantages like more durable, dimension stability, easy to blend with other fibers, possible to
modify according to the needs, therefore the future work could be preparing the mass colored
polyethylene terephthalate. In these regards, photochromic pigment should have higher thermal
degradation than the pigments which used in this work, it could be possible by changing the
functional groups in the chemical structure, so that, it can withstand the temperature. As a
regenerated cellulosic fiber Lyocell™ having many advantages than the conventional cotton
fiber, which are more water absorbency, good wet strength, good dimensional stability and
most important is sustainable fiber, so this research should extend to produce the mass colored
Lyocell™ fibers via modified solvent spinning techniques. The new method for production of
these fibers/ filaments may have the potential to replace the conventional method of
colorations. However, a detailed investigation and optimization of this method would be
required to evaluate the possibility to produce the photochromic polyethylene terephthalate and
Lyocell™ fibers via mass coloration techniques. On other hand, the sol-gel coating techniques
should extend with other textile fibers like cotton, Lyocell and polyamide etc., which can give
an idea how these substrates can different than the polyethylene terephthalate fabric which has
been produced in this work. In case hypsochromic effects, more combinations of precursors
with different proportion has to use, therefore these proportion given an idea that how it
influences to change the absorption spectra. In case of fabric optical and physical properties,
the deep study is required to add some of the organic groups during the sol-gel synthesis, which
help to make more flexible to the sol-gel network, as a result, shows good photochromic
response and improved fabric handle properties than this work. Apart from this, required to
extend this work to study on the viscosity, which plays a vital role in the sol-gel networks in
terms of flexible or rigid. It could be good for application of electrochromic, thermochromic
and photochromic pigment together, which stimulate the color via all these (light, temperature
and electrical) stimuli, which can be some notable effects on the application point view. Hope

such fabric has more demand through the various industry, fashion is one among them,
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Chapter-7 NEW FINDINGS OF THE RESEARCH

On the basis of this research it was observed that, Kubelka-Munk functions are purely
depending on the drawing ratios of produced photochromic miPP filaments, it is confirmed
through the K/S values, that decreased with increasing the drawing ratio. The K/S (max) values
for MPP incorporated miPP filaments with different cross-sectional, 8-star and 5-star cross-
sectional filaments shows 63% and 72% less K/S values than the circular cross-sections
respectively. The results trend is similar to all other pigments. So, it evidenced that the shape
of cross-sections plays a vital role in the optical properties of produced miPP filaments. The
K/S (max) and AOD values have been reduced with increasing the drawing ratio, it has the non-
linear relationship between the drawing ratios of produced filaments. The residual AE* values
were observed to be maximum at ~2.5 units and minimum at ~0.02 units. With increase in
drawing ratios, the residual AE* values decrease and confirming that the drawing ratio which
is lowest has highest residual AE* values. With respect to the concentration of pigment and the
drawing ratio the AE* values significantly have nonlinear relationship. It is observed in all the
three pigments that the residual AE* values are marginally increased with increase in the
concentration of pigment. In order to find the color difference, the prime intends to determine
the residual AE* values as the vision of humans able to identify the color difference due to the
residual AE* is more than 0.4 units. Henceforth, the drawing ratio which is lowest have the
color difference to be highest can be easily visible by human vision. During the exposure, the
color build-up was significantly increased with respect to the time, later on systems gets
saturated with minor stabilization, this trend was observed in all the concentration as well as
drawing ratios of the particular pigment. In case of reversion phase, significantly decreased
with respect to the time. The observed trend is same for other pigment, only time requirement
is different. Therefore, the positive acceleration of K/S values under UV exposure required less
time than the negative acceleration of K/S under reversion phase. Generally, the stabilization
causes the measured errors in the exposure phase shows higher than the reversion phase, which
means that the error from reversion phase is invisible, this is due to the higher variability in
exposure phase and lower variability in reversion phase. The half-life of color change for all
three pigments in both exposure and reversion phase in the order of MPP>MPB>MPY. Due to
the thermal degradations of pigment during the melt extrusion, with respect to pigment types
the color build-up varies as then filaments with MPY 220% less K/S (max) values than filament

with MPP even in the same concentration and also MPY pigment forms two transoid isomers
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of the quinoid forms during the isomerization which are the essential motive for the reduction
of color build-up of MPY incorporated miPP filament. In case of thermogravimetric analysis,
based on the chemical structure of the pigment, the degradation % is varied and it directly
influenced on the dyability of the filaments. The changing of melting enthalpy is increased with
increasing the drawing ratio, from 56.16 to 84.20 J.g* for drawing ratio 1 and 4 respectively
(i.e. without pigmentation). Addition of pigment shows that there no much influence on the
melting temperature of the filaments, however, it varies the changing in enthalpy as well as the
crystallinity %. With and without pigmentation, the longitudinal views of photochromic miPP
filaments produced looks similar in the micrographs. Considering the different shapes of the
filament, on the triangular and in 5-star there is a smooth surface and as in 8-star, it contains
some microfibers leading to generating the fibrillation on the surface. With the study of the
cross-sectional view of the filament it is observed in case of 5-star shape there are some effects,
some of the filaments never drawn, based on the size of other filaments in this group

comparatively some filaments are larger than other filaments in the same groups.

Depending on the types of precursor the same concentration of pigment derives different K/S
values. Henceforth, depending on the usage of the type of precursor the K/S values are pure
which is used in the sol-gel coating process. As of the observance of the results, the
photochromic pigment and their optical properties are strongly influenced by the precursor.
Compared to the sol prepared from APS & PhTES alone or its combinations, OTES and its
combination produce higher photochromic response even though at the same concentration of
photochromic pigment. With the increase in the concentration of pigment, K/S (max) and AOD
values are significantly increasing apart from them. As it is well known that the K/S (max) and
AOD depends on the concentration of photochromic pigment. On other hand, K/S (max) and
AOD is purely depending on the precursor and its combinations, due to the strong influence of
precursor on the color strength values and followed by changes in the optical density. Due to
the strong influence of the results, the color difference and half-life for color change of the
coated fabrics depends on the precursors. The higher photochromic response is provided by the
OTES based precursor based on the long flexible chains creating more pore space along with
flexible silica network. Henceforth the photochromic pigment to undergo isomerization
reactions without any interference is allowed by it and also flexible octal chains surround the
pores obtained by the OTES based precursors. Phenyl groups in PhTES lead to a more rigid
pore shell due to the presence of long alkyl aliphatic chain and due to the phenyl groups are

rigid in nature. In this work, the hypsochromic shift of ~40nm was observed (absorption
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maxima are shifted from 610nm to 570nm), when the fabric is coated with OTES/PhTES or its
combinations with 5-chloro-1,3,3-trimethylspiro[indoline-2,3-(3H) naphtho(2,1-b) (1,4)-
oxazine], in case of APS coated photochromic fabric shows the original color. So, the coated
fabric is under UV radiations, it turns to Blue color instead of its original color (i.e. Purple).
From this result it is confirmed that the spectral and kinetic properties of sol-gel coated fabrics
are purely affected by the polarity and the functional groups of precursors, which means, it
affects the absorption spectrum of the colored form of merocyanine. With respect to the
abrasion resistance and washing durability, the photochromic response was analyzed and the
results depend on the precursors. By analyzing various physical properties in the case of
thickness on the precursors there is a significant influence. APS PhTES and combination
observed the increased stiffness of coated fabric. In the flexural rigidity and bending modulus,
the treatment which does not cause a significant increase is OTES. With the different precursor
surface morphology of PET fabrics is shown by the SEM characterization. Without the
deposition of chemicals, the uncoated PET sample has a plain surface. On the contrary, on the
surface of the coated PET samples, such characteristic completely gets disappeared. By
creating the rough surface sol-gel coating made significant changes is confirmed by the LSCM
pictures. It is shown that for the two different techniques of compared results of photochromic
textiles, mass colorations produce the highest photochromic response than that of sol-gel
coating. On the whole, in every case the sol-gel coated fabric shows lowest photochromic
response and also the photochromic response depends on the precursor types purely. In general,
the pigments are mixed with molten polymer solution in mass coloration, whereas in the sol-
gel coating it just applied on the surface. the medium of substrate is different because of their
optical properties. Comparatively, the rate constant for photochromic miPP show is less than
the sol-gel coated fabrics and with respect to the precursors the rate constant of sol-gel coated
fabrics varies. Evidently, it is directly proportional to the photochromic response due to their

size of the structure, size of the pore at the rate constant which is one among them.
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Chapter-8

8.1 Appendix

Appendix- A: Kinetic parameters of photochromic miPP filaments with respect to the first

order kinetics (DR-drawing ratio).

Photochromic pigment: MPP
Pigment DR Exposure phase Reversion phase
concentration lo I, k (s tue (S) lo I, k (s tu2r ()
0.25wt.% | 1.0 | 0.271 | 0.786 | 0.02166 | 32 |0.850 | 0.446 | 0.01005 | 69
2.0 | 0.233 | 0.495 | 0.02039 | 34 |0.533|0.179|0.00976 | 71
25 | 0.259 | 0.550 | 0.01824 | 38 |0.597 |0.223|0.00924 | 75
3.0 | 0.227 | 0.469 | 0.01873 | 37 |0.537|0.181|0.00900 | 77
35 | 0.226 | 0.509 | 0.01777 | 39 |0.537|0.182 | 0.00900 | 77
40 | 0.207 | 0.401 | 0.01733| 40 |0.429|0.161 | 0.00889 | 78
050wt% | 1.0 | 0.387 | 1.216 | 0.02476 | 28 |1.320|0.241|0.01284 | 54
2.0 | 0.527 | 0.850 | 0.02310 | 30 |0.871|0.185|0.01118 | 62
25 | 0.339 | 0.830 [ 0.02236 | 31 |0.872|0.253|0.01100 | 63
3.0 | 0.284 | 0.711 | 0.02100 | 33 |0.758|0.198 | 0.01083 | 64
35 | 0.289 | 0.700 | 0.02039 | 34 |0.767 |0.193 | 0.01035 | 67
1.50wt.% | 1.0 | 0.755 | 3.075 | 0.02773 | 25 |3.210|0.479|0.01475 | 47
2.0 | 0.684 | 2.131 | 0.02476 | 28 |2.200 | 0.387 | 0.01284 | 54
25 | 0.584 | 2.039 {0.02390 | 29 |2.150|0.360 | 0.01195 | 58
3.0 | 0.568 | 1.873 | 0.02310 | 30 |1.959|0.362|0.01136 | 61
3.2 | 0491 | 1.629 | 0.02166 | 32 |1.682|0.316|0.01155| 60
250wt.% | 1.0 | 0.511 | 3.582 | 0.03648 | 19 |3.441|0.201|0.01650 | 42
20 | 0.762 | 3.741 | 0.03301 | 21 |3.442|0.199|0.01540 | 45
25 | 0971 | 3.744 | 0.03466 | 20 |3.384|0.199 | 0.01575| 44
3.0 | 0.990 | 3.687 | 0.03151| 22 |3.350|0.200 | 0.01415 | 49
3.2 | 0.997 | 3.794 | 0.02888 | 24 |3.372|0.187|0.01284 | 54

Note: Color shade intensity at the beginning (lo), Color shade intensity at the infinitive (I..),

Half-life (1), Rate constant (k).
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Photochromic pigment: MPB

Pigment DR Exposure phase Reversion phase
concentration lo o K(sY | tw lo I k(s%) L2

() ()
0.25wt.% | 1.0 | 0.154 | 0.613 | 0.03151 | 22 | 0.621 | 0.260 | 0.01612 | 43
2.0 | 0.212 | 0.401 | 0.02888 | 24 | 0.374 | 0.157 | 0.01444 | 48
2.5 | 0.202 | 0.357 | 0.02666 | 26 | 0.374 | 0.157 | 0.01308 | 53
3.0 | 0.243 | 0.409 | 0.02567 | 27 | 0.357 | 0.157 | 0.01238 | 56
35 | 0.264 | 0.404 |0.02390 | 29 | 0.348 | 0.143 | 0.01136 | 61
0.50wt% | 1.0 | 0.328 | 0.969 | 0.03851 | 18 | 0.969 | 0.334 | 0.01925 | 36
20 | 0.322 | 0.732 | 0.03301 | 21 | 0.756 | 0.243 | 0.01650 | 42
25 | 0.298 | 0.656 | 0.03151 | 22 | 0.668 | 0.243 | 0.01507 | 46
3.0 | 0.300 | 0.622 |0.02888 | 24 | 0.637 | 0.254 | 0.01386 | 50
3.5 | 0.266 | 0.553 | 0.02666 | 26 | 0.564 | 0.244 | 0.01333 | 52
1.50wt% | 1.0 | 0.662 | 2.373 | 0.04621 | 15 | 2.445 | 0.712 | 0.02166 | 32
20 | 0541 | 1.676 |0.04332 | 16 | 1.719 | 0.609 | 0.02039 | 34
25 | 0565 | 1.269 | 0.03851 | 18 | 1.295 | 0.489 | 0.01824 | 38
3.0 | 0584 | 1.285 | 0.03466 | 20 | 1.599 | 0.470 | 0.01733 | 40
3.2 | 0475 | 1.361 |0.03301| 21 | 1.181 | 0.507 | 0.01733 | 40
250wt.% | 1.0 | 0.889 | 3.106 | 0.05776 | 12 | 3.350 | 1.544 | 0.02476 | 28
20 | 0.768 | 2.654 | 0.04951 | 14 | 2.731 | 0.949 | 0.02390 | 29
25 | 0.740 | 2478 | 0.04621 | 15 | 2.696 | 0.951 | 0.02166 | 32
3.0 | 0.727 | 2.381 |0.04332 | 16 | 2.523 | 0.890 | 0.02166 | 32
3.2 | 0.668 | 2.080 | 0.03466 | 20 | 2.187 | 0.824 | 0.01824 | 38

Page- 135-



[Properties of Photochromic Textiles]

Photochromic pigment: MPY

Pigment | DR Exposure phase Reversion phase

concentration o I, k (s1) tip lo I kst | twe

(s) (s)

0.25wt.% | 1.0 | 0.1451 | 0.354 | 0.05776 | 12 0.36 0.123 | 0.03301 | 21

20 | 0.1330 | 0.312 | 0.04951| 14 | 0.3161 | 0.134 | 0.03014 | 23

2.5 | 0.1385| 0.289 | 0.06301 | 11 | 0.2927 |0.1326 | 0.02476 | 28

3.0 {0.1322 | 0.287 | 0.04621 | 15 0.289 | 0.1299 | 0.02166 | 32

3.5 | 0.1200 | 0.255 | 0.04077 | 17 0.254 | 0.124 | 0.02166 | 32

0.50wt.% | 1.0 |0.2490 | 0.760 | 0.06931 | 10 | 0.7665 | 0.235 | 0.03466 | 20

2.0 [ 03176 | 0.579 | 0.06301 | 11 0.586 | 0.165 | 0.03151 | 22

2.5 | 0.1877| 0.535 | 0.06301 | 11 | 0.5422 | 0.189 | 0.03014 | 23

3.0 1 0.1920 | 0.558 | 0.05332 | 13 | 0.5433 | 0.181 | 0.03151 | 22

3.5 | 0.1677 | 0.477 | 0.04621 | 15 3.62 0.484 | 0.16600 | 27

1.50wt.% | 1.0 | 0.3100 | 1.153 | 0.07702 | 09 1.171 | 0.612 | 0.03851 | 18

2.0 | 0.2730 | 0.850 | 0.06931| 10 0.869 | 0.248 | 0.03466 | 20

2.5 10.2308 | 0.762 | 0.05776 | 12 0.768 | 0.247 | 0.03466 | 20

3.0 | 0.2841 | 0.967 | 0.06301 | 11 0.97 0.274 | 0.02888 | 24

3.5 | 0.2550 | 0.859 | 0.04951 | 14 0.871 | 0.244 | 0.02666 | 26

250wt% | 1.0 | 0.4771| 1.567 | 0.08664 | 08 1576 | 0.423 | 0.04332 | 16

20 | 0.383 | 1417 | 0.13863 | 05 1.438 |0.3811 | 0.06301 | 11
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Appendix- B: Mechanical properties of polypropylene photochromic miPP filaments (MPP)

Drawing | Concentration | T o CVs € CVe E CVEe
ratio of MPP [tex] | [cN.tex] | [%] | [%] | [%] [N.tex?]| [%]
1.0 0.00 wt.% 44.7 10.51 22.1 | 260.3 | 16.6 0.56 23.2
0.25 wt.% 40.2 9.47 19.8 | 232.2 | 158 0.49 22.8

0.50 wt.% 36.4 9.64 213 | 2101 | 17.2 0.57 24.1

1.50 wt.% 34.4 9.83 23.5 | 190.0 | 15.6 0.53 21.0

2.50 wt.% 32.5 8.55 240 | 1735 | 15.1 0.48 23.2

2.0 0.00 wt.% 24.6 22.40 14.8 | 185.9 8.9 0.99 16.5
0.25 wt.% 21.3 11.81 11.6 | 159.3 | 10.1 0.87 13.2

0.50 wt.% 18.1 12.03 12.8 | 1425 | 121 1.02 14.9

1.50 wt.% 18.2 12.26 16.9 | 145.0 | 13.9 0.94 11.2

2.50 wt.% 18.4 10.67 18.1 | 1324 | 9.6 0.84 15.6

2.5 0.00 wt.% 20.0 22.41 15.2 | 140.5 9.9 1.50 17.9
0.25 wt.% 16.6 17.97 13.7 | 124.1 | 124 1.42 14.2

0.50 wt.% 13.9 15.50 19.2 | 1195 | 10.2 1.50 16.7

1.50 wt.% 14.2 16.57 143 | 112.7 | 11.6 1.56 14.5

2.50 wt.% 16.1 13.17 11.2 86.8 12.3 1.39 13.9

3.0 0.00 wt.% 154 28.39 11.8 97.9 11.9 1.54 12.1
0.25 wt.% 11.9 21.13 16.9 85.4 17.8 2.06 16.4

0.50 wt.% 104 19.44 13.5 80.4 13.6 1.93 13.2

1.50 wt.% 11.9 19.42 14.1 79.3 14.1 1.80 13.9

2.50 wt.% 14.8 19.34 15.6 717 15.2 1.78 14.9

3.2 1.50 wt.% 13.2 19.03 14.9 56.8 15.1 1.84 15.0
2.50 wt.% 10.7 21.54 17.2 55.3 17.6 2.62 16.8

3.5 0.00wt.% 14.8 29.34 17.4 61.3 17.2 2.27 17.6
0.25 wt.% 12.9 23.15 18.1 59.1 17.6 2.40 17.7

0.50 wt.% 10.2 27.59 16.7 54.9 16.5 2.61 17.1

4 0.00 wt.% 14.0 31.94 18.6 39.9 18.9 2.60 17.8
0.25 wt.% 13.3 32.27 178 | 41.2 194 1.82 16.4

Note: Fineness (T), tenacity (o), elongation (&), Young’s modulus (E).
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Drawing | Concentration T c CVs € CV. E CVe
ratio of MPB [tex] | [cN.tex] | [%] | [%] [%] |[N.tex'] | [%]
1.0 0.00 wt.% 45.5 10.36 22.2 | 261.8 | 16.8 | 0.582 | 22.99

0.25 wt.% 39.3 9.32 19.9 | 233.7 | 16.0 | 0.512 | 22.59
0.50 wt.% 35.7 9.49 214 | 2116 | 174 | 0.592 | 23.89
1.50 wt.% 35.3 9.68 23.6 | 1915 | 158 | 0.552 | 20.79
2.50 wt.% 34.4 8.40 241 | 175.0 | 153 | 0.502 | 22.99
2.0 0.00 wt.% 24.8 22.25 149 | 1874 | 9.1 | 1012 | 16.29
0.25 wt.% 215 11.66 11.7 | 160.8 | 10.3 | 0.892 | 12.99
0.50 wt.% 18.3 11.88 129 | 1440 | 123 | 1.042 | 14.69
1.50 wt.% 18.4 12.11 17.0 | 1465 | 14.1 | 0.962 | 10.99
2.50 wt.% 18.6 10.52 18.2 | 1339 | 9.8 | 0.862 | 15.39
2.5 0.00 wt.% 20.2 22.26 153 | 1420 | 10.1 | 1.522 | 17.69
0.25 wt.% 16.2 17.82 13.8 | 125.6 | 12.6 | 1.442 | 13.99
0.50 wt.% 14.2 15.35 193 | 121.0 | 104 | 1522 | 16.49
1.50 wt.% 14.4 16.42 144 | 1142 | 11.8 | 1.582 | 14.29
2.50 wt.% 16.3 13.02 113 | 883 | 125 | 1.412 | 13.69
3.0 0.00 wt.% 15.6 28.24 119 | 994 | 121 | 1562 | 11.89
0.25 wt.% 12.1 20.98 170 | 869 | 18.0 | 2.082 | 16.19
0.50 wt.% 10.6 19.29 136 | 819 | 138 | 1.952 | 12.99
1.50 wt.% 12.1 19.27 142 | 808 | 143 | 1822 | 13.69
2.50 wt.% 15.7 19.19 157 | 73.2 | 154 | 1.802 | 14.69

3.2 1.50 wt.% 13.2 18.88 150 | 583 | 153 | 1.862 | 14.79
2.50 wt.% 10.9 21.39 173 | 56.8 | 17.8 | 2.642 | 16.59
3.5 0.00wt.% 15.0 29.19 175 | 60.2 | 174 | 2292 | 17.39

0.25 wt.% 13.1 23.00 182 | 54.2 | 178 | 2422 | 17.49
0.50 wt.% 10.4 27.44 168 | 56.4 | 16.7 | 2.632 | 16.89
4 0.00 wt.% 14.2 31.79 18.7 | 414 | 19.1 | 2.622 | 17.59
0.25 wt.% 15.1 29.99 164 | 422 | 197 | 232 | 17.44
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Drawing | Concentration T c CV, € CV. E CVe
ratio of MPY [tex] |[cN.tex] | [%] [%] [%] |[N.tex'] | [%]
1.0 0.00 wt.% 455 | 10.69 | 22.0 | 2645 | 16.8 | 0.575 | 22.87

0.25 wt.% 393 | 9.65 19.7 | 2364 | 16.0 | 0.505 | 22.47
0.50 wt.% 35.7 | 9.82 212 | 2143 | 174 | 0585 | 23.77
1.50 wt.% 353 | 10.01 | 234 | 1942 | 158 | 0.545 | 20.67
2.50 wt.% 344 | 8.73 239 | 177.7 | 153 | 0.495 | 22.87
2.0 0.00 wt.% 204 | 2211 | 154 | 1435 | 103 | 1544 | 1748
0.25 wt.% 16.4 | 17.67 | 139 | 127.1 | 128 | 1.464 | 13.78
0.50 wt.% 14.4 | 1520 | 194 | 1225 | 10.6 | 1544 | 16.28
1.50 wt.% 146 | 16.27 | 145 | 1157 | 12.0 | 1.604 | 14.08
2.50 wt.% 16.5 | 1287 | 114 | 898 | 12.7 | 1.434 | 1348
2.5 0.00 wt.% 156 | 2824 | 119 | 994 | 121 | 1562 | 11.89
0.25 wt.% 121 | 2098 | 170 | 86.9 | 18.0 | 2.082 | 16.19
0.50 wt.% 106 | 1929 | 136 | 819 | 13.8 | 1.952 | 12.99
1.50 wt.% 121 | 1927 | 142 | 808 | 143 | 1.822 | 13.69
3.0 0.00 wt.% 156 | 2824 | 119 | 994 | 121 | 1562 | 11.89
0.25 wt.% 121 | 2098 | 17.0 | 86.9 | 18.0 | 2.082 | 16.19
0.50 wt.% 106 | 1929 | 136 | 819 | 13.8 | 1.952 | 12.99
1.50 wt.% 121 | 1927 | 142 | 808 | 143 | 1822 | 13.69
3.2 1.50 wt.% 13.4 | 1888 | 15.0 | 58.3 | 153 | 1.862 | 14.79
3.5 0.00wt.% 150 | 2919 | 175 | 598 | 174 | 2.292 | 17.39
0.25 wt.% 131 | 2300 | 182 | 56.6 | 17.8 | 2422 | 17.49
0.50 wt.% 104 | 2744 | 168 | 514 | 16.7 | 2.632 | 16.89
4 0.00 wt.% 104 | 2744 | 168 | 514 | 16.7 | 2.632 | 16.89
0.25 wt.% 142 | 3179 | 18.7 | 414 | 191 | 2622 | 17.59
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Appendix- C: Energy measurement of Phptochrom-3 (30 minutes for exposure and 40 minutes

for reversion phase)

Time UV-off (Reversion Phase) UV-on (Exposure Phase)
(min) Luminous | UV energy Temp Luminous flux | UV energy | Temp
flux (Lx) density (°C) (Lx) density (°C)
(MW.cm™?) (LW.cm™?)

00 50500 2.26 21.25 55082 669.2 21.31
05 55300 2.20 21.37 55050 649.5 21.32
10 55277 2.23 19.89 55071 612.5 2151
15 55084 2.16 19.99 55058 773.1 20.19
20 55099 2.17 20.15 55014 649.1 20.14
25 55125 2.15 20.95 55066 652.2 20.86
30 55130 2.19 20.95 55058 653.8 20.94
35 55078 2.20 21.09 55071 775.4 20.11

Note: Two cycles of measurement were conducted and average value has been tabulated.

Page- 140-



[Properties of Photochromic Textiles]

Appendix- D: Kinetic parameters of photochromic fabrics with respect to the first order

kinetics.
Pigment | Precursor Exposure phase Reversion phase
concentration lo l.c k@D [t | o l.c ks | twe
(s) (s)
0.25wt.% | OTES 0.1052 | 0.4878 | 0.03014 | 23 | 0.5321 | 0.1005 | 0.01650 | 42
O:P 0.1112 | 0.3325 | 0.03151 | 22 | 0.3655 | 0.1250 | 0.01507 | 46
APS 0.1012 | 0.2242 | 0.03151 | 22 | 0.2501 | 0.1110 | 0.01359 | 51
P:O 0.0870 | 0.1772 | 0.03014 | 23 | 0.1899 | 0.0845 | 0.01333 | 52
PhTES | 0.0880 | 0.1787 | 0.02773 | 25 | 0.1875 | 0.0825 | 0.01216 | 57
0.50wt.% | OTES 0.1350 | 0.5985 | 0.03151 | 22 | 0.6821 | 0.1787 | 0.01733 | 40
O:P 0.1290 | 0.4215 | 0.03301 | 21 | 0.4325 | 0.1242 | 0.01575 | 44
APS 0.1210 | 0.2847 | 0.03014 | 23 | 0.2954 | 0.1220 | 0.01507 | 46
P:O 0.1222 | 0.2240 | 0.02773 | 25 | 0.2511 | 0.1114 | 0.01386 | 50
PhTES | 0.1470 | 0.2333 | 0.02666 | 26 | 0.2442 | 0.1442 | 0.01284 | 54
1.00wt% | OTES 0.1425 | 0.8214 | 0.03466 | 20 | 0.8322 | 0.1358 | 0.01824 | 38
O:P 0.1325 | 0.5480 | 0.03466 | 20 | 0.6147 | 0.1335 | 0.01925 | 36
APS 0.1254 | 0.4214 | 0.03151 | 22 | 0.4335 | 0.1258 | 0.01824 | 38
P:O 0.1225 | 0.3547 | 0.02888 | 24 | 0.3899 | 0.1125 | 0.01540 | 45
PhTES | 0.1198 | 0.3014 | 0.02666 | 26 | 0.344 | 0.1185 | 0.01308 | 53
1.50wt.% | OTES 0.1440 | 1.0121 | 0.0407 | 17 | 1.1554 | 0.1350 | 0.02039 | 34
O:P 0.1421 | 0.7858 | 0.0364 | 19 | 0.8422 | 0.1332 | 0.02166 | 32
APS 0.1321 | 0.6425 | 0.0346 | 20 | 0.6522 | 0.1242 | 0.01980 | 35
P:O 0.1312 | 0.5111 | 0.0330 | 21 | 0.5211 | 0.1236 | 0.01733 | 40
PhTES | 0.1298 | 0.43542 | 0.0301 | 23 | 0.4566 | 0.1225 | 0.01386 | 50

Note: Color shade intensity at the beginning (lo), Color shade intensity at the infinitive (l..),
Half-life (1), Rate constant (k).
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Pigment | Precurs Exposure phase Reversion phase
conce or lo o k(sY) tun lo I K(sY |t
ntration (s) (s)
2.00 OTES | 0.1588 | 1.2221 | 0.04951 | 14 | 1.3755 | 0.1555 | 0.02666 | 26
wt.% O:P 0.1475 | 0.8587 | 0.04951 | 14 | 0.9954 | 0.1454 | 0.02567 | 27
APS 0.1385 | 0.6587 | 0.04621 | 15 | 0.7445 | 0.1335 | 0.02390 | 29
P:O 0.1309 | 0.5447 | 0.04332 | 16 | 0.6444 | 0.1384 | 0.02100 | 33
PhTES | 0.1298 | 0.4787 | 0.03648 | 19 | 0.5577 | 0.1287 | 0.01691 | 41
2.50 OTES | 0.1772 | 1.6021 | 0.05776 | 12 | 1.7045 | 0.1652 | 0.03301 | 21
wt.% O:P 0.1658 | 0.9898 | 0.05776 | 12 | 1.2014 | 0.1455 | 0.02773 | 25
APS 0.1457 | 0.6875 | 0.06301 | 11 | 0.8875 | 0.1389 | 0.02666 | 26
P:O 0.1542 | 0.7450 | 0.04332 | 16 | 0.8244 | 0.1422 | 0.02310 | 30
PhTES | 0.1454 | 0.5550 | 0.04332 | 16 | 0.6355 | 0.1295 | 0.01925 | 36
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Appendix- E: Physical properties of sol-gel coated fabric (MPP-2.5%).

Areal density (g.m?) Mean SD CcVv
Raw 170.7 0.46 363.9

OTES 172.9 2.49 69.2

O:P 171.6 0.78 219.4

APS 173.2 1.72 100.2

P:O 172.4 1.57 109.4

PhTES 172.9 1.80 95.8

Thickness (mm)

Raw 0.326 0.002 143.1

OTES 0.328 0.003 104.9

O:P 0.361 0.008 40.2

APS 0.353 0.022 16.0

P:O 0.375 0.014 25.8

PhTES 0.334 0.001 198.7

Warp bending length (cm)

Raw 3.7 0.069 53.9

OTES 5.0 0.119 41.9

O:P 6.1 0.131 46.1

APS 6.1 0.161 37.7

P:O 6.5 0.333 19.4

PhTES 6.7 0.107 62.3

Weft bending length (cm) 3.2 0.143 22.7
Raw 3.3 0.039 82.8

OTES 3.5 0.085 41.2

O:P 3.6 0.053 67.0

APS 3.7 0.118 31.3

P:O 3.5 0.152 22.8

PhTES 3.2 0.143 22.7
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Warp flexural rigidity (mg.cm) Mean SD Ccv
Raw 949.9 11.3 84.0
OTES 1927.9 15.2 126.8
O:P 3420.9 16.3 209.7
APS 3902.1 202.9 19.2
P:O 4061.0 319.7 12.7
PhTES 5211.6 336.9 155
Weft flexural rigidity (mg.cm)
Raw 543.1 4.0 134.6
OTES 664.1 14.5 45.7
O:P 751.9 26.9 28.0
APS 801.3 44.0 18.2
P:O 7815 28.7 27.1
PhTES 883.0 59.8 14.8
Warp bending modulus (kg.cm™)
Raw 330.9 10.7 30.9
OTES 660.7 16.3 40.3
O:P 968.4 28.8 33.6
APS 890.1 51.5 17.3
P:O 1053.5 102.2 10.3
PhTES 1710.2 130.8 13.1
Weft bending modulus (kg.cm™)
Raw 184.1 8.9 20.5
OTES 218.6 9.2 23.7
O:P 204.3 14.3 14.2
APS 176.0 16.2 10.8
P:O 193.7 1.3 142.3
PhTES 277.6 30.1 9.0
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Peak height (um) Mean SD Ccv
Raw 1.756 0.019 92.0
OTES 2.080 0.046 44.9

O:P 3.811 0.131 29.2

APS 4.080 0.046 88.4

P:O 5.825 0.322 18.1
PhTES 9.292 0.092 100.0

Valley depth (um)

Raw 4.082 0.038 104.8
OTES 4.690 0.063 73.3
O:P 4.935 0.191 25.8
APS 4.830 0.086 55.6
P:O 6.413 0.072 88.4
PhTES 6.378 0.075 84.2

Maximum depth (um)

Raw 5.805 0.12588 46.1
OTES 6.690 0.090776 73.7
O:P 8.739 0.179387 48.7
APS 8.799 0.212321 41.4
P:O 12.523 0.231967 54.0
PhTES 15.483 0.154074 100.5
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