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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 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.

Key words: Drawing process, Mass coloration, Halflife, PET, Photochromism, Photochromic
textiles, Rate constant, Sol-gel technology, Ultraviolet Sensor.

ANOTACE

Textilni materialy jsou jednou ze zakladnich potieb lidského Zivota po jidle a ptistiesi. Tyto
materialy mohou byt vyuzity v riznych formach odévi az po high-tech aplikace jako jsou
ochranné textilie, textilie vyuzivané v mediciné, geo-textilie nebo sportovni textilie.
Vzhledem ke globalnim zménam klimatu se zvySuje moznost onemocnéni rakoviny ktize,
poskozeni o¢i a imunitniho systému v disledku snizeni ozoénové vrstvy. Rakovina klize je
jednou z nejefektivnéjSich rakovin, ktera ohrozuje lidské byti a kazdy je v tomto ohledu
ohrozen. Tento fakt poskytuje inspiraci pro ptipravu UV senzord/Cidel zalozenych na
zabudovani rtiznych fotochromnich pigmentd do textilnich materialii. Tato prace se vénuje
pfedev§im pfipravé barvenych polypropylenovych filamentl 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 rtiznym odstinem, jakozto i s riiznym pficnym fezem. Na
druhou stranu, pro piipravu sol-gel roztokd byly pouzity rtizné prekurzory spolecné
s fotochromnimi pigmenty, které byly nasledné aplikovany na polyesterové tkaniny. To bylo
aplikovano s riiznym dlouZicim pomérem. Cilem tohoto vyzkumu je studium, jak dlouzici
pomér ovliviluje rizné optické vlastnosti, napf. Kubelka-Munkovu funkci, zménu optické
propustnosti, barevny rozdil AE* vyjadieni pomoci CIE 1976, poloc¢as barevné zmény béhem
osvitové a reverzni faze, rychlostni konstantu, intenzitu odstinu na zacatku, v poloviné a na
konci cyklu. Vedle optickych vlastnosti byly zkoumany riizné fyzikalni vlastnosti jako
pevnost Vv tahu, prodlouzeni pii pretrzeni, ohybova tuhost a pevnost v ohybu. V dusledku
pouziti riznych prekurzord u sol-geld, 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 filamentl. Diferencni skenovaci
kalorimetrie byla pouzita pro zjiSténi, jak tepelnd degradace ovliviiuje dlouzici pomeér
filament. Konfokalni laserova skenovaci mikroskopie (SEM) byla pouZita pro zjisténi
povrchovych drsnosti zplisobenych nandsecim procesem. SEM analyza mize byt provedena
pro pochopeni povrchovych modifikaci filamenti a tkanin. U filamenti zavisi celkova
fotochromni zména na dlouZicim poméru, zatimco u tkanin s aplikovanym sol-gelem je tato
zména zavisld na pouzitém prekurzoru. Polypropylenové filamenty obecné vykazovaly
dobrou barevnou zménu béhem meéfeni a optickéd hustota se snizovala se zvySujici se jemnosti
pouzitych polypropylenovych filamenti. Tepelnd degradace se 1iSi s ohledem na typ
fotochromniho pigmentu, coz lze potvrdit vysledky TGA analyzy na zdklad¢ jejich struktury.
Vice degradovany pigment vykazuje niz$i fotochromni odezvu neZz ostatni. Na zakladé



tepelné analyzy lze ziskat myslenku, jak zména dlouZziciho poméru mtize ovlivnit krystalinitu
a teplotu tani. Avsak dlouzici pomér pozitivné zvySuje vSechny tyto vlastnosti. Povrchova
analyza potvrdila, ze v pfipad¢ nepigmentovanych a barevnych filamentii nedochdzi k
zadnym zménam. V nekterych ptipadech se objevuji mikrofibrily, které nemaji diky svému
pfi¢énému fezu vliv na procesni podminky. Povrchova analyza potvrdila, Ze neni zadny rozdil
mezi nepigmentovanymi a barvenymi filamenty. V nékolika ptipadech (8-cipé) se
mikrofibrily objevily na povrchu filament. AvSak analyza prokédzala, Ze neexistuje vztah
mezi pfidanim pigmentd a generaci téchto mikrofibril. Na druhé strané lze fici, Ze
fotochromni odpovéd’ zéavisi na typu prekurzoru. V nékolika piipadech doslo k posunu
maximalni vinové délky smérem k niz§im vinovym délkdm. Hypsochromni posun je
zpusoben polaritou prekurzorti. Prekurzory maji velky vliv na fyzikalni a povrchové
vlastnosti. Povrchova analyza potvrdila, Ze v tkaninadch dochazi k ukladani prekurzorti. SEM
analyza ukazala vyznamné zmény povrchové mikrostruktury po nanaseni sol-geli.

Kli¢ova slova: proces kresleni, hmotnostni zbarveni, polovina zivota, PET, fotochromie,
fotochromni textilie, rychlostni konstanta, technologie sol-gelt, ultrafialovy senzo
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1. Introduction

One flourishing field in photochemistry is photochromism and the photochromic behavior of
both organic and inorganic materials [1]. Innovation in the textile industry has been increased
day by day and there is no limit in the field of functional textiles, photochromism in textiles
are one among them. Recent research manuscripts were rapidly increased with the interest on
the application of photochromic compounds in textile materials, though comparatively few
reports are there in this specified area [2-5]. 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. 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 [6-10].

2. Purpose and the aim of the thesis

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
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.

3. Overview of the current state of the problem

As discussed in the previous section, photochromism is a reversible color change brought
about whilst the material undergoes UV irradiation, the speed of coloration and discoloration
is dependent on many factors which are UV irradiation index, the molecular structure of the
pigment, properties of materials & their structure and etc. The production of photochromic
textile material can be possible in different techniques, but the mass colorations and sol-gel
coating techniques are better in terms of durability and other subsequent properties. The
major problem when we produce the photochromic synthetic filaments (PP) via mass
coloration techniques, it is necessary to carried out the drawing process to enhance the
filament physical and mechanical properties. During the drawing process, it increases the
molecular orientation for both crystalline and amorphous phase of the filaments. However, in
other end, there is a reduction of optical properties and it indirectly proportional to the
drawing ratio. Generally, when the photochromic materials are applied to the flexible UV
sensorial material, the various optical properties like photochromic behavior under UV
radiation is very important. Therefore, it is necessary to know how much the reduction of
optical properties with respect to the drawing ratio, perhaps, this research work can provide
the elaborated results to know the above issues and also it provide the solution for the same.

In the case of sol-gel coating, the nature and amount of the organic groups (R) in the silica
matrices determine the polarity of the inner surface of the pores, where the photochromic
pigments 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. Due to these modifications in the silica
matrices, photochromic colorants can be affected and it changes its own absorption maxima
spectrum. Therefore, the same pigment produces a different color when it coated with
different precursors. Generally, the precursors directly influence the optical and kinetic
properties of photochromic materials. Therefore, the photochromic response is purely
dependent on the chemical structure of silane, size and shape of silica network. First, the
amount of light reflection during the color measurement is marginally depends on the
presence of available dye which is covered by the sol networks in the fabric with respect to
the unit area. In this case, the precursors having the rigid network and followed by the
structural transformation, which results in the reduced absorption of light under the UV
irradiation. In other words, light reflection is decreased where the sol network is in a rigid
manner. The precursors with flexible network along with photochromic dyes has less steric
hindrance effect on the dyes, therefore, this structural arrangement allows dye to undergo the
photochromic reaction easily. Apart from these modifications, the silica matrices also
influence on the various physical properties of coated materials. The physical properties of
coated fabric are depending on the type of precursors and its chemical structure.



4. Methods used, studied material

4.1 Mass coloration of miPP filaments

There are two different technology were used to develop the photochromic textile materials,
the first one is polypropylene multifilaments via mass colorations techniques. In this case,
Metallocene catalyst isotactic polypropylene was procured from Lyondell Basell, Italy. In
this study, three different photochromic pigments were used, these pigments are
commercially available in the market (Matsui Shikiso Chemical Co., Ltd, Japan), the list is
given in Table. 1.

Table. 1: Photochromic pigments used for the production of mass colored miPP filaments.

Color Abbreviation Chemical name

Blue MPB 1,3,3-trimethylspiro  [indolino-2,3’-  (3H)naphtho(2,1-b)(1,4)-
oxazine] [11, 12].

Purple MPP 5-chloro-1,3,3-trimethylspiro[indoline-
2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine] [11, 12].

Yellow MPY 3,3-diphenyl-3H-naphtho[2,1-b]pyran [11, 12].

4.1.1 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, 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
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 with the MFI of 2.66 g.min™. 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) [1, 13, 14]. The miPP filaments was
produced with different cross sections, namely circular, triangle, 5-star and 8-star.

3.2.2 Post spinning process

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. 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.



4.2 Silica Sol-Gel Synthesis and Coating on PET fabrics

The second techniques were used to develop photochromic textiles is sol-gel coating,
Therefore, 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). All the
chemicals were purchased from Sigma-Aldrich, USA. Deionized water was used for the
preparation of sol solutions. First, the MPP was added into the prepared sol slowly to ensure
the proper mixing, after mixing it could be stirred until getting the clear solution. Two pieces
of PET fabrics (30cm x12c¢m) 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.

4.3 Analysis of optical and physical properties
4.3.1 Measurement of Kinetic properties of photochromic materials

Photochrom-3 has already made with the activation light source of Edixeon UV LED EDEV-
3LAL with radiometric power (®y)=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
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+ 50 uW.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%. The reflectance values can be utilized to find
out the color strength and another related parameter, the color strength (K/S function) values
can be computed as following equation Eq.1;

K (1-R)

S 2R @)

where R- reflectance factor, K-absorption and S-scattering of colorant. The changing in
optical density (AOD) were calculated using the Eq.2;

AOD = K/SimaxG max K/SimaxDmin (2)
where K/S,,.x6max 1S the maximal value of K/S function at a wavelength of absorption maxima
during exposure phase and K/S,,..xomi» 1S the minimal value of K/S function at a wavelength

of absorption maxima during reversion phase. The AE* of drawn and undrawn filaments are
computed through simple CIE lab formula in the Eq.3.

10



AE" = \/(AL*)Z +(aa’) +(aby 3)
From the first order kinetics, the half-life (ti) of color change and rate constant (k) for the
photochromic miPP filaments can be calculated by using the Eq.4 & 5 respectively.

_In2 4
b = (4)
k=2 (%)

t,

4.3.2 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.min™ under the nitrogen atmosphere.

4.3.3 Differential scanning calorimetry of miPP filaments
In this research work, the DSC analysis were performed on Perkin Elmer based on ASTM
standard D3418-08. 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 (T,) and melting enthalpy (Hy), change in melting enthalpy (AHp).
Change in entropy (ASy,) can be calculated through Eq.6.
— AHm
T

AS (6)

The crystallinity (Xc%) of the produced filaments were computed from the Eq.7, where AH;,
is 209 J.g7* [15],
AH
Xc(%) = T %100 7
(%) =0 ()

o
m

4.3.4 Physical & Mechanical properties of miPP filaments

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.
During the testing, clamping length of 12.5cm was maintained with clamp speed of is 350
m.min™.

4.3.5 Microscopic analysis

The surface morphology of control and photochromic materials were observed by using
TS5130 Vega-Tescan scanning electron microscope (SEM). In the measurement, the electron
column was kept at vacuum and other following parameters were used; 20 kV accelerating
voltage and 500x magnification levels with a vacuum of 7.8x107 Pa. The working distance
between the sample and objective lens can be adjusted according to the image resolution.
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The flexural rigidity and bending modulus of coated fabrics were calculated from the Eq.8
and 9 in mg.cm and kg.cm™ respectively.

G =0.1MC® (8)
where M is the mass per unit area (g.m™) and C is the bending length (cm) of the fabric;
12G x10°®
_(126x10%) ©)
9;

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

5. Summary of the results achieved

5.1 Results of miPP filaments (circular)

5.1.1 Effect of photochromic response on drawing ratio of photochromic filaments
In this study, three different photochromic pigments were used to produce the miPP

filaments. 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
is 675+50 uW.cm, 2.26+0.8 1 W.cm™ respectively.

Figure 1 shows the photographs of original color (i.e. colorless) and developed the color of
the filament under the UV exposure. The kinetic measurement of photochromic materials can
be done in Photochrom-3 under the reflectance mode, based on these results the various
optical properties 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.

Figure 1: Produced photochromic miPP filaments (A); filament winded on cardboard B & C
(B-UV off; C-UV on).

The K/S values of both exposure and reversion phase with respect to the time and wavelength
interval are plotted in Figure 2 and Figure 3 respectively for the filament with MPP pigment,
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it 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—aA). These graphs provide the information on the influence of K/S values
with respect to the UV radiation. 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. 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.

K/S values - K/S values
6.860 ~ . E — 6.620

6.180

5500 5308
4820
4140
3.460
2780

2.100

(SRS

Figure 2: K/S values of miPP filaments Figure 3: K/S values of miPP filaments
(MPP-2.5 wt.%) (exposure phase). (MPP-2.5 wt.%) (reversion phase).

The results of K/S values for five cycles of exposure and reversion phase for the highest and
lowest concentration of photochromic miPP filaments on circular cross-sections were plotted
in Figure 4. Results significantly show the reduction of K/S values with increasing the
fineness of filament (i.e. increasing the drawing ratio). Therefore, K/S 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. length wise), in other word, increasing the length of
filaments causes to 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. 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, the thickness of layers is
decreased with increasing the drawing ratio, this is due to the reduction of filament fineness.
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Figure 4 Dependence of color strength (K/S values) on photochromic miPP filaments.

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

Figure 5 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. The results of AOD for three
pigments shown in Figure 6 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 K/S (max) values and even in AOD, for 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 13 shows the thermal properties of three different
photochromic pigments. Among three pigments, MPY shows the highest degradation in
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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.
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Figure 5: Dependence of K/S (max) for miPP filaments (DR-2) under exposure phase.
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Figure 6: Dependence of AOD on the miPP filaments (DR-2).

5.1.3 Half-life of color change for photochromic miPP filaments

Figure 7 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 trend of the result is same as for all the pigments. The
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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 8
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 of substrate. However, it is
generalizing 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.
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Figure 7: Half-life of color change on miPP filaments under exposure phase (DR-2).
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Figure 8: Half-life of color change on miPP filaments under reversion phase (DR-2).

5.1.4 Color difference analysis of miPP filaments

The residual AE* can be calculated as per the CIELAB 1976 color space and the results are
plotted in Figure 9 to Figure 10. 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
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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 seen in the lowest drawing
ratio as well as in the highest concentration of pigment too.
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Figure 9: Residual AE* values for photochromic miPP filament with MPP.
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Figure 10: Residual AE* values for photochromic miPP filament with MPY.

5.1.5 Physical and mechanical properties 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 11. 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 goodness of fit was found R?=0.98, it confirmed that there is an exponential relationship
between drawing ratio and linear density. There is interesting fact was observed, the addition
of photochromic pigment can cause to decreasing the linear density (Figure 12). 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.
Figure 11 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™. The goodness of fit (0.96) was confirmed that there is
strong relationship between the tenacity and drawing ratio. In general, the addition of
spinning additives can reduce the tenacity and elongation at break, it can be studied [16-18],
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 12. Results of tenacity
have been reduced 28 % between the concentration from 0.25 wt.% to 2.50 wt.%. According
to the reference [19], addition of additives like pigments are usually affects their strength and
structure, which also confirmed from our research too. Figure 11 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 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%,
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which confirms there is a reduction of 84%. The Young's modulus of photochromic miPP
filaments was plotted in the Figure 11. 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.
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Figure 11: Effect of drawing ratio on various physical properties (MPP-0.25 wt.%).
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5.1.6 Thermogravimetric Analysis of miPP filaments

In this study, three different photochromic pigments were used to analyze their thermal
properties and the results are shown in Figure 13. 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.
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Figure 13: TGA analysis of photochromic pigments.

5.1.7 Differential scanning calorimetry analysis on miPP filaments

The results reveal the difference in the melting peak temperature dependence on the drawing
ratio. The melting temperature (Tp,) of undrawn filament shows 146.65°C, whereas the
drawing ratio 4 shows 150.28°C (Figure 14), 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 miPP filaments with photochromic pigments are increased ~2°C
with increasing the photochromic pigment concentration (Figure 15). The melting
temperature miPP filaments with photochromic pigments are increased ~2°C with increasing
the photochromic pigment concentration (Figure 15). Of course, the drawing ratio is highly
responsible for the increasing of melting temperature, it can be seen in Figure 16. However, it
is desired and expected effects on the photochromic filaments. In the drawing ratio 4, there
are two melting peaks were visible, 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 f crystallites
formed during the measurement. The crystallinity of photochromic filaments was increased

21



with increasing the drawing ratio, therefore, the higher rate of crystallization makes many
modifications in the filament, mainly the «, # modification of morphological structure.
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Figure 14: Normalized DSC curves for miPP filaments, (MPP=0.0 wt.%).
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5.2 Results of miPP filaments (non-circular)

5.2.1 Optical properties

Table 2&3 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.

Table 2: The K/S (max) on the different cross-sections of the produced filament (DR-1).

Cross- sections | Pigment concentrations 1.5 wt.%

MPP | CV%uss maxy | MPB | CV%s (max) | MPY | CV%s (max)
Circular 3.230 | 82.2 2.835 | 1124 1.397 | 229.7
5-star 0.949 | 954 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

23




Table 3: The K/S (max) on the different cross-sections of the produced filament (DR-2).

Cross- sections | Pigment concentrations 1.5 wt.%

MPP | CV%js (max) | MPB | CV%js max) | MPY | CV%iss max)
Circular 2.523 | 135.6 2.201 | 90.7 1.229 | 190.8
5-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

5.2.2 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, the results are shown in Figure 17. 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.

Figure 17: Cross sectional view of circular and non-circular photochromic miPP filaments,
(A) circular (B) 5-star; (C) Triangle; (D) 8-star (all are 2.5 wt.% MPP with DR-1).

5.3 Results of sol-gel coated photochromic fabrics

The photochromic pigment was successfully incorporated on to the PET fabric via sol-gel
coating treatment. Figure 18-(A&B) shows the photographs of original color (i.e. colorless)
and developed color of the photochromic fabric under the UV influence. Figure 18-(B) shows
the visual observation of the color change of produced photochromic fabrics where the
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 19. 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.
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Figure 18: Photochromic sol-gel coated fabric, (A) fabric coated with APS precursor and (B)
fabric coated with OTES precursor (Colored portion indicates the influence of UV radiation).
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Figure 19: Effect of the precursor on the K/S values of coated fabrics (MPP-2.0 wt.%).

5.3.1 K/S (max) functions on sol-gel coated fabrics

K/S (max) of produced photochromic fabrics with different precursor combinations was
plotted in Figure 20 and the AOD were plotted in Figure 21. 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.
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Figure 21: Dependence of AOD on the sol-gel coated fabric.

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 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.
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5.3.2 Color difference analysis of sol-gel coated fabric

The color difference (residual AE*) of photochromic coated fabric was analyzed and the
results are shown Figure. 22. 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). 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. 22: Residual AE* for the sol-gel coated fabric.

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

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.
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Figure 23 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.
Figure 24 described the half-life of color change of photochromic fabric under the reversion
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Figure 23: Half-life of color change during exposure phase of coated fabric.
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Figure 24: Half-life of color change during reversion phase of coated fabric.

28



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. To find the statistical
dependency, the data were fitted with linear regression and it shows the better coefficient
determination values (<0.95).

5.3.4 Hypsochromic shift

The nature and amount of the organic groups (R) in the silica matrices determine the polarity
of the inner surface of the pores, where the photochromic pigments 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 OTES/PhTES or its comb-
inations with 5-chloro-1,3,3-trimethylspiro[indoline-2,3’-(3H) naphtho(2,1-b) (1,4)-oxazine].
The reflectance spectrum of both precursors is given in Figure 25 and the produced fabric
under UV radiations are given in Figure 18- (A&B). 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 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. [20] 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.
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Figure 25: Reflectance spectra of coated fabric with different precursors (MPP-2.5%).

5.3.5 Flexural rigidity and bending modulus of coated fabrics

Flexural rigidity and bending modulus of fabrics are calculated and the results are depicted in
Figure 26 and Figure 27 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. 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. Since, APS
having the different chemical groups, therefore it is not used for statistical fit which is
demonstrated in the Figure 26 and Figure 27. 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 26: Flexural rigidity of sol-gel coated fabric (MPP-2.5 wt.%).
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Figure 27: Bending modulus of sol-gel coated fabric (MPP-2.5 wt.%).

5.3.6 Surface morphological analysis on sol-gel coated fabric

The surface of coated and uncoated PET fabric samples was observed using SEM. Figure 28
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
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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.

Figure 28 Surface morphologlcal characterlzatlon 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.%).

5.3.7 Surface roughness analysis on sol-gel coated fabrics

Figure 29: 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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The coated fabric shows different handle properties; consequently, it is necessary to analyze
their surface characteristics. For visual scope, the LSCM images are given in the Figure 29
(A-F) and it shows the surface property of fabrics before and after the sol-gel coating. These
pictures were confirmed that sol-gel coating made significant changes in the surface by
creating the roughness. 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.

5.4 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.
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Figure 30: K/S (max) of photochromic textiles with different technique with respect to their
relative concentrations.

Figure 30 describe the photochromic response for the mass colored miPP filaments and sol-
gel coated PET fabrics, in this case, the same concentrations of pigment (i.e. MPP-2.5 wt.%)
was used. Figure 30 shows the comparison results of photochromic textiles, among two
different techniques, mass colorations produced a highest photochromic response. 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.
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Figure 31: Half-life of color change photochromic textiles (i.e. MPP-2.5 wt.%).
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Figure 32: Rate constant of photochromic textiles (i.e. MPP-2.5 wt.%).

Figure 31 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 32,
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
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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.

6. Evaluation of results and new findings

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 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).
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Addition of pigment shows that there no much influence on the melting temperature of
filament, 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 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 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. 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 interreference is allowed by it and also flexible octal
chains surrounds 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 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 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
depends 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
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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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12. Recommendation of the supervisor

Supervisor opinion on PhD thesis of Aravin Prince Periyasamy

I am writing this recommendation letter for Mr. Aravin Prince Periyasamy for his PhD defense.
Mr. Aravin Prince Periyasamy has been a PhD research scholar under my supervision since
2015. Throughout his studies, I observed that he is highly intelligent and has good analytical
skills.

The main aim of this PhD work is to find the impact of different drawing ratio on physical,
mechanical and optical properties of mass colored photochromic isotactic polypropylene
filament as well as the impact of the precursor on optical and physical properties of sol-gel
photochromic coated PET fabrics.

The PhD thesis quite comprehensive and which satisfy the objects outlined in his thesis. The
thesis has written clearly and according to the specified format with a high-level language. The
candidate has done all his work systematically with specific objectives. Experimental data are in
thesis is organized, analyzed logically and the results are discussed in an accurate manner. He
has shown adequate ability to explain analytically to a various complex of scientific problems of
photochromic incorporation in mass coloration as well as in the sol-gel coating. The results
obtained from his thesis provides great importance not only scientific community also for the
tycoons.

His publication is quite worthy and published four papers in impact factor journals (as far now,
one more is accepted and one is under review), three book chapters, one book in esteemed
publishers and seven articles in conference proceedings. By concluding this opinion, I can say
from his work finds the relationship between the drawing ratio on the various optical properties
of mass colored photochromic isotactic polypropylene filaments, which purely depends on. On
another hand, the precursor plays a vital role in the optical and physical behaviour of
photochromic textiles, in some case interesting effect called “hypsochromic shift” was found. In
overall, the results are interesting, novelty and ready to use practically.

Therefore, I strongly recommend the thesis for the final defense.

Liberec, 12. June 2018 doc. Ing. Martina Vikova, Ph.D.
Supervisor
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13. Opponent’s reviews

Univerzita
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Title of the dissertation: Properties of Photochromic Textiles
Author of work: Aravin Prince Periyasamy, M.Tech.

Referee: prof. Ing. Radim Hrdina, CSc.
Institute of Organic Chemistry and Technology
Faculty of Chemical Technology, University of Pardubice, Czech Republic

Opponent's review

The present dissertation deals with the incorporation of commercial photochromic dyes/
pigments into polypropylene by a process of mass coloration and the application of one dye
/pigment by sol-gel process to the surface of PET fibers. The work is very useful for the
textile industry because it basically solves the technology of preparing fabrics with
photochromic dyes/pigments so that the correct optical effects are achieved.

Formally, the work is written very well by very good English and a reasonable range.

As far as the content is concerned, | will start with the introduction and the literary research
part and the philosophy of the whole work. The author of the paper describes nicely the
chemistry and photo-physical properties of the photo-chromic dyes and pigments, but the
great weakness is that it does not distinguish whether it is a dye or a pigment. The situation
is at present such that they are essentially disperse dyes, which are additionally
photochromic, and there are very few compounds that are also photochromic in the solid
(crystalline) phase - photochromic pigments. For dispersion dyes, it is assumed that inside
the hydrophobic fiber is a form of “solid solution”; so that photo-chromic effect is present in
individual molecules. On the contrary, pigments are dispersions of crystals inside (or on the
surface) of the hydrophobic fiber. So I'll start with an explanatory question. The author used
three photochromic compounds, MPB, MPP and MPY in his experiments. Are these
compounds photochromic if they are just poured on the surface of the fabric? For
polypropylene coloration in mass, the author writes that the pigment has been blended into
molten polypropylene (page 35). Has a solution or dispersion been formed? On the contrary,
in sol-gel technology (page 89), the author writes that a clear solution has formed which he
applied to the surface of PET fabric. If this is true, this suggests that it is a "solid solution"
where it is a photochromic of individual molecules.

In the scheme 2 (page 15) is a small error, the product of homolytic cleavage being two
radicals.
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Fakulta
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The question of whether the pigment or dispersion dye is completely fatal for the photo-
resistance (lightfastness) of these photochromic colorants, which is a major problem with
the current photochromic compounds. By the way, due to the formation of a triplet excited
state.

As for recommendations for future work in this field. And I'll start asking. Did the author of
this dissertation work meet the dyes for natural (hydrophilic) fibers that would be soluble in
water and would be photochromic after application to these fibers? This is one direction.
The second direction is the photochromic of the pigment (photochromic effect in the solid
state), as this could solve the problem of low lightfastness.

In conclusion, | can say that the work is very good and | therefore strongly recommend the
work for the defense.

In Pardubice 61 9.10.2018 0000 snnneseseninsnsmnivareis s

Prof. Ing. Radim Hrdina, CSc.
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Aravin Prince Periyasamy, M.Tech.

PhD. Dissertation:
PROPERTIES OF PHOTOCHROMIC TEXTILES

Review

Dissertation submitted is divided into eight parts. The bottom-line of all of them is the
extensive study of photochromic dyes. There are two materials thoroughly studied in the
Dissertation. The first one, polypropylene, was used as the polymeric matrix. It was mixed with
three commercial photochromic dyes ( one with spiropyran skeleton and two with spirooxazine
structures) shown on page 33. It is known, that polypropylene can be colored only through mass or
spin coloration techniques. The second material to be coloured was PET fabrics using thin surface
layer prepared from one photochromic pigment with the help of the sol-gel method.

To keep my review acceptably short, I will concentrate on the chemistry behind the
coloration process dealing with the sol-gel photochromic fabric. This part is much more chemistry
oriented and it is what I was looking for. It should be stressed that Disertation reports on immense
amount of experimental work, mainly connected with the colorationm itself.

Consequently, I have several questions and remarks that follow.

1. The first remark is that I am missing very badly the detailed description of experixments
that is usually called experimental part. Such part allows any reader to perform experiments
successfully which should summarise the all experimental procedures. On page 35 and 89 we can
find something called ,,process sequence™ and ,,sequencing process. These descriptions of both
types of experiments are not sufficient. The same is true for description of dip coating method on
page 85. Expression like ,.constant speed” and ,,for a while* can be found there.

2. On page 84, there are schematic representation of sol-gel coating method, followed by
short description of chemistry behind it on pages 86 — 88 and finally, the whole process on page 89.
The chemistry described is shown for dimers only. Is it so, that reaction goes to dimers stage and
stops there? Could you show chemical reactions going on in the each step depicted there.

3. It would be also very important to fill all these reaction precisely up to the stage of
polymers.

4. There are substantial difference between the structure of photochromic material based on
polypropylene and PET as far as the bonds formed are concerned. Could you discuss this in more

details.
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5. On page 117 the surface roughness characteristics of coated fabric are given. Frankly, I
am unable to see any substantial changes among figures 78 A — 78F. Could you also estimate, how
many molecules of MPP photochromic dyes would fit to max. peak hight shown in Table 16.

6. Could the theoretical (quantum) chemistry be of some help in the study you have

described in Dissertations?
Finallly, I can conclude, that Dissertation reports on many experiments done, most of them are
carefully interpreted and used for building up the general picture of photochromic textile

preparation, structure and application potential.

I am in the positionto recommend the Dissertation in question for further process leading to

PhD degree.

In Liberec, 29. 10. 2018 Prof. Ing. Ivan Stibor,CSc.
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