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Abstract

Transparent, light in weight, and flexible displays for organic light-emitting diode
substrate (OLED) were studied. In this work, bacterial cellulose (BC), silk fibroin
protein (SF), and/or polyvinyl alcohol (PVA) were chosen as raw materials. These
materials are environmentally friendly and has biodegradability in order to decrease
electronic wastes (e-waste). The BC-PVA, SF-PVA, pristine PVA, BC-SF, and BC-
SF-PVA films obtained were further modified by impregnation with silver nanocubes
(AgNC). Therefore, ten samples were achieved (S1 to S10), characterized by UV-vis,
x-ray diffraction analysis (XRD), field emission scanning electron microscope
(FESEM), attenuated total reflectance fourier transform infrared (ATR-FTIR)
spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), tensile tester, dynamic mechanical analysis (DMA), and complex conductivity
(conductance) and comparison of properties to the standard requirements of OLED
display. The influences of the PVA and AgNC were also investigated. It was found
that the transparency of the films significantly increased due to the presence of PVA
polymer. In addition, PVA can better penetrate to the BC-SF fibrils than SF-PVA (S2)
blended film because the inferior interaction between SF and PVA polymer occurs
from PVA crystallization or the aggregation of SF molecular chains. AgNC was
impregnated in the films and it was observed that PVA was a good dispersant
confirmed by better uniform distribution and no aggregation of AgNC in PVA-AgNC
film (S6), and BC-SF-PVA-AgNC film (S7) compared to SF-PVA-AgNC (S5) film.
According to XRD results, it shows that the nanosilk was in amorphous state. In the
case of ATR-FTIR analysis, the remarkable spectra was found at 3285 cm™ that is
corresponding to the BC stretching vibrations of inter-hydrogen bonding. This is
owing to an improvement of the intermolecular H-bonds between OH groups of BC
cellulose and NH in the amide groups of SF, in contrast with a decrease in
intramolecular H-bonds of cellulose. However, AgNC did not affect the native
structure of the films. In the case of DSC analysis, glass transition temperature (Tg) of
all samples are showed the single temperature. The addition of BC (S1) increased the
Ty of pure PVA, the hydrophilic character of both the BC and PVA, they are
extremely miscible and thus the formation of strong hydrogen bond between the BC

4



Worakan Hosakun - PhD Thesis

and PVA matrix. Similar to S2, it presented high thermal stability which might be
ascribed to the high crystallinity. Obviously, the glass transition peak of S7 was
unrecognizable, only the endothermic peak appeared at 166.67°C due to the highly
crosslinked structure of the substances. The thermal degradation behaviour from TGA
and DTG curves showed that the samples which contained bacterial cellulose (S1, S4,
and S7) initiate to degrade before 206°C for the main weight loss. The increasing in
thermal stability was observed with the presence of the silver nanocubes in the BC,
SF, and PVA films (S4, S5, S6, and S7). Dynamic mechanical analysis (DMA)
indicated that the silver nanocubes affect the BC-SF and BC-SF-PVA films in a
different way. This is probably a consequence of the reduced chain mobility of the SF
chains induced by nanocubes. S7 film when studied the viscoelastic properties at
elevated temperature showed very sensitive to the presence of light during the DMA
experiment. The storage (E’) and loss (E") shear moduli curves of S7 film recorded in
the dark and under illumination with white light are strongly related to the presence of
silver nanocubes. The illumination probably induces similar effects in BC fibrils i.e. a
rise in dipole moments, which are obviously amplified in the presence of silver
nanocubes. These effects might not be significant below the glass transition
temperature. However, above the glass transition, the mobility of the matrix chains is
much higher and the photo-illumination effects may contribute to the shear forces
induced by external periodic loading. For this reason, there is a strong influence of
light on the position and intensity of the high-temperature relaxation transition in S7
sample. In the case of conductivity measurement, at the beginning of the test, the
sample was kept in the dark and the white light was applied in the time interval from
47 to 67 s. It can be mentioned that PVA containing films are more sensitive to
illumination. Obviously, photo-generation of the electrons does not depend solely of
the presence of more conductive silver nanocubes. Flexible and transparent film for
OLED display was successfully fabricated by using natural materials which are BC,
SF and PVA modified with AgNC owing to high thermal stability, mechanical

strength, and electrical conductivity.

5



Worakan Hosakun - PhD Thesis

Table of contents

Chapter Page
Chapter I Introduction and Problem statement.......cccceieeiieiieiiiiieenecennnnnn. 15
1.1 Organic light-emitting diode (OLED) display.............ccoiiiiiiiiii 15

1.1.1 Working principle of OLED deViCe............cooeiiiiiiiiiiiiiieeene, 16

L112TypeS Of OLED.......coiiiiii e 17
1.2 CellUIOSE. ... .. 20

1.2.1 Bacterial cellulose (BC).......ooviiriiiiii e, 21

1.2.2 Bacterial cellulose production...............ccoooiiiiiiiiiiiiiee 23
1.3 SilK fibroin protein. ... .. ..o 25

1.3.1 Structure of SikwOrm COCOONS...........ovveitiiiiiiiiii e, 26

1.3.2 Silk fibroin Properties. .........coovviiiiiiiii e 28
1.4 Polyvinyl alcohol polymer (PVA). ..o, 29
1.5 Cellulose and silk fibroin for flexible electronic substrate............................ 31
1.6 Conductive materials for OLED deViCe............cccoviiiiiiiiiiiiiiieeiea, 31
1.7 Problem statement. ... 34
Chapter IT Materials and Methods.......ccccevviiiiiiiiiiiiiiiiiiiiiiiiieiieniecnanee. 36
2.1 Raw materials and chemicals..............oooiiiiiiii i 36
2.2 Experimental details. ...........cooieiii i 36

2.2.1 Purification of Nata de coco and preparation of dried microfibrillated and

nanocrystalline bacterial cellulose films..................oo 36

2.2.2 Degumming of silk cocoons and preparation of nano-silk fibroin films.37

6



Worakan Hosakun - PhD Thesis

2.2.3 Preparation of polyvinyl alcohol solution.....................ocooiini. 38
2.2.4 Synthesis of silver nanocubes (AgNC)........ccooeviiiiiiiiiiieeee 38

2.2.5 Fabrication of dried sample films by evaporation drying technique......39

2.3 Characterization methods used for testing the samples........................oeeeee. 40
2.3.1 Ultraviolet-visible (UV-VIS) SpectroSCopY.........cccvviiiriininiiniannns 40
2.3.2 X-Ray Diffraction Analysis (XRD).........ccccoiiiiiiiiiiiiiiie, 41

2.3.3 Morphological analysis of the nanocomposite films by FE-SEM

MECTOSCOPY . vttt ettt et et et e e e e e et e et e e e e e e 41
2.3.4 ATR-FTIR SPECIIOSCOPY . ... uuttetttett et et e e e e e e e e 42
2.3.5 Differential Scanning Calorimetry (DSC)..........cccooiviiiiiiiiianni, 42
2.3.6 Thermogravimetric Analysis (TGA)........cooiiiiiiiiiiiiee 43
2.3.7 Tensile tests of sample films...........c.coooeiiiiiiiiii e 44
2.3.8 Dynamic mechanical analysis (DMA)..........cccooiiiiiiiiiie e, 44
2.3.9 Complex conductivity (Conductance)............ccoovvviveiiiianinannnn.. 44
Chapter I1I Results and DiscusSionS.......cccvveiiiuiiiieiiieiiinriiieiiinrcsnrcssicnns 46
3.1 The effect of acid hydrolysis on BC and SF fibres...................coooiiiia. 46
3.2 Film CharaCteristiCs. ......ouee e 47
3.2.1 Optical transmittanCe. ........c.oviriiir i 50
3.2.2 Transparent and flexible electronic display standard........................ 51
3.3 Field Emission Scanning Electron Microscope analysis (FESEM).................. 52
3.4 Angle Dispersive X-ray Diffraction (ADXRD)........c.ccooiiiiiiiiiiiiiiiiiien, 54

3.5 Attenuated total reflectance Fourier transform infrared spectroscopy............... 56

7



Worakan Hosakun - PhD Thesis

3.6 Differential Scanning Calorimetry (DSC).......ccoviiiiiiiiiiiii e, 58
3.7 The thermogravimetric and derivative thermogravimetric analyses ............... 60

3.8 Tensile Strength. ... ..o 65
3.9 Dynamic mechanical analysis (DMA).... ..o, 66
3.10 Complex conductivity (ConductanCe)............cooeviiiiiiiiiiiiiieeeeeeen 72
Chapter IV ConcluSions......coeeiiiiiiieiiiniiiieieraiessetssetssssossscssssosssssssscsnse 74

Chapter V References.......oovvuiiiiieiiniiieiiaiiiiieiieisseessiosessssssssssssnsosssnns. 80

8



Worakan Hosakun - PhD Thesis

List of Figures
Figure Page

Figure 1.1 The evolution of television panels and constituting parts of LCD/LED vs
O E D TV e e e 16

Figure 1.2 A typical OLED parts and a basic small molecule organic light-emitting

diode (SM-OLED) deVicCe StrUCTUIE. ......c.vinriitt it 16
Figure 1.3 PMOLED StrUCIUIE. .....uitit it 18
Figure 1.4 AMOLED StrUCTUIE. ......ueeii e e 18
Figure 1.5 Transparent OLED StruCtUre............cooviiiiriiiiiii e, 19
Figure 1.6 Top-emitting OLED Structure..............ooiiiiiiiiii e, 19
Figure 1.7 Hierarchical structures of wood.................ooiiiiiii i, 21

Figure 1.8 The model of BC microfibrils versus the fringed micelles of plant cellulose

FITTlS. o 22
Figure 1.9 Production of cellulose microfibrils by Acetobacter xylinum................ 25
Figure 1.10 Life cycle of SHIKWOIM ..ot 26

Figure 1.11 Constituent of raw silk, 2D schematic of the silk fibroin heavy chain and
light chain, FTIR spectrum of silk fibroin thin film deposited on ITO/glass, and
molecular structure of SF. The silk fibroin consists of turn (T), random coil (R), B -
sheet, and side chain; according to the curve-fitting

FESUIES . e 28

Figure 1.12 The structure of vinyl alcohol and PVA synthesized by the hydrolysis of

POIYVINYL ACEIALE. ...\t e e e e 30
Figure 1.13 DSC thermograms of neat PVAfilm..................o 30
Figure 2.1 Raw Nata de coco and Bombyx mori silk cocoons............................ 36

Figure 2.2 Purification of Nata de coco and purified BC..................ooiiinnnn. 37

9



Worakan Hosakun - PhD Thesis

Figure 2.3 Hydrolyzed and degummed SF.............cooiiiiiiiiii e 38
Figure 2.4 Silver nanocubes synthesized by polyol process.............c.ccceevevinnnnnnn. 39
Figure 2.5 Samples preparation, sputter coating, and FESEM instrument............... 42
Figure 2.6 DSC instrument and aluminum sample pans covered with the lids......... 43

Figure 2.7 TGA instrument and reference and sample pans were on a sensitive

CEODAIANCE. . .o e 44

Figure 2.8 Photo of the home-made cell used in photo-electrical characterizations of
the IS, 45

Figure 3.1 Mechanism of acid hydrolysis of cellulose fibres.............................. 46

Figure 3.2 Optical images of transparent films of BC-PVA (S1), SF-PVA (S2), PVA
(S3), BC-PVA-AgNC (S4), SF-PVA-AgNC (S5), PVA-AgNC (S6), BC-SF-PVA-
AgNC (S7), BC-SF (S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10) placed on a

DOOKCOVET . ... et e 48
Figure 3.3 Scattering regimes between wavelength (x-axis) vs particle size (y-axis)..49

Figure 3.4 Transmittance versus wavelength graph for Polyethylene (PE), SF-PVA
(S2), PVA (S3), SF-PVA-AgNC (S5), and PVA-AgNC (S6) substrates................ 50

Figure 3.5 FESEM images of BC-SF-PVA-AgNC (S7), SF-PVA (S2), and pure PVA
FIIM (53 i s 53

Figure 3.6 FESEM images of the distribution of silver nanocubes embedded in SF-
PVA film (S5), the size of the isolated silver nanocubes, PVA-AgNC film (S6), and
BC-SF-PVA-AgNC film (S7), the yellow points indicate the AgNC.................... 54

Figure 3.7 Diffraction peaks of nanosilK..................ooooiiiiiiiii 55

Figure 3.8 FT-IR spectra of BC-SF-PVA-AgNC (S7), BC-SF (S8), BC-SF-AgNC
(S9), and BC-SF-PVA (S10) filMS.....eieiiiiiie e, 56

10



Worakan Hosakun - PhD Thesis

Figure 3.9 DSC second heating curves of BC-PVA (S1), SF-PVA (S2), pure PVA
(S3), BC-PVA-AgNC (S4), SF-PVA-AgNC (S5), PVA-AgNC (S6), and BC-SF-PVA-
AgNC (S7) at heating rate of 10 K/Min............coiiiii e, 59

Figure 3.10 TGA and DTG curves of (S1) BC-PVA, (S2) SF-PVA, (S3) pure PVA,
(S4) BC-PVA-Ag, (S5) SF-PVA-Ag, (S6) PVA-Ag, and (S7) BC-SF-PVA-Ag.......61

Figure 3.11 Main chain of PVA reactions under heating........................ocoeenee. 64

Figure 3.12 Stress vs Strain curves of BC-SF-PVA-AgNC (S7), BC-SF (S8), BC-SF-
AgNC (S9), and BC-SF-PVA (S10) films........oviririiii e 65

Figure 3.13 Storage and loss shear moduli of the films as a function of temperature. a)
BC-SF (S8) and BC-SF-AgNC (S9) samples, b) BC-SF-PVA-AgNC (S7) and BC-SF-
PVA (S10) samples. The measurements were carried out under the white light

UM ON . . . e 67

Figure 3.14 Storage and loss shear moduli of the BC-SF-PVA-AgNC (S7) film
recorded in dark and under the white light illumination. The frequency of the external

FOrCE WAS L HzZ. ..o e 68

Figure 3.15 Storage modulus (E’) and dynamic loss tangent (tan &) at different
frequencies (a and b) of basic BC and BC-SFfilms.................coooiiiiiiiin, 71

Figure 3.16 Specific conductance (G) and susceptance (B) of BC-SF-PVA-AgNC
(S7), BC-SF (S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10) films at 22 kHz as a
function time. The samples were illuminated in the period from 47 to 67 s, which is

indicated by Vertical liNes. ... ..o 72

11



Worakan Hosakun - PhD Thesis

List of Tables
Table Page
Table 1.1 Level of Bacterial cellulose StruCtUIe. ........ooveeinee i 23

Table 1.2 Mechanical properties of silkworm silk and other natural and synthetic

FIDIOUS MATEIIAIS. . ..o 29

Table 1.3 The main criteria of a transparent electrode with expected performance for
some applications. Plus signs indicate better values.....................ocociiiiiinin. 32

Table 1.4 Regular information according to fabrication methods for transparent

conductive material electrode. ........ ... 33
Table 2.1 Component of each sample. ..., 40
Table 2.2 Initial weight of DSC and TGA analysiS............ccoviviiiiiiiiiiiieen 41
Table 2.3 The samples characterization...............cooviiiiiii i, 42
Table 3.1 Types and properties of flexible displays..................oooiiiiiiinil. 51

Table 3.2 Spectral characteristics at various wavelengths for BC-SF-PVA-AgNC (S7),
BC-SF (S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10) films................c.oeeene, 57

Table 3.3 Differential Scanning Calorimetry Results of seven samples................. 59

Table 3.4 Degradation temperatures of S1, S2, S3, S4, S5, S6, and S7 determined by
TGAANd DTG reSUILS. ... e 62

Table 3.5 Mechanical strength of BC-SF, BC-SF-AgNC, BC-SF-PVA, and BC-SF-
PVA-AGNC FIIMS. ..o 66

Table 3.6 Relative changes of specific conductance (AG) and susceptance (AB) of the
films induced by illumination. Sample 7: BC-SF-PVA-AgNC, Sample 8: BC-SF,
Sample 9: BC-SF-AgNC, Sample 10: BC-SF-PVA. ... 73

12



Ala
AMOLED
ATR-FTIR
BC
BC-PVA

BC-PVA-AgNC

BC-SF

BC-SF-AgNC

BC-SF-PVA

BC-SF-PVA-AgNC

CTE
DMA
DSC
Gly
FESEM
FOLED
ITO

OLED

Worakan Hosakun - PhD Thesis 13

List of Abbreviations

Alanine

Active-matrix organic light-emitting diode

Attenuated total reflectance Fourier transform infrared
Bacterial cellulose

Bacterial cellulose embedded in polyvinyl alcohol

Bacterial cellulose embedded in polyvinyl alcohol and

silver nanocubes
Bacterial cellulose embedded in silk fibroin

Bacterial cellulose embedded in silk fibroin and silver

nanocubes

Bacterial cellulose embedded in silk fibroin and polyvinyl

alcohol

Bacterial cellulose embedded in silk fibroin, polyvinyl

alcohol and silver nanocubes

Coefficient of thermal expansion

Dynamic mechanical analysis

Differential Scanning Calorimetry

Glycine

Field Emission Scanning Electron Microscope
Foldable organic light-emitting diode

Indium tin oxide

Organic light-emitting diode



PMOLED
PVA-AgNC
Ser
SF-PVA

SF-PVA-AgNC

TGA
TOLED

XRD

Worakan Hosakun - PhD Thesis

Passive-matrix organic light-emitting diode
Polyvinyl alcohol embedded in silver nanocubes
Serine

Silk fibroin embedded in polyvinyl alcohol

Silk fibroin embedded in polyvinyl alcohol and silver

nanocubes
Thermogravimetric analysis
Transparent organic light-emitting diode

X-ray Diffraction

14



Worakan Hosakun - PhD Thesis

CHAPTER |

INTRODUCTION AND PROBLEM STATEMENT

1.1 Organic light-emitting diode (OLED) display

In recent years, the development of flexible display has been taken place a flat
panel for using in electronic devices, i.e. smartwatch, smartphone, and television
panel. Figure 1l.1a shows the evolution of television panels, development from
cathode ray tube (CRT), plasma display panel (PDP), liquid crystal display (LCD),
and liquid crystal display/light-emitting diode (LCD/LED), and organic light-emitting
diode (OLED) TV screen. The distinction between LCD/LED and OLED can be
described by Figure 1.1b. OLED is extremely thinner, with lighter, good viewing
angle, and consumes less energy than LCD/LED. Therefore, one of the outstanding
substrate is OLED which is the device made of organic semiconductor film. The
backlight is not required and presents extremely thin screen, reduces the weight and
greatly provides individual pixels that switch off for perfect black as the superior
characteristics of OLED TV display. However, OLED technology is used mostly in
phones nowadays. It is strongly becoming more prevalent, with over 400 million
AMOLED screens manufactured in 2017 and continues growing in the market.
Nowadays the smartphones are launching the new models to replace the obsolete
devices every year, raise electronic wastes (e-waste) after a few short years of the
consumers use. The out-of-date electronic wastes are rapidly filling the landfill sites of
the globe. As such, the concerning for handling of e-waste issue is also an interesting
topic. In this work, biodegradable materials were used for solving this e-waste
problem. Generally, the producers use glass or plastic for fabricating display
application. There are also polymer blends as one of the most capable methods to have
new material with required properties. Therefore, bacterial cellulose (BC), silk fibroin
protein (SF), and polyvinyl alcohol polymer (PVA) were studied in this work. First,
each materials’ characteristics and properties were explained. After that, the blended

composites displays were reviewed.
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The Evolution of TV

LEDLCDTV & LD TV <« PDPTV <« CRTTV

OLED

LCO/LEDTV LG OWED TV

OLEDRNET )

Figure 1.1 The evolution of television panels (a) and constituting parts of LCD/LED vs OLED TV
(b). (“IFA 2015 Directions for LG Electronics’ OLED TV?”,2015; “What makes it the best TV
ever”)

1.1.1 Working principle of OLED device

Six different layers of a simple OLED was depicted in Figure 1.2a. The top
layer is sealed, the bottom layer is a substrate, followed by the anode (a positive
terminal) and cathode (a negative terminal). The emissive layer, where the light is

produced, and conductive layers are in between those layers.

——————=== = Emissive fayer
. (organic Molecules or Polymers)

Conductive layer
'olymers)

(@)

Light

(b)

Figure 1.2 A typical OLED parts (a) and a basic small molecule organic light-emitting diode (SM-
OLED) device structure (b). (“What is OLED and how does it work”, 2016; “OLEDs - Organic
Light Emitting Diodes”, 2004)
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Organic molecules were used to produce their electrons and holes. According to
Figure 1.2b, when voltage is applied for making the OLED light up, the cathode starts
receiving electrons and the anode begins losing them. The emissive layer changes to
negatively charged and in contrast, the conductive layer becomes positively charged.
The positive holes are more mobile than electrons, they cross the boundary from the
conductive layer to the emissive layer. When a hole meets a negative electron, it
occurred a rapid brief burst of energy in the form of photon. The OLED device

produces continuous light in the process for as long as the power is on.

1.1.2 Types of OLED

Six types of OLED were distinguished: Passive and active matrix, transparent,
top-emitting, foldable, and white OLED (Chen et al., 2003, Karzazi, 2014 and Kuni¢
& Sego, 2012).

- Passive-matrix OLED (PMOLED)

The structure of PMOLED comprises of organic layers and strips of cathode
positioned perpendicular to the anode strips (Figure 1.3). The layer where the pixels
are generated is the intersection between anode and cathode. The brightness of each
pixel depends on the proportional of the applied current amount. The turn on and off
of the pixels rely on the applied external circuit to selected strips of anode and
cathode. The advantages of PMOLED are easy and cheap to fabricate, and consume
less power than an LCD and LED. On the other hand, PMOLED displays are usually
small (up to 3 inches) and are used to display character data or small icons because of
restriction in resolution and size: they are being used in MP3 players, mobile phone

sub displays, etc. (Karzazi, 2014).
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————"-— (Cathode

Rows
= Organic
Active Layers
/,»/ “Substrate
AnodeAColumns

Figure 1.3 PMOLED structure (Kuni¢ & Sego, 2012)

- Active-matrix OLED (AMOLED)

The AMOLED structure differs from PMOLED (Figure 1.4). It has full sheets
of cathode, organic active layers and anode. In case of switching each pixel to turn on
or off, a thin film transistor (TFT) plane in parallel to an anode is formed a matrix.
Therefore, the display will show the black image whenever the pixels switch off
which means that this can increase the battery life of the device. This OLED type is
the least power consuming among others. The AMOLEDs are used for computer
screens, large-screen TVs and electronic signs or billboards (Karzazi, 2014).

T
A ' N Cathode Layer
_ \ Organic Active
v S Layers
o+ — =
5% s TFT array
= — = N\ Substrate

Figure 1.4 AMOLED structure (Kuni¢ & Sego, 2012)

- Transparent OLED

The structure of transparent OLEDs (TOLEDs) has only transparent parts

which are substrate, cathode and anode layers (Figure 1.5).



Worakan Hosakun - PhD Thesis

OLED Transparent Structure

Emissive
Layer

Conductive
Layer

Figure 1.5 Transparent OLED structure (Kuni¢ & Sego, 2012)

TOLED can be categorized into both the active and passive matrix OLED.
According to all transparent components, light can pass to both directions when the
display switches on. Thus, TOLED can produce screens that are top as well as bottom
emitting. One advantage is it good contrast even in bright sunlight. The applications
for TOLED are in head-up displays, laptops, mobile phones and smart windows
(Karzazi, 2014).

- Top-emitting OLED

OLEDs that emit light from the top surface of devices refer to top-emitting
OLED (Figure 1.6).

OLED Top-Emitting Structure

Figure 1.6 Top-emitting OLED structure (Kuni¢ & Sego, 2012)

The substrate for top-emitting OLEDs can be both opaque and reflective e.g. a

metal foil or silicon wafers. Top-emitting OLEDs are proper for pixel circuits in
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active-matrix OLED since they can be more easily integrated with a non-transparent
transistor backplane and can give higher display quality. Producers use this top-
emitting OLED display in smart cards application (Karzazi, 2014 and Chen et al.,
2003).

- Foldable OLED

Substrates for foldable OLEDs (FOLEDs) made of very flexible metallic foils
or even plastics. The properties of FOLEDs are flexible, lightweight and durable. This
type is mainly used in GPS devices, mobile phones, smart clothing, and large curved
screen TVs. FOLEDs have rapid response time and high contrast images for television
(Karzazi, 2014).

- White OLED

The last type of OLED is white OLEDs. This large sheet is cost-effective and
also consumes less power than fluorescent lamps. The qualities of white OLEDs are
creating the true-color of lighting and emit bright white light. It is used for car lighting
because it can display very deep black as well as light and also very thin and
lightweight (Karzazi, 2014).

1.2 Cellulose

The source of abundant and relatively cheap carbohydrate polymer — cellulose
normally extracted from plants or their biomass. Cellulose is a polysaccharide derived
from B-D-glucopyranose units comprising of a straight chain polymer where no
branching presents with containing hundreds to above ten thousands linked D-glucose
units by B(1—4)-glycosidic linkages and is an organic compound with a chemical
formula of (CgH100s)n. The microfibrils with high tensile strength were formed by the
hydroxyl groups connected with oxygen atoms on the same chain or a neighbour chain
of glucose, carrying the chains strongly together. Finally, cellulose microfibrils are

meshed and become a cell wall as depicted in Figure 1.7, generating the high tensile
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strength. Cellulose has several crystalline structures based on the location of hydrogen
bonds, resulted in a complicated organization (cellulose I, I, I1l, and IV structures).
Cellulose 1 is the natural or native cellulose. It comprises of rod-like crystalline
microfibrils with the different structure 1, and lg. Bacteria and algae can produce
cellulose I, while Iz was mainly found in cellulose in high plants. Cellulose Il comes
from regenerated cellulose fibres which is more stable allomorph. With different kinds
of chemical treatments, cellulose 11l and cellulose IV were produced from cellulose I.
The properties of cellulose are odorless, hydrophilic, insoluble in water and most
organic solvents, and biodegradable (Li, Y, 2014). According to these great
characteristics, demand on derivatives of plant cellulose is increasing and had
increased wood consumption as raw material. It caused deforestation and global

environmental problem.

Forest products, biomass

Wood cells Cell wall layers Cellulose microfibrils

In cell walls

Elemental
Fibrils

| -
. 7 "10nm
CNC’s consist of organized AFM image of a cellulose  Chemical treatment releases

stacks of I,,, I cellulose chains Nanocrystal (CNC) crystalline phase

Figure 1.7 Hierarchical structures of wood (“Size Scale of Cellulose-based Particles™)

1.2.1 Bacterial cellulose (BC)

In spite of the fact that plant is the major contributor of cellulose, many bacteria
are also able to produce cellulose. Bacterial cellulose is an extracellular product made
by some bacteria belonging to the genera Acetobacter, Rhizobium, Agrobacterium,
Aerobacter, Achromobacter, Azotobacter, Salmonella, Escherichia, and Sarcina were
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first reported by Brown in 1988 (Sulaeva, Henniges, Rosenau, & Potthast, 2015). It
was first served as a diet food in Asia and also as a traditional dessert in Philippines
called nata de coco (Foresti, Vazquez, & Boury, 2017). Many researches on BC
indicated that it is chemically similar to plant cellulose, but its macromolecular
structure and properties are unlike the latter, exhibited in Figure 1.8. Subfibrils were
formed by aggregation of nascent chains of BC. Then, they were crystallized into
microfibrils, these into bundles, and finally the latter into ribbons (“Bacterial
cellulose”). As shown in Table 1.1, the structure levels of BC are also presented. The
BC structure has abundant surface of hydroxyl groups that describing it as
hydrophilic, biodegradable, and chemical-modifying capacity. According to its unique
properties, BC has gained much attention in the field of material science and
biomedical applications such as wound dressing and blood vessel regeneration
(Foresti, Vazquez, & Boury, 2017).
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Figure 1.8 The model of BC microfibrils (right) versus the fringed micelles of plant cellulose
fibrils (left) (“Bacterial cellulose”)

22



Worakan Hosakun - PhD Thesis

Table 1.1 Level of Bacterial cellulose structure
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1.2.2 Bacterial cellulose production

In this work, bacterial cellulose from Acetobacter species was used. This
cellulose production was initially discovered by A.J. Brown in 1886. He investigated
that in the presence of oxygen and glucose, the resting cells of Acetobacter were

produced cellulose (Chawla, Bajaj, Survase, & S. Singhal, 2009).

Bacterial cellulose which can be produced in different forms is fermented
under static, agitated, or even stirred conditions. The static condition produces three-
dimensional interconnected reticular pellicle. On the other hand, irregular shape
sphere-like cellulose particle is formed by agitating and stirring conditions. The
production of cellulose under static condition has to supply by air from medium

surface and the concentration of the carbon source effect the yield also. However, the



Worakan Hosakun - PhD Thesis

formation of BC with hydrogen and C-H bonding will increase by the increasing of
growth time. Bacteria turn into inactive because of insufficient oxygen source. The
pellicles will growth downward when the process reaches its limit and all bacteria are
entrapped. In order to producing cellulose from bacteria (Figure 1.9), possibility of
operation present in the pentose-phosphate cycle or the Krebs cycle, relying on the
physiological state of the cell coupled with gluconeogenesis (K.-Y. Lee, Buldum,
Mantalaris, & Bismarck, 2014). The oxidation of carbohydrates referred to the
pentose-phosphate cycle, on the other hand, the Krebs cycle associates with the
oxidation of acetate-derived carbohydrates, fat, and proteins. Individual enzymes,
catalytic complexes, and regulatory proteins are all involved in the biosynthesis of
cellulose which contains four key enzymatic steps when carbon source is glucose.
Phosphorylation of glucose by glucokinase comes first, followed by isomerization of
glucose-6-phosphate  (Glc-6-P)  to  glucose-1-phosphate  (Glc-1-P) by
phosphoglucomutase, after that synthesis of UDPglucose (UDPGlIc), which is
common in many organisms and the direct cellulose precursor, by UDPG-
pyrophosphorylase (UGPase), and finally, cellulose synthase reaction. Two processes
of synthesized cellulose are in microorganisms. 1,4-B-glucan chains formation and the
assembly and crystallization of cellulose chains. The cellulose molecules are started to
synthesize inside the bacteria. Then, these molecules are formed protofibrils by spun
through cellulose export components. These protofibrils are then formed a ribbon
shaped microfibril. The glucose unit is catalyzed by cellulose synthase and become
into the 1,4-B-glucan chains (K.-Y. Lee, Buldum, Mantalaris, & Bismarck, 2014).
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Figure 1.9 Production of cellulose microfibrils by Acetobacter xylinum (K.-Y. Lee, Buldum,
Mantalaris, & Bismarck, 2014)

The alkaline treatment of BC pellicles for purification of BC fibrils has been
described (Tsalagkas, 2015 and Santos et al., 2015). Most of non-cellulosic materials,
proteins and nucleic acids, and other impurities were eradicated by cell lysis (breaking
down of the cell) and chemical bond breakage from alkali treatment to achieve pure
BC. Sodium hydroxide (NaOH) in large amounts can solubilize amorphous cellulose
which enhances the material crystallinity, purity, and viscosity. Therefore, the
crystalline cellulose was formed (Santos et al., 2015). Generally, the common
procedure of this treatment use 0.1 M NaOH solution with warm conditions because
alkali can well penetrate into the fibrils than at the ambient conditions (Tsalagkas,
2015).

1.3 Silk fibroin protein

Silk fibroin (SF) is a fibroin protein-based polymer which is produced by
spiders, silkworms, scorpions, mites, and flies (Melke, Midha, Ghosh, Ito, &
Hofmann, 2016 and Shang, Zhu, & Fan, 2013). Normally, Bombyx mori silk cocoons

are mainly consisted of 72-81% of a fibrous protein fibroin core and a surrounding
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19-28% sericin protein. Silk fibroin protein has discovered for various applications

such as tissue engineering or other biomedical applications because of its high tensile

strength, biocompatibility, biodegradability, and non-cytotoxicity (Acharya, Ghosh, &

Kundu, 2008). In this work, Bombyx mori silkworm cocoons were used. Generally, the

total life-cycle of silkworm ranges from 6-8 weeks. As shown in this Figure 1.10, in

brief, tiny eggs hatch out into a tiny black caterpillar. Then, it eats mulberry leaves

and goes through four molts. The caterpillar spins a cocoon of silk threads around

itself. Starting the pupa state, the caterpillar changes itself inside the cocoon. The silk

treads from the cocoon are used in manufacture to produce many products. Hundreds

of milligrams of silk proteins were produced from one larva to make a robust cocoon

(Teramoto & Kojima, 2014).

The female moth laye
many tiny egqgs.
The adult moths /'
th .
each other,
Vs EGG
SR
B

The pupa changes f ADULT SILKWORM LARVA_; ’

4

into a moth. The

L LIFE CYCLE
of the cocoon.

\ PUPA

Peo; wind the

syt Inside the cocoon, the

cocoons to weave into caterpillar changes

silk cloth. into a pupa.

A tiny black
caterpillar hatches
out of ite egq.

The caterpillar eats
mulberry leaves and

grows bigger and
bigger. It goes
through 4 molts.

The caterpillar sping
a cocoon of silk
threads around
itself.

Figure 1.10 Life cycle of silkworm (“Silk”, 2016)

1.3.1 Structure of silkworm cocoons

The raw silk comprises of silk fibroin protein covered with sericin protein on

their surfaces as presented in the Figure 1.11a (Koh et al., 2015). Sericin protein

consist of different polypeptides (weight of 24 to 400 kDa), on the surface of cocoon.

They are identified by eccentric 40% of serine content together with 16% of glycine
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(Kundu, Dash, Dash, & Kaplan, 2008). Normally, sericin has five types of
polypeptides, s-1, s-2, s-3, s-4, and s-5. They have been reported from different parts
of the middle silk gland (MSG) and s-1, s-2, and s-3 are the main components. Serine,
glycine, and aspartic acid were observed in the polypeptides. Some researchers
reviewed the applications of sericin as skin care for anti-wrinkle, anti-aging effect,
moisturizing, conditioning, and cleansing properties etc. (Kundu, Dash, Dash, &
Kaplan, 2008 and J. H. Lee, Song, Park, & Um, 2016). In case of amino acid
constituent of silk fibroin primarily consists of glycine (G), alanine (A), and serine (S)
in the molar ratio of 3:2:1. Figure 1.11b displays silk fibroin basic structure. Silk
fibroin composes of a light chain (~25 kDa) and a heavy chain (~390 kDa) in the ratio
1:1 connected by a single disulphide bond. The alignment of silk fibroin along the
fiber axis linked together by the network of hydrogen bonds interchain could form -
sheet structures. In Figure 1.11c, Hota et al., 2012 studied to produce the biomaterial
for bio-memristor devices from silk fibroin protein. From the infrared absorption
spectra of static amide | region, they found that the observed spectrum comes from the
secondary structure of SF. Fourier deconvolution method was considered to obtain
more information. B-sheets structures (B), turn structures (T), alpha-helix (A), random
coil (R), and side chains (SC) were found. It can be concluded that SF film presented

amorphous structure.

27



Worakan Hosakun - PhD Thesis 28

(a) Rawsik -

N-lermlnll\

p-sheet —>

Heavy chain

~terminal—S§.§

Light chain|

Turn (GT-GT)

Adapted from Ha et al., 2005)

Absorbance (arb. unit)

- R
‘T B 16385
6633 : R L 16422 lE/Bit; % : :5; I‘Sﬁ;h 48
1725 1650 %25 1600
Wavenumber (cm™)
@) OH
O (0] CH (0] CH
H H |3 ¢
N N P8
TN
H H H
0) n

Gy Ser Gly Aa Gly Aa

Figure 1.11 Constituent of raw silk (a), 2D schematic of the silk fibroin heavy chain and light
chain (b), FTIR spectrum of silk fibroin thin film deposited on 1TO/glass (c), and molecular
structure of SF (d). The silk fibroin consists of turn (T), random coil (R), p -sheet, and side chain;
according to the curve-fitting results (Hota, Bera, Kundu, Kundu, & Maiti, 2012, Ha, Gracz,
Tonelli, & Hudson, 2005, and “Unit - Chemistry of Garments: Animal Fibres”, 2016)

In order to separate fibroin from sericin (silk gum), a conventional process
known as degumming is considered. Raw silkworm cocoons were degummed by
thermo-chemical treatment, resulting in the changes in microstructure of fibroin and
mechanical properties (Jiang et al., 2006). In general raw silk may be degummed by
submerging the cocoon in boiling water, sometimes with detergent or salt to improve
the treatment efficiency. The sericin which is eliminated will be in the liquor’s

suspension.
1.3.2 Silk fibroin Properties

According to Table 1.2, the mechanical properties of silkworm and some other
fibrous material were presented. Both breaking strain and toughness of silk fibroin
fibre has higher values than Kevlar. Besides, Wu et al., 2009 claimed that the

mechanical properties of silk are closely correlated with its hierarchical structures.
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Table 1.2 Mechanical properties of silkworm silk and other natural and synthetic fibrous
materials (Koh et al., 2015)

Materials Young’s Ultimate Breaking Toughness
modulus (GPa) | strength (MPa) strain (%) (MJ m®)
Silkworm silk fibroin 10-17 300-740 4-26 70-78
(Bombyx mori)
B-sheet crystallites 16-18 n/a n/a n/a
(Bombyx mori)
Spider silk (Nephila 10.9 875 16.7 n/a
clavipes)
Nylon 1.8-5 430-950 18 80
Kevlar 130 3600 2.7 50
Wool 0.5 200 50 60

1.4 Polyvinyl alcohol polymer (PVA)

Polyvinyl alcohol (PVA), a synthetic polymer, is a partial or full hydrolysis
product of polyvinyl acetate for eliminating the acetate groups and a water-soluble
polymer as shown in Figure 1.12 and has high tensile properties (24 to 79 MPa)
(Bondeson & Oksman, 2007). PVA has the advantages of good film forming
properties and high resistance to water, oil, grease, and solvent makes it adaptable for
various applications (Baker, Walsh, Schwartz, & Boyan, 2012). It is known as a
biodegradable material, biocompatible, nontoxic, noncarcinogenic and extensively
used in paper sizing, fiber coating, adhesives, emulsion polymerization, and medical
field (Kawai & Hu, 2009). Also, PVA films present outstanding barrier properties for

food packaging systems.
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A. Vinyl Alcohol B. Poly Vinyl Alcohol (PVA)
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Figure 1.12 The structure of vinyl alcohol (left) and PVA synthesized by the hydrolysis of
polyvinyl acetate (right) (Baker, Walsh, Schwartz, & Boyan, 2012)

According to Figure 1.13, an endothermic curve at 221°C was presented. T of
PVA was noted at 70°C. However, many researches were attempted to blend PVA
with other material to form thin-films or membranes. Lu et al., 2008 also revealed that
cellulose and PVA polymer matrix has a good dispersion caused a good
reinforcement. The interpenetration of PVA molecules into cellulose structure comes
from the long duration of mixing. The hydroxyl groups on PVA interact with the
hydrophilic surfaces of the cellulose. The high transparency film was presented as a
result of the homogeneous dispersion of cellulose in PVA. They found that after
cellulose presence, the crystallinity of PVA was increased owing to the nucleating

effect of nano-sized cellulose fibers.
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Figure 1.13 DSC thermograms of neat PVA film (Lu, Wang, & Drzal, 2008)
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1.5 Cellulose and silk fibroin for flexible electronic substrate

Okahisa et al., 2009 studied the cellulose nanofibres from Douglas fir (Pseudotsuga
menziesii) reinforced with acrylic matrix resins to fabricate a substrate for flexible
organic light-emitting diode displays. They mentioned that the thickness of
nanocomposite films were 90-100 um and presented the light transmittance in the
range of 82-85%. Moreover, these nanocomposites possess appropriate mechanical
properties for continuous roll-to-roll processing. Legnani et al., 2008 used BC as
flexible substrates for fabricating the organic light emitting diodes (OLED). Indium
tin oxide (ITO) as a transparent conductive layer was functionalized on BC
membrane. Normally, ITO was used for optoelectronic applications owing to its high
transmittance in the visible region and high conductivity. SiO, was also deposited by
magnetron sputtering for increasing the smoothness of the film surface and to avoid
surface reactions between the BC substrate and the deposited ITO film. They found
that it produced highly effective in light emission and performance of the OLED
device. Ummartyotin et al., 2012 also studied the development of a transparent and
flexible BC and poly-urethane (PU) based resin nanocomposite film as a substrate for
OLED display. They suggested that the characteristics of flexibility, optical
transparency, high of light transmittance and dimensional stability in terms of
coefficient of thermal expansion (CTE) of as low as 18 ppm/K was achieved the
criteria for OLED substrate. Liu et al., 2014 used natural SF films as substrates instead
of glass or synthetic polymers and blended it with silver nanowires (conductive
material). The substrate presented a conductivity about 11 Q/sq together with a
transparency of more than 80% at 600 nm. According to the measurement of
resistance after bending test, the resistance of the substrates slightly raises after being
bent 500 times, but maintained lower than 20 Q/sq. That is better than traditional
flexible indium stannum oxide-polyethylene naphthalate (ITO-PEN) substrates.

1.6 Conductive materials for OLED device

Table 1.3 exhibited general information about the average requirements of
some type applications. Indium tin oxide (Indium stannum oxide) (ITO) has been the

most widely used anode material in OLED and LCD. The important properties are
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high transparency (~90% at 550 nm), low resistivity (~2x10™* Q cm), and relatively
high work function (~4.8 eV) but its elements are becoming increasingly expensive,
and it is brittle, causing it unreasonable for flexible screen. Therefore, it is desirable to

develop other possibilities for transparent and flexible electrodes.

Table 1.3 The main criteria of a transparent electrode with expected performance for some
applications. Plus signs indicate better values from very good (+++) to acceptable (+) (Daniel et

al., 2013)

Application Transparency Conductivity Flexibility
Photovoltaics +++ +++ +
OLED/PLED ++ ++ +
Film heaters + +++ ++
Touch screens +++ ++ T+

Graphene is a good candidate for conductive materials but it has disadvantage
that it shows poorer current efficiencies than 1TO-based devices (T.-H. Han et al.,
2012). One of the favourable materials is silver, it has remarkable characteristics. It
can produce the highest electrical conductivity, transparent conductive electrodes for
optoelectronics, and the lowest optical losses of all metals (Berkhout, 2015). In this
manner, AgNWSs was used and can be covered onto flexible substrates by cost-
effective and scalable roll-to-roll fabrication. According to Table 1.4, it represents the
needs of each electrode for fabrication. The ranges of temperature were corresponding

to the processing temperature during device fabrication.
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Table 1.4 Regular information according to fabrication methods for transparent conductive
material electrode. Plus signs indicate very good (+++), good (++), and acceptable (+) (Daniel et

al., 2013)
Fabrication method Transparent Graphene Carbon Silver
conductive nanotube nanowires
oxides (TCOs) networks (CNTs) (AgNWs)
Chemical vapour +++ +++ + -
deposition
Sputtering +++ - - -
Spin coating - + ++ ++
Spray deposition ++ + +++ +++
Screen printing -- + ++ ++
Cost Low-High High High Medium
Processing >200°-1000 RT-1000° RT-700° RT-700°
temperature (°C)
Uniformity +++ +t0 +++ ++ ++
Typical thickness 100-300 <5 <10 25 > 600°
(nm)
Typical 80-97% 80-96% 80-91% 80-96%
transmission (at 550
nm)

®Fabrication method refers to the production of electrodes directly, not to the production of the
constituent components which are used to fabricate the network.

*Deposition temperatures of TCOs usually require several hundred degrees celsius or the use of vacuum
processes such as sputtering.

‘Networks can be fabricated at room temperature (RT) but if device fabrication requires high
temperature processes vacuum or encapsulation are required to stabilize the films.

“Thickness is diameter and density dependent though with high mechanical pressure it can be reduced
to the diameter of a single nanowire.
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1.7 Problem Statement

Regarding to the frequent changing of the new trend of smartphone nowadays,
many people simply decide to replace it with the latest flagship after having it for 2 or
3 years, hence, the problems of electronic wastes are going to increase. The main
objective of this work was to prepare and investigate the properties of the flexible,
thin, and transparent composite films produced from bacterial cellulose (BC), silk
fibroin protein (SF), polyvinyl alcohol polymer (PVA), silver nanocubes (AgNC)
making a substrate for organic light-emitting diode (OLED). These materials are
environmentally friendly. This implies that they are biodegradable and are easily
decompose. The minor objectives are defined to reach the goals as follow;

Objective 1: Preparation of flexible and transparent substrate for OLED

display

Bacterial cellulose, silk fibroin protein, polyvinyl alcohol, silver nanocubes
were used to prepare the thin films for OLED substrate. To the best of our knowledge,
this is the first invention of the flexible displays by using these materials mixed
together. BC and SF fibrils were first hydrolyzed by fuming acid to obtain the nano-
size fibrils. Then, ten samples were prepared; BC-PVA (S1), SF-PVA (S2), PVA (S3),
BC-PVA-AgNC (S4), SF-PVA-AgNC (S5), PVA-AgNC (S6), BC-SF-PVA-AgNC
(S7), BC-SF (S8), BC-SF-AgNC (S9), BC-SF-PVA (S10). In case of AgNC, it was

synthesized and used as a conductive material.

Objective I1: Investigation of physical, mechanical, thermal, and electrical
properties of ten samples

First, the visually transparent of each film were compared by photographs.
Then, the properties of ten films were studied by using UV-Vis spectroscopy, XRD,
FESEM, ATR-FTIR, DSC, TGA, Tensile tester, DMA, and Complex conductivity
analysis. The effect of PVA, AgNC, and acid hydrolysis were also examined. Some of
those films were performed on the influence of light and investigate the mechanical

and conductivity properties.
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Objective I11: Comparison the characteristics of these samples according to
the Standard requirement of flexible electronic display

Not only the basic properties need to studies, but the requirements of these
substrates also important to consider. Recently, the flexible electronic substrate has the
standard regulations. Therefore, our films need to be compared with glass, plastic, or
other polymer composite films. Finally, our ten substrates were chosen for the
preferential to further fabricate the OLED display for smartphone.
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CHAPTER II

MATERIALS AND METHODS

2.1 Raw materials and chemicals

Nata de coco was kindly supplied by Thongaumphai’s production, Thailand.
Cocoons of silkworm Bombyx Mori were obtained from Chul Thai Silk Co., Ltd.,
Thailand. Sodium hydroxide (NaOH), sodium carbonate (Na,Cos), 37% hydrochloric
acid solution (fuming HCI), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA),
potassium bromide (KBr), ethylene glycol (EG), copper(ll) chloride (CuCl,), silver
nitrate (AgNO3), and methanol (CH3;OH) were purchased from Sigma-Aldrich Co.,
Hungary. All chemicals were used as received without further purification (Figure
2.1).

Figure 2.1 Raw Nata de coco (left) and Bombyx mori silk cocoons (right)

2.2 Experimental details

2.2.1 Purification of Nata de coco and preparation of dried

microfibrillated and nanocrystalline bacterial cellulose films

The procedure for the purification of Nata de coco and preparation of dried BC
films are based on Y Hosakun et al., 2017, briefly, raw Nata de coco was first cut and
boiled in water until reached pH~7. Then, it was purified in 0.1 M NaOH solution at
80°C to eliminate non-cellulosic materials. This process changed the color from
yellow to transparent gel. Then, the gel was boiled in distilled water several times

until the pH become neutral. The gel was blended by a blender and dried in an oven to
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get dried microfibrillated BC films (Figure 2.2). These films were further used for

preparing nanocrystalline BC films.

Figure 2.2 Purification of Nata de coco (left) and purified BC (right)

The dried microfibrillated BC films (approximately 1.2 g) were placed in a
desiccator which contained 37% HCI solution inside. The degradation of cellulose
occurred and the nanocrystalline cellulose was achieved during this step. Then, it was
dried in an oven to calculate the remaining weight of BC after hydrolysis (~ 1.1 g was

prepared for further analyses).

2.2.2 Degumming of silk cocoons and preparation of nano-silk fibroin

films

The process of degumming of silk cocoons was carried out similar to Y
Hosakun, Halasz, Horvath, Csoka, & Djokovi¢, 2017, briefly, the cocoons were boiled
in 0.02 M Na,CO3z; and washed in water for several times at 50°C. Then, the
degummed SF was put into an oven to dry. According to hydrolysis reaction, the dried
degummed SF (approximately 0.7 g) was placed into desiccator with 37% HCI vapor
inside to obtain nano-silk fibroin (Figure 2.3). The nanosilk was then dried in an oven

for calculating the weight after hydrolysis (~ 0.5 g was prepared for further analyses).
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Figure 2.3 Hydrolyzed and degummed SF

2.2.3 Preparation of polyvinyl alcohol solution

In order to prepare 5%wt PVA solution, 2.5 g PVA powder was dissolved in
50 ml distilled water. After that, the solution was heated and continuously stirred at
95°C for 2 hours until clear solution obtained. Approximately 50 mL of solution was
prepared for further use.

2.2.4 Synthesis of silver nanocubes (AgNC)

In order to synthesize AgNC, a mixture of 0.668 g of PVP, 0.010 g of KBr,
and 20 ml of EG was heated and kept temperature constant in a flask at 170°C with
continuous stirring. Subsequently, 0.050 g CuCl, was added to the flask. The
combined solution was allowed to mix for 3 minutes. Then, 0.220 g of AgNO3 powder
was titrated for 10 minutes into the flask. To ensure the growth to be completed, the
flask was heated for 2 hours. After the solution was cooled down, it was centrifuged at
2000 rpm for 30 minutes to separate the cubes which remained in the supernatant. The
supernatant was then centrifuged twice to precipitate the cubes at 6000 rpm for 30
minutes. After the supernatant which contain EG, PVP, and other impurities was
discarded, the sediment of AgNC was stored in 5 ml of methanol (Hu, Kim, Lee,
Peumans, & Cui, 2010) (Figure 2.4).
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Figure 2.4 Silver nanocubes (AgNC) synthesized by polyol process

2.2.5 Fabrication of dried sample films by evaporation drying technique

- S1 was prepared by blending of micro- and nanofibrillated BC at an amount
according to Table 2.1. Both types of BC were soaked in 80 mL of distilled water and
the obtained dispersed colloid was treated in an ultrasonic instrument at low frequency
(20 kHz) using a horn with a tip diameter of 18 mm. The suspension of BC after
sonication was mixed with PVA solution and stirred overnight.

- S2 was fabricated from nanosilk and PVA. First, SF was immersed in water of
80 mL. After that, it was sonicated until well dispersed colloid was achieved. PVA
solution was blended to the suspension and stirred overnight.

- S3 contained only PVA solution.

- S4 was prepared similar to S1 but AQNC was added into the colloid.

- S5 was made according to S2 except blending of AgNC.

- S6 was similar to S3 and embedded with AgNC.

- S7 was blended for all components. Firstly, both types of BC and nanosilk
were immersed in 80 mL of distilled water and to achieve dispersed colloid, an
ultrasonic instrument at low frequency (20 kHz) was applied. The suspension after
sonication was mixed with PVA and AgNC solution, then, stirred overnight.

- S8 comprised of BC and SF. Micro- and nanofibrillated BC and nanosilk were
steeped in 80 mL of distilled water and an ultrasonic instrument was applied to obtain
well dispersed colloid.

- S9 was prepared similar to S8 and blended with AgNC.

- S10 was fabricated by mixing of BC, SF, and PVA analogous to S9, no AgNC.
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The samples were poured onto trays (diameter 7 cm). The trays were put in an
oven at 40°C for 3 days until the dried films were obtained. Ten types of the flexible

and transparent samples were obtained according to Table 2.1 below.

Table 2.1 Component of each sample

40

Sample Microfibrillated Nanofibrillated Dried 5% wt PVA AgNC
code BC dried film (mg) BC dried film Nanosilk solution (mL)
(mg) (mg) (mL)
S1 20 60 - 1 -
S2 - - 26.7 1 -
S3 - - - 1 -
S4 20 60 - 1 0.07
S5 - - 26.7 1 0.07
S6 - - - 1 0.07
S7 20 60 26.7 1 0.07
S8 20 60 26.7 - -
S9 20 60 26.7 - 0.07
S10 20 60 26.7 1 -

Three pieces of each samples (S1-S10) were prepared for further analysis.
2.3 Characterization methods used for testing the samples

The ten different types of samples were characterized by using eight types of
measurements discussed below. Not all samples were used in every test (Table 2.2).

2.3.1 Ultraviolet-visible (UV-VIS) spectroscopy

Ultraviolet-visible (UV-Vis) spectra were investigated on WPA lightwave
S2000 UV/VIS spectrophotometer for recording the light transmittance of the samples
over the visible wavelength of 400-800 nm. A base line was recorded and calibrated

using air. Measurement was conducted in triplicates.
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Table 2.2 The samples characterization. Performed (v') and not performed (-)

Sample Light FESEM FTIR DSC TGA Tensile DMA | Conductance

Code | transmittance strength

S1 4 v/

S2

S3

S4

S5

S6

NERNEENEENEEN N
ERSIESIENEENEEN RN
ERSIRNEENEENEEN RN
IR IR IR RN RN BN

S7

S8

S9

S10

N ERSERSERNEEN NN AN RN

NI
A EENEENEEN
N EENEENEEN

2.3.2 X-Ray Diffraction Analysis (XRD)

X-ray diffraction measurement of nanosilk was performed on the Angle
dispersive XRD beamline (BL-12) of Indus-2 synchrotron source, RRCAT (India),
using an image plate area detector (MAR345dif). The X-ray wave length (1.1 A) used
for the present study was accurately calibrated by doing X-ray diffraction on LaB6
NIST standard.

2.3.3 Morphological analysis of the nanocomposite films by FE-SEM

microscopy

The morphologies of seven types of nanocomposite films (S1, S2, S3, S4, S5,
S6, and S7) were carried out by using a field emission scanning electron microscope
(SU8230) at an accelerating voltage of 5 and 10 kV. The samples were cut in the size
of 5x5 mm in the rectangular shape and carbon was painted at the edge of the surface.

The films were coated with a thin layer of Au for 45 sec prior to analysis (Figure 2.5).
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Figure 2.5 Sample preparation (left), sputter coating (middle), and FESEM instrument (right)

2.3.4 ATR-FTIR spectroscopy

ATR-FTIR data collection was conducted on a Jasco FT/IR6300 equipped

with an ATR PRO 470-H spectrometer. All spectra were measured using air as a

background. A total of 25 cumulative scans were taken per sample with a resolution of

4 cm’, in the absorbance mode, in the frequency range of 4000-400 cm™. The test was

done at room temperature, in triplicates.

2.3.5 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measurements for the S1, S2, S3, S4,

S5, S6, and S7 samples were carried out using Mettler Toledo DSC 3+ instrument

under nitrogen purge (50 mL/min). The heating and cooling rates were 10°C/min. An

initial mass of each sample was shown in the Table 2.3.

Table 2.3 Initial weight of DSC and TGA analysis

Sample code Initial mass (mg)

DSC TGA
S1 2.25 8.51
S2 2.10 8.90
S3 2.28 8.39
S4 2.94 9.67
S5 244 9.55
S6 2.19 7.22
S7 231 9.97
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They were sealed in a standard aluminum pan (40 pL) (Figure 2.6). In this
measurement a heat-cool-heat system was used and the second heating scan
thermogram applied for thermal analysis. First, the sample was heated from 0 to
220°C to erase thermal history. Then, it was cooled down to 0°C before re-heating it
to 220°C. The glass transition temperature (T4) was obtained as the inflection point of
the particular heat increment at the transition of the glass-rubber state.

Figure 2.6 DSC instrument (left) and aluminum sample pans (40 pL) covered with the lids (right)

2.3.6 Thermogravimetric Analysis (TGA)

The thermogravimetric analyses were carried out using Mettler Toledo
TGA/DSC 3+. The S1, S2, S3, S4, S5, S6, and S7 samples were cut and placed into an
experimental sample pans with a sensitive microbalance (Figure 2.7). A furnace was
provided with nitrogen atmosphere at the rate of 50 mL/min, in the temperature range
from 25 to 500°C. The heating rate was 10°C/min. The curves were plotted between
percent of weight loss and temperature. The first derivative of the mass loss curves

also were plotted against temperature (DTG).
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Figure 2.7 TGA instrument (left) and reference and sample pans were on a sensitive
microbalance (right)

2.3.7 Tensile tests of sample films

Tensile tests were performed on the INSTRON 3345 Tensile Tester. A length
and a width of the strips of BC and SF containing nanocomposite films was 45 mm
and of 15 mm, respectively. The applied cross-head speed was 5 mm/min on all five

specimens of each samples (S7, S8, S9, S10).

2.3.8 Dynamic mechanical analysis (DMA)

DMA measurement of BC nanocomposite films (S7, S8, S9, and S10) was
performed in shear mode on a METRAVIB DMA50 machine with a DYNATEST 6.9
software. Specimens were prepared to dimensions of approximately 2x10x0.034 mm.
First, frequency sweep was studied. The frequency of the loading was varied from 0.2
Hz to 20 Hz at room T. Temperature scans were run from -100 to 200°C at a heating
rate of 3°C/min with a frequency of 1 Hz. All samples were carried out under the
white light illumination and measured the value of storage modulus (E’) and loss
tangent (tan J). In case of S7, the light effect was investigated; therefore, it was stored
in the dark for more than 12 hours and measured without any light.

2.3.9 Complex conductivity (Conductance) measurements

Four types of samples (S7, S8, S9, and S10) were used for measuring the
conductivity at 2.4 kHz in the homemade cell and there were no contact with the
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electrodes (Figure 2.8). Humidity was 40+2%. For each sample, time dependent

measurements in the dark and under illumination were also performed.

Figure 2.8 Photo of the home-made cell (Sopron University) used in photo-electrical
characterizations of the films
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Chapter 111

Results and discussion

3.1 The effect of acid hydrolysis on BC and SF fibres

In this work, mild acid hydrolysis was used by application of conc. 37% HCI
(fuming hydrochloric acid). This strong acid is completely ionized as shown in the
Figure 3.1. The purpose of this process is to hydrolyze the fibres of treated-BC and
degummed-SF into nanofibrils. In this study, fuming HCI acid was used at ambient
temperature and performed inside the desiccator. We investigated the amount of acid
used and weight the gain of BC and SF content. In each type of fibres, the average of
weight was slightly increased (5.4% and 5.6% for BC and SF, respectively) after
hydrolysis. Battista et al., 1950 revealed that the increasing weight of cellulose
probably comes from a molecular layer of water bounded to the molecules of

cellulose.
HCl - H' +CI
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Figure 3.1 Mechanism of acid hydrolysis of cellulose fibres (Habibi, Lucia, & Rojas, 2010)

However, this hydrolysis induced the increasing of crystallization and could
broken down the amorphous regions. Also, they claimed that the relatively mild
condition for acid hydrolysis caused the crystal growth and the crystallization of long-

chain segments because the small content of glycosidic bonds of cellulose chains was
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broken in a slow rate. Therefore, these nanofibrillated BC provides superior thermal
and mechanical properties. In case of hydrolyzed SF fibrils, several variables affect to
the hydrolysis process, such as temperature, time, and hydrolysis agent (Fountoulakis
& Lahm, 1998). Asquith et al., 1977 reviewed that acid hydrolysis caused main chain
fission of polypeptide chains and occurred throughout the proteins in a random
manner. Each of peptide bonds will be decomposed and result in amino acids (“The
hydrolysis of proteins”, 2016). Nadiger et al., 1985 confirmed that after acid
hydrolysis process, the composition of silk fibroin mainly comprised of glycine,

alanine, and serine about 80%.

3.2 Films characteristics

Comparison of self-standing dried samples transparency with the thickness in
the range of 0.13-0.5 um is illustrated in Figure 3.2. All films exhibited different
levels of transparency but visually seemed homogenous with no bubbles, could be
simply removed from the plate and were flexible. The greatest clearity was shown by
films of pure PVA and PVA-AgNC (S3 and S6). In contrast, the films containing BC
(S1, S4, S7, S8, S9, and S10) displayed decreased transparency. Generally, the pristine
BC dried film exhibited light-brownish color owing to the applied heat during drying
step. Moreover, the 3-D network structure of BC nanofibrils has air interstices in
between. Hence, the interface between the air interstices and the cellulose fibrils

caused the light diffraction, then the opacity.

However, the size of the material is associated with the light wavelength which

can be explained by this equation:
X = (m'D)/A

Where x is the size parameter of a solid material, D is referred to diameter of

material (nm), and 4 is the wavelength of light.

In this study, wavelength of visible light (380-780 nm) was used to calculate.
The average diameter of BC nanofibrils is 80 nm. Hence, the size factor was
considered to be 0.314 to 0.628. For this reason, BC film presents almost free from

light scattering according to Rayleigh scattering as shown in Figure 3.3 (Linder, 2014,
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Ummartyotin, Juntaro, Sain, & Manuspiya, 2012 and Ougiya, Watanabe, Matsumura,
& Yoshinaga, 1998).

Figure 3.2 Optical images of transparent films of BC-PVA (S1), SF-PVA (S2), PVA (S3), BC-
PVA-AgNC (S4), SF-PVA-AgNC (S5), PVA-AgNC (S6), BC-SF-PVA-AgNC (S7), BC-SF (S8),
BC-SF-AgNC (S9), and BC-SF-PVA (S10) placed on a bookcover

In contrast to silk fibroin film itself produced high-quality optical film with great
transparency and reduce scattering. But in this work, the SF fibrils have an average
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10.75 pm in diameter. Therefore, it can calculate the size parameter to be 21.1 to 42.2.

It shows in the range of Cylinder scattering.
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Figure 3.3 Scattering regimes between wavelength (x-axis) vs particle size (y-axis) (Linder, 2014)

Regarding PVA, the excellent film-forming, is one type of synthetic polymer
and water-soluble. It can generate white or colorless dried film as can be clearly seen
in the Figure 3.2 (S3). In this study, according to the high transparency of PVA
blending with BC and SF can cause these films much more transparent optically. It
could be mention that after BC and SF blended with PVA solution, the film formed
homogenous structure during drying process. Therefore, S1, S2, S4, S5, S7, and S10
show clear and transparent films. In this present work, the addition of PVA polymer
which has refractive index (RI) very close to bacterial cellulose (approximately 1.618
along the fiber and 1.544 in the transverse direction), exhibit transparent film because
of the restriction of the light diffraction at the interface between PVA and fibrils
according to other researchers’ findings (Ummartyotin, Juntaro, Sain, & Manuspiya,
2012 and Nogi & Yano, 2008). In the case of SF film, it can be explained by the lower
fiber content of SF than the amount of PVA. Therefore, the effect of SF does not
occur and present very clear film. However, the transparency of the AgNC containing
films (S4, S5, S6, S7, and S9) remained unchanged.
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3.2.1 Optical transmittance

The optical transmittance in the visible region (380-780 nm) of the
electromagnetic spectrum is presented in Figure 3.4. The results of our samples (S2,
S3, S5, and S6 films), was compared to the result for PE. The best transparency of all
films was found for S3 and S6 showing notable transmission (transmittance between
78-80%) across the visible spectrum. According to this fact, these samples can be
considered transparent. In case of S2 and S5, moderately transparent films were
produced with 10-20% transmission.
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Figure 3.4 Transmittance versus wavelength graph for Polyethylene (PE), SF-PVA (S2), PVA
(S3), SF-PVA-AgNC (S5), and PVA-AgNC (S6) substrates

This could be explained by the protein’s chemical components that mainly
comprise of Ser, Gly, and Ala amino acid in its sequence. These amino acid residues
in protein exhibit weak absorption in the spectra range of 400-1200 nm (Liu et al.,
2014). Furthermore, silver nanocubes did not affect their intrinsic optical properties.
On the other hand, bacterial cellulose containing samples showed the translucent look
due to the transmittance less than 2% (not presented in this Figure) as experienced by
Jung et al., 2008. This is probably due to the high BC fiber content and the size of BC
fibrils. In this work, instead of using pure nanocrystalline BC for fabricating flexible
BC film, microfibrillated BC was used for making the film strong enough to peel from
the support after oven-drying. Moreover, the nanosized BC filled the vacancies of the

BC microfibrils network. The poor transparency can be ascribed to microfibrillated
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BC content and partially miscible with PVA which makes the film scatter light and be

more opague.

3.2.2 Transparent and flexible electronic display standard

The regulation of organic light emitting diode display is exhibited as ANSI/UL
8752 — CAN/ULC-S8752. It is a bi-National Standard between United State and
Canada which was updated on the 1% of February 2012. It covers OLED luminaires
and OLED panels integral to other luminaires. It is indicated only for glass substrate;
no sharp edges, minimum thickness or test for weight of broken pieces, mounting
secureness test (“Lighting”, 2013). However, there are some other requirements for
flexible substrate such as glass and plastic (Polyethylene naphthalate or Polyimide).
Normally, the thickness is around 100 pm (Table 3.1), in contrast to our samples
which present less than 0.5 um (“Flexible Electronics: Materials and Applications”,
2009). Also, the specific weight of our samples is greatly smaller than the one for
glass and plastic substrates. As shown in the visually transparent property, all of our

films also performed very high transparency.

Table 3.1 Types and properties of flexible displays

Sample | Thickness | Weight Safe Visually Elastic Permeable to References
code (nm) (g/m?) bending transparent modulus oxygen, water
radius (cm) Yes/no or (GPa) vapor AorB
slightly
Glass 100 250 40 Yes 70 No A
(1737) (“Flexible
Electronics:
Materials
and
Application
s”,2009)
Plastic 100 120 4 Slightly 5 Yes A
(PEN,
PI)
ITO- 0.185 n/a n/a Slightly n/a Yes B
SiO,- (Legnani et
BC al., 2008)
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3.3 Field Emission Scanning Electron Microscope analysis (FESEM)

The characteristic FESEM images of dried bacterial cellulose modified with
silk fibroin protein, polyvinyl alcohol, and silver nanocubes film (S7), silk fibroin
blended PVA film (S2), and pure PVA film (S3) which were performed at 5 and 10
kV are shown in Figure 3.5a, 3.5b, and 3.5c, respectively. The surface of this dried
film obviously presents a 3-D fibrous ultrafine network structure (Figure 3.5a). The
BC nanocrystalline fibrils diameters were found the average less than 100 nm, labeled
with yellow color. Also, many pores were filled with silk fibroin and PVA matrix with
the diameter size in the range of 30 to 182 nm. The nanoscopic view of the film
surface did not present any bacterial skeletons and/or other impurities. It can be
clearly observed in Figure 3.5b that pure SF modified with PVA film also exhibited
SF highly porous 3-D network structure and fibrils with higher average diameters than
that of BC. It shows around 7.5 to 14 pm and the length is more than 100 pm.
However, the surface skin of silk fibroin fibrils was rather smooth. The addition of
PVA scarcely had an effect on the fibrils surface. Moreover, it shows separate phases
between silk fibroin fibrils and PVA polymer in contrast with BC-SF-PVA-AgNC
film. It is implying that PVA can well-penetrated to the BC-SF fibrils than SF-PVA
blend film. Since the poor interaction between SF and PVA polymer occurs from PVA
crystallization or the aggregation of SF molecular chains (Ling, Qi, Knight, Shao, &
Chen, 2013). However, this film still presents very high transparency by naked-eye,
and possess good flexibility. It can be seen in Figure 3.5¢ that pure PVA film has

smooth and homogeneous surface because of its excellent film-forming properties.
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Figure 3.5 FESEM images of BC-SF-PVA-AgNC (S7) (a), SF-PVA (S2) (b), and pure PVA film

(S3) (¢)
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As displayed in Figure 3.6a, it can be clearly observed that most of silver
nanocubes, synthesized by an illustrious polyol process, can be well characterized by
predominantly nanocube shapes with only some nanospheres. Figure 3.6b shows a
representative typical images of AgNC. The width was found between 180-200 nm
and the length was shown from 160 to 200 nm. In this sample, it shows the phase
separation between SF and AgNC. Figure 3.6¢c and 3.6d display better uniform
distribution and no aggregation of AgNC compared to SF-PVA film. It suggests that
PVA was a good dispersant.

NCTC 10.0kV 4.9mm x20.0k SE(UL) 2.00pm NCTC 10.0kV 4.9mm x200k SE(UL) ' 200nm

NCTC 10.0kV 8.2mm x2.50k SE(UL) i NCTC 10.0kV 7.9mm x20.0k SE(UL) 2.00pm

Figure 3.6 FESEM images of the distribution of silver nanocubes embedded in SF-PVA film (S5)
(a), the size of the isolated silver nanocubes (b), PVA-AgNC film (S6) (c), and BC-SF-PVA-AgNC
film (S7) (d), the yellow points indicate the AGNC

3.4 Angle Dispersive X-ray Diffraction (ADXRD)

Angle Dispersive X-ray Diffraction (ADXRD) of nanosilk was presented in
Figure 3.7. It is a non-destructive tool for the study of crystalline structure which
affects many properties in solid state (Um, Kweon, Park, & Hudson, 2001).
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Figure 3.7 Diffraction peaks of nanosilk

In our study, nanosilk structure was observed after hydrolyzed by fuming acid.
It exhibited a major diffraction peak at 14.9" and five minor peaks at 6.9°, 17.7°, 24.6°,
28°, and 31.1°, respectively, corresponding to the 4.24, 9.14, 3.57, 2.58, 2.27, and 2.05
A spacing, respectively. The crystalline structure of SF was affected by solvent or
treatment agent (Um, Kweon, Park, & Hudson, 2001). Similar to Um et al., 2001, they
found that SF treated in water formed amorphous state (0% crystallinity calculated
from XRD curve). This can be concluded that silk fibroin can present also amorphous

state.
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3.5 Attenuated total reflectance Fourier transform infrared spectroscopy

The attenuated total reflection (ATR) technique is the most widely used
technique for infrared spectroscopy to examine the surface properties of materials
(Kljun et al., 2011). Our BC containing samples of S7-S10 (BC-SF-PVA-AgNC, BC-
SF, BC-SF-AgNC, and BC-SF-PVA) films were prepared to study the interaction
within the structures. The obtained spectra from ATR-FTIR analysis in the region of
4000-400 cm™ exhibited the structure of BC, SF, PVA, and AgNC films. That
evidenced by the pictures showed in Figure 3.8 and the data in Table 3.2. In our study,
all types of samples, the spectra were corresponded to the main characteristics of
bacterial cellulose and some peaks of silk fibroin protein. It was also noticed that
when cellulose was blended with silk fibroin protein, the conformation of protein
would have changed. The band at 3400 cm™ shows decreasing intensity when the BC
was blended with SF and PVA. This is implying that the hydroxyl group of BC and
PVA was related in the reaction. Moreover, at 3285 cm™ shows a broad peak
corresponding to the BC stretching vibrations of inter-hydrogen bonding. So the
intermolecular H-bonds between OH groups of BC cellulose and NH in the amide
groups of SF formed, in contrast with a decrease in intramolecular H-bonds of

cellulose.

BC-SF-PVA-AgNC

BC-SF-PVA

BC-SF-AgNC

Absorbance (a.u.)

BC-SF

v T v T v T T T v T T T v T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm")

Figure 3.8 FT-IR spectra of BC-SF-PVA-AgNC (S7), BC-SF (S8), BC-SF-AgNC (S9), and BC-SF-
PVA (S10) films
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Table 3.2 Spectral characteristics at various wavelengths for BC-SF-PVA-AgNC (S7), BC-SF
(S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10) films
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Wavenumbers (cm™)

Band Assignment

References

3400

O-H stretching vibration of intra-hydrogen bond

(Y Hosakun,
2017 and
Oliveira Barud
et al., 2015)

3285

O-H stretching vibration of inter-hydrogen bond

(Y Hosakun,
2017 and
Tsalagkas,
2015)

2900

C-H stretching of CH, and CH; groups

(Y Hosakun,
2017 and
Tsalagkas,
2015)

1635

C=0 stretching (peptide backbone of amide I)

(Hofmann et
al., 2006)

1540

N-H bending vibration bond (peptide backbone of

amide I1)

(Y Hosakun,
2017 and
Hofmann et al.,
2006)

1263

C-N stretching (peptide backbone of amide 111)

(Y Hosakun,
2017 and
Hofmann et al.,
2006)

1170

C-0O-C asymmetric stretching vibration

(Y Hosakun,
2017)

1110

C-O-C nonsymmetric in-phase ring vibration

(Oliveira
Barud et al.,
2015)

1055

C-O symmetric stretching of primary alcohol

(Oliveira
Barud et al.,
2015)

898

B-glucosidic bonds between the glucose units

(Oliveira
Barud et al.,
2015)

850

C-C stretching

(X. Han, Chen,
& Hu, 2009)

400-700

O-H bending

(Y Hosakun,
2017 and
Hofmann et al.,
2006)
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This present work also shows the characteristic of B-sheet of silk fibroin
structure. Therefore, this strong intensity of the -sheet peaks proves the presence of
the crystalline silk fibroin protein (Oliveira Barud et al., 2015). In addition, the
characteristics of random coil conformation and a-helix (silk 1) absorption peaks are
disappeared similar to Yang et al., 2000 results after they blended cellulose with silk
fibroin. They observed that B-sheet conformation was the result of the formation of
intermolecular hydrogen bonds between cellulose and silk fibroin protein by blended
SF with cellulose. When AgNC was blended (BC-SF-AgNC and BC-SF-PVA-
AgNC), no new peaks were noticed other than common characteristics peaks of BC
and SF nanofibrils. It probably can be concluded that obscurity of silk Il
characteristics made the peak of AgNC disappeared and AgNC did not affect the
native structure of the film. All of major peaks showed similar to BC-SF and BC-SF-
PVA films but they shifted to wider bands.

3.6 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a technique for analysing thermal
properties of material. It was used as an equipment to characterize the difference in
heat flow between the reference and the sample as a function of temperature. Also, it
can be used to measure glass transition temperature (Ty) and melting temperature of
crystallized region (Tm) in the material. Ty indicates the mechanical properties of
polymer when it transforms from glassy state to rubbery state. At temperatures above
T4 the polymer chains have high energy to undergo crystallization. In case of Ty, the
polymer can move around freely at this temperature and hence it is not in ordered
arrangement. Also, changes of specific heat capacity (aCp) was investigated. It
reprensents the amount of energy that needed to increase the temperature of one
gramm of sample by one degree temperature.

Figure 3.9 shows the DSC thermograms of S1, S2, S3, S4, S5, S6, and S7 samples.

The characteristic temperatures are tabulated in Table 3.3.
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Figure 3.9 DSC second heating curves of BC-PVA (S1), SF-PVA (S2), pure PVA (S3), BC-PVA-
AgNC (S4), SF-PVA-AgNC (S5), PVA-AgNC (S6), and BC-SF-PVA-AgNC (S7) at heating rate of
10 K/min

Table 3.3 Differential Scanning Calorimetry Results of seven samples

Sample No. and Ty (°C) T (°C) AH (J/9) AC, (J/g-deg)
composition
S1 (BC-PVA) 101.07 199.00 2.68 0.11
S2 (SF-PVA) 94.81 167.50 4.43 0.49
S3 (pure PVA) 88.69 169.50 21.51 0.60
S4 (BC-PVA-AgNC) 105.10 202.50 7.57 0.09
S5 (SF-PVA-AgNC) 76.41 147.33 3.00 0.49
S6 (PVA-AgNC) 77.14 145.33 9.17 0.57
S7 (BC-SF-PVA-AgNC) n/a 166.67 3.75 n/a

The glass transition temperature (Ty) of all samples showed as single
temperature and shifted from 88.69 °C for pure PVA (S3) to 101.07, 94.81, 105.10,
76.41, and 77.14 °C for S1, S2, S4, S5, and S6, respectively. The addition of BC (S1)
increased the Ty of pure PVA. It could be described by the competitive interactions
between the surface of BC, PVA, and water in the atmosphere. This phenomenon is
owing to restriction of the segmental mobility of PVA chains in the interfacial zone,
called relocalization effect. According to hydrophilic behaviour of both the BC and
PVA, they are extremely miscible and thus the formation of strong hydrogen bond

between the BC and PVA matrix was assumed. A similar result was reported on
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cellulose whiskers from cotton linter mixed with PVA (Roohani et al., 2008). Also in
the case of S2, the T, are shifted to higher value compared to S3. This is associated
with the partially crystalline structure of the PVA with the physical and chemical
characteristics such as hydrogen bond between hydroxyl groups from inter- and intra-
chain interaction. Also, Ling et al., 2013 claimed that the blending of SF and PVA
were incompatible investigating from FESEM images as mentioned above (Ling, Qi,
Knight, Shao, & Chen, 2013). This behaviour could be described by the change of the
crystal form when PVA was embedding by SF in high content (Luo, Chen, Hao, Zhu,
& Zhou, 2013). Luo et al., 2013 studied the thermal effect on the ratio of SF:PVA
films. They observed that when the ratio of SF:PVA was reached 30:70 and 40:60, the
endothermic peaks were broaden showing better thermal stability. When silver
nanocubes were integrated into the samples (S4, S5, and S6), the Ty of S5, and S6
were shifted downwards from S2 and S3, respectively but Ty for S4 was higher than
S1. For S7, the glass transition peak was unrecognizable but it can be detected by
DMA analysis. Only the endothermic peak appeared at 166.67 °C. This fact suggests
the highly crosslinked structure of the substances. This means that the molecular
structure of this S7 sample is compact and stiff confirming the crystalline structure
(“The Glass Transition”, 2018).

The melting endotherm at T, of all films is also listed above in Table 3.3. The
Tm of BC-PVA (S1) was increased after incorporation AgNC into it (S4) and showed
the highest melting point (202.50 °C). On the other hand, S3 and S5 presented lower
Tm than S6 and S2, respectively. These differences in behaviour suggest stronger
interaction between BC, PVA, and AgNC in sample S4. Regarding to S7, the T, is

nearly similar to S2.

3.7 The thermogravimetric (TGA) and derivative thermogravimetric (DTG)

analyses

The TGA and DTG (dw/dt) curves to show thermal degradation of S1, S2, S3,
S4, S5, S6, and S7 samples are depicted in Figure 3.10. Corresponding data can be
found in Table 3.4.
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According to TGA curves, the small weight losses presented below 100 °C in
Region I. refer to the evaporation of absorbed water. The maximum values (32-61%)
in weight loss of S1, S2, S3, S4, S5, S6, and S7 are clearly exhibited in Regions IlI.,
V., HL, 1L, 1, 1., and I, respectively. In Region I. the highest percentages in
weight loss temperature were shown by S1 and S7 samples (13.2%, 13.4%), and these
samples started to degrade earlier, at lower temperature (25.7 °C) than the others
(27.3-27.4 °C). This can be explained by the highly hydrophilic properties of BC.
These samples can absorb more moisture from the atmosphere during preparation of
the films for testing than the others. Obviously, the thermal degradation behaviour
showed that the samples containing bacterial cellulose (S1, S4, and S7) initiated
degradation below 206 °C for the major weight loss. Regarding the maximum
temperature of DTG peak, it is indicated that glycosidic linkages of cellulose were
cleaved at lower temperature than the degradation temperature of native cellulose
(about 400 °C). This behaviour can be explained by the effect of acid hydrolysis on
structural changes in bacterial cellulose during film preparation. Li et al., 2012
claimed that when the numbers of free hydroxyl groups were increased by decreasing
the size of cellulose (smaller polymeric degree), the degradation temperature would
shift to a lower temperature range. This means that the size of bacterial cellulose
(nano-size) affected the degradation temperature. The main degradation temperature is
close to the one of pure PVA which began at 240 °C and followed by 281.5 °C to
explain the PVA polymer backbone decomposition and chain scission (Li, Yue, &
Liu, 2012). This means that PVA caused the BC to degrade at lower temperature and
also, BC induced the PVA to have thermal stability. However, this composite material

still have good thermal stability.
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Figure 3.10 TGA (black) and DTG (dw/dt) (blue) curves of samples (S1) BC-PVA, (S2) SF-PVA,
(S3) pure PVA, (S4) BC-PVA-Ag, (S5) SF-PVA-Ag, (S6) PVA-Ag, and (S7) BC-SF-PVA-Ag

Table 3.4 Degradation temperatures of samples S1, S2, S3, S4, S5, S6, and S7 determined from
TGA and DTG results
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TGA and DTG curves S1 S2 S3 S4 S5 S6 S7
Temperature 25.7- 27.3- 27.4- 27.4- 27.3- 27.3- 25.7-
Region range, °C 137.6 126.7 167.8 191 140 2175 175.7
l. Peak, °C 75 72.5 82.7 76.6 80 79.8 80
Weight loss, % 13.2 7.4 5.8 7.9 5.4 5.2 134
Temperature 137.6- 126.7- 167.8- 191- 140- 217.5- | 175.5-
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Region range, °C 205 198 243.9 346 238.9 377 374.9
. Peak, (°C) 162 189.9 212 290 200 336.6 | 290.1
Weight loss, (%) 2.6 0.1 4.6 52.3 15.6 61 50.6
Temperature 205- 198- 243.9- 346- | 238.9- | 377- | 374.9-
Region range, °C 325.8 250 386.8 514 375.1 510 575
1. Peak, (°C) 265.9 242 364.6 440 331.7 439.6 442
Weight loss, (%6) 38.8 11.3 59.1 16.1 32.4 21.3 13.9
Temperature 325.8- 250- 386.8- n/a 365.1- n/a n/a
Region range, °C 625 372 432 402.8
V. Peak, (°C) 436.7 316.45 421 n/a 388 n/a n/a
Weight loss, (%0) 19.2 36.8 9.3 n/a 10 n/a n/a
Temperature n/a 372- 432- n/a 402.8- n/a n/a
Region range, °C 530 518.1 512.3
V. Peak, (°C) n/a 438 453 n/a 440 n/a n/a
Weight loss, % n/a 22.1 14.2 n/a 20 n/a n/a
Residue, % 26.2 22.3 7 23.7 16.6 125 22.1

In case of samples S2, S3, and S5, five steps of degradation can be seen. Each
sample shows significantly different behaviour. For example S2 in Region Il had only
11.3% weight change at about 200 °C on the TGA graphs. This ascribes that the
endotherm peak around 200 °C could be considered as a physical transition such as
melting of PVA crystals. The major initial weight loss was found in temperature range
of 250-372 "C after the evaporation of water. The maximum mass loss (36%) of the
film was presented at 316.5 °C. This can be connected to the breakdown of silk fibroin
amino acid chains, the effect of the overlapping between the changed B-structure of
silk fibroin and PVA polymer backbone thermal decomposition (Luo, Chen, Hao,
Zhu, & Zhou, 2013). However, this sample has higher thermal stability than S1. For
pure PVA (S3), the main mass loss was occurring due to chain scission reactions of
PVA chain. According to the PVA structure, it has many OH groups that could be
broken as water by heating and formed the conjugated polymers with polyene
structures (Figure 3.11.a). Then other reactions occures such as chain breakage
resulted in aldehydes and ketones (Figure 3.11.b, ¢) (H. Yang, Xu, Jiang, & Dan,
2012). Nevertheless, high temperature (above 520 °C) destroyed the PVA main

chains, caused decomposition, and resulted in the huge mass loss.
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Figure 3.11 Changes in main chain of PVA reactions under heating (H. Yang, Xu, Jiang, & Dan,
2012)

In Region 1., S4, S6, and S7 began to decompose earlier compared to another
samples. In Figure 3.10 increasing in thermal stability can be seen when silver
nanocubes are present in the BC, SF, and PVA films (S4, S5, S6, and S7) in contrast
to S1, S2, and S3. It is noteworthy to mention that AgNCs have higher thermal
stability than polymeric chains of the films and the mobility of polymeric chains were
reduced by weak intermolecular crosslink between AgNCs and OH groups of BC and
PVA. For this reason, the mobility was restricted, hence caused the shift to higher
temperature of decomposition (Juby et al., 2012). Moreover, S7 exhibited the widest
temperature range with almost the maximum weight loss (175-375 'C, 50.6%). This
can be described by an overlap of multiple peaks. Therefore this sample can well resist
to high temperature. In case of S1 and S3, the maximum weight loss shows
significantly higher values when embedded with AgNC (S4 and S6, 52% and 61%).
On the other hand, AgNC obviously has caused reduced weight loss in sample S5
(32.4%) compared to sample S2 (36.8%). The final residues of all films presented in
the last row of Table 3.4. The latter decomposition step is related to the decomposition
of carbonaceous matter (above 325 °C). At the last temperature stage, the samples
containing BC had greater amount of remaining residue than others. All of our
samples did not fully decompose at temperature of 800 °C. For S1, it shows the
highest residue (26.2%), in contrast to S3, which presented the smallest residue (7%).

Even though, SF containing samples (S2 and S5) had 5 stages of decomposition,
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however, they still have high amount of residue. For S4 and S5, even they started to
decompose at lower temperature than S1 and S4, but they showed higher mass loss.

3.8 Tensile strength

In this study, the mechanical properties of all films containing SF [BC-SF-
PVA-AgNC (S7), BC-SF (S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10)] were
investigated by using tensile tester. The results of these samples can represent the
interactions between BC, SF, PVA, and AgNC. Tension was applied to a sample while
measuring the applied force and the elongation. The stress-strain curves of these films
were determined as shown in Figure 3.12 and Table 3.5.

BC-SF-PVA

BC-SF-PVA-AgNC

M i BC-SF-AgNC

Stress (MPa)

0 2 4 6 8 10
Strain (%)

Figure 3.12 Stress vs Strain curves of BC-SF-PVA-AgNC (S7), BC-SF (S8), BC-SF-AgNC (S9),
and BC-SF-PVA (S10) films



Worakan Hosakun - PhD Thesis

Table 3.5 Mechanical strength of BC-SF, BC-SF-AgNC, BC-SF-PVA, and BC-SF-PVA-AgNC

films
Sample code and Elongation at break | Tensile strength (MPa)
composition (%)
S7 - BC-SF-PVA-AgNC 6.4 11.0
S8 - BC-SF 8.7 3.0
S9 - BC-SF-AgNC 6.8 9.3
S10 - BC-SF-PVA 1.7 12.6

The curve of BC-SF (S8) showed tensile strength of 3.0 MPa. While, tensile
strength of BC-SF-PVA (S10) is approximately 3 times higher than BC-SF whereas
the elongation is reduced to 8 times less. On the other hand, BC-SF-AgNC (S9) and
BC-SF-PVA-AgNC (S7) shows not considerable different of both tensile value and
elongation. It can be assumed that in this work, the ratio of BC/SF blending film
(70:30) gives the opportunity of producing strong intermolecular interactions of
hydrogen bonding as mentioned earlier. It encouraged B-sheet conformation of silk
fibroin formation, and the changes in silk fibroin protein structure, confirmed by FTIR
results, and increases the ability to react elastically to an applied force. In comparison
of S10 and S7, the latter exhibited the great in elongation and also exhibited a
significant higher value in tensile strength, hence, it can be implied that the AgNC
affected the mechanical properties. The improved mechanical properties of this film
could be due to the excellent mechanical performance and the ductility of silver
nanocubes. However, S7 and S9 sample films containing AgNC showed very good
tensile and elastic properties (11.0-9.3 MPa and 6.4-6.8%, respectively). In case of
S10, it can be seen that the improved tensile strength showed significantly highest
value (12.6 MPa) compared to S7, S8, and S9. This can be explained by the H-bonds
interaction between BC, SF and PV that as a matrix of this film.

3.9 Dynamic mechanical analysis (DMA)

Dynamic Mechanical Analysis (DMA) is a widely used technique to
characterize the properties of the materials as a function of temperature, time,
frequency, stress, press or an integration of these parameters. It was performed to
study the viscoelastic characteristics and complex modulus of the samples by applying

a sinusoidal stress and evaluating the change of strain. Dynamic mechanical analysis
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revealed that the silver nanocubes in the BC-SF and BC-SF-PVA films have different
effect on the film properties. Figure 3.13 shows the storage (E’) and loss (E") shear
moduli of all four films as a function of temperature (usually, the shear modulus is
denoted by G but we used E to avoid ambiguity, since the conductance is also denoted
by G, which will be explained later). It can be seen that after incorporation of AgNCs
to BC-SF film, storage modulus significantly increases and the shape of both E'- and

E"-curves also changes (Figure 3.13a).
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Figure 3.13 Storage (full symbols) and loss (open symbols) shear moduli of the films as a function
of temperature. a) BC-SF (S8) and BC-SF-AgNC (S9) samples, b) BC-SF-PVA-AgNC (S7) and
BC-SF-PVA (510) samples. The measurements were carried out under white light illumination
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Figure 3.14 a) Storage and b) loss shear moduli of the BC-SF-PVA-AgNC (S7) film recorded in
dark (full symbols) and under the white light illumination (open symbols). The frequency of the
external force was 1 Hz

This is probably a consequence of the reduced chain mobility of the SF chains
induced by nanocubes and also confirmed by DSC results as mentioned earlier. Our
result is another provement to the fact that nanostructured silver particles interact well
with the polyhydroxylated synthetic- and bio-macromolecules (Raveendran, Fu, &
Wallen, 2003 and Mbhele et al., 2003). Recently, we found that the modification of
cellulose fibres with spherical silver nanoparticles enhances the mechanical and
dynamic mechanical properties of cellulose paper sheets due to improved inter-fibre
bonding (Csoka et al., 2012). The losses obviously start to rise dramatically above
~25 °C, and the E” value of the S9 sample at ~75 °C is almost two times higher than
that of the unmodified BC-SF sample (Figure 3.13a). The T4 of S8 and S9 films are
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around 75 °C with an additional transition that appears at ~125 °C. The pure SF films
exhibited the transition at higher temperature according to the DMA analysis
(Tsukada, Freddi, Kasai, & Monti, 1998), which implies that the E” peaks noticed in
the spectra of both samples at higher temperatures originates from SF (Figure 3.13a).
The solvent used in the preparation of SF film (water or methanol) has an influence on
this peak location (temperature) and it is also apparently sensitive to the presence of
BC fibres and AgNC. It should also be ascribed that the E” spectrum of S9 sample
displays the presence of an additional peak at low temperature (—50 °C). This is
referred to the amplification of some local conformation rearrangements of silver
nanocubes; probably they affect the motions of the amorphous parts in cellulose
fibres, which exhibit a broad relaxation transition in that temperature range (Roylance,
McElroy, & McGarry, 1980). The relaxation transition at — 50 °C is also more
pronounced in the S7 film, attributed to the motion of the amorphous cellulose chains
(Figure 3.13b). The dependence of the storage shear moduli of S10 and S7 films on
temperature is similar to that of the pure PVA polymer from —50 °C until the Ty of
PVA (~75 °C) (Khoonsap et al., 2017 and Zhou et al., 2012). With respect to the glass
transition peak of the S10 sample, the glass transition of S7 sample is slightly shifted
to higher temperature due to reduced mobility of PVA chains in the presence of silver
nanocubes (E"-spectra in Figure 3.13b). On the other hand, another relaxation process
displays at higher temperature above the glass transition, storage curves of both
samples show additional fall, which is not present in the curves of pure PVA
(Khoonsap et al., 2017 and Zhou et al., 2012). This indeed was observed in the loss
moduli spectra of S7 and S10 samples (Figure 3.13b) and, according to the results
presented in Figure 3.13a, the additional process is probably related to SF. In the case
of S7 sample, this process has higher intensity and takes place at much lower
temperature (~125 °C) than the same process in the spectrum of S10 (~170 °C). The
observed shift of the position of the relaxation peak towards lower temperature in the
presence of nanostructured silver particles might be the result of the altered interaction
of BC and SF. The silver nanocubes obviously affect the motion of all three
components in the film (BC, SF and/or PVA). It will further present that the
viscoelastic properties of the S7 film at elevated temperature are very sensitive to the
presence of light during the DMA experiment. The storage (E') and loss (E") shear

moduli curves of S7 film recorded in the dark and under illumination with white light
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are showed in Figure 3.14. As can be seen, changing the conditions of the
measurements induce changes in storage moduli behaviour in the range from 90 to
150 °C (Figure 3.14a). The illuminated sample even undergoes hardening (E' is
increasing in the range from 90 to 125 °C) implying the photons somehow cause the
rearrangement of the constituents of the film. This is followed by increased losses in
the material i.e. the highest temperature E"-peak of the illuminated sample present
much higher intensity than that of the same sample recorded in the dark (Figure
3.14Db). Also, this peak is positioned at lower temperature (~125 °C) when the light is
on than when the light is off (~140 °C). Dependence of the viscoelastic properties at
elevated temperature on the illumination of the S7 sample is an interesting result and
is strongly related to the presence of silver nanocubes (as can be seen in Figure 3.14b,
S10 sample recorded under the illumination shows low intensity transition at ~170
°C). It should be mentioned that dielectric cubes could assemble under the influence
of light (Petchsang, McDonald, Sinks, & Kuno, 2013). The photo-illumination can
produce large number of charge carriers, and consequently an increase in dipole
moments, which might cause the alignment. In this case, the illumination probably
induces similar effects in BC fibres i.e. a rise in dipole moments, which are obviously
amplified in the presence of silver nanocubes. These effects might not be significant
below the glass transition temperature. However, above the glass transition, the
mobility of the matrix chains is much higher and the photo-illumination effects may
contribute to the shear forces induced by external periodic loading. For this reason,
there is a strong influence of light on the position and intensity of the high-
temperature relaxation transition in S7 sample. Finally, it should be emphasized that
the temperature of the sample did not increase significantly during the illumination
(~0.1 °C) and it is believed that the observed effects are more the result of the
formation of photo induced charge carriers than the result of the heating of the sample.

According to Figure 3.15, the shear storage modulus and tan delta results for
tests carried out showed at different frequencies (0.2 to 20 Hz) at room temperature
for basic BC and BC-SF samples.
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Figure 3.15 Storage modulus (E’) and dynamic loss tangent (tan §) at different frequencies (a and
b) of basic BC and BC-SF films

It was found that the shear storage modulus (E’) values increased with
increasing frequency, for both samples. Overall, BC shows excellent elasticity which
is due to the crystalline polymer chains in its structure. Tan & is the ratio of loss
modulus (E”) to the storage modulus (E’). It can be used to explain the movement of
the polymer chain molecules and changes in the structure (Yuan, Yao, Huang, Chen,
& Shao, 2010). As can be seen from the results, all of the tan & curves decrease
significantly down to frequencies of ~1 Hz and then remain flat as the frequency
continues to increase. At this point, all the samples behaved as elastic films. As can be
seen from the curves, it can be concluded that pure BC film had the lowest values of
tan 8, which means that this sample has a better elastic response to applied loads in

comparison to the BC-SF samples.
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3.10 Complex conductivity (Conductance)

To study the conductivity properties of the substrate, silver nanocubes were
incorporated into the films. The electrical conductivity of the samples was measured
as shown in Figure 3.16. This figure shows the values of specific conductance and
specific susceptance of BC-SF-PVA-AgNC (S7), BC-SF (S8), BC-SF-AgNC (S9),
and BC-SF-PVA (S10) films at 22 kHz as a function of time. At the beginning of the
experiment, the sample was kept in the dark and the white light was applied in the

time interval of 47-67 s.
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Figure 3.16 Specific a) conductance (G) and b) susceptance (B) of BC-SF-PVA-AgNC (S7), BC-SF
(S8), BC-SF-AgNC (S9), and BC-SF-PVA (S10) films at 22 kHz as a function of time. The samples
were illuminated in the period of 47-67 s, which is indicated by vertical lines

It can be seen that PVA containing films (S7-S10) are more sensitive to

illumination, ie: the specific conductance of these samples increases with application
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of light (Figure 3.16). This is more pronounced if silver nanocubes are present (S7).
The conductance of S8, S9 films is less sensitive to photo-induced effects. As Figure
3.16 shows, G values of S8, S9 samples slightly decrease with time of the
measurement. Obviously, photo-generation of the electrons does not depend solely of
the presence of more conductive silver nanocubes. It should be emphasized that the
observed changes are small but they directly correspond to the possible effects of
light. The measurements were performed in non-contact mode and the photo-induced
effects are not shadowed with more pronounced electrode effects. Concerning specific
susceptance, the films with AgNCs (S7, S9) show higher losses than nonmodified
ones. Except in the case of S9 sample, susceptance slightly increases during the
illumination. Relative changes of the specific conductance (AG) and susceptance (AB)
of all samples induced by illumination are presented in Table 3.6. They were
calculated as the difference between the values obtained at the beginning and at the
end of the illumination step (47-67 s).

Table 3.6 Relative changes of specific conductance (aG) and susceptance (aB) of the films induced

by illumination. Sample 7: BC-SF-PVA-AgNC, Sample 8: BC-SF, Sample 9: BC-SF-AgNC,
Sample 10: BC-SF-PVA
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Sample S7 S8 S9 S10
Number
Frequency AG7 AB7 AG8 AB8 AG9 AB9 AG10 AB10
(kHz)
7 0.1 0.85 0.1 -0.3 1.5 1 1.1 2
22 0.02 1.04 -0.37 -0.32 0.96 0.78 2.1 1.7
70 0.25 1.3 -0.42 0.1 1 1.6 1.9 14
200 0.57 0.7 -0.15 0.25 1.1 11 1.8 12

In case of the present substrates, the mentioned main purpose is for producing
electronic display especially for mobile phone, which is the electronic device that
people use nowadays only for 2-3 years and they will change according to the new
trend. Considering to the overall results, it can be concluded that the most favorable
films for producing flexible electronic substrate are BC-PVA-AgNC (S4) and BC-SF-
PVA-AgNC (S7). Therefore, these kinds of material are prevailing because of its
biodegradability, light in weight and flexibility. This work was successful to produce
and can be a very good candidate for replacing glass and plastic substrate for the

future.
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CHAPTER IV

CONCLUSIONS

The main conclusions of the research work can be summarized as follows:

1. The effect of acid hydrolysis and ultrasonication technique were appropriate
methods for reducing the size of BC and SF fibrils. Fabrication of flexible,
transparent, and self-standing substrate for OLED display was successful by using BC,
SF, and PVA as raw materials together with silver nanocubes via normal casting
evaporation drying technique as proved by the optical images. Moreover, the silver
nanocubes did not affect their intrinsic optical properties (WH:A1-2, WH:CP1-5).

2. The results from FESEM images demonstrated that the surface of BC-SF-PVA-
AgNC dried film shows a 3-D fibrous ultrafine network structure, and many pores
were filled with silk fibroin and PVA matrix. PVA could better penetrate to the BC-SF
fibrils than SF-PVA blend film. Synthesized silver nanocubes exhibited
predominantly nanocube shapes with only some nanospheres. BC-SF-PVA-AgNC
film displayed good uniform distribution and no aggregation of AGQNC (WH:AL1).

3. The structure of silk fibroin was characterized by ADXRD analysis. It was found
that the nanosilk in this present work is in amorphous state. When nanosilk was
blended with basic BC, crystalline structure was observed by ATR-FTIR

spectroscopy.

4. The thermal property of samples, the important characteristics of OLED display
was studied by DSC and TGA techniques. All of the samples present thermal stability
up to 140 °C before melting and 180 °C before degradation. Interestingly, the glass
transition peak of BC-SF-PVA-AgNC sample was unrecognized. This fact suggests a
highly crosslink structure of the substances (WH:CP1).

5. Silver nanocubes strongly affect the viscoelastic properties of the BC-SF and BC-
SF-PVA films. DMA analyses revealed that the silver modified films exhibit much
higher storage moduli than their unmodified counterparts, particularly in the case of
BC-SF blend. The loss spectra of BC-SF-PVA and BC-SF-PVA-AgNC films showed
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the presence of an additional transition at higher temperatures, attributed to the SF
component. That transition level was highly sensitive to illumination during the DMA
analysis. It had a higher intensity and appeared at low temperature than the transition
recorded when the same sample was kept in the dark (WH:Al, WH:CE).

6. The light dependence of the viscoelastic and electrical properties of bacterial
cellulose-silk fibroin (BC-SF) and bacterial cellulose-silk fibroin-polyvinyl alcohol
(BC-SF-PVA) films modified with silver nanocubes (AgNC) was studied. It was
found that the electrical properties of the PVA containing films are more sensitive to
light exposure. The illumination of the samples results in a rise of the specific
conductance of these samples and this effect is more pronounced after introduction of
the silver nanocubes. On the other hand, the specific conductance of the BC-SF and
BC-SF-AgNC films was almost unaffected by illumination (WH:A1, WH:CP1-3).

7. This work was successful to produce flexible and transparent OLED display that
can be a very good candidate for replacing glass and plastic substrate in the future.
The most outstanding samples for producing flexible electronic substrate are BC-
PVA-AgNC (S4) and BC-SF-PVA-AgNC (S7) as proved by the overall results. These
kinds of natural materials are prevailing because of its biodegradability, high thermal

stability, mechanical strength, and electrical conductivity.
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Appendix

The spacing between the planes calculation

According to the equation below, the spacing between the planes of each

sample were calculated;
A = 2dsin0,

where, the wavelength (1) is 1.1 A, d is the spacing between the planes, and 0 is the
half the angle 26.

Specific conductivity

In order to calculate the specific conductivity of the samples, we assumed that
the electric field do not change significantly when the sample is in the cell and when
the sample is empty i.e. we used the effective voltage on the electrodes in both cases.
Considering that the films are very thin, (~30 um for BC-SF and ~80 pm BC-SF-
PVA) this assumption seemed reasonable. On the other hand, this procedure enabled
us to measure direct effects of the illumination on the complex conductivity samples
and to avoid the pronounced electrode effects. In the present approach, we first
determined the specific conductivity (os) after introduction of the sample into the cell
as

Uerr
I b

Og =
where, effective voltage on the electrodes and I is the electrical current through the
sample. Specific conductivity of the film (oo) is then calculated as

_ Uesr

o Es S’

where E=Ugg/d is the electric field in the sample and the S is the surface of the sample.



