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Abstract

Soybean oil-based resin for transparent flexible coating applications were formulated by
dihydroxyl soybean oil (DSO) with commercial epoxy monomers (i.e., epoxidized soybean oil
(ESO) and 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (ECHM)). The resin
was formed to thermoset polymers using cationic ring-opening photopolymerization. The ether
crosslinking and post-polymerization of the polymeric network were observed using Fourier
transform infrared spectroscopy. Thermal properties of the bio-based coating materials and their
copolymerization behaviors were examined using a differential scanning calorimetry and a
thermogravimetric analyzer. Crosslink density and molecular weight between crosslink were
obtained from dynamic mechanical analysis. ECHM/DSO (1: 1.43 weight ratio) films showed
the highest elongation at break (49.2 %) with a tensile strength of 13.7 MPa. After 2 months
storage, the elongation at break and tensile strength of films were 32 % and 15.1 MPa,
respectively. ESO/DSO films (w/w ratios of 1:0.1, 1:0.15, and 1:0.2) exhibited stable flexibility
around 11-13 % of elongations at break without significant reductions of tensile strengths (2.5 to
4.4 MPa) during 2-months shelf life. Optical transparencies of the films were comparable to
commercial glass and polymers, and water uptake properties (0.72 and 2.83%) were significantly

low.
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Chapter 1 - Introduction

The most widely used coating materials for packaging applications are polyethylene,
polyethylene terephthalate, polyvinyl alcohol, and fluorocarbon which are synthesized from
petroleum resources. Even though the synthetic polymers show excellent performance properties
and competitive price, a demand for bio-plastics has been rapidly increased because most of the
petrochemical materials are not biodegradable (Chan and Krochta, 2001; Khwaldia et al., 2010).
In addition, environmental regulations have consolidated to protect the earth from chemical
pollutants and save the fossil fuel reservoir. Academia and industry have been seeking
sustainable alternatives to the petroleum-based materials (Crivello and Narayan, 1992; Meier et
al., 2007). Several bio-based polymers such as proteins and polysaccharides have been
researched as raw materials for packaging applications (Khwaldia et al., 2010), but their
hydrophilic natures lead to poor water resistance (Avenabustillos and Krochta, 1993; Kester and
Fennema, 1986). On the contrary, plant oils can be incorporated in the coating materials without
loss of water barrier properties (Khwaldia et al., 2010). Moreover, plant oils also possess the
advantages of intrinsic biodegradability and low toxicity (Xia and Larock, 2010). Now days,
plant oils become one of the most important resources for renewable materials in chemical
industries such as surfactants, lubricants, paints, resins, adhesives, and coatings (Meier et al.,
2007; Xia and Larock, 2010). Epoxidation of plant oil is commonly used to produce
functionalized olefin due to its economical process and significantly improved reactivity of the
oils (Holland et al., 2003a; Williams and Hillmyer, 2008).

Photopolymerization has the advantages of fast curing and low energy consumption.
Photoinitiated cationic polymerization is commonly used in polymers industries for coatings,

adhesives, and printing inks (Crivello and Liu, 2000; Golaz et al., 2012). It is also one of



common curing methods for epoxy resins such as epoxidized soybean oil (ESO) and 3,4-
epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (ECHM) (Ahn, Sung, Kim et al.,
2013; Crivello and Narayan, 1992; Decker et al., 2001; Shibata et al., 2009; Voytekunas et al.,
2008). Photopolymerized cycloaliphatic resins such as ECHM showed excellent rigidity and
adhesion to substrate, and high glass transition temperature (Golaz et al., 2012; Voytekunas et
al., 2008), but the brittleness of the epoxy polymer has been a problem for flexible packaging
coatings (Luetzen et al., 2013). Previous work in our lab has identified that UV copolymerization
of ESO, rosin ester, and soy polyols (i.e., dihydroxyl soy bean oil (DSQ)) has interesting
flexibility, thermal stability, and optical transmittance, which has potential for flexible coatings
(Ahn et al., 2013). In addition the soy polyols improved the softness and tackiness of ESO-based
resin (Ahn et al., 2011a; Ahn et al., 2011b). In this study, ESO and ECHM were used as
examples of bio-based and non-bio-based epoxy resins, respectively. DSO was formulated into
the epoxy resins to improve flexibilities of the epoxy-based polymers. Both ESO/DSO and

ECHM/DSO resins were photopolymerized to form copolymers for coating applications.

Objectives

The purpose of this study was to investigate copolymeric bio-based coating materials of
DSO with commercial epoxy monomers such as ESO and ECHM to determine that the soybean-
based polyol improve flexibilities of the epoxy polymers without reductions of thermal stability
and optical transparency.

The objectives of this study were to:

1. Develop resins for bio-based coating materials through optimization of
formulations of bio-based resin with petrochemical copolymer

2. Characterize properties of the resin films for mechanical, dynamic mechanical,
thermal, and optical transparency properties.



3. Examine post-polymerization effect and shelf-lives of the newly developed bio-

based coating materials.



Chapter 2 - Literature Review

Fatty acids

Oleochemicals are attained from renewable resources which are plants oils and animal
fats. Natural fats and oils are significant sources as raw materials in oleochemical industry due to
its good biodegradability and no greenhouse gas emission (Mol, 2002). Plant oils are mainly
composed of triglycerides; triesters of glycerin and three fatty acids which are commonly
unsaturated (i.e., oleic, linoleic, and linolenic) and saturated (i.e., palmitic and stearic) (Williams
and Hillmyer, 2008). Saturated fatty acids chains are fully filled with hydrogen. On the contrary,
unsaturated fatty acids have one or more carbon-carbon double bonds on their aliphatic long
chains (Guner et al., 2006). Fatty acid compositions of various plant oils are described (Table 2.1)
(Z. Petrovic, 2008). In material science point of view, the olefin of triglycerides monomers is
attractive because it could be cross-linked to polymers directly (Kundu and Larock, 2005).
Although unsaturated fatty acids have olefins as active sites, the carbon double bonds could not
be easily used to directly convert polymer without better reactive functional groups such as
epoxy and hydroxyl group (Del Rio et al., 2010). Double bonds of triglycerides can be used to be
polymerized, and the active sites can be synthesized through using same methods in
petrochemical-based polymers productions (Wool and Sun, 2005). Wool and Sun illustrated
several synthetic pathways to functionalized triglycerides and monoglycerides from a natural
triglyceride, and the modified triglycerides and monoglycerides are polymerized through using
ring-opening, polycondensation, or free-radical polymerization (Figure 2.1). Briefly, the natural
triglyceride (Figure 2.1-1) can be modified at unsaturated sites, glycerol sites, or both
unsaturated and glycerol sites. Firstly, the unsaturated carbons of the triglyceride are possible to

attach maleates (Figure 2.1-5), or it can be converted to epoxy (Figure 2.1-7) or hydroxyl groups



(Figure 2.1-8). The maleates or epoxy modified triglycerides can be polymerized by ring-
opening methods, and the hydroxylated triglyceride is possible to be polymerized by
polycondensation method. Moreover, the acrylates modified triglyceride (Figure 2.1-6) from the
epoxy functional triglyceride can be polymerized by free-radical polymerization. In addition, the
hydroxylated triglyceride is converted to maleate half-esters and esters triglycerides (Figure 2.1-
11) which is possible to free-radical polymerization. Secondly, the glycerol site of the natural
triglyceride is converted to monoglycerides through glycerolysis reaction (Figure 2.1-3A,-3B) or
amidation reaction (Figure 2.1-2). The monoglycerides can be polymerized by polycondensation
method. Then, maleinized monoglyceride with unsaturated fatty acid (Figure 2.1-9), which are
derived by reaction of hydroxyl groups at monoglycerides with maleic anhydride, can be
polymerized through using free-radical polymerization. In addition, hydroxylated monoglyceride
(Figure 2.1-4) is converted from the monoglyceride (Figure 2.1-3A,-3B) based on hydroxylation
at unsaturated carbons of the monoglyceride. Then, the hydroxylated monoglyceride is reacted
with maleic anhydride to form saturated maleinized monoglyceride (Figure 2.1-10), which is also

possible to free-radical polymerization.

Table 2.1: Typical fatty acid compositions (%) of selected plant oils (Z. Petrovic, 2008)

Carbon atoms:

Double bonds 8.0 10:0 12:.0 14:.0 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 24:.0
Canola 01 40 03 18 609 210 88 07 10 03 07 0.2
Coconut 71 6.0 471 185 9.1 28 68 19 01 01
01 109 02 20 254 596 12 04 0.1
Linseed 6.0 40 220 16.0 520 05
9 06 27 803 63 07 04
0.1 1 444 02 41 393 10 04 03 0.1
Rapeseed 01 38 03 12 185 145 110 07 66 05 411 1.0
Soybean 01 106 01 40 233 537 76 0.3 0.3
Sunflower 01 70 01 45 187 675 08 04 01 0.7
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Figure 2.1: Synthetic pathways to modified triglycerides and monoglycerides from a
natural triglyceride (Wool and Sun, 2005).

Soybean oil is the most applicable raw material among plants oils in North America
because of the large composition of unsaturated fatty acids with low price. (Z. Petrovic, 2008).
Soybean oil is composed with 20-25 % of saturated and 80-85 % of unsaturated fatty acids

(Mihail and Petrovic, 2011). Mainly, the saturated fatty acids are palmitic (C16:0) and stearic



(C18:0), and the unsaturated fatty acids are oleic (C18:1), linoleic (C18:2), and linolenic (C18:3).
Linoleic is a major fatty acid that comprises 50-55 % of a soybean oil triglyceride, and oleic acid
is a second largest composition (23-25 %) of a soybean oil. Mihail and Petrovic defined that
average molecular weight of soybean oil is 874 g/mol, and 4.6 carbon-carbon double bonds are
estimated in a mole of soybean oil.

Epoxidation of plant oil is economical and high efficient since its conversion rates are
more than 98% (Holland et al., 2003b), and it is one of the majority plants oil usages in
industries with 200,000 tons of annual production (Gunstone, 2004). Epoxidized soybean oil
(ESO) has been used to improve flexibility and stability of commercial polymer such as
polyvinyl chloride (PVC) and polyvinyl alcohol (PVA) (Guner et al., 2006; Z. Liu et al., 2005; Z.
Petrovic, 2008). Currently, ESO is a well-known renewable resource which is commercially
applicable to polymer products such as adhesives, coatings, plasticizers, lubricants, and

composites. (Chen et al., 2010).

Functionalized ESO monomers

ESO has been widely functionalized to be used at various polymerizations. Rigid and
glassy thermoset materials were derived from modified ESO (Luo et al., 2011). From the
research, allylic double bonds were added to oxirane rings of ESO by oxirane ring-opening
reaction. Then, the allylated ESO was copolymerized with maleic anhydride to form thermosets
using free radical polymerization and esterification. Storage modulus, glass transition
temperatures, tensile modulus, and tensile strength were enhanced as maleic anhydride content
was increased in the thermoset. However, the flexibility was down to the lowest elongation (7 %)
containing 30 wt % of maleic anhydride while highest Young’s modulus, tensile strength, and

glass transition temperature were obtained up to 1 GPa, 29 MPa, and 123 °C, respectively.



Bio-based epoxy resins were obtained to prepare thermoset using maleic anhydride (MA)
treated ESO (Espana et al., 2012). Epoxides of ESO were initially modified by maleic anhydride
with 1,3-butanediol anhydrous as catalyst, and the treated ESO were thermally cured at a
temperature range of 100-160 °C. The synthesized ESO thermoset showed the highest curing
degree and optimum properties balances of bending, hardness and impact test when ESO and
MA were reacted at equivalent weight ratio of 1:1 ( 54.8 g of ESO: 22.6 g of MA). Similarly,
maleinized polybutadiene were grafted on ESO to synthesize bio-based thermoset polymers
(Ozturk and Kusefoglu, 2011). In order to increase the crosslink density of the thermoset matrix,
benzoyl peroxide was added as a free-radical initiator. The highest yield of the polymers (91.5%)
was found while the molar ratio of epoxy to maleic anhydride was 1:1, and also the highest
modulus was obtained at 1:1 of the molar ratio.

Thiol-ene reaction was used to functionalize ESO to synthesize soy-based thiols and enes,
which were formulated with petrochemical-based thiols and enes through using free-radical
polymerization to produce UV-curable coatings (Chen et al., 2010). The soy-based thiols and
enes coating did not show impressive coating properties such as tensile modulus, elongation,
thermal degradation, and glass transition temperature. However, the research showed that the
coating properties could be improved by addition of acrylates.

Acrylic oligomers and monomers are key components of free-radical
photopolymerization, and they are important raw materials in UV-curable coating industries such
as coating, adhesives, and composites (Inan et al., 2001; Rengasamy and Mannari, 2013).
However, petrochemical-based acrylate derivatives are definitely non-biodegradable and not
carbon neutral products. In addition, acrylate derivatives and their diluents such as styrene

showed several limitations such as skin irritancy, poor pigment wetting, and film shrinkage



although the petrochemical-based raw materials promise excellent performances for commercial
goods (Rengasamy and Mannari, 2013). Acrylated epoxidized soybean oil (AESO) and soybean
oil derivative diluent, which is acrylated fatty acid methyl ester-based monomer, were studied to
minimize these limitations of petrochemical-based acrylates and their diluents (Campanella et al.,
2009). Transparent pressure sensitive adhesives (PSA) were derived from AESO through using
photoinitiated free-radical polymerization without any additives such as photoinitiator, diluents,
or tackifier, and the PSA showed excellent tack properties on human skins and shear strength in
compared with commercial reusable PSA such as Post-it (Ahn, Sung, Rahmani et al., 2013).
AESO is commonly obtained from reaction of epoxidized soybean oil with acrylic acid or
methacrylic. Currently, flame resistance coating materials were synthesized from a new AESO,
which was derived from ESO with methacrylic acid and vinyl phosphonic acid as a flame
retardant additive (Basturk et al., 2013). AESO has been used in UV-curable coatings and
adhesives industries, but the generally high viscosity of AESO needs reactive diluents to reduce
viscosity (Wu et al., 2011). Low viscous acrylated soybean oil derivatives were derived from
ESO and epoxidized soy-methyl ester through using 2-hydroxyethyl acrylate with acid catalyzed
esterification (Rengasamy and Mannari, 2013). From the research, acrylated epoxidized soy-
methyl ester (AEME) exhibited extremely low viscosity (109 cPs at 25 °C) in compared with
viscosity of commercial polyester acrylate (70,000 cPs at °25C) while the synthesized AESO had

a viscosity (5406 cPs at °25C).

Polyol applications
Because of all-purpose applications, polyurethanes have been attractive polymers since
they were invented in the 1940s (Seydibeyoglu et al., 2013). Simply, polyurethane is synthesized

with polyol and isocyanate. In order to satisfy desired properties of versatile purposes of



polyurethane applications, a variety of polyols has been selected in industry, but relatively a few
isocyanate has been used (Zhang et al., 2013). However, a demand of green monomers
excessively increases to replace petrochemical polyol, and then vegetable oils such as soybean
oil and castor oil have been focused (Veronese et al., 2011; Zhang et al., 2014). Typically, ring-
opening of ESO’s epoxides is commonly used to synthesize polyols from soybean oils through
using alcohols, inorganic acids, and hydrogenation (Zhang et al., 2013).

Bio-based polyurethanes were derived from a polyol mixture of ESO and isopropanol
amine (Miao et al., 2013). Ester groups and epoxy groups of ESO were reacted with amino
groups of isopropanol to produce hydroxyl groups onto fatty acids of ESO. The polyol mixture
was waxy at room temperature, and it showed a glass transition temperature at 38.32 °C and
melted at 46.45 °C. The synthesized polyol had 317 mg KOH/g hydroxyl number; commercial
petroleum-based polyols for rigid polyurethanes generally need to contain a 300-650 mg KOH/g
of hydroxyl number range (Veronese et al., 2011). The polyol mixture was cured with 1,6-
diisocyanatohexance including 1,3-propanediol as a chain extender to generate polyurethanes.
The synthesized polyurethane exhibited tensile strengths in the range from 9.3 to 22.89 MPa and
elongations at break in the range from 116.97 to 168.61 % as the polyurethane contained
different amounts of the chain extender; high contents of the chain extender in the polyurethanes
definitely improved mechanical strengths such as tensile and yield strength. The synthesized
polyurethanes had glass transition temperatures in a range of 24-29 °C, and thermal degradation
temperatures in TGA analysis (5 % weight loss) ranged from 240 to 255 °C.

An oxirane of ESO were converted to a hydroxyl group with a various functional groups
such as a methoxy, a bromide, a chloride, and hydrogen (Guo et al., 2000). The methoxylated

soy polyol was liquid at room temperature, and the other three soy polyol formed waxes at room

10



temperature. The brominated soy polyol showed the highest viscosity, whereas hydrogenated soy
polyol had the lowest viscosity. Relate to the research, soybean oil-based polyurethanes were
synthesized by the four polyols with commercial isocyanates (Z. S. Petrovic et al., 2000). The
highest crosslink density between polyols and isocyanates were shown in polyurethanes with
brominated polyol. However, the polyurethanes with brominated polyols exhibited the lowest
thermal stability followed by polyurethanes with chlorinated polyols, whereas methoxy and
hydrogenated polyol-containing polyurethanes had high thermal stability. Obviously low tensile
strength and Young’s modulus were found at polyurethanes with hydrogenated polyol in
compared with other three polyol containing polyurethanes.

Our lab previously succeeded in synthesis dihydroxyl soybean oil (DSO) as a soy polyol
from commercial ESO with perchloric acid in tetrahydrofuran/water solution, and we have
successfully produced novel soybean oil-based pressure sensitive adhesives (PSA) using DSO as
a PSA additive to improve tackiness and softness (Ahn et al., 2011a; Ahn et al., 2013; Ahn et al.,
2011b). Firstly, copolymers of ESO and DSO in the presence of phosphoric acid showed a
potential for PSA applications, and the chemistry was confirmed by a simple fatty acid model,
which included epoxides and diols from oleic acid methyl ester (Ahn et al., 2011b). The research
found that phosphate ester crosslinks and ether crosslinks were generated by ring-opening
polymerization of epoxides and hydroxyl groups. In the next research, synthesis PSA from
copolymerization of ESO and DSO was optimized to be comparable with commercial PSAs such
as Scotch Magic Tape and Post-it. The optimized ESO/DSO (weight ratios of 1.5:1) PSA on
aluminum foil carriers showed a peel strength approximately 2.2 N cm™ while Scotch Magic
Tape and Post-it had 2.5 and 0.55 N cm™. In addition, the ESO/DSO PSAs were clearly removed

from adherend indicating a potential of reusable PSA applications. Also, the ESO/DSO PSAs

11



were thermally stable (no melting points existed) and optically transparent (showed a similar
optical transmittance of micro cover glass). The ESO/DSO PSAs were advanced by an addition
of rosin ester with photoinitiated copolymerization process (Ahn et al., 2013). The UV-cured
PSA (ESO:DSO:rosin ester (weight ratio of 1:1:0.7)) on polyethylene terephthalate (PET) carrier
showed similar peel strengths of Scotch Magic Tape, and the PSA had approximately twice
higher peel strength than that of Scotch Magic Tape when the PSA was applied on aluminum foil
as a carrier. In addition, the PSA on PET carrier exhibited extensively higher shear tack time
(>30000 min) than that of commercial PSA such as Scotch Magic Tape (10000 min) and Post-it

(1 min) when 1 kg of weight applied on the shear tack tests.

Plasticizer applications

Plasticizers are importantly used as additives in polymer industries to increase flexibility
and processability of polymers by reducing the glass transition temperature (Adeodato Vieira et
al., 2011; Sejidov et al., 2005). Fracture resistance of polymers is also improved by plasticizers
effect, whereas tension and hardness of polymers are reduced (Rosen, 1993). For productions of
bio-based polymers films and coating, plasticizers also have the significant role in the polymer
matrix to improve flexibility and handling of films, and reduce pores and cracks in the polymer
(Garcia et al., 2000). In addition, natural-based plasticizers have received attention from both
bio-based polymers and petrochemical-based polymers because of their low toxicity and
migration (Adeodato Vieira et al., 2011). Epoxidized triglycerides plant oils such as soybean oil,
linseed oil, castor oil, sunflower oil, and fatty acids esters are mainly included in the natural-
based plasticizers (Baltacioglu and Balkose, 1999). Vieira et al. defined that plasticizers could be
either external or internal. External plasticizers have interaction with polymer chains without

chemical bonds, so they can be removed by evaporation, migration or extraction (Adeodato
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Vieira et al., 2011), Otherwise, internal plasticizers are performed as a part of the polymer chain
through copolymerization or reaction with the other monomer of the original polymer (Frados,
1976). In addition, generally bulky structures of internal plasticizers provide steric hindrances to
polymers, then the polymer matrix has more space instead of closed polymer chains (Adeodato
Vieiraet al., 2011).

ESO was studied as a plasticizer to improve the flexibility of poly(lactic acid) (PLA) with
a simple single-step processing system (Vijayarajan et al., 2014). PLA is one of the common
biodegradable polymers since it is derived from agricultural resources such as corn and sugar
beets (Drumright et al., 2000). In addition, PLA has been attractive materials to substitute
petroleum-based polymers due to its high modulus, thermal plasticity, low aroma permeability,
and easy processing (Lee et al., 2008; Pilla et al., 2008). Although PLA has a lot of interests to
commercial polymer products, its applications for flexible goods such as sheets and films are
limited due to the brittleness nature of PLA (Afrifah and Matuana, 2010; Martino et al., 2009;
Schreck and Hillmyer, 2007). In order to improve flexibility of PLA, plasticizer additions into
PLA blending have been studied, but the majority of plasticizers are petroleum-based materials
(Robertson et al., 2010). From Vijayarajan’s research, ESO and PLA were well blended and
incorporated by the single-step processing system, which is an extruder and a peristaltic injector
pump. The synthesized PLA showed that ductility increased from 4 to 50 % as ESO content in
the PLA blend increased from 0 to 15 weight %. However, tensile strength and modulus, and
glass transition temperature of the synthesized PLA decreased as ESO contents increased in the
PLA blend. Nevertheless, Impact strength of PLA with 15 weight % of ESO had over three times
higher than that of PLA without ESO content. The enhanced impact strength was caused by a

dissipation of fracture energy from the dispersed ESO phase in the PLA matrix, and the
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dispersions of ESO were observed in SEM images in the research. ESO acted as plasticizer into
the PLA matrix to increase flexibility of the PLA, and miscibility of ESO into the PLA retarded
fracture propagation following an increase in impact strength.

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is a biodegradable
thermoplastic from bacterial fermentation method for medical applications, was blended with
several biodegradable plasticizers such as soybean oil (SO), ESO, dibutyl phthalate(DBP), and
triethyl citrate(TCE) (Choi and Park, 2004). In the results of glass transition temperature,
elongation at break, and impact strength, DBP and TCE plasticized PHBV showed better
efficiency of plasticizers than ESO and SO plasticized PHBV. The low efficiency of
triglycerides-based plasticizers could be caused by their bulky structures and higher molecular
weight (814.3 of SO and 872.2 of ESO) in compared with low molecular weights of DBP and
TCE (278.2 and 276.1). These results were also confirmed by solubility parameter, and polar and
hydrogen components test, which indicated that those parameters of DBP and TCE were closer
to parameters of PHBYV than these of ESO and SO.

ESO was also used as a bio-based plasticizer to produce ethyl cellulose films (Yang et al.,
2014). Ethyl cellulose (EC) is widely applied for pharmaceutical applications as a coating agent
and an encapsulation due to its low cost and excellent film forming (Murtaza, 2012; Sogol and
Ismaeil, 2011). However, EC is naturally brittle and has high glass transition temperature. From
Yang et al., water vapor permeability of EC film was dramatically reduced by increases in ESO
additions up to 30 % contents in the polymer. Oxygen permeability was also dropped by ESO
additions. The low level water and oxygen permeability of ESO plasticized EC were results of

hydrophobic nature and high molecular weight of ESO (Yang et al., 2014). However, elastic
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modulus and tensile strength of EC/ESO films were extensively reduced as general plasticizers
lead low mechanical strength and stiffness of polymers.

ESO also had been studied to replace petro-chemical plasticizers for polyvinyl chloride
(PVC) (Bueno-Ferrer et al., 2010). PVC is commonly used in an wide range of commercial
goods such as paints, coatings, films, medical devices, and food packaging. (Starnes, 2002).
Phthalate derivatives are generally used as plasticizers for PVC productions, but the plasticizers
cause hazards to human and environment (Rhee et al., 2002). Ferrer et al. gave attention to ESO
as not only plasticizer but also stabilizer. The reaction of oxirane from ESO and hydrogen
chloride from PVC thermal degradation can reinstate the released chlorine atoms into the
original polymer, and the reaction helped PVVC polymeric matrix to be stabilized (Parreira et al.,
2002). From Ferrer et al., ESO had been successfully performed the role of plasticizer in PVC
and stabilization of PVC, which was indicated by increases in of thermal degradation

temperatures up to 20 °C as ESO content was 50 % of the PVC.

Bio-based coating and composite films

Mechanical and barrier properties of coating materials are required in order to achieve
shelf life of both package and packaged product for packaging applications (Khwaldia et al.,
2010). The mechanical properties generally include tensile and bending strength, elongation, and
elastic modulus. The barrier properties include water vapor permeability and gas barrier
properties such as oxygen, nitrogen, and carbon dioxide. Therefore, synthetic petroleum
materials such as polyethylene (PE) and polyethylene phthalate (PET) are commonly layered
with aluminum foil or deposited on Al2Os in large scale packaging applications due to
combination of excellent mechanical properties of the polymer and significant gas barrier

properties of aluminum foil (Aulin et al., 2012). In order to meet desired properties of various
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polymer applications, bio-plastics also can be blended, composited, or laminated with other
renewable resources, petrochemical derivatives, or inorganic components (Siracusa et al., 2008;
Tharanathan, 2003).

Since plastics are consisted of polymers and various chemicals such as additives,
plasticizer, stabilizer, colourants etc., bio-plastic goods using 100 % renewable resources is not
possible currently (Siracusa et al., 2008). Therefore, European Bioplastics defines that more than
50 % weights of renewable resources should be used to form bio-plastics. Bio-plastics could be
comprised of either biodegradable plastics or bio-based plastics (Figure 2.2) (Siracusa et al.,
2008; Tokiwa et al., 2009). From the definition of bio-plastics, several synthetic polymers from
renewable resources are biodegradable such as starch, PLA, polyhydroxy butyrate (PHB), and
cellulose. Otherwise, polycaprolactone (PCL) and polybutylene succinate (PBS) are also bio-
plastics although they are derived from petrochemical resources because they are
environmentally degraded by enzymes and microorganisms (Tokiwa et al., 2009). In addition,
several bio-plastics from renewable resources are not biodegradable such as bio-polyethylene
(PE), Nylon 9 (NY9), Nylon 11 (NY11), and acetyl cellulose (AcC), because the bio-mass
monomers of the polymers could lose their natural biodegradability through chemical alteration

such as polymerization (Siracusa et al., 2008).
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Figure 2.2: Two compositions of Bio-plastics: biodegradability and/or renewability
(Tokiwa et al., 2009).

Plant oil-based coatings and composites

Bisphenol A-based epoxy resin is commonly used for coatings, paints, adhesives, and
civil engineering applications due to its high tensile, bending, and compression strengths.
However, the brittle nature of the epoxy resin causes low flexibility and impact strength. In
addition, the high viscosity of the resin leads low processability (Czub, 2006). In research from
Czub, ESO was used as a renewable diluent material to reduce the viscosity of the bisphenol A-
base epoxy resin. Czub also defined that the diluent could be considered as an internal plasticizer
due to their structure. From the results of the research, the viscosity of the epoxy resin was
reduced by an increase in ESO addition, but 2-ethylhexyl-glycidyl ether as a commercial diluent
more strongly cut down on the viscosity of the resin. In addition, obvious plasticizer effects of
ESO were obtained by mechanical tests. From the mechanical properties data, tensile strengths
and modulus, compression strength, and hardness were reduced to approximately 10 % of the

pure epoxy resin’s properties while ESO was applied up to 54 % of the weight of the resin

17



mixture. Otherwise, elongations at break and impact strengths of the epoxy resin showed a
tendency of improvements as ESO contents increased in the resin. Similar results were also
reported from other research (Gupta et al., 2011).

Functionalized soybean oil such as AESO, maleinized acrylated epoxidized soybean oil
(MAESOQ), and soybean oil pentaerythritol maleates (SOPERMA) were respectively combined
with styrene to become polymer matrix, and clay nanocomposites were prepared from the
soybean oil-based polymers (Lu et al., 2004). From Lu et al., the monomers showed better
miscibility with nanoclay in compared with unmodified soybean oil because high solubility
parameter and polarity were caused by the chemical modification of soybean oil. The bending
modulus and storage modulus were increased by nanoclay additions, but thermal decomposition
temperatures of the composites were not significantly improved. Uyama et al. also researched on
ESO and nanoclay composites, and they confirmed well dispersed silicate layers of nanoclay in
the ESO polymer matrix through using TEM image (Uyama et al., 2003). Liu el al. studied to
increase reinforcing ability of nanoclay in ESO polymer through using triethylenetetramine
(TETA) as a curing agent (Z. Liu et al., 2005). From the results of the research, tensile strength,
storage modulus, and thermal decomposition temperatures were increased as nanoclay contents
were increased in the composites, whereas glass transition temperatures were not significantly
changed by nanoclay contents.

Plant oil derivatives have been studied incorporation with traditional reinforcements such
as glass and carbon fiber to improve strengths and rigidities (Z. S. Liu et al., 2004; Rangasai et
al., 2014; Thulasiraman et al., 2009). Liu et al. reported glass and carbon fibers reinforced
composites of ESO and epoxy resin using curing agents, which demonstrated better mechanical

properties such as bending modulus and strength. In addition, a combination of glass and carbon
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fiber in the composites leaded higher strength of the composites than that of single fiber in the
composites (Z. S. Liu et al., 2004). Thulasiraman et al. prepared composites from chlorinated soy
epoxy resin as a soybean oil derivative and glass fiber with m-phenylene diamine as a curing
agent. The modified epoxy resin/glass fiber composites showed an excellent tensile strength
(248-299 MPa) and a bending strength (346-379 MPa). Moreover, the impact strength and the
fracture toughness of the composites were enhanced by increases in chlorinated soy epoxy resin

compositions.

Other renewable raw materials

Proteins have been researched to form into coatings, and proteins are applicable to
coatings for paper packaging, and the protein coatings have been derived from milk protein such
as casein, wheat gluten, whey protein, and soy protein (Khwaldia et al., 2010). The protein-
derived coatings have low oxygen permeability at low to intermediate relative humidity
(Khwaldia et al., 2010). However, a water vapor permeability of the protein-derived coatings is
poor since they are naturally hydrophilic (Avenabustillos and Krochta, 1993). Soy protein isolate
(SP1) and nanoclay composite coatings were derived by formaldehyde as crosslinking agent
(Rhim, Lee et al., 2006). The SPI/nanoclay coatings exhibited enhancement of mechanical and
water vapor barrier properties. However, the crosslinking agent residues in the coating should be
concerned because of the possible toxicity of formaldehyde (Khwaldia et al., 2010).
Polyphosphate filler was also blended into soy protein composites to improve mechanical
properties and water resistance (Otaigbe and Adams, 1997). Rhim et al. researched on multilayer
films of SPA and PLA to enhance both water resistance and oxygen barrier properties since PLA
had low water vapor permeability with high strength and modulus (Rhim, Mohanty et al., 2006).

The SPI/PLA multilayer films were consisted of SPI inner layer and PLA outer layer, and its
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mechanical properties were comparable to commercial polymers such as low density
polyethylene (LDPE) and high density polyethylene (HDPE).

Polysaccharides also have been studied as coating materials due to their excellent gas,
aroma, and lipid barrier properties (Khwaldia et al., 2010), but they exhibit poor water vapor
barrier properties because of their hydrophilic nature (Kester and Fennema, 1986). Chitosan, a
natural polysaccharide, can be film forming, and it shows high flexibility and tear strength
(Khwaldia et al., 2010). In addition, chitosan exhibits good oxygen barrier properties because its
hydrogen bond between the molecular chains (Gallstedt and Hedenqvist, 2004). Currently,
chitosan and nanoclay multilayer coated with PLA films exhibited higher oxygen barrier
properties PET, a commercial synthetic plastic, at 20 and 50 % relative humidity, but in
compared with uncoated PLA films, water vapor permeability of the chitosan and nanoclay
coatings reduced by only 20 % when 70 bilayers of the chitosan and nanoclay coatings were
applied (Svagan et al., 2012).

Hybrid films of nano-fibrillated cellulose (NFC) and nanoclay were studied to replace
petroleum-based packaging materials such as PE and PET (Aulin et al., 2012). The hybrid film
exhibited high oxygen barrier properties due to deposited vermiculite nanoplatelets as nanoclay.
In addition, water vapor permeability of the hybrid film was significantly reduced at 50 and 80 %
relative humidity in compared with pure NFC. Furthermore, the hybrid film had excellent tensile
strength about 250 MPa and high Yong’s modulus about 14.2 GPa due to tough and flexible
properties of NFC. However, homogenization of NFC and nanoclay was followed by high
pressure stirring for 24 hour to prepare the hybrid film. The long-time step of preparation films

could not be suitable for large scaling.
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Ring-opening cationic photopolymerization

Mechanism

Ring-opening cationic photopolymerization of epoxides and epoxides, and also epoxides
and alcohols have been studied (Chiang and Hsieh, 2006; Crivello and Liu, 2000; Decker et al.,
2001; Dillman and Jessop, 2013; Voytekunas et al., 2008). Shown in Figure 2.3 (eq 1) (Crivello
and Liu, 2000), diaryliodonium salts as a photoinitiator formed aryliodine radical cation and aryl
cation under high intensity of UV irradiation which is most effective at 210-350 nm wavelengths
(Cho et al., 2003). Strong Bronsted acid, HX, is generated by the monomer or impurities, R-H
(eq 2). Epoxide is protonated by the Bronsted acid (eq 3). Since the Bronsted acid, HSbFe is
very powerful acid, Crivello and Liu expected that the three rate constants, ki, k2, and ks were
large due to the initiation steps had a low activation energy. In propagation steps of epoxide ring-
opening by epoxide (eq 4 and 5), the protonated epoxide is opened by nucleophilic attack of the
other epoxide, and a hydroxyl is generated by the ring-opening of the epoxide (eq 4). Then, the
next propagation step generates ether crosslinks and new protonated epoxide in the polymer
chain (eq 5) until protonated epoxides survive. However, eq 5 is strongly limited by the structure
of the epoxy monomer because the reaction is affected by steric, electronic, and stereochemical
effects (Crivello and Linzer, 1998). However, propagation steps of epoxide ring-opening by
hydroxyl are finished at two steps (eq 6 and 7). In eq 6, the protonated epoxide is opened by the
nucleophilic attack of the hydroxyl group, and then it forms protonated ether. The protonated
ether is deprotonated by the nucleophilic attack of the other epoxide, and the proton is transferred
to the attacking epoxide which becomes a new propagation starting monomer. Therefore, the
propagation of the first polymer chain is stopped at eq 7 as a termination step. Crivello and his

research team previously confirmed that additions of alcohol leaded an acceleration of
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photoinitiated cationic polymerization of epoxides since eq 6 and 7 had less steric hindrance

effects at the reaction than that of eq 4 and 5 (Crivello et al., 1986).
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Figure 2.3: Photoinitiated cationic polymerization of epoxide and alcohol (Crivello and Liu,
2000). Propagation (a) is ring-opening polymerization by attacks of epoxides, and

propagation (b) is ring-opening polymerization by attacks of alcohol.
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Characteristics

In comparison to free radical photopolymerization which is mainly based on acrylates,
cationic photopolymerization of epoxy offers several advantages such as low shrinkage,
uninhibited process in oxygen, and enabled post-polymerization after UV exposure stopped
(dark-curing behavior) (Sipani and Scranton, 2003; Voytekunas et al., 2008). However, free-
radical photopolymerization has been more widely used in UV curing polymer market (Cho and
Hong, 2004). The reasons are probably the characteristics of cationic photopolymerization,
which are the lower curing speed and environmental sensitivities such as temperature and
moisture (Fouassier and Rabek, 1993). Golaz et al. studied cationic photopolymerization of
ECHM as a cycloaliphatic epoxy resin to examine effects from UV intensity, temperature and
post-polymerization at high temperatures (Golaz et al., 2012). In the research, photo-differential
scanning calorimetry (p-DSC) was used to obtain conversions of the epoxy versus time at
various temperatures and UV intensities. In addition, peaks of storage and loss modulus, and Tan
& were clearly shifted to higher temperatures after post-polymerization was performed at 200 °C
for 2 hours. As the results, higher temperature and UV intensity leaded high conversion of the
epoxy, and the glass transition temperature and the storage modulus of ECHM polymer were
increased by the thermal post-polymerization. The result of temperature effects to conversion
rates was also reported by other research (Voytekunas et al., 2008). Voytekunas et al. used two
cycloaliphatic epoxy monomers to observe an influence of chemical structures of monomers
(Figure 2.4), and Bis-(3,4-epoxycyclohexyl) adipate showed two times faster polymerization in
compared with polymerization of ECHM. The result could be explained by that more space of
the two carboxylate structure provided better flexibility on the structure in compare with the

short and tight structure of ECHM (Voytekunas et al., 2008).
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(b)

Figure 2.4: Structures of (a) 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane carboxylate
(ECHM), and (b) Bis-(3,4-epoxycyclohexyl) adipate (Voytekunas et al., 2008).
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Chapter 3 - Materials and methods

Raw materials
Epoxidized soybean oil (ESO) (Scientific Polymer Products, Inc., Ontario, NY) was used
as a bio-based monomer of the coating material and a starting material of dihydroxyl soybean oil
(DSO). 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (ECHM) (Sigma-Aldrich,
St. Louis, MO) was used as a petrochemical-based monomer of the coating material. PC-2506
(Polyset, Mechanicville, NY; [4-(2-hydroxyl-1-tetradecyloxy)-phenyl] phenyliodonium
hexafluoroantimonate) was used as a photoinitiator of cationic photopolymerization. Structures

of these materials are shown in Figure 3.1.
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Figure 3.1: Structures of (a) ESO, (b) ECHM, and (c) PC-2506.
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Dihydroxyl soybean oil synthesis

ESO (40 g, 40 mmol) was dissolved in dissolved in 60 mL of tetrahydrofuran (THF)/water (40
mL: 20 mL), and 1.5 % (volume of ESO) of perchloric acid was gently added. Hydroxylation of
ESO was performed for 5 hours at room temperature with magnetically stirring. After the
reaction was completed, the aqueous layer of the mixture was separated and removed from the
organic layer in a separatory funnel by adding 60 mL of ethyl acetate. Then, 60 mL of water was
added into the organic layer in the separatory funnel to remove perchloric acid residues, and the
perchloric acid in the aqueous layer was removed from the funnel. The water washing steps were
repeated at least three times until pH of the aqueous layer reached between 8 and 9 after adding
5~6 ml of saturated sodium bicarbonate for neutralization of the mixture. The solvent in the
organic layer was removed by a rotary evaporator with a tap vacuum at 40 °C of water bath, and
then the organic layer was dried under high vacuum with a rotary evaporator at 80 °C of water
bath to remove remaining water residues. The synthesized DSO was transparent and light

yellowish, and the chemical structure of DSO was described (Figure 3.2).

Figure 3.2: (a) a structure of DSO and (b) picture of DSO product.
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Preparation of UV-cured films

From our previous research, UV-curable pressure sensitive adhesives of ESO, DSO, and
rosin tackifier were studied using 3 wt% photoinitiator in ESO (Ahn et al., 2013). In ECHM, 3
wt% of photoinitiator was found optimal for photopolymerization of the cycloaliphatic diepoxide
resin (Voytekunas et al., 2008), so we used 3 wt% photoinitiator (based on epoxy monomers) for
all film preparations. UV-curable copolymer films were prepared at various ratios of ESO and
DSO and ECHM and DSO monomers to characterize mechanical, viscoelastic, thermal, and
optical transparent properties for coating applications. ESO and DSO were mixed at weight
ratios of 1:0.1, 1:0.15, and 1:0.2 (Table 3.1). The mixture was heated and mixed using a heat gun
and a vortex mixer. Subsequently, 3 wt% (weight of ESO) cationic photoinitiator PC-2506 was
added to the mixture and mixed well using the vortex mixer and a sonicator. Approximately 8 g
of the mixture was spread over a glass plate (25.4 cm by 15.24 c¢cm) as a substrate using a wire
wound rod (Figure 3.3) (#90; ChemInstruments, Fairfield, OH). The spread mixture was passed
twice at a conveyor rate of 7 ft min (radiation dose of 1.7 to 1.8 J cm™) through a F300 UV
system (1.8 kW, 6-inch (300 W int) lamps) equipped with a LC6B benchtop conveyor (Figure
3.4) (Fusion UV system, Gaithersburg, MD). The UV lamp was 10 cm above the conveyor belt.
To obtain free-standing films, appropriate thicknesses of the UV-cured films were from 0.13 mm
to 0.15mm. ECHM/DSO films were prepared similarly at ECHM/DSO weight ratios of 1:1,
1:1.18, and 1:1.43 with three UV passes at a conveyor rate of 10 ft min™* (Table 3.1). The UV-
cured films could not be detached from the glass substrate without cohesion failure right after
UV-curing. Based on our preliminary test for making free-standing films, 3hours is just enough
to peel off the films from glass substrates without any cohesion failure. Therefore, all UV-cured

films were peeled from the glass plates 3 hours after the completion of UV curing, then films
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were stored in the dark for 3 hours, 1 day, 5 days, 10 days, 1 month, and 2 months at room
temperature to obtain samples for shelf life and dark-curing effect studies. All composition of the

UV-cured films and their bio-contents are summarized in Table 3.1.

LT

Figure 3.3: Scheme of wire wound rod and apply to spread coating material.

Conveyor

Figure 3.4: UV lamp is applied on the top of the conveyor system.
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Table 3.1: Resins composition and bio-contents at weight % for UV-cured films.

Sample ESO (%) | ECHM (%) DSO (%) Photoinitiator (%) Bio-contents (%)
ESO:DSO(1:0.1) 88.50 8.85 2.65 97.35
ESO:DS0O(1:0.15) 84.75 12.71 2.54 97.46
ESO:DS0O(1:0.2) 81.30 16.26 2.44 97.56
ECHM:DSO(1:1) 49.26 49.26 1.48 49.26
ECHM:DS0O(1:1.18) 45.25 53.39 1.36 53.39
ECHM:DS0O(1:1.43) 40.65 58.13 1.22 58.13

Fourier transform infrared (FTIR) spectroscopy

Perkin-Elmer Spectrum 400 FTIR spectroscopy (Waltham, MA) was used to verify
cationic ring-opening photopolymerization of the resins and the dark-curing effect by comparing
functional groups such as hydroxyl, epoxy, and ether groups. Data for non-cured resin blends
and UV-cured films at 3 hours and 10 days after curing for both ESO/DSO (w/w ratio of 1:0.15)

and ECHM/DSO (w/w ratio of 1:1.18) films were collected.

Characterize properties of UV-cured films

Thermal properties

A differential scanning calorimetry (DSC) (TA DSC Q200, New Castle, DE) and a
thermogravimetric analyzer (TGA) (PerkinElmer Pyris 1 TGA, Norwalk, CT) were used to
obtain thermal properties of the UV-cured films to determine thermal stability of the coating
materials. All UV-cured samples for thermal analysis were measured within 30 min after UV
curing to reduce dark-curing effect. UV-cured and non-cured ESO/DSO (w/w ratio of 1:0.15)
and ECHM/DSO (w/w ratio of 1:1.18) films and resins, as well as both monomers, were
measured. Thermal transitions (glass transition temperature, Ty, and melting temperature, Trm)

and heat of copolymerization (AH) were obtained. All cured and non-cured samples for DSC
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contained 3 wt% (weight of ECHM or ESO) photoinitiator. Approximately 5 to 7 mg of the
sample was heated from -50 to 250 °C at a rate of 10 °C min™! under a nitrogen environment in a
hermetic pan. Conventional Modulated Differential Scanning Calorimetry (MDSC) mode was
used to determine accurate Tg of ESO/DSO and ECHM/DSO cured films from -50 to 200 °C at a
rate of 3 °C mint. Thermal decomposition characteristics of 1:0.15 w/w ratio of ESO/DSO and a
1:1.18 w/w ratio of ECHM/DSO UV-cured samples were obtained using TGA and compared
with the decomposition characteristics of ESO and ECHM UV-cured homopolymers,
respectively, and 6 to 8 mg of each sample was heated from 30 to 650 °C at a rate of 20 °C min

under a nitrogen atmosphere.

Viscoelastic behaviors

To obtain viscoelastic properties of the UV-cured films at all weight ratios, dynamic
mechanical analysis (DMA) was performed with a TA DMA Q800 (New Castle, DE) with a
tension/film clamp using rectangular specimens approximately 2 cm long, 1.27 cm wide, and
0.13 to 0.15mm thick. The measurements were performed at a frequency of 1Hz, a constant
amplitude of 15 pm, and a heating range of -50 to 150 °C with 10 °C min increments. T4 was
determined at maximum tangent delta peak, and crosslink density (ve) and molecular weight
between crosslink (Mc) were calculated from an elastic modulus (£°) based on the rubbery
plateau region at least 50 °C above Tg (Asif et al., 2005; Chen et al., 2010; Rao and Palanisamy,

2008).

Mechanical properties
Tensile strength and elongation at break of UV-cured films at all weight ratios were

measured according to ASTM D882-12. The UV-cured films were cropped to 20.32 cm long,
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1.27 cm wide, and 0.13 to 0.15 mm thick according to ASTM D6287-09 using a dual-blade shear
cutter (Figure 3.5) (JDC Precision Cutter 10”, Thwing-Albert Instrument Company, West Berlin,
NJ). A strip of the film was applied on a tensile tester (TT-1100, ChemInstruments, Fairfield,
OH) with 12.7 cm of initial grip separation and a rate of grip separation of 2.54 cm min*. The
mechanical test was conducted at various times (1, 5, and 10 days, and 1 and 2 months) after UV

curing to evaluate shelf life of the bio-based films.
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Figure 3.5: Dual-blade shear cutter

Optical transmittance
Optical transparencies of UV-cured ESO/DSO (w/w ratio of 1:0.15) and ECHM/DSO
(w/w ratio of 1:1.18) films were measured with a UV-visible spectrometer (Hewlett-Packard
8453) with a wavelength range of 200 to 900 nm. In addition, transmittance data for a micro
cover glass and a polyethylene terephthalate (PET) film were also obtained to be compared with
the UV-cured films. The thickness of loading samples was 0.14 mm for ESO/DSO and

ECHM/DSO films, 0.04 mm for the PET film, and 0.91 mm for the micro cover glass.
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Water uptake properties
Water absorptions of the UV-cured films containing the highest hydroxyl groups such as
ESO/DSO (w/w ratio of 1:0.2) and ECHM/DSO (w/w ratio of 1:1.43) films were estimated
according to 24 hours immersion test of ASTM D570-98. The loading samples were 0.14 to 0.15
mm thick, and 2.54 cm long and wide. The samples had been soaked in distilled water at 22 °C
for 24 hours, and wet weight of the samples were immediately measured after the surfaces of the

samples were gently wiped using Kimwipes.
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Chapter 4 - Results and discussion

Photoinitiated cationic polymerization of epoxy monomers

FTIR spectra were obtained to confirm functional groups of ESO/DSO and ECHM/DSO
UV-cured films before and after photopolymerization (Figure 4.1 and 4.2). Epoxy peaks at 825
cm?, triglycerides at 1740 cm, and alcohol bands around 3450 cm™ were detected in the non-
cured ESO/DSO curve (Figure 4.1). After 3hours of UV curing, the disappearance of the epoxy
peak at 825 cm™ and the appearance of an ether peak at 1075 cm™ indicates that the reaction was
completed for the polymerization of ESO and DSO (w/w ratio of 1:0.15) (Lligadas et al., 2006)
(Figure 4.1). For ECHM and DSO (w/w ratio of 1:1.18), the reaction was not fully complete in 3
hours, which was confirmed by the remaining small epoxy peak at 790 cmand the increment of
the ether peak at 1070 cm™ after 10 days (Figure 4.2).

The crosslinking reaction of epoxy and alcohol leads the termination of chain propagation
and the active center transferring from the polymer chain (Figure 2.3, propagation (b)). In
addition, the crosslinking reaction with alcohol was dominant in ECHM/DSO copolymer
because the ECHM/DSO resins contained more alcohol groups than the ESO/DSO systems.
Therefore, the longer time for the post-polymerization of ECHM/DSO copolymer could be
caused by the new protonated epoxide monomers during the active center transferring. The
increased alcohol bands around 3450 cm™ after curing of both ESO/DSO and ECHM/DSO
copolymers were due to the newly generated hydroxyl groups from the epoxy ring-opening

polymerizations.

33



10 days after curing

3 hours after curing

f

Disappearance
of epoxy peak

%T

Non-cured

Appearance
of ether peak

f

Epoxy peak

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

-1
cm

Figure 4.1: FTIR of ESO/DSO (weight ratio of 1:0.15) resin before UV curing, 3hours after
UV curing, and 10days after UV curing.
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Figure 4.2: FTIR of ECHM/DSO (weight ratio of 1:18) resin before UV curing, 3hours
after UV curing, and 10days after UV curing.

Thermal analysis

ESO before UV curing had a small endothermic peak around -6 °C showing crystalline
structures of epoxide triglycerides (Figure 4.3 a). The peak disappeared after UV curing because
crystallization was impeded by crosslinking of ESO epoxides (Shibata et al., 2009) (Figure 4.3
b). ESO before curing also showed a curing peak at 182 °C with AH of 379.2 J g%, and the DSO
before curing exhibited a small curing peak at 187 °C with AH of 24.88 J g, indicating that a
small portion of the epoxy groups did not fully react during DSO synthesis. The ESO after UV

curing showed a shallow and broad exothermic peak at 134.81 °C with AH of 58.27 J g%, which
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was caused mainly by the crosslinking reaction of residual epoxides because the heat from DSC
contributed to the crosslinking reaction following an improvement in epoxides mobility
(Voytekunas et al., 2008). Similarly, the ESO/DSO (w/w ratio of 1:0.15) after curing showed a
curing peak at 136.13 °C with AH of 87.71 J g%, and both cured ECHM and cured ECHM/DSO
(w/w ratio of 1:1.18) also exhibited a peak of heat curing at 125.64 °C with AH of 28.24 J g™ and
77.07 °C with AH of 33.52 J g%, respectively.

The addition of DSO decreased the polymerization temperature of ESO but not ECHM.
ESO and DSO have basically same backbone structures (i.e., triglyceride), and the rate of epoxy-
epoxy polymerization is lower than the rate of epoxy-hydroxyl polymerization. The faster rate of
epoxy-hydroxyl polymerization is explained by the less steric requirements for the nucleophilic
attack by a hydroxyl in compared with the attack by an epoxide. Therefore, the polymerization
temperature of ESO with DSO addition was reduced. However, the polymerization temperature
of ECHM was not reduced by DSO addition, because ECHM could be easily polymerized itself
due to its small steric hindrance of the less bulky structure in compared with a triglyceride.
Therefore, DSO did not significantly affect a reduction of polymerization temperature of ECHM.

ESO and ESO/DSO showed larger AH than ECHM and ECHM/DSO. Ring-opening
photopolymerization of ESO tended to have a lower degree of polymerization. The lower degree
of crosslinking reaction of ESO could be due to epoxide steric hindrance from the bulky
structure of ESO. The steric hindrance of the ESO was also considered a reason for the low
degree of epoxy conversion in photoinitiated cationic polymerization (Decker et al., 2001). In
compared with ESO/DSO, ECHM/DSO showed higher degree of polymerization under UV-
curing from the DSC analysis although it had longer time of post-polymerization completion

using the FTIR results. Absences of melting peaks and presences of exothermic curing peaks in
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UV-cured films confirmed that soybean-derived coating materials were thermosetting polymers.
The photoinitiator (PC2506) was successfully dissolved into the resins and joined in the
polymerizations, because the melting and the thermal decomposition peaks at 98.9 °C and 224.1
°C disappeared in both before and after UV-curing samples.

Tgwas determined at various weight ratios of both ESO/DSO and ECHM/DSO films
through MDSC and DMA analysis (Table 4.1). The T4 from DMA was determined at peak loss
factor (Tan ) (Figure 4.5 a and 4.5 b), and that from DMA was approximately 20 °C higher than
that from DSC because DMA and DSC determined T4 based on different mechanisms; however,
both DMA and DSC showed the same tendency toward Tg of the films as affected by DSO. Ty
decreased as DSO increased because DSO acted as a plasticizer in the polymer matrix.
Compared with the ESO/DSO films, ECHM/DSO films had much higher T, because of the rigid
backbone structure of ECHM and higher reactivity of the external epoxides.

Thermal degradation of the films was measured using TGA (Figure 4.4). All UV-cured
ESO/DSO and ECHM/DSO films had similar thermal stabilities and degraded in the temperature
range of 339 to 428 °C; however, the ECHM/DSO film became more thermally stable than
ECHM alone. The degradation temperatures of cured-ECHM were observed at 339 °C for 5%
weight loss and 408 °C for 50% weight loss, and the decomposition temperatures of the
ECHM/DSO (w/w ratio of 1:1.18) increased to 356 °C for 5% weight loss and 428 °C for 50%

weight loss.
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Table 4.1: Glass transition temperatures of various weight ratios of ESO/DSO and

ECHM/DSO based on MDSC and DMA analysis.
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Figure 4.3: DSC thermograms of PC-2506, ESO, DSO, ESO/DSO (w/w ratio of 1:0.15), and
ECHM/DSO (w/w ratio of 1:1.18) samples including the photoinitiator before (a) and after

(b) UV curing.

38




100

80
< 60
=
°
(%
=
40 -
20

......... ESO

ESO:DSO (1:0.15)
—_ ECHM

— — — ECHM:DSO (1:1.18)

0 T T T T T T T T T T T T

50 100 150 200 250 300 350 400 450 500 550 600 650

Temperature (°C)

Figure 4.4: Thermal decomposition profiles of UV-cured samples of ESO, ESO/DSO (w/w
ratio of 1:0.15), ECHM, and ECHM/DSO (w/w ratio of 1:1.18) from TGA.

Dynamic mechanical properties
The tensile and dynamic mechanical properties of the UV-cured samples after 3 hours
and 10 days of storage are summarized in Table 2. The crosslink densities (ve) were calculated
from the storage modulus (£°) at 50 °C greater than Tg in the rubbery plateau region (Figure

4.6.a and 4.6.b) following equation (1) (Asif et al., 2005; Chen et al., 2010; Rao and Palanisamy,
2008):

E' =3v,RT (1)

where R is the gas constant and T is the absolute temperature. The molecular weight between

chain lengths (M¢) was estimated following equation (2):
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where d is the specific gravity of the polymer.

In Table 4.2, the ESO/DSO films showed lower tensile strength than the ECHM/DSO
films at both 3 hours and 10 days after UV curing. The apparently low mechanical strengths of
the ESO/DSO films were also affected by their low T4, which were below room temperature,
whereas the tensile tests were performed at room temperature, during the samples’ rubbery states
(Luo et al., 2011). The Tan 6 peaks of the ECHM/DSO films at 10 days became narrower
compared with those at 3 hours (Figure 4.5 a and 4.5 b). This behavior could be attributed to the
post-polymerization of the ECHM/DSO films because the narrower width of Tan 6 peaks
represented the increase in the homogeneity of polymer networks (Asif et al., 2005; Rao and
Palanisamy, 2008); however, the degrees of homogeneity of the ESO/DSO polymer network did
not change between 3 hours and 10 days, as indicated by the Tan d peaks’ unchanged widths
(Figure 4.5 a and 4.5 b). These results were in accordance with the FTIR analysis as discussed in
the previous section, so the change to the more uniform polymer network of the ECHM/DSO
films during post-curing could be a convincing reason for increases in their tensile strengths
(Table 4.2). Overall, less DSO led to higher crosslink densities for both ESO/DSO and
ECHM/DSO films (Table 4.2), which also could be concluded from the width and height of the
Tan 6 peaks in Figure 5 a and Figure 5 b. Broader Tan 6 peak width and lower Tan 6 peak height
indicated larger crosslink density (Khot et al., 2001).

E’ of the ESO/DSO and the ECHM/DSO films was estimated from DMA measurements
at 3 hours and 10 days after curing respectively (Figure 4.6 a and 4.6 b). £ at the glass transition
region of both ESO/DSO and ECHM/ DSO films at 3 hours decreased as DSO contents

increased (Figure 4.6 a). In addition, obviously lower £’ was obtained at both glass transition and
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rubbery plateau regions for the films after 10 days of storage with more DSO additions (Figure

4.6 b). The reductions of £’ and Ty with DSO additions indicated the plasticizing effects of DSO.

The increase in £’ at the rubbery plateau of the ESO/DSO (w/w ratios of 1:0.15 and 1:0.2) and
the ECHM/DSO (w/w ratios of 1:1.18 and 1:1.43) at 3 hours after curing (Figure 4.6 a) were
caused by heat curing of residual materials during DMA heating (Luo et al., 2011). No
significant increases in £’ of the ESO/DSO (w/w ratios of 1:0.1) and the ECHM/DSO (w/w
ratios of 1:1) at 3 hours in their rubbery regions could be explained by a higher degree of
polymerization during UV curing due to larger numbers of the epoxy sites under UV irradiation.
The larger crosslink densities could effectively disturb polymer chain mobility and curing during
DMA heating. £’ at the rubbery plateau regions of the ESO/DSO and ECHM/DSO films at 10
days after UV curing was higher than at the rubbery region of the samples after 3 hours (Figure
4.6 b). The higher E’ in the rubbery region results in the increase of crosslink densities and

reductions of molecular weight between chain lengths (Table 4.2).

Table 4.2: Summary of crosslink density, tensile strength, molecular weight between chain
length, and elongation of various weight ratios of ESO/DSO and ECHM/DSO at 3hours
and 10 days after UV curing.

Monomer/ratio Cross link density Tensile strength Molef:ular weight between Elongation
(mol m#) (MPa) chain length (g mol?) (%)
3hours 10days 3hours  10days 3hours 10days 3hours  10days
ESO:DSO(1:0.1) 1628.3 3376.9 3.9 4.0 655.2 306.7 11.2 115
ESO:DS0O(1:0.15) 1145.6 1965.9 35 3.3 935.5 530.7 111 10.4
ESO:DS0O(1:0.2) 1181.3 1598.5 3.0 2.7 884.2 658.6 10.4 11.6
ECHM:DSO(1:1) 459.9 584.7 26.8 34.5 2459.6 1833.0 13.4 3.7
ECHM:DS0O(1:1.18) 339.1 425.3 19.7 29.5 3306.9 2512.4 21.1 10.3
ECHM:DSO(1:1.43) 332.3 372.1 11.6 15.7 3428.3 2878.1 42.2 441
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Figure 4.6: Storage modulus of ESO/DSO and ECHM/DSO samples at 3hours (a) and

10days (b) after UV curing.
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Tensile properties in shelf life tests

The UV-cured ESO films at weight ratios of ESO:DSO (1:0.1, 1:0.15, and 1:0.2) showed
a decrease in tensile strength as DSO contents increased (Figure 4.7). The tensile strengths of all
samples increased by approximately 15 to 20 % as storage time approached 1 month. The tensile
strengths of the films (w/w ratios of 1:0.1 and 1:0.15) were slightly reduced at 2 months, but the
strength of the film (w/w ratio of 1:0.2) remained similar. Elongation at break of the ESO-based
films was not affected by DSO additions or storage times. The tensile strength of the ECHM
films of all ECHM/DSO ratios was much higher than that of ESO films and decreased
significantly as DSO increased. The mechanical strengths of the films were increased by 80 to
140 % during the first month (Figure 4.8). Tensile strength decreased during the 2-month storage
time. Elongations at break of the ECHM based films increased significantly as the DSO contents
increased, but decreased as storage time increased in the second month.

Overall, both the ESO- and the ECHM-based films reached maximal tensile strength by
one month of storage after completion of UV curing, and the ECHM/DSO films showed much
higher tensile strength compared with the ESO/DSO films at all storage times. The excellent
mechanical strength of the ECHM-based films could be explained by the rigid structure of
ECHM itself and the higher reactivity of the external oxiranes (Decker et al., 2001). In addition,
increased elongation at break of the ECHM-based films with larger amounts of DSO added was
clearly related to the decrement in Tg of the films. A similar result was also reported by Liitzen
(Luetzen et al., 2013). During our experiments, we found that pure ECHM film could not be
peeled from the glass substrate after UV curing due to its highly brittle characteristic. DSO was
an effective plasticizer of ECHM to increase the flexibility of the UV-cured ECHM polymer for

flexible coating applications.
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Figure 4.7: Tensile strength and elongation at break of ESO/DSO (w/w ratios of 1:0.1,
1:0.15, and 1:0.2).
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Figure 4.8: Tensile strength and elongation at break of ECHM/DSO (w/w ratios of 1:1,
1:1.18, and 1:1.43).

Optical transmittance

The optical transmittances of the ESO/DSO (w/w ratios of 1:0.15) and the ECHM/DSO
(w/w ratios of 1:1.18) were around 90% in the visible light range, their transparency was similar
to micro cover glass and PET film (Figure 4.9). In addition, 80% light transmittance of
polypropylene and 60% light transmittance of polyethylene in visible ranges were confirmed
from our previous research (Ahn et al., 2011a), making the transparencies of the ESO/DSO and
the ECHM/DSO UV-cured films comparable to glass and commercial plastics. Accordingly, the

bio-based polymers could be useful in transparent coating applications.
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Figure 4.9: Optical transmittances of UV-cued films, micro cover glass, and PET film.

Water uptake properties
The increases of the weights of the ESO/DSO (w/w ratios of of 1:0.2) and the
ECHM/DSO (w/w ratios of 1:1.43) were 0.66 + 0.06% and 2.83 £ 0.2%, respectively, in the
water uptake test during 24 hours. Both ESO/DSO and ECHM/DSO polymers exhibited good

water resistance. Additionally, the lower water absorption of ESO/DSO could be related to its

higher crosslink density.
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Chapter 5 - Conclusions

FTIR data indicated that DSO was successfully copolymerized with ESO and ECHM,
respectively, to produce bio-based coating materials through UV-initiated cationic ring-opening
polymerization. Photopolymerization produced ether cross-linkage polymeric networks in both
ESO/DSO and ECHM/DSO copolymers. Tensile strengths of ECHM/DSO films were higher
than ESO/DSO films, and glass transition temperatures of ECHM/DSO films were also higher
than ESO/DSO films. Tensile strengths, storage modulus, and crosslink densities of UV-cured
films were reduced as increases in DSO contents, whereas elongations at breaks were improved.
Furthermore, glass transition temperature of UV-cured films decreased as DSO contents
increased in the polymers. Therefore, DSO was found to be an effective plasticizer for both ESO
and ECHM systems.

The ECHM/DSO (w/w ratio of 1:1.43) film showed excellent flexibility during the shelf
life tested in this study. ESO/DSO (w/w ratio of 1:1) and ECHM/DSO (w/w ratio of 1:1.18)
films exhibited the highest tensile strengths. Mechanical properties of the soybean-based UV-
cured films remained stable during the 2-month shelf life. Post-polymerization effects were
confirmed by spectral, thermal, mechanical, and dynamic mechanical analyses. The
transparencies of soybean-based UV-cured films were similar to that of micro cover glass and
PET films. In addition, both ESO/DSO and ECHM/DSO UV-cured films showed good water
resistances.

The soybean oil-based UV-curable films showed great potential for transparent flexible
coating applications, and DSO exhibited excellent abilities as a plasticizer for both bio-based

epoxy resin and petrochemical-based epoxy resin.
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