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Abstract
Structure - Property Relationships of Furanyl Thermosetting Polymer Materials Derived
from Biobased Feedstocks

Fengshuo Hu
Thesis Advisor: Professor Giuseppe R. Palmese, Ph.D.

Biobased thermosetting polymers have drawn significant attention due to their potential
positive economic and ecological impacts. New materials should mimic the rigid,
phenylic structures of incumbent petroleum-based thermosetting monomers and
possess superior thermal and mechanical properties. Furans and triglycerides derived
from cellulose, hemicellulose and plant oils are promising candidates for preparing such
thermosetting materials. In this work, furanyl diepoxies, diamines and di-vinyl esters
were synthesized using biobased furanyl materials, and their thermal and mechanical
properties were investigated using multiple techniques. The structure versus property
relationship showed that, compared with the prepared phenylic analogues, biobased
furanyl thermosetting materials possess improved glassy storage modulus (E’),
advanced fracture toughness, superior high-temperature char yield and comparable
glass transition temperature (Tg) properties. An additive molar function analysis of the
furanyl building block to the physical properties, such as Ty and density, of
thermosetting polymers was performed. The molar glass transition function value (Ys)
and molar volume increment value (Vai) of the furanyl building block were obtained.
Biobased epoxidized soybean oil (ESO) was modified using different fatty acids at

varying molar ratios, and these prepared materials dramatically improved the critical



XVi

strain energy release rate (Gic) and the critical stress intensity factor (Kic) values of
commercial phenylic epoxy resins, without impairing their Tg and E’ properties. Overall,
it was demonstrated that biobased furans and triglycerides possess promising potential
for use in preparing high-performance thermosetting materials, and the established
methodologies in this work can be utilized to direct the preparation of thermosetting

materials with thermal and mechanical properties desired for practical applications.
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Chapter 1.  Introduction: motivation, background and overview

1.1. Motivation

1.1.1. Thermosetting epoxy and vinyl ester reins

Thermosetting materials are an important class of polymer materials that have been
extensively used for at least 50 years.! Highly crosslinked networks are formed in these
thermosetting materials after curing, distinguishing them from thermoplastic materials.?
This inherent crosslinking characteristic results in desirable properties, such as high
durability, strength, elastic modulus, adhesion and thermal and chemical resistance.
These properties make thermosetting materials good candidates for applications that
require reliable performance, especially under harsh conditions such as high thermal or

mechanical loads.

Epoxy and vinyl ester (VE) resins are two of the most important types of thermosetting
materials. Epoxy resins contain highly reactive epoxide functional groups that can react
with various functionalities, such as hydroxyl, amine, anhydride and carboxyl groups.
The resulting materials possess versatile properties and are extensively used in
adhesives, structural polymer composites, surface coatings and electrical insulation

applications in the aviation and automobile manufacturing industries. Currently, more



than 80 % of the epoxy resins produced worldwide are obtained by reacting 2,2-bis(4'-
hydroxyphenyl) propane (Bisphenol A) with epichlorohydrin to yield diglycidyl ether of
bisphenol A (DGEBA) resins. The preparation reaction scheme of DGEBA resins is
shown in Figure 1.1, and DGEBA resins with different molecular weights are further
separated using distillation. The number of repeating bisphenol A moieties in DGEBA
resins influences the processing and mechanical behavior of resulting networks, and
these multiple aromatic phenyl rings in the chemical structures endow DGEBA resins

with high thermal and mechanical properties.

Epoxy resins (difunctional or multifunctional) can be further modified using methacrylic
and acrylic acids to prepare VE monomers that contain the carbon-carbon double bonds
in place of the epoxy rings.® The simplest form of VE is the product of the reaction of one
mole of DGEBA and 2 moles of methacrylic acid, which is schematically shown in
Figure 1.2. Aromatic monofunctional styrene is often blended with these difunctional VE
monomers as a reactive diluent with a concentration of 30 to 50 % by weight to reduce
the resin viscosity, typically down to 0.2 — 2 Pa.s, and to improve crosslinking during
cure.* Because of their high water and chemical resistance, good thermal and mechanical
properties and low cost, VE resins are widely used in polymer composites in commercial

and military applications.
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1.1.2. Properties and applications

Thermosetting epoxy and VE resins are used extensively in a wide range of applications
due to their useful properties.® Table 1.1 summarizes their general properties and
industrial application fields.” Several unique characteristics distinguish thermosetting
epoxy resins from other thermosets: lower cure shrinkage, thus lower residual stress in
cured products compared with unsaturated polyester and vinyl ester resins, wide
temperature service range with a judicious selection of curing agents and crosslinking
degree, and diverse availability of epoxy resins from low-viscosity liquids to tack-free
solids. Because of these characteristics and resulting properties, epoxy resins are
primarily used in the structural adhesives, surface coatings, electrical laminates, and
high-strength engineering composites for automotive, marine construction and
aerospace applications. Most composite applications employ conventional difunctional
epoxy resins as their matrices, while high-performance composite applications, such as
aerospace and military defence applications, often use multifunctional (functionality
greater than two) epoxy resins. Epoxy resins are also extensively used in applications in
the electronics industry, such as motor, generator, transformer and insulator

applications, due to their good electrical insulation property.?



Table 1.1. Properties and application fields of thermosetting epoxy and vinyl ester resins.

Resins Properties Application fields
Low shrinkage, high temperature  Structural adhesives, surface coatings,
service capability, excellent electrical laminates, engineering

Epoxy  corrosion and weather resistance, = composites for automotive, marine
high strength and good electrical ~ constructions and aerospace
isolation properties applications
Excellent corrosion resistance, Corrosion and water resistant

Vinyl

ester high flexibility, good adhesion composites, electrical applications,

with polar substrates

corrosion resistant coatings, building

constructions and marine constructions




Thermosetting VE resins have good processability and desirable mechanical properties
as epoxy resins. Compared with a similar type of thermosetting resin - unsaturated
polyester (UPE) resins, VE resins exhibit higher toughness due to fewer crosslinks and
ether linkages in cured networks. Hydroxyl groups from the epoxy-acid reaction endow
VE resins with better adhesion property with polar substrates through hydrogen
bonding relative to UPE resins. VE resins also possess excellent corrosion resistance
which results from the large chemical moiety between ester groups, low concentration of
ester groups in cured networks and steric hindrance from the pendent methyl group in
methacrylic acid. So, they are extensively used in corrosion-resistant applications, such
as tanks, piping, ducts and vessels for dilute acids, solvents and fuels. VE resins are also
water resistant, making them suitable for use in marine applications, such as sail and
motor boats, fishing boats and naval vessels, and household applications, such as air
conditioners and humidifiers. Fibre reinforced VE composites are also widely used for
making components in electricity generating stations, such as transmission and
distribution as well as electrical maintenance equipments, such as ladders and booms, in

the electrical industry.”

1.1.3. Critical challenges: non-renewable feedstocks and brittleness

Although their properties are desirable, current thermosetting epoxy and VE resins face
several critical challenges. One challenge is that these resins are produced using

petroleum-based feedstocks which are non-renewable.® Due to economic and ecological



demands, a significant effort has been made by researchers to use renewable sources as
potential sustainable substitutes for petroleum-based feedstocks in the design and
preparation of thermosetting materials.” '© New materials should mimic the rigid and
phenylic structures of incumbent thermosetting epoxy and VE resins and possess
comparable thermal and mechanical properties.! Numerous renewable sources,
including plant oils,'? cellulose,’® hemicellulose,’ ** lignin, '3 1> starch'® and chitin,’” have
been investigated as feedstocks for thermosetting materials. These renewable sources
can be potentially degraded into useful chemicals possessing specific building blocks
and further transformed into thermosetting monomers and polymers. Some examples of
these building blocks include (i) fatty acids from triglycerides,’? (ii) isosorbide from
hemicellulose," 4 14 18 (iii) phenolic derivatives from lignin,'™ and (iv) furanyl

structures from cellulose and hemicellulose.3> 19

Triglyceride-based materials are comprised of aliphatic chains that do not inherently
possess the strength and rigidity required for most thermosetting applications.
Therefore, complex chemistries are needed to improve the properties of materials based
on triglycerides.?? Isosorbide is reputed to be nontoxic and rigid; however, isosorbide-
derived epoxy resins, as well as the resulting polymer networks, suffer from relatively
high hydrophilicity.?’ Even though phenolic derivatives from lignin are considered
important thermosetting materials, due to their aromatic characteristics, their utilization
is greatly limited by the challenge of breaking lignin down into useful chemicals.?

Chemicals possessing biobased furanyl building blocks are considered promising



candidates for preparing thermosetting materials due to their aromatic characteristic
and feasible availability.?® Furanyl chemicals can be produced from existing biomass
sources: cellulose, the most abundant compound in wood, can be chemically and
bacterially degraded into hexose and converted into hydroxymethylfurfural (HMF), a
potential precursor for thermosetting resins.'® Hemicellulose can be degraded into
pentose and converted into furfuryl alcohol, making it also possible to be used as a
renewable source." % Furfurylamine (FA)* and furfuryl glycidyl ether (FGE)* are
commercial furanyl chemicals that could have applications in thermosetting resins.
However, these monofunctional monomers do not provide the ability to crosslink and
therefore are generally used as network modifiers, where furanyl rings become side
groups of formed polymer networks. As discussed, high-performance thermosetting
epoxy and VE materials are based on multifunctional epoxy and VE resins with aromatic
ring structures that can directly build into cured polymer networks.?® For example,
highly crosslinked polymer structures with superior thermo-mechanical properties are
formed when difunctional DGEBA with multiple aromatic rings on its main chain is
cured using diamine curing agents, such as 4, 4-methylene biscyclohexanamine (PACM)

and diethyl toluene diamine (EPIKURE W).?

There have been limited reports of multifunctional furanyl thermosetting epoxy and VE
resins. Cho et al. recently reported two difunctional furanyl epoxy monomers, BOF (a
mono-furan di-epoxide, in Figure 2.1) and bFdE (a bis-furan di-epoxide, in Figure 2.1).2%

The materials developed by Cho et al. were photo-cured cationically using IRGACURE
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250 and triphenylsulfonium hexafluoroantimonate salt initiators, and the adhesive
strengths of these materials were tested using a lap-shear configuration. Fundamental
properties such as glass transition temperature (Tg) and tensile modulus were not
reported. Moreover, a comparison was not made with petroleum-based phenyl
analogues. It should also be noted that cationic cure of epoxy resins proceeds via a chain
mechanism that results in vastly different network structures compared with step-
growth epoxy-amine polymerization. The synthesis of BOF was also reported by Jeong
et al.; however, BOF was only utilized as an intermediate for which thermo-mechanical
properties were not investigated.?® It is crucial to fundamentally understand how the
furanyl building block affects the thermo-mechanical properties of thermosetting epoxy
and VE resins compared with the phenyl building block in order to better design furan-
based thermosets with the goal of replacing petroleum-based systems. No direct
comparisons of furanyl based epoxy and VE resins versus phenyl based analogues have
been shown in literature. In this dissertation, we seek to understand the structure versus
property relationships of furanyl based thermosetting epoxy and VE resins relative to

those of phenyl based analogues.

There are numerous examples in the literature of biobased epoxy systems and their
properties that provide general points of comparison. Table 1.2 summarizes these works
in three categories: (1) lignin, (2) cellulose/hemicellulose and (3) plant oil. The table
contains works where thermo-mechanical properties of the biobased epoxy systems

were obtained and where comparisons were made to the standard DGEBA based
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systems. Beginning with lignin derived structures as examples, Nouailhas et al. reported
a catechin-based epoxy monomer with similar performance to DGEBA prepared with
the same curing agent.?® Aouf et al. reported a gallic acid derived epoxy resin that
displayed a higher Ty compared with DGEBA when cured with isophorone diamine
(IPD).? Ochi et al. synthesized a vanillin derived epoxy resin (BMPTU) with a similar
structure to DGEBA that showed comparable Tg and storage modulus (E’) to DGEBA
when cured with 4,4'-diaminodiphenylmethane (DDM).* For cellulose/hemicellulose
derived structures, Sachinvala et al. prepared a mixture of epoxy allyl sucroses (EAS)
with variable epoxy groups per monomer.?! This resin possessed a much lower T value
relative to DGEBA when cured with diethylenetriamine (DETA). East et al. recently
explored the preparation of an isosorbide-based epoxy resin.®> Much lower Tgs
compared to DGEBA when cured with an aliphatic triamine (Jeffamine T403) and DDM
were reported. Lukaszczyk et al. reported a less pure isosorbide based epoxy resin with
an epoxy number of 0.44 mol per 100 g, which was cured using triethylenetetramine
(TETA) and IPD that possessed Tgs 70 °C lower than DGEBA.?' Chrysanthos et al.
recently synthesized two isosorbide-based epoxy resins, one containing the pure epoxy
monomer (DGEDASo) and the other consisting of various oligomeric species
(DGEDAS:).® Ty values of the resulting thermosets prepared with IPD were consistently
lower than analogous DGEBA systems. For the category of plant oil derived structures,
Earls et al. reported the thermo-mechanical properties of several glycerides containing
terminal/non-terminal epoxy groups on aliphatic chains with varying chain lengths.3

The resulting thermosets cured with DDM possessed T; values of 48-133 °C, much lower
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than DGEBA-DDM system and with relatively lower flexural moduli. Lligadas et al.
prepared two fatty acid derived epoxy resins, epoxidized 10-undecenoyl triglyceride
(UDTGE) and epoxidized methyl 3,4,5-tris(10-undecenoyloxy)benzoate (UDBME), that
possessed similar Tg values (~70 °C) when cured with DDM,?® both of which were

significantly lower than DGEBA-DDM system (184 °C).3*

Several factors affect the overall thermo-mechanical properties of thermosetting epoxy
polymers. These include cure conditions, extent of reaction, purity, curing agent
selection and building block type. The cure conditions, which determine the extent of
reaction, are critical to the ultimate properties of epoxy thermosets. Identical
thermosetting epoxy-amine systems cured to different degrees possess different thermo-
mechanical properties. For example, DGEBA-IPD and DGEBA-DDM systems reported
by different researchers in Table 1.2 show different Tgs. The use of different Tg
measurement techniques are a possible reason for this observation. It should be noted
that since most of the literature in Table 1.2 failed to provide the extent of reaction to
indicate the full conversion between epoxy and amine functional groups, the reason for
the observed difference is not clear. So, Tz data presented in the absence of cure
conversion data can have significant uncertainties. The purity of biobased epoxy resins
also has a significant impact on the overall performance. For example, the isosorbide
based epoxy resin reported by tukaszczyk et al.?! was cured with IPD without

purification, and a T; of 73 °C was observed, whereas the monomer of isosorbide
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Table 1.2. Thermo-mechanical properties of biobased epoxy resins in the literature.

Biobased

Epoxy Resins Curing Process Properties Comparison Ref
Lignin
Composition (1)
75wt%DGEBA/25wt%GEC, (1): ~55 °C
composition (2) - o DGEBA )
cpes  SOWEWDGEBA/SOwt%GEC 246 GPa ) legil
and DGEBA were (2): ~50 °C, ~55 °Cr, 2.81 Al
stoichiometrically cured 2 40 GPa¢ GPa’
with Epamine PC 19" at 60
°C for 24 h.
GEGA and DGEBA were
GEGA stoichiometrically cured 233 °C DGEBA Aouf
with IPD at 90 °C for 0.5 h 160 °Cf etal.?
and 200 °C for 2 h.
BMPTU was cured with Ochi
DDM at 180 °C for 2 h and 50
200 °C for 4 h; DGEBA 27
BMPTUE 167 °C Koike
DGEBA was cure with 174 °Ch etal.®
DDM at 80 °C for 2 h and
180 °C for 6 h.
Cellulose/Hemicellulose
EAS3.7:
. 72 °Cm
EAS3.7 EAS3.7, EAS3.2 and EAS1.6 Sachiny
EAS3.2 were stoichiometrically EAS3.2: DGEBA ala et
cured with DETA from 25 62 °Cr 134 °Cn e
oC 1
EAS1.6¢ to 230 °C. EASLE.

16 °Cr
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East et
al 32
Isosorbide epoxy was Feno ’ill
stoichiometrically cured o DGEBA " eut
Isosorbide  with Jeffamine T403 at 100  1403:48°C ©
. T403: 93 °C al.’;
epoxy °Cfor 4 h; withDDM at80 )z g9 oCn
o o : Morgan
C for 2 h, 120 °C for 16h DDM: 174°C ;1.
and 150 °C for 2 h. Ochi et
al.%
IS-EPO and DGEBA were TETA: 49 C DGEBA
stoichiometrically cured : g o
with TETA at25°Cfor24h 5 GPa  TETAAL6°CH dLukasze
IS-EPO oC§ h: with , 8.3 GPas; zyk et
and 80 °C for 24 h; let IPD IPD: 73 °Cr, Al
at the same curing 14.6 GPas IPD:141 °C,
condition. 10.4 GPas
DGEDAS), DGEDAS: and DGEDASo:
DGEDASy DGEBA were 112 °Cy; DGEBA  Chrysan
stoichiometrically cured thos et
DGEDASx with IPD at 80 °C for 1 h DGEDAS: 155 °Ct al.3
and 180 °C for 2 h. 96 °C!
Plant oil
1,2a, 2b, 2¢, 2d and DGEBA 1:54°C,
were stoichiometrically 1.5 GPar;
cured with DDM. Cure 2a: 56 °C?
temperature was increased 1.1 GPa®:
by 25 °C per 2 h from initial DGEBA
Epoxidized  temperature upon reaching  2b: 48 °Cv, Earls
triglyceride*  final temperature with an 1.1 GPa¥; 184 °C, et al.
additional 2 h: 120 to 200 °C . 2.4 GPav
for1;120to 180 °Cfor2a 26 68°C,
and 2c¢; 90 to 180 °C for 2b; 1.9 GPa;
120 °C for 2d. 120t0 180 °C 5 4. 133 oCw

for DGEBA.

3.2 GPa»
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UDTGE was
stoichiometrically cured
with DDM at 100 °C for 1.5 UDTGE: Lligad
UDTGE* h and 140 °C for 1h. 63 °C- DGEBA as et
al'ZOb
UDBMEY UDBME was UDBME: 174 °C Ochi
stoichiometrically cured 74 °Cz et al.3
with DDM at90 °C for 1.5h
and 160 °C for 1 h.

°Glycidyl ether of catechin, 80% purity.

'A° mixture of BPA-epichlorohydrin  polymer, benzyl alcohol, 1,3-
bis(aminomethyl)benzene and 3-aminomethyl-3,5,5-trimethylcyclohexylamine.
‘Tgassigned as the temperature at the maximum of loss factor by DMA from 25 to 120 °C
at 3 °C/min and a frequency of 5 Hz.

Storage modulus at 30 °C.

*Glycidyl derivative of gallic acid.

Ty assigned as the temperature at the maximum of tand curve by DMA from 30 to 300
°C at 3 °C/min, a frequency of 1 Hz and strain at 0.1%.
£3,9-bis[(3-methoxy-4-glycidyl)-phenyl]-2,4,8,10-tetroxaspiro(5,5)undecane (epoxide
equivalent: 282+5).

Ty assigned as the temperature at the maximum of tand curve by an inverted, free-
oscillation, torsion pendulum (RD-1100AD, Rhesca Co. Ltd.) from -160 to 250 °C at 0.7
°C/min in vacuo.

Epoxy allyl sucroses (3.7 epoxy groups per sucrose).

/Epoxy allyl sucroses (3.2 epoxy groups per sucrose).

*Epoxy allyl sucroses (1.6 epoxy groups per sucrose).

'Cured by heating from 25 to 230 °C at 5 °C/min by DSC with 20-40 mg premixed
epoxy—amine samples in open aluminum pans under dry nitrogen.

"Tg determined at the inflection point of the forward step curve by DSC from -140 to 200
°C at 10 °C/min.

"Ts measured by DSC.

°Isosorbide based epoxy resin, epoxy number: 0.44 mol/100 g.

"Tg measured by DSC from 0 to 250 °C at 10 °C/min.

Flexural modulus measured on Zwick 100N5A with extensometer in accordance with
the PN-EN ISO 178:2006 standard.

"The monomer of isosorbide diglycidyl ether, 100% purity (epoxide equivalent: 143).
’The oligomer of isosorbide diglycidyl ether (epoxide equivalent: 184).

Ty assigned as the temperature at the maximum of tand curve by DMA from -100 to 200
°C at 3° C/min with a frequency of 1 Hz and strain at 0.5% under a nitrogen stream.
“Compound 1 was epoxidized linseed oil, compounds 2a, 2b, 2c¢ and 2d were terminal-
epoxidized trifunctional triglycerides with different chain lengths.

“Ts measured by DSC from -50 to 300 °C at 10 °C/min.
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“Flexural modulus determined using ASTM method D-790.

*Epoxidized 10-undecenoyl triglyceride, 100% purity.

vEpoxidized methyl 3,4,5-tris(10-undecenoyloxy)benzoate, 100% purity.

“Tg assigned as the temperature at the maximum of loss-modulus curve by DMTA from -
100 to 150 °C at 5 °C/min and a frequency of 1 Hz.



17
diglycidyl ether with a 100% purity prepared by Chrysanthos et al.® was cured with the
same curing agent, and a much higher Tg (112 °C) was reported. The curing agent
selected is another important factor affecting the properties of epoxy thermosets. Due to
different structural rigidity and functionality of these amine curing agents, DGEBA
cured with DDM gives the highest Tg (184 °C)** compared with other curing agents, such
as IPD (155 °C),®® DETA (134 °C)* and Jeffamine T403 (93 °C).%” This makes it more
difficult to compare the properties of biobased epoxy resins studied by different

research groups.

Notwithstanding the above discussion concerning factors that influence thermo-
mechanical properties of thermosets, lignin and cellulose derived building blocks endow
thermosetting epoxy resins with higher thermo-mechanical properties compared with
those from plant oils due to their aromatic characteristics. For example, when cured with
DDM, BMPTU,% % isosorbide based epoxy®> % and epoxidized linseed o0il* exhibit Tgs of
167 °C, 89 °C and 54 °C, respectively. However, no direct property comparisons exist
between thermosetting epoxy resins prepared using analogous phenyl and furanyl
building blocks derived from lignin and cellulose, respectively. In order to appropriately
assess the effects of biobased furanyl building block on the properties of thermosetting
epoxy materials, difunctional furanyl epoxy resins, as well as their parallel phenyl
analogues, should be synthesized and their properties should be compared with factors
such as cure conditions, extent of reaction, purity and curing agent selection, being kept

consistent.



18
Such direct property comparisons cannot be found between thermosetting vinyl ester
resins prepared using biobased furanyl building blocks and their phenyl analogues
either. A few examples of biobased vinyl ester systems and their properties exist in the
literature. Table 1.3 summarizes these works in three categories: (1) aromatic structures
from natural resources, (2) cycloaliphatic structures from natural resources, and (3)
aliphatic structures from natural resources. The table contains the natural resources from
which these biobased VE systems were prepared, and their thermal and mechanical
properties. Beginning with the aromatic structures from natural resources as examples,
Thielemans et al. investigated the solubility and compatibility of different lignins in
various styrene-containing VE resins. Due to the incompatibility of polar lignins with
nonpolar styrene, maleic anhydride (MA) was used to modify and incorporate lignins
into VE resins through free radical polymerization and improve their effect on the
matrix properties. This modification significantly improved the solubility of lignins in
these VE resins and consequently enhanced the mechanical properties of cured resins.
Various aromatic compounds derived from lignin, such as lignin-based bio-oil,'®
cardanol® and vanillin,® are also used extensively as biobased resources for preparing
VE monomers and polymers. Stanzione III et al. prepared a methacrylated lignin-based
bio-0il mimic (MBO) possessing a low viscosity of 30.3 cP at 25 °C. MBO consisted of
methacrylated phenol, guaiacols and catechols, and was used without separations.
When cured by itself through free radical polymerization, with a cure extent of 92.9 %,
this VE resin showed thermo-mechanical and thermo-gravimetric properties, such as Tg

of 115 °C, room temperature storage modulus of 3.2 GPa, initial decomposition
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temperature of 306 °C and temperature of maximum decomposition rate at 418 °C,
comparable with commercial petroleum-based VE thermosets.'® Jaillet et al. prepared a
cardanol-based VE prepolymer by reacting a commercial cardanol diepoxy with
methacrylic acid. Cardanol is derived from cashew nut shell liquid (CNSL), an
important biobased starting material with abundant availability, low cost and unique
structural features, including phenolic hydroxyl, aromatic ring and unsaturation(s) in
the alkenyl side chain. By blending this cardanol-based VE prepolymer with different
reactive diluents, cured cardanol-based VE resins exhibited good thermo-mechanical
properties, such as Tss of 86 °C (with 40 wt% of styrene) and 116 °C (with 40 wt% of
isobornyl methacrylate), 60 - 70 °C lower compared with commercial DGEBA VE
resin.® Sultania et al. synthesized a cardanol-based epoxidized novolac VE resin
through esterification of cardanol-based epoxidized novolac with methacrylic acid. This
cardanol-based VE resin was thermally stable upon 260 °C - 285 °C when cured by
blending with 0 — 50 wt% of styrene at 120 °C.3d Stanzione III et al. also prepared a
vanillin-based VE resin (87 cP at 25 °C) containing 1 : 1 molar ratio of a monofunctional
monomer (methacrylated vanillin) and a crosslinking agent (glycerol dimethacrylate)
through a two-step one-pot methacrylation reaction of lignin-derived vanillin. When
free radically polymerized, a potentially 100% biobased VE thermoset was produced
possessing thermo-mechanical and thermo-gravimetric properties, such as Tgof 155 °C,
room temperature storage modulus of 3.6 GPa and temperature of maximum
decomposition rate of 426 °C, comparable with commercial petroleum-based VE

thermosets in literature.* 42 Zhang et al. modified vanillin and vanillyl alcohol into



20
methacrylated derivatives. Methacrylated vanillyl alcohol resin showed higher room
temperature storage modulus, crosslinking density, Tz and thermal resistance than
methacrylated vanillyl resin due to the higher vinyl functionalities in its chemical
structure. Together with their low room temperature viscosity, these prepared biobased
VE resins can be promising for use as reactive diluents in commercial VE resins.*®
Aromatic structures derived from rosin, a class of hydrocarbon-rich biomass with
abundance and low cost, are also used for preparing biobased VE monomers and
polymers.#! Rosin acids can be converted to vinyl, allyl ester and acrylic groups to
radically polymerize. Relative to vinyl and allyl ester monomers, acrylic monomers
showed great potential in the preparation of side-chain rosin-based polymers due to the
increased reactivity of unsaturated carbon-carbon double bonds.* Lee et al. prepared
several rosin-derived (meth)acrylic monomers and the cured copolymers showed Tgs
ranging from 97 °C to 122 °C, depending on the length of the alkyl linkers.*» Zheng et al.
prepared several gum rosin-derived (meth)acrylic polymers with Tgs ranging from 22 °C
to 90 °C, depending on the length of spacers between side groups and backbone in their
chemical structures.®!d Do et al. synthesized a rosin-derived methacrylic monomer which
was used as a tackifier in UV-crosslinkable polyacrylates to make pressure sensitive
adhesives.*e 41f For the cycloaliphatic structures from natural resources, Sadler et al.
synthesized an isosorbide-methacrylate crosslinking VE resin (157 cP at 25 °C) through
esterification of methacrylic anhydride (or methacryloyl chloride) with isosorbide, a
non-toxic fused bi-heterocyclic compound with unique attributes derived from biobased

carbohydrate feedstocks. When free-radically polymerized with a cure extent of 85%, the
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formed polymer showed superior thermal and mechanical properties, such as flexural
strength of 82 MPa, flexural modulus of 4.6 GPa, initial decomposition temperature of
305 °C and T of ~ 245 °C (tan d peak), which is higher than any known commercial VE
resins and many expensive epoxy resins.® Li et al. reported two VE resin monomers
prepared using biobased dimer fatty acids (DA), DA-p-GMA and MA-m-DA-p-GMA,
which were blended with different amounts of styrene and thermally cured. Form
copolymers showed good thermo-mechanical and thermo-gravimetric properties, such
as flexural strength of 29.1 MPa, tensile strength of 16.0 MPa, initial decomposition
temperature above 390 °C and Tg ranging from 44 °C to 72 °C.* For the category of
aliphatic structures from natural resources, plant oils® such as soybean 0il,** linseed oil#
and tung o0il,¥ and fatty acids derived from plant oils* are also utilized extensively as
biobased resources for preparing VE monomers and polymers. Khot et al. synthesized
acrylated epoxidized soybean oil (AESO) using acrylic acid and biobased epoxidized
soybean oil which is commercially available. Different amounts of styrene were blended
with AESO to improve its processability and control the ultimate properties of AESO-
styrene copolymers. Pure AESO polymer showed T; of -10 °C, room temperature tensile
modulus of ~440 MPa and tensile strength of ~6 MPa. While, AESO-styrene copolymer
(40 wt% styrene) exhibited Ty of 44 °C, room temperature tensile modulus of 1.6 GPa
and tensile strength of ~21 MPa, indicating the addition of styrene drastically improved
the properties of AESO resin.®® Lu et al. synthesized several biobased VE resins,
acrylated epoxidized linseed oil (AELO) and maleinized acrylated epoxidized linseed oil

(MAELO), using linseed oil, the most molecularly unsaturated plant oil. Carbon-carbon
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double bonds of linseed oil were epoxidized, acrylated and maleinized to prepare
MAELO by adding more crosslink sites as well as acid functionality on the triglyceride
molecules. With 33.3 wt% of styrene, cured polymers exhibited promising properties,
such as storage moduli of 2.4 + 0.1 GPa at 30 °C, Tgs higher than 100 °C and thermal
stability upon 300 °C. These biobased VE resins could be promising alternatives for
some petroleum-based resins in sheet-molding compound industry.* Yang et al.
prepared two UV-curable VE monomers, acrylated diglycidyl ester of maleinized
myrcene (ADMM) and acrylated tung oil polymerized glycidyl methacrylate (TOA-
GMA), which were mixed at different weight fractions and cured under UV. With final
cure extents up to 95%, pure ADMM polymer showed T; of 77 °C, tensile strength of 49
MPa and initial decomposition temperature at 403 °C, whereas pure TOA-GMA
polymer exhibited Ty of 35 °C, tensile strength of 4.8 MPa and initial decomposition
temperature at 383 °C. With ADMM and TOA-GMA being rigid and tough materials,
respectively, the cured copolymers reached a desired balanced performance with a 50—
70 wt% of ADMM in mixed resin.#” LaScala et al. used methacrylated lauric acid (MLA)
comonomer as an alternative for styrene when formulating triglyceride-based
crosslinker resins, including acrylated epoxidized soybean oil (AESO), maleinated AESO
(MAESO), maleinated soybean oil monoglyceride (SOMG/MA) and maleinated castor
oil monoglyceride (COMG/MA). Triglyceride-based crosslinker resins containing MLA
exhibited lower polymer properties and higher viscosities than those containing styrene.
Ternary blends of MLA, styrene and biobased resins were promising: SOMG/MA and

COMG/MA containing 10 wt% of MLA and 25 wt% of styrene showed acceptable
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viscosities of 600 cP at 25 °C, storage moduli of 1.22 GPa at 30 °C, and Ts of 100 °C,
comparable with commercial petroleum-based VE resins. Thus, fatty acid-based VE
materials can be utilized to reduce styrene usage, VOC emissions and

health/environmental risks in VE polymers and composites.s

In this dissertation, thermosetting epoxy resins, amine hardeners and VE resins with
analogous furanyl and phenyl building blocks were synthesized. Their thermal,
mechanical and thermal stability properties were investigated and compared. Cure
kinetics studies of epoxy-amine step reaction and vinyl-ester free radical reaction of
analogous furanyl and phenyl systems were conducted to evaluate the effects of furanyl
and phenyl building blocks on the thermosetting cure behavior. The results suggest that
the furanyl building block, relative to the phenyl analogue, exhibits distinguishing
effects on the properties of thermosetting epoxy and VE resins. Structure versus
property relationships associated with the use of furanyl versus phenyl building blocks
was established and conclusions were drawn that support the competitiveness of

biobased furanyl structures for use in high-performance thermosetting materials.

Another challenge for incumbent high-performance thermosetting materials is the
inherent brittleness resulting from the formed highly crosslinked network structures,
which significantly restricts their applications.” % Once cured, thermosetting materials
generally exhibit poor resistance to fracture and typically reach failure before yielding

with low energy absorption.? Thus, many research efforts have been made to develop
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Table 1.3. Thermo-mechanical and thermo-gravimetric properties of biobased vinyl

ester resins in the literature.

Bi E
IObaS?d M Natural resource Properties Ref
Resins
Aromatic structures from natural resources
.. .. Thielemans
Lignin-MA-" Lignin - ot al.
Tg: 115 °C
E’rr: 3.2 GPa Stanzione
) _ .
MBO Bio-oil from lignin DT 306 °C [T et al.is
Tmaxe: 418 OC
CMAVE/ST, Tg: 86°C
CMAVE Cardanol from BMAVE/ST, Tg: 158°C Jaillet et
BMAVEg CNSLh CMAVE/IBOMA], Tg: 116 OC a1.39C
BMAVE/IBOMA, Tg: 175 °C
CNEVERO00ST, IDT: 260 °C
CNEVER20ST!, IDT: 285 °C Sultania et
k
CNEVER Cardanol CNEVER40ST, IDT: 265 °C Al
CNEVER50ST, IDT: 270 °C
MVGDM: _
MVGDM Ty: 155 °C; E'kr: 3.6 GPa; Sta“mlzoe
Vanillin from IDT: 244 °C; Trmax: 426 °C Il et al. %=
DGEBA lignin
L la et
VES28" DGEBA VE828 with 45wt% ST: Sclaf ¢
Ty 145 °C; E’ at 35 °C: 2.7 GPa &
MV resin:
Tg: 69 °C; E'rt: 4.2 GPa;
MVe Vanillin and E’ at 80 °C: 0.7 GPa; T1%: 280 °C Zhang et
MVA? vanillyl alcohol MVA resin: al.4®

Rosin-derived
(meth)acrylic
monomers

Rosin

Tg: 83 °C; E'rr: 4.7 GPa
E’ at 80 °C: 3.5 GPa; T1o: 341 °C

Tg: 97 °C-122 °C

Lee et al.41a
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PDAEA"
PDAEA, Tg: 42 °C 7h
PDABA: Gum rosin PDABA, Ty: 22°C eﬁi “
PDAEMA, Tg: 90 °C &
PDAEMA?
Cycloaliphatic structures from natural resources
Flexural strength: 82 MPa
i Flexural modulus: 4.6 GPa Sadler et
M Isosorbide IDT: 305 °C s
Tg: ~245 °C (tan 0 peak)
DA-p-GMA?® Flexural strength: 29.1 MPa
Dimer fatty acids Tensile strength: 16.0 MPa Li et al4
MA-m-DA- (DA) IDT: > 390 °C tetal
p-GMA® Tg: 44 °C-72°C
Aliphatic structures from natural resources
Pure AESO polymer:
Tg: -10 °C
RT tensile modulus: ~440 MPa
AESO* Epoxidized soybean Tensile strength: ~6 MPa Khot et
AESO-ST oil AESO-ST copolymer (40 wt% ST) al#
Tg: 44 OC
RT tensile modulus: 1.6 GPa
Tensile strength: ~21 MPa
AELO= E (30 °C): 2.4+ 0.1 GPa
Linseed oil Te: > 100 °C Lu et al.46
MAELO~ Thermal stability upon 300 °C '
Pure ADMM polymer:
Te: 77 °C; IDT: 403 °C
ADMM# Myrcene 'an d tung Tensile strength: 49 MPa o
TOA-GMA= oil Pure TOA-GMA polymer: al.”

T: 35 °C; IDT: 383 °C
Tensile strength: 4.8 MPa
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MLA® (SOMG/MA)/10wt%MLA/25wt%ST:

_ Fattyacidsfrom  (COMG/MA)/10Wt%MLA/25wt%ST: | o -
SOMG/MA plant oils Viscosity (25 °C): 600 cP AL ise
COMG/MAS T: 100 °C; E’ (30 °C): 1.22 GPa '

“Lignins modified using maleic anhydride (MA).

"Methacrylated Bio-Oil (MBO) comprised of methacrylated phenol, guaiacols and
catechols.

‘Room temperature storage modulus (E’rr).

4Initial decomposition temperature (IDT).

‘Temperature of maximum decomposition rate (Tmax).

fCardanol epoxy methacrylate vinyl ester (CMAVE).

sBisphenol A epoxy methacrylate vinyl ester (BMAVE).

"Cashew Nut Shell Liquid (CNSL).

iStyrene (ST) at 40 wt%.

jiisobornyl methacrylate (IBOMA) at 40 wt%.

“Cardanol-based epoxidized novolac vinyl ester resin (CNEVER).
'CNEVER20ST: CNEVER blended with 20wt% of ST.

"Methacrylated vanillin-glycerol dimethacrylate (MVGDM).
"Methacrylated DGEBA EPON 828 commercial epoxy resin (DGEBA VE828).
°Methacrylated vanillin (MV).

PMethacrylated vanillyl alcohol (MVA).

“Temperature of 10% degradation (To).

"Poly(dehydroabietic ethyl acrylate) (PDAEA).

sPoly(dehydroabietic butyl acrylate) (PDABA).

‘Poly(dehydroabietic ethyl methacrylate) (PDAEMA).
“Isosorbide-methacrylate (IM).

*Dimer fatty acids polymerized glycidyl methacrylate (DA-p-GMA) resin.
“Maleic anhydride modified dimer fatty acids polymerized glycidyl methacrylate (MA-
m-DA-p-GMA) resin.

*Acrylated epoxidized soybean oil (AESO) resin.

vAcrylated epoxidized soybean oil resin blended with styrene (AESO-ST).
zAcrylated epoxidized linseed oil (AELO).

“Maleinized acrylated epoxidized linseed oil (MAELO).

@ Acrylated diglycidyl ester of maleinized myrcene (ADMM).

«Acrylated tung oil polymerized glycidyl methacrylate (TOA-GMA).
*{Methacrylated lauric acid (MLA).

«“Maleinated soybean oil monoglyceride (SOMG/MA).

“/Maleinated castor oil monoglyceride (COMG/MA).
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methods of toughening thermosetting materials during the past decades.® Introducing
secondary phase architectures into the cured network structures of thermosets by pre-
mixing insoluble micro particles into polymer resins®! or incorporating soluble reactive
tougheners, which can be reaction-induced to phase separate in polymer matrices
during cure,” is one of the major approaches. Secondary phase architectures formed in-
situ can significantly enhance the fracture toughness properties of thermosetting
materials through a high degree of matrix shear deformation during fracture.>® Among
the investigated tougheners prepared using renewable sources for thermosetting epoxy
resins, plant oil is considered a promising candidate because its chemical structure
possesses multiple types of functional groups that can be utilized and modified.
Epoxidized soybean oil (ESO) can be readily prepared via the epoxidation of
unsaturated soybean oil, which is one of the most abundant vegetable oils from plants.>
ESO has been investigated to toughen epoxy resins since it contains triglyceride groups,
secondary epoxy groups and aliphatic fatty esters with varying chain lengths on its
chemical structure, which can react into and plasticize the cured matrices.”® However,
using ESO directly as a toughener, instead of forming phase separated rubbery particles,
often leads to an unwanted plasticization effect and diminishes other properties, such as
Tg and storage modulus (E’).* Chemically modifying the structure, functionality and
molecular weight (MW) of ESO, by endowing modified ESO with a capability to phase
separate during cure, is necessary in order to limit this effect.’” Chemicals, such as
methacrylic, acrylic acids and fatty acids, have been used to modify ESO and toughen

VE resins and composite materials.?» % A series of VE tougheners was prepared by
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grafting methacrylic and fatty acids onto ESO, in which the MWs and functionalities of
prepared tougheners can be controlled by adjusting the molar ratios of reactants. The
ultimate phase separation sizes in the matrices, therefore, could be controlled. Because
the ESO based tougheners are critically needed for epoxy resins, preparing such types of
ESO based tougheners and evaluating their toughening effect on thermosetting epoxy

resins is meaningful and necessary.

In this dissertation, a series of bio-rubber (BR) tougheners for thermosetting epoxy resins
was prepared by grafting biobased fatty acids with different chain lengths onto ESO at
varying molar ratios through an esterification reaction, providing these prepared BRs
with diverse MWs, functionalities and compatibilities with epoxy resins. Biobased acids,
including n-hexanoic acid,* n-octanoic acid,* n-decanoic acid,”* n-lauric acid, n-myristic
acid and n-palmitic acid, were used to make these BRs fully sustainable. The successful
preparation of these BRs was verified using multiple characterization methods. Their
overall effect on the commercial epoxy resins was evaluated by measuring the
mechanical fracture toughness and thermal-mechanical properties of BR blended
polymer samples. Secondary phase architectures with tunable rubbery particle sizes,
depending on the BR type and weight fraction, were found to form in the cured
networks of BR blended samples. Fracture toughness properties of these BR blended
samples were dramatically improved compared with the control samples, which were
BR-free. Thus, with other excellent advantages, such as low viscosity and competitive

cost, these BRs are promising for use in commercial epoxy resins.
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1.2.  Background

1.2.1. Thermoset cure

Thermosetting polymers are materials that irreversibly cure through chemical reactions,
heat or ultraviolet radiation, which results in linear or crosslinked network structures.
The average molar mass increases and a polymer network structure starts to form along
with the polymerization reaction. At a critical conversion of the reactive groups, called
the gel point, the molar mass becomes infinite and a percolation path forms in the
polymer network where the shear viscosity increases to infinite. In the post gelation
stage, the polymerization reaction, which is restricted and becomes diffusion-controlled,
continues and results in increases in both crosslinking density and elastic modulus of the
polymer network. Vitrification, which occurs when the Tg of the thermoset network
equals the cure temperature, is different from gelation and may or may not occur during
the polymerization, depending on the cure temperature relative to the Ty of the fully
cured network, Tg-. In order to achieve a complete conversion of the reactive groups and

to obtain Tg~, the cure temperature should be at or above Tg- to avoid vitrification.®?

1.2.2.  Epoxy-amine step-growth polymerization

Thermosetting epoxy polymers can be obtained by reacting epoxy monomers with

various hardeners, such as amines, phenols, isocyanates, anhydrides and acids, among
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which amines are one of the most common types.®® The epoxy-amine reaction typically
proceeds via a step-growth polymerization mechanism with a series of elementary
reactions that form a new covalent bond between two functional groups. The number of
functionalities per monomer and the molar ratio between monomers are two key factors
that affect the resultant polymer network structures. In order to form a crosslinked
structure, one co-monomer must possess functionality greater than two, while the other
co-monomer must be bifunctional at least. The amine groups typically possess primary
and secondary amino hydrogen atoms; therefore, the epoxy-amine reaction includes
epoxy-primary amine reaction and epoxy-secondary amine reaction, as shown in Figure
1.3. In these two reactions, epoxy rings are opened by primary and secondary amine

groups, and hydroxyl groups are generated as a result.

When the ratio between epoxy and amine functionalities is at stoichiometry or the amine
functionality is in excess in the epoxy-amine mixture, no side reactions besides the
epoxy-amine reactions occur. Since hydroxyl groups can catalyze epoxy-amine reactions
by facilitating the nucleophilic attacks of primary and secondary amine groups, these
epoxy-amine reactions are auto-catalyzed with the continuous formation of hydroxyl
groups. Hydroxyl groups can also react with epoxy groups, known as the hydroxyl-
epoxy etherification, demonstrated in Figure 1.4. When the epoxy functionality is in
excess in the epoxy-amine mixture or the secondary amine group possesses a low
reactivity, this hydroxyl-epoxy etherification reaction can compete with the epoxy-

amine reactions.
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OH
; ki \ H
Epoxy-primary amine reaction: HC‘;*\CHZ + HoN-R, . H(‘:fCHszng (1)
/O\ (\)H H ke ?H Ha (‘)H
Epoxy-secondary amine reaction: HC‘FCHz + HC-CHp-N-R, ———> HC‘)fCHZfl\‘FCfC‘H (2)
|
R4 R4 R+ Rz R4

Figure 1.3. Epoxy-primary amine and epoxy-secondary amine reactions in which epoxy
groups react with primary and secondary amine groups with kiand k: as the reactivity
rates, respectively. Hydroxyl groups are formed in both reactions.
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O oH ks - H
Hydroxyl-epoxy etherification: HCQ\CH2 + H(‘37R3 —_— HC‘fCHszfC‘:ng
\ \
Ry R4 R Ry

Figure 1.4. Hydroxyl-epoxy etherification reaction in which hydroxyl groups react and
open the epoxy rings with ks as the reactivity rates.
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1.2.3. Vinyl ester free-radical polymerization

VE resins are another important type of thermosetting polymer materials typically
prepared through the addition reaction of epoxy resins and unsaturated mono-
carboxylic acids, most commonly methacrylic and acrylic acids.®* With terminal reactive
carbon-carbon double bonds in their chemical structures, VE resins can form crosslinked
polymer networks with or without the addition of another co-monomer. In many
industrial applications, it is common to blend VE oligomers with a certain amount of
low molecular weight co-monomers, such as styrene, methyl methacrylate and vinyl
toluene, to serve as reactive diluents that reduce the room temperature viscosity to a
typical processing range between 0.2 — 2 Pa.s* ® A viscosity of 0.5 Pa.s is often
considered the maximum for most inexpensive liquid molding techniques.®® VE resins
are crosslinked through a free radical polymerization of their terminal (meth)acrylate
groups with reactive diluents if added. This free radical polymerization mechanism
consists of the following steps: initiation, propagation, termination and chain transfer to

small molecules.

Free radicals that initiate the polymerization reaction are generated using several
methods, such as thermal, redox process or photo-chemical decompositions of peroxides,
hydroperoxides and (di)azo reagents, which are called the initiators. The decomposition
of thermal initiators can be accelerated by applying heat or by promoters used to

activate the decomposition reaction at a lower temperature. The determination of
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initiator/promoter packages is often based on the type of vinyl ester resins, the process

method and the requirement of target applications.*”

The propagation step contains a series of radical addition reactions between the carbon-
carbon double bonds of vinyl ester monomers and reactive diluents. These free radical
functionalities remain reactive during the growth of polymer chains until two free
radical sites combine to terminate or a radical transfer reaction occurs. The propagation
step is chemically controlled and lasts less than one second from the time the chain is

initiated to the time it is terminated.58

The propagating radicals can be terminated through radical combination or
disproportionation. Termination by combination occurs when two free radicals combine
to form a single covalent bond and connect two polymer chains together. Termination
by disproportionation occurs when a -hydrogen atom on a radical polymer chain
transfers to another radical polymer chain and results in two separate non-radical

polymer chains, one with a formed carbon-carbon double bond.

Chain transfer to small molecules can also take place during free radical polymerization,
when a growing radical chain captures a weakly bonded hydrogen atom from a small
molecule, resulting in a terminated polymer chain and a new reactive radical site on the
small molecule. These small molecules can be the initiator, solvent, vinyl ester monomer
or transfer agent which is used to control the formed polymer molecular weight

distribution.®
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1.2.4. Epoxy-amine cure kinetics

Various chemical reactions that occur during the cure of thermosetting materials drive
the complex formation of polymer network morphologies and, in turn, determine the
ultimate properties of these formed thermosets.”’ Therefore, in order to understand the
cure process and adjust for the desired properties, it is essential to study the kinetics of

the cure reactions of thermosetting epoxy and VE resins.”

As shown in Figure 1.3, in general, the cure of epoxy resins and amine hardeners can be
described as a two-step reaction: in the first step, an epoxy group and a primary amine
group react and form a secondary amine group and a hydroxyl group; in the second
step, an epoxy group and a secondary epoxy group react and yield a tertiary amine
group and another hydroxyl group.” The extent of epoxy-amine cure reaction can be
determined using isothermal differential scanning calorimetry (DSC) by calculating the
ratio between the heat generated under an isothermal condition and the total heat
released by the reaction.” While very useful, this approach is significantly limited by its
low accuracy at high conversions, insufficient capability of monitoring fast reactions and
inability to determine independent conversions of epoxy and amine groups. Infrared
spectroscopy (IR), contrary to DSC, not only provides better accuracy at high
conversions of epoxy and amine groups, but also has the ability to independently
determine epoxy and amine conversions by monitoring their corresponding IR

absorption signals with very few errors. Compared to mid IR, near IR spectrum is more
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advanced for use in monitoring the characteristic peaks of epoxy and amine groups
during cure due to the observations of less overlapped bands.” Band intensities of epoxy
and amine groups in this range are also lower compared to mid IR, so tested samples are
more concentrated and result in data with improved accuracy. Two characteristic peaks,
4527 and 6060 cm™, correspond to epoxy groups in near IR, and the 4527 cm™ peak is
more commonly used in kinetics studies due to its sufficient separation from other
peaks.”> Two characteristic peaks, 4929 and 6507 cm, are also intense and well
distinguishable in near IR for amine groups. Both commonly used in kinetics studies, the
4929 cm™ peak corresponds to the primary amine N-H bond, while the 6507 cm™ peak
relates to the combination of both primary and secondary amine N-H bonds.”® The
epoxy-amine cure process can be monitored by following the concentration evolutions
of epoxy, primary amine and secondary amine groups using the height or area of their
characteristic peaks in near IR spectra in which the Beer-Lambert law is satisfied.”” For
quantitative analysis, the concentration evolutions of epoxy and primary amine groups
can be directly determined using the peaks at 4527 and 4929 cm, respectively, and the
degree of conversion of these two groups can be further calculated based on
concentration changes. With known and measured epoxy and primary amine
concentrations, mass balance is used to determine the concentration evolutions and

conversion degrees of secondary and tertiary amine groups.

Bearing in mind the concentrations of all these involved groups, complex models can be

used to fit the experimental data, and cure kinetics parameters for various steps in the
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polymerization reaction can be calculated. Numerous kinetics models have been
established and reported for epoxy-amine systems using model compounds. A catalytic
effort of hydroxyl group to the epoxy-amine reaction was observed and explained using
a third-order reaction mechanism.” Therefore, a model taking into account the catalytic
effort of both initial and formed hydroxyl groups in epoxy-amine systems was proposed;
this model has been widely used and further developed in many other epoxy-amine
systems.” Commonly used kinetics mechanisms for the epoxy-amine reaction include
two reaction pathways, the non-catalyzed and auto-catalyzed pathways. The auto-
catalyzed pathway, with the presence of initial hydroxyl group in the epoxy-amine
mixture, considers the mentioned formation of three-component complexes, which
include hydroxyl, amine and epoxy groups.®* Considering the reaction scheme, the
epoxy [EP], primary amine [PA], secondary amine [SA], tertiary amine [TA] and
hydroxyl [OH] concentrations, as a function of the reaction time are the concentrations
of interest. Equation 1.1 and 1.2 describe the epoxy-amine reaction scheme via the auto-
catalytic pathway, in which the ki and k: are the kinetic parameters of epoxy-primary
amine and epoxy-secondary amine reactions in the auto-catalytic pathway, respectively.
Kinetics equations for epoxy and primary amine conversions are listed in Equations 1.3

and 1.4.

[PA] and [EP] are measured using near IR. [SA], [TA] and [OH] are obtained from mass
balance relations as shown in Equations 1.5 to 1.11. The initial epoxy concentration [EP]o

is related to epoxy, secondary amine and tertiary amine instant concentrations shown in
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Equation 1.5. The initial primary amine concentration [PA]o is related to the primary
amine, secondary amine and tertiary amine instant concentrations shown in Equation
1.6. By rearranging Equations 1.5 and 1.6, [SA] and [TA] are expressed by Equations 1.7
and 1.8, respectively, and they can be calculated using the known and measured epoxy

and primary amine concentrations.

[PA] + [EP] + [0H] S [SA] + 2 * [0H] (1.1)
[SA] + [EP] + [OH] 3 [TA] + 2 * [OH] (1.2)

d[EP] _

o = —ki x [PA]  [EP] % ([OH]quto + [0H]o) — k2 * [EP] * [SA] * ([0H] queo + [0H]o) (1.3)

arpal

P2 = —ky * [PA] * [EP] * ([0H]auco + [0H]o) (1.4)
[EP], = [EP] + [SA] + 2 * [TA] (1.5)
[PA], = [PA] + [SA] + [TA] (1.6)
[SA] = 2+ ([PAlo — [PAD — ([EP], — [EP]) (1.7)

[TA] = ([EP]o — [EP]) — ([PA], — [PA] (1.8)
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In Equation 1.9, [OH] is calculated as the sum of [OH]o and [OH]auto, which are the initial
hydroxyl concentration and instant hydroxyl concentration from the epoxy-amine
reaction given in Equation 1.10. [OHJo is primarily determined by the reactants or

impurities, such as moisture, in the epoxy-amine systems.

[OH] = [0OH]o + [OH]quto (1.9)

[0H]auto = [SA + 2 * [TA] (1.10)

The reactivity ratio between primary and secondary amine groups is defined as R = kz2/k1.
Since a primary amine group possesses two reactive hydrogen atoms, an equal reactivity
of primary and secondary amine groups would yield R = 0.5. However, in most epoxy-
amine systems, it is often experimentally observed and reported that a primary amine
group shows a higher reactivity, which yields R < 0.5.8! This is as expected because the
addition of an epoxy segment to a primary amine group often increases the steric
hindrance and decreases the nucleophilicity of nitrogen atom in the formed secondary
amine group, both of which reduce its reactivity with another epoxy group. The R value
can be used to interpret the formation of polymer network structures as well as the
ultimate properties of formed thermosets. For instance, epoxy-amine systems with

higher R values tend to possess more crosslinked yet brittle network structures, while
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those with lower R values tend to form networks with more chain extensions, which are

likely to be tougher.”

1.2.5. Vinyl ester cure kinetics

Cure kinetics of VE resins have been studied by many researchers using FT-IR via a
copolymerization theory.* % 82 Different from the DSC technique which can only
generate cure information as a global nature, the FT-IR provides insights regarding the
reaction rate and conversion degrees of each individual reactant during the cure process,
which is crucial for understanding the network structure development and property
performance of VE materials. A detailed investigation of the bulk copolymerization cure
kinetics of VE resins was performed on a system of difunctional DGEBA based VE resins,
which were blended with 28 — 60 wt% monofunctional styrene and cured at isothermal
temperature ranging from 70 to 110 °C.52 Depletions of carbon-carbon double bonds in
the VE and styrene (ST) monomers were independently monitored in mid IR spectra
using the 945 cm™ and 910 cm! peaks corresponding to the vinyl groups in VE and ST
monomers, respectively. The 830 cm? and 700 cm™ peaks were used as reference peaks
to correct the effects associated with evaporation and dimensional changes in VE and ST,
respectively. Normalized fractional conversions of VE and ST double bonds were
calculated from the mid IR data using Equations 1.11 and 1.12, where « is the double

band instant fractional conversion and ABS is the absorption intensity of involved peaks.
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(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

Empirical autocatalytic kinetic models have been established to fit the experimental data.

Equation 1.13 was developed to fit the isothermal cure kinetics of VE resins by Kamal

and Sourour, in which ki, k2 and m are the reaction rate constants and reaction order,

respectively.®> Widely used by many researchers, Equation 1.14 is a simplified version of

Equation 1.13 that neglects k: and includes au, a final fractional conversion, to provide

more accuracy during fitting experimental data. Such empirical equations are developed

for fitting the bulk copolymerization cure kinetics of vinyl ester resins, rather than

illuminating the kinetics mechanism of the copolymerization reaction.8? 82
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Equation 1.15 is the integrated solution of Equation 1.14 and works very well for fitting
and analyzing double bond conversions of VE and ST monomers as a function of time
from the mid IR cure kinetics data. Parameters obtained from the data-fitting process are
the reaction rate constant, k, and the reaction order, m.82 It was found that the reaction
rate of ST double bonds was initially lower than that of VE double bonds. With a higher
final conversion degree, ST double bonds continued to react after the conversion of VE
double bonds reached a plateau. The resin composition and cure temperature were
found to significantly influence the reaction rates and conversation degrees of VE and ST
double bonds. The reaction order remained relatively constant at 0.85 for both VE and
ST monomers under all evaluated compositions and temperatures, though. The
connectivity of formed network structures and its relation to material properties were
not sufficiently discussed in this work.® A later work investigated the relationship of
cure kinetics, microstructure and mechanical properties for the VE-ST systems.®?
Reactivity ratios of VE and ST double bonds were studied using mid IR and the
conventional copolymer composition equation. The ratio of VE to ST double bonds
incorporated into the network structure was highly dependent on the cure temperature,
which led to significantly different mechanical properties of the VE-ST systems,
including strength and fracture toughness. Phase separation was found to occur during
cure, and microstructures with sizes affected by the cure temperature were formed in
cured networks. This work clearly demonstrates that the cure temperature affected the
copolymerization cure kinetics and, in turn, affected the material properties of VE-ST

systems dramatically.®
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1.3. Overview

The objective of this dissertation is to use biobased building blocks to design and
prepare thermosetting polymer materials that possess comparable thermal and
mechanical properties to the petroleum-based systems. Two fundamental questions
have been answered based on the current results: (1) How do biobased furanyl building
blocks affect thermal and mechanical properties of thermosetting polymer materials
relative to the phenyl analogue? and (2) How can plant oil triglycerides be used to
improve the thermal and mechanical properties of commercial thermosetting materials?
This dissertation presents the development of structure-property relationships for
thermosetting materials possessing phenyl and biobased furanyl building blocks, and
structure-property relationships for renewable triglyceride-based tougheners for

commercial epoxy resins.

There are eight chapters in this dissertation. Chapter 1 introduces the chemistries,
properties and applications of thermosetting epoxy and VE materials. The two critical
challenges associated with these materials, their non-renewable petroleum-based
feedstocks and inherent brittleness, become the motivation and objective of this
dissertation work. Chapter 2 begins with the preparation of two template epoxy resins
that possess biobased furanyl and analogous phenyl building blocks. Furanyl and
phenyl thermosetting polymer materials are prepared using these epoxy resins and

commercial amine hardeners. Their thermal and mechanical properties are evaluated,
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and a structure versus property relationship is drawn: the furanyl building block,
compared with phenyl building block, endows thermosetting polymer materials with
higher storage modulus, improved fracture toughness, better thermal stability and lower
glass transition temperature properties. Chapter 3 introduces the epoxy-amine cure
kinetics study of analogous furanyl and phenyl epoxy resins with previously used
amine hardeners to investigate the relative effect of different building blocks on the cure
behavior and structural network development of thermosetting polymer materials. The
results suggest that hydrogen bonding on the furanyl ring potentially affects the
reactivity and reactivity ratio of the epoxy-amine reactions, thus influencing the
processing characteristics and the thermal and mechanical properties of furanyl epoxy
systems relative to the phenyl analogues. Chapter 4 explores the preparation of furanyl
di-amine hardeners and evaluates the effect of biobased furanyl building blocks on
thermal and mechanical properties of thermosetting polymer materials from the amine
hardener side. Chapter 5 presents the preparation of furanyl and phenyl VE resins and
investigates the effect of furanyl building blocks on the properties of thermosetting VE
polymer materials compared with the phenyl analogue. Chapter 6 presents an additive
molar function analysis of the furanyl building block to the physical properties, such as
T, and density, of thermosetting polymers. The molar glass transition function value (Yg)
and molar volume increment value (Va,i) of the furanyl building block for thermosetting
polymer materials were calculated and obtained for the first time. Chapter 7 introduces
the utilization of biobased sources for improving thermal and mechanical properties of

commercial thermosetting materials. A series of biobased tougheners for epoxy resins is
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prepared by grafting fatty acids onto epoxidized soybean oil, and their toughening effect
is evaluated by measuring mechanical fracture toughness properties of thermosetting
polymer materials containing these prepared tougheners. Secondary rubbery phases
that improve the fracture toughness properties of the matrices through higher degrees of
matrix shear deformation and energy dissipation are found to occur in the cured
networks. Finally, Chapter 8 summarizes the key conclusions of this dissertation work
and proposes a list of specific future work that can be the potential extension of this

study.
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Chapter 2.  Synthesis and characterization of thermosetting furanyl based

epoxy systems

2.1. Introduction

Thermosetting epoxy resins are extensively used for applications in the aerospace,
automotive, insulation, electronics and sporting goods industries.* They possess
excellent thermal and mechanical properties as a result of the formation of crosslinked
polymer networks when cured. ¥ 85 Commercial epoxy resins are primarily produced
from petroleum feedstocks. Recently, the non-renewability of fossil fuels and the
demand of protecting health and environment have raised interest in preparing
thermosets from biobased sources.! %8 As introduced in Chapter 1, numerous biobased
sources have been studied as feedstocks for thermosets, including plant oils,!
cellulose,® hemicellulose, ™ lignin,'> starch'®® and chitin.’”> 8 Due to their aromatic
characteristics, biobased chemicals possessing furanyl building blocks are considered
promising candidates to prepare thermosetting materials that have properties
comparable to petroleum-based phenyl systems.’® In order to properly evaluate the
effects of furanyl building block on thermo-mechanical properties of thermosets relative
to the phenyl analogue, thermosetting resins with analogous structures in which only

the building block is varied need to be prepared and compared.
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In this chapter, two mimetic epoxy monomers, 2,5-bis[(2-oxiranylmethoxy)methyl]-
furan (BOF) and 2,5-bis[(2-oxiranylmethoxy)methyl]-benzene (BOB), were prepared
according to the literature and cured using standard amine hardeners, PACM and
EPIKURE W. Thermal, mechanical and thermal stability properties of these analogous
systems were evaluated with factors such as epoxy purity, cure condition and extent of
reaction being kept consistent. A structure versus property relationship showed that
furanyl based epoxy system possessed lower Tg higher glassy modulus, improved
fracture toughness and comparable thermal stability properties relative to the phenyl
epoxy system. The furanyl ring has thus been demonstrated to be a viable building block
for biobased high-performance epoxy resins, with promising potential for applications

in other thermosetting polymer materials.

2.2.  Experimental

2.2.1. Materials

All reagents and solvents used in this chapter, including tetrabutylammonium hydrogen
sulfate (99+%), tetrabutylammonium bromide (98+%), epichlorohydrin (99%), ethyl
acetate (99.8%), hexane (95%), sodium hydroxide (98%), tetrahydrofuran (THF, 99.9%),

silica gel (60A, 70-230mesh), furfuryl glycidyl ether (FGE, 96%), 1,4-benzenedimethanol



48
(99%), glacial acetic acid (99.7%), acetic anhydride (99+%), crystal violet indicator,
perchloric acid (0.1 N solution in glacial acetic acid), methylene chloride (99.8%) and
potassium acid phthalate (99.95%) were supplied by Sigma-Aldrich, USA; 1,4-
bis(glycidyloxy)-benzene (DGEPP, 97+%) was supplied by Alfa Aesar, USA; 2,5-
bis(hydroxymethyl)-furan (b-HMF, 98+%) was supplied by Pennakem, LLC, USA.
EPON 828 composed of DGEBA and its low molecular weight oligomers, and EPIKURE
W composed of isomers of diethyl toluene diamine were supplied by Miller-Stephenson
chemical company, USA; PACM (99+%) was supplied by Air Products, USA. All

chemicals were used as received.

Chemical structures of epoxy monomers and amine hardeners used in this chapter, as
well as materials discussed in Chapter 1, are summarized in Figure 2.1. A and B are
synthesized furanyl and phenyl based epoxy monomers; C, D and E are commercial
epoxies used with or without A and B to prepare a number of thermosets cured by the

amine hardeners F and G. H is the material discussed in Chapter 1.

2.2.2. Synthesis of 1, 4-bis[(2-oxiranylmethoxy)methyl]-benzene (BOB)

A 1000 mL three-necked round-bottom flask was equipped with a magnetic
stirring bar, a constant-pressure dropping funnel, a thermometer and an inlet for

dry nitrogen. Oxygen and moisture in the reactor was replaced with dry nitrogen.
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Figure 2.1. Materials used in Chapter 2 and discussed in Chapter 1.
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Tetrabutylammonium bromide was used as a catalyst.® 1, 4-benzenedimethanol (13.8 g,
0.1 mol), tetrabutylammonium bromide (TBAB, 3.22 g, 0.01 mol) and 40% w/w aqueous
sodium hydroxide (250 ml) were vigorously stirred in the flask at 50 °C for 1 hour. Then,
the flask was placed into an ice bath for half an hour before epichlorohydrin (73.6 g, 0.8
mol) was added dropwise using a constant-pressure dropping funnel over a period of
0.5 hours. The mixture was allowed to react for another 12 hours with vigorous stirring
after the temperature reached room temperature (RT). The mixture was then poured
into 125 ml ice/water and extracted three times with 50 ml diethyl ether. The combined
organic phase was washed with deionized water to neutral pH, dried with anhydrous
MgSOs and concentrated using vacuum. The residue was purified by reduced-pressure
distillation to yield BOB as a colorless liquid. An overall yield of 90% was obtained (22.5

g) and the purity was 99% by 'H NMR.

2.2.3. Synthesis of 2, 5-bis[(2-oxiranylmethoxy)methyl]-furan (BOF)

A 1000 mL four-necked round-bottom flask was equipped with a constant-pressure
dropping funnel, a thermometer, a condenser, an inlet for dry nitrogen and a magnetic
stirring bar. The air inside the system was replaced with nitrogen to eliminate oxygen
and moisture. Tetrabutylammonium hydrogen sulfate was used as a catalyst.® With
continuous stirring, epichlorohydrin (202.4 g, 2.2 mol) and tetrabutylammonium
hydrogen sulfate (4.07 g, 0.012 mol) were charged into the flask at 65 °C. 2,5-

bis(hydroxymethyl)-furan (b-HMF, 128.05 g, 1 mol) was added into the flask dropwise
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after being melted (Tm = 68 °C). The reaction was allowed to proceed for 4 hours, then
the mixture was cooled to 50 °C and 320 mL of sodium hydroxide aqueous solution
(50% w/w) was added dropwise to complete the intramolecular ring-closing epoxidation
reaction. After 2 hours, the mixture was extracted three times with 50 ml diethyl ether.
The combined organic phase was washed with deionized water and dried with
anhydrous MgSOs. A rotary evaporator was used to remove the solvent, leaving a
brown-red liquid residue. Silica gel chromatography with ethyl acetate/hexane (2 to 1 by
volume) was used to purify the BOF as a yellow liquid. An overall yield of 60% was
obtained (144 g) and the purity was 99% by 'H NMR. More details regarding tips of

preparing BOF and BOB epoxy monomers can be found in Appendix A.

2.2.4. Characterization of BOF and BOB

BOF and BOB were characterized by epoxy titration (ASTM D 1652-97), gel permeation
chromatography (GPC), Fourier transform infrared spectroscopy (FTIR), 'H NMR, *C

NMR (nuclear magnetic resonance), rheometry and Mass Spectrometry (MS).

Epoxy titration was performed by following ASTM D1652-90, Procedure B,* to
determine epoxy equivalent weight (EEW) of BOF and BOB. For example, a mixture was
prepared with BOF (0.4 g), methylene chloride (10 mL), tetraethylammonium bromide
solution (10 mL, 0.25 g/mL) and 8 drops of 0.1% solution of crystal violet indicator in

glacial acetic acid. Titration was conducted using 0.1 N perchloric acid reagent. The
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mixture displayed a sharp color change from blue to green and the volume of perchloric

acid agent used was recorded. Multiple titrations were conducted.

GPC was used to measure the purity of BOF and BOB. A Waters 515 GPC with two 30
cm long, 7.5 mm diameter, 5 um (poly)styrene-divinyl benzene columns (PLgel 5 pum
MIXED-C column and PLgel 5 um 50 A column) in series. Columns were equilibrated
and maintained at 45 °C with elution of THF at a rate of 1.0 mL/min. The column
effluent was monitored using two detectors: a Waters 2487 dual absorbance detector
operating at 280 and 254 nm, and a Waters 2410 refractive index detector at 25 °C.
Samples (2 mg) were dissolved in THF (1 mL) and filtered before being injected into

GPC. The total running time for each sample was 25 minutes.

Functional groups of BOF and BOB, such as furanyl, phenyl and epoxy, were identified
using a Thermo Nicolet Nexus 870 Fourier transform infrared spectrometer (FTIR) in
absorbance mode. Spectra were recorded with 32 scans at an 8 cm resolution at RT with
a deuterated tryglycine sulfate (DTGS) detector in 4000-8000 cm™ range for near infrared

spectra (N-IR) and 650-4000 cm™" for mid-infrared spectra (M-IR).

Proton and carbon nuclear magnetic resonance (*H NMR and *C NMR) measurements
were used to confirm chemical structures of BOF and BOB. Both '"H NMR and *C NMR
were obtained using a Varian Unity Inova NMR (500 MHz) instrument with spectral
window of + 2000 Hz, 32 scans for 'TH NMR and 5000 scans for 3C NMR at 293 K and 90°

pulse width.
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Monomer viscosity was measured using a TA AR2000 ex Rheometer with 40 mm flat
plate configuration using a shear rate range from 0.01 to 1000 s, with 10 measurements
recorded per decade. Shear stress was measured every 2 s at each shear rate. Viscosity

was reported as the average of three measurements at a shear rate of 1000 s

Mass Spectrometry (MS) was conducted by a Waters Micromass AutoSpec-Ultima triple
sector high resolution mass spectrometer using chemical ionization with methane as the

ionizing gas in positive ion mode.

2.2.5. Preparation of BOF and BOB polymer samples

PACM and EPIKURE W were used as curing agents. BOF polymer samples were
prepared by varying the weight ratio of BOF to DGEBA and mixing with a
stoichiometric quantity of a curing agent. To define polymer networks being discussed
in this work, Wepoxy represents the weight fraction of BOF or BOB monomer blended
with DGEBA before the addition of curing agents. For example, a sample of a 3:7 weight
ratio of BOF to DGEBA was defined to be Wgor = 0.3. Stoichiometric quantities of curing
agent were calculated based on EEW = 188 for DGEBA, 120 for BOF, 125 for BOB, and
amine hydrogen equivalent weight (AHEW) = 52.5 for PACM and 45 for EPIKURE W.

BOF and BOB polymer samples were prepared with Wsos and Weor varying from 0 tol.

BOF and BOB polymer samples were cast into rubber molds with dimensions of 10 x 40

x 2.0 mm and cured. The cure procedure, i.e. cure and post cure temperature and cure
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time, was established based on TA Q2000 differential scanning calorimetry (DSC) and
near-IR studies.”! For example, BOF-PACM samples were cured at 60 °C and post-cured
at 180 °C for 9 hours, respectively, to achieve fully cured polymers.2> BOB polymer
samples were prepared in a similar fashion. Polymer samples for dynamic mechanical
analysis (DMA) measurement were sanded to uniform dimensions of 10 x 38 x 1.8 mm.
Samples for fracture toughness measurement were prepared using rubber molds with
dimensions of 140 x 14 x 6.0 mm and further processed into compact tension (CT)
specimens with dimensions of 16 x 13 x 5.5 mm after curing. Samples for tensile
measurements were prepared using rubber molds and tested following ASTM D 638-

03.%2

Full conversion of epoxy and amine groups in BOF and BOB polymer samples was
verified using a Thermo Nicolet Nexus 870 N-IR spectrometer. Spectra of post-cured
samples were recorded in a range of 4000-8000 cm™, with 8 cm™ resolution and 32 scans

operated in absorbance mode at RT.”

2.2.6. Polymer properties

Thermo-mechanical properties, i.e. glass transition temperature (Tg) and storage
modulus (E’), of BOF and BOB polymer samples were measured using DMA on a TA
Instruments 2980 in single cantilever geometry with a frequency of 1 Hz and an

amplitude of 15 um. Temperature ramp rate was at 2 °C/min from RT to a particular
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temperature (generally approximately 60 °C higher than the sample Tg). Each sample
was tested twice and the result of the second run was used to measure its E’ and T
which was assigned as the temperature corresponding to the peak of loss modulus
curve. Fracture toughness properties, i.e. the critical stress intensity factor (Kic) and
critical strain energy release rate (Gic) values, were obtained by testing seven specimens
for each sample composition. An 8 mm long notch was cut into each specimen and a
sharp pre-crack was made at the notch bottom using a fresh blade at -5 °C before testing
with a 1.0 mm/min crosshead speed at RT. Stress-strain data was recorded, and Kic and
Gic values were calculated following ASTM D 5045-99.% Tensile properties of BOF and
BOB polymer samples were measured at RT using at least 5 dog-bone shaped specimens
per composition following ASTM D 638-03. The thermal stability in ambient and inert
environments was investigated using a TA instruments Q50 TGA with a 10 °C/min ramp

rate from 25 to 800 °C in air and argon, respectively.

2.3. Results and Discussion

2.3.1. Preparation of BOF and BOB

BOF was synthesized via a two-step method. In the first step, an intermediate

chlorohydrin ether was produced via etherification reaction between the oxirane ring of
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epichlorohydrin and hydroxyl group of b-HMF with the presence of
tetrabutylammonium hydrogen sulfate as a phase transfer catalysis. In the second step,
the chlorohydrin ether experienced a ring-closing reaction to reform epoxy group due to

a dehydrochlorination reaction under the help of alkali.

Pure BOF was obtained by the purification of crude product on a silica gel
chromatography with an overall yield of 60%. Figure 2.2 presents the characteristic
peaks of epichlorohydrin, and BOF before and after purification. Figure 2.2b is a

magnification of la.

The characteristic peak of b-HMF is not displayed together in this figure because its
solubility in THF is too low to be well monitored by the detectors. In Figure 2.2a, no
peaks are present between 0 to 10 minute and 20 to 25 minute. In Figure 2.2b, crude BOF
(black line) possesses four main peaks at 13.5 minute (4.2% by area), 14.5 minute (19.2%
by area), 15.6 minute (62.7% by area) and 17.3 minute (6.6% by area), respectively. By
comparing with epichlorohydrin curve (blue line) with only one peak at 17.3 minute, the
component with the lowest molecular weight in crude BOF is identified as unreacted
epichlorohydrin (epichlorohydrin was added at a mole ratio of 2.2 relative to b-HMF
initially). Purified BOF (red line) possesses two peaks occurring at 15.0 minute (2.5% by
area) and 15.6 minute (97.5% by area), respectively, meaning its purity is 97.5% by GPC.
The dominant component (62.7% by area) in crude BOF is identified to be BOF, and its

first and second peaks are identified as bi- and tri-monomer by calibration, respectively.
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Figure 2.2. The GPC spectra of crude, purified BOF and epichlorohydrin.
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Epoxy equivalent weight of purified BOF is measured to be 123 g/eq. by following
ASTM D1652-90, Procedure B. This matches well with the theoretical value 120 g/eq. and

its purity is measured to be 98% based on calculation of EEW.

TH-NMR (500 MHz, CDCls) and “C-NMR (500 MHz, CDCls) were used to further
confirm the chemical structure of BOF. In Figure 2.3, peaks at d = 6.3 ppm are attributed
to the protons on furanyl ring (designated as protons 1). Peaks at & = 4.5 ppm (-OCHz-
furanyl ring, 2H) correspond to protons (2) on the glycidyl ether moiety to furanyl ring.
Peaks at 0 = 3.4-3.8 ppm indicate protons (3) of methylidyne adjacent to the oxirane ring.
Peaks at d = 3.15 ppm reflect methylidyne protons (4) on oxirane ring. While, those at d =
2.6-2.8 ppm correspond to protons (5) of methylene on the oxirane ring. The integrated
values of area under these peaks match well with the theoretical ratio of proton numbers
at different positions of BOF and its purity was calculated as 99%. In Figure 2.4, peaks of
BC-NMR spectrum of BOF are attributed as followed. 151.8 ppm and 110.2 ppm
correspond with C1 and C2 on the furanyl ring. 70.7 ppm and 65.2 ppm indicate C3 and
C4 bridging the furanyl ring and oxirane ring. 50.7 ppm and 44.3 ppm reflect C5 and C6
on the oxirane ring, respectively. Therefore, the purified product is verified to be BOF as

expected.

Mass Spectrometry (MS) was employed to characterize purified BOF with CIMS (m/z
(%)): 240.1 [M"]. Caled for Ci2H160s: 240.1. Found: 240.09. Viscosity of purified BOF was

measured to be 0.05 Pa.s at RT.



59

Figure 2.5a and b present N-IR and M-IR spectra of purified BOF. In the N-IR spectrum,
the oxirane ring is reflected by peaks at 6072 cm™ (first overtone of terminal CH:
stretching mode) and 4530 cm™ (combination band of the second overtone of epoxy ring
stretching with the fundamental C-H stretching).”* In the M-IR spectrum, the oxirane
ring is indicated by peaks at 927 cm™ (stretching of C-O in oxirane group), 1254 and 854
cm! (stretching of C-O-C in oxirane group) and 3057 cm™ (stretching of C-H in oxirane
ring). In addition, the furanyl ring is reflected by peaks at 759 cm™ (mono-substituted
furan ring), 883 cm™ (stretching of C-H in furan ring), 1078 cm (stretching of C-O-C in
furan ring), 1560 cm™! (stretching of C=C in furan ring), 3125 and 3150 cm™' (stretching of
C-H in furan ring).® A broad peak is not present at 3200-3500 cm™, meaning no

hydroxyl groups from water or chlorohydrin ether were present in the purified BOF.

BOB was synthesized with a one-step method condensation reaction between
epichlorohydrin and 1, 4-benzenedimethanol. This one-step method works well because
alkali, which is sodium hydroxide solution in this case, can catalyze both the
etherification and the ring-closing reaction, meaning the etherification between
epichlorohydrin and 1, 4-benzenedimethanol to form chlorohydrin ether and the ring-
closing reaction of chlorohydrin ether to reform the oxirane ring share identical

conditions.

BOB was purified by reduced-pressure distillation with an overall yield of 90%. Figure

2.6 shows the characteristic peaks of crude BOB, purified BOB and epichlorohydrin.
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Figure 2.5. The N-IR spectrum (a) and M-IR spectrum (b) of purified BOF.



63
Figure 2.6b is a magnification of Figure 2.6a. In Figure 2.6a, no peaks are present
between 0 to 10 minute and 20 to 25 minute. In Figure 2.6b, crude BOB (black line)
exhibits two peaks at 15.5 minute (62.0% by area) and 17.3 minute (37.5% by area),
respectively. By comparing with epichlorohydrin (blue line), the lower molecular weight
component is identified as unreacted epichlorohydrin which is 300% in excess initially.
Purified BOB (red line) presents only one peak at 15.5 minute after epichlorohydrin is
removed. The dominant component (62.0% by area) in the crude BOB is identified to be

BOB.

Epoxy equivalent weight of purified BOB is measured to be 126 g/eq. by following
ASTM D1652-90, Procedure B. This matches well with the theoretical value 125 g/eq. and

its purity is measured to be 99% based on calculation of EEW.

'H-NMR and "C-NMR were employed to confirm the chemical structure of BOB. In
Figure 2.7, peaks at 0 =7.3 ppm are attributed to the protons on phenyl ring (designated
as protons 1). Peaks at d = 4.6 ppm (-OCHz-benzene ring, 2H) correspond to the protons
(2) on the glycidyl ether moiety to phenyl ring. Peaks at d = 3.5-3.8 ppm indicate protons
(3) of the methylidyne adjacent to oxirane ring. Peaks at & = 3.15 ppm reflect the
methylidyne protons (4) on oxirane ring. Peaks at d = 2.6-2.8 ppm correspond to protons
(5) of the methylene on oxirane ring. The integrate values of area under these peaks
match well with the theoretical ratio of proton numbers at different positions in the

purified BOB and its purity was calculated as 99%. In Figure 2.8, the peaks in 3*C-NMR
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spectrum of BOB are attributed as followed. 137.5 ppm and 127.8 ppm correspond with
C1 and C2 on the phenyl ring. 73.0 ppm and 70.8 ppm indicate C3 and C4 bridging the
phenyl ring and oxirane ring. 50.8 ppm and 44.2 ppm reflect C5 and C6 on the oxirane

ring, respectively. Therefore, the purified product is verified to be BOB as expected.

MS was employed to characterize the purified BOB with CIMS (m/z(%)): 250.1 [M*].
Calced for C1aHisO4: 250.1. Found: 250.15. Viscosity of the purified BOB was measured to

be 0.05 Pa.s at RT.

Figure 2.9a and b show the N-IR and M-IR spectra of purified BOB. In the N-IR
spectrum, the oxirane ring is reflected by peaks at 6067 cm™ (first overtone of terminal
CH: stretching mode) and 4524 cm™ (combination band of the second overtone of the
epoxy ring stretching with the fundamental C-H stretching).”* In the M-IR spectrum, the
oxirane ring is indicated by peaks at 900 cm™ (stretching of C-O in the oxirane group),
1253 and 837 cm! (stretching of C-O-C in the oxirane group) and 3054 cm™ (stretching of
C-H in the oxirane ring). In addition, the phenyl ring is reflected by peaks at 1612 cm™!
(stretching of C=C in the phenyl ring), 1515 cm™ (stretching of C-C in the phenyl ring)
and 2860-2998 cm™ (stretching of C-H of CH: and CH in the phenyl ring and aliphatic
chain).? A broad peak is not present at 3200-3500 cm, meaning no hydroxyl groups

from water or chlorohydrin ether were present in the purified BOB.

Table 2.1 summarizes the yield, purity, viscosity and color of prepared BOF and BOB

epoxy monomers.
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Table 2.1. Yield, purity, viscosity and color of prepared BOF and BOB epoxy monomers
Monomer name Yield (%) Purity (%) Viscosity at 30 °C (Pa.s) Color
BOF 64 99 0.05 Light yellow
BOB 90 99 0.05 Colorless




70

2.3.2. BOF and BOB polymer samples cured with PACM and EPIKURE W

Full conversion of epoxy and amine groups in BOF and BOB polymer samples was
confirmed using N-IR. For example, the N-IR spectra of a BOF-PACM polymer sample
are shown in Figure 2.10, where black, red and blue curves represented the first scan at
60 °C, the last scan at 60 °C after 9 hours, and the last scan at 180 °C for another 9 hours,
respectively. It is evident that at 60 °C the peak corresponding to epoxy groups (4530
cm ) decreased in conjunction with those corresponding to primary (4935 cm™) and
primary/secondary (6500 cm?) amine groups at 60 °C, while the peak associated with
hydroxyl groups (6990 cm') formed by the epoxy ring opening reaction increased. After
9 hours at 60 °C, the presence of epoxy and secondary amines is evident while primary
amine is not noticeable. This is consistent with known cure behavior of epoxies as
primary amines are more reactive than secondary amines. Following post cure at 180 °C
for 9 hours, epoxy, primary and secondary amine peaks are all no longer present,
indicating that within the limits of infrared spectroscopy measurements, epoxy and
amine groups are fully converted after the cure schedule is completed. These results are

representative of all compositions evaluated.

DMA plots of BOF and BOB cured with PACM and EPIKURE W are shown in Figures
2.11 in which Figure 2.11a contains DMA plots of BOB and BOF cured with PACM and
Figure 2.11b contains those for BOB and BOF cured with EPIKURE W. A sharp loss

modulus peak is evident in all cases.
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Figure 2.10. The N-IR spectra of a Wsor = 1 sample cured and post-cured with PACM at
60 °C and 180 °C, respectively.
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On a basis of the peak position for samples cured with PACM, BOF has a Tg =71
°C which is lower than the T of BOB at 100 °C. For samples cured with EPIKURE
W, the Tg of BOF is 88 °C which is also lower than that of BOB at 132 °C. As
expected, curing with the aromatic curing agent results in a higher T for both
epoxy systems. However, for both the aromatic and cycloaliphatic curing agents
BOF was found to have a lower Tg than the corresponding BOB epoxy system.
The only difference in the chemical structures of these two epoxies is that BOF has
a furanyl ring in place of the phenyl ring possessed by BOB. BOF polymer
samples possess a higher storage modulus relative to the BOB samples all the way
from room temperature through the glass transition for both PACM and
EPIKURE W systems. The use of the furanyl building block increased the stiffness

of cured polymer samples.

One of the potential reasons for the interesting thermo-mechanical behavior of BOF
epoxies previously described is that hydrogen bonding occurs between the oxygen
atoms of furan rings in BOF and the hydroxyl groups in the epoxy-amine polymer
networks generated during epoxy cure. In order to test this hypothesis, M-IR was
employed to evaluate hydrogen bonding, as described by others,* of BOF monomer and
BOF polymer samples cured with PACM and EPIKURE W. The formation of hydrogen
bonds can slightly influence bond lengths, energies and electron density distribution of
involved chemical bonds, and these changes are normally around two or more orders of

magnitude smaller compared with typical chemical changes. M-IR spectroscopy has the
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capacity to detect the formation of hydrogen bond at a very sensitive level in this case.
M-IR spectra of all three samples are plotted together in Figure 2.12, where the black
curve represents BOF monomer, and red and blue curves correspond to BOF cured with
PACM and EPIKURE W, respectively. As expected, a broad peak was present in the
region of 3200-3500 cm™, representing the hydroxyl groups formed from the epoxy-
amine reaction. There are no hydroxyl groups in BOF monomer. Meanwhile, the peak at
1078 cm! which corresponds to stretching of C-O-C on furan ring,® in BOF shifted to a
lower frequency by 9 cm™! after being cured with PACM and EPIKURE W. It has been
suggested?® that hydrogen bonding can shift the stretch vibration of corresponding
functional groups to a lower frequency (red shift), and the value of this red shift is well
correlated with the strength of hydrogen bond formed between involved functional
groups. However, more evidence is needed to evaluate the significance of hydrogen

bonding in affecting thermo-mechanical properties of BOF relative to BOB.

Another explanation for the observed phenomena of thermo-mechanical behavior
associated with the furanyl building block is derived from the ring structural
considerations. Even though the furanyl ring in BOF are asymmetric along the backbone
of BOF molecules and rotations around the aromatic unit can theoretically hardly occur,
the methylene linkages between furanyl and glycidyloxy groups may facilitate the

rotations and allow large scale motion of the chains to occur at lower temperatures.
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Figure 2.12. The M-IR spectra of BOF and BOF polymer samples cured with PACM and
EPIKURE W, respectively. (b) is magnification of (a).
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2.3.3. BOF and BOB polymer samples prepared by blending with DGEBA

In order to further explore the differences in properties associating with epoxy networks
prepared using furanyl and phenyl building blocks, and to evaluate the viability of
using furanyl based epoxies in conjunction with commercially available resins like
DGEBA, polymer samples were prepared by blending with DGEBA at different
concentrations. Four sets of polymers were prepared in which the weight fraction of
epoxy monomers comprised of DGEBA was varied from 0% to 100% [0%, 30%, 50%, 70%
and 100%]. These sets included: (1) BOF and DGEBA cured stoichiometrically with
PACM; (2) BOB and DGEBA cured stoichiometrically with PACM; (3) BOF and DGEBA
cured stoichiometrically with EPIKURE W and (4) BOB and DGEBA cured
stoichiometrically with EPIKURE W. N-IR was used to ensure a complete conversion of

epoxy and amine groups within the limits of the spectroscopic technique.

DMA thermograms of BOF and BOB polymer samples cured with PACM are shown in
Figure 3.13 and Figure 3.14, respectively. DMA thermograms of BOF and BOB polymer
samples cured with EPIKURE W are given in Figure 3.15 and Figure 3.16, respectively.
When blending with DGEBA at different ratios, BOF polymer samples were found to
consistently possess higher storage modulus and lower Tg compared with BOB polymer
samples. Figures 2.13a and 2.14a show the storage modulus as a function of temperature

of BOF-DGEBA-PACM and BOB-DGEBA-PACM samples, respectively. At RT, BOF
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Figure 2.13. DMA thermograms of BOF polymer samples blending with DGEBA (EPON
828) at different ratios in the PACM system.
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Figure 2.14. DMA thermograms of BOB polymer samples blending with DGEBA (EPON
828) at different ratios in the PACM system.
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samples show increasing storage moduli along with BOF content. A similar trend is not
observed for BOB containing samples. This result suggests that, for samples cured using
PACM, the furanyl ring improves polymer glassy moduli even when blending with
DGEBA which is not the cases when using BOB. Figure 2.13b and 2.14b show the loss
modulus curves of BOF-DGEBA-PACM and BOB-DGEBA-PACM samples, respectively.
All BOF and BOB samples display a single sharp loss modulus peak, suggesting that
phase separation has not occurred in the cured polymer networks. The peak positions of
loss modulus curves shift to higher temperatures with the increasing DGEBA content.
Also, for BOF-DGEBA-PACM samples, the height of the loss modulus peak decreases
with the increasing DGEBA content, and the area under the loss modulus-temperature
curve in the vicinity of glass transition temperature decreases with the increasing
DGEBA content. For BOB-DGEBA-PACM samples, the loss modulus peak height and
the area under the loss modulus-temperature curve remains similar with the increasing
DGEBA content. DMA thermograms of BOF and BOB polymer samples cured with
EPIKURE W are shown in Figure 2.15 and 2.16, respectively. Figures 2.15a and 2.16a
show the storage moduli as a function of temperature of BOF-DGEBA-EPIKURE W and
BOB-DGEBA-EPIKURE W samples, respectively. At RT, the storage moduli of BOF-
DGEBA-EPIKURE W samples did not clearly show the trend observed for the systems
cured with PACM, since the addition of BOF produced moduli similar to those of pure
BOF and DGEBA cured with EPIKURE W, respectively. The same behavior was
observed for the set of BOB polymer samples. The loss modulus curves given in Figures

2.15b and 2.16b for BOF-DGEBA-EPIKURE W and BOB-DGEBA-EPIKURE W samples,
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respectively, show that the systems cured with EPIKURE W behave very similarly to
those cured with PACM. BOF and BOB samples display a single sharp loss modulus
peak, suggesting that phase separation has not occurred. Loss modulus peak height
decreases with the increasing DGEBA content and the peak positions of the loss
modulus curves shift to higher temperatures with the increasing DGEBA content in

BOF-DGEBA-EPIKURE W samples.

T; values for these four sets of polymer samples were obtained using the peak positions
of loss modulus curves in Figures 2.13b, 2.14b, 2.15b and 2.16b, and summarized in
Table 2.2. All tested samples presented a single sharp Ts. A single composition-
dependent glass transition is frequently considered as an indication of miscibility on an
order of 20-40 nm.” We conclude that BOF and BOB are well miscible with DGEBA. As
shown in Table 2.2, BOF always possesses a lower Tg than its phenyl analogue when
cured with both aromatic and cycloaliphatic curing agents and also when blended with
DGEBA. Based on previous discussions, this likely occurs because the methylene
linkages between furanyl and glycidyloxy groups in BOF facilitate the rotations and
allow large scale motion of the chains to occur at lower temperatures, even though
furanyl rings in BOF are able to form hydrogen bonds and are not symmetrical,
compared with phenyl rings in BOB. Polymer samples with EPIKURE W generally
possessed higher Tgs than those with PACM in both BOF and BOB systems, because

EPIKURE W with aromatic ring structures is more thermally rigid than PACM with
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Figure 2.15. DMA thermograms of BOF polymer samples blending with DGEBA (EPON
828) at different ratios in the EPIKURE W system.
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Figure 2.16. DMA thermograms of polymer samples of BOB blending with DGEBA
(EPON 828) at different ratios in the EPIKURE W system.
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Table 2.2. T; data of DGEBA blended BOF and BOB polymer samples with PACM and
EPIKURE W at stoichiometry, respectively

T(°C) by DMA®
Weight ratio of epoxy PACM EPIKURE W
monomers
BOF(BOB):DGEBA BOF-DGEBA BOB-DGEBA BOF-DGEBA BOB-DGEBA
100:0 71 (80) 100 (111) 88 (94) 132 (140)
70:30 96 (106) 115 (126) 114 (120) 148 (156)
50:50 111 (121) 125 (136) 133 (139) 158 (166)
30:70 131 (140) 140 (150) 153 (160) 168 (177)
0:100 167 (176) 167 (176) 185 (198) 185 (198)

Ty assigned as the temperature at the peak position of loss modulus curve from DMA.
Values in parentheses were Tgs assigned as the temperature at the maximum of tand
curve from DMA.
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cycloaliphatic ring structures.® *® Furthermore, the difference of Tgs between BOF and

BOB samples was found to decrease with the increasing DGEBA content.

T, increased greatly with decreasing contents of BOF and BOB in PACM and EPIKURE
W systems. The T; differences between BOB-PACM (100 °C) and DGEBA-PACM (167
°C), as well as between BOB-EPIKURE W (132 °C) and DGEBA-EPIKURE W (185 °C) are
67 °C and 53 °C, respectively. By comparing chemical structures of BOF and BOB with
DGEBA in Figure 2.1, an obvious difference is that DGEBA does not possess methylene
groups between the phenyl and glycidyloxy groups that are found in both BOF and
BOB. These additional methylene groups potentially decrease Tg of BOF and BOB
samples since furanyl or phenyl segments attached to them are less constrained. In order
to test this reasoning, DGEPP whose structure is given in Figure 2.1 was cured using
EPIKURE W at stoichiometry. DGEPP differs structurally from BOB in that it lacks the
methylene groups. DGEPP was mixed with EPIKURE W at 110 °C, which is the melting
point of DGEPP, and poured into silicone molds. Cure was conducted at 140 °C for 9
hours and postcured at 240 °C for 3 hours. Its thermo-mechanical property is also
measured using DMA with a temperature ramp rate of 2 °C/min from RT to 320 °C and
the result is plotted in Figure 2.17 with that of DGEBA cured with EPIKURE W for
comparison. A Tg of 193 °C was obtained for the DGEPP system which is slightly higher
than that of DGEBA. More interesting is that the Tz of DGEPP-EPIKURE W is 61 °C

higher than that of BOB-EPIKURE W. So we conclude that the additional methylene
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linkages are responsible for the much lower T of BOF and BOB systems compared with

DGEBA.

The Fox Equation (Equation 2.1) was employed to fit experimental T data reported in
Table 2.2, and serves the purpose of describing T; of the multicomponent networks as a

function of relative epoxy monomer content.

1wy 1)

Ty Tg1  Tgo

In this equation w1 and w2 represent weight fractions of components 1 and 2, Tg1and Ts2
are Tg values of polymer samples containing only components 1 and 2, respectively. For
example, in the case of BOF-DGEBA-PACM system, component 1 is BOF-PACM and

component 2 is DGEBA-PACM.

Figure 2.18 plots Wsor or Wsos versus the reciprocal of T for the four sets of polymer
samples being discussed. Also plotted in Figure 2.18 are the best-fit lines corresponding
to the Fox Equation for each set of data. All four sets of polymer samples show excellent
agreement (R? > 0.997) with the Fox Equation. This further indicates that BOF and BOB
both possess good miscibility with DGEBA implying the polymer networks are

homogeneous.”
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2.3.4. Fracture toughness properties of BOF and BOB polymer samples

Sharp pre-cracks were initiated on all specimens at a low temperature in order to obtain
reliable fracture toughness results.'® Crack sharpness was confirmed visually prior to
testing. Figure 2.19a and b plot Gic and Kicvalues, respectively, of BOF-DGEBA-PACM
and BOB-DGEBA-PACM samples that were tested at 23 °C (RT). Gic and Kic values of
BOB-PACM sample tested at 52 °C are also included in Figure 2.19a and b. When tested
at RT, The BOF-PACM sample possesses Gic and Kic values of 1.31 KJ/m? and 2.00
MPa*m'?, respectively, which are both much higher compared with the BOB-PACM
sample values of 0.52 KJ/m? and 1.22 MPa*m'2 When BOB-APCM sample was tested at
52 °C, to eliminate the influence of testing temperature relative to sample glass transition
temperature relative to BOF-PACM sample, the Gic and Kic values increase slightly.
However, BOB-PACM still possesses significantly lower fracture toughness compared
with BOF-PACM. These results indicate that the furanyl building block improves the
fracture toughness of thermosetting epoxy resins relative to its phenyl analogue, which
could be due to the existence of hydrogen bonding associated with furanyl building
blocks in the cured polymer networks. Dr. Ian McAninch was sincerely acknowledged
for the valuable help in conducting mechanical property measurements of polymer

samples in this part.

For samples containing DGEBA, BOF-DGEBA-PACM and BOB-DGEBA-PACM samples

both show reduced Gic and Kic values with the increasing weight fractions of DGEBA.
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DGEBA-PACM sample has Gic and Kic values of 0.14 KJ/m? and 0.61 MPa*m'?
respectively. This matches well with the data in literature where Watters et al. reported
an EPON 828-PACM system with Gic and Kic values of 0.19 KJ/m? and 0.79 MPa*m!2.1%!
DGEBA-PACM sample possesses inferior fracture toughness property compared with
BOF-PACM and BOB-PACM samples because the chemical structure of DGEBA is more
rigid than BOF and BOB due to the absence of methylene groups in its structure.
Moreover, BOF-DGEBA-PACM samples show consistently higher Gic and Kic values

compared with BOB-DGEBA-PACM samples.

2.3.5. Tensile properties of BOF and BOB polymer samples

Representative stress-strain curves of BOF-PACM, BOB-PACM and DGEBA-PACM
samples are plotted in Figure 2.20 and the tensile test data is summarized in Table 2.3.
As shown, BOF-PACM sample possesses the highest Young’s modulus among these
samples. The results are in general agreement with storage modulus values obtained
using DMA which are summarized in Table 2.3. High Young’s modulus of BOF-PACM
sample is perhaps due to the existence of hydrogen bonding between the hydroxyl
groups and oxygen atoms in furanyl rings, which are not present in BOB-PACM and
DGEBA-PACM samples. Another observation is that BOF-PACM sample shows a strain
softening behavior that is not seen in the other two samples. Strain softening is generally

a result of localized shear deformation at the molecular scale, leading to stress reduction
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without covalent bond-breaking.!®® For a glassy thermoset under tensile stress, this
phenomenon can take place when T; is close to the testing temperature. Since the Tg of
BOF-PACM sample is around 71 °C, a 48 °C difference from the testing temperature
could be enough to allow reorientation of molecules in the crosslinked network to
dissipate the mechanical energy. High Tgs of BOB-PACM and DGEBA-PACM samples
could considerably reduce this molecular scale shear deformation, eliminating the strain
softening behavior. Dr. Majid Sharifi was sincerely acknowledged for his valuable help

in conducting the mechanical measurements in this part.

Another explanation for the observed different stress-strain behaviors associated with
the furanyl and phenyl building blocks is from the chemical structural consideration.
BOF differs from BOB (as well as DGEBA) in two ways: the central ring structure and
the non-collinear covalent bonds connecting to the furanyl ring in BOF molecule.
Abrams group recently simulated and compared the thermo-mechanical properties
including Young’s moduli of BOF and DGEBA epoxy resins cured with two furanyl
amine hardeners.’® The simulated Young's moduli qualitatively agree with our
experimental results which have been shown in Chapter 4. Their detailed analyses of the
MD trajectories show that BOF polymer samples have higher glassy Young's moduli
relative to DGEBA samples which are proposed to be due to the difference in 3-D
structures of BOF and DGEBA molecules. All dihedrals in BOF possibly need to deform
and store energy in response to the applied strain due to the non-collinear covalent

bonds. However, except possibly re-arranging in the local packing, not all dihedrals in
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DGEBA need to respond to the applied strain due to the collinearity of 1,4-phenylenes in
DGEBA, which consequently results in lower Young’s moduli. Even though it is DGEBA
instead of BOB in the simulation, their computational results are supportive to our
experimental stress-strain results of BOF-PACM and BOB-PACM samples due to the

similar collinearity in BOB and DGEBA structures.

2.3.6. Thermal stability of BOF and BOB polymer samples

Figure 2.21 and Figure 2.22 plot TGA thermograms of BOF-DGEBA-PACM and BOB-
DGEBA-PACM samples in air and argon, respectively. As shown in Figure 2.21a, BOF-
PACM and DGEBA-PACM samples show T-swix (temperature making 5% weight loss) at
268 °C and 325 °C in air, respectively, and Tsw of BOF-DGEBA-PACM samples
increases with the DGEBA content. In Figure 2.21b, BOB-PACM sample exhibits T-swt%
around 325 °C and BOB-DGEBA-PACM samples all have similar thermal decomposition
curves. These results indicate that phenyl based BOB and DGEBA samples behave
similarly when heated, and decompose at higher temperatures compared with furanyl
based BOF samples, suggesting phenyl structures are more thermally stable than furanyl
structures in air condition. In inert argon environment, as shown in Figure 2.22a and b,
BOF-PACM sample exhibits T-swx around 270 °C which is still lower than those of BOB-
PACM and DGEBA-PACM samples at 326 °C. Tsw% of BOF-DGEBA-PACM samples

also increases with the DGEBA content and BOB-DGEBA-PACM samples show similar
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Table 2.3. Storage modulus at RT and stress-strain results of BOF-PACM, BOB-PACM

and DGEBA-PACM polymer samples.

Storage Modulus,  Young’'s Modulus, Failure Strain, UTS,
Sample E’rr E &r max o
(GPa) (GPa) (%) (MPa)
BOF-PACM 2.97+0.15 2.8+0.1 6.6+2.6 65.2+1.1
BOB-PACM 2.34+0.12 1.8+0.1 10.4+3.5 54.4+1.7
DGEBA-PACM 2.53+0.13 2.320.1 7.2+1.7 71.3+5.1
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Figure 2.21. TGA thermograms of (a) BOF-DGEBA-PACM and (b) BOB-DGEBA-PACM

samples in the air condition.
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Figure 2.22. TGA thermograms of (a) BOF-DGEBA-PACM and (b) BOB-DGEBA-PACM

samples in the argon condition.
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Table 2.4. Char yields at 600 °C of BOF/DGEBA/PACM and BOB/DGEBA/PACM

samples in both argon and air conditions.

Char yield at 600 °C (wt%)

Sample Argon Air
1.0BOF-0.0DGEBA-PACM 11.6 0.9
0.7BOF-0.3DGEBA-PACM 9.6 12
0.5BOF-0.5DGEBA-PACM 7.1 12
0.3BOF-0.7DGEBA-PACM 55 0.2
0.0BOF-1.0DGEBA-PACM 4.0 0.1
1.0BOB-0.0DGEBA-PACM 5.8 0.1
0.7BOB-0.3DGEBA-PACM 6.1 0.4
0.5BOB-0.5DGEBA-PACM 5.9 1.4
0.3BOB-0.7DGEBA-PACM 4.1 0.4
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decomposition curves in argon. Differing greatly from the behavior observed in air,
BOF-DGEBA-PACM samples possess higher char yields at 600 °C compared with BOB-
DGEBA-PACM samples. Table 2.4 summarizes their char yields at 600 °C in both argon
and air conditions. As shown in argon condition, these char yields increase with the
increasing BOF content, suggesting that furanyl structures transform to more stable
forms during heating in inert environment compared with phenyl structures. This result
matches with our previous discovery that samples cured using furanyl amine hardeners
also have high char yields at 800 °C in argon.!* In air condition, char yields at 600 °C of
both BOF-DGEBA-PACM and BOB-DGEBA-PACM samples are near or below 1 wt%.
Moreover, as shown in Figure 2.21a and Figure 2.22a, BOF-DGEBA-PACM samples
behave differently in air and argon conditions, suggesting different decomposition

pathways in these two environments.

2.4. Conclusions

1, 4-bis[(2-oxiranylmethoxy)methyl]-furan (BOF) and its benzene analogue, 1, 4-bis[(2-
oxiranylmethoxy)methyl]-benzene (BOB), were successfully synthesized. BOF and BOB
are both liquids with low viscosity and good processability. After fully cured with
standard PACM (cycloaliphatic) and EPIKURE W (aromatic) amine hardeners, BOF
based thermosetting polymers were found to possess lower Tgs and higher storage

moduli than BOB systems. Possible reasons could be that the methylene linkages
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between furanyl and glycidyloxy groups in BOF facilitate the rotation of five-membered
furanyl ring and that the hydrogen bonding possibly exists between the oxygen atoms in
furanyl rings and the hydroxyl groups from epoxy-amine reaction. Furthermore, it was
found that the additional methylene linkages between aromatic ring and glycidyloxy
group in BOF and BOB lead to much lower Ty than thermosets made with phenolic
glycidyl ethers like DGEBA and DGEPP that do not have them. BOF shows excellent
miscibility with DGEBA resulting in the formation of homogenous networks that follow
the Fox Equation with high fidelity. It is noteworthy that, when cured with PACM, BOF
with furanyl building blocks showed superior fracture toughness properties compared
with BOB with phenyl building blocks in the absence of the influence of testing
temperature relative to sample glass transition temperature. In air and argon conditions,
BOF-PACM sample thermally decomposed at a lower temperature compared with BOB-
PACM and DGEBA-PACM samples. However, the BOF containing samples possess
systematically higher char yields at 600 °C compared with their phenyl analogues tested
in argon environment. These results suggest that the furanyl ring, which is available
from many biomass sources, is a viable substitute for the incumbent petroleum-based

thermosetting resins that use phenyl ring as a building block.
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Chapter 3. Influence of furanyl building blocks on the cure kinetics of

thermosetting epoxy-amine systems

3.1. Introduction

Thermosetting materials produced using renewable sources have received attention due
to the economic and environmental concerns of petroleum sources which are primarily
used to prepare incumbent thermosetting resins. So far, several types of biomass,
including lignin,'% cellulose,’® hemicellulose,’® starch,®* chitin’* and triglycerides,'?®
have been investigated for preparing thermosetting materials. These renewable sources
are abundant and robust, and the biobased thermosets derived from them are promising.
Our previous research showed that furanyl epoxy resins possess comparable thermal
and mechanical properties with their phenyl analogues. For example, using PACM as
the amine hardener, BOF possesses an E'r of 2.97 GPa, 0.63 GPa higher relative to BOB,
and a T of 71 °C, 29 °C lower than BOB. These findings are promising because furanyl
chemicals, readily produced from several abundant biomasses, are considered
promising candidates to substitute petroleum-based phenyl chemicals currently used for
producing high-performance thermosetting materials. In order to further understand the
influence of furanyl building block to the thermal and mechanical properties of

thermosetting epoxy resins relative to its phenyl analogue, a cure kinetics investigation
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on BOF-PACM, BOB-PACM and DGEBA-PACM systems was conducted to elucidate
the influence of central building blocks on the cure behavior as well as on the network
structure development which can determine the wultimate properties of these

thermosetting materials.

3.2.  Experimental

3.2.1. Materials

Epoxy resins and amine hardener used in this chapter are summarized in Figure 3.1.
BOF and BOB were prepared in laboratory; DGEBA (n = 0.13) was supplied by Miller-
Stephenson chemical company, USA. Their EEW values were determined by following
ASTM epoxide titration technique, D 1652-97. The experimental results, 120.0 g/eq. for
BOF, 125.0 g/eq. for BOB and 188.0 g/eq. for DGEBA, matched the theoretical values.
Tetrafunctional amine hardener, PACM, with a 52.5 g/eq. AHEW value, was provided
by Air Products, USA. Cure kinetics were investigated with reaction mixtures having
stoichiometric quantities of epoxy and amine on the basis of the EEW and AHEW

values.
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3.2.2. Fourier transform infrared (FTIR) spectroscopy

Cure kinetics studies of BOF-PACM, BOB-PACM and DGEBA-PACM were conducted
using FTIR spectroscopy in the near-infrared (N-IR, 4000-8000 cm) at 60 °C. A Nexus
6700 FTIR spectrometer (Thermo-Nicolet Corp.) with a CaF. beam splitter and a DTGS
KBr detector was used. Spectra were obtained at regular time intervals using 4 cm™!
resolution with 32 scans per spectrum. N-IR spectroscopy was used to monitor the
concentrations of epoxy [EP] and primary amine [PA] in the resin mixture during
reaction. Mass balance equations were employed to obtain the concentrations of
secondary amines [SA] and tertiary amines [TA]. Epoxy peaks at 4529 cm™ of DGEBA
and 4527 cm™ of BOF and BOB, respectively, were used to track the epoxy concentration.
The primary amine peak at 4930 cm” of PACM was used for monitoring the primary

amine concentration.

3.2.3. Experimental setup

Low hydroxyl silica glass tubes with 1.60 + 0.05 mm inside diameter and 65 mm length
were employed as sample holders.!”> Samples were prepared by mixing 1.000 gram of
epoxy and the stoichiometric amount of PACM. The mixtures were then degassed and
injected into a glass tube. To remove moisture, glass tubes were kept at 130 °C overnight
before use. A temperature controlled aluminum sample holder shown schematically in

Figure 3.2 was used for the N-IR experiments. This device allowed for control of
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C. Diglycidy! ether of bisphenol A (DGEBA, n = 0.13);
D. 4, 4-methylene biscyclohexanamine (PACM).

Figure 3.1. Epoxy resins and amine hardener used in this chapter.
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temperature within + 0.5 °C of the 60 °C set point. A background scan was conducted

before each experiment using the glass tube before filling.

3.2.4. Numerical procedure

The experimental concentrations of epoxy and primary amine were fitted to a two-
parameter auto-catalytic model using a least-squares approach. A MATLAB code was
generated and used for this purpose. The auto-catalytic rate equations were solved using
MATLAB nonlinear ODE solver (ode45). Rate parameters for the set of numerical
solutions that showed the least deviation from the experimental data points (epoxy and
primary amine concentrations) were used as the rate constants for primary and

secondary amine reactions.

3.3. Results and Discussion

The objective of this study was to evaluate cure behaviors of BOF-PACM, BOB-PACM
and DGEBA-PACM in order to understand the influence of furanyl and phenyl building
blocks on the cure reaction rates and network structure development. As introduced in
Chapter 1, epoxy-amine cure reactions include epoxy-primary amine addition, epoxy-

secondary amine addition, epoxy-hydroxyl etherification and epoxy-epoxy
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etherification. The occurrence and the extent of these reactions are affected by the cure
temperature, formulation, and the presence of impurities and solvents. In this study
only the epoxy-amine reactions were considered, as previous work showed that
etherification was minimal for the investigated conditions.®®® Hydroxyl groups present
in the epoxy-amine system are known to catalyze the epoxy-amine addition reactions
and need to be considered. Thus in our analysis we were interested in epoxy [EP],
primary amine [PA], secondary amine [SA], tertiary amine [TA] and hydroxyl [OH]

concentrations as a function of the reaction time.

Epoxy-amine reactions can proceed via an auto-catalytic pathway, given by Equations

3.1 and 3.2, or a non-catalytic pathway, Equations 3.3 and 3.4.

ky

[PA] + [EP] + [OH] 3 [SA] +2  [0H] (3.1)
[SA] + [EP] + [0H] 3 [TA] + 2 « [0H] (3.2)
[PA] + [EP] 5 (4] + [0H] (3.3)

Bﬂ+wmgwﬂ+mm (3.4)
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In these equations k' and k"> were the kinetic parameters of epoxy-primary amine and
epoxy-secondary amine addition reactions in the non-catalytic pathway, and k: and k:
were those in the auto-catalytic pathway, respectively. The auto-catalytic pathway was
selected due to the fact that DGEBA possessed a significant hydroxyl concentration, and
BOF-PACM and BOB-PACM systems also possessed a comparable hydroxyl
concentration as the DGEBA-PACM one because of the presence of small amounts of

water despite drying.

As described in the experimental section, [EP] and [PA] were measured using N-IR. The
concentrations [SA], [TA] and [OH] were obtained from mass balance relations as shown
below. The initial epoxy concentration was related to epoxy, secondary amine and
tertiary amine concentrations by Equation 3.5, and the initial primary amine
concentration was related to primary amine, secondary amine and tertiary amine

concentrations by Equation 3.6.

[EP]o = [EP] + [SA] + 2 * [TA] (3.5)

[PA], = [PA] + [SA] + [TA] (3.6)
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In these equations [EPJo and [PA]o are the concentrations (mol/L) of epoxy and primary
amine in the system at ¢+ = 0, and [EP], [PA], [SA] and [TA] were corresponding
concentrations at any time t. By re-arranging Equations 3.5 and 3.6, [SA] and [TA]

concentrations, respectively, are expressed by Equations 3.7 and 3.8 below.

[SA] = 2« ([PA]o — [PA]) — ([EP], — [EP]) 8.7)

[TA] = ([EP]o — [EP]) — ([PA], — [PA]) (3.8)

Using these equations, secondary and tertiary amine concentrations were calculated

with the known and measured epoxy and primary amine concentrations.

Since the epoxy-amine reaction is catalyzed by the hydroxyl groups and as one hydroxyl
group is formed for every epoxy-amine addition reaction, an expression is needed for
the hydroxyl concentration as a function of conversion. The hydroxyl concentration

[OH] is given by Equation 3.9.

[OH] = [OH] quto + [0H]o (3.9)
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In this equation [OH]o and [OH] were the hydroxyl concentrations in the system at t =0
and ¢, respectively. [OH]auto was the concentration of hydroxyl groups resulting from the

epoxy-amine reaction at time ¢ given by Equation 3.10.

[OH]aquto = [SA] + 2 * [TA] (3.10)

[OH]o was predominately determined by the n value of DGEBA epoxy monomer in the
DGEBA-PACM system, and by the initial hydroxyl concentration presumably from
water in the BOF-PACM and BOB-PACM cases. In the DGEBA-PACM system, [OH]o
was given by Equation 3.11, where [OH]o was proportional to [EP]o as indicated from the

chemical structure of DGEBA.

WHh=%?*wﬂo (3.11)

In the BOF-PACM and BOB-PACM systems, [OH]o was calculated from the ratio

between epoxy and hydroxyl peak heights in the N-IR spectrum taken at t = 0. As
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previously mentioned, these initial hydroxyl concentrations were possibly due to the

trace moisture in the systems.

Figure 3.3 shows the evolution of N-IR spectra of BOF-PACM, BOB-PACM and DGEBA-
PACM systems as the reactions proceed at 60 °C for 3 hours. The spectra were
normalized, and 10 representative spectra with an 18 minute interval between each are
shown. Two epoxy peaks at 6075 and 4527 cm for BOF, 6062 and 4527 cm for BOB,
6063 and 4527 cm for DGEBA can be used to track the epoxy concentration. However,
the peak at 4527 cm! was preferred, since the one at the higher wavenumber typically
overlapped with the aromatic peak in its neighborhood.” The primary amine peak at
4929 cm! was used to track the primary amine concentration. The extent of cure, a,
based on the consumption of the epoxy groups, was obtained from the ratio of the
corresponding peak heights at times t =t and t = 0. As shown in Figure 3.3, in these three
systems, the epoxy and primary amine peaks disappeared and the hydroxyl peak (7099
cm?) appeared as cure progressed. The peak at 6507 cm™ represented the combination of
both primary and secondary amines, and it also disappeared over time. According to the
spectra, primary amines were fully consumed; however, the epoxy peak and the
primary-secondary amine peak were decreasing, signifying that the epoxy-amine
reactions were still proceeding after 3 hours at 60 °C. The reason for this was that the
reactions became diffusion controlled as the systems reached vitrification, and this was

particularly evident for the DGEBA-PACM system.
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Figure 3.3. Selected spectra of BOF-PACM, BOB-PACM and DGEBA-PACM as the cure
reactions occurred at 60 °C for 3 hours. The interval of the present spectra was 18
minutes. The epoxy peak was present at 4527 cm! and primary amine peak was present
at 4929 cm.The epoxy and amine peaks shrunk over time while the hydroxyl peak grew.
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In cooperation with the N-IR data, the initial epoxy and primary amine concentrations,
[EP]o and [PA]o, were important for determining the rate constants. [EP]o and [PA]o were
calculated using component weights, their densities at 60 °C and the assumption that no
volumetric change occurred at mixing. Densities of the components were measured
using a 25 mL glass volumetric flask at both room temperature and 60 °C, and the
results are summarized in Table 3.1, together with the molecular weights, the EEW and
AHEW values. These values were used to establish the formulations of the epoxy-amine
systems and to calculate the initial conditions, i.e. [EP]o and [PA]o, for the rate equations

as summarized in Table 3.2.

The epoxy and primary amine concentrations obtained from N-IR experiments were
used in conjunction with Equations 3.7 and 3.8 to calculate the secondary and tertiary
amine concentrations and resulting time dependent concentration profiles. Figures 3.4,
3.5 and 3.6 show representative profiles for the BOF-PACM, BOB-PACM, and DGEBA-
PACM systems, respectively. In all cases, the depletion of epoxy and primary amine, the
formation and depletion of secondary amine and the formation of tertiary amines were

observed.

Differential equations describing the time dependent reaction behaviors of the systems,
based on Equations 3.1, 3.2, 3.7, 3.8, 3.9, and 3.10 and 3.11, are given by Equations 3.12

and 3.13 below.
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Table 3.1. Molecular weights of the components, their densities at room temperature
and 60°C, and the EEW and AHEW values.

Molecular Weight Density @ RT  Density @60 °C ~ EEW ~ AHEW

Component (g/mol) (g/ml) (g/ml) (gleq.)  (g/eq.
BOF 240.3 1.1858 1.1634 120.0 -
BOB 250.3 1.1501 1.1214 125.0 -

DGEBA 377.1 1.1604 1.1344 188.0 -

PACM 210.4 0.9590 0.9380 - 52.5
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Table 3.2. Resin formulations of the epoxy-amine systems and the initial concentrations
of epoxy and primary amine groups.

System Wepoxy Wamine [EP]o [PAJo
() (8 (mol/L) (mol/L)

BOF-PACM 1.0000 0.4375 3.1384 1.5682
BOB-PACM 1.0000 0.4200 2.9826 1.4903

DGEBA-PACM 1.0000 0.2793 2.2488 1.1255
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dZEtP] = —ky * [PA] * [EP] * ([OH] guto + [OH]o) — ko * [EP] * [SA] * ([OH] guto + [0H]o)
(3.12)
L = —ky % [PA] * [EP] * ([0H] quto + [0H10) (3.13)

The above set of ordinary differential equations was used to fit the experimental
concentrations such as those shown in Figures 3.4, 3.5 and 3.6 and to obtain the best fit of
ki and k2 values as described previously. These values are reported in Table 3.3. Three
experiments were conducted for the BOB and BOF systems, and all results are provided
in Table 3.3 with averages. In addition, Figures 3.4, 3.5 and 3.6 show the best-fit curves
corresponding to the k1 and k2 values obtained for those sets of data. All reported kinetic
parameters were obtained by solving the rate equations and minimizing the sum of
square errors up to a certain stage of cure where the mixtures were still liquid, and the
systems were in the “pre-gel” state. At higher concentrations above the gel point, a
diffusion term would be needed to describe the cure behavior. Therefore, Figures 3.4, 3.5
and 3.6 only present the experimental data before gelation and demonstrate that the
two-parameter model fits well with the experimental data during the initial stages of the

cure.
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One of the main purposes of this study was to measure the reactivity ratio, k2/ki. The
epoxy-primary amine addition could potentially affect the reactivity of the secondary
amine reaction, and this effect, often referred to as a substitution effect, can be measured
by the reactivity ratio between the secondary amine reactivity rate to the primary amine,
kz/k1. The substitution effect is critical since it can be used to provide insight into the
structure of the developing network. A reactivity ratio of 0.5 indicates that both the
primary and secondary amines react equally and form a completely random network. It
should be noted that a primary amine has two reactive hydrogen atoms, and a
secondary amine has one reactive hydrogen atom, thus an equal reactivity yields k:/k: =
0.5. However, a ratio less than 0.5 shows that the reactivity of the secondary amine
decreases due to the addition of an epoxy moiety to the primary amine group.!?” In this

case, a linear chain is formed first, and crosslinks will appear later in the reaction.

Table 3.3 summarizes the epoxy-primary amine and epoxy-secondary amine addition
kinetic parameters ki and k2, respectively, for all three systems. With similar methods to
the one used herein, Raman and Palmese reported reactivity ratios for a DGEBA-PACM
system at 60 °C with k: = 0.00607+0.00041 L?/(mol? min), k2 = 0.00123+0.00014 L?/(mol?
min) and kz/k1 = 0.203, which match our results closely.®"® Overall, BOF possessed the
highest epoxy-primary amine reactivity and the lowest epoxy-secondary amine
reactivity compared with BOB and DGEBA. This interesting observation suggests that

furanyl and phenyl building blocks have different influences in the epoxy-primary
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Figure 3.4. Experimental data (points) and the mode fits (lines) of the BOF-PACM
system at 60 °C. m, ¥, o, 0 and A represent the experimental concentrations of epoxy,
primary, secondary, tertiary amines and hydroxyl groups, respectively.



118

N

-

Concentration (mol/L)

Time (min)

Figure 3.5. Experimental data (points) and the mode fits (lines) of the BOB-PACM
system at 60 °C. m, ¥, o, ¢ and A represent the experimental concentrations of epoxy,
primary, secondary, tertiary amines and hydroxyl groups, respectively.
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Figure 3.6. Experimental data (points) and the mode fits (lines) of the DGEBA-PACM
system at 60 °C. m, ¥, o, 0 and A represent the experimental concentrations of epoxy,
primary, secondary, tertiary amines and hydroxyl groups, respectively.
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Table 3.3. Summary of the kinetic parameters of auto-catalytic epoxy-primary amine
addition (k1) and epoxy-secondary amine addition (kz) at 60 °C.

Epoxy-amine

system Entry ki (L?/(mol? min)) k2 (L?/(mol? min)) ka/k
expt1 0.0082 0.0014 0.171
expt 2 0.0075 0.0009 0.120

BOF-PA
© M expt 3 0.0075 0.0009 0.120
average 0.00773+0.00040 0.00107+0.00029 0.137
expt 1 0.0074 0.0017 0.230
expt 2 0.0056 0.0015 0.268
BOB-PACM expt 3 0.0056 0.0016 0.286
average 0.00620+0.00104 0.00160+0.00010 0.261
expt 1 0.0072 0.0014 0.189
DGEBA-PACM average 0.00723 0.00137 0.189
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amine and epoxy-secondary amine reactions. Reasons for this could be the differences of
(1) electron densities on the epoxy reactive groups and (2) intermolecular interactions on
the amine reactive groups. For the first hypothesis, 'TH NMR results of BOF, BOB and
DGEBA monomers showed minimal differences in epoxy peak positions (2.793 and
2.609 ppm for BOF, 2.797 and 2.621 ppm for BOB, and 2.894 and 2.743 ppm for DGEBA),
and these indicated the electron density differences on the epoxy reactive groups were
negligible. For the second hypothesis, the highly electronegative elements on the furanyl
groups (oxygen atoms) would attract the electropositive elements (hydrogen atoms) on
the amine hardener molecules, and the dipole-dipole interactions could activate the
amine groups, facilitate the epoxy-primary amine reactions and result in an elevated ki
value for BOF. However, as shown by the lowest k: value of BOF compared with BOB
and DGEBA, this effect is significantly weakened in the epoxy-secondary amine
reaction. This can be explained since hydroxyl groups, a more favorable hydrogen
bonding donor compared with primary and secondary amines, are generated and
associated with furanyl groups through a more stable hydrogen bonding. The
combination of these effects would explain the observation that BOF has the smallest
k:/ki value in comparison to the other systems as well as the highest ki constant. A
comparison between DGEBA-PACM and BOB-PACM showed that DGEBA possessed a
larger ki value and a smaller k: value. 'H NMR results indicated that epoxy peaks of
DGEBA presented at relatively higher positions compared with BOB. This indicates
DGEBA epoxy groups are more electron-deficient, i.e. more electrophilic and favored to

react with primary amines - resulting in a larger k: value compared with that of BOB.
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The structural difference between BOB and DGEBA which is responsible for this effect is
the methylene linkage present in BOB between the phenyl group and oxygen atom.
However, the secondary amine groups in the DGEBA-PACM network are perhaps more

sterically hindered by the DGEBA than BOB, resulting in a smaller k: value.

3.4. Conclusions

The results of this investigation show clear differences in the reactivity of analogue
diepoxy monomers prepared using furanyl (BOF) and phenyl building blocks (BOB).
The overall reactivity of BOF was found to be significantly greater than that of BOB.
More interestingly, the reactivity ratio kz/k: of BOF with a standard amine curing agent
was found to be about half that of BOB suggesting that the formation of the network
structures in these two systems proceed very differently during cure. In particular, in the
early stages, BOF systems should possess a network structure that is characterized by
more chain extensions than that of analogue BOB thermosets. This behavior could lead
to the differences in mechanical properties, such as strength and fracture toughness, of
these furanyl and phenyl based systems as discussed in Chapter 2. Hydrogen bonding
with the furanyl group in BOF during the course of the epoxy-amine reaction could
explain the reactivity difference with BOB systems for which hydrogen bonding with the

phenyl ring is not possible.
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Chapter 4. Synthesis and characterization of fully furanyl based epoxy-

amine systems

4.1. Introduction

Thermosetting materials are used extensively in numerous fields and for many
applications as a result of their superior thermomechanical properties, excellent
chemical resistance and outstanding processability.!' Renewable thermosetting materials
have received both academic and industrial attentions since they could potentially
provide sustainable and eco-friendly alternatives to current petroleum-derived products.
Biobased sources, such as vegetable oil, cellulose, hemicellulose, lignin, starch and chitin,
have been investigated as raw materials for preparing thermosetting resins.” 3 Epoxy
resins possessing specific biobased building blocks, such as triglyceride, furanyl and
phenol, have been reported.'® In particular, furanyl epoxy resins exhibit promising
thermal and mechanical properties when cured with amine hardeners."" Such furanyl
building blocks are primarily derived from polysaccharides and sugars and can be used
for preparing not only epoxy resins but also amine hardeners.?>1® In the previous
chapters, furanyl epoxy resins were synthesized and cured with PACM, resulting in

lower Ty and higher E'+ compared with a phenyl-based diepoxy analogue."
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Generally, between 20 to 50 wt.% of an epoxy-amine thermoset is comprised of an amine
hardener that impacts the ultimate performance of the system.!® Therefore, it is
necessary to take amine hardeners into account when designing renewable alternatives
to epoxy-amine systems. Aromatic amine hardeners are commonly used since they
endow cured thermosets with superior thermo-mechanical properties; however, most of
these hardeners, including 4,4’-methylenedianiline (MDA) and (EPIKURE W are non-
renewable and toxic."’ Cycloaliphatic diamines, such as PACM, that have reduced
toxicity can be used to make high-performance resins, but they are also derived from
non-renewable sources. Renewable furanyl derivatives are promising candidates for
preparing epoxy-amine thermosets due to their aromaticity and eco-friendliness.?* 1
Several furanyl amine compounds have been reported in literature,!'? yet neither the
synthesis of fully furanyl based epoxy-amine thermosets nor their thermo-mechanical
properties have been reported to date. The work in this chapter was to prepare and
evaluate epoxy-amine thermosets that are based fully on furanyl monomers. Thus,
thermosetting systems were prepared using the furanyl epoxy monomer, BOF, which
was evaluated in previous chapters using traditional curing agents,"' and two furanyl
amine hardeners, 5,5"-methylenedifurfurylamine (di-furanyl di-amine, DFDA) and 5,5'-
ethylidenedifurfirylamine (CHs-branched di-furanyl di-amine, CHs:-DFDA). Additional
epoxy-amine systems were prepared using DGEBA and BOB with these two furanyl
hardeners. The properties of these materials were compared to those of DGEBA and

BOB cured with the standard hardener PACM.
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42.  Experimental

42.1. Materials

Chloroform (99%), tetrahydrofuran (THF, 99.9%), sodium hydroxide (98%),
furfurylamine (99%), hydrochloric acid (37%), formaldehyde solution (37%),
acetaldehyde (99%) were supplied by Sigma-Aldrich, USA; DGEBA (n = 0.13) and
PACM (99%) were obtained from Miller-Stephenson chemicals and Air Products, USA,
respectively. All chemicals were used as received. BOF (99%) was prepared in
laboratory.!! Structures of primary materials used in this chapter are summarized in

Figure 4.1.

42.2. Preparation of DFDA and CHs-DFDA

DFDA and CH3-DFDA were prepared as previously reported in the literature.!? For
DFDA, furfurylamine (45 g, 464 mmol) and 6 M HCI solution (330 mL, 2 mol) were
charged into a 2 L round-bottom flask, and 37 wt. % formaldehyde solution (18.4 mL,
232 mmol) was added dropwise at 25 °C. After 70 minutes, the reaction mixture was
neutralized using 6 M NaOH solution (330 mL, 2 mol) and was then extracted with 200
mL chloroform several times. The combined organic layer was washed with 200 mL
distilled water, dried with anhydrous MgSO: and vacuumed to yield a reddish-brown

oily liquid. The liquid was distilled and further extracted with THF, and 10.0 g of
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Figure 4.1. Primary materials used in this chapter.
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5,5 -methylenedifurfurylamine (20.9% yield) was obtained. For CHi-DFDA,
furfurylamine (50 g, 516 mmol) and 6 M HCl solution (330 mL, 2 mol) were charged into
a 2 L round-bottom flask. The mixture was cooled to 4 °C, and acetaldehyde (15.8 mL,
258 mmol) was quickly added. The reaction was kept at 40 °C for 50 minutes then cooled
and neutralized using 6 M NaOH solution (330 mL, 2 mol). Extraction, distillation and
purification of CHs:-DFDA were similarly carried out and 125 g 55'-

ethylidenedifurfirylamine (21.4% yield) was achieved.

4.2.3. Characterization of DFDA and CHs-DFDA

'H NMR and FTIR were used for characterization. A '"H NMR (500 MHz, Varian Unity
Inova) unit was used to confirm the chemical structures of DFDA and CH3-DFDA with a
spectral window of + 2000 Hz, 90° pulse width and 16 scans at 25 °C. A FTIR
spectrometer (Thermo Nicolet Nexus) operating in transmission mode was used to
collect spectra with a resolution of 8 cm; 32 scans per spectrum were collected at 25 °C

using a deuterated tryglycine sulfate (DTGS) detector.

4.2.4. Preparation of polymer samples using DFDA and CHs-DFDA

Samples were prepared by curing DFDA, CHs-DFDA and PACM with BOF, BOB or
DGEBA at stoichiometry. The epoxy-amine combinations were mixed and cast into

rubber molds with dimensions of 35.5 x 12.0 x 2.2 mm, and cured at 80 °C and post-
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cured at 180 °C for 9 hours, respectively. Full conversion of epoxy and amine groups
was verified using transmission FTIR in the 4000-8000 cm range with 8 cm resolution
and 32 scans per spectra at 25 °C. DMA samples with dimensions of 35.4 x 11.9 x 2.1 mm
were tested using a TA Q800 DMA in single cantilever geometry with 1 Hz frequency,
15 um amplitude and 2 °C/min ramp rate from -150 to 200 °C. Each sample was tested
twice, and the second scan was used to obtain its E’ and Tg from the loss modulus curve
peak. A TA Q2000 DSC was used to measure Tgs for comparison to DMA results. Each
sample was heated, cooled and reheated from 0 to 200 °C with 10 °C/min ramp rate, and
its Ts was determined from the second heating scan. A TA Q50 TGA was used to
investigate the thermal stability of samples in an argon environment by heating from 25

to 800 °C with a 10 °C/min ramp rate.

4.3. Results and Discussion

4.3.1. Characterization of DFDA and CHs-DFDA

Figure 4.2 shows DFDA and CHs-DFDA chemical structures and their 'H NMR spectra.
'"H NMR spectra of DFDA and CHs-DFDA were consistent with those previously
reported in literature."'? Five different groups of peaks were attributed to DFDA

structure, and its purity was found to be >99%. Six different peaks were attributed to
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CHs-DFDA structure, and its purity was calculated to be 98%, with two sets of peaks
attributed to impurities: the peaks at 1.25 ppm (1%) and the peak at 1.84 ppm from THF

residue (1%), which could not be removed under vacuum overnight.

Table 4.1 summarizes the yield, purity and color of prepared DFDA and CHs-DFDA

amine hardeners.

4.3.2. Characterization of DFDA and CHs-DFDA polymer samples

To obtain fully furanyl based thermosetting materials, DFDA and CHs:-DFDA were
cured with BOF at stoichiometry. For comparison, DFDA and CHs-DFDA were also
cured with BOB and DGEBA at stoichiometry, respectively. The IR spectra of cured
samples are plotted in Figure 4.3, including the spectrum of unreacted BOF-DFDA
mixture for comparison. Within the limits of infrared spectroscopy measurements, no
trace of primary and secondary amine peaks at 4940 and 6525 cm™ or epoxy at 4530 cm!
was observed in cured samples. The absence of these peaks shows complete reaction in
the cured samples and further confirms the purity of materials since off-stoichiometric

mixtures resulting from impurities would lead to unreacted epoxy and amine moieties.
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Table 4.1. Yield, purity and color of prepared DFDA and CHs-DFDA amine hardeners
Hardener name Yield (%) Purity (%) Color
DFDA 21 99 Brownish
CHs-DFDA 22 98 Brownish
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Figure 4.3. The N-IR spectra of cured samples of DFDA and CHs-DFDA with BOF and
DGEBA, as well as the BOF-DFDA sample before cure.
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4.3.3. Thermo-mechanical Properties

Thermo-mechanical properties, such as Tg and E’, of fully furanyl based thermosetting
samples were investigated using DMA and DSC. Thermograms of storage modulus, loss
modulus and tan delta of cured BOF-DFDA and BOF-CHs-DFDA samples are given in
Figure 4.4a, b and c, respectively. In Figure 4.4a, storage modulus plots of BOF-DFDA
and BOF-CHs-DFDA show typical behavior of epoxy-amine thermosets progressing
through the glass transition temperature. The transition is, however, much sharper for
BOF-DFDA. In Figure 4.4b, BOE-DFDA shows a sharp loss modulus peak at 56 °C,
whereas BOF-CHs-DFDA displays a broader peak at the same temperature. These values
were taken as their Tgs. In Figure 4.4c, BOF-CHs-DFDA and BOF-DFDA display tan
delta peaks at 69 °C and 62 °C, respectively, which indicates that the additional methyl
group in CHs-DFDA improves the sample Ty compared with DFDA. Similar behavior
has been observed in bisphenol epoxy systems. For example, it has been reported that
DGEBA-based networks possess higher Tss than DGEBF counterparts.’® The methyl
group appears to restrict polymer chain mobility in the BOF-CHs-DFDA system as well.
The broader and lower peaks in the loss modulus and, in particular, the tan delta curves
shown in Figures 4.4b and 4.4c support this. It should be noted that these broader peaks

could also be due in part to the presence of minor impurities in CHs-DFDA.

The BOF-PACM sample was prepared in a similar way, and the DMA thermograms are

plotted in Figure 4.4. In Figure 4.4b, BOF-PACM possesses a Tg of 72 °C, 16 °C higher
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than the Tgs of BOF-DFDA and BOF-CHs-DFDA. This could be due to the presence of
the methylene groups connecting the amine groups to the furanyl rings."! It should be
noted that this effect is far less prevalent in BOF-diamine systems compared with the
DGEPP-diamine system investigated earlier, in which case the Ty difference was
105 °C."" We suggest that this occurs because the concentration of flexible methylene
linkages is reduced because the DFDA systems possess fewer methylene linkages per
ring than BOF. BOF-DFDA and BOF-PACM have (3-relaxations around -45 °C, but
interestingly, that of BOF-CH:-DFDA is significantly lower at -58 °C. This could be a

result of the bis-E type structure relative to a bis-F structure of PACM and DFDA.

In Figure 4.4a, BOF-DFDA and BOF-CHs:-DFDA possess room temperature storage
moduli around 3.5 GPa, while that of BOF-PACM is around 2.5 GPa. On the basis of our
previous work and Abrams group work, this difference could be due to the hydrogen
bonding associated with furanyl rings and the non-collinear covalent bonds linked with
furanyl rings in the cured networks.!- 1% Moreover, Figure 4.4d shows that BOF-PACM
density is lower than BOF-DFDA and BOF-CHs-DFDA. Glassy modulus is proportional
to sample density, thus further explaining these modulus differences.!'* BOF-DFDA and

BOF-CHs:-DFDA have similar densities and therefore similar moduli.

BOB was also used to cure with DFDA and CH3-DFDA, and their DMA thermograms of
storage modulus, loss modulus and tan delta curves are plotted in Figure 4.5a, b and c,

respectively. In Figure 4.5a, storage modulus plots of BOB-DFDA and BOB-CHs-DFDA
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samples also present typical behavior of epoxy-amine thermosets progressing through
the glass transition temperature. The transition is similarly much sharper for BOB-DFDA
sample. BOB-DFDA and BOB-CH3-DFDA possess room temperature storage moduli
around 3.0 GPa and 2.7 GPa, respectively, which are lower than those of BOF-DFDA and
BOF-CHs3-DFDA samples. This phenomenon could be used to confirm the existence of
hydrogen bonding associated with the furanyl rings in BOF rather than BOB in cured
networks. In Figure 4.5b, BOB-DFDA shows a sharp loss modulus peak at 67 °C, while
BOF-CHs-DFDA displays a broader peak at 69 °C, and these values were taken as their
Tgs. It should be noted that, when cured with DFDA and CH3-DFDA, BOB maintains
higher Tes than BOF by 11 °C and 13 °C. When cured with PACM and EPIKURE W,
these T; differences between BOB and BOF are 29 °C and 44 °C, respectively. This
occurrence could be because that the increasing concentration of flexible methylene
linkages in the chemical structures of amine hardeners eliminates the T enhancement of
the phenyl building block relative to the furanyl building block. In Figure 4.5c, BOB-
CHs-DFDA and BOB-DFDA display tan delta peaks at 85 °C and 75 °C, respectively, also
indicating the additional methyl group in CHs-DFDA increases the sample T relative to

DFDA.

To further evaluate the properties associated with DFDA and CHs-DFDA, the viability
of their use in conjunction with commercial epoxy resins, such as DGEBA, was explored.
Polymer samples were prepared by curing DGEBA with DFDA, CHs-DFDA and PACM.

The DMA results are summarized in Figure 4.6. In Figure 4.6a, storage moduli of
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DGEBA-DFDA and DGEBA-CH:-DFDA drop into the rubbery region at a lower
temperature compared with DGEBA-PACM, indicating that they possess lower Tgs. In
Figure 4.6b, all samples show sharp loss modulus peaks, indicating their cured networks
are homogeneous. As shown by loss modulus peak temperatures, DGEBA-DFDA and
DGEBA-CHs-DFDA exhibit Tgs of 121 °C and 128 °C, respectively. A higher Ty for
DGEBA-CH;-DFDA results from the additional methyl group in CHs-DFDA structure.
DGEBA-PACM displays a Tg of 168 °C, 240 °C higher than DGEBA-DFDA and DGEBA-
CHs-DFDA, which is due to the additional methylene linkage connecting the ring
structure to the amines in DFDA and CHs-DFDA structures. Figure 4.6c presents a
similar trend of Tgs based on tan delta peaks. Meanwhile, DGEBA-CHs-DFDA
consistently displays broader and lower tan delta and loss modulus peaks compared

with DGEBA-DFDA. This is also a result of the additional methyl group in CHs-DFDA.

DSC measurements of these polymer samples were conducted and their second heating
scans are plotted in Figure 4.7. Figure 4.7a summarizes the BOF samples cured with
DFDA, CHs-DFDA and PACM. As shown, BOF-DFDA and BOF-PACM exhibit sharp
glass transitions, while that of BOF-CH3-DFDA is less pronounced. This could be due to
the additional methyl group in the CHs-DFDA structure since this methyl group is
located on the methenyl group connecting two furanyl rings, which appears to restrict
polymer chain mobility during the glass transition stage when experiencing the
transition from glassy stage to rubbery stage. This hypothesis is also supported by the

broader and lower peaks in DMA loss modulus and tan delta curves of the BOF-CHs-
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DFDA sample in Figures 4.4b and c. Tgs of these cured samples were detected from their
second heating scans of DSC traces and were found to be similar to those from DMA
loss modulus measurements. Figure 4.7b summarizes DSC second heating scans of those
DGEBA samples cured with DFDA, CHs-DFDA and PACM. DGEBA-DFDA and
DGEBA-PACM consistently exhibit sharp glass transitions, while the transition of
DGEBA-CH;-DFDA is relatively smooth due to the additional methyl group in CHs-
DFDA. Tgs of these samples were similarly detected from the DSC traces and they match

with those from DMA loss modulus measurements.

It is worth noting that the Ts of DGEBA-PACM (168°C) was 96 °C higher than that of
BOF-PACM (72 °C), which primarily resulted from the additional methylene groups
connecting with furanyl rings in BOF epoxy.! However, Tgs of DGEBA-DFDA and
DGEBA-CHs-DFDA were only ~68 °C higher than those of BOF-DFDA and BOF-CHs-
DFDA, meaning this Ty difference was significantly reduced when DFDA and CHs-
DFDA were used. This further supports our hypothesis that reducing the content of
methylene linkages increases Ts. BOF epoxy possesses two methylene linkage groups
and one furanyl group, giving a ratio of two methylene groups per furanyl group, but
DFDA and CH3-DFDA possess a ratio of three methylene groups per two furanyl groups.

So, it appears that each methylene spacer per ring reduces the Tg by 32-34 °C.
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Figure 4.6. DMA thermograms and densities at RT of polymer samples of DGEBA cured
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4.3.4. Thermal stability properties

TGA was used to investigate thermal properties of cured samples of DFDA, CHs-DFDA
and PACM with BOF and DGEBA in the argon atmosphere. TGA thermograms of cured
samples are shown in Figures 4.8a and b, respectively. As shown in Figure 4.8a, the
thermal decomposition temperatures corresponding to 5 wt.% loss are 272 °C for BOF-
DFDA and BOF-CHs-DFDA, and 303 °C for BOF-PACM. However, BOF-DFDA and
BOF-CH3-DFDA exhibit significantly lower degradation rates than that of BOF-PACM.
For example, char yields at 500 °C are 51 wt.% and 46 wt.% for BOF-DFDA and BOF-
CHs-DFDA, respectively, but 7 wt.% for BOF-PACM. This indicates furanyl structures in
amine hardeners transform to more stable forms during degradation compared with
cycloaliphatic groups in PACM. Remarkably, at 750 °C, while BOF-PACM shows 6 wt.%
char yield, an impressive 40 wt.% and 39 wt.% char yield was observed for BOF-DFDA
and BOF-CHs-DFDA samples, respectively. In Figure 4.8b, the thermal decomposition
temperatures corresponding to 5 wt.% loss are 301 °C and 315 °C for DGEBA-DFDA and
DGEBA-CHs-DFDA, respectively, and 336 °C for DGEBA-PACM, which suggests the
promising chemical stability of samples prepared with furanyl amine hardeners.
Degradation rates of DGEBA-DFDA and DGEBA-CHs-DFDA are consistently lower
than that of DGEBA-PACM. BOF samples exhibit slightly lower decomposition
temperatures but much lower degradation rates compared with DGEBA systems. This
indicates that although furanyl monomers begin to decompose at lower temperatures,

the furanyl structures are transformed to more stable forms during degradation relative
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Figure 4.8. TGA thermograms of polymer samples of DFDA, CHs-DFDA and PACM

with BOF and DGEBA, respectively, in the argon environment.
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to phenyl structures. The lower degradation temperatures in furanyl systems could be
due to less chemically stable aliphatic bonds in the cured networks. High char yields
associated with the furanyl monomers could prove advantageous for applications

regarding high-temperature durability.

4.4. Conclusions

Fully furanyl based thermosetting polymers were prepared and their thermal and
mechanical properties were investigated using different techniques. These biobased
thermosets present high performance with promising Tgs above 50 °C, high room
temperature storage moduli of 3.5 GPa and good thermal stability up to 272 °C (5 wt.%
loss) in argon environment. Used as curing agents for DGEBA, DFDA and CHs-DFDA
show excellent performance with Tgs well above 120 °C. Therefore, renewable furanyl
based thermosetting materials exhibit the potential to be utilized as alternatives for
conventional thermosetting epoxy-amine resins, especially as coating and adhesive
applications. More interestingly, this work enables quantification of the effect of
methylene spacers between the aromatic ring and amine on Tg. The type E bis-furanyl
diamine results in higher Tgs but broader glass transitions relative to the type F bis-
furanyl diamine. In addition, furanyl based polymers have higher densities, resulting in

higher glassy moduli relative to phenyl and cycloaliphatic epoxy-amine systems.



145

Chapter 5. Synthesis and characterization of thermosetting furanyl based

vinyl ester resin systems

5.1. Introduction

In addition to thermosetting epoxy and amine materials, preparing vinyl ester (VE)
resins using renewable resources as alternatives of petroleum feedstocks has also
obtained significant attentions. The furanyl building block could also be a promising
candidate for synthesizing thermosetting VE resins and a direct property comparison
with the phenyl analogous VE resin is desirable. In this chapter, analogous furanyl and
phenyl di-vinyl ester resin were synthesized through methacrylation of BOF and BOB
epoxy monomers. With styrene (ST) as a reactive diluent at varying weight fractions (10,
20 and 30 wt%), VE polymer samples were thermally cured via free-radical
polymerization. Thermo-mechanical properties of prepared polymer samples were
measured using DMA and it was found that furanyl based VE samples possessed Tgs
between 117 °C to 134 °C, which were lower than those of phenyl based VE samples at
119 °C to 146 °C. Cure kinetics studies of furanyl and phenyl VE resins were also
conducted using M-IR, in which the furanyl building block showed different influences

to the cure reactions relative to its phenyl analogue.
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5.2.  Experimental

5.2.1. Materials

Chemicals, including styrene (99%), methacrylate acid (99%), hydroquinone (99%),
cobalt napthenate (CoNap) which is used as a catalyst to promote RT cure, were
purchased from Sigma-Aldrich, USA; 1,4-bis(glycidyloxy)-benzene (DGEPP, 97+%) was
purchased from Alfa Aesar, USA; AMC-2, a mixture of 50% trivalent organic chromium
complexes and 50% phthalate esters, was purchased from Aerojet Chemicals, USA.
Trigonox 239A, which contains 45% cumeme hydroperoxide, was purchased from Akzo
Nobel Chemicals, USA. All chemicals were used as received. BOF and BOB were

prepared in laboratory.

5.2.2. Preparation of VE resins

BOF VE, BOB VE and DGEPP VE resins were prepared through the methacrylation
reaction of BOF, BOB and DGEPP epoxy monomers, respectively. For example, 12.0 g of
BOF (50.1 mmol) and 7.5 g of methacrylic acid (110.2 mmol) were charged into a 20 mL
vial containing a magnetic stirrer. 1.0 wt% of AMC-2 and 0.01 wt% of hydroquinone
(based on the total weight of reactants) were added. The vial was sealed and reacted at

70 °C for 1 hour followed by 90 °C for another 3 hours. The color of the mixture changed
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from light green to dark green and the reaction completion was determined using both

GPC and '"H-NMR with an epoxy conversion of 99+%.

5.2.3. Characterization of VE resins

Directly used without purification process, prepared VE resins were characterized using
FTIR and 'H-NMR. Functional groups, such as furanyl and phenyl rings, ester and
carbon-carbon double bond, were identified using a Thermo Nicolet Nexus 870 FTIR
and the spectra were recorded in the 650 - 4000 cm™ range at RT."H-NMR was used to

characterize their chemical structures on a 500 Hz VARIAN VXR-Unity instrument.

5.2.4. Cure kinetics of VE resins

Cure kinetics of these VE resins was conducted using a Thermo Nicolet Nexus 870 FTIR
spectrometer in the transmission mode. ST was blended with BOF VE, BOB VE and
DGEPP VE resins at 0, 10, 20 and 30 wt%, respectively. 0.375 wt% CoNap and 1.5 wt%
trigonox 239A (based on the total weight of mixtures) were added into VE resins. A
small amount of well mixed resin mixtures was compressed between two NaCl
transparent crystal plates (International Crystal Labs) with a 25 mm diameter. A Teflon
spacer with a 0.025 mm thickness was used between these two plates to keep a constant
sample thickness and to prevent the evaporation of styrene. The sandwich assembly was

placed into a temperature controlled aluminum sample holder which allowed for
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control of temperature within + 0.5 °C of the set temperature point. 30 °C was used as
the set point. A background scan was performed before each experiment using empty
crystal plates. The conversion, a, was calculated by measuring the peak height of
reactive groups relative to an internal standard which remained the same during the

reaction.

5.2.5. Preparation of VE polymer samples

ST was blended with BOF VE, BOB VE and DGEPP VE resins at 0, 10, 20 and 30 wt%,
respectively. 0.375 wt% CoNap and 1.5 wt% trigonox 239A (based on the total weight of
mixtures) were added into VE resins. After mixing, the resin mixtures were poured into
an aluminum mold with uniform dimensions of 10 x 40 x 2.0 mm and sealed to prevent
evaporation of ST. Samples were allowed to cure at RT for 12 hours and then post cure
at 200 °C for additional 2 hours, followed by being sanded to uniform dimensions of 10 x

39 x 1.9 mm for DMA measurements.

5.2.6. Polymer properties

Thermo-mechanical properties, such as Tz and E’, of BOF VE, BOB VE and DGEPP VE
polymer samples with different weight fractions of ST were measured using DMA on a

TA Instruments 2980 in single cantilever geometry with a frequency of 1 Hz and an
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amplitude of 15 um. Temperature ramp rate was at 2 °C/min from — 160 °C to 200 °C. T

was assigned as the temperature corresponding to the peak of loss modulus curve.

5.3. Results and Discussion

5.3.1. Characterization of VE resins

As shown in Figure 5.1, M-IR spectra of BOF VE indicated the peaks corresponding to
epoxy groups, such as 3051 cm™ (stretching of C-H in oxirane ring), 926 cm™ (oxirane
ring breathing), 860 and 1254 cm™ (C-O-C), were all no long visible, meaning epoxy
groups were fully reacted. In addition, furanyl rings, reflected by the peaks at 772 cm™!
(mono-substituted furanyl ring), 1081 cm™ (furanyl ring breathing) and 1554 cm (C=C
in furanyl ring),® were still present in BOF VE. The broad absorption at 3200 - 3500 cm™!
associated with formed hydroxyl groups and the peak at 943 cm™ corresponding to the
attached methacrylate groups were also present in BOF VE.822 Therefore, it was clearly

shown that epoxy groups of BOF reacted with methacrylic acid to form BOF VE.

TH-NMR was used to confirm the chemical structure of BOF VE. As shown in Figure 5.2,
peaks at 0 = 6.3 ppm was attributed to the protons in furanyl ring (designated as protons
1), which can be used to indicate the furanyl ring structure. Peaks at 6 = 4.5 ppm (-OCH2-

furanyl ring, 2H) corresponded to protons 2 connecting the glycidyl ether moiety to the
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Figure 5.1 The M-IR spectra of prepared BOF VE monomer (red) and BOF monomer
(black).
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furanyl ring. Peaks at d = 3.5 - 3.6 ppm indicated protons 3 of methylidyne. Peaks at d =
4.05 ppm reflected proton 4 connecting the hydroxyl group. Peaks at o = 4.2 ppm
corresponded to the protons of methylene on position 5. Peaks at d = 5.6 and 6.1 ppm
corresponded to the protons 6 on the carbon atom of side C=C bond. Peaks at d = 1.95
ppm reflected the protons 7 on the ending —CHs group. Integrated values of the area
under these peaks matched with the ratio of proton numbers at different positions.

Therefore, it was concluded that BOF VE was prepared as expected.

BOB VE and DGEPP VE were similarly prepared and characterized. Figure 5.3 and
Figures 5.4 plot the 'TH-NMR spectra of prepared BOB VE and DGEPP VE monomers,
respectively, with the peaks assigned and labeled according to their chemical structures.
Table 5.1 summarizes the yield, purity, viscosity and color of prepared BOF VE, BOB VE

and DGEPP VE monomers.

5.3.2. Polymer properties

DMA thermograms of cured polymer samples of BOF VE, BOB VE and DGEPP VE with
10, 20 and 30 wt% ST are plotted in Figure 5.5, Figure 5.6 and Figure 5.7, respectively. As
shown in Figure 5.5a, BOF VE sample without ST possessed E’rr at 3.95 GPa, and Tg
around 134 °C from a broad loss modulus transition. This broad loss modulus curve was
typical because of the unreacted double bonds trapped in VE networks in the absence of

reactive diluents as observed in other VE systems.® BOF VE sample with 10 wt% ST
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Table 5.1. Yield, purity, viscosity and color of prepared BOF VE, BOB VE and DGEPP
VE monomers
Monomer name Yield (%) Purity (%) Viscosity at 30 °C (Pa.s) Color
BOF VE 100 >99 1.10 Light green
BOB VE 100 >99 1.10 Light green
DGEPP VE 100 >99 Solid Light green




156
showed E’rr at 3.52 GPa, and Tgaround 118 °C from a narrower loss modulus curve.
Generally, when ST was blended into BOF VE, cured polymer samples showed
decreased E’rr and lower Tg compared with BOF VE without ST. The reason for this
behavior is that polystyrene possesses Tg around 100 °C,'*> lower than that of BOF VE.
The addition of ST facilitated and improved the cure conversion of BOF VE which also
resulted in the narrower loss modulus curves for BOF VE samples with ST. In Figure
5.6a, BOB VE without ST showed E’rr at 3.77 GPa and Tgaround 119 °C from a very
broad loss modulus transition. The broad loss modulus curve was also due to the
incomplete cure of BOB VE resin without blending reactive diluents. BOB VE sample
with 10 wt% ST showed E’rr at 3. 25 GPa, and a Tg around 146 °C from a narrower loss
modulus transition. Clearly, the conversion of BOB VE was enhanced by adding ST
since sample Ty was increased by 27 °C rather than decreasing and the loss modulus
curve became narrower. Phenyl building block, relative to furanyl building block,
should endow VE resins with higher Tgs based on the comparison of Figure 5.5b and
5.6b. BOB VE sample with 20 wt% ST presented E’rr at 3.19 GPa, and T around 123 °C
from an even narrower loss modulus transition, confirming the addition of ST enhanced
the conversion of BOB VE and also decreased E’rr and Ts of cured polymer samples. In
Figure 5.7a, DGEPP VE without ST possessed E’rr at 3.75 GPa, and a very broad loss
modulus transition from 80 °C to 160 °C. Also due to the incomplete cure of VE resins
with the absence of reactive diluents, this transition was broader than those of BOF VE
and BOB VE because of the chemical structure differences, i.e. the absence of methylene

groups in DGEPP VE as shown in Chapter 2, which made DGEPP VE less flexible.
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DGEPP VE sample with 10 wt% showed E'rr at 3.59 GPa and Tsaround 146 °C from a
less broader loss modulus curve. DGEPP VE sample with 20 wt% showed E’rr at 3.35
GPa and Tgaround 157 °C from an even narrower loss modulus curve. These results
clearly showed that adding ST also improved the conversion of DGEPP VE and, due to
its less flexibility, a higher concentration of ST was needed to do so in DGEPP VE system.
Since polystyrene possesses a Tg of 100 °C, with weight fractions higher than 30 wt% of
ST, a Tg reduction of cured DGEPP VE samples is believe to occur. In addition, DGEPP
VE systems showed higher Tgs compared with BOF VE and BOB VE systems because of

the lack of two methylene groups in DGEPP VE structure.

T, E’rr, room temperature density, VE conversion and ST conversion of BOF VE, BOB
VE and DGEPP VE post-cured polymer samples are summarized in Table 5.2. Density
values of these samples were measured using a calibrated density gradient column at RT.
As shown, BOF VE samples are denser than BOB VE samples as well as DGEPP samples,
suggesting furanyl building block is denser relative to its phenyl analogue. DGEPP VE
samples are also denser than BOB VE samples due to the lack of methylene linkages in
the chemical structure. Density values of all BOF VE, BOB VE and DGEPP VE samples
decrease with the increasing ST content due to the lower RT density of polystyrene
which is 1.040 g/cm?. The trend of density values of these VE samples matches with the
trend of their E’rr values. Although styrene conversion is more than 99% in all cases, the

ultimate conversions of VE double bonds in BOF VE systems are systematically higher
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Figure 5.5. DMA thermograms of BOF VE polymer samples blended with styrene (ST) at

0, 10, 20 and 30 wt%.
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relative to BOB VE systems with different ST weight fractions, indicating the furanyl
building block can improve VE double bond conversion compared with its phenyl
analogue. The ultimate conversion of VE double bonds in DGEPP VE systems is lower
than BOB VE systems. The addition of ST shows less improvement on the ultimate
conversions of VE double bonds in BOF VE system compared with BOB VE and DGEPP
VE systems. This observation matches with the DMA T; trends of these three VE
systems that Tgs of BOF VE samples decrease with increasing ST contents from 0 to 30
wt%, while Tgs of both BOB VE and DGEPP VE samples initially increase when adding
10 wt% of ST but decrease when more ST is added. Generally, increasing ST content
improves the ultimate conversion of VE double bonds while it has little effect on the
ultimate conversion of ST double bonds. This is because styrene acts as a reactive diluent
in thermosetting VE resins and facilitates the mobility of VE molecules to find available

reactive site to crosslink after gelation occurs.®>

5.3.3. Cure kinetics of VE resins

A cure kinetics investigation of BOF VE and BOB VE with different weight fractions of
ST was conducted at 30 °C. For VE-ST systems, the depletion in carbon-carbon double
bonds of both VE and ST monomers indicated the cure reaction, i.e. polymerization. In
M-IR spectra, the absorbance at 946 cm™ and 948 cm™ corresponded to the out-of-plane
bending of =C-H bonds in vinyl groups of BOB VE and BOF VE, respectively. The

absorbance at 914 cm™! corresponded to the =C-H bonds in vinyl groups of ST.""¢ These
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Table 5.2. Tg, E’rr, room temperature density, VE conversion and ST conversion of BOF
VE, BOB VE and DGEPP VE polymer samples

Tg E’rr Density @ RT

i ST i
(OC) (GPa) (g/cm3) VE conversion conversion

Sample name

BOF VE 0wt% ST 134  3.95 1.304+0.001 0.89 -

BOF VE 10wt% ST 118  3.52 1.274+0.001 0.89 0.99
BOF VE 20wt% ST 120  3.35 1.255+0.001 0.92 0.99
BOF VE 30wt% ST 117 3.04 1.222+0.001 0.91 0.99
BOB VE 0wt% ST 119  3.77 1.279+0.001 0.71 -

BOB VE 10wt% ST 146  3.25 1.251+0.001 0.77 0.99
BOB VE 20wt% ST 123 3.19 1.240+0.001 0.81 0.99
BOB VE 30wt% ST 127  3.08 1.206+0.001 0.81 0.99
DGEPP VE 0wt% ST ~120 3.75 1.298+0.001 0.54 -

DGEPP VE 10wt% ST 146  3.59 1.270+0.001 0.69 0.99
DGEPP VE 20wt% ST 152 3.35 1.243+0.001 0.74 0.99

DGEPP VE 30wt% ST 157  3.20 1.219+0.001 0.73 0.99
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peaks were monitored independently during cure for reaction kinetics. Internal
reference peaks were also used to eliminate the effects associated with component
evaporations and dimensional changes. For BOB VE-ST systems, the peak at 815 cm!
corresponding to the aromatic phenyl =C-H bonds in BOB VE and the peak at 703 cm™ in
ST were selected. For BOF VE-ST systems, the peak at 802 cm™ corresponding to the
aromatic furanyl =C-H bonds in BOF VE and the peak at 703 cm™ in ST were used.
Equations 5.1, 5.2 and 5.3 were used to normalize and calculate fractional conversions of
BOB VE, BOF VE and ST from the M-IR experimental data, respectively.* ¢ In these
equations, a was the fractional conversion of carbon-carbon double bonds associated

with each monomer at time t, and ABS was the peak absorption intensity at time t.

( ABS()g46 cmn—1

ABS(t=0) - )
946 cm 1/( ABS(D)gy5 et ) (5.1)

ABS(t=0)g5 cm—1

agopye(t) =1—

< ABS(t)948 cm™1

ABS(t=0)g,g cm— )
948 1/( ABS()gy et ) (52)

ABS(t=0)g0; i1

agorve(t) =1—

( ABS()g14 cm~1

ABS(t=0)g14 cm— )
914 1/( ABS(E), 05 ot ) (53)

ABS(t=0)703 cp—1

asr(t) =1-
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Figure 5.8 shows the fractional conversions of carbon-carbon double bonds for BOF VE
and ST monomers as a function of time in BOF VE-ST systems at 30 °C. The effect of ST
weight fraction on BOF VE conversion is shown. As the ST weight fraction increased,
fractional conversions of both VE and ST monomers were improved. Similar results

were also observed in the BOB VE-ST systems as shown in Figure 5.9.

As introduced in Chapter 1, empirical models can be used to fit the cure behavior of
thermosetting VE systems throughout polymerization reaction. Equations 1.14 and 1.15
were employed in this works to fit the fractional conversions of VE and ST monomers in
the BOF VE-ST and BOB VE-ST systems and to obtain parameters, including reaction
rate constant, k, and the reaction order, m. As a representative of all cases, Figure 5.10
shows the model fitting of experimental fractional conversions of BOF VE and ST
monomers in BOF VE 30 wt% ST system at 30 °C using Equation 1.15. Model fitting of
the other cases are given in Appendix B. These curves indicate that the model can fit the
experimental data well. This was so for all other cases. Table 5.3 summarizes the
obtained maximum fraction conversion, reaction rate constant and reaction order results
for all investigated BOF VE-ST and BOB VE-ST systems at 30 °C. As shown, the reaction
order, m, was shown to be between 0.54 to 0.87, with an average value of 0.74 for both
VE and ST monomers for all resins compositions at 30 °C. Brill et al.®* and Lam et al.’"”
reported the reaction order values of VE resins to be around 0.85 for isothermal cure at
temperature ranging between 90 °C to 120 °C. This indicated that the employed

empirical autocatalytic kinetic model was suitable to fit the BOF VE-ST and BOB VE-ST
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Figure 5.8. Fractional conversions of carbon-carbon double bonds for BOF VE and ST
monomers as a function of time in BOF VE-ST systems at 30 °C.
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Figure 5.9. Fractional conversions of carbon-carbon double bonds for BOB VE and ST
monomers as a function of time in BOB VE-ST systems at 30 °C.
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monomers in BOF VE 30 wt% ST system at 30 °C using Equation 1.15.
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cure data and the obtained reaction rate constant values were reliable. In BOB VE-ST
systems, when 10 wt% ST was added into BOB VE, vinyl groups in ST monomers
showed a comparable reaction rate constant to that of BOB VE monomer. When more ST
was added, the reaction rate constants of both BOB VE and ST monomers significantly
decreased with ST weight fractions, and ST monomers started reacting more slowly
compared with BOB VE monomers. This observation of lower reaction rates for ST
monomers matched with the results reported in literature.®? 82 18 Similar trends were
also found in the BOF VE-ST systems. It is expected that the network structures formed
during the initial stage of cure could be affected by different reaction rates of vinyl
groups of VE and ST monomers. In addition, the reaction rate constants of both BOF VE
and ST monomers in BOF VE-ST systems were found to be consistently higher
compared with those in BOB VE-ST systems, indicating that the furanyl building block,
relative to its phenyl analogue, increases the reaction rates of both VE and ST monomers.
It is also observed in Table 5.3 that the ultimate fractional conversions of both VE and ST
double bonds in the BOF VE and BOB VE systems increase with increasing ST content at
30 °C. The increased VE double bond conversion is because the addition of ST facilitates
the mobility of VE resins to crosslink with reactive sites and a higher fraction of VE is
needed to react and incorporate into cured networks to reach a 30 °C vitrification
temperature at higher ST concentrations. The increased ST double bond conversion is
also due to the improved mobility of reactive species that more ST can be incorporated

in cured networks at higher ST concentrations.®
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Table 5.3. Maximum fractional conversion and the parameters of autocatalytic kinetics
model for the isothermal FTIR cure experiments of BOF VE-ST and BOB VE-ST systems

at 30 °C
Systems 10 wt% ST 20 wt% ST 30 wt% ST
Qu k m Ou k m O k m
BOBVE-ST_ VE 024 072 054 045 028 08 047 015 0.1
BOBVE-ST ST 032 074 056 056 021 083 075 009 077
BOF VE-ST_VE 031 094 087 036 036 061 037 033 078
BOF VE-ST_ ST 024 092 083 064 025 062 071 016 0.75




170
As discussed previously, VE resins cure via free radical bulk copolymerization of VE
and ST monomers. The copolymerization behavior of these two co-monomers can
significantly affect the ultimate network structures and their thermo-mechanical
properties. For a VE-ST system, the propagation equations are listed as Equations 5.4 to
5.7, where the superscripts represent active species and kj indicates reaction rate
constants. A main assumption is the reactivity of a growing chain solely depends on the
terminal unit reactivity. Equation 5.8 was the employed copolymer composition
equation, where [Mi] and [M:] are the initial molar concentrations of carbon-carbon
double bonds of ST and VE monomers, respectively. r1 and 12 are the reactivity ratios of
vinyl groups of ST and VE monomers, respectively. An expression for d[M:]/d[Mi] is
shown in Equation 5.9. Values of r1 and r2 can provide valuable information regarding
the monomer compositions in formed copolymers. Fractional conversions of ST and VE
monomers in both BOF VE-ST and BOB VE-ST systems from the M-IR study were used
to obtain the r1 and r2 values. Equation 5.8 was used to plot r2 as a function of r1 for
different [Mi] to [M:] ratios, and the intersection of the lines gives the r1 and r2 values.
Figure 5.11a and b show these plots for BOF VE-ST and BOB VE-ST systems for 30 °C

cure, respectively.

As shown in Figure 5.11a and b, obtained r1 and r: values were 0.60 and 0.12,
respectively, in BOF VE-ST systems at 30 °C, and 11 and r2 values were 0.54 and 0.23 in

BOB VE-ST systems. Based on these values and the definition of the reactivity ratios
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k
ST* + ST =5 ST —ST* (5.4)
* klz *
ST*+VE — ST —VE (5.5)
* k21 *
VE*+ ST - VE — ST (5.6)
k22
VE*+VE - VE —VE* (5.7)
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Figure 5.11. Plots of r2 as a function of r1 in (a) BOF VE-ST systems and (b) BOB VE-ST
systems at 30 °C. Values of the line intercepts are also labeled inside the plots.
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given in Equation 5.8, it may indicate that an active ST prefers to react with a VE rather
than with another ST, and an active VE prefers to react with a ST rather than with
another VE in both furanyl and phenyl VE systems during the initial stage of 30 °C cure.
The furanyl building block didn’t show a distinctly different influence on VE resins
relative to its phenyl analogue in this case. Nevertheless, further investigations
regarding the influence on VE resin structures are necessary. In particular, different cure
temperatures should be conducted because temperature also has strong effects to the

reactivity ratios of VE and ST monomers.

5.4. Conclusions

This chapter investigated the influence of furanyl building block on the thermo-
mechanical properties of thermosetting vinyl ester resins. It was found that the furanyl
based VE systems possess lower glass transition temperature compared with the phenyl
analogues, similar to the observations in thermosetting epoxy resin systems. The Tg
differences between furanyl and phenyl VE systems were smaller compared to those in
the epoxy resin systems. Investigation of cure kinetics at 30 °C of these two parallel vinyl
ester systems also indicated the different influences of furanyl building block relative to

the phenyl analogue.



174

Chapter 6. Additive molar function analysis of furanyl building block to the

physical properties of thermosetting polymers

6.1. Introduction

The ability to predict the key physical properties of polymer materials from their
molecular structures prior to synthesis is of significant value in the design and
preparation of polymer materials. With the recent rapid developments of technological
applications, property performance requirements of polymer materials that used in
these applications become more stringent. Therefore, the chemical structures of
polymers that are suitable for advanced applications have also grown in complexity. As
a result, the development of predictive computational abilities to evaluate candidates for
specific applications has raised a wide interest.!” Developing a simple general method
based on the empirical and semi-empirical quantitative structure versus property
relationships for predicting physical properties of polymers from the structures of their
repeating units is highly desirable and applicable. Additive molar function or group
contribution techniques are commonly used methods to predict polymer properties
from their molecular structures and provide many useful simple correlations.'® In this
method, polymer properties are expressed as sums of additive contributions from
distinct building blocks of the repeating units in their structures. In order to predict the

property values of other polymers that are built using the same building blocks, this
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method requires existing experimental data of polymer properties to develop a list of
group contributions that are available for use.'” The current dissertation work provides
available data of many physical properties, including Tg, density and modulus, of
furanyl based thermosetting polymer materials which can be used for developing group
contribution parameters associated with the furanyl ring. In this chapter, an additive
molar function analysis of the furanyl building block in relation to the physical
properties, such as glass transition temperature, density and glassy storage modulus, of
thermosetting polymers was conducted. The molar glass transition function value (Yj)
and molar volume increment value (Va,) of the furanyl building block for thermosetting
epoxy-amine polymers were obtained. To our knowledge, such values do not exist in
literature and will be very useful to allow us to estimate and predict physical properties
of other furanyl based polymer materials besides thermosetting epoxy, amine and VE

materials.

6.2.  An additive molar function for the density calculation

Mass and packing are two most essential factors for determining the densities of
materials. Mass of materials is clearly defined and measurable, while packing is not easy
to be measured since it is highly dependent to many variables, such as the electronic
structures of atoms, the bonding forces between atoms and the spatial structures of

materials. The group contribution methods for molar volumes of materials at RT were
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proposed by Traube at 1895 and Le Bas at 1915. Ever since then, a continuous effort has
been performed by researchers on developing and advancing this concept for different
types of materials. Being successful in predicting molar volumes of organic liquids at RT
with satisfying accuracies, extensive systems of group contributions were developed for
materials at solid states. Equation 6.1 is a simplified expression of group contributions
for the molar volume per structural unit of glassy state polymer materials, and the
recommended values for the group contributions (increments) to the various molar
volumes at 298K are available in literature.'? Vg (298K) is the sum of group contribution
values to the molar volume at 298K for structural groups in the repeating unit of a glassy
state polymer material and Vai (298K) is the group contribution value to the molar

volume at 298K for an individual structural group in a repeating unit.

V,(298K) = 3 V,,(298K) (6.1)

This method was applied to our thermosetting furanyl and phenyl epoxy-amine systems
to validate its applicability. Figure 6.1 shows the repeating unit in the cured network
structure of a BOB-PACM system, together with its groups, number of the groups and
Vai values for the group contribution to the molar volume at 298K. In Figure 6.1, V.
(298K) for these structural groups are either obtained directly from literature or

calculated based on the available values of groups with similar structures.!?
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Figure 6.1. Repeating units in the cured network structures of (a) BOB-PACM system
and (b) BOB-EPIKURE W system. Groups, numbers of groups and values for the group
contributions to the molar volumes at 298K are also included.
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With the molecular weight of structural repeating unit being 355.47 g/mol, its calculated
density pg(298K) based on this additive molar function is 1.112 g/cm? close to its
experimental measured density pexp.(298K), 1.178 g/cm?®. Detailed calculations can be

found in Appendix C.

The same calculation was conducted for BOB-EPIKURE W system. Its repeating unit in
the cured network structure, groups, number of the groups and values for the group
contributions to the molar volumes at 298K are included in Figure 6.1. Va,i (298K) for
most involved structural groups are available in literature except the EPIKURE W-like
group. In this case, this structure is treated as a combination of two known structures,
one 2,5-Tolyl group and two ethyl groups, and its Va,i (298K) is calculated as the sum of
the known Va,i (298K) of these two groups. It should be noted that this calculated value
could be slightly different from what it should be due to the simple “add-on” treatment.
With the molecular weight of structural repeating unit being 339.43 g/mol, the calculated
density pg(298K) of BOB-EPIKURE W based on this additive molar function is 1.104
g/cm?, slightly different from its experimental measured density pext(298K) which is
1.198 g/cm?®. This deviation could be due to the inaccuracy of Va,i (298K) for the
EPIKURE W-like group and a future improvement can be made if its accurate value is

available.

With a general good agreement with the experimental density values, this additive

molar function method for density calculation was applied to the polymer samples in



179
both furanyl and phenyl epoxy-amine systems, and our interest is to calculate the value
for the furanyl group contribution to the molar volumes at 298K. The experimental RT
density values of polymer samples were measured using a calibrated density gradient
column and the results are summarized in Table 6.1. Storage moduli at the temperature
relative to the Tgs of polymer samples in thermosetting furanyl and phenyl epoxy-amine
systems were obtained from the DMA data in Chapter 2 and summarized in Table 6.2.
The temperature at which these storage moduli were measured was consistently 46 °C
lower than the sample Tg in order to eliminate the influence of differences between the
testing and glass transition temperatures. Several interesting observations can be found
in Table 6.1. As shown, at a given weight ratio of epoxy monomers, BOF based polymer
samples always possessed higher density values compared with BOB based samples.
The density values of polymer samples decreased with the increasing weight fractions of
DGEBA in both furanyl and phenyl epoxy-amine systems. EPIKURE W cured polymer
samples consistently showed higher density values compared with PACM cured
samples. In Table 6.2, storage modulus values of BOF based polymer samples decreased
with the increasing DGEBA content in both PACM and EPIKURE W cured systems,
while BOB based samples did not show a similar trend. BOF based polymer samples
always showed higher storage modulus values relative to BOB based samples at a given
DGEBA content in both PACM and EPIKURE W cured systems, matching with their
higher density values relative to the phenyl analogues. These observations are

supportive for the existence of hydrogen bonding associated with furanyl rings and the
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non-collinearity of covalent bonds connecting with furanyl rings which were discussed

in Chapter 2.

In each curing agent category, two parallel polymer systems were paired together for
conducting the additive molar function analysis. For example, relevant information of
BOF-PACM and BOB-PACM samples is shown Figure 6.2. With the known molecular
weight of the repeating unit and the measured density value, the overall values for the
group contributions to the molar volumes at 298K for both samples can be calculated.
Since the only difference between the repeating units of these two polymer samples was
the central building blocks, the value for furanyl group contribution to the molar
volumes at 298K can be obtained with the known value for the phenyl group. Based on
the calculation listed in Appendix C, Vai (298K) for the furanyl group contribution is
obtained as 49.2 cm®/mol in this sample pair. Other sample pairs were also studied and
the results are summarized in Table 6.3. The obtained average value for furanyl group
contribution to the molar volumes at 298K was 46.8 + 2.4 cm®mol, quantitatively
suggesting that the furanyl building block occupies much less space relative to the
phenyl building block. Combining with the molecular weights of furanyl and phenyl
rings which are 68 g/mol and 78 g/mol, respectively, the furanyl building block is found

to be much denser compared with its phenyl analogue.



Table 6.1. Experimental RT density values of polymer samples in thermosetting furanyl

and phenyl epoxy-amine systems.
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Experimental RT density (g/cm?)

Weight ratio of PACM EPIKURE W
epoxy monomers
BOF(BOB):DGEBA BOF-DGEBA  BOB-DGEBA  BOF-DGEBA  BOB-DGEBA
100:0 1.210 £ 0.001 1.178 £ 0.001 1.239 £ 0.001 1.198 £ 0.001
70:30 1.195 + 0.001 1.176 £ 0.001 1.221 £ 0.001 1.190 + 0.001
50:50 1.185 +0.001 1.170 + 0.001 1.207 +0.001 1.184 +0.001
30:70 1.174 + 0.001 1.163 + 0.001 1.194 + 0.001 1.178 + 0.001
0:100 1.150 + 0.001 1.150 + 0.001 1.170 + 0.001 1.170 + 0.001
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Table 6.2. Storage moduli at the temperature relative to the Tgs of polymer samples in
thermosetting furanyl and phenyl epoxy-amine systems.

Storage modulus (GPa) by DMA

Weight ratio of PACM EPIKURE W
epoxy monomers
BOF(BOB):DGEBA BOF-DGEBA  BOB-DGEBA  BOF-DGEBA  BOB-DGEBA
100:0 2.95 1.93 2.51 1.50
70:30 2.50 1.52 2.07 1.54
50:50 1.99 1.74 1.85 1.43
30:70 1.95 1.66 1.82 1.58

0:100 1.81 1.81 1.80 1.80
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(a) BOF-PACM sample:

M: 345.43 g/mol J/ /Y \ p/\

Pexpt.: 1.210 g/cm |
O \CH/ AN /‘ \(
Group: \<ﬂ>/ —CHp—  —0O— | /N

OH

Number: 1

Va,i(298K) (cm¥mol): 2

(b) BOB-PACM sample:

% /Y'\
N S
M: 355.47 g/mol ! OH

Pexpt.: 1.178 glom® OA/
OH
Group: \<\_/>/

Number: 1

Va,i(298K) (cm3/mol): 65.5

Figure 6.2. Relevant information of parallel (a) BOF-PACM and (b) BOB-PACM samples
as a pair, including the repeating units in their cured network structures, the molecular
weights and experimental density values.
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Table 6.3. The obtained values for furanyl group contribution to the molar volumes at
298K based on the additive molar function analysis.

Parallel sample pairs Vi fuanyt (298K)

(cm?/mol)
1.0BOF-0.0DGEBA-PACM 1.0BOB-0.0DGEBA-PACM 49.2
0.7BOF-0.3DGEBA-PACM 0.7BOB-0.3DGEBA-PACM 49.5
0.5BOF-0.5DGEBA-PACM 0.5BOB-0.5DGEBA-PACM 48.1
0.3BOF-0.7DGEBA-PACM 0.3BOB-0.7DGEBA-PACM 454
1.0BOF-0.0DGEBA-EPIKURE W  1.0BOB-0.0DGEBA-EPIKURE W 48.0
0.7BOF-0.3DGEBA-EPIKURE W  0.7BOB-0.3DGEBA-EPIKURE W 46.3
0.5BOF-0.5DGEBA-EPIKURE W  0.5BOB-0.5DGEBA-EPIKURE W 45.2
0.3BOF-0.7DGEBA-EPIKURE W  0.3BOB-0.7DGEBA-EPIKURE W 424

Average value 46.8 +2.4




185

6.3. An additive molar function for the Tgcalculation

Van Krevelen and Hoftyzer proposed in their research work that the product Ts*M
generally behaves as an additive function. It was named the Molar Glass Transition
Function and expressed by Equations 6.2 and 6.3. Yg represents the sum of group
contribution values to the glass transition temperature for structural groups in the
repeating unit of a glassy state polymer material, Ygi is the group contribution value for
an individual structural group in a repeating unit and M is the repeating unit molecular
weight. These two equations have been used to the available experimental data on the
Tgs of nearly 600 different polymer materials and the correlation rules for the group
contributions to Y have been generated. It was found that the Ygivalues of the groups of
interest are dependent on some neighboring groups present in the repeating unit of the
system frameworks. The obtained group contributions and structural correlations are

available in literature.!20

Yg = Zi Ygi = Tg * M (62)
Yg _ Xi¥Ygi
T, =% - (6.3)
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This Molar Glass Transition Function method was applied to our thermosetting furanyl
and phenyl epoxy-amine systems to validate its applicability. Figure 6.3 shows the
repeating unit in the cured network structure of a BOB-PACM system, together with its

groups, number of the groups and Yg,ivalues for the group contributions.

With the molecular weight of structural repeating unit being 355.47 g/mol, its calculated
Ty based on this molar glass transition function is 60 °C, much lower compared with its
experimental value, 100 °C. Detailed calculation can be found in Appendix C. As
discussed above, the Ygi values of the groups of interest are dependent on some
neighboring groups present in the repeating unit of polymer materials, which could be

the reason for this deviation.

The same calculation was conducted for BOB-EPIKURE W system. Its repeating unit in
the cured network structure, groups, number of the groups and Ygivalues for the group
contributions are included in Figure 6.3. With the molecular weight of structural
repeating unit being 339.43 g/mol, its calculated Ts based on this molar glass transition
function is 70 °C, also much lower compared to the experimental value, 132 °C,
potentially due to the same reason. However, it should be noted that in this case the

relative trend in Ty is predicted.
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(a) BOB-PACM system:

M: 355.47 g/mol | © |

Tg, expt.: 373 K \O/
OH
- P N P ﬁ/
Group: \@/ —CH~ —0— CH N )\/

OH
Number: 1 6.5 2 2 1 1
Ygi(KKgimol: 295 43 4 13 0 27

(b) BOB-EPIKURE W system:

M: 339.43 g/mol

T, expt.: 405 K

CH3
— ~_. - AN ‘ N
Group: \ —CH,— —O0— CH /N/ >
OH CHs
ch/
Number: 1 6 2 2 1 0.5
Yg.i (K Kg/mol): 29.5 43 4 13 0 54

Figure 6.3. Repeating units in the cured network structures of (a) BOB-PACM system
and (b) BOB-EPIKURE W system. Groups, numbers of groups and Ygi values for the
group contributions are also included.
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Even though there might be neighboring effect to the groups of interest in the repeating
unit of cured networks, these effects could be eliminated if we only focus on the central
furanyl and phenyl building blocks in the repeating units since the rests of the repeating
units were identical in the analogous systems. Therefore, this molar glass transition
function was still applied to the polymer samples in both furanyl and phenyl epoxy-
amine systems, and our interest is to calculate the value for the furanyl group
contribution to glass transition temperature. The experimental Ty values of polymer

samples were reported in Chapter 2 and Chapter 4.

Using the same strategy used for the density analysis, two parallel polymer samples
were paired. As an example, relevant information of BOF-PACM and BOB-PACM
systems is shown Figure 6.4. With the known molecular weight of the repeating unit and
the measured T; value, the overall Y; values for the group contributions for both
samples can be calculated. Since the only difference between the repeating units of these
two polymer samples was the central building blocks, the value for furanyl group
contribution to glass transition temperature can be obtained with the known value for
the phenyl group. Based on the calculation listed in Appendix C, Ysi for the furanyl
group contribution is obtained as 15.74 K-Kg/mol for this sample pair. Other sample
pairs were studied and the results are summarized in Table 6.4. As shown, obtained Yg;:
furanyl Values in the PACM cured system were different from those in the EPIKURE W
cured system, indicating that the neighboring effect influences the Ysi value of the

groups of interest. Overall, the obtained average value for furanyl group contribution to
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(a) BOF-PACM sample: ‘ ‘
MT: 345.A.f33 gimKol \@7/\0/ \A /O/\
g.expt.: OH N :
S
R S
Group: \<i>/ —CH,~ —O0— CH’ >N/ /O/

OH

Number: 1

Ygi (K Kg/mol): ?

(b) BOB-PACM sample:

M: 355.47 g/mol |
Tg, expt: 373 K =

OH

Group: \<\]

Number: 1

Yy, (K Kg/mol): 29.5

Figure 6.4. Relevant information of parallel (a) BOF-PACM and (b) BOB-PACM samples
as a pair, including the repeating units in their cured network structures, the molecular
weights and experimental T; values.
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Table 6.4. The obtained values for furanyl group contribution to glass transition
temperature based on the molar glass transition function analysis.

Parallel sample pairs (K\-{I?;;;y(l)l)
1.0BOF-0.0DGEBA-PACM 1.0BOB-0.0DGEBA-PACM 15.74
0.7BOF-0.3DGEBA-PACM 0.7BOB-0.3DGEBA-PACM 16.04
0.5BOF-0.5DGEBA-PACM 0.5BOB-0.5DGEBA-PACM 15.53
0.3BOF-0.7DGEBA-PACM 0.3BOB-0.7DGEBA-PACM 14.34

1.0BOF-0.0DGEBA-EPIKURE W 1.0BOB-0.0DGEBA-EPIKURE W 10.94

0.7BOF-0.3DGEBA-EPIKURE W  0.7BOB-0.3DGEBA-EPIKURE W 9.18

0.5BOF-0.5DGEBA-EPIKURE W  0.5BOB-0.5DGEBA-EPIKURE W 8.54

0.3BOF-0.7DGEBA-EPIKURE W  0.3BOB-0.7DGEBA-EPIKURE W 8.06

BOF-DFDA BOB-DFDA 21.60

BOF-CHs-DFDA BOB-CHs-DFDA 21.15
Average value? 12.3+3.5

athis average value excluded the values associated with DFDA and CHs-DFDA due to

their different neighboring efforts in cured networks.
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glass transition temperature was 12.3 + 3.5 K-Kg/mol, suggesting that the furanyl
building block provided lower Tg values when present in the repeating units of polymer
materials compared with its phenyl analogue having Ygi phenyt value of 29.5 K-Kg/mol.
Interestingly, the Ygifuranyi values obtained from the DFDA and CH3-DFDA cured systems
were significantly higher than those from PACM and EPIKURE W cured systems. Since
Ygi furanyl value was lower than Ygi phenyt value, the results from the systems containing
more furanyl contents, which were DFDA and CHs-DFDA systems, should be even
lower. Their surprisingly higher values indicated a strong neighbor effect may exist in
the furanyl epoxy-furanyl amine systems, which did not occur in the phenyl based

systems.

6.4. Conclusions

Vai (298K) of furanyl building block is calculated as 46.8 + 2.4 cm3/mol, approximately
18.6 cm®/mol lower than the literature value for phenyl building block (65.5 cm3/mol). Yg
of furanyl building block is calculated as 12.3 + 3.5 K-Kg/mol, about 17.2 K-Kg/mol lower
than that of phenyl building block (29.5 K-Kg/mol). These values can be very useful in
allowing us to estimate and predict physical properties of other furanyl based polymer

materials besides thermosetting epoxy and amine materials.
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Chapter 7. Preparation and characterization of biobased tougheners for

commercial thermosetting epoxy resins

7.1. Introduction

Thermosetting epoxy resins are widely used in coating, adhesive, electric and composite
industries in the current society.! 102122 Their versatile properties, including good thermal
and chemical resistances, excellent adhesion, high electrical insulation and strength-to-
weight ratio, are endowed by the formation of crosslinked networks after cure. However,
when cured with multi-functional hardeners, such as amines and anhydrides, the
formed highly crosslinked networks often result in an inherent brittleness which has
significantly restricted their applications.*” 2 Thus, many research approaches have
been conducted to toughen thermosetting epoxy resins during the past decades.>0>-d 12¢
Among all, introducing secondary phase architectures into cured networks by adding
soluble reactive tougheners which can be reaction-induced to phase separate,’>< 12 or
insoluble micro particles into epoxy matrices,’' has become one of the major approaches.
McGarry and Willner reported a liquid carboxyl terminated butadiene-acrylonitrile
(CTBN) copolymer to toughen DGEBA epoxy resins and resulted in a significant
enhancement of toughness properties.’? At the initial cure stage, these reactive

tougheners are miscible with epoxy-hardener mixtures. As the cure reaction proceeds,
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micro rubbery particles with these tougheners as nucleation cores start to precipitate out
from cured networks due to the entropy effect, resulting in phase separation
architectures after the gelation point. Covalently bonding to the matrices and uniformly
dispersing in the networks, these formed secondary rubbery phases significantly
enhance the fracture toughness properties through a high degree of matrix shear

deformation and energy dissipation during fracture.®

Tougheners prepared using biobased materials have been investigated for epoxy resins,
among which vegetable oil is considered a promising candidate since its chemical
structure possesses multiple types of functional groups that can be used and modified.
Epoxidized soybean oil (ESO) can be readily prepared through the epoxidation of
unsaturated soybean oil, which is one of the most abundant vegetable oils from plants.>
ESO has been investigated for toughening epoxy resins since it contains secondary
epoxy groups, besides triglyceride groups and aliphatic fatty esters with varying chain
lengths, on its chemical structure which can react into the epoxy matrices.>> However,
instead of forming rubbery particles and phase-separating, using ESO directly as a
toughener often causes a negative plasticization effect to the epoxy matrices and hurt
other properties, such as Ty and E’.* Modifications of its chemical structure,
functionality and molecular weight (MW) are necessary to restrict this effect by
endowing modified ESO with a capability to phase separate from the matrices during
cure.” Chemicals, such as methacrylic, acrylic acids and fatty acids, have been used to

modify ESO and toughen VE resins and composite materials.’ 125127 A series of VE
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tougheners were prepared by grafting methacrylic and fatty acids onto ESO with the
MWs and functionalities of tougheners well tunable by adjusting the molar ratios of
reactants. The ultimate phase separation sizes in the matrices can be controlled. It is
meaningful and necessary to prepare such types of ESO based tougheners for

thermosetting epoxy resins and evaluate their toughening effect.

In this chapter, a group of bio-rubber (BR) tougheners was prepared by grafting
renewable fatty acids onto ESO at varying molar ratios to provide BRs with diverse
MWs, functionalities and compatibilities with epoxy resins. Renewable acids, such as n-
hexanoic acid,® n-octanoic acid,*® n-decanoic acid,® lauric acid and myristic acid were
used to make these BRs fully sustainable. The successful preparation of BRs was verified
using multiple characterization methods. Their toughening effect on commercial
thermosetting epoxy resins was investigated using aromatic DGEBA EPON 828 (n = 0.13)
and EPIKURE W. Fracture toughness and thermo-mechanical properties of the control
and BR toughened samples were evaluated. The fracture surface morphology was
investigated using scanning electron microscope (SEM) and atomic force microscope
(AFM). Secondary rubbery phases with tunable particle sizes depending on the BR type
and its weight fraction were found to form in the cured networks of BR toughened
samples. This phase separation was verified to be responsible for the improved fracture
toughness property of BR toughened samples. With other excellent advantages, such as
low viscosity and competitive cost, these BRs are demonstrated of promising use of

toughening commercial thermosetting epoxy resins.
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7.2.  Experimental

7.2.1. Materials

n-hexanoic acid (99%), n-octanoic acid (99%), n-decanoic acid (99%), lauric acid (98+%),
myristic acid (99%), 0.1 N perchloric acid reagent, hydroquinone (99%) and
tetrahydrofuran (THF, 99%) were purchased from Sigma-Aldrich, US; ESO with the
commercial name Drapex 6.8 was purchased from Galata Chemicals at Louisiana, US,
and it has an average 4 epoxy groups per triglyceride; an esterification reaction catalyst
with the commercial name AMC-2 was purchased from Aerojet Chemicals at California,
US; EPIKURE W and DGEBA EPON 828 (n = 0.13) were purchased from Miller

Stephenson Chemical Company, US. All materials were used as received.

7.2.2. Preparation of bio-rubber (BR) tougheners

BR tougheners were prepared by grafting fatty acids onto ESO with varying molar ratios
of 1:1, 2:1, and 3:1 via an esterification reaction using AMC-2 as a catalyst. Used fatty
acid and molar ratio were employed to name these prepared BRs. BR which was named
HEX-2 was prepared using n-hexanoic acid at a molar ratio of 2 fatty acids to 1 ESO
molecule. The preparation scheme of HEX-2 BR is shown schematically in Figure 7.1 as
an example. 4.69 g n-hexanoic acid (40 mmol), 18.94 g ESO (20 mmol), 23.6 mg

hydroquinone (0.1 wt.%) and 236.3 mg AMC-2 (1 wt.%) were added to a 500 mL three-
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necked round-bottomed flask equipped with a thermometer, a stirring bar and a
condenser. The vessel was sealed and the reaction was conducted at 70 °C for 1 hour
followed by 90 °C for additional 3 hours. After cooling to RT, the obtained HEX-2 BR
was an odorless liquid with a slightly green tinge. This was the case for all prepared BRs

using different fatty acids and molar ratios investigated in this work.

7.2.3. Measurement of epoxy equivalent weight (EEW)

EEW values of ESO and prepared BRs were measured using the epoxy titration by
following ASTM D 1652-97, procedure B.* For example, EEW of HEX-2 was measured
by preparing a solution of 0.4 g HEX-2, 10 mL methylene chloride, 0.5 mL 0.1 wt%
crystal violet indicator in glacial acetic acid and 10 mL 0.25 g/mL tetraethylammonium
bromide in glacial acetic acid. 0.1 N perchloric acid reagent was used to titrate the
solution until a sharp color change from blue to green was observed and the volume of
consumed perchloric acid reagent was recorded. Three titrations were conducted and

the average value was calculated for each EEW reported.

7.2.4. Characterization of BR tougheners

Multiple techniques, including GPC, FTIR, rheometry and epoxy titration, were used to
characterize BRs. MW distribution of BRs was measured using a Waters GPC system

with two 30 cm long, 7.5 mm diameter poly-styrene-divinyl benzene columns, PLgel 5
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O\H/\/\/ P N
OH 0.0 Wo
2 M + YW\/\/\/\
0 P A
o o] o]
n-hexanoic acid epoxidized soybean oil (ESO)

1 wt% AMC-2, 0.1 wt% hydroquinone
1 hour @ 70 °C, 3 hours @ 90 °C

Figure 7.1. A representative preparation scheme of HEX-2 using n-hexanoic acid and
ESO with a molar ratio of 2:1 between the two reactants; the structure of ESO is
representative since ESO contains a distribution of fatty acids mostly with one or two
epoxidized unsaturated sites such that the average epoxy content is 4 per molecule;
additionally the product formed also results in a distribution of materials.
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um MIXED-C column and 5 um 50 A column, and a 2410 refractive index detector. 2 mg
BR sample was dissolved in 1 mL THF and filtered before testing with THF as an eluent
at a flow rate of 1.0 mL/min. Functional groups of BRs were investigated using a Thermo
Nicolet Nexus 870 FTIR spectrometer in absorbance mode with an 8 cm-1 resolution, 32
scans per sample and a deuterated tryglycine sulfate detector in 650-4000 cm™ at RT.
Viscosities of BRs were measured on a TA AR2000ex rheometer using a 40 mm flat plate
configuration at RT. Measurements were conducted with shear rate from 0.01 to 1000 s
and the shear stress was recorded every 2 seconds at each shear rate. An average of three

measurements at the shear rate of 1000 s was reported as the viscosity value of BR.

7.2.5. Preparation of BR toughened samples

BR toughened epoxy-amine samples were prepared by blending BR into epoxy resin at
varying fractions (0, 10, 15 and 20 wt%) and adding a stoichiometric amount of
EPIKURE W afterward. Polymer samples were named based on their compositions. For
example, 15%HEX-3/85%828 represented a polymer sample comprised of EPIKURE W
and an epoxy mixture containing 15 wt% of HEX-3 and 85 wt% of EPON 828. These
components were mixed, degassed, poured into a rubber mold with dimensions of 140 x
14 x 6 mm. Polymer samples were cured at 140 °C for 9 hours followed by 200 °C for
additional 3 hours, and then processed into a compact tension (CT) configuration for the
fracture toughness testing. DMA specimens were similarly prepared using a rubber

mold with dimensions of 40 x 10 x 5 mm, and then processed to dimensions of 38 x 9 x 4
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mm. Polymer samples toughened using ESO and the control sample (without adding

BRs or ESO) were prepared in a similar fashion for comparison.

7.2.6. Property measurements of polymer samples

The critical strain energy release rate (Gic) and critical stress intensity factor (Kic) values
of polymer samples were measured using a servo-hydraulic INSTRON model 8872
apparatus following ASTM D5045-99, method E 399.1% Five to seven CT specimens in
each composition were prepared for testing. CT specimens were processed to
dimensions of 16 x 13 x 5.5 mm and an 8 mm long notch was cut into each specimen
using a diamond blade saw. A sharp pre-crack was made at the bottom of each notch
using a fresh razor blade before testing. A constant crosshead speed of 1 mm/min was
used with a termination criterion of 1 mm tensile extension at RT. Thermo-mechanical
properties, i.e. Tg and E'rr, of polymer samples were measured using a TA Q800 DMA in
the single cantilever geometry. Two consecutive scans were conducted for each sample
with an amplitude of 15 ym, a frequency of 1 Hz and a temperature ramp rate of
2 °C/min from -125 °C to 225 °C. The second run was used to measure T and Err of the

sample in which the T; value was assigned as the loss modulus peak temperature.
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7.2.7. Fracture surface morphology

Fracture surface morphology of tested CT specimens was evaluated to elucidate the
phase separation, particle size and particle distribution using SEM and AFM. SEM
imaging was conducted using a Zeiss Supra 50VP SEM equipped with an in-lens
detector. A platinum layer 7-9 nm in thickness was sputter coated on the fracture
surfaces before imaging. NIH image processing software (Image]) was used to analyze
the surface morphology. Fracture surfaces were also investigated using a Bruker
MultiMode AFM in PeakForce QNM mode. A RTESPA silicon cantilever with a nominal
spring constant of 25.2 N/m and tip radius of 40.9 nm was used. The maximum applied
force and scan rate were set at 50 nN and 0.5 Hz, respectively. AFM samples were
fractured at RT and Bruker NanoScope Analysis software was used to perform AFM

image processing.

7.3. Results and Discussion

7.3.1. Preparation of BR tougheners

Functional groups in the chemical structures of BRs were investigated using M-IR.
Figure 7.2 plots M-IR spectra of ESO, HEX-1, HEX-2 and HEX-3 BRs. The peak between

800 and 850 cm is attributed to the secondary epoxy group present in ESO.'? As
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expected, this peak decreases in the order of ESO, HEX-1, HEX-2 and HEX-3, as more
fatty acids are grafted onto ESO via esterification of the epoxy groups. The peak around
3475 cm corresponds to the formed hydroxyl group from the epoxy ring opening
reaction.!” As expected, this peak is the highest for HEX-3, and followed by HEX-2 and
HEX-1, and not present in ESO. Similar phenomena are also observed for OCT, DEC,
LAU, MYR BRs. These results are consistent with the expected chemistry used in the BR

preparation and indicate the acids were successfully grafted onto ESO.

MW distributions of prepared BRs were studied qualitatively using GPC. Figure 7.3
plots the elution traces of ESO, HEX-1, HEX-2 and HEX-3 BRs whose characteristic
elution peaks are shown at 13.41, 13.28, 13.14 and 13.06 min, respectively. “HEX” BRs
also show broader elution peaks compared with ESO. These results indicate that MWs of

BRs are higher than that of ESO and increase with the number of grafted acids.

Viscosity values of prepared BRs were measured. Results of ESO and HEX BRs are
plotted in Figure 7.4 as an example. HEX-1, HEX-2 and HEX-3 possess viscosities of 0.87,
1.85, and 4.20 Pa.s at RT, respectively. The values are significantly lower than that of
DGEBA EPON 828 resin reported at 10 - 16 Pa.s by suppliers. The addition of such BRs
to a DGEBA epoxy formulation can significantly facilitate the processability of materials.
Higher than that of ESO (0.38 Pa.s), the viscosity values of HEX BRs increase with the
number of grafted acids, as a result of the increased MW and the intermolecular

hydrogen bonding between polar ester groups and formed hydroxyl groups.
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Figure 7.2. M-IR spectra of ESO, HEX-1, HEX-2 and HEX-3 BRs.
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Figure 7.3. GPC spectra of ESO, HEX-1, HEX-2 and HEX-3 BRs.
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Figure 7.4. Viscosity, experimental and theoretical EEW values of ESO, HEX-1, HEX-2
and HEX-3 BRs.
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Also plotted in Figure 7.4 are the measured and theoretical EEW values of HEX BRs.
Higher than those of ESO, the experimental and theoretical EEW values of HEX BRs
increase with the number of grafted acids since the grafting increases the MW but
decreases the epoxy functionality of BRs. Interestingly, all HEX BRs have experimental
EEW values higher than the theoretical values, and the deviation grows with the
number of grafted acids. This behavior is due to the strong catalytic effect of AMC-2
which can also catalyzes the reaction between formed hydroxyl groups and remaining
epoxy groups, leading to high experimental EEW values as well as MWs higher than
expected.®® 130 The higher the concentration of hydroxyl groups, the greater the
likelihood of this happening and the greater the observed differences between measured

and theoretical EEW values.

The observations regarding the HEX series of BRs are paralleled by the BRs that were
prepared with the other fatty acids investigated namely n-octanoic acid (OCT), n-
decanoic acid (DEC), n-dodecanoic acid or lauric acid (LAU) and n-tetradecanoic acid or
myristic acid (MYR). The GPC elution time, viscosity and EEW results are summarized
in Table 7.1. For all systems the trends in BR properties as a function of the graft content
mirror those discussed for the HEX series of BRs. An interesting observation is that, for
any given grafting ratio, while the elution time decreases as the fatty acid MW increases
which indicates the increased MWs of BRs, the viscosity values of BRs remain relatively

constant. This suggests that the viscosity increase that should have resulted from the
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Table 7.1. GPC elution time, viscosity, experimental and theoretical EEW values of

prepared BRs.
BR Elution Time* Viscosity® Experimental EEW¢ Theoretical EEW¢
(min) (Pa-s) (8/eq.) (8/eq.)

X = 1 2 3 1 2 3 1 2 3 1 2 3
HEX-x 1328 13.14 13.06 0.87 1.85 420 402 779 3307 358 595 1305
OCT-x 1325 13.09 1297 090 194 3.79 421 846 3881 367 623 1390
DEC-x 13.11 13.02 1290 0.79 1.67 3.45 419 871 4079 376 651 1474
LAU-x 13.08 1296 1282 090 1.88 3.71 430 896 4166 386 679 1558
MYR-x 13.09 1291 1277 089 191 3.61 434 925 4212 395 707 1642

“Data from the GPC tests. ‘Data from the rheometry tests at RT. ¢values determined by
following ASTM D1652-97 procedure B. “values determined from the chemical

structures of prepared BRs.
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increased MW of BR is counteracted by the lower hydroxyl concentration that results

from the higher MW of fatty acid used.

7.3.2. Preparation of BR toughened samples

Table 7.2 provides the EEW value of epoxy resin and the AHEW value of amine
hardener that were used for preparing polymer samples. The components were mixed
and degased, and in all cases resulted in stable homogeneous mixtures thus indicating
BRs have a good miscibility with DGEBA EPON 828. The samples were cured under the
same condition as described in the experimental section. Complete epoxy and amine

conversions of cured polymer samples as measured using N-IR were attained.

7.3.3. Fracture surface morphology

A visual investigation indicates that samples toughened with different BRs and weight
fractions exhibit different optical transparency characteristics. Fracture surface
morphologies of BR toughened samples as well as the control and ESO toughened
samples were investigated using SEM and AFM to determine the phase separation and
associated degree. Table 7.3 summarizes the optical transparency and phase separation
of all prepared polymer samples. As shown, the control sample, 15%ESO/85%828
sample, samples toughened with HEX series of BRs at 10 and 15 wt%, and 20%HEX-

1/80%828 sample are transparent without phase separating. However,
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Table 7.2. EEW and AHEW values of epoxy resin and amine hardener, respectively.

Epoxy and amine EEWr EEW? AHEW?
e (8/eq.) (g/eq.) (g/eq.)
DGEBA EPON 828 188.0 185-192 )
EPIKURE W _ _ 45.0

“Experimental values determined by following ASTM D1652-97 procedure B. tvalues
provided from suppliers.
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20%HEX-2/80%828 sample which is found to phase separate with a small domain size in
the cured network is interestingly being transparent. 20%HEX-3/80%828 sample is
optically opaque and a higher degree of phase separation is found. This indicates, under
the same cure condition, increasing the acid molar ratio of BRs prepared using the same
fatty acid leads to phase separation, and it is due to the decreased epoxy functionality
and increased MW of BRs. Compared with HEX series of BRs at 15 wt%, samples
toughened with OCT, DEC and LAU series of BRs at 15 wt% (except 15%0OCT-1/85%828
sample) are all opaque with phase separation occurring in cured networks. 15%OCT-
1/85%828 sample, like 20%HEX-2/80%828 sample, also has phase separation but at a
small degree and remaining transparent. This suggests that, under the same cure
condition, increasing the fatty acid MW of BRs prepared at a given acid molar ratio also

leads to phase separation because of the increased MW of BRs.

Figure 7.5 displays the fracture SEM images of selected polymer samples. As expected,
15%ESO/85%828 sample which is transparent shows a homogenous morphology. In
contrast to 20%HEX-2/80%828 sample, 20%HEX-3/80%828 sample presents an enlarged
phase separation in the cured network. Samples toughened with OCT-3 at 10, 15 and 20
wt% exhibit phase separation with increased particle sizes, indicating under the same
cure condition, increasing BR concentration leads to larger phase separation degree. All
SEM images were analyzed and the fracture surface morphology including area covered

by particle and average particle diameter are summarized in Table 7.3. As shown, these
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Table 7.3. Optical transparency, phase separation and fracture surface morphology of
the control sample and samples toughened with BRs and ESO.

Optical Phase %area covered Average diameter
Sample . .
transparency separation by particle (nm)
Control (100%828) Yes No - -
15%ESO/85%828 Yes No - -
10%HEX-1/90%828 Yes No - -
10%HEX-2/90%828 Yes No - -
10%HEX-3/90%828 Yes No - -
15%HEX-1/85%828 Yes No - -
15%HEX-2/85%828 Yes No - -
15%HEX-3/85%828 Yes No - -
20%HEX-1/80%828 Yes No - -
20%HEX-2/80%828 Yes Yes 2.0 88
20%HEX-3/80%828 No Yes 20.9 1402
10%0CT-1/90%828 Yes No - -
10%0OCT-2/90%828 Yes Yes 0.3 209
10%0OCT-3/90%828 No Yes 9.0 614
15%0CT-1/85%828 Yes Yes 0.2 185
15%0CT-2/85%828 No Yes 15.1 573
15%0CT-3/85%828 No Yes 15.1 660
20%0OCT-1/80%828 Yes Yes 04 224
20%0OCT-2/80%828 No Yes 23.5 1348
20%OCT-3/80%828 No Yes 22.1 1424
10%DEC-1/90%828 Yes No - -
10%DEC-2/90%828 No Yes 11.3 510
10%DEC-3/90%828 No Yes 15.6 1171
15%DEC-1/85%828 No Yes 0.7 241
15%DEC-2/85%828 No Yes 22.5 982
15%DEC-3/85%828 No Yes 19.6 1449
10%LAU-1/90%828 Yes No - -
10%LAU-2/90%828 No Yes 11.6 700
10%LAU-3/90%828 No Yes 14.3 1212
15%1L.AU-1/85%828 No Yes 8.2 943
15%LAU-2/85%828 No Yes 20.0 1078
15%LAU-3/85%828 No Yes 15.4 1394

“Yes” in “Optical transparency” indicates the sample is transparent by visual
investigation, and “No” means opaque; “Yes” in “Phase separation” indicates phase
separation occurs in the cured networks of polymer samples using SEM imaging, and
“No” means no occurrence.
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samples toughened with BRs possess a wide range of phase separation domain sizes.
This suggests that, besides the BR weight fraction, BRs prepared using different MWs of
fatty acids and different degrees of grafting can also affect the phase separation
architectures in cured networks. Another important observation is that, same as the
209%HEX-2/80%828 and 15%0OCT-1/85%828 samples, 10%OCT-2/90%828 and 20%OCT-
1/80%828 samples possess phase separation with average particle diameter below 300
nm and remain optically transparent. As samples having average particle diameter
greater than 300 nm are all opaque, it demonstrates that 300 nm is the phase separation
criterion to sample optical transparency. However, since 15%DEC-1/85%828 sample
with an average diameter of 241 nm is found to be opaque, it suggests that other factors,
including the BR type and BR weight fraction, can also influence the transparency

characteristics of phase-separated samples.

7.34. Thermo-mechanical properties of polymer samples

Thermo-mechanical properties, such as Ty and E’rr, of BR toughened samples were
evaluated using DMA. Figure 7.6a ad b plot DMA thermograms of the samples
toughened with HEX and OCT BRs at 15 wt% as well as the control sample, respectively.
As shown, samples toughened with HEX and OCT BRs at 15 wt% possess lower Tgs
compared with the control sample, indicating these BRs all possess the plasticization
effect to the epoxy-amine matrix. However, Tgs of the samples toughened with HEX BRs

are even lower than those toughened with OCT BRs and this is due to a stronger
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(1) 15%ESO/85%828

Figure 7.5. Fracture SEM images of selected samples toughened with BRs and ESO.
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plasticization effect of HEX BRs with lower MWs. Meanwhile, samples toughened with
these two series of BRs behavior similarly in a sense that HEX-3 toughened sample
possesses the highest Ty and followed by HEX-2 and HEX-1 toughened samples because
of the decreased epoxy functionalities and increased MWs of HEX-3 and OCT-3. On the
other hand, samples toughened with HEX BRs at 15 wt% which possess homogenous
networks based on SEM imaging show a very broad T; transition including a secondary
transition that starts around 50 °C. Instead, samples toughened with OCT BRs at 15 wt%
possessing phase separation in cured network do not have this broad T transition as
well as the secondary transition around 50 °C. Low-temperature curve in Figure 8.6a
indicates the control sample possesses its 3 transition temperature (Tg) at - 67 °C, and
HEX toughened samples which are non-phase separated present Tg around - 72 °C. In
Figure 7.6b, OCT toughened samples which are phase-separated possess a broader loss
modulus transition from - 65 °C to - 50 °C. This new transition starting around - 50 °C is
assigned as the Ty of phase-separated OCT BRs. The higher Tg of OCT toughened
samples around - 65 °C compared with HEX toughened samples is because OCT BRs are
prepared using n-octanoic acid with a longer chain length (higher MW) and the (3
transition of localized side chain movements in the main chains of OCT toughened
samples requires to occur at a higher temperature. OCT toughened samples possess
lower E’rr than HEX toughened samples and followed by the control sample due to the

increased softness of BRs with the increasing MWs of grafted fatty acids.
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Figure 7.6. DMA thermograms of the control sample and samples toughened with ESO,

HEX and OCT series of BRs at 15 wt%.



215
Ty and E’rr of samples toughened with other BRs were also studies and results are
summarized in Table 7.4. As shown, BRs toughened samples all present lower Ty and
E’rr values compared with the control sample and this is generally due to the
plasticization effect of BRs to the epoxy matrix.* At a given BR weight fraction, OCT-3
toughened sample always possesses the highest Tgs (i.e. lowest Tg reduction from the
control sample), followed by OCT-2 and OCT-1 toughened samples. This is because,
with decreased epoxy functionality and increased MW resulted from the increasing acid
molar ratio, OCT-3 is the most favorable to form phase separation in cured network and
its plasticization effect is therefore restrained to result in a minimal T reduction. At a
given acid molar ratio in the BR synthesis, BR prepared with the increasing acid MW
tends to result in an increased Tz of BR toughened sample due to the restricted
plasticization effect with increased BR MW. Meanwhile, E’rr of BR toughened samples
decreases with the increasing acid MW and molar ratio in the BR synthesis as well as BR

weight fraction because of the intrinsically softness of BRs with the increasing BR MW.

7.3.5. Fracture toughness properties of polymer samples

BR toughening effect was studied by measuring fracture toughness properties of
samples toughened with HEX and OCT series of BRs at 10, 15 and 20 wt%. A sharp pre-
crack was made at the notch base of each CT specimen before testing since crack

sharpness is critical for the accuracy of fracture toughness results for brittle
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Table 7.4. T; and E'rr of the control sample and samples toughened with BRs at varying
weight fractions.

Sample Is E'kr
(°O) (GPa)
Control (100%828) 185 2.52
15%ESO/85%828 131 2.05
X = 1 2 3 1 2 3

10%HEX-x/90%828 150 158 155 2.34 2.16 1.98
15%HEX-x/85%828 134 137 150 2.28 2.27 222
20%HEX-x/80%828 111 141 173 2.14 1.88 1.57
10%OCT-x/90%828 159 160 181 2.00 1.83 1.71
15%0OCT-x/85%828 138 169 180 2.01 1.75 1.52
209%0CT-x/80%828 132 169 183 1.96 1.60 1.49
10%DEC-x/90%828 148 173 184 1.90 1.74 1.61

15%DEC-x/85%828 144 181 184 1.94 1.54 1.65
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thermosets.’® Gic and Kic values of the control and OCT BR toughened samples are
plotted in Figure 7.7a and b, respectively. As shown in Figure 7.7a, low Gic and Kic
values, 0.14 KJ/m? and 0.58 MPa.m'?, respectively, of the control sample indicate its
intrinsic brittleness characteristics. Samples toughened with OCT BRs present enhanced
Gic values. At a given weight fraction, the different increases of Gic values versus OCT
BRs are primarily resulted from the epoxy reactivity and MW of BRs. OCT-1 BR with
three residual epoxy groups tends to react into the epoxy matrix and plasticizes the
cured network, resulting in a system with low Tg but high toughness. While OCT-3 BR
with one residual epoxy group and the largest MW in OCT BR series tends to nucleate
rubbery particles and form phase separated architectures, resulting in a system with low
Ts reduction and improved fracture toughness through a higher degree of matrix shear
deformation and energy dissipation from the cavitation and bifurcation of secondary
rubbery phases. On the other hand, at 15 wt%, Gicvalue of OCT-2 toughened sample is
the highest among OCT BRs, but at 20 wt%, Gic value of OCT-1 toughened sample is
highest. This indicates BR weight fraction can also affect the toughening effect of OCT
BRs, which is probably determined by a balance of several factors, including the matrix
ductility with BR retention, formed particle size and interaction between particles and

matrix.

Gic and Kic values of HEX BR toughened samples at varying weight fraction were also
measured and all toughness results are summarized in Table 7.5. As shown, HEX BR

toughened samples generally possess enhanced Gic and Kic values compared with the



218

Control

[ ocT-1
\ JOCT-2
B2 oCT-3

- (a)

RO ORI
PRI

20

%%

OO OO Oee:
T 02020 0 0% 0 0 Y %020 %

0.6

;

g 04

ir>) "o

Weight fraction of BR (%)

| Control

7} ocT-1

WY OCT-2
B2 oCT-3

- (b)

20

TAGOOSOOITOIZIOO
Re% %020 0% %0 e % %20 6%

P22

10

2.0

Weight fraction of BR (%)

Figure 7.7. Gic (a) and Kic (b) values of the control sample and samples toughened with

OCT series of BRs at different weight fractions.



219
control sample, except 10%HEX-1/90%828 and 10%HEX-3/90%828 samples possessing
comparable facture toughness due to the low BR weight fraction. Sample toughened
with ESO at 15 wt% presents a Gic value of 224 J/m? due to its plasticization effect which
results in the a 54 °C Tg reduction. Within a 20 °C Tg reduction calculated from Table 7.4,
20%HEX-3/80%828,  15%0CT-2/85%828,  209%OCT-2/80%828,  10%OCT-3/90%828,
15%0CT-3/85%828 and 20%OCT-3/80%828 samples possess higher Gic values compared

with 15%ESO/85%828 sample.

Fracture surface morphology of BR toughened samples was also investigated using
AFM. Figure 7.8 displays three-dimension AFM images of selected phase-separated
samples whose SEM images are in Figure 7.5. As shown, fracture surfaces of these
samples are embedded with crater-like architectures and holes with different sizes,
indicating that rubbery particles are formed in cured networks. When a phase-separated
sample is fractured at RT, rubbery particles together with the matrix are also fractured.
However, since these particles are much tougher and covalently bonded with the matrix,
they are unevenly fractured and result in either crater-like architectures or holes. The
crater-like architectures are fractured particles sticking on the surfaces and the holes are
resulted from the rubbery particles being pulled out from the matrix in which particle

residuals can be observed at the bottoms of the holes.!3!
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Table 7.5. Gic and Kic values of the control sample and samples toughened with BRs at

varying weight fractions.

Sample Gic Kic

(/m2) (MPa'm'?)

Control (100%828) 135456 0.58+0.11
15%ESO/85%828 224+116 0.710.18
X = 1 2 3 1 2 3

10%HEX-x/90%828  127+35  193+#59 134432 0.57+0.08 0.62+0.10 0.52+0.06
15%HEX-x/85%828  174+18  187+#38 252+86 0.57+0.03 0.66+0.07 0.67+0.11
20%HEX-x/80%828  359+105 389+112 295+51 0.91x0.14 0.89+0.13 0.71+0.06
10%0CT-x/90%828  237+79 187419  225+26  0.70£0.12 0.61+0.03  0.63+0.04
15%0CT-x/85%828  274+64 36631 257+32 0.77+0.09 0.84+0.04 0.68+0.04
20%0OCT-x/80%828  409+82  280+73  246x42 0.94+0.10 0.69+0.09  0.63+0.05
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(a) 10%0CT-3/90%828 (b) 15%0CT-3/85%828 (¢) 20%0CT-3/80%828

Figure 7.8. Three-dimension AFM images of fracture surfaces of selected samples
toughened with OCT-3 BR.
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7.4. Conclusions

A series of bio-rubber (BR) tougheners for thermosetting epoxy resins were prepared
using epoxidized soybean oil (ESO) and renewable fatty acids with different chain
lengths. These acids were grafted onto ESO at varying molar ratios in order to endow
BRs with tunable molecular weights (MWSs) and epoxy functionalities. BRs were
successfully prepared and verified using Fourier transform infrared spectroscopy, gel
permeation chromatography, rheometry and epoxy titration. BRs were blended with
commercial epoxy resin, DGEBA EPON 828, at different weight fractions and
stoichiometrically cured with an aromatic amine hardener, EPIKURE W, to prepare BRs
toughened samples. BR toughening effect was investigated by measuring fracture
toughness properties of the control and BR toughened samples. Tg and E’ of prepared
samples were measured using dynamic mechanical analysis. It was demonstrated that
BRs with higher MWs and lower epoxy functionalities can dramatically enhance the
sample fracture toughness properties without hurting Ty and E’ properties. Overall, the
thermo-mechanical properties of BR toughened samples were determined by the BR
type and weight fraction. Scanning electron microscope and atomic force microscope
were utilized to investigate fracture surface morphology of BR toughened samples and
secondary phase separations are found to occur in some of BR toughened samples.
Formed rubbery particles whose moduli were lower than the epoxy matrix possess
varying particle sizes and 300 nm was found to be the particle diameter criterion for

sample optical transparency.
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Chapter 8. Conclusions and Future Work

8.1. Conclusions

Thermosetting polymer materials are extensively used in numerous industrial
applications, such as polymer composites, surface coating, insulation materials and
adhesives. These materials own excellent thermal, mechanical and adhesion properties
due to the formed cross-linked structures when cure. Most commercial thermosetting
materials in current industry are prepared using petroleum feedstocks. Due to the non-
renewability of petroleum feedstocks and the demand of protecting health and
environment, an increasing interest is raising in preparing thermosetting polymer
materials using renewable sources. This dissertation work provides valuable research
results regarding the influence of biobased furanyl building blocks, as alternatives to
phenyl building blocks, on the cure kinetics and thermo-mechanical properties of
thermosetting epoxy and vinyl ester materials. This study also provides a novel
approach of using biobased materials, i.e. epoxidized soybean oils, to improve the

thermo-mechanical properties of commercial thermosetting epoxy resins.

Accordingly, Chapter 2 introduced the preparation of a furanyl based epoxy resin and
its phenyl analogue. After fully cured with amine hardeners, it was found that the

furanyl based epoxy resin possesses lower glass transition temperature, higher storage
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moduli and superior fracture toughness properties compared with its phenyl analogue.
It was also found that furanyl based epoxy resin thermally decomposes at a lower
temperature in inert argon environment, but it maintains a higher char yield at 600 °C.
These results clearly indicate that biobased furanyl building blocks possess distinctively
different influences, relative to the phenyl building blocks, on the thermal and
mechanical properties of thermosetting epoxy materials. Furanyl based epoxy resins,
therefore, are demonstrated as promising alternatives to the petroleum based

thermosetting epoxy incumbents that possess phenyl building blocks.

In Chapter 3, cure kinetics study showed clear differences in the reactivity of these
furanyl and phenyl based epoxy resins. The epoxy-primary amine reactivity of furanyl
based epoxy resin was found to be significantly greater than that of its phenyl analogue.
The reactivity ratio k2/ki of furanyl based epoxy resin was about half that of phenyl
analogue suggesting that the formation of network structures in these two systems
proceed very differently during cure. Particularly, the furanyl based system should
possess a network structure that is characterized by more chain extensions than that of
phenyl based system. This result explains the differences in mechanical properties, such
as strength and fracture toughness, of these furanyl and phenyl epoxy systems.
Hydrogen bonding associated with furanyl groups in the furanyl based epoxy resin
during the epoxy-amine reaction could explain the reactivity differences with the phenyl

based system since hydrogen bonding with phenyl building block is not possible.
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Chapter 4 explored the preparation of furanyl based amine hardeners and investigated
the thermo-mechanical properties of fully furanyl based thermosetting polymers. These
biobased thermosets present high performance with promising Tgs above 50 °C, high
room temperature storage moduli of 3.5 GPa and good thermal stability up to 272 °C (5
wt.% loss) in inert argon environment. Used as amine hardeners for a commercial epoxy
resin, DGEBA EPON 828, prepared furanyl based amine hardeners show excellent
performance with Tgs well above 120 °C. Therefore, besides in the preparation of epoxy
resins, biobased furanyl building blocks also exhibit promising potential for being used
to prepare amine hardeners and fully biobased thermosetting polymers with high
performance. Together with that in Chapter 2, the work in this chapter enables
quantification of the effect of methylene spacers between the aromatic ring and terminal
functional epoxy or amine groups on glass transition temperature property. In addition,
the higher density values of furanyl based polymers match with their higher glassy

storage moduli compared with the phenyl analogous systems.

Chapter 5 investigated the influence of furanyl building block on the thermo-mechanical
properties of thermosetting vinyl ester resins. It was found that the furanyl based vinyl
ester resin possesses lower glass transition temperature compared with its phenyl
analogue, similar to the observations in thermosetting epoxy resin system. The Tg
difference between furanyl and phenyl vinyl ester polymers was smaller compared with

that in the epoxy resin system. Investigation of cure kinetics at 30 °C of these two
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parallel vinyl ester systems indicated the different influences of furanyl building block

relative to the phenyl analogue.

Based on the results in previous chapters, Chapter 6 summarized and discussed an
additive molar function analysis of the furanyl building block to the physical properties,
such as glass transition temperature, density and glassy storage modulus, of
thermosetting polymer materials. The molar volume increment value (Vi) and molar
glass transition function value (Yg) of furanyl building block for thermosetting epoxy-
amine polymers were obtained. Vai (298K) of furanyl building block is calculated as
46.8+2.4 cm®/mol, approximately 18.6 cm?/mol lower than the recommended value for
phenyl building block (65.5 cm3/mol). Yg of furanyl building block is calculated as
12.3+3.5 K-Kg/mol, about 17.2 K-Kg/mol lower than that of phenyl building block (29.5
K-Kg/mol). Not been reported in literature to our knowledge, these two values can be
very useful in allowing us to estimate and predict physical properties of other furanyl

based polymer materials besides thermosetting epoxy and amine materials.

Chapter 7 introduced a novel approach of using biobased materials, i.e. epoxidized
soybean oil, to improve the thermo-mechanical properties of commercial thermosetting
epoxy resins. Renewable fatty acids with different chain lengths were grafted onto
epoxidized soybean oil at varying molar ratios to prepared biobased tougheners for
commercial thermosetting epoxy resins. It was demonstrated that biobased tougheners

with higher molecular weights and lower epoxy functionalities can dramatically
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enhance fracture toughness properties through phase separation without hurting other
properties, such as glass transition temperature and storage modulus. Overall, the
thermo-mechanical properties of toughened polymer samples were determined by the
toughener type and weight fraction. In addition, formed rubbery particles with moduli
lower than epoxy matrix possessed varying particle sizes and 300 nm was found to be

the particle diameter criterion for sample optical transparency.

It was demonstrated that biobased materials, such as aromatic furanyl building blocks
and aliphatic plant oils, can be used as promising alternatives of non-renewable
petroleum feedstocks for preparing thermosetting polymer materials with high
performance. The results and methodologies in this dissertation can be directly utilized
in both scientific and application aspects to direct the design and preparation of novel

biobased thermosetting polymer materials.

8.2.  Future work

Further investigations inspired by this dissertation work could include:

e Preparing 1, 3-bis[(2-oxiranylmethoxy)methyl]-benzene (“m”-BOB) epoxy
monomer and investigating its thermo-mechanical properties to compare

with BOF. One of the mentioned differences between BOF and BOB is the
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non-collinearity of covalent bonds connecting with the central rings in these
two epoxy monomers which is proposed to be responsible for their different
thermal and mechanical properties. By experimentally comparing thermal
and mechanical properties between “m”-BOB and BOF systems, significant
understanding can be achieved to investigate this proposal from the

experimental point of view.

Investigating mechanical properties and higher-temperature cure kinetics of
furanyl VE resins to further understand the influence of furanyl building

block relative to its phenyl analogue in VE systems.

Investigating the thermal chemistry of furanyl thermosetting polymers.
Current results indicate that, in inert argon environment, furanyl
thermosetting materials show very high char yields at high temperature
above 600 °C which implies furans transform to more stable structures
when heating. A clearer understanding of such transformation could be

beneficial for preparing materials for high-temperature applications.

Investigating the influence of furanyl building block on transport
properties, such as mass diffusivity of particular molecules of interest, of

thermosetting epoxy and amine materials relative to the phenyl analogues.
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e Investigating ways to improve chemical reactions to produce studied
furanyl materials with higher yields and industrially favourable

processability.
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Appendix A.Initial attempts at preparing BOF and BOB epoxy monomers

Catalyst, reaction temperature and sodium hydroxide solution concentration are critical
for the preparation of BOF and BOB. The reported reaction conditions are the
optimization after several initial attempts. It should be noted that when preparing BOF,
one should pay extra attention to control the reaction temperature below 50 °C when
adding the high-concentration sodium hydroxide solution slowly into the reactor. No
more than 2 hours shall the second step of the reaction be allowed; otherwise the overall
yield of BOF will be lower than as expected. The post-treatment of BOF-contained
mixture should be conducted right after the reaction is finished since BOF monomer, i.e.
the furanyl ring, is not inert in the alkaline environment. One can add epichlorohydrin
in excess when preparing BOF which will certainly improve the yield of BOF, but this
action leads to extra labor during the post-treatment and epichlorohydrin recycling steps.
During the purification step, one can use the flash chromatography instead of the
regular column chromatography which can significantly shorten the purification time.
BOF can be directly used without purification, similarly with the DGEBA case, and the
resulting properties can be desirable based on the application requirement. As discussed
in Chapters 1 and 2, the reason of purifying BOF is to investigate the influence of furanyl

ring by eliminating undesirable factors such as impurities.
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Appendix B. Model fitting of experimental fractional conversions of VE and

ST double bonds in BOF VE-ST and BOB VE-ST systems at 30 °C
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Figure B.1. Model fitting of experimental fractional conversions of BOB VE and ST

monomers in BOB VE 10 wt% ST system at 30 °C using Equation 1.15.
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Figure B.2. Model fitting of experimental fractional conversions of BOB VE and ST

monomers in BOB VE 20 wt% ST system at 30 °C using Equation 1.15.
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Figure B.3. Model fitting of experimental fractional conversions of BOB VE and ST

monomers in BOB VE 30 wt% ST system at 30 °C using Equation 1.15.
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Figure B.4. Model fitting of experimental fractional conversions of BOF VE and ST

monomers in BOF VE 10 wt% ST system at 30 °C using Equation 1.15.
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Figure B.5. Model fitting of experimental fractional conversions of BOF VE and ST

monomers in BOF VE 20 wt% ST system at 30 °C using Equation 1.15.
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Figure B.6. Model fitting of experimental fractional conversions of BOF VE and ST

monomers in BOF VE 30 wt% ST system at 30 °C using Equation 1.15.
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Appendix C. Calculations in Chapter 6

Calculation of pg(298K) for BOB-PACM system:

1% 86 = 319.56 cm3/mol

MpoB-pPACM __ 35547 g/mol
VgBoB-pacm(298K) ~ 319.56 cm3/mol

Pg.BoB-pacu(298K) = =1.112 g/cm3

Calculation of pg(298K) for BOB-EPIKURE W system:

Vg,BOB—EPIKURE W(298K) = Zl Va'i (298K) =1=x 655 + 6*16.37 + 2 * 85 + 2%22.3 + 1 =
0+ 0.5 %164 = 307.32 cm3/mol

M - 339.43 g/mol
BOB—EPIKURE W _ g/ =1.104 g/cm3

- 298K) = =
pg’BOB EPIKURE W( ) Vg,BOB—EPIKURE W(298K) 307.32 cm3/mol



Calculation of Vajturanyl (298K) from BOF-PACM and BOB-PACM sample pair:

_ _Mpor_pacm  _ 34543 gmol _ 3
Vy,Bor-pacu(298K) = perp. BoF—pacy . 1210 g/em? 285.50 cm® /mol

_ MpoB-pACM _ 355.47 gmol _ 3
Vg,BOB_pACM(298K) = perp. BoB_Pach . 1178gjcm? 301.76 cm” /mol
Vg,BOB—PACM(298K) — Vg,Bor-pacm (298K) = Vg, phenyl(298K) - Va,ifuranyl(298K) =

301.76 — 285.50 = 16.3 cm3 /mol

Vasi puranyt 298K) = Vi pheny1(298K) — 163 = 65.5 — 16.3 = 49.2 cm3 /mol

Calculation of Tgfor BOB-PACM system:

Yg80B-pacm = 2iYgi =1%295+65%43+2x4+2x13+1x0+1%27 =
118.45 K Kg/mol

T YgB0B-PACM __ 118.45 K Kg/mol

9:BOB—PACM ™ "po o pacm  355.47 g/mol

=333K=60°C

Calculation of Tgfor BOB-EPIKURE W system:

Yg,BOB—EPIKUREW ZZlYg,l = 1*295+6*43+2*4+2* 13+ 1*0+05*54:
116.30 K Kg/mol

Y - 116.30 K Kg/mol

g,BOB—EPIKURE W g o

Ty BoB-EPIKUREW = = = 343 K =70°C
MpBOB-EPIKURE W 33943 g/mo
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Calculation of Ygi furanyt from BOF-PACM and BOB-PACM sample pair:

3441(*345.43%
Yy .8or-pacu = Tgor-pacm * Mpor—pacu = o0 _ 118.83 K Kg/mol

373K+355.47-
Yg.8oB-pacm = Tgpop-pacm * Mpop—pacy = ———550— = 132.59 K Kg/mol

Yg,BOB—PACM - Yg,BOF—PACM = Yg,i phenyl — Yg,ifuranyl =132.59-11883 =13.76 K Kg/

mol

Yg,i furanyl = Yg,i phenyl — 13.76 = 29.5 - 13.76 = 15.74 K Kg/mol
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