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ABSTRACT

HYDROPHOBICALLY MODIFIED ISOSORBIDE DIMETHACRYLATES AS
BIOMATERIALS FOR BISPHENOL A FREE DENTAL FILLINGS

by
Bilal Marie
Amalgam and Bisphenol A glycerolate dimethacrylate (BisGMA) are the main dental
filling materials in use today. Because of the negative perception of amalgam and its lower
esthetic appeal, as well as the desire to replace the endocrine disruptor Bisphenol A, which
is the building block of BisGMA, there has been a critical need to search for safer
alternatives to these dental filling materials.

Isosorbide is a sugar-based molecule generally recognized as safe. It has been
extensively studied as a replacement to the Bisphenol A core in various materials.
However, isosorbide is extremely hygroscopic, and water uptake in dental fillings causes
expansion, plasticization and reduced mechanical properties.

Hydrophilic materials take up more water than hydrophobic ones. Therefore,
modifying isosorbide with hydrophobic moieties such as hydroxy benzoates, can lead to
improved and controlled water uptake and mechanical properties of the isosorbide dental
resin.

A series of bio-based hydrophobically modified isosorbide dimethacrylates, with a
para, meta, and ortho benzoate aromatic spacer, are synthesized, characterized, and
evaluated as dental restorative resins. The new monomers, isosorbide 2,5-
bis(glyceryloxybenzoate) dimethacrylates, are further mixed with triethylene glycol
dimethacrylate (TEGDMA) at a 60:40 weight ratio, and evaluated for viscosity, degree of

conversion, polymerization shrinkage, water sorption, glass transition temperature, flexural



strength, and modulus. BisGMA is prepared and evaluated as a reference. Isosorbide
glycerolate dimethacrylate (ISDGMA), a hydrophilic isosorbide dimethacrylate control, is
synthesized and evaluated as well.

The polymers derived from the hydrophobically modified isosorbide
dimethacrylates show significant reduction in water sorption at 39-44 pg/mm?3 over
poly(ISDGMA/TEGDMA) at 73 pug/mm?3, and improved network stability. Their flexural
strength is also higher at 37-42 MPa in comparison to 10 MPa for
poly(ISDGMA/TEGDMA) after immersion in a phosphate buffer solution for 24 hours.

The performance of the new materials is close to that of the reference
poly(BisGMA/TEGDMA), whose water sorption is 26 pg/mm? and flexural strength is 52
MPa. The degree of monomeric conversion and glass transition temperature for the ortho
derived isosorbide polymer at 52% and 85°C is also close to that of
poly(BisGMA/TEGDMA) at 54% and 95°C, respectively. Therefore, this dissertation

demonstrates the design and development of a potential BisSGMA dental resin replacement.
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CHAPTER 1

INTRODUCTION

1.1 Dental Caries
According to the 2017 Global Burden of Disease Study, oral disorders are the most
prevalent among all age groups and both sexes, followed by headache disorders and
tuberculosis, Table 1.1. Approximately 3.5 billion people are affected by oral diseases.
Dental caries of permanent teeth is the most common condition affecting nearly 2.5 billion

people, while more than 530 million children suffer from caries in their primary teeth [1].

Table 1.1 2017 Top 3 Global Prevalent Disorders

Prevalence (billions)

Disorder 2017 count
Oral disorders 3.47
Headache disorder 3.07
Tuberculosis 1.93
Source : [1]

Dental caries, known also as tooth decay, is an infectious transmissible bacterial
disease caused by acids from bacterial metabolism diffusing into the tooth enamel and
dentin and dissolving the protective mineral, leading to cavitation, Figure 1.1 [2].

Dental caries is largely caused by two major groups of cariogenic bacteria; they are
Streptococcus mutans and Lactobacilli species. The bacteria are essentially introduced
from one person to another, for example, form the mother to the child. They colonize the

mouth and adhere to the tooth via the formation of dental plaque [3].



Sound Initial lesion Moderate lesion Extensive lesion
(ICDAS 0) (ICDAS 1-2) (ICDAS 3-4) (ICDAS 5-6)
4 i - i

Figure 1.1 Clinical and radiographic examination of the various stages of dental caries.
Note: ICDAS: international caries detection and assessment system.
Source: [4]

The tooth is made up of three layers as shown in Figure 1.2. The top-most layer of
the tooth crown is the enamel, which is the most mineralized and hardest layer. The second
layer is the dentin, and it is softer than enamel due to a higher content of collagen and
water. The center of the tooth is called the pulp and contains nerves and blood vessels that
provide sensation to the tooth and keep it alive. The outermost layer of the tooth root is
called cementum followed by dentin which encases the pulp tissue within the root canal
[3].

Dental plaque is formed through a three-step process [5]. First, salivary molecules
including glycoproteins, acidic proline rich proteins, mucins, and sialic acid coat the tooth
enamel once it has been cleaned. Second, primary bacterial colonizers, mainly

Streptococcus sanguinis and Actinomyces viscosus, adhere to the pellicle via cell to surface



interactions [6,7]. Third, other bacterial species such as Streptococcus mutans and
Lactobacilli species adhere to the primary colonizers via cell to cell interactions, with

further bacterial growth leading to the formation of the dental plaque biofilm [8].

Enamel

Crown

Dentine

Pulp chamber

Gum

Peridontal ligament

Cementum
Root

Root canal

Bone

Nerves and
blood vessels

Figure 1.2 Tooth structure and dental plaque.
Source: [4]

The disease process is a continuing cycle of demineralization and remineralization
of tooth enamel and dentin that can lead to cavitation. Sound enamel and dentin crystals
are made up of a hydroxyapatite like mineral that can be easily dissolved in acids. The
mineral contains carbonate ions that substitute for the phosphate ion in the crystal lattice,

creating defects and calcium deficient regions which are more acid susceptible [2].



Demineralization begins when bacteria metabolize fermentable carbohydrates,
producing a number of organic acids, including lactic, acetic, formic, and propionic acids,
which diffuse into the dentin and enamel via the water between their crystals. When the
acid reaches a susceptible site, it dissolves away the calcium and phosphate ions [9]. The
early sign that dental caries is in progress is the presence of white spot lesion in the mouth,

Figure 1.3 [2].

“White spot” lesion

Figure 1.3 Initial clinical sign of dental caries in progress.
Source: [2]

Remineralization occurs when calcium and phosphate ions, primarily from saliva,
along with fluoride ions, build on the existing crystal remnants. Depending on the fluoride
content present, the fluoride ions adsorb onto the dental crystal surface, attracting calcium
and then phosphate ions. The new crystal structure is fluorapatite-like and is much more

acid-resistant than the original carbonated hydroxyapatite, Figure 1.4 [9,10].
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Figure 1.4 A Schematic representation of a fluorapatite-like remineralized crystal surface.
Source: [2]

Dental caries is a continuous dynamic disease process. As long as there are
cariogenic bacteria, fermentable carbohydrates, and saliva present, the cycle of
demineralization and remineralization continues in the mouth. If balance is not achieved
and demineralization proceeds at a faster rate, then tooth decay and cavitation is the end
result, Figure 1.5 [2,3].

At the early stages of decay, the tooth may be treated with restorations. If the decay
has reached the pulp, then root canal therapy is needed to remove the infected tissue.
However, if the tooth is badly damaged, then tooth extraction is the final solution [11,12].

Dental materials can be classified as preventive, restorative, or auxiliary.
Preventive materials include sealants with antibacterial effects. Restorative materials are
synthetic components that are used to repair or replace tooth structure. They can be
intracoronal, placed inside a prepared cavity, or extracoronal, placed around the tooth such
as crowns. Auxiliary materials are used in the fabrication of dental prostheses and

appliances but are not part of the device, such as dental impression materials [13,14].
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Figure 1.5 Dental caries balance.
Source: [4]

1.2 Historical Perspective of Dental Restoration Materials

Various natural and artificial materials were used in dental restorations in the past, and
some of them evolved over time. This includes bones, ivory, gum, ceramics, and metals.
Dental restoration is believed to have started around 3000 BC, when evidence of tooth
implants was discovered in Egyptian mummies. However, the earliest documented tooth
implant material is attributed to the Etruscans, where elephant and hippopotamus ivory was
carved as partial dentures and bound to natural teeth using gold bands around 700 B.C,
Figure 1.6. Phoenicians used gold bands and wires similarly. The Mayans used implants
made of seashells around 600 A.D, Figure 1.7 [13,15].

A process to make porcelain dentures was developed in 1774 by Duchateau and de
Chemont. An individual porcelain tooth was made by Fonzi in 1808. The first amalgam
was developed in France in 1816 by Taveau. Vulcanized rubber dentures were made after

the material was invented in 1839. Gold foils were used in filling cavities in 1843 by



Giovanni d’Arcoli. Silicate cement was introduced in the early 20" century and was

followed by methacrylate composites in 1962 [13,15,16].

Figure 1.6 Etruscan denture 700 BC.
Source: [13]

Figure 1.7 Three implanted incisors made of seashells 800 AD.
Source: [13]



The choice of dental restorative materials can depend on many factors, including
the patient, the dentist, and tooth characteristics. Important parameters for choosing the
proper dental restorative materials include strength, hardness, wear and chemical
resistance, esthetic appearance, and biocompatibility [15].

Metals are mainly used in applications in which strength and durability are needed.
Typical uses of metals include casting alloys, amalgams, and porcelain fused to metal
(PFM) restorations. Ceramics are either used as stand-alone ceramic materials, or in
conjunction with metals as PFM restorations. They are used where chemical durability and
esthetics are important, especially as veneers and crowns. Polymeric materials are used as
cements and as cavity fillings in combination with ceramic filler particles. Polymers are

useful because of good esthetics and adhesion properties [15].

1.3 Dental Ceramics
Ceramics can match the esthetic appearance and function of missing teeth; they are
biocompatible and wear resistant, and have long term color stability. Ceramics are
categorized into all-ceramic and metal-ceramic (porcelain fused to metal) systems. All
ceramic systems are made of glass ceramics or glass-infiltrated ceramics. Metal ceramics
are feldspathic porcelain. Ceramic restorations are believed to fail due to their brittleness,
and their inability to suppress crack propagation. Dental ceramics are mostly used as inlays,

onlays, veneers and crowns, Figure 1.8 [13,15].
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Figure 1.8 All-ceramic posterior bridge.
Source: [13]

1.4 Dental Gold and Casting Alloys

Gold is one of the oldest dental restoration materials, and its use is continued today as pure
gold and as dental casting alloys. The use of pure gold is limited to smaller cavities due to
its lower mechanical resistance to masticatory forces [17].

Casting alloys are divided into all metal and porcelain fused to metal restorations.
They are classified according to their metal type, high noble, noble, and predominantly
base metal. High noble alloys contain more than 40 weight% of gold, and the rest is from
the platinum group metals. Noble alloys contain more than 25% of noble metals while
predominantly base metal alloys contain less than 25% of noble metals. Silver is not
considered noble in dental applications. Casting alloys are also classified according to their
mechanical properties to type I (low strength), type Il (moderate strength), type 111 (high
strength), and type IV (extra high strength), Table 1.2 [15].

Casting alloys are used for inlays, onlays, full crowns, and partial dentures, Figure

1.9. They are biocompatible, corrosion- and tarnish-resistant, with good thermal and



esthetic properties. Metal alloys in porcelain, fused to metal castings, should have a thermal
coefficient that is compatible to porcelain, form stable oxides to promote bonding to

porcelain, and have minimum creep or sag during firing of porcelain [13,15].

Table 1.2 Minimal Mechanical Requirements for Casting Alloys

Type Strength le?@;;e)ngth Elongation (%) Application Examples
I Low 80 18 Inlays
] Moderate 180 10 Inlays/onlays
i High 270 5 Onlays, Crowns
W, Extra high 360 3 Crowns, bridges,

partial dentures

Source: [13]

Figure 1.9 High gold alloy a) inlay, b) onlay, c) partial crown.
Source: [17]

1.5 Dental Amalgam
Dental amalgam fillings have been extensively used for over two centuries due to their low
cost, ease of use, durability and resistance to moisture, Figure 1.10. Dental amalgam
contains about 45-50% mercury and is formed by reacting mercury with copper, silver, and
tin. The quality of dental amalgam is dictated by its dimensional stability, compressive

strength, low creep rate, and tarnish- and corrosion-resistance [13,15].
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Figure 1.10 Dental amalgam filling.
Source: [13]

Mercury is considered toxic to the kidneys and the nervous system [18,19], and
small amounts of the inorganic material may be released into the oral environment [20].
This depends on a number of factors including the size and number of restorations,
composition, and chewing and grinding habits [21]. The major routes of mercury exposure
are through inhalation of mercury vapors, ingestion of elemental mercury, or swallowing
small pieces of amalgam. The estimated concentration of mercury in the respiratory,
urinary and blood systems, based on the data from the world health organization, are
presented in Table 1.3. As can be seen in Table 1.3, they are far below the safety limit of

occupational mercury exposure [22].
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Table 1.3 Estimated Mercury Concentration in Respiratory, Urinary, and Blood Systems

Medium Individual with typical Occupational exposure
number of fillings limit

Respiratory air

concentration 3-17 pug Hg/day 346 ug Hg/day
Urinary concentration of

mercury 3.5 ug/L 100 pg/L
Blood concentration 3-5 ug/L 25 pg/L

Source: [22]

The US-FDA recently issued an epidemiological review of exposure to dental
amalgam mercury and did not find sufficient evidence correlating this exposure with
adverse health outcomes [23]. However, the negative perception of amalgam and its lower
esthetic appeal, in addition to the Minamata convention to minimize mercury production,
usage, and environmental impact, are leading reasons for patients and governments to limit

its use [21,24].

1.6 Dental Polymers
The early uses of polymers as dental materials started with natural rubber and was followed
by vulcanized rubber as denture bases in 1853. Gutta-Percha, a plant exudate rich in trans-
poly(isoprene), was used for cavity fillings, temporary crowns, and permanent restorations
in the 1890s [15,16].

Silicate cement was the first tooth colored material used in esthetic dentistry in the
late 19" century. However, it had several drawbacks such as pulp irritation potential,
desiccation, and solubility. Therefore, poly(methyl methacrylate) was developed and used
by 1940 as crowns, inlays, fixed dental prostheses, and denture bases. The development of

low-and room-temperature curing allowed for the use of direct resin dental fillings in the
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1950s. The resin was based on the mixture of methyl methacrylate,
poly(methylmethacrylate), and the crosslinker ethylene glycol dimethacrylate. Early resin
systems suffered from high polymerization shrinkage that led to marginal leakage and
secondary caries. Therefore, further developments were made to incorporate and bind filler
ceramic particles to new resins. This led to the development of BisGMA (Bisphenol A
glycidyl methacrylate) in 1956 and UDMA (urethane dimethacrylate) in 1974. Similarly,
polymerization-based curing methods progressed from self-curing to ultraviolet light
curing and to blue light-curing [13,15,16].

Polymeric materials are used in various dental applications, such as denture bases
and teeth, dental bonding agents, cementing and luting materials, cavity fillings, brackets
and bracket bonding resins and cements, custom trays, and impression materials, Figure

1.11 [15]. The focus of this dissertation is on dental resins for direct filling restorations.

Figure 1.11 Resin-based composite filling.
Source: [25]
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1.7 Resin-Based Composites
Dental restorative resin-based composites are a new class of materials that were developed
in the late 1950s. They are of significant interest due to their good performance, esthetic
appeal, and ability to match the color of natural tooth [15].

Resin based composites are described as interconnected heterogenous materials
with three distinct phases. The first phase is a continuous phase consisting of the
photopolymerizable organic matrix. The second is a higher-modulus dispersed phase of
fillers with different types, sizes, morphologies, and shapes. The third is an interfacial
phase that binds the continuous and dispersed phases together [26].

The organic matrix consists of either individual or blends of aromatic, aliphatic,
and urethane dimethacrylate monomers, a photo initiator system, and stabilizers [27].
Dental monomers cross-link into a three-dimensional polymeric network that should
provide high monomeric degree of conversion, low water uptake and polymerization

shrinkage, as well as good mechanical properties, Figure 1.12 [15,27,28].

6=C — C=C 6e0—0oC )
0sC—0CC  C=—0<C gogagc OO O
0=C —C=C Gg— e
oo omc C_G__C:((:;=c——c=(:
- 0=C —C=C

1 POLYMERIZATION

Figure 1.12 Cross-linked polymeric network.
Source: [29]
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Fillers are introduced to reinforce and strengthen composites, and to lower
polymerization shrinkage and thermal expansion. They are dispersed in the crosslinked
polymeric network and constitute about 30-70% by volume or 50-85% by weight of the
composite. Some of the common fillers are fused quartz, aluminum silicate, lithium
aluminum silicate, barium, zirconium, and zinc glasses [13]. Composites can be classified
in accordance with their filler’s particle size and distribution, with many composites having
a combination of different sizes to tailor performance. Some examples are summarized in

Table 1.4.

Table 1.4 Examples of Composite Classification Based on Filler Particle Size and
Distribution

Class of composite Particle size Clinical use
Traditional (large particle) 1-50 pum glass or silica High stress areas
Hybrid (large particle) 1) 1-20 pm glass High stress areas requiring
2) 40 nm silica improved polishability
Hybrid (midfilled) 1) 0.1-10 pm glass High stress areas requiring
2) 40 nm silica improved polishability
Hybrid ( minifilled) 1) 0.1-2.0 um glass Moderate  stress  areas
2) 40 nm silica requiring optimal
polishability
Nanohybrid 1) 0.1-2.0 um glass Moderate  stress  areas
2) < 100 nm requiring optimal
nanoparticles polishability

Source: [13]

Increased filler loadings improve compressive and tensile strength, toughness, and
modulus of elasticity, which translate into better clinical composite performance. As the
filler volume fraction reaches 70%, the abrasion and fracture resistance of the composite

approach those of natural tooth. The polymerization shrinkage decreases as well in
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proportion to filler volume fraction, because higher filler content reduces the overall resin
content and fillers do not participate in the polymerization process. Similarly, increased
filler loadings reduce the overall coefficient of thermal expansion of the composite to levels
near that of natural tooth. As a result, less interfacial stresses are produced due to
volumetric changes when consuming hot and cold foods. Finally, fillers impart radiopacity
which aids in the detection of secondary caries, leaking margins, and surface wear [13,26].

The adhesion of the polymer matrix to the filler can occur via hydrogen bonding,
ionic interaction, van der Waals forces, ionic or covalent bonding, and interpenetrating
polymer network formation. This improves the physical and mechanical properties of the
composite by allowing the lower moduli polymer network to transfer stresses to the higher
moduli fillers. A properly bonded polymer/filler interface can also inhibit or reduce
leaching by preventing water from penetrating [13,26] into the filler.

Adhesion can occur via coupling agents, which are difunctional surface active
compounds that are used to bond the inorganic filler to the polymer matrix. Organosilanes
are the most common coupling agents, Figure 1.13. This includes y-methacryloxypropyl
trimethoxysilane whose mechanism is depicted in Figure 1.14. The coupling mechanism
is as follows: the methoxy functionality is hydrolyzed in the presence of water to silanol,
which will react and bond with other silanol functionalities on the filler. The methacrylate
functionality of the coupling agent will react with the resin once it is polymerized, thus

creating a bonding between the two interfaces [13].
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1.7.1 The Monomer System
The molecular structure of the dimethacrylate monomer impacts the crosslink density,
morphology of the network, and the overall properties of the polymeric network. For

example, oligoethers and aliphatic hydrocarbons increase the overall elasticity, while
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aromatic and cycloaliphatic groups increase stiffness [30]. The length of the dimethacrylate
molecule dictates the theoretical cross-link density; the shorter the molecule, the higher the
cross-link density, and the lower the possibility of chain reorganization [31]. Physical
cross-links on the other hand, such as through hydrogen bonding, reduce rotational motion
and increase stiffness [31].

There are various dimethacrylate monomers that are used for direct dental
restorations; the most common ones are shown in Figure 1.15. They include 2,2-bis[4-(2-
hydroxy-3-methacryloyloxypropoxy)phenyl]propane, BisGMA. Triethylene glycol
dimethacrylate. TEGDMA. 1,6- bis-(methacryloyloxy-2-ethoxycarbonylamino)- 2,4,4-

trimethylhexane, UDMA.
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Figure 1.15 Common dental dimethacrylates.

BisGMA was designed and synthesized specifically for dental restorations by
Bowen in 1956 [32] . It is typically synthesized as the reaction product of either bisphenol-
A with glycidyl methacrylate or, bisphenol A diglycidyl ether with methacrylic acid,
Figure 1.16 [33]. Its stiff and bulky aromatic core imparts high polymeric modulus and

low shrinkage, and the hydroxyl groups provide good adhesion to the tooth enamel

18



[30,34,35]. However, it has a high viscosity of 1200 Pa‘s due to intermolecular hydrogen
bonding between its hydroxyl groups and the presence of n-mt interactions, thus limiting its
handling, degree of monomeric conversion, and the amount of filler that can be
incorporated. As a result, it is usually mixed with a diluent such as TEGDMA which has a

viscosity of 0.01 Pa-s [36].
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Bisphenol A diglycidyl ether Methacrylic Acid

Figure 1.16 Synthesis scheme of BisGMA.

TEGDMA is used a dental diluent due to its low viscosity. It is the synthesis product
of triethylene glycol and methacrylic acid, Figure 1.17 [33]. Its flexible and hydrophilic
ether linkages are reported to increase water sorption and polymerization shrinkage

[37,38].
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Figure 1.17 Synthesis scheme of TEGDMA.

UDMA was developed by Foster and Walter in 1974 as a response to BisGMA and
its high viscosity [39]. It is the synthesis product of 2,4,4-trimethylhexamethylene
diisocyanate and 2-hydroxyethyl methacrylate, Figure 1.18 [33]. It has a low viscosity of
6.75 Pa's due to its aliphatic spacer group. But it imparts toughness, good durability, and
adhesion to the tooth enamel due to the presence of the urethane group and hydrogen

bonding [30,40-43].
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Figure 1.18 Synthesis scheme of UDMA.
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1.7.2 The Polymerization Process

1.7.2.1 The Activation Mechanism. Dental dimethacrylate polymerization can be
activated either chemically or photochemically. In chemically initiated polymerizations,
the monomers are supplied as two pastes, one of which contains benzoyl peroxide as the
initiator, while the other contains aromatic tertiary amines as the reducing agent, such as
N,N-dimethyl-p-toluidine. In addition, butyl hydroxytoluene is added as a stabilizer to
control the start of the polymerization [44].

When the two components are mixed together, the amines react with benzoyl
peroxide through the formation of a complex by means of electron transfer from the
unshared pair of the nitrogen to the peroxide, which also leads to the formation of the
benzoate anion. The complex homolyzes into an amine radical cation and benzoyloxy
radical. The benzoate anion extracts a proton from the amine cation to make benzoic acid.
An alkyl amine radical is then formed upon the transfer of an electron from carbon to
nitrogen. The newly formed radicals can then initiate polymerization, Figure 1.19 [44-46].

There are several drawbacks that are associated with chemical activation of dental
dimethacrylates such as the entrapment of air which leads to voids and weakening of the
polymeric network. In addition, any trapped oxygen can react with free radicals and inhibit
polymerization. Finally, there is a limited control of work time once the two components
are mixed together. Therefore, chemical activation is used for restorations or large

foundation structures that are not readily cured by light activation [13].
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Figure 1.19 Mechanism of redox initiation by benzoyl peroxide / amine system.
Source: [44]

The photochemical activation of dental dimethacrylates typically occurs by means
of free radical photo polymerization using the photo-initiator camphorquinone (CQ) in the
blue region of visible light [47]. Camphorquinone is an a-diketone with a UV absorption
in the region of 200-300 nm due to the m,t* transition, and a visible light absorption in the
region of 400-500 nm due to n,rt* transition. The molar extinction coefficient of the m,t*
transition (g250 nm) is 10,000 M cm™, and for the n,* transition (g46s nm) is 40 Mt cm™
[48]. Camphorguinone has an absorbance peak around 469 nm and is typically mixed with
tertiary amines as co-initiators to improve its effectiveness [49]. Polymerization co-
initiators are chemical compounds that interact with camphorquinone and generate reactive

species that are able to initiate and sustain the polymerization process. Dimethylamino
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ethyl methacrylate and ethyl-4-dimethylaminobenzoate are examples of such co-initiators
[50].

Upon absorption of light, there is a transition of an electron from the localized non-
bonding orbital (n) of one of the oxygen atoms of CQ to the antibonding orbital (i) of the
carbonyl group to form the singlet activated state (S1). This electronic transition (n>m") is
characterized by a much lower molar absorptivity than other transitions, and it does not
involve the reversal of electron spin [50,51]. Then by intersystem crossing ( a non-radiative
isoenergetic transition from a singlet electronic state to a triplet state or vice versa), it
causes the formation of the triplet state (T1) [52]. While in T1, CQ interacts with an amine
to generate an excited state complex, called the exciplex [48]. The exciplex is a
heterodimeric, short-lived species that forms in the excited state but dissociates in the
ground state.

In the exciplex state, the electron donor amine transfers an electron from the
nitrogen’s lone pair to the activated carbonyl of CQ, which acts as an electron acceptor.
Then via an intermolecular hydrogen abstraction from the amine by CQ, free radicals can
form, Figure 1.20. These radicals are the amino alkyl radicals which can initiate free
radical polymerization, and the camphorquinone ketyl radicals which can deactivate or
terminate the polymerization [52,53]. The hydrogen abstraction from amines by the triplet
CQ state to form free radicals is much faster than the reaction of CQ alone with the
monomer. Therefore, amines are added as co-initiators [48,51].

There are a number of advantages that are associated with light curing, such as
avoiding porosity of chemical activation, having longer work time and faster curing

procedure [13].
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Figure 1.20 Photoinitiation of camphorquinone and amines.
Source: [53]

1.7.2.2 Polymer network development.  The free radicals created by the
camphorquinone amine system attack and open the double bond (C=C) of the methacrylate
group, and cause a chain reaction polymerization characterized by initiation, propagation,
and termination, Figure 1.21 [54].

Dimethacrylate monomers can bind to four other monomers or polymer chain ends
creating a highly crosslinked covalently bonded network. The extent of polymerization, or
double bond conversion, can be quantified by determining the ratio of the remaining
unreacted double bonds to the initial double bond amount; this is termed as the degree of

conversion [54].
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Figure 1.21 Schematic representation of the polymerization process.

Note: CQ: camphorquinone, A: tertiary amine, * indicates a radical species. (1), (2), (3), and (n) represent the
theoretical steps of linear monomer addition. n and m: large amount of monomer units. A trapped radical is
illustrated in the termination section and segmental mobility is represented by a twisting gray arrow. A double
gray arrow indicates radicals about to react together (bimolecular termination).

Source: [54]

The monomer system exists mainly as a homogenous liquid solution prior to
polymerization. At the beginning of the photopolymerization process, the degree of
monomeric conversion and cross-link density increase rapidly as the ratio of free
monomers decrease in comparison to the growing polymer phase. This includes the
formation of polymer backbone chains, cross-links, and pendant reactive groups. The

formation of a cross-linked network causes a rapid increase in the system’s viscosity and
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changes its state from a viscous liquid to an elastic gel; this point is called gelation [30,55].

The mobility restriction caused by an increase in the viscosity at the gel point
mostly affects free radicals at the growing polymer chain ends, but free monomers can still
diffuse easily. As a result, bimolecular termination, in which free radicals react with each
other [56], slows while new growth centers are still being created by initiation. As the rate
of free radical concentration increases, the rate of polymerization increases, and the system
is in an auto-acceleration stage [54,57].

As the reaction proceeds further, the viscosity of the system becomes very high and
the diffusion becomes very limited, even for monomers. At this point, the rate of
polymerization decreases, and the system is in an auto-deceleration stage. The state of the
system then changes from rubbery to glass at a point called vitrification. Vitrification leads
to the entrapment of photo-initiators, free radicals, monomers, and pendant double bonds.
As aresult, the system cannot achieve a complete monomeric degree of conversion [54,58].

The polymeric network is largely seen as spatially heterogeneous clusters with
various degrees of cross-linking density, Figure 1.22 [59]. This heterogeneity arises from
the polymerization process, where there is an initial formation of independent microgel
domains advancing ahead of the surrounding polymer matrix. These domains can gradually
form denser network structures through vitrification within the individual domains as the
polymerization progresses. The vitrification within the individual domains creates
microscopic localized gradient regions of higher and lower cross-link density that vary in
proportions throughout the polymerization process. This heterogeneity can create glassy
regions at relatively low levels of conversion as well as rubbery regions at the limiting

conversion point [30,60].

26



Highly crosslinked Loasely crosslinked
microgel agglomerates matrix

Figure 1.22 The structural heterogeneity of dimethacrylate networks.
Source: [59]

Network defects such as entanglements, loops, pendant groups, and pendant chains
can arise as a result of the monomer structure or polymerization process. The presence of
long and flexible monomers can cause network entanglement. On the other hand,
monomers that are relatively compact and flexible are more prone to engage in cyclization
reactions than monomers that are rigid and extended. Cyclization reactions occur when a
propagating chain radical reacts with a pendant reactive group creating a loop. The pendant
reactive group can be either already attached to the same chain, creating a primary cycle,
or attached to another chain that has previously been connected to the first by a cross-link,
creating a secondary cycle. These cyclization reactions produce ineffective cross-links.
Lastly, pendant methacrylate groups and chains are caused by incomplete monomeric

conversion, Figure 1.23 [30,59].
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Loops, pendant groups, and pendant chains can act as plasticizers and weaken the
polymer matrix. They do so by decreasing the overall cross-link density and network
tightness and by increasing the rotational movement of the chains. On the other hand,
entanglements provide further network restraints and increase the network’s tightness [59].

Alternatively, chemical cross-linking resulting from a high degree of monomeric
conversion and physical cross-linking through hydrogen bonding can enhance the

network’s stability and performance [59].
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Figure 1.23 Physical and chemical cross-linking as well as defects in the polymer network.
Source: [59]

1.7.2.3 Photopolymerization Efficiency. The efficiency of the photopolymerization
system is affected by intrinsic and extrinsic factors. Intrinsic factors include the
photoinitiation system, monomer and filler viscosity, and optical properties of the
resin/filler mixture. The extrinsic factors include light curing units, emission spectrum,

light guide tip positioning, and curing temperature [54].
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1.7.2.3A Intrinsic Factors. In the photoinitiation system, the concentration of the photo-
initiator and co-initiator can have an impact on the polymerization efficiency. The degree
of conversion is usually higher with higher concentrations up to an optimum level, due to
an increase in the rate of polymerization. When the concentrations are increased beyond
the optimum level, the degree of conversion decreases due to excessive absorption of light
by the photo-initiator and co-initiator at the sample surface, resulting in less light
transmission through the layers of the sample and lower polymerization rate. The optimal
concentration of the photoinitiation system depends on the materials and the desired
properties [54,61,62].

A number of photo-initiators, other than camphorquinone, can be used to improve
the photopolymerization efficiency. For example, phenylenpropanedione (PPD) and mono-
or bis-acylphosphine oxides (MAPO and BAPOQO) have higher molar absorptivity than
camphorquinone and thus have a higher probability of light absorption in their optimal
range. In addition, MAPO and BAPO can generate several free radicals per molecule while
CQ can generate only one radical. MAPO and BAPO are being studied further as possible
replacements for CQ [54,63,64].

The initial viscosity of the monomer system can affect the reaction kinetics and the
degree of conversion. Viscous monomers tend to impede molecular motion and reduce the
degree of conversion. Similarly, variations in the filler-resin contact area can create local
areas of high viscosity due to higher filler loading, favoring early vitrification. The
viscosity is affected by the composition and molecular structure of the monomer, and filler
type [54,65,66].

The optical properties of the composite can limit light transmission through the
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sample. For example, light can be either reflected at the surface [67,68] or absorbed by
pigments or photo-initiators [69,70]. Fillers can reduce light transmission by reflection at
the filler-resin interface due to refractive index mismatch [71,72]. Filler particles can also
scatter light, depending on a number of factors, including their size [73].

The thickness of the resin-based composite layer during photopolymerization has
an impact on the material property and the degree of conversion. Resin-based composite
layers, that are more than 2 mm thick result in significant light absorption and scattering,
rather than light penetration [74]. The studies by Rueggeber et al. [75,76], Price et al. [77]
and Flury et al., [78] found a significant reduction in the degree of conversion and hardness
of cured resin-based composites that were more than 2.5 mm thick. Therefore, incremental

layering of dental fillings is used for cavities requiring fillings that exceed 2 mm thick [74].

1.7.2.3B Extrinsic Factors. The early visible light curing units were broad spectrum
halogen filled quartz bulbs with a tungsten filament that required a filter to isolate the
required wavelength (400-500 nm) [79,80]. The current light sources use light-emitting
diodes, with a spectrum narrower than halogen lights, which can be more effective for
camphorquinone initiation [81]. On the other hand, polywave light-emitting diodes, with
two or more wavelength ranges, can be used for a broader range of initiators [82]. In
choosing the right light curing unit, there should be an optimal spectrum match between
the unit and the photo-initiator. This not only ensures efficient polymerization but avoids
excessive temperature rise in the dental pulp. Since photons that are absorbed but do not
initiate polymerization are transformed into heat and can irritate or damage dental tissue

[83].
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The position of the light-curing tip can affect the total energy reaching the
composite surface, with reduction in energy resulting from increased distance between the
composite surface and the light-curing tip [84]. Price et al. reported a significant reduction
in microhardness by increasing the distance from 2 mm to 9 mm [85]. Therefore, it is better
to minimize the distance as much as possible, or extend curing time or irradiation level
[74].

An increase in the degree of conversion, hardness, and polymerization rate was
observed when resin-based composites were cured at the oral temperature of 35°C in
comparison to room temperature cure at 22°C [86]. The increase in polymerization
temperature leads to lower viscosity of the resin-based system and improves molecular
mobility, allowing higher reaction rate prior to vitrification [87].

For the photo-curing system to be clinically effective, it must have very rapid curing
durations (30-40 seconds) for each layer. The light intensity and the associated spectrum
should not harm the oral tissue. The heat of polymerization must be low to avoid any

damage to the tissue as well [34,47].

1.7.3 Evaluation

1.7.3.1 Degree of Conversion. The degree of double-bond conversion of monomers
is an important parameter for dental resins. It correlates with other material characteristics
such as monomer elution, volumetric shrinkage, wear resistance, and mechanical
properties [54]. The unreacted double bonds may either be in the form of free monomers
or pendant groups. Free monomers can leach into the oral environment and irritate the soft

tissue. Pendant groups lower the overall chemical cross-linking density and affect the
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network’s mechanical properties. However, near complete monomeric conversion can
result in an increase in polymerization shrinkage since chains are brought closer together
[34,88].

The chemical structure of the monomer influences the degree of double-bond
conversion. Molecules with a stiff structure and low elasticity have a lower degree of
conversion than molecules with higher elasticity and longer distance between the
methacrylate groups. The addition of a diluent helps to increase the degree of conversion
through a reduction in the overall viscosity and an improvement in reaction diffusion
[54,59].

The degree of double bond conversion is never complete but is typically between
50-75% in resin-based composites due to vitrification [54,59]. The degree of conversion
can be measured through Fourier Transform Infrared and Raman Spectroscopy,
Differential Scanning Calorimetry, and solid state Nuclear Magnetic Resonance. Fourier-
Transform Infrared Spectroscopy (FTIR) is the most common technique, allowing
detection of the absorbance of the double-bond stretching of the methacrylate functionality
(C=C) at 1636 cm™ before and after polymerization. In order to obtain accurate
measurements, the absorption of a band that does not change as a result of polymerization
is used as an internal standard. The vibrational stretching of the (C=C) in the aromatic ring
in the 1620-1565 cm™ is the typical internal standard. The difference in the absorbance
band of the vinyl group of the methacrylate functionality before and after curing, with
respect to the internal standard, indicates the percentage of double bond conversion,
Equation 1.1 [89-92]. In this equation, Ac=c) is the absorbance of the double bonds of the

vinyl group, Ais is the absorbance of the internal standard band.
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—monomer
Ais

The work of Sideridou et al. [34] showed the degree of conversion in a set of
dimethacrylate homopolymers to increase in the following order, BisGMA<UDMA<BIs-
EMA<TEGDMA. BisGMA is a stiff molecule with limitations in rotational movement and
has the lowest degree of conversion. BiSEMA lacks the hydroxyl groups of BisGMA and
contains additional ethoxylated groups for added flexibility and rotational movement,
Figure 1.24. UDMA is characterized by high elasticity and hydrogen bonding and, as such,
has moderate degree of conversion. TEGDMA is fully aliphatic with a high degree of

conversion due to its high flexibility, Table 1.5.

BisGMA BisEMA

Figure 1.24 BisGMA and BisEMA.

Table 1.5 Degree of Conversion for BisGMA, BisEMA, UDMA, and TEGDMA

Monomer Mw Viscosity (Pass) DC polymer
BisGMA 511 1200 39
BisEMA (n+m=4) 540 0.9 52.2
UDMA 470 23.1 69.6
TEGDMA 286 0.011 75.7

Note: Mw (molecular weight), DC (Degree of conversion)
Source: [34]
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Pfeifer et al. [31] investigated the effect of the diluent, TEGDMA, at various
concentrations on the degree of conversion of BisSGMA. The degree of conversion of
BisGMA improved with increasing content of TEGDMA and lower viscosity of the

mixture, Table 1.6.

Table 1.6 Degree of Conversion of BisGMA as a Function of TEGDMA Content

BisGMA/TEGDMA mol% Degree of conversion % Viscosity (Pa.s)
100% BisGMA 50.2 -
80/20 60.9 31.67
60/40 67.9 2.680
40/60 72.4 0.333
20/80 80.8 0.047
100% TEGDMA 81.3 0.015

Source: [31]

1.7.3.2 Degree of Cross-linking.  The polymer network can be either chemically or
physically cross-linked. A chemical cross-link occurs when the radical reacts with a
pendant double bond on a different kinetic chain [93]. Physical cross-linking occurs by
means of hydrogen bonding between polymer chains [59].

The degree of cross-linking can impact the structural stability and mechanical
properties of the resin-based composite [94]. The less cross-linked the material, the more
it swells and degrades in solvents [95]. A number of methods to measure the degree of
cross-linking directly are being developed [59]. However, the degree of cross-linking can
be inferred indirectly from the glass transition temperature; as cross-linking increases,
mobility decreases, and the glass transition temperature increases. Additionally, the degree
of cross-linking can be evaluated through material softening in ethanol and comparing

surface hardness before and after ethanol storage [54].
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1.7.3.3 Glass Transition Temperature.  The glass transition temperature (Tg) is the
temperature at which amorphous polymers undergo a transition from the glassy to the
rubbery state. It is an important property of the cured polymeric matrix and can be
measured by differential scanning calorimetry or mechanical analysis. The Tg of dental
composites must be above the range of intraoral temperatures. Materials with lower Tg
values can soften and fail during clinical procedures [96].

Stansbury et al. correlated the glass transition temperature, taken as the maximum
tan & peak, with the degree of conversion, Figure 1.25 [30]. As the polymerization
progresses, the proportion of the free monomer decreases with respect to the growing
polymer phase, which is made up of chains, cross-links, and pendant groups. Therefore, as

the degree of conversion increases, the maximum tan & and the breadth of the curve

increase.
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Figure 1.25 Tan delta plots of 70:30 wt% poly(BisGMA/TEGDMA) cured at different
time intervals with corresponding degree of conversion percentage.
Source: [31]
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1.7.3.4 Mechanical Properties. The mechanical properties of resin-based composites
are evaluated in terms of flexural strength and modulus. The flexural strength of the
materials should be as high as possible, while the elastic modulus should match the
surrounding tissue to avoid inadequate stress-transfer on loading. The flexural strength and
modulus are typically calculated through a three-point bending test [54].

Gajewski et al. related the degree of conversion with molecular structure and
flexural strength and modulus for the homopolymers of BisGMA, BisEMA, UDMA, and
TEGDMA, Table 1.7 [97]. Although TEGDMA had the highest degree of conversion at
82.5%, its flexural strength was the second highest at 99.1 MPa. TEGDMA is susceptible
to cyclization, which increases the degree of conversion but does not necessarily increase
the overall strength. A higher degree of conversion that leads to a higher degree of cross-

linking will lead to improved mechanical strength [58].

Table 1.7 Correlation of Degree of Conversion With Molecular Structure and Flexural
Strength and Modulus

Monomer DC% FS (MPa) FM(GPa)
BisGMA 345 72.4 1.0
BisEMA 75.5 87.3 1.1
UDMA 72.4 133.8 1.8
TEGDMA 82.5 99.1 1.7

Note: DC, Degree of Conversion, FS, Flexural Strength, FM: Flexural Modulus
Source: [97]

1.7.3.5 Water Sorption. Dental composite resins are in a continuous interaction with
the saliva in the wet intraoral environment. As a result, various interactions occur, such as
hydrolysis [98] and degradation of polymer network bonds and resin-filler interfaces [99],

which can lead to leaching of residual monomers [100,101].
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The extent to which a material is affected by water interactions depends on polymer
hydrophilicity, solubility, cross-linking density, and porosity, as well as filler content and
morphology [99,102,103].

Water absorption into the resin is a diffusion-controlled process. Water molecules
enter the polymer network through porosity and intermolecular spaces, thus occupying free
volume in the resin [38,103-107]. Water uptake by the composite resin can result in
swelling, plasticization and weakening of mechanical properties [99,108].

Hydrophilicity depends on monomer structure, polymer composition and
polymerization linkage. Therefore, BisGMA, TEGDMA, and UDMA all take up different
amounts of water depending on their structural differences, Table 1.8 [99]. TEGDMA is
believed to take up more water due to the presence of the hydrophilic ether linkages, and
flexibility of its network. BisGMA and UDMA, despite their hydrogen bonding, take up
less water than TEGDMA. In BisGMA, aromatic groups increase the hydrophobicity of
the material and limit water uptake. In UDMA, the high cross-link density due to hydrogen

bonding of the urethane groups limits water uptake as well [38].

Table 1.8 Water Uptake % of Homopolymers of BisGMA, UDMA, and TEGDMA

Resin Water sorption pg/mm?
BisGMA 33.49 (0.2)
UDMA 29.46 (0.16)
TEGDMA 69.51 (0.32)

Source: [109]
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Polymer networks of high cross-link density have lower water uptake. The covalent
cross-linking keeps polymer chains within close proximity, reducing the available volume
for water diffusion [99]. However, when the cross-linker is hydrophilic, it can facilitate
more water uptake, due to its compatibility with water [110].

While porosity and micro-voids can serve as sites that enhance water uptake and
elution [111], composite filler content can minimize water uptake by reducing the overall
volume for water to be absorbed [112].

Hygroscopic expansion of a dental composite due to water absorption can weaken
the mechanical properties and increase wear rate [113-116]. Some of the properties affected
are strength, elastic modulus, hardness, and dimensional stability [117-119]. Plasticization
occurs when the polymer chains are separated from one another and chain interaction is
weakened. The rate of plasticization matches the rate of water uptake and reaches a
maximum once saturation is achieved [117].

The hygroscopic expansion can make up for the loss of volume due to
polymerization shrinkage [120-124]. However, if the material takes up significant amounts
of water, then expansion can exceed shrinkage and lead to microcracks or cracked cusps in
restored teeth due to expansion stress [118,121,125]. Hydrophilic materials are prone to
taking up water in excess of polymerization shrinkage [126-128], while hydrophobic
materials may take up just the right amount of water to alleviate polymerization shrinkage

[121].
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1.7.3.6 Polymerization Shrinkage. Polymer systems shrink because as monomers
polymerize, they become covalently bonded and more restricted with lower degrees of
freedom, thus occupying less space [41,129]. The extent of polymerization shrinkage
depends on the degree of conversion, functionality and molecular weight of the monomer
system [41]. Pfifer et al. showed how polymerization shrinkage increases with the degree
of conversion prior to leveling off for a BisGMA/TEGDMA mixture at 60:40 weight
percent, Table 1.9 [31] .

Polymerization shrinkage is associated with micro-leakage, gap formation, enamel
crack propagation, and postoperative sensitivity [130]. It causes stresses within the matrix
and at its interface with the tooth. Flexion and crack formation of the tooth structure can
occur as a result of inward pull [131-133], or the composite resin can de-bond from the

tooth surface with the formation of gaps leading to secondary caries [134-136].

Table 1.9 Correlation of the Degree of Conversion with Polymerization Shrinkage

Exposure time (s) Degree of Conversion (%)  Volume Shrinkage (%)
10 44.5 4.4(0.2)
20 53.1 5.0 (0.5)
30 56.5 5.8 (0.4)
60 60.5 5.7 (0.1)
600 67.9 6.0 (0.7)

Source: [31]
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1.7.3.7 Biocompatibility. ~ The biocompatibility of dental materials ensures minimal or
no adverse health effects due to the materials’ interaction with the oral environment [137].
However, resin-based composites are in continuous interaction with the oral mucosa and
pulpal tissue where they can exhibit cytotoxic and genotoxic effects [138,139]. For
example, UDMA and TEGDMA can induce apoptosis in dental pulp [140,141].

Polymer networks can also degrade through enzymatic attacks in the oral
environment [142]. This causes a reduction in wear resistance, and elution of monomers or
molecules from the surface of the material [143-145]. It is believed that polymer
degradation occurs only at the network surface due to the large size of the enzymatic
proteins. However, surface degradation can lead to further degradation, and this is
dependent on the polymer network [146].

The inflammatory enzyme cholesterol esterase (CE), and the salivary enzyme,
pseudocholinesterase (PCE), can cause the breakdown of BisGMA and TEGDMA [147].
The degradation products are mainly methacrylic acid, bishydroxypropoxyphenyl propane

(bisHPPP), and triethylene glycol, Figure 1.26.
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Figure 1.26 Degradation products of BisGMA and TEGDMA.

BisGMA might not undergo a direct hydrolysis to Bisphenol A (BPA) due to the

presence of the ether linkage. Bisphenol A can be present as a byproduct in BisGMA, and
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can elute into the oral environment, Table 1.10 [148,149]. BPA is a suspected estrogen
mimic [150]. Increased levels of BPA exposure have been linked to various adverse health
outcomes such as reduced fertility, altered childhood behavior and neurodevelopment,
cardiovascular disorders and altered gene expression [151]. Therefore, the use of BPA has
been either banned or decreased. As such, there has been growing interest in replacing the

BPA core with a safer, alternative material, such as isosorbide.

Table 1.10 Bisphenol A Content in Commercial BisGMA

Manufacturer Bisphenol A (ug/g)
ShinNakamura 130.0
Polysciences 43.4

Freeman 42.6

Source: [149]
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1.8 Isosorbide

Isosorbide is a sugar-based molecule classified as GRAS, generally recognized as safe. In
recent years, it has attracted significant interest due to its biocompatibility and potential to
replace petroleum-based monomers. It is the product of starch degradation into D-glucose,
followed by hydrogenation into D-sorbitol and, finally, the dehydration to D-isosorbide,

Figure 1.27 [152].

CHO CH,0H
H——OH H——OH o
HO——H HO——H
Starch — . )
H——OH H——OH HO 'OH
H——OH H——OH
CH,OH CH,OH
D-glucose D-sorbitol p-isosorbide

Figure 1.27 General scheme for the synthesis of isosorbide.

Isosorbide is made up of two cis-fused tetrahydrofuran rings that exhibit a puckered
conformation (120°). The hydroxyl substitution at carbons 2 and 5 distinguish isosorbide
from the other two isomers, isomannide and isoidide. Specifically, isosorbide has an exo
and endo substitution at carbons 2 and 5, respectively. While isomannide has both

substitutions as endo, isoidide has both substitutions as exo , Figure 1.28 [152-154].

7 /
g H S|
Isosorbide Isomannide

Figure 1.28 1,4:3,6-dianhydrohexitols.
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The difference in configuration of the 2 and 5 hydroxyls results in different
chemical and physical properties [155]. The endo hydroxyl groups form intramolecular
hydrogen bonds with the ring-oxygen in the opposite ring, while the exo hydroxyl groups

do not hydrogen-bond intramolecularly, Figure 1.29 [152-154].

,,O 1 H——-‘O 1
O ™7 ""OH o
5 \
=0 S O——--TH
Isosorbide Isomannide

Figure 1.29 Intramolecular hydrogen bonding in isosorbide and isomannide.

Isosorbide and its derivatives have been explored in various health-related areas.
For example, aspirin prodrugs in the form of isosorbide-2-aspirinate-5-salicylate
completely hydrolyze upon interaction with plasma to release acetylsalicylic acid and
salicylic acid [156,157]. The efficacy and safety of isosorbide mononitrate to prevent
angina is well documented, and the potential of isosorbide mononitrate to prevent bleeding
was also studied [158,159]. Isosorbide-based esters that can easily bind to and be
hydrolyzed by human butyrylcholinesterases provide a template for the design of enzyme
inhibitors [160]. Biodegradable polyurethane and polyester microporous scaffolds, based
on isosorbide, have also been explored for tissue engineering [161,162].

Isosorbide, with its two-ring structure and hydroxyl functionality, mimics BPA,
Figure 1.30. As such, it has been a topic of interest as BPA replacement, especially in
dental materials. Figure 1.31 shows some of the isosorbide dimethacrylate materials that

have been developed up to date as potential BisSGMA replacements.
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Figure 1.30 Isosorbide and Bisphenol A.
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Figure 1.31 Isosorbide-based dental dimethacrylates.

Lukaszczyk et al. and Shin et al. reported the synthesis of ISDGMA [163,164], a
monomer that mimics BisGMA and is made by direct methacrylation of isosorbide
diglycidyl ether. Lukaszczyk et al. evaluated the performance of ISDGMA as a dental
resin, while Shin et al. evaluated its performance as a resin-based composite. The reported
water sorption for the homopolymer of ISDGMA was as high as 170 pg/mm?2, while, for
the copolymer of ISDGMA and TEGDMA,, it was 100 pg/mm?, as reported by Lukaszczyk

et al. [163].
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Kim et al. reported on isosorbide 2,5-bis(propoxy) dimethacrylate (ISOPMA) and
compared it to ISDGMA [165]. The water sorption of the polymer derived from ISOPMA,
upon elimination of the hydroxyl groups, was lower than that of the polymer derived from
ISDGMA.

Duarte et al. developed a urethane based isosorbide dimethacrylate (IS-UDMA)
and evaluated it as a resin based composite [166]. The water sorption of the homopolymer
was close to that of the BisGMA control but its flexural strength was much lower.

Vasifihasel et al. and Lukaszczyk et al. reported on the synthesis of an ethoxylated
isosorbide dimethacrylate (ISETDMA) [167,168]. Lukaszczyk et al. evaluated its
performance as a potential diluent due to its low viscosity of 0.062 Pas in comparison to
12.4 Pa's for ISDGMA, and 1200 Pa‘s for BisGMA. Since the viscosity of ISETDMA is
near that of TEGDMA at 0.011 Pas, it can serve as a potential bio-replacement diluent.

Jun et al. developed an isosorbide dimethacrylate (ISDB) based on isocyanoethyl
methacrylates and evaluated its performance as a dental sealant [169]. Water sorption for
samples containing ISDB in comparison to BisGMA were slightly higher but acceptable
for that application.

This dissertation investigates the development of isosorbide dimethacrylates for

dental applications.
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CHAPTER 2

HYPOTHESIS AND OBJECTIVES

2.1 Hypothesis
The objective of this dissertation was to synthesize and develop a series of bio-based
hydrophobically modified dental dimethacrylates based on isosorbide. Specifically, para,
meta, and ortho benzoate spacers were introduced between the isosorbide core and the
methacrylate functionality. This generated isosorbide 2,5-bis(4-glyceryloxybenzoate)
dimethacrylate (ISBAGBMA\), isosorbide 2,5-bis(3-glyceryloxybenzoate) dimethacrylate
(ISB3GBMA), and isosorbide  2,5-bis(2-glyceryloxybenzoate)  dimethacrylate

(ISB2GBMA), Figure 2.1.
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Figure 2.1 Hydrophobically modified isosorbide dimethacrylates with an aromatic spacer.

The performance of the new hydrophobically modified isosorbides was evaluated
as dental filling materials and compared to the BisGMA reference and ISDGMA control.
The new monomers were expected to result in lower water uptake and improved
mechanical properties, relative to ISDGMA, as a result of the hydrophobic modification,
but water uptake and mechanical properties comparable to those of BisGMA. The

evaluation of the resins was carried out as copolymers with TEGDMA.
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This concept was previously addressed by the Jaffe group [170]. In that study, the
water uptake of an isosorbide thermoset was reduced, and mechanical properties were
improved as a result of incorporating a hydrophobic moiety into the backbone of the

polymer when cross-linked with different amines, Figure 2.2, and Table 2.1.
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Figure 2.2 Hydrophobically modified isosorbide epoxides with an aromatic spacer.

Table 2.1 Glass Transition Temperature and Water Uptake of Cured Isosorbide Epoxies
with Jeffamine

Epoxy material Tg Water uptake ratio %
Isosorbide diglycidyl ether 48 18%
ISB2GB 78 2.20%
ISB3GB 95 0.55%
ISBAGB 107 2.60%

Note ISBGB: isosorbide 2,5-bis(glycidyloxybenzoate), 2=meta substituted, 3=ortho substituted, 4=para
substituted
Source: [170]

The choice of aromatic groups is based on the 2-,3- and 4-hydroxy benzoic acids.
2-Hydroxybenzoic acid is usually referred to as salicylic acid, which is the precursor to

acetylsalicylic acid (aspirin). Isosorbide has been previously modified with acetylsalicylic
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acid to make isosorbide aspirin prodrugs [157]. Therefore, modifying isosorbide with the
benzoates is not believed to alter the safety nature of the sugar molecule.

In this approach, the aromatic groups were esterified to the isosorbide core. While
this approach may render the bond susceptible to hydrolysis by esterases, it is believed to
be a good starting point to differentiate the performance of the various isosorbide benzoate
dimethacrylates. Based on this study, the best performing material will be chosen for

further modification.

2.2 Specific Objectives

2.2.1 Objective 1: Synthesis and characterization of ISDGMA and the ISBGBMA
series

e Sub-objective 1: The synthesis of ISDGMA was reported in the literature and was
followed accordingly and used as a control material along with BisSGMA. The
hydrophobically modified isosorbide monomers (ISBGBMA) were synthesized
through a 5-step scheme that will be discussed in detail in chapter 4.

e Sub-objective 2: Isosorbide and its derivatives were characterized by means of
proton NMR for structure elucidation.

2.2.2 Objective 2: Sample preparation and evaluation

e Sub-objective 1: Monomer mixtures based on ISDGMA, ISBGBMA monomers,
and BisGMA, along with the diluent TEGDMA, were prepared and photocured.

e Sub-objective 2: The cured resins were evaluated for the degree of monomeric

conversion, glass transition temperature, polymerization shrinkage, water sorption,
flexural strength, and modulus.

48



CHAPTER 3

METHODS

3.1 Structure Elucidation and Thermal Analysis
Structure elucidation and characterization was performed by utilizing Fourier Transform
Nuclear Magnetic Resonance (FT-NMR) for proton analysis using a 400 MHz FT-NMR.
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR — FTIR) was
used for functional group characterization. Dynamic Mechanical Analysis (DMA) was

used for glass transition temperature evaluation.

3.1.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is an absorption technique based on how
nuclei behave under the influence of an external magnetic field. The various nuclei in a
sample, under controlled experimental conditions, can absorb electromagnetic radiation.
This absorbed energy can then be measured by the NMR spectrometer by plotting the
frequency of the nuclei signal versus the signal intensity and this generates an NMR
spectrum [171].

All nuclei carry a charge, and with some nuclei this charge spins on the nuclear axis
and generates a magnetic dipole along the axis. Nuclei are NMR-active if they have an odd
atomic number (# of protons)-e.g., *H, N, 1°F and 3P, or if they have an odd atomic mass
(# of protons + neutrons)-e.g., *C. [171,172]. Nuclei that contain a magnetic dipole
moment can be analyzed by NMR.

When nuclei are placed in an external magnetic field, the direction of the nuclear

spin becomes defined by the direction of the magnetic field. The nuclear magnetic moment
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of spin assumes two orientations, either opposed to- or along the magnetic field. The
magnetic moment precesses about the field like a gyroscope at an angle, with a
characteristic frequency, the Larmor frequency (wo) defined by Equation 3.1. Where y is

the magnetogyric ratio and By is the applied magnetic field [171].

®o=YBo 3.1)

The magnetogyric ratio y is the proportionality constant and relates the nuclear
magnetic moment p and the spin number | for a specific nucleus according to Equation

3.2, where h is Planck’s constant [172,173].

y=2nu/hl (3.2)

If the nuclei in a sample are irradiated with a radio frequency source perpendicular
to the external magnetic field during the precession process, the nuclei precessional angle
will be influenced. If the power from the radio frequency source is equivalent to that of
the Larmor frequency, the nuclei will absorb the energy and be promoted to the less
favorable higher energy state. This energy absorption is called resonance because the
frequency of the precession and the applied energy resonate or coincide. The energy
absorption will increase the precessional angle and tilt the nuclei toward the horizontal
plane perpendicular to the external magnetic field. If a detector is aligned horizontally in
the direction of the nuclei, the x and y components of the magnetization can be measured.

The data generated is a free induction decay (FID) time domain versus energy absorption
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spectrum and is converted into the frequency domain versus energy absorption profile
mathematically through Fourier transform [172].

The exact frequency where each nucleus absorbs energy depends on its chemical
and physical environment. The magnetic field of the nucleus is usually shielded or
attenuated by the presence of surrounding electrons that precess and generate opposing
magnetic fields. Therefore, the effective field on the nucleus can be either lower (shielded)
or higher (deshielded) than the applied magnetic field [171,173].

Since different nuclei will have different frequencies depending on the field
strength, the frequencies are converted to a dimensionless scale for spectra comparison.
This scale is defined as the chemical shift scale, and it is expressed in parts per million,

Equation 3.3, where the chemical shift is expressed as & , and where vsample is the frequency
of the sample, and vreference IS the frequency of the reference standard such as tetramethyl

silane [171]. An example of proton chemical shift groups is provided in Figure 3.1.

5= Vsample — Vreference x 1076 (33)

Vre ference
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Figure 3.1 Proton chemical shifts.
Source: [174]

Chemically equivalent protons are those that behave identically in the same
magnetic field and generate the same (equivalent) chemical shift signal. In contrast,
chemically nonequivalent protons are those that behave differently in the same magnetic
field. As such, with nonequivalent protons, spin-spin coupling can occur. Non-equivalent
protons can share the same carbon (geminal coupling — 2 bonds length) or they can be on
an adjacent carbon ( vicinal coupling — 3 bonds length). The spin-spin coupling results in
the splitting pattern of the proton signal according to n+1, where n is the number of the
other nonequivalent protons. The distance between the peaks reflects the coupling constant
and is measured in Hz. Further, the height of the peaks in the split proton signal follows
pascals triangle pattern. For example, a doublet has two peaks with identical heights (1:1),
while a triplet has a 1:2:1 peak height ratio [172].

If the proton is affected by two different types of non-identical protons, for example
(n+m), then the splitting pattern of the proton signal will be according to (n+1)+(m+1)

with two coupling constants. For instance, a proton coupled to two different protons will
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appear as a doublet of a doublets. The number of protons responsible for any NMR signal

can be determined from the area integration under the signal peak [172].

3.2 Sample Preparation

Samples were prepared by mixing each of the isosorbide dimethacrylate monomers, or the
reference material (BisGMA), with the diluent TEGDMA in a 60:40 weight ratio.
Camphorquinone and 2-(dimethylamino)ethyl methacrylate were added at 0.4% and 1.0%
by weight respectively [163]. The final mixture was poured into a stainless-steel mold of
the desired shape and bonded between two microscope slides prior to curing. Samples were
cured using an AZDENT (1900 mW/cm?) LED blue curing light, with an 8 mm light guide
tip, operating in the wavelength range of 400-500 nm. The light curing tip was placed 5 cm
above the mold. This technique was adapted as a general means to compare the different
resins.

Samples for water sorption were cured for 40 seconds once each on the top and
bottom sides, except for ISDGMA/TEGDMA samples which were cured for 40 seconds
twice on each side for reasons to be addressed in the discussion section. All other

evaluations were done on samples cured for 40 seconds twice on each side.

3.3 Water Sorption
A minimum of five disk samples for each sample series with dimensions 1 mm thick x 15
mm diameter were prepared to measure the water sorption (WS) in accordance with
1ISO4049 [175]. Upon curing, they were placed in an oven at 37°C to obtain a constant

mass. Then they were immersed in 10 ml of phosphate buffer solution (DPBS, pH 7.1) at
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37°C for 7 days. Water sorption was measured as represented in Equation 3.4, where m;
is the weight after 7 days of immersion, mo is the weight prior to immersion, and V, is the

initial volume of the specimen.

WS (ug/mm3) = 220 (3.4)

Vo

3.4 Degree of Double Bond Conversion
ATR-FTIR was used to calculate the degree of conversion (DC) of the top and bottom
layers of cured rectangular samples with dimensions 2 mm x 6 mm x 38 mm, according to
Equation 3.5 [89]. The degree of conversion will be the difference in height of the
methacrylate vinyl group at (v=1636 cm™) between the monomer and the polymer, with
respect to the height of the internal standard of the C=C aromatic stretching at (v=1610

cm™).

A(c=c) methacrylate

- ——polymer
DC% =[1 — ats metnatryiare 1X 100% (35)

monomer

A(c=c) aromatic

3.5 Polymerization Shrinkage
A pycnometer was used to determine the mass, volume, and corresponding densities of the
cured specimens. Polymerization shrinkage (PS%), as a result of volumetric shrinkage, was

calculated according to Equation 3.6, where d, is the density of the polymer, dm is the
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density of the monomer mixture [129].

dp—dm

X 100% (3.6)
dp

PS(%) =

3.6 Glass Transition Temperature
Glass transition temperature was determined by dynamic mechanical analysis using a 2
mm X 6 mm x 38 mm specimen and a 3-point bending test. The temperature range was
-40°C to 200°C, with a heating rate of 10°C/min and an oscillation frequency of 1 Hz.
Glass transition temperature was determined from the maximum of the tan delta curve

[176].

3.7 Flexural Strength and Modulus
Flexural strength was calculated using a modified ISO 4049 method, with a sample size of
2 mm x 6 mm x 38 mm. The analysis was done using a TA-XT Plus texture analyzer, with
a 50 kg load cell at a rate of 1.2 mm/min. Sample sets were divided into two parts. One
part was measured after immersion in a PBS buffer solution for 24 hours at 37°C, while
the other part was measured after being placed in an oven at 37°C for 24 hours.

Flexural strength (o, MPa) was calculated according to Equation 3.7, where F is
the maximum load exerted on the specimen at the point of fracture (N), [ is the distance
between the supports (mm), b is the width of the specimen (mm), and h is the thickness of
the specimen (mm). Flexural modulus was determined from the slope in the linear region

between 0.05-0.25% strain, similar to 1ISO 178 [177].
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3.8 Statistical Analysis
One way ANOVA analysis, considering the monomer/TEGDMA mixture as the single
factor, with a Tukey post hoc test at a preset alpha of 0.05 was used to determine a 95%

data significance using IBM SPSS Statistics software, version 27.

3.9 Hydrophobic Evaluation

The contact angle measurement of each monomer was determined through a drop shape
analyzer using a Kruss-DSA30S instrument. In this test, a solution mixture of each
monomer in methylene chloride was prepared, and a small film was casted on the surface
of a microscope slide. Once methylene chloride evaporated, a drop of water was placed at
the film surface and its image was recorded. The recorded image was then analyzed by the
instrument software and a contact angle measurement was determined.

The logarithm of the 1-octanol/water partition coefficient was estimated using Chem-

Draw Prime (version 17.1).

3.10 Viscosity Evaluation

Viscosity measurements of monomer mixtures were done using a Brookfield LV

viscometer at 200 RPM and at 25°C.
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CHAPTER 4

SYNTHESIS OF ISOSORBIDE DIMETHACRYLATES

4.1 Isosorbide 2,5-bis(glyceryloxy) dimethacrylate (ISDGMA)

b o o 0
., (6]
HO ~OH g N\F o) o~ MCPBA o) 07N
{9{ — e P W g\/ Isosorbide

. KOH, water . . iglyci
Isosorbide Isosorbide diallyl ether diglycidyl ether

MAA
TPP

OH H,,,O f
o_ O o) 10 0”0
i\)v H /E\

ISDGMA

Figure 4.1 Synthesis scheme of ISDGMA.
2,5-bis(2-hydroxy-3-methacryloyloxypropoxy)-1,4:3,6-dianhydro-D-sorbitol

Step 1: Preparation of isosorbide diallyl ether

Isosorbide 73 g (0.5 mol)
Allyl bromide 173 ml (2.0 mol)
Potassium hydroxide 67 g (1.2 mol)
DI Water 67 ml

A three-neck round-bottom flask equipped with a Teflon paddle stirrer, a condenser, a
thermocouple, and a heating mantle was set up. Isosorbide (73 g), potassium hydroxide (67
g), and 67 ml of DI water were charged and heated to 65°C. Allyl bromide (173 ml, 2.0
mol) was charged dropwise over one hour and the reaction was run for 24 hours.

The reaction mixture was then neutralized with a few milliliters of 12N

hydrochloric acid and extracted three times with 120 ml of dichloromethane. The combined
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dichloromethane extracts were washed three times with 150 ml of saturated sodium
bicarbonate solution, followed by three washes with 150 ml of DI water.

The dichloromethane was then dried over anhydrous magnesium sulfate, and the
salt was removed by vacuum filtration. The product was then concentrated by removing
dichloromethane using a rotary evaporator and purified by vacuum distillation at a vapor
temperature range of 92-96°C and under a vacuum of 0.03 mm of mercury to prepare

isosorbide diallyl ether as a liquid (80% yield and >98% purity by NMR).

Step 2: Preparation of isosorbide diglycidyl ether
Isosorbide 2,5-bis(diallylether) 56.6 g (0.25 mol)
3-Chloroperoxybenzoic acid (75%) MCPBA 138 g (0.60 mol)

Methylene chloride (DCM) 700 ml

A 1,000-ml round bottom flask equipped with a Teflon paddle stirrer, a condenser,
and a nitrogen line was set up. Isosorbide 2,5-bis(diallylether) (56.6 g) and 400 ml of
dichloromethane were mixed and charged into the flask. Then, 138 g of 75% 3-
chloroperoxybenzoic acid were placed in a 500-ml addition funnel and charged in a
dropwise fashion over one hour. The reaction was run for 48 hours at room temperature.

The precipitated 3-chlorobenzoic acid was then filtered off, and the reaction
mixture was stirred with 50 g of potassium carbonate for three hours to neutralize any
remaining 3-cholrobenzoic acid. The reaction mixture was filtered again, and the product
was concentrated using a rotary evaporator to remove dichloromethane. The final product
was purified by column chromatography (ethyl acetate/hexanes, 80:20 w/w) to form a clear

liquid (73% yield and >98% pure by NMR).
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Step 3: Preparation of isosorbide 2,5-bis(glyceryloxy) dimethacrylate

Isosorbide 2,5-bis(diglycidylether) 20 g (0.077 mol)
Methacrylic acid (MAA) 75 ml (0.89 mol)
Triphenylphosphine (TPP) 0.15 g (0.57 mmol)
4-Methoxyphenol (MeHQ) 12.5 mg (0.1 mmol)
Phenothiazine 12.5 mg (63 umol)

A 100-ml round bottom flask equipped with a Teflon paddle stirrer, a condenser, a
thermocouple, and a heating mantle was set up. Isosorbide diglycidyl ether (20 g),
triphenylphosphine (0.15 g), 4-methoxyphenol (12.5 mg), phenothiazine (12.5 mg) and 75
ml of methacrylic acid were charged. The reaction mixture was heated to 76°C and stirred
for 24 hours. The product was then concentrated under vacuum (0.4 mm mercury) at 50°C
to remove about 75% of unreacted methacrylic acid.

The crude was then mixed with 250 ml of dichloromethane and transferred to a
500-ml separatory funnel, where it was washed three times with 100 ml of saturated sodium
carbonate solution. It was washed three times with 100 ml of DI water. The organic layer
was then mixed with anhydrous magnesium sulfate to remove traces of water and then
filtered and concentrated using a rotary evaporator. The final product was purified by
column chromatography (ethyl acetate/hexanes, 95:5 w/w) and stabilized with 500 ppm

of MeHQ (82% yield and >85% disubstituted by NMR — addressed further in discussion).
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4.2 Isosorbide 2,5-bis(4-glyceryloxybenzoate) dimethacrylate (ISBAGBMA)
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Figure 4.2 Synthesis scheme of ISBAGBMA.
1,4:3,6-dianhydro-D-sorbitol 2,5-bis[4-(2-hydroxy-3-methacryloyloxypropoxy)benzoate]

Step 1. Preparation of methyl 4-(allyloxybenzoate)

Methyl 4-hydroxybenzoate 152 g, 1.00 mol
Allyl bromide 133 g, (95 ml, 1.1 mol)
Dimethylformamide (DMF) 600 ml

Anhydrous potassium carbonate powder 276 g (2.0 mol)

A 2,000-ml 3-neck Morton round-bottom flask equipped with a Teflon paddle stirrer, a
condenser, and a nitrogen line was set up. Methyl 4-hydroxybenzoate (152 g) and 600 ml
of DMF were charged to the flask and stirred to dissolve methyl 4-hydroxybenzoate. Allyl
bromide (133 g, 95 ml) were charged via dropwise addition over one hour. The reaction
was run for 48 hours. Then, 1000 ml of DI water was added and stirred for one hour to

dissolve the precipitated potassium chloride salt, which was then removed by filtration.
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The product was transferred to a 2,000-ml separatory funnel and extracted with 250
ml of methylene chloride three times. The organic layer was isolated and mixed with a
spoonful of anhydrous magnesium sulfate to remove residual water. The product was
concentrated by removing methylene chloride through a rotary evaporator, then distilled at
100°C and collected at a vapor temperature range of 86-89°C under a vacuum range of
0.04-0.05 mm of mercury to yield methyl 4-(allyloxybenzoate) as a liquid (92% yield,

>98% purity by NMR).

Step 2: Preparation of 4-allyloxybenzoic acid

Methyl 4-allyloxybenzoate 164 g, 0.855 mole
Potassium hydroxide 80 g, 1.42 mole
Methanol 500 ml

DI water 500 ml

A 2,000-ml round Morton flask equipped with a Teflon paddle stirrer, a condenser, a
nitrogen line, a thermocouple, and a heating mantle was set up. Methyl 4-allyloxybenzoate
(164 g) and 500 ml of methanol were charged. The contents were then stirred and heated
to reflux. Potassium hydroxide (80 g) were dissolved in 500 ml of DI water and charged to
the flask. The mixture was then heated under reflux for 48 hours. The reaction product was
cooled, and 100 ml of concentrated hydrochloric acid was added to precipitate the free
acid. The precipitate was filtered, and the product was concentrated by removing the

water/methanol mixture using a rotary evaporator. The final product was recrystallized in
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750 ml of ethanol to yield a white solid of 4-allyloxybenzoic acid (87% yield, >98% purity

by NMR, melting point 163-164°C).

Step 3: Preparation of isosorbide 2,5-bis(4-allyloxybenzoate)

Isosorbide 73 g (0.50 mol)
4-Allyloxybenzoic acid 178 g (1.0 mol)
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 191 g (1.0 mol)
hydrochloride (EDC)

4-Dimethylaminopyridine (DMAP) 12.6 g (0.10 mol)
Dichloromethane (DCM) 1200 ml

A 2,000-ml 3-neck Morton flask equipped with a Teflon paddle stirrer, a condenser, and a
nitrogen line was set up and dried by heating with a torch to remove any traces of moisture.
The reaction set up was then cooled in a bucket of ice to about 0-5°C; then, 73 g of
isosorbide, 600 ml of methylene chloride, and 12.6 g of DMAP were charged and stirred.
EDC (91 g) was dissolved in 600 ml of dichloromethane and transferred to a 1,000-ml
addition funnel. The EDC/DCM mixture was charged via dropwise addition over one hour.
The reaction was run for 48 hours, and the precipitated urea byproduct was removed by
filtration.

The product mixture was then transferred to a 2,000-ml separatory funnel and
washed three times using 100 ml of 15% hydrochloric acid solution in each wash, to
remove the basic DMAP. The extracted organic layer was then washed with 200 ml of
saturated sodium carbonate twice to remove any traces of acid. It was mixed with a

spoonful of anhydrous magnesium sulfate to remove any traces of water. After filtering off
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the desiccant, the product was concentrated by removing dichloromethane on the rotary
evaporator to leave an off-white solid material, which was recrystallized with 800 ml of

ethanol (65% vyield, >89% pure by NMR, melting point 91-92°C).

Step 4: Preparation of isosorbide 2,5-bis(4-glycidyloxybenzoate)
Isosorbide 2,5-bis(4-allyloxybenzoate) 221.4 g (0.476 mole)
3-Chloroperbenzoic acid (75%) MCPBA 220 g (0.95 mole)
Dichloromethane (DCM) 1200 ml

Anhydrous potassium carbonate 100 g

A 2,000-ml 3-neck Morton flask equipped with a Teflon paddle stirrer, a condenser, and a
nitrogen line was set up. Isosorbide 2,5-bis(4-allyloxybenzoate) (221.4 g) and 600 ml of
dichloromethane were charged, stirred, and cooled to 0-5°C. 3-Chloroperbenzoic acid
(75%, 220 g) and 600 ml of dichloromethane were charged to flask via dropwise addition
over one hour. The reaction was run for 48 hours, and the precipitated 3-chlorobenzoic acid
was removed by filtration. The filtrate was then charged to a 1,000-ml round bottom flask
and mixed with 100 g of anhydrous potassium carbonate to remove any residual peracid.
The precipitate was later removed by filtration and the filtrate mixed with anhydrous
magnesium sulfate to remove traces of water. The product was concentrated by removing
dichloromethane on the rotary evaporator and recrystallized with 300 ml of ethyl acetate

to yield an off white solid (60% yield and >98% pure by NMR, melting point 112-113°C).
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Step 5: Preparation of Isosorbide 2,5-bis(4-glyceryloxybenzoate) dimethacrylate

Isosorbide 2,5-bis(4-glycidyloxybenzoate) 20 g (0.04 mole)
Methacrylic acid 100 ml (1.19 mole)
Triphenylphosphine 0.30 g (1.14 mmol)
4-Methoxyphenol 10 mg (0.81 mmol)
Phenothiazine 10 mg (50 pumol)

A 100-ml round bottom flask equipped with a Teflon paddle stirrer, a condenser, a
thermocouple, and a heating mantle was set up. Isosorbide 2,5-bis(4-glycidyloxybenzoate)
(209), triphenylphosphine (0.30 g), 4-methoxyphenol (10 mg), phenothiazine (10 mg) and
100 ml of methacrylic acid were charged to the flask. The contents were heated to 76°C
and stirred for 24 hours. The reaction mixture was then concentrated by removing about
75% of unreacted methacrylic acid at 50°C and 0.4 mm of mercury.

The concentrated mixture was then diluted with 250 ml of dichloromethane and
transferred to a 500-ml separatory funnel. Then, the mixture was washed three times with
100 ml of saturated sodium carbonate solution to remove any remaining acid. The organic
layer was then washed four times with 100 ml of DI water and mixed with anhydrous
magnesium sulfate to remove any traces of water.

The product solution was then filtered and concentrated by removing excess
dichloromethane using a rotary evaporator. The residue was purified by column
chromatography (ethyl acetate/hexanes, 70:30 w/w) to obtain a thick paste (69% yield,

>98% purity by NMR).
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4.3 Isosorbide 2,5-bis(3-glyceryloxybenzoate) dimethacrylate (ISB3GBMA)
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Figure 4.3 Synthesis scheme of ISB3GBMA.
1,4:3,6-dianhydro-D-sorbitol 2,5-bis[3-(2-hydroxy-3-methacryloyloxypropoxy)benzoate]

[sosorbide 2,5-bis(3-glyceryloxybenzoate) dimethacrylate was synthesized via a 5-
step reaction as depicted in Figure 4.3, in a fashion similar to that used for
ISB4GBMA. The melting point of 3-allyloxybenzoic acid was 74-75°C. Isosorbide 2,5-
bis(3-allyloxybenzoate) was a liquid and was purified by column chromatography
(ethyl acetate/hexanes, 1:1 w/w).

I[sosorbide 2,5-bis(3-glycidyloxybenzoate) was a paste and was purified by
column chromatography as well (ethyl acetate/hexanes, 2:1 w/w). ISB3GBMA was
purified by column chromatography (ethyl acetate/hexanes , 70:30 w/w) and

obtained as a paste (76% yield, >98% pure by NMR).
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4.4 Isosorbide 2,5-bis(2-glyceryloxybenzoate) dimethacrylate (ISB2GBMA)
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Figure 4.4 Synthesis Scheme of ISB2GBMA.
1,4:3,6-dianhydro-D-sorbitol 2,5-bis[2-(2-hydroxy-3-methacryloyloxypropoxy)benzoate]
[sosorbide 2,5-bis(2-glyceryloxybenzoate) dimethacrylate was synthesized
via a 5-step reaction as shown in Figure 4.4, in a fashion similar to that used for
ISB4GBMA and ISB3GBMA. The melting point of 2-allyloxybenzoic acid was 58-59°C.
[sosorbide 2,5-bis(2-allyloxybenzoate) was a liquid and was purified by column
chromatography (ethyl acetate/hexanes, 1:1 w/w).

[sosorbide 2,5-bis(2-glycidyloxybenzoate) was purified by column

chromatography (ethyl acetate: hexanes, 2:1 w/w) and obtained as a paste.
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ISB2GBMA was purified by column chromatography (ethyl acetate/hexanes, 7:3

w/w) and obtained as a paste as well (79% yield, >96% pure by NMR).
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CHAPTER 5

RESULTS AND DISCUSSION

The analysis and evaluation of the different dental dimethacrylate monomers, depicted in
Figure 5.1 and Table 5.1, are explored in this chapter. Their physical and chemical nature

will play an important role in their performance.
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Figure 5.1 Chemical structures of ISBAGBMA ISB3GBMA, ISB2GBMA, ISDGMA,
BisGMA, and TEGDMA.

Table 5.1 Molecular Weight and Double Bond Concentration of ISBAGBMA,
ISB3AGBMA, ISB2GBMA, ISDGMA, BisGMA, and TEGDMA

Structure 1ISB4- ISB3- 1ISB2- ISD- Bis- TEG-
GBMA GBMA GBMA GMA GMA DMA
Mw 670.66 670.66 670.66 430.45 512.60 286.32
(9/mol)
DB 2.98 2.98 2.98 4.65 3.90 6.99
(mol/Kg)

Note: Mw, molecular weight. DB, double bond concentration
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5.1 Structural Analysis
The synthesis of ISDGMA and the para, meta, and ortho isomers of ISBGBMA was
followed by proton NMR spectral analysis. Isosorbide is the core building block for these
dimethacrylate monomers. As such, it is important to elucidate its structure by NMR to
better understand the subsequent degree of substitution.

Isosorbide has a total of 8 chemically nonequivalent protons bound to carbon. The
degree of substitution can be determined from the integration ratio of either the isosorbide
cyclic protons (H2/H5) bonded to the C, and Cs carbons or, the isosorbide cyclic bridge
protons (H3/H4) bonded to the Czand C4 carbons, Figure 5.2. Depending on the nature of
the substitution, the H2/H5 signals either can be distinguishable, or they can be
indistinguishable and overlap with other isosorbide protons. On the other hand, the H3/H4
signals are more resolvable and are used regularly to determine the degree of substitution.
H3 is adjacent to H2 and H4, but it is coupled only to H4 and thus appears as a doublet. On
the other hand, H4 is adjacent to H3 and H5 and coupled to both H3 and H5 and thus
appears as a doublet of a doublets. Isosorbide proton NMR assignments were verified
through *H-H correlation spectroscopy (COSY), and the spectrum is provided in the
appendix, Figure A.1.

In the structural analysis of the isosorbide derivatives, the key focus will be on the
major peaks identifying the desired compound. Further spectroscopic analysis by means of
carbon, *H-'H COSY, 'H-13C heteronuclear single quantum correlation (HSQC), and *H-
13C heteronuclear multiple bond correlation (HMBC) spectroscopy is needed to confirm

the additional proton assignments.
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Figure 5.2 'H NMR spectrum of isosorbide in DMSO-ds.

IH NMR (DMSO-ds, 3-ppm): 5.10 (d, J = 3.7 Hz, 1H-H8), 4.71 (d, J = 6.7 Hz, 1H-H7), 4.35 (t, J = 4.4 Hz,
1H-H4), 4.23 (d, J = 4.1 Hz, 1H-H3), 4.11-4.06 (M, 1H-H5), 4.05-4.01 (M, 1H-H2), 3.75-3.67 (m, 3H-
H1,H1"H6"), 3.25 (t, J = 8.2 Hz, 1H-H6).

5.1.1 NMR Analysis of ISDGMA and Reaction Intermediates

The *H NMR spectrum of isosorbide diallyl ether (ISDAE) is shown in Figure 5.3. The
proton integration ratio of the isosorbide cyclic protons H3/H4 at 4.46 and 4.58 ppm to the
allyl methine protons Hc/Hc' at 5.94-5.79 ppm is 1:1:2.16. This means that, for every
isosorbide core, there are two allyl methine protons, and this confirms that two allyl groups

are attached to isosorbide in ISDAE.
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Figure 5.3 'H NMR spectrum of isosorbide diallyl ether in CDCls.

'H NMR (CDCls, 8-ppm): 5.94-5.79 (m, 2H-Hc/Hc"), 5.28-5.21 (m, 2H-Hd,He), 5.17-5.13 (m, 2H-Hd',He"),
4.58 (t, J = 4.4 Hz, 1H-H4), 4.46 (d, J = 4.3 Hz, 1H-H3), 4.18-4.13 (m, 1H) and 4.03-3.86 (m, 9H) —
(H1,H1'H2,H5,H6', Ha,Ha',Hb,Hb"), 3.55 (t, J = 8.3 Hz, 1H-H86).

Figure 5.4 depicts the *H NMR spectrum of isosorbide diglycidyl ether. The allyl
vinyl protons in the ISDAE profile shifted upfield upon epoxidation. The new epoxide
protons appear at 2.58-2.51 ppm for Hd/He, 2.75-2.72 for Hd'/He', and 3.13-3.06 ppm for
Hc/Hc'. The integration ratio of the isosorbide cyclic protons H3/H4 to the epoxide protons
is about (1:1:2:2:2), which means that, for every isosorbide core, there exists 6 epoxide
protons, and this confirms that two glycidyl groups are attached to isosorbide in ISDGE.

The epoxidation changes the splitting pattern of the cyclic protons H3/H4. H3 now
appears as two doublets, and H4 appears as a multiplet. This is probably due to the presence

of the epoxide ring at the endo and exo sites of isosorbide.
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Figure 5.4 'H NMR spectrum of isosorbide diglycidyl ether in CDCls.

!H-NMR (CDCl3, §-ppm): 4.63 (m, 1H-H4 isosorbide), 4.45 (dd, J = 11.0, 4.4 Hz, 1H-H3 isosorbide), 4.07-
3.72 (m, 8H), 3.58-3.51 (m,1.5H), 3.41-3.29 (m,1.5H) - (H1,H1’,H2,H5,H6,H6',Ha,Ha’,Hb,Hb")], 3.13-3.06
(m, 2H-He,He'), 2.75-2.72 (m, 2H-Hd',He'), 2.58-2.51 (m,2H-Hd,He).

The epoxide proton signals in the isosorbide diglycidyl ether spectrum disappear to
give rise to glyceryloxy peaks, and methacrylate protons appear in ISDGMA at 5.58, 6.11,
and 1.93 ppm, indicating methacrylation, Figure 5.5. The integration ratio of the isosorbide
cyclic protons H3 to H4 is 1:1, which indicates equal substitution at the isosorbide core.

However, we believe bis-methacrylation (branching) to be also present as indicated
by the integration ratio of the isosorbide cyclic protons to the newly formed methacrylate
protons. The integration ratio of H3/H4 to the methacrylate vinyl protons (Hi,i'/Hj,j") and
the methacrylate methyl protons (Hg/Hf) is (1:1:2.4:2.4:7.1) instead of (1:1:2:2:6); this
demonstrates the possibility of bis-methacrylation of up to 15 mole %.

The proton signal at 5.0 ppm was reported by fukaszczyk [163] to be that of the
methine proton of the glycerol moiety (Hc/Hc') where bis-methacrylation had occurred.

However, Fujisawa studied the NMR spectrum of BisGMA and Iso-BisGMA (where
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epoxide ring opening and methacrylation occurs at the more substituted carbon) and
referred that peak to the glyceryl methine in Iso-BisGMA [178]. The *H NMR spectrum of

BisGMA is provided in the appendix, Figure A.2.

Hf,Hg
H1,H1',H2,H5,H6,H6’,Ha,Ha’,Hb’,Hb

Ll

[E—
735

Figure 5.5 *H NMR spectrum of isosorbide 2,5-bis(glyceryloxy) dimethacrylate in CDCls.
'H NMR (CDClz- &, ppm): 6.11 (m, 2.4H-Hi,Hj), 5.58 (m, 2.4H- Hi',Hj'), 4.64 (m, 1H-H4), 4.50 (m, 1H-
H3), 4.21-4.35 (m,16-19H-H1,H1’,H2,H5,H6,H6',Ha,Ha',Hb,Hb’, He,Hc', Hd,Hd',He,He"), 1.93 (m, 6-7H-
Hf Hg).

5.1.2 NMR Analysis of ISBAGBMA and Reaction Intermediates

The *H NMR spectrum of isosorbide 2,5-bis(4-allyloxybenzoate) is presented in Figure
5.6. The integration ratio of the isosorbide cyclic protons H3 and H4 at 4.96 and 5.01 ppm
to the allyl methine protons Hd/Hi at 6.09-5.97 ppm is (1:1:2) indicating that the desired

product had been made.
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Figure 5.6 'H NMR spectrum of isosorbide 2,5-bis(4-allyloxybenzoate) in CDCls.
'H-NMR (CDCls, $-ppm): 8.02-7.93 (2d, J = 9.02, 9.03 Hz, 4H-Hf,Hf ,Hb,Hb'), 6.94-6.89 (m, 4H-
Hg,Hg',Ha,Ha'), 6.03 (m, 2H-Hi,Hd), 5.44-5.37 (m, 4H) and 5.30 (m, 2H) - (H2,H5,Hk,Hk',Hh,Hh"), 5.01
(t, J = 5.0 Hz, 1H-H4), 4.96 (d, J = 4.7 Hz, 1H-H3), 4.58 (m, 4H-Hc,Hc',Hh,Hh'), 4.12-3.97 (m, 4H-
H1,H1',H6,H6").

The *H NMR spectrum of isosorbide 2,5-bis(4-glycidyloxybenzoate) is shown in
Figure 5.7, where the allyl vinyl protons have shifted upfield to 3.36 ppm for Hd/Hi, 2.92
ppm for Hk/Hj, and 2.76 ppm for Hk'/Hj" upon epoxidation. The ratio of integration of the
isosorbide cyclic protons H3/H4 to the epoxide protons is (1:1:2:2:2) which indicates
complete epoxidation and disubstitution. The isosorbide H2/H5 protons are more
pronounced at 5.44 and 5.37 ppm, where H2 appears as a doublet and H5 as a doublet of a

doublets. H2 is coupled to H1’, while H5 is coupled to H6 and H4. Their ratio of integration

is 1:1 which also indicates dual substitution at the isosorbide core.
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Figure 5.7 *H NMR spectrum of isosorbide 2,5-bis(4-glycidyloxybenzoate) in CDCls.
'H-NMR (CDCls, 3-ppm): 8.03-7.93 (2d, J = 8.78, 8.8 Hz, 4H-Hb,Hb’,Hf Hf’), 6.93 (m, 4H- Hg,Hg',Ha,Ha"),
5.44 (d, J = 3.0 Hz, 1H-H2), 5.37 (g, J = 5.5 Hz, 1H-H5), 5.01 (t, J = 5.1 Hz, 1H-H4), 4.65 (d, J = 4.7 Hz,
1H-H3), 4.29 (dt, J = 11.0,2.7 Hz, 2H-Hc,Hh), 4.12-3.95 (m, 6H-Hc',Hh',H1,H1',H6,H6"), 3.36 (M, 2H-
Hd,Hi), 2.92 (m, 2H-Hk,Hj), 2.76 (m, 2H-HK’,Hj").

Figure 5.8 shows the NMR spectrum of the final product, isosorbide 2,5-bis(4-
glycerloxybenzoate) dimethacrylate. The integration ratio of the isosorbide cycle protons
H3 to H4 and H2 to H5 is about 1:1, which indicates dual substitution. The ratio of
integration of either of the dual cyclic protons to the methacrylate vinyl protons is (1:1:2:2),
indicating that the desired product is made without any bis-methacrylation or branching.

The methine proton signal at 5.3 indicates the possibility of the formation of Iso-

ISBAGBMA, similar to Iso-BisGMA.
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Figure 58 'H NMR spectrum of isosorbide 2,5-bis(4-glyceryloxybenzoate)
dimethacrylate in CDCls.

IH-NMR (CDCls, 3-ppm): 8.03-7.93 (2d, J = 8.98, 8.99 Hz, 4H-Hb,Hb' HfHf), 6.98-6.90 (m, 4H-
Ha,Ha' Hg,Hg'), 6.15-6.10 (m, 2H-Hn,Ho), 5.63-6.62 (m, 2H-Hn’,Ho’), 5.45 (d, J = 2.7 Hz, 1H-H2), 5.39 (q,
J = 5.4 Hz, 1H-H5), 5.04 (t, J = 5.1 Hz, 1H-H4), 4.67 (d, J = 4.7 Hz, 1H-H3), 4.40-3.95 (m, 14H —
H1,H1',H6,H6',Hc,He', Hh,Hh',Hd,Hi,Hk, Hk’,Hj,Hj"), 1.96 (m, 6H-Hi,Hm).

5.1.3 NMR Analysis of ISB3GBMA and Reaction Intermediates
The *H NMR spectrum of isosorbide 2,5-bis(3-allyloxybenzoate) is depicted in Figure 5.9.
The integration ratio of the isosorbide cyclic protons, H3 and H4, to the allyl methine

protons Hi/Hd is (1:1:2), and this corresponds to the desired structure.
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Figure 5.9 'H NMR spectrum of isosorbide 2,5-bis(3-allyloxybenzoate) in CDCls.
'H-NMR (CDCls, 8-ppm): [7.67-7.64 (dt, J = 7.68, 1.26 Hz, 1H), 7.59 (m, 2H), 7.52 (dd, J = 2.6, 1.5 Hz,
1H), 7.32 (2t, J = 8.01, 8.01 Hz, 2H), and 7.11 (m, 2H) - Ha,Ha',Hb,Hb’,He,He',Hf,Hf], 6.03 (m, 2H-Hi,Hd),
[5.46-5.38 (m, 4H) and 5.28 (m, 2H) - H2,H5,Hk,Hk',Hj,Hj], 5.04 (t, J = 5.1 Hz, 1H-H4), 4.65 (d, J = 4.8
Hz, 1H-H3), 4.58-4.53 (m, 4H-Hc,Hc',Hh,Hh'), 4.12-4.02 (m, 4H — H1,H1',H6,H6").

The *H NMR spectrum of isosorbide 2,5-bis(3-glycidyloxybenzoate) is shown in
Figure 5.10. The integration ratios of the isosorbide protons, H3 to H4 and H2 to H5 are
both 1:1, which indicates that the isosorbide is doubly substituted. The integration ratio of
the isosorbide protons to the epoxide protons Hd/Hi, Hk/Hj, and Hk'/Hj" is (1:1:2:2:2) and

this confirms that the epoxidation is complete at both ends of the isosorbide core.
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Figure 5.10 *H NMR spectrum of isosorbide 2,5-bis(3-glycidyloxybenzoate) in CDCls.
'H-NMR (CDCls, 8-ppm): [7.68 (dt, J = 7.7, 1.2 Hz, 1H), 7.63-7.58 (m, 2H), 7.52 (dd, J = 2.6, 1.5 Hz, 1H),
7.37-7.31 (m, 2H), 7.16-7.11 (m, 2H), Ha,Ha',Hb,Hb',He,He',Hf,Hf'], 5.46 (d, J = 2.6 Hz, 1H - H2), 5.39 (q,
J=5.3 Hz, 1H-H5), 5.04 (t, J = 5.1 Hz, 1H-H4), 4.66 (d, J = 4.7 Hz, 1H - H3), 4.29-4.25 (m, 2H - Hc,Hh),
4.11-3.95 (m, 7H - [6H - Hc',Hh',H1,H1',H6,H6] ), 3.35 (M, 2H — Hd,Hi), 2.90 (m, 2H — Hk,Hj), 2.76 (m,
2H — HK' Hj").

A higher than expected proton area integration in the region of 4.11-3.95 (1H) is
believed to be attributed to the remnants of ethyl acetate. This was confirmed from the
singlet proton signal of the acetate methyl group at 2.02 ppm, and the triplet proton signal
of the CHs moiety of the ethyl group at 1.23 ppm, where both signals integrated for 1.5
(not shown).

Figure 5.11 shows the disappearance of the epoxide protons and the formation of
the methacrylate functionality at 5.6/6.1 ppm. The integration ratios of the isosorbide
protons, H3 to H4 and H2 to H5, are both 1:1, indicating dual substitution. The integration
ratio of the isosorbide cyclic protons to the vinyl and methyl protons of the methacrylate is

1:1:2:2:6 (H3:H4:Hn,0:Hn',0":Hi,m), which indicates complete dimethacrylation. The

methine signal present at 5.3 ppm suggests the presence of Iso-ISB3GBMA.
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Figure 5.11 'H NMR spectrum of isosorbide 2,5-bis(3-glyceryloxymethacrylate) in

CDCls.

IH-NMR (CDCls, §-ppm): [7.67 (dt, J = 7.71, 1.20 Hz, 1H), 7.62-7.57 (m, 2H), 7.51 (dd, J = 2.56, 1.50 Hz,
1H), 7.33 (M, 2H), 7.11 (m, 2H), Ha,Ha’,Hb,Hb’,He,He’,Hf Hf"], 6.16-6.10 (m, 2H — Hn,Ho), 5.62-5.58 (m,
2H — Hn',Ho' ), 5.45 (d, J = 2.6 Hz, 1H — H2), 5.39 (q, J = 5.3 Hz, 1H — H5), 5.04 (dd, J = 6.27, 3.97 1H —
H4), 466 (d, J = 47 Hz, 1H - H3), 440392 (m, 15H - [14H -
H1,H1',H6,H6',He,He',Hh,Hh',Hd, Hi,Hk,HK’,Hj,Hj']), 1.97-1.9 (m, 6H — HI,Hm , 2-CHa).

A higher than expected proton integration in the region of 4.40-3.92 (1H) is
believed to be attributed to the remnants of ethyl acetate. This was confirmed from the
singlet proton signal of the acetate methyl group at 2.01 ppm, and the triplet proton signal
of the CHz moiety of the ethyl group at 1.23 ppm, where both signals integrated for 1.5 (not

shown).

5.1.4 NMR Analysis of ISB2GBMA and Reaction Intermediates
The *H NMR spectrum of isosorbide 2,5-bis(2-allyloxybenzoate) is depicted in Figure
5.12. The integration ratio of H3/H4 to the allyl methines Hd/Hi is (1:0.97:2), which is

close to the expected (1:1:2), and this confirms the formation of the desired structure.
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Figure 5.12 'H NMR spectrum of isosorbide 2,5-bis(2-allyloxybenzoate) in CDCls.
'H-NMR (CDCls, 3-ppm): [7.86 (dd, J = 7.74, 1.82 Hz, 1H), 7.76 (dd, J = 7.7, 1.8 Hz, 1H), 7.45-7.41 (m,
2H), 6.99-6.92 (m, 4H), Ha,Ha’,Hb,Hb’,He,He’,Hf,Hf"], 6.10-6.0 (m, 2H — Hi,Hd), [5.50-5.43 (m, 3H), 5.38
(9, =5.7 Hz,1H), 5.29 (ddg, J = 10.57, 2.82, 1.42 Hz, 2H), H2,H5,Hk,Hk’,Hh,Hh"], 4.99 (t, J = 5.0 Hz, 1H
—H4), 4.66 (d, J = 4.6 Hz, 1H — H3), 4.60 (ddt, J = 10.5, 5.0, 1.6 Hz, 4H — Hc,Hc,Hi,Hi), 4.14-3.95 (m, 4H
— H1,H1',H6H6').

Figure 5.13 displays the 'H NMR spectrum of isosorbide 2,5-bis(2-
glycidyloxybenzoate) where the integration ratio of the epoxide protons to the H3/H4
isosorbide protonsis (3.8:1.9:1.0:0.99); while this ratio is slightly lower than the theoretical

ratio (4:2:1:1), this still confirms the epoxide structure at both ends of the isosorbide core.
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Figure 5.13 *H NMR spectrum of isosorbide 2,5-bis(2-glycidyloxybenzoate) in CDCls.
'H-NMR (CDCls, 5-ppm): [7.86 (dd, J = 7.7, 1.8 Hz, 1H), 7.77 (m, 1H), 7.48-7.42 (m, 2H), 7.03-6.94 (m,
4H), Ha,Ha',Hb,Hb',He,He',Hf,Hf"], 5.45-5.42 (m, 1H — H2), 5.41-5.36 (m, 1H — H5), 5.03-5.01 (m, 1H -
H4), 4.69 (d, J = 4.6 Hz, 1H — H3), 4.33-3.98 (m, 8H — Hc,Hc',Hh,Hh",H1,H1',H6,H6'), 3.93-3.36 (M, 2H -
Hd,Hi), 2.90-2.83 (m, 4H — Hk,Hj,Hk',Hj").

The H NMR spectrum of isosorbide 2,5-bis(2-glyceryloxynbenzoate)
dimethacrylate is displayed in Figure 5.14. The integration ratio of the isosorbide protons
H3 to H4 is 1:0.94 and H2 to H5 is 0.95:1, suggesting that the molecule is largely
disubstituted with up to 2.5 mole% monosubstituted. The integration ratio of H3/H4 to the
methacrylate vinyl protons at 5.6/6.1 ppm is about (1:0.94:1.98:1.96) and it is close to the
theoretical ratio (1:1:2:2). An excess in proton integration is observed in the region 3.8-
4.4ppm, where the integration is 16 protons instead of 14. This excess can be attributed to
the possibility of the presence of mono-substituted isosorbides and some trapped solvent
(ethyl acetate). Further analysis by means of carbon NMR is necessary for further

verification. The methine signal at 5.25 ppm is present as well, and it suggests the presence

of 1so-ISB2GBMA.
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Figure 5.14 'H NMR spectrum of isosorbide 2,5-bis(2-glyceryloxybenzoate)
dimethacrylate in CDCls.

'H-NMR (CDCls, &-ppm): [7.9-7.79 (m, 2H), 7.51-743 (m, 2H), 7.06-6.89 (m, 4H),
Ha,Ha',Hb,Hb’,He,He' Hf,Hf"], 6.16-6.08 (M, 2H — Hn,Ho), 5.60-5.52 (m, 2H — Hn',Ho’), 5.47-5.44 (m, 1H
—H2), 5.42-5.34 (m, 1H — H5), 5.05-4.98 (m, 1H — H4), 4.69-4.64 (m, 1H — H3), 4.39-3.87 (m, 16H — [14H,
H1,H1',H6,H6'He,He',Hh,Hh',Hd,Hi,Hk,Hk'’,Hj,Hj"], 1.97-1.86 (m, 6H — HI,Hm).

A higher than expected proton integration in the region of 4.35-3.88 (2H) is
observed. The presence of residual ethyl acetate was confirmed from the singlet proton
signal of the acetate methyl group at 2.01 ppm, and the triplet proton signal of the CHs

moiety of the ethyl group at 1.23 ppm, where both signals integrate for 1.5 and account for

1H (not shown).

5.1.5 NMR Comparison of the Isosorbide Cyclic Protons H3 and H4

The splitting pattern and the shape of the H3 and H4 protons appear to differ between the
various isosorbide dimethacrylates presented in this chapter. The shape is more defined in
ISBAGBMA and ISB3GBMA, Figure 5.15, than in ISB2GBMA and ISDGMA Figure

5.16.
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The change in peak shape or splitting pattern occurs largely during the
methacrylation step, which suggests that the proximity of the methacrylate protons to the
isosorbide core, as in ISDGMA, or their isomeric position, as in ISB2GBMA, can affect
the isosorbide core and induce a change of the dihedral angle between H3 and H4. Further

spectroscopic evidence is needed to confirm this hypothesis.

(o] O
0]
Ha,, OH
O/\[/\O o} - o O\/L\/O\H)L
OH d s
9] O
ISB4GBMA
5.0 455 450 485 450 +35 4.70 455 460

T T
5.10 5.0

pom

0
Hi O
% o
0 0 D}L\(
/\(\o o
S o OH
o 0 He
\«L by o H
ISBIGBMA
T . T :
pom 5.10 5.05 5.00

T T
T T T T T T T T
4.95 490 4.B5 480 475 470 465 4.50

Figure 5.15 'H NMR peak shape comparison of H3/H4 as a result of methacrylation in
ISBAGBMA and ISB3GMA.
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Figure 5.16 *H NMR peak shape comparison of H3/H4 as a result of methacrylation in
ISB2GBMA and ISDGMA.
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5.2 Hydrophobicity
The benzoate functionality in the para, meta, and ortho substituted isosorbide
dimethacrylates was incorporated to improve the hydrophobicity of the resulting isosorbide
monomers over the non-hydrophobically modified isosorbide dimethacrylate (ISDGMA).
Therefore, contact angle measurements and cLogP estimations of ISBGBMA monomers,
ISDGMA, and BisGMA were carried out to verify the hydrophobicity of each monomer,

and the values are reported in Table 5.2.

Table 5.2 Contact Angle Measurements and cLogP Estimations of BisSGMA,
ISBAGBMA, ISB3GBMA, ISB2GBMA, and ISDGMA

Sample Contact Angle (degrees °)  cLogP
BisGMA? 76.97 (284) [b,c,d,e] 5.09
ISBAGBMAP 63.21 (4.08) [a€l 2.75
ISB3GBMA® 62.65 (1.33) [2€] 2.75
ISB2GBMA 62.82 (1.74) [2¢l 2.75
ISDGMA?® 13.41 (1.76) [abed -0.53

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.

Hydrophobic materials or surfaces are typically characterized with a water contact
angle (6) > 90°, while hydrophilic materials have a contact angle (8) < 90°; therefore, the
higher the contact angle, the more hydrophobic the material is [179,180]. The mean contact
angle (0) of ISBGBMA monomers at (~62.9°) is significantly higher than the contact angle
of ISDGMA at 13.41°, which indicates that the new monomers are more hydrophobic than

ISDGMA but less hydrophobic than BisGMA at 77° [181].
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The partition coefficient is the ratio of the compound’s solubility in two immiscible
solvents. The logarithm of the octanol/water partition coefficient is typically used to assess
hydrophobicity and various other biological properties of developmental drugs by
pharmaceutical companies [182]. As the hydrophobicity of the molecule increases, the
LogP value increases. Various computational methods to predict LogP were developed and
verified against experimental data [183]. The cLogP estimations in this study also indicate
that the ISBGBMA monomers (2.75) are more hydrophobic than ISDGMA (-0.53) but less

hydrophobic than BisGMA (5.09) [182].

5.3 Viscosity
Monomer mixture viscosity is an important parameter that can affect other properties such
as the degree of conversion and the amount of filler that can be incorporated into the
composite. The size and shape of the monomer, its molecular weight, and its ability for
inter- and intramolecular interactions have an impact on its viscosity [30]. It is typically
preferred to have resin mixtures with lower viscosities as long as polymerization shrinkage
and water sorption are kept to a minimum [36,66].

The viscosities of the monomeric mixtures are reported in Figure 5.17. The
ISDGMA/TEGDMA mixture exhibited the least viscosity at 0.06 Pa‘s, while the viscosity
increased for the ISBGBMA/TEGDMA monomer mixtures in the order of ortho (0.63 Pa-s)
< meta (1.26 Pa‘s) < para (2.48 Pa‘s). The viscosity of the reference BisGMA/TEGDMA

mixture at 0.48 Pas was near to that of the ortho ISBGBMA/TEGDMA mixture.
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The ISBGBMA monomers have a higher molecular weight (~671 g/mol) and are
larger than ISDGMA (~430 g/mol) and BisGMA (~513 g/mol) and can cause more friction
and increase the mixture’s viscosity.

On the other hand, since all of the ISBGBMA monomers have the same molecular
weight, the differences in their monomeric mixture viscosity is probably related to the
conformation or the radius of gyration of the isosorbide monomer. ISBAGBMA is
relatively planar while ISB2GBMA is sterically hindered; planar aromatic molecules are
known to closely align in parallel, in what is referred to as m-stacking [184]. The steric
hindrance and lower potential of ISB2GBMA for packing is believed to result in lower

friction and lower viscosity for ISB2GBMA/TEGDMA.

2.48

.‘? 1.50 1.26

Figure 5.17 Viscosity of BisGMA/TEGDMA, ISDGMA/TEGDMA
ISBAGBMA/TEGDMA, ISB3GBMA/TEGDMA, and ISB2GBMA/TEGDMA monomer
mixtures (60:40 wt%) at 25°C and 200 rpm.
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5.4 Degree of Double Bond Conversion

The average degree of double bond conversion is reported in Figure 5.18.
Poly(ISB2ZGBMA/TEGDMA) had a degree of conversion of 52% and was statistically
different from poly(ISBAGBMA/TEGDMA) at 47% but statistically similar to the
reference, poly(BisGMA/TEGDMA) at 54% and poly(ISBAGBMA/TEGDMA) at 51%.
Poly(ISDGMA/TEGDMA) does not contain an aromatic ring to be used as an internal
standard, and, as such, its degree of conversion was not calculated in this study. On the
other hand, &Lukaszczyk et al. reported the degree of conversion of
poly(ISDGMA/TEGDMA) at 60:40 weight% to be slightly higher than that of
poly(BisGMA/TEGDMA) by means of photo-DSC in their studies [163].

The higher degree of conversion of poly(ISB2ZGBMA/TEGDMA) and
poly(ISBAGBMA/TEGDMA) at 52 and 51%, respectively, are attributed to the lower
viscosity of their monomeric mixtures in comparison to the monomer viscosity of
poly(ISBAGBMA/TEGDMA). As stated before, Sideridou et al. and Pfifer et al.
demonstrated improving degree of conversion with improving monomer viscosity [31,34].
The addition of a diluent reduces viscosity and increases diffusion [54]. A degree of
conversion less than 50% can indicate the presence of unreacted residual monomers which

can leach and irritate the soft tissue [34].
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Figure 5.18 Degree of monomeric conversion of P(BisGMA/TEGDMA),
P(ISBAGBMA/TEGDMA), P(ISB3GBMA/TEGDMA), P(ISB2ZGBMA/TEGDMA) at

60:40 wt%.
Note: Letters indicate statistically significant difference (P<0.05) based on group.

Figure 5.19 shows the comparison of the degree of conversion between the top and
bottom layer for every sample series. The degree of conversion of the top layer was
relatively higher for every sample. Depth of cure can be affected by the light output and

uniformity, distance to the sample and transmittance through the sample [185].
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Figure 5.19 Comparison of the degree of conversion between top and bottom specimen
layers.

5.5 Polymerization Shrinkage
The polymerization shrinkage of poly(ISB2ZGBMA/TEGDMA), poly(BISGMA/
TEGDMA), and poly(ISDGMA/TEGDMA) was around 7% and was statistically higher
than that of poly(ISBAGBMA/TEGDMA) at 4.5%, Figure 5.20.
The lower degree of conversion for the para ISBGBMA and its bulky nature is
believed to result in lower shrinkage. This also correlates with the work of Pfifer et al.,
where higher degrees of conversion resulted in higher degrees of polymerization shrinkage

in poly(BisGMA/TEGDMA) [31].
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Figure 5.20 Polymerization shrinkage for P(BisGMA/TEGDMA),
P(ISBAGBMA/TEGDMA), P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and

P(ISDGMA/TEGDMA) at 60:40 wt%.
Note: Letters indicate statistically significant difference (P<0.05) based on group.

5.6 Glass Transition Temperature

Glass transition temperatures were determined from the maxima of tan delta curves through
a 3-point bending test, Figure 5.21, and the values are displayed in Table 5.3. For the
materials to be clinically viable, the glass transition temperature must exceed cure
temperature and temperature ranges in the oral cavity [30].

The glass transition temperature of poly(ISB2ZGBMA/TEGDMA) was the highest
among the poly(ISBGBMA/TEGDMA) series at 85°C. This is believed to be due to its
higher degree of double-bond conversion and the presumed rigidity of the crosslinked

network due to the ortho isomer’s relative lack of internal rotational freedom.
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Figure 5.21 Tan delta curves for P(BisGMA/TEGDMA), P(ISBAGBMA/TEGDMA),
P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and P(ISDGMA/TEGDMA) at
60:40 wt%.

Table 53 Glass  Transition  Temperature  of  P(BisGMA/TEGDMA),
P(IBAGBMA/TEGDMA), P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and
P(ISDGMA/TEGDMA) at 60:40 wt%

Sample Glass Transition Temperature (°C)
p(BisGMA/TEGDMA)? 95.73 (3.73)bcel
p(ISBAGBMA/TEGDMA)® 80.57 (0.46)(
p(ISB3GBMA/TEGDMA)® 77.38 (3.86)F
p(ISB2GBMA/TEGDMA)¢ 86.52 (1.18)
p(ISDGMA/TEGDMA)® 85.56 (7.30)(

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.

The glass transition temperature of poly(BisGMA/TEGDMA) was the highest
around 95°C. However, statistical analysis did not indicate it to be significantly different
from the Tg of poly(ISB2GBMA/TEGDMA). This may be explained from the
corresponding storage modulus, which is shown in Figure 5.22, where a near overlap is

observed between the two samples. This suggests the corresponding crosslinked networks

92



to be structurally similar. The storage modulus is also the highest for these two samples as

well.
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Figure 5.22 Storage modulus as a function of temperature for P(BisGMA/TEGDMA),
P(ISBAGBMA/TEGDMA), P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and
P(ISDGMA/TEGDMA).

The glass transition temperature of poly(ISDGMA/TEGDDMA) at 85°C was
statistically significant only for the Tg of poly(BisGMA/TEGDMA). Its corresponding
modulus was the lowest and might be attributed to the structural flexibility of ISDGMA.
However, in the work of Lukaszczyk et al., the Tg of poly(ISDGMA/TEGDMA) and
poly(BisGMA/TEGDMA) were reported to be comparable, and it was attributed to similar

degrees of conversion between the two polymers. Different curing and Tg characterization

methods were used in that study [163].
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Higher glass transition temperatures are expected to be achieved with an improved
degree of monomeric conversion for the ortho sample, in accordance with the work done
by Sideridou et al. and Stansbury et al., where improved glass transition temperatures were

obtained by improving the degree of conversion [30,34].

5.7 Water Sorption
The water sorption of poly(ISB2GBMA/TEGDMA) was the lowest among the ISBGBMA
derived polymers at 39 pg/mm? and was statistically different from the water sorption of
poly(ISB4AGBMA/TEGDMA) at 44 pg/mm?3. However, poly(BisGMA/TEGDMA) had the
lowest water sorption, overall, at 26 pg/mm?, and poly(ISDGMA/TEGDMA) had the
highest at 73 pg/mm?3, Figure 5.23.

When ISDGMA/TEGDMA samples were initially cured similar to other resin
samples for water sorption, the results obtained were inconsistent. The curing method may
not have produced an acceptable degree of conversion, leading to sample deterioration and
dissolution. In order to overcome this, the curing conditions were optimized further by
curing the samples longer. As a result, the water sorption of p(ISDGMA/TEGDMA) was

consistent, and this is shown in the appendix, Figure C.1.
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Figure 5.23 Water sorption of P(BisGMA/TEGDMA), P(ISBAGBMA/TEGDMA),
P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and P(ISDGMA/TEGDMA) at
60:40 wt%.

Note: Letters indicate statistically significant difference (P<0.05) based on group. Individual groups are
represented by (a-e).

Hygroscopic expansion due to water sorption can weaken mechanical properties,
increase wear rate, and reduce dimensional stability [117-119]. Polymer samples derived
from the hydrophilic ISDGMA deteriorated and cracked as a result of water uptake after
immersion in buffer solution. This behavior was also noted by Kim et al., where resins and
resin-based composites of poly(ISDGMA) exhibited surface cracks after buffer storage
[165].

On the other hand, the polymers derived from the ISBGBMA monomers did not show
any signs of network deterioration or cracking and exhibited greater stability due to
improved hydrophobicity and reduced water sorption, similar to the BisGMA reference,

and this is shown in Figure 5.24.
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Figure 5.24 SEM images at 150X and 2.5 kV of a) P(ISDGMA/TEGDMA), b)
P(ISB2GBMA/TEGDMA), and c) P(BisGMA/TEGDMA) after buffer immersion for 7

days at 37°C.
Note: ISB2GBMA is only shown as an example of the ISBGBMA series.

The improved hydrophobicity of the ISBGBMA series over ISDGMA helped lower the
water sorption by about 40% and improved the overall network stability. However, the
hydrophobicity of the ISBGBMA series was not enough for water sorption to match or be
lower than the water sorption of poly(BisGMA/TEGDMA). The isosorbide core is
hygroscopic with hydrophilicity similar to that of diethylene glycol [153,186]. Improving
the hydrophobicity of the isosorbide dimethacrylate monomers, by means of eliminating
or reacting the hydroxyl groups, as indicated by cLogP estimations in Table 5.4, is

expected to lower the water sorption of the ISBGBMA series further.
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Table 5.4 cLogP Values for Isosorbide, Isosorbide Derivatives and BisGMA
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5.5 Flexural Strength and Modulus
Dental restorative materials should have sufficient mechanical integrity to function
properly. It is generally recognized that the higher the mechanical strength, the better is the
performance [187].

Flexural strength analysis for dried and buffer-immersed samples is shown in
Figure 5.25. Flexural strength decreased for all samples once immersed in PBS for 24
hours. Poly(ISDGMA/TEGDMA) had the highest decrease in flexural strength (80%),
where signs of sample cracking and degradation were observed. All other samples had a
comparable 50% loss.

The flexural strength of poly(BisGMA/TEGDMA) was statistically different only
from that of poly(ISDGMA/TEGDMA) in both dried and immersed states. The flexural
strength of poly(ISDGMA/TEGDMA) was statistically different from that of all other
samples in the immersed state.

Yiu et al. investigated the tensile strength of unfilled dental resins as a result of
water storage. Hydrophilic materials had the lowest tensile strength, where water sorption
was highest and water acted as a plasticizer [188]. Similarly, the improved hydrophobicity
of the ISBGBMA monomers over ISDGMA and increased rigidity due the presence of the
aromatic rings is believed to improve the flexural strength by reducing the water uptake of
the sample.

Table 5.5 shows the water uptake with respect to mass after 24 hours of sample
storage. The hydrophilic poly(ISDGMA/TEGDMA) had the highest water uptake and
lowest flexural strength. Since the storage time was only 24 hours, it is unclear if saturation

was obtained and caused such significant decrease in flexural strength. Therefore, longer
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storage times are needed to verify this concept further. Similarly, Kim el al. reported a
decrease in flexural strength in resins and resin-based composites of
poly(BisGMA/TEGDMA) and poly(ISDGMA) after PBS buffer storage for 7 days at 37°C
[165].

The lower flexural strength for poly(ISBGBMA/TEGDMA) series, in comparison
to that of poly(BisGMA/TEGDMA), is due to the lower degree of conversion and
corresponding lower cross-link density, where the concentration of double bonds is 4.59
mol/Kg for ISBGBMA/TEGDMA and 5.13 mol/Kg for BisGMA/TEGDMA. This is in
accordance with the work reported by Gajewski et al., where higher monomeric conversion

and crosslink density led to improved flexural strength [97].
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Figure 5.25 Flexural strength analysis of P(BisSGMA/TEGDMA),
P(ISBAGBMA/TEGDMA), P(ISBAGBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and
P(ISDGMA/TEGDMA) at 60:40 wt% at RT.

Note: Letters indicate statistically significant difference (P<0.05) based on group. Individual groups are
represented by (a-e).
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Table 5.5 Water Uptake After 24 Hours and at 37°C for P(BisGMA/TEGDMA),
P(ISBAGBMA/TEGDMA), P(ISBSGBMA/TEGDMA), P(ISB2GBMA/TEGDMA) and
P(ISDGMA/TEGDMA)

Test p(BisGMA p(ISBAGBMA p(ISB3GBMA p(ISB2GBMA p(ISDGMA
ITEGDMA) /TEGDMA) /TEGDMA) /TEGDMA) /TEGDMA)

WU%  0.91% . . . 4.20%
(0.05) 1.48% (0.09)  1.35%(0.13)  1.19% (0.06) 0.47)

Note: WU%: water uptake percentage. Standard deviation in parenthesis.

The flexural modulus of dried and immersed samples is presented in Figure 5.26.
poly(BisGMA/TEGDMA) and poly(ISB4AGBM/TEGDMA) exhibited the highest modulus
in the dried state while all samples had lower modulus once immersed in PBS for 24 hours.
In the work of Ito et al., the modulus of elasticity was lower for samples with higher water
sorption. The more hydrophilic the material, the higher is the water sorption, and the lower
is the modulus of elasticity [188]. The flexural modulus of poly(ISDGMA/TEGDMA) was
statistically different from that of all other samples in the immersed state, but all samples

were statistically similar in the dried state.
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Figure 5.26 Flexural modulus of P(BisGMA/TEGDMA), P(ISBAGBMA/TEGDMA),
P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and P(ISDGMA/TEGDMA) at

60:40 wt% at RT.
Note: Letters indicate statistically significant difference (P<0.05) based on group. Individual groups are
represented by (a-e).

101



CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Summary
There is a constantly growing need for bio-derived materials in all aspects of our daily lives
including dentistry. Therefore, the objective of this dissertation was to identify and evaluate
bio-based, BPA-free, dental resin methacrylates with key performances similar to the
industry standard, BisGMA.. As such, three hydrophobically modified bio-based isosorbide
isomers (ISBGBMA) were synthesized, characterized, and evaluated in the context of
copolymers with TEGDMA as potential dental filling materials.

The new monomers were shown to be much more hydrophobic than the isosorbide
BisGMA analogue, ISDGMA, but less hydrophobic than BisGMA, based on contact angle
measurements and cLogP estimations. The ISBGBMA series had a contact angle
measurement around 63° with a cLogP estimate of 2.75. On the other hand, ISDGMA had
a contact angle measurement of only 13° and a cLogP estimate of -0.53. The contact angle
and cLogP estimate of BisGMA were 77° and 5.09, respectively.

The ortho, meta, and para substitution of the benzoate group resulted in different
properties as well. In this series, the monomer mixture of the ortho substituted isomer,
isosorbide 2,5-bis(2-glyceryloxybenzoate) dimethacrylate, along with the diluent
TEGDMA exhibited the least viscosity at 0.62 Pa‘s. This viscosity was similar to that of
the reference BisGMA/TEGDMA monomer mixture at 0.48 Pa-s but higher than that of
ISDGMAJ/TEGDA at 0.06 Pas. Lower viscosities are preferred for ease of handling and

filler incorporation.
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The corresponding copolymer of poly(ISB2ZGBMA/TEGDMA) had the highest
monomeric degree of conversion among the ISBGBMA/TEGDMA polymer series at 52%,
trailing that of poly(BisGMA/TEGDMA) at 54%. Monomeric degree of conversion near
55% and higher is needed to minimize the effect of unreacted residual monomers.

The polymer derived from ISB2GBMA and TEGDMA had the highest
polymerization shrinkage, near 7%, similar to that of poly(BisGMA/TEGDMA) and
poly(ISDGMA/TEGDMA). Lower polymerization shrinkage rates are needed to prevent
debonding, gap formation, and secondary caries.

The highest glass transition temperature among the ISBGBMA series was also that
of poly(ISB2GBMA/TEGDMA) at 86°C, which was near that of
poly(ISDGMA/TEGDMA) at 85°C but less than that of poly(BisGMA/TEGDMA) at
95°C. However, the storage moduli were nearly identical between the ortho-configured
polymer, and the polymer derived from the reference BisGMA.

The water sorption of the polymers derived from the ISBGBMA series ranged from
39 to 44 ug/mm? with the ortho derived polymer having the lowest water sorption. The
polymer derived from ISDGMA was the highest at 73 pg/mm? and the reference
poly(BisGMA/TEGDMA) was the lowest at 26 pg/mm?®. The lower water sorption
obtained with the new monomers over ISDGMA is due to the increased hydrophobicity of
the ISBGBMA monomers. This improved hydrophobicity resulted in lower water sorption,
and improved polymer stability in buffer solution, with no signs of deterioration or
cracking, similar to the reference BisGMA derived polymer.

The flexural strength of the poly(ISBGBMA/TEGDMA) series ranged from 37 to

42 MPa and was superior to that of the 10 MPa for poly(ISDGMA/TEGDMA) but less
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than that of poly(BisGMA/TEGDMA) at 52 MPa after buffer immersion. Similar to water
sorption, the improved hydrophobicity and lower water uptake resulted in improved
mechanical properties and polymer stability. The drop in flexural strength for buffer
immersed samples was about 50% for the ISBGBMA derived polymers and the reference
BisGMA derived polymer. However, the ISDGMA derived polymer had a near 80% drop
in flexural strength. A similar trend was observed in the flexural modulus as well. Materials
with high flexural strength and modulus are needed to withstand the various forces at play
in the oral cavity.

Considered together, the data suggests the performance of the monomer mixture
and polymer derived from the ortho ISBGBMA monomer was close to that of the reference
BisGMA. Therefore, it is a potential bio-based, BPA-free replacement of BisGMA and

should be the focus of future studies.

6.2 Future Work

Future work should take advantage of the available prediction methods and calculations.
For example, cLogP estimations have shown that, by eliminating the hydroxyl groups, the
predicted hydrophobicity of the material increases. Therefore, further synthesis should
focus on a number of factors which include first eliminating or alkylating the hydroxyl
groups of the ortho ISBGBMA monomer and, second, replacing the ester linkage with an
ether linkage to improve hydrolytic stability.

Additionally, the polymerization efficiency can be improved by further investigating

the light source, photo-initiator type, concentration, and curing method.
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The water sorption analysis should be expanded and include daily water uptake for
extended periods of time, for example up to 21 days. This will validate saturation levels
and their impact on network stability. Similarly, while this dissertation has not addressed
solubility levels, it should be included in any future studies as well since dental resins
should not be soluble or have very limited solubility.

Methods for determining the degree of conversion ought to use the heat of
polymerization through photo-differential scanning calorimetry for accurate evaluation.
The mechanical properties should be expanded to include micro-hardness and compressive
strength.

Finally, the materials need to be evaluated as resin-based composites through the
incorporation of inorganic fillers. This is an important step to validate the real-world

effectiveness of these materials.
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APPENDIX A

PROTON NMR SPECTRA

Figures A.1 to A.2 depict proton NMR spectra of isosorbide and BisGMA.
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Figure A.1 'H-'H COSY of isosorbide.
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Figure A.2 *H NMR Spectrum of BisGMA in CDCI3
'H-NMR (CDCls, §-ppm): 7.14-7.09 (m, 4H), 6.82-6.78 (m, 4H), 6.13 (m, 2H), 5.59 (m, 2H), 5.23 (M, H-
is0), 4.38-3.92 (m, 10H), 1.97-1.91 (m, 6H), 1.65-1.58 (m, 6H).
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APPENDIX B

ATR-FTIR SPECTRA

Figures B.1 to B.20 show ATR-FTIR spectra of isosorbide, isosorbide dimethacrylates

and monomer mixtures.
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Figure B.1 ATR-FTIR Spectrum of isosorbide.
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Figure B.2 ATR-FTIR spectrum of isosorbide 2,5-bis(glyceryloxy) dimethacrylate.

ATR-FTIR (v, cm) = 1712 (C=0, methacrylate), 1636 (C=C, methacrylate).
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Figure B.3 ATR-FTIR spectrum of isosorbide 2,5-bis(4-glyceryloxybenzoate)
dimethacrylate.

ATR-FTIR (v, cm™) = 1706 (C=0, methacrylate), 1635 (C=C, methacrylate), 1604 (C=C, aromatic).
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Figure B.4 ATR-FTIR spectrum of isosorbide 2,5-bis(3-glyceryloxybenzoate)

dimethacrylate.
ATR-FTIR (v, cm™) = 1711 (C=0, methacrylate) 1637 (C=C, methacrylate), 1606 (C=C, aromatic).
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Figure B.5 ATR-FTIR spectrum of isosorbide 2,5-bis(2-glyceryloxybenzoate)

dimethacrylate.
ATR-FTIR (v, cm) = 1704 (C=0, methacrylate) 1632 (C=C, methacrylate), 1600 (C=C, aromatic).
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Figure B.6 ATR-FTIR spectrum of ISDGMA/TEGDMA 60:40 wt%.
ATR-FTIR (v, cm™®) = 1713 (C=0, methacrylate) 1636 (C=C, methacrylate).
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Figure B.7 ATR-FTIR spectrum of ISBAGBMA/TEGDMA 60:40 wt%.
ATR-FTIR (v, cm™) = 1710 (C=0, methacrylate) 1635 (C=C, methacrylate), 1604 (C=C, aromatic).
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Figure B.8 ATR-FTIR spectrum of ISB3GBMA/TEGDMA 60:40 wt%.
ATR-FTIR (v, cm) = 1710 (C=0, methacrylate) 1635 (C=C, methacrylate), 1602 (C=C, aromatic).
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Figure B.9 ATR-FTIR spectrum of ISB2GBMA/TEGDMA 60:40 wt%.
ATR-FTIR (v, cm™) = 1710 (C=0, methacrylate) 1635 (C=C, methacrylate), 1600 (C=C, aromatic).
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Figure B.10 ATR-FTIR spectrum of BisSGMA/TEGDMA 60:40 wt%.
ATR-FTIR (v, cm) = 1713 (C=0, methacrylate) 1635 (C=C, methacrylate), 1607 (C=C, aromatic).
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APPENDIX C

EFFECT OF CURING DURATION ON WATER SORPTION OF
P(ISDGMA/TEGDMA)

100
20
80
70
60
50
40
30
20
10

WS (ug/mm?)

Day7

B p(ISDGMA/TEGDMA) cured for 40 seconds
® p(ISDGMA/TEGDMA) cured for 80 seconds

Figure C.1 Water sorption of P(ISDGMA/TEGDMA) when cured at different time
lengths.
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APPENDIX D

DATA CORRELATIONS

Tables D.1-D.4 summarize data correlations between the various resin properties

Table D.1 Monomer Mixture Viscosity, Degree of Conversion, Polymerization Shrinkage
for P(BisGMA/TEGDMA), P(ISB4AGBMA/TEGDMA), P(ISB3GBMA/TEGDMA),
P(ISB2GBMA/TEGDMA), and P(ISDGMA/TEGDMA)

Monomer Degree of Polymerization
mixture Conversion Shrinkage (%)
viscosity (%)
(Pa-S)

P(BisGMA/TEGDMA)? 0.48 54 (3)L°] 6.54 (1)
P(ISBAGBMA/TEGDMA)P 2.48 47 (4l 4.25 (1)ladel
P(ISB3GBMA/TEGDMA)® 1.26 51 (3) 5.41 (1)l
P(ISB2GBMA/TEGDMA)¢ 0.63 52 (5)I°] 6.7 (1)

P(ISDGMA/TEGDMA)® 0.06 N/A 7.28 (1)

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.

Table D.2 Degree of Conversion, Glass Transition Temperature, and Water Sorption for
P(BisGMA/TEGDMA),  P(ISBAGBMA/TEGDMA),  P(ISB3GBMA/TEGDMA),
P(ISB2GBMA/TEGDMA), and P(ISDGMA/TEGDMA)

Degree of Glass Water sorption
Conversion Transition (ug/mm?)
(%) Temperature
Q)

P(BisGMA/TEGDMA)? 54 (3)] 95.73 26[P.cdel
P(ISBAGBMA/TEGDMA)® 47 (4)&d 80.57 (0.46)1 44ladel
P(ISB3GBMA/TEGDMA)® 51 (3) 77.38 (3.86) 42lael
P(ISB2GBMA/TEGDMA)! 52 (5)[PI 86.52 (1.18) 39[abel

P(ISDGMA/TEGDMA)® N/A 85.56 (7.30) 73[abed

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.
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Table D.3 Degree of Conversion, and Flexural Strength for P(BisGMA/TEGDMA),
P(ISBAGBMA/TEDMA), P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and
P(ISDGMA/TEGDMA)

Degree of Flexural Flexural
Conversion Strength Strength (MPa)
(%) (MPa) dry wet
P(BisGMA/TEGDMA)? 54 (3)I 88 (9) 53 (12)
P(ISBAGBMA/TEGDMA)® 47 (4)2d 74 (12) 43 (3)H
P(ISB3GBMA/TEGDMA)® 51 (3) 72 (6) 37 (3)
P(ISB2GBMA/TEGDMA)® 52 (5)[] 66 (10) 43 (1)
P(ISDGMA/TEGDMA)® N/A 51(13)kl 10 (4)ped]

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.

Table D.4 Degree of Conversion, and Flexural Modulus for P(BisGMA/TEGDMA),
P(ISBAGBMA/TEDMA), P(ISB3GBMA/TEGDMA), P(ISB2GBMA/TEGDMA), and
P(ISDGMA/TEGDMA)

Degree of Flexural Flexural
Conversion Modulus Modulus (MPa)
(%) (MPa) dry wet
P(BisGMA/TEGDMA)? 54 (3)P] 88 (9) 53 (12)C
P(ISBAGBMA/TEGDMA)® 47 (4)ld 74 (12) 43 (3)
P(ISB3GBMA/TEGDMA)® 51 (3) 72 (6) 37 (3)®
P(ISB2GBMA/TEGDMA)¢ 52 (5)M! 66 (10) 43 (1)
P(ISDGMA/TEGDMA)® N/A 51 (13) 10 (4)l2bed

Note: Letters indicate statistically significant difference (P<0.05) based on group. Standard deviation in
parenthesis.
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