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ABSTRACT

Title of Thesis: PREPARATION AND TESTING OF NOVEL DEN-
TAL ADHESIVES BASED ON BIS- GMA/TEGDMA
MONOMER SYSTEM

Deyun Sun, Master of Science, Chemistry Department, 1991

Thesis directed by: Dr. George Y. Lei, Associate Professor

In this study, polymerizable phosphonate adhesives synthesized from Diethylchloro-
phosphate and 2-Hydroxyethylmethylacrylate and formulated with G-methacryloxy-
propyltrimethoxy silane is used in Bis-GMA/TEGDMA monomer system. All the
raw materials and finished products are characterized with infrared spectra, vapor
pressure osmometry, viscosity and gel test. The bonding strength to tooth mat;aria.ls
is determined by Instron machine. The work emphasizes applying polymeric organic
phosphonate adhesive to Bis-GMA/TEGDMA monomer system and investigates
the appropriate conditions for the crosslinking of Bis-GMA/TEGDMA monomer
system. Average bonding strength of 744 psi to enamel and 600 to dentine are ob-
tained in comparision to 550 psi to enamel for phosphonate/silane/MMA/PMMA

and 120 psi for the commercial product ”Gluma”.
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Chapter 1

Introduction

Dentistry has led the health-science field in taking advantage of the
rapidly expanding family of polymeric materials, even though its us-
age is not significant compared with the total consumption of plastics(t.
Dental restoration is one of the most important aspects of dentistry. A
dental restorative, ideally, should supply rapid, convenient and inex-
pensive manipulation and application; it should be hardened rapidly
at or near mouth temperature with minimal shrinkage; should be
chemically and dimensionally stable, insoluble both in oral fluids and
in the corrosive oral environment, less conduction of heat, and be easy
to handle. The material must also be nontoxic and well tolerated by
adjacent and opposing tissue, either hard or soft. It is necessary
for a restorative to produce a good chemical bond with enamel and
dentine, and be physically and chemically compatible with the tooth
structure as welll23] However, it is likely that no restorative can satisfy
all these requirements. Probably the main defect of dental restora-

tives is the lack of true adhesive bonding between the currently used



polymeric materials and the hard tooth tissues in this humid environ-
ment. Therefore, enhancement adhesion leads the way to a successful

restorative material.

The objective of this thesis is to continue what has been done pre-
viously, synthesize the polymeric organic phosphonate adhesive and
formulate a new dental adhesive emphasizing the increase of bonding
strength between the tooth and the new restorative. Thermosetting
resin Bis-GMA® as a composite matrix which has been proved to

have significant potentials for clinical practice.

1.1 Tooth structure and chemical composition

The tooth is composed of the crown and the root. The crown is
covered by enamel, a highly calcified substance covering the paft of
the tooth that is visible. Chemically, enamel is composed of small
quantities of organic matter consisting of soluble proteins, peptides,
insoluble protein, citric acid, and a mineral phase which has an ap-
atite structure, principally hydroxy apatite. Beneath the enamel sur-
face is the bulk of tooth substance dentine, resembling bone in many
respects. The organic constituents of dentine are collane, small quan-
tities of citric acid, insoluble protein, mucopolysaccharide and lipidm.
The mineral part of dentine is hydroxyapatite. Fig.1 shows the tooth

structure.



— Restorative Cocxmposite
Dental Adhesive

Fig.1. Tooth Structures
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The approximate chemical compositions of enamel and dentinel® are

shown in Table I.

; ~Mineral Phase | Organic Matter‘i water

, i ;’
Vo) . (Wtm) \’ol(%)? Wm) | vonm) | (Wim) |
enamel 92 (97) 2 | (1) | 6 | (2 |
_dentine 48 (69) | =20 | (20) | =23 | (11) |

The hydroxyapatite in enamel appearsin the rod shape termed enamel
prisms. These are approximately 4 to 5 um in diameter, and run from

the interface between dentine and the enamel surface. Fig.2 shows hy-

droxyapatite shape in enamell

Fig.2 Hydroxyapatite shape in enamel



Fig.3 is a diagrammatic crosssection of dentine, cut perpendicular to
the tubules. The tubules contain slender prolongations or processes
of connective tissues. Peritubular dentine is highly calcified annular
layer with each tubule, which surrounds the odontoblastic process. In
the tubule, the space is filled with dentinal fluid, which is similar to
tissue fluid in its composition. Fluid flows from tubules of freshly cut
dentine. Between the tubules, the intercellular substance is composed

of bundles of fibers of collagen, embedded in a calcified substance.[)l"]

Fig.3 Section of dentine, cut perpendicular to the dentinal tubules. a.
dentinal tubule; b. peritubular dentine; c. intertubular ddentine; d.

collangen fibers.

1.2 Constituents of Dental Composite!*
1.2.1 a. Principal monomer

Like any other composite, the dental composites are mainly com-

posed of a principal monomer, a diluent monomer, an inorganic filler,a
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silane coupling agent, an initiator and an activator!!?. For dental pur-
poses the monomer must be polymerizable. The filler serves to reduce
shrinkage and coefficient of thermal expansion. Some early compos-
ites used methyl methacrylate as a principal monomer. Because of its

structure, several defects are found for this monomer, namely:

1. producing high volume shrinkage during polymerization
2. generating heat in the process of polymerization
3. easy to volatilize

4. highly irritating to pulp and soft tissue

A significant advancement was made by R Bowen who developed
a new monomer based on bisphenol A and bis 2 hydroxy propyl
methacrylate (2,2- bis[4(2- hydroxy- 3methacryloyloxy- propyloxy)-
phenyl] propane). This new monomer has a structure as the follows

and has been proven a most successful monomer for dental applications!®.

0 OH CH, OH o}
o | N l [
CHy =('=C=0=CHy=CH—CHz=0 ¢ 0=CHz=CH=CHz—0~C —C=CH,
CHis = CHy CHs

The bis-phenol unit in the monomer reinforces the strength of the



The bis-phenol unit in the monomer reinforces the strength of the
polymer and the terminal methacrylate groups can be polymerized
by free redicals resulting in a thermosetting resin. The advantages of

this monomer over MMA are: (89

1. Its volume shrinkage is much less during polymerization
2. It generates less heat of polymerization

3. It is nonvolatile

1.2.2 b. Diluent monomer

The functions of diluent monomers are to reduce the viscosity of
the material to achieve good mixing with the inorganic constituents.
There are two types of diluent monomer. Type I is monofunctional
such as methyl methacrylate, and Type II is difunctional such as
triethylene glycal dimethacrylate. Although diluent monomers can
reduce viscosity of materials, they can also produce volume shrink-
age during polymerization if the diluent monomer is used in large

quantity(?.

Normally, a difunctional monomer is preferred as a diluent solvent.

Reasons for this are:

1. Difunctional monomers produce less shrinkage than do



monofunctional monomers during polymerization

2. Difunctional monomers can produce a more cross-linked structure
which is harder and stronger, and has a lower coefficient of thermal
expansion

3. Difunctional monomers are less volatile

1.2.3 c. Fillers

A wide varity of fillers have been used in dental restorative materials.
For the early composites, synthetic calcium phosphates and fused sil-

ica were used as inorganic fillers.

Current materials contain lithium aluminosilicates, crystalline quartz,
barium aluminoborate silica glasses, strontium glass and microfine

filler consisting of silica.

Effects of filler are to improve mechanical properties, reduce coefficient
of thermal expansion, reduce contraction on setting and generate less

heat in polymerization!l. In this research no filler is used.

1.3 Principles of Adhesion

Adhesion takes place when two different substances join together on
their contacting interface. Adhesion is the result of intermolecular

attachment through either physical adsorption or chemical bonding,



highly localized in the vicinity of each surface,but sometimes it may

also be produced by mechanical interlocking.

1.3.1 a. Surface Properties and Bonding

Surface properties are important for a good adhesion. Basically, there
are two factors affecting the surface properties and bonding. The first
factor is surface roughness. The most of the surface to which adhe-
sive bonding is required should be microscopically or macroscopically
rough. If the rough surface is adquately wetted by an adhesive, the
effective area of contact may be increased and the bond strength im-
proved as well. The second factor is pockets of air trapped between
the adhesive and the surface. Theese reduce the area of contact be-

tween adhesive and adherend, thus reduce the bonding stregnth[?2)13),

Surface forces, such as Van der Waals forces, are appreciable although
they are weaker than chemical bonds. However, Van der Waals forces
between two bonded materials decrease rapidly with the distance of
seperation. For a good adhesion, surface forces and surface roughness
are both necessary. The adhesive must flow across the surface and fill
all microscopic irregularities so that wetting of the both adherends is

achieved!!4,



1.3.2 b. Surface tension and wetting

The surface tension and wetting of a liquid is an important basic
property that can be altered by a variety of factors. The ability of an
adhesive to wet the surface of the adherend can be measured by the
contact angle of a drop of liquid on the surface. The contact angle
of a liquid on a reasonable smooth surface is inverse to the degree
of wetting of the surface. Materials having low surface energy will
not be easily wetted. When contact angle is large the surface wetting
is poor. The greater the tendency to wet the surface, the lower the
contact angle. Complete wetting occurs at a contact angle equal to

zero!314],

P \
/‘!: Dr
I
o‘-
hitg

Fig.4 surface wetting I. contact angle 105 °C; II. contact angle 60°C;
ITI1. contact angle 0°C.
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1.3.3 c. Requirements for setting adhesion system!”]

There are several requirements for setting adhesion systems, to obtain

a good adhesion.

1. Adhesive must have good ability to wet the adherend

2. Adhesive should have suitable viscosity to make itself low over the
surface of adherend easily

3. Setting of the adhesive should take place without large dimensional
changes.

4. Proper thickness of the adhesive layer

1.3.4 d. Type of adhesive bonding failure

For an adhesive bond being tested in tension, there are mainly three
tvpes of failure: failure of adhesive bonding; tensile failure of the

adhesive; and tensile failure of either adherend!!®)["]

- -~ . .

"// : f/’"‘/' Vs '_,'/‘n
= 2 2 ez
e SN TS
7 ADH o -2 1 LDHER
;?, | apHEREN %i i DME ETS%
) —= | 7
| | ADHESIVE ~ADHESIV i
i kel A3 ‘ ——— vE i
—— = =" =
o) et B R d <
‘/ } - j- '/:
! ! P PR 1
| S — e '/,v/f I///"“\ - / |
i%i ADHEREND 7 <7 ADHEREND /
s R 7
e o 'l |~

|

v (bl {¢) {d)

-]
—
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Fig.5 Adhesion bonding a. adhesion bond in tension; b. failure of
adhesive bond; c. tensile failure of adhesive; d. tensile failure of

adherend.

1.3.5 e. Dental considerations

For use in dental consideration, firstly, an adhesive should ideally react
with both organic and inorganic constituents of the tooth. Secondly,
the adhesive should ideallybe hydrophilic, not repelled by water exist-
ing in enamel and dentine. Thirdly,the the adhesive should be stable

in the oral environment!721€],

1.4 Adhesion system and each component’s effect
1.4.1 Phosphonate adhesive!l" !9

As mentioned above enamel and dentine are principally composed of
hydroxy apatite which is a calcium phosphate mineral. Phosphox.late
adhesive can adhere to the tooth by forming chemical bonds between
calcium ion in hydroxyapatite and restorative polymer by taking part
in the polymerizing reaction this can prevent seepage of fluids from

1201181, Polymeric phosphonate can be

the restorative- tissue interface
indicated as M-R-X, where M is methylmethacrylate group, R is a
spacer, and X is the group capable of bonding to the tooth by inter-
acting with calcium ions in tooth(see Fig.6). The establishment of this
bond leaves the dentine covered with a layer of adhering methacrylate
groupl72418),

12



The phosphonate group is shown in Fig.6 in partly ionized form. The
attraction between negatively charged oxygen atoms of the phosphate

group and calcium ions in hydroxyapatite is shown by two arrows/?4,

DENTIN

Fig.6 Bonding mechanism of phosphate.

1.4.2 Synthesis of polymeric organic phosphonate/*

The polymeric organic phosphonate having one double bond end group
and one functional end group was synthesized from 2-hydroxyl mech-

acrylate (HEMA) and diethylchlorophosphate (DECP) in this re-

search. The reaction is:

ci, HEMA DECP
---------- > CH2=CC02CH2CH2°PO(OCZH5); + NH4C1

CHy phosphonate

13



The reaction between tooth and polymeric phosphonate is based on
the hydrolysis of the phosphonate which take place as soon as the
monomer is applied to the tooth surface where water exits??%. The

process is shown as follows:

CH,
> CH,=CCO,CH,CH,0PO(OH), + 2C;H5OH

CH,

The product of hydrolysis has two functional end groups. One of
them can polymerize with double bonds in the basic resin BIS-GMA,
silane and other substances containing double bonds. The other can

react with calcium ion in tooth, so the adhesion is established between

restorative materials and tooth.

1.4.3 Silane coupling agent!??

Silane coupling agent is usually used as a pretreatment agent for min-
eral filler to increase the adhesion between the organic and the in-
organic. Gamma-methacryloxy-propyltriethoxysilane was used in the

experiment. Its structure is

14



CH2=CC02CH2cH25i(OC2H5)3

CH,

Compound has a double bond which can polymerize with bis-GMA

and TEGDMA (adiluent) and three hydrolyzable groups. The hydrol-

ysis is shown as follows!2¢]

CH2=CC02CH2CH2Si(OC2H5)3 + 3 Hzo

|

CH,

----------- >CH2=CCOZCH2Csti(OH)3 +3 CZﬂsoH

CH,4
After hydrolysis, the mineral interface is then proposed in which

silane coupling agent provides a bond at the interface capable of us-
ing hydrolytic intrusion of the surface, with self-healing as a means of
stress relaxation without disrupting the overall bond between polymer

26).

and mineral surface! Fig.7 shows the adhesion reaction between

polymer-silane- tooth surface.

R R R R
| { 1 |
I l ! 1
-Si- -Si- -Si- -Si-
| l l l
/.o\ . O\ ,,O /.0\ Interface
HS H H__ H 2.\ H{ " H
NN“ - Y0 H H 0-
_____________________ I
| t é¢o ;\o’ f 3
---- Protein'---- f----ca’¥ po,’” -----
(dentine) (enamél) Tooth



Fig.7 Bonding mechanism of adhesive

1.4.4 Diluent Monomer

Since the main component, bis-GMA. prepolymer, is a very viscous
liquid it is difficut to use it directly without dilution. In this ex-
periment, triethylene glycol dimethylacrylate is chosen as the diluent

monomer.m

0O O
CHy=C=C - 0= (CHy)a O~ (CHy)y =~ O = (CHyip- O - E'~-("==('H,
CH, CHy

It has two double bonds thus it can also be used as a cross-linking
agent for bis-GMA prepolymer, silane compound and phosphonate to

form three dimensional network structure.

1.4.5 Glutaradehydel?4??

Glutaradehyde is usually used as a protein crosslinking agent in bio-
chemistry. Tt can react with the amine group of protein(-NH,). In
this research, glutaradehyde was also used to react with protein of
the tooth and the small amount of HEMA residue left over during

synthsis of polymeric phosphonate.

16



1.4.6 Adhesion Through Bis- GMA- Phosphonate- Silane-
TEGDMA System

Since bis-GMA prepolymer is a thermosetting plastic, it can form a
three-dimentional network with cross-linking agent or with heat. The
degree of curing depends on the double bonds which have reacted with
the cross-linking agent. Double bonds of the prepolymer can also re-
act with the double bonds of phosphonate and silane coupling agent,
as well as the curing agent TEGDMA to form a solid. Fig.8 shows

the reaction between adhesion interfaces.

Bis-GAM4Bis-GAM Bis-GAtM Bis-GAM |

| J | ]
silane- TEGDMA- phosphate- glutaradehyde- silane

i L l |

T T — T T
C,*° -NH, Ca——z -NH,

Fig.8 reaction between adhesion interfaces

1.5 Pretreatment technique!?¥

In order to enhance the bonding of an adhesive to enamel and den-
tine, it is important to pretreat the surface of the substrate for better
results. Enamel Acid-etch can remove about 5 um of the enamel and
selectively decalcify the enamel to a depth of 15 to 120 um. The
etched enamel surface has an increased surface area for bonding, a

high surface energy to enhance wetting, and a porous structure for

17



resin to penetrate.

Dentine acid-etch is not recommended because of the dentine tubules
which extend to the dental pulp and contain tissue fluid/”). In the ex-
periment, phosphoric acid (50% wt) and ferric oxalate (5% wt) were
tried to treat enamel and dentine surface. There is further work to

be done.

18



Chapter 2

Experimental

2.1 Synthesis of Phosphonate
2.1.1 Reagents

Diethylchlorophosphate(DECP),C,H,(POCl, F.W.=172.55, Aldrich Chem-
ical Co.

2-Hydroxylmethylacrylate(HEMA), C¢H19003 F.W=135.2, Fluka Co.
Pyridine CsH;N, F.W.=79.10, Aldrich Chemical Co.

Chloronil C¢Cly(=0),, Aldrich Chemical Co.

Ammonia gas NH;

2.1.2 Apparatus

500 ml three-necked flask
Thermometers -10 - 150° C

250 ml two-necked distillation flasks(2)
Condensor with two 105° adapters

250 ml Erlemeyer flask

19



250 ml heating mantles
250 ml separation funnel

Magnetic stirrer

2.1.3 Procedure/*f

1. Purification of DECP and HEMA by distillation

100m] Diethylchlorophosphate(DECP) was placed into a 250 ml flask
equipped with two thermometers, a magnetic stirrer and a condensor
/receiver and a vacuum pump system. The flask was heated slowly
to 74°C by a heating mantle. The distillation was maintained under
a vacuum of about 5 mm Hg between 74 to 80° C, and the initial
portion of the distillate was discarded. A total of 70 ml distillate was

collected. The distillate was stored in a desiccator.

100 m] Hydroxyethylmethacrylate(HEMA )was placed into a 250 ml
flask along with 2 to 3 drops of chloranil as inhibitor. The flask was
equipped with necessary accessories as above for distillation. The dis-
tillation was carried out under 5 mm Hg vacuum between 60 to 65°C.
Finally 60 ml distillate was collected. The distillate was then stored
in a refrigerator at about 5 °C to avoid self-polymerization.( for ap-

paratus see Fig.9.)
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2. Reaction

51.77g freshly distilled DECP and 38.75g freshly distilled HEMA were
placed into a 500 ml three-necked flask equipped with a thermome-
ter, a magnetic stirrer and a inlet glass tube for introducing NH; gas
to react with the by-product HCl to form a white precipitate . In
addition 5 drops of pyridine were also introduced to the flask as cata-
lyst. The reaction mixture was stirred for about 5 minutes before the
flask was placed into an ice-bath. As the temperature of the reactants
dropped down to 8 - 5°C, the reactants were stirred again, and mean-
while from a gas cylinder NH; gas was also introduced to the flask
and bubbled through the reactants. During the introduction of NHj,
the system was kept stirred. After 5 to 10 minutes the white precip-
itate NH4Cl was formed in the flask. Since the formation of NH,Cl
was an exothermic reaction, the temperature of the flask tended to
rise. However, the temperature of the reactants was kept between 10
to 15°C by addition of ice and salt to the cooling bath from time to
time. The reaction was completed in about 3 hours. By the end of
the reaction the reaction mixture had a pH of 4.5 to 5 as measured

by indicator paper. (for apparatus see Fig. 10.)
3. Collection of product

The reaction mixture was left to stand at room temperature for about

one hour without stirring. Removal of the precipitate, NH4Cl, was

21



carried out in a Buchner porous glass filter. The filtrate was further
centrifuged at high speed for one hour to settle the fine NH,Cl parti-
cles. Finally, the supernatant liquid was collected.

2.2 Formulation of Adhesive and Bonding Agent

2.2.1 Chemicals

Bis-GMA (Bisphenol A Bis 2 Hydroxy Propyl methacrylate prepoly-
mer), Freeman Co.

TEGDMA (Triethylene Glycol Dimethacrylate), Fluka Co.
G-methacryloxypropyltriethoxysilane, RCP Inc.

Benzoyl peroxide, Aldrich Chemical Co.

N.N-Dimethylaniline, Aldrich Chemical Co.
N.N-Dimethyl-p-toluidine, PFALTZ and BAUER Inc.
Divinylbenzene, Fluka Chemical Co.

Methylmethacrylate, PFALTZ and BAUER Inc.

2.2.2 Formulation of Phosphonate Adhesive

The adhesive was formulated by adding 2 ml of DECP-HEMA adduct
(phosphonate) to 10 ml G-methacryloxypropyltriethoxy silane. The
mixture was then thoroughly mixed with 0.125 g N,N-Dimethylaniline.
Five minutes later, the pH of the mixture was measured and adjusted

to 4 to 6 with citraconic acid. The adhesive was kept in the refriger-
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ator for further use.

2.2.3 Formulation of Bonding Solutions A and B

Solution A

14 g Bis-GMA viscous prepolymer was diluted with 6 g TEGDMA.
In order to avoid air bubble formation, stirring was very gentle. Af-
ter Bis-GMA was completely dissolved, 140 mg benzoyl peroxide was
added to the mixture to form a homogenous system through gentle

stirring.
Solution B
In the similar manner another 14 g Bis-GMA prepolymer in-6 g

TEGDMA was prepared. In this case 0.648g N,N-Dimethylaniline

activator was added to the solution.

(Note: Different proportions of Bis-GMA, TEGDMA, peroxide, and

activator were tried in this research for optimum formulation).
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2.3 Characterization
2.3.1 IR Spectra

Using the salt plate smear method, the IR spectra of DECP, HEMA,
Phosphonate and TEGDMA were obtained through Infrared spec-
trophotometer, Perkin Elmer, model 1310. The spectra were scanned
over the wave numbers between 650- 4000 cm-1. The spectra are col-

lected in Fig. 11 to 14.

2.3.2 The Number Average Molecular Weight(.I\Zn) of Bis-
GMA Prepolymer by Vapor Pressure Osmometer

Following the instruction manual of the Wescon vapor pressure os-
mometer, using benzil ( molecular weight 210.24) as standard and
toluene as solvent, five standard solutions of different concentrations
along with five Bis-GMA solutions of different concentrations were

measured at room temperature (21°C). The results are shown in
Fig.15 and 16.

2.3.3 Intrinsic Viscosity[n] of Bis-GMA

A 100 ml stock solution was prepared by dissolving 8.776 g Bis-GMA
in acetone. The flow time of the stock solution, diluted solution and
the solvent were separately measured in the Ubbelohde viscometer.

The results are summarized in Table 15.
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2.3.4 Gel Test

The gel test is to measure the polymerization time, and subsequently,
to determine whether the initiator/promotor system is suitable. In
this experiment, the gel test was done by noting the time required for
a certain amount of Bis-GMA/TEGDMA to gel upon addition of a
certain amount of the initiator, benzoyl peroxide and promoter, N,N-

Dimethylniline. The results of the gel test are listed in Table 14.

2.3.5 Degree of Curing

0.6779 g cured Bis-GMA sample ( cured at room temperature and
under inert atmosphere N, gas for 30 minutes), was dipped in the
acetone solvent for seven days at room temperature. The weight loss
of the sample was then determined and the degree of curing was cal-

culated from to the weight loss.

2.3.6 Effect of O, Effect on Curing

The effect of O2 on curing Bis-GMA /TEGDMA with initiator and

promotor was checked under the following 3 conditions:
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a. Curing in open air for one hour.

b. Curing in a small pan and covered with a piece of polyester film

for 1 hour.
c. Curing in a desiccator filled with N, gas.

After the specified curing time, the specimen was examined for its
physical appearance. Best curing is acheived where the liquid be-

comes a dry solid.

2.4 Bonding Strength Test
2.4.1 Preparation of Aluminum Rods

For bonding strength test, the face of the aluminum rod to be pléced
on the dentine or enamel of tooth was first smoothed with sandpaper
and soaked in acetone for 30 min to remove grease. The face of the
aluminum rod was further treated with Na,CrO7/H,SO4 solution( the
ratio of Na,CrO;/H,SO4/H, O is 1/15/30) and was allowed to etch
for 4 minutes in the oven at 40° C. After etching, the rod was rinsed
with distilled water, followed by petroleum ether and air blown dry

before it was stored in a desiccator.
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2.4.2 Tooth Treatment and Mount of The Specimen in Test
Holder

Teeth were cut respectively along the dentine face or the enamel face
by a low speed diamond cutting saw to provide a smooth bonding
surface. The cut surfaces of teeth were polished with a wetted fine
sandpaper (wetted by a few drops of water). After polishing the sur-
faces were rinsed with aqueous methanol, wiped dry with paper towel
and blown dry with air. The specimen was then mounted in a holder
of 25 mm in diameter and 30 mm in length containing self-curing
and hardening resin with the cut surface facing up, a hole was drilled
through near the bottom of the plastic holder which was used to at-
tach a metal rod for the grip of Instron.

2.4.3 Formulation and test of Adhesives

Different compositions of adhesives were tried in the research. First,
a thin layer of adhesive was put on the surface of the cut tooth spec-
imen, then the aluminum rod was placed lightly on the surface of
the treated specimen. The specimen was cured in different conditions
such as in N, gas or in air. After the specimens were cured, half of
the specimens were taken to measure the dry state tensile strength
and the other half were dipped in water for 72 hours before the wet

state tensile strength was measured.
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Group 1 Tensile strength of Bis-GMA /TEGDMA (70/30)

a. Bonding strength of Bis-GMA/TEGDMA (70/30) to dentine and
enamel

Eight dentine samples and eight enamel samples were chosen. 15
drops of solution A containing benzoyl peroxide and 1 drop of solution
B containing promotor N,N-dimethyl aniline, were mixed throughly.
Now the mixture was contained 0.66 % benzoyl peroxide and 0.12 %
N.N-dimethylaniline. 1 drop of the mixture (about 36 mg) was ap-
plied on the treated cut surface of each sample. Then the aluminum
rods were placed on the surfaces of the test samples lightly to fix the
sample to the Instron machine. Curing was accomplished under room
temperature and with N, gas for 30 min. Then they were left in the
air for four hours. Half of the samples (4 pieces) were taken to mea-
sure the tensile strength and the other half were soaked in water for
72 hours before testing their water resistance (see Table 1 and tooth

specimen setting see appendix III and IV).
b. Testing water resistance of bonding

The other half of samples preparedly the above procedure were
dipped into water at room temperature for 72 hours before they were
taken out of the water to be tested for their tensile strength(see Table

1).
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Group 2 Adhesion tensile strength of silane

a. Bonding strength of Bis-GMA/TEGDMA to dentine and enamel

Eight dentine and eight enamel cut tooth samples were coated with
G-methacryloxypropyltrimethoxy silane. Three minutes later, a drop
of about 36 mg mixture of solution A and B (ratio 15/1) which con-
tained 0.66 % BPO and 0.12each sample. Then the aluminum rod
was set up to fix the sample to the Instron. The curing was done at
room temperature under N, gas environment for 30 minutes. After
4 hours in the air half of the samples were taken to measure tensile

strength, the other half were dipped into water for water resistance
test(Table 2).

b. Testing water resistance of bonding

The remaining eight samples (4 dentine and 4 enamels) kept in the
water for 72 hours at room temperature were taken to measure tensile
strength (Table 2).

Group 3 Adhesion tensile strength of phosphonate

a. Bonding strength of Bis-GMA/TEGDMA(70/30) to dentine and

29



enamel]

Eight dentine and eight enamel cut tooth samples were coated with a
thin layer of phosphonate/silane(ratio 2/10) by a tiny brush. Three
minutes later,a drop of mixture of solution A and solution B( ratio of
A/B was 15/1) was applied to the treated cut tooth surface of each
sample, then the aluminum rod was set up to fix the sample to the
Instron machine. The polymerization took place at room tempera-
ture under N, gas for 30 minutes and then 4 hours in air. Half of the
samples were taken to measure tensile strength, the other half were

placed in water for the water resistance test(Table 3).

b. Testing water resistance of bonding

Four dentine samples and four enamel samples were kept in the wa-
ter at room temperature for 72 hours and taken out to measure the
tensile strength.(Table 3)

Group 4 Adhesion tensile strength of silane-phosphonate

a. Bonding strength of Bis-GMA/TEGDMA (70/30) to dentine and

enamel

Eight dentine samples and eight enamel samples were coated with a
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thin layer of mixture of silane and phosphonate which had a ratio of
10/2 by volume and did not contain BPO and promotor in it. Then a
drop of mixture of solution A and B (ratio 15/1) was applied on the
surface of the cut tooth. The procedure was the same as described

before for testing tensile strength in the dry or wet state.

Group 5 Adhesion tensile strength of glutaradehyde-phosphonate-

Silane

Eight dentine samples and eight enamel samples were coated with
a thin layer of glutaradehyde by brushing on 50 % water solution,
5 minutes later,they coated with the mixture of phosphonate-Silane
(ratio 2/10), 3 minutes later, a drop of mixture of solution A and so-
lution B(ratio was 15/1) was applied on the treated cut tooth surface,
then the aluminium rod was set up to fix the sample to the Instron
machine. Curing took place at room temperature under N, gas for
30 minutes, then the samples were taken out for four hours. Half of
the samples were taken to measure the tensile strength, and the other
half were kept in the air for another 24 hours, and then their tensile

strength was measured.

Group 6 to group 10 were tested with different compositions and in
different curing conditions. Group 11 were the results of repeating

group 5 and with the addition of the wet tensile strength measure-
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ment. Group 12 were results of repeating previous work in which
crosslinking PMMA*(polymethyl methacrylate) was used as bonding
matrix. The compositions and curing conditions of group 6 to group
12 are shown in the following Table. The tensile strengths of group 6
to 12 are shown in Table 6 to Table 12.

gl_;'ool?p{ composition ' curing condition
6 | Bis-GMa . TEGDMA (60/40) | room temp. in air 4 his
7 i Bis—-GMA - TEGDMA (70,30) room temp. in air 4hrs.etching
8 i Bis—-GMA TEGDMA (60/40) room temp. in air 4 hrs
9 | Bis-GMa. TEGDMA (70,30) room temp. N» 10min

' 10 | Bis-GMA TEGDMA (75,25) room temp. in air 4 hrs
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Chapter 3

Results and Discussion

3.1 Synthesis of Polymeric Organic Phosphonate
from HEMA and DECP

By comparision of IR spectra the synthesized polymeric organic phos-
phonate, has the same structure, CH,=C(CH;)CO,C,H,O0PO(C,Hs),
as that obtained by the previously by Wul*®l. As shown in Fig.15 the
IR spectra shows an strong absorption peak at 1500 - 1600 cm™!
which is found neither in DECP nor in HEMA. This absorption can

be attributed to -O-P=0 streching vibration [26h(27(28],

Several factors affect the synthesis. The first one is the purity of
the reagents. For purification of the monomer, attention must be
paid to the temperature control and the vacuum system especially
for HEMA. HEMA has a double bond in its structure. If the dis-
tillation temperature is too high, it may cause the monomer to be
partially polymerized, and thus reduce its ability to form phospho-
nate adduct with DECP. If the vacuum is too low, it is then difficult
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to distill. The second factor is the temperature. Because the synthe-
sis of phosphonate is an exothermic reaction, proper temperature is
vitally important. With pyridine as catalyst, the reaction can be car-
ried out effectively in the temperature range 5 to 15 °C. The reaction
rate can be controlled by the amount of NH; gas introduced to the
reaction. If too much NH; is added, the reaction would take place
violently causing the temperature a sharp rise to ruin the synthesis.
If the amount of NH; gas is too little, the reaction would take a very
long time to complete and make the synthesis impractical. The last
factor is moisture, which must be avoided. Otherwise , the precip-
itate, NH4Cl, would dissolve in it and makes the separation of HCl
very difficult. The chemical reactions for the synthesis can be repre-

sented by the following equation:

CH,=C~CO0,~CH.,-CH, -
5 gH 2~CH,=CH,=OH + C1PO(OC,H.),

——————— > CH,=C-CO,-CH.,-CH.,-0O- A
2 éH3 2~ CH,=CH,-0 po(oczns)2 + NH4C1;

3.2 Formulation of Adhesive and Bonding Agent

The ratio of phosphonate (DECP-HEMA adduct)to silane coupling
agent affects the final bonding strength. The optimum ratio found by
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Wau is 2/10. At this ratio, the tensile strength is doubled as compared
to the ratio 1/10. If the ratio increases to 3.5/10 the tensile strength

decreases. [2°]

The ratio of Bis-GMA /TEGDMA is another factor affecting the bond-
ing tensile strength. When the ratio is high, the viscosity of the
mixture is high, and it is difficult to wet the tooth surface well thus
resulting in low tensile strength. When the ratio is low, the flow
property is good, but the tensile strength decreases as a result of the
higher concentration of TEGDMA in the cured mass. The higher
the amount of TEGDMA, the lower the tensile strength. The results
of bonding strength tests have proved that the optimum ratio is at
70/30. Comparing the results in Table 10 with that in Table 6 and 7
at the same conditions, the tensile strength at ratio 70/30 is 100 psi
more than that of at ratios 60/40 and 75/25.

3.3 Copolymerization of Bis-GMA /TEGDMA

Crosslinking of Bis-GMA with TEGDMA is actually a process of
copolymerization of the two components, which is affected by the
type and amounts of initiator /promotor system, and the environment

in which the copolymerization takes place.
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3.3.1 Structure of Bis-GMA

Bis-GMA is a thermosetting unsaturated viscous prepolymer. It is
a product of condensation reaction, in which 1 molecule of bis-phenl
A reacts with 2 molecules of Diglycidyl methacrylate, with a release
of 2 molecules of water/?*:[*?], The product contains the same end
groups as the raw material monomer. In the condensation reaction
the average degree of polymerization is dependent on how much the
original molecules have been changed into polymer, the mole ratio
of reacting groups, and the equilibrium of the condensation reaction.
Because Bis-GMA has two pairs of double bonds in its structure it
can form a three dimensional network structure by crosslinking with

a crosslinking agent.

C H’ C'H3 C’Ha
CH,'lc-CO;CH;C'IH-CH;O-@?-@'O'Cf‘\.'g:‘c"‘{coic'm
OH CH,
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3.3.2 Crosslinking Process of Bis-GMA

As mentijoned above, Bis-GMA is an unsaturated polyester which can
be crosslinked with a crosslinker. After the final three dimensional
structure is formed it can no longer be melted or dissolved even in a
strong organic solvent. The crosslinking reaction can be initiated by
ions or free radicals. In this experiment TEGDMA serves as dilution
monomer but also serves as crosslinking agent. Part of the crosslinked

structure of the copolymerization product is shown as the following

<] [~} CH3
z I o
CH;-—— -_—C R (S C ennm
! [
CHy 8is-GrMA CH;
L P
i .
<H‘_‘(' R ¢ ﬁl CHa
/ H TEGPMA i
H (Hs
| | i
(Hy—(¢— ‘I: R ﬁ C' CHy s
% ‘l RS- M4 o CH3
ol CH, OH
72

i
R represents —0—CH;~CH—-CH,—O
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R’represents —O—(CH;)3~ 0= (CH;)3—0=(CH,),—0—

The crosslinked polymer is a solid.

3.3.3 Free Radical Redox System for Bis-GMA Crosslink-
ing

It is known that free radical polymerization can be undergone in three
steps: the first step is to produce a free radical, the second step is chain

growth and the third is chain termination:

Initigtion stage Termination stage
[e) .0 0 R'M, ¢+ ¢ VLR — R'M MR
R‘_C'LU_O—'CCR' - ZR'CiOC — 2R’ - 200, Annihifshion reaction

. . . T eV R CH=—=CH < i ol
Organic perovade Free radicat R CH-_-(' He-» H(| CHR R (H—(‘H H;(: MR
R/ ® « CH,== CH ~ R'CH,CH * R R R R

! !

R R Disproportionation reaction

RCH,CH e « CH,==CH - RCH=CH « CH,(H
| | i !
R R R R

Transter reacthion
Propagation stage
RCH:CH & « CHy=CH — R'CH,CH~— CH,— CH ® — etc
' f } i '
R R R R
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The crosslinking process is a graft copolymerization which can be
initiated by ions or free radicals®%Bl, In a free radical initiating pro-
cess there are two ways. One is just to use a free radical to initiate
the reaction. The reaction is carred out at a temperature at which
peroxide can be decomposed to produce enough free radicals to en-
sure crosslinking. Another method is to use a redox system which
can make the crosslinking process proceed at room temperature. In
this experiment, the redox system benzoyl peroxide /dimethylaniline
is used. Benzoyl peroxide is activated by tertiary amine dimethylani-
line which decomposes the peroxide into free radicals. The optimum
temperature for this redox system is 0 to 25°C*2 between which it is
very easy to operate. The mechanism of redox is shown in the follow-

ing reaction equation:

O 'O a——— e,
L o o d TN TN, —
=74 = =
CH: O
. | =\ _
T ex—o—C— {1y = —cOs
/\Q./ | /T N/
CH,
~
/ |
{ Ve N e O —C ) ety
. / AN
DrtmotC
CH,
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Benzoyl peroxide which has a half life of 30 minutes at 100° C1*? can
be rapidly decomposed by dimethylaniline into an unstable ionic in-
termediate at room temperature, which reacts further to produce ben-
zoyloxy radical and a radical cation. The radical cation apparently
undergoes reactions other than addition to monomer, since polymers

formed by this method contain no nitrogen.

3.3.4 Rate of Crosslinking

The rate of reaction is controlled by the nature of the initiator /promotor
and the ratio of initiator to promotor. In this experiment, N,N-
dimethylaniline and N,N-dimethyl-p- toludine were tested as promo-
tors. The different ratios of BPO/dimethyl toludine and BPO/dimeth-
vlaniline were used to cure Bis-GMA/TEGDMA samples by mea-
suring the gel time. From the results of gel tests, it is found that
N,N-dimethyl toludine is not very suitable for Bis-GMA /TEGDMA
system because the reaction so quickly cures the sample in several
seconds that it is difficult to operate. For BPO/dimethylaniline the
reaction rate is lower than that of BPO/dimethyltoludine. This can
be handled in a reasonable time when the ratio of initiator and pro-
motor is adjusted to a suitable range. According to the results of
gel tests the optimum ratio of BPO/dimethylaniline is at 0.66/0.12(
wt% respectively in Bis-GMA /TEGDMA) at which the gel time can

be controlled in the range of 3 to 6 minutes. In this time range, the
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operation of setting samples can be finished. (For gel test results see
Table 14)

3.3.5 Oxygen Effect on Crosslinking

Oxygen is a complex factor in the polymerization process. In some
cases it can work as promotor to speed the reaction, and in others it
has the opposite effect. The free radical reaction involving unsatu-
rated polyester is suppressed by oxygen which lowers the crosslinking

activity at the exposed surface of gelling mass®?.

Molecular oxygen plays the role of an inhibitor in Bis-GMA /TEGDMA
crosslinking process. Moleculer oxygen can react with carbon free
radical rapidly to produce peroxide free radical R-O-O 3%, Although
activity of peroxide free radical is less than that of carbon free tad-
ical. it can react with monomer to form a new carbon free radical
which subsequently reacts with moleculer oxygen again. In compar-
ing with the case where no oxygen present, this polymerization re-
action is obviously inhibited. Actually, this process is the addition
process of monomer with molecular oxygen alternatively resulting in

30,31)

polyperoxide! and the real monomer polymerization reaction does

not take place in the normal way.

The effects of oxygen on Bis-GMA /TEGDMA is verified in the ex-
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periment. The tests have been already described in the experiment
part of this paper. The results show that those samples placed in air
have a sticky surface even after several weeks, while samples covered
with polyester film and put in the desiccator filled with nitrogen gas

have dry surfaces.

3.3.6 Degree of Crosslinking

The test of degree of crosslinking was done by dipping the cured Bis-
GMA /TEGDMA sample in acetone for 7 days before the dissolved
portion was determined. The degree of crosslinking can be calculated

by the following equition:

Degree of Crosslinking= (W1-W2)/W1= (0.6779 - 0.1543)/0.6779=77.2%

Where W1 is the weight of original sample, W2 is the weight of the
dessolved portion. As a result, the degree of crosslinking is high and

the initiator/promotor system is suitable.

3.4 Bonding Test

For better bonding strength, attention should be paid to the following:
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1. The cross-section surface of aluminum rod must be parallel to the

flat surface of the sample which contains the thin layer of the adhesive.
2. The aluminum rod surface should be roughened.
3. The rod surface must be cleaned with petroleum ether before use.

4. Since the tooth samples are real teeth, they never have the same
shape and the same size. Attention must be paid to embedding the
cut tooth sample in the center of the plastic holder, so that the cut

tooth surface is in the mounting compound horizontally.

3.5 Adhesion

Phosphonate can increase the adhesion between the tooth and the
polymer bonding agent by forming chemical bonds. The bonding
agent Bis-GMA /TEGDMA has been used in the research. Comparing
it with the commercial product Gluma, its tensile strength is signifi-
cantly greater. It produces adhesion to enamel and dentine as high as
744 and 600 psi of tensile strength respectively, while Gluma justs 120
psi and 80 psi (see Table 13). Comparing the data of group 1 contain-
ing no Phosphonate with those in group 11 containing phosphonate
in Table 13, it is obvous that phosphonate works more effectively as

an adhesive to connect tooth and bonding agent.
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Oxygen is an important factor affecting the crosslinking process. In
this experiment, several group tests were done to examine the effect
of N, gas on the crosslinking process. Comparing the results in group
1 with group 7, it is clear that crosslinking in the presence of N can
achieve higher tensile strength, especially for dentine. Comparing the
data in Table 9 with those in Table 1, introducing nitrogen gas for
different lengths of time can produce different results. In group 9,
when nitrogen purging is reduced to 10 minutes, the tensile strength
of dentine is much lower. The reason for that is that the crosslinking
process of Bis-GMA/TEGDMA needs time to complete even if the
gel is formed in a short time. As long as the Bis-GMA /TEGDMA is
exposed to the air, it is difficult to continue the further copolymeriza-
tion because air has inhibition to Bis-GMA/TEGDMA.

In an experiment, one group of tests were done by treating the tooth
surface with Glutaradehyde, (group 5) in order to react with the pro-
tein in tooth. Comparing it with results in group 2, group 3, and
group 11, there is no obvious increase in its tensile strength in the dry

state, but it seems to produce a higher wet tensile strength.

The failure of adhesion mostly occured in the interface between the
cut tooth surface and the adhesive, and, in a few cases, occured in the

interface between the aluminum surface and bonding agent. There-
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fore, the measured tensile strengths reflect the adhesion to the tooth

surface.
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Table 1. Tensile strength of Bis.GMA/TEGDMA (70/30)

No. bonding to dentine bonding to enamel
(psi) : (psi)
1 567 536
2 539 427
3 468 668
4 668 482
5 187* 418%
6 392* 119%
7 101* 252*
8 25 368*
nean 563 225 528 309

* samples were kept in water for 72 hrs. before tests
** curing condition: room temperature, Nz 30min
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Table 2.

Tensile strength of silane

No. bonding to dentine bonding to enamel
(psi) (psi)
1 353 487
2 444 953
3 353 694
4 348 778
5 306* 364*
6 73* 150
7 199* 247*
8 139* 170%
mean 376 179 728 233

* samples were kept in water for 72 hrs. before tests

* curing condition: room temperature, N, 30min.
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Table 3. Tensile strength of Phosphonate (0.5% BPO)

L

No. bonding to dentine bonding to enamel
(psi) (psi)
1 610 814
2 668 553
3 779 711
4 501 672
5 401*% 317*
6 348* 235*
7 441* 377*
8 307* 353*
| mean | 640 374 688 321

* samples were kept in water for 72 hrs. before test
*» curing condition: room temperature, N. 30min.
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Table 4. Tensile strength of siland — Phosphonate
(without BPO)

No. bonding to dentine bonding to enamel
(psi) (psi)
1 432 522
2 542 596
3 377 683
4 679 435
S 130% 320*
6 7T 187*
7 209+ 130*
8 38* 55*
mean 508 114 559 173

* samples were kept in water for 72 hrs. before tests

** no BPO and promotor in the mixture of silane and
Phosphonate

**» curing condition: room temperature, N, 30min.
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Table 5. Tensile strength of Glutaradehyde - silane -

Phosphonate
No. bonding to dentine bonding to enamel
(psi) (psi)
1 608 810
2 479 662
3 564 1065
4 550 405
5 592** 702**
6 452~ B51**
7 560** T14*%
8 643 B631**
mean 550 552 736 725

*  curing condition: room temperature, N 30min.

**  these groups were kept in air 24 hrs, then
measure tensile strength
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Table 6. Adhesion tensile strength of Bis.GMA/TEGMA (60/40)

No. bonding to dentine bonding to enamel

(psi) (psi)

1 346 294

2 446 501

3 313 416

4 371 503

5 145% 97*

6 | 212~ 376*

7 131 165*
8 296*
'mean! 369 163 428 233

L

* samples were kept in water for 72 hrs. before tests

** curing condition: room temperature, no N:
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Table 7. Adhesion tensile strength of Bis.GMA/TEGDMA (70/30)

No. bonding to dentine bonding to enamel
(psi) (psi)

1 367 451

2 355 536

3 489 646

4 360 296
I 5 | 4156* 209*
6 | 234* 346

7 291+ 130*

8 302* 432%
mean 393 310 482 279

* samples were kept in water for 72 hrs. before tests
** curing condition: room temperature, no Np
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Table 8. Tensile strength of Bis.GMA/TEGMA**
(60/40 etching)
No. bonding to dentine bonding to enamel
(psi) (psi)
1 441 411
2 528 595
3 997 506
A 359 478
5 207* 245
6 J12* 347*
7 339* 211+
8 161+ 387*
mean 481 255 498 298

* samples were kept in water for 72 hrs. before tests

»

surface.

etching procedure

a. put a drop 5% Ferric Oxalate solution on the dentine

walt 60 seconds, then wash the wet dentine
surface by distillation water, then dry them by blown air.

b. put a drop 39% phosphoric acid solution on the enamel

surfaces, wait 60 seconds, then wash them by distillation

water, then dry the tooth samples by blown air.
*** curing condition: room temperature, no N:
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Table 9. Tensile strength of Phosphonate

No. bonding to dentine bonding to enamel
(psi) (psi)
1 293 583
2 255 397
3 133 674
4 407 365
5 138* 115&*
6 166* 105*
7 222* 180*
8 116 162*
mean 272 161 505 399

* samples were kept in water for 72 hrs. before tests
** curing condition: room temperature, N, 10min.
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Table 10. Tensile strength of Bis—GMA/TEGDMA(75/25)
No. bonding to dentine bonding to enamel
(psi) (psi)
1 367 451
2 355 536
3 487 646
4 359 296
5 209* 415%
6 346* 233*
7 130* 291
8 432% 302*
' mean 392 279 482 310

*
b3
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Table 11. Tensile strength of Bis—GMA/TEGDMA(70/30)-

Silane—Phosphonate

Z,
©

bonding to dentine

bonding to enamel

(psi) (psi)

1 694 658

2 446 634

3 538 785

4 732 900

5 355* 559*

6 420* 486*

7 408* 378*

8 370* 420*
mean 601 388 744 460

* samples were kept in water for 72 hrs. before tests

** curing condition: room temperature, N
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Table 12. Tensile strength of PMMA*-Phosphonate-Silane

No. bonding to dentine bonding to enamel
(psi) (psi)
1 550 600
2 489 432
3 365 468
4 431 520
5 436 504
6 464 302
7 321 326
8 483 346
mean 459 408 550 367

* PMMA crosslinking with MMA by Divinyl benzine
** curing condiiton: first 40°C 30min. then room
temperature 4 hrs.
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Table 13 Summary

Enamel (psi)

Dentine (psi)

No. Composite Condition Toble
dry wet dry wet
1 | Bis-GMA/TEGDMA(70/30) rm temp. N, 30min | 528 | 309 | 563 225 1
2 | silane-Bis—GMA/TEGDMA(70/30) | rm temp. N, 30min | -728 233 376 179 2
3 |Phosphonate-Bis-GMA/TEGDMA(70/30) rm temp. N, 30min | 688 327 640 374 3
| e 0/30) rm temp. N, 30min | 559 | 173 | 508 | 114 | 4
5 [CpramereeSions | rmwmp noomn | 706 [ 725 |50 | o2 |
G | Bis—GMA/TEGDMA(60/40) rm temp. no N, 428 233 369 163 6
7 | Bis-GMA/TEGDMA(70/30) rm temp. no N, | 482 | 279 | 393 310 | 7
8 |Bis-GMA/TEGDMA(60/40) rm temp. no N, | 498 | 298 | 481 255 | &
9 | Bis-GMA/TEGDMA(70/30) rm temp. N,10min | 505 | 399 | 272 161 | 9
10 | Bis-GMA/TEGDMA(75/25) rm temp. 482 | 310 392 279 | 10
11 | e e iats(70/30) rm temp. X,30min | 744 | 460 | 601 | 338 | 1
12 | Phosphonate-Silane-PMMA A | rm temp. 4 hrs 550 | 369 | 459 | 401 | 12
13| clums ¢ 120 | 00 | 80 | 00

Phosphonate —HEMA-DECP adduct

PMMA—poly(methyl methacrylate) as bonding agent

Glu—glutaradehyde

* —etching by H; PO, solution

A — repeat former student’'s work
#——data from former Wu's work
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Table 14 Gel test

No. |Bis—GMA/ BPO Aniline Gel time
(wr) TEGDMA (wt%) (wt%)
1 70,/30 0.21 0.18 10 min.
2 70/30 0.45 0.28 1 min.
3 70/30 0.60 0.28 1 min.
4 70/30 0.46 0.28 2 min.
5 70/30 0.30 0.28 8 min.
6 70/30 0.66 0.12 4 min.
T 75/25 1.20 0.70 40sec.
8 75/25 1.00 0.14 1.5 min.
9 75/25 0.66 0.12 3 min.
10 75/25
11 75 /25
12 75/25 |
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Table 15 Viscosity of Bis—GMA Solution

VISCOSITY S
No e C Cz 1 GCs Cs Cs
1 54.30 52.35 51.05 49.15 48.30
2 54.25 592.35 91.05 | 49.15 48.30
3 54.25 92.20 51.10 49.10 48.25
4 5425 | 5220 = 51.05 | 49.10 | 4830
3 54.15 | 5230 ' 5100 | 49.15 | 48.30 |
MEAX 5424 5228 5106 | 49.13 | 4829
5 (1= 0008176 g.ml 11 C4= 000372 g./ml
7 C.= 000584 g 'ml 13 C5= 0.00314 g ‘ml
FOINT X Y
.00314 .114
< .00372 .1333
.00454 .1779
. 00584 .2064
.008176 .2512
Ticpe = 26.56366 ~/- 3.420149
.ntercept = 2.949832E~-02 ~/- 1.374552E-02
Cecrrelation = 9765881
3
b
, -~
: o 12 -g "'G‘//.
L ; _df._,.-“"
+ g A.p-'”-f‘-
Ao
!
0 I : | ] I
002 0036 0052 0068 0084 0
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Fig. 9
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Fig.10
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A — ice bath
B - flask
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P — gas dryer
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Fig. 15 Standard -Benzil

2 -
1.6 ey
(¢}
5,'.?
e 120
-l"“
m
it
o 1
o X ]
Pl
4
8 i { 1 | 1
8 2 4 6 8 18
Conc.(g/1)
Standard -Benzil
POINT X Y
1 1.5208 1.7856
2 5.163 1.4506
3 7.702 1.3857
4 8.54 1.2998
Slope = -6.578596E-02 +/~ 1.047925E-02
Intercept = 1.857474 +/- 5.722835E-02
Correlation = .9755524
Calculated on points 1 TO 4

Intercept= K/M,iandara= 1.8575

K= 1.8575 X M,1andara = 1.8575 x 210.3 = 391

Slop= -0.06579 = K x A" A" = 0.000168
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Fig. 16
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Fig. 17
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Chapter 4

Conclusion

It is believed that a satisfactory progress has been achieved by apply-
ing polymeric organic phosphonate, silane and Bis-GMA /TEGDMA
system. Adhesion effect of phosphonate has been verified by the in-
crease of tensile strength which is as high as 744 psi to enamel and
600 psi to dentine. Therefore, the chemical bonds formed between
phosphonate and tooth are proved to exist. The present research sup-
plies of fundamental experimental data and suggests some important
points for the further investigation in this field. There is no doubt
that it will serve as a useful guide for future work and be helpful to

the those interested.

Although organic phosphonate has been proved an effective adhesive
by this experiment, more work needs to be done on increasing and
enhancing the interface adhesion for the results of the experiment
show that interface adhesion is a weakpoint and that adhesion failure

mostly occurs in the interface between tooth and polymer. This ex-
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periment mainly deals with the chemical part of the material. Future
work should lay emphasis on photoinitiating the process of polymer-

ization, so as to enhance the material for clinical practice.
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