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SYNOPSIS 

Replacement of damaged tooth is necessary for proper functioning and good 

aesthetics. An ideal restorative should be hard enough to replace enamel 

which is the hardest substance known in the body and would be identical to 

natural tooth structure, in strength, adherence and appearance. There is a 

wide choice of materials available for restorative dentistry covering a range of 

requirements which includes silicates, amalgams, glass ionomers, 

composites, ormocers etc.  Polymeric composites are the most popular 

materials among these. Dental composites habitually consist of organic 

phase, inorganic phase, and a coupling agent. Coupling agent binds the 

dispersed glass or silica filler with the resin based restorative material. 

Commercially available composites are based on 2, 2’-bis-(4-(2-hydroxy-3-

methacryloxy propoxy)-phenyl)-propane (Bis GMA) and urethane 

dimethacrylate (UDMA) or their combination. Several investigations were 

undertaken to optimize the polymerization rate, mechanical properties etc of 

these monomers.  However some limitations like polymerization shrinkage 

and wear resistance of these dental composites outweigh its developmental 

advances. The polymerization shrinkage associated with these composites 

creates contraction stresses in the resin composite restoration and internal 

stress and deformation in the surrounding tooth structure resulting in poor 

marginal adaptation, postoperative pain, and recurrent carries.  

Polymerization shrinkage persists in these methacrylate based resin 

composites acts as a major impediment which intended the dental research 

switched the resin matrix to a novel monomer like inorganic-organic hybrid 

resin. To increase restoration longevity, dental restoratives must be made 

strong and stable enough to withstand fracture as well as wear and 

antibacterial enough to prevent or reduce caries. The long term durability of 

the dental restoratives are evaluated by its physical properties such as 

diametral tensile strength, compressive strength, flexural strength, water 

sorption and solubility after storage of the material in different media. The 
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objective of the present work was to develop visible light cure dental 

restorative composite with low polymerisation shrinkage and superior 

properties compared to the existing commercial material.  

The detailed descriptions of the objectives to illustrate the hypothesis are as 

follows; 

• To prepare visible light cure composites (VLCs) from inorganic-organic 

hybrid resins with polymerizable methacrylate groups containing 

alkoxides or mixture of alkoxides  of calcium, magnesium, zinc and 

zirconium  

• To evaluate the effect of inorganic content present in the resin on the 

depth of cure, polymerization shrinkage,diametral tensile strength 

(DTS),flexural strength (FS),Vickers hardness number (VHN), 

radiopacity and remineralistion ability of photo-cured composite 

• To evaluate the effect of thermal cycling on the physico-mechanical 

properties of VLCs  

In the present work, Inorganic organic hybrid resins containing alkoxides or 

mixture of alkoxides calcium, magnesium, zinc and zirconium were prepared 

by sol gel process from one monomethacrylate {3 (trimethoxy silyl propyl 

methacrylate (silane 1)} and one dimethacrylate {1, 3-bis methacryloxy 3-

(trimethoxy propoxy) propane (Silane 2)}.  Calcium and zinc are selected due 

to its biocompactibility, osteo conductivity and ability to enhance 

remineralisation. Magnesium is expected to enhance strength and zirconium 

to enhance strength and radiopacity of cured dental restorative materials. The 

resins were characterized using refractive indices FTIR and GPC.  

Various formulations of Visible light cure dental restorative paste were 

prepared using inorganic organic hybrid resin (70-50parts) diluted with 

triethylene glycol dimethacrylate (TEGDMA) (30-50 parts) as the resin matrix 

and purified, silanated quartz   as the filler with (-) Diphenyl(2,4,6-trimethyl 
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benzoyl) phosphine  oxide (TPO)    as the photoinitiators. The composite was 

evaluated in terms of DTS, FS, polymerisation shrinkage, depth of cure, 

radiopacity, thermocycling and remineralisation.  From the data it is clear that 

tetramethacrylates resins synthesised from silane 2 have superior   properties 

compared to   silane 1 based dimethacrylate resin. Both silane 1 and silane 2 

based composites showed lower shrinkage compared to most popular 

conventional Bis GMA based composite.  

Significant enhancement of FS was observed with the incorporation of 

zirconium, upto the concentration of 0.2% to Ca/Mg/Zn hybrid resin, while 

DTS and VHN showed no significant change. Further incorporation of 

zirconium decreases the various properties of VLC.  

Thermal cycling and remineralization results of the composites prepared from 

the tetramethacrylate resins  containing alkoxides or mixture of alkoxides  of 

calcium, magnesium and zinc (CR21CaMgZn) and  composites from resins 

containing alkoxides or mixture of alkoxides  of calcium, magnesium, zinc  

and zirconium (CR25CaMgZnZr0.2)   showed that   both the materials are 

hydrolytically stable  and have excellent remineralization ability and can be 

recommended for dental restoration after biocompatibility evaluation as per 

international standards.  
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CHAPTER 1 

INTRODUCTION 

1. BACKGROUND 

The goal of modern restorative dentistry is to functionally and cosmetically 

restore lost tooth structure. Destroyed coronal tooth structure, most commonly 

resulting from dental caries, is currently restored using metal or polymer-

based materials; primarily silver amalgam, resin-based composites and metal 

or porcelain crowns. According to the world health organization about 5 billion 

people worldwide suffering from dental caries. This shows the increase 

demand of dental restorative materials.  

Amalgams are compounds formed by the combination of mercury with 

other metal. It is the most widely used techniques for reconstruction of 

decayed tooth since 200 years. Amalgam gets attraction as a dental 

restorative material due to its relative cheapness, durability and ease of use. 

But toxicity of dental amalgams is a major problem. Due to the health 

problems scientists go for an alternative which leads to discovery of resin 

based restorative materials. The resin based dental fillings was started nearly 

in 1940s. 

Resin based composites get wide acceptance due to good aesthetic and 

fulfilling mechanical requirement and less health problems. Resin based 

composites mainly consists of three parts, resin, fillers and coupling agents. 

• Resin: Acrylic based materials were the first used resin materials in 

1940s. These materials have the good aesthetic with natural tooth. And 

these were cheaper. But these materials have many drawbacks such 

as high polymerization shrinkage, high coefficient of thermal shrinkage, 

lack of abrasions or wear resistance, poor marginal seal leading to 

micro leakage, irritation and injury to pulp, poor strength and hardness, 
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dimensional instability, lack of bonding to tooth structure and also 

acrylic resins have poor wear resistance. Introduction of resin 

composite minimise these problems. Poor adhesion and mechanical 

properties of acrylic resins were minimised by the use of 

orthophosphoric acid 2, 2’-bis-(4-(2-hydroxy-3-methacryloxy propoxy)-

phenyl)-propane (Bis-GMA). 

Methacrylates are the monomers used for resin at first, which 

are replaced by Bis GMA due to its low shrinkage.  Bis-GMA is highly 

viscous due to the hydrogen bonding interactions that occur between 

the hydroxyl groups and the monomer molecules. Due the high 

viscosity of Bis GMA diluents are used. Triethylenglycol- 

dimethacrylate (TEGDMA) is the most important diluents.  Durability 

and strength are insufficient for Bis GMA composites and they lack 

bioactivity and biocompatibility. Another resin used is urethane 

dimethacrylate oligomer ie,1,6-bis(methacrylyoxy-2-

ethoxycarbonylamino)-2,4,4-trimethylhexane (UDMA).  

• Fillers:  Quartz, colloidal silica, and silica glass contain barium; 

strontium and zirconium are the most commonly used filler material in 

modern composite systems. These fillers increase the strength and 

modulus of elasticity and reduce polymer shrinkage, the coefficient of 

thermal expansion and water absorption.  Aesthetic, translucency and 

fluorescence can be moderated by the fillers. Depending on the size of 

the fillers the property of the dental composites may also changed. 

Dental composite fillers are ranging from macrosize to nanosize.  

• Coupling agents : In order to achieve and maintain optimum properties 

of the composite it is important that the filler particles are bonded to the 

resin matrix.  This allows the more plastic polymer matrix to transfer 

stresses to the stiffer filler particles.  The bond between the two phases 

of the composite is provided by a coupling agent. A properly applied 

coupling agent can impart improved physical and mechanical 



6 

 

properties and provide hydrolytic stability by preventing water from 

penetrating along the filler resin interface.  The commonly used 

coupling agents are organo silanes. The silanol group of the silane can 

bond with the silanols on the filler surface and the methacrylate groups 

of the silane can form covalent bonds with the resin when it is 

polymerized, thus completing the coupling process. 3-Trimethoxy silyl 

propyl methacrylate  is  the commonly used   coupling agent   

Other ingredients added in the resin matrix of dental composites are 

usually initiators, accelerators and inhibitors. Dental composites depending on 

the curing process three types are there, self cure (chemically activated), 

light-cured (light activated), and a combination of both called as dual cured 

(light and chemically activated). 

Commonly used light activators are Camphor quinine (CQ) and 2, 4, 6-

trimethylbenzoyl diphenyl phosphene oxide (TPO). CQ cures at a wavelength 

range at 400-500nm (usually 468nm) while TPO at 380-390nm. Small amount 

of inhibitors are also used to prevent premature polymerisation of 

methacrylate group.        

Currently available dental composites are classified into 4 main 

categories according to matrix components; they are conventional matrix, 

inorganic matrix, acid modified methacrylate, ring opening epoxide. 

Conventional matrix are purely methacrylate as matrix (Bis GMA). Acid 

modified methacrylate group contain polar groups as matrix (compomers). 

Ring opening epoxide polymerised in matrix as cationic polymerisation 

(siloranes), Inorganic matrix contain polycondensate as matrix (ormocers ).   

Despite these developments, uses of dental composites are still limited 

by problems such as polymerization shrinkage and wear resistance. The post 

gel polymerization shrinkage causes significant stresses in the surrounding 

tooth structure and composite tooth bonding leading to premature restoration 
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failure. Another problem regarding dental restorative material is leaching of 

uncured monomer which leads to cytotoxicity.  

Although these conventional restorative materials have proven to be 

highly effective at preserving teeth, they have a limited life-span and ultimately 

require replacement. Moreover, a significant percentage of these restored 

teeth ultimately undergo pulpal necrosis, requiring either tooth extraction or 

endodontic treatment and prosthetic build up. Therefore, development of 

novel techniques to regenerate, as opposed to repairing, lost tooth structure 

would have significant benefits. The current study is an attempt to develop a 

new visible light cure composite. 
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2. REVIEW OF LITERATURE 

The main oral cavity problem is tooth caries and their treatment which 

includes dental fillings using amalgams, resin, porcelain and gold, endodontic 

therapy and extraction. Among these resin composite restorations are the 

most popular one it is because it can take the shades as that of natural tooth 

[Chan et al. 2010].  

For the filling of dental caries metals are the materials which used at first. 

Mainly gold and silver amalgams (consist of mercury mixed with silver, tin, 

zinc, and copper) are used for this purpose [Fredin. 1994].Durability of gold 

fillings was high and it can withstand chewing forces. The main drawback of 

this material is high expense and aesthetic problems. Silver fillings are highly 

durable and can withstand chewing forces. These materials are less 

expensive. But there are many disadvantages for silver filling such as poor 

aesthetics, it can cause discoloration to surrounding tooth, it also causes 

allergic reaction. Solid amalgams are compounds of mercury formed by the 

combination of mercury with other metals, which were used in dentistry for 

nearly 200 years to construct teeth [Bates. 2006].  

 Amalgams are relatively cheap, have high durability and are easy to use 

[Newman. 1991]. Amalgam fillings release mercury vapour at lower levels. The 

inorganic mercury released primary affects the nervous and renal systems; it 

affects immune, respiratory, cardiovascular, gastrointestinal, hematologic, and 

reproductive systems. Binding of mercury with sulfhydryl groups of enzyme 

may lead to these problems [Bates. 2006]. 

Due to these drawbacks and health problems dentistry look for alternative 

dental fillings. This leads to the development of silicate cement. Till the 20th 

century there was few dental restorative materials are available with good 

aesthetics. During the early 20th century silicates were found to use as a 

dental restorative material for direct cavity. They have good tooth-coloured 

aesthetics and can release fluoride. Silicate cement is translucent and used 
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for temporary and semi permanent restorations of anterior teeth. Dental 

silicate cements have number of disadvantages; the most serious drawback is 

being the tendency to stain and erode in oral fluids and to eventually 

disintegrate. Because of severe erosion within a few years, silicates are not 

used for permanent teeth. Later 1950s silicates were replaced by 

polymethylmetharcylate (PMMA) due to its tooth like appearance, insolubility 

in oral fluids, ease of manipulation, and low cost. The main disadvantages of 

acrylic based resins were relatively poor wear resistance and high shrinkage 

during curing, and it also causes marginal leakage. They have high thermal 

expansion which causes further stress on the margin of cavity. These 

problems were reduced by the addition of quartz to some extent. These resin 

filler composition make a way of formation of composites. At first the 

composite based dental restorations were not very successful due to the lack 

of filler resin bonding which resulted with problems like leakage, staining and 

poor wear resistance. In 1962 Dr. Ray L. Bowen developed a new type of 

dental composite material which is one of the major advancement in dental 

restorations. The composite contain a dimethacrylate resin, 2, 2’-bis-(4-(2-

hydroxy-3-methacryloxy propoxy)-phenyl)-propane (Bis GMA), filler and an 

organic silane coupling agent [Bowen. 1963]. 

Bis GMA is the most commonly used resin in spite of its high viscosity 

which requires diluents contain short chain monomers such as TEGDMA. 

Lower content of Bis GMA mixed with higher concentration of TEGDMA leads 

to higher polymerisation shrinkage [Gonçalves et al. 2008]. Ferracane et al., 

studied the effect of diluent (TEGDMA) concentration and catalyst on degree 

of conversion and mechanical properties of dental restorative material based 

on Bis GMA  and the result showed that enhanced conversion can be 

achieved by incorporating higher concentration of diluents and lower inhibitor 

concentration [Ferracane &Greener. 1986].  Asmussen et al., studied the 

influence of TEGDMA, UDMA and Bis GMA on the mechanical properties of 

resin composite and conclude that complete replacement of Bis GMA with 

TEGDMA results in increase in tensile strength but decrease in flexural 
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Another class of restorative materials is compomer; the word comes 

from composite and glass

to take the advantage of both the materials. In compomers, the fluoride 

release and ease of use of the glass

qualities and aesthetics of the composites were incorporated. These are 

polyacrylic or polycarboxylic acid modified composite. The polymerizable 

monomers such as UDMA which also contains dicarboxylic acids provide 

polymerisable double bond contrast to that of traditional glass

In one of their clinical studies

performance of compomer (Dyract) with a hybrid composite resin Prisma TPH 

and   found that the statistical difference is only for 

wear and concluded

restoring primary teeth [

Schedle et al., compare

composites (one compomer

ionomer cements, two zinc phosphate cements, one calcium hydroxide l

composite cement an

system. They observed that all freshly prepared composite materials were 

cytotoxic. These effects diminished with increased preincubation times and 

were not significant after 7 days. Combinations of comp

substances were still cytotoxic after preincubation for 7 days, but not after 6 

TEGDMA 
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release and ease of use of the glass ionomers and the superior material 
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monomers such as UDMA which also contains dicarboxylic acids provide 

polymerisable double bond contrast to that of traditional glass

one of their clinical studies, KM Hse et al.,compare

performance of compomer (Dyract) with a hybrid composite resin Prisma TPH 

found that the statistical difference is only for marginal discoloration and 

d that compomers were best alternative to amalgams for 

mary teeth [Wei & Hse. 1997]. 

Schedle et al., compared the cytotoxicity of different light

composites (one compomer,   one advanced glass–ionomer, two glass

ionomer cements, two zinc phosphate cements, one calcium hydroxide l

composite cement and one carboxylate cement) with the same cell culture 

system. They observed that all freshly prepared composite materials were 

cytotoxic. These effects diminished with increased preincubation times and 

were not significant after 7 days. Combinations of composites and bonding 

substances were still cytotoxic after preincubation for 7 days, but not after 6 
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osites and bonding 

substances were still cytotoxic after preincubation for 7 days, but not after 6 
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weeks. Combinations of compomers and bonding substances demonstrated 

stronger toxicity than composites, although these effects were reduced earlier 

during preincubation. Glass–ionomer and phosphate cements showed similar 

effects to the composites with the exception of carboxylate cement, which 

demonstrated severe and persistent effects even after 6 weeks’ 

preincubation.  All the dental materials tested are cytotoxic immediately after 

production and the   effects are reduced after different preincubation periods 

in most cases [Franz1et al. 1998] 

Yap AU et al, compared the fracture toughness of compomer with 

composites. Three compomer (Compoglass F [CG], Vivadent; F2000 [FT], 

3M-ESPE; Dyract Posterior [DP], Dentsply) and three composite (Tetric 

Ceram [TC], Vivadent; ZZ250 [ZT], 3M-ESPE; Esthet X[EX], Dntsply) were 

selected for the study.  They found that the fracture toughness of compomers 

was significantly lower than their composite counterparts. Among compomers 

FT had significantly higher fracture toughness than DP and CG. Due to poor 

resistance to crack propagation, compomers are not recommended for use in 

stress bearing areas [Yap et al. 2004]. 

Folwaczny et al., in a clinical study compared composite (Tetric) with 

compomer (Dyract) and found that composites are better than compomers. 

Their assessment criteria were color stability, surface texture, marginal 

integrity,marginal discoloration and loss of filling [Folwaczny et al. 2000]. 

Folwaczny et al., in another clinical study, compared the cervical 

lesions of resin modified glass-ionomer (Dyract) and a polyacid-modified resin 

composite (Fuji II C) and found that Dyract restorations presented superior 

clinical performance compared to Fuji II C restorations [Folwaczny et al. 2001]. 

  Compomer showed increased water absorption compared to 

conventional composite, discolouration and poor abrasion resistance. 

Another class of composite restoration is silorane, the name derived 

from the words Siloxanes and Oxirans. The main objectives of developing 
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these materials are to reduce shrinkage and marginal discolouration, and 

enhance abrasion resistance. Silorane monomer ring have different properties 

than that of traditional chain monomers of hybrid composites.  

Siloxanes provide the hydrophobic nature for siloranes. It also reduces 

the exogenenous discolouration and water absorption. Low shrinkage and 

physical properties are due to oxirane rings. In case of siloranes , they 

polymerize via cationic polymerisation as free radical in methacrylates. The 

opening of the oxirane rings during the polymerisation process compensates 

to some degree of polymerisation shrinkage.  

Weinmann et al., compared the product profile of a silorane with the 

product profile of different methacrylate based restorations (Filtek Z250, Filtek 

P60, Tetric ceram,Spectrum TPH) . The result showed a significant decrease 

in polymerisation shrinkage to siloranes when compared to all other 

methacrylate based restorations [Weinmann et al. 2005].This low shrinkage 

leads to lower contraction stress [Ernst et al. 2004] [Bouillaguet et al. 2006] [Ilie et 

al. 2007]. Another study showed that the silorane based dental fillings have 

both low water absorption and water solubility [Palin et al. 2005]. Siloranes 

have good storage capacity as compared to conventional composites [Ilie et a. 

2009]. 

The clinical application of these materials is limited to the posterior 

teeth because few low translucent colours are available. Because of 

hydrophobic properties the appropriate adhesive system must be used for 

silorane restorations. High viscosity is another problem. The weak radiopacity 

limits the restoration difficult to recognise on radiographs.  

Another type of composites is ormocers, the word derived from 

organically modified ceramics. In addition to organic matrix as that of 

traditional composites ormocers contain additional inorganic part. Due to 

these inorganic components they, have highly reduced monomer leakage 

from dental fillings. These ormocers mainly consists of three parts – organic 
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and inorganic portions and polysiloxanes. The organic content mainly 

influences the polarity, cross linking ability, hardness and optical behaviour. 

Thermal expansion and chemical stability is due to inorganic content. And the 

polysiloxanes influences the elasticity, interface properties and processing. In 

ormocers the inorganic components are bound to organic component through 

multifunctional silane molecule. Methacrylate group in the polymer will form 

three dimensional networks .In spite of these multifunctionality, their 

performance was significantly worse when compared to hybrid composites 

which are already present in the market; in case of cyclic loading in a 

laboratory test [Kournetas et al. 2004]. But another 5 year clinical comparison 

study between ormocer and hybrid composite do not show any significance 

difference [Bottenberg et al. 2009].  

Yap et al., studied the post gel contraction of low shrinkage composites 

(InTen-S[IS], Ivoclar-Vivadent; Aelite LS(AL), BISCO Inc) and an ormocer 

(Admira(AM), Voco) to two conventional mini-filled composites( Renew (RN), 

BISCO; Z100[ZO],3M ESPE) and find that the shrinkage associated with IS, 

AL and AM was significantly lower than for ZO and RN immediately after light 

polymerisation. The post gel polymerisation shrinkage of IS, AL and AM was 

significantly lower than conventional mini-filled composites [Yap & Soh. 2004] 

.In the lower filler content the polymerisation shrinkage of ormocers is equal to 

that of conventional composites [Cattani-Lorente et al. 2001]. Al-Hiyasat 

investigated cytotoxicity of different composites and their flowables. And found 

that ormocer Admira was significantly cytototoxic compared to Admira flow. 

[Al-Hiyasat et al.2005].  

Bottenberg et al.,compared the clinical performance of one small 

particle hybrid bis-GMA based composite restorative system(TC,Teric-

Ceram/Syntac, Ivoclar-Vivadent) with two small oarticle hybrid ormocer based 

restorative systems.(AD,Admira/Admira Bond, VOCO;DE, 

Definite/Etch&Prime 3.0, Dentsply) for class II restorations. And the results 

showed that after 3 year a few of AD, DE and TC are failed due to marginal 
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gap formation. DE shows a significant tendency towards colour change. They 

conclude that for class II restorations, there was no significant difference in 

failures after 3 years between ormocer- based and Bis-GMA- based 

restorative systems [Bottenberg et al. 2007].   

Moszer et al.,studied the use of ormocers which were synthesised from 

amine or amide dimethacrylate trialkoxysilanes. Mechanical properties 

(flexural strength and flexural modulus) of composite containing ormocers 

were investigated. Also investigate the influence of methacrylate substituted 

ZrO2 clusters and SiO2 organosols on mechanical properties. The results 

showed that the visible light cured dimethacrylate-diluent-free composite 

restoratives based on the investigated ormocers showed a similar flexural 

strength and flexural modulus of elasticity compared to composites that 

contain only dimethacrylates, ie, their double bond conversion was 

considerable lower. And the addition of ZrO2 clusters and SiO2 organosols to 

the ormocer composite improve the mechanical properties of composites. 

From this study they conclude that these ormocers enabled the preparation of 

dimethacrylate- diluents- free composite restoratives. It show improved 

biocompatibility. And by the addition of nanoparticles such as methacrylae- 

substituted ZrO2 clusters or SiO2 organosols improved the mechanical 

properties of composites [Moszner et al. 2008].  

Erdilek et al., evaluated the marginal sealing ability of an ormocer 

(Admira) in comparison with a hybrid composite (TPH Spectrum), using 

thermocycling and load cycling procedures together and the result showed 

that thermomechanical load cycling caused statistically significant increase in 

gingival microleakage when compared with the non thermocycled and non 

loaded restorations for both Admira and TPH Spectrum. And they conclude 

that the simultaneous load cycling and thermocycling are decisive factors in 

the in vitro assessment of gingival microleakage, which still remains to be a 

clinical problem even with the ormocer system Admira [Erdilek et al. 2009). 
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D skritic et al., prepare hybrid and surface modified amorphous calcium 

phosphates as fillers. And determine mechanical properties (biaxial flexural 

strength) and remineralisation potential with three resins (photo-activated Bis-

GMA, TEGDMA and 2-hydroxyethyl methacrylate (HEMA) (BTH resin), Bis-

GMA, TEGDMA, HEMA and MPTMS (BTHSresin) or Bis-GMA, TEGDMA, 

HEMA and ZrDMA (BTHZ resin)). The biaxial flexural strength of BTH and 

BTHS composites deteriorated upon soaking. However, BTHZ composites 

were practically unaffected by exposure to saline solutions. Filler hybridization 

resulted in a modest, but significant, improvement in the BFS (up to 24%) of 

BTHZ composites [Skrtic et al. 2004]. 

For the present work calcium has been selected because of its 

reported osteoconductive and biocompatibility characteristics, which can 

enhance remineralization. Calcium hydroxide is widely used in dentistry since 

it is a bone regeneration stimulant and has strong antimicrobial effect 

[Lizymol. 2004] Calcium and zinc are selected due to its biocompactibility, 

osteo conductivity and ability to enhance remineralisation. Magnesium is 

expected to enhance strength of enamel and zirconium to enhance strength 

and radiopacity   for dental restorative materials. 
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3. HYPOTHESIS  

The development of   composites based on inorganic organic hybrid resin   

containing alkoxides or mixture of alkoxides of calcium, magnesium, zinc and 

zirconium with the potential of surface remineralisation and better physico-

mechanical properties is expected to make impact in the field of restorative 

dentistry.  

4. OBJECTIVE   

The objective of the present work was to develop visible light cure dental 

restorative composite based on novel inorganic-organic hybrid resins with low 

polymerisation shrinkage and superior properties compared to the existing 

commercial resin. The detailed descriptions of the objectives to illustrate the 

hypothesis are as follows; 

• To prepare visible light cure composites (VLCs) from inorganic-organic 

hybrid resins with polymerizable methacrylate groups containing 

alkoxides or mixture of alkoxides  of calcium, magnesium, zinc and 

zirconium  

• To evaluate the effect of inorganic content present in the resin on the 

depth of cure,polymerization shrinkage,diametral tensile strength 

(DTS),flexural strength (FS),Vickers hardness number 

(VHN),radiopacity and remineralistion ability of photo-cured composite 

• To evaluate the effect of thermal cycling on the physico-mechanical 

properties of VLCs 
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CHAPTER 2 

MATERIALS AND METHODS 

1. Materials and Instrumentations.  

The materials and instruments used are listed in tables below: 

Table 1: List of chemicals 

SI 

No 

Name of Chemical Grade  Source 

1 Glycerol dimethacrylate 85% Sigma Aldrich,US  

2 3-Chloropropyl trimethoxy silane 97% Merck, Germany 

3 4-methoxy phenol 99% Sigma Aldrich,US 

4 Benyl triethyl ammonium chloride 99% Sigma Aldrich,US 

5 Chloroform HPLC Merck, Germany 

6 Diethyl ether LR Sd fine, India 

7 HCl GR Merck, Germany 

8 NaOH AR Sd fine Chemicals, 

India 

9 3-trimethoxysilyl propyl methacrylate AR Sigma Aldrich,US 

10 (Triethylene 

glycol)dimethacrylate(TEGDMA) 

98% Sigma Aldrich,US 

11 Salicylsaurephenyl ester((phenyl 

salicylate)SALOL) 

Extra 

pure 

Merck, Germany 

12 2,6-di-tert butyl-4-methyl phenol 

(BHT) 

>99% Merck, Germany 

13 4-hydroxy-4-methoxybenzophenone 

(UV9) 

98% Sigma Aldrich,US 

14 Diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide 

(TPO) 

97% Sigma Aldrich,US 
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15 Acetone LR Merck, Germany 

16 Quartz R &D Maruti,India 

17 Fumed silica R&D Nusil 

18 Calcium hydroxide(Ca(OH)2) LR Sd fine 

Chemicals,India 

19 Magnesium chloride(MgCl2.6H2O) AR Rankem 

20 Zinc acetate(Zn(CH3COOH)2) AR Sd fine chemicals, 

India 

21 Zirconyl chloride(ZrOCl2) 30% 

solution 

in HCl 

Sigma Aldrich,US 

22 Sodium chloride(NaCl) Extrapure Sd fine 

Chemicals,India 

23 Sodium bicarbonate(NaHCO3) LR Sd fine 

Chemicals,India 

24 Potassium chloride(KCl) AR Sd fine 

Chemicals,India 

25 Dipotassium hydrogen phosphate 

(K2HPO4) 

Assay>9

9%(T) 

Fluka  

26 Calcium chloride(CaCl2) Fused LR Sd fine 

Chemicals,India 

27 Sodium sulphate(Na2SO4) LR Sd fine 

Chemicals,India 

28 Tris buffer GR  GR Merck.Germany 

30 Bis GMA R &D Aldrich,US 
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Table 2: List of Equipment used 

SI 

No 

Name of equipment Model  Make 

1 FTIR Spectrometer  FT/IR 6300  JASCO, Japan. 

2 Thermocycler  HAAKE DC10 WileyTec, 

Germany. 

3 X-ray GEDX-300 GENDEX,US 

4 Incubator 151 NSW, India. 

5 SEM HitachiS2400  Japan 

6 Abbe Refractometer 3T ATAGO, Japan 

7 Universal Testing Machine Instron-3365 Instron, USA. 

8 HPLC EQHPLC3 Shimadzu, Japan 

9 Light source  Blue phaseC8 Ivoclar Vivadent 

10 Vickers Harder Tester HMV2 Shimadzu, Japan 
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2. METHODS 

2.1 Purification of quartz 

Commercially available quartz powder with Particle size <20 microns was 

used as the filler material. Impurities such as dust, water soluble salts, 

removed by washing    with distilled water followed by Conc. HCl to remove 

metallic impurities. The powder was washed with distilled water to remove 

residual acid content and dried in an air oven followed by calcinations in a 

muffle furnace to remove volatile matter. 

2.2 Silanation of quartz  

Silanation of purified quartz was carried by a previously reported method 

(Lizymol & Krishnan. 2008).  1% solution of 3-trimethoxy silyl propyl 

methacrylate (silane) in acetone with respect to filler was prepared and added 

to the filler. The mixture was stirred at 400C in a water bath till the solvent 

evaporated completely. Then the filler was heated at 1200C for 1 h in an air 

oven, cooled, and used for preparing dental composite paste. 

2.3 Synthesis and characterization of Inorganic org anic hybrid resins 

with dimethacrylate and tetra methacrylate groups. 

Inorganic organic hybrid resins with dimethacrylate and tetra methacrylate 

groups were synthesized by the following methods. 

2.3.1 Synthesis of dimethacrylate resins containing  calcium 

/magnesium / zinc/zirconium  

Sol-gel method was used for the preparation of dimethacrylate resin. Resins 

containing alkoxides or mixtures of alkoxides of calcium /magnesium / 

zinc/zirconium were synthesized by reacting 1mole of 3-trimethoxy silyl propyl 

methacrylate with 3 moles of distilled water. After half an hour 1ml of 6N 

NaOH was added followed by calcium hydroxide/zinc acetate/magnesium 

chloride/zirconyl chloride. The mixture was stirred for 8h.   The hydrolyzed 



 

silane was kept at room temperature overnight for post condensation. The 

product obtained was then extracted with ether, washed with

alkali free and dried. After drying 200ppm 4

avoid self polymerisation.  Control resin without Ca/Mg/Zn/Zr was synthesised 

by the same procedure without the incorporation of inorganic materials.

Fig 1: Sch ematic representation of synthesis of silane 1 base d resins

  

Table 3: List of silane 1 based

SI 

No 

Inorganic 

content 

Amount 

of 

inorganic 

content 

(%)

1 Nil  Nil 

2 Ca,Mg,Zn 0.1,0.1,0.1

3 Ca,Mg,Zn,Zr 0.1,0.1,0.1

,0.1

4 Ca,Mg,Zn,Zr 0.1,0.1,0.1

,0.2

silane was kept at room temperature overnight for post condensation. The 

product obtained was then extracted with ether, washed with

alkali free and dried. After drying 200ppm 4-methoxy phenol was added to 

avoid self polymerisation.  Control resin without Ca/Mg/Zn/Zr was synthesised 

by the same procedure without the incorporation of inorganic materials.
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2 

Alka
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product obtained was then extracted with ether, washed with distilled H2O, till 

methoxy phenol was added to 

avoid self polymerisation.  Control resin without Ca/Mg/Zn/Zr was synthesised 

by the same procedure without the incorporation of inorganic materials. 
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2.3.1.1 Synthesise of 1, 3

propane (Silane 2)  

1, 3-bis methacryloxy 2

dimethacrylate was synthesized by reacting 1.1mol of glycerol dimethacrylate 

with 1mol of chloropropyl trimethoxy silane in presence of 200ppm of 4

methoxyphenol and 1/100

was used as solvent. This mixture was allowed to react at 50

bath for t 6hours.  

 

Fig 2: Schematic representation of synthesis of 1, 3

(trimethoxy silyl propoxy) propane

Synthesise of 1, 3 -bis methacryloxy 2- (trimethoxy silyl propoxy) 

 

bis methacryloxy 2-(trimethoxy silyl propoxy) propane which is a 

dimethacrylate was synthesized by reacting 1.1mol of glycerol dimethacrylate 

1mol of chloropropyl trimethoxy silane in presence of 200ppm of 4

methoxyphenol and 1/100th of benzyl triethyl ammonium chloride. Chloroform 

was used as solvent. This mixture was allowed to react at 50
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Fig 4: E xperimental set up of synthesis of 1, 3

silyl propoxy) propane

2.3.2 Synthesis of Tetramethacylate resins contai
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Tetramethacrylate resin,

calcium /magnesium / Zinc/Zirconium were synthesized by reacting 1 mol 

3-bis methacryloxy 2

water. After half an hour added 1ml of 6N HCl/6N NaOH followed by 

calcium hydroxide/zinc acetate/magnesium chloride/zirconyl chloride, 
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self polymerisation.  

the same procedure without the incorporation of inorganic materials.
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water. After half an hour added 1ml of 6N HCl/6N NaOH followed by 

calcium hydroxide/zinc acetate/magnesium chloride/zirconyl chloride, 

mixture was stirred for 6h. The hydrolyzed silane was kept at room 

temperature overnight for post condensation. This was then extracted with 

ether, washed with distilled H2O, till alkali/acid free and dried after 

evaporating ether. After drying add 200ppm 4-methoxy phenol to avoid 

self polymerisation.  Control resin without Ca/Mg/Zn/Zr was synthesised by 

procedure without the incorporation of inorganic materials.
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Fig 5: S chematic representation of synthesis of silane 2 ba sed resins

Table 4: List of silane 

SI 
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Amount of 
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con
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1 Nil  

2 Nil  

3 Ca,Mg,Zn 1%,1%,1%
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7 Ca,Mg,Zn,Zr 1%,1%,1%,
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0.3%

9 Ca,Mg,Zn,Zr 1%,1%,1%,

0.4%
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R21CaMgZn 

R22 CaMgZnZr0.06 

R23 CaMgZnZr0.08 

R24 CaMgZnZr0.1 

R25 CaMgZnZr0.2 

R26 CaMgZnZr0.3 

R27 CaMgZnZr0.4 



 

 

 

 

 

 

 

 

 

 

 

Fig 5: Experim

2.3.3 Characterisation of synthesised resins

Synthesised resns were characterised using FTIR, RI and GPC. 

2.3.3.1 Fourier transform infrared spectroscopy (FT IR)

FTIR spectrums of the resins were recorded using a JASCO FTIR 

spectrophotometer (Model 6300, Japan; resolution 0.07 cm 21) by applying a 

thin layer on NaCl cell. The samples were monitored after background 

measurement using the “Spectra manager” software. Spectra were collected 

in the range 400-4000cm

obtained FTIR spectra were processed for

removal, smoothening using software. 

 

 

Fig 5: Experim ental set up of synthesis resin

2.3.3 Characterisation of synthesised resins  

nthesised resns were characterised using FTIR, RI and GPC. 

2.3.3.1 Fourier transform infrared spectroscopy (FT IR) 

FTIR spectrums of the resins were recorded using a JASCO FTIR 

spectrophotometer (Model 6300, Japan; resolution 0.07 cm 21) by applying a 

layer on NaCl cell. The samples were monitored after background 

measurement using the “Spectra manager” software. Spectra were collected 

4000cm-1 using at least 16 scans at resolution of 4cm

obtained FTIR spectra were processed for baseline corrections, CO

removal, smoothening using software.   
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nthesised resns were characterised using FTIR, RI and GPC.  

FTIR spectrums of the resins were recorded using a JASCO FTIR 

spectrophotometer (Model 6300, Japan; resolution 0.07 cm 21) by applying a 

layer on NaCl cell. The samples were monitored after background 

measurement using the “Spectra manager” software. Spectra were collected 

using at least 16 scans at resolution of 4cm-1. The 

baseline corrections, CO2 peak 
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2.3.3.2 Refractive index (RI) 

 Refractive indices of the resins were measured using an Abbey 

refractometer. A drop of sample was placed on to the polished surface of the 

test piece and fixed to the centre of main prism so that the drop of sample 

spread into a thin film. Upon illumination and viewing through the eyepiece, 

the color compensate knob was turned to get a boundary line between the 

upper and red and lower blue regions. The boundary line was then aligned 

with the intersection of the crossed line in the refraction field of vision and 

scale reading was noted as the refractive index of the sample at room 

temperature.  

2.3.3.3 Gel permeation chromatography (GPC) 

GPC was used for the molecular weight determination of the synthesised 

resins.   20µL of sample solution in THF was used. Experimental details are 

as follows 

Flow rate:  1ml/ minute.  

Detector: refractive index detector)  

2.4 Preparation and evaluations of visible light cu re dental restorative 

composite 

2.4.1 Preparation of visible light cured composite 

Preparation of visible light cure composite comprise of two steps 

 2.4.1.1 Preparation of resin mixture 

Inorganic organic hybrid resin/Bis GMA (70-50parts) diluted with triethylene 

glycol dimethacrylate (TEGDMA) (30-50 parts) was used as the resin matrix along 

with 0.5% TPO   as the photoinitiators. Other chemicals   used for the preparation of 

resin mixture are 4(dimethyl amino) phenethyl alcohol, 4-methoxy phenol, phenyl 

salicylate, 2-hydroxy-4 methoxy benzophenone and 2, 6 di-tert-butyl -4-methyl 

phenol.(which act as inhibitors, activators and uv stabilizers). 
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2.4.1.2 Preparation of visible light cure paste 

The paste was prepared by mixing resin mixture with mixed with 275-300% of 

silanated quartz and 12% fumed silica into a wear resistant agate mortar to 

get uniform paste. The various formulations are given in Table 5and 6 

 

 

 

 

 

(a)                                            (b) 

Fig 6:  Preparation of visible light cure composite  (a) preparation of 

paste (b) curing of paste 

Table 5: Composites prepared from different resin 

 

  

 

 

 

 

 

 

 

Type of silane  Resin code Composite code 

Silane 1 R1 CR1 

Silane 1 R11CaMgZn CR11CaMgZn 

Silane 1 R12CaMgZnZr0.1 CR12CaMgZnZr0.1 

Silane 1 R13CaMgZnZr0.2 CR13CaMgZnZr0.2 

Silane 2 R2alk CR2alk 

Silane 2 R2 CR2 

Silane 2 R21CaMgZn CR21CaMgZn 
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Table 6:  Composites prepared from different resins  contain zirconium 

 

 

 

 

 

 

 

 

 

2.4.2 Evaluation of composite 

2.4.2.1 Diametral tensile strength (DTS) 

6-mm diameter and 3-mm thickness samples   prepared as per ADA 

specification (1) was used for the evaluation of DTS. The mould was kept on a 

transparent sheet on a metallic plate. The paste was packed into the mould 

and a second transparent sheet was kept on top followed by a second 

metallic plate. The mould and strip of film between the metallic plates were 

pressed to displace excess material. The plates were removed and the paste 

was exposed to visible light for duration of 60 s on both sides through the 

transparent sheet. The cured samples were removed from the mould and kept 

at 37±10C for 23±1 h and 22±20C for 1 h before testing. The diametral tensile 

strength was determined as described before using a Universal Testing 

Machine (Instron, Model 1011, UK) with a crosshead speed of 10 mm/min. 

Concentration of 

zirconium  
Resin code Composite code 

0.06 R22 CaMgZnZr0.06 CR22 CaMgZnZr0.06 

0.08 R23 CaMgZnZr0.08 CR23 CaMgZnZr0.08 

0.1 R24 CaMgZnZr0.1 CR24 CaMgZnZr0.1 

0.2 R25 CaMgZnZr0.2 CR25 CaMgZnZr0.2 

0.3 R26 CaMgZnZr0.3 CR26 CaMgZnZr0.3 

0.4 R27 CaMgZnZr0.4 CR27 CaMgZnZr0.4 
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The load at which break occurs was noted and diametral tensile strength was 

calculated using the following equation. 

                               ��� ����	 = 2�
���  

Where P is the load in Newtons, D is the diameter; andLis the thickness of the 

specimen in mm. Mean and standard deviation of six values were calculated.  

 

 

 

 

 

(a)                                           (b) 

Fig 7: Images of (a) DTS mould (b) DTS samples 

2.4.2.2 Flexural strength   

Flexural strength test specimens were prepared as per ISO specification No. 

4049-2000(E) (25-mm length, 2-mm depth, and 2-mm thickness). The paste 

was packed into the mould and exposed to visible light for duration of 4 min 

on both sides. The flexural strength was determined using the Universal 

Testing Machine with a crosshead speed of 1 mm/min. The samples were 

placed horizontally on two metal rods of 2-mm diameter fixed 20 mm apart on 

an aluminium platen. Load was exerted at the midpoint of the specimen. Load 

at break was noted and flexural strength was determined using the formula 

                     FS�MPa	 = 3FL
2bd��  

Where F is load at break in Newtons, L is length of the specimen between two 

metal rods at the base plate in mm, b is width of the specimen in mm, d is 

depth of the specimen in mm. 
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 (a) (b) 

Fig 8: Images of (a) FS mould and (b) FS samples 

2.4.2.3 Vickers hardness number (VHN)  

Vickers hardness number (VHN) was measured for each side of the sample 

using a Vickers microhardness tester (Model HMV2, Shimadzu, Japan). The 

samples used for Vickers hardness (VHN) measurements are similar to those 

used for DTS measurements. Hardness was measured without polishing the 

surface of the specimen. Vickers hardness tester employs a diamond in the 

shape of square based pyramid. The specimen was placed flat on the 

microscope stage. The specimen surface was examined microscopically, and 

the indenter was then moved into position, and the microscope stage was 

raised automatically until the indenter upon the specimen applied the required 

load. In all cases, a load of 100 g was applied. The load was held for 15 s. 

before the microscope stage was steadily lowered. The indenter was then 

replaced with the objective lens and the image of the indentation was focused. 

The contrast of the image was optimized using differential filtering, and the 

size of the diagonal of the indentation was measured. Vickers hardness was 

calculated from the following equation. The mean value of six measurements 

was taken as the VHN. 

 

Where Hv is the hardness number, F is Test load (N), d is mean length of the 

indentation diagonal length (mm). 
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2.4.2.4 Depth of cure 

  Samples for depth of cure were prepared using a brass molds with 3 mm 

diameter and 6 mm depth. The mold was placed on a strip of transparent 

sheet on a glass slide and composite paste was packed in to the mold. A 

second strip of transparent sheet was placed on the top followed by a second 

glass slide. The mold and strip of film between the glass slides were pressed 

to displace excess material. Cure the one side of the sample with light source 

at 60 minute. Then remove the composite from the mould and then measure 

the length of cured composite used a digital caliper of accuracy 0.01mm 

(Mitutoyo, Japan).  

 

 

 

 

 

 

 

Fig 9 : Image of Mould measuring depth of cure  

 

 

2.4.2.5 Percentage shrinkage 

Stainless steel mould of 6mm diameter and 3mm height was used for the 

sample preparation. Internal diameter of the mould was calculated 

accurately used a digital caliper of accuracy 0.01mm (Mitutoyo, Japan). 

Six measurements were taken in all directions and the mean value was 

calculated.   The mould was placed on a strip of transparent sheet on a 

glass slide and composite paste was packed in to the mould. A second 

strip of transparent sheet was placed on the top followed by a second 

glass slide. The mould and strip of film between the glass slides were 

pressed to displace excess material. The glass slide covering the upper 

strip was removed and the paste was exposed to visible light   for 60 
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seconds.  The sample was then taken from the mould and the diameter of 

the cured sample was measured at six points and the mean value was 

calculated. The measurement was repeated for six samples and the 

percentage linear polymerization shrinkage was calculated using the 

equation (diameter of ring – diameter of composite/diameter of ring) * 100. 

2.4.2.6. Radiopacity 

For radiopacity studies, samples were prepared using mould with1mm 

thickness. The mould was kept on a transparent sheet on a metallic plate. The 

composite paste was filled into the mould and a second transparent sheet 

was kept on top followed by a second metallic plate. The mould and strip of 

film between the metallic plates were pressed to displace excess material. 

The plates were removed and the paste was exposed to light for duration of 

60 s on both sides through the transparent sheet. The cured samples were 

removed from the mould. X rays were irradiated to the samples. Aluminium 

wedge with thickness ranging from 0.5 to 5mm were used as control material. 

After getting X-ray film took photos of the film by placing in front of a 

radioviewer. It was then evaluated using image j software (verson 1.7).  

2.4.2.7 Thermocycling   

The prepared samples were allowed to expose cyclic temperature changes in 

distilled water from 5oC to 55oC in a dental thermal cycler 

(Wilytech,Germany).The dwell time used was 15 sec at 5oC and 55oC. 5 sec 

time was given as the drain time at 22oC. Samples completed 500, and 1000 

cycles were removed from the thermal cycler. The thermo cycled samples 

were used for microhardness and diametral tensile strength (DTS) evaluation 
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2.4.2.8 Remineralisation study 

Remineralisation studies were carried out using   SEM. SEM photographs of 

cured composite samples of Bis GMA (control), CR21CaMgZn and 

CR25CaMgZnZr0.2 stored in SBF for 0, 1, 7 and 14 days with periodic 

change of SBF after 2 days were taken.  

Surface morphology of the samples after remineralisation was studied using a 

scanning electron microscope (Model 2400, Hitachi, Japan). Samples were 

mounted on an SEM stub, coated with gold using an ion sputtering unit (E-

101, Hitachi ion sputter) for 3 min under vacuum, and scanned. A 

magnification of 2000 – 10,000 was used during the study. 

2.5 Statistical analysis  

Statistical evaluation was done by means of one-way analysis of 

variance (ANOVA). P < 0.05 was considered as significant 
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 CHAPTER 3  

RESULTS AND DISCUSSION 

1. Characterisation of precursors 

1.1  3-trimethoxy silyl propyl methacrylate (Silane  1) 

Silane 1 obtained from Aldrich with AR grade was a clear solution with a 

refractive index of 1.43. FTIR spectrum of silane 1 was shown in figure 1. 

 

 

 

 

 

 

 

 

 

 

Fig 10: FTIR spectrum of 3-trimethoxy silyl propyl methacrylate 

(silane1) 

Peak at 1165cm-1 indicates Si-O-CH3 bond. Characteristic peaks of O-Si-O 

bond were seen at the range 1000-1200cm-1. A characteristic peak at 

1719cm-1 indicates the presence of C=O group. Characteristic peak of C=CH2 

group was observed at 1636cm-1. A characteristic peak in the range 2800-

3000cm-1 showed the presence of aliphatic C-H group.  

4000 3500 3000 2500 2000 1500 1000

%T
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Silane 1
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1.2 1, 3-bis methacryloxy 2-(trimethoxy silyl propo xy) propane (Silane 2) 

Silane 2 synthesised from the reaction between glycerol dimethacrylate and 

chloropropyl triethoxy silane is clear solution with Refractive index of silane 2 

was found to be 1.4574. A sharp and clear interface in refractometer during 

the refractive index measurement indicates the purity of the compound.     

4 00 0 3 50 0 3 00 0 2 50 0 2 00 0 1 50 0 1 00 0
40

60

80

1 00

%
T

w a v e le n g th  (cm -1)

S ila n e  2

 

Fig 11: FTIR spectram of 1, 3-bis methacryloxy 2-(t rimethoxy silyl propoxy) 

propane (silane 2) 

 

 

Fig 11 shows the FTIR spectrum of silane 2. Strong peaks at 1000-1200cm-1 

range indicate the O-Si-O asymmetric stretching. 700-800cm-1 peak showed 

symmetric stretching vibration of Si-O-Si bond. A strong peak at 1295cm-1 

showed the asymmetric stretching vibration of Si-O-Si bond. A peak at 

1716cm-1 showed C=O functional group. Characteristic peak at 1636cm-1 

showed the vibration of C=CH2 group. C-H stretching vibration peak showed 

at range 2800-3000 cm-1. A strong band at 1158 cm-1 showed the 

characteristics Si-O-CH3 group. 
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2. Characterisation of inorganic organic hybrid res ins  

Both the dimethacrylate and tetramethacrylate resins synthesized from   

silane 1 and silane 2 are transparent and their handling characteristics are 

better compared to conventional Bis- GMA resin.  

 

2.1 Silane 1 based resins 

Refractive index and FTIR spectra of the various resins were presented in 

Table 7 and fig 12 respectively. 

 

Table 7: Refractive index values of silane 1 based resins 

Resin c ode Refractive index  

R1 1.478 

R11 CaMgZn 1.4745 

R12 CaMgZnZr0.1 1.482 

R13 CaMgZnZr0.2 1.4828 

 

Table 7 indicates that the addition of zirconium in the resin increases the 

refractive index values. Refractive indices of Inorganic fillers are in the range 

of 1.4-1.6. Higher refractive index indicates better curing of light cure 

composites. 

Figure 3 showed the FTIR spectrum of the four resins (R1, R11CaMgZn, 

R12CaMgZnZr0.1 and R13CaMgZnZr0.2)   prepared from silane 1. Four spectra 

showed the characteristics peaks of silane groups, 1000-1200 peaks indicate 

the presence of O-Si-O bond, peaks at 800-700cm-1 indicate Si-O-Si group. 

And typical carboxyl group peak (1716-1725cm-1) and methacrylate group 

peak (1636cm-1). 
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Fig 12: FTIR spectra of silane 1 based resins (a) R 1, (b)R11 CaMgZn, (c) 

R12CaMgZnZr0.1, (d) R13CaMgZnZr0.2 
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2.2 Silane 2 based resins 

Refractive index, FTIR and GPC data of silane 2 based resins without 

inorganic content prepared at two different pH conditions are shown in Table 

8, Figure 13 and Table 9.  

Table 8: Refractive index values of R2 alkali (pH10 ) and R2 (pH2) 

 

 

 

 

Refractive index value of alkali hydrolysed resins (R2 alk) was higher than 

that of acid hydrolysed resin (R2) 

 

 

 

 

 

 

 

 

 

 

Fig 13: FTIR spectrum of resins synthesised at diff erent pH. (A) R2 and (B) R2 

alkali 

Code of resin  Refractive index  

R2 alkali  1.481 

R2 1.473 

b

a
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Fig 13 shows the FTIR spectra of silane 2 based resin synthesised at different 

pH (pH2 and pH10). Both the spectrum showed strong peaks at 1000-

1200cm-1 range indicate the asymmetric stretching vibration of O-Si-O group. 

700-800cm-1 peak showed symmetric stretching vibration of Si-O-Si bond. A 

strong peak at 1295cm-1 showed the asymmetric stretching vibration of Si-O-

Si bond. Characteristics peak of carboxyl group was shown by both spectrum 

(a-1721cm-1 and b-1724cm-1). Characteristics peak at 1637cm-1(a), 1636cm-1 

(b) showed the vibration of C=CH2 group. C-H stretching vibration peak 

showed at range 2800-3000 cm-1. For spectrum (a) broad band at 3479cm-1 

indicates the presence of Si-OH and hydrogen bonded water. 

Table 9:  Molecular weight of silane 2 based resins  synthesised at pH 2 and pH 

10 

 

 

 

 

The table clearly showed that R2alk have molecular weight nearly four times 

that of R2. Both the resins have narrow molecular weight distribution with 

polydispersity index 1.1 to 1.18 ranges. 

From the above results it was interpreted that during alkali hydrolysis, 

the sol-gel process was vigorous it form a high molecular weight molecule. In 

case of acid hydrolysis the sol-gel conditions was optimum. They form a low 

molecular weight molecule. From the FTIR spectra (fig 13) it was clear that 

acid hydrolysed resin contain free Si-OH groups which are expected to 

enhance bioactivity for the resin. For the synthesis of inorganic organic hybrid 

resins containing alkoxides or mixtures of alkoxides of Ca/Mg/Zn/ Zr, low pH 

medium was selected, due to the better handling and curing characteristics of 

control resin synthesised at lower pH.  

SI No: Sample  Mn Mw Mn/Mw 

1 R2alk  2374 2818 1.18720 

2 R2 568 628 1.10492 
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2.3 Inorganic-organic hybrid resins based on silane  2 

Refractive index, FTIR and GPC data of silane 2 based resins were 

presented in Table 10, table 11 and figure 14. 

Table10: Refractive index of selected resins contai n inorganic content based 

on silane 2 

Code of resin  Refractive index  

R21CaMgZn 1.4732 

R25CaMgZnZr0.2 1.474 

 

Table 10 showed the refractive index values of resins contain inorganic 

content. On increasing the concentration of zirconium RI values also show a 

slight increase.  

Table 11: Molecular weight of silane 2 based resins  contain inorganic content 

 

SI No: Sample Mn Mw Mn/Mw 

1 R21CaMgZn 687 805 1.17242 

2 R25CaMgZnZr0.2 780 1018 1.30596 

 

Molecular weight of silane 2 based control resin was 569 (table 9). On 

incorporation of alkoxides of Ca/Mg/Zn, molecular weight rises upto 687.  

Further addition of zirconium increases the molecular weight to 780 and 

polydispersity index to 1.3. 
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Fig 14: FTIR spectra of silane 2 based inorganic or ganic hybrid resin 

containing Ca/ Mg/ Zn/ Zr  (a) R2, (b) R21CaMgZn, ( c)R25CaMgZnZr0.2 

Three spectra (Fig 14) showed the characteristic peaks of silane groups. 

Characteristic absorption of O-Si-O bonds was observed in the region 1000-

1200cm-1.  All the three spectra showed the characteristic peaks for C=O and 

C=CH2 group. 
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3. Evaluation of physico-mechanical properties of V LCs  

3.1 VLCs prepared from Silane 1 based resin 

Figures 15 a, b and c showed polymerisation shrinkage, DTS and FS of 

visible light cured composites prepared from silane 1 based resin  

Fig 15(a) showed the   polymerisation shrinkage of different visible light cured 

composite prepared from silane 1 based resins. Polymerisation shrinkage of 

composite prepared using control resin (CR1), was 1.9%. With the 

incorporation of Ca/Mg/Zn, cured composite showed a significant decrease in 

polymerisation shrinkage (1.3%), with the incorporation of 0.2% zirconyl 

chloride to Ca/Mg/Zn hybrid resin, polymerization shrinkage was again 

reduced to 1.2%. 

Fig15 (b) showed the DTS values of VLCs prepared from silane 1 based 

resins.. Both composites prepared from Ca/Mg/Zn and Ca/Mg/Zn/ Zr resins 

showed significantly higher DTS (P=0.003243, 0.001472) compared to 

control.  

Fig15(c) showed the flexural strength values of CR1, CR1CaMgZn, 

CR12CaMgZnZr0.1 and CR13CaMgZnZr0.2.  CR1CaMgZn showed 

significantly higher flexural strength compared to CR1, CR12CaMgZnZr0.1 

and CR13CaMgZnZr0.2. Significant decrease in FS was observed with the 

addition of zirconyl chloride in to Ca/Mg/Zn hybrid resin. 
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Fig15: Physico-mechanical properties of VLCs prepar ed from resin 

synthesised from silane1 ;(a) polymerisation shrink age (b)DTS and (c)FS 

 

 

 

 

a 

b 

c 
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(a) 
(b) 

(c) 

3.2 VLCs prepared from Silane 2 based resins. 

Fig 16 showed the effect of pH during synthesis on polymerisation shrinkage, 

diametral tensile strength and flexural strength of VLCs prepared from silane 

2 based resins. 

Fig 16 (a) showed polymerisation shrinkage of VLCs prepared from silane 2 

based control resin synthesised at pH10 and pH 2  (CR1alkali and CR1). 

Change in pH during synthesis of the resin showed no significant change on 

polymerisation shrinkage, while mechanical properties (DTS and FS) are 

better for VLCs prepared from resin synthesised at pH2   [Fig16(b) and  Fig 

16 (c)] 

 

 

 

 

 

 

 

 

 

 

 

Fig 16:  Physico- mechanical properties of VLCs prepared fro m silane 2 based 

resin synthesised at different pH . (a)  Polymeriza tion shrinkage  (b) DTS and 

(c) FS. 

  

 



46 

 

Effects of TEGDMA on physico – mechanical properties of  cured 

composites prepared from silane 2 based control resin was shown in  Figure 

17(a-c).An increase of TEGDMA content from 30% to 40%, showed a 

significant decrease in polymerization shrinkage (PS) and increase in DTS 

and FS. Further increase in concentration of TEGDMA to 50% showed no 

significant change in PS, DTS and FS.  The better properties of 60/40 

combination of resin/TEGDMA may be due to the better crosslinking of the 

resin during photocuring. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 17: Effect of diluents on (a) polymerisation sh rinkage (b) DTS and (c) FS 
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Effect of zirconium on inorganic organic hybrid resins containing calcium, 

magnesium, and zinc (0.1%) evaluated in terms of DTS, FS and PS was 

shown in Figs 18 (a-c).   

Figure 18 (a) showed that zirconium containing resins exhibited a sharp 

increase in PS at lower concentration of Zirconium followed by a levelling off 

without significant change while no change in diametral tensile strength with 

change in zirconium content. [Figure18 (b)]. However it is interesting to note 

that all compositions showed good DTS. Figure 18 (c) showed the flexural 

strength of VLCs prepared from silane 2 based resins. It is observed that 

flexural strength   increases with increase in concentration of zirconium upto 

0.2%.  With further increase of zirconium content, FS showed significant 

decrease.    

 

 

 

 

 

 

 

 

 

 

 

Fig 18: Physico- mechanical properties of VLCs prep ared from silane 2 based 

inorganic –organic hybrid resins (a) Polymerisation  shrinkage (b) DTS and (c) 

FS 
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4. Comparison of Silane 1 and Silane 2 based resins  

3- trimethoxysilyl propyl methacrylete (silane 1) based resins was 

dimethacrylate   and1, 3-bis methacryloxy 2-(trimethoxy silyl propoxy) 

propane (silane 2) based resins were tetramethacrylate.  Comparison of 

silane 1 and silane 2 based resins are shown in Figures 19-21.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 19: Effect of silanes on physico-mechanical pro perties of VLC (a) depth of 

cure (b) hardness 

 

b 

a 
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On comparing the shrinkage of two types of resins it was observed resins 

based on silane 2 gives lower polymerisation shrinkage (fig: 20). It was also 

observed that resins based on silane 2 composites give high DTS and FS 

values.  

In case of depth of cure silane 1 based composite give high depth of cure    

1.48 mm. However,as per the international standards (ISO 4049),   material 

with minimum 1mm depth of cure can be used for dental restorative 

applications.  Both Silane1 and silane 2 based resins showed depth of cure 

>1mm. The depth of polymerization for light activated resin based composites 

will govern the mechanical and biological properties and ultimately the 

longevity of the restoration [Palin et al, 2008]. The complications associated 

with ineffective curing include the increased risk of bulk and marginal fracture, 

insufficient wear resistance, poor color stability and decreased cell viability 

[Palin et al, 2008]. 

 

Fig 20: Polymerisation shrinkage of silane 1 and si lane 2 based resin with Bis. 
GMA control 

From the results it can be seen that tetra methacrylate resins showed lower 

shrinkage compared to dimethacrylate resins, which may be due to the better 

crosslinking nature of tetramethacrylate functional groups. Comparison of 

Figures 19 and 20 showed that as the depth of cure increased shrinkage also 

increased, which indicated the rapid monomer conversion also has a 
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contribution on shrinkage. Fig 19(b) showed that the hardness value of 

dimethacrylate was high.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 21: Effect of silanes on physico-mechanical pro perties of VLC  (a) diametral 

tensile strength(b) flexural strength  

CR21CaMgZn and CR25CaMgZnZr0.2 were selected for remineralization and 

thermal cycling studies due to the better properties   compared to all other 

formulation. 

a 

b 
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5. Effect of thermocycling on DTS and VHN values of  CR21CaMgZn and 

CR25CaMgZnZr0.2 

 Figure 22 and 23 showed effects of Thermocycling on DTS and VHN of 

CR21CaMgZn and CR25CaMgZnZr0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 22: Effect of thermocycling on DTS of (a) CR21C aMgZn and (b) 

CR25CaMgZnZr0.2 

 No significant change in DTS and VHN with thermal cycling for both the 

materials clearly indicates that the new composites developed based on 

a 

b 
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inorganic organic hybrid resin of Ca/Mg/zn and Ca/Mg/Zn/Zr are hydrolytically 

stable at  oral conditions of 5-55oC.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 23: Effect of thermocycling on VHN of (a) CR21C aMgZn and (b) 

CR25CaMgZnZr0.2  

The surface hardness was not significantly affected by thermal cycling upto 

1000 cycles for both CR21CaMgZn and CR25CaMgZnZr0.2 (fig 23).    The 

variation in surface hardness with thermal cycling usually indicates an initial 

surface softening in aqueous medium after prolonged exposure (> 500 

cycles). Surface hardness is related to the amount of water taken up, the 

greater the uptake the weaker the resultant swollen polymer. But in the case 

of the new composite, exposure to aqueous medium upto 1000 cycles has no 

deteriorating effect. 

a 

b 
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6. Remineralisation studies 

Following figure shows the remineralisation of CR21CaMgZn and CR25CaMgZr0.2; 

Bis GMA based composite were taken as a control material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 24:  SEM images of photo-cured composite stored in SBF ( 0,1,7 and 

14 days) (a)Bis GMA (b) CR21CaMgZn and (c) CR25CaMg ZnZr0.2 

The SEM images clearly showed that remineralization occured on both 

the materials after 24 h storage, with gradual increase in surface 

remineralization with time in SBF up to 14 days while VLCs prepared from 

BisGMA composite lacked remineralization.  

a b c 
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7. Radiopacity measurement 

Figure 25 showed the radiopacity of composite prepared from silane 2 based 

resins. 

 

 

Fig 25: X-ray images of samples and standard 

 

 

 

 

 

 

 

 

 

 

Fig 26: Excel plot of gray scale reading  
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The above graph showed that with the addition of zirconium radio opacity 

gradually increases. CR21CaMgZn shows radiopacity value same as that of 

1mm thick aluminium wedge value. CR25 shows the value same as that of 

2mm thickness. One of the requirements to use a material for posterior 

application is that the material should be radiopacque. For radio opacity 

measurement aluminium wedge was used as control material. Conventional 

Bis GMA (1mm) composites have a radio opacity value as that of 0.5mm 

value of aluminium. As per ISO 4049 a material which showed radiopacity 

value greater than an aluminium equivalent of 1mm can used for posterior 

application (it is nearly same as that of natural tooth dentin). Radio opacity 

value equivalent to 2mm of aluminium wedge is same as that of natural tooth 

enamel. Materials having radio opacity value equivalent or greater than value 

of 2mm thickness aluminium have been considered as universal material.  
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CHAPTER 4  

SUMMARY AND CONCLUSION 

Resin based composites materials widely used as dental restoratives 

due to their good aesthetic, better mechanical properties and less health 

problems compared to other restorative materials. Essential requirement for a 

material to be used as dental material is good aesthetic, mechanical 

properties, low shrinkage, less micro leakage, thermal stability and radio 

opacity. Currently available dental restoratives satisfy many requirements. 

Problems of resin based dental restorative arise mainly due to non bonding of 

inorganic and organic part of composite. But no one compromise all the 

requirement i.e., there is no ideal dental restorative material available.  

Objective of the preset work was to develop visible light cure dental 

restorative composite with low polymerisation shrinkage and superior 

properties compared to the existing commercial material.  

In the present work, Inorganic organic hybrid resins with polymerizable 

dimethacrylate groups containing alkoxides or mixture of alkoxides  of 

calcium, magnesium, zinc and zirconium  were prepared by sol gel process    

from 3 (trimethoxy silyl propyl methacrylate (silane 1) which is a commercially 

available monomethacrylate.  

As a second part of the study, Inorganic organic hybrid resins with 

polymerizable tetramethacrylate groups containing alkoxides or mixture of 

alkoxides  of calcium, magnesium, zinc and zirconium  were prepared by sol 

gel process from the  dimethacrylate {1, 3-bis methacryloxy 3-(trimethoxy 

propoxy) propane (Silane 2) which was synthesised in the laboratory. 

Synthesis conditions were optimised by changing pH and duration of reaction 

Control resin was synthesised without the incorporation of alkoxides or 

mixture of alkoxides of calcium, magnesium, zinc and zirconium 
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All the synthesised resins were characterised using FTIR, refractive index and 

GPC.  

Visible light cured composites were prepared using both these resins 

along with quartz filler and compared. Various formulations were prepared 

and evaluated in terms of DTS, FS, VHN, polymerisation shrinkage and depth 

of cure. 

Compared to control resins, both dimethacrylate and tetramethacrylate 

resins containing alkoxides or mixture of alkoxides of calcium, magnesium, 

zinc and zirconium showed better physical and mechanical properties. The 

optimum concentration of diluent for the tetramethacrylate resin was found to 

be 40%.  

Tetramethacrylate resins synthesised at low pH conditions showed, high DTS 

and FS on curing compared to the tetramethacrylate resins synthesised at 

high pH. 

Compared to dimethacrylates, tetramethacrylate resins showed, high 

DTS, FS and low polymerisation shrinkage on curing. In order to find the 

effect of zirconium on properties, formulations varying from 0.06 to 0.4 % 

were synthesised and evaluated the properties of cured composites prepared 

using these resins. Radiopacity increased gradually with zirconium content 

upto 0.4%, while shrinkage, DTS and FS were optimum for 0.2%. (CR25 

CaMgZnZr0.2) 

 Thermocycling results showed that DTS and VHN of both CR21CaMgZn and 

CR25 CaMgZnZr0.2 are not affected by cyclic change of temperature (50C to 

550C). Remineralisation results conclude that both the composite showed 

good remineralisation tendency   compared to conventional Bis-GMA 

composite. After 14 days storage in SBF, surface of both the composites 

covered with uniform coating of crystalline apatite formation. With the addition 

of zirconium enhances the crystal size. 



58 

 

The two tetramethacrylate resin based composites, C R21CaMgZn 

and CR25CaMgZnZr0.2 showed excellent mechanical pro perties, low 

shrinkage, good hydrolytic stability and excellent remineralization 

during storage in SBF. Among these two composites, 

CR25CaMgZnZr0.2   showed significantly better flexu ral strength (>80 

Mpa) and radiopacity and can be recommended for res toration including 

posterior restoration. 

In the present study, novel visible light cure radiopaque dental 

restorative material with excellent physico-mechanical properties which was 

par with international standards was developed. As per the international 

standards, invitro and invivo toxicological evaluation is mandatory after 

fulfilling the physico- mechanical requirements. Hence the   in vitro and in vivo 

toxicological evaluations of the new materials have to be carried out. 
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APPENDIX I-List of Reagents 

 

Preparation of SBF 

Sodium chloride (NaCl)-7.99g 

Sodium bicarbonate (NaHCO3)-0.350g 

Potassium chloride (KCl)-0.224g 

Dipotassium biphosphate (K2HPO4.3H2O)-0.228g 

Magnesium chloride (MgCl2.6H2O)-0.305g 

1M hydrochloric acid (1M HCl)-40ml 

Calcium chloride (CaCl2)-0.278g 

Sodium sulphate (Na2SO4)-0.071g 

Tris buffer (CH2OH) 2CNH2-6.057g 

500ml deionised water was taken in a polythene beaker and kept on a water 

bath at 360C with magnetic stirring. Reagents were added in the order given 

above, after each component was dissolved completely. Reagent 9 was 

added in small amounts to avoid local rise in pH. The pH was adjusted to 7.4 

using 1M HCl. Transfered the solution into a 1000ml standard flask. Checked 

the stability of SBF by placing 25ml of SBF in incubator at 370C and checked 

for any precipitation.  

 

 

 

APPENDIX II-Images of Equipments Used 
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Abbe Refractometer 

FTIR Spectrometer 

HPLC/GPC unit 
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Microhardness Tester 

Universal Testing Machine 

Thermocycler 


