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Thesis Summary 

Photo-initiated dimethacrylate polymers are of great biomedical importance, in orthopaedics 

and particularly in dentistry where they are used as a matrix to form resin-based-composite 

(RBC) filling materials. However, the physiochemical properties of these materials are highly 

sensitive to photo-polymerisation variables, particularly the polymerisation rate, and as a 

consequence clinical performance is not ideal. Despite extensive mechanical and Infra-red 

spectroscopic characterisation of the cross-linked polymer resin matrix, the impact of 

polymerisation rate on the resultant structure is unknown.  

Using novel synchrotron FTIR, X-ray and neutron scattering techniques, this study aimed to 

investigate the effect that polymerisation rate has on the polymer structure, at atomic to micron 

length scales, of experimental RBCs based on common dimethacrylate resins. Kinetic X-ray 

scattering measurements demonstrated that polymerisation generates chain segment extension 

and changes in short range order within the structures of the constituent resin monomers. 

Accelerating polymerisation confers greater chain extension and reduced short range order, 

which at extremely fast polymerisation rates may store residual strains within the system. 

Neutron scattering confirmed that this relationship between polymerisation rate and structure 

occurs at longer length scales within the polymer, specifically at cross-linking distances.  

Synchrotron FTIR micro-spectroscopy showed that the introduction of filler particles into a 

resin matrix produced local heterogeneity with respect to the degree of monomer-polymer 

conversion and chemical aromatic bond strain. At nearest neighbour distances, heterogeneity is 

believed to originate from a lower converted and reduced bond strain boundary layer 

surrounding each filler particle, whilst light attenuation and likely, relative monomer mobility 

effects dominate at longer length scales within the resin matrix 

This study demonstrates that advanced synchrotron and neutron based characterisation 

techniques, seldom used in the field of dental materials research, can provide new insight into 

how the polymerisation rate may impact on the structure of the polymer matrix components of 

dental RBCs. 
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detector arm. (right) Top down view of the experimental set-

up. The pipe to the left of the image blows cold air (20 °C ± 1 
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-1

, but moves 
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correlation length. 
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7.1 (a) Schematic of a tooth fin section showing the regions 

mapped by successive SXRD line scan measurements. (b) A 

single line scan measurement used to acquire sufficient 

statistics for each polymerisation regime. 

258 

7.2 (a) Variation in intensity of the (002) diffraction ring is 

indicative of texture, whilst (b) a complete ring demonstrates 

little or no texture. Preferred orientation is defined from 0° 

which points east on the detector face, increasing azimuthally 

in the counter-clockwise direction. (c) A 1-D diffraction 

spectra with the (002) and (300) reflections corresponding to 

peaks located at ~ 10° and ~ 14° respectively. 

263 
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1 INTRODUCTION AND LITERATURE REVIEW 

Mercury based amalgams are perhaps the most widely used restorative biomaterials found in 

orthopaedic and specifically dental applications,  with approximately 370 million restorations 

(fillings) placed each year in Europe alone [1]. Low cost and a relatively long service life have 

made amalgam, until recently, indispensable in dentistry for over 160 years [2]. However, in 

2013 it was agreed by several nations at the Minamata convention [3, 4] that mining [5], export 

and import, storage [6], and waste management [3] of products containing mercury would be 

reduced globally to limit health and environmental impacts of mercury pollution [3, 7]. New 

European legislation heavily restricting the manufacture and disposal of mercury based 

products has prompted the imminent removal of dental amalgam as a treatment option in 

several European countries already [8-10], amid mounting environmental and health concerns 

associated with this global pollutant [1, 11]. Consequently, there is an increasing need to 

identify a suitable replacement for mercury amalgam dental filling materials. The most 

promising alternatives are resin based composite (RBC) materials based on dimethacrylate 

polymer chemistry. 

In clinical use for over 30 years, RBCs combine a polymerisable dimethacrylate resin matrix 

with an inorganic filler phase. Following application to the tooth surface, light excitation of a 

photo-initiator species dispersed within the resin matrix triggers free radical polymerisation to 

generate a three-dimensional cross-linked network causing the composite to solidify [12, 13]. 

Resin based composites offer quicker setting times, are mechanically stronger and demonstrate 

greater longevity in comparison to competing materials such as glass ionomer cements and 

giomers. However, a deficiency of RBCs is that the physico-chemical properties of these 

materials are highly sensitive to setting parameters and as a consequence clinical performance 

and survival rates are lower in comparison to amalgam fillings [14].  
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Currently most light curing protocols for RBCs require 40 seconds or more of specified light 

wavelength exposure at intensities from 400 to 800mW/cm
2
 per increment of material (up to 10 

increments may be required per filling), to achieve the desired conversion of monomer to 

polymer [15, 16]. Extensive research is currently being undertaken by academia and industry to 

develop shorter light curing protocols to reduce treatment times and reduce operator induced 

curing variability [15, 16]. As a result, high intensity lights are now being advocated and 

brought to market which enable photo-polymerisation in as short a time as 3 seconds [16], 

under the assumption that the final properties of an RBC are determined predominantly by the 

maximum degree of conversion (DCmax), regardless of the combination of light intensity and 

exposure time. The effect that photo-polymerisation has on the polymer phase of RBCs has 

been extensively characterised through the use of FTIR (Fourier transform infra-red 

spectroscopy) to quantify real time monomer-polymer conversion from which many 

correlations with bulk material properties have been extrapolated [17-19]. 

It is widely reported that accelerating polymerisation using high intensity light activation can 

impact on the tensile strength, toughness, hardness and degree of polymerisation shrinkage and 

stress of these materials [19-22]. Indeed a parabolic relationship between the reaction rate, DC 

and final mechanical properties [23] has been shown to exist [24]. To date these differences in 

properties have been ascribed to structural differences regarding cross-link density and its effect 

on polymer network architecture. Faster reactions are believed to reduce the lifetime of radical 

species with respect to bimolecular termination [22], reducing the degree of cross-linkage. 

Previous research has focussed on interpreting differences in polymer network formation from 

the DC of RBCs using Fourier Transform Infra-red spectroscopy (FTIR) and indirect measures 

of cross-link density such as surface hardness. However, the effect that the polymerisation rate 

has on the resultant polymer structure of the constituent monomers that comprise the resin 

matrix is surprisingly unknown. This structural information cannot be obtained using 

conventional laboratory based characterisation techniques. 
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Structural order at atomic length scales in materials can be detected using light and particle 

scattering methods. Standard scattering measurements using laboratory X-ray sources fail to 

provide sufficient flux to discern such differences in these materials, especially when dynamic 

(in-situ) curing studies with short measurement times are conducted. Synchrotron light sources 

however, provide the necessary flux, energy range and flexible sample environment to allow 

order at intra-monomeric distances to be determined using X-ray scattering methods. 

Additionally, neutron scattering can provide complimentary structural information at defined 

length scales. X-ray and neutron scattering techniques are widely used in polymer research to 

discern evolving polymer structures, including methacrylate functionalised polymers, under 

dynamic conditions including polymerisation [25, 26], yet these techniques are rarely applied to 

the study of dental polymers. Application of these techniques therefore has the potential to 

provide useful complimentary structural information not available through conventional 

laboratory based characterisation techniques. 

This thesis explores the effect that polymerisation rate has on the polymer structure, at atomic to 

micron length scales, of experimental RBCs based on common dimethacrylate resins using 

advanced synchrotron and neutron based techniques 
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 Literature Review 

1.1.2 What are Resin Based Composites (RBCs)? 

A composite is a compound material formed from the combination of at least two constituent 

phases bonded together [27] Each phase has different physical-chemical properties from the 

other phases and are combined to produce a resultant material with intermediate properties, 

whilst retaining the macro-structure of the constituent phases [28-32]. Composites typically 

have three principal phases as a matrix, a higher modulus reinforcement and an interfacial layer 

acting as a coupling agent between the matrix and reinforcement [28-33]. The role of the matrix 

is to provide a material into which the second reinforcing phase can be dispersed. The 

reinforcement material is typically incorporated to confer higher strength and resistance to wear 

to the final material, whilst the coupling agent bonds the aforementioned phases [28-33]. 

Composite materials are typically categorised according to the material used for the matrix. 

Four primary classes exist including organic matrix composites (OMCs), metal matrix 

composites (MMCs), ceramic matrix composites (CMCs), and carbon matrix composites 

(CAMCs) [27]. Organic matrix composites are one of the most widely used classes of 

composites globally and are the focus of this thesis. There are two main classes of polymers 

used to form the matrix of OMCs as either thermoplastics or thermosets. Thermoplastics may 

be reformed several times by the application of heat, whilst thermosets form irreversible 

chemical bonds during a setting or ‘curing’ process where they transition from a liquid uncured 

state to a cured solid material. Examples of thermoplastics include polycarbonates, 

polyamideimides and polyetherimides, whilst thermosets may be based on epoxy or 

methacrylate polymer chemistry. RBCs are therein classed next by the morphology of the 

reinforcement phase including particles, fibres and laminates and further by the size, 

distribution and orientation (Figure 1.1).  
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Figure 1.1. (a) Hierarchy of composite classes divided according to matrix material, reinforcement and (b) 

reinforcement morphology. Adapted from Figure 16.2 Callister 7
th

 edition. 
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1.1.3 Biomedical Applications of RBCs 

Resin based composites (RBCs) utilising dimethacrylate polymer chemistry matrices are 

routinely used for biomedical applications, in orthopaedics and in particular in restorative 

dentistry [34]. Acrylate based composites have been used since the 1940s, predominantly as an 

alternative to dental amalgam as a tooth filling material [35-37] in addition to dentine bonding 

agents [38, 39], dental adhesives [40-43] and elastomeric impression materials [44] . Modern 

commercial dental RBCs typically consist of a dimethacrylate resin matrix [45-47], which can 

contain one or more monomer species, incorporating an inorganic reinforcing filler fraction in 

the form of glass particles [48-51] which are bound together by a vinyl silane coupling agent 

[52-55]. A photo-initiator species is dispersed throughout the resin matrix to instigate free 

radical polymerisation, when activated by an external visible light source, converting a liquid 

monomer blend into a three dimensional cross linked polymer network (Figure 1.2).  

Figure 1.2 Schematic representation of a resin based composite (RBC). The resin matrix is shown as a 

light purple background, filler particles are displayed as polygons and radical species are denoted by 

black dots. 
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Consequently, dental RBCs may be manipulated and sculpted to the dimensions of the tooth 

cavity defect under a relatively long working time, before being polymerised or ‘demand set’ at 

the discretion of the clinical operator. Dental RBCs can be set in the presence of oxygen and 

water, have good chemical affinity with tooth tissue [56] and are aesthetically pleasing. Dental 

composites provide adequate physico-mechanical properties [57] , thermal stability and require 

less dental hard tissue to be removed per restoration in comparison with traditional amalgam 

fillings. RBCs are currently used for direct restorations in both anterior and posterior teeth, as 

adhesive cements and as sealants. RBCs can be also used to fabricate indirect restorations 

including, veneers, crowns and bridges. Resin matrix/glass particle composites are the most 

widely used material for anterior tooth restorations [58]  and are also used for approximately 

half of posterior restorations [59, 60].  
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1.2 RBC Composition: Historical Development and Current Trends 

1.2.1 Resin Matrix 

Resin based materials have been used in dentistry since the 1850s [61].  Early resin-based 

dental materials were initially based on Vulcanite [62] however, these were difficult to 

manipulate and sculpt and often requiring in-situ heating. Methyl methacrylate was created in 

1931 and by 1936 [36] was being used as a dental restorative material as unfilled (poly) methyl 

methacrylate (PMMA). Unfortunately, PMMA was unsuitable for dental fillings, suffering from 

extremely high shrinkage upon polymerisation, typically 20-25 % by volume, resulting in 

detachment from the tooth substrate and the formation of marginal gaps [63-66]. Quartz filler 

particles were later added to increase wear resistance, however poor mechanical and wear 

properties remained [67]. 

In 1956, the dental resin Bis-GMA was developed by R.L Bowen from the reaction product of 

bisphenol A and glycydil ester methacrylate (GMA) [68], and it is still the most widely used 

constituent monomer in commercial dental RBCs formulations. Bis-GMA is a hybrid monomer 

which combines the matrix forming potential of epoxy resins with the rapid setting capabilities 

of acrylic monomers [69]. A relatively large molecular weight in comparison to smaller sized 

monomers such as PMMA generates less shrinkage, reported to range between 3.3 - 5.2 % by 

volume [70, 71]. Bis-GMA is a bulky monomer with two centrally located aromatic groups 

which confer a higher modulus of elasticity and toughness in addition to carbonyl and hydroxyl 

groups capable of hydrogen bonding, producing a very viscous monomer (Table 1.1). 

Importantly, Bis-GMA is di-functional, allowing it to bond with two additional monomers per 

functional group or four bonds in total. This allows the monomer to form cross-links [72], 

unlike PMMA which may only form linear chains, providing greater structural stability. 

Unfortunately, the high viscosity of Bis-GMA renders it extremely difficult to handle and to 

manipulate and severely limits the incorporation of a filler fraction in any useful quantities as to 

affect mechanical properties [73]. Furthermore, homo-polymerisation of Bis-GMA yields low 
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terminal monomer to polymer conversion of approximately 36 % [74] and as a consequence a 

gel is formed instead of a solid polymer. 

Bis-GMA is therefore often combined with a reactive and lower molecular weight co-

monomer(s) which act as a diluent to reduce the viscosity of the system [45, 75]  which affords 

the incorporation of filler. Triethylene glycol dimethacrylate (TEGDMA) [76-79] is frequently 

used for this purpose. TEGDMA has a single chain backbone consisting of ester bonds and has 

a molecular weight that is approximately half that of Bis-GMA (Table 1.1). A lower molecular 

weight increases the density of polymerisable functional groups and confers greater monomer to 

polymer conversion i.e. homo-polymerisation of TEGDMA yields more than 60 % conversion. 

However, increased conversion is accompanied by the deleterious effect of greater 

polymerisation shrinkage of ~ 12.5 % by volume and a decrease in elastic modulus [70, 80]. 

Modifications to the chemical structure of these monomers have been made to increase 

monomer to polymer conversion whilst maintaining similar or reduced degrees of shrinkage 

[81, 82]. Bisphenol A ethoxylated dimethacrylate (Bis-EMA) [82, 83] is a derivative of Bis-

GMA and has an almost identical chemical structure except for the absence of hydroxyl groups. 

This monomer has a lower viscosity than Bis-GMA, with comparable mechanical properties 

when polymerised. Less diluent is therefore required to achieve greater terminal conversion, 

offsetting shrinkage effects. Urethane dimethacrylate (UDMA) (Figure 1.3) is also used as an 

alternative and/or co-monomer to Bis-GMA [84] within commercial RBCs. Urethene 

dimethacrylate has similar methacrylate based chemistry to Bis-GMA but with a centrally 

located urethane group. This affords greater flexibility and reduced viscosity to the monomer, 

conferring greater monomer to polymer conversion than Bis-GMA, although less than the 

homo-polymerisation of TEGDMA [35]. 

Ultimately though, systems of viscous/diluent dimethacrylate monomers represent antagonistic 

effects; the viscous monomer(s) confers better mechanical properties but does not reach a high 

value of terminal monomer to polymer conversion, whilst the diluent achieves higher 

conversion at the expense of increased shrinkage. Forming a resin matrix from several 
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constituent methacrylate based monomers requires a compromise between resin viscosity, 

monomer to polymer conversion, polymerisation shrinkage and resultant physio-mechanical 

properties. This is not ideal as certain aspects such as polymerisation shrinkage cannot be 

eliminated and is an inevitable outcome of the radical-mediated chain-growth polymerisation 

mechanism.  

Recent work has focussed on using thiol-ene photo-polymerisation mechanisms to reduce 

polymerisation shrinkage in dental RBCs. Thiol-enes cure through step growth polymerisation 

in which propagation and chain transfer alternative, as opposed to chain growth polymerisation 

displayed by dimethacrylates [79, 85, 86]. The reaction of a thiol-ene monomer creates reactive 

thiol and vinyl (ene) functional oligomers [87]. This significantly delays the gel point in 

comparison to dimethacrylates such that the majority of shrinkage stress occurs earlier during 

polymerisation and can therefore be reduced by viscous flow [88]. It is reported that thiol-ene 

based RBCs display up to 33 % less shrinkage by volume relative to dimethacrylate control 

specimens [89, 90] . Upon polymerisation thiol-enes form uniform polymer networks which are 

less brittle than dimethacrylate based counterparts, also exhibiting higher glass transition 

temperature, reduced shrinkage and shrinkage stress [78, 91, 92]. However, thiol-ene RBCs 

display inferior mechanical properties including reduced flexural modulus and strength [93]. 

Recently, thiol-enes have been combined with methacrylates to combine desirable material 

properties. It is reported that thiol-ene – methacrylate systems demonstrate comparable strength 

and flexural modulus to dimethacrylate systems whilst retaining similar shrinkage behaviour to 

thiol-ene systems [91]. Allyl sulphide moieties have also been incorporated into monomers, 

which undergo thiol- ene polymerisation [94]. This creates an adaptable covalently bonded 

polymer network which can undergo addition-fragmentation processes. Chemical bonds 

therefore remain covalent but are able to break and reform [95, 96]. This novel chemistry has 

been shown to reduce polymerisation shrinkage stresses by up to 75 % in comparison to 

monomers without the allyl sulphide moiety [97]. It must be noted however, that despite the use 
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of novel reaction mechanisms to generate less shinkage in these materials adhesion to the tooth 

remains a concern [98]. 

The use of ring opening chemistry has also been explored as a way to reduce polymerisation 

shrinkage [99, 100]. Ring opening chemistry is an attractive alternative to conventional 

dimethacrylates as the monomers connect by opening, flattening and extending towards each 

other, which results in a significantly lower polymerisation shrinkage in contrast to a 

dimethacrylate based composites in which the monomers are linear and bond by physically 

moving closer together, conferring a greater loss of volume. Weinmann et al [101] reported on 

the properties of a commercial RBC based on silorane chemistry incorporating a cyclic siloxane 

core with four oxirane reactive groups, compared to conventional dimethacrylate based RBCs, 

post-polymerisation. Ring opening siloranes demonstrated comparable elastic modulus and 

strength to dimethacrylate RBCs, but showed significantly reduced shrinkage values, 

approximately 1 % by volume. However, studies on bicyclic ring opening monomers have 

shown that despite demonstrating reduced volumetric shrinkage in comparison to 

dimethacrylates [102, 103], are highly susceptible to moisture induced reactions, which in an 

oral environment is not ideal for stable adhesion to hard tissue [104].  
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Figure 1.3. The chemical structure of monomers commonly used in the formulation of commercial 

and experimental RBCs. 
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1.2.2 Filler Particles 

Early PMMA based dental resins were combined with quartz filler particles to impart increased 

wear resistance and hardness [105] to the composite. Combining the resin matrix with filler also 

increases the composite modulus [106, 107] and radio opacity [108] but decreases thermal 

expansion [109] and the degree of polymerisation shrinkage [110-112].  These quartz fillers had 

splint morphology and an average size of 5 - 30 µm in length. Composites containing filler 

particles belonging to this size regime were classed as macrofilled [113] composites. However, 

early macrofilled composites were seldom used in this form, as due to the crystalline structure 

of quartz and the relatively large size of the particles, the composites were highly abrasive to 

opposing teeth and were difficult to polish. In the case of the latter, polishing often produced 

rough surfaces from which individual quartz particles would protrude and break away. 

Macrofilled composites are still currently used although modern versions have an average 

particle size of 0.2 – 5 µm [105]. 

Microfilled composites, containing spheroidal amorphous silica particles (0.01 – 1 µm 

diameter) were introduced to improve polishing and wear abrasion resistance [57]. High filler 

loads were however limited, as the high surface area to volume ratio produced an extremely 

Chemical Chemical 

formula 

Molecular 

weight 

(g/mole) 

Density 

(g/ml) 

Viscosity (Pa s) 

Bis-GMA C29H36O8 512.599 1.161 700-1300

TEGDMA C14H22O6 286.324 1.092 0.05

Bis-EMA C27H24O6 444.285 1.120 3 

UDMA C23H38N2O8 470.563 1.110 10 

Table 1.1. Summary of common monomers, and some physical properties, used in the formulation of 

RBCs 
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viscous composite that cannot be easily manipulated. Modern commercial RBCs therefore tend 

to combine a range of particulate sizes in what is known as a hybrid filled system [57, 114]. 

Hybrid filler allows for higher loading fractions, interms of volume, as smaller particles fill 

gaps between larger particles. Hybrids exist in two main classes as either micro or nano hybrids, 

with sub sets of classification based on whether the filler particles are monodisperse, 

polydisperse with a continuous or bimodal size distribution [115]. Modern nano hybrids 

represent a combination of nano-sized (less than 100 nm) and sub-micron sized particles 

typically within a range of 0.5 – 1 micron, containing a greater proportion of nano sized 

particles [57, 116]. Nano-filled composites display increased strength, reduced polymerisation 

shrinkage and a lower viscosity for easier handling in comparison to larger particles for 

equivalent loading fractions. However, nano-filler particles are prone to agglomeration which 

disposes the composite to mechanical failure. Current hybrid filled commercial composites in 

either micro or nano-hybrid form are often aluminosillicate based, typically including 

zirconium, strontium or barium to increase X-ray opacity for diagnostic  purposes [52, 105] and 

have typical filler loadings of 70 – 90 wt %. 

Recent alternatives to conventional glass based filler particles that are currently being 

developed include pre-polymerised filler (PPF) particles [117], synthetic calcium 

phosphates[118, 119], bioactive glasses and quantum dots [120, 121]. Pre-polymerised filler 

particles are prepared from cured composite that contains sub-micron silicate based particles, 

ground to micron sizes. Incorporation of PPFs aims to improve the polishabilty of the 

composite in comparison to silicate hybrids and to also reduce internal stresses, a by-product of 

polymerisation [116, 117]. Synthetic calcium phosphates [122-124] including hydroxyapatite, 

the principal mineral component of tooth enamel, and bioactive glasses treated with coupling 

agents have been ground to micron dimensions and incorporated with resin matrices to either 

produce similar mechanical properties to the replaced hard tissue or to induce osteoconductive 

bone growth to enhance bonding to the tooth [125]. Finally, quantum dots are a colloidal 

suspension of semi-conductor particles that have been tuned to emit light in the blue visible 
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region. Quantum dots have been suggested as an alternative filler material [120] as they have 

the ability to instigate polymerisation from within the material and are able to continue photo-

activation after external light sources have ceased sample illumination. 

 

1.2.3 Photo-initiator Chemistry 

 

Chemical initiators were originally used to instigate polymerisation for dental RBCs [126], 

however relatively fast setting times typically under 5 minutes severely limited the working 

time available to the clinician to manipulate the composite. In the 1970s [61]  photo-initiators, 

photo-active system that absorbs photons within a specific wavelength range, were first used as 

an alternative means of initiation for dental RBCs. This technique requires an external light 

source to activate the initiator species to produce free radicals to start polymerisation. This 

affords the clinician a longer time to shape the composite as polymerisation commences only 

when illuminated or ‘demand-set’.  Photo-initiators that absorbed in the ultra-violet region of 

light were used at first, although poor penetration depth [127] and potential health hazards by 

ultraviolet light sources prompted the use of initiators receptive to visible light [128]. Current 

commercial RBCs utilise photo-initiators which absorb in the blue visible region of light. 

Photo-initiators are classed according to the mechanism that produces free radicals upon 

illumination of the initiator species. Norish type I and type II classes refer to photo-initiators 

that produce radicals either through the photo-fragmentation of the initiator molecule or by 

hydrogen abstraction from a donor molecule respectively [129]. 
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1.2.3.1 Camphorquinone 

 

Camphorquinone (CQ) was first used to photo-initiate dental RBCS in 1978 and remains the 

most widely used photo-initiator species found in commercial RBCS [130]. Camphorquinone is 

a Norrish type two initiator species and is used in conjunction with a tertiary aliphatic amine 

reducing agent [44, 131] to produce radicals. CQ absorbs photons in both the UV (200-300 nm) 

and also in the blue visible region (400-500, peak = 470 nm) [132] . As current clinical photo-

polymerisation regimes use blue visible light for photo-activation this is the only absorption 

region that will be assumed for the description of this photo-initiator. Energy absorbed from 

incoming photons promotes the non-binding electron from the carbonyl group (Figure 1.4), to 

an excited state within the π
*
 anti-orbital of the double covalent bond. Excited states exist in 

both singlet and triplet states, and interstitial crossing pumped by the irradiation of the 

impinging light source, inverts the population from singlet to triplet states [133]. The excited 

CQ molecule combines with the tertiary amine to form an excited triplet complex or exiplex.  

Once bound, the exiplex undergoes an internal hydrogen transfer from the amine alpha carbon 

to the carbonyl of the diketone [134]. This produces two radical species as an amino and cetyl 

radical. Both of these radicals will remain in the system as due to the preservation of the parallel 

spin condition neither will undergo bimolecular termination. However, only the amine radical is 

an active polymerisation species [135]. CQ has a quantum yield of 0.07 ± 0.01 converted CQ 

per absorbed photon, i.e. ~ 14 photons will on produce one radical from a CQ molecule [136]. 
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Figure 1.4. The production of free radicals from the excitation of the Camphorquinone photo-

initiator species used with an amine reducing agent. 
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1.2.3.2 Acyl phosphine oxides 

Acyl phosphines oxides are a Norrish type one photo-initiator and have gained recent attention 

as a more reactive photo-initiator species in comparison with CQ and its ability to drive more 

efficient polymerisation with respect to polymerisation rate and terminal conversion [137]. 

Examples include mono (MAPO) [138] and bi-acyl phosphines oxides (BAPO), known 

commercially as Lucirin TPO (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) and Igracure 

819 respectively. Acyl phosphines oxides are typically composed of several phenol ring groups 

connected in a conjugated conformation with a double covalently bonded oxygen (Figure 1.5). 

Acyl phosphines oxides are photo-lytic initiators and utilise light directly, readily absorbing 

ultra-violet light near to the blue visible region of the spectrum to split the molecule into two 

macro-radicals [139]. This will occur if the energy of the incoming photons matches or exceeds 

the threshold of the central atomic bond arrangement [140] (typically a carbon-carbon or 

carbon-phosphate bond) [139, 140]. Due to the electron withdrawing tendency of the oxygen 

atoms present near the phenol rings the sigma bond between the central atoms can be weakened 

enough to split the molecule (homo-lytic scission), producing two radicals of the acetyl and 

phosphonyl kind which can produce second generation radicals. Acyl phosphine oxides have a 

greater molar absorptivity [141] (Table 1.2), quantum yield, produce more primary radicals 

[142] and the radicals which are produced are more reactive [143] than those generated from a

Camphorquinone/amine system. 
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Photo-initiator Absorption Range (nm) λmax (nm) Molar extinction 

coefficient at λmax 

(L.mol
-1

.cm
-1

)

Camphorquinone 400-500 470 ~ 35 

Lucirin TPO 300-430 381 ~550 

Igracure 300-440 370 ~300 

Table 1.2. The absorption characteristics of photo-initiators used in in commercial experimental and 

RBCs. 

 

Figure 1.5. Chemical structures of Acyl phosphines oxide photo-initiator species (a) Lucirin TPO 

and (b) Igracure 819. 

(b) (a) 
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1.2.4 Silane Coupling Agents 

Quartz was initially used as a material for filler particles to be combined with methyl 

methacrylate dental RBCs in the 1930s, however, composites still demonstrated poor 

mechanical and wear properties. This was partly attributed to poor adhesion between the 

contiguous resin matrix and the dispersed filler particles. A solution to this problem was to 

promote adhesion between the two phases through the use of a coupling agent. Coupling agents 

primarily provide a functional interface for covalent bonding between filler and the resin 

matrix, but also reduce the surface energy of the filler particle to enhance dispersion of the filler 

particles throughout the matrix. By 1962 Bowen had prepared composites combining a 

dimethacrylate resin matrix with a silanised quartz powder [113]. Organosilanes are a class of 

organic silicon compounds that have a hydrolytically active silicon based functional group and 

several generic chemical structures for these compounds are illustrated in Figure 1.6. In 

methacrylate resin based composites, the R group typically represents either a methacrylate or 

epoxy functional group to achieve adhesion between the resin and filler phases [53, 55, 144]. 

This coupling has been shown to limit the degradation [145] of the RBC by protecting the filler 

against fracture [146] and improving the transition and distribution of stresses from the resin 

matrix to the stronger filler particles[147]. The most widely used organosilane coupling agent 

for silica/quartz based filler/resin composites is MPTMS (3-Mercaptopropyl)trimethoxysilane) 

[148, 149] (Figure 1.7). MPTMS is capable of bonding with the resin matrix through covalent 

carbon-carbon bonds in the methacrylate functional groups [55, 150], bonding with the filler by 

forming oxane bonds and with itself via siloxane bonds [55]. This chemistry works well when 

used with a silica/quartz substrate as alcoxy groups may react with the hydroxyl groups of the 

substrate. However, adhesion to non-silica based filler materials such as zirconia is not 

satisfactory. Currently, tribological silica coating techniques are used to form a silica layer 

covering the surface of the filler particle. This provides a substrate to which the silane coupling 

agent can react chemically to form an oxane bond [55]. More recently, phosphate esters have 

been used as an alternative to tribological coatings [151-153] due to their ability to bond 
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directly to non-silica based filler [154-156] in addition to increased hydrolytic stability in 

comparison to conventional organosilanes [156].  
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Figure 1.6. Generic structures of functional organosilanes. 
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Figure 1.7. Chemical structure of (3-Mercaptopropyl)trimethoxysilane (MPTMS). 
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1.3 Photo-polymerisation Kinetics 

The process of photo-polymerisation can be simplistically described as being comprised 

of three distinct kinetic phases; initiation, propagation and termination. Although these 

processes are statistically sequential, their short reaction time means that they will occur in a 

quasi-simultaneous fashion i.e. they will co-exist. This results in complex reaction kinetics 

which are highly susceptible to both resin formulation [35] and polymerisation rate [18] which 

ultimately govern system mobility. The process beings with the absorption of an impinging 

photon by a photo-initiator, as described in section 1.2.3 for the relevant photo-initiator, to 

produce primary radical species (equation 1.1). 

𝐼 + ℎ𝜈 → 2𝑅 • 

Here, I represents the initiator species, h is Planck’s constant, ν is the frequency of the 

impinging photon and R• denotes primary radical species. The initiation phase is characterised 

by the production of radicals and the subsequent opening of vinyl double bonds of the unreacted 

monomers (equation 1.2). Specifically for di-methacrylate monomers, the radical attacks the 

double covalently bonded carbon-carbon bond connecting the methylene to the methacrylate 

functional end group [157]. The incoming radical replaces the existing pi bond by pairing with 

its electron to form a more stable configuration with the carbon atom. This leaves the remaining 

sigma bond intact whilst the remaining electron returns to the other carbon [158]. This is the 

conversion of a double to single covalently bonded carbon, transforming the molecule into a 

reactive radical. The end of this macro-radical contains a pendant electron which is known as a 

growth centre and becomes the point of addition for further monomers [159].  

𝑅 • +𝑀 → 𝑃1 • 

It is this conversion process which defines the growth of subsequent polymer chains, termed the 

propagation phase. The opening of double vinyl bonds is an essential mechanism which is 

repeated throughout the system to achieve chain growth. The forming polymer can grow 

(1.1) 

(1.2) 
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linearly via the addition of individual monomers but may also achieve a three dimensional 

structure by reacting with another polymer chain, creating a cross link (Figure 1.8). 

The beginning of the polymerisation reaction is defined by the reaction kinetics of radicals and 

macro-radicals. Initially, conversion and cross-linking levels are low such that the concentration 

of free radicals is approximately constant i.e. there is equilibrium between the production and 

termination of radicals . However, this condition is only true when conversion does not exceed 

approximately 10 % [160].). The relatively low initial viscosity allows for free radicals to react 

with each other to form a stable covalent link through bimolecular termination reactions which 

reduces their numbers and prevents the rapid onset of new growth centres. However, this 

condition is chemically controlled and therefore is only valid for a very low degree of 

conversion (~10%) [160]. As the propagation phase continues the DC and extent of cross-

linkage inevitably increases, with the resultant polymer chains becoming sufficiently long to 

demonstrate flexibility to rotate and twist [157] which increases their efficacy to form cross-

links. To a lesser extent this also allows for the polymer chains to loop back on to themselves 

(primary cyclisation) [159] although this only increases the system viscosity and does not 

contribute towards any desirable network properties e.g. strength and rigidity [159]. The 

gelation point is defined by the limitation of the free flow of macro-radicals relative to the 

connected structures. Thus, the diffusivity of the macro-radicals is lower as the activation 

Figure 1.8. A simplified schematic showing the formation of cross-links between neighbouring 

polymer chains to form a three dimensional structure. 
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energy required for diffusion is higher i.e. termination becomes diffusion limited. Ultimately, 

this imposes mobility restrictions on radicals located on large growing polymer chains, although 

small monomer molecules and radicals may still diffuse through the network to proliferate new 

growth centres [161]. The free radical concentration increases and as a consequence the rate of 

polymerisation also increases, called auto-acceleration [162, 163] . This correlates to a rapid 

DC through linear growth and cross-linking to form a semi-infinite network. Inevitably, as the 

degree of conversion reaches a critical limit and the viscosity continues to increase, diffusion 

for even single monomers will become extremely difficult. Consequently, the system will go 

through auto-deceleration – a rapid decrease in the polymerisation rate [22]. This coincides 

with a second change of state, from rubber to glass called vitrification. For vitrification to occur, 

the reaction temperature of the system must match the glass transition temperature whilst 

simultaneously minimising the free volume between linked polymer chains for molecular 

motions. This represents an inhibition of diffusion and limits the system reactivity plateaus such 

that 100% conversion is impossible [164]. Vitrification of the polymer network consequently 

limits the degree of conversion of typical resins to approximately 75% with a few exceptions 

achieving only 55% conversion [52, 165-168], with 90 to 95% of the total conversion achieved 

at this point. It is common however, for additional conversion to take place for several weeks 

after in the absence of irradiation in what is known as post-cure [18]. The phase change plays an 

important role in trapping radicals (monomolecular termination) within the polymer network 

[169], although this is not a permanent form of termination. The trapped radicals remain active 

and variation in external conditions (temperature change, swelling), common in oral 

environments, confer additional mobility and therefore allow for continued polymerisation 

[170-172]. Other active species such as unreacted free monomers, pendent double bonds and 

traces of photo-initiator remain isolated within the vitrified network which will impact on final 

bio/mechanical properties. The degree of conversion and the rate of polymerisation are highly 

susceptible to photo-polymerisation variables, such as the light intensity and the irradiation time 

used and these factors can significantly impact on mechanical properties and the clinical 

performance of the RBC filling [173]. 
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1.4 Origins of Polymerisation Shrinkage 

Polymerisation shrinkage is the most significant constraint associated with dental 

resins, impacting on the degree of conversion, mechanical strength and ultimately the clinical 

lifetime of the restoration [174-176]. Shrinkage is an intrinsic consequence of the 

polymerisation process and expresses itself in two forms throughout the reaction, both 

originating from a reduction in the free volume [157]. The free volume can be visualised as the 

interstitial space between neighbouring monomers and forming polymer chains i.e. the 

difference between the bulk volume of the liquid and the actual total volume of the molecules 

[157]. At the beginning of the polymerisation reaction each individual monomer has its own 

thermal motions which allow it to sweep out an effective volume much larger than its own 

(Figure 1.8).  

(a) 

(b) 

Figure 1.9.  The thermal motions of (a) individual monomers as represented by a Leonard-

Jones sphere and (b) a forming polymer chain. Polymerisation reduces the available free 

volume [28].
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Unbound, the monomers have a large degree of rotational and translational freedom (Figure 1.9, 

a), which can be ascribed to the ratio of thermal energy to molecular mass. However, as 

polymerisation advances and the monomers join to form polymer chains, the subsequent 

motions of these chains become constrained [177]. Specifically, the effective volume for most 

of the chain is restricted to being swept out over an angle of 2π perpendicular to the axis of 

chain propagation. Between successive monomer additions there is continually a monomer 

residue (a mer) at the end of the chain i.e. it is unattached at the furthest end [157]. This mer has 

a reduced effective volume compared to a free monomer, but is still free to sweep out in a 

conical ‘thrashing circle’ (Figure 1.9, b). Hence, for each successive bond formed the effective 

free volume is reduced relative to that of the initial monomer phase of the resin. Additionally, 

for each bond that is formed the exchange of double to single covalent bonds alters the inter-

atomic bond distance between monomers (deviating from the initial van der Waals interaction 

distance  to 1.54 Å) [178], growing the forming polymer chain and increasing the length per 

unit of addition and further reducing the free volume. This effect is compounded by the 

formation of cross-links which increase the density of single covalent bonds and hence chain 

length [157].  Therefore, the progression of polymerisation shrinkage is linked with the degree 

of conversion. Achieving a critical level of cure will inevitably lead to volumetric shrinkage and 

subsequent contractive stresses [174]. 
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1.5 Determinants of Polymer Formation 

1.5.1 Effects of Monomer Structure on Polymer Formation 

It is known that the molecular weight of a dimethacrylate monomer impacts on the terminal 

degree of conversion and polymerisation shrinkage. A lower molecular weight monomer, for 

equivalent weight fractions, will have a greater concentration of methacrylate functional end 

groups containing polymerisable double bonds in comparison to a larger monomer. Homo-

polymerisations of Bis-GMA and an ethylene glycol derivative diluent such as TEGDMA 

demonstrate terminal conversion values of approximately 30 % and 70 % respectively. 

However the polymerisation kinetics of monomer homo and co-monomer polymerisations are 

more complex and are affected by monomer structure and functionality. Cook et al [44] used 

dimethacrylate ethoxylated derivatives of Bisphenol A incorporating increasing units of 

ethylene glycol situated between the central aromatic phenol groups and the methacrylate 

functional end groups to alter monomer flexibility and correlate this to terminal conversion. It 

was shown that greater spacer group flexibility conferred increased terminal conversion. 

However, conversion values from Bis-GMA homo-polymerisations did not follow this 

behaviour. This deviation was attributed to the presence of hydroxyl groups that form strong 

hydrogen bonds which impair mobility of the monomer in the forming network [179], which 

decreases as a function of monomer to polymer conversion.  Strong hydrogen bonds are also 

reported to impact on the polymerisation kinetics of Bis-GMA [35, 179]. It has been 

demonstrated that the reduction in monomer mobility promotes rapid onset of diffusion 

controlled propagation and advances reaction diffusion termination pathways. This drives 

earlier auto-acceleration through at low conversions ~ 6% [35, 180, 181]. Conversely, Lovell et 

al reported that for ethylene glycol diluent derivatives, the flexible aliphatic structure and the 

inability to form hydrogen bonds affords greater monomer mobility and extends the time 

available for segmental motions of macro radicals which delays the onset of auto-acceleration 

[180]. This allows a TEGDMA homo-polymerisation to reach a greater value of terminal 
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conversion in comparison to hydroxylated monomers. Despite the delay in auto-acceleration, 

both Bis-GMA and TEGDMA display similar peak polymerisation rates when polymerised 

under identical conditions.  

Monomer chemical structure and the relative proportion of diluent have been shown to 

influence polymer network architecture. Molecular simulations by Cook and Bowman [159] 

demonstrated that increasing the content of diluent raises the likelihood of microgel formation. 

TEGDMA has a greater potential for primary and secondary cyclisation due to its flexible 

aliphatic backbone and ether linkages [182] which act as hydrogen bond acceptors. By 

comparison, the rotationally restricted phenol groups at the centre of Bis-GMA forbid the 

formation of intra-molecular hydrogen bonds [159].  Although cyclisation contributes to 

monomer to polymer conversion, it increases the rotational mobility of cross-links and reactive 

pendent groups occupying more free volume, producing regions of heterogeneity [183, 184] 

within the polymer network and lowering the packing density of the polymer i.e. reducing the 

amount of volumetric shrinkage [185, 186]. However, modifications to free volume via 

cyclisation in systems incorporating a high proportion of TEGDMA do not necessarily offset 

increased volumetric shrinkage conferred by greater conversion ascribe to a greater 

concentration of polymerizable functional groups. Conversely, it is reported that the planar 

structure of Bis-GMA promotes pi – pi stacking [186] of the aromatic groups which affords 

more efficient packing. 
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1.5.2 Effects of Light Curing Protocols on Polymer Formation 

A prerequisite for the photo-polymerisation of RBCs is that the emission spectrum of the light 

curing unit has a high degree of overlap with the absorption spectra of the photo-initiator 

species. Ikemura et al [139] investigated the degree of conversion of CQ and TPO initiated 

RBC systems for a fixed curing regime with a halogen LCU. The emission spectra of halogen 

units cover the visible region of 400 – 500 nm corresponding to the absorption region of CQ. It 

was reported that under identical curing regimens, the two systems achieved very similar 

degrees of conversion despite it being acknowledged that TPO is a more efficient photo-

initiator than CQ and achieves greater terminal conversion [140] and maximum polymerisation 

rate [187, 188], typically by an order of magnitude [189] when the emission spectrum of the 

activating light source is appropriately matched. 

Studies have shown that the degree of monomer to polymer conversion of the resin phase of an 

RBC may be approximated from the product of the exposure time to the activating light source 

and the irradiance intensity [190]. Similarly, it is well established that the photo-polymerisation 

rate is proportional to the square root of the light intensity [191], given that more photons per 

second are impinging on the photo-initiator species. It should be noted that the polymerisation 

rate is not influenced solely by the number of interacting photons. Temperature increases 

attributed to either heat from the light source or indeed the exotherm from polymerisation will 

likely increase the mobility of the system [192]. It has been suggested that this effect may delay 

auto-acceleration and lead to an Arrhenius-type reaction dependence, increasing polymerization 

rate and degree of conversion [193]. 

However, several studies have indicated that the evolution and formation of the polymer 

network is highly sensitive to the polymerisation rate and that the dynamics of this formation 

will influence the magnitude and generation rate of internal stresses [194, 195] and 

polymerisation shrinkage [196]. Supporting studies by Lu et al (2004) [197] and Braga et al 

(2002) [174] have shown that greater polymerisation stresses are accrued when polymerisation 
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is accelerated to greater terminal degrees of conversion and that stress relaxation at macroscopic 

length scales is significantly reduced or negligible at these rates. It has been proposed that a 

viscous flow [198, 199] model within the polymer is the most likely mechanism for stress relief 

in these systems.  At lower degrees of conversion, during early polymerisation, primary 

cyclisation and chain growth dominate over cross-linking and slower rates of polymerisation 

allow for more time for the microscopic rearrangement of polymer chains [200] and subsequent 

viscous flow to relieve stresses.  Conversely, at faster rates gelation occurs much earlier and 

time for polymer chain rearrangement is significantly reduced leading to a rigid contraction 

[201]. 

A subsequent combined experimental and theoretical approach to understand the rate dependent 

network formation of a Bis-GMA/TEGDMA model system was reported by Sarkar et al 2017 

[202]. The experimental aspect of this study simultaneously measured the degree of conversion, 

temperature change, and observed deformation of a Bis-GMA/TEGDMA system irradiated at 

light intensities of 100, 500 and 2000 mWcm
-2

 and calculated the observed stress during 

polymerization via a cantilever system as well as the relaxation time of the system. It was found 

that the conversion values associated with a relaxation time of 1 s were typically higher for high 

light intensity/fast polymerisation regimes. This research also suggested that increases in the 

relaxation time is delayed by accelerating polymerisation through high light intensity curing, 

which was explained in terms of network clustering. Faster polymerisation may result in greater 

clustering and jamming of growing chains, preventing efficient relaxation and producing a more 

rigid network than would be observed at lower rates. The theoretical approach of this study 

focussed on predicting the global cross-link density and local spatial distribution, using a cubic 

lattice model as described by Camboni et al [203]. Accelerating polymerisation increased the 

density of cross-links, but the cross-links showed significantly greater clustering in comparison 

to low light intensity photo-polymerisation. 

More recently, alternative irradiation modes have been employed to reduce the magnitude of 

polymerisation stresses. Soft start curing protocols involve the initial use of low light intensities 
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before gradually increasing the intensity as polymerisation progresses. This approach is 

proposed to delay the onset of gelation and allow more time for viscous flow, to reduce the 

build-up of stress. The efficacy of this curing regimen with respect to reducing the generation of 

polymerisation stress and shrinkage and the resultant polymer network that is formed is still 

under dispute.  Much research suggests that soft start curing regimes reduce shrinkage stresses 

and volumetric shrinkage through a reduction of the cross-link density [204, 205]. Reduced 

cross-linking in ‘soft – cured’ RBCs has been demonstrated indirectly through ethanol 

degradation studies [206-208], despite equivalent degrees of conversion to continuous intensity 

photo-polymerisation regimes. 
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1.5.3 Exposure Reciprocity 

The concept of exposure reciprocity for photo-chemical reactions was first introduced in the 

field of photography by Bunsen and Roscoe in 1923 [209], where darkening of photographic 

film was a function of the total energy exposure dose. The concept therefore states that a given 

property of a photo-active material is dependent only on the total dose, which is equivalent to 

the product of the exposure time and the intensity of the impinging irradiation, and is 

independent of the values of exposure time and irradiation intensity and is expressed as  

𝐼𝑡 = 𝐶 

where I and t correspond to the irradiation intensity and exposure time respectively, whilst C 

denotes the constant exposure energy dose. This rationale has been applied to photo-activated 

dental RBCs to predict monomer to polymer conversion for different photo-curing regimens 

and from which mechanical properties have been correlated. Currently most light curing 

protocols require 40 seconds or more of specified light wavelength exposure at intensities from 

400 to 800mW/cm
2
 per increment of material (up to 10 increments may be required per filling), 

to achieve the desired conversion of monomer to polymer [15, 16], Recently however, the 

advent of high powered light sources including LEDs and argon ion lasers have promoted rapid 

photo-polymerisation through the combination of higher light intensities and shorter exposures 

to reduce chair side operating times. It is reported that photo-polymerisation may be achieved 

for a RBC with an exposure time of three seconds [16].  Several studies have investigated the 

validity of the exposure reciprocity law to these materials with respect to monomer to polymer 

conversion [210-212] modulus [168], flexural strength and hardness [213] . It has been shown 

that equivalent energy doses may produce very similar terminal degrees of conversion [211, 

214], providing support for a total energy concept. Similarly, studies investigating the 

mechanical properties of RBCs have shown that equivalent fracture toughness [20], flexural 

strength [20], modulus and hardness are obtained for photo-polymerisation regimens with 

varying irradiances but with equal total energy doses.  

(1.3) 
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However, numerous studies report contradicting findings and it is widely reported that 

accelerating polymerisation using high intensity light activation can impact on the tensile 

strength, toughness, hardness and degree of polymerisation shrinkage of these materials [19, 20, 

215]. Peutzfeld and Assmussen demonstrated that greater irradiation intensities for equivalent 

energy doses, i.e. high energy densities illumination conferred reduced degree of conversion 

[23]. Additionally, a study by Musanje and Darvell [216] showed that for commercial 

composites a reciprocal relationship was not observed for most samples with respect to elastic 

modulus and flexural strength. It was suggested that discrepancies in the exposure reciprocity 

law for mechanical properties were influenced by the material composition and curing regimen. 

This is supported by the findings of Dewaele et al [24] who found that a parabolic relationship 

exists between the reaction rate, which had been controlled by different energy densities, and 

DC, volumetric shrinkage, elastic modulus and glass transition temperature. Hence, it is likely 

that material composition and photo-polymerisation variables influence the conditions for 

reciprocity. Work by Hadis et al [217] has suggested that exposure reciprocity is an 

approximation for the behaviour of co-polymerisation and is only valid within certain boundary 

conditions with respect to system viscosity, irradiance and photo-initiator chemistry and that 

exceeding these limits may lead to a saturation point for certain material properties [212]. It has 

been shown that exposure reciprocity is only observed for monomer to polymer conversion 

when the resin viscosity is relatively high. Conversely, at lower viscosities as the resin becomes 

more fluid, equivalent conversion was not seen when the energy dose was conserved. This was 

attributed to a higher system mobility at lower viscosities which affords greater bimolecular 

termination during an earlier point in polymerisation. Consequently, fewer radical growth 

centres are generated and conversion is reduced in comparison to a lower intensity, longer 

exposure time curing regime with an equivalent total energy dose. 

Investigations have also shown that exposure reciprocity only exists within certain ranges for 

irradiance intensity and exposure time.  High intensity irradiance coupled with relatively short 

exposure times have been shown to confer reduced conversion, flexural strength and modulus in 
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comparison to longer exposure times with lower irradiances. This effect has been explained 

through radical entrapment [218], polymer chain length and cross-link density. It has been 

suggested that at lower irradiances,  a greater proportion of radicals are trapped within the 

network as opposed to undergoing bimolecular termination at higher irradiances, which 

allowing for post cure effects will produce a more converted polymer. More rapid 

polymerisation may also produce a greater number of growing polymer chains, but with a 

reduced chain length, which may explain reduced flexural strength and modulus at higher 

irradiance curing regimens [23]. 

However, it must be acknowledged that the effects of light intensity and exposure times on 

photo-polymerisation kinetics are linked to the properties of the photo-initiator species, 

including the quantum efficiency [136], absorption spectra [141] and molar absorptivity [19]. 

At high irradiances, photo-initiators with a low molar absorptivity and quantum yield i.e. 

Camphorquinone may display an irradiance threshold, whereby no additional radicals are 

produced for increasing light intensities implying that high irradiance has effectively saturated 

the photo-initiator. Consequently, no additional improvements on reaction rate or terminal 

conversion are seen.   

Even if reciprocity is observed in some properties of the RBC, it is seldom ubiquitous for all 

physico-chemical properties and the expectation for exposure reciprocity to be valid for these 

dental materials may be considered to be unreasonable. Numerical kinetic models [159, 219, 

220] have been used to understand photo-polymerisation mechanisms for different 

combinations of irradiation intensity and exposure time.  Modelling approaches have shown 

that only first order reaction process will obey exposure reciprocity. Therefore, the same 

number of radicals may be liberated from the primary reaction with photo-initiator species for 

different combinations of irradiance intensity and exposure time however, but secondary 

processes involving the propagation of these free radicals throughout the polymer network are 

non-linear and will not follow exposure reciprocity. Instead, properties including terminal 
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conversion, polymerisation shrinkage and shrinkage rate are dependent on the polymerisation 

rate as a function of the irradiation intensity. 
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1.6 Characterisation Techniques 

This section describes characterisation techniques which are routinely applied to understand the 

structure of dental RBCs as a function of photo-polymerisation variables and suggests 

alternative methods which can provide useful complimentary structural information. 

1.6.1 Fourier Transform Infrared Spectroscopy 

Infrared radiation (IR) describes the portion of the electromagnetic spectrum covering the 

broadband wavelength region from approximately 1-1000 micrometers (1.24 meV). The IR 

region may be considered to be split into three sections; the near-, mid- and far- IR with respect 

to the visible part of the spectrum. Several types of excitation may occur when matter is 

perturbed by radiation with wavelengths corresponding to this region including molecular 

vibrations which are induced in the chemical bonds. Covalent chemical bonds may be treated 

simplistically as harmonic oscillators when perturbed, however these vibrational modes occur 

only if excitation induces a dynamical dipole moment. This selection rule is obtained from 

Fermi’s Golden rule to give the transition rate as; 

𝑅𝑖→𝑓 =
2𝜋

ℏ
|< 𝑓0|𝐻′|𝑖0 >|2𝛿(𝐸𝑓

0 −  𝐸𝑖
0 − ℏ𝜔)

Here, Ri→f is the transition rate, f0  and i
0

 are the unperturbed initial and final states, H
’
 is the

interaction Hamiltonian, Ef  and Ei  are the final and initial energies for the f0  and i0 states and ℏ 

is the reduced Planck’s constant. The oscillator or bond will therefore only absorb photons 

whose frequency matches the resonant frequency of a given vibrational mode. Vibrational 

modes include bond stretching, scissoring, rocking, wagging and twisting and absorption at 

specific vibrational frequencies can be used to identify functional groups within a molecule. 

The modern application of IR spectroscopic techniques is Fourier Transform Infra-red 

spectroscopy (FTIR). In practice this equipment uses a collimated white light source which is 

directed into a Michelson interferometer. The light is split into perpendicular directions towards 

(1.4) 
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either a fixed mirror or a moving mirror, which is then reflected back to the beam splitter. 

Ideally, half of this light is transmitted and half is reflected at the beam splitter, resulting in one 

beam passing to the detector and the second back to the source. The position of the moving 

mirror is varied to introduce optical path differences with respect to wave interference. Hence, 

when the two mirrors are equidistance from the beam splitter the path difference in zero and all 

wavelengths are in phase. This produces strong constructive interference and a maxima in the 

light intensity as a function of the optical path difference, known as an interferogram. As the 

mirror position is altered the optical path difference also changes the intensity of the light 

varies. Each individual spectral component contributes to this signal a single sinusoid with a 

frequency inversely proportional to its wavelength. The use of white light allows for the 

simultaneous measurement of all vibrational modes in the sample, producing a complex 

interferogram form. The interferogram is therefore Fourier transformed to obtain spectral 

information in the frequency domain i.e. wavenumber. 

Within the context of dental RBCs, FTIR is routinely used to quantify the degree of monomer 

to polymer conversion using the vibrational signal corresponding to the polymerisable aliphatic 

= Ch2 group. Initial measurements utilised the mid-IR region to monitor the decrease in the 

aliphatic carbon carbon double bond located at 1637 cm
-1

 before and after polymerisation. 

Unfortunately, mid-IR measurements are limited to thin samples, typically 30 µm thickness 

[221], due to high attenuation which is not ideal given that clinically relevant test specimens 

usually have a thickness of 1 mm. Thin samples inevitably lead to small variations in sample 

thickness which will impact on the amplitude of. Internal reference bands are therefore used to 

normalise for differences in sample thickness. Aromatic groups are typically used for resin 

blends containing Bis-GMA, located at 1608 and 1583 cm
-1 

for the stretching and twisting 

modes respectively, whilst resin blends containing UDMA use the N-H vibration. It has 

previously been suggested that the carbonyl band may be used for normalisation however, the 

amplitude and position of this peak vary as a function conversion as the bond strength changes 
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[179]. Mid-IR methods may be applied in transmission [222, 223], reflection and absorption 

[12] sample geometries.

More recently near infra-red techniques have been employed to measure conversion in samples 

with thicknesses of clinical relevance This method uses an overtone of the aliphatic stretching 

frequency located at 6170 cm
-1

, which represents the remaining unreacted =C-H group. The 

degree of monomer to polymer conversion is quantified from the decrease in the amplitude or 

integrated amplitude during polymerisation. The NIR method has the advantage of increased 

sensitivity which affords the measurement of thicker samples (up to 10 mm) without the need 

for a reference absorption band as the sample thickness can be standardised more easily at 

thicknesses ~ 1 mm or greater. Additionally, the increased sensitivity allows for time resolved 

studies which can be used to determine curing kinetics, such as auto-acceleration, rate 

maximum and time to reach maximum rates of polymerisation. 
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1.6.2 Alternative Characterisation Techniques 

1.6.2.1 Thermal Characterisation 

The premise of differential scanning heat calorimetry (DSC) is that when a material undergoes a 

phase transition or a second order reorganisation of its structure, there is a corresponding 

change of heat flow either in to or out of the system. In practice this works using two metal 

plates where one acts as a reference whilst the other is in contact with the sample of interest. 

Both plates are heated at a constant rate with equivalent temperatures at each thermal 

increment. Due to the extra flow of heat into the sample, more heat is required to maintain an 

equivalent temperature in the sample plate in comparison to the reference. The difference in 

heat is used calculate the specific heat capacity as a function of temperature. From this the glass 

transition temperature may be identified from changes in the specific heat indicative of changes 

in free volume. With regards to dental RBCs this has been used to quantify differences in Tg as 

a function of monomer chemistry [35], photo-initiator chemistry and photo-curing regimen 

[224]. This application involves measuring heat flow in to the sample but may also be used to 

measure exotherm as well. This is important as polymerisation is an exothermic reaction and 

therefore the degree of polymerisation may be approximated from the heat flow out of the 

system under the assumption that heat produced during the reaction is proportional to the 

number of C=C bonds converted to C-C under isothermal conditions [225].  

Similar thermal characterisation techniques include differential thermal analysis (DTA) and 

themo-mechanical analysis (TMA), from which similar information may be obtained. 

Differential thermal analysis is a related technique to DSC, but instead of relying on differences 

in energy required to maintain the sample and reference at an identical temperature, differences 

in temperature between the sample and reference are used to gain knowledge of the 

microstructure. DTA requires the heating of a test specimen and of a reference material, 

typically Alumina, under identical heating conditions. Differences in temperature between the 

sample and the reference are plotted as a function of temperature and changes of temperature or 
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temperature gradients may represent phase changes or reorganisation of the polymer 

microstructure. Similar information may be obtained from this method as from DSC including 

Tg, DC and Rp [74, 226, 227].Thermal mechanical analysis measures volumetric changes in the 

bulk material as a function of the sample temperature. This allows for the calculation of the 

coefficient of thermal expansion and Tg [228]. Studies have used this technique to also measure 

Tg, whilst some authors have used it to study post-cure shrinkage as a function of time [229] or 

applied heat [230]. The usefulness of this technique towards the study of post cure behaviour as 

a function of time though is limited as heating the resin sample will increase the mobility of any 

trapped radicals within the system, increasing conversion [170, 231] and will likely modify the 

polymer structure. 

1.6.2.2 Physical Characterisation 

Indentation tests are often used to characterise the hardness, or the resistance to permanent 

deformation under a compressive load, for dental RBCs [232-235]. The two main techniques 

are the Vickers and Knoop hardness tests. The techniques use a square and rectangular based 

diamond pyramid respectively, which due to its own hardness is highly resistant to deformation, 

which is pressed into the sample surface. The indentation is observed through a microscope and 

its dimensions are measured to calculate the surface area of the impression. The hardness 

number is calculated from the ratio of force to the surface area of the impression. The two 

techniques are similar although Vickers tests are usually used for thick bulk samples whilst 

Knoop test are often applied to thin films. FTIR is less sensitive to detecting small changes in 

DC [236] but can be evaluated using Vickers or Knoop methods [237] to profile the depth of 

cure [238]. These techniques however are limited by the uncertainty introduced by measuring 

the impression using a microscope. 
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1.6.3 Motivation for Synchrotron X-ray and Neutron Based Techniques 

Infra-red, thermal and physical-mechanical based techniques have played an important role in 

characterising, understanding and developing dental composite materials. However, the field 

has become quite dependent on these methods, particularly the use of FTIR to quantify 

conversion. Complex materials though can seldom, if ever be completely understood at atomic 

length scales using one technique and using the same techniques will only yield similar results. 

X-ray scattering methods are sometimes used to characterise dental RBC materials, to identify 

the presence of amorphous phases [239] whilst structural interpretation of the resin matrix has 

not been explored further. This is surprising as scattering techniques provide structural 

information with atomic resolution.  Lab based techniques do not allow for time resolved 

structural measurements of photo-polymerised polymers due to insufficient flux, but this can be 

easily circumvented by the use of synchrotron X-ray sources to provide a more complete 

understanding of the structure. 

Synchrotron small X-ray and neutron scattering (SAXS and SANS respectively) methods have 

been used extensively over the past 40 years to characterise the structure of polymers under 

static and dynamic conditions [240] for a range of chemistries [241-245]. The structure of 

epoxy resins, which have some similar structural features to common dimethacrylate dental 

polymers, have been widely characterised using X-ray scattering methods [246, 247]  during 

setting. Methacrylate based polymers have also been studied using X-ray and neutrons since the 

1970s [248]. More recently, Peng et al [25] used SAXS to investigate structural transitions of 

methacrylate terminated siloxanes during polymerisation, whilst Genix et al [26] used a 

combination of SAXS and SANS to characterise kinetic changes in the structure of poly(ethyl 

methacrylate) under thermal load to elucidate chain dynamics below and above the glass 

transition temperature. Given that X-ray and neutron scattering are routinely used in the field of 

polymer research, it is surprising that these techniques are seldom applied to the study of 

polymer based dental materials [239] including RBCs. Application of these techniques therefore 

has the potential to provide useful complimentary structural information not available through 
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conventional laboratory based characterisation techniques. In section 1.7 the theory and 

application of X-ray and neutron scattering techniques is outlined with regards to polymeric 

systems with similar structures to dimethacrylates used for the formulation of dental RBCs 

1.7 X-ray and Neutron Scattering Techniques 

1.7.1 Scattering Theory 

1.7.1.1 Scattering Cross-Section 

Prior to the examination of the theory of X-ray scattering (SAXS) by electrons in a solid, it is 

necessary to define the scattering cross-section. For a monochromatic beam of X-rays 

impinging on a sample containing N atoms (to be considered as individual scattering centres), 

the total scattering cross-section is given as [249]; 

𝜎 =  
𝑁𝑠

𝑁𝛷

Where Ns is the number of X-rays scattered per unit time and Φ is the flux of the impinging X-

rays.  In the case of scattering experiments however, it is the differential scattering cross-section 

that is measured describing the scattering of X-rays into a solid angle dΩ per unit time, 

𝑑𝜎

𝑑𝛺
=

𝑁𝑠
′

𝑁𝛷𝑑𝛺
 , 

Here Ns
’
 represents the number of X-rays scattered into a solid angle of dΩ. The scattering

process of X-rays is shown schematically in Figure 1.10. 

(1.5) 

(1.6) 
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1.7.1.2 Ideal Elastic Scattering 

The scattering of either an X-ray photon or a neutron particle may be described by the change in 

the energy and momentum of the system. Consider an impinging X-ray with an initial wave 

vector (ki), angular frequency (ωi) and energy (Ei) interacting with a single point scatterer. Prior 

to the scattering incident the X-rays are coherent and in phase, but are subsequently scattered 

through an angle of 2θ with an outgoing wave vector (kf) and energy (Ef). Each scattering event 

therefore represents an exchange in energy and momentum which can be summarised as;  

ℏ𝜔 = 𝐸0 − 𝐸𝑓 

ℏ𝑸 = ℏ𝒌𝑖 − ℏ𝒌𝑓 

Equations (3.3) and (3.4) represent the transfer of energy and momentum for elastic and 

inelastic scattering events [250]. For the ideal case of elastic scattering, when no energy is lost 

in the interaction between the X-rays and sample, ℏω = 0. Energy may be defined as  

𝐸𝑖 = ℏ 𝑐 |𝒌𝒊| 

Figure 1.10. The scattering of an incident X-ray from a given sample into the solid angle, dΩ in the direction 

of θ per unit time. 

(1.7) 

(1.8) 

(1.9) 
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which dictates that for an elastic scattering event the modulus of the initial and final wavevector 

must be equivalent.  

|𝒌𝒊| =  |𝒌𝒇| =  
2𝜋

𝜆
 

The wave vector transfer Q may be obtained from a vector diagram of the scattering interaction, 

where an incident particle is deflected through an angle of 2θ.  Each side of the isosceles 

triangle has a length of 2𝜋 𝜆⁄ , with the difference between the incident and scattered wave 

vectors being;  

𝒌 =  𝒌𝑖 − 𝒌𝒇 =  𝑸 

 

where Q is the momentum transfer vector. Using a standard vector identity, the magnitude of 

this momentum transfer can be obtained. 

 

|𝑸|

2
= |𝒌𝒊| sin 𝜃 =  

2𝜋

𝜆
sin 𝜃 

 

Substituting the expression for the wave vector k into equation (1.12), Q can be expressed as a 

function of scattering angle and incident wavelength [250];  

 

𝑄 =
4𝜋

𝜆
 sin 𝜃 

or  

𝑑 =
2𝜋

𝑄
 

 

 

(1.11) 

(1.13) 

(1.12) 

(1.10) 

(1.14) 
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1.7.1.3 Scattering from a Group of Atoms 

Figure 1.11 illustrates scattering from two arbitrarily placed atoms, with atom B separated from 

atom A, located at an arbitrary origin O, by a vector distance of r. It can be seen that the 

impinging radiation interacts with atom A first resulting in a phase difference with scattering 

from atom B. If it is assumed that the scattered radiation is measured at a distance R which is 

significantly greater than the atomic separation distance i.e. R >> r, then the phase difference 

between the two outgoing wave vectors is given as,  

𝜑 =  
2𝜋 (𝑐𝑜𝑠𝛼 − 𝑟𝑐𝑜𝑠𝛽)

𝜆

This expression for the phase difference can be put in to terms of momentum wave vector by 

substituting 𝒓 •  𝒌𝑖 =  (2𝜋 𝜆⁄ )𝒓 cos 𝛼 and 𝒓 •  𝒌𝑓 =  (2𝜋 𝜆⁄ )𝒓 cos 𝛽, to give

𝜑 = 𝒓 •  (𝒌𝑖 − 𝒌𝑓) = 𝒓 • 𝑸 

Figure 1.11.  Schematic of scattering from a two atom system. 

(1.15) 

(1.16) 
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For a scattering experiment it is also necessary to obtain the intensity of the scattered X-rays or 

neutrons. The intensity of scattered X-rays is dominated by the electron density of the atomic 

species comprising the material that is being probed. Each electron scatters the incoming beam 

(approximately) as a dipole proportional to the scattering length of the electron defined as;  

𝑏𝑒 =
𝑒2

𝑚𝑒𝑐2

where me is the mass of an electron (9.11 x 10
-31

kg), e the charge of an electron (1.6 x 10
-19

C)

and c is the speed of light (3 x 10
8
 ms

-1
) giving the scattering length for a single electron as be =

0.282 x 10
-4 

Å. When considering the contribution of a whole atom to the scattering signal, the 

scattering length of all the associated electrons must be summed together;  

𝑓(𝑞) = ∫ 𝑏𝑒 𝜌(𝑟)𝑑3𝑟

where 𝜌(𝒓) is the charge distribution within the atom from an arbitrary reference vector. For 

small angles, where θ tends towards zero, the integral reduces to f ≈ beZ where Z is the atomic 

number. Therefore, the amplitude of the scattered wave for a single atom is the sum of these 

individual amplitudes and relative phases which is expressed as;  

𝐴1(𝑞) = 𝛴𝑓(𝑞) 𝑒
𝑖(𝒒•𝒓𝑖𝑗 ) = 𝑎(𝑞)𝑖𝑒𝑖(𝒒•𝒓𝒊𝒋)

Equation 1.30 represents a general form for the amplitude of scattered light and may therefore 

represent either the X-ray form factor (f(Q)) or the neutron scattering length  (b) as applicable. 

For scattering in a system of N atoms, it is necessary to sum the amplitudes over all atoms for 

the respective phases. 

𝐴𝑁(𝑞) =  ∑ 𝑎𝑛

𝑁

𝑛

(𝑄)𝑒𝑖𝒓𝑛•𝑸 

Classically, the intensity is the square of the amplitude, therefore multiplying equation (1.19) by 

its complex conjugate 𝐴(𝑞)∗ will give this value;

(1.19) 

(1.17) 

(1.18) 

(1.20) 
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𝐼𝑁(𝑄) =  
𝑑𝜎(𝑄)

𝑑𝛺
=  𝐴𝑁(𝑄)𝐴𝑁(𝑄)∗ =  ∑ ∑ 𝑎𝑝𝑞𝑝 (𝑄) 𝑎𝑞(𝑄)𝑒𝑖𝒓𝑝𝑞•𝑸

Equations 1.14 and 1.21 can be applied across a range of materials (crystalline, amorphous 

liquid etc.) as the derivation has no dependence on atomic arrangements. 

(1.21) 
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1.7.1.4 Motivation for Using Neutron Scattering 

Synchrotron X-rays are an extremely powerful tool, providing complimentary structural 

information to other conventional techniques at atomic length scales. Excellent signal to noise 

ratio, high q resolution and high flux allow for time resolved measurements of rapidly evolving 

structures. However, X-ray scattering does have some drawbacks when studying highly 

amorphous and in particular highly hydrogenous materials, including dimethacrylates which 

have been studied in this thesis.  The scattering amplitude of an atomic species for impinging 

X-rays is proportional to the atomic number Z of the atom [251] (Figure 1.12.a). Therefore, 

atoms with few or even one electron i.e. hydrogen, have extremely small scattering cross-

sections and therefore do not scatter X-rays well. Therefore, correlations lengths existing 

between two hydrogen atoms or a hydrogen atom and other atomic species are not highlighted. 

This is not ideal, particularly in systems where order is minimal. Neutron scattering provides a 

similar technique but becomes far more powerful when combined with isotopic substitution. 

Neutron scattering lengths vary erratically with atomic species (Figure 1.12.b) but also between 

isotopes [251]. Hydrogen has a large incoherent neutron scattering cross section in comparison 

to the coherent contribution. Consequently, heavily hydrogenated materials produce featureless 

neutron scattering spectra. However, the heavy isotope of hydrogen, deuterium has a larger 

coherent scattering cross section which allows for much stronger scattering. Hydrogen can 

therefore be replaced with deuterium to increase the scattering contrast in the system, whilst 

keeping the chemistry of the molecule mostly intact. This feature allows for specific structures 

in the system to be highlighted, which would otherwise not be observed using X-ray or 

conventional neutron scattering techniques. The main limitations though of neutron scattering is 

that flux is relatively low so time resolved measurements, particularly of structures that change 

in seconds are not possible. Neutron and X-ray scattering are for this reason used in conjunction 

to provide complimentary information at a range of length scales.  This is particularly useful in 

polymer systems as this allows for the selected interrogation of polymer segment and cross-link 

structures. 
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. 

Figure 1.12. (a). X-ray scattering cross-sections are proportional to the atomic number whilst (b) 

neutron scattering cross-sections are erratic.  

(a) 

(b)
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1.8 Neutron Scattering 

Neutron scattering is a related technique to traditional X-ray scattering, although there are some 

important differences between the two methods. X-rays are scattered by electromagnetic 

interactions with electrons, whilst neutrons having no charge only interact with the nucleus of 

an atom, which allows them to penetrate deeper into the sample. Although neutrons are particles 

they demonstrate wave-particle duality under the de Broglie principle and are therefore able to 

undergo scattering and interference effects similar to that of X-rays. For this reason a full 

description of neutron scattering is not given, but an overview of the salient concepts is 

presented. 

Neutrons are scattered by a given atomic nuclei and the strength of this scattering is 

proportional to the scattering length b. For several atomic species including carbon and oxygen, 

this scattering length has real values. This is not ubiquitous for all atoms and there are cases 

such as hydrogen where the scattering length is complex.  The scattering lengths typically 

depend on the component nuclei and the spin state of the nucleus-neutron combined system.  If 

the impinging neutron has a spin of ½, then the combined system may have a spin of I ± ½. 

Nuclei with non-zero spin have two values of the scattering length, b+ and b−. If the nucleus 

has zero spin then the nucleus-neutron system can only have spin ½ and there is only one value 

of b. 

Similar to X-rays, the aim of neutron scattering is to obtain the differential scattering cross 

section. However, for neutrons the differential scattering cross section term includes coherent 

and incoherent contributions. The coherent term originates from correlations between different 

nuclei at different times and from correlations between a single nucleus and itself at different 

times and provides structural information of the sample.  

(
𝑑𝜎

𝑑𝛺
)

𝑐𝑜ℎ
=  

1

𝑁
〈 ∑ 𝒃𝑖𝒃𝑗 𝑒𝒊 𝒓𝒊𝒋 •𝑸

𝑁

𝑖,𝑗=1

〉 (1.22) 
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Here N is the number of atoms, bi is the coherent neutron scattering length for the i
th
 atom and 

rij represents the vector distance between atom i and j. As Q tends to infinity, the differential 

coherent cross-section is determined by the total cross section σcoh:  

(
𝑑𝜎

𝑑𝛺
)

𝑐𝑜ℎ
=  

1

𝑁
 ∑ 𝒃𝑖

2

𝑁

𝑖=1

=  
𝜎𝑐𝑜ℎ

4𝜋
 

The incoherent contribution (σinc) is related to fluctuations of the scattering lengths in the 

sample due to the variation of b+ and b− from the mean, isotope mixing and impurities in the 

sample.  

(
𝑑𝜎

𝑑𝛺
)

𝑖𝑛𝑐
=  

1

4𝜋𝑁
 ∑ 𝜎𝑖𝑛𝑐

𝑖

𝑁

𝑖=1

=  
𝜎𝑖𝑛𝑐

4𝜋
 

 

 

 

 

 

 

 

 

 

 

 

 

(1.23) 

(1.24) 
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1.9 Summary of Key Aims 

This thesis focuses on the application of advanced synchrotron (X-ray and FTIR) and neutron – 

based measurements to test conventional wisdom regarding materials determinants of the 

structure of photo-polymerised biomedical polymers and polymer composites to give a more 

complete understanding of these materials. These techniques enable advanced characterisation 

and valuable insight that is not possible through conventional laboratory based techniques.  This 

thesis can be considered to encompass three aims within the framework of the application of 

these techniques. 

The first and most significant aim is to characterise the polymer structure of experimental resin 

matrices, formulated from clinically relevant monomers, at molecular length scales as a 

function of the polymerisation rate.  This is motivated by reported differences in material 

properties of similarly converted RBCs which were polymerised at different rates. Previous 

studies have so far only explained this in terms of radical lifetime, assumed network 

architecture and most commonly monomer to polymer conversion. However, little is known 

about the impact that polymerisation rate has on the polymer structure itself. Chapter three 

presents the results from time resolved in-situ X-ray scattering used to resolve the evolving 

polymer structure during photo-polymerisation for a range of reaction rates. Additionally, 

chapter four highlights the use of neutron scattering to understand final structural changes at 

cross-linking distances. Chapter five forms a preliminary investigation to understand the effect 

that an external perturbation such as temperature can further modify this structure. 

The second aim is motivated by current limitations of conventional lab based measurements of 

monomer to polymer conversion in more complex systems, those representing clinically 

relevant systems, containing an inorganic filler fraction. Monomer to polymer conversion in 

filled RBCs is routinely quantified using Fourier transform infra-red (FTIR) spectroscopy.  The 

majority of reported FTIR measurements on RBCs have provided ‘bulk’ averages [6] and fail to 

identify any differences in the pattern of monomer to polymer conversion at the microscale due 

to a combination of insufficient spatial resolution and signal to noise ratio. To understand any 
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microscale variability should it exist, is essential as it is the RBC microstructure which dictates 

many of its mechanical properties.  The aim of chapter six is to identify variability in 

conversion at inter-particulate length scales through the use of novel synchrotron FTIR 

microscopy. 

Finally, it is known that polymerisation stresses generated by the volumetric shrinkage of the 

resin matrix transfer stress to the adhered tooth complex. This has been directly demonstrated 

using cuspal deflection methods to measure strain and indirectly indicated through micro-

leakage measurements. However, a deficiency of these techniques is that they are unable to 

spatially resolve strain. The aim of this study, summarised in chapter seven, was for the first 

time to empirically measure stresses within the enamel that had been induced by the 

polymerisation of dental RBCs 
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2 MATERIALS AND METHODS 

2.1 Introduction and Overview 

In this chapter the materials, generic formulation procedures and analytical techniques used 

throughout the body of work are outlined. Methods used to address the specific hypotheses are 

outlined in detail in each experimental chapter.  

2.2 Sample Preparation 

2.2.1 Monomers, Photo-initiators and Filler Particles 

All experimental resin blends presented in this thesis are based on the combination of 

triethylene glycol dimethacrylate (TEGDMA) and bisphenol-A-glycidyl-methacrylate (Bis-

GMA) monomers. Free radical polymerisation of the dimethacrylate monomer blends was 

initiated through the use of photo-initiator species dispersed in the resin matrix as either 

Camphorquinone and its tertiary amine 2-(Dimethylamino)ethyl methacrylate, or Lucirin TPO. 

A variant of this resin matrix was produced via the synthesis of partially deuterated monomers, 

described in Section 2.2.2, whilst composites were produced through the combination of the 

resin matrix with non-silanized monodisperse silica microspheres (ρ = 1.8 g cm
-3

, mean 

diameter = 8.07 µm, refractive index = 1.54). All chemicals and materials were used as received 

and were purchased from the companies listed in Table 2.1. 
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Chemical Name/Material Formula Company 

triethylene glycol dimethacrylate C14H22O6 Sigma Aldrich (Dorset, UK) 

bisphenol-A-glycidyl-methacrylate C29H36O8 Sigma Aldrich (Dorset, UK) 

triethylene glycol C6H14O4 Sigma Aldrich (Dorset, UK) 

triethylamine C6H15N Sigma Aldrich (Dorset, UK) 

methacryloyl chloride C4H5ClO Sigma Aldrich (Dorset, UK) 

sodium sulfate Na2SO4 Sigma Aldrich (Dorset, UK) 

sodium bicarbonate NaHCO3 Sigma Aldrich (Dorset, UK) 

hydroquinone C6H6O2 Sigma Aldrich (Dorset, UK) 

dichloromethane CH2Cl2 POCh (Gliwice, Poland) 

diethyl ether (C2H5)2O POCh (Gliwice, Poland) 

methanol MeOH POCh (Gliwice, Poland) 

chloroform CHCl3 POCh (Gliwice, Poland) 

hydrochloric acid HCl POCh (Gliwice, Poland) 

methacryloyl chloride-d5 C4D5ClO Polymer Source, Inc (Quebec, 

Canada) 

lucirin TPO C22H21O2P Sigma Aldrich (Dorset, UK) 

camphorquinone C10H14O2 Sigma Aldrich (Dorset, UK) 

2-(Dimethylamino)ethyl methacrylate 

silica Microspheres (8 µm diameter) 

C8H15NO2

SiO2 

Sigma Aldrich (Dorset, UK) 

Cospheric (Santa Barbara, CA, 

USA) 

Table 2.1. Chemicals and suppliers used for the production of experimental, dimethacrylate based, 

resin blends. Lot numbers for monomers used in resin formulation are presented in chapter 10, table 

10.1. 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H14O2&sort=mw&sort_dir=asc


79 

2.2.2 Synthesis of Partially Deuterated TEGDMA-d10 

The synthesis of partially deuterated TEGDMA-d10 was conducted in collaboration with Dr 

Majiek Podorski, University of Lublin, Poland. Before the partially deuterated triethylene 

glycol dimethacrylate (TEGDMA-d10) was synthesized, the reaction conditions were optimized 

with the use of undeuterated precursor compounds. The extent of the reaction was monitored by 

means of IR spectroscopy by withdrawing aliquots from the reaction mixture during synthesis. 

Initially, diol (triethylene glycol) (3.5g, 23 mmol) in 80 mL of methylene chloride and 5.2 g (51 

mmol) triethylamine (TEA) were mixed under a nitrogen atmosphere in an ice bath. 

Subsequently, 5.3 g (51 mmol, 10 % excess with respect to the diol) of undeuterated 

methacryloyl chloride in 20 mL of methylene chloride was added dropwise to the mixture 

during 1 h, and the temperature was kept at -5°C. The reaction mixture was allowed to stir for 

two further hours at room temperature, and then was filtrated and treated with a 1 M HCl 

solution (2 x 40 mL), a saturated NaHCO3 solution (2 x 40 mL), and distilled water (1 x 20 mL) 

as detailed in similar synthetic reports [1]. The organic phase was dried with Na2SO4, and the 

solvent was evaporated to obtain a colorless liquid (TEGDMA). 

The TEGDMA-d10 was synthesized according to the above procedure using undeuterated 

triethylene glycol (3g, 20 mmol), deuterated methacryloyl chloride-d5 (5g, 45 mmol), and TEA 

(4.6 g, 45 mmol). Because of the initially low yield (< 20%) the reaction time was extended to 8 

h. The raw product was purified using column chromatography (1 x DCM/MeOH, 95/5, v/v,

and 1 x chloroform), and then discolored with the use of activated carbon in diethyl ether. The 

overall yield was 35-40%. The product was stabilized with 100 ppm hydroquinone. The 

reaction process is summarized in Figure 2.1. 
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The 
1
H NMR (δ) spectrum of the TEGDMA-d10 showed characteristic signals for ethylene

protons at δ = 4.31 (4H), 3.74 (4H), and 3.62 (4H) ppm. Residual peaks of the undeuterated 

methacrylate moiety were detected (all < 5%) at δ = 1.98 (3H), 5.61 (1H) and 6.12 (1H) ppm. 

FTIR spectra showed peaks at (cm
-1

): 3010-2775 (CHaliphatic), 1715 (CO), 1647 (residue =CH2),

1595 (=CD2), 1500-775 (CHaliphatic), 1068 (CD), 745 (residue DCM). No alcohol or chloride IR 

peaks were detected after purification (Figure 2.2). 

(a) 

Figure 2.1. (a) Deuterated methacrylic acid combined with phosphorus trichloride in preparation for 

combining with triethylene glycol. (b) Combining deuterated methcroyl chloride with hydrogenated 

triethylene glycol to yield a partially deuterated TEGDMA monomer with 45.5% deuteration by 

molecular weight of the original hydrogen atoms. 

(b)



81 

Figure 2.2. FTIR spectra for deuterated undeuterated variants of the TEGDMA monomer.  Spectra for the 

d-TEGDMA at specific steps of purification are also shown and are offset in the absorbance axis for clarity.
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2.2.3 Preparation of Dimethacrylate Resin Blends 

Dimethacrylate monomers, bisphenol-A-glycidyl-methacrylate (Bis-GMA and 

triethyleneglycol-dimethacrylate (TEGDMA) were proportioned in 70/30, 60/40, 50/50 and 

40/60 (Bis-GMA/TEGDMA) weight percentage (wt. %) ratios and combined to produce 10 g 

mixes. Fresh resin blends were mixed prior to individual experiments. The viscosity of the 

blend increases with the proportion of Bis-GMA. The monomer blends were combined with a 

photo-initiator as either 0.2 wt% Camphorquinone (CQ) with 0.8 wt% of its tertiary amine N,N-

dimethylaminoethyl-methacrylate (DMAEMA) or 1 wt% of the type 1 photo-initiator, Lucirin-

TPO, which does not require a co-initiator. The proportioned monomers and photo-initiators 

were homogenised in a glass beaker using a magnetic stirrer at 50 ± 1°C for 30 min in dark 

conditions. Deuterated counterparts were produced by similar methods but were stirred by hand 

due to a limited amount of sample. The resultant resins were stored in dark conditions in sealed 

containers at 4 ± 1°C prior to further use.  
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2.2.4 Preparation of Filled Dimethacrylate Resin Blends 

Non-silanized, 8 µm (diameter) silica microspheres (refractive index = 1.54) were added to 

70/30 and 60/40 (Bis-GMA/TEGDMA) wt% resin blends in either 50/50 or 40/60 wt% ratios 

and mixed to form composites. The filler fraction was incorporated into the resin blend using a 

high speed mixing machine (SpeedMixer™ DAC 150.1 FVZ-K, Synergy Devices Limited, 

Buckinghamshire, UK) at 1000 rpm for 5 min. The compositions of the filled resin blends are 

summarised in Table 2.2, where higher filler fractions (40/60 wt%) are referenced as HF. 

Bis-GMA 

(wt%) 

TEGDMA 

(wt%) 

Photo-initiator Resin/filler (wt%) Sample Code 

70 30 CQ 50/50 70/30 CQ 

70 30 TPO 50/50 70/30 TPO 

60 40 CQ 50/50 60/40 CQ 

60 40 TPO 50/50 60/40 TPO 

60 40 CQ 40/60 60/40 CQ HF 

60 40 TPO 40/60 60/40 TPO HF 

Table 2.2. Weight percentage (wt%) mixing ratios of Bis-GMA and TEGDMA monomers used to 

formulate each resin blend. Each mixing ratio was combined with a photo-initiator as either 0.2 wt% 

Camphorquinone (CQ) with 0.8 wt% of its tertiary amine N,N-dimethylaminoethyl-methacrylate 

(DMAEMA) or 1 wt% Lucirin-TPO photo-initiator. Silica filler particles were added in high (HF) 

(40/60) and low (50/50) loadings. 
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2.3 Light Curing Units 

Two different light engines were used to photo-polymerise resin blends in this work. An 

externally controllable light engine was used for all in-situ photo-polymerization of test 

specimens whilst undertaking simultaneous X-ray scattering on a synchrotron beam line. For 

laboratory based fabrication of pre-cured samples for neutron scattering and ‘off-line’ FTIR 

measurements, the light engine or a calibrated dental photo-curing unit was used. 

2.3.1 Lumencor AURA Light Engine – External Polymerisation 

Resin blends were photo-polymerised in-situ on several X-ray scattering synchrotron beam 

lines using a multi-channel solid state light engine (Lumencor Aura 3 LCR, serial no. 1321, 

Oregon, USA) which was controlled through Lumencor software [2]. A 5 mm liquid light guide 

(part no. 10-10256) was connected to the light engine to direct light towards liquid resin 

samples. For the TPO initiated resins, the light engine was programmed to emit a peak emission 

spectrum at 405 nm (FWHM = 20 nm) using a blue filter channel, whilst for CQ based systems 

a spectral emission maximum located at 465 nm (FWHM = 16 nm) was employed via the cyan 

colour channel. The wavelengths of light were chosen to match the maxima in the absorption 

spectra of the Lucirin TPO and camphorquinone photo-initiators centred at 381 nm and 470 nm 

respectively. The irradiance for the blue and cyan channels are shown in Figure 2.3 as a 

function of the wavelength of the light engine at increasing power output, defined as the 

percentage of the maximum output for a given channel. Spectra were collected at increasing 

power outputs using a UV/visible spectrometer positioned normal to and 10 mm from the tip of 

the light guide. Calibration plots were obtained for each colour channel by plotting the 

integrated emission intensities as a function of the corresponding percentage power output 

which was fit with a linear regression model (Figure 2.4). Light was toggled on and off 

externally using a TTL pulse command which was incorporated in to control scripts to automate 

illumination simultaneously to X-ray measurements and to timestamp data files. 
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Figure 2.3. Peak emission irradiance as a function of increasing percentage power output from the 

light engine for the (Top) blue and (bottom) cyan colour channels. 
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Figure 2.4. Calibration curves to obtain the integrated irradiance of the light engine as a function of the 

percentage power output for the (top) blue and (bottom) cyan colour channels. Error bars represent the 

standard deviation for three repeat measurements of the irradiance. 
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2.3.2 EMS Swiss Master Light Curing Unit 

Laboratory based photo-polymerisation of resins was performed using an EMS Swiss master 

light curing unit (EMS OPTIDENT, electro medical systems, Nyon, Switzerland). The curing 

unit is a water cooled device with a halogen light source and an 11 mm diameter tip. The 

spectral range covers 390 – 550 nm with the peak emission located at ~ 490 nm. The device has 

a maximum irradiance of 3000 mWcm
-2

 and the time of illumination can be pre-programmed.  

The device features an internal photo-diode which is used to calibrate the intensity from the 

curing tip. 

2.4 Production of Resin Test Specimens 

2.4.1 In-situ Photo - Polymerisation 

Unfilled resin disc-shaped specimens were produced in-situ on X-ray scattering beam lines by 

filling a 0.9 mm thick stainless steel ring (RS, Northants, UK) with a 10 mm internal diameter, 

sealed on both sides by 25 µm mica windows (Attwater Group, Lancashire, UK), with liquid 

monomer blends (section 2.2.3). Resin filled washers were housed within a brass block annulus 

and mounted in the path of impinging X-rays (Figure 2.5). Test specimens were photo-

polymerised via a liquid light guide (Lumencor, Kent, UK) fixed normal to the resin surface 

and connected to a multichannel light source (Lumencor Aura Light engine, Lumencor, Kent, 

UK) to illuminate the sample. The separation distance between the light guide tip and the 

sample surface was set to either 10 or 15 mm for experiments on the BM28 and I22 beamlines 

respectively due to unavoidable geometrical constraints imposed by the different sample 

environments built in to the beam line set up. For each unique composition, monomer blends 

were photo-polymerised at four different irradiances to introduce a range of polymerisation 

rates, for the respective colour channel corresponding to either TPO or CQ initiated resins, 

controlled by the power output of the light engine (5, 20, 60 and 100% power output) for a total 
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of 300 s. Polymerisation rates for each specific sample geometry are reported in the each data 

chapter. 

 

Figure 2.5. Liquid containment cells used for in-situ polymerisation simultaneous to X-ray scattering 

measurements. Liquid resin is stored inside a metal washer with mica windows, which is fixed into a 

PTFE washer that is housed within a brass annulus. 

30 mm 
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2.4.2 Unfilled Resin Discs – Laboratory 

Unfilled resin disc-shaped specimens were prepared by filling a circular impression in a dental 

polyvinylsiloxane mould (11 mm diameter and 1 mm in depth) with liquid monomer blends 

(Section 2.2.3), and pressed flat with a microscope cover slide to prevent the formation of an 

oxygen inhibition layer. Resins were photo-polymerised using an EMS Swiss master light 

curing unit (EMS OPTIDENT, electro medical systems, Nyon Switzerland) which was placed 

normal to and in contact with the cover slide. For each monomer blend composition, the resin 

was either photo-polymerised at a relatively high (3000 mW cm
-2

 for 6 s) or low (300 mW cm
-2

 

for 60 s) light intensity to introduce extreme rates of polymerisation whilst ensuring matched 

total energy doses. The resultant specimens were stored in dark conditions in sealed containers 

at 4 ± 1 °C prior to further use. A typical resin disc test specimen is shown in Figure 2.6. 

11 mm 

Figure 2.6. An unfilled resin disc test specimen. 
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2.4.3 Filled Resin Discs – Laboratory 
 

For each composition, 0.1 mL of RBC was applied to the surface of a calcium fluoride (CaF2) 

(30 mm x 1 mm: diameter x thickness), UV grade polished window (Crystan, Dorset,UK), and 

gently pressed with a glass microscope cover slide to an approximate thickness of 100 µm. 

Composites were photo-polymerised using an EMS Swiss master light curing unit (EMS 

OPTIDENT, electro medical systems, Nyon Switzerland) which was placed normal to and in 

contact with the cover slide, illuminating the composite for 60 s at an intensity of 300 mWcm
-2

. 

Silicon carbide paper (P4000 roughness, Agar Scientific, Stansted, Essex, UK) was used to 

polish polymerised composites to a thin layer, approximately 10 µm thick (measured with a 

digital micrometer) to only a single layer of filler particles, suitable for mid infra-red mapping. 

The resultant thin composite samples were stored in dark conditions in sealed containers at 4 ± 

1 °C prior to further use.  
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2.5 Characterisation 

 

Fourier Transform Infrared Spectroscopy 

2.5.1 Mid FTIR – Laboratory 

 

The degree of monomer to polymer conversion (DC) was quantified before and after photo-

polymerisation using Fourier Transform Mid-Infrared Spectroscopy (FT-MIR). Static 

measurements were made using a Nicolet 6700 spectrometer (Thermo Scientific, Warrington, 

UK), operating in attenuated total reflectance (ATR) mode utilising a diamond crystal sample 

mount through which the sample made contact with the evanescent wave. Liquids were 

deposited directly on to the ATR crystal whilst pre-cured resin disc specimens (Section 2.2.3) 

were held in contact with the diamond crystal by a turn screw to allow the evanescent wave to 

penetrate the sample.  Spectra were collected using a white light source and an InGaAs detector 

over a spectral range of 850 to 4000 cm
-1 

with a 2 cm
-1

 spectral resolution. Final spectra were 

the sum of thirty two scans. Following a baseline correction, the aliphatic (1637 cm
-1

) and 

aromatic (1608 cm
-1

) absorption peaks were fitted with a Voigt model to determine the peak 

intensity. The degree of conversion was calculated from the change in the peak intensity of the 

aliphatic absorption band prior to and following photo-polymerisation as demonstrated in 

equation (2.1), 

𝐷𝐶 = (1 − (
(1637 𝑐𝑚−1 1608 𝑐𝑚−1⁄ )𝑝

(1637 𝑐𝑚−1 1608 𝑐𝑚−1⁄ )𝑚)) × 100 

where m and p denote the absorption peaks in the monomer and polymer forms respectively. All 

aliphatic intensity measurements were normalised to the aromatic absorption peak, which is 

invariant with respect to polymerisation, to correct for variations in sample thickness. 

 

 

(2.1) 



92 
 

2.5.2 Near FTIR  

 

Dynamic measurements of monomer conversion and polymerisation rate were performed using 

laboratory based Fourier Transform Near Infrared Spectroscopy (FT-NIR). Near IR methods 

were used as mid-IR transmission techniques necessitates a thin transmission path which would 

provide insufficient X-ray scattering for kinetic measurements. Sample containment of liquid 

monomer blends was reproduced according to Section 2.4.1, whilst identical sample 

geometries, positioning and irradiance protocols as those used for X-ray scattering experiments 

at the BM28 and I22 beam lines respectively were applied. Optical (emitting and receiving) 

fibres (0.6 mm core diameter) (Helma Analytics, Essex, UK) were placed either side of the 

resin test specimen, which was mounted horizontally on a steel ring platform, at a 45° incline 

relative to the sample face and connected to a Nicolet 6700 spectrometer (Thermo Scientific, 

Warrington, UK) (Figure 2.7). Spectra were collected in transmission mode using a white light 

source and an InGaAs detector over a spectral range of 4000 to 10000 cm
-1 

(2 cm
-1

 spectral 

resolution) for >360 s with an integration time of 0.1 s. Data acquisition was collected 1 s prior 

to the initiation and subsequent photo-polymerisation of test specimens using the Lumencor 

light engine. The degree of conversion was calculated from the decrease in intensity of the 

aliphatic =CH2 IR absorption band (6164 cm
-1

), located within the methacrylate functional end 

groups of the Bis-GMA and TEGDMA monomers, 

𝐷𝐶 = (1 − (
=𝐶𝐻2

𝑝

=𝐶𝐻2
𝑚)) × 100                  (2.2) 

where =CH2 
m 

refers to the peak intensity of the band prior to polymerisation (in the monomer 

state) whilst =CH2 
p
 corresponds to the peak intensity for the i

th 
measurement. Additional 

spectral profiles were taken of the empty cell, mica windows and of the liquid monomer prior to 

illumination to correct for background subtraction and intensity normalisation. Data were 

baseline corrected using Omnic software (version 8.0, www.ThermoScientific.com). 
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Measurements were repeated three times to calculate averages for the degree of conversion and 

polymerisation rate. The experimental set up is shown in Figure 2.7. 

2.5.3 Density Measurements 

For density measurements, pre-cured resin samples were prepared and photo-polymerised in a 

disc geometry at either relatively fast or slow polymerisation rates as described in Section 2.4.2. 

Sample density was determined via a helium gas pycnometer (Quantachrome ULTRAPYC 

1200e, Hartley Whitney, England). The volumes of the sample (Vc) and reference (Vr) cells 

prior to the insertion of the resin disc were calibrated using a 440-C stainless steel sphere with a 

known volume and mass of 1.0725 cm
-3

 and 8.21 g respectively. Disc test specimens were 

measured inside a micro cell chamber (internal diameter = 15 mm, volume = 4.25 cm
3
)

 
where 

Figure 2.7. Experimental setup for laboratory based real time FT-NIR measurements. The resin samples were 

cured for more than 300 s at varying light intensities whilst undertaking FT-NIRS to quantify the degree of 

conversion. 

Optical Fibre 
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Spectrometer 
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one measurement constituted the average of five internal automated measurements. The sample 

volume (Vs) was calculated from the ratio of the initial pressure (P1) in the sample chamber, 

containing the resin disc sample with helium, to the pressure in the combined volume of the 

sample and reference chambers after being filled with helium (P2), 

𝑉𝑠 = 𝑉𝑐 +  
𝑉𝑟

1 −  
𝑃1
𝑃2

 

The density was measured five times per disc (with each measurement consisting of five 

internal measurements) for three disc specimens and these values were used to calculate an 

average density for a specific blend and polymerisation regimen. 

 

 

 

 

 

 

 

 

 

 

 

(2.3) 
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2.6 Production of X-rays from a Synchrotron Source 

X-ray scattering results/data presented in this thesis were collected at the European Synchrotron 

Radiation Facility (ESRF, Grenoble, France) [3] and the Diamond Light Source (DLS, Didcot, 

UK) [4]. Synchrotrons rely on the principle that an electron accelerated to relativistic velocities 

will emit Bremsstrahlung radiation when forced into a circular path by magnetic fields. The 

operation of these synchrotron facilities is outlined in detail in the following section. 

2.6.1 Production of X-rays at the European Synchrotron Radiation Facility 

(ESRF) 

A 100 KeV triode gun injects electrons into a LINAC where they are accelerated to 200 MeV 

[5]. The electrons are then transferred into a small (300 m circumference) [5] internal ‘booster’ 

ring which precedes the main synchrotron storage ring. This booster ring is typically only active 

for a few minutes a day but serves to accelerate the electrons to ~ 6 GeV [6] before filling the 

main storage ring. The booster ring transfers bunches of electrons every 50 ms to the storage 

ring during beam refills, which occurs twice a day. The main storage ring is a 268 m diameter 

tube held under vacuum to reduce air scattering. Within the ring the electron bunches are 

maintained at a working energy of 6 GeV [5], circulating at a revolution frequency of 355 kHz. 

The storage ring consists of 32 straight and 32 curved [7] sections in alternating order with each 

section containing magnets designed for specific purposes. The curved sections serve to confine 

the electron beam to an orbital flight path and consist of focussing magnets and bending 

magnets placed in a sequential array. The focussing elements are a series of alternating 

quadrupoles and sextupole [8] magnets which confine the beam transversely and correct for 

chromatic aberrations caused by the quadrupoles respectively. Bending magnets with a field 

strength of 0.4 T, curve the electrons flight path and consequently induces the emittance of a fan 

of X-rays tangentially to the plane of the electron beam [8]. The straight sections of the storage 

ring similarly contain focussing magnets but also incorporate insertion devices (IDs) to increase 
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the brilliance of X-rays relative to a bending magnet. Insertion devices come in two varieties – 

the wiggler and the undulator, both having similar designs and operation. Insertion devices are 

characterised by an alternating linear sequence of high field dipole magnets. Each dipole 

effectively behaves as a bending magnet but with a much smaller radius of curvature such that 

emitted X-rays propagate in the plane parallel to the line of dipoles. This creates a 

multiplicative effect in the intensity of the emitted X-rays, with the light from each dipole 

source constructively interfering with that of its neighbour to create a more intense and 

collimated beam in comparison to a conventional bending magnet. The main difference 

between the two types of insertion devices is that undulators have a shorter dipole period. 

Consequently, the radiation generated from an undulator causes sympathetic, resonant 

oscillations in other electrons, producing more coherent light with a narrower energy 

distribution. In comparison, wigglers have a broad energy distribution similar to that of a 

bending magnet but with a greater intensity. The radiation generated from a wiggler scales with 

the number of dipoles in the ID, whilst the radiation intensity scales with the square of the 

number of poles in the undulator. Inevitably as the electrons pass through the bending magnets 

and IDs, emitting X-rays, they lose energy. To compensate, radio-frequency cavities restore any 

loss and maintain the energy close to the nominal 6 GeV. 
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2.6.2 Production of X-rays at the Diamond Light Source 

The Diamond Light Source is a medium energy (3 GeV) [9] synchrotron and has a similar 

design and operation to that of the ESRF. For this reason, this synchrotron will not be described 

in as great detail as for the ESRF. Instead, its salient physical and operational features are 

summarised in Table 2.3. 

ESRF vs Diamond Light Source 

Physical and Operational Features ESRF Diamond Light 

Source 

Triode gun energy (keV) 100 90 

LINAC energy (MeV) 200 100 

Storage ring energy (GeV) 6 3 

Storage ring beam current (mA) 200 300 

Storage ring diameter (m) 

Storage ring revolution frequency (kHz) 

No. straight sections 

No. curved section 

268 

355 

32 

32 

179 

533.8 

24 

24 

Table 2.3. A summary of the operating characteristics for the European synchrotron radiation facility 

compared to those of the smaller Diamond light source synchrotron. 
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Beam lines  

Beam lines used predominantly for X-ray and neutron scattering for structural determination are 

described, whilst other beam lines are described in their respective chapters. 

BM 28 (ESRF) 

A 0.4 T dipole bending magnet (bending magnet no.28, BM28) produces a swath of X-rays, 

from the impinging 6.04 GeV [10] electron beam in the ESRF storage ring, with an energy 

range of 2.4 – 15 keV [11]. The beam line has three operating modes; focussed monochromatic 

beam, unfocussed monochromatic beam and unfocussed polychromatic ‘white’ beam [12]. For 

the purpose of this thesis, operation of the focussed monochromatic beam setup will be 

discussed only.  

The incoming X-rays are collimated by primary slits and a monochromator (Figure 2.8), 

consisting of two channel cut Si (111) crystals [13], which select the working wavelength which 

is typically ~ 0.82 Å for the operation of this beam line. The beam is then focussed in in the 

horizontal and vertical directions by two torroidal mirrors [13] oriented perpendicular to each 

other. The beam enters a 150 mm air free path modular section containing an intensity monitor, 

slits and attenuator foils to measure the beam intensity, reduce scatter and control the beam 

intensity respectively. After exiting this section the beam is collimated to its final dimensions 

Figure 2.8. Optics of the Bm28 (XMaS) beamline [10]. 
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with vacuum tube slits before interacting with the sample. The slits have a maximum aperture 

of 4 mm × 4 mm with a 1 micron resolution. The beam size is typically defined as 0.08 × 0.5 

mm (horizontal × vertical) during operation of BM28. 

Samples are typically mounted normal to the direction of the impinging X-rays, in transmission 

geometry, on a motorised xyz stage (Huber 5012.2M mount) [14]. Translation is performed by 

three separate stepper motors with a 1 µm movement tolerance. The xyz stage sits inside a 

Eulerian cradle, consisting of a goniometer and a detector arm on which to mount a detector for 

wide angle scattering measurements. The scattered X-ray intensity are measured using a 165 

mm diameter charged coupled device (CCD) 2D detector (MAR CCD 165, Rayonix, 

Norderstedt, Germany), either mounted on the detector arm of the cradle or directly behind the 

sample on a separate rail. The detector consists of 2048 × 2048 single fibre optic sensor pixels 

which convert incoming X-rays to photons in the visible region which induces a voltage 

proportional to the incident X-ray count. The detector is segmented into four quadrants each 

with a 4K × 4K resolution, with each pixel binned to a 2 × 2 box size to give pixel dimensions 

of 80 µm × 80 µm. The temporal resolution for data acquisition is 1 s in addition to a 4 s 

readout time. In a WAXS geometry with a small sample to detector distance, the detector can 

cover a 2θ region of approximately 5 – 50°. The beamline is not optimised for true SAXS 

measurements given its relatively small flight path post sample and large beam stops and can 

therefore achieve measurements in q as low as 0.05 Å
-1

. 
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I16 (DLS) 

X-ray photons are extracted from the Diamond storage ring by insertion device (I) 16 [15], 

which is a 2 m undulator with a 27 mm dipole period held under vacuum, providing an energy 

range of 3.5 – 15 keV. The white beam passes through a gas bremsstrahlung collimator before 

entering a monochromator array, consisting of a pair of Si (111) channel cut crystals to select 

the beam wavelength. The beam is then focussed vertically and horizontally by a torroidal and 

flat plate mirror [16] placed in series respectively to a beam width of 290 µm. A further series 

of slits and attenuator foils are used to control the beam size and intensity depending on the test 

specimen composition. An ionization chamber is located before the last beam slit to monitor the 

intensity of the impinging beam, whilst slits define a beam size of 30 µm (vertical) × 200 µm 

(horizontal) for typical beam operation. The optical beam line arrangement prior to the sample 

is shown schematically in Figure 2.9. 

Figure 2.9. Schematic representation of the I16 beam line optics leading to the diffractometer and 

sample stage (bottom left). The detector arm assembly is displayed in the bottom right, with the vacuum 

tube and Pilatus 100K detector, shown as the mauve and blue coloured regions respectively, attached.  
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Samples are mounted within a six axis kappa diffractometer (Figure 2.9, bottom left image) 

which offers up to 100° rotation about the sample z axis with a 0.1 mrad resolution. For this 

thesis, experiments conducted at I16 used a transmission sample geometry with the sample face 

normal to the direction of the impinging X-rays i.e. rotation of the diffractometer was zero. The 

diffractometer includes a 2θ arm rail onto which a Pilatus 100K [17] photon counting area 

detector is mounted to measure the scattered beam intensity. The detector is a 487 × 195 pixel 

silicon diode array with a pixel size of 172 × 172 µm
2
. It has an energy resolution of 500 eV 

and a readout time of 2.3 ms. The 2θ arm sweeps though angles 0 – 120° at a minimum 

increment of 0.2°. 

I22 (DLS) 

I22 is a small angle X-ray scattering beam line [18] that operates with an undulator insertion 

device held under vacuum (Figure 2.10).  The insertion device provides an initial energy range 

of 3.7 – 20 keV [19], corresponding to a wavelength range of 0.62 – 3.35 Å.  The beam enters 

primary slits before the wavelength is selected via two, liquid nitrogen cooled, Si (111) channel 

cut crystals [19]. The beam is focussed in the horizontal and vertical dimensions by a set of 

torroidal Kirkpatrick-Baez geometry torroidal mirrors and further collimated by a series of slits 

and jaws to produce a 320 µm (horizontal) × 80 µm (vertical) beam at the exit  of the last 

collimator prior to the sample stage [19]. Samples are mounted ~ 1 m from the final slit on a 

precision x-y stage which allows for 0.1 m translation in the plane normal to the direction of the 

impinging X-ray beam. Two dimensional SAXS measurements are made using a silicon pixel 

Pilatus P3-2M area [20] detector positioned 1.9 – 9.9 m from the sample behind an extendable 

helium filled flight tube to reduce air scatter. The detector is composed of 3 × 8 stack of 

individual modules with a total of 1475 × 1679 pixels, a pixel size of 172 × 172 µm
2
and a 

readout time of 0.95 ms. One dimensional WAXS measurements are performed by an in-house 

modified L shaped Pilatus P3-2M [21] (termed Pilatus P3-2M DLS – L) mounted in a fixed 
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position 0.17 m from the sample stage [19]. The modified detector has identical pixel and 

readout capabilities to the standard Pilatus P3–2M detector model. The combination of the 

SAXS and WAXS detectors allows coverage for a d space range of 1- 5000 Å.  

 

Figure 2.10. Schematic of the I22 beamline, X-rays are generated by an undulator source and 

subsequently converted to a monochromatic beam. This beam is focussed by toroidal mirrors (27.73 m) 

and collimated by a series of slits downstream. The scattered X-ray intensity is measured by two 

detectors near and far from the sample to obtain WAXS and SAXS data respectively. 
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2.7 Production of Neutrons 

Neutron scattering data presented in thesis were collected at the Institute Laue Langevin (ILL) 

[22] and the ISIS pulsed neutron source [23]. The operation of these two facilities is described

in detail below. 

2.7.1 Production of Neutrons at the Institute Laue Langevin (ILL) 

The Institute Laue Langevin (ILL) is a high flux nuclear reactor which uses the fission of 
235

U 

to produce a constant flux of neutrons. The ILL reactor consists of a 10 kg element fuel rod of 

highly enriched (97 %) Uranium-235 [24]. The core has a diameter of 0.4 m and is controlled 

by a single, central control rod. Slow neutrons are initially produced by a (γ, n) reaction from 

Berylium–9 (
9
Be) which coats the Boron control rod. Antimony-124 (

124
Sb) is used as the γ-

emitter, which destabilises the Berylium nucleus to produce a Berylium isotope and a neutron in 

the endothermic reaction shown in equation [25] (2.4) 

γ + 
9
Be→

8
Be + n - 1.66 MeV (2.4) 

Figure 2.11. A slow neutron collides with and is absorbed by a Uranium–235 nuclei to form an 

energetically unstable Uranium-236 nucleus. The new nucleus splits into fission products and releases 

neutrons and gamma rays. 
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The neutrons produced from this reaction are absorbed by Uranium - 235 nuclei in the reactor 

core. This compound nucleus fissions into two new atoms and produces on average 2.5 neutrons 

and releases ~ 180 MeV of energy per fission reaction [25], as shown in Figure 2.11.  

During operation, 63 MW of energy is generated by the core in addition to gamma radiation and 

heat, which is removed by pumping light water (H2O) through the fins of the Uranium fuel 

element. The reactor core is surrounded by a 2.5 m (diameter) D2O reflector vessel to direct 

outgoing neutrons back into the core to reduce losses in flux and to maintain the reaction. The 

D2O is held at a temperature of 308 K and exchanges heat with H2O from the nearby Drac river 

[25]. The reflector is enclosed by a tank of H2O and a concrete radiation shield. There are also 

three purpose-built moderators maintained at different temperatures to provide a wide range of 

neutron spectra for the various instruments. The D2O doubles as a moderator, producing 

thermal neutrons whose wavelengths range between 1 - 2 Å and have a Maxwell-Boltzmann 

distribution [24]. A graphite block heated to 2773 K via collisions with neutrons is used as a hot 

moderator to produce neutrons with wavelengths less than 1 Å, whilst a spherical 25 L vessel 

containing liquid deuterium at 20 K [25] generates neutrons with wavelengths between 5 – 20 

Å.  Neutrons exit the reactor core through helium filled beam tubes made of aluminium [26]. 

The beam tubes incorporate a slight curvature in their design to allow gamma radiation to 

escape tangentially through the aluminium walls [26], which are transparent to gamma 

radiation, to be absorbed by surrounding concrete shields. Neutrons are then transferred to 

rectangular guide tubes, composed of nickel coated glass [26], which internally reflect neutrons 

to allow them to propagate along the tube length to the experimental beam line. 
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2.7.2 Production of Neutrons at the ISIS Pulsed Neutron Source 

 

The generation of neutrons at ISIS starts with H
-
 ions, which are produced from a plasma 

discharge ion source and accelerated to an energy of 35 keV [27]. The ions then enter a radio 

frequency quadrupole which produces an alternating electric field to both focus and accelerate 

the ions. Discrete bunches of H
-
 ions 4.94 ns apart are passed into the linear accelerator 

(LINAC), where high intensity frequency fields accelerate the ion beam to 70 MeV. The 

LINAC provides 200 μs long, 22 mA H
-
 pulses which are transported to the synchrotron 

[27]. Prior to entry into the synchrotron, the ions are stripped of electrons by an aluminium 

oxide foil. The synchrotron has a 52 m diameter and consists of 10 dipole bending magnets 

which confine the protons to a pseudo-circular orbit. The protons are accelerated to 800 MeV 

[28] in two bunches and extracted from the storage ring at 50 Hz, producing a mean beam 

current of 200 µA [27]. A further series of magnets within a beam pipe direct the ion beam to a 

target station and ensure that protons are kept in bunches. The proton beam strikes a water 

cooled non-fissile heavy metal target, which in this case are Tungsten plates coated with 

Tantalum which sits in a heavily shielded container. At ISIS there are two target stations 

appropriately named; target station one (TS1) and target station two (TS2).  When protons 

strike the Tungsten, each collision yields ~ 15 neutrons in addition to gamma radiation which 

are released isotropically. The process of proton production through to neutron spallation is 

shown schematically in Figure 2.12 [29].  
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Neutrons immediately produced following spallation are epi-thermal and have wavelengths too 

short to be used in scattering experiments. Consequently, moderator materials with similar 

nuclei mass are used to slow the neutrons down and transfer energy. Neutrons are slowed down 

to speeds suitable for scattering experiments by four moderators; liquid methane at 100 K, 

liquid hydrogen at 20 K and two water tanks at 293 K [28]. The moderator units are surrounded 

by water-cooled beryllium reflectors which are used to scatter neutrons back at the moderators 

to reduce losses in flux. Moderation results in a wider range of neutron energies, demonstrating 

a Maxwell-Boltzmann distribution. Following moderation the neutrons are funnelled towards 

the respective beamlines via beam ports [28]. 

Figure 2.12 A schematic diagram of the ISIS pulsed neutron source (Didcot, UK). H
-
 ions are 

accelerated in the LINAC before being stripped of their electrons and accelerated again inside the 

synchrotron storage ring. These protons are then fired at a Tantalum coated Tungsten target to produce 

neutrons by spallation. Thermal neutrons are then guided towards beam lines by guide tubes. 
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D16 (ILL) 

Cold neutrons enter the D16 beam line from the guide hall and are horizontally collimated by 

slits (not shown). A pyrolic graphite (002) monochromator is used to select a neutron 

wavelength of λ = 4.5 Å ± 1% for normal operation modes and 5.1 Å for alternative sample 

geometries. The beam is collimated by an additional set of slits and passes through a scintillator 

monitor to record the initial beam intensity, a foil attenuator (depending on the sample, the 

attenuator may need to be removed) to control the incident intensity at the sample surface and a 

Berylium filter to cut off any neutrons with a wavelength below λ = 3.95 Å. The neutrons pass 

into an evacuated flight tube where the beam intensity is measured prior to the sample via 

another scintillator monitor. Beam dimensions are defined by a series of slits with a maximum 

size of 30 mm (vertical) × 150 mm (horizontal) and a minimum of 5 mm × 5 mm.  

Figure 2.13. Diagram showing the entry of neutrons from the beam guide tubes through to the 

sample face on the D16 neutron diffractometer. The intensity of diffracted neutrons is captured via a 

1 × 1 m area detector mounted on a moveable semi-circular rail to allow scanning of particular q 

ranges. 
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Samples are mounted within a cadmium rack, to absorb neutrons, which sits on a translation 

stage [30] allowing movement in the plane perpendicular to the direction of the incoming 

neutron beam. The scattered intensity is collected by a moveable liquid nitrogen cooled 
3
He 

area detector mounted on a circular floor rail. The detector has a 64 × 16 (1024) pixel geometry 

[31] with an individual pixel size of 2.54 mm × 5.08 mm [31, 32]. It is possible to vary the

sample to detector distance between 0.5 – 1 m and rotate the detector up to 90° about the chi 

axis (see Figure 2.13, top panel left) to provide a q range of 0.01 – 2.5 Å
-1

[33].   
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SANS2D (ISIS) 

Unlike the previous instruments described in this section, SANS2D does not function using a 

monochromatic light source, operating instead as a time of flight (TOF) instrument. This 

technique utilises a ‘white’ neutron beam and requires the flight time of a neutron over a fixed 

path length to be accurately measured to determine its velocity and consequently its 

wavelength. This can be realised by combining the condition for Bragg scattering with the de 

Broglie’s equation,  

𝜆 =
ℎ

𝑚𝑣

𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

𝜆 =  
ℎ𝑡 

𝑚𝐿
= 2𝑑𝑠𝑖𝑛𝜃 

Here, λ is the wavelength of the neutrons, h is Planck’s constant, m is the mass of a neutron, L is 

the length of the neutron flight path, t is the time taken to travel the length of this path and d is 

spacing between atomic reflection planes. 

At SANS2D neutrons arrive from the source at target station 2 (TS2) where a Ni super mirror 

bender removes neutrons with a wavelength less than λ = 1.5 Å, producing a white neutron 

beam with a wavelength range of 1.5 ≤ λ ≤ 12 Å [34]. A high frequency mechanical ‘chopper’ 

disc rotates at 10 Hz to time slice the beam to establish a start time for the beam pulse (Figure 

2.14). The frequency of the chopper is also carefully chosen to prevent frame overlap, whereby 

fast neutrons overtake slower neutrons from a preceding pulse. A series of five 2 m steel 

(2.5) 

(2.6) 

(2.7) 
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collimator tubes are used to reduce the beam intensity and define a beam with an 8 mm 

diameter. 

Solid samples are housed within a cadmium rack with a series of circular apertures (15 mm 

diameter), whilst liquid samples are stored within quartz cuvettes which slot into the rack. The 

sample rack itself sits on a horizontal translation stage to allow sample changes.  The scattered 

neutrons are recorded by two multi-wire 
3
He – CF4 area detectors (ORDELA) [35] placed

inside a vacuum tank (13 m length, 3.2 m internal diameter) to reduce air scatter. The detectors 

have dimensions of 96.5 cm × 96.5 cm [35], a pixel geometry of 64 × 16 (1024) and a pixel size 

of 5 mm × 5 mm [35]. The sample to detector position for both detectors can be varied along 

the 13 m path length of the vacuum tank to provide a q range [36] of 0.002 ≤ q ≤ 3.0 Å
-1

. 
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Figure 2.14. (top) Impression of the SANS2D beamline from left to right (bottom) a simplified schematic of 

SANS2D with the bender exit at 7 m (from the guide tube exit), sample at 19m and sample. Detectors may be 

placed within 2 -12 metres from the sample to provide a q range of 0.0002 ≤ q ≤ 2.5 Å
-1
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2.8 Data Reduction 

2.8.1 X-ray Scattering Data Reduction 

X-ray scattering data was processed using the Fit2D [37] (version 12.077, ESRF) and DAWN 

[38] [39] (version 2.6.0) software packages for data files collected at the ESRF and Diamond

light source respectively. Measured intensities Id from the raw detector pixels were corrected for 

dark current (Idc) contributions and normalised to the count time (ct) and to the monitor 

intensity (i0) to correct for variations in the incident beam i.e. during beam decay and refills. 

𝐼𝛺 =
𝐼𝑑 𝑐𝑡 −  𝐼𝑑𝑐 𝑐𝑡⁄  ⁄

𝑖0

Additional corrections were employed to adjust for differences in spherical angles in detector 

pixels due to a flat plate detector geometry and the detector quantum efficiency, before the data 

was azimuthally integrated and reduced to a 1D plot. The background intensity, as measured 

from the empty sample holder (IeΩ), was subtracted from IΩ, after both were corrected for sample 

thickness (d) and transmission factor T, to give the corrected sample intensity Ic.  

𝐼𝑐 =
𝐼𝑠𝛺

𝑇𝑠𝑑𝑠
−  

𝐼𝑒𝛺

𝑇𝑒𝑑𝑒

Here, Ts and Te correspond to the sample and empty container transmissions respectively, 

where Te =1 and Ts is calculated via the following equation,  

𝑇𝑠 = (
𝐼𝑠𝑓

𝐼𝑠𝑖
) (

𝐼𝑒𝑓

𝐼𝑒𝑖
)⁄  

The i and f subscripts refer to the beam intensity as measured by ion chambers before (i) and 

after (f) the sample, for the empty container (Ie) and sample (Is). The corrected scattering 

intensity was converted to absolute units by using water as a primary calibration sample [40]. 

The absolute scattering of water is well characterised and demonstrates a plateau in intensity 

(2.8) 

(2.9) 

(2.10) 
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between 0.1< q < 0.4 Å
-1

, corresponding to an absolute scattering intensity of 1.632 × 10
-2

 cm
-

1
[40] as shown in figure 2.15.

A scaling factor (SF) was calculated by comparing the intensity from X-ray scattering 

measurements of water, following data corrections outlined in equations 2.6-2.8, to the known 

value in absolute units. Water samples were left to acclimate to the temperature of the beam 

hutch, set to 22°C, as the compressibility of water varies as a function of temperature [41]. 

Scattering from experimental measurements of water was fitted with a linear function and 

extrapolated to q = 0 to obtain an intensity value. Conversion to absolute units was achieved by 

multiplying the corrected intensity by this factor, 

(
𝛿𝛴

𝛿𝛺
)

𝑠

(𝑞) = 𝑆𝐹𝐼𝑐

where the differential term represents the absolute scattering intensity (cm
-1

). 

(2.11) 

Figure 2.15. Scattering curves. Broken line: water scattering raw data. Dotted line:blank scattering of the 

empty capillary. Thick full line: scattering curve of water after subtraction of the blank scattering. Thin 

full line: horizontal fit. 
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2.8.2 Small-Angle Neutron Scattering/ Neutron Diffraction 

For all neutron scattering experiments presented in this thesis, polymer blend samples were 

prepared by combining a partially deuterated monomer with a completely hydrogenated 

monomer species. Section 2.2.2 describes a procedure for the isotopic substitution of hydrogen 

for deuterium in the methacrylic functional groups of the TEGDMA monomer, corresponding 

to 45.5% substitution of hydrogen by molecular weight. Deuteration serves two purposes for 

these measurements: deuterium has a larger coherent scattering length in comparison to 

hydrogen and as a consequence increases the scattering contrast between deuterated and 

hydrogenated monomers, effectively highlighting the d-TEGDMA monomer over Bis-GMA 

(Table 2.4). Additionally, by deuterating only the functional end groups of the TEGDMA 

monomer the functional groups become the predominant contributors to the coherent scattering 

signal. This allows for the average end to end distance <R> of the TEGDMA monomeric unit to 

be measured as a function of polymerisation rate.  

Monomer X-ray scattering length

density (10
-6

 Å
-2

)

Neutron scattering length density 

(10
-6

 Å
-2

) 

Bis-GMA 10.542 1.426 

TEGDMA 9.978 1.048 

d-TEGDMA 9.978 3.440 

Table 2.4. X-ray and neutron scattering length densities for TEGDMA, Bis-GMA, Deuterium and 

deuterated TEGDMA (D-TEGDMA). 



115 
 

Monomer blends were produced in 60/40 and 40/60 wt% formulations of Bis-GMA/d-

TEGDMA with either CQ or TPO as photo-initiator and were mixed as described in section 

2.2.3. Pre-cured disc-shaped specimens were prepared according to section 2.4.2 and were 

photo-polymerised at a relatively high (3000 mW cm
-2

 for 6 s) or low (300 mW cm
-2

 for 60 s) 

light intensity to introduce extreme rates of polymerisation whilst ensuring matched total energy 

doses. All unique sample compositions for neutron scattering experiments are listed in Table 

2.5. 

 

 

 

 

 

 

 

Bis-GMA d-TEGDMA Photo-initiator Curing regime Sample Code 

60 40 CQ Fast 60/40 CQ F 

60 40 CQ Slow 60/40 CQ S 

40 60 CQ Fast 40/60 CQ F 

40 60 CQ Slow 40/60 CQ S 

60 40 TPO Fast 60/40 TPO F 

60 40 TPO Slow 60/40 TPO S 

40 60 TPO Fast 40/60 TPO F 

40 60 TPO Slow 40/60 TPO S 

Table 2.5. A summary of monomer formulation ratios, initiation chemistry and photo-polymerisation 

regime for each pre-cured resin disc sample used for SANS measurements. 
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Small angle neutron scattering (SANS) was conducted at the LoQ (ISIS, Didcot, UK), Sans2D 

(ISIS, Didcot, UK) and D16 (Institute Laue Langevin, Grenoble, France) beam lines. The first 

two beam lines are time of flight (TOF) SANS instruments and utilise a white beam with a 

wavelength range of 2.2–10 Å to provide a final q range of 0.006–1.4 Å
-1 

in a single 

measurement window. The latter is a two-circle diffractometer operating with a monochromatic 

neutron beam with an energy of 2.755 keV corresponding to a wavelength of 4.5 Å. 

Consequently, several detector angle positions are required to cover a q range of approximately 

0.1< q < 1.5 Å
-1

. Pre-cured resin disc specimens were wrapped in aluminium foil and mounted 

in a cadmium sample rack. Liquid monomer blends were contained in quartz cuvettes with a 1 

mm path length (Helma, QS/QX) and also wrapped in foil to prevent photo-polymerisation. 

Samples were measured for 15-25 min per detector bank position, depending on the instrument 

flux, to accrue sufficient counting statistics. Further details regarding the specific experimental 

geometry and set up are included in the relevant data chapters. To aid data analysis 

measurements were taken for the direct beam, empty sample containers (aluminium foil and 

quartz cuvettes) and sample transmission. Data was converted to scattering cross section using 

the LoQ and Sans2D plugins for the MantidPlot [42] software package whilst the Large Array 

Manipulation Program [43] (LAMP) was used to reduce data from D16, ILL. Data was placed 

on an absolute scale (cm
-1

) using the scattering from either a solid blend of hydrogenous and 

pre-deuterated polystyrene or a vanadium sample. 
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2.8.3 Data Fitting SAXS and SANS 

 

Scattering peaks from the processed data were fit with Gaussian models to obtain the peak 

centre and the full width at half maximum (FWHM). The peak centre represents qmax, which for 

polymeric systems with only short range order corresponds to an average correlation length. 

Using equation 1.24 this value was used to approximate an average distance d, between 

scattering centres. The width of the scattering peak (FWHM) represents the distribution of 

correlation lengths that the peak denotes. A wider peak corresponds to greater variability in the 

polymer conformation and reduced correlation for the distances between scattering centres, 

which would be referred to as having less short range order. Changes in order, under dynamic 

conditions, were calculated as the absolute percentage change in the FWHM with respect to the 

initial value. Data fitting was performed using the Python programming language and 

Mantidplot [42] software for SAXS and SANS analysis respectively. 
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3 NOVEL INSIGHTS INTO STRUCTURAL VARIABILITY OF IN-

SITU PHOTO- POLYMERISED DIMETHACRYLATE POLYMERS 

3.1 Introduction 

 

Photo-initiated resin polymers are of great biomedical importance, in orthopaedics and in 

particular in dentistry where they are used as a matrix to form resin based-composites (RBC) 

filling materials. The physiochemical properties of these materials are highly sensitive to photo-

polymerisation variables and as a consequence clinical performance is not ideal. The effect that 

photo-polymerisation has on the polymer phase of RBCs has been extensively characterised 

through the use of FTIR (Fourier transform infra-red spectroscopy) to quantify real time 

monomer-polymer conversion from which many correlations with mechanical properties have 

been extrapolated [1-3]. However, the impact that polymerisation rate has on the resultant 

cross-linked structure is unknown. The present work explores for the first time the effect that 

polymerisation variables and ultimately the reaction rate have on the short range (<10 Å) 

polymer structure of common dimethacrylate resin systems. 

The majority of dental RBCs are comprised of combinations of dimethacrylate resins and 

inorganic filler particles. Following application to the tooth surface the uncured RBC filling is 

‘demand-set’ using light excitation of a photo-initiator species dispersed within the resin matrix 

to initiate free radical polymerisation, generating a solid three-dimensional cross-linked 

network [4, 5]. Contemporary RBCs typically achieve between 55-75% of monomer-polymer 

conversion of the starting reagents [6, 7]. A higher degree of monomer conversion (DC) has 

been shown to significantly influence resultant mechanical properties, conferring increased 

flexural strength, surface hardness [8], elastic modulus and wear resistance to an RBC. 

Increasing conversion however, is accompanied by a deleterious effect of polymerisation 

shrinkage [9]. This process is inherent in dimethacrylate materials as the conversion of carbon-

carbon double bonds reduces intermolecular separation distances and condenses interstitial free 



123 
 

volume between monomers [10, 11]. Polymerisation shrinkage generates internal stresses [12] 

within the resin matrix, which can be transferred to the interface with the tooth structure and 

compromise the bond, leading to premature failure of the RBC [9]. 

Several studies have therefore proposed that the final properties of an RBC are determined 

predominantly by the maximum degree of conversion (DCmax) which can be ‘tuned’ by 

manipulating the intensity of and exposure to the activating light source [13-15]. It has been 

argued that DCmax and the subsequent mechanical properties are influenced by the total photon 

delivery irrespective of how they are delivered, a concept known as exposure reciprocity [16, 

17]. However, several studies have criticised these findings, citing a narrow range of reaction 

rates and resin viscosities as a limiting factor to the behaviour of these systems [13, 18]. RBCs 

are complex and a total energy/DC concept may not adequately describe their behaviour. The 

polymer phase of contemporary RBCs is typically composed of a viscous monomer and 

reactive low molecular weight diluent monomer(s). Monomer structure, viscosity and co-

monomer concentration will all impact on the mobility and reactivity of the evolving network 

[19-23]. Similarly, photo-initiator chemistry can influence the polymerisation rate and DCmax 

with common initiators providing differences in quantum efficiency and absorption spectra [24-

26]. The efficacy of the photo-initiator though, is also dependent on the emission spectra, 

intensity and exposure time of the activating light source and the better the overlap between the 

emission and absorption spectra, the greater the radical production efficiency [27]. These 

systems therefore are dependent on the interplay of many variables which cannot be separated 

from each other nor can be simply reduced to the sum of absorbed photons or DCmax. 

Contrary to the total energy/DCmax concept numerous recent studies have demonstrated that 

different combinations of light intensity and exposure i.e. reaction rate, can significantly 

influence final material properties. It is widely reported that accelerating polymerisation using 

high intensity light activation can impact on the tensile strength, toughness, hardness and degree 

of polymerisation shrinkage and stress of these materials [3, 18, 28, 29]. Indeed a parabolic 

relationship between the reaction rate, DC and final mechanical properties [30] has been shown 
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to exist [31]. To date these differences in mechanical properties have been ascribed to cross-link 

density and its effect on network architecture. Faster reactions reduce the lifetime of radical 

species with respect to bimolecular termination [29], reducing the degree of cross-linkage 

which will lower the strength of the resultant RBC. Therefore, in cases where glass transition 

temperatures (Tg) are similar, small differences in Tg may yield significant discrepancies in 

mechanical properties [17]. Conversely, a slower reaction and the delayed onset of gelation 

allows more time for emerging radicals to propagate and to cross-link. Further, a greater 

mobility by the extension of pre-gel stages of the reaction may allow the bulk of the resin 

matrix to relax and relieve stress by elastic flow. This notion has been incorporated into ‘soft-

start’ light irradiation techniques to reduce polymerisation stress, whereby low intensity light is 

used to instigate polymerisation whilst higher intensities are used later in the reaction [32]. 

However, this condition appears to hold only at low DC and its ability to alleviate stress 

becomes negligible at higher DC [33]. 

Previous research has focussed on interpreting final mechanical properties from the DC of 

RBCs and indirect measures of cross-link density such as surface hardness. It is therefore 

surprising that despite much effort being made to alter monomer chemistry [34] to increase 

reactivity and DCmax, no consideration has been given as to what effect reaction rate and 

conversion have on the final polymer structure.  

The concept that an identically composed and converted material can demonstrate different 

structures as a consequence of polymerisation rate arises from consideration of the reaction 

itself. Photo-curing at a high irradiance in contrast with low irradiance will drive the 

polymerisation reaction faster. At increased rates of monomer to polymer conversion and cross-

linking, the emerging structure has less time to achieve its most energetically favourable form. 

In contrast slowing the reaction rate down may allow the propagating polymer chains to move 

relatively to find the most energetically efficient state. Accordingly, a difference in order 

(conformation) at short length-scales can exist and such differences can affect the mechanical 

properties of the material. The challenge in identifying such differences in order exists, because 
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the likely structural differences at relatively short (<10 Å) and longer length scales are likely to 

be subtle.  

Structural order in materials can be detected using light and particle scattering methods. 

Standard scattering measurements using laboratory X-ray sources fail to provide sufficient flux 

to discern such differences in these materials, especially when dynamic (in-situ) curing studies 

with short measurement times are conducted. Synchrotron light sources however, provide the 

necessary flux, energy range and flexible sample environment to allow order at intra-

monomeric distances to be determined using X-ray scattering methods. For this study 

commercially available dental RBCs, were purposely not used, since resin compositions photo-

initiator and inhibitor chemistry and filler morphology vary widely are often not fully specified 

by the manufacturer. The differences in formulation would make it difficult to systematically 

determine the impact of compositional variables on subtle structural changes within the resin 

matrix. Instead, experimental resin blends of clinically relevant monomers, consisting of a 

viscous monomer, a diluent and photo-initiator system were used to understand the effects that 

relative viscosity, reactivity and terminal conversion have on the resultant polymer structure.  

This novel enquiry aims to characterise the evolution of the polymer structure during photo-

polymerisation in terms of order and correlation lengths as a function of polymerisation rate. As 

there is no previous enquiry in this area the null hypothesis that there is no relationship between 

polymerisation rate and structural conformation of the resultant RBC polymer network 

normalised to DC was tested.  
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3.2 Methods 

 

3.2.1 Preparation of Photo-Polymerisable Dimethacrylate Resin Blends  

 

Dimethacrylate monomers, bisphenol-A-glycidyl-methacrylate (Bis-GMA and 

triethyleneglycol-dimethacrylate (TEGDMA) (Sigma-Aldrich, Dorset, UK) were proportioned 

in 70/30, 60/40, 50/50 and 40/60 (Bis-GMA/TEGDMA) weight percentage (wt. %) ratios and 

combined to produce 10 g mixes. The viscosity of the blend increases with the proportion of 

Bis-GMA. The monomer blends were produced according to the resin formulation protocol 

described in section 2.2.3 
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3.2.2 Synchrotron X-ray Scattering Measurements 

 

Synchrotron X-ray scattering experiments were carried out on the XMaS beamline (BM28) at 

the European Synchrotron Radiation Facility (ESRF, Grenoble, France). An incident X-ray 

energy of 15 keV was used corresponding to a wavelength  (λ) of 0.82 Å, with a beam size of 

0.08 × 0.5 mm (horizontal × vertical) defined by vacuum tube slits. Measurements were carried 

out in air, at 23 ± 1 °C with light excluded other than the photo-curing light source. 

 

For each resin blend, test specimens were prepared according to section 2.4.1. A 5 mm diameter 

light guide (Lumencor, Kent, UK) was fixed normal to and 10 mm distant from the centre of the 

resin surface and connected to a multichannel light source (Lumencor Aura Light engine, 

Lumencor, Kent, UK) to illuminate the sample. For the TPO initiated resins, the light engine 

was programmed to emit a peak emission spectrum at 405 nm, whilst for CQ systems a 

wavelength of 470 nm was employed. The wavelengths of light were chosen to match the 

maxima in the absorption spectra of the respective photo-initiators [35]. For each unique 

composition, samples of monomer blends were photo-polymerised at four different irradiances 

for each wavelength controlled by the power output of the light engine (5, 20, 60 and 100% 

power output) for a total of 300 s. Irradiances were calculated at increasing power outputs using 

a UV/visible spectrometer (MARC Light Collector, Dalhousie, USA) positioned normal to the 

tip of the light guide at separation distances of either 10 or 15 mm. The irradiance for each 

experimental set-up, for each light source and power setting and are reported in the results 

section. 

 

2D scattering images were collected using a 2048×2048 pixel MAR CCD (MAR CCD 165, 

Rayonix, Norderstedt, Germany) camera, 570 mm from the sample to give a q range of 0.1 to 

1.9 Å
-1

, where q=4π sinθ/λ (here θ is equivalent to half the angle between the incident X-rays 

and the detector). A Helium filled flight tube was employed to minimise air scattering. 

Scattering images were collected with a 1 s count time and a 4 s readout time giving a 5 s 
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temporal resolution. Time resolved scattering measurements were conducted for each resin-

blend by initially collecting data for 20 s prior to remote activation of the light engine. In 

addition to the time resolved photo-activated samples, X-ray measurements were acquired for 

the constituent monomers (Bis-GMA and TEGDMA) in isolation and containing photo-initiator 

to identify their contributions to the scattering signal of each blend. The contribution of the X-

ray beam to the measurements was assessed by conducting observations for over 30 min for the 

uncured and polymerised samples in the absence of light (see appendix). To aid data analysis 

measurements were taken for direct beam, empty sample containers, Mylar windows, water and 

a silver behenate calibration standard to allow the scattering patterns to be corrected for 

background and normalisation effects. Transmitted beam was recorded throughout using a 

beam-stop mounted photodiode. Data were normalised to the incident monitor intensity and 

background corrected using the Fit2D software package (version 12.077, ESRF) [36]. Data 

were azimuthally integrated over 360° to produce a 1D output and were subsequently fitted 

with Gaussian [37] models to determine peak positions and relative order. 
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3.2.3 Ex-situ Fourier Transform Near Infrared Spectroscopy  

 

Laboratory-based Fourier Transform Near Infrared Spectroscopy (FT-NIR) was used to 

determine the reaction rate and DCmax for each resin blend.  Details of the sample preparation, 

sample geometry, sample containment and data collection are covered in chapter two, section 

2.5.2 and shown schematically in Figure 2.7. The degree of monomer to polymer conversion 

was calculated using equation (2.2). 

 

3.2.4 Simultaneous X-ray Scattering and FT-NIR Measurements and Increased 

Time Resolution 

 

To confirm the correlation of observations from synchrotron radiation (SR) X-ray scattering and 

separate laboratory FT-NIR experiments further simultaneous SR-scattering/FT-NIR 

measurements were performed on the I22 beamline (Diamond Light Source, Oxford, UK). An 

incident X-ray energy of 12 keV was used corresponding to a wavelength of 1.033Å with a 

beam size of 0.32 × 0.08 mm (horizontal × vertical). Identical sample geometries and sample 

holders to those used in previous experiments at BM28 were used with the exception of the 

replacement of Mylar windows with 25 µm thick mica (Attwater Group, Lancashire, UK). 

Samples were mounted to impinge the X-ray beam at a 40° incline in the positive azimuthal 

direction. The light guide of the multi-channel Lumencor light engine was placed 15 mm distant 

from and perpendicular to the resin sample and fixed in place to illuminate only the sample that 

was directly in the path of the X-rays. 2D scattering patterns were collected every second (1 s 

readout) with a Pilatus (P3-2M) providing a q range of 0.1 to 1.6 Å
-1

. Additional measurements 

were made using a 400 µs time resolution to confirm that a one second capture rate, used for all 

other scattering measurements, accurately characterised dynamic structural changes. In-situ real 

time FT-NIR was incorporated into the beamline set-up to obtain simultaneous (to the scattering 

data) measurements of monomer conversion throughout photo-polymerisation. Identical FTIR 

fibres to those used in previous measurements were mounted at a 45° incline relative to the 



130 
 

sample face and connected to a Nicolet IS50 spectrometer (Thermo Scientific, Warrington, 

UK). Real time NIR spectra (4000 to 10000 cm
-1

)
 
were collected in transmission mode (4cm

-1
 

spectral resolution) for 300 s with an integration time of 0.3 s. The experimental set up for the 

simultaneous X-ray scattering and FTIR measurements is shown in Figure 3.1. 

In addition to in-situ photo-polymerisation measurements and control/calibration 

measurements, scattering patterns were obtained for control molecules that possess similar 

structures to those under investigation (methacrylic acid, methyl methacrylate, ethylene glycol, 

tri-ethylene glycol, bisphenol A and bisphenol A dimethacrylate (Sigma-Aldrich, Dorset, UK)). 

The data were normalised and background corrected using the DAWN software package [38]. 

Data were radially averaged over 360° to produce a 1D output and were subsequently fitted 

with Gaussian models to obtain the peak centre and the full width at half maximum (FWHM). 

The peak position corresponds to the average bond length (correlation length) whilst the 

FWHM represents the distribution of correlation lengths that the peak denotes. Therefore, a 

narrower peak shape will correlate to less variability in the correlation length, which would be 

referred to as having greater short range order. The increase in relative order was calculated as 

the absolute percentage change in the FWHM with respect to the initial value. Increases in the 

correlation length and relative order were normalised to the final degree of conversion in order 

to allow comparisons between polymer samples with different degrees of conversion. Error bars 

for the change between the initial and final values of the correlation length and relative order 

were calculated by substituting peak fitting uncertainties, as obtained from the fitting software, 

into propagation of error equations [39]. Additionally, for measurements normalised to DCmax, 

the uncertainty in DCmax was obtained from the standard deviation of the co-added FT-NIR 

scans of the aliphatic =CH2 IR absorption band signal. 

Weighted least squares (WLS) fitting was used to determine the contribution of individual 

monomers and constituent monomers, approximating the structure of segments of the Bis-GMA 

and TEGDMA, to the total X-ray scattering pattern. Time resolved X-ray scattering patterns for 

Bis-GMA and TEGDMA were initially (WLS) fitted to Bis-GMA/TEGDMA resin blend 
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signals to ascertain their respective contributions at the beginning and end of polymerisation. 

This process was then repeated for each of the component monomers, for example methacrylic 

acid which represents the methacrylate functional group found in Bis-GMA and TEGDMA, to 

determine the location(s) of structural changes within Bis-GMA and TEGDMA. 

Figure 3.1. Real time SAXS measurements of dental resin composites polymerised in-situ on the I22 

beam-line (1) liquid resins loaded in to a sample rack in the path of impinging X-rays, (2) A liquid light 

guide instigates photo-polymerisation by illuminating the resin sample with visible or UV light and (3) 

FT-NIR optical fibres are used to quantify real time monomer to polymer conversion. 

X-rays
(2). Light Guide 

 Detector 

(3). Optical Fibre (In) FT-NIR 

Spectrometer

(3). Optical Fibre (Out) FT-NIR 

Spectrometer 

Resin sample 
(1). Liquid load cell 

 Detector 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwitturJqtHPAhWo3YMKHTG8BJgQjRwIBw&url=http://www.conceptdraw.com/examples/wavy-arrow-basketball-positions&psig=AFQjCNEa8PCrP4ZSFJ2nUQObs934-UlxCg&ust=1476226517658108
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3.3 Results 

3.3.1 De-convolving the Contributions of Monomeric Components to the 

Scattering Signal 

Figure 3.2(a) shows the radially averaged X-ray scattering profile for a TPO initiated 60/40 

wt% Bis-GMA/TEGDMA resin blend in its monomer form prior to photo-polymerisation (solid 

black line), and in the polymer state following 300 s of constant light application at an intensity 

of 450 mW cm
-2

 (dotted black line). A broad Gaussian feature is observed, typical of all these 

resin blends, with a peak initially located at q ~1.35 Å
-1  

corresponding to a length of 4.65 Å in 

real space. This peak moved to lower values of q, approximately 1.23 Å
-1 

(5.1 Å) and 

incrementally narrowed throughout photo-polymerisation. The shift to lower q is indicative of 

an overall net length increase of the scattering centres that contribute to the broad peak feature, 

whilst the narrowing of the peak demonstrates an increase in the short range (<10 Å) relative 

order. 

Figure 3.2. (a)  X-ray scattering of a 60/40 Bis-GMA/TEGDMA resin blend initiated with TPO 

using constant light application at an intensity of 450 mW cm
-2

 for 300 s . Prior to polymerisation 

(bold black line), a broad Gaussian feature is centred at q ~1.35 Å
-1

 which narrows and moves to 

q~1.25 Å
-1 

(broken black line). (b) Weighted least squares fitting (broken black line) of scattering 

data from the individual Bis-GMA (red) and TEGDMA (blue) monomers to the 60/40 wt% blend 

(solid black line) following baseline corrections. Bis-GMA and TEGDMA contribute 30 and 70 % to 

the signal respectively. 

(a) (b) 
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The q range of the broad peak feature is indicative of a structural feature equivalent to 3-4 

atomic bond lengths. To identify the contribution of segments of individual monomers to the 

scattering pattern, signal simulations were undertaken for each resin blend. Figure 3.2(b) 

demonstrates the weighted least squares fitting (WLS) of Bis-GMA and TEGDMA X-ray 

scattering spectra, simulating the signal of the 60/40 wt% resin blend. WLS was performed to 

help identify the structural origin responsible for the peak shift with respect to each monomers 

contribution to the overall observed signal. It was identified that TEGDMA is the predominant 

contributor to the observed peak (q ~1.35 Å
-1

)
 
and its shift, accounting for 70 % of the shift 

whilst only 30 % was attributed to Bis-GMA. This is critical as the monomers have identical 

end groups so the shift is indicative of structural changes in the monomer backbone. The 

contribution of each monomer to the signal varied with the composition of the resin blend.  

Figure 3.3 shows the chemical structures of TEGDMAs’ constituent monomers (methacrylic 

acid and triethylene glycol). Figure 3.4 shows the deconvolution of the TEGDMA X-ray 

scattering signal based upon the scattering data for the constituent monomers to approximate its 

chemical structure. WLS fitting reveals that ~68 % of the TEGDMA signal was attributed to 

methacrylic acid, representing the methacrylic functional end groups (34% per end group) 

(Figure 3.3).  The remaining ~32 % of the TEGDMA signal contribution originated from the 

Triethylene glycol structure which approximates the section of the TEGDMA monomer 

terminated by the functional end groups. Furthermore, ~48 % of the 60/40 wt% Bis-

GMA/TEGDMA (total) signal was attributed to the methacrylic acid (functional end group) 

originating from the TEGDMA monomer and ~22 % was weighted to the TEG component of 

the same monomer. Only ~30 % of the change in scattering following photo-polymerisation of 

the resin-blend was ascribed to Bis-GMA. The contribution of aromatic groups found in Bis-

GMA to this change in the correlation length is considered negligible, based on numerous 

studies measuring the IR spectra of Bis-GMA based resins with no reports of significant 

changes in the aromatic absorption bands [4, 40, 41]. Any changes in the correlation length, 

originating from the Bis-GMA monomer, are therefore likely to be attributed to the linear 
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segment of the monomer incorporating the functional end groups. For a 60/40 wt% blend the 

non-aromatic segments of the Bis-GMA monomer contribute ~30% to the total molecular 

weight of the 60/40 wt% blend. This is equivalent to the contribution that Bis-GMA makes to 

the scattering signal for the Gaussian feature observed in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Chemical structures of Bis-GMA and TEGDMA monomers used to formulate each 

blend. Methacrylic acid (MA) and triethylene glycol (TEG) were used to simulate the chemical 

structure and dynamic behaviour of the TEGDMA monomer during polymerisation. 

Bis-GMA 

TEG 

MA MA 

TEGDMA 
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Figure 3.4. WLS fitting of methyl methacrylate (MA) and triethylene glycol (TEG) X-ray scattering 

spectra to that of TEGDMA. MA and TEG were used to approximate both the structure and X-ray 

scattering pattern of the TEGDMA monomer. Close to 70% of the shift and narrowing in scattering 

following polymerisation was attributed to MA with the remainder ascribed to TEG. The fit is not 

ideal at higher and lower q values, which may be due to the small q range which was limited by the 

sample environment. Additionally, it should be considered that MA and TEG monomers will have 

different mobility in comparison to the equivalent structures found in the TEGDMA monomer and 

will therefore show different correlation lengths. 
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3.3.2 Impact of Irradiance on Resultant Polymer Structure of CQ Initiated Resins 

 

Figure 3.5 illustrates the evolution of the correlation length for resins photo-initiated with CQ as 

a function of time. The peak position of the broad Gaussian feature observed in Figure 3.2(a) is 

shown in real space at each time point (measured at every second) during light irradiation, and 

an increase in the correlation length is observed. All blends, regardless of their received 

irradiance, demonstrated a two stage increase in correlation length with respect to time. A 

relatively abrupt increase in the correlation length is followed by a gradual gain over time. The 

first stage is most pronounced in systems photo-polymerised using a high intensity of light 

correlating to a higher rate of polymerisation. It can be seen in Figure 3.5(c) (50/50 CQ) that 

resins photo-polymerised using the greatest intensity of light (280 mWcm
-2

) complete this first 

stage within 45 s whilst for systems photo-polymerised with 25 mWcm
-2

 changes in correlation 

length continued for in excess of 60 s. 

Figures 3.5(a-c) display that after a rapid increase in correlation length a small decrease 

(between 25 and 75 s) was subsequently observed for CQ initiated resins. This reduction was 

approximately 3% of the initial increase and was negligible or non-existent in the less viscous 

resins that contained a higher proportion of TEGDMA, and resins cured using a low light 

intensity (a slower reaction rate). Subsequently a gradual minor increase in the correlation 

length was observed for all conditions up to 300 s (end of measurement). The final (observed) 

correlation length remained smaller for resins polymerised slowly i.e. using the lowest 

irradiance. 

 

 

 

 

 

 



137 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Real time evolution of the correlation length observed in CQ initiated resins for (a) 

70/30, (b) 60/40, (c) 50/50 and (d) 40/60 wt% blends (Bis-GMA/TEGDMA) during 300 s of photo-

polymerisation for a range of reaction rates. All resins display an increase in the correlation length 

which is larger and faster when a high rate of polymerisation is used. For particularly fast reactions, 

a subsequent relaxation period can be seen after the initial increase in length, although relaxation is 

negligible in more fluid blends. 

 

(a) (b) 

(c) (d) 
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Figure 3.6 shows the increase in relative order which provides insight into the distribution of 

correlation lengths, for each blend as a function of time during photo-polymerisation. The 

change in relative order displays a two stage increase similar to that observed in the correlation 

length. An initial increase and maximum in relative order corresponds to a maximum increase 

in the correlation length for all blends at all photo-polymerisation irradiances – increases in 

correlation length and order are simultaneous. Increasing the irradiance and therefore the 

reaction rate conferred a larger gain in relative order in less time in contrast to the slower curing 

methods. At this point in the reaction differences in order between resins of the same blend, but 

cured at different irradiances vary by 2-4% (% of the maximum value). Resins photo-

polymerised at high light intensities also demonstrated a small relaxation in order, typically 

~10% of the initial increase, depending on the rate of the reaction. In particularly fluid blends, 

i.e. 40/60 wt% of Bis-GMA/TEGDMA, this relaxation was negligible. The relative order 

subsequently reaches a plateau (at least for the duration of the measurements) with differences 

between increasing irradiances varying by 1-2%. Resins containing a higher content of the 

smaller molecule TEGDMA displayed a greater increase in order, as well as in the correlation 

length, than in more viscous blends with a higher proportion of Bis-GMA. 
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Figure 3.6. The relative percentage increase in short range order during photo-polymerisation as a 

function of polymerisation rate for resin samples initiated with CQ for (a) 70/30, (b) 60/40, (c) 50/50 and 

(d) 40/60 wt% blends. Changes in order are similar and occur simultaneously to those observed in the

correlation length for CQ initiated blends.

(a

)

(b) 

(c

)

(d)
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3.3.3 Polymerisation Kinetics of CQ Initiated Resins Blends 

 

Figure 3.7(a-d) demonstrates the real time polymerisation of the methacrylate functional group 

for the CQ initiated resins as a function of time for the highest and lowest irradiance. Final 

conversion (DCmax) and polymerisation rate (Rp) are greater in resins polymerised at high light 

intensities for each blend (p<0.05) (n = 3). Auto-acceleration occurs alongside the initial 

increases in the correlation length and order. However, the turning point in the polymerisation 

lagged behind the local maxima of the correlation length and order by 5-10 s depending on the 

polymerisation rate. Additional cure following auto-deceleration corresponded to gradual 

increases in the correlation length, albeit at a slower rate than at the start of the reaction, whilst 

no such behaviour was observed between additional cure and relative order. Instead it can be 

seen that despite ongoing curing, changes in short range order remain constant after the initial 

increase for the duration of the measurement (Figure 3.6).  
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Figure 3.7. Degree of conversion in real time during illumination of resin samples initiated with 

CQ for (a) 70/30, (b) 60/40, (c) 50/50 and (d) 40/60 wt% blends. Solid black lines correspond to 

samples irradiated with 280 mWcm
-2

 of light whilst the red line indicates an energy output of 25 

mWcm
-2

. 

(a) (b) 

(c) (d) 
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3.3.4 Impact of Irradiance on Resultant Polymer Structure of TPO Initiated 

Resins 

 

Figure 3.8 illustrates the correlation length for TPO initiated resins as a function of time for a 

range of viscosities, polymerised using different irradiances. All TPO initiated systems 

demonstrated three distinct changes in the evolution of the correlation length; a large initial 

increase, a brief reduction in length, followed by a small but progressive increase. The initial 

increase was approximately double that observed in CQ initiated systems for similar curing 

regimens and reached a local maxima within 8-10 s. Increasing the irradiance corresponded to a 

greater increase in the correlation length in a shorter period of time (Figure 3.8). This behaviour 

was well defined for viscous resins (70/30 wt % blends, Figure 3.8(a)), but not for more fluid 

mixes where similar increases in the correlation length were seen for identical resin blends 

polymerised at the different rates (Figure 3.8(c) and (d)). All TPO based resins displayed a 

subsequent decrease in the correlation length equal to approximately 5 % of the initial increase 

for systems photo-polymerised at the lowest light intensity and 15 % for all other irradiances. A 

small subsequent increase was observed in the correlation length for most blends following this 

transient reduction in length (Figure 3.8(a-c)). It can be seen in Figure 3.8 that this slow 

increase in the correlation length was larger when the system was polymerised at lower 

irradiances, whereas resins polymerised more rapidly showed little or no increase. 
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Figure 3.8. Time resolved changes in the correlation length as observed in TPO initiated resins for (a) 

70/30, (b) 60/40, (c) 50/50 and (d) 40/60 wt% blends (Bis-GMA/TEGDMA) during 300s of photo-

polymerisation for a range of reaction rates. Initial increases in the correlation length upon 

illumination and subsequent relaxations are larger and more rapid for TPO initiated resins, 

corresponding to a faster polymerisation rate.  

(a) (b) 

(c) (d) 
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Figure 3.9 shows the increase in relative order for resins initiated with Lucirin TPO as a 

function of time. The changes in the relative order had similar characteristics to those seen in 

the correlation length demonstrating a large initial increase and a subsequent relaxation. All 

TPO based resins displayed a large increase in order which was dependent on irradiance 

(proportional to the rate of polymerization). The observed maxima in the relative order 

corresponded to the maximum in the correlation length i.e. changes in the correlation length and 

relative order occur simultaneously in TPO systems. Similarly, following an increase in order 

we observed a reduction in order (or relaxation), where approximately 5 to 15% (depending on 

the polymerisation rate) of the initial gain was lost. However, relative orders do not show a post 

relaxation increase as was observed in the correlation length, instead appearing to plateau. The 

final (measured) value of order was on average greater in resins containing a higher proportion 

of the TEGDMA monomer (Figure 3.9(d)). These less viscous systems also showed greater 

differences in the magnitude of the final relative order, for identical blends polymerised at 

different rates. 
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Figure 3.9. Changes in the relative order throughout photo-polymerisation for TPO initiated (a) 70/30, (b) 

60/40, (c) 50/50 and (d) 40/60 wt% resin blends. Unlike CQ initiated resins, these systems demonstrate a 

large relaxation feature. 

(a) (b) 

(c) (d) 
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3.3.5 Polymerisation Kinetics of TPO Initiated Resin Blends 

Figure 3.10 demonstrates conversion of the methacrylate functional group (collected 

simultaneously with the X-ray measurements) for the TPO initiated resins as a function of time 

for highest and lowest irradiances. In both cases, TPO systems showed more rapid periods of 

initiation and propagation in comparison with the CQ based resins, reaching auto-deceleration 

earlier. Resins initiated with a high light intensity displayed a final degree of conversion, 

typically 10 % greater when irradiated at low intensity. Post auto-deceleration polymerisation 

continued for all systems but was most prominent for cases of low irradiance photo-

polymerisation. Less viscous resins containing a higher proportion of the TEGDMA monomer 

displayed greater final conversion and continued curing. 



147 

Figure 3.10. Real time degree of conversion during illumination of resin samples initiated with 

TPO for (a) 70/30, (b) 60/40, (c) 50/50 and (d) 40/60 wt% blends. Solid black lines correspond to 

samples irradiated with 730 mWcm
-2

 of light whilst the red line indicates an energy output of 40 

mWcm
-2

. 

(a

)

(b) 

(c

)

(d)
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The relationship between functional end group conversion and structural changes in the 

polymer are outlined in Figure 3.11, where the data sets are overlaid. The auto-acceleration 

period corresponds to the large initial increase in the correlation length and relative orders i.e. 

as the polymer network grows, short range order and the length scales increase. When the 

system has reached 98% of the maximum monomer conversion (point A, Figure 3.11), short 

range order and the correlation length also reached a maximum. Post-cure appears to 

correspond to a continued increase in the correlation length. Greater post-cure in slowly 

polymerised resins corresponded to a larger gain in the correlation length following relaxation, 

whilst resins cured using high light intensities showed negligible post-auto-deceleration cure 

and changes in the correlation length.  

Figure 3.11. Real time degree of conversion (red line) and scattering length (black line) for a 60/40 

wt% blend initiated with TPO. Auto-acceleration in the resin bulk corresponds to a large initial increase 

in the correlation length. The point of auto-deceleration in the polymer network (the start of the plateau 

in the DC plot) coincides with the maximum increase in scattering length. 

A 
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3.3.6 The Effect of Polymerisation Rate on the Resultant Polymer Structure 

 

A range of polymerisation rates (determined by FT-NIR) for each resin blend were achieved by 

varying photo-initiator chemistry and light irradiance. In Figure 3.12 by correlating 

polymerisation rate with changes in X-ray scattering it was possible to relate the reaction rate to 

(short-range) structural evolution. As polymerisation rate increased there was a greater increase 

in the correlation length (extension) and relative short range order. Figures 3.12-3.14 

demonstrate how systems initiated with Lucirin TPO (the last four data points on each plot) 

display polymerisation rates typically an order of magnitude greater than the CQ counterpart 

(the first four data points on each plot) for similar irradiances. Faster polymerisation rates 

conferred larger gains in the correlation length which were approximately twice those seen in 

CQ systems. At lower polymerisation rates (<5 % s
-1

) the increase in the correlation length was 

observed to increase linearly with the polymerisation rate (Figure 3.12) however as the reaction 

rate increases the change in correlation length begins to plateau. Less viscous resins, with a 

greater content of TEGDMA, displayed a greater increase in the correlation length for 

equivalent polymerisation rates. A similar pattern of relationship was observed when changes in 

short range order were correlated with the polymerisation rate (Figure 3.13) albeit that the 

initial increases in relative order were much greater for the less viscous systems containing 

greater wt% of TEGDMA. 

3.3.7 Normalisation of Scattering Data to the Degree of Monomer-Polymer 

Conversion 

 

Direct correlations between X-ray data and the polymerisation rate are complicated by the 

relative differences in monomer-polymer conversion for each polymerising system. 

Normalising the increase in correlation length with respect to DCmax resulted in a similar pattern 

of behaviour to that observed in Figure 3.12. However, normalising order to DCmax and plotting 

as a function of polymerisation rate (Figure 3.14) demonstrated that at polymerisation rates 

greater than ~5 % s
-1

 the change in order decreases with increasing reaction rate for all resin 
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blends. Relative order remained ranked by relative viscosity (defined by TEGDMA wt%) with 

blends composed primarily of the Bis-GMA monomer demonstrating greater disorder at all 

polymerisation rates. 

Figure 3.12. Maximum chain extension for each resin blend (viscosity) versus polymerisation rate 

(irradiance). CQ initiated resins are shown by the first four points, whilst the other data points refer to 

TPO initiated resins. Error bars represent uncertainty in the values as calculated by propagation of 

errors. Resins polymerised at higher rates display the greatest increase in the correlation length. Data 

was obtained from BM28 (ESRF). 
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Figure 3.13. Maximum increase in order for each resin blend (viscosity) versus polymerisation rate 

(irradiance). CQ initiated resins are shown by the first four points, whilst the other data points refer to 

TPO initiated resins. Error bars represent uncertainty in the values as calculated by propagation of 

errors. Resins polymerised rapidly demonstrate the greatest increase in order, although this is likely 

an artefact of different conversion values, as a more converted system will inevitably be more 

ordered. 
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Figure 3.14. Normalised maximum increase in relative short range order for each resin blend 

(viscosity) versus polymerisation rate (irradiance). Data has been normalised to the degree of monomer 

conversion to determine chain extension and order per converted C=C bond. CQ initiated resins are 

shown by the first four points, whilst the other data points refer to TPO initiated resins. Error bars 

represent uncertainty in the values as calculated by propagation of errors. Systems polymerised at 

slower rates display the greatest increase in order for a given blend, whilst increasing viscosity 

decreases short range order. 
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3.4 Discussion 

3.4.1 De-convolving the Contributions of Monomeric Components to the 

Scattering Signal 

Photo-polymerisation induced an increase in the length of the principal X-ray scattering feature 

observed in measurements on the Bis-GMA/TEGDMA monomer blends (Figure 3.2). Previous 

laboratory based measurements (WAXS) have measured this broad peak feature but have failed 

to determine its origin or explain the subtle differences in the peak position between resin 

blends of varying viscosities [42] which have been resolved here. In this current study the 

correlation length increases from an initial value of ~ 4.45 Å to ~ 5.1 Å (Figures 3.5 and 3.8) 

depending on the resin formulation and the polymerisation rate. Weighted least squares fitting 

(WLS) of the scattering data for a 60/40 BisGMA/TEGDMA wt% blend, revealed that the 

majority of the length change originates from the TEGDMA monomer (Figure 3.2(b)) and 

specifically within the methacrylate functional end groups (~48% of the total signal). The 

remaining portion of this length change is ascribed to the middle section of the TEGDMA 

monomer terminated by the functional groups, which accounts for the remaining ~22% of the 

total signal (Figure 3.3).   

The mechanism behind the length increase can be determined by considering that during 

polymerisation the C=C double bond in the methacrylate functional group is converted to a 

single covalent bond with a carbon atom from a neighbouring monomer. Bond conversion 

confers a length increase equivalent to 0.2 Å [the difference in bond length between a C=C 

bond (1.33 Å) and a C-C bond (1.53 Å)] [43]. Figures 3.5, 3.8(d) and 3.12 show that for lower 

rates of polymerisation, less than 2 %s
-1

, the increases in the observed correlation length 

approximates the difference in length between double and single carbon–carbon bonds 

following polymerisation. This implies that at lower reaction rates the predominant form of 

length change arises from bond exchange. However, at greater reaction rates, in excess of 50 

%s
-1

, the increase in the correlation length is more than double the bond exchange value (Figure 
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3.12). This additional increase in length, which cannot be accounted for through bond 

exchange, is therefore ascribed to chain segment extension. Fu et al (2015) [44] reported chain 

extension in methacrylate functionalised monomers which were photo-initiated with UV light. 

However, the location(s) of the chain extension were not elucidated in their study nor was any 

consideration given to the effect of reaction rate on the resultant monomer structure.  

In the current study most of the extension occurs within the functional end groups, although a 

significant portion is predicted to come from extension of the backbone of the TEGDMA 

monomer (the TEG portion of the chain).  This deduction is supported by the observed change 

in correlation length exceeding length increases afforded by bond exchange, and predictions for 

WLS fitting of the board peak feature attributing ~22% (for a 60/40 BisGMA/TEGDMA wt% 

blend) of the scattering peak to the ‘TEG’ portion of the TEGDMA monomer unit (Figure 3.3). 

This suggests that chain segment extension occurs at sites distant from bond conversion. The 

Bis-GMA monomer also displays a smaller contribution to the total scattering signal (~30%) 

and subsequent q shift. Any extension arising from the Bis-GMA monomer is attributed solely 

to the non-aromatic portion of the monomer, including the functional end groups, given the 

rigidity of the aromatic rings at the centre of the monomer. No reports in the literature have 

indicated structural changes to the aromatic groups via vibrational spectroscopy methods [4, 

40]. To summarise, structural changes within this system are attributed to the functional end 

groups for both monomers and the flexible backbone of the TEGDMA monomer. 
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3.4.2 Impact of Irradiance on the Resultant Polymer Structure 

Systems polymerised relatively slowly, typically CQ initiated resins and some TPO systems 

polymerised at low light intensities, demonstrated a gradual increase in the correlation length up 

to a gain of approximately 0.2 Å (Figures 3.5 and 3.8). This is also accompanied by 

simultaneous increases in the short range order during polymerisation, both of which are 

synchronised with the real time degree of conversion (Figure 3.7). Hence, polymerisation of the 

system confers an increase in the correlation length (corresponding to segments within a 

monomeric unit) and short range order. In Figure 3.5, a gradual increase in correlation length is 

observed representing a gradual increase in the contribution of the longer correlation lengths 

(arising from increasing C=C to C-C conversion) to the average scattering signal, which is why 

this length scale increases with conversion.  It can be seen that short range order also displays a 

similar initial increase which coincides with polymerisation (Figure 3.6) and is also attributed to 

bond conversion. It is known that polymerisation limits the range of monomer motion at the end 

groups which reduces the number of possible bond conformations [45]. Figures 3.5 and 3.7 

show that the local maxima in the correlation length corresponds to plateauing of DC. Similar 

behaviour is seen in the correlation length where the increase steadily exceeds 0.2 Å (Figure 

3.5) after a small reversal in extension feature which may represent a transition from chain 

growth induced length changes to true chain extension. Therefore, chain extension in slowly 

polymerised resins occurs after the majority of the cross-linked network has been formed whilst 

any additional modifications to order and free volume are ascribed to chain extension 

linearizing the monomer segment [46, 47]. 

At faster polymerisation rates (Figures 3.8-3.10) greater increases in the correlation length and 

order in a shorter period of time are observed. At higher rates (TPO, high irradiance) the 

increase in the correlation length is more than double of that than can be ascribed to bond-

exchange (associated with chain growth) and is followed by a relatively large reduction in 

extension length, proportional to the initial length increase. This implies that rapid 

polymerisation and polymer growth generates stress within monomeric units, causing extension 
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of segments into a possibly more ‘linearized conformation’ (more so than for systems 

polymerised with lower reaction rates). Relaxation of these length scales may therefore 

represent a reorientation of bond geometry to lower the energy state of the system. This is 

supported by the reversal in extension seen in short range order measurements (Figure 3.9). 

Figure 3.8 also shows that systems polymerised rapidly can demonstrate varying degrees of 

chain extension post-relaxation. This feature is most prominent in systems polymerised using 

lower light intensities, achieving lower conversion. In comparison, a system which has been 

polymerised rapidly and has reached a high terminal conversion displays negligible extension 

after the initial increase and subsequent reduction in correlation length. Any changes in 

correlation length after gelation must be attributable to either continued conversation (post-

cure) or bond exchange. Post-cure (which is proportionally greater in lower DC systems, where 

free-volume in the polymer network is greater and radical diffusion in permissible) will be 

associated with polymerisation with less geometric freedom for the reacting monomer. This 

restriction of geometric freedom is likely to lead to bond and chain geometries that are longer 

than a comparative unconstrained state and leads to the net increase in correlation lengths seen 

at extended times for systems with initially lower DC.  

At lower DC more free volume is likely to be available and diffusion limits do not fully restrict 

the movement of radical species. This allows for continued monomer-polymer conversion 

(Figure 3.10) which causes the monomer segment to incrementally extend. Resins polymerised 

rapidly with a greater terminal degree of conversion (> 90%) will demonstrate little free volume 

and will be vitrified. This limited mobility restricts further structural modifications such that an 

extended chain conformation is fixed into the polymer network. 

To summarise, chain extension in rapidly polymerised resins occurs during the formation of the 

cross-linked network, unlike at slower reaction rates, with the resultant structures unable to 

undergo further modifications post auto-deceleration with respect to short range order due to 

mobility restrictions. 
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The contribution of polymerisation exotherm and potentially heat transferred by the instigating 

light source at early stages of the reaction to the magnitude of the observed extension and 

relaxation must also be considered. Shortall et al (2013)  [48] demonstrated that a 1013 mWcm
-

2
 light source (blue light centred at 450 nm) can cause a temperature increase of between 2-5 °C 

in commercial RBCs during polymerisation when positioned 7 mm from the RBC. Exothermic 

output particularly during auto-acceleration will drive a faster reaction and exacerbate thermal 

motions of the forming polymer. A greater reaction rate will ultimately generate a larger 

extension and relaxation in these systems. In this study thermal effects are however, expected to 

be reduced in comparison to Shortall et al due to the use of a less intense light source and a 

larger separation distance from the resin sample.  
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3.4.3 The Effect of Polymerisation Rate on the Resultant Polymer Structure 

 

It can be seen from Figure 3.12 that as the polymerisation rate is increased there is a greater 

increase in the correlation length (extension) and relative short range order. At lower reaction 

rates (less than 2 %s
-1

) the relationship between extension and rate is linear (Figure 3.12), 

however above this threshold the extension begins to plateau. This plateau in extension at 

higher reaction rates may represent either the maximum extension of the monomer segment i.e. 

an ideal conformation or alternatively the maximum length before vitrification restricts further 

extension.  A similar pattern relationship is observed when changes in short range order were 

correlated with the polymerisation rate (Figure 3.13). Greater relative order in resins 

polymerised using a fast rate is likely an effect of differences in monomer-polymer conversion. 

A more polymerised system will inevitably display greater order due to the restriction of the 

thermal motions and chemical bond distributions. 

Direct correlations between X-ray scattering data and the polymerisation rate are therefore 

complicated by the relative differences in monomer-polymer conversion for each polymerising 

system. Degree of conversion was quantified using both real time ex-situ laboratory based FT-

NIR and in-situ measurements performed simultaneously to the acquisition of X-ray data with 

differences between the two measurements considered negligible. Normalising the increase in 

correlation length with respect to DC resulted in a similar pattern of observations to those seen 

in Figure 3.12. However, Figure 3.14 shows that normalised order decreases with increasing 

reaction rate. This implies that driving the reaction rate faster reduces the amount of time that 

the monomeric structure has to reorient and optimise its bond geometry during network growth. 

At slower polymerisation rates, more time is allowed to achieve a lower energy (a more 

ordered) conformation.  

Volumetric shrinkage is known to be facilitated by the conversion of C=C bonds which reduces 

intermolecular distances and increases the molecular packing density. Data from this study also 

indicates that chain segment extension acts as a secondary mechanism for volumetric shrinkage, 
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whereby chain linearization increases the packing density, which has not been previously 

considered in these materials. Unlike DCmax this mechanism is highly sensitive to the reaction 

rate and may explain why several studies have reported greater volumetric shrinkage and 

shrinkage rates in similarly converted materials when polymerisation is accelerated [12, 28, 32, 

49, 50]. The generation of macroscopic shrinkage associated with the reduction of free volume 

during the polymerisation of these materials must be considered when interpreting these results. 

When shrinkage is constrained, the result is the generation of residual stress which will likely 

impact on the observed correlation lengths within the polymer system. The geometry of the test 

specimens used in this study were largely unconstrained with a large aspect ratio between the 

disc surface and the sample holder, with a readily deformable mica window. Although 

shrinkage has not been measured in this study, residual shrinkage strains would manifest as 

increased correlation lengths that may relax over time. When polymerisation is accelerated 

through the use of TPO initiator and the highest irradiance a relaxation feature is observed. It is 

conceivable that this feature is a form of stress relief mechanism, such as bond exchange or 

breakage. 
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3.5 Conclusions 

 

The evolving polymer structure of photo-activated dimethacrylate resins has been studied using 

time resolved X-ray scattering and in-situ FT-NIR as a function of reaction rate. Photo-

polymerisation induces structural changes in the monomeric units with regards to chain segment 

extension and relative order which to date is unreported. It appears that chain extension occurs 

predominantly in the methacrylate functional groups of the more flexible TEGDMA monomer, 

although extension is also thought to occur in the central portion. Faster polymerisation rates 

generate greater extension in a shorter period of time and as a consequence the developing 

structure has less time to orient to a lower energy (higher order) conformation. By polymerising 

the system rapidly, to the point of vitrification, any residual stresses generated by chain 

extension remain fixed into the polymer network. In comparison, slowly polymerised systems 

are capable of modifying the polymer structure after the majority of the network has formed 

likely due to a greater availability of free volume. This unique and novel experiment within the 

context of dental research has shown how operator-induced, environmental and compositional 

variables may impact on the structure of the polymer matrix components of dental RBCs and 

may ultimately explain the discrepancies in the predictive modelling of the mechanical 

behaviour of these materials using more conventional techniques. 
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4 RELATIVE ORDERS IN RBC POLYMER NETWORK 

STRUCTURE DEFINED BY NEUTRON SCATTERING 
 

4.1 Introduction 

 

It is widely reported that accelerating polymerisation in resin based composites using high 

intensity light activation can impact on the tensile strength, toughness, hardness and degree of 

polymerisation shrinkage [1-3] and stress [4-6] of these materials [7-10]. However, the 

mechanisms by which these differences in physico-mechanical properties are achieved are still 

widely debated and the current understanding of these materials appears to be incomplete. It is 

accepted that properties are dictated by the chemical structure [11], chain length and 

architecture of the polymer. Consequently, IR spectroscopy has been used to correlate the 

degree of conversion [12-15] and polymerisation rate to these structures. Glass transition 

measurements provide insight into the polymer architecture and free volume [16], and have 

been used to explain mechanical differences between similarly converted polymers in terms of 

cross-linkage density. Whilst this interpretation has been very useful it should be noted that 

although Tg shows a dependency on cross-linkage [17], it is directly related to segmental 

polymer motions [18], which are also constrained by increasing cross-linkage. During 

polymerisation the conformation of monomer and forming polymer segments will inevitably 

evolve as a function of conversion and polymerisation rate, yet this has been seldom studied in 

detail. 

In chapter three time resolved studies of the polymer structure were obtained using a 

combination of synchrotron X-ray scattering and FTIR measurements to correlate the 

polymerisation rate with the polymer structure. A correlation length believed to have an intra-

monomeric origin increased during polymerisation and results demonstrated that driving 

polymerisation at faster rates generated a lower ordered polymer conformation which at 

extreme rates may store residual strain. The changes in the correlation length seen in chapter 
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three cannot be explained by chain growth alone and relatively large increases in the correlation 

length suggest that chain segment extension was a contributory factor. Weighted least squares 

fitting of X-ray scattering spectra from constituent monomers was used to approximate the 

structure of Bis-GMA and TEGDMA. These results showed that chain extension is likely and 

that a significant degree of extension occurs in the flexible backbone of the TEGDMA 

monomer, which can form cross-links. Chain segment extension is therefore either attributable 

to linearization effects, which is believed to happen more in constrained geometries and/or by 

real strain i.e. the cross-link is more linear in certain structures or indeed is under strain. The 

purpose of this chapter was to therefore address uncertainties in the polymer structure. To do so 

required in depth analysis of the structure of the TEGDMA monomer itself within the Bis-

GMA/TEGDMA system. 

X-ray scattering is a powerful technique for understanding the effects of polymerisation rate on 

the polymer structure (chapter three), which by extrapolation may be used to understand final 

physico-mechanical properties. A deficiency of X-ray scattering however, is that it is strictly 

limited to structural features with sufficient electron density [19-21]. Hydrogen atoms have a 

very small X-ray scattering cross-section [22, 23] and do not scatter X-rays efficiently. This is 

problematic as the TEGDMA monomer and particularly the functional groups where the 

monomer forms cross-links, are highly hydrogenated. Correlation lengths arising from cross-

linking distances can therefore not be distinguished through X-ay scattering techniques. 

Whilst X-rays are largely insensitive to correlation lengths at longer cross-link length scales in 

these systems, this can be circumvented by the use of a complimentary technique like neutron 

scattering [24]. Neutrons alone are unable to discern structures in highly hydrogenated materials 

such as dimethacrylate polymers used for dental restorations, due to the hydrogen atom 

possessing a large incoherent scattering cross section [25]. However, hydrogen atoms may 

substituted for its isotope deuterium, which has a relatively large coherent neutron scattering 

cross section [25], thus scattering more efficiently. Selective exchange of hydrogen for 

deuterium can therefore be used to modify the neutron scattering cross-section [26] to allow for 
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specific structures and correlation lengths within a molecule (or monomer), which would not be 

detected by conventional scattering methods [27], to be highlighted whilst leaving the physical 

and chemical properties of the molecules largely intact. 

It is possible by using a combination of small angle neutron scattering (SANS) methods and 

isotopic substitution [28] to understand additional structural changes in the resin post-

polymerisation. This chapter seeks to address questions raised in chapter three regarding the 

effects of polymerisation rate on longer range order within the system relating specifically to 

whole monomeric units and cross-link distances. 
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4.2 Methods  

 

Experimental resin blends were prepared by combining a partially deuterated monomer with a 

completely hydrogenated dimethacrylate monomer species. Hydrogen has a large incoherent 

neutron scattering cross section and scatters poorly. Deuterium, the heavier isotope of 

hydrogen, has a larger coherent neutron scattering cross section and scatters more efficiently 

making. Deuterium exchange was used in the hydrogenated portion of the methacrylate 

functional end groups, i.e. the methyl and methylene groups (Figure 4.1), to create a ‘molecular 

ruler’ to effectively measure the average end to end distance of the TEGDMA monomer prior to 

and post polymerisation. The procedure by which hydrogen was exchanged for deuterium is 

outlined in greater detail in section 2.2.2 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. (a) Fully hydrogenated TEGDMA and (b) partially deuterated TEGDMA where the 

methyl and methylene groups have had hydrogen exchanged with deuterium. 

(a) 

(b) 
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4.2.1 Preparation of Photo-Polymerisable Dimethacrylate Resin Blends 

Bisphenol-A-glycidyl-methacrylate (Bis-GMA) (Sigma-Aldrich, Dorset, UK) and deuterated 

triethyleneglycol-dimethacrylate (d-TEGDMA) were proportioned in 60/40, 50/50 and 40/60 

(Bis-GMA/d-TEGDMA) weight percentage (wt. %) ratios and combined to produce 1 g mixes. 

The viscosity of the blend increases with the proportion of Bis-GMA. The monomer blends 

were combined with a photo-initiator as either 0.2 wt% Camphorquinone (CQ) with 0.8 wt% of 

its tertiary amine N,N-dimethylaminoethyl-methacrylate (DMAEMA) or 1 wt% of the type 1 

photo-initiator, Lucirin-TPO (Sigma-Aldrich, Dorset, UK), which does not require a co-

initiator. As these partially deuterated monomer blends were produced in significantly smaller 

quantities than for hydrogenated counterparts it was not possible to homogenise blends using a 

mixing machine. The proportioned monomers and photo-initiators were instead manually 

stirred with a spatula for 60 minutes per blend at 50 ± 1 °C in dark conditions until 

homogenous.  

Test specimen discs were prepared by filling a circular impression in a polyvinylsiloxane mould 

(11 mm diameter and 1 mm in depth), and pressed flat with a microscope cover slide to prevent 

the formation of an oxygen inhibition layer. Samples were purposely manufactured to be no 

more than 1 mm in thickness to reduce the effects of absorption and incoherent and inelastic 

scattering which is significant in materials with a 1:1 ratio of hydrogen to deuterium [29]. 

Resins were photo-polymerised using an EMS Swiss master light curing unit (EMS 

OPTIDENT, electro medical systems, Nyon Switzerland) which was placed normal to and in 

contact with the cover slide. The curing unit had a spectral output range of 390 – 550 nm to 

provide significant overlap with the absorption peaks of the Camphorquinone (470 nm) and 

Lucirin TPO (381 nm) photo-initiators. For each unique composition, the resin was either 

photo-polymerised at a relatively high (3000 mW cm
-2

 for 6 s) or low (300 mW cm
-2

 for 60 s) 

light intensity to introduce extreme rates of polymerisation whilst ensuring matched total energy 

doses. The resultant specimens were stored in dark conditions in sealed containers at 4 ± 1 °C 
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prior to further use. Resin disc samples and their respective photo-polymerisation regimes are 

summarised in Table 2.5 in Materials and Methods. 

4.2.2 Neutron Scattering  

 

4.2.2.1 LOQ 

 

Preliminary small angle neutron scattering (SANS) measurements were carried out on the LOQ 

[30] small-angle diffractometer at the ISIS Pulsed Neutron Source (STFC Rutherford Appleton 

Laboratory, Didcot, U.K.). The beam line is a time of flight instrument (TOF) and utilises a 

white beam with a wavelength range of 2.2 – 10 Å to provide a final q range [31] of 0.006 – 1.4 

Å
-1

, where q=4π sinθ/λ, with a 8 mm (diameter) beam size [31]. Scattering data were collected 

simultaneously across the whole q range by a combination of low and high angle bank 2D area 

detectors (Ordela, 
3
He – CF4, Oak Ridge National Laboratory, Tennessee, USA) covering q 

ranges of 0.006 – 0.24 Å
-1

 and 0.15 – 1.4 Å
-1 

respectively [31]. Resin disc samples were 

wrapped in Aluminium foil to prevent further photo-activated polymerisation and were 

mounted on a Cadmium sample rack and measured for 1 h. In addition to pre-polymerised 

samples, constituent monomers (Bis-GMA and d-TEGDMA) in isolation as well as in 

combination with each other in 60/40 and 40/60 wt% ratios, were placed inside 1 mm path 

length quartz cuvettes (quartz suprasil, Helma analytics, Essex, UK) and measured for 1 h to 

identify their contributions to the scattering signal and to establish initial values for correlation 

lengths of interest. To aid data analysis measurements were taken for the direct beam, empty 

sample containers (Aluminium foil and quartz cuvettes) and sample transmission. Data was 

converted to scattering cross section using the Loq plug in for the MantidPlot software package 

[32] and placed on an absolute scale (cm
-1

) using the scattering from a solid blend of 

hydrogenous and pre - deuterated polystyrene sample. 
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4.2.2.2 SANS2D 

Small angle neutron scattering (SANS) measurements were performed on the SANS2D [33] 

instrument at the ISIS pulsed neutron source (Rutherford Appleton Laboratories, Oxford, UK). 

Resin disc-shaped test specimens were sealed within Aluminium foil and mounted on a 

Cadmium sample rack to absorb neutrons. SANS2D is a time of flight (TOF) instrument which 

uses a wavelength range of 1-12 Å to provide a q range of 0.004 – 2 Å
-1

, where q = 4π/λ sinθ. 

An 8 mm (diameter) beam size was used to collect SANS data in a transmission mode geometry 

using a 2D area detector (Ordela, 
3
He – CF4, Oak Ridge National Laboratory, Tennessee, USA)

[34]. Acquisition times per sample were approximately 1 hour and additional measurements 

were also taken on hydrogenated sample counterparts to serve as controls. Further 

measurements were taken for the direct beam, empty sample rack, sample transmission, 

Aluminium foil and a Vanadium calibration standard to correct for background and 

transmission effects and to normalise the data to absolute scattering units respectively. Data was 

reduced to 1D in absolute scattering units using the SANS2D plugin for the Mantidplot [32] 

software package. 

4.2.2.3 D16 

Neutron diffraction experiments were performed on the small-momentum transfer cold neutron 

two circle diffractometer D16 [35] at the Institut Laue-Langevin (ILL, Grenoble, France). The 

instrument was operated with a neutron beam energy of 2.6 keV corresponding to a wavelength 

of 4.75 Å and Δλ/ λ = 0.01, with a beam size of 5 by 5 mm (horizontal × vertical) [35, 36].  

Resin disc samples were wrapped in Aluminium foil to prevent further photo-activated 

polymerisation, whilst liquid monomer blends were contained in 1 mm path length quartz 

cuvettes (Helma Analytics, Essex, UK) and mounted on a cadmium sample rack. The 

intensity of the diffracted beam was recorded at a sample to detector distance of 500 mm  by the 
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millimetre-resolution large-area neutron detector (MILAND) 
3
He position-sensitive detector 

[37], which consists of 320 × 320 (xy) channels with a resolution of 1 × 1 mm
2
.  Three detector 

bank positions were used to capture structural features over a total q range of 0.01 – 2.0 Å
-1

. 

Each detector bank position had a measurement time of 15 min, giving a total collection time of 

45 min per sample. Intensities on the detector surface were corrected for solid angle and pixel 

efficiency and normalized to the flat incoherent signal of a 1 mm water cell following 

subtraction of the empty sample cell background. A photo-diode mounted on to the beam stop 

was used to measure the sample transmission for corresponding data corrections. Scattering 

data was converted to absolute units using measurements from a Boron Carbide standard. All 

data reduction was performed using the ILL in-house LAMP (Large Array Manipulation 

Program) software package [38]. 
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4.2.2.4 Synchrotron X-ray Scattering Measurements 

 

In chapter three structural changes were only observed in-situ using X-ray scattering for 360 s 

during photo-polymerisation giving no insight into possible structural evolution that may occur 

during post-cure. Deuterated test samples were photo-polymerised several weeks before the 

SANS experiment and will have undergone some degree of post cure [39-43] in the time 

between. A gap in the data therefore exists, describing how the structure is modified throughout 

post-cure. Additional SAXS measurements were conducted over a time scale of three hours to 

characterise structural changes during post-cure. The duration of the measurement was 

restricted to three hours per sample due to the time constraints imposed by using a synchrotron 

source. 

 

Synchrotron X-ray scattering experiments were carried out on the XMaS beamline (BM28) [44-

46] at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). An incident X-

ray energy of 15 keV was used corresponding to a wavelength  (λ) of 0.82 Å, with a beam size 

of 0.08 × 0.5 mm (horizontal × vertical) defined by vacuum tube slits. Measurements were 

carried out in air, at 23 ± 1 °C with light excluded other than the photo-curing light source. 

  

Test specimens were prepared by filling a 0.9 mm thick stainless steel ring with a 10 mm 

internal diameter with 60/40 (Bis-GMA/TEGDMA) wt %  hydrogenated resin blends initiated 

with either TPO or CQ as the photo-initiator (Section 2.4.1), which was sealed on both faces by 

25 µm thick Mylar film (RS, Northants, UK). The resin filled rings were housed within a brass 

block annulus (Daresbury Laboratory, Warrington, UK) and mounted at 30° normal to the path 

of the incident X-rays, 300 mm from the X-ray source. A 5 mm diameter light guide 

(Lumencor, Kent, UK) was fixed normal to and 10 mm distant from the centre of the resin 

surface and connected to a multichannel light source (Lumencor Aura Light engine, Lumencor, 

Kent, UK) to illuminate the sample. 
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For the TPO initiated resins, the light engine was programmed to emit a peak emission 

spectrum at 405 nm, whilst for CQ systems a wavelength of 470 nm was employed. The 

wavelengths of light were chosen to match the maxima in the absorption spectra of the 

respective photo-initiators [47]. Camphorquinone initiated resins were either photo-polymerised 

at a relatively high (634 mW cm
-2

 for 30 s) or low (53 mW cm
-2

 for 360 s) light intensity to 

introduce extreme rates of polymerisation whilst ensuring matched total energy doses. Resins 

utilising TPO were photo-polymerised at a light intensity of 1640 mW cm
-2

 for 30 s to 

understand how the polymer structure evolved at longer time scales when polymerised at an 

extremely fast rate. 

2D scattering images were collected using a 2048×2048 pixel MAR CCD (MAR CCD 165, 

Rayonix, Norderstedt, Germany) camera, 570 mm from the sample to give a q range of  0.1 to 

1.9 Å
-1

, where q=4π sinθ/λ (here θ is equivalent to half the angle between the incident X-rays 

and the detector). A Helium filled flight tube was employed to minimise air scattering. 

Scattering images were collected with a 1 s count time and a 4 s readout time giving a 5 s 

temporal resolution. Time resolved scattering measurements were conducted for each resin-

blend by initially collecting data for 20 s prior to remote activation of the light engine. In 

addition to the time resolved photo-activated samples, X-ray measurements were acquired for 

the constituent monomers (Bis-GMA and TEGDMA) in isolation and containing photo-initiator 

to identify their contributions to the scattering signal of each blend. The contribution of the X-

ray beam to the measurements was assessed by conducting observations for over 30 min for the 

uncured and polymerised samples in the absence of light. To aid data analysis measurements 

were taken for direct beam, empty sample containers, Mylar windows, water and a silver 

behenate calibration standard to allow the scattering patterns to be corrected for background and 

normalisation effects. Transmitted beam was recorded throughout using a beam-stop mounted 

photodiode. Data were normalised to the incident monitor intensity and background corrected 

using the Fit2D software package (version 12.077, ESRF) [48]. Data were azimuthally 
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integrated over 360° to produce a 1D output and were subsequently fitted with Gaussian [32] 

models to determine peak positions and relative order. 
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4.2.3 Density Measurements 

 

The densities of the deuterated resin disc samples were determined via helium gas pycnometry 

(Quantachrome ULTRAPYC 1200e, Hartley Whitney, England).  The device was calibrated 

using a stainless steel sphere with a known volume and weight (volume = 2.145 cm
3
, weight = 

16.383 g). Individual resin discs were measured inside a micro cell chamber (internal diameter 

= 15 mm, volume = 4.25 cm
3
) to a resolution of 1 × 10

—4 
 g cm

-3
. Each individual density value 

was the average of five internal automated measurements, a process repeated five times per disc 

to calculate an average density for a specific blend and polymerisation regime. Due to the 

limited number of deuterated resin disc specimens, density measurements were repeated with 

hydrogenated counterparts to ascertain differences in density between blends and 

polymerisation regimes and to improve statistics. Similarly, the density was measured five 

times per disc (with each measurement consisting of five automated internal measurements) for 

three disc specimens and these values were used to calculate an average density for a specific 

blend and polymerisation regime. Uncertainties in the density for each composition are reported 

as the standard deviation of all measurements.  

4.2.4 Data Analysis 

 

SANS patterns were integrated over respective detector banks and merged to produce a 1D 

output of q versus scattering intensity (I(q)) using the MantidPlot [32] package for data obtained 

at ISIS and the LAMP package [38] for data generated at the ILL. Due to a low signal to noise 

ratio data was smoothed with a six point Savitzky-Golay polynomial to aid peak fitting. 

Scattering peaks were fitted with Gaussian models to determine the peak position and full width 

at half maximum (FWHM) using the MantidPlot software package [32] (version 3.0.0, 2013). 

The peak position corresponds to the average bond length (correlation length), whilst the 

FWHM gives insight into the distribution of chemical bond lengths and angles termed as order. 

Correlation lengths and order were compared between identically composed resin samples 

photo-polymerised at relatively slow and fast rates. 
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4.3 Results 

 

4.3.1 Scattering Features Pre and Post Photo-Polymerisation  

 

Figure 4.2 shows the radially averaged neutron scattering profile for a 60/40 wt % (Bis-GMA/d-

TEGDMA) resin blend utilising a CQ photo-initiator system, prior to photo-polymerisation, in 

the liquid-monomeric form (solid line) after being stored in dark conditions and in the polymer 

state (broken line) following photo-polymerisation with a light source intensity of 3000 mW 

cm
-2

 for 6 s. It can be seen in the monomer form that three scattering features exist; a low q 

feature is found at q ~ 0.22 Å
-1

 corresponding to a correlation length of approximately 28.5 Å. 

Additionally, a broad but well defined scattering peak is located at q ~ 0.6 Å
-1

 (~10.5 Å) and a 

poorly defined feature is seen between 1.35 – 1.4 Å
-1

 (4.48 - 4.65 Å).  

Post photo-polymerisation it can be seen that four scattering features are now present. The low 

q peak (a) displays a small shift to lower q (0.22 to 0.2 Å) equivalent to a length increase of 

approximately 3 Å. This scattering feature also shows a change in intensity and shape which 

may suggest that this peak is an artefact of scattering at low q due to a high background 

measurement and will not be discussed in detail. The peaks initially located at (b) q ~ 0.6 Å
-1

 

and (c) q~1.15 Å
-1

  
 
has shifted to significantly lower q and has become narrower. These 

changes are indicative of an increase in the measured correlation length and a decrease in the 

associated short range order. A new scattering peak (d) is identified at q ~ 1.35 Å
-1

, whilst the 

high q broad scattering peak moves to slightly higher q, corresponding to a decrease in this 

possible correlation length. 
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(a) 

(b) 

(c) 

(d) 

Figure 4.2. Small angle neutron scattering spectra of a 40/60 wt % (Bis-GMA/d-TEGDMA) 

blend initiated with CQ, prior to photo-polymerisation (solid line) and after photo-

polymerisation (broken line). Three prominent scattering features are located at q ~ 0.6, 1.15 

and 1.4 Å
-1

. The feature at ~ 0.2 may not represent a true structural feature and may instead 

be a low q artefact. 
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4.3.2 Contributions to the Neutron Scattering Spectra 

 

Figure 4.3 shows the SANS spectra for the constituent monomers (liquid form) d-TEGDMA 

and hydrogenated Bis-GMA. It can be seen that d-TEGDMA displays two broad scattering 

peaks located at q ~ 0.4 Å
-1

 (~1.57 Å) and q ~ 1.33 Å
-1

 (~4.72 Å). Hydrogenated Bis-GMA is 

featureless within the region up to q ~ 1 Å
-1

, but displays a scattering peak at ~ 1.18 Å
-1

 (~5.32 

Å). This scattering peak is located at a similar length scale to scattering peak (c) (Figure 4.2), 

albeit at slightly higher values of q. Figure 4.4 displays the SANS spectra of a 60/40 Bis-

GMA/TEGDMA blend with CQ as the initiator. This completely hydrogenated resin blend 

shows only one scattering peak at q ~ 1.2 Å
-1

, but the region up to q ~ 1 Å displays no scattering 

features. In comparison the SANS spectra of the same blend, but with d-TEGDMA substituted 

for TEGDMA shows two broad scattering peaks at q~ 0.6 and q ~ 1.2 Å
-1

. It should be noted 

that there is a difference between the correlation length (q ~ 0.6 Å
-1

) of the neat d-TEGDMA 

liquid and the Bis-GMA/d-TEGDMA liquid blend. For the neat d-TEGDMA the scattering 

feature corresponds to a correlation length of approximately 15 Å, which is close to the ideal 

chain length for this monomer (~19 Å). Whilst in the blend the correlation length is 

significantly shorter at ~ 10.5 Å. This peak is also quite broad in both monomer and polymer 

form, which represents some considerable variation in the conformation of the d-TEGDMA. 
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Figure 4.3. SANS spectra of liquid monomers d-TEGDMA (solid black line) and 

hydrogenated Bis-GMA (broken black line). 
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Figure 4.4. SANS spectra of a completely hydrogenated 60/40 wt% (Bis-GMA/TEGDMA) sample 

with a CQ initiator system. 
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4.3.3 The Effect of Relative Differences in Polymerisation Rate on the Final 

Polymer Structure 

4.3.3.1 Scattering Feature (b) 

In this study photo-initiator chemistry and the irradiance protocol was used to generate relative 

differences in the polymerisation rate (characterised using FT-NIR in chapter three). Figure 4.5 

illustrates the position of the q ~ 0.6 Å
-1

 scattering peak post photo-polymerisation, for each 

resin blend at each photo-polymerisation regimen. Here the final correlation lengths are shown 

in real space. It can be seen for all blends, regardless of photo-initiator chemistry, that 

accelerating polymerisation through the use of a higher light intensity confers a greater increase 

in the correlation length, as also shown in Figure 4.5 and 4.6. The use of the more reactive TPO 

photo-initiator also yields a greater increase in the correlation length under the same irradiation 

protocols. TPO initiated resins polymerised at relatively high (3000 mWcm
-2

) and low (300 

mWcm
-2

) light intensities demonstrate larger final correlation lengths by ~ 0.1 and ~ 0.23 Å 

respectively in comparison to CQ based resins of identical monomer formulation. Differences 

in the final correlation length between the high and low light irradiance density regimes, for a 

specific blend, are typically twice as large in CQ initiated resins (~ 0.44 Å) than TPO based 

systems (~0.2 Å). Altering the relative resin viscosity (the ratio of Bis-GMA to TEGDMA) 

appears to have little effect on the correlation length, with only relatively small differences 

present between the more fluid (40/60 wt%) and viscous (60/40 wt%) blends for identical 

irradiation protocols. This is likely due to greater cross-linking by TEGDMA monomers in 

comparison to Bis-GMA. This has been suggested indirectly through elution studies of Bis-

GMA/TEGDMA resins which showed leaching of Bis-GMA [49-51]. 

Figure 4.7 shows the full width half maximum (FWHM) of the q ~ 0.6 Å
-1

 correlation peak for 

all resin disc-shaped samples. The FWHM provides insight into the distributions of chain 

conformations i.e. bond lengths and angles within the d-TEGDMA monomer, for relatively fast 

and slow polymerisation rates. It can be seen that for a fixed resin composition and photo-
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initiator chemistry that resins polymerised at faster rates through the use of a higher light 

intensity, but shorter exposure time, demonstrate a larger FWHM indicative of lower short 

range order. However for each irradiance, the difference in the FWHM between resin blends 

utilising different photo-initiator chemistry or different viscosities are very small. 

Figure 4.5. Correlation lengths, corresponding to the scattering peak initially located at q ~ 0.6 Å
-1

, 

post photo-polymerisation for the respective resin blend test specimens. 
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Figure 4.6. SANS spectra of  60/40 wt % (Bis-GMA/d-TEGDMA) blends utilising either a 

(a) CQ or (b) TPO photo-initiator. Resin samples polymerised at high irradiance densities are

referred to as the fast regimen (broken black line) whilst low irradiance density curing

protocols are termed slow regimens (solid black line).

(b) 

(a)
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Figure 4.7. Full width at half maximum (FWHM) for the scattering peak located at q ~ 0.6 Å
-1

, 

post photo-polymerisation for the respective resin blend specimens. 
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4.3.3.2 Scattering feature (c)  

 

Figure 4.8 shows the final correlation length for scattering feature (c), for each resin blend and 

irradiance protocol, post photo-polymerisation. It can be seen that for all blends that 

accelerating photo-polymerisation through the use of high light intensity conferred a greater 

increase in the correlation length. Differences in correlation lengths between high and low light 

intensity irradiance protocols were ~ 0.05 Å for both photo-initiator methods. Resins using TPO 

initiator showed greater final correlation lengths at equivalent irradiance protocols in 

comparison to CQ based systems. Typically, for a given blend the correlation length was 

approximately 0.17 Å larger in a TPO based resin. Correlation lengths are not shown for all 

samples as the signal to noise ratio for this peak was not always high enough to perform a 

reliable and accurate fit. 

Figure 4.8. Final correlation lengths for peak (c) (q ~ 1.15 Å
-1

), for each resin formulation and 

irradiance protocol. 
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4.3.3.3 Scattering Feature (d) 

 

Figure 4.9 illustrates the final position, in real space, of the higher q peak (~1.4 Å
-1

) seen in 

Figure 4.2 for all resin blends and irradiance protocols post photo-polymerisation. All blends 

display a shift to higher q and it can be seen that accelerating polymerisation through the use of 

the more reactive photo-initiator species TPO, confers a smaller final correlation length in 

comparison to identically composed resins initiated with CQ under the same illumination 

protocols. Similarly, sub sets of assumed polymerisation rates for each photo-initiator 

chemistry, introduced by different light intensities, show that for TPO based systems a 

relatively large difference exists between the high and low light intensity illumination regimes 

equivalent to approximately 0.15 Å. However, in CQ based systems differences in the 

correlation lengths between relatively fast and slow polymerisation rates are negligible. The 

data also shows no clear relationship between the relative viscosity (Bis-GMA/TEGDMA ratio) 

of the system and correlation length. For CQ initiated resins the more fluid blend (40/60 wt%) 

displays a larger correlation length in comparison to the relatively viscous (60/40 wt%) 

counterpart, whilst the opposite is true for TPO based systems, although differences in the latter 

system are smaller. 

4.3.3.4 Density Measurements 

 

Figure 4.10 summarises the average densities for hydrogenated counterparts of the deuterated 

resin specimens used for SANS. Hydrogenated versions were used instead of deuterated 

samples as duplicates could be easily and inexpensively made to improve statistics. Resins 

initiated with TPO typically display greater densities in comparison to CQ based systems. This 

is likely due to differences in terminal monomer to polymer conversion. It can be seen that for 

CQ initiated resins, samples polymerised with lower light intensities display greater densities. 

However, TPO initiated resins show negligible differences with regards to irradiance protocol.  
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Figure 4.9. Final correlation lengths (peak (d), q ~ 1.4 Å
-1

) for the each resin specimen post-

polymerisation 
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Figure 4.10. Density measurements of hydrogenated counterparts to deuterated resin blends 

used for SANS. Hydrogenated versions were used as each sample formulation could be 

reproduced several times to gain better statistics, unlike for deuterated samples. Error bars 

represent the standard deviation for three repeat measurements per sample. 
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4.3.4 Time Resolved X-ray Scattering Measurements 

 

In this chapter, the use of SANS techniques allows only for static measurements of the resin 

samples post-polymerisation. Insufficient flux, in comparison with synchrotron X-ray sources 

makes it practically impossible to time resolve subtle structural changes, particularly in highly 

hydrogenated and amorphous polymer samples such as those used in this experiment. Although 

SAXS techniques were previously used to observe correlation lengths, describing polymer 

segment motions (chapter three), given the correlation lengths observed using SANS it is very 

likely that the two are related and that additional X-ray results may provide further insight. In 

chapter three structural changes were only observed in-situ using SAXS for 360 s giving no 

insight into further structural evolution that may occur during post-cure. Deuterated test 

samples were photo-polymerised several weeks before the SANS experiment and will have 

undergone some degree of post cure in the time between. A gap in the data therefore exists, 

describing how the structure is modified throughout post-cure. Figure 4.11 illustrates the 

changes in the correlation length and relative order for 60/40 wt% blends (Bis-

GMA/TEGDMA) utilising either CQ or TPO photo-initiator, when polymerised at different 

light intensities but matched total irradiances (see methods), over a period of three hours 

following light exposure. Time resolved correlation lengths and order were obtained via X-ray 

scattering and correspond to the peak position and full width at half maximum respectively 

from the scattering peak described in chapter three.  

Resins initiated with CQ display typical changes in the correlation length and order when 

polymerised at relatively fast and slow rates (relative high and low irradiances) during the initial 

300 s. When irradiated with lower intensities of light, the correlation length shows a two stage 

increase whereby a relatively abrupt increase in the correlation length is followed by a gradual 

gain over time, as described in chapter three. Similarly when polymerisation is accelerated 

using a higher irradiance, the characteristic reduction in extension feature outlined in detail in 

chapter three is observed before the transition into the third stage of gradual increase. At this 

point in time (t=300 s) the total increase in the correlation length is greater for the CQ resin 
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blend which has been polymerised at the faster rate. Similarly, gains in relative order increase 

faster for the high irradiance scenario and achieve greater order at t = 300 s (Figure 4.11 b)). 

After 300 s when neither CQ sample is being illuminated, both resins demonstrate an 

incremental increase in the correlation length and relative order, however the relative rate of 

increase for both these parameters is greatest for the more slowly polymerised system during 

the first hour of post-cure. Between t = 7200 (2 h) to t = 10800 s (3 h) the rate of increase of the 

correlation length (~ 0.01 Å/hour) and order for both CQ resins is now very similar. After three 

h of post-cure the correlation length for the slower polymerised CQ resin has slightly overtaken 

its faster counterpart, although this is not true for increases in relative order. However the 

differences between both parameters for each resin composition are almost negligible. It can be 

seen that for the first 30 s of illumination, TPO initiated resins demonstrate a characteristic large 

initial increase and relaxation in the correlation length relative orders as described in chapter 

three. Despite additional time for post-cure, the system shows no development in either 

correlation length or increase in relative order, as illustrated by a plateau in both data sets. 

During post-cure the increase in relative order for both CQ resins approaches that of TPO based 

systems with near negligible differences, however this was not mirrored in the correlation 

lengths which appear to begin to plateau ~ 0.1 Å short of those seen in TPO initiated resins 
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Figure 4.11. Real time evolution of the (a) correlation length and (b) relative increase in order 

for 60/40 wt% (Bis-GMA/TEGDMA) blends. Resins photo-initiated with CQ at high (dotted 

line) and low (broken line) light irradiance densities are shown in addition to a TPO initiated 

resin polymerised at a relatively high light irradiance density (solid line) 

(a) 

(b) 
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4.4 Discussion 

4.4.1 Scattering Peak Origins 

 

4.4.1.1 Scattering Feature (a) 

 

The scattering feature observed at q ~ 0.22 Å
-1

 corresponds to a correlation length of 

approximately 28.5 Å. It is conceivable that this feature corresponds to a cross-link repeat 

distance. However, this feature is also present in the SANS spectra for the liquid monomer 

blend where no cross-links would be expected to exist. It is therefore likely that this feature is 

an artefact from scattering at low q. 

4.4.1.2 Scattering Feature (b) 

 

Photo-polymerisation generated an increase in the correlation length corresponding to the broad 

scattering peak located at approximately 0.6 Å
-1

(Figures 4.2, 4.5 and 4.6). The correlation 

length increases from a real space value of ~ 10.5 Å up to approximately 11.7 Å depending on 

the resin composition (which indirectly reflects on the relative resin viscosity), photo-initiator 

chemistry and light intensity. Partially deuterated TEGDMA were prepared to enhance 

scattering length densities and to provide contrast in the hydrogenated parts of the methacrylate 

moieties. Selected exchange of hydrogen for deuterium increases the scattering length of the 

functional groups, artificially creating a correlation length that would not be visible to neutrons 

for a hydrogenated counterpart. The origin of the q ~ 0.6 Å
-1 

peak is therefore ascribed to the 

end to end distance of the d-TEGDMA monomer. This artificially induced correlation length is 

observed in the SANS spectra for the liquid (monomer) d-TEGDMA. The scattering peak 

located at ~ 0.4 Å
-1

 corresponds to a real space correlation length of approximately 15 Å, which 

is very similar to the ideal chain length of the d-TEGDMA monomer (~ 20 Å) to which it is 

believed to represent. Furthermore, this feature is not observed in either of the pure TEGDMA 

or Bis-GMA resins, nor hydrogenated resin blends which lack the necessary coherent scattering 
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lengths. Deuterated blends display a broad scattering peak within the region of 0.1 – 0.8 Å
-1

, 

although this peak is at higher q (shorter correlation length in real space) than seen in the pure 

d-TEGDMA monomer. This peak is believed to originate from the d-TEGDMA end to end 

distance despite the difference in the correlation length, as it is not seen in the hydrogenated 

blends and is the only plausible structural feature at this length scale given prior knowledge of 

sample deuteration. The decrease in the correlation length in the Bis-GMA/d-TEGDMA blend 

relative to d-TEGDMA is attributed to a difference in interaction potentials [52] between 

neighbouring d-TEGDMA monomers and d-TEGDMA and Bis-GMA. Bis-GMA contains an 

aromatic core with steric effects as well as additional hydrogen bonding arising from 

hydroxyl/carbonyl groups, which will modify interactions between the two monomer species. It 

must also be acknowledged that partial deuteration of the methacrylate moieties of TEGDMA 

will increase the molecular weight of the monomer relative to its hydrogenated counterpart. 

This will inevitably alter the diffusion properties of the monomer however, given that the 

percentage change in molecular weight is ~ 1.5 %, differences in diffusion and hence 

polymerisation rates between the hydrogenated and deuterated monomers is considered to be 

negligible. 

To summarise, the end to end length of d-TEGDMA therefore seems the most plausible 

correlation length within this structural regimen. It should be noted that additional contributions 

will arise from neighbouring pendent d-TEGDMA monomers (furthest end of pendent to 

nearest bound end of other TEGDMA) and trapped unreacted monomers, which will likely 

broaden the scattering peak. Given that the maximum increase in the correlation length was 

~1.2 Å (Figure 4.5)  and the most that bond conversion can contribute to this is ~ 0.4 when the 

monomer is fully cross-linked, the mechanism for a length increase along a whole monomeric 

unit is attributed predominantly to chain extension.  
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4.4.1.3 Scattering Feature (c) 

 

The peak located at q ~ 1.15 Å
-1

 in the Bis-GMA/d-TEGDMA blend appears to correspond to 

the scattering peak observed in the SANS spectra of the liquid Bis-GMA monomer as no other 

scattering feature is observed in this spectra or that of d-TEGDMA. Figure 4.8 shows that the 

final position of this scattering peak, in Bis-GMA/d-TEGDMA blends, varies with the assumed 

polymerisation rate. The position of this peak is found at lower q for higher light irradiance 

protocols i.e. faster polymerisation confers a greater increase in this correlation length. This 

implies that, much like in chapter three, that this peak corresponds to a correlation length within 

the Bis-GMA monomer particularly when considering the magnitude of the correlation length 

and associated increase in length, which cannot both be ascribed to inter-monomer separation 

distances. In chapter SAXS it was shown that chain extension occurs in the non-aromatic 

portion of the Bis-GMA monomer. The correlation length seen in Figures 4.2 and 4.8 

approximates the non-aromatic portion of Bis-GMA i.e. the structure between the aromatic ring 

and the methylene group where cross-links form. To summarise, this peak likely represents the 

non-aromatic segment of Bis-GMA which may be undergoing segment extension that is 

sensitive to the polymerisation rate. 

 

4.4.1.4 Scattering Feature (d) 

 

Following photo-polymerisation, the high q feature initially located at ~ 1.4 Å
-1 

moved to higher 

q, indicative of a decrease in the respective correlation length.  This scattering peak is located at 

a similar region in q to the one observed in the X-ray scattering data. However, as this 

correlation length does not increase post-polymerisation, this implies that this structural feature 

is not related to chain extension within segments of the polymer. It is conceivable that this 

scattering peak corresponds to the separation distance between neighbouring monomers in the 

liquid state, and polymer chains in the solid state i.e. correlation lengths arising from the 
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deuterated functional groups of neighbouring monomers. Several studies have investigated the 

origin of this peak in polymer systems and it is believed to arise from Van der Waals separation 

distances [53, 54] in the monomer form, which becomes smaller as the polymer chains pack 

closer together the result of polymerisation. This is further supported by the decrease in the 

correlation length which shows some correlation to an increase in density. 

 

4.4.2 Impact of Irradiance on the Resultant Polymer Structure 

 

It can be seen from Figures 4.5 and 4.7 that accelerating the rate of photo-polymerisation 

typically confers greater chain extension along the length of the d-TEGDMA monomer and 

reduced short range order relative to slower polymerisation regimes. In this study, photo-

initiator chemistry and the intensity and exposure to the impinging light source was used to 

introduce relative differences in the polymerisation rate. The light intensity had the greatest 

effect on introducing differences in the final correlation length and relative order of the d-

TEGDMA monomer. It can be seen in Figure 4.5 that the difference in the final correlation 

length is larger between identically composed resins polymerised at different light intensities, 

but which have the same initiator chemistry, in comparison with resins polymerised at the same 

light intensity but with different (less/more reactive) initiators. This is somewhat 

counterintuitive as TPO is a more efficient photo-initiator than CQ and achieves a greater 

terminal conversion and maximum polymerisation rate [7]. Furthermore, previous X-ray 

scattering results presented in chapter three indicate that, at least for the initial 360 s during  

photo-polymerisation, significantly greater chain extension is generated in TPO initiated system 

regardless of the impinging light intensity. Similarly, TPO initiated resins displayed greater 

short range order (non-normalised data), although this is a consequence of greater conversion 

reducing thermal motions of monomers/polymers.  
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However, in this study X-ray scattering measurements identical to those presented in chapter 

three were extended over a three hour period (instead of 360 s) to observe structural changes in 

the polymer during the post cure phase for high and low light intensity regimes with matched 

total irradiances. It can be seen in Figure 4.11(a) that during the initial 360 s structural changes 

with regards to chain extension and order are typical of those described in chapter three. Hence, 

rapid polymerisation generates the greatest intra-monomeric chain extension and increase in 

order, which are accompanied by a relaxation (reduction in extension) feature. Slow 

polymerisation confers gradual, but smaller increases in chain extension and order. In Figure 

4.11, it can be seen that after the initial light exposure both the relatively fast and slow CQ 

initiated systems continue to extend. However, the rate of chain extension during the post-cure 

phase is actually greater for the system photo-polymerised at a slower polymerisation rate, 

particularly during the first hour of post cure. At two hours of post-cure, chain extension for the 

fast and slow curing regimes is almost equivalent. Additionally, the initial increase in relative 

order follows a similar pattern with differences in the two polymerisation regimes effectively 

negligible after three hours of post cure. Additional X-ray scattering measurements were taken 

of a TPO system, illuminated with the greatest achievable light intensity to understand how the 

polymer structure evolved at longer times scales when polymerised at an extremely fast rate. 

This system displays the greatest and most rapid initial increase in both chain extension and 

relative short range order during the initial period of illumination and demonstrates a large 

relaxation feature. Yet, during the post cure phase no additional modification to either chain 

extension of short range order is observed. In comparison, if the CQ resins were to continue to 

extend at the rate observed in Figure 4.11(a) then they would achieve an equivalent chain 

extension within an additional ~ 16 hours of post cure (19-20 hours in total). It is therefore not 

unreasonable to conclude that continual and incremental modification of the structure during 

post-cure has produced the similar values in the final correlation lengths obtained via neutron 

scattering for resin systems polymerised using identical irradiance regimes but with different 

photo-initiator chemistry. However, given that there is a greater similarity in the correlation 

lengths of systems exposed to the same light intensity regimes rather than the photo-initiator 
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chemistry suggests that the initial and rapid production of free radicals provides a force which 

adds additional extension to the monomer to that which may be intrinsically achieved, as a 

consequence of monomer conversion, at slower rates. Also, that we observed similar final 

correlation lengths despite using photo-initiators which produce vastly different polymerisation 

rates suggests that there is a threshold polymerisation rate which will result in no greater 

additional chain extension. 

It can be seen in Figure 4.7, that accelerating polymerisation, typically for higher light intensity 

polymerisation regimes, conferred greater FWHM for a given scattering peak, indicative of 

reduced short range order with respect to slower polymerised systems. Differences in the 

FWHM of the q ~ 0.6 Å
-1

  peak would typically suggest that the structure of the cross-link is 

more or less ordered as a function of the polymerisation rate, but this may also be related to the 

density and distribution of the cross-links within the polymer. Simulations by Sarkar et al  [55] 

suggested that rapid photo-polymerisation of Bis-GMA/TEGDMA systems, achieved through 

exposure to high intensity light, results in a heterogeneous ‘patchy’ distribution of cross-links 

throughout the system, whilst at slower rates cross-links are more evenly distributed. A greater 

FWHM (reduced order), which is predominantly affected by light intensity may allude to this 

distribution. Extension is likely to be greatest in d-TEGDMA monomers which are cross-linked, 

so regions of high cross-link density are also likely to have cross-links in an extended 

conformation. 

This interpretation may better explain mechanical differences in resins which have been 

polymerised at different rates but to a similar terminal degree of conversion. Fast 

polymerisation creates more extended cross-links, fixed into this conformation, which are 

therefore less able to deform to relieve stress. If this is coupled with heterogeneity in the cross 

link density then we have regions of high cross link density, with reduced potential to deform,  

neighbouring a less densely cross-linked and extended matrix. This may imply that stress relief 

would occur at the interface of these regions 
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4.5 Conclusions 

The final polymer structure of photo-activated dimethacrylate resins has been studied, using 

small angle neutron scattering in combination with isotopic substitution and longer term X-ray 

scattering measurements, as a function of reaction rate. Neutron scattering demonstrates that the 

polymerisation rate not only affects the density and distribution of cross-links as previously 

reported in the literature, but also influences the final conformation of the whole cross-link unit 

with respect to chain extension and short range order. Accelerating polymerisation confers 

greater chain extension and reduced short range order relative to slower rates. The intensity of 

the irradiating light source had the greatest effect on chain extension and relative order 

suggesting that, despite the use of photo-initiators which generate significantly different 

polymerisation rates, a threshold polymerisation rate limits the final chain extension and 

changes in order. Long term X-ray scattering measurements show that although resins 

polymerised at slower rates may exhibit reduced chain extension, the polymer structure is 

continually modified during post cure, which is not the case for faster polymerisation. However 

this post cure behaviour is not quite sufficient to achieve a similar final cross-link structure as 

for faster rates.  
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5 MODIFICATION OF POLYMER STRUCTURE THROUGH 

THERMAL LOADING: A PRELIMINARY STUDY 

5.1 Introduction 

The main body of this thesis has focused on characterising and understanding the polymer 

conformation of a dental resin matrix as a function of the polymerisation rate and matrix 

viscosity. However, in clinical practice an RBC filling will, following photo-polymerisation, be 

subject to external perturbations, both physical and chemical that are likely to alter the resin 

structure. In-vivo, a dental RBC filling will typically be exposed to an average temperature of 

37 °C when no additional thermal load is applied [1]. Eating, drinking and breathing will induce 

thermal fluctuations in the intra-oral environment which have been shown using thermocouples 

to range from 4 °C to 60 °C [2, 3] and will be (partially) transferred to the RBC material. The 

RBC’s location within the mouth and its morphology will dictate local as well as differential 

temperatures within the prosthetic. The thermal response of the polymer will be influenced by 

the chemical structure [4] of the constituent monomers that form the resin matrix, photo-

initiator chemistry, polymer network architecture and the degree of monomer to polymer 

conversion [5]. To date, characterisation methods have focussed on understanding  the response 

of RBCs to thermal perturbations using methods such as measuring dimensional changes, 

mechanical tests  [6] and glass transition temperatures [5, 7], from which assumptions are 

extrapolated about the polymer structure. In chapter three, synchrotron X-ray scattering was 

shown to be a useful tool for determining the polymer structure under dynamic conditions. The 

aim of the work presented in this chapter is to therefore form a preliminary investigation into 

how temperature modifies different polymer conformations, generated at different 

polymerisation rates, using synchrotron X-ray scattering.  
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5.2 Methods 

 

5.2.1 Preparation of Photo-Polymerisable Dimethacrylate Resin Blends 

 

 Dimethacrylate monomers, bisphenol-A-glycidyl-methacrylate (Bis-GMA and 

triethyleneglycol-dimethacrylate (TEGDMA) were proportioned in 70/30, 60/40, 50/50 and 

40/60 (Bis-GMA/TEGDMA) weight percentage (wt. %) ratios and combined to produce 10 g 

mixes. Liquid resin blends were prepared as described in section 2.2.3.   

Test specimen discs were prepared by filling a circular impression in a polyvinylsiloxane mould 

(11 mm diameter and 1 mm in depth), and pressed flat with a microscope cover slide to prevent 

the formation of an oxygen inhibition layer. Resins were photo-polymerised using an EMS 

Swiss master light curing unit (EMS OPTIDENT, electro medical systems, Nyon Switzerland) 

which was placed normal to and in contact with the cover slide. The curing unit had a spectral 

output range of 390 – 550 nm to provide significant overlap with the absorption peaks of the 

Camphorquinone (470 nm) and Lucirin TPO (381 nm) photo-initiators. For each unique 

composition, the resin was either photo-polymerised at a relatively high (3000 mW cm
-2

 for 6 s) 

or low (300 mW cm
-2

 for 60 s) light intensity to introduce extreme rates of polymerisation 

whilst ensuring matched total energy doses. Samples polymerised at high and low irradiances 

are referred to a ‘fast’ and ‘slow’ samples respectively in this chapter. Samples were produced 

two weeks prior to the experiment to minimise post-cure effects. The resultant specimens were 

stored in dark conditions in sealed containers at 4 ± 1 °C prior to further use. 
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5.2.2 Synchrotron X-ray Scattering Measurements 

 

Synchrotron X-ray scattering experiments were performed on the I16 [8] beamline at the 

Diamond Light Source (Oxford, UK). An incident X-ray energy of 12 keV was used 

corresponding to a wavelength (λ) of 1.033 Å, with a beam size of 30 (vertical) × 200 

(horizontal) microns defined by vacuum tube slits. Measurements were carried out in air, at 23 

± 1 °C with light excluded to reduce further post cure. 

A bespoke heating module was used to increase the temperature of resin disc test specimens as 

shown in Figure 5.1. The module consisted of an aluminium plate (25 × 25 mm area) with a 6 

mm (diameter) circular aperture, to allow for the transmission of X-rays, fixed in contact 

perpendicular to a kinematic heating platform. The temperature of the heating platform was 

remotely controlled via a cryogenic temperature modulator (model 3.8, Lake Shore cryotonics, 

Elliot Scientific Ltd, Hertfordshire, UK). Resin discs were held in good contact with the 

aluminium plate by a second plate which screwed into the first. The temperature of test 

specimens was increased through heat transfer from the kinematic stage to the aluminium plate 

and finally to the resin disc. The temperature as set by the external controller could not be used 

to verify the sample temperature due to differences in thermal conductivity. Instead three 

thermocouples were placed in contact with the kinematic stage, aluminium plates and the resin 

disc to measure the temperature of each component. The heating module and housed sample 

was oriented with the annulus of the aluminium plate normal to the path of the impinging X-

rays. A compressed air blower valve with a 5 mm diameter was positioned 20 mm from the 

sample face offset at an angle of 30 ° from the path of the impinging X-rays to cool the test 

specimens after thermal loading. The temperature of the compressed air was 20 °C ± 1 °C to 

avoid cooling the sample below the initial and ambient temperature. 

Resin disc test specimens were heated at a relatively slow rate of 5 °C per minute, in order to 

obtain a uniform heat distribution within the specimen, from a starting temperature of 20 °C to 

160 °C (±1 °C). This thermal range was selected to understand the polymer structure within the 
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context of intra-oral temperatures and above Tg. X-ray scattering measurements were taken at 

each 5 °C increment to characterise structural changes as a function of temperature. X-ray 

scattering data was collected using a 2D area detector (Pilatus 100K ) with a 487 × 195 pixel 

format (pixel size = 172 × 172 µm
2
) fixed on to a two theta detector arm. The detector was 

placed 470 mm behind the sample and collected scattering data at angles of 2θ =7, 13 and 22 to 

cover a q range of 0.2 to 1.8 Å
-1

 where q = 4πsinθ/λ for each 5 °C temperature increment. 

Scattering data were collected with a 1 s count time and a 2.7 ms readout time. Transmitted 

beam was also recorded at each angle/temperature increment using a photodiode to correct for 

changes to the sample density and thickness. 

The contribution of the X-ray beam to the measurements i.e. beam damage was assessed by 

conducting observations for over 30 min for the pre-polymerised samples at ambient 

temperature. Additional measurements were also conducted on the liquid monomer (Bis-

GMA/TEGDMA) blends, housed within liquid cells, to establish a baseline for the initial 

correlation length and order parameter. To aid data analysis measurements were taken for direct 

beam, empty sample containers, and a silver behenate calibration standard to allow the 

scattering patterns to be corrected for background and normalisation effects. Data were 

normalised to the incident monitor intensity and background corrected. Data were azimuthally 

integrated over 360° to produce a 1D output and were subsequently fitted with Gaussian models 

to determine peak positions and relative order using the Dawn software package (version 2.6.0) 

[9]. 
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Figure 5.1. (left) Two Aluminium plates, mounted onto a heated kinematic stage, heats a resin disc 

test specimen held between the plates. X-rays impinge normal to the sample face and scatter into a 

Pilatus 100 K detector mounted onto a 2θ detector arm. (right) Top down view of the experimental 

set-up. The pipe to the left of the image blows cold air (20 °C ± 1 °C) to cool the stage after heating. 



212 
 

5.3 Results 

 

5.3.1 The Effect of Temperature on Correlation Length 

 

Figure 5.2 shows an X-ray scattering peak, for a 40/60 wt % (Bis-GMA/TEGDMA) resin disc 

sample initiated with TPO, located at q ~ 1.14 Å
-1

, corresponding to a correlation length in real 

space of approximately 5.55 Å. It can be seen that when the resin disc specimen is 

incrementally heated to higher temperatures the scattering peak shifts to lower q, which is 

indicative of an increase in the correlation length. Additionally, the width of the peak varies as a 

function of temperature indicating temperature dependent changes in short range order. 

Figure 5.3 illustrates the changes in the correlation length for resin test specimens as a function 

of temperature. Here the correlation length at each temperature increment corresponds to the 

peak position of the scattering peak in Figure 5.2 at the respective temperature step. It can be 

seen that all resin samples demonstrate an increase in the correlation length as temperature is 

increased. The correlation length increases linearly with respect to temperature and the rate of 

increase is approximately  is 0.0013 Å K
-1

  for all test specimens, regardless of differences in 

system viscosity (ratio of Bis-GMA/TEGDMA), photo-initiator chemistry or irradiance 

protocol. Similarly the total increase in this correlation length i.e. between the highest and 

lowest temperature values is ~ 0.175 Å (CQ = 0.175 ± 0.00886 Å TPO = 0.1758 ± 0.0122 Å) 

for all samples.  

Samples using TPO photo-initiator demonstrated larger initial and final values of the correlation 

length for each blend and irradiance protocol in comparison to CQ based counterparts. 

Differences in correlation lengths are consistent with the findings presented in chapter three. 

However, differences in correlation length between identically composed samples photo-

polymerised at different irradiance are negligible. It can also be seen that for TPO initiated 

systems, the magnitude of the correlation length is ranked according to differences in relative 

viscosity, with more viscous blends demonstrating the greatest correlation length at all 

temperatures. No such ranking was observed in CQ initiated resins. 



213 

Figure 5.2. X-ray scattering of a 40/60 wt % (Bis-GMA/TEGDMA) resin disc sample initiated with 

TPO. At 20 °C the scattering peak (black line) is located at approximately 1.14 Å
-1

, but moves to 

lower q (red line), indicative of an increase in the correlation length. 
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Figure 5.3. Correlation length as a function of temperature for (a) CQ and (b) TPO initiated RBCs. 

(a) 

(b)
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5.3.2 The Effect of Temperature on Short Range Order 

Figure 5.4 shows the relative changes in order as a function of temperature for resin samples. 

Here, values of order correspond to the change in the FWHM of the scattering peak shown in 

Figure 5.2, relative to the initial FWHM value for each temperature increment. A narrowing of 

the scattering peak therefore represents an increase in relative order, whilst a broadening of this 

peak relates to reduced order. An initial increase in order, up to ~ 2%, is observed between 20 – 

60 °C, typically reaching a peak value at ~ 55 °C. As the temperature is increased further, gains 

in order in the system tend to zero at approximately 120 °C i.e. the value of the FWHM is 

almost equivalent to the initial value. As the system is heated to a maximum temperature of ~ 

160 °C, order is seen to increase almost linearly back to a value of ~ 2%. Systems initiated with 

TPO demonstrate slightly larger increases in order at both ~ 60 and 160 °C in comparison to CQ 

RBCS. Differences in order as a function of irradiance protocol and relative viscosities (ratio of 

Bis-GMA/TEGDMA) are negligible.  
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Figure 5.4. Relative changes in order as a function of temperature for (a) CQ and (b) TPO initiated 

RBCs. 

(a) 

(b)
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5.4 Discussion 

 

It was shown that the scattering peak at q ~ 1.14 Å
-1

 (Figure 5.2) shifted to lower q as the 

polymer was placed under thermal load, indicative of an increase in the correlation length. In 

chapter three it was demonstrated that this scattering peak corresponds to polymer segments, 

specifically the methacrylic functional groups of the Bis-GMA and TEGDMA monomer and 

the TEGDMA backbone, which display the ability to extend. This increase in the correlation 

length is therefore ascribed to chain extension within the aforementioned polymer structures, 

induced by the applied thermal load. It is known that RBCs demonstrate volumetric expansion 

when heated, an effect attributed to increased polymer chain mobility which increases the 

effective volume of the polymer and generates a relative increase in free volume.  It is therefore 

likely that increased polymer mobility in the system is driving chain extension. 

It can be seen from Figure 5.3 that the total amount of chain extension and the rate of chain 

extension with respect to temperature is very consistent for all samples, regardless of 

composition, photo-initiator chemistry or irradiance protocol. However, initial offsets in the 

correlation lengths assumed to be generated from different polymerisation rates are preserved. It 

is suggested that this is due to all the chemical bonds possessing similar rotational freedom to 

each other, despite differences in the conformation of the polymer segment i.e. the basic 

mechanism for chain extension is identical for all atoms and chemical bonds. Therefore, as the 

same amount of energy is put into the system, all of the bonds even if they are constituent in 

different polymer segment conformations, individually will rotate in the same way as a function 

of their energy causing the polymer segments to extend at similar rates and magnitude. 

Volumetric expansion of similar polymers may be expected to be linear given that the 

coefficient of thermal expansion is likely to hold in the observed temperature range. Any non-

linear behaviour should likely be ascribed to additional events e.g. bond degradation or further 

conversion associated with loss of radical entrapment. 



218 
 

It can be seen for the 40/60 wt% CQ (SLOW) sample that upon thermal loading, increases in 

the correlation length and relative order are significantly greater in comparison to other resin 

blends and irradiance protocols (Figures 5.3(a) and 5.4(a)). This is likely the effect of the results 

being based on a sample number of n = 1. Relatively large increases in the correlation length 

and order are therefore attributed to insufficient cure. Consequently, as the polymer is heated 

increases in system mobility drive additional polymerisation, corresponding to an increase in 

the correlation length and order. Future experiments will ideally perform repeat X-ray scattering 

measurements per unique sample formulation/production procedure i.e. n =3, whilst FTIR could 

also be used to quantify consistent degree of conversion per formulation protocol, to account for 

under or over cured test specimens. 

It must be acknowledged that heating the polymer will increase the mobility of previously 

trapped free radical species and generate relative increases in free volume, allowing the radicals 

to propagate through the system and continue polymerisation. Additional polymerisation will 

confer an increase in the observed correlation length. This is not necessarily attributed to true 

chain extension but will represent a gradual increase in the contribution of longer correlation 

lengths (arising from increasing C=C to C-C conversion) to the average scattering signal. 

In Figure 5.4, changes in relative order showed undulating behaviour with respect to 

temperature. As the RBCs were heated up to ~ 50 °C relative orders in the system increased for 

all samples by approximately 2 %. It is known that during polymerisation unreacted radical 

species will become trapped in the polymer network and that heating an RBC during post-cure 

can drive additional polymerisation. This is likely the cause of the small increase in order as 

increased polymerisation will restrict the geometric freedom of the polymer chains. In this 

study, increases in chain extension and order attributed to either conversion effects or 

thermal loading cannot be separated as the two variables are related. Although there is 

likely an opposing effect which reduces order due to increased Brownian motion of polymer 

segments due to the energy put into the system. A maxima in relative order is observed at ~ 55 

°C, which decreases to near zero as the temperature reaches 120 °C. Dewaele et al [10] and 
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Sideridou et al [4] reported that the glass transition temperature of resins formulated from Bis-

GMA and TEGDMA ranged between 40-55 °C depending on composition and irradiance 

protocol. This peak in order and the following decrease may represent the transition through Tg, 

as increasing temperature confers greater mobility and geometrical freedom to polymer 

segments reducing order in the system. Within the temperature range of 120 – 160 °C relative 

order increases back up to ~ 2%. Given that this temperature range also corresponds to larger 

amounts of chain extension (Figure 5.3), it is conceivable that thermal expansion of the polymer 

network is great enough to constrain polymer segments into a more linearized conformation, 

thereby increasing order. 

A deficiency of this study is that changes in the polymer structure have only been observed as 

the temperature increases. It is unknown how the structure evolves as the polymer cools and 

whether structural differences that were induced by different polymerisation rates will remain as 

the polymer segments relax at lower temperatures.  
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5.5 Conclusions 

In this study X-ray scattering has been used to understand how different polymer structures of 

dimethacrylate resins, generated through different rates of photo-polymerisation, are modified 

by thermal loading. It was shown that thermal loading of RBCs confers chain extension in the 

polymer segments described in chapter three which increases proportional to the sample 

temperature. Changes in the relative short range order were observed but its relationship with 

respect to temperature is more complex than chain extension and appears to be sensitive to 

second order phase transitions i.e. glass transition. The rate and total magnitude of chain 

extension is independent of the photo-polymerisation variables that were implemented to cure 

the RBCs. However, the initial and final structures still maintain differences in chain extension 

as a function of irradiance protocol. Further study is required to elucidate the relationship 

between these microscopic structural changes, post-cure and macroscopic volumetric changes.  
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6 INTER-PARTICULATE SPATIAL VARIABILITY IN DEGREE 

OF POLYMERISATION OF DIMETHACRYATE DENTAL RBC 

FILLING MATERIALS 

6.1 Introduction 
 

Contemporary RBCs typically achieve between 55 – 75 % monomer to polymer conversion 

under clinical setting parameters [1, 2]. The degree of conversion (DC) of RBCs is routinely 

quantified using Fourier transform infra-red (FTIR) spectroscopy and is often used to 

discriminate between materials and photo-polymerisation regimens [3-6]. During the setting 

process, neighbouring polymer chains cross-link with each other and the material develops a 

greater elastic modulus and becomes stiffer. RBCs with greater conversion often demonstrate 

superior strength, surface hardness, flexural and elastic modulus [7, 8], whilst limiting the 

amount of residual unreacted monomer that may leach from the composite [9]. 

These materials are not homogenous by definition and differential conversion in unfilled resins 

has been demonstrated for increasing sample thicknesses of a few millimetres indirectly using 

surface (Knoop and Vickers) hardness measurements [10] and directly by applying bulk 

spectroscopic measurements on serially sectioned specimens of photo-polymerised di-

methacrylate resin [11]. Filler particles, usually silica or zirconia, are combined with the 

unfilled bulk resin matrix to improve composite strength, toughness and wear resistance [2, 12-

14]. The inclusion of filler has also been shown to reduce the generation of shrinkage stresses 

associated with volumetric shrinkage on curing, at the expense of increased DC. However, 

quantifying DC using FTIR spectroscopy is complicated by the presence of filler particles 

which introduce additional refractive indexes, light scattering and extinction coefficients to the 

system which differ to that of the dynamic properties of the resin matrix [15]. Monte Carlo 

simulations based on radiative transfer models have been applied to these systems to 

approximate light irradiance as a function of depth and have used this to extrapolate DC and 

hardness [16, 17]. Simulation results correspond well to experimental data, demonstrating 

reduced light transmission, DC and hardness at increasing RBC thickness relative to unfilled 
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RBCs and is therefore a good first term approximation for understanding how filler particles 

modify the DC profile. Unfortunately, current numerical solutions have not been extended to 

consider regional lateral variation in conversion at inter-particulate length scales, whilst 

experimental efforts have been hindered by technological limitations.  

FTIR remains the most promising technique to inform the relationship between polymerisation 

variables and monomer to polymer conversion, and for bulk measurements two approaches 

exist. Mid-IR was originally used to quantify DC by comparing aliphatic absorption bands in 

the monomer and polymer states, but this technique is limited to samples with a thickness less 

than 30 µm [6]  and offers no insight into the reaction rate. More recently Near-IR techniques 

have been developed to allow for time resolved reaction kinetics to be observed in samples 

several millimetres in thickness [3, 18]. The key limitations of these studies are the lack of 

lateral resolution required to study regional monomer to polymer conversion in systems where 

the organic polymer matrix contains an inorganic filler fraction. Conventional Fourier-

transform infrared (FTIR) micro spectroscopic systems are limited by a trade-off between 

spatial resolution, acquisition time, signal-to-noise ratio (SNR) and sample coverage, whilst 

even advanced synchrotron sources remain diffraction limited to spatial resolutions of 5 – 10 

µm [19]. Inevitably, monomer to polymer conversion is averaged over length scales much 

larger than the size of a filler particle. Localised variation in the photo-polymerisation of the 

interstitial resin matrix is yet to be elucidated but is essential for understanding structural 

variation in these materials.  

In this study it is shown how focal plane array (FPA) technology coupled with a novel 

synchrotron source allows for sampling below the diffraction limit of conventional FTIR 

microscopes, to provide insight into inter-particulate heterogeneity of monomer to polymer 

conversion and residual stress states as a function of polymerisation variables. 
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6.2 Methods 
 

6.2.1 Preparation of Experimental Resin Based Composites (RBCs) 

 

Experimental RBC materials were prepared by combining monodispersed filler particles with 

dimethacrylate monomers proportioned to provide differences in matrix viscosity and 

containing different photo-initiator chemistries to modify photo-polymerisation kinetics. The 

dimethacrylate monomers, Bisphenol-A-glycidyl-dimethacrylate (Bis-GMA and 

Triethyleneglycol-dimethacrylate (TEGDMA) (Sigma-Aldrich, Dorset, UK) were proportioned 

in 70/30 and 60/40 (Bis-GMA/TEGDMA) weight percentage (wt%) ratios and combined to 

produce 10 g mixes. The monomer blends were combined with a photo-initiator as either 0.2 

wt% Camphorquinone (CQ) with 0.8 wt% of its tertiary amine N,N-dimethylaminoethyl-

methacrylate (DMAEMA) or 1 wt% Lucirin-TPO (Sigma-Aldrich, Dorset, UK). The 

proportioned monomers and photo-initiators were homogenised in a glass beaker using a 

magnetic stirrer at 50 ± 1 °C for 30 mins in dark conditions. Non-silanized, 8 µm (diameter) 

silica microspheres (Cospheric, Santa Barbara, CA, refractive index = 1.54) were added to the 

resin blends in either 50/50 or 40/60 wt% ratios and mixed to form composites, using a high 

speed mixing machine (SpeedMixer™ DAC 150.1 FVZ-K, Synergy Devices Limited, 

Buckinghamshire, UK) for 5 minutes at 1000 rpm. The compositions for the filled resin blends 

are summarised in table 6.1. 

 

 

Bis-GMA TEGDMA Photo-initiator Resin/filler (wt%) Sample Code 

70 30 CQ 50/50 70/30 CQ 

70 30 TPO 50/50 70/30 TPO 

60 40 CQ 50/50 60/40 CQ 

60 40 TPO 50/50 60/40 TPO 

60 40 CQ 40/60 60/40 CQ HF 

60 40 TPO 40/60 60/40 TPO HF 

Table 6.1. Weight percentage (wt%) mixing ratios of Bis-GMA and TEGDMA monomers used to 

formulate each resin blend. Each mixing ratio was combined with a photo-initiator as either 0.2 wt% 

Camphorquinone (CQ) with 0.8 wt% of its tertiary amine N,N-dimethylaminoethyl-methacrylate 

(DMAEMA) or 1 wt% Lucirin-TPO photo-initiator. Silica filler particles were added in high (HF) 

(40/60) and low (50/50) loadings. 

 



 
 

225 
 

For each composition, 0.1mL of RBC was applied to the surface of a calcium fluoride (CaF2) 

disc (30 mm × 1mm (diameter × thickness), UV grade polished window, Crystan, Dorset,UK), 

and  pressed with a microscope cover slide to an approximate thickness of 100 µm. Composites 

were photo-polymerised using an EMS Swiss master light curing unit (EMS OPTIDENT, 

electro medical systems, Nyon Switzerland) which was placed normal to and in contact with the 

cover slide, illuminating the composite for 60s at an intensity of 300 mWcm
-2

 over a spectral 

range of 390-550 nm.  SiC paper (P4000 roughness, Agar Scientific, Stansted, Essex, UK) was 

used to polish polymerised composites to a thin layer, approximately 10 µm thick with only a 

single layer of particles, suitable for mid infra-red measurements. The resultant resins were 

stored in dark conditions in sealed containers at 4 ± 1 °C prior to further use.  

6.2.2 Synchrotron Fourier Transform Mid-Infra-Red Spectroscopy Mapping 

 

High resolution Fourier transform mid-infra-red (FT-MIR) images were taken of each RBC 

formulation using the IRENI (InfraRed Environmental Imaging) beamline (Figure 6.1) 

(Synchrotron Radiation Centre, University of Wisconsin-Madison, Wisconsin, USA) [20]. 

Radiation from the synchrotron storage ring was extracted via a bending magnet into 320 mrad 

(horizontal) by 25 mrad (vertical) swathes. Each swathe resembles a fan of radiation consisting 

of twelve beams of synchrotron light which were collimated and combined side by side into a 3 

× 4 matrix using an array of toroidal mirrors. The beam matrix illuminates a 60 × 40 µm
2
 region 

on an MCT (Mercury Cadmium Telluride) focal plane array (FPA, Santa Barbara) detector, 

housed within a Hyperion 3000 IR microscope (Bruker Optics) coupled with a Bruker 70FTIR 

spectrometer. Transmission measurements were performed using a 74 x magnification objective 

(Ealing, Thermo-scientific) with a numerical aperture (NA) of 0.65. This optical configuration 

coupled with spatial oversampling allowed for diffraction limited imaging (spatially) over a 

spectral Mid-IR range of 850 – 4000 cm
-1

, corresponding to an effective pixel size geometry of 

0.54 µm × 0.54 µm. Spectra were collected with a 2 cm
-1 

resolution using 128 co-added spectral 

scans per pixel. 
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The FPA detector was equipped with a programmable mapping stage, enabling mosaic IR 

imaging. FT-MIR maps of the RBCs were collected in tile mosaics, with a single tile equivalent 

to an illuminated area of 35 μm × 35 μm (64×64 pixels). Larger maps were constructed from the 

combination of several tiles, up to a maximum of eight, recorded sequentially. A single tile 

collected a total of 4096 individual FT-MIR spectra (the sum of 128 scans per pixel recorded 

simultaneously), with a measurement time of approximately five minutes per tile. Maps were 

collected from the outer edge to the centre of each RBC/CaF disc in 1 mm increments using the 

commercial Bruker OPUS software package (version 6.5, Bruker Optics) in maps consisting of 

4, 6 or 8 tiles. For each map, a visible image was collected over the same area in order to locate 

the centre of each filler particle for analysis. Measurements were carried out in a nitrogen filled 

atmosphere at 23 ± 1 °C within a sealed Plexiglas container. 
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Figure 6.1.  (a) Schematic of the IRENI beamline (Synchrotron Radiation Centre, Wisconsin, U.S.A), where 

M1 – M4 are mirror sets (adapted from Nasse et al 2011). (b) Long-exposure photograph showing the 

combination of the 12 individual beams to form a 3 × 4 matrix. (c) A visible-light photograph of a 60/40  wt% 

TPO initiated composite, where each map panel measures 32 × 32 µm.

m
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6.2.3 Data Analysis 
 

6.2.3.1 Degree of Conversion 

 

The degree of monomer to polymer conversion (DC) for each pixel in a given map was 

calculated from the ratio of the area of the aliphatic absorption peak (1637 cm
-1

) in the 

monomer and polymer states. Aliphatic absorption peaks were normalised to the aromatic 

stretching band (1609 cm
-1

) to correct for variations in sample thickness. 

 

𝐷𝐶 = (1 −
𝐶=𝐶𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐

𝑝
𝐶=𝐶𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐

𝑝
⁄

𝐶=𝐶𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐
𝑚 𝐶=𝐶𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐

𝑚⁄
) . 100 

 

where C=Caliphatic and C=Caromatic refer to the peak area of the 1637 cm
-1

 and 1609 cm
-1

 

absorption bands respectively in the monomer (m) and polymer (p) forms. FT-MIR maps were 

analysed using IRyidys (www.iryidys.com), an in-house program generated at the SRC which 

runs on the commercial software package IGOR PRO (version 6.3.5.5, 

www.wavemetrics.com).  Each map was integrated over the C=C aromatic (1609 cm
-1

) and 

aliphatic (1637 cm
-1

) absorption bands respectively (following baseline corrections for each 

peak) to produce an image for each vibration. The degree of monomer to polymer conversion 

was determined using equation 1 for each given pixel.  Laboratory based FT-MIR was used to 

obtain baseline spectra of the composite prior to photo-polymerisation. Bulk measurements of 

the uncured composite were collected using a Nicolet 6700 spectrometer (Thermo Scientific, 

Warrington, UK). Spectra were collected in ATR mode using a white light source and an 

InGaAs detector over a spectral range of 800 to 4000 cm
-1

 with a 2 cm
-1

 spectral resolution. An 

in-house script, written in MATLAB © (version R2012b, Mathworks ©) was used to locate the 

centre of each filler particle (obtained from the visual images) and radially average the DC, over 

a radius of ~5µm at 0.54 µm increments, for all particles in a map. Conversion was also 

measured at inter-particulate distances, by obtaining conversion values at the midpoint between 

neighbouring particles (centre to centre distance) for all particles within a map. 

(6.1) 
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6.2.3.3 Measurements of Residual Stress 

 

Residual strain was visualised indirectly from positional fluctuations of the aromatic 1609 cm
-1

 

absorption band, corresponding to the aromatic C=C stretching frequency originating from the 

benzene rings at the centre of the Bis-GMA monomer. The aromatic group is ideally located to 

quantify bond strain and has a distinct chemical signature in the mid-IR region. To quantify 

residual bond strain stored within the polymer structure, full IR spectra were extracted from 

each pixel in a map. Following an initial rubber band baseline correction to the spectra [21], the 

aromatic peak was fitted with a Gaussian model to determine peak positional fluctuation with 

respect to location from a filler particle. Principal component analysis (PCA), as described by 

Ryu and Noda (2010) [22], was used to rule out positional fluctuations in the 1609 cm
-1

 

absorption band due to the combined effect of relative intensity changes in neighbouring bands 

and transmission artefacts which may artificially shift an absorption peak [22]. PCA calculation 

was performed using prcomp from the R statistical library in the R programming language (R 

version 3.1.3 2015). Data was mean centred prior to PCA calculations, but was not scaled to the 

standard deviation to preserve the amplitude information of the spectral intensities. 2D maps of 

aromatic peak position, corresponding to the original pixels that the spectra were extracted 

from, were constructed to visualise inter-particulate variation. Radial and inter-particulate 

profiles were calculated in the same way as for DC. Correlations between DC and aromatic 

strain were obtained by calculating Pearson product-moment correlation coefficient. All 

calculations were performed using R programming (version 3.1.3, 2015, R Foundation).  
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6.3 Results 

Figure 6.2a shows a visible image of a 60/40 (Bis-GMA/TEGDMA) wt% resin matrix 

composite initiated with TPO, containing a 50 wt% filler loading of highly mono-disperse 

particles (shown as circles in 2D). The degree of monomer to polymer conversion over the same 

2D area is shown in Figure 6.2b. Pseudo colour coding is used to highlight areas of relatively 

high (red) and low (blue) conversion corresponding to the resin matrix immediately surrounding 

and between filler particles. Spatial variation of residual strain within the RBC was determined 

semi-quantitatively by measuring changes in the wavenumber position of the aromatic 

absorption peak (1609 cm
-1

), for each pixel and its corresponding mid-IR spectra to produce 

maps of wavenumber for every RBC (Figure 6.2b and d). Lower and higher wavenumbers were 

coloured red and blue respectively to illustrate higher and lower states of residual strain (Figure 

6.2c). Colour maps were produced for each RBC for every unique resin matrix, initiator and 

filler load composition. Values vary for each RBC composition, so maps were independently 

scaled to best visualise the respective distributions with respect to the position of filler particles. 
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6.3.1 Micro-scale Spatial Variation in Polymerisation 

Figure 6.2b illustrates how the degree of conversion within the resin matrix varies as a function 

of distance from a filler particle for all RBC compositions. Radial averages of monomer to 

polymer conversion integrated over the 2D face of all filler particles for each specific RBC are 

displayed to the left of the broken line in Figure 6.3. It can be seen that for all RBCs the degree 

of conversion is lowest at the 2D particle centre and increases, in a Gaussian form, towards the 

particle edge approaching the bulk of the resin matrix. Composites polymerised at relatively fast 

rates with the more reactive photo-initiator, Lucirin TPO, demonstrate greater conversion for 

identical compositions in comparison to CQ based systems polymerised at slower rates.  For the 

70/30 and 60/40 wt% blends, DC is 15 and 7 % greater respectively when the system is 

polymerised with TPO for both filler loading fractions. 

The percentage point increase in conversion from the centre to the edge of a filler particle is 

consistent at ~ 5% for all 50/50 wt% filler loading RBCs, regardless of viscosity or photo-

initiation chemistry. The radial profile for composites with a higher loading fraction is similar 

to the 50/50 wt%, with respect to the Gaussian shape. However, DC is significantly lower at the 

2D particle centre which is reflected by a 13 % point increase from centre to edge.  

Inter-particulate conversion for all RBCs, where DC was measured at the midpoint between the 

centre points of two neighbouring particles for a range of separation distances, is shown to the 

right of the broken line in Figure 6.3. A larger separation distance between local filler particles 

corresponds to increased conversion in the resin matrix. Offsets in inter-particulate DC between 

identical blends but polymerised with different photo-initiator species are consistent with their 

corresponding radial profiles, with TPO initiated resins showing almost 15% and 10 % greater 

DC between filler particles for 70/30 and 60/40 wt% blends respectively. The degree of 

conversion shows a larger correlation with separation distance in CQ initiated systems and is 

ranked by viscosity. The 70/30 and 60/40 wt% of CQ resins show correlation values between 

DC and particle separation of r=0.86 and r= 0.75 respectively. In comparison, corresponding 

8 µm(a)
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TPO based RBCs show correlation values of r=0.57 and r=0.68. Conversion increases up to ~80 

% in TPO RBCs before plateauing when particles are separated by 15 µm, whilst in CQ RBCs 

conversion continues to increase with particle separation distance. 

 

Figure 6.3. Degree of conversion is shown as a function of distance from a filler particle centre. 

Radially averaged conversion (over all particles, centre to edge) is shown to the left of the dashed line, 

whilst conversion at the midpoint between particle centres is shown to the right. 

----------------------------------------------------------------------------------------

-

Radially Averaged 

Conversion 
Inter-Particulate Conversion 
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6.3.2 Residual Strain  

 

Figure 6.2(c) displays the spatial variability in the wavenumber peak of the aromatic absorption 

band originating from the Benzene groups at the centre of the Bis-GMA monomer. Prior to 

plotting maps of the aromatic wavenumber and performing quantitative analysis it was 

necessary to determine the origin of these wavenumber changes. Strain in chemical bonds has 

been shown to correspond to a decrease in the observed wavenumber for a specific absorption 

band [23]. However, wavenumber shifts may be artificially induced by relative intensity 

changes in neighbouring and overlapping absorption bands and transmission artefacts. For 

example, regions of higher conversion correspond to a comparatively reduced aliphatic peak 

intensity and therefore lower overlap between the two absorption bands, altering the magnitude 

of apparent peak shifts. In this study the principal components analysis (PCA) technique as 

described by Ryu et al (2010) [22]  was adopted when treating spectral data to discern peak 

shifts ascribed to overlapping peaks and visualise spatial variation in strain.  

Spectra have been windowed to show the aromatic (1609 cm
-1

) and aliphatic (1637 cm
-1

) 

absorption bands. Each absorption peak has been de-convolved as seen in Figure 6.4a, with 

each band displaying degree of overlap with its neighbour. Overlapping peaks and differences 

in relative intensity changes across samples makes it difficult to compare the origins of peak 

shifts for composites with differences in terminal conversion. For example, a TPO initiated 

RBC will show greater conversion towards the centre of a filler particle in comparison to a CQ 

RBC of the same formulation. Higher conversion corresponds to a comparatively reduced 

aliphatic peak intensity and therefore lower overlap between the two absorption bands, altering 

the magnitude of apparent peak shifts.  

Principal components analysis (PCA) was applied to the spectral data to obtain the loading 

vectors (Figure 6.4(c)) to determine the origin of the peak shift, from spectra taken from a line 

transect over a filler particle (Figure 4(b)). The number of loading vectors for a peak shift 

attributed to relative intensity changes is equal to the number of sampled peaks, as the resultant 
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shift will be a linear combination of the weighted contribution of each peak. A peak shift due to 

physical changes to the chemical structure is a non-linear effect and the number of loading 

vectors will exceed the number of overlapping peaks. It can be seen that the peak shift in Figure 

4(b) requires four principle components to describe all variance and is identified as a true peak 

shift. 
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Wavenumber (cm-1) 

(a) 

(c) 

Figure 6.4. (a) Deconvolution of the aromatic (1609 cm
-1

) and aliphatic (1637 cm
-1

) absorption 

bands. (b) The aromatic absorption band taken as a line transect from the centre of a particle into the 

resin matrix. (c) Loading vectors of the aromatic peak over the aforementioned line transect. 
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All composites display higher aromatic wavenumbers (lower residual strain) at the 2D particle 

centre, as seen in Figure 6.5. Radial averages are displayed to the left of the broken line whilst 

inter-particulate changes are shown to the right. Radial averages for all RBC compositions show 

that Bis-GMA with higher aromatic wavenumbers are found at the 2D particle ‘centre’. 

Wavenumber values at the centre are typically ~1609 cm
-1

 with small variations between 

blends. This value is very similar to the wavenumber of the aromatic absorption band in the 

unperturbed Bis-GMA (liquid) monomer form. The aromatic wavenumber decreases towards 

the edge of the filler particle. Decreases in wavenumber are greatest for TPO initiated RBCs 

and are approximately three times larger than observed in CQ based systems of the same blend. 

Additional differences in the wavenumber shift exist between different blends with the same 

photo-initiator chemistry, with the resin matrix containing a higher proportion of the diluent 

TEGDMA showing a larger wavenumber decrease, although differences between RBCs with 

different filler loading fractions are negligible. For all RBC compositions, the decrease in 

wavenumber correlates strongly with increasing degree of conversion, with correlation 

coefficients of r ~ -0.99. The relationship between conversion and wavenumber shift is linear 

near the particle edge, although this is not true closer to the particle centre, as shown by the 

inflection point in Figure 6.6. In this region a similar increment in conversion corresponds to a 

smaller shift in the wavenumber. 

To the right of the dotted line in Figure 6.5, it can be seen that differences in wavenumber shift 

with respect to photo-initiator chemistry and blend viscosity are maintained at inter-particulate 

distances. However, strong correlations between wavenumber shift and the degree of 

conversion are no longer ubiquitous, as seen in CQ RBCs which plateau at approximately 

1608.25 cm
-1

, which corresponds to a low correlation value of r ~ -0.22. In comparison, the 

aromatic wavenumber for TPO RBCs decreases to ~1606.5 cm
-1

 at larger particle separation 

distances and correlates more with increasing conversion (r= -0.80). 

Direct comparison of wavenumber shift between similar RBCs photo-polymerised with 

different initiator chemistries are complicated by differences in monomer to polymer 
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conversion for each polymerising system. Normalising the wavenumber shift to the degree of 

conversion for each data point (Figure 6.7) shows a similar relationship as the radial averages in 

Figure 6.5, but demonstrates that TPO initiated RBCs display a greater shift per converted 

monomer. 

----------------------------------------------------------------------------------------- 

Figure 6.5. The aromatic wavenumber for the aromatic group at the centre of the Bis-GMA 

monomer is shown as a function of distance from a filler particle centre. Radially averaged 

wavenumber (over all particles, centre to edge) is shown to the left of the dashed line, whilst the 

wavenumber value at the midpoint between particle centres is shown to the right. (inset) The 

chemical structure of the Bis-GMA monomer - ring strain was detected in the aromatic core. 
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Figure 6.6. The radially averaged decrease in the aromatic wavenumber as a function of monomer to 

polymer conversion. Each plotting point represents a distance increment of 0.54 µm from the centre of 

the filler particle, the first point to the left, to the edge of the particle. Here data are replotted with 

different symbols to previous figures to clarify the number and location of points. 
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Figure 6.7. The decrease in the aromatic wavenumber (an increase in residual strain), normalised to the 

degree of conversion at each distance increment. The generation of residual strain within the RBC is 

ranked by the relative differences in polymerisation rate.  
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6.4 Discussion  
 

6.4.1 Understanding Conversion and Strain Profiles around Filler 

 

Figures 6.2b and c illustrate how the introduction of silica filler particles into a dimethacrylate 

polymer matrix induced spatial heterogeneity with respect to monomer to polymer conversion 

and residual strains, in comparison to an unfilled test specimen. Several previous laboratory 

based FTIR studies have quantified DC in RBCs [6, 24-26], but to date have only been able to 

provide measurements of the bulk material, with diffraction limited instrumentation effectively 

averaging values of conversion arising from resin coating/wetting filler particles and the inter-

particulate resin matrix. Consequently, subtle differences in the microscale structure of 

composites at inter-particulate length scales had not been identified, but have been resolved in 

this study for the first time. 

Local minima in conversion are observed at the 2D centre of each filler particle (Figures 6.2 

and 6.3) which increases towards the particle edge and into the inter-particulate resin matrix, 

whilst the aromatic wavenumber displays and inverse relationship with respect to conversion 

(Figure 6.5). Several studies have demonstrated that a shift to lower wavenumbers for an 

absorption band is indicative of chemical bond strain [23]. However, wavenumber shifts may be 

artificially induced by relative intensity changes in overlapping neighbouring peaks i.e. the 

aliphatic band which overlaps the aromatic absorption. In this study, a PCA technique described 

by Ryu et al (2010) [22] was used to discern between false and true peak shifts. The number of 

principal components required to describe the total variance in the spectral data, for a false 

peak, is equivalent to the number of overlapped peaks. It can be seen in Figure 6.4 that four 

principal components are needed to describe the variance for the aromatic peak shift from the 

2D centre to the particle edge. The peak shift is therefore a non-linear effect indicative of 

possible residual ring strain stored in the Bis-GMA aromatic core.  

It can be seen from the radially averaged plots (Figures 6.3 and 6.5) that conversion and 

residual strain (inversely proportional to wavenumber) display a Gaussian increase from the 2D 
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centre to the particle edge for all RBC formulations. This increase is not attributed to variation 

in conversion due to limited depth of cure, which has been shown to exhibit similar differences 

in conversion for these materials when the sample thickness exceeds 1 mm. Given that the 

samples were 8-10 µm thick, the effects of linear attenuation on conversion are considered to be 

negligible. The most likely explanation for this relationship is the presence of a lower converted 

boundary layer [27, 28] storing less residual bond strain, encapsulating each filler particle, 

relative to the inter-particulate resin matrix. As each filler particle is viewed in 2D, the 

measured values of conversion and strain in a pixel are weighted sums of the values arising 

from the boundary layer and the inter-particulate resin matrix. At the 2D ‘centre’, there is little 

free resin matrix and the boundary layer contributes most to the signal. Similarly, towards the 

particle edge the inter-particulate resin matrix makes an increasing contribution and so 

conversion and strain increase. The formation of this boundary layer is attributed to reduced 

monomer mobility around the silica particle [29, 30], due to drag along the particle surface 

mediated by surface porosity and hydrogen bonding interactions (between the monomers and 

silica). Lower monomer mobility will restrict the diffusion of propagating radical species during 

polymerisation, reducing conversion in these regions relative to the bulk matrix.  

The physico-mechanical and optical properties of RBCs have been shown to vary as a function 

of conversion and are often reported as a binary system, combining the properties of the resin 

bulk and that of the filler. However, a boundary layer with lower conversion will produce an 

additional region which will mismatch with the inter-particulate matrix with respect to elastic 

modulus, glass transition temperature [31], tensile and compressive strength, refractive index, 

thermal expansion, polymerisation shrinkage and polymerisation induced stresses [15, 32-37]. 

The generation and relaxation of internal shrinkage stresses in these materials are often 

considered in terms of viscous flow of the bulk during polymerisation, varying as a function of 

terminal conversion and polymerisation rate [38]. It is accepted that for dimethacrylate based 

polymers, immediate shrinkage strain is the result of Van der Waals inter-molecular spacing 

being exchanged for that of carbon-carbon bonds as the polymer forms. However, there is little 
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information in the literature elucidating how polymerisation impacts on the final conformation 

of the polymer at intra-molecular length scales. It can be seen in Figure 6.6 that aromatic strain 

varies almost linearly with conversion over the 2D face of a filler particle. Even though the 

aromatic core of Bis-GMA is the stiffest component of the molecule, it is discrete with respect 

to polymerisation and cross-linking reactions. Other bonds in the monomer will be subject to 

strain before strains in the aromatic groups are detectable [39, 40], but as the IR absorption peak 

corresponding to this structure is very well defined, subtle differences in the peak position can 

be elucidated. Greater average aromatic strain will therefore be measured for a more converted 

and cross-linked region of the polymer. The relationship between DC and aromatic strain over a 

particle is not entirely linear however (Figure 6.6), with an inflection point observed near to the 

2D particle centre for all RBCs where the aromatic wavenumber is similar to that measured in 

the liquid monomer form. This may represent several effects; reduced cross-linkage in the 

boundary layer, detachment of the polymer from the particle surface as a form of stress relief 

[41] or the result of insufficient monomer mobility to generate aromatic stress. However, this 

may also be an artefact from sampling very little of the boundary layer. 
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6.4.2 Understanding Conversion and Strain Profiles Between Particles 

The right hand side of Figure 6.3 shows two distinct features of conversion at inter-particulate 

length scales. A slight decrease in DC, relative to conversion at the edge of the radially 

averaged profile, is observed when particles are in contact or are minimally separated, but 

gradually increases at larger separations. The difference in values of conversion at small 

separations is attributed to the radial average being taken over a range of particle packing 

densities, with some of these particles being effectively isolated. In comparison, DC values 

taken at short separation distances correspond to higher packing densities where impinging light 

has been attenuated by previous layers of silica particles. Additionally, at short separation 

distances two boundary layers from separate particles may contribute to the measured value of 

DC within a pixel that lies between particles, lowering the average value of DC in that pixel. 

The actual value of DC at the midpoint between closely neighbouring particles, without the 

contribution of boundary layers which are not in contact with each other, cannot be determined 

due to insufficient spatial resolution. 

The gradual increase in conversion at larger separation distances may be explained by 

considering differences in particle packing density and relative pressure in the resin matrix in 

the pre-gel and gel states. When the packing density is high, light that reaches the surrounding 

resin matrix will have been attenuated via interactions with silica microspheres e.g. absorption, 

scattering and refraction, reducing the number of photons that can activate photo-initiator 

molecules. Decreasing particle packing density reduces attenuation arising from filler particles, 

leaving interactions primarily with the resin matrix and scattering and extinction by photo-

initiator molecules. Similarly, increasing particle separation will also reduce relative pressures 

in the resin matrix and allowing for greater mobility of propagating radical species and 

monomers to achieve higher terminal conversion. 
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6.4.3 The Effect of Relative Rate on DC and Aromatic strain  

 

In this study photo-initiator chemistry and the fluidity of the resin matrix, controlled by 

increasing the proportion of the diluent monomer TEGDMA, was used to introduce a range of 

polymerisation rates. Composites initiated with TPO achieved greater DC for radial and inter-

particulate profiles for a given blend. Within each photo-initiator system conversion was 

greatest for composites with the more fluid resin matrix. This is consistent with the literature 

which has shown that TPO is a more efficient photo-initiator than CQ and achieves greater 

terminal conversion and maximum polymerisation rate, typically by an order of magnitude for 

the latter. Similarly, a more fluid resin matrix confers greater mobility for propagating radical 

species during polymerisation [35, 42-44].  

It can be seen in Figure 6.5 that RBCs photo-polymerised at faster rates, through the use of the 

more reactive TPO initiator and a more fluid resin matrix, demonstrate greater aromatic bond 

strain through a greater shift to lower wavenumbers. Furthermore, it is observed that at inter-

particulate distances strain continues to increase when the RBC was polymerised at relatively 

fast rates (TPO) but plateaus for more slowly cured systems (CQ). Making correlations 

however, between residual strain and relative polymerisation rate are complicated by 

differences in monomer to polymer to conversion for each RBC. A more converted polymer 

will generate greater internal stresses in comparison to a lower converted material that has been 

polymerised at the same rate. Normalising the decrease in the aromatic wavenumber with 

respect to DCi (where DCi represents the measured value of conversion at the i
th 

increment of 

particle separation) and plotting against distance demonstrated that the generation of aromatic 

strain (residual strain within the polymer structure) is ranked by relative polymerisation rates 

i.e. by photo-initiator chemistry with sub-sets of viscosity (Figure 6.7). A faster polymerisation 

rate and polymer growth may therefore exert a larger force on the polymer chains and cross-

links, causing it to extend more so than composites polymerised at relatively lower rates, storing 

chemical bond strain presumably within the whole monomeric unit and not just in the aromatic 

core. 
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Composites with a 60/40 wt% loading of filler display similar radial and inter-particulate 

profiles, with respect to conversion and aromatic strain, in comparison to lower filled 

counterparts. As the filler particles are very uniform, individual filler particles will produce the 

same patterns in conversion as a function of packing density, which will control light 

attenuation and relative monomer mobility. However, as larger particle separation distances do 

not exist in higher filler load conditions, the composite cannot achieve greater conversion. 

Therefore the average value of conversion for a high filled composite is relatively lower, which 

is consistent with reported bulk measurements. A small discrepancy in DC between composites 

with the lower and higher loadings of filler can be seen at the 2D particle centre in the radial 

plot. This is likely a sampling effect, with the radial profile for the 60/40 wt% filler loading 

composites being calculated over a narrower distribution of particle packing densities in 

comparison to lower loadings.  

It must be acknowledged that spherical particles of this size are known to induce possible 

wavenumber shifts due to Mie scattering [45, 46] during FTIR measurement. For a given 

composition of RBC, the resin matrix formulation and filler particles are identical with the only 

difference arising from photo-initiator chemistry. The filler particles are highly monodisperse 

and measurements have been made on more than 200 particles (with radial averages taken over 

only close packed particles to reduce further possible wavenumber shifts) for each individual 

composition. Therefore, Mie scattering contributions to any wavenumber shift taken over radial 

averages should be quite consistent for each RBC map. This is true when comparing maps taken 

at different regions from the same sample i.e. maps from the edge and the centre of the 

composite. Taking in to account a shift in the aromatic wavenumber due to scattering effects, 

any significant differences in the wavenumber shift between CQ and TPO initiated RBCs are 

therefore ascribed to the polymerisation rate. 
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6.5 Conclusions 

The micro-structure of experimental dental composites has been studied for the first time with 

sub-micron spatial resolution synchrotron FTIR mapping at inter-particulate length scales. The 

presence of filler particles in a resin matrix has been shown to introduce inter-particulate spatial 

heterogeneity with regards to both monomer to polymer conversion and residual bond strain, 

which is unreported in any RBC system to date. Heterogeneity close to the particle is believed 

to originate from a lower converted and reduced residual strain boundary layer which surrounds 

each particle. At inter-particulate length scales, increases in conversion and strain are 

proportional to particle separation which is attributed to reduced attenuation of impinging light 

and greater mobility within the resin matrix. Greater conversion, achieved through photo-

initiator chemistry, resin matrix composition or increased filler particle separation, confers 

greater total bond strain in the cross-linking monomer. However, the generation of residual 

bond strain appears to be far more sensitive to the polymerisation rate. Variations in bond strain 

suggest different final polymeric conformations, likely the result of chain motions modified by 

the polymerisation rate, which may provide insight as to how similarly converted materials 

polymerised at different rates can demonstrate discrepancies in polymerisation shrinkage and 

stress development of these materials. 

These results are applicable to a wide range of polymer composite materials, demonstrating 

how resin composition, filler morphology and cure rate impact on the final micro-structure of 

the material. This information bridges a fundamental gap in the understanding of composite 

systems, providing a valuable link between material composition and bulk properties. 
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7 INTRA-CORONAL STRESS TRANSFER THROUGH ENAMEL 

FOLLOWING RBC PHOTO-POLYMERISATION  
 

7.1 Introduction  
 
Whilst it has been demonstrated that most dental resin based composite (RBC) materials exhibit 

a volumetric shrinkage associated with polymerisation leading to the generation of shrinkage 

stresses, it is still debated as to whether these stresses affect restoration longevity. The stresses 

generated during photo-polymerisation of dental RBCs have been directly measured in in-vitro 

experiments and have identified that the magnitude and development of shrinkage stresses are 

dependent on factors including; RBC composition/resin chemistry [1, 2], photo-polymerisation 

variables [3-5] and the terminal degree of monomer to polymer conversion [6-8]. It has been 

proposed that both the magnitude of the shrinkage stress, and the kinetics of its development, 

are important factors in determining whether shrinkage stresses have an unfavourable impact on 

the remaining tooth tissue or the adhesive interface between the RBC and enamel and dentine. 

Stress transfer to the adhered tooth complex has been directly demonstrated using cuspal 

deflection methods and indirectly indicated through micro-leakage measurements [9-14] which 

are proposed to reflect interfacial debonding that has occurred as a stress relief mechanism [15-

18].  Shrinkage stresses arise because the volumetric free shrinkage of the polymer matrix of 

RBCs that occurs during polymerisation is constrained by the geometrical confines of the 

substrate to which it is adhered [19-21].  It is accepted that the magnitude of stress generated is 

influenced by the monomer composition [1, 5, 22, 23], the polymerisation rate [24-28], the 

stiffness of the polymerised cross-linked matrix and the nature of the external constraints [29-

34], which can also be considered as the compliance of the system [35, 36]. Of these factors, the 

effects of resin-matrix monomer composition, polymerisation kinetics and subsequent 

mechanical properties of the polymer composite including its adhesion to the tooth substrate 

have arguably been disproportionately studied, when compared with understanding the stress 

transfer to the tooth and stress relief within the tooth-restoration complex.  
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The tooth is a structure comprised of a highly mineralised (94-96 wt% hydroxyapatite [37, 38]) 

thin surface layer of enamel which is supported by a relatively compliant, less mineralised 

dentine substrate [39]. At the interface, adhesion between enamel and dentine is manifested by a 

hierarchically scalloped topology and a relatively protein rich organic matrix [40-43]. Enamel 

and dentine and their interface are subjected to extreme cyclic mechanical and thermal stresses 

however, show remarkable resistance to mechanical failure [44, 45]. Notably enamel has no 

cellular mediated capacity for repair but it proposed that its hierarchical structure provides an 

inherent ability for stress relief conferring a damage tolerance that enables it to survive for the 

lifespan of the host [46, 47]. Enamel structure is comprised of nanoscale hydroxyapatite 

crystallite plates which are specifically orientated to form microscale ‘keyhole shaped’ prisms 

[38, 39, 48, 49], that are separated from each other by protein rich interfaces [50-52]. Both 

hydroxyapatite crystallites and enamel prisms have distinct orientations that are a function of 

their location [53-55]. As a bulk material, enamel is anisotropic with respect to its elastic 

modulus [56], exhibits a high fracture toughness [57] and has been shown to exhibit time 

dependent deformation as a response to applied stress. Using nano-indentation methods it has 

been shown that the creep behaviour of enamel was more similar to metallic materials than to 

its hydroxyapatite constituent [38]. These responses were attributed to the organic protein 

content between hydroxyapatite crystals which permitted both inelastic deformation and 

subsequent partial recovery of the deformation [58, 59].  

The capacity for stress relief within the enamel structure may go some way to explaining the 

inconsistency in data generated from the cuspal deflection method [27, 28, 60-63] using natural 

teeth. Cuspal deflection tests typically require a large mesio-occlusal-distal (MOD) cavity to be 

prepared in a tooth and the distance between the points of maximum convexity of the facial and 

lingual surfaces are recorded dynamically during RBC placement and photo-polymerisation 

[32-34, 36, 64]. The magnitude of the decrease in inter-cuspal distance is used as a surrogate 

outcome of the net shrinkage stress generated and distributed within the RBC-tooth complex. 

Such measurements cannot discriminate the vector and location of stress generation and indeed 
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any stress relief that occurs, either with the tooth, the RBC or the interface between materials. A 

number of cuspal deflection studies have failed to show differences between variables which 

were strongly assumed to generate different magnitudes of shrinkage stress [62, 63].  

The aim of this study was for the first time to empirically measure stresses within the enamel 

that had been induced by the polymerisation of dental RBCs. Using two-dimensional 

synchrotron X-ray diffraction (2D-SXRD) it is possible to measure lattice strain by observing 

the changes in lattice parameters of the crystalline phase (hydroxyapatite). The specific 

objective was to quantify spatially the distribution of strain generated in the hydroxyapatite 

lattice of human dental enamel. Photo-polymerisation of a single RBC material was induced 

using two different irradiances to generate differences in the kinetics of shrinkage stress 

generation [7, 65].  
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7.2 Materials and Methods 

7.2.1 Sample Preparation 

Unrestored human maxillary first premolars of similar size and morphology, previously 

extracted for orthodontic purposes, were selected from a biorepository (UK ethical approval, 

NRES-14/EM/2811, University of Birmingham, UK). Teeth were inspected using light 

microscopy and included if they were caries free, exhibited no enamel cracks or other defects 

and had buccal palatal widths of 8.5 ± 0.1 mm measured with a digital micrometer. MOD 

cavities were cut using an air turbine with a pattern 541 diamond bur (MDT technologies, 

Israel) under copious water irrigation according to the protocol first described by Fleming et al 

[12]. Briefly, the proximal boxes were prepared to extend vertically to 1 mm above the cemento 

enamel junction (CEJ) with a width of two thirds of the buccal palatal width (BPW). The 

occlusal isthmus dimensions were standardised with a 3.5 mm depth relative to the palatal cusp 

and a width of half the BPW.  

To provide a standardised thickness of facial enamel for micro-focussed X-ray diffraction 

measurements, the buccal enamel surface of each tooth was further machined using an air 

turbine with a 541 pattern diamond bur under water irrigation. Using an operating microscope, 

the enamel was machined at the point of maximum convexity to create a vertical ‘fin’ of 0.5 

mm depth and 100 µm thickness (measured using a digital micrometer). Tooth samples were 

prepared and restored by Professor Owen Addison, University of Alberta, Canada. Teeth were 

stored in moist conditions at 4 ± 1°C prior to further use. 

7.2.2 Synchrotron X-ray Diffraction Mapping 

Synchrotron X-ray diffraction (SXRD) measurements were carried out on the B16 beamline 

[66] at the Diamond Light Source (Oxford Harwell Campus, Didcot, UK). An incident X-ray

energy of 20 keV was used, equivalent to a wavelength (λ) of 0.6212 Å, with a beam size of 

100 µm × 100 µm
 
defined using collimation slits. Samples were mounted normal to the 
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impinging X-rays in transmission geometry onto a travelling x-y sample stage to allow 

measurements in two orthogonal directions perpendicular to the X-ray beam. A single SXRD 

measurement had an exposure time of 180 s and was collected using a 2D area detector (Image 

Star 9000, Photonic Science Ltd. UK) [67] with a 3056 × 3056 pixel resolution (31× 31 µm 

optical pixel size) [67], placed 155 mm behind the sample to give a 2θ range of 5-25°. 

Instrument parameters including the X-ray wavelength and experimental geometry were 

accurately determined by calibrating using lanthanum hexaboride (LaB6) (Sigma Aldrich, 

Dorset, UK) standard samples. 

Due to the precision required for repeat measurements of the identical areas of enamel before 

and after photo-polymerisation, the MOD cavities were bulk-filled with RBC in dark 

conditions. A commercial composite resin (Z100™ MP Universal Composite, 3M ESPE, MN, 

USA) based on bisphenol-A-glycidyl-methacrylate (Bis-GMA) and triethyleneglycol-

dimethacrylate (TEGDMA) monomers and utilising a camphorquinone / tertiary amine photo-

initiator system, was used. The RBC was shielded from light with aluminium foil prior to the 

tooth being mounted rigidly on an x-y stage. SXRD measurements were taken from the top to 

the bottom of each tooth fin in successive tracks, starting closest to the cavity wall with up to 

four tracks used to spatially characterise crystallographic changes. The vertical step size 

between SXRD measurements along the same track was 0.2 mm, whilst adjacent tracks were 

separated horizontally by 0.1 mm. Due to the time constrictions of using a synchrotron source 

only two of the six tooth specimens were mapped over a larger area consisting of four tracks 

(Figure 7.1a), whilst the remaining samples were mapped with a single track (Figure 7.1b). 

Larger area maps were sacrificed to gain repeat measurements for statistical analysis. All 

measurements were conducted in dark conditions at 23± 1°C. 

Following initial mapping of the unstrained tooth specimen, the aluminium shielding was 

removed and any minor slumping of the RBC material at the mesial and distal boxes was 

corrected using gentle manual adjustments. Two light curing units (LCUs) providing relative 

high and low light intensities were used for photo-polymerisation to induce relatively fast and 
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slower rates of polymerisation, respectively. To provide a relatively high irradiance, the RBC 

was illuminated using an LED LCU (Elipar S10, 3M ESPE, MN, USA) with an intensity of 

1200 mWcm
-2

 over a spectral emission range of 430 - 480 nm. To produce a lower irradiance, a 

quartz tungsten halogen LCU (Optilux 501, Kerr dental, CA, USA) with an intensity of 480 

mWcm
-2

 over a spectral emission range of 400 - 505 nm was used. An 11 mm light guide was 

used for both LCUs. For both LCUs the RBC was illuminated for 60 s from the occlusal surface 

at a distance of 2 mm followed by a 20 s exposure each on the mesial and distal aspects from 0 

mm.  

Following a standardised time of 30 min after polymerisation, to allow for post-cure effects, 

SXRD measurements were repeated across the same track positions under identical conditions 

as previously described. The process of initial map measurement, resin 

application/polymerisation and re-mapping was repeated three times per photo-polymerisation 

regimen on separate (unstrained) tooth specimens generating measurements for a total of 6 teeth 

with three teeth per curing protocol. Repeat measurements allowed for the spatial verification of 

relative changes in the crystallographic structure and statistical analysis for relevant lattice 

parameters for each curing regimen. 
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Figure 7.1. (a) Schematic of a tooth fin section showing the regions mapped by successive SXRD line 

scan measurements. (b) A single line scan measurement used to acquire sufficient statistics for each 

polymerisation regime. The solid black line represents the boundary of the cavity wall. 

(a) (b) 

Cavity wall 
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7.2.3 Data Processing and Analysis  
 
Two-dimensional diffraction images were processed using the ESRF software package Fit2D 

(version 12.077, ESRF) [68]. Diffraction patterns were azimuthally integrated to produce 1D 

spectra of intensity (I) versus the scattering angle (2θ). The Bragg peaks corresponding to the 

(002) (~10°) and (300) (~13°) reflections were fitted with pseudo-Voigt peak shapes to obtain 

the peak position and the full width at half maximum (FWHM) to quantify possible changes to 

the crystal structure from the lattice parameters. The (002) and (300) planes were used to 

measure relative changes in the lattice parameters as they are normal to the c and a axis of the 

hydroxyapatite unit cell respectively. Peak positions were used to determine the inter-planar 

spacing (d), where 𝑑 = 𝜆/2𝑠𝑖𝑛θ, from which lattice parameters were calculated. A hexagonal 

unit cell was assumed for hydroxyapatite, where the relationship between the d spacing and 

Miller indices for a given Bragg peak and lattice parameters are given as; 

 

1

d2
=

4

3
(

h2 + hk +  k2

a2 ) +  
l2

c2
 

 

where h,k and l refer to the Miller indices for a particular Bragg peak whilst a and c represent 

the relevant lattice parameters. Substituting the (002) and (300) indices into equation (7.1) gives 

the individual c and a lattice parameters respectively as a function of d.    

 

𝑐 = 2𝑑 

 

𝑎 = √12𝑑 

 

Therefore, any crystallographic strain generated in the tooth associated with RBC photo-

polymerisation was calculated by precisely measuring changes in the c and a lattice parameters 

before and after photo-curing. Lattice strain (ξ) was calculated for every SXRD measurement 

(7.1) 

(7.2) 

(7.3) 
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point along each track to produce strain maps, where the lattice strain was given as the 

percentage change in the lattice parameters, as shown in equation (7.4) 

 

𝜉 = (
𝑃𝑎𝑓𝑡𝑒𝑟− 𝑃𝑏𝑒𝑓𝑜𝑟𝑒

𝑃𝑏𝑒𝑓𝑜𝑟𝑒
) × 100 

 

Here Pbefore and Pafter refer to the value of a given lattice parameter as measured at each point 

before and after the polymerisation of the resin composite. Values for strain were averaged over 

whole maps to ascertain statistically significant differences in strain between the two photo-

polymerisation regimes. A paired t-test was used to test for statistical significance at ɑ=0.001. 

All calculations were performed using R programming (version 3.1.3, 2015, R Foundation).  

Texture parameters, including the direction and magnitude of the preferred orientation were 

obtained by integrating the intensity around the Debye ring of the (002) Bragg reflection over 

360° and plotted against the azimuthal angle. Preferred orientation was determined as this 

reflection is perpendicular to the c axis of the hydroxyapatite unit cell. Peaks were fitted with a 

Gaussian shape to calculate the deviation angle φ of the crystallite axis with respect to the 

vertical axis and to also obtain the full width at half maximum (FWHM). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

(7.4). 
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7.3 Results 

 

7.3.1 XRD and Orientation 
 
Figure 7.2 shows synchrotron X-ray diffraction (SXRD) results for tooth specimens represented 

by 2D diffraction patterns collected on an area detector (Figure 7.2a and 7.2b) and an 

azimuthally integrated plot showing characteristic diffraction peaks typical of hydroxyapatite. 

The main indices (h k l) used for the study of crystallographic strain were the (002) and (300) 

reflection planes/diffraction rings which are annotated in in Figure 7.2c. It can be seen in Figure 

7.2a that the intensity of the (002) Debye ring varies as a function of the azimuthal angle, where 

0° is defined as east on the detector face and increments positively in an anti-clockwise 

direction, which is indicative of texture and preferred orientation effects within the 

hydroxyapatite phase of the tooth (enamel). The strongest texture was found in the (002) 

diffraction ring. Figure 7.2a is annotated with a line at the zero degree position, to indicate the 

direction of preferred for hydroxyapatite crystals as shown by the maximum of the intensity 

variation of the diffraction ring. In comparison, Figure 7.2b shows a complete (002) diffraction 

ring, demonstrating little or negligible texture and no discernible direction of preferred 

orientation. The 1D diffraction spectra for a single measurement is shown in Figure 7.1c. The 

peaks located at ~10 ° and ~13 ° correspond to the (002) and (300) reflections respectively. 

Similarly, the relatively large intensity of the (002) illustrates the effects of texture on the 

diffraction pattern. 

Hydroxyapatite that is present in teeth has been shown to exist in the form of polycrystalline 

hexagonal nanorods which grow in length parallel to the direction of the c axis [53] of the 

crystallographic unit cell. The direction of growth of these nanorods in the enamel of the tooth 

fin area can therefore be determined from the (002) diffraction ring. It can be seen from the 2D 

diffraction images that the intensity of the (002) reflection is greatest approximately 

perpendicular to the cavity wall, i.e. the c axis is oriented in this direction (Figure 7.3a, red 

markers). Assuming a hexagonal unit cell the a=b axis will therefore run perpendicular to the c 
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axis and parallel to the cavity wall. However, azimuthal integration of the (002) partial 

diffraction ring yields an unexpected bimodal distribution (Figure 3b) for each intensity arc, 

with high and low peaks, in relation to the cavity wall, located at ~210 and 170° respectively. 

This distribution of crystallite orientation was present in all tooth samples prior to 

polymerisation and remains unaltered by the photo-polymerisation of an RBC. The direction of 

orientation for each distribution is obtained by the deconvolution of the peaks with a pseudo-

Voigt profile, whilst the integrated peak intensity gives the proportion of crystallites and or 

enamel prisms belonging to each distribution. Typically, 75-90% of the crystallites (75–90 % of 

the total integrated peak intensities) display a preferred orientation, along the crystallographic c 

axis, at a low angle (~170 °) direction almost normal to the cavity wall, however this varies 

spatially within each sample. Additionally, the high angle orientation distribution tends to 

display a significantly narrower FWHM in comparison to the low angle peak. This indicates 

greater relative texture in a given direction i.e. there is less variation in the orientation of the 

sampled crystallites. The spatial distribution of the direction for preferred orientation is 

described in section 7.3.3 alongside the additional results for crystallographic strain for the 

purpose of clarity. 
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(a) 

Figure 7.2. (a) Variation in intensity of the (002) diffraction ring is indicative of texture, whilst (b) a 

complete ring demonstrates little or no texture. Preferred orientation is defined from 0° which points east 

on the detector face, increasing azimuthally in the counter-clockwise direction. (c) A 1-D diffraction 

spectra with the (002) and (300) reflections corresponding to peaks located at ~ 10° and ~ 14° respectively. 

(b) 

(c) 

0 ° 

002 

300 
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Figure 7.3. (a) A composite image showing individual 2-D diffraction spectra, for each measurement along 

a track, superimposed on to a schematic of a tooth fin. Bisection of the (002) diffraction ring through points 

of greatest intensity yields the approximate direction of preferred orientation, which is shown as a red line. 

(b) Azimuthal integration of the (002) diffraction ring shows that two directions of crystallite/prismatic

orientation exist within the tooth enamel.

(a) 

(b) 

Cavity Wall 
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7.3.2 Crystallographic Strain 
 

7.3.2.1 c Axis Strain 
 
Figure 7.4 illustrates the typical spatial distribution of the c lattice parameter calculated using 

equation (7.2), depicted as pseudo-colour maps, over the scanned region of a given tooth ‘fin’ 

before and after the application of RBC for relatively fast and slow polymerisation rates. Prior 

to RBC application the unstrained tooth samples have average c lattice parameters of 6.9120 ± 

0.0110 Å and 6.8546 ±0.0091 Å for the test specimens subjected to high and low irradiances, 

respectively. Variation of the c lattice parameter is relatively small at shorter length scales of ~ 

0.6 mm however, the spatial distribution of c axis lengths is quite different for each tooth with 

respect to location relative to the cavity wall. For the enamel subjected to high irradiance, the 

magnitude of c was greater closer to the cavity wall, but decreases towards the taper of the 

measurement ‘fin’. For the slow polymerisation tooth specimen, a gradient exists in the c axis 

from the top to the bottom of the ‘fin’ section. 

Figures 7.4b and 7.4e display maps of the c lattice parameter after the application and 

polymerisation of the RBC to the cavity for each polymerisation regime. The spatial distribution 

for the c lattice parameter in comparison with the unstrained case for both curing protocols 

appears similar, however the c axis length shows a clear change which is present in both maps. 

Figures 7.4c and 7.4f show the average percentage change in the c lattice parameter or 

crystallographic strain within the unit cell per measurement following polymerisation. It can be 

seen that when the composite is polymerised using the highest irradiance that strain in the c 

lattice axis is approximately 2-5 times greater in comparison to the ‘slower curing’ regimen. 

This was consistent with corresponding tracks in other tooth samples, for repeat measurements 

of each condition (Table 7.1). It must be acknowledged however, that strain measured for the 

slow polymerisation protocol is practically negligible, having an average value close to zero 

(Figure 7.5) whilst spatial variations in strain fall within the standard deviation of the 

measurements (Table 7.1). Regarding the spatial distribution of strain, it is reasonably 

homogenous at length scales of ~0.5 mm, although a gradient exists between the top and bottom 
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of the tooth fin for both conditions. Strain is typically greater towards the bottom of the fin, 

parallel to the bottom of the cavity (the closed end of the cavity) and decreases towards the top 

(the open end of the cavity) for both polymerisation conditions (Figure 7.4c and 7.4f). Strain at 

the bottom of the fin is approximately 40 % and 30 % greater in comparison to the top, for the 

slow and fast polymerisation regimes respectively. 
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Figure 7.5.  The percentage change in the c axis length, following the application of an RBC, is 

shown as a function of the measurement position along (here the top of the track position starts at 0 

mm) the respective track for fast (broken line) or slow (solid line) polymerisation regimes.
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7.3.2.2 a Axis strain 

Figure 7.6 displays changes in the a lattice parameter, for the same specimens as shown in 

Figure 7.4, before and after polymerisation of the composite for relatively fast and slow curing 

regimes. The distribution of the a lattice parameter lengths in the unstrained enamel are very 

similar to that observed for the c axis with a gradient existing from left to right and top to 

bottom for the fast and slow curing regimes respectively. In the unstrained tooth ‘fins’ the 

average value of the a lattice parameter is 9.1398 ± 0.0036 Å (high irradiance) and 9.0755 ± 

0.0062 Å (low irradiance). The distribution remains similar following the application of the 

RBC as seen in Figures 6b and 6e, but has decreased over the fin. Average lattice parameter 

values following polymerisation were 9.1301 ± 0.0034 Å for the fast regime and 9.0757 ± 

0.0063 Å for slower curing. It can be seen in Figure 6c and 6f that faster polymerisation rates 

confer greater strain in the a lattice parameter. The average strains are given as -0.1063 % and -

0.00186 % for the fast and slow maps respectively, which is consistent with repeat 

measurements (Table 1). A comparison of the mean strains for each polymerisation regime 

(Table 1) demonstrates a statistically significant difference in strain as a function of relative 

differences in reaction rate (p<0.01). The distribution of strain in the a axis appears to be more 

random in comparison with the c axis strains and accelerating polymerisation of the RBC seems 

to exacerbate this heterogeneity (Figure 7.6 c and f). 

c axis strain (%) a axis strain (%) 

High Irradiance (LED light 

source) 

-0.12 ± 0.03 -0.104  ± 0.005

Low Irradiance (Quartz 

halogen light source) 

-0.053
 
± 0.006 0.002 ± 0.006

Table 7.1. Strains in the c and a axis for high and low irradiance curing protocols. Here the standard 

deviation is quoted with the value of strain. 
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7.3.3 Impact of Crystallite Orientation on Resultant Strain 
 

7.3.3.1 c Axis Orientation  

 
Azimuthal integration of the (002) diffraction ring revealed a bimodal distribution with respect 

to crystallite orientation (Figure 3b) with preferred directions about 170 and 210 ° in the 

azimuthal plane. This analysis was performed on the SXRD images prior to and post 

polymerisation to ascertain any effects that RBC polymerisation had on crystallite orientation. 

Figure 7.7 shows the change in the azimuthal angle for the low (blue) and high (red) crystallite 

orientations post–polymerisation. The average change in angular orientation following 

composite adhesion are 0.036 and 0.1° for the low and high azimuth orientations respectively, 

with rare outliers of Δθ = 4.5°. Changes in orientation appear to show no significant correlation 

with strain in the c axis along individual measurement tracks, with Pearson correlation 

coefficients of r = 0.210 and r = -0.038 for the low and high crystallite orientations. Figure 8 

illustrates the spatial relationship between the bimodal orientation of the hydroxyapatite 

crystallites obtained from the azimuthal integration of the (002) diffraction ring with respect to 

the c axis strain distribution in the tooth fin. The peak positions obtained from the azimuthal 

integration represent the direction of the high and low orientations are plotted as red and blue 

bars respectively. The direction parallel to the long axis of these bars corresponds to the angular 

orientation of the c lattice parameter (obtained from the intensity variations in the (002) 

diffraction ring) where 0 ° is defined as pointing east on a clock-face with the angular increment 

increasing counter-clockwise. A horizontal bar therefore corresponds to directions of 0 and 

180° (due to symmetry) whilst a vertical bar represents 90 and 270°. The length of the bar 

indicates the proportion of crystallites belonging to each directional distribution. Bar lengths are 

scaled to the integrated intensity of the respective peak and normalised to unity by the total 

integrated intensity. Orientation bars are superimposed on top of the strain pseudo-colour map 

and the aspect ratio of the image has been altered for clarity (Figure 7.8a). 

It can be seen that regions of high strain in the c axis correspond to a relatively high proportion 

of hydroxyapatite crystallites/enamel prisms in the low angle (170°, perpendicular to the cavity 
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wall) distribution. At the top of the ‘fin’ where the strain is lowest (~-0.0968 %), approximately 

75 % of the hydroxyapatite crystallites belong to the low angle distribution whilst the remaining 

15% belong to the high angle distribution (~210°). In comparison, at the bottom of the ‘fin’ ~90 

% of the crystallites are found in the low angle distribution which corresponds to the greatest 

magnitude of strain (~ -0.22 %). This correlation is better visualised via a vertical line transect 

taken through the first column of data in this map and plotted with the c axis strain as a function 

of track position (from top to bottom of the tooth ‘fin’), with the percentage of crystallites found 

in the low angle distribution plotted on the second y axis (Figure 7.8b). Figure 7.8b 

demonstrates that c axis strain increases with the percentage of crystallites oriented about the 

horizontal, showing a strong correlation of r = 0.85. 

Figure 7.7. Changes in crystallite orientation angle post polymerisation for high irradiance curing, for 

the low (black solid line) and high (black broken line) angle directions, plotted as a function of track 

position with strain in the c lattice overlaid (red line). Track position is defined as 0 mm equal to the 

top of the tooth fin track and 2.4 mm representing the bottom of the fin. 
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Figure 7.8. (a) Relative proportions of two crystallite orientations, red and blue bars, overlaid on to strain 

data. The aspect ratio has been altered, blurring the image, to allow for visualisation of orientation bars (b) 

Crystallographic strain in the c axis plotted against the percentage of crystallites in the low angle distribution 

as a function of track position. Data is taken from the first track of the tooth specimen subjected to the fast 

polymerisation regime. 

(a) 

(b)
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7.3.3.2 a Axis orientation 

Figure 7.9 illustrates the spatial relationship between the bimodal orientation of the 

hydroxyapatite crystallites obtained from the azimuthal integration of the (002) diffraction ring 

and the a=b axis strain distribution in the tooth fin. Strain in the a axis does not show a clear 

spatial relationship with the orientation distribution. In several regions of the map relatively low 

strain in the a axis correlates to a high proportion of crystallites belonging to the low angle 

population, however this relationship is not ubiquitous. Similarly, a vertical line transect 

through the first column of strain data and the respective percentage of crystallites found in the 

low angle population overlaid demonstrates a relatively weak Pearson correlation of r = 0.43. 

This is consistent with results from additional line transects taken through repeat track 

measurements on different tooth samples. Corresponding orientation maps are not shown for 

the low light intensity photo-polymerisation regime as the strains generated are almost 

negligible and are therefore difficult to correlate to orientation data in a meaningful way. 
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Figure 7.9. (a) Relative proportions of two crystallite orientations, red and blue bars, overlaid on to strain data. 

The aspect ratio has been altered, blurring the image, to allow for orientation bars. (b) Crystallographic strain in 

the a axis plotted against the proportion of crystallites in a predominantly horizontal orientation as a function of 

track position. Data is taken from the first track of the tooth specimen subjected to the fast polymerisation 

regime. 

(a) 

(b)
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7.4 Discussion 

7.4.1 Crystallographic Strain and Relief Mechanisms 

Figures 7.4 and 7.6 illustrate that adhesion of an RBC within a tooth cavity induced strain 

within the hydroxyapatite nano-crystals that are the lowest hierarchal structural level of tooth 

enamel. Strain is due to stress transfer within the tooth structure as a consequence of shrinkage 

stresses generated by volumetric shrinkage of a constrained RBC material. Negative values of 

strain were reported in this study. It is suggested that as the cusp deflects towards the centre of 

the cavity it flexes (acting as a cantilever beam).  The outer surface is put into a state of tension 

whilst the inner surface of the cusp is placed into compression. As the dentine is relatively thin 

and its elastic modulus is very low compared with the enamel the neutral axis of bending, i.e. 

where strain is zero will lie within the enamel layer itself. The nature of the preparation for the 

measurement zone is that measurements were not made close to the outer surface and it appears 

that the X-rays are positioned inwards and are located in an area that is in compression during 

flexure. 

Previous laboratory based measurements utilising cuspal deflection and micro-leakage 

techniques have to date only been able to correlate photo-polymerisation variables to the 

combined behaviour of all hierarchal levels of tooth enamel and dentine. The results of this 

study show that the deformation of the unit cell within HAP nano-crystals is one mechanism by 

which strain relief may occur, however other methods are known to exist and are likely acting 

simultaneously. Belchte et al showed that within the first hierarchal level, the protein matrix 

that binds HAP crystallites will demonstrate shear behaviour prior to strain [69, 70] being 

exhibited in the crystallite itself. Similarly, at the second structural level it was found that when 

loads were applied parallel to the c axis of the enamel prisms that the stress strain relationship 

was dictated predominantly by soft protein constituent, whilst at perpendicular loading stress 

strain behaviour is governed by the crystal structure of the apatite. Additionally, Hon He et al 

reported that enamel has a stress-strain response similar to a metallic alloy and that backcreep 

[38] is observed after a load is removed. It is therefore likely that the crystallographic strain
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observed in this study is not an absolute representation of the total strain generated by the 

shrinkage of the adhered composite with a portion of this relieved by the protein matrix.  

 

7.4.2 The Effect of Relative Polymerisation Rate on Crystallographic Strain 
 
In this study the irradiance of the impinging light source was used to introduce a range of 

polymerisation rates. Polymerisation rate was not measured in this study, but studies have 

shown that the polymerisation rate is proportional to the intensity of the impinging light. 

Additionally, FTIR measurements of conversion in Bis-GMA/TEGDMA based resins presented 

in this thesis (chapter three) has demonstrated the dependence of polymerisation rate on the 

light intensity. It can be seen in Figures 7.4 and 7.6 (both c and e) that when the RBC is photo-

polymerised at the fastest rate, using the high intensity light source, that the hydroxyapatite 

crystallites demonstrate on average approximately 300 and 120 % times greater strain in the 

directions of the c and a crystallographic axis respectively in comparison with the low light 

intensity regime. First order differences in crystallographic strain for different light intensities 

are ascribed to the behaviour of the polymer phase of the RBC as a function of reaction rate. 

Faster polymerisation advances the onset of gelation [65], a stage in which the mobility of the 

forming polymer decreases. Reduced mobility may inhibit elastic flow of the bulk resin matrix 

allowing greater internal stresses to build which will transfer to the composite-enamel interface.   

However, the effect of polymerisation rate does not explain the discrepancy in strain ratios 

between fast and slow polymerisation rates for the respective crystallographic axis. It is likely 

that this arises due to the orientation of the enamel prisms, themselves composed of many 

stacked HAP crystallites relative to the cavity wall and contracting composite (Figure 7.3a). 

The crystallographic c axis of the HAP crystallite is known to point in the direction of the long 

axis of the enamel prism. In this case, the prism and therefore c axis are normal to the cavity 

wall and parallel to the applied stress from the shrinking composite. With macroscopic bending 

of the cusp towards the cavity, flexural stresses will be generated along the c axis. Conversely, 

the a=b parameter is perpendicular to the applied stress and is not orientated in the direction of 
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the stress. It must also be noted that although the low irradiance polymerisation regime shows 

negligible amounts of strain, this does not necessarily mean that no stress has been transferred 

to the crystalline structure, but relief mechanisms may have reduced this effect. 

7.4.3 Spatial Distribution of Strain and Orientation 

 
Figures 7.4 and 7.6 demonstrate how crystallographic strain is spatially distributed in the tooth 

fin section for each photo-polymerisation regime. Strain for the low light regime was close to 

being negligible; therefore the discussion and explanation of the spatial variation in strain will 

predominantly focus on the high light intensity illumination. Strain in the c axis was typically 

greatest towards the bottom of the fin and decreased gradually towards the top, although there 

are small regions which do not follow this trend. This effect is attributed to the geometry of the 

mesio-occlusal-distal cavity following sample preparation. The remaining cusp acts as a 

cantilever beam when placed under load. Consequently, the cusp bends around a fixed point, 

producing maximum stress within the tooth at the bottom of the cavity. This explanation 

however, cannot be extended to adequately describe the strain distribution in the a axis which 

demonstrates regions of greater strain typically located at the top of the cavity (Figure 7.6 c), 

although the magnitude of this strain is negligible.  

Figure 7.3b Shows that two directions of crystallite/enamel prism orientation exist, distributed 

about 170 and 210 ° in the azimuthal plane. Typically, 75 - 90 % of the crystallites (75 – 90 % 

of the total integrated peak intensities, Figure 3b) display a preferred orientation about the low 

angle (170 °) direction, which is almost normal to the cavity wall, although this varies spatially 

within each sample as seen in Figures 7.8 and 7.9. The low angle distribution is attributed to the 

HAP crystallites that comprise enamel prisms. This is based firstly on its relatively large 

contribution to the total signal but also on the width of the peak. Hydroxyapatite crystals are not 

perfectly aligned parallel with neighbouring crystals or to the long axis of the enamel prism but 

seem to entangle with each other [39] displaying a wide range of orientations. Additionally, Al-

Jawad et al [54] showed that the crystallographic c axis is typically oriented normal to the outer 

tooth surface which is in good agreement with an orientation angle of ~ 170 °. There are likely 
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several factors contributing to the origin of the high angle distribution which may be determined 

by considering the sample preparation and enamel structure.  Samples were inspected using 

light microscopy and used on the basis that they were caries free, exhibited no enamel cracks or 

other defects before being cut and polished. Yilmaz et al  suggested that polishing can introduce 

micro-cracks into enamel and this may have some role in altering local prismatic and 

crystallographic orientation. However, cracks typically propagate through enamel via the inter-

prismatic protein matrix boundary [42] before causing cracks in the enamel prisms themselves 

and would therefore unlikely cause an orientation change of up to 40° on a large enough scale 

to create a second orientation distribution. Furthermore, if the origin of this second orientation 

distribution was attributed to micro-cracks, then it would be expected that an applied load i.e. 

stress from a contracting RBC, would provide modification. Figure 7.7 shows that the azimuthal 

angle for both high and low angle distributions remained largely unaltered following photo-

polymerisation. This suggests that whilst the presence of micro-cracks may play a role in 

altering local crystallite/prism orientation this role is likely minimal. Alternatively, it is known 

that enamel prisms do not run continuously from the dental enamel junction to the outer enamel 

surface. Instead the inner section of enamel displays undulating prisms which may locally bend, 

twist and change their position [71], forming less common bands of decussating prisms. The 

presence of another orientation distribution (high angle) with a significantly different direction 

of preferred orientation and a lower contribution to the total diffraction signal suggests that this 

corresponds to decussated enamel prisms. 

Figures 7.8 and 7.9 illustrate the azimuthal orientation of crystallites/prisms along the c axis 

belonging to either the high (red) or low (blue) angle direction (shown as bars) and the 

proportion of crystallites, as percentage of the total number of crystallites, orientated in the 

respective direction represented by the length of the coloured bar. Regions of greater strain in 

the c axis correspond to a relatively high proportion of crystallites/prisms (~ 90 % of all 

crystallites/prisms) being oriented in in the 170 ° azimuthal direction. Conversely, lower c strain 

was found to correlate to fewer crystallites/prisms oriented about 170 ° (typically ~ 75 %). 

Therefore, in regions of higher c axis strain the average direction of crystallite orientation along 
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the c axis is approximately horizontal; being perpendicular to the cavity wall and parallel to the 

direction of contraction in the RBC. Whereas in regions of lower strain the average orientation 

of the c axis deviates from this horizontal geometry and is at a diagonal (in 2D) to the cavity 

wall, due to an increased proportion of crystallites/prisms in the high angle distribution. This 

suggests that the orientation of the c axis relative to the bending moment of the cusp will 

determine the magnitude of strain that is observed. If it is assumed that a normal orientation of 

the c axis relative to the cavity produces a maximum in strain, then if fewer crystals are oriented 

in this direction less strain would be detected. Additionally, regions where there is more c axis 

alignment may be associated with greater macroscopic strain however, these two effects cannot 

be dissociated. 

This argument is extended to the a axis to explain the strain distribution in this direction. Within 

the unit cell, the a axis is always perpendicular to the c axis, so when the c axis is normal to the 

cavity wall the a axis is parallel. In regions of the greatest a axis strain a higher percentage of 

crystallites/prisms are found in the high angle distribution. This corresponds to the a axis 

orientation becoming on average less parallel to the cavity wall and more perpendicular i.e. 

tilted towards the cavity wall along its axis. This geometry allows for this axis to be strained 

more easily along the axis in response to the stress of the contracting composite. The 

relationship between the respective crystallite/prism orientations and strain however, is not 

consistent throughout the mapped enamel area (Figure 7.9 a) and shows relatively low 

correlation in comparison to that seen in the c axis (Figures 7.8 b and 7.9 b). This may be due to 

an additional rotation of the crystallite/prism about the a axis i.e. so that the c axis tilts into and 

out of the plane of the page when viewed in 2D. This would result in the a axis being diagonal 

to the cavity wall in three dimensions rather than two, producing more complex strain 

behaviour. This could not be detected using conventional 2D SXRD and would therefore 

require a 3D approach. 

 
There are some limitations to the experimental set-up in this study with respect to the light 

curing units used and the relationship between strain and DC.  Two different LCUs were used 
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to achieve relatively high and low light intensities. The LCUs have different emission spectra 

which will affect the production rate of radicals in addition to the light intensity of the 

respective LCU. Ideally these differences would be accounted for by normalising strain to DC. 

Unfortunately, the sample geometry and positioning did not allow for conversion 

measurements. We therefore accept uncertainties introduced by this, however due to the large 

difference in intensities between the two photo-polymerisation regimes and the associated 

differences in polymerisation rate we believe that overall trends in strain are statistically 

significant and may therefore be determined as a function of relative differences in 

polymerisation rate. 
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7.5 Conclusions 
 
The spatial distribution of strain in human enamel post composite restoration has been studied 

ex vivo using high resolution synchrotron X-ray diffraction mapping, as a function of relative 

differences in the polymerisation rate. The average strain in the enamel phase varies as a 

function of light curing intensity i.e. the rate of photo-polymerisation which is in agreement 

with previous cuspal deflection methods. However, strain in enamel is not uniformly distributed 

and varies spatially, demonstrating different magnitudes of strain in different lattice planes as a 

function of crystallite orientation and location relative to the cavity wall. The c axis typically 

displays greater strain in comparison to the a axis, which is attributed to the approximately 

perpendicular and parallel orientations relative to the cavity wall. When an axis is perpendicular 

to the cavity wall it is parallel to the force exerted on the enamel by the contacting composite, 

allowing more efficient transfer of strain along the axis. Interestingly, two directions of 

crystallite/enamel prism orientation exist with the less common distribution ascribed to 

decussated enamel prisms. The majority of crystallites/prisms are in an orientation where the 

crystallographic c axis is normal to the cavity wall, but a small proportion believed to be 

decussated prisms, are tilted towards a more parallel orientation. In regions of enamel where 

this titled proportion of prisms increases, strain in the c and a axis generally decrease and 

increase respectively depending on how parallel to the stress of the shrinking composite they 

are. Therefore, strain was mediated by subtle variations in the proportions of these two 

crystallite/prisms orientations which dictate the spatial variation of strain. This experiment has 

shown how the microstructure of enamel at the lower structural hierarchies can strongly 

influence the spatial distribution of strain in response to the adhesion of a photo-polymerised 

composite, which is not simply a function of polymerisation variables. These findings give 

further insights which may explain the discrepancy between polymerisation variables, shrinkage 

stresses and the manifestation of enamel strain reported via conventional laboratory based 

techniques, providing a more complete understanding as to how composite adhesion and strain 

in the enamel may impact on restoration longevity. 
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8 GENERAL DISCUSSION AND FUTURE WORK 

8.1 General discussion 

8.1.1 Introduction 

The main aim of this thesis was to understand how photo-polymerisation variables, specifically the 

polymerisation rate, may impact on the structure of model dental RBCs at molecular and micron 

length scales. The novel application of advanced synchrotron and neutron based techniques, within 

the context of dental materials research, was explored to characterise these materials to provide new 

insights and a more complete understanding of their behaviour. In this chapter the main findings 

presented in chapters’ three to seven in this thesis are discussed. 

8.1.2 Effect of Polymerisation Rate on the Polymer Structure 

The study presented in chapter three demonstrates how simultaneous time resolved X-ray scattering 

and FTIR measurements can be used to understand the evolving polymer structure of a model RBC. 

The molecular scale structure was correlated to photo-polymerisation variables and ultimately the 

polymerisation rate. The origin of this correlation length and its increase is considered to be intra-

monomeric as distances between neighbouring monomers are known to become smaller during 

polymerisation, due to the exchange of Van der Waals interactions for covalent bonds, which would 

manifest as a decrease in this correlation length, which was not observed. Weighted least squares 

fitting confirmed that chain extension occurred predominantly in the TEGDMA monomer for the 

respective blends. However, this was likely due to a combination of a greater proportion of TEGDMA 

by molecular weight and differences in molecular structure. Bis-GMA contains a rigid aromatic core 

which will not deform, but the methacrylate functional groups for each monomer displayed similar 

magnitudes of chain extension.  
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In this study light intensity and photo-initiator chemistry were used to achieve a range of 

polymerisation rates. It was shown that the polymer structure develops very differently for relatively 

fast and slow polymerisation rates. Accelerating polymerisation generated greater chain extension in a 

shorter period of time and produced a less ordered structure in comparison with slower polymerisation 

regimens. It is suggested that rapid polymerisation generates strains, as seen in a ‘relaxation’ feature 

in X-ray correlation lengths (chapter three), which are fixed into the polymer structure. In comparison, 

slower polymerisation delays the onset of chain extension, with respect to DC, and allows for the 

structure to be modified more slowly during a post-cure period. X-ray scattering is a valuable tool for 

understanding time dependent structural changes throughout polymerisation. The limitation of this 

technique and indeed the results in chapter three is that the X-ray scattering feature is formed from 

several groups of correlation lengths rather than variation about one common correlation length. It is 

therefore impossible to have an explicit understanding of the structural changes using solely this 

technique as no single specific structure and/or length scale is observed. 

Neutron scattering was used in conjunction with isotopic substitution (as described in chapter four), to 

address shortcomings of X-ray scattering and to provide complimentary structural information. Partial 

deuteration of the functional groups was used to select correlation lengths at cross-linking distances, 

specifically the end to end distance of the TEGDMA monomer. It was found that faster 

polymerisation generated greater extension of the TEGDMA monomer unit corresponding to a larger 

cross-link distance. It has been suggested that cross-links with a reduced degree of freedom may 

exacerbate polymerisation shrinkage, through an increase in packing density, reducing free volume in 

the polymer. Furthermore, several studies have shown that accelerating polymerisation confers greater 

shrinkage and inferior mechanical properties in comparison with similarly converted polymers. It is 

possible that chain extension may act as a secondary mechanism for shrinkage. Furthermore, a more 

extended chain conformation may provide insight into discrepancies in mechanical properties. An 

extended cross-link will be less able to re-organise its structure when under load to reduce stress, 

predisposing the polymer to failure. 
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8.1.3 Inter-Particulate Variability in the Degree of Polymerisation 

 

The results presented in chapter six illustrate the advantages of using synchrotron light sources to 

enhance the characterisation abilities of a routine technique such as FTIR to quantify monomer to 

polymer conversion. To date, inter-particulate heterogeneity with respect to the degree of conversion 

has only been postulated but never directly shown, under the assumption that a boundary layer with 

low mobility relative to the surrounding resin matrix surrounds each particle. In this study it has been 

shown using novel synchrotron FTIR microscopy that conversion varies locally as a function of 

relative position to a given filler particle. Regions of lower conversion were observed surrounding 

each filler particle, which strongly implies the existence of a lower mobility boundary layer. Mobility 

in the boundary layer is likely mediated by polymer drag over the surface of the filler particle surface. 

Local differences in conversion will define regions of failure in the composite i.e. crack propagation, 

as paths for stress relief. 

Interestingly, it has also been found that the aromatic core of the Bis-GMA monomer demonstrates 

strain as a function of relative differences in polymerisation rate. This is significant as the aromatic 

groups are the stiffer portion of the molecular structure, which suggests that other bonds are subjected 

to strain before strain manifests in the aromatic group. This is further supported by the fact that the 

ratio of aromatic strain between the relatively fast and slow polymerisation regimes is very similar to 

the ratio of polymer chain extension seen in chapter three for extreme polymerisation regimes (fast 

and slow). 
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8.1.4 Crystallographic Strain 

 

Cuspal deflection methods are routinely used to ascertain the magnitude of stress generation when an 

RBC is adhered to the surface of a tooth. However, such measurements cannot discriminate the vector 

and location of stress generation and indeed any stress relief that occurs within the tooth. Similarly, 

stress within a specific structure inside the enamel hierarchy cannot be interrogated with traditional 

laboratory based techniques. The study presented in chapter seven illustrates how synchrotron X-ray 

diffraction may be used to characterise the spatial distribution of crystallographic strain within a tooth 

substrate when an RBC is adhered to the surface. It has been shown that the stress response of tooth 

enamel/dentine with respect to photo-polymerisation is mediated by the orientation of enamel prisms 

relative to the contraction of the RBC. 

Additionally, several studies using cuspal deflection techniques to measure strains have reported no 

significant differences in strain under a range of photo-polymerisation conditions known to generate 

different magnitudes of strain.  In this study, the polymerisation rate was influenced through two 

different light intensities, given previous theoretical and experimental work demonstrating that the 

polymerisation rate is proportional to the intensity of the impinging light. It was shown that faster 

polymerisation conferred greater strain in the tooth enamel. It is widely reported that composite 

placement can damage tooth structure, causing the deformation of dentine tubules, crack formation 

and propagation. Therefore, employing rapid polymerisation techniques, which generate larger 

strains, in clinical practice to reduce surgical times may not be advisable 
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8.2 Future work 

 

8.2.1 Effect of Polymerisation Rate on the Polymer Structure 

 

X-ray scattering results presented in this thesis have elucidated how the polymer structure evolves 

during photo-polymerisation, whilst neutron scattering has provided complimentary information about 

how polymerisation rate impacts on cross-linking distances with respect to the TEGDMA monomer. 

The most logical extension of this work would be to investigate how the Bis-GMA cross-link 

structure evolves during polymerisation as a function of polymerisation rate. This would give a more 

complete understanding as to how the structure of each monomer is modified. Future research should 

also focus on correlating microstructural changes to macroscopic properties including polymerisation 

stress and volumetric shrinkage to further understand the role that the rate dependent polymer 

structure has on the bulk material. Additionally, the preliminary investigation into how temperature 

modifies different polymer structure (chapter five) could be continued in greater detail, to understand 

the effect of thermal cycling on the polymer structure. 

 

8.2.2 Inter-Particulate Variability in the Degree of Polymerisation 

 

Chapter six illustrated the existence of inter-particulate variability in the degree of monomer to 

polymer conversion in a filled model RBC system. The experimental RBCs were, due to the time 

constraints of using a synchrotron source, limited to samples with a relatively viscous resin matrix, 

high filler fraction, highly monodisperse particles which did not incorporate a silane coupling agent. 

Previous reports have suggested that at higher viscosities i.e. a low mobility resin matrix or high filler 

fraction, that system mobility is influenced by spatial confinement, interfacial interactions and 

increased concentrations of radical species. Future research should systematically characterise the 

effect of reducing the viscosity of the resin matrix and the filler fraction i.e. increasing inter-

particulate distances and reducing the effects of light scattering and absorption. It would also be worth 

characterising the effect of extreme polymerisation rates, using different irradiance protocols, on the 
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distribution of conversion and particularly the magnitude of chemical bond strain. Additionally, 

commercial RBCs incorporate a silane agent to increase bonding between the resin and filler phases. 

The effect of this agent on conversion around filler particles should also be investigated within the 

context of the aforementioned photo-polymerisation variables. 

 

8.2.3 Crystallographic Strain  

 

Synchrotron X-ray diffraction was used to spatially resolve crystallographic strain induced in the 

enamel phase of human tooth, by the adhesion of a composite material. In this study relatively high 

and low light intensities were used to produce different rates of polymerisation, given that the reaction 

rate is proportional to the square root of the light intensity if other photo-polymerisation variables are 

fixed. In chapter three it was shown that chain extension and residual strains in the polymer structure, 

were rate and time dependent. Future work should therefore investigate how crystallographic strain in 

the tooth enamel/dentine develops during photo-polymerisation i.e. time resolved measurements of 

crystallographic strain, and correlates to chain extension of the polymer as a function of 

polymerisation rate. 
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9 CONCLUSIONS 

In this thesis the polymer structure, local variation of DC in filled composites and strain transfer 

have been investigated through the novel application of synchrotron and neutron based 

techniques. 

1. Photo-polymerisation of experimental RBCs generates chain segment extension and

changes in short range order within the structures of the constituent monomers Bis-

GMA and TEGDMA which form the resin matrix, which to date is unreported.

Extension is believed to occur in the functional end groups of both of the monomers as

well as in the flexible backbone of the TEGDMA monomer. No structural changes are

ascribed to the rigid aromatic core of Bis-GMA.

2. It was shown that different polymerisation rates generate different polymer structures.

Accelerating polymerisation through the use of high light intensity sources and

modifications to the photo-initiator chemistry conferred greater chain extension and

reduced short range order in the aforementioned polymer segments of the Bis-GMA

and TEGDMA monomers. RBCs polymerised rapidly demonstrated the greatest chain

extension in the shortest period of time, which was followed by a reduction in length

not observed in more slowly polymerised systems. This behaviour suggests that

residual strains may be stored in the structure as a consequence of relatively fast

polymerisation.

3. Neutron scattering combined with isotopic substitution demonstrated that this

relationship between polymerisation rate and structure with respect to chain extension

and order occurs at longer length scales within the polymer. Specifically, the end to end

distance of TEGDMA within the polymer network was greater when polymerisation

was driven faster through higher light irradiances. However, faster polymerisation
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produced a less ordered structure at these length scales in comparison to lower light 

irradiance regimens, which is consistent with X-ray observations of polymer segments.  

4. The presence of filler particles in a resin matrix was found to introduce local 

heterogeneity with respect to the degree of monomer to polymer conversion and 

chemical aromatic bond strain. At small nearest neighbour distances, heterogeneity 

originates predominantly from a lower converted and reduced bond strain boundary 

layer surrounding each filler particle, whilst light attenuation and likely, relative 

monomer mobility effects dominate at longer length scales within the resin matrix 

5. Strains generated through the polymerisation of an RBC are transferred to enamel when 

the composite is adhered to the surface of a tooth. Crystallographic strain within the 

enamel phase, the result of this strain transfer, can be detected using synchrotron XRD. 

The spatial distribution of this strain was found to be dependent on the cavity geometry 

and the orientation of enamel prisms. The magnitude of the strain was also related to 

prismatic orientation and the inferred polymerisation rate. 
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10 APPENDIX 

10.1 Chemical Lot Numbers 

Chemical Name Company Lot No. 

Bisphenol A dimethacrylate Sigma Aldrich (Dorset, 

UK) 

03924ARV 

Diphenyl(2, 4, 6-trimethylbenzoyl)phosphine 

oxide 

Sigma Aldrich (Dorset, 

UK) 

MKBP8673VP 

Urethane dimethacrylate Sigma Aldrich (Dorset, 

UK) 

MKBQ7398V 

Camphorquinone Sigma Aldrich (Dorset, 

UK) 

09003AQV 

2-(Dimethylamino)ethyl methacrylate Sigma Aldrich (Dorset, 

UK) 

BCBJ3899V 

Ethylene glycol dimethacrylate SHBF7061V 

Triethylene glycol dimethacrylate Sigma Aldrich (Dorset, 

UK) 

STBF6453V 

Bisphenol A glycerolate dimethacrylate Sigma Aldrich (Dorset, 

UK) 

MKBT9132V 

Methyl methacylate Sigma Aldrich (Dorset, 

UK) 

A0354106 

Triethylene glycol dimethacrylate Sigma Aldrich (Dorset, 

UK) 

10186982 

Ethylene glycol Sigma Aldrich (Dorset, 

UK) 

1413793 

Table 10.1. Lot numbers for monomers and photo-initiators used for resin formulation (where 

available). 
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10.2 Effects of X-ray Beam Damage on the Polymer Structure of Dimethacrylate 

Resins 

In chapter three X-ray scattering was used to resolve the structure of Bis-GMA/TEGDMA 

systems during photo-polymerisation. However, beam damage by the X-rays on the resin is a 

possibility and may consequently impact on the polymer structure separately to any effects 

related to photo-polymerisation. Figure 10.1 illustrates the impact that X-rays have on a 60/40 

wt% (Bis-GMA/TEGDMA) blend initiated with TPO in the absence of light. TPO was chosen 

as a control due to its ability to induce a relatively high polymerisation rate. It can be seen in 

Figures 10.1(a) and 10.1(c) that changes in the correlation length and relative order do not occur 

until ~ 50 s of X-ray exposure. A TPO initiated system will already have reached a value very 

close to its terminal conversion long before this point in time (chapter three) and structural 

effects ascribed to interactions with X-rays are likely to be minimal. In the case of slower 

polymerisation using a CQ initiator, X-ray interaction effects are still slow in comparison to 

polymerisation kinetics. Similarly it can be seen that X-ray effects on a pre-polymerised sample 

are negligible in comparison to the increases in correlation length and relative order described 

in chapter three. 
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Figure 10.1. Real time evolution of the correlation length reported in chapter three when exposed to X-rays for 

a 60/40 wt% (Bis-GMA/TEGDMA) sample with TPO photo-initiator in the (a) liquid monomer and (c) solid 

polymer form. Analogous plot for changes in short range order are shown in (b) and (d). 

(a) 

(d) (c) 

(b)
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