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Abstract 

Ultraviolet (UV) fluorescent lamps are widely used in photopolymerisation 

processes. However, there a number of disadvantages to these lamps, namely, 

their intensity varies over time and has to be constantly monitored. This thesis is 

concerned with the possibility of replacing these lamps with UV Light Emitting 

Diodes (UV-LEDs). 

A number of emission characteristics of both the fluorescent lamp and the 

UV-LEDs were measured and compared to ensure that the optical properties of the 

UV-LEDs were equivalent to those of the lamps. From this study it was shown 

that the UV-LEDs have a quicker warm up time and exhibit a more stable output 

than the fluorescent lamps, while also emitting in the required region for 

photopolymerisation. 

The ability of each source to initiate photopolymerisation in a HEMA 

sample was then monitored using FTIR (Fourier Transform Infrared) and Raman 

spectroscopy and the percentage cure calculated. These studies proved that UV- 

LEDs could produce a degree of cure that was comparable to that produced by the 

fluorescent lamp. 

The last section of the study was concerned with investigating how pulsed 

UV radiation affected the curing process and thus the mechanical properties of the 

final polymer. This work was performed using FTIR spectroscopy and Dynamic 

mechanical analysis (DMA). The study showed that the curing profiles and the 

mechanical properties of the polymer were not only affected by the irradiation 

wavelength but also by the duration of the pulsing. 



The findings of this thesis show that due to the inherent advantages that 

LEDs have over fluorescent lamps and the fact that they produce a comparable 

photopolymerisation as that achieved with the fluorescent lamps, LED 

photopolymerisation is a viable possibility in replacing fluorescent lamps in the 

manufacturing of biomaterials. 
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Chapter 1 Theory 

1 .  Introduction 

Light-induced polymerisation (photopolymerisation) of monomers has 

become a well-accepted technology which has found a use in a wide variety of 

industrial applications due to its distinct advantages i.e. a high rate of 

polymerisation can be achieved in a fast time at ambient temperatures [I]. 

Another reason for the wide spread use of this technique is its ease of operation 
b 

and cost efficiency [2]. This technology is used in a number of areas ranging from 

the coating industry, to paints, to the manufacturing of biomaterials such as 

contact lenses [3-51. It is the use of this technique in the manufacturing of the 

latter that is of concern to this research. This chapter gives an introduction to the 

theory behind photopolymerisation and discusses how it is used in the 

manufacturing of contact lenses. 

1.2 Manufacturing of contact lenses 

The earliest known reference to contact lenses was made by Leonardo da 

Vinci over 500 years ago in which he described a clear shell that could be placed 

against the eye to correct vision [6, 71. However it was not until the latter half of 

the 1900's that the contact lens manufacturing industry began to expand [7]. The 

first contact lens was created in 1888 by A.E. Fick who suggested their potential 

use in aphakia (absence of the lens of an eye) and as cosmetic/prosthetic lenses; 

these lenses were cast in blown glass [7, 81. In 1889 A. Miiller corrected his own 

myopia by wearing a glass-blown scleral contact lens. These lenses sat across all 

the visible ocular surface [8]. It was not until after the Second World War that the 



first corneal contact lens was manufactured, these lens were smaller than the 

previous scleral lenses and sat only on the cornea [9, 101. This type of lens 

became known as hard or rigid contact lenses and was manufactured fiom 

poly(methy1 methacrylate) (PMMA) [ l  1, 121. One of the main disadvantages to 

these PMMA lenses is their low gas permeability which means oxygen cannot 

penetrate through the lens to the cornea and conjunctiva, which can lead to eye 

damage [13, 141. With the discovery of 2-hydroxyethyl methacrylate (HEMA) by 

Otto Wichterle [IS] during the 1950's and the subsequent development of the 

'spin-casting' production 1161 method, the first large-scale production of HEMA 

lenses by Bausch & Lomb took place in 1971 [6]. HEMA belongs to a class of 

polymers known as hydrogels. These polymers can retain a large fraction of water 

without dissolving [17]. These soR lenses offer immediate comfort to the wearer 

where hard lenses require a period of adjustment before full comfort is reached. 

Since the 1970s there has been a large increase in the type of contact lenses 

available including numerous different soft contact lenses with different water 

content, oxygen permeability and wear time [lo]. The most recent development 

has been the manufacturing of silicone hydrogel lenses [7, 181. As oxygen is far 

more soluble in silicone than in PMMA and water these lenses allow for further 

comfort to the wearer due to their high oxygen permeability while still allowing 

for water absorption [16, 191. Recently relatively cheap disposable soR contact 

lenses [7] became available these have became very popular and allow the wearer 

to dispose of them after certain periods of time. They can be disposed after either 

each day of wear or can be worn for up to 30 consecutive nights [20]. 



The two main methods of contact lens manufacturing are moulding and 

lathe-cutting also known as generating [7]. There are three types of moulding; 

casting, injection and compression. Spin casting combined with 

photopolymerisation is the method favoured by companies such as Bausch & 

Lomb and Johnston & Johnston [7], due to the ease at which large amounts of 

contact lenses can be manufactured in a relatively short time. This procedure 

begins by injecting a hydrogel monomer mix into a concave mould which is 

rotated at a suitable speed, for example 350 rpm [21]. The back surface of the 

lens is governed by the speed of spin. Therefore different rates of spin are used 

depending on the required lens specification. The centripetal force then causes the 

monomer mix to spread to the edges of the mould, forming the required shape. 

Photopolymerisation is then initiated by exposing the mixture to UV radiation. 

Photopolymerisation is completed while the moulds are spinning, after which the 

moulds are removed and immersed in a large volume of distilled water, which is 

maintained at 87 "C to remove any un-reacted monomer that may irritate the 

wearers' eyes. The lenses are then checked, hydrated in saline and finally sealed 

in pharmaceutical vials [7, 12, 161. 

The main disadvantage to the spin casting technique is the expense in 

setting up the laboratory therefore it is usually limited to large scale production. 

Small to medium size manufacturers favour the lathe-cutting technique. This 

technique is labour intensive and is generally reserved for individual prescription 

work. Lathe-cutting does not involve the use of UV light to produce the lenses. It 

involves mounting a blank lens on a heated stepped steel button. The button is 

then cooled and placed in a high precision lathe, where the lens is cut to the 



required shape and thickness. The blank is then placed on a clean steel button and 

polished. The lens is then cut to the required dimensions and polished [7, 121. 

Due to the rising interest in disposable lenses, manufacturers need to 

produce a large mass of lenses using a less labour intensive technique while 

considering production costs. This has resulted in the widespread use of spin 

casting photopolymerisation and it is this process that is the main area of interest 

to this thesis. 

1.3 Polymers 

People have been using polymers for centuries in the form of oil, tars, silk 

and gums. However it was not until the development of vinyl, polystyrene and 

nylon that polymer science took off. Polymers are a large class of materials 

consisting of many small molecules (called monomers) that can be linked together 

to form long chains that are known as polymers (or macromolecules). The 

reactions by whlch polymers are synthesised from monomers are termed 

polymerisation [22]. It was not until 1909 that the first truly synthetic polymer, 

Bakelite was engineered. Since then engineering polymers has grown with the 

development of a number of synthetic polymers and rubbers including 

polystyrene, nylon, polyethylene and polyvinylchloride [23]. The main interest in 

engineering polymers is due to their unique properties, which allows a wide range 

of different polymers to be produced for use in a large number of fields and at 

lower costs compared to many alloys and ceramics. The macromolecule structure 

of synthetic polymers can provide good biocompatibility and allows them to be 

used in many biological tasks that cannot be preformed by other synthetic 



materials. These include contact lenses, dental restorative materials, bone cement, 

artificial tendons, ligaments and joints including intervertebral discs [23-251. 

1.3.1 Classification of Polymers 

There are a number of methods used to classify polymers. One method 

divides them into thermosets and thermoplastics depending on their reaction to 

thermal treatment [26]. Thermoset polymers are highly crosslinked and cannot 

melt when heated due to restrictions on the ability of the network polymers to 

flow, therefore they cannot be moulded. Thermoplastics on the other hand are 

linear or branched polymers that melt when heated and can be moulded and 

remoulded into virtually any shape. This type of classification has the benefit of 

giving a physical distinction between the two groups. A thermoplastic polymer is 

a linear chain one-dimensional polymer which is formed by joining one or more 

monomers by no more than two chemical bonds. On the other hand thermoset 

polymers consist of a three-dimensional highly crosslinked network, which makes 

them better suited to higher temperature applications than thermoplastics [26,27]. 

Another method used to classify polymers divides polymers into 

condensation and addition polymers. This classification is based on whether there 

is a difference between the repeating unit of the polymer and the monomer used to 

synthesise it [28]. A condensation polymer is one in which a small molecule such 

as water is eliminated during the condensation of any two units. Addition 

polymers are formed from many monomers bonding together without the loss of a 

small molecule and the repeating units in the polymer have the same composition 



as the monomer units. The corresponding polymerisation processes would then 

respectively be called condensation and addition polymerisation [28]. 

With the development of polymer science it was found that this 

classification could lead to ambiguity. Therefore another classification was 

introduced which is based on the mechanism of the polymerisation reactions [26, 

281, This defines polymers in terms of step and chain polymerisation reactions. 

Step polymerisation proceeds in a stepwise reaction with the monomer 

transforming into a dimer, trimer, tetramer and so on until eventually a large 

polymer molecule is formed. The size of the polymer molecules increases at a 

relatively slow rate in step polymerisation. Chain polymerisation on the other 

hand requires an initiator species with a reactive centre. Chain polymerisation 

occurs by the propagation of the reactive centre by the successive linking of the 

monomer molecules to the end of a growing chain. This process occurs in a much 

shorter time (matter of seconds) than step polymerisation and involves three 

distinct steps, initiation, propagation and termination [22, 281. The most 

important of the chain polymerisation methods is called fiee radical 

polymerisation [23] and is almost solely used in the manufacturing of polymers 

from monomers containing C=C 1291. It is this type of polymerisation that is 

utilised in the manufacturing of contact lenses and is therefore the main 

mechanism that is of interest to this research and will be discussed in detail in the 

next section. 

1.4 Photopolymerisation 

Photopolymerisation is the initiation of a chain polymerisation process by 

light. It is achieved by adding a light-sensitive compound (photoinitiator) to an 



appropriate polymerisable substance; the photoinitiator is then activated by light 

of an appropriate wavelength (A) and converts the absorbed light energy into ions 

or free radicals. The type of radiation used is most commonly UV (200-400 nm) 

or visible (400-800 nm), however in rare cases infiared (800-2500 nrn) radiation 

may be utilised [30]. 

Photoinitiated polymerisation (photopolymerisation) is one of the most 

efficient methods of transforming a liquid monomer to a solid polymer while 

having a number of advantages such as being solvent free, which makes this type 

of process environmentally friendly [3]. Another major advantage of this type of 

polymerisation is that it is essentially independent of temperature therefore the 

process can occur at room temperature with minimal heat production [31, 321. 

Furthermore, the reaction can be controlled by varying a number of factors such as 

the photoinitiator and the light intensity [22, 331. This type of polymerisation has 

found use in a number of applications. These applications include but are not 

limited to the coating industry [3] for the surface protection of various materials 

such as plastics, wood and metals, curing of dental material [34] and the 

manufacturing of holograms [35]. The main disadvantage to photopolymerisation 

is oxygen mhibition. Oxygen acts as a quencher that can terminate initiating and 

propagating radicals. However this inhibition can easily be overcome by purging 

the sample with an inert gas or by simply covering the sample, for example with a 

glass slide, to minimise oxygen diffusion into the sample during 

photopolymerisation 1361. 

In most polymerisable monomers a carbon-carbon double bond (C=C) is 

present. These monomers are known as vinyl monomers. These vinyl monomers 



form polymers by breaking the C=C during polymerisation and replacing it with a 

single bond [22]. With chain polymerisation the reaction starts by the generation 

of a reactive centre. These reactive centres can be anions or cations but are 

typically free radicals [26]. Radical chain polymerisation is the most widely used 

method of chain polymerisation and is almost solely used in the manufacturing of 

polymers fiom monomers containing C=C [29]. In radical chain polymerisation 

the free radical generated attacks the double bond in the monomer by linking itself 

to the monomer molecule &d then regenerates another radical which has the same 

identity as the one previous [22]. This chain reaction results in the growth of the 

polymer. As the free radicals involved are so reactive chain polymerisation does 

not continue indefinitely until all of the monomer is used up [26], instead it 

terminates when the free radicals react with each other rendering the chain end 

inactive [23]. An explanation of the three steps involved in radical chain 

photopolymerisation is given below. 

Initiation: 

This involves the formation of the free-radical centre and usually occurs in two 

steps. The first is the formation of free radicals, which occurs when the initiator 

dissociates as the light is absorbed. The second step involves the addition of one 

of the radicals to a monomer molecule, which in turn breaks the double bond [22, 

231. 



Propagation: 

This involves the growth of the polymer chain by the subsequent addition of the 

radical to other monomer molecules. This process will continue until all the 

monomer molecules are consumed or until a termination reaction renders the 

chain end inactive [22,28]. 

Termination: 

In this step the growth of the polymer chain is terminated. There are two methods 

to termination in radical polymerisations these are combination or 

disproportionation [22,23]. 

Combination: This occurs when two fiee radicals react together sharing their 

single odd electron to form a single polymer molecule. 

Disproportionation: A hydrogen atom is transferred from one chain to another 

leading to the formation of two polymer molecules. 

The radical chain photopolymerisation of a HEMA monomer is shown in 

figure 1.1. HEMA belongs to a class of materials known as hydrogels. Hydrogels 

are capable of absorbing large amounts of water and are quickly gaining 

importance as biomaterials [37]. Due to their significant water content they 

posses a degree of flexibility very similar to natural tissue making them an ideal 

material to be used in biomedical applications, including the areas of 

orthopaedics, medical devices and ophthalmology [16, 381. Their hydrophilicity 

arises from the presence of certain chemical groups whose primary hnction is to 



attract and bind water within the structure, in HEMA -OH is such a group [7, 12, 

231. 

In general a hydrogel lens consists of a hydrophilic monomer, a 

photopolymerisation initiator and cross-linkers. Although HEMA is the primary 

hydrophilic monomer used in the manufacturing of soft contact lenses [39] other 

components may be added to change or improve the lenses properties. N-vinyl-2 

pyrrolidone (NVP) may be added as a second hydrophilic monomer to obtain an 

increase in water content [7, 121, while the addition of a crosslinker such as 

ethylene glycol dimethacrylate (EGDMA) achieves some key mechanical 

properties such as modulus and tear strength whle providing dimensional stability 

[18, 401. In addition to these other components can be added to aid in the 

manufacturing process or to achieve certain desirable properties in the lens. A 

hydrophobic monomer may be added to modifjr the physical and mechanical 

properties of the lens but this will also affect the final water content of the contact 

lens [39]. Tints may also be added for two reasons (1) visibility, a slight tint 

makes the lens more visible out of the eye and therefore easier to locate [7] and/or 

(2) cosmetic reasons to change or enhance the wearer's eye colour [41]. The 

central objective of this study was to verify that UV-LEDs could polymerise a 

HEMA monomer. As such only HEMA samples containing a photoinitiator were 

used in this research. 



Initiation Propagation 

Termination resulting in the formation of p(HEMA) 

Figure 1.1: Radical chain photopolymerisation of HEMA, R. represent 

radical. 

1.4.1 Photoinitiators 

For a photochemical reaction (i.e. photopolymerisation) to occur the 

medium must absorb light. However as most monomers are transparent to the 

radiations required to produce an initiation species it is necessary to introduce into 

the curable monomer a photoinitiator that will effectively absorb the incident 



radiation [33, 421. A photoinitiator is a compound, which upon absorption of 

radiation (ultraviolet or visible) undergoes a photoreaction that produces reactive 

species. These species are capable of initiating a chemical reaction, which results 

in changes to the physical properties of the monomer [32]. There are a variety of 

initiators available which can be formulated to respond to a range of wavelengths 

(most commonly used photoinitiators react between 300 nm-400 nrn but visible 

and IR active ones are available [43]) to produce reactions. In order for an 

initiator system to function as a good source of radicals it should be stable under 

ambient or refiigerated temperature, produce a practical rate of radicals at non- 

excessive temperatures (approximately <150°C) and exhibit a large absorption in 

the emission range of the light source [4,22]. 

In industries where photochemical reactions are used the photoinitiators 

traditionally respond to ultraviolet wavelengths [I ,  331. The reason for this is if 

the initiators responded to temperature producing infrared and visible light the 

system would have to be completely isolated from normal lighting and 

temperature surroundings. For this reason fluorescent lamps that emit in the near- 

ultraviolet region are usually used to initiate photopolymerisation reactions. 

For photopolymerisation processes it is important to select photoinitiators 

that have absorption spectra that overlap with the emission spectra of the 

irradiation sources, as a high absorption process is vital to increase the reaction 

efficiency [44]. Therefore in this research a number of different UV sensitive 

photoinitiators were investigated. Figure 1.2 gives the chemical structure and 

trade names (in bold) of the photoinitiators used in this study. Throughout this 

thesis the photoinitiators will be identified by their trade names. All six 



photoinitiators were generousIy supplied by Ciba Speciality Chemicals Tnc. 

pasel, Switzerland) [45] and used as received without further purification. 

Darocur 1173 2-hydroxy-2-methyl- 1 -phenyl-propan- 1 -one MW = 1 64.2 grnol-l 

Darocur TPO 2A,6-Trimethylbenzoyl-diphenyl-phosphine MW = 348.4 gmol-' 

Plgure 1.2: Chemical structure of the photoinitiators used in this study. 



Irgaeure 651 2,2-dimethoxy-lt2diphenylethan-1-one MW = 256.3grnol-' 

Plgure 1.2 contd: Chemical structure of the photoinitiator6 used in this study. 



Irgacure 819 Bis(2,4,6-trimethylbenzoy1)-phenylphospheode MW = 41 8.5 gmol- 1 

Figure 1.2 contd: Chemical structure of the photoinitiators used in this study. 



1.4.2 Photoinitiator types 

The photoinitiator plays a crucial role in the UV curing process, as it is this 

species that absorbs the incident radiation which in turn induces a chemical 

reaction resulting in the formation of a polymer. These photoinitiator species can 

be either fiee radical or cationic but as mentioned previously the vast majority are 

based on the formation of fkee radicals [22, 321. Free radical photoinitiators can 

be subdivided into either 'alpha cleavage type' or 'hydrogen abstraction type' 

with both producing free radicals in a slightly different way. Alpha cleavage 

photoinitiators are the most widely used and generally have a higher efficiency 

due to fact that they need only absorb light in order to generate radicals [46]. 

However, as will be seen in chapter 6, some photoinitiators are based on hydrogen 

abstraction. Hydrogen abstraction photoinitiators require the excited state 

photoinitiator to find a hydrogen-donating source, such as an amine 147, 481, in 

order to generate free radicals [46]. 

The rate of initiation (ri) (radical production) is dependant on the intensity 

of the incident light (I,), the sample thickness or path length (I), the molar 

absorptivity ( E ~ ) ,  photoinitiator concentration ([PI]) and the quantum yield for 

initiation (0)  which is the number of initiating species produced per photon 

absorbed (Eq 1.1) [22, 32, 331. The maximum value of cD is 1 [22], different 

photoinitiators will have different quantum yields and therefore will produce 

different rates of initiation. Hydrogen peroxide has a measured 0 value of 0.87 

[49], while other photoinitiators can have 0 values as low as 0.13 [50]. 

Eq. 1.1 



1.5 Sample Description 

As mentioned in section 1.4 in general a hydrogel lens consists of a 

hydrophilic monomer, a polymerisation initiator and cross-linkers. The properties 

of the resulting polymer depend on the chemical components used. The fmal 

water content, which influences the oxygen permeability of a hydrogel lens, 

depends on the hydrophilic monomer used. The monomer used in this research is 

HEMA (figure 1.3) which upon photopolymerisation forms the polymer poly 2- 

hydroxyethyl methacrylate @HEMA). pHEMA is a widely used polymer for 

manufacturing soR contact lenses and other biomaterials such as bone prostheses 

due to its biocompatibility [5, 17, 24, 251. The properties of this polymer changes 

drastically depending on its surroundings, in dry environments it is rigid and 

brittle but when hydrated it is soft and flexible [5]. Contact lenses manufacturers 

make use of the hydrated state as the high oxygen permeability and water 

absorption allows for more comfort to the wearer. However for biomedical 

applications the hydrated material does not have sufficient mechanical strength. 

Therefore a hydrophobic component is oRen incorporated to improve the 

mechanical properties [16, 38, 5 11. 

Figure 1.3: Chemical structure of HEMA MW = 130.1 gno1-l 



1.6 Previous curing studies of HEMA 

As stated in section 1.4, HEMA belongs to the hydrogel class of polymers 

and is an important component in many applications especially in the area of 

biomaterials. As such a number of studies have investigated the curing process of 

HEMA [52]. 

As already stated (section 1.2) contact lenses are presently manufactured 

by exposing the monomer to W radiation from a fluorescent lamp. Due to the 

number of disadvantages associated with fluorescent lamps several studies have 

been undertaken to replace these lamps in the manufacturing of contact lenses. 

McBrierty et al. [53] have investigated the potential to polymerise the contact lens 

material with W lasers having a wavelength range of between 200 nm and 400 

nm. This study utilised a number of excimer lasers KrF, XeCl and XeF (operating 

at 248 nm, 308 nm and 351 nm respectively), and a N2 laser operating at 337 nm, 

it found that the most useful lasers for complete photopolymerisation were llkely 

to be the XeCl and XeF excimer lasers and the N2 laser. 

A further in-depth study into the use of the N2 lasers in the 

photopolymerisation of contact lenses was conducted by Martin [54]. This study 

used Nuclear Magnetic Resonance (NMR) and Fourier Transform Infiared (FTIR) 

spectroscopy to monitor in real time the W photoinitiated and thermal curing 

dynamics of contact lens material. Typical cure times using the N2 laser were 

between 1500 and 2000 seconds. However depending on the monomer mixture a 

cure time could exceed this. 

The advantages of using a laser as the source to initiate 

photopolymerisation include shorter polymerisation times, improved control and 



less maintenance than that required with conventional lamps. A further study by 

Lai [ 55 ]  has attempted to improve the curing time of HEMA by achieving a "peak 

time" of about 180 seconds. In relation to this study it should be noted that the 

"peak time" is a reference to the early point in polymerisation when the 

polymerisation reaction is at its most intense point and not the point when the 

reaction is deemed to be complete ("stall time"). This study was concerned with 

varying the photoinitiator concentration and type and used a Sylvania 

F4T5/350BL lamp, which is a fluorescent bulb emitting between 300-400 nm 

having a peak at 350 nm. Using this lamp and photoinitiator concentrations 

varying fiom 0.1 to about 1.0 weight percent, peak times of between 

approximately 140 and 600 seconds were recorded. When the ideal formulation 

of photoinitiator type and concentration was found the HEMA mixture was then 

cured using a Philips UV lamp in approximately 90 seconds. 

As previously mentioned the basis to this research is to investigate the 

potential of UV-LEDs in replacing the traditional used fluorescent lamps in the 

manufacturing of biomaterials, namely contact lenses. UV-LEDs are the latest 

development in a constantly developing lighting industry, where scientists and 

engineers have strived towards creating the 'ideal' light source. The next section 

gives an account of how light sources have evolved from early incandescent lamps 

to gas emission source, such as fluorescent lamps, and then into the recently 

developed solid-state sources that are light emitting diodes (LEDs). 

1.7 History of lighting technology 

Lighting technology is constantly striving to develop ideal light sources 

with improved specifications such as output spectrum, ruggedness, longer 



lifetime, better efficiency and stability for use in a range of domestic and 

industrial applications [56, 571. The first commercially available electrical light 

source was the incandescent light bulb. This type of lamp contains a filament 

which heats up and produces light when an electric current passes through it. The 

filament is kept in a vacuum which is enclosed by a glass bulb. Although it is the 

filament that produces the light it is the filament that is their weak point and 

principal cause of failure, as without the filament no current can flow and no light 

is generated. These lamps are very inefficient at converting electricity to light 

with about 90 % of the energy input being released as heat. Some applications 

make use of the heat generated such as incubators and heat lights for reptile tanks. 

Although these lamps are inefficient they are still widely used in household 

applications due to their low cost (less than 50 pence each [58]) and the fact they 

require no external regulating equipment. They have a lamp lifetime of 

approximately 1000 hours [59]. Another advantage to these types of lamps is that 

they emit over a broad range of wavelengths (figure 1.4). 



Halogen lamps, also known as tungsten-halogen lamps were introduced as 

an improvement to incandescent lamps. These lamps also contain a filament 

however unlike their predecessor the filament is not sealed in a glass bulb but in a 

transparent envelope usually made of quartz and filled with a halogen gas. This 

allows the lamp to run at higher temperatures allowing for greater brightness, 

whiter colour temperature and at a slightly higher efficiency than ordinary 

incandescent lamps. However this higher operating temperature can be a 

disadvantage as it means excess heat is discarded into the atmosphere. The quartz 

encasing allows these lamps to become a source of UV-B radiation as it is 

transparent to this spectral range. This may be one of their most significant side 

effects though conversely some instruments such as those used in medical and 

scientific applications make use of this UV radiation. These types of light sources 

are commonly used in dentistry to photopolymerise dental resin composites. 



However as these lamps produce a very broad spectrum (similar to that of 

incandescent bulbs) a filter is needed to restrict the emitted light to the blue region 

of the spectrum, were the absorption spectra of the photoinitiator used occurs [61- 

631. A typical tungsten halogen lamp has an operational lifetime of approximately 

2000 hours, which is twice a long as a typical incandescent lamp. 

The next development in electric lighting technology seen the introduction 

of gas discharge lamps. Unlike incandescent lamps, gas discharge lamps have no 

filament and do not produce light as a result of something solid getting hot 

(although heat is a by-product). Rather these types of lamps generate light (either 

visible or W) by sending an electrical discharge through an ionised gas. The 

colour produced depends on both the mixture of gasses inside the tube as well as 

the pressure. Gas discharge lamps offer longer lifetime, up to 10,000 hours and 

are more efficient than incandescent lamps, a typical gas discharge lamp 

consumes only about 15 % of the electricity that an ordinary incandescent lamp 

needs [59, 641. However they are more complicated to manufacture and unlike 

incandescent bulbs they require electronics to provide the correct current flow 

through the gas. They also suffer from environmental issues and have to be 

specially disposed off as they contain hazardous materials such as mercury. 

Gas discharge lamps can be sub-divided into low and high pressure 

discharge lamps. When the gas is at low pressure a line spectrum is emitted, as 

the pressure is increased the spectral lines broaden until at super high pressure a 

continuous spectrum occurs [65] .  Low pressure discharge lamps comprise of 

fluorescent and low pressure sodium lamps. m l e  high pressure discharge lamps 

include high pressure sodium lamps, high pressure mercury-vapour lamps and 



metal halide lamps. The fluorescent lamp is probably the best known gas 

discharge lamp. This type of lamp has been further developed into the compact 

fluorescent lamp (CFL) which may have a conventional ballast located in the 

furture or the ballast integrated in the bulb, allowing them to fit into existing 

incandescent lamps furtures. It is the use of these CFLs in photopolymerisation 

applications that is of interest to this research. The purchase price of a gas 

discharge lamp is higher than that of an incandescent lamp, but this cost is 

recovered in energy savings and replacement costs over the bulb's lifetime. A 

typical emission spectrum of a CFL is shown in figure 1.5. 
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Figure 1.5: Spectral output of a typical compact fluorescent light bulb [66]. 

The most recent progress has seen the production of light emitting diodes 

(LEDs) which has lead to the development of Solid State Lighting (SSL). Unllke 

incandescent and gas discharge lamps were a heated filament or gas is required 

the light from an LED is emitted solely from the movement of electrons in a 



semiconductor material. An LED contains a diode which comprises of a p-n 

junction, when the diode is subjected to an electric current, electrons and holes 

recombine at the LEDs p-n junction and release energy in the form of photons. 

The wavelength and thus the colour of the light emitted depends on the bandgap 

energy of the materials forming the p-n junction. Advances in material science 

have made it possible for LEDs to be produced that emit light at variety of 

different wavelengths. This alleviates the need for filters that were required with 

previous light sources. The purchase price of LEDs varies from a few cent up to 

hundreds of euros depending on the type of irradiation required [67, 681. 

However overall like every new technology the price of this technology has 

decreased as LEDs become more widely available. The higher initial cost of SSL 

compared to incandescent and gas discharge lamps can be recovered due to their 

extremely long lifetime which can be as much as 100,000 hours for single colour 

LEDs and 35,000 for white LEDs. SSL also reduces maintenance costs and 

energy consumption, SSL can be as much as 20 times more efficient than 

incandescent lights and 5 times more efficient than fluorescent lighting [61, 691. 

Due to their semiconductor nature they generate no or little heat and are more 

environmentally friendly than gas discharge lamps as they contain no harmhl 

mercury. In addition their solid-state nature provides greater resistance to shock 

and vibration. It is the application of these LED-based systems and how they can 

be used to replace the previous sources in photopolymerisation processes, while 

eliminating many of the physical and commercial drawbacks that is of interest to 

this research. 



When choosing an ideal light source for industrial applications such as 

contact lens photopolymerisation a number of factors need to be considered. 

Table 1.1 outlines the specifications for an ideal light source to be used in 

photopolymerisation applications. From the discussion previously it can be seen 

that LED based systems exhibit most of these ideal conditions. Throughout this 

research the specifications of a gas discharge lamp as well as numerous LEDs will 

be measured and compared to the ideal specifications that are outlined in table 1.1. 

Some of the ideal specifications listed in table 1.1 will be mutually exclusive in 

actual lamps available so compromises are required when choosing the final 

design. For example, high optical specifications may mean the light source is 

more expensive to produce or a high dose of UV radiation may increase the 

dangers to employees so extra safety guidelines would need to be put in place. 



Table 1.1: 'Ideal' light source specifications for photopolymerisation processes. 

UV 1 Wavelength range 

No 

100 % 

Maxirnised at key UV h 

- 

2 Filters required 

3 

All electrical power converted to 

photons 

Continuous or "DC" 

Pulsed or "AC" may effect 

photopolymerisation rate 

Instantaneous 

otons out 

% of light in required h range 

6 

Irradiance 

--- 
Output over time 

8 Long term stability Constant 

Lifetime Infinite 

10 Beam uniformity 0% variation in output field 

No heat as heat effects 

12 

13 

14 

15 

7 Switch on time to stable output 

Cost 

--- 
Ruggedness 

Environmentally fkiendly 

Ease of replacement 

polymerisation rate 

Minimal 

Shock & vibration resistant 

P 

No hazardous materials 

, Quick replacement to reduce 

downtime 



1.8 Light Emitting Diodes replacing traditional light sources 

Since the production of the first light bulb light sources have continued to 

evolve from gas emission sources such as fluorescent lamps through to recently 

developed solid-state sources such as light emitting diodes (LEDs). These latter 

LED-based systems have begun to replace incandescent lamps in many 

applications due to their inherent advantages; this research is concerned with 

replacing the currently used fluorescent lamps in photopolymerisation processes 

with this new technology. 

W fluorescent lamps have been used as the main source of UV radiation 

in the manufacturing of biomaterials such as contact lenses. Despite their 

popularity these light sources suffer fiom an array of problems such as, their 

output intensity varying and their short lifetime span. The intensity and the 

stability of the UV radiation being emitted is a crucial factor in 

photopolymerisation. If the lamp is not emitting at the required intensity the 

monomer may not fully polymerise, which could leave a toxic substance present 

and thus effect the lifetime, reliability and quality of the biomaterial. The output 

of these lamps decrease over time so they have to be constantly monitored and 

replaced regularly. These lamps must also be activated for a period of time before 

they can be used in photopolymerisation processes this is to ensure that the lamps 

have sufficiently warmed up. Another disadvantage is that switching them on and 

off wears out the electrodes, reducing the lifetime. This is because the mercury 

ions collide with the electrodes and erode the tungsten. Therefore more frequent 

starts (shorter burning cycles) reduce the lamp life. All of these problems lead to 

increased costs and down time for the manufacturer. 



Since the development of solid state lighting (SSL), LED technology has 

been replacing traditional lamps in a number of areas due to their inherent 

advantages. LEDs offer lower energy consumption, stable optical properties and 

are more efficient at converting electricity into visible light than their 

counterparts. Also unlike traditional light sources LEDs produce visible light with 

virtually no heat. In addition due to their semiconductor nature they have longer 

lifetimes, their lifespan is further increased due to their ruggedness, which allows 

for greater resistance to shock and vibration. It is the lifetime of a light source 

that is of great interest to contact lens manufacturers. The lifetime of a lamp or 

LED is defined as how long the source provides light until half of the unit fails, 

that is until the emission of the device has decreased to 50% of the initial intensity 

[70]. With traditional light sources, such as incandescent lamps, the weak point 

and principal cause of failure is filament breach, without the filament no current 

can flow and no light generated. In contrast LEDs produce light using doped 

semi-conductors therefore they require no filament to emit light [61]. It has been 

reported that fluorescent lamps have a lifetime of between 2,000 and 10,000 hours 

[64]. In 1996 LEDs had an operational lifetime of only a few hours [70] however 

it has now been reported that LEDs have a lifetime of between 50,000 to 100,000 

hours [71, 721 although this is not infinite it is a considerate increase on the 

lifetime of the lamps now being used. 

One area that has seen this type of replacement technology is dentistry 

were tungsten-halogen light sources has been replaced by blue spectrum LEDs in 

the photopolymerisation of dental composites [34, 73, 741. The main drawback 

with halogen sources is that their light output decreases with time. Since the 



clinical performance of light induced dental composites is greatly influenced by 

the quality of light used the decrease in light intensity may produce a dental 

composite with poor physical properties which could lead to the premature failure 

of the restoration [61]. Also light curing units (LCUs) utilising halogen lamps 

require special filters to filter out unnecessary portions of the spectrum so that the 

wavelength is limited to 370-550 nm to fit the absorption spectra of the 

photoinitiator used 161, 631. As LEDs can be manufactured to emit at narrow 

wavelength bands they allow for better control of the photopolymerisation process 

by emitting at the exact wavelength required to initiate the photoinitiator. 

A number of studies have been undertaken to investigate and compare the 

effectiveness of polymerisation achieved with new LED LCUs and conventional 

halogen LCUs. These studies have investigated different properties for dental 

resin cured with the halogen lamp and the LEDs. These properties included 

degree of conversion, compressive strength, barcol hardness as well as depth of 

cure and flexural properties. These studies along with previous ones have shown 

that these blue LEDs produced a depth of cure and a degree of conversion that 

was significantly greater than those obtained using the halogen lamp even if the 

level of irradiance for the two sources was the same. Tests to investigate the 

compressive strength and the barcol hardness have found that dental composites 

cured with the LEDs will not be weaker than those cured with the lamps and the 

flexural properties of these composites do not change significantly when they are 

cured with the lamps and the LEDs. 

In the past few years LED SSL technology has become commercially 

viable for general lighting applications. The brightness levels of LEDs are now 



feasible for many applications and their continued improvements are allowing 

them to compete with the performance and cost of traditional light sources for 

general use [69]. Therefore it is expected that over the coming years the use of 

LED SSL in homes will increase. Already LED technology is used in a number of 

industrial and domestic areas. For example they can now be used as information 

indicators, e.g. as onloff lights in various audio and visual equipment. Due to 

their long lifetime and high efficiency LED clusters are now used in traffic lights. 

Their initial higher cost can be recovered in a short time due to their energy 

savings (traffic lights using LEDs instead of incandescent lamps consume one- 

tenth the power) and longevity, which reduces the manpower required for 

maintenance. Their long lifetime is also increasing their usage in car break lights 

and indicators as it allows for less fiequent replacement. Their use in public 

displays has steadily increased over the years due to their capability to display 

instant real time measurements at low power consumption and low maintenance. 

Another advantage to using LEDs in public displays is that they are scalable and a 

batch of LEDs can be made as big as needed, from 1 cm up to metres. Indeed the 

overall display size is only limited by cost and the space available. 

1.9 Conclusion 

The use of LED technology as a viable alternative to halogen lamps in the 

photopolymerisation of dental composites has been proven. However the use of 

W-LEDs in such processes has not been investigated. Any non-traditional curing 

method must be fully evaluated to ensure that complete through-cure is achieved 

and that the properties of the developed polymer is equivalent or better to those 

developed in the traditional manner. This thesis is concerned with developing a 



novel curing method utilising UV-LEDs for use in the photopolymerisation of 

contact lenses which will be more efficient and have the potential to reduce 

manufacturers' costs. A thorough investigation of the optical and electrical 

properties of UV-LEDs was conducted with the findings being compared to those 

of the traditionally used fluorescent lamps. Each light source was used to 

photopolymerise a test contact lens monomer with the degree of cure being 

compared. Another novel aspect to this thesis and one which to the author's 

knowledge has not been published before was the use of pulsed LEDs to alter the 

mechanical properties of a contact lens. 

This thesis describes an alternative method for curing a HEMA monomer 

and demonstrates the effect photoinitiator, wavelength and pulse rate has on the 

rate of cure and mechanical properties of the final polymer. The methodology 

applied in this research is just one example of the potential applications for UV- 

LEDs in photopolymerisation techniques and is not limited to this use. The 

findings in this research have potential use in a number of areas of polymer 

production and can be utilised in the coating industry for the formation of coatings 

or paints and in dentistry for the formation of dental composites. 
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Chapter 2: Methods for light source characterisation and 

intercomparison 

2.1 Introduction 

When choosing ideal light source specifications for industrial processes, 

such as contact lens photopolymerisation, a number of factors need to be 

considered. These include output intensity, wavelength range and the related 

electrical output efficiency (i.e. conversion fiom electric energy to radiation 

energy), whether the light output is continuous or modulated (i.e. dc or AC), 

lifetime and start-up characteristics. For photopolymerisation processes it is 

important that the light source emits the majority of the output intensity at the key 

photopolymerisation wavelength with high efficiency, rapid start-up and 

stabilisation as well as having a constant output. The ability to accurately measure 

these characteristics is an important part of this research. This chapter details the 

different experimental techniques used to measure and compare the specifications 

of the lamp and the LEDs in order to evaluate the potential for LEDs to replace 

fluorescent lamps as the source of UV radiation in photopolymerisation process. 

2.2 Light sources used 

A number of different light sources were characterised and their 

behavioural properties inter-compared. At present the main source of UV 

radiation for use in the photopolymerisation processes is from fluorescent lamps. 

An example of the type of fluorescent lamps used by contact lens manufacturers is 

the Philips PL-S 9W110 low pressure Hg lamp (Eindhoven, The Netherlands)[l], 

figure 2.1. These fluorescent lamps, representative of those used in 



manufacturers' photopolymerisation processes, consist of two single-ended 

fluorescent tubes fused together and operate on the same universal ballast as other 

compact fluorescent PL-S lamps. Overall the majority of photopolymerisation 

processes utilise UV radiation as if infrared or visible light was used the system 

would have to be completely isolated from normal lighting and temperature 

surroundings, as such the fluorescent lamps used in photopolymerisation emit 

W A  [2] radiation in the 350-400 rim region. The properties of these lamps were 

measured and then compared to a number of different W-LEDs. 

Figure 2.1: Photo of Philips PL-S 9W/10 low pressure Hg lamp. 

Over the course of this research W-LED production progressed and as a 

result a number of different W-LEDs became available on the market. The LEDs 

used in this study were ones available that had a peak wavelength closest to that of 

the fluorescent lamp. At the start of the study the closest UV-LED available that 

matched the required specification was the Roithner Lasertechnik (Vienna, 

Austria) [3] W-LED370-10 ball lens (figure 2.2). These LEDs also emit in the 



W A  region of the electromagnetic (EM) spectrum and have a peak wavelength of 

370 nm [4] which is approximately the same as the fluorescent lamp determined 

by the Hg emission. This LED circuit was set up as shown in figure 2.3 and 

throughout this thesis will be known as the single LED. 

Figure 2.2: Photo of the single LED (UV-LED370-10 ball lens). 

Figure 2.3: Circuit diagram of the single LED, showing a dc supply, regulating 

series resistor and forward biased diode. 



Although this single LED was fully characterised and tested in a 

photopolymerisation set up, the next LED that became available became the main 

LED of interest due to its higher UV output. The manufacturers' specifications 

give a total output power of 750 p W  for the single LED compared to 20 mW for 

the LED array at their respective wavelengths. Due to the completely different 

nature of the fluorescent lamp, for example the surface area, a comparative figure 

is not available. However its electrical power is given as 9 W which would be 

related to its total light output power by its efficiency, which is not readily 

available and as the output is a function of all the output wavelengths the W 

efficiency is not easily obtained. In addition, lamp output efficiencies are generally 

given in lumens/Watt that would not include any UV output power. This LED 

array was the Roithner Lasertechnik (Vienna, Austria) [3] LED375-66-60-110 

array model. As this LED was an array consisting of a total of 60 UV diode chips 

it had a higher output intensity than the single LED, llke the previous two sources 

this LED array also emitted in the UVA region but had a higher peak output 

wavelength of 375 nrn [5]. Throughout this thesis this LED will be known as the 

LED array. Figure 2.4 shows a photo of this LED array while its circuit diagram 

is shown in figure 2.5. 



Figure 2.4: Photo of the LED array (LED375-66-60-110 array model). 

Figure 2.5: Circuit diagram of the LED array showing a dc supply, regulating 

series resistor and forward biased diode. 

The third type of LED used in this research was the LED cure-allm linear 

100 array supplied by W process (Illinois, USA) [6 ] .  Two of these LEDs were 

purchased one that emits at 375 nm and the other at 450 nm. These devices are 

larger than those previously used and will be known as large LED arrays during 

this thesis. The relevant circuit for the LED arrays is contained within their 



modular dc power supply unit, supplied by the manufacturers. These LEDs did 

not become available until late in the study and were used to investigate the affect 

of pulsing on the photopolymerisation process, after the initial proof of concept 

was achieved with the first two LEDs. Figure 2.6 shows a photograph of one of 

the large LED array used in this study. Their characteristic study is discussed later 

in chapter 6, section 6.2. The results of the characterisation study of the 

fluorescent lamp, the single LED and the LED array are discussed in chapter 3. 

Figure 2.6: Photo of the large LED array. 

2.3 Properties measured 

From a photopolymerisation perspective there are a number of key 

specifications that need to be considered when choosing what light source to use. 

Table 2.1 gives a list of such specifications and the ideal behaviour of each for a 

photopolymerisation process. Each of the light sources was hlly characterised, 

using these guidelines as a template, by using a number of different techniques. 

At the end of chapter 3 these ideal specifications are compared to the actual 

specifications achieved for each of the first three light sources used in this study. 

The order of specifications in the table is also the order in which they were 



measured; the reason for this is that specific behavioural outputs needed to be 

prioritised so that other characteristics could be measured. 

Table 2.1: Ideal light source specifications 

2.3.1 Continuous (dc) or modulated (AC) light output 

Fluorescent lamps 'flicker' due to the nature of their electrical supply 

which is AC (i.e. 50 Hz in Europe) This causes repeated changes in their output 

light intensity that cannot be seen by the human eye, as human flicker fusion is 

typically greater than 20 Hz, but may effect fast photopolymerisation reactions. 

Specifications 

ACIdc 

Warm-up Time 

Stability 

Lifetime 

Current -v- Intensity 

Wavelength range/ Peak wavelength 

Intensity -v- Distance 

UV output intensity 

Efficiency 
1 

Ideal 

Continuous output 

Instantaneous switch on 

Continuous stable output 

Limitless 

Maximum light output for minimum 

electrical power in 

Emits only over wavelength range 

needed for photopolymerisation 

Maximised intensity at light source 

sample distance in manufacturing set up 

Maximum for minimum number of 

lights 

100 % 



LEDs on the other hand can be powered by a dc supply meaning their output 

intensity is not affected by 'flickering'. Note: in this chapter and chapter 3 the 

acronym dc refers to direct current while later on DC refers to degree of 

conversion. To investigate how much the intensity of the fluorescent lamp varies 

due to the AC nature its output intensity was observed and measured using a fast 

photodiode attached to an oscilloscope. This was then compared to the dc nature 

of the LEDs, which is ideal for use in the manufacturing process. 

2.3.2 Warm up time, long term stability and lifetime 

Warm up is an important factor to be considered when using UV light 

sources in manufacturing processes (i.e. the time after switch on for the device to 

achieve sufficient electrical and thermal stability). It has been well documented 

that fluorescent lamps need to be activated for a period of time prior to use to 

allow them to sufficiently warm up while due to the semiconductor nature of 

LEDs it is expected that they will emit at a constant output as soon as they are 

switched on. 

Frequent sampling of temperature and intensity over time was recorded for 

each light source to investigate their warm up time after which their stability was 

measured. The intensity of the LEDs was recorded using a Solar Light PMA2 100 

radiometer with the PMA2107 UVAIB detector attached. This detector has a broad 

response from 260 nm to 400 nm which is relatively flat in the region from 300 

nm to 370 nm (see figure 2.7). It incorporates a diffuser whose Lambertian 

response makes it suitable for measuring diffuse and/or direct radiation from 

extended sources. The Solar Light PMA2100 radiometer is primarily used to 

measure the intensity of dc powered light sources and is not ideal for making 



direct intensity readings from AC sources such as the fluorescent lamp, as it has a 

1 s sampling rate. However this section of the study is only concerned with how 

the relative output intensity behaves over time and not the actual output intensity. 

Therefore this radiometer can be used to obtain the relative intensity profile of the 

light source characteristics while also measuring absolute intensity values when 

required. 

aao rn s 3  9YI m 
Wmknplh [nm] 

Figure 2.7: Spectral response of PMA 2107 detector [7].  

To measure the warm up time the intensity readings from each light source 

were recorded every minute for the first 30 minutes afier which their stability was 

measured by recording the intensity output every hour over an eight-hour period. 

It had been hoped to measure the stability over a few days. However preliminary 

results showed that the lamp became very hot after a short period of time so for 

safety reasons the lamp was only left on during the day, under supervision. 

Ideally, to measure lifetime this study would have involved continuous 

measurement of the output intensity over a prolonged period of time. However 



since LEDs have been quoted as having a lifetime of up to 100,000 hours this 

would have involved a considerable amount of time that this study did not allow 

for. 

2.3.3 Current -v- Intensity measurements 

As the output intensity for the single LED and the LED array can be varied 

by varying current it was important to examine this relationship to ensure that the 

LEDs were at their maximum output intensity for minimum power consumption. 

For each LED tested the output irradiance was measured using the Solar Light 

radiometer at a fured distance over a range of currents from 0 rnA to the maximum 

specified current. As the output of the fluorescent lamp is determined by the 

manufacturers ballast circuit the current-intensity relationship was not easily 

determined and is largely pre-set by the fluorescent lamp's design. 

2.3.4 Spectral output and peak wavelength 

To experimentally compare the specifications of the fluorescent lamp and 

the W-LEDs a number of important factors relating to their respective 

configurations and operating principles need to be considered. The most important 

of these is how to relate the light output from a fluorescent tube to that of an LED 

so that a reasonable logical intercomparison can be made. Due to their smaller size 

the output of the LEDs is relatively straight forward to measure. A more complex 

problem arises with the fluorescent lamp, as the lamp consists of two 128 mm 

long, 13 rnm diameter tubes they do not compare well to the LED in their output 

light field. To overcome this problem the lamp was completely masked off except 

for an area equal to the diameter of the LED array. The output nature of these two 



light sources was then reasonably similar assuming no front lens is present, so that 

certain specification comparisons could be made. To decide what area to leave 

exposed the intensity along the tube length was recorded, after which the point 

along the tube at whch the greatest intensity was emitted was left unexposed. It 

was this point that would then be used in all future measurements. 

As already stated the Solar Light radiometer is not ideal to make direct 

intensity readings from AC sources like the lamp. To use this radiometer to 

measure the intensity output of the AC fluorescent lamp it was connected to an 

oscilloscope and the equivalent detector voltage readings were recorded. These 

voltage readings were then converted to intensity values using a prior calibration 

fiom the dc LED source (i.e. by measuring the intensity value and the maximum 

voltage reading of the LED, the voltage reading of the lamp could be converted to 

an intensity value). 

As photopolymerisation is wavelength dependent one of the most 

important properties of the light sources to be investigated was the peak 

wavelength and spectral output. The spectrometer system used to investigate the 

peak wavelength and spectral output of the light sources was the Ocean Optics 

IRRAD2000 spectrometer (Dunedin, Florida) [a]. This system operates over a 

broad range in the UV, visible and near-infrared regions from 350 nm to 950 nm 

[9] and was wavelength calibrated using a Ocean Optics Cal2000 Mercury Argon 

calibration light source lamp and intensity calibrated using the Ocean Optics LS 1 

cal [lo]. The test light sources were coupled to the spectrometer using a 200 pm 

diameter W/Vis fibre with a cosine-corrector irradiance probe attached to the 

fibre. The cosine-corrector attaches onto the end of the optical fibre and when 



coupled to the Ocean Optics spectrometer can be used to measure UVA and UVB 

radiation collected fiom a 180" field of view [ l  11. 

The spectral output of each of the test light sources was then recorded 

using the Ocean Optics software, 00IBase32. From these spectra the wavelength 

range and the peak wavelength emitted by each source was found and compared to 

the manufacturer's data. The output spectra of each light source at fixed distances 

(0 mm, 5 mm, 10 mm, 20 mm, 30 mm, 40 mm, 50 mm and 60 mm) away fiom the 

fibre optic were recorded. This gave a visible profile of how the intensity of each 

source behaved with distance and discover the size of the near field and far field 

with the current set up. 

The overall peak intensity output could also be measured by examining 

these spectra; this was carried out by integrating the peak wavelength for the full- 

width at half-maximum (FWHM i.e. 50% bandwidth) [12]. To verify the 

measurement method the intensity was also measured using the Solar Light 

PMA2 100 radiometer. This technique is presented in section 2.3.5. 

2.3.5 UV light intensity using Solar Light radiometer 

In order to allow for optimum conditions for photopolymerisation it is 

important to know the light intensity emitted by each source, the nature of the 

output beam and how the intensity behaves over distance. There are many inherent 

difficulties that arise when inter-comparing light sources that have different 

shapes, sizes, output spectra and colour temperature. These differences can be 

minimised by reducing as many of the variables as possible and checking the 

results against a calibrated broad band calibrated radiometer [12]. 



Once again the intensity of the LEDs were recorded using a Solar Light 

PMA2100 radiometer with the PMA 2107 UVNB detector attached, while the 

intensity of the fluorescent lamp was measured using the oscilloscope set up 

detailed earlier and in published literature [12]. These voltage readings were then 

converted to intensity values allowing for a direct comparison of the output 

intensity for each source. 

2.3.6 Intensity at Different Distances 

Another factor to be considered when designing the photopolymerisation 

set up was at what distance to place the light sources fiom the monomer sample. 

Intensity against distance studies for each light source were previously recorded 

using the Ocean Optics spectrometer (section 2.3.3). However as a comparison 

the intensity-distance relationship was also recorded using the Solar Light 

radiometer. To observe how intensity varied with distance each light source was 

moved away from the detector in steps of 5 mrn to a maximum distance of 50 rnm, 

recording the intensity at each step. 

2.3.7 Beam Uniformity 

As the fluorescent lamps produce irradiation over a wide area it can be 

presumed that this irradiation is uniform. However it is not certain what effect the 

presence of the lens on the single LED would have on uniformity. To see what, if 

any, effect the front lens optics would have the beam uniformity of this LED its 

spatial output was measured using a CCD camera and analysed using MatLab 

software. The spatial output of the other light sources was not investigated as it 

was confident that they would behave well as no optics were present. 



2.4 Conclusion 

When choosing ideal light source specifications for industrial processes, 

such as contact lens photopolymerisation, a number of factors need to be 

considered. These include warm up time, stability, wavelength range and peak 

wavelength output. In this study each of these specifications among others were 

investigated for each light source used. A number of different experimental 

techniques were used to measure these properties, reducing variables for best 

possible intercomparison. The results of these experimental techniques are 

discussed in chapter 3. 
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Chapter 3 Result for light source characterisation 

3.1 Introduction 

In this chapter detailed accounts of the light source specifications required 

for photopolymerisation, and those achieved with the fluorescent lamp, the single 

LED and the LED array used in this research are given. The emission 

characteristics of the newer UV-LEDs that became available later in research are 

discussed in chapter 6. A number of different techniques, discussed in chapter 2, 

were utilised to characterise the properties of the light sources. For 

photopolymerisation processes it is important that the light source emits the 

majority of the output intensity at the key photopolymerisation wavelength with 

high efficiency and constant output while displaying a rapid start-up. As each 

source was fully characterised the results allowed for an intercomparison of how 

each source behaved and comparisons made for the given specifications outlined 

in table 2.1. No one light source satisfies all the conditions of an 'ideal' source as 

listed in table 2.1 as with all optical designs a compromise must be made. 

However it is proposed that the novel W-LED sources used in this study exhibit 

more of the 'ideal' specifications listed than the traditionally used fluorescent 

lamps [I]. 

3.2 Continuous or modulated light output 

Figure 3.1 compares the AC output nature of the lamp to the stable DC 

nature of the LED array as measured using the Solar Light PMA2lOO radiometer 

coupled directly to an oscilloscope, therefore avoiding the slow 1 s sampling rate 

of the Solar Light radiometer electronic read out module. In this figure the output 



intensity of the fluorescent lamp is repeated approximately every 20 ms, 

corresponding to a frequency of 50 Hz, which is the frequency of mains electricity 

in Ireland. Although it has not been investigated what effect a delivered AC W 

dose has on the photopolymerisation process it is expected to be insignificant as 

the switching time of the AC source is so short (order of milliseconds) compared 

to typical photopolymerisation times which are of the order of 100 s [I]. 
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Pigure 3.1: Temporal nature of output light intensity, showing the oscillating AC 

output nature of fluorescent lamp and the stable DC nature of LED. 

Warm up time, long term stability and lifetime 

Ideally for photopolymerisation processes a light source would exhibit a 

very rapid onloff characteristic; this would allow for a minimum warm up time 

and permit the light source to be used immediately after switch on reducing the 



activation time required prior to curing. Typically a 30 minute activation time is 

required before fluorescent lamps can be used in a photopolymerisation process. 

Minimising this activation time would lead to savings in time, energy and money 

for the manufacturer. Figure 3.2 shows the output stability for the three light 

sources over an 8-hour period, with the first hour of warm up time inset. From 

these results it can be seen that the lamp has a warm up time of approximately 120 

minutes while the LED array took approximately 30 minutes for its intensity to 

stabilise. Although this is not ideal it is four times faster than the lamp. However 

from the single LED it can be seen that it is possible for a UV emitting LED to 

stabilise almost instantaneously afier switch on. This LED reaches its maximum 

intensity output almost instantly and emits at constant output over time. To 

understand why the LED array did not instantly emit at a constant output its 

temperature was recorded using a thermocouple, during this warm up time (figure 

3.3). It was found that the LED array intensity output stabilised when the 

temperature stabilised. The reason for this unexpected behaviour is due to the 

thermal-electric characteristics of this LED array [I]. It has been reported that the 

thermal-stability of LEDs varies depending on the type of material used to 

manufacturer them [2]. This problem may have been overcome by applying a 

larger heat-sink to the LED array, as this would allow the temperature of the LED 

array to stabilise more quickly. 
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Figure 3.2: Intensity stability and warm-up time of lamp, the single LED and the 

LED array. 

Another area that is of interest to manufacturers is the lifetime of the light 

source. The problem with lifetime measurements is the long duration of the tests, 

for example 100,000 hours is over 11 years 2417 continuous operation making it 

impossible to undertake lifetime measurements for this study. However, it has 

been reported that fluorescent lamps have a lifetime of between 2,000 and 10,000 

hours [3, 41. In 1996 LEDs had an operational lifetime of only a few hours [5]. 

However it has now been reported that LEDs have a lifetime of between 50,000 to 

100,000 hours [6, 71. Although this is not infinite it is a considerable increase on 

the lifetime of the lamps currently being used. 
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Figure 3.3: Thermal stability of LED array. 

3.4 Intensity -v- Current 

Due to their set up the output intensity of the LEDs could be varied by 

varying current. It was not possible to vary the intensity output of the fluorescent 

lamp as due to its nature the lamp is either 'on' or 'off. To obtain intensity- 

current graphs for each LED the output irradiance was measured using the Solar 

Light radiometer at a futed distance (10 mrn) over a range of currents from 0 mA 

to the maximum specification current. It was expected that for each LED the 

maximum output irradiance would occur when the LEDs were run at maximum 

current specified by the manufacturers. 



3.4.1 Single LED 

To examine the relationship between current and the amount of W 

radiation being emitted by the single LED the current was altered from 0 rnA to 

12 mA. The current was measured using an ammeter while the intensity was 

recorded using the Solar Light detector. From figure 3.4 it can be seen that the 

intensity increased linearly at low current and at currents above 10 mA the output 

of the LED behaves well. 

Figure 3.4: Current -v- Intensity profile for single LED. 
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3.4.2 LED Array 

For the LED array the current was altered from 0 mA to about 200 mA. 

The corresponding voltage across the LED was measured, as was the intensity 
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emitted. Figure 3.5 shows how the output of this LED increases with increasing 

current. This LED did not increase linearly like the previous LED. 

Current (mA) 

Pigure 3.5: Current -v- Intensity profile for LED array. 

3.5 Spectral characterisation of light sources 

Photopolymerisation is achieved by adding a light sensitive compound 

(photoinitiator) that is activated by light of an appropriate wavelength. As the 

light energy (usually W) is emitted it is absorbed by the photoinitiator causing it 

to fragment into its reactive species inducing photopolymerisation. As 

photoinitiators are wavelength dependent it is important to know the spectral 

output and peak wavelength of the light source so that the emission spectrum of 



the light source can overlap with the absorption spectrum of the photoinitiator. 

This section is concerned with measuring and comparing these properties. 

3.5.1 Variation in intensity along the length of the fluorescent lamp 

As explained in section 2.3.3, an area of the fluorescent lamp the same 

diameter of the LED array was masked off, to make their output fields reasonably 

similar. To find what section of the lamp had the highest intensity for 

repeatability and therefore the section to leave exposed, the Solar Light radiometer 

was used to measure the intensity along the length of the tube. Figure 3.6 shows 

how the intensity varies along the length of the bulb, with 0 mm corresponding to 

the insertion part of the lamp (i.e. the piece that insets into the ballast). From this 

graph it can be seen that the highest output intensity from the lamp was found at a 

distance of 50 mm from the insertion point. Therefore it was this point along the 

bulb that was left exposed and where all future measurements were taken. 
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Figure 3.6: Intensity output along length of fluorescent lamp. 

3.5.2 Spectral output and peak wavelength 

Figure 3.7 shows the output spectra of the fluorescent lamp at different 

distances as seen by the Ocean Optics spectrometer (discussed in section 2.3.3). 

From this data it was found that the lamp had a maximum wavelength peak of 372 

nm and emitted peaks over a wavelength range of 350 nm to 625 nm. The 

manufacturers stated this source as having a peak wavelength of about 370 nm. 

Note that there are also several peaks (405 nm, 436 nm, 547 nm and 579 nm) 

emitted in the visible region which are not required for the current 

photopolymerisation industrial processes. The peak at 372 nrn is the main peak of 

interest for this process. 



Several UV-LED370-10 ball lens single LEDs, which according to the 

manufacturers had a peak wavelength of 370 nm, were examined to get a typical 

peak wavelength and spectral output. These LEDs were found to emit over a 

wavelength range of 360 nm to 414 nm (figure 3.8) but unlike the lamp had only 

one peak wavelength, which occurred at 377 nm. The manufacturers stated the 

LED array as having a peak wavelength of 375 nm emitting over a wavelength 

range of 365 nm-385 nm. Using the Ocean Optics set up the LED array was 

found to have one peak wavelength at 382 nm over a range of 360 nm to 420 nm 

(figure 3.9). While the measured peak wavelength of each LED did not exactly 

match those stated by the manufacturers a * 10 nm variance is acceptable 

according to the manufacturers [8]. 

From these results it was observed that the lamp also emits radiation in the 

visible region while the LEDs did not. This is one of the advantages that LEDs 

have over fluorescent lamps; they emit radiation at the required wavelength 

without producing any unnecessary radiation in other regions. And since only 

wavelengths where the photoinitiator absorbs are useful for photopolymerisation 

(as it is this absorption that promotes the molecule to an excited state leading to 

the production of free radicals [9]), this makes LEDs very desirable for use in 

curing process. It can also be seen that the single LED has a lower output 

intensity compared to the fluorescent lamp and the LED array. The LED array 

has a higher intensity than the lamp at the required wavelength for 

photopolymerisation. As the amount of radiation being emitted has an effect on 

the photopolymerisation process [lo, 111 it is important to know the output 

intensity of the sources. This specification is discussed in section 3.5 and 3.6. 
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Figure 3.7: Spectral output of fluorescent lamp at different distances as seen by 

Ocean Optics spectrometer. 
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Figure 3.8: Spectral output of single LED at different distances as seen by Ocean 

Optics spectrometer. 



Figure 3.9: Spectral output of the LED array at different distances as seen by 
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3.6.1 Intensity as measured using Ocean Optics spectrometer 

As photopolymerisation is not only dependent on wavelength but also on 

intensity [lo, 121 it is important to know the intensity of each light source 

irradiating the monomer sample. The previous spectral output spectra (figures 

3.5-3.7) were used to measure the intensity at a certain distance. Figure 3.10 

shows the relative spectral output of each light source at a distance of 50 rnm as 

obtained using the Ocean Optics spectrometer (section 3.4.2). On examining the 

fluorescent lamp spectrum, it was found to have a peak intensity output at 372 nrn 

of 0.15 w/m2, while the single LED has a peak intensity of 0.32 wlm2 at 377 nm. 

At first glance the intensity of the single LED at 50 rnm appears to be similar to 
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that of the LED array whose output intensity is approximately 0.30 w/m2 at 382 

nm. However on closer inspection the LED array has a wider bandwidth, with a 

full-width at half-maximum (FWHM i.e. 50% bandwidth) of 20 nm compared to a 

FWHM of just 13 nm for the single LED. This meant that the output intensity of 

the LED array will in fact be higher than the single LED as its output is over a 

wider spectral range. It should be noted that the spectral resolution of the fibre 

optic spectrometer used was less than 3 nrn which is more than adequate to 

determine the bandwidth of the lamp and LED peaks examined [I 31. 

The output intensity values for each light source were obtained by 

integrating under the FWHM area. The peaks emitted by the fluorescent lamp in 

the visible region are not included in this calculation, as they do not affect the 

photopolymerisation process; however energy is lost in these sidebands which do 

not occur in the LED. Using this principle the output intensity of the fluorescent 

lamp was found to be approximately 1.5 w/m2 (for 372 nm peak only), while the 

intensity of the single LED was calculated to be 2.1 3 w/m2. The LED array had 

the highest output intensity of 2.90 w/m2. It was not expected that the single LED 

would be more intense than the fluorescent lamp, especially when considering 

figures 3.7 and 3.8 where the fluorescent lamp clearly has a higher output 

intensity than the single LED. One reason that explains this difference is that the 

intensity value of the lamp does not take into account the other wavelengths 

emitted by the fluorescent lamp, if the other wavelengths were included in this 

calculation naturally the overall intensity value would increase. 
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Figure 3.10: Relative spectral output of each light source at a distance of 50 mm. 

3.6.2 Intensity as measured using Solar Light radiometer 

The previous calibrated spectrometer was used to show the relative 

spectral output, from which intensity could be calculated, as a comparison to these 

intensity values the intensity of each light source was also measured using the 

Solar Light PMA2100 radiometer. The Solar Light radiometer allowed for the 

total UV radiation output to be directly measured without having to integrate 

under the graphs. For these readings the light sources where held at the same 

distance of 50 mm away from the PMA2107 UVA/B detector. Using this 

technique the fluorescent lamp was found to have an intensity value of 2.46 &0.5 

w/m2 at the masked off area, while intensity values of 1.51 *0.5 w/m2 and 2.76 

k0.5 w/m2 were found for the single LED and the LED array respectively. 



However as the spectral response of the PMA2107 UVtVB s detector drops off 

above 365 nrn (figure 2.7), the intensity values obtained for each light source 

using this detector had to be corrected for this spectral response. When corrected 

for the spectral response of this detector the intensity of the lamp was found to be 

2.70 *0.5 w/m2, the single LED had an intensity output of 2.16 k0.5 w/m2, while 

the LED array had an output intensity of 5.52 M.5 w/m2. These values are of the 

same order of magnitude as those measured using the Ocean Optics spectrometer. 

3.6.3 Beam uniformity of LED with lens 

As the presence of the front end lens on the single LED affect its output 

characteristics it was then decided to see how the lens affected beam uniformity. 

For this, the spatial output of this LED was recorded using a CCD camera. Figure 

3.11 (a) and (b) show an image of the single LED as captured by the camera. In 

both of these images a dimple can be seen in the middle of the LED image. 

Although the dimple size is quite small, accounting for about 20 of the 250 digital 

numbers, it is something that should be taken into account when choosing an 

LED. This may make LEDs that have lenses unsuitable for photopolymerisation 

processes as the output field is not uniform and complicates matters. This feature 

requires further research but as this LED was the only light source that had a front 

lens it was not necessary to measure the beam uniformity of the other two sources 

as it was confident that they would behave well. 



Figure 3.11 (a): Image structure of low output LED (axis in digital units) 

Pigure 3.11 (b): Cross-section image of low output LED (axis in digital units) 



3.7 Conclusion 

This study used two different techniques to characterise and compare the 

optical properties of the fluorescent lamp, the single LED and the LED array. The 

Ocean Optics IRRAD2000 calibrated spectrometer was used to show the relative 

spectra of each light source from which the intensity at each I.,,,, was calculated, 

using FWHM. The Solar Light PMA2100 radiometer was also used to measure 

the amount of radiation being emitted from each source but this technique had the 

advantage of allowing for a direct measurement of the total W radiation emitted. 

As these two systems are vastly different it was not known if the intensity values 

obtained using the two techniques would be comparable. However on analysis it 

was established that the two gave intensity values that were of the same order of 

magnitude. 

It was found that the three light sources had a similar La, with all three 

emitting in the UV region of the EM spectrum, which is the required range for 

photopolymerisation. The fluorescent lamps also emit radiation in the visible 

region while the LEDs do not. This is one of the advantages that LEDs have over 

fluorescent lamps; they emit radiation at the required wavelength without 

producing any unnecessary radiation in other regions. And since only 

wavelengths where the photoinitiator absorbs are usehl for photopolymerisation 

this makes W-LEDs very desirable for use in photopolymerisation processes. 

The experiments to measure warm up time and stability found that the 

fluorescent lamp took a significantly long time to stabilise, while the LED array 

produced constant output intensity four times quicker than the lamp. It was also 

shown with the single LED that it is possible to obtain W-LEDs with 



instantaneous warm up times. Minimising this activation time would lead to 

savings in money, energy and time for the manufacturer and therefore is of 

importance to them. 

Although the intensity values obtained for each source using the Ocean 

Optics spectrometer and the Solar Light radiometer compare well it should be 

noted that there is an inherent error involved when comparing the different light 

output fields of the lamp and the LEDs. Different detection systems (i.e. Ocean 

Optics IRRAD2000 and the PMA2107 WAIB detector) see the sources and their 

corresponding light fields and this should be taken into account when comparing 

the values obtained [I]. 

Table 3.2 gives an account of the specifications for an ideal light source 

compared to the specifications identified for each light source used in this study. 

No one light source satisfies all the conditions of an 'ideal' source, listed in table 

2.1. Therefore a trade off is required and a light source must be chosen on what 

specifications are more important to fulfil the idea of an 'ideal' light source. 

However this study did show that the currently available UV-LEDs used in this 

study exhibited some of the 'ideal' specifications while being comparable to the 

currently used fluorescent lamps in terms of intensity, maximum peak wavelength 

and spectral output. The next stage was to investigate if W-LEDs could initiate a 

photopolymerisation process and produce a degree of cure similar to that 

produced with the fluorescent lamps. If that was found to be the case UV-LEDs 

could be used as a more reliable and more efficient source of UV radiation in 

photopolymerisation processes. 



Table 3.2: Comparison of the ideal light source specifications to the actual 

specifications. 
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Chapter4 Experimental: Investigation of UV sources for 

photopolymerisation applications 

4.1 Introduction 

The characterisation of the curing process in this research uses well 

established spectroscopy techniques. The W and visible absorption properties of 

each of the photoinitiators used in this research was measured using UV/vis 

spectroscopy. This is an important aspect to this research as the absorption 

spectra give an indication where in the EM spectrum each photoinitiator will 

absorb. These absorption spectra can also be used to calculate the molar 

absorptivity ( E ~ )  which is also of importance as it gives an indication how much 

light of a particular wavelength each photoinitiator will absorb. 

After the identification of suitable photoinitiators the degree of conversion 

or percentage cure achieved with each light source was calculated. Two 

vibrational spectroscopy techniques, infrared (IR) and Raman were employed to 

analyse the polymerisation process. Both techniques allow the degree of 

conversion to be recorded by monitoring the disappearance of the characteristic 

spectral peaks (e.g. C=C at 1636 cm-') upon exposure to UV radiation. Initially, 

the concept needed to be proven, i.e. could UV-LEDs be used in the 

photopolymerisation process? After which the effect on percentage cure using 

different light sources was investigated fblly. 

All three spectroscopic techniques presented in this chapter were of great 

importance as they gave information on the curing profiles of the HEMA samples 

and allowed for an intercomparison between the expected and determined cure 



profiles achieved with the newly developed UV-LEDs and the traditionally used 

fluorescent lamp. These initial findings then allowed for an investigation into the 

therrnomechanical properties of pHEMA, which is discussed in chapter 6. 

4.2 Electronic and Vibrational Spectroscopy 

4.2.1 Electronic Absorption Spectroscopy 

UVIvis absorption spectroscopy is a measurement of the wavelength 

against intensity of absorption of ultraviolet and visible radiation by a sample. It 

works by probing the electronic transitions of molecules as they absorb such 

radiation. When a molecule absorbs EM radiation of appropriate wavelength it 

causes a transition in the electronic energy levels of a molecule and results in the 

promotion of an electron fiom the ground state into a higher energy state. The 

absorption will occur if the energy of the photon corresponds exactly to that of the 

transition. The absorption of a sample at any particular wavelength causes a 

reduction in the light intensity falling on a photoelectric detector. This causes a 

reduction in the signal fiom the photoelectric device, after which an absorption 

curve relating wavelength and absorption is plotted [I, 21. 

For absorption spectroscopy, the intensity of the incident radiation 

decreases when it interacts with the molecules. The extent to which the radiation 

reacts with a particular species at a certain wavelength depends on the 

concentration of the species and on the path length of the sample [2]. The 

absorption of the radiant energy by a species can be described using the general 

principle known as the Beer-Lambert law [3]. This law states that there is a linear 

relationship between absorbance (A) and the concentration of the substance (c). 



The intensity of the radiation decreases exponentially with increasing path length 

(1) and sample concentration (c). The Beer-Lambert law is important in 

spectroscopy as it allows for the determination of the molar absorptivity ( E ~ ) ,  

which indicates how much light of a particular wavelength a species will absorb 

for a given concentration and path length, the greater the probability of a 

particular absorption the greater the EL value [4, 51. This law is expressed in 

equation 4.1, where I, and I are the intensities of the incident and transmitted light 

respectively. 

I log,, 2 = A = E,C~  
I 

Eq. 4.1 [6 ]  

4.2.2 Vibrational Spectroscopy 

The vibrational levels of molecules are primarily separated by energies in 

the IR region of the electromagnetic spectrum (i.e. from 1 cm-' to 10000 cm-' [7 ] ) .  

Molecules absorb radiation if the frequency of the radiation absorbed is exactly 

the same as the vibrational frequency of the molecule. Analysis of the frequencies 

at which absorption occurs gives information about the functional groups in the 

molecule and therefore yields information about the identity of the substance. 

The fiequencies at which molecules vibrate depend on the mass of the atoms, the 

strength of the bonds between the atoms and the geometry of the molecule. The 

stronger the forces between the atoms the higher the vibrational frequency while 

heavier atoms exhibit lower vibrational frequencies. Two experimental 

techniques that are used to detect vibrational transitions are IR and Raman 

spectroscopy; however both methods rely on different selection rules [8, 91. 



The absorption of IR radiation does not result in an electronic transition 

instead it causes the molecules to vibrate, rotate or bend, while the molecule itself 

remains in its electronic ground state. Absorption of IR radiation can only occur 

when the electric dipole moment of the molecule changes during the vibration or 

rotation. Only frequencies that correspond to the vibrational frequencies will be 

absorbed causing a change in the amplitude of the molecular vibrations. The 

positions of atoms in molecules are not rigid and therefore subjected to different 

vibrations. The two main types of bond vibration are stretching (higher energy) 

and bending (lower energy), and are shown in figure 4.1. Each radiation 

frequency corresponds to a certain molecular vibration, therefore by measuring 

the IR absorption spectrum over a range of frequencies it is possible to obtain a 

series of absorptions corresponding to the characteristic vibrations of particular 

bonds. Analysis of these absorptions can aid in the identification of the molecule 

structure and thus the sample under investigation [9]. 

Stretching vibration Bending vibration 

Figure 4.1: Stretching and bending molecular vibrations. 

Vibrational transitions can also result from the scattering of radiation by 

the molecules, which is the basis of Raman spectroscopy. When radiation is 

absorbed by a molecule the predominant mode of scattering is Rayleigh scattering 



(elastic scattering), this occurs when the scattered light is of the same frequency as 

the incident light. Raman scattering (inelastic scattering) is a result of the incident 

photons interacting with the molecule in such as way that energy is either lost or 

gained. This results in a higher (anti-Stokes) or lower (Stokes) frequency being 

emitted (figure 4.2). In Raman scattering the difference in frequency between the 

incident and the scattered relates to the vibrational energies of the molecule. In 

anti-Stokes Raman scattering the molecule begins in a higher vibrational energy 

state and aRer the scattering process ends up in a lower vibrational state. Thus the 

vibration in the material is lost as a result of the interaction. This results in the 

scattered radiation gaining energy and being of a higher energy than the incident 

radiation. In Stokes Rarnan scattering the interaction of the incident light with the 

molecule creates a vibration in the material as the molecule starts out in a lower 

vibrational state and afier the scattering process ends up in a higher vibrational 

energy state. Here the scattered radiation loses energy and is of a lower energy 

than the incident radiation. In either case the resulting difference between Raman 

lines and the exciting lines correspond to specific energy level differences for the 

material under investigation and give an insight into its molecular structure [9]. 
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figure 4.2: Energy diagram showing the different types of scattering processes. 

As both IR and Raman spectroscopy can be used to study vibrational 

transitions the spectra obtained using both techniques will be similar. However 

they will not be identical, as all transitions are not allowed. For a vibrational 

motion to be IR active there must be a change in the dipole moment of the 

molecule. While for a transition to be Raman active there must be a change in the 

polarisability of the molecule during the vibration. Therefore the type of 

transitions that can be probed by IR and Raman spectroscopy will depend if the 

vibrations are IR or Raman active. The two techniques complement each other 

and both are used to fully characterise the photopolymerisation process described 

in this work. 



4.3 Ultraviolet-Visible Spectroscopy 

4.3.1 Introduction 

Ultraviolet-visible spectroscopy (UV/vis) was used to measure the UV and 

visible absorption characteristics of the six different photoinitiators and the neat 

monomer. This gave an account of the amount of UV radiation that would be 

absorbed by the monomer at the emission wavelength of the light sources used to 

photoinitiate the free radical photopolymerisation process. The spectrometer was 

also used to record the absorption spectrum of blank NaCl plates (which are used 

for the IR measurements), to ensure that they transmitted the required UV 

radiation. The UV absorption spectra of NaCl plates with uncured and partially 

cured monomer were also recorded. The reason for this was to see if there was a 

difference between the UV absorption of the monomer and the partially cured 

monomer as this could have an effect on the amount of UV radiation absorbed, 

which in turn could affect the amount of photopolymerisation achievable. 

4.3.2 Instrumentation 

UV/vis spectroscopy probes the electronic transitions of molecules by 

measuring the light they absorb in the UV and visible regions of the 

electromagnetic spectrum. 

The Perlun Elmer Lambda 900 UV/vis/NIR spectrometer (Figure 4.4) was 

used to obtain the required spectra. This spectrometer [lo] is a double-beam, 

double monochromator ratio recording system. The wavelength range of between 

175 nm and 3300 nm is achieved through two separate light sources, a tungsten- 

halogen lamp and a deuterium lamp. The wavelength range has an accuracy of 



0.08 nm in the UVIvis and 0.3 nm in the NIR region. Figure 4.4 shows a diagram 

of the principle components of the instrument. The UVIvis spectrometer works 

by splitting a beam of light from the visible andlor UV light source into its 

component wavelengths. Each monochromatic beam is then split into two equal 

intensity beams by a half-mirrored device. One of these beams passes through a 

cuvette containing a reference (i.e. pure solvent), while the other beam passes 

through an identical cuvette containing the sample dissolved in the solvent. The 

intensities of these beams are then measured and compared. The intensity of the 

reference beam is defmed as I, and should absorb little or no light while the 

intensity of the sample beam is defined as I. If the sample does not absorb light of 

a given wavelength, then the reference and the sample beam are equal (&I). 

However if the sample does absorb light then the sample beam is less than the 

reference beam and it is this difference that is plotted against wavelength. 
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Figure 4.3: Schematic of the UVIvis spectrometer [I I]. 

4.3.3 Sample Preparation 

Each photoinitiator was dissolved in acetonitrile as recommended by their 

supplier Ciba Speciality Chemicals Inc. (Basel, Switzerland), which is transparent 

down to about 190 11111, and made up to set concentrations [3, 121. In order to 

undertake a Beer-Lambert law study three different concentrations were used. For 

each photoinitiator the concentration was decreased by a factor of ten. The 

concentrations used for each photoinitiator are given in table 4.1. 



Table 4.1: Concentrations used for each photoinitiator for the Beer-Lambert Law 

investigation. 

4.3.4 Method 

The UVIvis absorption spectrum of the blank NaCl plates was obtained by 

placing the two plates in the sample holder and leaving the reference cell holder 

empty. This determined whether the NaCl plates would transmit the UV radiation 

from each light source. These NaCl plates were used in the IR spectroscopic 

investigation of the photopolymerisation process. So it was important to 

determine if they could transmit appropriate amounts of UV radiation for the 

photopolymerisation studies. Measurements of the UVvis absorption properties 

of the monomer were also performed. A drop of the monomer was then placed 

between the NaCl plates and the absorption of the solution before and after 

exposure to UV light was recorded. Once again the reference holder was empty. 

The reason for this was to see if there was any difference in the amount of W 

radiation being transmitted by the monomer as it cured. 



Two optically matched quartz cuvettes of 10 mm pathlength were used to 

obtain the absorption spectra of each of the photoinitiators. One cuvette 

containing pure acetonitrile was placed in the reference holder while the other, 

containing the initiator in acetonitrile was placed in the sample cell holder. This 

allowed for the automatic subtraction of the solvent spectrum from the 

photoinitiator spectrum. The spectrum was recorded over a range from 200 nm - 

800 nm, using an integration time of 0.48 sec and a 1.00 mrn slit. Absorption 

spectra of each photoinitiator were recorded and the molar absorptivity at the 

emission wavelength elmax of the W sources, were calculated from the 

absorbance values using the Beer-Lambert law (equation 4.1). 

4.4 Fourier Transform Infrared Spectroscopy 

4.4.1 Introduction 

Fourier Transform Infrared (FTIR) spectroscopy was used to investigate 

the UV-photoinitiated curing profile of a number of monomer/photoinitiator 

samples. This was achieved by recording the vibrational spectra during the 

photopolymerisation process. These samples consisted of HEMA and the 

different photoinitiators outlined previously. This type of spectroscopy has long 

been used to characterise and study polymers due to its high acquisition speed, 

good spectral resolution and high signal-noise ratios. A number of studies have 

utilised FTIR spectroscopy as a characterisation technique for 

photopolymerisation processes [ 13- 161. 

The majority of commercially available FTIRs are based upon the 

Michelson interferometer. FTIR measures the frequencies at which infrared 



radiation is absorbed by the sample and the magnitude of the absorption. Each 

individual chemical functional group in a polymer chain absorbs radiation at a 

specific frequency. By monitoring certain bonds e.g. C=C at 1636 cm-' the curing 

profile can be determined. 

4.4.2 Instrumentation 

The FTIR spectrometer used to measuring the curing profiles achieved 

with the fluorescent lamp, the single LED and the LED array was the Nicolet 

Nexus FTIR. This FTIR allowed for a quick scan time so that the curing spectra 

were measured quickly in between exposure to the light sources. 

Figure 4.5 shows a schematic of the Michelson interferometer at the heart 

of a typical FTIR spectrometer and the light path of the infrared radiation. The 

optical system of an FTIR spectrometer is very simple: the interferometer requires 

two mirrors, an infrared light source, an infrared detector and a beam-splitter. The 

infrared light is collected and passed into the Michelson interferometer where the 

beam splitter reflects 50% of the radiation to a futed mirror and transmits the 

remaining 50% to a moving mirror. The beam splitter is the heart of the 

interferometer and is essentially a half-silver mirror. The two mirrors then reflect 

both beams back to the beam splitter, where the beams recombine and interfere 

constructively or destructively depending on the relationship between their path 

differences. This recombined beam produces an output wave known as an 

interferogram; from this a spectral plot of intensity against frequency is produced 

1171. 

Since the FTIR spectrometer used was not a double beam instrument a 

background spectrum was collected before recording the sample spectrum. This 



background spectrum was automatically subtracted fiom each sample spectra. 

This removed any peaks that were due to the atmosphere as well as the emission 

spectrum of the radiation source so that a flat baseline was produced in the 

absence of any sample. 

Fixed mirror - 
Sample 

Figure 4.4: Schematic of the Michelson Interferometer in a typical FTIR 

spectrometer. 

4.4.3 Table of molecular vibrations and HEMA spectra 

Table 4.2 gives a list of the FTIR spectral band assignment in the 

monomer used in this work i.e. 2-hydroxyethyl methacrylate (HEMA). Figure 4.6 

shows a typical HEMA spectrum recorded before exposure to W radiation. The 

vibrations used to monitor the curing process are the symmetric stretch of the 

C=C bond at 1636 cm-' and the symmetric stretch of the CO-C bond at 1174 cm-' 



which was used as an internal reference, are highlighted both in table 4.2 and 

figure 4.6. 

Table 4.2: Molecular vibration assignment of bands detected by FTIR in a 

HEMA spectrum [ 18-20]. 

Bond Vibration type Wavenumber (cm-') 

0-H symmetric stretch 3429 
I 

C-H3 antisymmetric stretch 

C=O symmetric stretch 
I 

C=C symmetric stretch 1636 

C-H3 antisymmetric deformation 1455 

C-H3 symmetric deformation 1379 

C-0-C symmetric stretch 1174 



Wavenumbers (cm-') 

Figure 4.5: Typical FTIR spectrum of HEMA. The C=C and reference peak used 

to monitor cure are indicated. 

4.4.4 Calculating the Degree of Conversion 

The degree of conversion (DC, which is the amount of methacrylate C=C 

bonds converted to C-C) for each sample was determined by comparing the ratio 

of the transmission of the carbon-carbon double bond (C=C) with that of the 

reference bond (CO-C), for the cured and uncured state [2 11. The C=C bond has a 

vibrational peak around 1636 cm-', while the CO-C peak occurs around 1174 

1 cm- . This internal reference at 1174 cm-' is an unreactive group and is not 

involved in the polymerisation reaction. The reference peak is used to normalise 

the change in absorption or transmission and will compensate for changes in 

transmission which are not due to the polyrnerisation process [22] .  By measuring 

the ratio change of the absorption or transmission (i.e. peak height) of the C=C to 



the peak height of the CO-C before and after polymerisation, the DC can be 

calculated using the following equation [23,24]: 

C = C  C=C 
DC = [l - [( CO-C )cured/( CO-C )uncured]] * 100 Equation 4. I 

4.4.5 Sample preparation for photopolymerisation studies 

A study of the photopolymerisation process initiated by the three different 

lights sources (fluorescent lamp, single LED and LED array) was undertaken. For 

this study each HEMA sample contained a set concentration of 6 x mol/L of 

each photoinitiator. Each sample was then exposed to each light source emitting at 

the maximum intensity achievable after which the percentage cure was calculated. 

The infrared spectra of the uncured and cured monomer were obtained 

with the Nicolet Nexus FTIR using a resolution of 2 cm-' between 4000 cm" and 

500 cm-'. The sample holder consisted of two NaCl plates separated by a 

Teflon@ spacer 0.1 mm thick. After collecting a background spectrum of the 

NaCl plates, a small drop of monomer was placed between the two plates and a 

spectrum recorded. As the plates were sealed oxygen diffusion, which would 

have inhibited the photopolymerisation process, was prevented [25, 261. The 

plates were then removed fi-om the bench and exposed to one of the UV light 

sources for two minutes, after which another spectrum was recorded. This was 

repeated until the C=C bond at 1636 cm" had sufficiently disappeared indicating 

photopolymerisation had occurred. The percentage cure (degree of conversion) 

was then calculated as explained previously. 



Initially studies found that the percentage cure achieved was low. The 

FTIR spectrometer recorded an area which was bigger than the exposed (cured) 

area. It was therefore suspected that the FTIR recorded the absorption from the 

unpolymerised monomer as well as the polymerised polymer. For this reason it 

was decided to mask part of the NaCl plates with optically black tape so the 

exposed part was the exact size of the light source. For the single LED the NaCl 

plate was masked off to give an exposed diameter of 5 mm, the exposed diameter 

for both the LED array and the lamp was 12.3 mrn. This meant that the FTIR was 

only recording the part of the monomer that was exposed to the 1amplLED (i.e. 

the polymerised polymer). The background spectrum recorded was of the blank 

NaCl plates which had a masked off area equal to the sample. The procedure 

outlined in the previously paragraph was then repeated for each light source. 

4.4.6 In-situ spectroscopy study of the photopolymerisation process 

It was also decided to monitor the curing process in-situ so that a 

continuous profile of the curing process could be obtained. At first this was done 

with the single LED, as it was the only UV-LED commercially available at the 

time. In this case the LED was placed inside the FTIR spectrometer. It was not 

possible to illuminate the sample through the face of the NaCl plate as was done 

with the external photopolymerisation, as it would have blocked the IR beam. 

Instead the NaCl plates and monomer sample were illuminated from the side by 

the LED; due to this only a fraction of the total light that was emitted by the LED 

actually cured the monomer. To try to increase the amount of radiation falling 

onto the monomer two LEDs were used, one placed at either side of the NaCl 

plates. However this did not dramatically increase the amount of UV light 



irradiating the sample and as the rate of cure is proportional to the square root of 

the absorbed light intensity it was expected that the amount of cure achieved here 

would be low [22,27]. 

Next the LED array was used in-situ, once again the monomer was 

illuminated from the side by the LED. As the LED array is more intense than the 

single LED it was expected that the fmal percentage cure achieved would be 

higher. 

As this set up is not an accurate reflection on how the LEDs would 

illuminate the monomer in a manufacturing process it was decided to monitor the 

cure in-situ using Raman spectroscopy (see section 4.5). This allowed the LED to 

be placed perpendicular to the monomer, illuminating the sample through the face 

of a quartz slide. 

4.5 Raman spectroscopy 

4.5.1 Introduction 

One of the problems with the FTIR spectroscopy experimental set up was 

that it is very difficult to monitor the photopolymerisation process in-situ, as it is 

difficult to place the light sources into the system. Martin et al. [18, 281 reported 

curing by this method but that involved using a N2 laser as a source which has a 

much higher intensity than these LEDs. With Raman spectroscopy the LED could 

be placed directly under the monomer, which would allow for real time 

measurements of the curing process. This set up represents a more realistic 

arrangement of the manufacturing curing process where the light sources are 

placed parallel to the monomer. 



4.5.2 Instrumentation 

Raman spectroscopy was preformed using an Instruments SA Labram 

confocal imaging microscope system. Both Helium-Neon (632.8 nm) and Argon 

Ion (5 14.5 nm) lasers are available as sources, with the Argon Ion laser being used 

in this study. The light is imaged to a diffraction-limited spot (typically 1 pm) 

via the objective of an Olympus BX40 microscope. This system has a range from 

150 cm-' to 4000 cm-' in a single image or with greater resolution in a 

combination of images. 

Figure 4.8 shows a schematic diagram of a Raman spectrometer. When 

radiation passes through the sample, the sample scatters some of the light in all 

different directions. The scattered light is collected by a lens. A small fraction of 

the scattered radiation has different wavelengths compared to the incident beam. 

The difference in wavelength corresponds to the energy difference of the 

vibrational energy levels. The signal is then measured and processed by a 

computer, which plots the Raman spectrum [19]. 
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Pigure 4.6: Schematic diagram of the Raman spectrometer. 

4.5.3 Table of vibrations 

Table 4.3 gives a list of the Rarnan band assignment for HEMA [19, 201. 

Figure 4.9 (a) shows a typical HEMA spectrum recorded before exposure to W 

radiation, while figure 4.9 @) shows the same spectrum rescaled to see the peaks 

of interest. The vibrations used to monitor the curing process are the C=C bond at 

1636 cm-' and the CH3 at 1455 cm-' which is used as an internal reference, are 

highlighted both in table 4.3 [19,20] and figure 4.9. The symmetric stretch of the 

CO-C (1 174 cm-') bond that was used in the IR curing study as the internal 

reference could not be used here as this bond does not appear to be strongly 



Rarnan active. Likewise although the CH3 peak (1455 cm-') did appear in IR 

spectra it could not be used as the reference peak as it was not fully resolved. 

Table 4.3: Molecular vibration assignment of bands detected by Raman 

spectroscopy for HEMA [19,20]. 

Bond Wavenumber (cm-') 

- 

C-H2 antisymmetric stretch 2932 

C-H3 antisymmetric stretch 2954 

C-H3 antisymmetric stretch 1455 

C-H3 symmetric stretch 1380 
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Figure 4.7 (a): Full range (700 cm-' - 4000 cm-l) Raman spectrum of HEMA. 
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Figure 4.7 (b): Rarnan spectrum showing area of interest. 



4.5.4 Calculating the Degree of Conversion 

Once again the degree of conversion (DC) or percentage cure for each 

sample was determined by comparing the ratio of the absorption of the carbon- 

carbon double bond (C=C) with that of the reference bond, for the cured and 

uncured state. The bond used as a reference here was the CH3 at 1455 cm-'. The 

C=C has a Raman peak at 1636 cm-'. By measuring the ratio change of the 

absorption (i.e. peak height) of the C=C to the peak height of the CH3 before and 

after polymerisation, the DC can be calculated using the following equation: 

DC = [ 1- [("c;,~cmd/[~)unCUred]] --- * I00 Equation 4.3 [23,24] 

4.5.5 Sample Preparation 

A number of curing set ups were designed and tested before one was 

found that worked. It was not possible to cure with the fluorescent lamp, due to its 

size and bulkiness it could not be placed under the microscope stage of the 

spectrometer. Therefore only the LED array was used in this study. As in the 

FTIR an area the size of the LED was masked off to ensure that the exposure size 

of the monomer was the same size as the LED. The LED was then placed directly 

underneath the stage of the Raman, ensuring it was directly below where the 

sample would be placed. Here quartz slides were used in place of the NaCl plates, 

so UV light would be transmitted onto the monomer without any loss of radiation. 

A small drop of one of the monomer mixtures was placed onto a quartz slide and 

covered with a glass cover slip; an initial uncured spectrum was recorded. The 

sample was then exposed to W radiation from the LED for 30 seconds and 



mother spectrum was recorded. Unfortunately the Raman detector was saturated 

by the intensity of the LED array making it impossible to obtain a Raman 

spectrum with the LED present, to overcome this problem a shutter was used to 

block the UV radiation fkom entering the spectrometer when the spectrum was 

being recorded. Once a spectrurn was recorded the shutter was opened to allow 

Wher curing. This procedure was repeated a number of times until the peak at 

1636 cm-I had sufficiently disappeared. 
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Chapter 5 Results: Spectroscopic investigation of the 

photopolymerisation process of HEMA 

5.1 Introduction 

This chapter gives a detailed account of the spectroscopic studies used to 

characterise the curing process, the aim of which was to prove the concept that 

W-LEDs can replace fluorescent lamps in the photopolymerisation of the contact 

lens monomer HEMA. Six different photoinitiators were used in this study, to 

ensure that each of these initiators absorbed in the emission region of the three 

light sources, UVfvis spectroscopy was used to obtain their absorbance 

characteristics. The molar absorptivity (Q) (equation 4.1) of each photoinitiator 

was then calculated, this value gives an indication into how much light of a 

particular wavelength (A) the species will absorb [I,  21. This is an important 

aspect in this research as it will give an indication of which photoinitiator has the 

most potential to initiate photopolymerisation with each light source. 

Fourier Transform Infrared (FTIR) and Raman spectroscopy were then 

used to measure the percentage cure of the monomer after exposure to each light 

source. The first part of this study compared the amount of cure achieved by each 

light source for a certain photoinitiator. After which an intercomparison was 

made between the different initiators and the one that yielded the highest 

percentage cure for each light source was identified. 



5.2 Ultraviolet-Visible spectroscopy 

5.2.1 Introduction 

As the monomer would be placed between NaCl plates for the monitoring 

of photopolymerisation by FTIR it was important to know the absorption 

characteristics of the NaCl plates to ensure that they would allow the transmission 

of the W radiation onto the monomer. W/Vis spectroscopy was used to 

measure the absorption characteristics of these plates. The absorption spectra of 

the uncured and partially cured monomer were recorded to see how the amount of 

absorption changed during the photopolymerisation process. The UV absorption 

spectra of the different photoinitiators at different concentrations were also 

recorded so that the ~hvalues could be calculated. 

5.2.2 Ultraviolet/Absorption characteristics of NaCl Plates 

Figure 5.1 shows the absorbance spectra of a blank NaCl plate and the 

NaCl plates containing uncured and partially cured monomer, with the I,,,,, of 

each source indicated. The blank NaCl plates absorb very little radiation (0.13.) in 

the wavelength region were the lamp (372 nm) and the LEDs (377 nrn and 382 

nm) emit. At the maximum wavelength emitted by each light source the uncured 

monomer absorbs the most W light with an absorbance value of 0.28. This is 

due to the presence of the photoinitiator which absorbs W radiation [3]. The 

partially cured monomer has an absorption value of 0.15 which is almost identical 

to that of the blank plates. Upon exposure to W radiation the absorbing 

photoinitiator is consumed and this results in the lower absorbance value seen in 

the partially cured monomer [4,5]. 



From this figure it is seen that the NaCl plates will transmit the majority of 

UV radiation being emitted by the lamp and the LEDs and therefore will not 

unduly interfere with the photopolymerisation process. 

- Partially cured monomer 
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Figure 5.1: Absorption spectra of blank NaCl plates and plates containing 

uncured and partially cured monomer. The absorbance at the A,,,,, of the three light 

sources is also indicated. 

5.2.3 Molar Absorptivity (E~)  of the six photoinitiators 

Photopolymerisation has become a well adapted technology which has 

found usage in a large variety of industrial applications; as such it has become a 

field of central importance in polymer science and technology [6, 71. As most 

neat monomers will not undergo polymerisation (homopolymerisation) when 

exposed to W andlor visible radiation it is essential to introduce a photoinitiator 



into their formulation [8]. These photoinitiators are capable of absorbing radiation 

and proceed to initiate the conversion of the monomer into a polymer. A number 

of issues must be considered when choosing a photoinitiator for the 

polymerisation of a biomaterial; two major factures are the absorption wavelength 

and the molar absorptivity (E~). In this section the absorption spectra of the six 

photoinitiators at different concentrations were measured after which EX, which 

gives an experimental indication of the probability of absorption at a certain 

wavelength, was calculated [9]. 

Figure 5.2 (a) shows the Wlvis  absorption spectra of the photoinitiator 

Darocur 1173 in acetonitrile at three different concentrations. The A,,,,,, for each 

light source is also illustrated. The absorbance is shown from 0 - 3 to allow for 

comparison between the other photoinitiators with absorbance values greater than 

one (e.g. figure 5.7 (a)). It can be seen from figure 5.2 (a) that as photoinitiator 

concentration increases so does the amount of absorption in the UVA region (320 

nm-400 nm), which is the area of interest. This is in agreement with the Beer- 

Larnbert law. This occurs with all the other photoinitiator UV/vis absorption 

spectra which are shown in figures 5.3 (a) through to figure 5.7 (a). The degree to 

which these materials absorb light over the wavelength range 200 nm-400 nm is 

important to this study as it not only defines their suitability for use in the 

photopolymerisation process but also governs the rate of initiation [lo, 111. It can 

also be observed fiom these absorption profiles that Irgacure 8 19, Darocur TPO, 

Irgacure 1800 and to some extent Irgacure 369 have an absorption tail that extends 

into the visible region making it possible to use these photoinitiators with LEDs 

that emit in this region i.e. blue. 



The amount of absorbance by Darocur 1173 at the I,,,.,, of the three sources 

for the three concentrations is plotted in figure 5.2 (b). For this photoinitiator the 

highest absorption occurs at the Lax of the fluorescent lamp (372 nm) with the 

lowest absorption at the maximum concentration occurring at a Lax of 382 nrn 

(LED array). The amount of absorption by this photoinitiator at 382 nm (0.026 

a.u.) is approximately half the maximum absorption that occurs at Lax for the 

fluorescent lamp (0.05 1 a.u.). The absorbance values at each La, are presented in 

table 5.1. Based solely on the absorbance values for this initiator it would be 

expected that the highest percentage cure achieved during the curing studies 

should be observed when the monomer is exposed to the fluorescent lamp. 

The absorption at L, against concentration for each of the other 

photoinitiators are presented in figures 5.3 (b) to 5.7 (b), and their corresponding 

absorbance values are presented in tables 5.2 - 5.6. For the six photoinitiators it 

can be seen that the highest absorption for each photoinitiator occurs at the 

maximum wavelength emitted by the lamp (372 nm) with the least absorption 

occurring at the maximum wavelength emitted by the LED array with the one 

exception being Darocur TPO (figure 5.6). For this initiator the absorption 

profiles are flipped with the maximum absorption occurring at the Lax of the LED 

array and the least at 372 nrn (lamp). 

For Irgacure 819 at the highest concentration there is little difference 

between the maximum and minimum absorption at Lax ,  meaning the degree of 

cure achieved for this initiator with each source should be similar. This is also 

true for Darocur TPO and to some extent Irgacure 1800. Like Darocur 1173, 

Irgacure 651 and Irgacure 369 both exhibit large absorption differences at 



maximum concentration for each b,, implying that the amount of cure attained 

by each source for each individual initiator should vary significantly. There is 

very little difference exhibited between the actual absorption values at the lower 

concentrations for each photoinitiator. 

As the concentration of each sample is different it is not possible to 

intercompare their absarption values. To allow for such a comparison the EX of 

each photoinitiator at the &, of each source needed to be calculated. This should 

then give an indication which photoinitiator suits each light source. This is 

discussed further on page 1 17. 
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Figure 5.2 (a): W N i s  absorption spectra of Darocur 1173. 
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Figure 5.2 (b): Absorbance -v- concentration for Darocur 1 173. 
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Figure 5.3 (a): W N i s  absorption spectra of Irgacure 65 1.  
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Pigure 5.3 @): Absorbance -v- concentration for Irgacure 65 1.  
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Pigure 5A (a): W N i s  absorption spectra of Irgacure 1800. 
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Figure 5.4 (b): Absorbance -v- concentration for Irgacure 1800. 
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Figure 5.5 (a): UVNis absorption spectra of Irgacure 369. 
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Figure 5.5 @): Absorbance -v- concentration for Irgacure 369. 
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Figure 5.6 (a): W N i s  absorption spectra of Darocur TPO. 
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Pigure 5.6 @): Absorbance -v- concentration for Darocur TPO. 
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Aigore 5.7 (a): W N i s  absorption spectra of Irgacure 8 19. 
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Figure 5.7 (b): Absorbance -v- concentration for Irgacure 8 19. 



Table 5.1: Absorbance values for Darocur 1173 at the maximum emission 

wavelength of each light source. 

Table 5.2: Absorbance values for Irgacure 651 at the maximum emission 

wavelength of each light source. 

1 

382 nm 

(LED array) 

0.0256 hO.001 

0.0053 *0.001 

0.0001 kO.001 

Table 5.3: Absorbance values for Irgacure 1800 at the maximum emission 

wavelength of each light source. 

377 nm 

(Single LED) 

Concentration 

(mom) 

372 nm 

(Lamp) 

382 nm 

(LED array) 

Concentration 

(mol/L) 

4.79 x lo‘.' 

4.7gX lo4 

4.79 10" 

0.2852 *0.001 0.1912 *0.001 0.1031 kO.001 
I 

3.07 x lo4 0.0640 kO.001 0.0441 50.001 0.0370 kO.001 

3.07 x lo-' 0.0075 kO.001 0.0036 ztO.001 0.0039 *0.001 

372 nm 

(Lamp) 

382 nm 

(LED array) 

0.3394 3~0.001 

0.0298 kO.001 

0.0024 *0.001 

0.0505 kO.001 

377 nm 

(Single LED) 

377 nm 

(Single LED) 

0.3548 kO.001 

0.0273 kO.001 

0.0023 kO.001 

Concentration 

(mom) 

2.85 x 10" 

2.85 x lo4 

2.85 x 

0.0324 50.001 

372 nm 

(Lamp) 

0.4152 kO.001 

0.0385 *0.001 

0.0027 kO.001 

0.0049 kO.001 0.0046 50.001 

0.0004 *0.001 0.001 2 50.001 



Table 5.4: Absorbance values for Irgacure 369 at the maximum emission 

wavelength of each light source. 

Concentration 372 nm 

1.4898 kO.001 0.948 1 hO.001 0.6775 kO.001 

2.15 x lo4 0.1335 kO.001 0.0849 kO.001 0.0634 =tO.OOl 

2.15 x lo-' 0.0125 kO.001 0.0084 kO.001 0.0042 *0.001 

Table 5.5: Absorbance values for Darocur TPO at the maximum emission 

wavelength of each light source. 

Table 5.6: Absorbance values for Irgacure 819 at the maximum emission 

wavelength of each light source. 

382 nm 

(LED array) 
- 

1.470 1 kO.00 1 

0.1444 kO.001 

- 

0.0097 kO.001 

Concentration 

(mol/L) 
- 

2.25 x lo-' 

2.25 x lo4 
I 

2.25 x 10" 

- 

372 nm 

(Lamp) 

1.1714 kO.001 

0.1 192 kO.001 

0.0069 kO.001 

382 nm 

(LED array) 

1.7602 kO.001 

0.1737 h0.001 

0.0065 *0.001 

Concentration 

(mom) 

377 nm 

(Single LED) 

1.3758 kO.001 

0.1330 kO.001 

0.0088 kO.001 

372 nm 

(Lamp) 

377 nm 

(Single LED) 

1 A872 kO.001 

0.1822 kO.001 

0.0047 *0.001 

1.88 x 10" 

- 

2.0278 hO.001 

1.88 lo4 

1.88 x lo-" 

0.201 6 kO.001 

0.0103 hO.001 





Darocur 1173 should produce the least amount of cure as it is the least absorbing 

photoinitiator for the lamp and the two LEDs. 

However the absorbance values in tables 5.1-5.6 and the EL values in table 

5.7 are based on the absorption at L,,,, for each light source. It assumes that the 

light sources are ideally monochromatic and that the photoinitiator will only 

absorb at L,, were as in fact these sources have a Ah of approximately 50 nm 

with the lamp also emitting in the visible region. Therefore the photoinitiators will 

absorb at other wavelengths that are in their absorption spectrum. It has been 

reported by Allen [3] that although certain photoinitiators exhibit equal or similar 

EL values, suggesting a similar curing behaviour, the photochemistry of each 

compound may profoundly affect the generation of fiee radicals. Another factor 

not taken into account with these values is the quantum yield (0) which, as 

described previously in chapter 1, is the number of initiating species produced per 

photon absorbed [12]. It is reasonable to assume that 0 will vary for different 

photoinitiators. 

Another point that should be noted is that the UV absorption and molar 

absorptivity values achieved in these set ups may be slightly different from the 

actual amount of absorption that will occur when the initiators are mixed with 

HEMA as the host material, acetonitrile in this case, is different [13]. G.J. Sun et 

al. [5] found that the maximum wavelength absorption shifted between 4-15 nm 

when the host solvent was changed. Molar absorptivity may also vary with 

concentration 1131. However these calculated EL values do correspond well to the 

published EL values [13, 141 for these photoinitiators considering the published 



values were calculated with the photoinitiators dissolved in methanol and different 

concentrations. 

5.2.4 Discussion 

This part of the study was concerned with measuring the UVIvis 

absorption characteristics of the six photoinitiators to be used in the 

photopolymerisation of a HEMA monomer. As FTIR spectroscopy would be used 

to obtain the curing profile of each monomer/photoinitiator sample it was 

important to measure the absorption characteristics of NaCl plates. 

From the UVIvis studies it was found that the NaCl plates absorb very 

little radiation over the output range of the three light sources, therefore they will 

allow transmission of the UV radiation onto the monomer sample and will not 

unduly interfere with the photopolymerisation process. The presence of the 

photoinitiator in the monomer sample increases the absorption in the wavelength 

region of interest; this is because the photoinitiator is photosensitive and is 

capable of absorbing radiation a required wavelength. 

The next part of the research involved conducting a Beer-Lambert law 

study of the six different photoinitiators that were available. There were a number 

of reasons for this. The first was to ensure that each photoinitiator absorbed over 

the wavelength regions emitted by each source. Next was to see the effect 

increasing the concentration had on the amount of absorbance. Finally this study 

allowed for the calculation of EL which gave an indication of how much radiation 

of a particular wavelength each photoinitiator absorbed. From this information 

the photoinitiator that had the highest absorbance at the La, of each source and 

which photoinitiator had the highest probability of absorption at that wavelength 



was identified. Assuming that the photoinitiator with the highest EX would 

produce the most free radicals theoretically then the photoinitiator that would 

potentially yield the highest percentage cure could be identified. If this was the 

case the monomer sample containing Irgacure 819 should produce the highest 

degree of cure as it has the highest absorbance values and the highest EL values at 

the h, of each light source. While the monomer sample containing Darocur 

1173 should yield the lowest cure as it had the lowest absorbance and EL values at 

the h, of each light source. However experimentally this may not occur as the 

absorbance values and the EL values discussed previously are based on at the &, 

of each light source and do not take into account the effect the other wavelengths 

will have on the production of free radicals. Also it does not take into account the 

quantum yield of each photoinitiator. This point will be discussed fkrther in the 

photopolymerisation study (section 5.3). 

5.3 In-situ spectroscopy study of the photopolymerisation process 

The objective of this study was to measure the extent of monomer to 

polymer conversion that occurred when the monomer was exposed to the three 

different light sources. In a manufacturing set up the monomer is continuously 

exposed to UV radiation until complete photopolymerisation has occurred. 

Therefore it was decided to use spectroscopy to monitor the curing process in-situ 

so that a continuous profile of the curing process could be obtained. This 

procedure involved placing the light sources directly into the system used to 

measure the degree of cure. The degree of conversion (DC) has been studied by 

several groups using a number of different methods, including; differential 



scanning calorimetry [lo, 151, Raman spectroscopy [I 6, 171, nuclear magnetic 

resonance spectroscopy [18] and Fourier transform infiared (FTIR) spectroscopy 

[16, 19,201. This study utilised two of these techniques namely FTIR and Raman 

spectroscopy. 

5.3.1 Fourier transform infrared (FTIR) spectroscopy 

Initially FTIR spectroscopy was used to prove the concept that a W-LED 

could initiate a photopolymerisation process. This section discusses how FTIR 

spectroscopy was used to measure and examine the W-photoinitiated curing 

profile of a HEMA sample. This process was first attempted at the start of the 

research when only the single LED was available. It was then repeated with the 

LED array when that came on the market. The problem with this set up was that 

the layout of the spectrometer was such that the fluorescent lamp was too big to fit 

into the bench were the sample was to be irradiated. Therefore it was not possible 

to obtain the curing profile of the fluorescent lamp in this set up. 

An infrared spectrum of the blank NaCl plates was first recorded as 

background, after which a small drop of the monomer sample containing the 

photoinitiator Darocur TPO (2.25 x lo5 mol/L concentration) was placed into the 

sample holder which consisted of the two NaCl plates. An infrared spectrum of 

the uncured monomer was then recorded. As this was just an initial study to prove 

the concept only one photoinitiator was used. In FTIR spectroscopy the beam 

passes perpendicular through the sample therefore each LED was placed to the 

side of the plates to avoid interference with the FTIR beam. After ensuring 

correct alignment of the LED the sample was irradiated for a total of twenty 

minutes with an FTIR spectrum being recorded at every one minute interval. 



Before the monomer sample was used it was flushed with oxygen fiee nitrogen to 

remove any oxygen that could hinder photopolymerisation. Figure 5.8 shows a 

typical FTIR spectrum of the HEMA monomer before and after UV exposure for 

a given time. The reduction in intensity of the reference peak (1 174 cm-') is due 

to the phase change of the sample as the liquid monomer becomes a solid 

polymer. This effect is taken into account when calculating the percentage 

photopolymerisation [2 11. 

The degree of cure (DC) or percentage cure was calculated using equation 

- Uncured monomer 
. . . . . . . . Cured monomer 

1600 1400 1200 1000 800 

Wavenumber (cm-') 

Figure 5.8: Typical FTIR spectra of the HEMA monomer before and after UV 

exposure for a given time. 



Figure 5.9 displays the curing profile achieved with the single LED and 

the LED array. Both curing profiles exhibit low initial cures in the first 2 minutes 

of exposure. As expected due to its higher intensity the LED array yielded a 

higher final percentage cure (61 %) compared to the 46 % achieved with the 

single LED. However it was hoped that a higher fmal percentage cure would be 

achieved with the LED array. It can be concluded that the main reason for the fact 

it didn't is due to the positioning of the LED. In this set up the LED array was 

placed to the side of the NaCl plates meaning the radiation from the LED had to 

pass through the unpolished side of the plate reducing the amount of radiation 

reaching the monomer. To overcome this problem Rarnan spectroscopy was used, 

the Raman set up allowed for the LED to be placed directly under the monomer 

allowing for in-situ monitoring of the cure without the loss of any radiation. This 

method is discussed in the next section. Although a low percentage cure was 

achieved in the FTIR set up it proved the concept that LEDs could be used to 

photopolymerise the polymer HEMA. 
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Pigure 5.9: In-situ curing profile achieved with the single LED and LED array. 

5.3.2 Raman Spectroscopy 

The advantage of Raman spectroscopy over FTIR spectroscopy is that the 

monomer sample could be cured and monitored in-situ as the layout of the Raman 

spectrometer is such that the LED could be placed directly under the sample. The 

curing profile of the monomer samples containing each photoinitiator were 

obtained with Raman spectroscopy. 

As the percentage cure achieved with the single LED in the previous 

FTIR in-situ set up was low it was decided not used to use it here. Once again the 

same problem encountered with the fluorescent lamp was experienced here; the 

layout of this spectrometer was such that it was impossible to place the lamp 



under the monomer sample. Therefore the in-situ curing profile of the fluorescent 

lamp could not be obtained. 

To ensure that the exposure area of the monomer sample was the same size 

as the output area of the LED (i.e. 10 rnrn) part of the LED array was masked off 

so that the spectrometer would only 'see' the area of the sample being illuminated. 

This ensured that any non-illuminated uncured monomer would not interfere with 

the final values for percentage cure. Here quartz slides which are UV transparent 

were used in place of NaCl plates. A small drop of one of the monomer samples 

was placed onto the quartz slide and a glass cover slip put over it to prevent 

oxygen infusion whlch would inhibit photopolymerisation [22], an initial uncured 

spectrum was recorded. The sample was then exposed to W radiation from the 

LED, which was situated directly below the sample, for thirty seconds and another 

spectrum recorded. This procedure was repeated a number of times until the C=C 

peak at 1636 cm-' had sufficiently disappeared signalling polymerisation. Figure 

5.10 shows typical Raman spectra of the HEMA monomer before and after UV 

exposure for a given time. 

Each of the monomer samples were cured in this way and the percentage 

cure calculated using equation 4.3. 
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Figure 5.10: Typical Raman spectra of the HEMA monomer before and after UV 

exposure. 

This preliminary study was intended to prove the concept that UV-LEDs 

can be used to cure HEMA using a variety of photoinitiators. Raman 

spectroscopy was used to in-situ monitor the photopolymerisation process. Figure 

5.1 1 shows an overlay of the percentage cure using the LED array against time for 

each photoinitiator monitored in-situ by Raman spectroscopy. This figure is for 

illustration purposes only and shows that (a) UV-LEDs can cause 

photopolymerisation and (b) that Raman spectroscopy can be used to in-situ 

monitor the photopolymerisation process. 
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Pigure 5.11: Percentage cure achieved for in-situ photopolymerisation using the 

LED array. 

5.3.3 Discussion 

Both FTIR and Raman spectroscopy were used to prove the concept that 

the W-LEDs could be used to initiate photopolymerisation. The percentage cure 

achieved in FTIR spectroscopy experimental set up was low. It could be 

concluded that this was due to the positioning of the LEDs in the FTIR 

spectrometer. This problem was overcome with Raman spectroscopy, were the 

layout of t h s  spectrometer was such that the LED could be placed directly below 

the monomer sample. This allowed for continuous monitoring of the 

photopolymerisation process during W radiation exposure by the LED array. 



It was not possible to cure in-situ with the fluorescent lamp using these 

spectrometers as the size of the lamp and ballast prevented it from being placed in 

the spectrometer. Therefore although the concept that W-LEDs could initiate a 

photopolymerisation reaction had been proven this set up did not allow for an 

intercomparison between the amount of cure achieved with the LEDs and the 

traditionally used fluorescent lamp. Therefore it was decided to use a different set 

up which would involve the monomer sample being cured external to the 

spectrometer. Although this new set up would not give a constant curing profile it 

would allow an intercomparison of the degree of conversion achieved between 

each source which is one of the main aims of this research. 

The problem encountered in this section further emphasised a major 

advantage that LEDs have over conventional fluorescent lamps, the size and shape 

of the LEDs makes them ideal for using in environments were bulky lamps can 

not be easily fitted. 



5.4 Investigation into the degree of cure achieved with each light 

source 

As FTIR spectroscopy is the one technique that has been used extensively 

in research to measure the degree of conversion [16, 19,20, 231 it was decided to 

use this technique for the rest of this study. There were two sections to this study, 

the first part allowed for a comparison between the UV-LED and the UV lamp as 

a W source for photopolymerisation. The second part was concerned with the 

identification of the best photoinitiator to use with each source, i.e. at the same 

concentration which photoinitiator yielded the highest percentage cure for the 

fluorescent lamp and the LEDs. For both sections the monomer samples were 

exposed to the maximum intensity achievable by each light source. 

5.4.1 Comparison of the single LED to other UV sources 

To date mercury fluorescent or halogen lamps have been the main source 

of W radiation in photopolymerisation processes [21, 24, 251. With the 

development of solid state lighting (SSL) numerous studies [26-3 11 have proposed 

replacing these lamps with blue LEDs in the manufacturing of biornaterials, such 

studies have been mainly interested in the polymerisation of oral biomaterials 

where traditional light curing units (LCUs) were based on halogen technology. 

One such study [32] has shown that the new blue LED LCUs produced a degree 

and depth of cure significantly greater than that obtained using halogen lamps. 

The first part of this study was to ensure that the UV-LEDs could initiate 

photopolymerisation in the monomer sample to the same degree as the 

traditionally used fluorescent lamps, after which an intercomparison between each 

source could be made. After an initial spectrum of the uncured monomer was 



recorded each monomer sample was exposed to one light source for two minutes 

and another spectrum was obtained, this procedure was repeated periodically until 

the C=C vibrational band at 1636 cm-' had decreased significantly indicating 

photopolymerisation had occurred. Before the monomer sample was used it was 

flushed with oxygen fiee nitrogen to remove any oxygen that could hinder 

photopolymerisation [22, 33, 341. Once again the degree of cure (DC) or 

percentage cure was calculated using equation 4.2. 

Figure 5.12 shows the curing profile achieved for each light source using 

Irgacure 1800 as the photoinitiator. The sample was exposed to UV radiation until 

the spectra showed minimal or no changes in the peak height at 1636 cm-' or until 

the peak height became too small to be distinguished from noise. Therefore it 

could no longer be used in the calculation of percentage cure. The initial 

percentage cure achieved with the fluorescent lamp and the LED array is very 

similar and at two minutes the percentage cure reached is almost identical. The 

single LED displays a slower curing profile, compared to the other two light 

sources during the first 10 minutes of exposure. However after 18 minutes it gave 

a final cure of 72% which is comparable to that achieved with the LED array 

(79%). The lamp reaches a final cure of 83% after 12 minutes of exposure. This 

is because the intensity of the single LED is lower compared to that of the LED 

array and the fluorescent lamp. 



Time (min) 

Figure 5.12: Curing profile achieved with each light source using Irgacure 1800. 

Further photopolymerisation studies showed that the single LED was not 

always a reliable source for curing the monomer/photoinitiator sample, as upon 

calculation the monomer sometimes appeared to give a negative percentage cure 

even though the plates were stuck together signalling photopolymerisation. On 

studying the spectra it was found that the negative values for percentage cure 

occurred because the C=C peak decreased and then increased over time which 

lead to the calculated cure rate increasing and decreasing overtime. This did not 

occur with the fluorescent lamp or the LED array. Upon separation of the NaCl 

plates some liquid monomer residue was found among the polymerised polymer. 

One possible reason for this may be that the size of the sample curing area for the 

single LED was smaller than the sample area for the lamp and LED array, so more 



liquid monomer is masked off from the UV radiation. Therefore after 

polymerisation it is possible that the unpolymerised monomer in the masked area 

flowed into the polymerised region, resulting as an increase in the peak intensity 

of the C=C peak in the spectrum, this would in turn distort the percentage cure 

calculations. Due to this and the fact it was more likely that the LED array should 

be used in commercial photopolymerisation processes due to its higher output 

intensity it was decided to discontinue using the single LED in this research. 

5.4.2 Comparison of UV-LED array and the UV lamp as a UV source for 

photopolymerisation 

Figures 5.13-5.18 give the curing profiles achieved with the six 

photoinitiators while tables 5.8-5.13 give the values for EL along with the 

percentage cures achieved with each photoinitiator after 2 and 20 minutes of 

exposure. 

The curing profiles achieved using Darocur 11 73 as the photoinitiator are 

displayed in figure 5.13. From this figure it can be seen that the monomer 

exhibits a slow initial cure, however after a period of time the percentage cure 

increases. Although the EL at each &, for this photoinitiator is the lowest 

calculated the final percentage is not low in comparison. This initiator exhibited 

the highest final percentage cure when exposed to the fluorescent lamp (76 %); a 

final percentage cure of 65 % was achieved with the LED array. 
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Figure 5.13: Curing profile achieved with each light source using Darocur 1 173. 

Table 5.8: Comparison between the molar absorptivity ( E ~ )  at Lax and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Darocur 1 1 73. 

The percentage cures achieved with Irgacure 651 are displayed in figure 

5.14. Although the EX at the Lax of the fluorescent lamp is nearly three times 

Percentage cure 

after 20 minutes 

76% 

65% 

Percentage cure 

after 2 minutes 

4% 

1% 

Fluorescent Lamp 

LED array 

EL at each k,,, 

~.mol-'.ern-' ' 

11 

5 



bigger than the ek  at the bx of the LED array the final pacentage cures achieved 

are very equivalent with 78% and 74% conversion for the fluorescent lamp and 

the LED array respectively. The curing profiles exhibited for each light source are 

also similar in that they both produce a low initial cure that increases rapidly 

between two and four minutes before levelling out at six minutes. 

0 5 10 15 20 25 

Time (rnin) 

Pigure 5.14: Curing profile achieved with each light source using Irgacure 65 1. 



Table 5.9: Comparison between the molar absorptivity (E~)  at Lax and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Irgacure 65 1. 

Figure 5.15 displays the curing profiles achieved when the Irgacure 369 

photoinitiator is used. While there is a difference of over 20% between the two 

percentage cures achieved, there is also a difference in the EL at the &, of each 

light source, with the lamp displaying a EX that is over twice that for the LED 

array. Although there is a difference in the final cure rates their curing profiles are 

similar in that after five minutes the percentage cure increases substantially before 

they plateau out to some extent. 
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Figure 5.15: Curing profile achieved with each light source using Irgacure 369. 

Table 5.10: Comparison between the molar absorptivity (E~ )  at ha, and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Irgacure 369. 

The curing profiles achieved using Darocur TPO as the photoinitiator are 

shown in figure 5.16. The curing profiles and percentage cure achieved with the 
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317 

Percentage cure 
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lamp and the LED array are similar (difference of less than 10%) even though 

there is a difference in the EL at the Lax of each light source. 

Time (min) 

Figure 5.16: Curing profile achieved with each light source using Darocur TPO. 

Table 5.11: Comparison between the Molar Absorptivity (EL) at Lax and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Darocur TPO. 

20 minutes (% 

cure) 

83% 
-- 

74% 

2 minutes (% 

cure) 

70% 

EX at each A,,, 

~.mol-'.crn-' 

LED array 655 61% 

Fluorescent Lamp 521 



Figure 5.1 7 displays the curing profiles achieved using Irgacure 8 19. Here 

there is a large difference in the percentage cure achieved using each light source 

even though there is not a huge difference in the EL at the h, of each source. 

However, their temporal profiles are similar in that they both plateau after 2 

minutes of exposure. 

-8- Fluorescent lamp 

Time (min) 

Pigure 5.17: Curing profile achieved with each light source using Irgacure 81 9. 



Table 5.12: Comparison between the Molar Absorptivity ( E ~ )  at ha, and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Irgacure 8 1 9. 

Figure 5.18 displays the curing profile of Irgacure 1800; once again there 

is a large difference in the percentage cure achieved with the two light sources 

even though the ~h at the Lax for each are not hugely dissimilar. Like Irgacure 

369 this photoinitiator exhibits a higher initial percentage cure when exposed to 

the LED array. However following on from this the percentage cure of the sample 

exposed to the fluorescent lamp increases greatly to give a final percentage cure at 

20 minutes of 8 1 %. 

Fluorescent Lamp 

LED array 

20 minutes (% 

cure) 

77% 

42% 

EX at each A,,,,, 

~.rnol~'.cm~' 

1082 

940 

2 minutes (% 

cure) 

65% 
--- 

29% 



Time (min) 

Figure 5.18: Curing profile achieved with each light source using Irgacure 1800. 

Table 5.13: Comparison between the Molar Absorptivity ( E ~ )  at L, and the 

percentage cure achieved with each light source after 2 and 20 minutes of 

exposure using Irgacure 1800. 

20 minutes (% 

cure) 

EL at each A,,,,, 

~.mol-'.crn-' 

2 minutes (% 

cure) 

Fluorescent Lamp 

LED array 
- 

11% 146 81% 



5.4.3 Discussion 

This study was concerned with comparing the percentage cure achieved 

with each light for a certain photoinitiator. As such each monomer sample was 

exposed to the fluorescent lamp and the LED array for a set period of time and the 

percentage cure achieved for each then calculated and compared. Tables 5.8 to 

5.13 give the EL for each photoinitiator at the maximum emission wavelength of 

each source and the percentage cure achieved at 2 and 20 minutes of exposure. 

From these tables it can be seen that although Darocur 1173 had the lowest EI, 

indicating that this photoinitiator had the lowest possibility of absorbing the 

output radiation fiom the sources, the final percentage cure after 20 minutes is not 

the lowest achieved. 

Another surprising result came when Irgacure 819 was used as the 

photoinitiator. This photoinitiator had the highest EL values at the ha, of each 

source (1082 ~.mol-'.cm-' for the lamp, 940 ~.mol-'.cm-' for the LED array) yet it 

did not produce the highest percentage cures after 20 minutes of exposure. In fact 

this photoinitiator yielded the lowest percentage cure that was achieved with the 

LED array. 

Although Irgacure 651 had comparably low EL for each source the final 

percentage cures achieved were high, even though the initial cure was low. 

Darocur TPO was the only photoinitiator to display both high initial and final 

cures for both sources. 

This study has proven that (1) UV-LEDs can be used to produce a degree 

of cure comparable to that achieved with fluorescent lamps and (2) when choosing 

a photoinitiator to be used in photopolymerisation processes you can not solely 



rely on the EL at the &, of the source being used. The reason for this is that even 

though a photoinitiator had a high EX at the La, of a particular source it did not 

necessarily give the highest final cure and likewise a high final cure could be 

achieved for photoinitiators that had low values of EL. Therefore other factors 

such as quantum yield should be considered when choosing a photoinitiator to be 

used in photopolymerisation. This study also proved that even though 

photoinitiators exhibit equal or similar EL values the photochemistry of each may 

profoundly affect the generation of free radicals, as was reported by Allen [3]. 

5.5 Effect of photoinitiator type on degree of conversion 

5.5.1 Introduction 

The previous FTIR study was concerned with proving the concept that 

UV-LEDs could photopolymerise a HEMA sample to the same degree as the 

currently used fluorescent lamps. That study also allowed for an intercomparison 

between the degrees of cure achieved with each source for a certain photoinitiator. 

This part of the thesis was concerned with identifying the photoinitiator that yields 

the highest percentage cure for each UV source. A concentration of 6 x 

moVL was chosen for each monomer sample, this allowed each monomer sample 

to have the same concentration of photoinitiator so a direct comparison between 

the degrees of cure could be made. FTIR spectroscopy was once again used to 

measure the curing process that occurred with each monomer aRer which the 

degree of conversion was calculated. 



5.5.2 Photopolymerisation studies 

The same NaCl plate set up as used previously was once again utilised. 

An initial spectrum of the uncured monomer was recorded after which each of the 

six monomer/photoinitiator samples were individually exposed to one of the light 

sources for two minutes and another spectrum recorded. This was repeated 

periodically for a total of twenty minutes. Once again the light sources were 

placed as close to the sample as possible to ensure maximum intensity, as would 

be the case in a manufacturing process. 

5.5.2.1 Fluorescent Lamp 

Figure 5.19 shows an overlay of the curing profiles achieved for each 

photoinitiator using the fluorescent lamp. The maximum photopolymerisation 

achieved was 83% occurring with the Darocur TPO sample. The rest of the 

monomer samples gave fmal percentage cures of between 76% and 81 %, except 

for Irgacure 369 which gave the lowest percentage cure of 68%. Darocur TPO and 

Irgacure 819 gave high initial percentage cures after two minutes, 70% and 65% 

respectively, while the other four photoinitiators exhibited low initial cures after 

two minutes of exposure. The curing profiles achieved for all six initiators with 

this light source are all similar in that after about four minutes of exposure to the 

W radiation they plateau. Although Darocur 11 73 displayed the slowest initial 

cure it did not yield the lowest final percentage cure. 

Table 5.14 gives the EL for each photoinitiator at the maximum emission 

wavelength of the fluorescent lamp and the percentage cure achieved at 2 and 20 

minute intervals of exposure. The highest initial and final percentage cures 



occurred with the sample containing Darocur TPO which had a EL value of 521 

~.mol-'.cm-', making it the third most possible absorbing photoinitiator. The 

sample containing Irgacure 369 which had the second highest EL value (697 

~.mol-'.cm-') yielded the lowest final percentage cure (68%). Although the two 

photoinitiators that had the lowest EL (Irgacure 65 1 and Darocur 1173) did display 

the lowest initial cures after two minutes they did not produce the lowest final 

percentage cures. In fact the three least absorbing photoinitiators all displayed 

relatively high fmal degrees of conversion, proving that other factors apart from 

the EL affects the amount of cure achieved. 

- lrgacure 651 
.. ...... O........ lrgacure 369 

--*-- lrgacure819 
-..* .-..- 

0 5 10 15 20 25 

Time (min) 

Pigure 5.18: Percentage cure -v- time for fluorescent lamp and each 

photoinitiator. 

Table 5.14: Comparison between the molar absorptivity (EL) at La, of the 

fluorescent lamp and the percentage cure achieved. 



5.5.2.2 LED Array 

Figure 5.20 shows an overlay of the percentage cure achieved for each 

photoinitiator using the LED array. The monomer samples containing both 

Darocur TPO and Irgacure 651 gave the highest percentage cures (-74%) with 

Darocur TPO once again giving the highest initial percentage cure. Irgacure 1800 

(49%), Irgacure 369 (44%) and Irgacure 819 (42%) all gave low fmal percentage 

cures and produced similar curing profiles. Darocur 11 73 produced a different 

curing profile than that achieved with the other photoinitiators for this light source 

in that it displayed a very slow initial cure over the first six minutes. 

Table 5.15 gives the EL for each photoinitiator at the maximum emission 

wavelength of the LED array and the percentage cure achieved at 2 and 20 minute 

intervals of exposure. Irgacure 819, which had the highest EL value (940 

~.mol-'.cmml), indicating it should be the most absorbing photoinitiator at the ha, 

of the LED array, yielded the lowest final percentage cure; although it did produce 

the second highest initial cure. The two monomer samples that produced the 

Photoinitiator 

Irgacure 8 19 

Irgacure 369 

Darocur TPO 

P 

Irgacure 1800 

Irgacure 65 1 87 8% 78% 

Darocur 1 1 73 11 4% 76% 

EL at 372 nm 
~.rno~-'.cm-l 

(lamp) 

1083 

697 

52 1 

146 

Percentage cure 

after 2 minutes 

65% 

12% 

70% 

11% 

Percentage cure 

after 20 minutes 

77% 

68% 

83% 

81% 



highest fmal cures (74%) were Darocur TPO and Irgacure 651 which had the 

second highest and lowest EL values respectively. This indicates once again that EL 

values can not be solely used when deciding what photoinitiator to use for 

photopolymerisation processes. 
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Pigure 5.19: Percentage cure -v- time for LED array and each photoinitiator. 



Table 5.15: Comparison between the molar absorptivity ( E ~ )  at La, of the LED 

array and the percentage cure achieved. 

Photoinitiator EL at 382 nm Percentage cure Percentage cure 
~.mo~".cm-' 
(LED array) after 2 minutes after 20 minutes 

Irgacure 1800 

Irgacure 65 1 

Darocur 1 173 5 1% 65% 

Figure 5.20 shows the two best photoinitiators for the fluorescent lamp and 

the LED array. From this figure it can be clearly seen that after the initial four 

minutes of exposure the curing profiles are all similar and there is only a 

difference of less than 10 % between the lowest LED array final cure and the 

highest fluorescent lamp final cure. The sample containing Darocur TPO yields a 

high initial percentage cure for each light source while the other two 

photoinitiators exhibit low initial degrees of conversion. Therefore a photoinitiator 

can be chosen depending on the type of cure required, i.e. if a quick cure time is 

required Darocur TPO would be recommended while if a low initial cure is 

required one of the other photoinitiators should be chosen depending what light 

source is being used. 



- Fluorescent lamp lrgacure 1800 
........o....... Fluorescent lamp Darocur TPO 
--+-- LED array lrgacure 651 

Time (min) 

Pigure 5.20: Curing profiles using the two best photoinitiators for the fluorescent 

lamp and the LED array. 

5.5.3 Discussion 

From the UV/vis studies Irgacure 819 had the highest EL values for each 

light source. Therefore in principle the monomer sample containing this 

photoinitiator should produce the highest percentage cure. For this photoinitiator 

the lamp should produce a higher cure than the LED array as this photoinitiator 

has a higher EL value at &, of the lamp (1082 ~.mol-'.cm"), compared to 940 

~.mol-'.cm-' for the LED array. However although a higher percentage cure was 

achieved with the lamp, in the curing studies this photoinitiator did not yield the 

highest final percentage cure for either light source. In fact for the LED array this 

photoinitiator exhibited the lowest percentage cure for all six photoinitiator 



samples. While Darocur 1 173 is the least absorbing photoinitiator at the b, of 

each source it did produce a relatively high final cure, although in each case the 

initial cure was the lowest seen; therefore proving that something other than EX 

affects the amount of free radicals produced. 

After twenty minutes of exposure the monomer sample that yielded the 

highest final cure for each source was the one containing Darocur TPO, this 

sample also produced the highest initial cure aRer two minutes of exposure. The 

curing profiles achieved with the fluorescent lamp are all similar with the final 

percentage cures varying from 83% to 68%, or 83 % to 76% if Irgacure 369 is 

excluded. On the other hand the final percentage cures achieved with the LED 

array vary greatly from 74% to 42%. There are a number of possible reasons why 

there is a difference in the final percentage cures achieved using each 

photoinitiator and light source. The main reason for these differences is likely to 

be the difference in intensity of the W radiation. These intensities were chosen 

because they were the maximum intensity of the sources and one of the aims of 

this work was to obtain the maximum percentage cure from each light source. By 

lowering the intensity of the lamp to that of the LED array would be to bias the 

study in favour of the LED array. Other reasons for the difference in percentage 

cures are that although the absorption spectrum of the photoinitiators in question 

envelope the emission spectra of the light sources the exact optimum wavelength 

that the initiator reacts to is not currently known. Also the efficiency of the 

photoinitiator may be wavelength dependent meaning that more free radicals will 

be created at a certain wavelength and therefore the monomer will undergo a 

higher DC. In addition to this, although photoinitiators have similar EI values their 



photochemistry may be different which can have a profound affect on the 

generation of free radicals. Therefore, although it has been proven that UV-LEDs 

can cure a HEMA monomer to almost the same degree as a fluorescent lamp, 

great care should be taken in choosing which photoinitiator to use. 

5.6 Conclusion 

While in some cases the LED exposed samples showed a lower level of 

photopolymerisation to that of the fluorescent lamp, similar temporal profiles are 

observed (figure 5.16). From the FTIR and Raman data it is not possible to 

determine if the calculated degree of conversion is caused by the production of 

short molecules (oligomers) or longer chain molecules (polymers). Consequently 

it is not known if both light sources yield similar size polymer chains in the final 

product which may affect the values achieved for percentage cure. This 

uncertainty that arises in the obtained pHEMA polymer can in the future be 

investigated by performing a chemical analysis on the polymers [25] .  This may 

also affect the thermomechanical properties of pHEMA, which will be discussed 

in chapter 6. 

It was proven that although a photoinitiator may have a high EL value it 

does not necessarily guarantee that the monomer sample containing this 

photoinitiator will give the highest degree of conversion; likewise photoinitiators 

with low ph values do not necessarily give low degrees of conversion. There are a 

number of possible reasons why there is a difference in the final percentage cures 

achieved. The main reason is likely to be the difference in intensity of the 

sources. Other reasons may be that although the photoinitiator has a high ph values 



at the ha, of a light source this b, may not be the exact optimum wavelength 

that the initiator reacts to, also the efficiency of each photoinitiator at a certain 

wavelength may be different. Another reason for a hgher cure being achieved 

with the lamp in some cases may be that the effect of heating is greater with the 

lamp. The increased heating will cause the temperature of the monomer to rise 

which in turn increases the molecular mobility and therefore the reactivity of the 

sample, resulting in a higher degree of cure [lo, 251. For potential polymer based 

product manufacturers it is the comparable final percentage cure that is important 

when considering LEDs as a replacement to conventional fluorescent lamps. 

This study has proven the concept that UV-LEDs can initiate a 

photochemical process in a HEMA monomer and produce a degree of cure similar 

to that achieved with fluorescent lamps. LEDs have numerous advantages over the 

traditionally used fluorescent lamps, one of these is that they can be made to emit 

exactly at the required wavelength while having a narrow colour spectrum, 

whereas lamps such as Hg fluorescent lamps are fixed by their nature. This would 

allow for optimum photopolymerisation conditions where the emission output of 

the LED would exactly overlap the absorption spectrum of the photoinitiator. 

Therefore with further progress in LED technology an LED may be manufactured 

with emission characteristics that match the photoinitiators specifications 

perfectly, optimising the overall level of LED photopolymerisation. Due to the 

inherent advantages that LEDs have over fluorescent lamps and the fact that they 

produce a comparable photopolymerisation to that achieved with the lamps, it 

appears that UV-LEDs have the potential to replace these lamps in 

photopolymerisation processes. As W-LED technology improves and becomes 



more readily available, LED photopolymerisation is a viable possibility in 

replacing fluorescent lamps in the manufacturing process of biomaterials such as 

contact lenses. 
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Chapter 6 The effect of pulsed UV radiation on the 

thermomechanical properties of pHEMA 

6.1 Introduction 

As was seen previously with the development of the LED array, LED 

technology continued to develop throughout the duration of this research. 

However one of the most exciting advancements in LED technology for this 

research seen the development of the W LED Cure-All Linear 100TM by UV 

Process Supply Inc. [I] (Chicago, USA). These LEDs are newly developed high 

intensity W curing systems that according to the manufacturers can supply 

continuous, uniform W light of unlimited duration for curing applications. 

Previous results (chapter 2-5) had proven the concept that W-LEDs could be used 

as a replacement for fluorescent lamps in a photopolymerisation process. The next 

step was to see if the mechanical properties of the final polymer could be altered 

by exposing the monomer (containing mixed photoinitiators) to pulsed LEDs 

emitting in different regions of the electromagnetic spectrum. These large LED 

arrays allowed for this to be investigated as their instant onloff feature meant that 

they could be pulsed. This allowed the monomer sample with mixed 

photoinitiators to be exposed to alternating illumination (fiom different LED 

sources) quickly and simultaneously. This technique would not be possible with 

conventional lamps as they exhibited a warm up period and therefore could not be 

pulsed. 

Dynamic mechanical analysis (DMA) is a technique used to study and 

characterise the mechanical properties of a material. Due to its sensitivity it is 



used to detect transitions in polymers that cannot be detected by other techniques 

such as Differential Scanning Calorimetry (DSC). 

This chapter gives a detailed account of how these new large LED arrays 

were characterised and then used to photopolymerise a test monomer. After which 

the mechanical properties of the pHEMA polymer were measured and compared 

to see if the properties could be altered by exposing the monomer to different 

output wavelengths being pulsed at different rates. 

6.2 Characterisation of new large LED arrays 

Like the single LED and the LED array previously used in this research 

before these large LED arrays could be used be in a photopolymerisation set up 

their emission characteristics needed to be measured. Two of these large LED 

arrays were purchased, one emitting in the UV region of the spectrum (375 nm) 

(figure 6.1) and the other in the visible blue region (450 nm) (figure 6.2). This 

was to allow for the monomer sample to be exposed to two different wavelength 

regions during photopolymerisation. These LEDs have a number of the desirable 

features outlined in table 1.1, chapter 1 that make them potentially ideal light 

sources for photopolymerisation processes. These features according to the 

manufacturers are instant onloff, tens of thousands of hours of lamp life and that 

they emit no heat. One of the main advantages of these new powerful LEDs is 

their scalability and geometry which means they can be banked together and 

simply integrated into the currently used photopolymerisation units while allowing 

for uniform UV light over the exact required area 121. 

These LED devices are assembled on a rectangle chip-on-board (see 

figures 6.1 and 6.2) which is coated with a special white coating to maximise light 



extraction and which according to the manufacturers does not degrade due to 

environmental extremes. They are powered by a universal wall adapter and have a 

typical radiant flux of 1050 mW at maximum rated forward current as quoted by 

the manufacturers. 

Figure 6.1: Photo of the 375 nm large LED array. 

Figure 6.2: Photo of the 450 nrn large LED array. 

6.2.1 Warm up time and long term stability 

As already stated warm up time is an important factor to be considered in 

manufacturing processes using photopolymerisation as it is the time after switch 

on for the device to achieve sufficient stability. It is important that the light source 

is emitting at a certain output intensity during photopolymerisation to ensure the 



monomer is exposed to the correct amount of radiation. The Solar Light 

PMA2100 radiometer was once again used to measure the amount of radiation 

being emitted from each light source. The advantage to this radiometer is that 

there are a number of different sensors available that can be attached to the 

radiometer depending on the type of radiation being emitted. The PMA2107 

WAIB detector used previously was once again used to measure the amount of 

W radiation being emitted fkom the 375 nm large LED array, while the 

PMA2121 blue light safety detector attachment was used to measure the blue light 

being emitted by the 450 nm large LED array. Although the PMA2121 blue light 

safety detector can be used to measure radiation below 400 nm its spectral 

response drops off significantly below this. Therefore it is generally used to 

measure radiation between 400 nrn to 520 nm. The spectral response of this 

detector is shown in figure 6.3. Like the PMA2107 it incorporates a diffuser 

whose Lambertian angular response makes it suitable for measuring diffuse andfor 

direct radiation from extended light sources [3]. 



Wavelength [nm) 

Figure 6.3 : Spectral response curve of the PMA2 12 1 blue light safety detector [4]. 

For each light source the corresponding detectors were held directly 

against the LED. The large LED arrays warm up time was measured by recording 

the output intensity every minute over a 30 minute period, after which the output 

intensity was recorded at one hour intervals to give an indication of their long term 

stability. Figures 6.4 and 6.5 show the stability and warm up time of the 375 nrn 

and 450 nm large LED array respectively. From these graphs it can be seen that 

both LEDs exhibit an instant onloff feature as stated by the manufacturers or at 

least a warm up time undetectable in the time frame and produce constant output 

intensities over the eight hour monitored period. It should be noted that the 375 

nm large LED array emits a considerably higher amount of UV radiation 

compared to that emitted by the single LED and LED array used in the previous 

photopolymerisation studies. 



Figure 6.4: Wann up time and long term stability of the 375 nrn large LED array 

as measured using the PMM 107 WAIE3 detector, 

Pigure 6.5: Warm up time and long term stability of the 450 MI large LED array 
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6.2.2 Spectral output and peak wavelength 

It was important to measure the spectral output and peak wavelength of 

each LED array so that corresponding photoinitiators that matched their output 

wavelength could be chosen. As the Ocean Optics IRRAD2000 spectrometer 

(Dunedin, Florida) operates over a broad spectral range (350 nm to 950 nm) it 

could be used to measure the spectral output and peak wavelength of each large 

LED array. This spectrometer was calibrated using a DH2000 calibrated 

deuterium-halogen light source as detailed in chapter 2, section 2.3.4. Each light 

source was coupled to the spectrometer using an optical fibre with a cosine- 

corrector irradiance probe attached. The spectral output of each large LED array 

was then recorded using the Ocean Optics software, 00IBase32 and normalised to 

one. Figure 6.6 shows the normalised spectral output of each large LED array, 

fiom this figure it was found that the 375 nrn LED array and the 450 nm LED 

array had peak wavelengths of 380 nm and 445 nm respectively. 

It can be seen from this figure that the output spectra of each LED array 

are well resolved, making them ideal to be used in this study where the monomer 

is to be photopolyrnerised with LEDs that have output wavelengths in different 

regions of the EM spectrum. 
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Figure 6.6: Spectral outputs of the 375 nm and 450 nm large LED arrays 

normalised to one. 

6.2.3 Output Intensity 

The output intensity of each large LED array was measured using the 

Ocean Optics set up previously discussed in section 6.2.2. The output spectrum of 

each LED array was recorded at a distance of 50 mrn away fiom the optical fibre 

(figure 6.7). A distance of 50 mm was chosen as it allowed for a reasonably 

intense spectrum to be obtained for each light source without the detector being 

saturated. On examining the 375 nrn LED array, it has a 380 nm peak intensity of 

approximately 4.1 w/m2 at this distance, while its output peak is relatively narrow 

with a full-width at half-maximum (FWHM i.e. 50% bandwidth) of 13 nm. The 

450 nm LED array on the other hand has a lower peak intensity of approximately 



1.3 w/m2 at 445 nm but has a higher FWHM of 20 nm, showing that the output of 

this LED array is over a wider spectral range. When the intensity is integrated 

under the FWHM for both light sources the output intensities were found to be 27 

w/m2 and 13 w/rn2 for the 375 nm and 450 nm LED arrays respectively, showing 

the 375 nrn LED array to be approximately twice as intense as the 450 nm LED 

array. 

Wawlength (nm) 

Figure 6.7: Spectral output of each LED array recorded at a distance of 50 mm. 

As a comparison the intensity was also recorded using the Solar Light 

radiometer at a distance of 50 mm, this allowed for an approximate quantification 

of the total UV radiation output. To measure the output intensity of the 375 nm 

large LED array the Solar Light PMA2107 WA/B detector was attached to the 

radiometer; this detector gave an intensity reading of 30.0 *0.5 w/m2. The 



PMA2121 blue light safety detector recorded an intensity reading of 23.0 h0.5 

w/m2 for the 450 nm large LED array. However the spectral response of each 

detector should be taken into account was measuring these intensity values. The 

spectral response curve of the PMA2121 blue light safety detector is shown in 

figure 6.3 while the spectral response of the PMA2107 UVNB detector is shown 

previously in figure 2.7. 

From these graphs it can be seen that the relative response of both 

detectors is not equal to 1 at the peak output wavelength of each source. The 

relative response of the PMA2107 W A / B  detector drops to approximately 0.6 at 

375 nm. Therefore to obtain the correct intensity reading for the 375 nm large 

LED array using this detector the obtained 30 w/m2 intensity value has to be 

divided by 0.6. This gave a corrected intensity value of about 50 w/m2 for this 

large LED array. 

The PMA2121 blue light safety detector response curve does not drop off 

by as big of a factor and has a relative response of 0.95 at 450 nm. Therefore the 

corrected intensity value for the 450 nm large LED array does not change a lot 

from the recorded value. When corrected for the relative response the true 

intensity reading for this LED is 24 w/m2, compared to the recorded value of 23 

w/m2. Therefore using this quantified method it was found that the 375 nm large 

LED array is approximately twice as intense as the 450 nrn large LED array, this 

ratio is in agreement with the previous Ocean Optics spectrometer findings. 

Although the intensity values obtained using the two techniques are 

different it was found that the intensity ratios of the two sources are the same for 

both techniques with the 375 nm LED array output being approximately twice that 



of the 450 nm LED array. Therefore although there is an inherent error involved 

when comparing the output using different techniques the results obtained for each 

do in fact correlate relatively well. This Inherent error arises from how the 

different detection systems (i.e. Solar Light detectors and the Ocean Optics 

IRRAD2000 spectrometer) gathers radiation in different ways from the sources 

and their corresponding light fields [ 5 ] .  

6.2.4 Intensity at different distances 

The two different radiation detection systems used previously (i.e. Solar 

Light radiometer and the Ocean Optics spectrometer) were used to measure the 

output intensity of these LEDs at different distances. The advantage of the Solar 

Light radiometer over the Ocean Optics spectrometer was that a quantification of 

the total radiation output could be directly determined; however unlike the Ocean 

Optics spectrometer a visual output of the wavelength spectra could not be 

ascertained. 

For the distance measurements using the Solar Light radiometer the LED 

arrays were moved away from the detector at intervals of 10 mm and the intensity 

recorded at each distance. The PMA2107 UVAIB was used to measure the 

intensity of the 375 nm LED array (figure 6.8) while the PMA2121 blue light 

safety detectors were used to measure the radiation output of the 450 nm LED 

array (figure 6.9). The intensity readings in both figures have not yet been 

corrected for the relative response of the detector used. 

From these figures it can be seen that intensity of the 375 nm LED array 

drops off quite quickly whereas the 450 nm LED array appears to saturate the 

PMA2121 blue light safety detector at distances less than 60 rnm. 
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Figure 6.8: Intensity readings for the 375 LED arrays recorded at 10 mm 

distances using the PMA2 107 W A D  detector. 
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Pigure 6.9: Intensity readings for the 450 nm LED array recorded at 10 rum 

intervals using the PMA2 12 1 blue Light safety detector. 



The Ocean Optics IRRAD2000 spectrometer was then used to obtain the 

spectral output of each light source. Each light source was coupled to the 

spectrometer using an optical fibre with the cosine-corrector attached. A spectrum 

of each LED was recorded at distances of 45 mm, 50 mm, 60 mm, 70 mm and 80 

mm away from the front end optics of the fibre. As the spectral output intensity of 

the 450 nm LED array was lower compared to the 375 nrn LED array the spectral 

output of this LED at distances of 15 mm, 20 mm, 30 rnm and 40 mm were also 

recorded. The spectral outputs of the 375 nm large LED array at these distances 

were not recorded as this LED saturated the detector at distances closer than 45 

mm. The spectral output intensities as recorded by this spectrometer are displayed 

in figure 6.10. The spectra recorded at distances less than 45 mrn are not 

displayed in this figure but will be used in the next calculation. 
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Figure 6.10: Spectral output for each LED array as recorded using Ocean Optics 

spectrometer. 

In the previous photopolymerisation studies (chapter 5) the monomer 

samples were exposed and cured by the light sources at their maximum output 

intensities, which would probably be the case in a manufacturing set up. However 

for this photopolymerisation study to avoid having another variable in the 

experiment it was decided to have the monomer sample exposed to the same 

intensity from each LED array. The previous spectral output measurements were 

used to identify what distances to place each LED so that the monomer samples 

would'be exposed to the same of amount of radiation from each source. For this 

the output intensities measured using the Ocean Optics spectrometer for each LED 

was plotted against the corresponding distance (figure 6.1 1). From this figure it 



was found that if the 450 nm large LED array and the 375 nm large LED array 

were placed at distances of 25 rnm and 50 mrn respectively away fiom the 

monomer, the monomer would be exposed to the same intensity of 4.1 w/m2 from 

each LED. Therefore for all future photopolymerisation studies the LEDs were 

placed at these distances. 

I- o 375 nm large LED array 
9 0 450 nm large LED array 

Distance from LED (mm) 

Pigure 6.11: Intensity against distance for each LED array. 

6.2.5 Discussion 

When compared to table 2.1 both of these LED arrays exhibit a number of 

the desirable features for an ideal photopolymerisation light source. They have an 

instantaneous stable output after switch on and reach their maximum intensity 

output immediately remaining constant over time. Due to time constraints a 

lifetime study could not be conducted on these LEDs however according to the 



manufacturers they have a lifetime of over 50,000 hours [I]. This long lifetime 

could reduce downtime for manufacturers as the light sources would have to be 

replaced less regularly. Their output spectra is also in the regions used for 

photopolymerisation and since they both emit at different regions of the EM 

spectrum they can be used in this study to potentially initiate two different 

photoinitiators in a HEMA sample allowing the effect of alternating radiation on 

photopolymerisation to be examined. The fact that these LEDs can be pulsed is 

another advantage that they have over the currently used fluorescent lamps, as the 

conventional emission sources can not be pulsed at a quick rate due to the stability 

time required. 

For this photopolymerisation study it was decided to have the monomer 

samples exposed to the same intensity from each LED. The investigation studies 

into the characterisation of these LED arrays found that the 375 nm LED was 

approximately twice as intense as the 450 nm LED array and using the Ocean 

Optics readings it was found that to have the same intensity the 375 nrn large LED 

array should be placed 50 mm away while the 450 nm large LED array should be 

placed at a distance of 25 mm. This large W LED array emits a much higher 

amount of radiation and is more powerful than the previously used LEDs; this 

should result in a decrease in cure times as the rate of photopolymerisation 

increases with light intensity. 

6.3 Initiation mechanisms of different photoinitiators 

This section of the research was concerned with the potential of altering 

the percentage cure and mechanical properties of a polymer by using different 

wavelengths to initiate photopolymerisation. The first aim of the study was to 



identi@ what photoinitiators could be used with each light source. From the 

previous UV/vis studies it was found that Darocur TPO had a high absorbance 

value at 375 nm. This photoinitiator was also recommended to use with the 375 

nm large LED array by UV Process Supply Inc. (Chicago, USA) [ l ]  and Ciba 

Speciality Chemicals Inc. (Basel, Switzerland) [6] who supplied the 

photoinitiators. Camphorquinone (CQ) has been identified as the most popular 

photoinitiator used in visible-light curing systems as it has an maximum 

absorbance peak at approximately 470 nm therefore it can be used in conjunction 

with the 450 nm large LED array [7, 81. 

6.3.1 Photopolymerisation using CQlamine and sample description 

Preliminary curing studies in this work (not shown here) indicated that 

although CQ will induce photopolymerisation it is at a very low rate. Further 

research into the use of CQ as a photoinitiator found that is has a low 

polymerisation efficiency and as such it is generally used in conjunction with a 

coinitiator such as an amine in order to accelerate photopolymerisation [7, 9-13]. 

The CQIamine photoinitiator system generates free radicals in a different way to 

other photoinitiators (e.g. Darocur TPO). CQ absorbs visible light in the blue 

region due to the n-z* transition of the dicarbonyl group (Eq. 6.1). The excited 

n+z* abstracts a hydrogen atom from the tertiary mine  of the hydrogen donor 

(DH) which results in the production of a primary radical (amine radical) (Eq. 6.2) 

[9, 141. It is this radical that then attacks the carbon double bonds of the 

monomer. 

CQ CQ* (excited CQ) 

174 

Eq. 6.1 



CQ* + DH + CQ-H + D* (amine radical) Eq. 6.2 

Some amines decrease the rate of polymerisation while some of them 

increase the rate, the amine 4,4'-Bis-(dimethy1amino)benzophenone (Sigma- 

Aldrich) [15] has a high relative acceleration value for photopolymerisation and 

has previously been used in conjunction with CQ [lo]. The chemical structure of 

this amine and CQ are shown in figure 6.12. The monomer sample contained CQ 

and Darocur TPO at the same concentration of 6 x lo4 mol/L, while the mine  

was used at a concentration 1 x 10" mol/L as used in previous studies [7,9, 101. 

Camphorquinone 1,7,7 trimethyl-bicyclo[2,2,l]heptan-2,3-dione MW = 166.22 grnol-l 

Figure 6.12: Chemical structure of the mine  and CQ. 
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6.4 UVIVis absorption characteristics of photoinitiators 

6.4.1 Introduction 

W/vis  spectroscopy was used to obtain the absorbance spectra of the two 

photoinitiators and the amine used at different concentrations. The peak 

absorbance wavelength for each photoinitiator was determined as was the molar 

absorptivity (Q), which is the probability of radiation at a certain wavelength 

being absorbed by the photoinitiators [16]. 

6.4.2 Molar Absorptivity (E$ of the photoinitiators 

To allow for the calculation of EL a Beer-Lambert law study was conducted 

on Darocur TPO and CQ. The EL would give an indication how much radiation at 

375 nm and 450 nm (peak ha, of each LED array) each photoinitiator would 

absorb. An absorbance study of the amine was also conducted to see if and where 

it absorbed. Each photoinitiator and amine was dissolved in acetonitrile and 

solutions of known concentrations were prepared. For Darocur TPO the 

concentrations used were 4.27 x 10" moVL, 4.27 x lo4 molIL, 4.27 x mol/L 

and 4.27 x 1 0-6 moVL, for CQ concentrations of 47.24 x 10" moVL, 23.62 x 10" 

moVL, 4.72 x 1 o4 rnol/L and 4.72 x 1 o - ~  mol/L were prepared. The absorbance 

spectra of the mine  in acetonitrile at concentrations of lo4, 1 o - ~  moVL were 

also recorded. It was not possible to use the same concentrations for each 

photoinitiator, as some concentrations were too high such that the W N i s  

spectrometer recorded absorbance values of 3. 

The same optically matched quartz cuvettes (10 mm) used in the previous 

Beer-Lambert law study (chapter 4, section 4.3) were once again used here. One 



cuvette containing pure acetonitrile was placed in the reference holder while the 

other, containing the initiator in acetonitrile was placed in the sample cell holder. 

The absorbance spectrum of each photoinitiator was recorded over a range from 

200 nm-800 nm, using an integration time of 0.48 sec and a 1.00 nm slit. The 

absorption spectra of Darocur TPO and CQ at different concentrations are shown 

in figures 6.13 and 6.14 respectively. Figure 6.13 shows a high absorbance at 375 

nm for Darocur TPO, with no absorbance at 450 nm. Although the peak 

absorbance of CQ is at approximately 470 nm, which correlates well to published 

data [7, 16, 171 it also exhibits high absorbance at the L, of the 450 nm large 

LED array, malung it ideal to use with this LED. A small over lap of this 

photoinitiators spectrum with the &, of the 375 nm large LED array can be seen 

in the tail end of the absorbance spectra (figure 6.14). Figure 6.15 shows the 

absorption spectra of the amine at different concentrations. From this graph it can 

be seen that the amine absorbs at both 375 nrn and 450 nm. Therefore it may 

affect the percentage photopolymerisation. 



Wavelength (nm) 

Pigure 6.14: W N i s  absorption spectra of Carnphorquinone (CQ). 
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Figure 6.13: UVNis absorption spectra of Darocur TPO. 
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Figure 6.15: UVNis absorption spectra of the arnine. 

The aim of this study was to select two different photoinitiators that could 

be activated by two different wavelengths. The UVIvis study shows that Darocur 

TPO will only absorb radiation from the 375 nm LED large array and not radiation 

from the 450 nm large array, while the 450 nm LED large array should only 

initiate CQ and not Darocur TPO. The arnine absorbs at both 375 nm and 450 nm. 

Figure 6.16 shows the absorbance of Darocur TPO at the L, of the 375 nm and 

450 nm large LED arrays for different concentrations, this photoinitiator absorbs 

very little radiation at 450 nm meaning it will only absorb radiation from the 375 

nm LED large array and should not undergo photoinitiation by the 450 nm LED 

large array. 



Figure 6.17 shows the absorbance of CQ at peak wavelengths of 375 nm 

and 450 nm for different concentrations. Although CQ absorbs some radiation at 

375 nm it is very small compared to the amount of absorbance that occurs at the 

L, of the 450 nm large LED array. Therefore this photoinitiator will absorb 

more radiation fiom this LED and it is this LED that should have a bigger effect 

on initiation. Table 6.1 gives the EL values for each photoinitiator at the maximum 

emission wavelength for each LED as calculated using the Beer-Lambert law. 

Large values of EL indicate a high probability of absorption at a certain wavelength 

[16], from the values in table 6.1 it is clear that each photoinitiator has a high 

probability of absorbing radiation fiom their corresponding LEDs. Darocur TPO 

has a EL value of 700 L.mo1-'.cm-'and 0 L.mo1-'.cm-I at 375 nm and 450 nm 

respectively, this is compared to a published value of 562 L.mo1-'.cm-I at 376 nm 

in methanol [18]. It was not possible to obtain a published value for the EI of this 

photoinitiator at 450 nm; it can be assumed the reason for this is that it is not 

normally used with light source emitting in the visible region due to its low 

absorption in this area. CQ was found to have a EL value of 40 ~ .mol~ ' . cm-~  at 450 

nm. This corresponds well to published data where CQ has reported to have a EL 

of 40 ~.rnol~~.crn-' at 468 nm in acetonitrile [9] and 28 * 2 ~.mol-'.cmb' at 470 nm 

in methyl methacrylate [16]. At 375 nm CQ was found to have a EL of 1 

~.mol-'.cm", like Darocur TPO and presumable for the fact the CQ is generally 

only used with light sources emitting in the visible region it was not possible to 

fmd a EL value for CQ at 375 nm. 
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Figure 6.16: Absorbance -v- concentration for Darocur TPO at 375 nm and 450 

Table 6.1: Molar absorptivity ( E ~ )  for each photoinitiator at the maximum 

emission wavelength for each LED. 
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Pigure 6.17: Absorbance -v- concentration for CQ at 375 nm and 450 nm. 

6.4.3 Discussion 

The spectral output of the 375 nm large LED array falls within the 

absorptive region of Darocur TPO. Furthermore there is an overlap of the 

emission spectra of the 450 nm large LED array with CQ making these 

photoinitiators ideal to be used in the photopolymerisation of the HEMA 

monomer. Both photoinitiators exhibit high EL values at the La, of their 

corresponding LED arrays indicating that Darocur TPO should be initiated by the 

375 nrn large LED array only; with CQ being initiated by the 450 nm large LED 

array. Due to the small amount of absorption that occurs with CQ at 375 nrn this 

photoinitiator may be initiated to a small degree by the 375 nm large LED array. 



As mentioned previously the amine also absorbs in the wavelength region of the 

two large LED arrays and may have an affect on the amount of cure achieved. 

6.5 Spectroscopic study of the photopolymerisation of HEMA with 

new photoinitiatorslamine and the large LED arrays 

6.5.1 Introduction 

In the previous curing studies (chapter 5) the monomer samples were 

exposed to only one light source during photopolymerisation. This section of the 

study is concerned with the effect of alternating radiation on the percentage cure 

of the monomer samples. For this the HEMAIphotoinitiator samples were 

exposed to the two large LED arrays which were pulsed at 10 s and 20 s intervals 

for a period of 360 s. The percentage cure that occurred with HEMA and the two 

different photoinitiator systems was once again monitored using FTIR 

spectroscopy. The UVIvis studies indicated that Darocur TPO should be initiated 

by the 375 nm large LED array only; with CQ exhibiting a potential strong 

initiation by the 450 nm large LED array, this photoinitiator may also undergo 

some initiation by the 375 nm LED as a small part of its absorbance spectrum 

overlaps with the La, of this LED. To see if this was the case, monomer samples 

were exposed to each LED array separately and the percentage cure measured. 

The monomer samples consisted of HEMA, TPO (6 x lo4 mol/L), CQ (6 x lo4 

moYL) and an amine coinitiator at a concentrations of 1 x lo4 moYL as used by 

Jakubiak et a1 [9, 101. This amine acted as an accelerator in the 

photopolymerisation process. 



6.5.2 FTIR study of the percentage cure achieved with new large LED 

arrays 

For this study the sample holder consisted of two NaCl plates separated by 

a Teflon@ spacer 0.1 mm thick. A background spectrum of the NaCl plates was 

recorded with the Nicolet Nexus FTIR spectrometer over a range of 4000 cm-'- 

500 cm-' (4 scans, resolution of 16 cm-I), after which a small drop of monomer 

sample was placed between the two plates and a spectrum of this uncured 

monomer recorded. The sample was then removed from the spectrometer and 

exposed to radiation fiom one of the large LED arrays (either 375 nm or 450 nm) 

for 10 s and another spectrum was recorded immediately. This procedure was 

repeated for a total of 360 s. To ensure the monomer was exposed to the same 

intensity (4.1 w/m2) the 375 nm large LED array was placed 50 mrn away from 

the sample, while the 450 nm large LED array was placed at a distance of 25 mm. 

By comparing the percentage cure that occurred in each case here a direct 

comparison of the curing potential of each LED array could be made. Figure 6.18 

shows typical FTIR spectra recorded during exposure to the radiation, the 

disappearance of the C=C peak at 1636 cm-l, signalling photopolymerisation, can 

be clearly seen. The degree of cure was once again calculated by measuring the 

peak intensity of the C=C at 1636 cm-' to the reference peak at 1174 cm-'. 
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Figure 6.18: Typical FTIR spectra recorded during photopolymerisation. 

Figures 6.19 and 6.20 show the percentage cure achieved when the 

monomer sample was exposed to each large LED array separately. It can be seen 

flom these graphs that a lower percentage cure is achieved using only the 450 nm 

LED array (5 1%) compared to the 73% conversion achieved with only the 375 nm 

LED array. The amount of conversion achieved with the 375 nm LED array 

accelerated quickly after 20 s while the curing profile of the sample exposed to the 

450 nm LED array exhibits a longer initiation time (100 s). It appears as if there is 

something inhibiting the initiation process and when this inhibiting species is used 

up (after 100 s) then the curing process accelerates or alternatively the production 

of flee radicals is slow. This difference in fmal percentage cure may be due to the 

difference in EL for each photoinitiator. Large values of EL indicate a high 



probability of absorption at a certain wavelength which lead to a large production 

of initiating species which results in an improvement in the overall degree of 

conversion [16]. The 375 nrn large LED array was used to initiate TPO whch had 

a EL value of 700 ~.mol".cm-' at La, for this source, whereas CQ had a EL value of 

only 40 ~.mol-'.cm-' at the L,, for the 450 nm large LED array. Therefore there 

was a large difference in the probability of each photoinitiator absorbing their 

corresponding radiation, which would result in a reduction of free radicals 

produced even with the amine coinitiator present. It could be thought that a way 

to over come this problem would be to add more CQ initiator to the monomer 

sample. However adding more photoinitiator into a system does not necessarily 

result in an increase in photopolymerisation. Also as CQ is a solid yellow 

compound adding large amounts of it will lead to undesirable yellowing in the 

final polymer, this places practical limits on the concentration of CQ which in turn 

limits the degree of photopolymerisation attained [ l l ,  14, 191. Another reason for 

the lower percentage cure may be due to lower efficiency; when using visible 

lasers to initiate photopolymerisation Decker [20] reported that photoinitiators that 

absorb in this region are less efficient than UV photoinitiators due to the lower 

energy of visible photons. 
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Figure 6.19: Curing profile achieved using 375 nm large LED array only (sample 



Time (sec) 

Figure 6.20: Curing profile achieved using 450 nrn large LED array only (sample 

1.2). 

It was hoped that the photopolymerisation rates could be controlled by 

varying the amount of UV and blue radiation the monomer was exposed to. By 

controlling the photopolymerisation rate the mechanical properties of the final 

polymer may be controlled. This is discussed later in section 6.6. In order to 

investigate this matter the LEDs were pulsed at certain rates during 

photopolymerisation of the monomer. The ability to pulse and select different 

maximum peak wavelengths are properties which make LEDs very attractive for 

this study. It was decided to pulse the LEDs every ten and twenty seconds. A 

monomer sample was first exposed to the 375 nm large LED array for 10 s, then 

the 450 nm large LED array for 10 s (sample 1.3). The pulsing between the 



different wavelengths lasted for 360 s. Another monomer sample was then 

irradiated by the two LEDs being pulsed again at 10 s but exposed to the 450 nm 

large LED array first followed by the 375 nm array (sample 1.4). These two 

processes were then repeated using pulse rates of 20 s for a total of 360 s (samples 

1.5-1.6). In each case before the monomer sample was used it was flushed with 

oxygen free nitrogen to remove any oxygen that could hinder photopolymerisation 

[21,22]. 

The curing profiles achieved using the pulsed LEDs are displayed in 

figures 6.21-6.24. When pulsed at 10 s the HEMA sample that was exposed to the 

450 nm large LED array first exhibited a significantly higher final cure of 78% 

(figure 6.22) compared to 50% conversion that was seen when the sample was 

exposed to the 375 nm large LED array first (figure 6.21). The curing profile of 

the HEMA polymer formed when exposed to the 375 nm LED array first showed a 

gradual increase in percentage cure whereas the curing profile of sample 1.4 

showed a steeper increase in the degree of conversion. This suggests that sample 

1.3 (figure 6.21) has not achieved autoacceleration (the steep rise in percentage 

cure with time) [23] while figure 6.22 (sample 1.4) shows autoacceleration. 

However for the 20 s pulsing this was reversed with sample 1.5 (375 nm LED 

array first) exhibiting a steeper increase in cure (autoacceleration) than sample 1.6 

(450 nm LED array first). Sample 1.5 also underwent a higher degree of 

conversion (76%) percentage cure compared to the 54% achieved with sample 1.6. 

Therefore it can be concluded that the pulse rate and the order of wavelength 

exposure can greatly affect the rate of cure and thus the final percentage cure. 



From the results achieved here there appears to be some sort of competing 

process in which maybe one affects the lifetime of the photoinitiator species in the 

system. It appears that by pulsing at different times not only is the amount of 

radicals produced altered but their molecular mobility becomes restricted, which 

will have an effect on the percentage cure achieved. For example when the 

sample is initiated with only 375 nm radiation (figure 6.19) it can be seen that it 

takes 20 s for autoacceleration to occur. When the sample is cured first with the 

375 nm LED array for 10 s then the 450 nm LED array for 10 s (figure 6.17) it 

appears as if Darocur TPO has not had the time it needs to autoaccelerate (at least 

20 s). This is confirmed in figure 6.23 when the sample was first cured with the 

375 ntn radiation for 20 s. Here it appears that there is enough time and enough 

radicals produced to result in autoacceleration of the cure process. However the 

process appears to be more complicated than this as when the 450 nm is used as 

the initial light source (figures 6.22 and 6.24) the opposite curing profiles are 

produced. A short initial pulse (10 s) of 450 ntn radiation seems to produce a 

photospecies which aids the autoacceleration process when the 375 nm radical is 

applied after 10 s. This photospecies may be short lived as a longer exposure time 

(20 s) with the 450 nm radiation at the start does not aid the autoacceleration 

process of the cure (figure 6.20). The absorption of the amine at both 375 nm and 

450 nm might somehow have a part in this effect. Alternatively the exposure of 

the 450 nm radiation to the sample could produce a photospecies which is 

terminating the polymer chain production resulting in short chain polymers. 

These different curing modes may therefore be used to control the degree 

of conversion and change the mechanical properties of the formed polymer which 



will be investigated in the next section. The percentage cures achieved along with 

the irradiation process and sample numbers are given in table 6.2. 

Table 6.2: Percentage cure achieved with each different irradiation process. 

Sample Irradiation Process Percentage Cure 

Number 
--- 

1.1 375 nm large LED continuous 

1.2 450 nm large LED continuous 

1.3 

1.4. 
- 

1.5 

1.6 

Pulse 10 s: 375 nm first 450 nm second 

Pulse 10 s: 450 nm first 375 nm second 

Pulse 20 s: 375 nrn first 450 nm second 

Pulse 20 s: 450 nm first 375 nm second 

50% 

78% 

76% 

54% 



to 375 nm LED array fmt, then to 450 nm LED array (sample 1.3). 
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Figure 6.21: Curing profile achieved using 10s pulsed LEDs exposing monomer 
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Figure 6.22: Curing profile achieved using 10s pulsed LEDs exposing monomer 

to 450 nrn LED array first, then to 375 nm LED array (sample 1.4). 
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figure 6.23: Curing profile achieved using 20s pulsed LEDs exposing monomer 

to 375 nm LED may first, then to 450 nrn LED army (sample 1.5). 
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Figure 6.24: Curing profile achieved using 20s pulsed LEDs exposing monomer 

to 450 nm LED array first, then to 375 nm LED array (sample 1.6). 

6.5.3 Discussion 

FTIR spectroscopy was once again utilised to successfully monitor the 

curing profiles achieved with the new large LED arrays. When no pulsing was 

used the monomer exposed to the 375 nm LED only yielded a significantly higher 

percentage cure than that achieved when the 450 nm LED was used, indicating 

that the W radiation at 375 nm is more efficient at producing free radicals than 

visible light this may be due to the higher EX value at the I,,,, of the 375 nm LED 

array. This study showed that the curing profiles of the monomer samples can be 

affected by using alternating radiation during photopolymerisation. The curing 

profiles were not only affected by the wavelength of radiation used but also by the 

duration of the pulsing. By varying the type of wavelength and pulse rate a slow 



or fast cure could be obtained, this rate of initiation then affected the final amount 

of conversion. Therefore the order of wavelength and pulse time can be chosen 

depending on the type of curing profile required. 

From these results there appears to be competing processes in which the 

initiation of one photoinitiator affects the lifetime of the other photoinitiator 

species in the system. As discussed in section 6.3.1 both photoinitiators use 

different mechanisms to produce fiee radicals. As the initiating radicals are only 

formed at the polymer/monomer interface [24] it is the understanding that the flow 

of radicals produced by the irradiation with one source may be blocked when the 

sample is irradiated with the other light source. In other words the flow of the fiee 

radicals is limited by the production of the other free radicals which may result in 

molecular mobility restrictions or the irradiation by the second source is causing a 

termination in the free radical production of the first source. 

As these different curing modes affect the degree of conversion they may 

also affect the mechanical properties of the formed polymer which will be 

investigated in the next section. 

6.6 Dynamic Mechanical Thermal Analysis 

6.6.1 Introduction 

The FTIR studies showed that pulsing affected the curing profiles of the 

monomer sample. Dynamic Mechanical Thermal Analysis (DMA) was next used 

to see if pulsing affects the thermal-mechanical properties of the final polymer. 

DMA is concerned with measuring the mechanical and viscoelastic properties of a 

sample as a function of temperature andlor frequency. It is typically used to 



measure the glass transition (T,) temperature and other transitions in a polymer. 

DMA can recognise small transition regions that are beyond the resolution of 

DSC. This type of technique requires the sample to be subjected to an oscillating 

stress (o) which produces a corresponding deformation or strain (E). For the great 

bulk of commercial polymers mechanical properties are of fundamental interest as 

polymers must exhibit a specified range of mechanical properties suitable for their 

application. DMA is a very important tool to measure mechanical properties of 

polymers and applications that involve hydrogels such as contact lenses, as DMA 

mimics the cyclic loads of differing magnitudes involved in wear [25].  

6.6.2 Instrumentation 

As already stated in DMA an oscillating stress is applied to the sample, this 

oscillating stress usually follows a sinusoidal waveform and will produce a 

corresponding oscillating strain. The measured strain will lag behind the applied 

stress by a phase difference (6) (figure 6.25) unless the material is perfectly elastic. 

The ratio between the peak stress and strain gives a value for the complex modulus 

(E*), which consists of an in-phase component (storage modulus, El) and a 90" 

out-of-phase loss modulus (E") (figure 6.26 and Eq. 6.3). The storage modulus E' 

quantifies the materials ability to store energy (elastic behaviour), while the loss 

modulus E" measures the materials ability to dissipate energy by flow (viscous 

behaviour) [26, 271. The ratio between these two modules gives the mechanical 

damping 'factor (tan 6) which is a measure of how well the material can disperse 

energy (Eq. 6.4). 
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Figure 6.25: Relationship between applied stress and measured strain during 

DMA testing. 

Figure 6.26: Illustration of the relationship between the complex modulus E* and 

its components. 



Eq. 6.3 

Eq. 6.4 

DMA allows samples to be analysed in a variety of deformation modes 

including bending, shear, compression and tension. The operation of a DMA 

instrument is relatively straight forward. The sample is mounted into the 

instrument using a certain clamp depending on the type of deformation to be 

performed. A stress is applied with a defined frequency to the sample through a 

motor as the sample deforms the amount of displacement is measured by a sensor. 

The strain is then calculated from this displacement. During a DMA analysis the 

temperature can be varied allowing the modulus to be recorded as a function of 

temperature. The magnitude of the applied stress and the resultant strain are used 

to calculate the stiffness of the material under stress. Tan 6 is then determined 

using the phase lag between the stress and strain. A typical DMA response curve 

shows the storage modulus, loss modulus and tan 6 over a certain temperature 

range. From this graph transitions that are unique to the sample such as T, can be 

determined [28-301. 

6.6.3 Sample Preparation 

A new monomer sample containing the same concentration of Darocur 

TPOICQlArnine as used in the previous FTIR studies was used here. The 

mechanical properties of six polymers formed by pulsing the LEDs were 

investigated, i.e. polymer formed when monomer exposed to the 375 nm large 

LED array only, the 450 nm large LED array only and the polymers formed with 



the pulsed LEDs (10 and 20 s) which were then alternated. The dimensions of the 

samples for DMA analysis needed to be approximately 30 mm long, 5 mrn wide 

and 1 mm thick. Therefore a different curing set up needed to be used. Spacers 

with dimensions 60 mm x 40 mm x 1 mm were secured onto a Teflon@ sheet and 

the monomer injected into the well area. The monomer was then covered with a 

glass slide and sealed. The first monomer sample (sample 2.1) was exposed to the 

375 nrn large LED array only for a total of 900 seconds to ensure complete 

photopolymerisation. This irradiation time was longer than previously used for 

the FTIR studies as the sample in this case was much thicker and therefore 

required a longer exposure time. After irradiation the sample which was now 

attached to the glass slide was placed in boiling water for a period 2-3 hours until 

the polymer could be easily peeled away from the slide. The polymer was then cut 

into rectangular sized DMA samples measuring 30 mm x 5 mm x 1 mm. The 

hydrated polymer was then placed between two sheets of Teflon@ with a weight 

on top and allowed to dry for 72 hours. After the 72 hours the polymer was 

allowed to further dry in the atmosphere for 24 hours. The polymer form of 

HEMA (pHEMA) is rigid when dry but when saturated with water it becomes soft, 

it was important for DMA analysis that the formed polymers be fully dry as (1) 

wet samples break easily under stress in the DMA and (2) the water content in 

hydrogels has an effect on the storage modulus and T, as it acts as a plasticizer 

reducing T, [25,26, 3 1,321. 

This process was then repeated for a second sample (sample 2.2) using the 

450 nm large LED array only. After which another sample (sample 2.3) was 

exposed to the 10 s pulsed arrays irradiating first with the 375 nm large LED array 



for 10 s followed by the 450 nm large LED array for 10 s and vice versa (sample 

2.4). This was then repeated using the arrays pulsed at 20 s (samples 2.5 and 2.6). 

In all case to ensure the monomer was exposed to the same intensity (4.1 w/m2) 

the 375 nm and 450 nm large LED arrays were placed at respective distances of 50 

mm and 25 mm away from the sample. To remove any oxygen from the monomer 

that may inhibit polymerisation the monomer was flushed with oxygen fiee 

nitrogen before photopolymerisation. Table 6.3 gives a list of the allocated sample 

numbers and the different pulse rates used. 

Table 6.3: Irradiation process and sample number 

6.6.4 Method 

Sample Number 

2.1 

DMA was conducted on the Perkin Elmer Diamond DMA instrument in 

tension mode. The temperature range of each analysis was from -50 to 250 'C at a 

flequency of 1 Hz and amplitude of 5 pm. A preloaded force of 0.010 N was used 

to maintain sample tension. Typically the samples are compared by exposing 

them to a fiequency of 1 Hz, while data of all frequencies are used to calculate 

- 
Irradiation Process 

375 nm large LED continuous 

450 nm large LED continuous 

2.3 

2.4. 

Pulse 10 s: 375 nm first 450 nm second 

Pulse 10 s: 450 nm first 375 nm second 

2.5 

2.6 

Pulse 20 s: 375 nm first 450 nm second 

Pulse 20 s: 450 nm first 375 nm second 



activation energies (i.e. the energy required to cause a transition). As this study is 

only concerned with inter-comparing the samples and not identifying the 

activation enthalpy the samples were only exposed to a frequency of 1 Hz over a 

range of temperatures [33]. A fi-equency of 1 Hz was also chosen as the P 

transition (discussed later) is only observed at this frequency [31]. For each 

sample the storage modulus (El), the loss modulus (E") and the mechanical 

damping factor (tan 6) were obtained from which transitions such as the glass 

transition temperature (Tg) can be measured (a typical DMA graph is shown in 

figure 6.27). 

Figure 6.27: Typical DMA graph of pHEMA. 



6.6.5 Results 

In previous mechanical studies of pHEMA conducted by Gates et a1 [34] 

and Mohomed et a1 [31] it was found that dry pHEMA exhibits two sub-T, 

relaxations which are associated with the polymers properties in the glassy state. 

These relaxations are known as the y and P relaxations [35] and are secondary 

transitions that involve conformational changes that do not require main chain 

movement [36]. In pHEMA the y relaxation is associated with the rotation of the 

hydroxyethyl group, while the fl relaxation is attributed to the rotation of the ester 

side group. Mohomed et a1 [31] reported that the y transition occurs between a 

temperature range of -135 to -1 16 "C for frequencies between 1-100 Hz, while 

Gates et a1 [34] observed the P transition at 28 "C. The y transition is absent from 

the data presented here as the dynamic mechanical properties of the polymers were 

not obtained for temperatures below -50 "C. 

In DMA work the glass transition is often called the a transition and varies 

widely for different amorphous polymers. This transition marks the onset of large 

scale displacement of the main chain and represents the glassy-to-rubbery 

transition temperature [35, 371. Typically T, is defined as the temperature at 

which the maximum occurs in tan 6 or E" [38]. In this study the tan 6 curves will 

be used to measure T,. The glass transition is a transition that only occurs in 

amorphous polymers or in an amorphous region of a partly crystalline polymer. 

An amorphous polymer is one whose chains are not arranged in ordered crystals 

but are strewn around even though they are in a solid state. At low temperatures 

amorphous polymers are glassy, hard and brittle as only vibrational motions are 

possible. As the temperature increases they go through the glass-rubber transition 



[39]. At T, the amorphous polymer or the amorphous portions of a polymer soften 

due to the onset of long-range molecular motion and above T, the polymer 

exhibits a rubbery region in which there is a loss of rigidity due to enhanced 

polymeric chain mobility [38]. The exact temperature at which the polymer 

chains become free to rotate and exhibit a change in mobility depends on the 

structure of the polymer. The more flexible the backbone of the polymer is then 

the easier the polymer will move and therefore the lower the T,. The glass 

transition temperature is an important factor as it influences the polymer properties 

and its potential applications [22]. 

6.6.5.1 Storage Modulus 

Although a typical DMA curve gives data for both the storage and loss 

modulus, it is the storage modulus that is of most interest as it gives information 

about the elastic behaviour of the polymer. The FTIR studies showed that the 

controlled pulsing of the two LED arrays does affect the rate of 

photopolymerisation and the final percentage cure of the polymer. The DMA 

study was conducted to investigate whether the controlled pulsing of the LEDs 

would also affect the mechanical properties of the polymer. The storage modulus 

(E') for the polymers produced when continuously exposed to the 375 nm large 

LED array only and pulsed first with the 375 nm large array then with the 450 nm 

large LED array at different pulse rates, are shown in figure 6.28. It can be seen 

from this graph that there is a significant difference in the initial storage modulus 

(approx. 5 x lo9 Pa) for the polymer formed when a 20 s pulse rate was used 

(sample 2.5), compared to the other two polymers which have E' values of 2.2 x 

lo9 Pa and 2.6 x lo9 Pa for samples 2.1 and 2.3 respectively. This indicates that 



the polymer formed with a pulse rate of 20 s will be more resistant to stretching in 

the glassy state than the other two polymers. This greater resistance to tensile 

force may be due to the presence of longer polymer chains formed during 

photopolymerisation which means greater entanglement of the chains. As the 

temperature increases the storage modulus decreases. This is not unexpected as 

increasing temperature in effect speeds up disentanglement which means the 

molecules in the polymer can move around more easily resulting in a decrease in 

rigidity, indicating the polymer transforms fkom its glassy to rubbery state. At 

approximately 28-30 "C the E' of samples 2.1 and 2.3 are equal indicating that at 

this temperature both polymers will exhibit that same degree of rigidity, after this 

temperature sample 2.1 has a higher E' value than sample 2.3. 
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Figure 6.28: Storage Modulus achieved for the three polymers exposed to (1) the 

375 nm large LED array only (2) exposed to 375 nm large LED array first for 10 s 

pulsed, then to the 450 nm array (3) exposed to 375 nm large LED array fnst for 

20 s pulsed, then to the 450 nrn array. 

Figure 6.29 shows the storage modulus for the polymers formed when the 

monomer was exposed to the 450 nm large LED array only and when the 

monomer was exposed first to the 450 nm pulsing LED and the 375 nm LED 

second at different pulse rates. Unlike the curves in figure 6.24 the initial storage 

modulus of these polymers are all very similar (approx between 4.0 - 4.2 x 10' 

Pa). The three curves also drop off in the same degree with no crossover in 

modulus as was seen in samples 2.1 and 2.3. Once again the polymer formed with 

the 20 s pulsed has the highest storage modulus. Although there doesn't seem to 



be a trend in the E' values of the six polymers it appears that increasing the pulse 

rate increases the storage modulus as in each case the 20 s pulse rate has the 

highest value followed by the 10 s with the polymers exposed to one type of 

radiation exhibiting the lowest E'. This indicates that the duration of the pulses 

(10 s or 20 s) has an affect on the final mechanical properties of the polymers. 
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Figure 6.29: Storage Modulus achieved for the three polymers exposed to (1) the 

450 nm large LED array only (2) exposed to 450 nm large LED array first for 10 s 

pulsed, then to the 375 rim LED (3) exposed to 450 nm large LED array first for 

20 s pulsed then to the 375 nm LED. 

Figures 6.30 and 6.3 1 shows the affect radiation wavelength (375 nm or 

450 nm) has on the storage modulus of the final polymer. The pulse rate was kept 

constant at either 10 s or 20 s. The effect of altering the wavelength at a 10 s pulse 



rate is shown in figure 6.30, while the 20 s pulse rate results are shown in figure 

6.3 1. 

With a 10 s pulse rate (figure 6.30) the polymer formed when exposed to 

the 450 nm LED array has the highest storage modulus (4.25 x lo9 Pa), meaning it 

is more resistant to tensile force than the polymer formed when exposed to the 375 

nm LED array first. This higher storage modulus corresponds to a fast curing 

profile (figure 6.22) in the FTIR studies. As a higher storage modulus implies the 

molecules in the polymer are more resistant to flow, due to increased 

entanglement it can be assumed that long chain polymers are formed during fast 

cure. The storage modulus of the polymer formed when exposed to the 375 nm 

LED array is low with a value of 2.6 x lo9 Pa meaning its polymer chains can 

move around more easily. This lower storage modulus corresponds to a slow cure 

rate (figure 6.21); as a lower E' means the polymer chains can flow more easily 

due to less entanglement short chain polymers must be formed during a slow cure. 

Normally a slow cure rate would result in large sized polymer molecules [23]. 

However in this case it is proposed that this slow cure profile (figure 6.21) is due 

to the premature termination of the polymer chain, as autoacceleration of the 

polymerisation process is not reached. This results in short chain polymers which 

lead to a low E' value (figure 6.30). Although FTIR studies do not give an 

indication of the chain length fUture studies involving Gel Permeation 

Chromatography (GPC) can be undertaken to measure chain length. 

The storage modulus of this polymer is flat in the temperature range of -50 

to -17°C implying that in this region the resistance of this polymer to tensile force 

is not greatly affected by temperature. 
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Figure 6.30: Effect of changing wavelength at 10 s pulsing. 

The effect of wavelength at a 20 s pulse rate is shown in figure 6.31, the 

storage modulus of both polymers are quite similar with sample 2.5 (375 nm first) 

having a E' of 4.90 x lo9 Pa compared to 4.32 x lo9 Pa for sample 2.6 (450 nm 

first). Once again the higher storage modulus corresponds to longer chain length. 

This implies that pulsing with the 375 nm LED array for 20 s first leads to slightly 

longer chain length (higher E') than pulsing with the 450 nm first. This agrees 

with the quicker (figure 6.23) and slower (figure 6.24) cure profiles seen in the 

FTIR studies. Between approximately 10-50 "C the storage modulus of both 

polymers is almost exact and falls off to the same degree while just aRer 50 "C 

their E' is the same. After 50 "C sample 2.6 is more resistant to tensile force than 

sample 2.5 this is seen in the higher E' value. 
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Figure 6.31: Effect of changing wavelength at 20 s pulsing. 

Table 6.4 gives the initial storage modulus and cure information achieved 

in the previous studies for the four polymers. The two highest degrees of cure 

correspond to high initial storage modulus. However the polymers used in DMA 

may have different percentage cures than those indicated as the boiling of the 

samples during preparation will further polymerise the samples past the percentage 

cures indicated by FTIR. Therefore it is the rate of photopolymerisation, either 

slow or fast (whether or not autoacceleration has occurred) and its effect on chain 

length and hence E' that is of importance here. It is proposed here that the slow 

cure is a result of premature termination. In this study the terms slow and fast are 

relative terms and are just used as a guide. Although samples 2.4 and 2.6 have 

different cure rates, (fast and slow respectively), their initial storage moduli are 



similar. Both of these polymers were formed by exposing the monomers to the 

450 nm LED array first. Therefore although their cure rate is different the type of 

chain length formed must be similar i.e. long polymer chains are formed. This 

shows that the curing mechanism using the two sources and two photoinitiators is 

not a simple process and that further work needs to be carried out to fully 

understand the process. However this study does show that by varying the 

wavelength and the pulse duration the mechanical properties (E') of the polymer 

can be affected. 

Table 6.4: Comparison between percentage cure, cure rate and storage modulus. 

Cure Information 
(relative) 

Slowlno 
autoacceleration 

Fast1 
autoacceleration 

Sample DMA 
Sample 
Number 
- 

2.3 
pulsed 

375 

autoacceleration 

autoacceleration 

Percentage 
Cure 

(indicated by 
FTIR) 

Initial 
Storage 

Modulus 
(Pa) 

FTIR 
Sample 1 

Number 

d 4 5 0  
nm 
10 s 

pulsed 
450 

d 3 7 5  
nm 

2.62 x 
1 o9 

1.4 78% 2.4 

1.3 

4.25 x 
1 o9 

50% 



E' is a measure of stiffness (rigidity) of the material and varies from 

polymer to polymer, higher E' values imply higher rigidity. Table 6.5 gives the 

storage modulus values of commonly used commercial polymers. In figures 6.28- 

6.31 it was shown that E' decreases as temperature increases which is not 

unexpected because as temperature increases the molecules have more energy to 

move around and therefore the polymer becomes less rigid and more elastic. It 

has been reported [27,40] that some polymers exhibit an area of flat modulus over 

a certain temperature range however only one of the pHEMA polymers (sample 

2.3, between -50 to -17°C) exhibit such a trend. The lack of such flat regions 

indicates that the stiffness of the pHEMA is greatly affected by temperature. 

Table 6.5: Typical storage modulus values at break of some commonly used 

commercial polymers [41]. 

It should be noted that E' drops significantly as the pHEMA samples pass 

through the glass transition (- 130 "C) where it leaves the glassy phase and enters 

Polyethylene (low density) 

Polyethylene (high density) 

Polypropylene 

Poly(viny1 chloride) 

Polystyrene 

Polytetra-fluoroethylene 

Modulus ( x lo9 Pa) 

0.17-0.28 

1.07-1.09 

1.17-1.72 

2.41-4.14 

2.28-3.28 

2.24-3.24 

0.40-0.55 



the rubbery phase The storage modulus as a function of temperature for each 

polymer formed is shown in figure 6.32. This figure shows that the measured 

value of E' shows a steep fall as temperature increases until the modulus for all 

polymers is approximately the same at temperatures exceeding 100 "C, implying 

that chain movement no longer changes above this temperature. Table 6.6 gives 

the storage modulus for each polymer at room temperature (T,), which was taken 

to be 22 "C, this temperature is also indicated in figure 6.28. J. Gracida et a1 [42] 

reported a maximum E' of 1300 MPa (1.3 x lo9 Pa) at 1Hz for pure pHEMA at 

room temperature. While this is similar to the values obtained for the polymers 

that were cured using only one LED array it is considerable less than the values 

achieved for the polymers formed using the pulsed LEDs. Therefore not only does 

pulsing during photopolymerisation affect the mechanical properties of the final 

polymer it may potentially be used to increase the polymer's resistance to applied 

forces allowing the polymer to be used in new areas where higher mechanical 

properties are required. 



Table 6.6: Storage modulus at room temperature for each polymer. 

Temperature (OC) 

Storage modulus at 22 "C 

(Pa) 

1 . 4 ~  loy 

1 . 4 ~  loY 

1.6 x lo' 

2.4 x loY 

3.0 x 10' 

2.9 x loY 

Sample 
Number 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

-I 

- 

- 

- 

- 

Pigure 6.32: Storage modulus of each polymer as a function of temperature with 

Sample ID 

375 nm LED only 

450 nm LED only 

10 s pulsed 375 d 4 5 0  nm 

10 s pulsed 450 nm/ 375 nm 

20 s pulsed 375 d 4 5 0  nm 

20 s pulsed 450 nm/ 375 nm 

450 nm only a  + 375 nm only 
1 10 s pulsed 375 nml450 nm 

10 s pulsed 450 nm1375 nm 
• 20 s pulsed 375 nml450 nm 

T r 
20 s pulsed 450 nml375 nm 

8 
4 

, 8  

( * a  

room temperature (T,) indicated. 

& a 
I 1 



6.6.5.2 Tan 6 curves and measurement of the glass transition temperature 

Another way of looking at the mechanical properties of polymers is to 

measure their mechanical damping factor (tan 6) values as a function of 

temperature. The tan 6 of a polymer is a measure of how well a material can 

disperse energy and is a ratio of the storage and loss modulus. As tan 6 is a 

measure of the ratio of the energy dissipated (En) to the energy stored (El) in the 

material, more energy is stored in the material with lower values of tan 6 [27]. As 

a polymer passes through its glass transition temperature (T,) its tan 6 goes 

through a maximum [43], typically it is these tan 6 curves that are used to measure 

the glass transition temperature. For DMA work the glass transition is often called 

the a transition and is the primary relaxation transition in a polymer. It is at this 

transition that the polymer converts fiom a glass-like state, in which there is 

restricted motion of the polymeric chains, to a rubber-like state in which there is a 

loss in rigidity due to increased chain mobility [38]. The temperature limits of 

utility of a polymer are governed by T, therefore it is an important property to 

measure. 

The high temperature a transition (glass transition) of each pHEMA can 

be clearly seen in the tan 6 curves, figure 6.33. It can be observed that the glass 

transition position for all polymers is approximately the same with T, values of 

between 130-133 "C. This corresponds well to the pHEMA T, value of 133 "C 

determined by L.V. Karabanova et a1 [44]. Lower T, values for pHEMA have 

been reported in other literature [22, 34, 451 where pHEMA has been quoted as 

having T, values of between 358 - 378.8 K (= 85 -105 "C). Salrner6n Sanchez et 

a1 [37] reported the highest T, value of 140 "C for pure pHEMA. Although the T, 



values for the six polymers are similar the amplitude of their tan 6 values differs. 

As the height of the tan 6 peak decreases the bands become narrower. S. Li et a1 

[46] have reported that a reduction in peak intensity of tan 6 is consistent with the 

restriction of polymer chain mobility. This study is in agreement with this finding 

as higher tan 6 values corresponds to higher E' values (at T,) thus implying greater 

restriction on polymeric chain motion (table 6.7). The 10 s 450 nm/375 nm pulsed 

sample had the highest tan 6 value of 1.34 at its T, value, whereas the 10 s 375 

d 4 5 0  nm pulsed sample displayed the lowest value (1.13). In fact the two 

highest tan 6 values occurred when the monomer was exposed to the 450 nm large 

LED array first. 

- 10 s pulsed 450 nm1375 nm 
20 s pulsed 375 nmI450 nm 
20 s pulsed 450 nm1375 nm 

Temperature (OC) 

Figure 6.33: DMA measurements of mechanical damping factor (tan 6) versus 

temperature for the six polymers. 



Table 6.7: Comparison of T,, Tan 6 and E' values for each pHEMA polymer. 

6.6.5.3 Sub-glass transition relaxations 

At temperatures below T, secondary relaxations may be seen, these 

transitions are denoted as P, y etc. designated in alphabetical order as a function of 

decreasing temperature [35, 381. Unlike the T, transition that is associated with a 

large scale increase in mobility these transitions do not require main chain 

movement. In pHEMA the P transition is attributed to the rotation of the ester side 

group while the y relaxation is associated with the rotations of the hydroxyethyl 

group [31, 341. Gates et a1 observed the P relaxation at 28 "C, with Mohomed et a1 

observing the y relaxation at -135 "C both of these transition temperatures were 

recorded at a DMA frequency of 1 Hz. Although in some El-temperature graphs 

there is a recognisable change in slope at the secondary transitions, the tan 6 plots 

are usually used to identify the temperature of such transitions [36]. 

E' (Pa) 

(at Td 

0.88 x lo7 

0.94 x lo7 

1.02 x 10" 

1.23 x 10' 
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As shown in figure 6.33 the polymers exhibit a shoulder in the low 

temperature side of the main a relaxation which can be attributed to its secondary 

p transition [37]. The y transition is absent from the data presented here as the 

dynamic mechanical properties of the polymers were not obtained for 

temperatures below -50 "C. It can be seen from these graphs that the P transition 

temperature (Tp) is more affected by the irradiation process than the T,, with the 

Tp shifted by about 25 "C. As the P transition is associated with the rotation of the 

ester side group the pulsing of the LEDs affects this rotation implying a difference 

in how the polymer is arranged. A higher Tp implies that the polymer is more 

densely packed resulting in more restricted rotation. Although it is difficult to 

determine the exact Tp (due to the overlap a peak) the order at which the Tp occurs 

is the same as the order of the E' in figure 6.28 in that lower Tp correspond to 

lower E' values. The polymers formed with 20 s pulsing have the highest Tp 

values while these polymers also exhibited the highest E' values. The lowest Tp 

values are observed with the polymers formed from the 450 nm LED only and the 

10 s pulsed 375 nm LED fnst. 

When comparing polymers 2.1 (375 nm only) and 2.2 (450 nm only), 

which are the two extremes of irradiation, the P transition is at a higher 

temperature (- 68 "C) for sample 2.1 compared to a Tp of -60°C for sample 2.2, 

with the p peak of sample 2.1 being less prominent. This implies that the use of 

UV radiation shifts the P transition to a higher temperature. This can be hrther 

seen when comparing samples 2.2, 2.4 and 2.6, which are in order of increasing 

exposure to UV radiation. As the samples are exposed to more UV radiation the 

Tp increases while the peak of Tp becomes less notable. When comparing samples 



2.1 to sample 2.3 (which had less UV exposure as it was also exposed to 450 nrn) 

the p transition is shifted to a lower temperature for sample 2.3, this is not 

unexpected as this sample was exposed to less UV radiation. However sample 2.5 

does not follow this trend as its P transition is at a higher temperature again. 

Indicating again that photopolymerisation with two pulsed LEDs and two 

photoinitiators leads to a complex curing mechanism. 

From the change in the Tp it can be concluded that how the polymer is 

cured will have an effect on the mechanical properties of the polymer albeit a 

subtle effect as T, does not change drastically. As the P transition is due to the 

rotation of the ester group the curing process effects this side chain making it 

harder to rotate which is why they require more energy (seen as a higher 

temperature in the DMA graph) to move, this may be due to a different packing 

arrangement which causes less free volume. All the P transition temperatures 

observed in this study are higher than the Tp of 28 "C reported by Gates et a1 [34]. 

6.6.6 Discussion 

DMA was used to successfully prove that the dynamic mechanical 

properties of a final polymer can be affected by pulsing. The main factors affected 

were the storage modulus and the position of the P transition, while the glass 

transition was not drastically affected. It was found that pulsing at a 20 s rate 

produced polymers with a higher E' value indicating greater resistance to tensile 

force. It appears that increasing the pulse rate increases the polymer rigidity and 

resistance to stretching as in each case the 20 s pulse rate had the highest value 

followed by the 10 s with the polymers exposed to one type of radiation exhibiting 

the lowest El. Only one of the polymers formed (sample 2.3) exhibited an area of 



flat modulus over a certain temperature range. The lack of such a flat region 

indicated that the stiffness of the polymers formed was greatly affected by 

temperature. The E' values of pHEMA achieved using the pulsed LEDs were 

significantly higher than the storage modulus for pHEMA reported by J. Gracida 

[42]. This implied that not only does pulsing during photopolymerisation affect the 

mechanical properties of the final polymer it can be used to increase the polymers 

resistance to applied forces allowing a final polymer to be the synthesised with 

desired mechanical properties. 

The shape and position of the sub-glass J3 transition was greatly affected by 

the type of wavelength and the pulse rate used. It appears that as the samples were 

exposed to more UV radiation the Tp increased while the peak of Tp became less 

notable. A higher Tp implies that the polymer is more densely packed resulting in 

more restricted rotation of the ester group this may be due to a different packing 

arrangement being formed which resulted in less free volume. All the P transition 

temperatures observed in this study were higher than the Tp reported by Gates et a1 

[34]. Although a change in the Tp and its shape is not as dramatic as a shift in T, it 

does show that controlled pulsing has an affect on the polymers fmal properties 

which should be further studied. 

6.7 Conclusion 

Like the previous LEDs used in this study the new large LED arrays 

exhibited a number of desirable features for an 'ideal' photopolymerisation source. 

Although pulsing would have been possible with the previous LEDs, due to the 

size the large LED arrays were used to investigate the effect of alternating 

illumination on the curing process. 



FTIR spectroscopy was used to successfully prove that the degree of 

conversion and cure rate of the monomer samples can be affected by using pulsed 

radiation at different wavelengths during photopolymerisation. The curing 

profiles potentially were not only affected by the irradiation wavelength but also 

by the duration of the pulsing. By varying the type of wavelength and pulse rate 

used either a slow or fast cure could be obtained, this rate of initiation then 

affected the final amount of conversion. Therefore depending on the type of 

curing profile required a certain order of wavelength and pulse time can be chosen. 

DMA was then used to investigate what effect different pulse rates had on 

the mechanical properties of a final polymer. The properties investigated were the 

storage modulus, the glass transition temperature and the position of the sub-T, 

relaxations. It was found that increasing pulse rate leads to a higher storage 

modulus therefore by exposing the monomer to longer pulse times during 

synthesis a polymer with higher rigidity can be formed which can consequently 

determine the polymers usage. The glass transition temperatures of each polymer 

formed were very similar signifying the irradiation process did not have a great 

effect on the temperature at which the polymers transformed from a glass-like 

state to a rubber-like state. However DMA did prove that the irradiation process 

had a significant affect on the rotation of the ester side group which resulted in the 

p transition varying over a 25 "C range. Although this change is not as dramatic to 

the polymer properties as a change in T, would be, it does prove that the 

mechanical properties of a final polymer can be affected by pulsing. 

From this study it can be concluded that the mechanical properties of 

pHEMA are affected and can be altered by the type of light source used as well as 



the exposure times. The properties of these polymers can potentially be varied to 

suit a particular application and property requirement (i.e. hardness, elasticity). 

This type of photopolymerisation system is completely novel to this research and 

it is the ability to pulse and select different maximum peak wavelengths that make 

LEDs very attractive for this study as it is not possible to pulse conventional 

emission sources such as Hg fluorescent lamps. 
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Chapter 7 Conclusions and future work 

7.1 Main aims and key findings 

The aim of this study was to investigate the potential of W-LEDs in 

replacing traditionally used fluorescent lamps in the manufacturing of 

biomaterials, namely contact lenses. Throughout history lighting technology has 

constantly strived to develop an 'ideal' light for use in different applications, 

including domestic and industrial uses, and photopolymerisation applications are 

no exception. Therefore with the recent development of SSL, which eliminates 

many of the physical and commercial drawbacks associated with traditional lamps, 

it was foreseen that these new UV-LEDs could be a viable possibility for use in 

photopolymerisation processes. 

Before the UV-LEDs could be used in a photopolymerisation process their 

emission characteristics needed to be measured and compared to those of the 

traditionally used fluorescent lamps. To allow for this comparison a number of 

different experimental techniques were used to investigate each light sources 

respective outputs which included wavelength, intensity, warm up time and 

stability. One of the main problems encountered when characterising the different 

light sources was how to relate the light output from a fluorescent tube to that of 

an LED so that a reasonable logical inter-comparison could be made. To 

overcome this problem the lamp was completely masked off except for an area 

equal to the diameter of the LED, making the output nature of the sources 

reasonable similar so that certain specification comparisons could be made. 

Throughout this study W-LED technology continued to develop and as such a 



number of different LEDs were used in this research. It can be seen from the 

results obtained that as this technology evolved the specifications of the LEDs 

available improved with not only the output intensity increasing but also the 

lifetime of the LEDs. Overall from these studies it was found that the UV-LEDs 

used in this study were comparable to the lamps in terms of intensity, maximum 

peak wavelength and spectral output and as such exhibited the potential to replace 

fluorescent lamps in photopolymerisation processes. 

As these UV-LEDs had not been used in the photopolymerisation of 

HEMA initial proof of concept needed to be proven. For this a number of test 

monomer samples, each containing a different photoinitiator, were prepared. 

UV/vis spectroscopy was first used to measure the absorption properties of each 

initiator therefore allowing the molar absorptivity to be calculated. Both Raman 

and FTIR spectroscopy were then used to record the photopolymerisation process 

by monitoring the disappearance of the characteristic spectral peaks. These three 

spectroscopic techniques were of great importance as they gave information on the 

curing profiles of the HEMA samples and allowed for an intercomparison between 

the expected and determined cure profiles achieved. 

Although in come cases the LED exposed samples exhibited a lower level 

of photopolymerisation to that of the fluorescent lamp similar temporal profiles 

were observed. Therefore these initial studies did prove the concept that UV-LEDs 

could initiate a photochemical process in a HEMA monomer and depending on the 

photoinitiator used could produce a degree of cure similar to that achieved with 

fluorescent lamps. This study did produce one surprising result in that although a 

photoinitiator may have a high EL value it does not necessarily guarantee that the 



monomer sample containing that photoinitiator will give the highest degree of 

conversion and likewise photoinitiators with low EL values will not necessarily 

produce low degrees of conversion. Therefore other factors such as quantum yield 

and efficiency should also be considered when choosing a photoinitiator for 

photopolymerisation processes. This finding requires additional research and is 

discussed further in section 7.2. The success of these initial findings which proved 

that UV-LEDs could cure a test monomer allowed for the study to be taken further 

by investigating what affect pulsed radiation would have on the curing process and 

the thermomechanical properties of the polymer. 

The fact the LEDs have the ability to be pulsed while allowing for the 

selection of different maximum peak wavelengths made LEDs very desirable for 

this study, as it allowed the development of a photopolymerisation system that is 

completely novel to this research. This sort of photopolymerisation system would 

not be possible with fluorescent lamps as due to their design they cannot be pulsed 

at quick rates. For this study two LED arrays were used one emitting at 375 nm 

and the other at 450 nrn, as one of these LEDs emitted in the visible region a 

different photoinitiator to those previously examined had to be used. As the 

photoinitiator most commonly used with visible emitting light sources had a low 

polymerisation efficiency when used on its own it had to be used in conjunction 

with a coinitiator, namely an amine. This photoinitiator/amine system generates 

free radicals in a different way to the previous photoinitiators and from the results 

achieved it appears that there is a competing process between the two systems of 

radical production, which is affected by the type and order of radiation used to 

cure the sample. By varying the type of wavelength and pulse rate a slow or fast 



cure could be obtained, this rate of initiation then affected the final amount of 

conversion. This process is complex as not only is the amount of radicals 

produced affected by different pulse times but it also appears that their molecular 

mobility can be restricted, consequentially affecting percentage cure. From this 

study it can be concluded that in some cases the switching on of another 

wavelength can affect the autoacceleration process of one of the photoinitiators 

resulting in a halt in radical production. However this is further complicated as by 

using a different initial light source a photospecies which can actually aid the 

autoacceleration process can be produced. 

The final section of this thesis used DMA to investigate how the different 

curing modes which affected the percentage cure, could be used to alter the 

mechanical properties of the formed polymer. The mechanical properties 

investigated were the storage modulus, sub-glass transition relaxations and the 

glass transition temperature. Upon investigating the values obtained for the 

storage modulus it was found that increasing the pulse rate lead to higher storage 

modulus values. The storage moduli measured in this study were also higher than 

those values previously published for pure pHEMA, showing that pulsed radiation 

may be used to increase the final polymers resistance to applied forces. The 

position of the sub-glass P transition was also affected by pulsing, shifting by 

about 25 "C, while the glass transition was not as drastically affected. Once again 

higher P transitions than those previously published were found with the polymer 

formed using a 20 s pulse rate having the highest transition temperature. As the P 

transition is associated with the rotation of the ester group and a higher Ta 

associated with a more densely packed polymer it appears that the polymers being 



formed with the different pulse rates have different packing arrangements which 

results in less free volume. Although a change in Tp is not as dramatic as a change 

in T, would be it does show the controlled pulsing has an effect on the polymers 

final properties. Overall fiom this DMA study it can be concluded that the final 

mechanical properties of a polymer can be affected by exposing the monomer to 

pulsed radiation during synthesis which therefore has the potential to allow the 

production of a polymer with desired mechanical properties for a certain 

application (i.e. increased hardness or elasticity). 

Due to the inherent advantages that LEDs have over fluorescent lamps and 

the fact that they produce a comparable photopolymerisation as that achieved with 

the lamp it appears that UV-LEDs have the potential to replace these lamps in 

photopolymerisation processes. As LED technology improves and becomes more 

readily available (reducing cost), LED photopolymerisation is a viable possibility 

in replacing fluorescent lamps in the manufacturing process of biomaterials such 

as contact lenses. 

7.2 Future work 

Overall the original objective to prove that UV-LEDs could initiate a 

photopolymerisation process has been satisfied. However for a complete 

understanding of the UV-LED induced photopolymerisation process some of the 

findings require further investigation. One such study of interest would be to 

quantify fiee radical production, particularly in the initiation stage. This would be 

particularly beneficial when pulsed radiation is used as there appears to be a 

competing process between the two different photoinitiator mechanisms. Analysis 

of the flow of fiee radicals would allow for the determination into how and if the 



production of one type of free radical is limited by the production of the other free 

radicals resulting in molecular mobility restrictions or early termination. 

One of the most unexpected findings in this research was that although a 

photoinitiator may have a high EX value it did not necessarily guarantee that the 

monomer sample containing this photoinitiator would give the highest degree of 

conversion; likewise photoinitiators with low ~1 values did not necessarily give 

low degrees of conversion. However as these EX values were only based on the 

L, for each light and did not take into account the absorption of other 

wavelengths by the photoinitiator it may be more beneficial to measure the 

quantum yield and use these values as an indicating factor to the best 

photoinitiator. 

In some cases LED exposed samples showed a lower level of 

photopolymerisation to that achieved with the fluorescent lamp. From the FTIR 

and Raman data it was not possible to determine if the calculated degree of 

conversion is caused by the production of short molecules (oligomers) or longer 

chain molecules (polymers). Consequently it is not known if both light sources 

yield similar size polymer chains in the final product which may affect the values 

achieved for percentage cure. GPC could be used to measure the chain length of 

each polymer formed. 

As the DMA study was only concerned with inter-comparing the 

mechanical properties of the formed polymer the samples were only exposed to 

one frequency (1 Hz), a further study could utilise a range of frequencies allowing 

for the activation energy to be calculated. 



The curing methodology used in this study is not only limited to the 

manufacturing of contact lenses, where the narrow emission of the UV-LEDs 

would be particularly beneficial in the manufacturing of W blocking lenses, but 

also has the potential to be used in a number of industries where manufacturers 

wish to maintain the advantageous properties of UV light curing while allowing 

for lower power consumption, minimal heat production, minimum maintenance 

and longer lifetime reducing manufacturers~osts. 
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