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Abstract 

Thermal imaging allows for the visualisation of heat and non-contact temperature measurements. It has long 

been used in high end applications like military, space exploration and medical thermography but has been 

prohibitively expensive for most consumer industries. Recent developments in microbolometer sensor 

technology has dramatically reduced the cost of long wave infrared thermal imaging, sparking interest in many 

low-cost, high-volume applications like home appliances or the mobile phone industry. However, thermal 

imaging systems require specialised and expensive optical materials for lenses. These materials have not 

seen the same decrease in cost, making them the largest obstacle preventing the realisation of the many 

applications of thermal imaging. 

In this thesis, a range of new sulfur-based optical polymers were developed to be used as the lenses or other 

optics in thermal imaging systems. Novel and creative methods of synthesis were used to prepare polymers 

which had never been reported in literature. The raw materials used to prepare the sulfur-based polymers were 

several orders of magnitude cheaper than those commonly used for thermal imaging optics. These polymers 

were characterised, and a range of optimisation processes were used to prepare materials with some of the 

highest long wave infrared transmission, refractive index and glass transition temperature in literature.  

A range of lenses were designed and fabricated using scalable and low-cost manufacturing methods like melt 

casting, compression moulding or injection moulding. These fabrication techniques were used to demonstrate 

how polymer lenses could be made in the quantities required for the emerging high-volume thermal imaging 

applications. The lenses were fully integrated into a prototype thermal imaging system and demonstrated 

excellent performance over a range of focal lengths and lens designs. 

The research presented in this thesis has direct applications in the thermal imaging industry and could see 

rapid integration into a range of products. The integration of low-cost polymer optics into infrared imaging 

systems would make thermal imaging available to many new fields and industries that were not previously 

possible. 
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1 

Chapter 1 - Introduction to infrared imaging, long wave infrared 
optics and sulfur-based polymers 

Thesis introduction 

In this thesis, the development of new infrared transparent materials will be investigated and developed for the 

application of thermal imaging optics. Most of the materials that will be featured in this thesis were prepared 

for the application of low-cost lenses for long-wave infrared imaging. To gain a complete understanding of 

thermal imaging, the thesis will begin with a discussion of the background information required to understand 

the research presented in the later chapters. An overview of the different forms of thermal imaging, the 

applications and the technical challenges for each will be discussed.  

After the overview of thermal imaging, a literature review will be presented. This literature review will be 

focussed on sulfur-based polymers and their use in thermal imaging applications. After giving a comprehensive 

review of the relevant literature, the areas of opportunity for future research will be discussed. This will lead 

into the main goals of the thesis and where they fit into the current literature. 

Chapters 2 and 3 will investigate the development of several new sulfur-based polymers. These chapters will 

focus on polymers with high refractive index and transmission in the long-wave infrared region. Each chapter 

will discuss the synthesis and characterisation of each polymer as well as experiments to maximise their 

performance as an optical material for thermal imaging. The polymers prepared in these chapters also utilise 

unique methods of synthesis which allowed for the development of polymers which were deemed impossible 

with conventional methods. Note that the experimental details are provided inside the chapter rather than as 

an appendix. 

Chapter 4 will utilise the polymers prepared in chapter 2 and 3 in a range of applications. The aim of this 

chapter will be to give a demonstration of how low-cost polymers can find use in thermal imaging applications. 

This chapter will show how the research presented in this thesis could be used in practice. Several of the 

applications that will be demonstrated are a long wave infrared transparent polymer window for concealment 

and protection of a thermal camera, injection moulding of complex Fresnel lenses and the development of 

stand-alone plano convex lenses designed to be used in a thermal imaging module. This chapter will detail the 

process of incorporating these lenses into a working camera to make a prototype thermal imaging system 

using only polymer lenses. 

Finally, chapter 5 will conclude the thesis, discussing the most important findings of each chapter and detailing 

future experiments that could lead to commercialisation of this technology. The scale up of monomer synthesis 

and development of compression and injection moulding will be outlined as methods to accelerate 

manufacturing. This would allow for the realisation of the polymer materials as low-cost alternatives to the 

lenses used in thermal imaging. 
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Introduction to infrared imaging 

Overview and blackbody radiation 

The next sections will give the background information necessary to understand thermal imaging. The first 

principle that will be important to know is blackbody radiation. Black body radiation is the electromagnetic 

radiation given off by an object that absorbs all incident radiation, regardless of frequency or direction.1 The 

wavelength and intensity of the emitted radiation is solely dependent on the temperature of the object.2 At 

higher temperatures, the intensity of light emitted is increased and the wavelength decreases. The spectral 

radiance of a blackbody for a given temperature is given by Planck’s law which can be seen below.3 Where 

Bλ(T) is the spectral radiance per unit solid angle (Wm-2m-1sr-1), λ is the wavelength (m), T is the temperature 

(K), h is Planck’s constant (6.626 x 10-34 Js), c is the speed of light in a vacuum (3 x 109 ms-1) and kb is the 

Boltzmann’s constant (1.381 x 10-23 JK-1). 

Bλ(T) =
2hc2

λ5
1

e
hc

λkBT − 1

 

The wavelength of light that is emitted by a blackbody is dependent on temperature. As can be seen in the 

figure below, for a 5500 °C object, the maximum intensity falls within the visible region. The surface of the sun 

is approximately this temperature, resulting in a large amount of visible light hitting the earth’s surface. For this 

reason, most cameras utilise reflected light in the visible region. Human and most animal eyes also use this 

wavelength range of light. For objects that are lower temperature, the maximum intensity is shifted to longer 

wavelengths, making their emitted light impossible to see with the human eye. Thermal imaging works by 

utilising sensors that can detect light at longer wavelengths.4 This way, the emitted blackbody radiation can be 

visualised. 

Infrared imaging has several different forms based on the wavelength of light detected. For this thesis, they 

will be defined as near infrared (NIR), short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave 

infrared (LWIR). The exact wavelengths used depend on the sensor of the thermal camera but for this thesis 

they will be defined as 0.7 µm – 1.4 µm, 1.4 – 2.5 µm, 3 – 5 µm and 7 – 14 µm for NIR, SWIR, MWIR and 

LWIR respectively. The sensors and materials used for optics vary greatly between the different imaging types 

as do the applications. The following sections will give some background information about the different forms 

of infrared imaging and discuss the areas where the research in this thesis could be used. 

Figure 1.1: Spectral radiance over all solid angle for ideal blackbodies at different temperatures.  
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NIR and Short-wave infrared imaging 

Near infrared and short-wave infrared both mostly utilise reflected light. Near infrared imaging usually uses 

light between 700 and 1000 nm but can extend up to 1.4 µm.5 This light is just outside the visible region but in 

most ways, imaging in NIR is very similar to visible light. Similar complementary metal oxide-semiconductor 

(CMOS) or charge-coupled device (CCD) sensors can be used.6 As these are used in visible light cameras, 

the technology is mature and relatively low cost. Near infrared systems can also use standard glasses for 

optical components, further reducing costs. 

Near infrared imaging has many applications. The most obvious is night vision. As NIR light cannot be seen 

with the naked eye, many night vision systems actively illuminate a scene with NIR LEDs or lasers.7 The 

reflected light from this active illumination can be detected with a NIR camera to grant night vision. NIR imaging 

also has many medical applications like near-infrared fluorescence which can be used in cancer treatment.8 

However, NIR is not truly thermal imaging as it still relies on reflected light. Furthermore, the materials used 

for the optics in these systems are well developed and understood so they will not be the focus of this thesis. 

Short-wave infrared extends further into longer wavelengths than NIR. To achieve this, SWIR sensors utilise 

Indium Gallium Arsenide sensors.9 These sensors employ a compound semiconductor to convert SWIR 

photons into an electrical signal.9 This signal is converted into an image in the camera. This allows for these 

cameras to be sensitive to light between 0.9 µm and 2.5 µm. Standard glass loses its transmission to light in 

these wavelengths so specialised glass like fused silica or sapphire are typically used for lenses or optical 

components.6 This can lead to an increased cost relative to NIR systems. 

While still mostly using reflected light, the high sensitivity of SWIR sensors allows for passive night vision 

utilising the light from stars or ambient reflections.10 Due to the longer wavelength of light used, SWIR imaging 

has other applications which are not possible with NIR. Silicon is opaque to visible or NIR light but is 

transparent to SWIR light.11 Using SWIR light, silicon chips can be investigated for voids or imperfections. This 

is an extremely important application used in electronics manufacturing.12 Likewise, SWIR or some NIR 

imaging systems can detect the accumulation of water in fruit, allowing for their quality control.13,14 

While NIR and SWIR imaging technologies have many useful applications, they will not be the focus of this 

thesis as many of the polymers that will be developed in the following chapters were designed for mid or long-

wave infrared imaging. The short-wave infrared transmission will still be characterised for all polymer systems 

to demonstrate their potential as SWIR optics. 

Figure 1.2: (a) Apple imaged with visible and NIR cameras. Modified with permission from.14 (b) Silicon chips 

imaged with short wave infrared imaging to show voids or imperfections. Modified with permission from.15 
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Mid-wave infrared imaging 

Mid-wave infrared imaging is different to NIR and SWIR as it utilises the emitted blackbody radiation from the 

objects that are being observed. MWIR imaging utilised wavelengths between 3 µm and 5 µm. As can be seen 

in figure 1.1 above, objects that are 500 °C will have their maximum intensity within the mid-wave infrared 

region. However, even objects at relatively lower temperatures like the human body release some mid-wave 

infrared radiation at this wavelength. This means that mid-wave infrared imaging does not rely only on reflected 

light but is the first true thermal imaging technique that has been described so far. Mid-wave infrared imaging 

can measure the intensity of blackbody radiation emitted from an object to enable non-contact temperature 

measurements while also allowing for imaging in complete darkness.16 

Mid-wave infrared imaging requires specialised sensors which usually require cooling.16 Several of the most 

common mid-wave infrared cooling systems include indium antimonide, mercury cadmium telluride or quantum 

well infrared photodetectors.17 To reduce thermal noise and prevent saturation of the sensor, these sensors 

must be cooled to cryogenic temperatures (70 K – 100 K), requiring liquid nitrogen or Stirling coolers.18 While 

there has been some research in recent years into higher operating temperature sensors for mid-wave infrared 

imaging, they suffer from reduced sensitivity and often still require cooling to 150 K – 200 K.18 These cooling 

requirements mean that mid wave infrared imaging is usually much more expensive than uncooled long wave 

infrared imaging. However, the unmatched performance of MWIR imaging systems mean they find used in 

high-end industries like military,17 medical19 or manufacturing.20 

The optical materials used in mid-wave infrared imaging are quite specialised as most polymers or standard 

glasses will be opaque to light at these wavelengths. Materials like germanium, zinc selenide or silicon are 

commonly used.21 While high performance, these materials are expensive and difficult to manufacture. 

However, due to the high cost of the sensors and the nature of the applications that mid-wave infrared imaging 

is used for, the cost of the optical materials is usually of lower importance than performance. For this reason, 

low-cost polymeric lenses are less likely to be as useful in MWIR imaging as LWIR imaging as they are unlikely 

to match the performance of chalcogenide or semiconductors lenses. However, as lower cost, high 

temperature MWIR sensors are developed, lower cost optical materials would be required. Due to this, mid-

wave infrared imaging will not be the focus of this thesis, but all polymers will be characterised for transmission 

and refractive index over the mid-wave infrared region. The effectiveness of each material as a MWIR 

transparent optical polymer will be discussed but all applications will be focussed on the LWIR region. 

Figure 1.3: (a) MWIR imaging used to track a target. Modified with permission from.17 (b) Hot spot technology 

using MWIR imaging. Modified with permission from.22  
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Long-wave infrared imaging 

Long-wave infrared imaging utilises emitted blackbody radiation with a wavelength between 7 µm and 14 µm. 

As can be seen in the figure below, the maximum intensity of emitted radiation of a human body is in this 

region. This makes long-wave infrared imaging excellent for low temperature applications or detecting people 

or animals. Long-wave infrared imaging is often considered the lowest cost form of thermal imaging due to the 

relatively low-cost uncooled sensors.23 While high sensitivity, cooled quantum sensors are available in the 

LWIR region,24,25 most applications utilise microbolometers. These microbolometers contain materials which 

can absorb incident radiation to heat a thermal sensing array.26 This change in temperature causes a change 

in resistance which can be measured and converted to an image. Much research has been conducted into the 

most effective materials to be used in microbolometers. The most common materials are amorphous Si and 

VOx
26 but many others like ZnO, NiO, carbon nanotubes, poly-SiGe and Pt are being investigated.27-29 Along 

with improvements in the process signalling, long wave infrared imaging has become much cheaper than other 

forms of thermal imaging.30 

Due to the low cost of LWIR imaging, it has applications in a range of fields like home security,31 agriculture,32,33 

construction34 and medical thermography.35,36 However, like with MWIR imaging, many of the more common 

optical materials are opaque to long wave infrared radiation.21 For this reason, specialised and expensive 

materials like germanium or chalcogenide glasses must be used.24 A more detailed explanation of the materials 

used in thermal imaging is presented in the “long wave infrared optics” section below. Due to the low-cost of 

LWIR sensors, the cost of the lens is a major factor in the overall cost of the system for LWIR imaging.  

The main focus of this thesis is to provide alternatives to the expensive materials used for LWIR optics. With 

a decrease in the cost of the lenses, long wave infrared imaging could be brought into a new cost bracket 

which would make a range of previously inaccessible applications possible. High volume consumer markets 

like the mobile phone industry, self-driving vehicles or improved fire detection systems in houses could be 

reached. To achieve these goals, a material would need to be developed with a high refractive index, high 

transmission in the long wave infrared regions, good mechanical and thermal properties and low-cost raw 

materials and manufacturing methods. Developing a material that meets these criteria is the main goal of this 

thesis. 

Figure 1.4: (a) Image of chickens taken with FLIR E6 thermal camera demonstrating agricultural monitoring. 

(b) Medical thermography image of a person with diabetes. Modified with permission from.36 (c) Blackbody 

emission from two ideal objects with temperatures of 500 °C and 37 °C.  
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Long wave infrared optics 

This section will discuss the commonly used materials for long wave infrared optics and discuss potential 

routes to find alternatives. Metal fluorides (LiF, BaF2, CaF2)37, 38 and inorganic salts (NaCl, KCl, KBr)21 show 

excellent transmission over all infrared regions. However, they suffer from high sensitivity to moisture, reducing 

their effectiveness over time and limiting their practical use. Semiconductors like germanium, silicon, zinc 

selenide and zinc sulfide show good transmission over the mid and long wave infrared regions and a high 

refractive index.39, 40 However, these materials require expensive processes to grow crystals and must be 

milled from a bulk material to prepare lenses.39, 40 This process is not only expensive but has difficulties in 

scaling to high production volumes, making low-cost applications impractical. 

Chalcogenide glasses (GeAsSE, AsS, AsSe) also possess properties which would make them useful for 

infrared optics.41-43 By varying the ratio of the chalcogenides present, glasses with a range of properties can 

be prepared. However, they often require complex manufacturing processes, specialised equipment and high 

raw material costs, preventing their use in high volume applications.42 

The next category of materials are optical polymers. Most polymeric materials show very poor transmission in 

the LWIR region. This is due to the organic content of the polymers absorbing most of the light. 44 The long 

wave infrared region is often considered as the fingerprint region due to the many absorptions of organic 

functional groups. The only polymeric materials that see use as long wave infrared optics are those with simple 

aliphatic structures like ultrahigh molecular weight polyethylene or to a lesser degree cyclic olefin copolymers 

like Topas.44-46 The transmission of ultrahigh molecular weight polyethylene in the long wave infrared region is 

due to the limited number of organic chemical environments in the material, leading to windows of low 

absorption. However, due to the low refractive index, thicker lenses are required which can decrease 

transmission.44 Thin lenses have been prepared but usually require a second material like silicon to be 

functional.47 

A material which could be produced at a low cost and with scalable manufacturing methods could provide an 

alternative to conventional long-wave infrared optics. In this thesis, the approach taken was to utilise high sulfur 

polymers. By replacing many of the highly absorbing organic portions with sulfur, a polymer could be prepared 

with high transmission in the LWIR region as well as a high refractive index. The following sections will describe 

the current literature on high sulfur polymers with an emphasis on optics applications. 

Figure 1.5: Approximate windows of transmission for a range of optical materials.  
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Sulfur based polymers overview 

Inverse vulcanization overview 

Sulfur is one of the most abundant elements on earth48 and is isolated in vast quantities from the 

hydrodesulfurization of petroleum.49, 50 While some applications for sulfur exist like the sulfuric acid 

production,51, 52 or additives in asphalt53 or concrete,54 the production of sulfur far outweighs the applications. 

This leads to megatons of excess every year.48 The storage of this excess sulfur can be expensive and has 

potential environmental implications.55 Due to these factors, sulfur is extremely cheap and there is an economic 

and environmental incentive to develop high volume applications using sulfur. 

In 2013, a new form of materials utilising elemental sulfur was developed by Jeffery Pyun in a process known 

as inverse vulcanization.56 In this process, sulfur is heated to melt and initiate ring opening polymerisation. 

While initially thought to require temperatures over 160 °C,56 many recent papers have successfully initiated 

reactions at temperatures as low as 110 °C using catalysts or highly reactive alkenes.57-61 During the ring 

opening of sulfur, an S-S bond is broken to convert an octahedral sulfur ring into a linear polysulfide with thiyl 

radical end groups.62 These linear polysulfides can react with sulfur to form long chain sulfur polymers. If left 

to cool, these polysulfides backbite and brake down over time, reforming the thermodynamically favoured eight 

membered sulfur ring.63 Inverse vulcanization addresses this instability of the polysulfide backbone by 

incorporating organic stabilising monomers to the reaction. These stabilising monomers were usually dienes 

with reactive pi-bond and a high boiling point such that they are a liquid in molten sulfur. By adding these 

monomers to the reaction with sulfur, the thiyl radical would attack the pi-bonds in the organic monomer and 

initiate a radical chain polymerisation. The relative mass of the organic monomer usually ranges from 10 % to 

50 % of the final material. The incorporation of organic stabilising groups also improves to processability and 

gives some flexibility in the thermal, mechanical, chemical and optical properties of the resulting polymer.64, 65  

In the original paper by Jeffery Pyun published in nature chemistry, 1,3-diisopropenylbenzene was used as 

the stabilising organic monomer.56 While it was originally considered to react in only a radical chain 

polymerisation, a later study was found that C-H abstraction would occur, creating a linear polymer rather than 

the initially proposed crosslinked structure with bis-sulfurated units per vinyl group in the monomer. 66 This 

demonstrates the potential for side reactions to occur during the high temperature reactions used in inverse 

vulcanization. 

Figure 1.6: Figure showing the inverse vulcanization of 1,3-diisopropenylbenzene as well as the revised 

structure from 2023. Modified with permission from.66 
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In the last decade, polymers prepared by inverse vulcanization have proved versatile and have a range of 

applications. One of the original applications for these polymers was as a cathode in lithium sulfide batteries.67-

72 It was found that by replacing the sulfur cathode with an inverse vulcanized polymer, the diffusion of lithium 

polysulfides away from the cathode could be reduced.73, 74 This would increase the lifespan of the battery and 

prevent reduction in efficiency. The use of inverse vulcanized polymers also prevented the formation of stable 

sulfur rings75-78 and could incorporate conductive composites to aid in electron transfer and improve battery 

efficiency.79-83 

Another highly researched application was the sorption and remediation of heavy metals and oils. The high 

sulfur content of the polymers aids them in capturing heavy metals to their surface.84, 85 This allowed for the 

removal of hazardous environmental pollutants like mercury,86-89 cadmium,90 iron91 or lead92. It was also found 

to be effective in binding to gold, allowing for applications in gold mining or electronic recycling.93 In a similar 

application, it was found that the use of canola oil as a hydrophobic monomer allowed the synthesis of a 

polymer with high affinity for oil. This polymer was demonstrated to be useful in the removal of oil from water.94 

The polymers prepared by inverse vulcanization also found applications in dynamic and self-healing 

materials,95-99 adhesives,97,100 composite materials,101-103 slow-release fertilisers104 and many more. Many of 

the applications of polymers prepared through inverse vulcanization utilise the properties obtained by the high 

sulfur content of the polymer while the variety of organic monomers gives a great flexibility in the physical and 

thermal properties of the materials.64 While the field is becoming more mature, there are still many applications 

to be discovered and explored in detail. 

Figure 1.7: Applications of inverse vulcanization. (a) Use of polymer prepared through inverse vulcanization 

as the cathode in a lithium cathode battery. Modified with permission from.69 (b) Heavy metal remediation using 

polymer prepared through inverse vulcanization. Modified with permission from.86 (c) Removal of oil from water 

using polymer prepared through inverse vulcanization. Modified with permission from.94 (d) Reactive 

compression moulding to form polymer mats and composites. Modified with permission from.101  
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Polymerisation of cyclic trisulfides 

Another type of polymerisation that will be important for this thesis is the use of cyclic trisulfides as monomers 

in a polymerisation. In a publication by the Chalker group in 2023, a polymer could be prepared through the 

electrochemical polymerisation of the trisulfide of norbornene or dicyclopentadiene derivatives.105 The method 

avoids many of the limitations of inverse vulcanization reactions. In particular, the reaction can be performed 

at room temperature, preventing many of the potential high temperature side reactions. Furthermore, inverse 

vulcanization does not give good control over sulfur rank or stereochemistry.105 When using cyclic trisulfides 

as a monomer, the stereochemistry is set before the polymerisation reaction, giving greater control over the 

final structure of the polymer. The sulfur rank is also controlled as the reaction proceeds through a ring opening 

mechanism, resulting in almost every sulfur chain possessing exactly three sulfur atoms. 

The cyclic sulfur monomers were prepared through a reaction between norbornene or dicyclopentadiene 

derivatives and sulfur in the presence of a nickel catalyst.106 This reaction gives monomers with cis 

stereochemistry. Controlled synthesis of monomers would likely be very useful to prepare optical polymers as 

defined stereochemistry could limit vibrations which absorb radiation in the LWIR region. A similar procedure 

was used in chapter 3 to develop monomers for long wave infrared transparent polymers. 

The norbornene based polymer was demonstrated to possess complete thermal depolymerisation and 

recycling. This was utilised to bind gold and remove it from water. Following this, the polymer could be thermally 

depolymerised to deposit the gold, leading to a waste free method to remove gold from water. When the 

dicyclopentadiene molecule was used, it could instead be thermally cured to prepare a crosslinked monomer 

by promoting a reaction at the second alkene. This demonstrates a potential method to prepare polymers with 

a high crosslinking density using this method. 

Figure 1.8: Electrochemical synthesis of polytrisulfides. (a) Synthesis of tri or pentasulfide monomers. (b) 

Comparison between inverse vulcanization and electrochemical ring opening polymerisation. Modified with 

permission from.105  



 

10 

High refractive index polymers 

One of the most important features of an optical material is the refractive index. The refractive index is a 

measure of how the light slows down when passing through the material in relation to in a vacuum.107 In a 

practical sense, the refractive index determines how much light will refract when entering a new medium and 

is described by Snell’s law (see equation below). Higher refractive index materials can be used to preparate 

thinner and simpler lenses.108 The preparation of thinner lenses is a significant advantage for LWIR infrared 

lenses as there is usually non-significant absorption of light. Therefore, any decrease in thickness results in 

an increase in transmission and subsequent signal in the imaging system.  

Figure 1.9: Refracted light based on Snell’s law. Reflected rays have been ignored for simplicity. 

The refractive index of a materials depends on many factors. Materials with heavy atoms and loosely bound 

electrons tend to have a high refractive index due as the electric field of light can polarise their loosely bound 

electrons.109 Other factors that can influence refractive index are the optical density or dielectric constant.109 

Sulfur atoms are large and highly polarisable.110 This means that the incorporation of sulfur into a material can 

increase the refractive index. Polymers made through inverse vulcanization show significantly improved 

refractive index than conventional carbon-based polymers, with refractive indices ranging from 1.7 to 2.1110 

while most polymers have a refractive index of only 1.4-1.6.107 

There have been many publications on high refractive index polymers made through inverse vulcanization. 

The first publication to outline the high refractive index of these sulfur-based polymers was by Pyun and co-

workers on a polymer made by diisopropenylbenzene (DIB).111 They were able to prepare polymers with 

refractive indexes ranging from 1.7 to 1.85 by varying the sulfur content. This demonstrates that polymers 

prepared through inverse vulcanization have some flexibility in the refractive index by variations in sulfur 

loading, a property which is not common in polymers.111 In a later publication, it was found that utilising 

divinylbenzene (DVB) could give polymers with a refractive index greater than 1.85.112 This could potentially 

be explained by an increase in the crosslinking density of the polymer over those prepared from DIB. The 

polymers prepared from DIB have been shown to form a linear polymer66 while those prepared from DVB form 

a dense network, likely leading to an increase in refractive index. In another publication, a polymer was again 

prepared using DVB but, in this case, it was prepared using a chemical vapour deposition method. 113 Using 

this method, they were able to prepare polymers with a refractive index of 1.97. This is likely to be one of the 

highest possible refractive indexes for a polymer made from sulfur and purely organic crosslinkers as the 
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refractive index of sulfur is 1.99 at the wavelength tested (600 nm).113 The extremely high refractive index was 

likely due to the sulfur loading that could be achieved through this method. Polymers with over 87 % sulfur 

were prepared with the refractive index increasing with sulfur loading. Another factor that could have influenced 

the refractive index was the synthesis method. Synthesis of the polymer with a similar sulfur loading using a 

conventional inverse vulcanization reaction gave a refractive index on only 1.9. They proposed that greater 

packing and polymer density was responsible for the increase in refractive index. These publications 

demonstrate that increased sulfur loading, and polymer density could be a useful strategy to increase refractive 

index in polymers made by inverse vulcanization. 

Another method to achieve high refractive index polymers is the incorporation of heavy atoms into the polymer 

backbone. The Boyd group prepared a polymer through inverse vulcanization using a tin atom in the 

crosslinking group.114 In a well-designed project, tetravinyltin (TVSn) was used as a comonomer with sulfur. 

While there were issues with polymer stability, they were able to obtain an excellent refractive index of over 

1.92.114  

Another method of introducing heavy atoms into the polymer backbone is using selenium. Selenium and sulfur 

are both group 6 chalcogens, so they share some similar reactivity. Selenium is heavier than sulfur, leading to 

a higher refractive index (nSe ≈ 2.7, nS ≈ 2.0).115 The integration of selenium therefore presents a promising 

method to improve the refractive index of polymers prepared through inverse vulcanization. In a publication in 

ACS Macro Letters by the Pyun group, selenium was used in inverse vulcanization reactions to prepare 

polymers with extremely high refractive indexes.116 Despite grey selenium existing as a linear polymer, it was 

found that liquid sulfur could dissolve it, likely due to sulfur radicals reacting with the polymeric chains to 

prepare linear S-Se polymers. Diisopropenyl benzene (DIB) was then added to the sulfur/selenium liquid and 

was found to rapidly react to form a polymer. Similar reactions were reported around the same time by the 

Pyun116 and Boyd117 group. As expected, the incorporation of selenium was successful in increasing the 

refractive index of the polymer, leading to the Pyun group publishing the first inverse vulcanized polymer with 

a refractive index of over 2.116 Since these publications, there have been two papers reporting polymers with 

selenium incorporated into their structure.118, 119 While not explored in this thesis, the incorporation of selenium 

into the polymers prepared in this thesis could likely be performed to improve refractive index. 

Figure 1.10: Process of incorporating selenium into polymers through inverse vulcanization to prepare high 

refractive index polymers. (structure likely incorrect due to corrected reaction mechanism). Reused with 

permission from.117  
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Infrared transparent polymers 

While a high refractive index is important for optical materials, they must also be transparent to light in the 

desired wavelength range. While optical polymers are commonly used for visible and near infrared optics, it is 

rare for polymeric materials to be used as infrared optics. As explained in the LWIR optical materials section, 

this is mostly due to the range of absorptions from organic functional groups. The C-H stretching vibrational 

modes in most polymeric materials result in a large absorption in the middle of the MWIR region. The 

absorbance in the long wave infrared region is less simple. Many vibrational modes and complex overtones 

make most polymeric materials completely opaque to LWIR radiation. This presents a significant challenge to 

material scientists. 

Polymers prepared through inverse vulcanization have a large sulfur content, often over 70 %. S-S and C-S 

bonds have minimal absorption in the mid or long-wave infrared regions.120 By incorporating a significant 

amount of sulfur, the relative proportion of highly absorbing organic portion can be reduced. This gives a viable 

strategy for preparing polymeric materials with infrared transmission. However, there is more to the design of 

infrared transparent polymers than simply incorporating as much sulfur as possible. As most of the absorption 

of infrared radiation is from the organic portion, careful selection of the organic monomer is vital to the 

transmittance of the material. 

Initial research on infrared transparent polymers focused on the mid-wave infrared region. Using the polymer 

prepared from sulfur and 1,3-diisopropenylbenzene (DIB), it was found that MWIR (3 µm – 5 µm) transparent 

windows could be produced.120 It was shown that 1 mm thick windows could transmit enough light to image a 

person. This material also displayed one of the major advantages of polymeric materials over conventional 

semiconductors or chalcogenide glasses. The damaged windows prepared with inverse vulcanized polymers 

could be returned to a mould and exposed to relatively moderate heat (100 °C for 72). It was found that the 

polymeric windows could be completely repaired and returned to a similar level of optical transparency. This 

form of processing is not possible with semiconductors and the high melting point of chalcogenide glasses 

(400 °C-900 °C) makes this impractical without specialised equipment. 

Figure 1.11: Imaging through poly(S-r-DIB30) polymer. (a-c) visible images through (a) pristine, (b) sandpaper 

damaged, (c) repaired window. (d-g) MWIR images through (d) pristine, (e) sandpaper damaged, (c) repaired 

window. (g-j) Scanning electron microscope image of (g) pristine, (h) sandpaper damaged, (i) repaired window. 

Reused with permission from.96  
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While the polymer prepared using DIB demonstrated the advantages of inverse vulcanized polymers for use 

in mid-wave infrared imaging, it had several drawbacks. Namely, a low glass transition temperature and long-

wave infrared transparency. A paper looked to address the low glass transition temperature by increasing the 

crosslinking of the polymer. This was achieved by using 1,3,5-triisopropenylbenzene as a comonomer with 

sulfur.121 This monomer was prepared with a Suzuki cross-coupling reaction between 1,3,5-tribromobenzene 

and isopropenyl boronic acid. It was found that the increased crosslinking led to an improved glass transition 

temperature ranging from 68 °C to 130 °C based on sulfur loading while maintaining similar MWIR 

transmission. 

These initial publications were important to demonstrate the use of high sulfur polymers as MWIR transparent 

materials. However, due to the high cost of MWIR imaging systems, there is a much greater need for low cost 

polymeric LWIR transparent materials. The LWIR transmission of both the DIB and TIB based polymers was 

very poor. This was explored in detail in chapter 2 where the DIB polymer was compared with the 

cyclopentadiene based polymer presented in that chapter.  

To expand the use of inverse vulcanized polymers to include LWIR imaging, careful design of the polymer 

structure was required. One approach that was used was developed by the Boyd group to incorporate a metal 

atom into the monomer design.114 By using tetravinyltin as a monomer in an inverse vulcanization reaction, 

they were able to prepare a polymer with a high refractive index but also high LWIR (7 µm – 14 µm) 

transparency. The high LWIR transparency was due to the metal atom shifting many of the vibrations outside 

of the long wave infrared region, leading to increased transmission. Furthermore, the tetravinyltin monomer 

was very simple had have very few vibration modes while also possessing some symmetry. This led to many 

windows of transmission to light in the long-wave infrared region. The long wave infrared transparency of the 

polymer was demonstrated to image a soldering iron through the polymer using a thermal camera. This was 

the first published long wave infrared image taken through an inverse vulcanized polymer and opened the door 

to further investigations into long wave infrared transparent materials made from high sulfur polymers. 

However, this polymer did suffer from stability issues and would degrade over several days, preventing its 

immediate use in optics applications. 

Figure 1.12: (a-c) MWIR (3 µm – 5 µm) imaging through (a) 1.5 mm thick PMMA, (b) 1.63 mm thick poly(S-r-

DIB), (c) 1.65 mm thick poly(S-r-TvSn). (d-f) LWIR (7.5 µm – 14 µm) imaging through (d) no window, (e) 1.63 

mm thick poly(S-r-DIB), (f) 1.65 mm thick poly(S-r-TvSn). Modified with permission from.114  
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The design of long wave infrared transparent polymers is much more difficult than mid-wave infrared 

transparent materials due to the many complex vibrations present. To help understand the design of long wave 

infrared transparent materials better, computational IR spectra were used. Initially performed by the Pyun 

group, many monomers were investigated for their long wave infrared transparency. This was done using 

dimers species connected with trisulfide linkages. This resulted in the discovery of norbornane based 

monomers showing very few absorbances in the long wave infrared region. It was then postulated that a sulfur-

based polymer with a norbornane crosslinking organic unit would give excellent transmission in the long-wave 

infrared region. However, due to the low boiling point of the norbornadiene monomer, it was not possible to 

perform a conventional inverse vulcanization reaction. To overcome this limitation, they prepared a dimer of 

norbornadiene using a nickel-catalysed [2+2] cycloaddition reaction. This dimer molecule was then used in an 

inverse vulcanization reaction to prepare a high sulfur polymer.  

The polymer prepared using the norbornadiene dimer known as NBD2 showed some transmission in the long-

wave infrared region. This was used to prepare a LWIR image of a hotplate with a polymethylmethacrylate 

mask. While the transmission was still relatively low compared to conventional infrared optics, this paper 

demonstrated a stable polymer with high glass transition, low cost and scalable synthesis with enough 

transmission to prepare images. 

Figure 1.13: Poly(S-r-NBD2) optical characterisation. (a) FTIR spectra of 3 windows of poly(S70-r-NBD230). 

Top spectrum (≈5 µm-30 µm) on NaCl plate, middle spectrum (60 µm) and bottom spectrum (1 mm) free 

standing windows. (c) imaging set up. (d) LWIR taken with FLIR LWIR camera of PMMA mask using “black 

hot” mode with no window. (e) Image taken through 1.3 mm thick poly(S70-r-DIB30) with no transmission. (f) 

Image taken through 1.3 mm thick poly(S70-r-NBD230) showing transmission. Modified with permission from.122  
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After preparing and characterising the NBD2 based polymer, it was investigated as a lens in a thermal imaging 

system in a new publication in 2023.123 In this publication, a Fresnel lens was designed and a master lens was 

prepared with diamond point turning of PMMA. Following this, a PDMS mould was fabricated which would 

allow for the preparation of polymer lenses. These lenses were designed to fit on a FLIR Lepton 2.5 imaging 

module which was used to prepare images. Two different types of lenses were prepared. The first were 

ultrathin polymer lenses on NaCl disks. NaCl is transparent to long-wave infrared radiation but does have some 

issues with sensitivity to water.21 However, these dual material lenses were effective in focussing light onto the 

sensor of the FLIR lepton, allowing for the first optical system in which the focussing power was provided solely 

by an inverse vulcanized polymer. 

Following the NaCl supported lenses, freestanding 0.7 mm thick lenses were prepared. While the transparency 

of the polymer at this thickness limited the imaging to higher temperatures (60 °C minimum) these were the 

first lenses prepared completely from an inverse vulcanized polymer to provide all the focusing for an optical 

system. Several important findings were made. The first is that the polymer could be made shape persistent 

and did not deform or warp over time which would lead to a decrease in the lens performance over time. It was 

also found that while the higher sulfur content composition had a greater transmittance to LWIR radiation, it 

would not always give the highest image contrast. It was proposed that this was due to unreacted S8 in the 

polymer matrix, giving valuable information that sulfur crystals should be avoided for optical materials. This 

was a very important paper and showed the potential of high sulfur polymers to completely replace the lenses 

of long wave infrared imaging systems. 

Figure 1.14: LWIR images through at different temperatures using lenses prepared from sulfur-based 

polymers. All images were taken on a FLIR Lepton 2.5. (a) 1 mm thick freestanding Fresnel lens prepared 

from poly(S50-r-NBD250). (b) 0.7 mm thick freestanding Fresnel lens prepared from poly(S50-r-NBD250). 0.7 mm 

thick freestanding Fresnel lens prepared from poly(S70-r-NBD230). (d) 0.7 mm thick freestanding Fresnel lens 

prepared from poly(S50-r-DIB50). (e) 0.7 mm thick freestanding Fresnel lens prepared from poly(S70-r-DID30). 

Reused with permission from.123  
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While the polymer made with NBD2 was a significant improvement in the long wave infrared transparency and 

demonstrated lens manufacturing, it was not the polymer which was predicted computationally to have the 

greatest long-wave infrared transmission. Since then, there have been several attempts to prepare polymers 

with the norbornane organic core although most have used derivatives of norbornane. A paper in 2024 by 

Grimm et al synthesised a series of polymers based on norbornenyl esters.124 While the paper was not focused 

on thermal imaging, they were successful in preparing a range of polymers where sulfur reacted with the 

norbornene double bond. The Pyun group followed up their research with the inverse vulcanization using a 

monomer derived from a reaction between cyclopentadiene and norbornadiene. This monomer was an endo-

exo norbornadiene cyclopentadiene adduct known as stillene. The stillene monomer was reacted with sulfur 

in an inverse vulcanization reaction and showed similar long wave infrared transparency to polymers made 

with the NBD2 monomer.125 Another norbornadiene derived monomer was prepared by Wuliu et al.126 In this 

publication, they synthesised the monomer shown below which they called DMMD. While polymers made 

through a reaction of DMMD and sulfur showed an increase in glass transition temperature, they still had an 

average long wave infrared transmission of less than 6 %. 

Figure 1.15: Reaction scheme for the synthesis of poly(S-r-DMMD). 126 

In the paper by Pyun focussing of stillene, the author also addressed the side products which can form from 

the direct reaction of norbornadiene with sulfur.125 These side products contain cyclopropane groups which 

significantly reduce long wave infrared transparency. A paper claimed to have formed a norbornane based 

polymer through mechanochemical inverse vulcanization of norbornadiene and sulfur.127 However, it is likely 

that this cyclopropane impurity is present in high quantities in their product. A greater explanation of this is 

presented in chapter 3 of this thesis where polymers with these cyclopropane groups were directly prepared 

and characterised to compare with the mechanochemically prepared polymers. This rearrangement and the 

low boiling point of norbornadiene are significant obstacles to the synthesis of the polymer predicted by Pyun. 

There is a significant gap in the literature which will require a unique approach to form the desired norbornane 

based polymer. This thesis will address this gap through a rigorous preparation of norbornane based sulfur 

polymers in chapter 3. 

Figure 1.16: Reaction between sulfur and norbornadiene does not prepare the desired polymer as the major 

product but instead forms rearranged cyclopropane byproducts. (Experimental evidence in chapter 3).  
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Finally, there were two publications which demonstrated very high-performance materials based on reactions 

with thiols. The first was based on a benzene trithiol (BTT) monomer. This publication by Lee et al utilised a 

reaction between the thiols in BTT with sulfur to prepare a high sulfur polymer.128 During this reaction, H2S gas 

was eliminated and bubbled out of the reaction mixture, leaving sulfur chains at the 1,3 and 5 positions of the 

benzene ring. This polymer was very well designed and follows many of the principles for a high LWIR 

transparent material. First, the molecule is symmetric. This means that that there are limited unique chemical 

environments which would give absorptions in the long wave infrared regions. Secondly, the rigid benzene 

core and three attachment points for sulfur allowed for the incorporation of a very high sulfur loading without 

the formation of unreacted sulfur. They were able to incorporate 80 % sulfur without any issues of sulfur 

blooming. This allowed for an excellent refractive index of over 1.9 while also imparting a high transmission in 

the long wave infrared region. This paper presented some of the highest transmission of any published polymer 

with an average of over 18 %. This was an excellently designed polymer and had transmission great enough 

to be practically used in thermal imaging systems. However, it did show a relatively low glass transition 

temperature and released H2S gas during the synthesis which may limit its scalability. 

Another polymer by the same group was published in 2024 which utilised a dicyclopentadiene molecule with 

introduced thiol groups instead of the alkenes. 129 Dicyclopentadiene has been explored as a monomer for 

inverse vulcanization reactions in many publications,91, 130 but shows relatively poor transmittance in the LWIR 

region.131 However, when the alkenes were replaced with thiols and reacted with sulfur in a similar manner to 

BTT, it showed a significant improvement in the long wave infrared transmission. The polymer also had a 

yellow colour rather than black like most polymer prepared with dicyclopentadiene. The improvement in the 

long wave infrared transmittance was attributed to the prevention of side reactions and a more controlled 

polymerisation reaction. Using thiols would also prevent unreacted alkenes which are likely to add additional 

vibrational modes in the long-wave infrared region. 

A quantitative analysis of the MWIR and LWIR transmittance of the polymers discussed here as well as several 

others can be found in the introduction to chapter 4. In this analysis, the transmission is compared to the 

polymers described in chapters 2 and 3 of this thesis. 

Figure 1.17: Introduction of thiol groups to dicyclopentadiene and inverse vulcanization to prepare long wave 

infrared transparent polymers. Reused with permission from.129  
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Chapter 2 – Long-wave infrared transparent polymers made 
from sulfur and cyclopentadiene 
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Chapter introduction 

The focus of this chapter is to develop a polymer with good properties for use in infrared imaging. As explained 

in the first chapter, the main properties that are important for infrared imaging are a high refractive index, high 

transmission in the long wave infrared region (7 µm – 14 µm) and preferably a high glass transition temperature 

to ensure shape persistent at higher operating temperatures. To achieve these goals, a polymer based on 

cyclopentadiene was developed. 

In the long wave infrared region, there are a complex range of absorptions which originate from the vibrations 

in C-C, C-H and C-X heteroatom covalent bonds2. Larger atoms, like sulfur or selenium, shift these vibrations 

out of the mid and long wave infrared regions3. Furthermore, as these atoms are large and polarisable, they 

often increase the refractive index3. High sulfur polymers replace many of the highly absorbing carbon-carbon 

bonds of typical polymers with weakly absorbing carbon-sulfur bonds, while also increasing the refractive index 

of the polymer. This provides a theoretical basis for the use of polymer prepared through inverse vulcanization 

for infrared optics. 

While sulfur-based polymers have several advantages over conventional polymers for infrared optics, the 

choice of monomers used in the reaction is still vitally important. This is because the absorptions from the 

bonds in the monomer would still be present in the polymer and highly absorbing groups would lead to low 

transmission in the mid and long wave infrared regions.4 In this chapter, cyclopentadiene will be investigated 

as the organic portion of the polymer. Cyclopentadiene is relatively small and unsaturated, with two alkenes 

despite only having a mass of 66 g/mol. There is some theoretical precedent that monomers like this could 

result in polymers that are highly transparent in the mid and long wave infrared regions. The first piece of 

evidence comes from conventional polymers. The only carbon-based polymers that see use in infrared optics 

are those based on simple aliphatic structures.5 This is because of these polymers have very few unique 

absorptions, resulting they have regions of transparency that are useful for infrared imaging.5 The use of small, 

simple monomers has also been shown to hold true for polymers prepared through inverse vulcanization. In a 

well-designed paper by the Boyd group in 2019, tetravinyltin was used as a monomer to react with sulfur. This 

molecule contains only four vinyl groups bonded to a tin atom.6 The large tin atom did not give many 

absorptions in the long wave infrared region while the simplicity of the vinyl groups only contributed a small 
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number of vibrations. These improvements resulted in excellent transmission in the long wave infrared region, 

particularly when compared to complex monomers like 1,3-diisopropenyl benzene (DIB).6  

Figure 2.1: (a) LWIR image of a soldering iron. (b) LWIR image of a soldering iron through 1.63 mm this poly(S-

r-DIB). (c) LWIR image of a soldering iron through 1.65 mm poly(S-r-TVSn). Reused with permission from.6 

Many small and simple monomers which would give good transmission in the long wave infrared region are 

volatile, making them unsuitable for a conventional inverse vulcanization reaction. One of the major goals of 

this chapter was to address this issue, using cyclopentadiene as the volatile monomer. There are several 

methods in the literature which allow the use of lower boiling point monomers in reactions with sulfur. They are 

summarised here. 

Researchers have looked to reduce the temperature of inverse vulcanization reactions using catalysts. In 2019, 

two groups developed different strategies to catalyse inverse vulcanization reactions. Zhang et al. found that 

nucleophilic amine activators could be used to increase the rate of reaction and molecular weight of the 

resulting polymer.7 These catalysts worked by nucleophilic ring-opening of sulfur ring which would reduce the 

bond dispersion energy of the S-S bonds, leading to initiation of an inverse vulcanization reaction at lower 

temperature.7 Furthermore, it was found that these activators could be used in a process known as dynamic 

covalent polymerization (DCP). In this process, a polymer made from sulfur and styrene was initially produced. 

It was then found that by using these activators, sulfur radicals could be produced in the polymer at 

temperatures as low as 60 °C which was used to insert additional monomers to the polymer.7 

Wu et al. also found a catalyst system which could increase the rate of reaction and yield of the polymers made 

through inverse vulcanization. This catalyst system was based on metal diethyldithiocarbamates. They proved 

that this could be used to react monomers which were previously shown to be unreactive with sulfur like 

ethylene glycol dimethylacrylate.8 In a future paper where they were able to reduce the required reaction 

temperature to below the melting point of sulfur, allowing for the first time an inverse vulcanization reaction 

with solid sulfur.9 The authors then went on to perform a systematic analysis or a range of different classes of 

catalysts for inverse vulcanization reactions, showing that a range of metal diethyldithiocarbamates as well as 

some organic and organometallic species could act as catalyst for this reaction.10 Below are the proposed 

mechanisms for the catalyst systems developed by the two groups. 
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Figure 2.2: Mechanisms for the nucleophilic activation of S8 using catalyst systems developed by (a) the Pyun 

group7 and (b) the Hasell group. Reused with permission from.8 

While catalytic reactions are very promising and have already been used to react previously unsuitable 

monomers, they do have several drawbacks. The main one is that the catalysts are often not able to be 

removed from the polymer. This is particularly problematic for polymers designed for thermal imaging 

applications as the catalysts would introduce a range of additional absorbing groups into the polymers, 

reducing the long wave infrared transparency.  

The Pyun group developed a method to react sulfur with monomers in the vapor phase. This allowed for 

several monomers to be used which were not able to be reacted in the liquid phase due to a lack of miscibility 

with molten sulfur. In this method, a hot filament was used to heated sulfur to above 350 °C to evaporate it. 

The sulfur could then react with a volatile monomer in the gas phase and deposit a polymer film on a 

substrate.11 This is a useful technique for creating thin films or using monomers which are unreactive in 

conventional invers vulcanization reaction. However, preparing a bulk material using this technique would be 

impractical and the high temperature required means that only monomers with high thermal stability could be 

used. 

To avoid the issues of high temperature reactions, several groups have looked to do inverse vulcanization 

reactions at room temperature using reactions that are initiated electrochemically,12 photochemically13 or 

mechanochemically.14 These techniques can induce reactions at room temperature. Allowing for additional 

monomers to be used. While these methods are promising and allow for unique and useful polymers to be 

prepared, they do have some limitations. Electrochemical synthesis can produce high molecular weight 

polymers with a range of applications but does require cyclic trisulfides to first be prepared and isolated.12 

Photochemical and mechanochemically synthesis of polysulfides are very promising but have some issues 

with control of the reaction and scalability. Photo polymerisation reactions require the light to be able to 

penetrate the reactants to facilitate the reaction. This could limit the potential monomers that could be used or 

the scale of the reaction that could be performed. This issue could be solved by performing the reaction in flow 

but as of yet, this has not been published. 

A method which could directly react molten sulfur with a gaseous monomer would be very useful. It would 

allow for gaseous monomers to be used without the drawbacks of the methods described above. Throughout 

this chapter, two methods will be developed to react gaseous cyclopentadiene with molten sulfur. Using these 

methods, a range of polymers will be prepared and fully characterised. Several side reactions will be 

investigated including the formation dicyclopentadiene through the Diels Alder reaction between two molecules 

of cyclopentadiene. After investigating these side reactions and determining a method to remove them from 

the reaction, the infrared properties of the polymers will be investigated. This will demonstrate the suitability of 

the polymers for use in thermal imaging applications. 

Figure 2.3: Polymerisation reaction between sulfur and cyclopentadiene.  
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Cyclopentadiene polymer synthesis 

Retro Diels Alder reaction to prepare cyclopentadiene 

To produce cyclopentadiene (CPD), dicyclopentadiene (DCPD) must be broken down in a retro Diels Alder 

reaction. To initiate this reaction, the DCPD must be heated to above 150 °C where the retro Diels Alder 

reaction becomes favoured to produce CPD. The CPD can then be separated by distillation due to its much 

lower boiling point. The specific conditions used to produce CPD can be seen below. 

 For all reactions, CPD was first prepared directly from DCPD by distillation using the following method. 20 g 

of DCPD was weighed and added to a 100 mL round bottomed flask with a magnetic stirrer. The round 

bottomed flask was added to a standard distillation set up with a water-cooled condenser and slowly heated 

to 180 °C. Another 100 mL round bottomed flask was used as an outlet to collect the CPD. The outlet round 

bottomed flask was cooled with an ice bath to reduce the rate of the Diels Alder conversion back to DCPD. 

The CPD was used immediately after distillation to reduce the chance that DCPD was reformed. The CPD 

would be keep in a freezer and tested by NMR before every use. If the proportion of DCPD was above 2 % by 

NMR, the CPD would be distilled again at 70 °C to separate it from DCPD. 

Figure 2.4: 1H NMR spectra for the retro Diels Alder reaction of dicyclopentadiene to form cyclopentadiene. 

NMR reactions were obtained using a 600 MHz NMR spectrometer with deuterated chloroform as a solvent. 

Top: dicyclopentadiene. Bottom: cyclopentadiene after cracking and distillation.  
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Reflux method to prepare cyclopentadiene polymer 

Inverse vulcanization is usually done at a high temperature, with most reactions being performed above 160 

°C unless catalysed or utilising highly reactive monomers.8, 9, 15 Likely due to the conjugated double bond in 

CPD, it was found that it could react at 140 °C. However, due to the high volatility of CPD, it could not be 

reacted with molten sulfur like most high boiling point monomers. There were several challenges that were 

faced when using a volatile monomer. The first was loss of the monomer. The effect of this was reduced by 

using a water-cooled condenser for the reaction, allowing cyclopentadiene to reflux on the molten sulfur. 

The second issue was that as the CPD refluxed on the molten sulfur, it would cool the sulfur, often leading to 

crystallisation. Once crystallisation occurred, the sulfur would take some time to remelt and would often lead 

to poor polymerisation. To overcome this issue, it was found that the CPD could be added to the sulfur very 

slowly. When added slowly, it was found that the CPD would react with sulfur and remain in the sulfur layer 

rather than refluxing further. This meant that at any one time, there was only a small amount of CPD refluxing, 

reducing the cooling effect and preventing crystallisation of the sulfur. For the standard composition of 67 % 

sulfur, the CPD would be added in batches of 150 µL every three minutes. However, the rate the CPD could 

be added was found to depend on the composition, as reactions with more relative CPD would need to be 

added slower. The following method was used to prepare the polymers from CPD and sulfur. 

Sulfur (3.00 g, 93.56 mmol S atoms) was added to a 21 mL vial with a magnetic stirrer. A threaded adapter 

was used to attach this vial to a water-cooled condenser. An oil bath and oven were preheated to 140 °C and 

the sulfur was lowered into the oil bath for three minutes. Over this time, the sulfur would melt to form a yellow 

liquid. CPD was added with a volumetric pipette down the reflux condenser. To adjust the composition of the 

polymer, the amount of sulfur would remain unchanged but the mass of CPD would change. The most 

optimized composition for infrared transmission was found to have 1.50 g (67 wt %) of CPD but stable polymers 

were produced with CPD masses ranging from 3.00 g (50 wt%) to 0.75 g (20 wt%). The composition was 

described by xx-poly(S-r-CPD), where xx indicates the mass percent of sulfur, the r indicates that this is a 

random polymerisation. As described earlier, the CPD was added in 150 µL additions every 3 minutes for the 

67 % sulfur sample but would be added slower in samples with more relative CPD to prevent rapid cooling of 

the sulfur. For the standard composition of 3.00 g sulfur and 1.50 g CPD, the reaction would take a total time 

of 90 minutes from when the sulfur was first added. Over this time, the sample would slowly darken and 

increase in viscosity. The sample was then poured into a silicone mould and cured in an oven at 140 °C for 24 

hours. After curing, the polymer was left at room temperature to cool before being removed from the silicone 

mould. 

The polymer went through a liquid prepolymer stage, making it pourable but after curing would form a solid 

material. It was black, completely opaque to visible and were flexible, bending when force was applied. 

Samples with less sulfur were brittle, indicating a glass transition temperature above room temperature.  
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Figure 2.5: Images of reflux method for producing poly(S-r-CPD). (a) Image showing set up for reaction. (b) 

Image at 3 mins reaction time when sulfur has melted. (c) Image shortly after adding CPD to sulfur. (d) Image 

of prepolymer before being poured into silicone mould. (e) Polymer sample after cure. (f) Side view of polymer 

after cure.  
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Cyclopentadiene polymer characterisation 

Compression testing at different cure times 

When a new polymer system is developed that requires curing, one of the most important factors is the cure 

time. To test the cure time, changes in chemical, physical or thermal properties could be analysed. There 

should be a point where the properties no longer change, indicating a complete cure. The 67-poly(S-r-CPD) 

was tested for chemical changes using infrared analysis and physical changes using dynamic mechanical 

thermal analysis at eight different cure times. The polymer was prepared through the reflux method and poured 

into a silicone mould consisting of many 10 mm diameter cylinders. The samples were then left to cure at 140 

°C for differing amounts of time. In triplicate, polymer samples were cured for 0.5 hr, 1 hr, 2, hr, 4 hr, 8 hr, 16 

hr and 24 hr while another sample was left uncured. The samples were then tested using a TA Q800 dynamic 

mechanical analyzer in compression mode to investigate any changes in compression modulus over the time 

the sample was cured. The samples were compressed at room temperature (approximately 20 °C) with a ramp 

rate of 3 N/min to a maximum compression of 18 N. The uncured sample and the 30-minute cure samples 

were not shape persistent and acted like a highly viscous fluid. These samples formed a layer of sulfur over 

several days which is expected as the pre-polymer is likely unstable without adequate cure time. These 

samples were tested shortly after synthesis before sulfur layer formed. The viscous properties of these 

prepolymers were reflected in a significantly reduced Young’s modulus. However, the compression modulus 

for these samples should not be considered accurate as they would flow when compressed while all other 

samples would maintain their shape. This prepolymer has a gel point between 30 and 60 minutes at 140 

degrees and the compression modulus slowly increases with longer cure times, indicating an increase in 

crosslinking density. The sample was considered fully cured by 24 hours, at which point, it had a compression 

modulus of 1.45±0.2 MPa. 

Figure 2.6: Plot showing Young’s modulus of 67-poly(S-r-CPD) polymer samples at cure times tanging from 0 

hours (uncured pre-polymer) to 24 hours. Each sample was analysed using a TA Q800 dynamic mechanical 

analyser in compression mode.  
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Infrared analysis of samples at different cure times 

The study of the Young’s modulus showed that the polymers cured over approximately 24 hours. To study any 

change in the chemical structure with cure time, the samples used for the compression study were analysed 

by infrared spectroscopy. The polymers were found to be largely insoluble in all common solvents so could not 

be analysed in solution. To overcome this issue, the samples were added to a heated press to prepare thin 

free-standing films to analyse by transmission FTIR analysis. Polyimide tape was used to create a 15 mm by 

15 mm enclosure for the polymer and 50 mg of the polymer was ground into a powder and added to heated 

press. The polymer was then heated to 140 °C and compressed at 30 MPa for 10 minutes. This was repeated 

for one sample of each cure time. When removed, the polymer would have a thickness ranging from 180 to 

220 µm. The samples were then tested using a Perkin Elmer Frontier FTIR. There was a clear reduction in the 

alkene stretching peak at 3050 cm-1 as well as a bending peak at 1350 cm-1. This indicates that alkenes were 

consumed during the curing process. This would likely lead to an increase in crosslinking density which may 

explain the increased compression modulus with cure time. Note that the overall transmission of these samples 

shouldn’t be considered as they have differing thicknesses and surface roughness, leading to changes in 

absorption and reflection. 

Figure 2.7: FTIR analysis of 67-poly(S-r-CPD) polymers prepared through the reflux method at different cure 

times ranging from no cure to 24 hours.  



 

33 

Laser desorption mass spectrometry (LD-MS) of polymer 

LD-MS was performed on 67-poly(S-r-CPD) polymers with cure times ranging from 1 hour to 24 hours. This 

was done to determine if some polymeric or oligomeric material could be found, indicating a reaction. To 

prepare the samples for LD-MS, the polymer samples were ground into a powder and added to 

dichloromethane. The samples were mixed to form a suspension and drops were removed with a glass pipette 

and applied to the LD-MS sample tray. This was repeated multiple times until a thin layer of the sample covered 

the tray. Cure times of 1 hr, 2 hr, 4 hr, 8 hr, 16 hr and 24 hr were tested. 

All samples showed a range of peaks between a 500 m/z and 1500 m/z. Only Oligomers were detected which 

is believed to be due to preferential ionisation of these species, leading to a larger signal. The samples with a 

greater cure time showed a reduced signal, this is likely due to an increase in crosslinking density, leading to 

a smaller proportion of the sample existing as oligomers. Every sample had many peaks which were separated 

by 32 m/z units. This shows that the samples consist of polymers with differences in mass by one sulfur atom. 

The mass of the peaks indicated that there was both CPD and sulfur in the polymers. 
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Figure 2.8: LD-MS spectra for 67-poly(S-r-CPD) sample with different cure times showing mass spectrum from 

0 to 3000 m/z and an inset showing main peaks. (a) 1 hour cure time, (b) 2 hour cure time, (c) 4 hour cure 

time, (d) 8 hour cure time, (e) 16 hour cure time, (f) 24 hour cure time. 
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Raman analysis of surface 

Acknowledgements: This section was completed in collaboration with Dr. Christopher Gibson. 

When left for several months, it was found that the samples with 67 % sulfur or more would start to form sulfur 

crystals on the surface. This process was likely due to unreacted sulfur making its way to the surface of the 

polymer in a process known as sulfur blooming. This indicated that the polymers with 67 % or more sulfur may 

not be stable long term. The 50 % sulfur sample did not show any sulfur blooming. Therefore, the sulfur 

composition of the polymer should be selected carefully and the polymer should be used in the first month 

after synthesis if a higher sulfur content is required. There has been some research in the literature about 

sulfur blooming and the sulfur can usually be incorporated back into the polymer structure by recuring it at high 

temperature.16 When analysed by Raman, the polymers show a lot of fluorescence but the sulfur peaks from 

crystalline sulfur can be observed in the samples with sulfur blooming. 

The 50-poly(S-r-CPD) and 67-poly(S-r-CPD) polymers prepared through the reflux method were analysed by 

Raman Spectrometry. Raman spectra was collected using a Witec alpha300R Raman microscope at an 

excitation laser wavelength of 532 nm with a 100X and 40X objective (numerical apertures 0.9 and 0.6 

respectively). 10 Raman images were collected on each surface with each image 80x80 microns in size with 

1600 spectra in each image. The spacing between each Raman spectrum was 2 microns. The integration time 

for each spectrum was between 1 to 2 seconds. Raman images were acquired at distinct locations on each 

sample with each location separated by hundreds to thousands of microns. 

Figure 2.9: Raman spectra of polymers produced using Witec alpha300R Raman Microscope. (a) Raman 

spectrum of elemental sulfur. (b) Raman spectrum of 50-poly(S-r-CPD) polymer. (c) Raman spectrum of 67-

poly(S-r-CPD) showing peaks for elemental Sulfur. (d) Optical and Raman image of 67-poly(S-r-CPD) polymer 

showing sulfur crystals.   
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AFM analysis of surface 

Acknowledgements: This section was completed in collaboration with Dr Christopher Gibson. 

The surface of an optical material is extremely important. If the surface roughness it too great, it can cause 

scattering and reduce the overall transmission of the material. Ideally, the surface roughness should be less 

than the wavelength of light which is being transmitted by the material. For the applications presented in this 

thesis. The shortest wavelength of interests is the 3 µm, which is the start of the mid-wave infrared region. The 

surface roughness should therefore be much less than 3 µm to ensure a good optical surface. The Ra of the 

polymers was below 4 nm so the possess the required smoothness for MWIR and LWIR imaging. 

To analyse the surface roughness of the polymer samples along with the size of the sulfur crystals, atomic 

force microscopy was used. The 50-poly(S-r-CPD) and 67-poly(S-r-CPD) polymers were both analysed. The 

surface roughness was analysed using Ra and Rq. Ra and Rq roughness are standard analysis methods to 

report surface roughness using AFM. They differ in their mathematical description of roughness. Where Rq is 

the root mean square average of the height deviations taken from the mean image data line and Ra is the 

arithmetic average of the absolute values of the surface height deviations measured from the mean plane. It 

was found that the average roughness, Ra, and root mean square roughness, Rq, for each of the polymers 

was: 50-poly(S-r-CPD): Ra = 2.68 ± 0.47 nm, Rq = 4.18 ± 0.80 nm and 67-poly(S-r-CPD): Ra = 1.96 ± 0.79 

nm, Rq = 3.50 ± 2.15 nm. The roughness for the polymers over the regions examined was comparable to other 

polymers studied using AFM (e.g. Ra = 8.84 nm Tonkin et al17 and Ra = 1 to 4 nm Gibson et al18).  

Figure 2.10: AFM images of (a) 50-poly(S-r-CPD) and (b) 67-poly(S-r-CPD).  

(a) (b)

Figure 1a and b
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Coefficient of thermal expansion testing 

As the polymer was designed to be used as a lens or optic for thermal imaging, the coefficient of thermal 

expansion was very important. This is because as the temperature changes, any expansion in the material 

could change the power of any optic produced. To investigate this, the coefficient of thermal expansion of the 

67-poly(S-r-CPD) polymer was investigated using a TA Q800 DMTA. In this test, the polymer was placed 

between two clamps of the DMTA. The sample was then slowly heated while any vertical displacement was 

measured by the DMTA. Most polymeric materials expand when heated below their glass transition 

temperature. The sample preparation, calibration and data analysis are described below. 

For accurate testing of thermal expansion, the polymer had to be moulded into a circular disc with a known 

diameter and thickness. To achieve this, a silicone mould was prepared with 12 circular indents with a diameter 

of 10 mm and a depth of 5 mm. A 3D printed negative was used to fabricate the mould. The negative was 

designed on Autodesk fusion and printed on a Creality CR-10S Pro using PLA filament. A two-part silicone 

resin was mixed and poured into the 3D printed negative. The silicone was left for 2 hours at room temperature 

to cure before being removed from the negative to be used. 

The samples were prepared using the standard method described earlier and cured for 24 hours using the 

cylinder mould. A total of 12 samples were prepared from two polymer batches. The samples ranged from 2 

mm to 4 mm thick. After cure, the samples were left to cool to room temperature before removal from the 

silicone mould. The top surface of the polymer had a slight convex curve from the meniscus of the liquid 

prepolymer. The top surface was sanded flat using sandpaper ranging from 80 to 400 grit. 

Figure 2.11: Images showing the mould fabrication and sample preparation to make 67-poly(S-r-CPD) for 

thermal expansion testing.  
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The clamp and instrument had to first be calibrated to account for expansion of the clamp or drive shaft, or any 

other change in displacement with temperature. A sapphire calibration sample with a diameter of 6.6 mm and 

thickness of 10 mm was used with the method described below. Using a coefficient of thermal expansion of 

5.5 x 10-6 K-1 for sapphire, the expansion from the calibration sample could be removed to leave only the clamp 

and instrument. The instrument had a significant negative bias. The displacement plot for the instrument was 

then used to calibrate all samples by subtracting it from the displacement of the sample. 

Six samples were tested for coefficient of thermal expansion. The samples were placed in the clamp and tested 

using the method described below. The calibration plot was used to remove any bias in the instrument. After 

this, the expansion of the polymer was calibrated for the thickness of the sample. The final units of the 

coefficient of thermal expansion was mm/mm K-1 or mm expansion per mm thickness per Kelvin. This unit is 

usually shortened to K-1 which is what was used below.  

All samples followed a similar trend until 50 °C. After this point, the samples were above their glass transition 

temperature which dominated the displacement. The slope of the linear section of the plot between 5 °C and 

35 °C was used to calculate the coefficient of thermal expansion. The average coefficient of thermal expansion 

was 12.6 ± 1.1 x 10-5 K-1. This is within the standard range for polymer which would need to be considered 

when designing any optics that would be subject to changes in temperature. 

A TA Q800 DMTA was used with a compression clamp. The frequency modulation was turned off and a 

controlled force method was used. A preload force of 0.01 N was applied over a temperature range of -20 °C 

to 100 °C. The displacement of the clamp was measured as the temperature was increased with a ramp rate 

of 2 °C/ min. 

Figure 2.12: Plot of displacement against temperature for a sapphire calibration sample testing in a TA Q800 

DMTA. The sample had a diameter of 6.6 mm, and a thickness of 10 mm. Top line is the expected expansion 

from the sapphire sample only using a coefficient of thermal expansion of 5.5x10-6 K-1. The sapphire and clamp 

sample was the measured displacement of the DMTA clamp with the sapphire calibration sample when heated 

at a ramp rate of 2 °C. The clamp only line is a calibration curve found by subtracting the sapphire only plot 

from the sapphire and clamp plot.  
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Figure 2.13: Plot showing the displacement against temperature for six samples of 67poly(S-r-CPD) tested on 

a TA Q800 DMTA. The samples were calibrated using the calibration curve on the previous page and accounts 

for thickness of the polymer samples. 

Figure 2.14:Plot from above between 5 °C and 35 °C. This slope of this part was used to calculate the 

coefficient of thermal expansion of the polymers. The average coefficient of thermal expansion of the six 

67poly(S-r-CPD) was 12.6 ± 1.1 x 10 -5 K-1.  
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Investigating the effect of DCPD on polymer performance 

Control experiment to see the conversion of CPD to DCPD 

Cyclopentadiene is known to undergo a Diels Alder reaction at room temperature.19 At the temperatures used 

in the reaction, it is possible that the conversion is accelerated. To determine the rate at which this conversion 

from CPD to DCPD occurs at different temperatures, a control experiment was conducted. In this experiment, 

3 grams of cyclopentadiene was added to a two necked round bottom flask with an attached condenser. The 

cyclopentadiene was then heated with constant stirring. A range of temperatures were tested ranging from 

room temperature to 180 °C. Every 30 minutes, an aliquot was removed to analyse by NMR. Note that the 

CPD was not cooled before removal so it does not account for the CPD which would be in the gas phase. 

Therefore, this is likely an overestimation of DCPD and indicates the relative proportion in the liquid phase of 

the reaction. An improvement to this experiment would be to allow the CPD to cool before each aliquot is 

removed. This would cause any gaseous CPD to return to the liquid phase where it could be analysed. 

The integration of the cyclopentadiene alkene peak at approximately 6.58 ppm (c) and the dicyclopentadiene 

alkene doublet at 5.97 ppm (a) was used for that analysis as they both correspond to 2 protons, and they are 

separated from any other peaks. Below are some example spectra from the 140 °C sample at 30 and 90 

minutes. 

Figure 2.15: Example NMR of aliquots taken from cyclopentadiene that had been heated at 140 °C for 30 

minutes or 90 minutes.  
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Figure 2.16: Percentage of DCPD in solutions of CPD at different temperatures. Conversion was determined 

from NMR analysis. 

While this experiment was flawed in how the samples were collected, it did indicate that the liquid portion of 

the CPD solution was converted to DCPD quite quickly at higher temperatures. In the polymerisation reaction 

between CPD and sulfur, the CPD is added slowly so that it could react quickly with sulfur rather than reflux at 

high temperature. This would likely reduce the amount of DCPD which formed in the reaction. However, it 

would be very difficult to eliminate any DCPD from forming and reacting with sulfur. Therefore, it would be 

expected that some DCPD would be present in the polymer. 

Once the CPD reacted at one alkene with sulfur, it could still act as a dienophile. By reacting with another 

molecule of CPD, it could still undergo a Diels Alder reaction to form DCPD. However, in this case, the less 

reactive alkene would not be present. This gives two ways in which DCPD could become incorporated into the 

polymer structure. Therefore, it is very important to determine how much DCPD is in the polymer and how that 

affects the chemical, physical or optical properties. It should be noted that the dimerization of CPD proceeds 

through a bis-pericyclic mechanism, making it very fast. Once one of the alkenes of CPD have reacted with 

sulfur, this mechanism is no longer possible, and the reaction would likely be slower than the dimerization of 

CPD. 

 

Figure 2.17: Mechanism for the reaction of CPD with sulfur and subsequent Diels Alder reaction with another 

CPD molecule.  
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Terpolymer synthesis using sulfur, CPD and DCPD 

As explained in the previous section, it was expected that some DCPD would be present in the polymers when 

sulfur was reacted with CPD. Therefore, it was important to determine the effect that this would have on the 

properties of the polymer. It would also be useful to determine some characterisation techniques to investigate 

the proportion of DCPD to CPD in the polymer. To do this, a range of terpolymers were prepared. To prepare 

these polymers, a solution which contained a mixture of CPD and DCPD was used to react with sulfur. The 

method for the reaction can be seen below. 

Solutions of dicyclopentadiene (DCPD) in cyclopentadiene (CPD) were produced by dissolving the DCPD in 

CPD. 3 grams of each solution was prepared with the ratio of DCPD varied from 0 % DCPD to 80 % DCPD. 

These solutions were reacted with sulfur in an inverse vulcanisation reaction using the same method as the 

CPD reactions. 3 g of sulfur was used for every sample, this gives an equal mass of sulfur to crosslinker in 

each reaction. Note that this is a greater relative proportion of crosslinker than what is typically used for the 

cyclopentadiene polymer. In every sample, the sulfur was heated at 165 °C with 500 rpm stirring for 3 mins. 

All samples had a water-cooled condenser attached. After 3 mins, 150 µL of the CPD/DCPD solution was 

added directly to the sulfur with a long needle. The main difference in the method for these polymers was that 

a long needle was used so that the solution could be applied directly to sulfur rather than at the top of the 

condenser. This prevented DCPD from getting stuck in the condenser. The CPD/DCPD solution was added at 

150 µL every 3 minutes until it had all been added. The samples were removed from heat when viscosity 

increased, and the magnetic stirrer bar could no longer stir at 500 rpm. This would take between 45 and 60 

mins depending on composition. Polymers with a greater amount of dicyclopentadiene would react quicker. 

A polymer was also produced using 3 grams of DCPD as a crosslinker with no CPD. For this polymer, the 

method was modified as DCPD is a solid at room temperature. The 3 grams of DCPD was weighed into .294 

g potions. These portions were added directly to sulfur using long tweezers at 3 minutes (after sulfur was first 

added at 165 °C) and every 3 minutes after that. Below is a table of all compositions of polymers that were 

produced. 

Table 2.1: Mass of sulfur, cyclopentadiene and dicyclopentadiene used to prepare terpolymers via inverse 

vulcanization reaction. 

Composition (S-CPD-DCPD) Sulfur mass (g) Cyclopentadiene mass (g) Dicyclopentadiene mass (g) 

50-50-0 3 g 3 g 0 g 

50-45-5 3 g 2.7 g 0.3 g 

50-40-10 3 g 2.4 g 0.6 g 

50-30-20 3 g 1.8 g 1.2 g 

50-25-25 3 g 1.5 g 1.5 g 

50-20-30 3 g 1.2 g 1.8 g 

50-10-40 3 g 0.6 g 2.4 g 

50-0-50 3 g 0 g 3 g 
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Simultaneous thermal analysis of terpolymers 

The thermal properties were first tested for all the terpolymers. Simultaneous Thermal analysis (STA) and 

differential scanning calorimetry (DSC) were used. STA gives the thermal stability of the material. Any changes 

in the thermal stability is important as it can indicate changes in the structure of the polymer. All terpolymers 

were analysed with a Perkin Elmer STA8000. The samples were heated from 60 °C to 800 °C at a temperature 

ramp rate of 20 °C/min under a flow of nitrogen. At 800 °C, the gas was switched to air for 10 mins to burn off 

any remaining polymer. 

The STA did not show the characteristic sulfur melting peak at 119 °C for any of the samples, indicating that 

there was no unreacted sulfur after cure. There were subtle changes between the polymers. The samples with 

more CPD showed a larger overall mass loss. There are two explanations for this. The first is that they had 

more sulfur in the polymer. The high sulfur parts of the polymer are generally lost earlier. As can be seen in 

the sulfur control, all sulfur should be lost by around 350 °C- 400 °C. However, this is likely not the cause of 

the greater overall mass loss. The samples with more CPD showed a much greater loss at temperatures higher 

than 350 °C. This additional mass loss is likely due to the loss of carbon-based portions of the polymer. The 

mass loss results in an additional feature in the DSC between 600 °C and 700 °C. It is likely that this additional 

loss is due to the degradation products CPD portions of the polymer being more volatile than those of DCPD. 
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Figure 2.18: STA plots of all terpolymers made with sulfur, CPD and DCPD. 

Figure 2.19: Plot of all TGA spectra for terpolymers made from sulfur, CPD and DCPD. The percentage of 

DCPD is labelled but all polymers had a feed ratio of 50 % sulfur. The feed ratio of CPD is equal to 50 % minus 

the percentage of DCPD.  
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Terpolymers analysis with DSC 

All polymers were analysed by DSC using a Perkin Elmer DSC 8000 to find a glass transition temperature. 

Starting from 30 °C, the polymer samples were cooled to -80 °C at 5 °C/ min. The temperature was then cycled 

from -80 °C to 150 °C twice to find the Tg. All samples were analysed under nitrogen. 

The glass transition temperature of the terpolymers increased rapidly with increased DCPD content. When 

only cyclopentadiene was used as a monomer, the Tg was around room temperature, but it quickly increased 

to over 100 °C as DCPD content is increased. This was likely because DCPD acts as a rigid crosslinker and 

reduced any movement of the polymer chains. None of the polymers showed the characteristic melting peaks 

of sulfur, indicating that there was no unreacted sulfur in the polymer. The results of the STA and DSC 

experiments indicate that additional DCPD in the reaction would lead to increased thermal stability and glass 

transition temperature. 
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Figure 2.20: Differential scanning calorimetry plots of terpolymers made from sulfur, CPD and DCPD. The 

glass transition temperature at the inflection point is displayed. 

When the glass transition temperature from DSC is plotted against the mass after the STA run, they appear to 

be linked. This likely indicates that DCPD increases the overall thermal stability of the polymer. 

Figure 2.21: Plot showing the mass after heating to 800 °C in STA experiments and the glass transition 

temperature as measured by DSC of terpolymers made from sulfur, CPD and DCPD. All polymers have a 

sulfur content of 50 %. The other 50 % is made up of DCPD and CPD making the CPD content equal to 50 

minus the displayed percentage of DCPD.  
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Reduction of terpolymers with NaBH4 and analysis by GC-MS 

With the thermal testing in hand, the next step was the characterise the chemical structure of the terpolymers. 

This would give a lot of information about the reaction between sulfur and CPD. As the polymers were not 

soluble in most common solvents, they were instead reduced with sodium borohydride. The sodium 

borohydride was used to reduce many of the sulfur-sulfur bonds to leave small molecules that could be 

analysed by GC-MS. All polymers were analysed so that the effect of feed ratio on the final polymer 

composition could be determined. 

30 mg of each polymer was ground into a powder and weighed into a flame dried, 50 mL, 2-necked round 

bottom flask. 94 mg of sodium borohydride was weighed into the same round bottomed flask under a stream 

of nitrogen. The main neck of the round bottomed flask was added to an air condenser with a nitrogen line. 

The condenser and round bottomed flask were purged with nitrogen for 30 minutes to ensure all oxygen was 

removed from the reaction atmosphere. After purging, the outlet needle was removed but a constant flow of 

nitrogen was maintained. 2.5 mL of anhydrous THF was injected into the round bottomed flask and the mixture 

was stirred at 500 rpm. The round bottomed flask was then added to a 50 °C oil bath. While stirring was 

maintained, the mixture was heated at 50 °C for 24 hours. After 24 hours, the mixture was cooled to 0 °C using 

a salted ice bath and 5 mL of 1 M HCl was injected slowly. 5 mL of hexane was then injected into the round 

bottomed flask and stirred for an additional hour. After stirring, the organic layer was separated and analysed 

using GC-MS. 

All polymer compositions were tested to analyse the change in the relative concentration of reduced products 

with the feedstock used in the polymerisation reaction. Several general trends were observed. As the amount 

of CPD in the polymer reduced, the relative height of the lower retention time (lower molecular weight) peaks 

decreased. As the amount of DCPD in the polymer increased, the chromatograms simplified and converged 

on only a few peaks. These peaks all belonged to the DCPD molecule in which the less reactive alkene 

remained intact. The peak at 12.58 minutes belonged to the dithiol peak with an alkene while the peak at 16.05 

minutes corresponded to the trisulfide version of the same molecule. The second alkene did not appear to 

react when DCPD alone was reacted with sulfur but the tetrathiol of DCPD was observed when CPD was used. 

It is possible that this is due to the low reactivity of the second alkene in DCPD. 

Figure 2.22: Mechanism for the reaction of sulfur and DCPD. 

The chromatograms were quite complicated but will be separated into six groups to make it easier to explain. 

The chromatograms for each terpolymer composition are shown on the next two pages. After that, an overlay 

of the polymer with only CPD and only DCPD will be used to assign and explain each of the peaks.  
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Figure 2.23: Chromatograms for terpolymers made from sulfur, CPD and DCPD which have been reduced 

with sodium borohydride.  
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The chromatograms will be split into six different groups to assign all the peaks and explain how they could 

form. To do this, an overlay of the 50-50-0 S-CPD-DCPD and the 50-0-50 S-CPD-DCPD polymers will be 

used. The groups that will be split into are: 4-7 mins, 7-9 mins, 9-12 mins, 12-14 mins, 14-19 mins and 19-30 

mins. Both peaks were scaled using their largest peak. 

The region between 4 and 7 minutes contains three main peaks. Two of these are impurities from the solvent 

and can be ignored. The peak at 5.65 minutes consists of a cyclopentane thiol. This molecule indicates that 

both alkenes in CPD reacted, and the resulting polymer was reduced. This peak decreased with the CPD 

content and was not in the polymer with only DCPD. 

Figure 2.24: GC chromatogram from 4-7 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD and 

50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown.  
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The region between 7 and 9 minutes shows five main peaks. One at 7.68 minutes was only present in the 

polymers with high DCPD content. This peak corresponds to a DCPD molecule. It is possible that this was 

formed in the reduction or that there was unreacted DCPD in the polymer structure. The other four peaks all 

have the same mass spectrum. They correspond to a cyclopentane dithiol. The four peaks likely represent 

isomers of the dithiol. These peaks were only present in the samples with high CPD content. 

Figure 2.25: GC chromatogram from 7-9 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD and 

50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown.  
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The region between 9 and 12 minutes contains several peaks. The terpolymers with high DCPD only showed 

two peaks in this region. They both have the same mass and correspond to DCPD with one alkene and a thiol. 

These peaks indicate that the less reactive alkene on DCPD did not react. The polymers with higher CPD 

content show four peaks corresponding to cyclopentane trithiol. Again, these peaks confirm that both alkenes 

on the cyclopentadiene reacted to form the polymer. There was also a peak corresponding to a pentane cyclic 

trisulfide which could also form from the reduction. There was another peak at 10.57 minutes with a mass of 

132 which could not be identified. 

Figure 2.26: GC chromatogram from 9-12 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD 

and 50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown.  
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The region from 12 to 14 minutes had three main peaks. These peaks were very large and were the major 

peaks for most of the terpolymer. For the terpolymer made with only sulfur and DCPD, the major peak was a 

dithiol of DCPD with one alkene. This indicates that the less reactive alkene did not react in the polymerisation. 

However, the terpolymer which was made with only sulfur and CPD showed a dithiol DCPD with no alkenes. 

This indicates that DCPD can form from the reaction with CPD but when it does, it is much less likely to have 

alkenes. The largest peak in the chromatogram for the polymer made from sulfur and CPD was the peak at 

12.67 minutes. This peak corresponded to the cyclopentane tetrathiol and indicates that both alkenes of CPD 

reacted with sulfur. 

Figure 2.27: GC chromatogram from 12-14 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD 

and 50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown.  
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The region between 14 and 19 minutes only had peaks corresponding to DCPD molecules. The polymer made 

only from sulfur and DCPD had only a peak corresponding to a cyclic trisulfide of DCPD with one alkene. 

Interestingly, the polymer prepared with sulfur and CPD also showed 4 peaks corresponding to trithiols of 

DCPD with no alkenes. These peaks were significantly reduced in the polymer made without CPD. 

Figure 2.28: GC chromatogram from 14-19 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD 

and 50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown.  



 

57 

The region between 19 and 30 minutes only showed one peak. This peak corresponded to the tetrathiol of 

DCPD with no alkenes. Like in the other regions, this peak was larger in the terpolymer made from sulfur and 

CPD.  

Figure 2.29: GC chromatogram from 19-30 mins for reduced terpolymers made from 50-50-0 S-CPD-DCPD 

and 50-0-50 S-CPD-DCPD. Mass spectra for each of the labelled peak are shown. 

The results of the reduced terpolymers were very interesting. The polymers made with a large amount of DCPD 

converged towards only peaks that still have the less reactive alkene. This indicates that only the more reactive 

alkene of DCPD was participating in the reaction with sulfur. This two stage reaction of DCPD with sulfur had 

been seen before in several publications.15, 20, 21 However, the peaks that corresponded to DCPD with an 

alkene were significantly reduced in the polymers made from CPD, despite containing peaks for fully saturated 

DCPD. It's possible that this is because the CPD could first react with sulfur then undergo an Diels Alder 

reaction with another molecule of CPD. This would leave only the more reactive alkene of DCPD which could 

then undergo a reaction with sulfur.  

Figure 2.30: Reaction between sulfur and CPD with subsequent Diels Alder reaction. 
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Analysis of terpolymers with FTIR 

The reduction experiments showed that the polymers with DCPD had more alkenes in the polymer structure 

than the polymers made with CPD. To investigate this and how this affected the infrared spectrum, thin 

windows of the polymers were prepared and tested using FTIR. These windows were very thin and do not give 

an indication of the overall transmission of a thick sample but they do allow for the major absorptions of the 

polymer to be observed. The results of the FTIR study confirms the findings of the reduction experiments. The 

peaks that correspond to alkenes (3050 cm-1) were much larger in the samples with added DCPD. There was 

still a small peak at this location in the sample made from only CPD, this is likely from DCPD impurity in the 

CPD or DCPD that was formed in situ during the reaction. The samples with less added DCPD appeared to 

be much simpler in the LWIR region (1428 cm-1
 – 714 cm-1), potentially due to the reduced abundance of 

alkenes. 

Free standing windows of the terpolymers were prepared using a similar method as the cure time samples. 

The polymers were processed with a heated press to prepare thin free-standing films with a thickness ranging 

from 180 µm - 220 µm to analyse by transmission FTIR analysis.  

Figure 2.31: FTIR spectra of thin films of terpolymers prepared from sulfur, CPD and DCPD.  
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Long wave infrared transparency of terpolymers 

The effect of dicyclopentadiene on the long wave infrared transparency of the polymer is extremely important 

for its use in infrared imaging. The focus of this thesis is long wave infrared imaging which is between the 

region of 7 µm – 14 µm. This region is very susceptible to changes in chemical structure of the polymer. To 

test the long wave infrared transmission of the terpolymers, 1 mm thick polymer samples were prepared for 

every composition. The samples were tested for transmission in the mid- and long-wave infrared regions using 

a Perkin Elmer Frontier FTIR spectrometer. In transmission mode, the polymer samples were tested in the 

wavelength range of 2 µm to 20 µm over a total of 16 scans. 

The transmission of the samples sharply decreased as the DCPD content increased. As discussed in the 

previous sections. When DCPD is present in the reaction, the less reactive alkene is often still present in the 

polymer. These alkenes would likely lead to an increase in the unique vibrational modes in the LWIR region 

as was observed in the FTIR analysis section. In a recent paper by Lee, You and colleagues, a thiolated 

version of DCPD was used in a reaction with sulfur. It was found that using this molecule resulted in a polymer 

with no unreacted alkenes and an increased LWIR transmittance.22 When only CPD was used in the reaction, 

the number of alkenes in the final polymer was significantly reduced. The findings of the thin film FTIR 

experiments showed that the LWIR region of the polymers with more CPD was much simpler. These results 

can also be observed in the thicker samples as only the samples with more CPD show transmission in this 

region. The overall transmission for the terpolymers was quite low as only 50 % sulfur was used but still gives 

a good indication on the effect of DCPD. 
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Figure 2.32: FTIR transmission spectra of 1 mm thick terpolymer samples made from sulfur, CPD and DCPD. 

Figure 2.33: (a) FTIR plot showing of 1 mm thick polymers made from sulfur and CPD and another made from 

sulfur and DCPD. (b) Plot showing the average MWIR (3 µm - 5 µm) and LWIR (7 µm - 14 µm) of terpolymers 

made from sulfur, CPD and DCPD. All terpolymers had 50 % sulfur, the DCPD content is labelled and the CPD 

content is equal to 50- DCPD percentage.  
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Synthesis of polymer using gas phase cyclopentadiene 

Gas phase method 

The terpolymer experiments gave a lot of information about the effect of DCPD on the performance of the 

polymer. It was found that when DCPD was added at the start of the reaction, it would often only react at one 

alkene, leaving the second alkene in the polymer. This was found to have detrimental effect on the long wave 

infrared transmission of the polymer. While cyclopentadiene was found to form DCPD during the reaction, this 

DCPD was fully saturated and is believed to have a smaller effect on the polymer. Therefore, it was essential 

to remove any DCPD from the reaction and prevent its incorporation into the polymer. To achieve this, a new 

reactor was developed. This reactor took advantage of the higher boiling point of the DCPD to keep it separated 

from the reaction vessel containing sulfur.  

Sulfur was added in a 2-necked round bottomed flask while the CPD was added to a second 2-necked round 

bottomed flask. The two round bottomed flasks were connected by a glass tube and a water-cooled condenser 

was added to one of them. CPD (3.00 g, 45.39 mmol) was added to the round bottomed flask with a condenser 

while sulfur (3.00 g, 93.75 mmol S atoms) was added to the other. A rubber septum was placed over the 

opening of the round bottomed flask with sulfur. Through this seal, needles for a gas pump were passed into 

the round bottomed flask. The inlet needle was placed in the headspace of the round bottomed flask containing 

sulfur, while the outlet needle was submerged in the sulfur. The pump circulated the atmosphere through the 

sulfur at an approximate rate of 500 mL/minute. Both round bottomed flasks were heated to 140 °C with stirring 

provided by a magnetic stirrer bar. The temperature used in this reaction is below the boiling point of DCPD 

(170 °C) but is far above the boiling temperature of CPD (41 °C). Therefore, any DCPD or other oligomers 

formed by heating CPD would remain in the round bottomed flask with the attached condenser and would not 

participate in the reaction with sulfur. Due to the much lower boiling point of CPD, it was able to pass through 

the glass tube into the round bottomed flask with sulfur. In this round bottomed flask, the CPD was constantly 

cycled through the sulfur to react and form a polymer. The reaction was heated for two and a half hours at 140 

°C. Over this time, the sulfur would darken to a very dark viscous prepolymer. The prepolymer would then be 

transferred to a silicone mold and cured in a 140 °C oven for 24 hours to cure. 

When the gas phase reactor was used, the polymers had the same black opaque appearance. The polymers 

were often soft and flexible at room temperature, indicating a low glass transition. Using this method, polymers 

could be prepared with sulfur content ranging from 40 % to 67 %, however, in samples with more than 60 % 

sulfur, visible sulfur blooming occurred over several days.   
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Figure 2.34: Images showing the gas phase method of polymer synthesis. (a) 2 round bottom flask set up with 

cyclopentadiene in left flask and sulfur in the right flask. (b) Close up of round bottomed flask before reaction. 

Cyclopentadiene is in the left flask and sulfur is in the right flask. The needle from the gas pump outlet is 

submerged in the sulfur and the pump inlet is in the headspace. (c) Image of prepolymer before being poured 

into silicone mold. (d) Polymer after curing. (e) Side view of polymer after curing.  
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Reduction of cyclopentadiene and dicyclopentadiene based sulfur polymers 

To understand the chemical structure, the polymer made with the gas phase method was reduced using NaBH4 

with the same method as described in the terpolymer section. A polymer was also reduced using the reflux 

method with a sulfur content of 67 %. These polymers were compared with the polymer made using only sulfur 

and DCPD. 

The polymer prepared using the gas phase method shows no peaks which correspond to DCPD thiols. Even 

the peaks corresponding to fully saturated DCPD are not visible. This indicates that by using the gas phase 

method, the formation of DCPD in the polymer structure can be completely removed. The polymer with 67 % 

sulfur which was prepared through the reflux method does show some peaks for DCPD. All the peaks that 

correspond to DCPD are completely saturated with no alkenes. The peaks for DCPD are also much smaller 

than in the polymers with 50 % sulfur. This indicates that higher sulfur polymers may favour the reaction 

between sulfur and CPD over the Diels Alder reaction to form DCPD. As described in the terpolymer section, 

the polymer prepared with only DCPD mainly shows peaks for unsaturated DCPD which has only reacted at 

the more reactive alkene. All the major peaks in the GC-MS for this polymer are not present in any of the other 

polymers. To see the mass spectra for the individual peaks, refer to the terpolymer section. 

Figure 2.35: GC-MS chromatograms for polymers that were reduced by sodium borohydride. The top 

chromatogram is for a polymer of sulfur and CPD prepared using the gas phase method. The middle 

chromatogram is for a polymer of sulfur and CPD prepared using the reflux method. The bottom chromatogram 

is for a polymer of sulfur and DCPD prepared using the reflux method.  
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Solid state NMR of cyclopentadiene and dicyclopentadiene based sulfur polymers 

Acknowledgements: This section was done by Martin Johnston. He performed all NMR experiments and 

assisted with data analysis. 

To gain further understanding of the structure of the polymers, solid state NMR was used. The same three 

samples that were analysed in the reduction experiments were tested. These samples were the 50-poly(S-r-

CPD) prepared using the gas phase method, the 67-poly(S-r-CPD) prepared using the reflux method and the 

50-poly(S-r-DCPD) prepared using the reflux method. A 400 MHz NMR spectrometer NMR operating at 100 

MHz was used with a 4 mm rotor spinning at 5 kHz. An acquisition time of 15 ms and a CP of 4 ms was used 

for all samples. However, due to the different mobility of the molecules within the polymers, the relaxation time 

needed to be changed for each sample. For the 50-poly(S-r-DCPD) and 67-poly(S-r-CPD) sample, a relaxation 

time of 2 s was appropriate. The 50-poly(S-r-CPD) polymer made using the gas phase method required a 

relaxation time of 30 seconds. 

The solid-state NMR gave very broad peaks but all three polymers showed a large peak around 50 ppm. The 

most informative section of the NMR plots is the alkene region around 135 ppm. This region would show a 

peak if there were alkenes present in the polymer. As can be seen in the figure below, only the polymer made 

with DCPD showed a significant peak in this region. There was a very small bump in the spectrum for the 

polymer made in the gas phase but it was very minor. This gives further evidence that the polymers with DCPD 

do not react at both alkenes using this method but when the polymers are prepared from CPD, no alkenes 

remain after the reaction. 

Figure 2.36: Solid state NMR spectra for the 67-poly(S-r-CPD) made using the reflux method, 50-poly(S-r-

CPD) prepared using the gas phase method, and 50-poly(S-r-DCPD). The peaks at 82 ppm and 182 ppm in 

the NMR spectrum for the 50-poly(S-r-DCPD) polymer are spinning side bands and occur at 5000 Hz from the 

alkene peak.  
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Discussion of polymer structure 

At this point, there is a lot of evidence about the structure of the polymers prepared using the different synthesis 

methods. The polymers made using DCPD as a monomer reacted only at the more strained alkene. The other 

alkene remained unreacted. This can be seen in the FTIR data which shows a peak at 3060 cm-1 as well as 

the reduced GC-MS experiments and the solid-state NMR experiments. 

When the polymers were made using cyclopentadiene and sulfur, the composition of the polymer depended 

on the synthesis method used. When using the reflux method, the polymer mostly consisted of cyclopentadiene 

in which both alkenes had reacted with sulfur. However, there was a small amount of DCPD in the polymer 

structure. This DCPD was found to be completely saturated and both alkenes had reacted with sulfur. It was 

hypothesised that the DCPD formed when a CPD molecule reacted with sulfur at one alkene then participated 

as a dienophile with another CPD molecule. This would result in a DCPD in which the less reactive alkene has 

already reacted with sulfur. A mechanism for this reaction can be seen in the terpolymer section. The amount 

of DCPD in the polymer appears to decrease with increasing sulfur content, indicating a competing reaction 

between the Diels Alder reaction and the reaction between CPD and sulfur. 

When the gas phase method was used with CPD, the polymer structure was much simpler. The polymer only 

showed evidence of CPD which had reacted at both alkenes with sulfur. There was no evidence of any DCPD 

in the polymer structure. However, there was some unreacted sulfur found within the polymer structure. It is 

possible that DCPD plays a role in stabilising the polymer, leading to greater thermal properties and a higher 

upper limit to sulfur content. 

Figure 2.37: Polymer structures for polymers made with DCPD or CPD using either the reflux method or the 

gas phase method.  
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Comparisons between Gas phase and reflux method 

Glass transition temperature by DSC 

With the structure of the polymers prepared by both the reflux and gas phase method well understood, the 

next stage was to investigate any changes in properties of the two materials. This was important to find which 

would be more appropriate for use in thermal imaging applications. 

First the glass transition temperature was tested by DSC. This is important as it indicates whether the material 

will be flexible or rigid at room temperature. The polymers prepared through both methods were analysed by 

DSC using a Perkin Elmer DSC 8000. Starting from 30 °C, the polymer was cooled to -50 °C at 5 °C/ min 

under nitrogen. The temperature was then cycled twice from -50 °C to 150 °C. To find the glass transition 

temperature, the inflection point of the change in baseline was determined for every scan and averaged. 

The polymers prepared with the reflux method had a greater glass transition temperature than the polymer 

made with the gas phase method. It is possible that this is because the gas phase method prevents the 

formation of any DCPD in the polymer. DCPD is well known to improve the glass transition temperature of 

polymers.21 The polymer prepared through the gas phase method also showed a melting peak for sulfur, 

indicating that there was unreacted sulfur in the polymer matrix. This confirms the findings of the reduction 

experiments. 

Figure 2.38: Differential scanning calorimetry of polymers prepared from CPD using either the reflux method 

or gas phase method.  
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Compression modulus with sulfur content 

To test any differences in mechanical properties, the polymers prepared using both the reflux and gas phase 

methods were tested for compressive strength. A range of samples were prepared with different sulfur contents 

to test how properties changed with composition. For the reflux method, samples were prepared with sulfur 

contents of 40 %, 50 %, 60 %, 67 %, 70 % and 80 %. For the gas phase method, samples were prepared with 

sulfur contents of 40 %, 50 %, 60 % and 67 %. All samples were cured into cylinders with a diameter of 10 mm 

using a silicone mould. After curing, the top and bottom surfaces were sanded to give a flat surface and reduce 

surface irregularity. These samples were tested on a TA Q800 dynamic mechanical analyser using a two-plate 

compression apparatus. The samples were compressed with a force ramp rate of 3 N/min to a maximum of 

18 N at room temperature. After testing, the compression modulus was calculated using the slope of the elastic 

portion of the stress-strain curve. 

Sulfur polymers can often bloom crystals of sulfur over time. To test if this would lead to a change in mechanical 

properties, the samples made with the reflux method were tested both immediately and after one week. Any 

changed in properties were investigated. The samples prepared with the gas phase method were only tested 

after one week. 

The 40, 50 and 60 % sulfur samples prepared with the reflux method were all below their glass transition 

temperature and were brittle while the 67, 70 and 80 % sulfur samples were all above their glass transition and 

displayed soft and compressible properties. This resulted to a greatly increased compression modulus. In 

general, the compression modulus of the polymers decreased with increasing sulfur content. This is consistent 

with most findings in literature.23 The 70 % and 80 % samples both showed a compression modulus below 1.5 

Mpa initially but after one week, it increased to over 4. These samples visibly bloomed, with sulfur crystals 

visible on the surface. This increase in compression modulus was likely due to sulfur acting as a bulk filler 

material which prevented compression of the polymer material. Therefore, the maximum amount of sulfur that 

could be stabilised by the polymer is likely 67 %. 

The samples prepared with the reflux method showed the same trends. However, all the sulfur contents were 

flexible at room temperature due to the lower glass transition temperature of the polymers prepared with the 

gas phase method. As the sulfur content increased, the compression modulus decreased. The sample with 67 

% sulfur showed blooming after one week and like the samples made with the reflux method, this resulted in 

an increase in compression modulus. This gives a maximum stable sulfur content of 60 % for the gas phase 

method. In general, the samples made with the gas phase method had a lower compression modulus. This is 

likely due to the DCPD which forms in the reflux method. The DCPD could act as a rigid crosslinker, improving 

mechanical performance of the polymer. These results show that the reflux method has greater thermal and 

mechanical performance than the polymers made with the gas phase method.  
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Figure 2.39: (a) Compression modulus of polymers prepared from cyclopentadiene and sulfur using the reflux 

method. The 40, 50 and 60 % sulfur samples were all below their glass transition temperature and were brittle 

while the 67, 70 and 80 % sulfur samples were all above their glass transition and displayed soft and 

compressible properties. (b) Compression modulus of polymers prepared from cyclopentadiene and sulfur 

using the reflux method that have been aged one week. The 70 and 80 % sulfur samples became brittle due 

to sulfur blooming. (c) Compression modulus of polymers prepared from cyclopentadiene and sulfur using the 

gas phase method. All samples were aged one week, the 67 % sulfur samples showed signs of sulfur blooming 

and became brittle.  
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Preparation of silicone mould for optical testing 

After testing the thermal and mechanical properties of the polymers, they were tested for optical properties. 

For these tests, it was important that all samples had a very precise thickness to give repeatable results that 

can be directly compared between samples. To achieve this, a mould was designed so polymers can be cured 

to always give a width of 1 mm and have the appropriate size and shape for infrared transmission testing. To 

produce this mould, 1 mm thick glass slides were used as a negative. A 3D printed part was designed to hold 

up to 9 glass slides. These glass slides were positioned in another 3D printed part so that they were 5 mm 

from the bottom of a 35 mm wide, 65 mm long and 30 mm deep opening. Optionally, small 3D printed parts 

could be added to each glass slide to make a larger opening to pour the prepolymer into the mould. A heat 

resistant silicone resin (Pinkysil) was poured around the glass slides to prepare a mould. This silicone resin 

consisted of two parts which were mixed in a one-to-one ratio. Each part was measured out to approximately 

23 mL and mixed for 3 minutes. After mixing, the resin was poured into the mould negative and left to cure for 

two hours. This mould would produce polymer windows with dimensions of 25 mm x 25.4 mm x 1 mm. To 

remove the polymer from the mould, the silicone was cut with a scalpel. 

Figure 2.40: Images of mould synthesis. (a) 3D printed mould negative with glass slides. (b) Silicone mould in 

negative. (c) Final silicone mould.  
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Refractive index by specular reflectance 

The refractive index of sulfur and the 67-poly(S-r-CPD) polymers were tested using specular reflectance. It 

was not possible to test the polymers made with the gas phase method as they were not shape persistent and 

would deform in the mount used to take the specular reflectance measurements. The polymers were found to 

possess an excellent refractive index which was between 1.85 and 1.9 over the entire region tested. This 

refractive index would allow for high power optics with less material than a lower RI polymer.24 

Specular reflectance spectra of the 67-poly(S-r-CPD) polymer (mid- and near-IR measured consecutively 

without re-mounting the sample) were recorded on a Bruker Vertex v80 instrument (Bruker, Billerica, MA, USA) 

using the 1513/QA attachment under vacuum at an angle from the surface normal of 15°. Spectra were 

referenced to the reflectivity of an aluminium mirror. The samples in this study deform easily and thus care 

was taken to ensure the specular reflection was aligned with the detector. Even with this care, the reflectance 

spectrum varied in intensity when remounted due do slight variations of the reflected beam off non-parallel 

surface. Thus, several measurements were made of the same sample and the highest reflectance was use for 

subsequent analysis, and the reflectance values should be considered a lower limit. The wavenumber 

dependent phase shift spectrum was determined by applying the Kramers-Kronig transform using the 

spectrometer software (OPUS V7.2, Bruker). The complex refractive index, η = n + ik, spectrum was 

subsequently calculated from the phase shift and reflectance spectra using the equations given by Galeener 

et al.25 The Kramers-Kronig transform was performed between 500 and 10,000 cm−1. 

The reflectance spectrum < 1500 cm−1 is very similar to that reported previously, both in terms of the specular 

reflectance value and the spectrum showing minima at ~1300, 950, 900 cm−1.26 As noted by these authors, 

the absorptivity (attenuation) index is small throughout this region, and this is confirmed by our Kramers-Kronig 

analysis which suggests the absorptivity index remains < 0.01 throughout the entire region. Thus, the 

reflectivity values are almost exclusively governed by the real part of the refractive index. It should be noted 

that using different spectral limits to perform the Kramers Kronig resulted in fluctuations in the absorptivity 

index spectrum but made no discernible differences in the refractive index spectrum. Our spectrum covers a 

wider range than Fuller et al and shows a weak feature at 3500 cm−1 that was not observed previously.26 

Figure 2.41: Refractive index and reflectance of sulfur and 67-poly(S-r-CPD).  
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Infrared transmission through windows with different sulfur contents 

The infrared transmission was one of the most important features of the polymers made from CPD. This would 

indicate if they would be useful as an optic in thermal imaging systems. To test the infrared transmission, 1 

mm thick samples were prepared with a range of sulfur contents. The same compositions were used as those 

tested in the compression analysis. For the reflux method, the sulfur content varied from 40 % to 80 % while 

for the gas phase method, the sulfur content varied from 40 % to 67 %. 1 mm thick polymer samples were 

tested for transmission in the mid- and long-wave infrared regions using a Perkin Elmer Frontier FTIR 

spectrometer. In transmission mode, the polymer samples were tested in the wavelength range of 2 µm to 20 

µm over a total of 16 scans. The average transmittance was calculated by integrating over the region and 

dividing by the wavelength range. For the MWIR region, the plot was integrated between 3 µm and 5 µm and 

divided by 2 µm. For the LWIR region, the plot was integrated between 7 µm and 14 µm and divided by 7 µm. 

The samples made using the gas phase method showed a much greater transmission in the LWIR region than 

those made using the reflux method. This is likely due to the reflux method possessing DCPD in the polymer 

structure. This would increase the unique vibrational modes and lead to decreased transmission. Some peaks 

corresponding to DCPD could be observed in the polymers prepared through the reflux method, particularly at 

lower sulfur content. These can most easily be seen at around 5 µm. As described earlier, the polymers 

prepared through the reflux method showed greater DCPD content in polymers with less sulfur. 

The polymers made with both methods showed the same general trend with increasing sulfur content. As the 

sulfur content increased, the polymers showed greater transmission in both the MWIR and LWIR regions. 

However, when the sulfur content was too high, the polymers became unstable and sulfur blooming would 

occur. This was explored in the compression testing section. The samples with 70 % and 80 % sulfur in the 

reflux method and 67 % sulfur in the gas phase method all showed signs of sulfur blooming. This sulfur 

blooming resulted in significant decreases in the transmission of the polymers at shorter wavelengths. The 

effect of the sulfur blooming was reduced at longer wavelengths and therefore affected the MWIR region more 

than the LWIR region. As can be seen in the following pages, the average transmission in the LWIR region 

continued to improve with sulfur content but the average transmission in the MWIR decreased in samples with 

sulfur blooming. 

The infrared transmission testing showed that the gas phase method gave the greatest transmission in the 

LWIR region. Therefore, for thermal imaging, it would likely give the greatest thermal resolution. However, the 

samples made with the reflux method had greater thermal and mechanical properties and could contain more 

sulfur without blooming. The application may dictate whether the compromise of mechanical performance is 

outweighed by the improvement in infrared transmission.  
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Figure 2.42: Infrared transmission spectra from 2-20 µm for samples made from the reflux method with sulfur 

content varying from 40 % to 80 %. Infrared transmission spectra from 2-20 µm for samples made from the 

gas phase method with sulfur content varying from 40 % to 67 %. Average LWIR transmission for polymers 

prepared from both the reflux and gas phase methods. Average MWIR transmission for polymers prepared 

from both the reflux and gas phase methods.  
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Extinction coefficient of polymers made through reflux method 

To determine the effect of thickness on the transmission of the 67-poly(S-r-CPD) polymer, it was prepared at 

a range of thicknesses varying from 0.2 mm to 1.0 mm. This was achieved by using glass covers slips as a 

negative to form a silicone mould. The 67-poly(S-r-CPD) prepolymer was then poured into the silicone mould 

and cured. All polymer samples were tested for infrared absorbance. The extinction coefficient was calculated 

by the slope of the absorbance against thickness for each data point. 

Figure 2.43: (a) FTIR spectra of freestanding 67-poly(S-r-CPD) films at three different thicknesses showing 

percent transmission. (b) FTIR spectra of freestanding 67-poly(S-r-CPD) films at three different thicknesses 

showing absorbance. (c) Extinction coefficient for 67-poly(S-r-CPD) polymer between a wavelength of 2 µm 

and 20 µm.  
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Thermal imaging through polymer windows 

A FLIR E6 infrared camera was used to investigate the transparency of the polymer windows to infrared 

radiation. The spectral range of this camera is from 7.5 µm to 13 µm which makes all images in the long wave 

infrared region. Two types of images were taken, both using the warmth from a gloved hand to produce infrared 

radiation. The first image that was taken had the polymer sample in a 3D printed holder which was positioned 

approximately 30 cm from the camera lens. A gloved hand was then put behind the sample so that some of it 

was blocked by the polymer window. This image gives a good indication of how the polymer window affects 

the image quality. The FLIR camera also has an optical camera which shows the positioning of the sample. 

Note that due to how close the sample is to the camera, there is some parallax shifting in the visible image.  

The polymers made with both the reflux method and the gas phase method both had enough transparency to 

image using a human hand. This is very rare for a polymer of this thickness as most polymers will absorb in 

the LWIR region.  

Figure 2.44: Images showing the thermal imaging of polymer. (a) Image of camera and sample holder. (b) 

optical image of 67-poly(S-r-CPD) polymer made with the reflux method in holder with a gloved hand behind. 

(c) Long wave infrared image through 1 mm thick 67-poly(S-r-CPD) made with the reflux method. (d) Optical 

image of 50-poly(S-r-CPD) made with the gas phase method. (e) Long wave infrared image through 1 mm 

thick 67-poly(S-r-CPD) made with the gas phase method.   
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The second type of image that was taken was one in which the 1 mm thick polymer completely blocked the 

lens of the camera, and an image was taken through the polymer. This gives an indication of the quality of 

images that could be taken when the polymer is used as a window or lens. A 3D printed mount was made to 

hold the polymer in front of the lens. Being able to see any image through a polymer of this thickness is very 

rare. The polymer samples are particularly impressive as they can image a human hand despite only 

approximately 15 °C difference from the surrounding environment. While subjective, the images through the 

polymer made with the reflux method appear to have a greater resolution. Some blurring occurred with the gas 

phase method. As described earlier, the polymer prepared with the gas phase method has some unreacted 

sulfur in its structure. This sulfur may scatter light as it passes through the polymer. The scattering of light is 

likely what is responsible for the blurring of the LWIR images that are taken through the polymer prepared 

through the gas phase method. 

Figure 2.45: Images showing the mount used to hold polymer sample to FLIR camera. (a) Back of mount with 

no polymer sample. (b) Front of mount with no polymer sample. (c) Front of mount with polymer sample 

inserted. (d) Mount attached to FLIR camera with polymer sample inserted. 

Below are images of a hand taken through a 1 mm thick sample of 67-poly(S-r-CPD) prepared through the 

reflux method and 50-poly(S-r-CPD) prepared using the gas phase method. 

Figure 2.46: (a) Visible image of hand. (b) Long Wave Infrared image of hand with FLIR E6 camera and no 

polymer sample. (c) Long Wave Infrared image of hand with FLIR E6 camera through 1 mm thick 67-poly(S-r-

CPD) prepared through the reflux method. (d) Long Wave Infrared image of hand with FLIR E6 camera through 

1 mm thick 50-poly(S-r-CPD) prepared through the gas phase method. 
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Due to the high transmission of the polymer and the good resolution of images that could be taken through it. 

It was possible to image a person. 

Figure 2.47: (a) Optical image of person. (b) LWIR image of person with no polymer. (c) LWIR image of person 

through a 1 mm thick sample of 67-poly(S-r-CPD) prepared through the reflux method. Dr Max Mann is thanked 

for permission to use his image.  
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Comparison with 1,3-diisopropenylbenzene sulfur polymer 

Polymer synthesis using 1,3-Diisopropenylbenzene and comparison 

The performance of the polymers prepared using sulfur and cyclopentadiene was excellent. Particularly the 

transmittance in the long wave infrared region (7 µm – 14 µm). To gain an understanding of how the polymers 

compared with other sulfur-based polymers which had been developed in the literature, a comparison with 

some of the top performing polymers was made.  

The standard benchmark for sulfur-based polymers is the first one described by Pyun in 2013.27 This polymer 

was prepared using a reaction between elemental sulfur and 1,3-diisopropenylbenzene. 1 mm thick windows 

of this polymer were prepared to test against the polymers made from cyclopentadiene. A polymer made from 

sulfur and 1,3-diisopropenylbenzene (DIB) was prepared using the method outlined by Pyun28 with only a slight 

modification to allow for appropriately shaped polymer pieces for infrared transmission testing. Two polymer 

compositions were prepared so they could be compared with the cyclopentadiene polymer. The first polymer 

composition had the same mass ratio of sulfur to the crosslinker as the optimised CPD polymer 67-poly(S-r-

CPD) while the second composition had the same molar ratio (Approximately 4:1, S:DIB). A total mass of 5 

grams was used for both compositions. The first polymer composition used 3.33 g of sulfur and 1.67 g of DIB 

and will be referred to as 67-poly(S-r-DIB) while the second used 2.21 g of sulfur and 2.79 g of DIB and will be 

referred to as 44-poly(S-r-DIB). The 67-poly(S-r-CPD) polymer made with the reflux method was used as a 

comparison as it showed better image quality than the polymers made with the gas phase method. 

Sulfur was added to a 21 ml vial with a magnetic stirring rod and added to an aluminium heating block at 185 

°C. The sulfur was left for 3 minutes over which time it became an orange liquid. DIB was then added by pipette 

to the molten sulfur and the reaction was left for an additional 8 minutes. Over this time, the mixture would 

change to a deep red, viscous prepolymer as sulfur reacted with DIB. In the original method described by 

Pyun, the reaction is left to vitrify, which happens after 9-11 minutes from when the DIB is added, depending 

on composition. This method was modified slightly to allow for 1 mm thick polymer windows to be produced. 

Instead of allowing the prepolymer to completely vitrify in the scintillation vial, it was transferred to a preheated 

silicone mould after 8 minutes and added to a 185 °C oven for an additional 3 minutes. After this time, the 

polymer was removed from the oven and allowed to cool to room temperature before removal from the mould. 

The polymers had a deep red colour and were slightly transparent. The 67-poly(S-r-DIB) was soft and clearly 

had a glass transition below room temperature while 44-poly(S-r-DIB) was brittle and glassy. This was 

confirmed by DSC which found the 67-poly(S-r-DIB) polymer to have a glass transition of approximately 8 °C 

while the 44-poly(S-r-DIB) polymer had a glass transition temperature of approximately 29 °C. 

Note that a significant amount of gas was produced when DIB was added to the sulfur so this reaction should 

only be done in a fume hood.  
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Figure 2.48: Images showing 67-poly(S-r-CPD) made by the reflux method, 67-poly(S-r-DIB) and 44-poly(S-r-

DIB). 

All polymers had the same thickness of 1 mm, allowing for direct comparison of the infrared transmission and 

imaging capabilities. The polymers were first tested subjectively by imaging through the polymers using a FLIR 

E6 thermal camera. A 3D printed sample holder was prepared which allowed for all 3 polymers to be imaged 

at the same time for a comparison.  

Figure 2.49: (a) 1 mm thick 67-poly(S-r-CPD) prepared with the reflux method in callipers. (b) 1 mm thick 67-

poly(S-r-DIB) in callipers. (c) 44-poly(S-r-DIB) in callipers. (g) All 3 samples in 3D printed sample holder.  
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Below are the visible and LWIR images through the CPD and DIB polymers. Both compositions of DIB showed 

some transparency in the visible images as the fingers could be seen through the polymer, while the CPD 

polymer was completely opaque. However, the opposite was true in the LWIR images as the CPD polymer 

was transparent while both DIB polymers showed no transparency in this region. This allowed for the fingers 

to be seen through the 1 mm thick 67-poly(S-r-CPD) polymer but not through either of the DIB polymers in the 

LWIR image.  

The polymers were also tested using the mount which covered the entire lens of the camera. This mount is 

described in the thermal imaging through polymer windows section above. As expected, the 67-poly(S-r-CPD) 

polymer was transparent in the LWIR region and allowed imaging of a hand while both compositions of DIB 

did not have enough transmission to be able to image a human hand. This is what would be expected for most 

polymer compositions as absorbance in the LWIR region is very common for polymers. 

Figure 2.50: (a) Photo of hand behind 1 mm thick 67-poly(S-r-CPD) and DIB polymers with the same mass 

ratio and molar ratio. (b) LWIR image from 7.5 µm to 13 µm of the 1 mm thick polymer samples taken using a 

FLIR E6. (c) Gloved hand imaged through 1 mm thick 67-poly(S-r-CPD) polymer using camera mount to 

completely cover lens. (d) Gloved hand imaged through 1 mm thick 67-poly(S-r-DIB) polymer using camera 

mount to completely cover lens. (e) Gloved hand imaged through 1 mm thick 44-poly(S-r-DIB) polymer using 

camera mount to completely cover lens.  
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UV-Vis-NIR analysis of polymers 

The UV-Vis-NIR spectrum was measured using a Perkin Elmer Lambda 950 UV-Vis-NIR spectrometer. The 1 

mm thick polymers prepared from both DIB and CPD were tested. The CPD polymers both had 67 % sulfur 

and varied in their synthesis method. One was prepared using the reflux method and one was prepared using 

the gas phase method. The DIB polymers were both prepared using an inverse vulcanization method but one 

had 67 % sulfur and the other had 44 % sulfur. The DIB polymer with 67 % sulfur had the same mass ratio of 

sulfur while the one with 44 % sulfur had the same mole ratio. 

The visible portion of the spectrum is shown in the plot below. For this plot, it was defined as 380 nm to 700 

nm. As can be seen, both polymers prepared with CPD show no transmission in the visible region. They only 

begin to transmit around 1000 nm. This explains why they are completely opaque to visible light and have a 

black appearance. The samples made from DIB both show transmission starting from around 580 nm. This 

indicates that these polymers will allow yellow and red light through which explains their distinct red colour. In 

general, the polymers prepared with DIB had a greater transmittance in the near IR region (defined as 700 nm 

to 2000 nm). This indicates that the polymers prepared with DIB may be more suited to NIR imaging then 

MWIR or LWIR. 

Figure 2.51: UV-Vis-NIR specta collected using a Perkin Elmer Lambda 950 UV-Vis-NIR spectrometer showing 

the transmission of 1 mm thick polymers prepared with CPD and DIB. Two polymers were prepared using 

CPD, both had a sulfur content of 67 %. One was prepared with the reflux method while the other was prepared 

with the gas phase method. Two polymers were prepared from DIB both using the same inverse vulcanization 

method. One had 67 % sulfur which was the same mass ratio of sulfur as the CPD polymers and one had 44 

% sulfur which was the same mole ratio as the CPD polymers.  
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Comparison of FTIR and UV-Vis-NIR of polymers  

To quantitatively compare the transmission of the polymers, the FTIR spectrum for each polymer was 

collected. A Perkin Elmer Frontier FTIR was used to analyse the polymers made from DIB and from CPD. Both 

the reflux method and the gas phase method for CPD synthesis was tested. 

As can be seen in the plot below, the polymers prepared with CPD had much greater transmission over the 

entire MWIR and LWIR regions. This explained why images can be taken through them with the LWIR camera. 

The transmission of these polymers is very promising and indicates they would be suitable for applications in 

thermal imaging. A larger comparison can be found in chapter 4 which compares the polymers prepared with 

CPD, the ones that were developed in chapter 3 which have a norbornane core and a range of polymers from 

literature. 

Figure 2.52: FTIR spectra collected using a Perkin Elmer Frontier FTIR showing the transmission of 1 mm 

thick polymers prepared with CPD and DIB. Two polymers were prepared using CPD, both had a sulfur content 

of 67 %. One was prepared with the reflux method while the other was prepared with the gas phase method. 

Two polymers were prepared from DIB both using the same inverse vulcanization method. One had 67 % 

sulfur which was the same mass ratio of sulfur as the CPD polymers, and one had 44 % sulfur which was the 

same mole ratio as the CPD polymers.  
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Chapter conclusions 

The main goals of this chapter were to develop a polymerisation reaction between sulfur and cyclopentadiene, 

fully characterise the polymer structure and investigate its potential for use in thermal imaging. These goals 

were particularly difficult as cyclopentadiene is a very volatile monomer. At the time that this work was done, 

no polymerisations of this type had been reported using such a volatile monomer. This was because the 

reaction would use molten sulfur as both a reagent and a solvent. As sulfur does not melt until around 115 °C, 

most reactions required monomers which were liquid at this temperature.  

To overcome the issue of the volatility of CPD, two new reactors were developed. The reflux method utilised 

a simple reflux set up to react sulfur with CPD. The gas phase method utilised a two-vial reaction set up to 

convert cyclopentadiene into a gas and pump it through molten sulfur. These polymerisations with CPD were 

the first inverse vulcanization reactions utilising molten sulfur and a gaseous monomer. 

The chemical structure of the polymers was characterised by reducing them with sodium borohydride and 

analysing the soluble thiols by GC-MS. It was found that the chemical structure of the polymers depended on 

the synthesis method. The polymers made using the reflux method were found to have DCPD in their structure. 

However, this DCPD was fully saturated but when DCPD was used as a monomer, it was found to only react 

at the more strained alkene. When the reaction was performed using the gas phase method, no DCPD could 

be found in the polymer structure. GC-MS of the reduced polymer found only the expected CPD thiols, 

indicating a clean reaction with no side products. Solid state NMR and FTIR were used as complementary 

techniques and confirmed the results of the reduction experiments. 

Figure 2.53: Reactions between sulfur and DCPD or CPD using the reflux method and the gas phase method. 

The polymer structure is shown as well as the major products when the polymer was reduced with sodium 

borohydride and analysed by GC-MS.  
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In a series of experiments, it was found that when DCPD impurities were present in the CPD, it would become 

incorporated into the polymer structure. As described above, this DCPD was found to only react at one alkene. 

This resulted in alkenes being present in the final polymer. The effect of these alkenes on the polymer 

properties were investigated and it was found that they significantly reduced the infrared transparency of the 

polymers. However, the incorporation of DCPD was found to result in an increase in thermal stability.  

When polymers were prepared using the gas phase method, DCPD was eliminated from the polymer structure. 

As predicted by the experiments with DCPD, this resulted in a significant improvement in infrared transparency, 

making the polymer have the greatest long wave infrared transparency of any in literature at the time. However, 

this improvement in optical properties came at the expense of the thermal properties. The polymers prepared 

using the gas phase method had a significantly reduced glass transition temperature and were found to contain 

unreacted sulfur in the polymer structure. 

The polymers prepared using CPD showed excellent transmission over the long wave infrared region. This 

allowed for thermal images to be taken through the polymers, even at a thickness of 1 mm. Due to the high 

sulfur content of the polymers, they were also found to possess a refractive index above 1.85. This is extremely 

impressive for a polymer and would allow for optics to be made smaller, thinner and lighter while maintaining 

the same optical power. These properties were explored further in chapter 4 where the polymers developed in 

this chapter were used to prepared windows and a range of lenses for use in thermal imaging. 

Figure 2.54: (top) FTIR and Refractive index plots for polymers prepared from a reaction between sulfur and 

CPD. (bottom) LWIR images through 1 mm thick polymers along with a visible image and images with no 

polymer window.  
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Chapter 3 – Synthesis and polymerisation of norbornane based 
cyclic sulfides to prepare optical polymers 
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Chapter introduction 

In the previous chapter, a high-performance polymer was developed with excellent long-wave infrared 

transmission. This polymer was designed with a cyclopentadiene organic core, which gave a highly crosslinked 

polymer when reacted with sulfur. Due to the organic monomer being small and highly unsaturated, the 

polymer could incorporate a large relative proportion of sulfur while maintaining a short average sulfur chain 

length. This gave a polymer with excellent refractive index and long-wave infrared transmission. 

This chapter will focus on the development of a polymer which is superior to the cyclopentadiene based 

polymer in some ways and complimentary in others. This new polymer utilises a norbornane group as the 

organic portion of the polymer. The cyclopentadiene polymer, while possessing excellent transmission in the 

long-wave infrared region, was black and completely opaque to visible light. For some applications, this could 

be utilised to great effect. For example, an opaque polymer with long-wave infrared transparency could be 

very valuable for concealment and protection of a thermal camera. This application is explored in detail in 

chapter 4 using a window of the polymer to conceal a thermal camera from visible light while still allowing it to 

be used in the long-wave infrared region. However, in some applications, a material which is also transparent 

to visible light may be more practical. Many thermal imaging cameras possess both a visible and long-wave 

infrared sensor to image in both regions simultaneously. For these cameras, a material which is transparent 

in both the visible and the long-wave infrared regions would be valuable to act as a protective window or optic 

that could be used by both sensors. One of the goals of this chapter was to develop a complementary material 

which was transparent in both the visible and long-wave infrared region. 

Another goal of this chapter was to develop a polymer with a high glass transition temperature. The 

cyclopentadiene polymer had a glass transition temperature of 4.5 °C. This meant that at room temperature, 

the polymer would be soft and flexible. There are many applications where this would be an advantage. Using 

the example of an opaque polymer sheet to conceal a camera, using a flexible material would allow for it to be 

easily placed over a reinforcing mesh or be bent into a shape. Using a material above its glass transition 

temperature also prevents it from shattering upon impact, allowing it to function more effectively as a protective 

screen. While these applications are useful, most lenses use a brittle, glass like material for several key 

reasons. The first is that brittle materials are much less likely to flex or warp when pressure is applied. This 

means they can be mounted into a holder for a camera without any changes in geometry. For a lens, any 
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change in geometry could lead to significant changes in optical performance. Furthermore, polymer lenses are 

often used below their glass transition temperature to prevent significant changes in shape with variations in 

temperature. This means that a polymer with a high glass transition temperature would have a much greater 

effective temperature range. For these reasons, it would be valuable to develop a complementary material 

with a high glass transition temperature. 

Figure 3.1: Structural diagrams of cyclopentadiene and norbornadiene polymers with properties listed. 

The initial motivation for the norbornadiene polymer came from some pioneering research by Norwood, Pyun 

and co-workers.2 They performed computational research on a range of polymer analogues and found that 

polymers with a norbornane core would have excellent LWIR transmission and a high glass transition 

temperature. They were not able to prepare this polymer due to the volatility of norbornadiene making the 

reaction with molten sulfur very difficult.2 Instead, the authors performed a nickel catalysed [2+2] cycloaddition 

to prepare a dimer of norbornadiene. While this polymer was calculated to sacrifice some LWIR transmission, 

it could be reacted directly with sulfur to prepare a high glass transition polymer which was also transparent in 

the visible region. This polymer was found to possess enough LWIR transmission to image a 100 °C hotplate 

through a 1.3 mm thick window. 

Figure 3.2: Work by Norwood, Pyun and co-workers on the computational analysis, synthesis and testing of a 

poly(S-r-NBD2) polymer. (a) Computational screening of three different model systems showing DFT-

calculated FTIR spectra. (b) Synthesis of NBD2 by nickel-catalysed [2+2] cycloaddition of norbornadiene 

followed by a reaction with sulfur and 13C CP-MAS spectrum of poly(S50-r-NBD250). (c) Control image through 

taken with FLIR LWIR camera in “black hot” mode of 100 °C hotplate with PMMA mask. (d) LWIR image taken 

through 1.3 mm thick poly(S70-r-NBD230) polymer window. Modified with permission from.2 
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While the authors were not able to prepare a polymer with the norbornane core, they were able to demonstrate 

the potential of sulfur-based polymers with a norbornane core. The Pyun group went on to use the NBD2 

polymer to prepare a polymer lens which could be used with a commercial LWIR detector.3 This will be explored 

further in chapter 4. 

In another publication authored by He, Xia and co-workers, the norbornane based polymer was attempted to 

be prepared using mechanochemistry.4 In this paper, a ball mill was used to react sulfur and NBD. While they 

were able to prove that a reaction had occurred, unfortunately, the characterisation of the obtained material 

was extremely limited. From the characterisation data available in the paper, it appears that there was some 

rearrangement of the norbornane core. In this chapter, a polymer was prepared directly from a monomer 

containing the rearrange norbornane core. This polymer contained several characteristic features that allow 

its identification. The rearranged norbornane core has a cyclopropane group which gives characteristic FTIR 

peaks above 3000 cm-1 and around 800 cm-1. These peaks are present in the polymer prepared by 

mechanochemistry and can clearly be seen in the FTIR spectrum. This, combined with the low glass transition 

temperature of 51 °C indicates that a rearrangement likely occurred. The rearrangement of the norbornane 

core is a difficult issue to avoid. To prepare the desired polymer with a norbornane core, the issue of the 

volatility of NBD and the rearrangement must be addressed. 

Figure 3.3: (a) FTIR plot of polymer prepared by mechanochemistry. Modified with permission from.4 (b) FTIR 

plot from polymer prepared directly from rearranged norbornane disulfide prepared later in this chapter. The 

characteristic peaks for the cyclopropane group were present in both, indicating that the polymer prepared by 

mechanochemistry had some rearrangement of the norbornane core. 

This chapter will explore the synthesis and characterisation of the polymer with a norbornane core while 

avoiding the issues of rearrangement and NBD volatility. Following the successful synthesis of the target 

polymer, this chapter will investigate its potential as a material for use in thermal imaging. To do this, the 

polymer was tested for refractive index, LWIR transmission and thermal properties, including glass transition 

temperature. By the conclusion of this chapter, a consistent method for the synthesis of the polymer would be 

developed, the rearrangement of norbornadiene would be fully understood and all the required characterisation 

would be complete to allow for the use of the polymer as a material to prepare optics for thermal imaging. This 

would then lead to the use of the polymer in chapter 4 as a custom lens in a thermal imaging camera using a 

commercial detector.  
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Solventless reaction between sulfur and norbornadiene 

Polymer synthesis 

To make the norbornane based polymer, a direct inverse vulcanization reaction using sulfur as both a solvent 

and a monomer was first attempted. In this reaction, norbornadiene (NBD) was added directly to molten sulfur 

like the reactions described in chapter 2. This reaction was expected to have issues as Pyun stated that “due 

to the volatility of NBD (boiling point: ≈89 °C), these compounds could not be used with liquid sulfur in the 

inverse vulcanization process (T>130 °C).”2 To confirm these statements, it was first tested using the same 

methods that were used for cyclopentadiene in chapter 2. 

For this reaction, sulfur (3g, 93.75 mmol S atoms) was added to a 21 mL vial with a magnetic stirrer. The vial 

was connected to a condenser and lowered into a 140 °C oil bath. The sulfur was heated with constant stirring 

for three minutes, over which time it melted into a yellow liquid. NBD (2.160 g, 23.44 mmol, 2.38 mL) was 

slowly added by volumetric pipette through the top of the condenser. The ratio of sulfur to NBD corresponds 

to a sulfur mass percentage of 58 % and an average sulfur rank of 2. Within 4-5 minutes of the adding the 

NBD, the sulfur completely vitrified to a soft yellow solid. NBD would still visibly reflux on the surface of the 

sulfur but would no longer mix with the bulk material. Over time, the surface would slowly darken while the 

sulfur underneath remained a yellow solid. After 90 minutes of heating, the material was removed from the vial 

and cured in a silicone container at 140 °C for 24 hours. This gave a material that ranged from yellow to black 

with clear sections of unreacted sulfur. 

While a reaction between sulfur and NBD did occur, it was not possible to control the reaction and ensure a 

homogeneous product. This confirmed the findings of Pyun and showed that the reaction requires a solvent or 

other controls to ensure that a stable polymer can be formed. 

Figure 3.4: Images showing solventless reaction between sulfur and norbornadiene with 58 % sulfur. (a) 

Reaction set up showing condenser and sulfur in vial. (b-c) images showing vitrified material after addition of 

norbornadiene. (d-e) Images showing material from solventless reaction after curing for 24 hours at 140 °C.  
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Characterisation of material made from solventless reaction 

The material from the solventless reaction between sulfur and NBD was analysed by differential scanning 

calorimetry (DSC), thermal gravimetric analysis (TGA) and elemental analysis. DSC was used to see any 

crystalline sulfur that may be present in the material. This would indicate an incomplete reaction. Crystalline 

monoclinic sulfur shows a large endothermic peak at around 119 °C in a DSC thermogram. DSC could also 

show the glass transition of any polymeric material, however, for highly crosslinked polymers, the glass 

transition is often difficult to see. A Perkin Elmer DSC 8000 was used to analyse the material. Starting at room 

temperature, the material was cooled to -60 °C then heated to 100 °C at a heating rate of 10 °C/min. Following 

this, the material was cooled to -60 °C again, before being heated to 150 °C. A clear sulfur melting peak is 

observed around 115 °C, indicating the presence of crystalline sulfur. 

TGA was used to analyse the thermal degradation of the material. Sulfur based polymers often show a 

characteristic two step degradation. The onset of the first is generally between 250 °C and 300 °C while the 

second occurs at 350 °C to 400 °C. The presence of a second mass loss indicates that there are some 

crosslinked portions of the material as elemental sulfur will only show a single mass loss with an onset of 

approximately 250 °C. A TGA Perkin Elmer 8000 was used to analyse the material. Starting at room 

temperature, the material was heated to 800 °C at a heating rate of 20 °C/min under nitrogen atmosphere. As 

can be seen, there are two mass losses, indicating that there is some portion of the material which is 

crosslinked. 

Elemental analysis gives the ratio of sulfur to carbon and hydrogen in the material. Elemental analysis was 

performed by the chemical analysis facility at Macquarie University using a Vario Micro cube elemental 

analyser. Both the surface where the NBD would reflux on the sulfur and the bottom were analysed by 

elemental analysis. The surface had a lower sulfur content than expected with only 42 % while the bottom was 

over 95 % sulfur. This indicates that the NBD did not mix through the sulfur after it vitrified. 

The characterisation of the reaction without solvents shows that a well-defined polymer could not be formed. 

There was clear inhomogeneity caused by the premature vitrification. As this polymer was intended to be used 

for optical applications, there could not be any crystalline sulfur or it would cause reflections and dispersion of 

light, significantly affecting optical performance. However, the TGA results show that there was a reaction 

occurring and some polymer did form. This gave some indication that a homogeneous polymer could be formed 

if the issue of vitrification is addressed. The next few reactions attempted to solve this issue by doing this 

reaction in a solution using a range of solvent systems. 

Figure 3.5: (a) DSC thermogram of 58 % sulfur NBD polymer showing sulfur melting peak. (b) TGA thermogram 

of 58 % sulfur BND polymer and a sulfur control.  
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Solution phase reactions between sulfur and norbornadiene 

Effect of dimethylformamide on trisulfides 

The reaction between norbornadiene and sulfur was not successful when done neat. It was believed that this 

was because the reaction would proceed quickly and form a crosslinked polymer. The polymer would then 

quickly vitrify and not allow any further stirring or the incorporation of additional NBD. A potential way to combat 

this would be to keep the polymer in solution as low molecular weight intermediates. If this could be achieved, 

the issue of premature vitrification would not be as likely to occur and all the norbornadiene could react with 

the sulfur before the polymer is cured. 

The issue with doing inverse vulcanization reactions in solution is that most crosslinked sulfur-based polymers 

show very little solubility in most solvents.5 Interestingly, these polymers did show some solubility in polar 

nucleophilic solvents like DMF, pyridine, DMA or NMP.6-8 This was investigated further by Peiyao Yan from 

the Hasell group.7 In this study, a range of polymers with differing crosslinking density were prepared to use 

as model polymers. These polymers were prepared using an inverse vulcanization reaction between sulfur 

and Span 80 giving a linear polymer. The linear polymer could then be reacted with bisphenol A diglycidyl 

ether (BADGE) to crosslink it. These polymers possessed excellent mechanical properties and controllable 

crosslinking, making them perfect to test the effect of polar nucleophilic solvents. 

Figure 3.6: Polymer synthesis for crosslinked sulfur-based polymers based on Span 80 and BADGE. Used 

with permission from.7 

As expected, the polymers were not soluble in most common solvents like THF, chloroform, acetone and ethyl 

acetate. However, they were soluble in DMF and pyridine. Interestingly, after being dissolved in DMF, the 

polymers became soluble in THF. If the polymer was then cured at either 80 °C or 140 °C, it became insoluble 

in THF again. This indicated that the DMF was causing a change in the chemical structure of the polymer. 

Using GPC, the molecular weight was determined before and after the polymers were added to DMF. It was 

found that the molecular weight of the polymers was significantly reduced after addition to DMF. This was 

attributed to the sulfur-sulfur bonds being broken by the DMF, resulting in a reduction in the crosslinking and 

molecular weight of the polymer. 

Interestingly, if the polymers were cured in DMF, the molecular weight did not change, this indicated that the 

DMF was continuously breaking sulfur-sulfur bonds in the polymers. However, if the polymers were removed 

from DMF and cured at either 80 °C or 140 °C for 8 hours, they returned to their original crosslinking density 

with no changes to chemical structure, glass transition temperature or mechanical properties. This represents 

an interesting way to recycle the polymer with simple dissolution in DMF and recure at moderate temperatures.  
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Figure 3.7: (a) The gel fraction of polymers which had been dissolved in THF, DMF or dissolved in THF after 

being dissolved in DMF and finally after being cured and redissolved in THF. (b) Weight average molecular 

weight of the THF soluble fractions both before (group 1) and after being dissolved in DMF (group 3). (c) Glass 

transition temperature as determined by DSC of original polymers and polymer which had been dissolved in 

DMF and cured at 80 °C or 140 °C for 8 hours. (d) Proposed mechanism for the recycling process. Figure 

used with permission from.7 

The DMF induced recycling may be particularly applicable to the reaction between NBD and sulfur. If DMF can 

chemically break sulfur-sulfur bonds within the polymer, then it may prevent any premature vitrification. This 

would all for all NBD to react with sulfur and form oligomers. After this stage, the DMF could be removed, and 

the oligomers could be cured. As evidenced by the findings of this paper, the polymer should be able to fully 

cure after being removed from the DMF.  
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Disulfide and trisulfide crossover experiments 

To determine if dimethylformamide (DMF) or similar solvents could break sulfur-sulfur bonds, a model study 

was designed using di and trisulfides. These molecules contain similar sulfur-sulfur bonds to those in sulfur 

polymers but can be analysed by GC-MS to determine any changes in structure. Dimethyl and dipropyl 

trisulfide were selected as the model trisulfides. If a metathesis reaction were to occur, it would be expected 

that methyl propyl trisulfide would form. This molecule was used to determine if the reaction could occur. 

A total of four solvents were tested. They were dimethylformamide (DMF), dimethylacetamide (DMA), N-

Methyl-2-pyrrolidone (NMP) or tetrahydrofuran (THF). DMF, DMA, and NMP are all aprotic, nucleophilic and 

polar. At the time, it was thought that these solvents could undergo a nucleophilic metathesis reaction.6 This 

mechanism has since been disproven by subsequent studies in the Chalker lab but these solvents still induce 

a metathesis reaction in trisulfides. THF was chosen as a control which was not as nucleophilic. Finally, another 

control with no solvent was used to test if the sulfides could react neat. 

The experiment was performed using both disulfides and trisulfides. The weakest sulfur-sulfur bond in 

disulfides is much stronger than in trisulfides.9 By using both, it can be determined if the metathesis reaction 

can occur in shorter disulfides or only in trisulfides, giving an indication of the strength of S-S bond that could 

be broken in the reaction. This is important as it may affect the practical use of these reactions. Below is a 

potential mechanism for the radical metathesis reaction. It should be noted that in this thesis, the mechanism 

for this reaction was not fully investigated. The reaction is likely much more complicated than the radical 

mechanism shown below. This radical mechanism has also been disproven in experiments by in the Chalker 

lab in EPR studies but the mechanism is shown here to illustrate the original hypothesis and reasoning. 

 

Figure 3.8: Potential mechanism for radical induced trisulfide metathesis reaction of trisulfides. 

Four 15 mL reaction tubes were prepared and 1.2 mmol of either (DMF), (DMA), (NMP) or (THF) was added 

to each vial by volumetric pipette. A control with no solvent was also prepared. 1.2 mmol of dimethyl trisulfide 

and dipropyl trisulfide was added to each vial, along with a magnetic stirrer. All vials were left to react with light 

stirring for 24 hours at room temperature. After 1 and 24 hours, 10 µL was removed from each vial and made 

up to 1 mL with chloroform. This solution was analysed by GC-MS using an Agilent 5975C series GC-MS 

system. A 29.4 m x 250 µm x 0.25 µm, 5 % phenyl methyl silox column was used with a helium mobile phase. 

1 µL of sample was injected with a split ratio of 60:1. All samples were run with the same method which used 

a gas flow rate of 1.2 mL/min and an initial temperature of 30 °C. This temperature was held for three minutes 

before being ramped to 250 °C at 20 °C/min. The temperature was then held at 250 °C for an additional three 

minutes. This same procedure was repeated but with the trisulfides replaced with dimethyl and dipropyl 

disulfide.  
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When no solvent was used, there was no significant reaction in either the disulfides or trisulfides at room 

temperature over 24 hours. There was a small peak in the trisulfides at 8.4 minutes. This peak is caused by 

an impurity in the dipropyl trisulfide sample and corresponds to dipropyl disulfide. This control shows that a 

solvent is required to give a reaction. 

Figure 3.9: Reactions between dimethyl and dipropyl disulfide or trisulfide with no solvent. No reaction was 

observed over 24 hours at room temperature.  
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When DMF is added with disulfides, no new products are formed. There is very little change between one hour 

and 24 hours which indicates that no reaction is taking place. When reacted with trisulfides, a new peak is 

formed which corresponds to methyl propyl trisulfide, indicating that a reaction had taken place. DMF is still 

present which indicates that it is not consumed in the reaction. This reaction is very rapid and appears to reach 

equilibrium within an hour with no further change in the ratio of the trisulfides after 24 hours. 

Figure 3.10: Reactions between dimethyl and dipropyl disulfide or trisulfide using DMF as a solvent. No 

reaction was observed over 24 hours at room temperature in the disulfides. The trisulfides showed a rapid 

reaction and the formation of methyl propyl trisulfide within an hour. There was no change in the ratio of the 

trisulfides after 24 hours.  
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Like DMF, a rapid reaction is seen in the trisulfides when DMA is used as a solvent. Again, there was no 

reaction in the disulfides. This confirms that this reaction is not unique to DMF and can occur in other solvents. 

The reaction appears to have already reached equilibrium after an hour so like DMF, the reaction is very quick. 

Figure 3.11: Reactions between dimethyl and dipropyl disulfide or trisulfide using DMA as a solvent. No 

reaction was observed over 24 hours at room temperature in the disulfides. The trisulfides showed a rapid 

reaction and the formation of methyl propyl trisulfide within an hour. There was no change in the ratio of the 

trisulfides after 24 hours.  
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The same trends were observed when NMP was used as the solvent. There was no reaction in the disulfides 

but a rapid reaction in the trisulfides which did not consume the NMP. NMP has a slighly different structure to 

DMF or DMA but is still polar and nucleophilic and shows the same trends. 

Figure 3.12: Reactions between dimethyl and dipropyl disulfide or trisulfide using NMP as a solvent. No 

reaction was observed over 24 hours at room temperature in the disulfides. The trisulfides showed a rapid 

reaction and the formation of methyl propyl trisulfide within an hour. There was no change in the ratio of the 

trisulfides after 24 hours.  
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When THF was added instead of DMF, DMA or NMP, the reaction proceeded differently. With disulfides, there 

was again no reaction. In the reaction with trisulfides, there was no significant reaction within an hour but after 

24 hours, there was a considerable amount of the cross over product formed. This indicates that a reaction 

could occur but was much slower than with DMF, DMA or NMP. The products do not appear to be at equilibrium 

after 24 hours in this reaction as the methyl propyl trisulfide peak is much smaller than the other trisulfides. 

This indicates that the reaction may take several days to reach an equilibrium. These results are important as 

THF is not nucleophilic like the other solvents used. This indicates that non nucleophilic solvents can induce a 

reaction, but it is much slower. THF could not be resolved due to its high volatility and similar retention time to 

chloroform. 

Figure 3.13: Reactions between dimethyl and dipropyl disulfide or trisulfide using THF as a solvent. No reaction 

was observed over 24 hours at room temperature in the disulfides. The trisulfides showed no reaction after an 

hour. After 24 hours, there was some formation of methyl propyl trisulfide, indicating a very slow reaction at 

room temperature.  
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After seeing the results of the trisulfide model system, it was clear that a reaction was taking place. However, 

the mechanism for this reaction was unclear. To test if a radical reaction was occurring, the same reactions 

were repeated but with a small amount (10 mol %) of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) added. 

The stabilised radical on TEMPO would quench any radical that may be formed during the metathesis reaction. 

This would significantly reduce the rate of reactions involving radicals as they will be quenched shortly after 

being formed. If DMF or the other solvents were inducing or stabilising a radical reaction, a significant decrease 

in the amount of methyl propyl trisulfide would be expected when TEMPO is added. However, if the mechanism 

was ionic, there would only a small change in the rate of methyl propyl trisulfide formation.  

 

Figure 3.14: Potential mechanism for TEMPO quenching radical metathesis reaction in trisulfides. 

The same method as described earlier was used with the only change being that 0.12 mmol (10 mol %) of 

TEMPO was first added to the reaction tubes before any reactants were added. All samples were again tested 

by GC-MS using the same method as the experiments without TEMPO.  

As expected, when the reaction was done neat with TEMPO, there was no reaction in either the di or trisulfides 

after 24 hours at room temperature. The TEMPO was not consumed in the reaction. This indicates that TEMPO 

does not induce a metathesis reaction in either the di or trisulfides. 

Figure 3.15: Reactions between dimethyl and dipropyl disulfide or trisulfide neat with 10 mol % TEMPO. No 

reaction was observed over 24 hours at room temperature.  
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When the reaction is done in DMF with TEMPO, there is no observed reaction in either the disulfides or 

trisulfides. This indicates that the TEMPO is preventing the reaction in the trisulfides, suggesting a radical 

mechanism. Another possibility is the TEMPO is participating in a redox reaction of some reactive intermediate. 

Figure 3.16: Reactions between dimethyl and dipropyl disulfide or trisulfide with 10 mol % TEMPO in DMF. No 

reaction was observed over 24 hours at room temperature.  
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Like DMF, there was no reaction in DMA when TEMPO was added. A very small peak can be seen at 8.77 

minutes in the trisulfide reaction which does correspond to methyl propyl trisulfide. This potentially indicates 

that the reaction can still occur but is significantly reduced by the TEMPO. 

Figure 3.17: Reactions between dimethyl and dipropyl disulfide or trisulfide with 10 mol % TEMPO in DMA. No 

significant reaction was observed over 24 hours at room temperature. 
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In NMP, the reaction seemed very similar to DMA. A very small peak is observed at 8.77 minutes in the 

trisulfide reaction but the reaction is significantly slowed by the TEMPO. 

Figure 3.18: Reactions between dimethyl and dipropyl disulfide or trisulfide with 10 mol % TEMPO in NMP. No 

significant reaction was observed over 24 hours at room temperature.  
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When THF was used as a solvent, there was no reaction in either the disulfides or the trisulfides. 

Figure 3.19: Reactions between dimethyl and dipropyl disulfide or trisulfide with 10 mol % TEMPO in THF. No 

significant reaction was observed over 24 hours at room temperature. 

The di and trisulfide experiments show several key findings about the reactivity of sulfur-sulfur bonds. The 

trisulfide experiments show that DMF, DMA and NMP can induce a metathesis reaction in trisulfides. The 

formation of methyl propyl trisulfide indicates that sulfur-sulfur bonds were not only broken but new sulfur-

sulfur bonds were formed. This occurred quickly as the three trisulfide products appeared to reach equilibrium 

within an hour for all these solvents. When the trisulfides were added neat, no reaction occurred, indicating 

that the solvent was required for a reaction to take place. The disulfide experiments had no reaction which 

shows that a sulfur rank of three or more is required for DMF, DMA or NMP to induce a reaction. 

At first, it was believed that this reaction occurred by an anionic mechanism as THF did not induce a reaction 

within an hour while all the nucleophilic solvents showed a fast reaction. However, over 24 hours, THF did 

induce a trisulfide metathesis reaction. This indicates that it may be a mechanism that is stabilised by DMF, 

DMA or NMP and to a lesser extent by THF. The TEMPO experiments provide more evidence for a radical 

mechanism as trisulfide metathesis for all reactants was significantly reduced when TEMPO was added. 

However, it is likely that the mechanism is much more complicated than this and requires further testing. 
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Figure 3.20: Mass spectra for di and trisulfide experiments.  
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Figure 3.21: Mass spectra for di and trisulfide experiments.  
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Polymer synthesis in dimethylformamide 

With the results of the model trisulfides in hand, it was believed that doing the reaction between norbornadiene 

and sulfur in dimethylformamide (DMF) would help to keep the molecular weight of the polymer low by 

constantly breaking and reforming any trisulfides in the polymer. This may prevent vitrification and prolong the 

reaction so that all of the norbornadiene could react. After the initial reaction, the DMF would then be removed 

and the polymer could be cured to give the crosslinked polymer. 

The ratio of sulfur to DMF was found to be very important. If there was not enough DMF, the reaction would  

have a sulfur layer and a DMF layer. Due to the low solubility of sulfur in DMF, only a small portion of the sulfur 

would be dissolved in the DMF layers. As the reaction progressed, the sulfur layer would polymerise separetely 

to the dissolved sulfur. This would often lead to two distinct phases in the polymer, one from the DMF layer 

and the other from the sulfur layer.  

To determine the appropriate ratio of sulfur to DMF, a range of reactions were performed with varying amounts 

of sulfur and DMF. The ratio of sulfur to DMF in these reactions varied from 3 g of sulfur and 1 mL of DMF to 

0.5 g of sulfur and 10 mL of DMF. While the total amound of sulfur varied, all polymers had a sulfur composition 

of 58 % and were made using the same method which can be seen below. 

Sulfur and DMF were added to a 21 mL vial and connected to a water-cooled condenser. The vial was lowered 

into a 140 °C oil bath and heated for 10 minutes with constant stirring provided by a magnetic stir bar. After 10 

minutes, NBD was added down the condenser. The amount of NBD was calculated so all samples had a sulfur 

composition of 58 %. The samples were then left for a total of 90 minutes before being removed from heat. 

The DMF was then removed by rotary vacuum before being washed with water and lyophilised overnight. The 

samples were then added to a 140 °C oven for 24 hours to cure. 

Figure 3.22: (a) Photo of reaction set up, (b) photo of sulfur and DMF before being added to 140 °C oil bath. 

(c) Photo of sulfur and DMF after heating for 10 minutes. (d) Photo of reaction after addition of NBD. (e) Photo 

of reaction after a total of 90 minutes heating. (f) Photo of polymer with a sulfur rank of 2 after cure at 140 °C 

for 24 hours. (g) Photo of polymers after cure with a range of sulfur to DMF ratios.  
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The samples with more than 3 g sulfur to 10 mL DMF had a very large sulfur layer which in some cases would 

vitrify and cease to stir. Only the samples with 1 g or less sulfur to 10 mL of DMF had no visible sulfur layer. In 

these samples, the sulfur would almost completely dissolve over ten minutes of heating at 140 °C. All samples 

were analysed by DSC and no crystalline sulfur was found in any sample with DMF. Every sample with DMF 

was distinctly different in appearance than the solventless reaction as they would all go black and had no 

yellow sulfur sections. The most consistent ratio of sulfur to DMF was found to be 1 g sulfur to 10 mL DMF as 

no precipitate was formed and no sulfur layer was present. 

Figure 3.23: DSC chromatogram of polymers made from 58 % sulfur and 42 % NBD. All reactions apart from 

the top left used DMF as a solvent. The ratio of sulfur to DMF was varied for each sample. 
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NMR analysis of reaction in deuterated DMF 

The DSC results indicated that there was no unreacted crystalline sulfur. However, it was still uncertain to what 

extent the alkenes in NBD have been consumed. Having an understanding of the rate of consumption of the 

NBD is important as this can be used to control how long the reaction is left for. To test the consumption of 

alkenes, the reaction was repeated in deuterated DMF using the ratio of sulfur to DMF which was determined 

to be most consistent. 

To avoid using excess DMF, the reaction was scaled down by a factor of 10 to a DMF volume of 1 mL and 

sulfur mass of 100 mg. The same method was used to synthesise the polymer as described earlier. Three 

different reactions were run which were left for 30, 90 and 150 minutes respectively. After the time was 

reached, the reaction was removed from heat and allowed to cool. After cooling, a significant amount of 

precipitate was formed. The soluble portion was removed by pipette and added to a NMR tube. The sample 

was then analysed by proton NMR using a 600 MHz NMR to determine any changes in the NBD. It should be 

noted that only the soluble species will be present in the NMR. 

After 30 minutes, there was still some NBD remaining which is most evident by the peak at 6.75 ppm. However, 

there are a range of new peaks between 4 and 5 ppm and below 3 ppm which were not present before the 

reaction. These peaks potentially indicate some rearrangement of the norbornane core but more information 

is required to know for certain. Some new alkene peaks also form around 6.5 ppm. After 90 minutes, all peaks 

corresponding to NBD have almost dissapeared along with the alkene peaks at 6.5 ppm. This indicates close 

to complete consumption of all alkenes in the reaction. There is very little change between 90 and 150 minutes 

apart from the alkene peaks reducing further. The information gathered from this experiment indicates that the 

reaction should be left for atleast 90 minutes before being cooled. While the polymer is cured after this point, 

it is important to ensure that all of the norbornadiene has been consumed as it will evaporate in the oven when 

curing.  

Figure 3.24: Proton NMR in deuterated DMF of a NBD control and the soluble portion of several reactions 

between sulfur and NBD. All reactions have a sulfur content of 58 % but were stopped after 30, 90 or 150 

minutes.  
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Scaling up reaction in DMF and phase separation of polymer 

While a reaction could be performed when using DMF as a solvent, it was found that the reaction was very 

prone to precipitation of a high sulfur material. This issue was most noticeable when scaling up the reaction. 

The reaction was scaled up to 5 grams of sulfur while maintaining the same ratio of sulfur to DMF. In this 

reaction, 50 mL of DMF was used with 5 g of sulfur (156.25 mmol S8). The scaled reaction was done in a 250 

mL round bottomed flask. It was found that more time was required to allow the sulfur to dissolve in the DMF 

so the reaction was heated for 30 minutes before the NBD (7.2 g, 78.1 mmol, 7.93 mL) was added. After the 

addition of NBD, the reaction became cloudy before darkening over time. Due to the additional heating time at 

the start, the reaction was left for 120 minutes before removal from heat. The vial was then added to a rotary 

vacuum to remove most of the DMF. The remaining prepolymer was washed in water and lyophilised overnight. 

The prepolymer was then cured at 140 °C for 24 hours. 

Despite using the optimised ratio of sulfur to DMF, a precipitate still formed over time in the reaction. This 

precipitate had a different colour and different properties to the soluble portion. The precipitate is believed to 

form because of the low solubility of the polymer in DMF so it will precipitate as soon as the reaction initiates. 

The polymer that is produced through this method has two distinct phases. One is formed from the precipitate 

and the other from the soluble portion. These polymer phases were both tested for elemental composition at 

the chemical analysis facility at Macquarie University using a Vario micro cube elemental analyser. For the 

polymer with a sulfur feed ratio of 58 %, the soluble portion was found to posses 62.6 % sulfur while the sulfur 

layer was found to posses 73.7 % sulfur. The precipitate had a very high sulfur content. This is likely due to 

the low solubility of sulfur in DMF. To address this, several other solvent systems were tested. 

Figure 3.25: Scaled up reaction between sulfur and NBD in DMF. (a) Sulfur and DMF before being heated. (b) 

Sulfur and DMF after 30 minutes of heating at 140 °C. (c) Reaction after NBD is added. (d) Reaction after 120 

minutes of heating. (e) Soluble and precipitate portion after reaction is completed and polymer is cured at 140 

°C for 24 hours.  
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Polymer Synthesis in tetrachloroethylene 

The reactions using DMF as a solvent were successful in preparing a polymer. However, when sulfur has poor 

solubility in the solvent, it can lead to precipitation and inhomogeneity of the polymers. To address this, two 

additional solvents were tested. The additional solvents were tetrachloroethylene (TCE) and xylenes. These 

solvents were selected as they can readily dissolve sulfur and they have a boiling point which is high enough 

to accommodate the reaction but can still be removed by rotary evaporation. Tetrachloroethylene is also 

nonflammable which is important as inverse vulcanization reactions are exothermic and can be very 

dangerous. 

Tetracholoethylene does have an alkene so it is important to test if this alkene can react with sulfur. To confirm 

if the tetrachloroethylene can react with sulfur, several control experiments were performed where the 

tetrachloroethylene acts as a reactant in a typical inverse vulcanization reaction. These experiments used 

molten sulfur as the solvent and a ratio of two sulfur atoms for every tetrachloroethlene molecule. Two 

temperatures were tested, 120 °C and 170 °C. The reaction at 120 °C is below the boiling point of 

tetrachloroethlyene (bp: 121.1 °C) so the reaction was completely liquid. The reaction at 170 °C had molten 

sulfur with refluxing tetrachloroethylene like the reactions with cyclopentadiene in chapter 2 or the solventless 

reaction with NBD earlier in this chapter. The reaction at 170 °C is above the floor temperature of sulfur so it 

would be expected that there would be sulfur radicals formed. The reactions were also performed using 1 wt 

% zinc diethyldithiocarbamate. This is a commonly used catalyst in inverse vulcanization reactions10. If no 

reaction is observed under these conditions then it is very unlikely that sulfur and tetrachloroethylene have any 

reactivity. 

Sulfur (3g, 93.75 mmol S atoms) and Tetrachloroethylene (7.77 g, 46.9 mmol) were added to a 21 ml vial. Two 

vials with the same masses of sulfur and tetrachloroethylene were measured out. 1 wt% of zinc 

diethyldithiocarbamate (108.8 mg) was added to one of the vials. A reflux condenser was added to each vial 

and they were heated to 120 °C with constant stirring. The vials were left heating and stirring for 24 hours 

before being removed. This same procedure was repeated at 170 °C. The sulfur dissolved in the 

tetrachloroethylene but no change in colour occurred. There was no visible change in the reaction over the 24-

hour period. 

Figure 3.26: Pictures showing reaction between sulfur and tetrachloroethylene (a) reaction set up. (b) Solution 

during reaction. (c) After removal from heat and cooling.  



 

111 

After heating, a small part of the solution was poured into a silicone mould and added to an oven at 140 °C for 

24 hours. The rest of the solution was left to cool. The parts that were cured had the appearance of sulfur but 

the samples that used zinc diethyldithiocarbamate were slightly darker. To determine how much unreacted 

sulfur was in the samples, they were ground into a powder and 50 mg was weighed out. 10 mL of toluene was 

added to each sample, and they were sonicated at 50 °C for 45 minutes. This would dissolve the sulfur and 

leave any high molecular weight polymers unreacted. The solution was then filtered, and the mass of any 

undissolved species was measured. Both the solutions with no catalyst had no undissolved species, indicating 

it consisted of only sulfur or very low molecular weight oligomers. The solutions with catalysts only had a 

maximum of 2.36 % undissolved species which is believed to be made up of mostly the catalyst. This method 

was adapted from a method first described by the Hasell group11. 

Figure 3.27: (top row) Images of cured samples of cured material from reaction between sulfur and TCE. 

(bottom row) Images of 50 mg of material in 10 mL of toluene. (a) 120 °C for 24 hours. (b) 170 °C for 24 hours. 

(c) 120 °C for 24 hours with 1 wt% of zinc diethyldithiocarbamate. (d) 170 °C for 24 hours with 1 wt% of zinc 

diethyldithiocarbamate. 

Before being cured, an aliquot was removed from each sample. These aliquots were filtered and analysed by 

GC-MS. Every sample showed only Tetrachloroethylene, indicating tetrachloroethylene does not react with 

sulfur under the conditions used for the reaction. An injection volume of 1 µL was used with a split ratio of 60:1. 

A 29.4 m x 250 μm x 0.25 μm, 5% Phenyl Methyl Silox column was used with a constant flow of 1.2 mL/min 

helium. An initial oven temperature of 40 °C was used which was held for 3 minutes. The temperature was 

then increased at 50 °C/min to 250 °C where it was held for 12.8 minutes to complete the run.  

These experiments indicate that tetrachloroethylene does not form any polymeric material when reacted with 

sulfur and the tetrachloroethylene molecule itself is unchanged. 
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Figure 3.28: GC-MS chromatograms for reaction between tetrachloroethylene and sulfur. All reactions were 

done for 24 hours at either 120 °C or 170 °C. Two samples used 1 wt% of zinc diethyldithiocarbamate as a 

catalyst. Mass spectrum for peak at 4 minutes is shown.  
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With the control experiments completed, the reaction between norbornadiene and sulfur in TCE was 

attempted. The reaction was also performed using a mixed solvent system of DMF and TCE in a 50:50 ratio. 

This was to test if using DMF can alter the properties of the polymer as it is known to cause trisulfide metathesis 

in trisulfide model systems. For the reactions with a mixed solvent system, the same total volume was used 

but was made up of both solvents. 

Sulfur is much more soluble in TCE than DMF, particularly at high temperatures. This allowed for 1 gram of 

sulfur to be used for 10 mL of TCE without any undissolved sulfur at 140 °C. Even when a mixture of the two 

solvents was used, the sulfur would be completely soluble at 140 °C. Sulfur (1 g, 31.2 mmol S atoms) was 

added into a 21 mL vial with 10 mL of TCE or 10 mL of 50-50 TCE-DMF. The vial was attached to a water 

cooled reflux condenser and lowered into a 140 °C oil bath. The reaction was heated for 10 minutes with 

constant stirring provided by a magnetic stirring bar. Over this time, the sulfur completely dissolved, giving a 

yellow solution. After heating for 10 minutes, NBD (0.72 g, 7.81 mmol, 0.79 mL) was added through the top of 

the reflux condenser using a volumetric pipette. The volume of NBD was calculated to give a polymer with 58 

% sulfur. The reaction was heated for an additional 80 minutes and slightly darkened over this time to a brown 

colour. When using a mixed solvent of DMF and TCE, the soltion becamse much darker over the course of 

the reaction but there was not precipitation, even after 80 minutes of heating. After removal from heat, the TCE 

was removed by rotary vacuum. The prepolymer was then washed thorougly in water before being lyophilised 

overnight. The prepolymer was transferred into a silicone mould and added to a 140 °C oven for 24 hours to 

cure. After curing, the polymer took on the appearance of  an orange, slightly transparent material when TCE 

was used as a solvent. When a mixed solvent was used, the material was significantly darker but had an 

orange colour when thin. 

Figure 3.29:Reactions between sulfur and NBD using Tetrachloroethylene as a solvent. Both reactions used 

58 % sulfur. (a-e) Reactions only using TCE as a solvent. (f-j) Reactions using 50-50 DMF-TCE as a solvent.  
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Polymer synthesis in xylenes 

The next solvent that was tested was xylene. The advantage of using xylene as a solvent is that it has a high 

solubility for sulfur, particularly at high temperatures but it also has a boiling point around 140 °C. This prevents 

any refluxing of the solvent as the reaction progresses. Like in the reaction with TCE, two reactions were 

performed, one with only xylenes as a solvent and one with 50-50 DMF-xylenes as a solvent. 

The xylenes used in these reactions were a mix of the ortho, meta and para isomers in a 32:100:24 ratio as 

analysed by GC. The xylenes were tested using the following GC-MS method. An injection volume of 1 µL was 

used with a split ratio of 60:1. A 29.4 m x 250 μm x 0.25 μm, 5% Phenyl Methyl Silox column was used with a 

constant flow of 1.2 mL/min helium. An initial oven temperature of 40 °C was used which was held for 3 

minutes. The temperature was then increased at 20 °C/min to 140 °C to complete the run. 

Figure 3.30: GC-MS chromatogram of xylene solvent used in reaction between sulfur and NBD. Analysis was 

performed on an Agilent single quadrupole GC-MS. Integration peak list was exported from Agilent 

MassHunter software. 

  



 

115 

Sulfur (1 g, 3.9mmol S8) was added to a 21 mL vial with 10 mL of xylene or 10 mL of 50-50 xylene-DMF. The 

vial was attached to a water cooled reflux condenser and lowered into a 140 °C oil bath. The vial was heated 

for 10 minutes with constant stirring provided by a magnetic stirring bar. Over this time, the sulfur completely 

dissolved, giving a yellow solution. After heating for 10 minutes, NBD (0.72 g, 7.81 mmol, 0.79 mL) was added 

through the top of the reflux condenser using a volumetric pipette. The reaction was heated for an additional 

80 minutes. The initially yellow solution slowly darkened over time but no precipitate formed. Like in the 

reactions using TCE as a solvent, the solution went much darker when DMF was included in the solvent 

system. The vial was then removed from heat and xylene was evaporated using a rotary evaporator. The 

prepolymer was then washed thorougly in water before being lypholised overnight. The prepolymer was then 

transferred into a silicone mould and added to a 140 °C oven for 24 hours to cure. The polymer material was 

brittle and dark brown. When thin, it was slightly transparent but more opaque than the reactions in TCE. The 

polymer sample made in a 50-50 xylene-DMF solvent system was much darker than when xylene was the only 

solvent. 

The experiments using TCE or xylene as solvents were successful in eliminating the issue of polymer 

inhomogenuity. When these solvents were used, either as the only solvent or when mixed with DMF, there 

was no precipitation and the entire reaction was one phase. Due to this, the batch to batch consistency was 

greatly improved and the final polymer was consistent in structure. 

Figure 3.31:Reactions between sulfur and NBD using xylene as a solvent. Both reactions used 58 % sulfur. 

(a-e) Reactions only using xylene as a solvent. (f-j) Reactions using 50-50 DMF-xylene as a solvent.  
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Elemental analysis of polymers made in different solvents 

At this point, a consistent method for producing a polymer from the reaction between sulfur and norbornadiene 

had been made. However, it was important to find which solvent system gives a polymer which was closest to 

what was desired. The feed ratio for every reaction had 58 % sulfur and 42 % norbornadiene. There were 

many factors that may result in a polymer with a different sulfur content to the feed ratio. If the reaction was 

not complete and there was still unreacted norbornadiene when the solvents were removed, the norbornadiene 

would also be removed. It is also possible that norbornadiene would be left on the glassware as it refluxes. 

These factors would both result in a greater sulfur content in the final polymer than the feed ratio. Each of the 

polymers prepared with different solvents were tested to find which was closest to the feed ratio. 

Elemental analysis of the polymers prepared in different solvents was done at the chemical analysis facility at 

Macquire University using a Vario MICRO cube elemental analyser. Each of the polymers made from a reaction 

between sulfur and NBD in different solvents were tested in triplicate for CHNS analysis. The material made 

without any solvent was also tested. This sample was not homogeneous and was much darker near the top of 

the reaction than at this bottom due to poor mixing. For this reaction, samples were taken from the top and 

from the bottom to test homogeneity. For the reactions that used DMF as a solvent, three samples were taken. 

One was from the precipitate that formed from the sulfur layer of the scaled-up reaction, one from the soluble 

portion and one from the optimised reaction which had very little precipitate. While elemental analysis is usually 

accurate for carbon and hydrogen, the sulfur content in the polymers was far above the calibration standards 

used. Due to this extrapolation, there was some inconsistency in the values obtained and the data should only 

be considered as approximate.  

As expected, the sulfur content of the material made from the solventless reaction varied greatly between the 

top and the bottom. The sample from the top of the reaction was only 42 % sulfur while the sample taken from 

the bottom was over 95 % sulfur. This indicates that the norbornadiene was not reaching to the bottom of the 

sulfur when stirring ceased. Elemental analysis confirmed that the polymers that were made using DMF/Xylene 

were closest to the feed ratio. When made using this solvent system, there were also no issues with 

precipitation so DMF/Xylene was selected as the best solvent system moving forward.  

Table 3.1: Elemental analysis for polymers made from a reaction between sulfur and norbornadiene. All 

reactions had the same feed ratio of 58 % sulfur. Elemental analysis was performed at the chemical analysis 

facility at Macquire University. 

Sample Carbon (%) Hydrogen (%) Sulfur (%) 

Feed ratio 38.3 3.7 58 

No Solvent top 52.9 5.0 42.1 

No solvent bottom 4.1 0.39 95.5 

DMF Precipitate 23.9 2.3 73.7 

DMF soluble 33.9 3.5 62.6 

DMF optimised 31.9 3.1 65.1 

Xylene 18.6 1.7 79.6 

DMF/Xylene 32.5 3.3 64.2 

TCE 10.6 0.96 88.5 

DMF/TCE 24.6 2.4 73.0 
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Thermal gravimetric Analysis of polymers made in different solvents 

While the elemental analysis gave an idea of the sulfur content, the results were not very consistent as the 

polymers had a much greater sulfur content than the calibration standards used. To confirm the results of the 

elemental analysis, thermal gravimetric analysis (TGA) was performed on each of the polymers. TGA gives 

the thermal stability of the polymers under an inter atmosphere. When analysing sulfur polymers, the high 

sulfur material is usually lost first. After this, the carbon-based material remains. The final mass of material that 

is left at 800 °C gives a good indication of the proportion of the polymer which is organic based. This should 

follow the same trends as the elemental analysis and indicate the sulfur content of the polymer. 

A Perkin Elmer 8000 thermal gravimetric analyser (TGA) was used to investigate the thermal degradation of 

each of the polymer samples prepared with sulfur and NBD in different solvents. All samples had the same 

feed ratio of 58 % sulfur and 42 % NBD. The DMF only sample used the optimised ratio of sulfur to DMF. Each 

polymer sample was fully cured and ground into a powder before testing. All samples were tested from 30 °C 

to 800 °C at a temperature ramp rate of 20 °C/min under a nitrogen atmosphere. At 800 °C, the atmosphere 

was switch to air and held for 10 minutes to burn off any remaining polymer before cooling. 

All polymer samples had no loss until around 150 °C. After this point, the tetrachloroethylene and DMF sample 

showed a small mass loss. This is likely due to evaporation of solvent that became trapped in the polymer. All 

polymer samples showed a mass loss between 300 °C and 400 °C. This is likely due to the loss of high sulfur 

regions of the polymer. This mass loss is shifted to a higher temperature than in the sulfur control, indicating 

the sulfur is stabilised in a polymer structure. After this mass loss, there is a gradual decrease in mass as 

temperature increases. The gradual loss is likely due to the loss of some organic material. The final mass 

before 800 °C roughly shows the same trend as the elemental analysis with the higher carbon polymers having 

a greater final mass. TGA confirms the result of the elemental analysis that the polymer prepared in a solvent 

system of 50-50 DMF-Xylene contains the lowest sulfur content and is likely the best solvent system. 

Figure 3.32: Thermal gravimetric analysis of polymers prepared from a reaction between sulfur and 

norbornadiene tested on a Perkin Elmer 8000 TGA. All samples had a 58 % sulfur content.  
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Characterisation of polymers with a range of sulfur contents 

Polymer synthesis in DMF-Xylene solvent with a range of sulfur contents 

The next part of this project was to use the optimised solvent system to prepare polymers with a range of 

compositions and test for thermal and optical properties. To do this, the reaction between sulfur and NBD in a 

solvent system of 50-50 DMF-xylene was scaled up five times. Then a range of polymers were prepared with 

sulfur contents ranging from 41 % to 86 %. In total, 9 polymer samples were prepared sulfur contents of 41 %, 

58 %, 67 %, 74 %, 81 %, 83 %, 85 % and 86 %. These sulfur contents were selected so that the average sulfur 

rank would range from 1 to 9. The exact sulfur rank is likely higher than this as some rearrangements have 

been observed in this reaction. The method used for the synthesis of these polymers is below. 

Sulfur (5 g, 156.25 mmol S atoms) was added to a 250 mL round bottomed flask with 50 mL of 50-50 DMF-

xylene. The flask was connected to a condenser and added to a 140 °C oil bath. The flask was heated for 30 

minutes with constant stirring, over which time, the sulfur would completely dissolve. NBD was then added 

down the condenser. The volume of NBD was varied to give the desired sulfur content. The reaction was 

continued for an additional 90 minutes after the addition of NBD. The solvents were then mostly removed by 

rotary vacuum to give a black prepolymer. The prepolymer was washed thoroughly in water before being 

lyophilised overnight. The polymers were not immediately cured as prepolymers were used in the following 

experiments. 

The prepolymers were soft and would flow when heated above 50 °C. All prepolymers were black solids apart 

from the 85 % and 86 % samples. These were a yellow colour and had the appearance of sulfur. These 

samples were not used for future tests. The 41 % sulfur sample did not flow when heated and was more difficult 

to mould or manipulate. 

Figure 3.33: Picture showing a range of prepolymers prepared from a reaction between sulfur and 

norbornadiene in a solvent system of DMF-Xylene. The sulfur content of each prepolymer is displayed.  
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Prepolymer Stability 

The prepolymer was tested for long term stability to investigate if it would remain stable without being cured. 

A stable prepolymer would be useful as it could be made and stored then only moulded into a part when 

required. A common issue with polymers made from sulfur is the formation of crystalline sulfur. This could be 

caused by unreacted sulfur which is embedded in the polymer matrix or it could be caused by backbiting of 

sulfur chains within the polymer to reform octahedral sulfur. Uncured prepolymers are particularly vulnerable 

to this, as they are likely not fully reacted, resulting in longer sulfur chains than a fully cured polymer. To test 

if crystalline sulfur would form over time, the 58 % sulfur prepolymer was analysed by DSC over a period of 

three months. If crystalline sulfur was reforming, a melting peak at approximately 115 °C would be evident. All 

tests were performed on a Perkin Elmer Agilent DSC 8000.  

The DSC method involved heating the sample from 30 °C to 100 °C at 25 °C/min. The temperature was then 

held isothermally at 100 °C for one minute. This step is to remove any thermal history in the sample. The 

temperature was then decreased to -60 °C at 25 °C /min where it was again held for one minute. After this, the 

temperature was increased to 150 °C at 25 °C/min. A nitrogen atmosphere was maintained for the entire run. 

The prepolymer was tested at 2 days, 1 week, 2 weeks, 1 month, 2 months and 3 months after synthesis. 

There was no crystalline sulfur melting peak in the 2-day sample, indicating that there was no unreacted sulfur. 

The prepolymer had a glass transition temperature of -21.8 °C. This is much lower than the fully cured polymer, 

indicating that it had not reacted completely. Over three months at room temperature, the glass transition 

temperature of the prepolymer increased from -21.8 °C to -6.3 °C. This potentially indicates that the prepolymer 

is not fully stable. One possible explanation for this increase in glass transition temperature is backbiting of the 

sulfur chains. If backbiting occurs, it would be expected that the average length of the sulfur chains in the 

polymer would decrease as cyclic sulfur species are formed. A decrease in the length of the sulfur chains 

would result in an increase in glass transition temperature. It would be expected that this would also result in 

a peak forming at approximately 115 °C due to the melting of crystalline octahedral sulfur. None of the samples 

show a clear peak but the 1-month sample shows a very small peak at approximately the correct temperature. 

This study indicates that the prepolymer may have some stability over a period of three months. However, 

there is a slight shift in glass transition temperature, indicating a change in structure. For this reason, all future 

experiments were carried out using prepolymer which was less than one week old. 

Figure 3.34: Plot showing the glass transition temperature of a 58 % sulfur 42 % NBD prepolymer over time. 
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Figure 3.35: DSC thermogram for prepolymers prepared from sulfur and NBD in a solvent system of DMF-

xylene 50-50. The prepolymers were left uncured between 2 days and 3 months before being tested. The glass 

transition as determined by the inflection point on the second positive temperature ramp is displaced for each 

sample.  
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Cure study of polymer prepared from NBD and sulfur 

The prepolymers were in the form of a soft, malleable, and sometimes tacky solid. A study was conducted to 

investigate if there is a temperature at which the prepolymers will flow into a mould but will not fully cure. This 

would allow for the prepolymer to be heated to this temperature and moulded into a specific geometry when 

required. It was also important to investigate a temperature in which the polymer can be fully cured and ensure 

that no further reaction will occur. 

First the temperature at which the prepolymer would flow was determined qualitatively. It was found that the 

prepolymer required temperatures above 60 °C to flow. Above 110 °C, the polymer would flow but quickly 

harden and form a solid. It was determined that a temperature between 60 °C and 110 °C would likely be the 

best for moulding of the prepolymer 

To confirm the results of this experiment quantitatively, the cure of the 58 % sulfur prepolymer was tested at 

several different temperatures. Prepolymer samples were placed into a silicone mould. A total of seven 

samples for each temperature were prepared. The samples were placed into an oven at either 70 °C, 85 °C, 

100 °C or 140 °C. Samples were removed at 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 16 hours, and 24 

hours. Another sample was not placed in the oven.  

Each of the samples were tested for glass transition temperature using a Perkin Elmer DSC 8000 with the 

same method as the prepolymer stability study. When cured at 140 °C, the glass transition temperature of the 

polymer quickly increased and seemed to reach a maximum of 115 °C between 8 and 16 hours. When the 

cure temperature was between 70 °C and 110 °C, the glass transition temperature increased much slower and 

never reached full cure. This experiment indicates that 70 °C is an appropriate temperature to allow the 

prepolymer to flow into a mould, then curing could be done at 140 °C for at least 16 hours. For all moulding 

experiments, 70 °C was used with a cure temperature of 140 °C. 

Figure 3.36: Glass transition temperature as measured by DSC of a 58 % sulfur, 42 % NBD prepolymer when 

cure time and temperature is varied.  
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Glass transition temperature by dynamic mechanical thermal analysis 

To test glass transition temperature, it is often important to use multiple techniques. DSC is useful but can be 

insensitive to glass transitions while dynamic mechanical thermal analysis (DMTA) is much more sensitive but 

requires greater sample preparation.12 The following experiments will test the polymers using both techniques. 

Using the results of the cure study, the polymers were moulded into samples which could be tested for glass 

transition temperature using a TA Q800 dynamic mechanical thermal analyser. Polymer samples were 

moulded into rectangular prisms with dimensions of 65 mm by 5 mm by 2.5 mm. To make the mould, a negative 

was 3D printed with these dimensions. A silicone resin was poured into the 3D printed negative and left to cure 

for two hours. After this point, the silicone was removed from the negative to be used. 

As discussed in the cure study section, the prepolymers would flow when heated above 60 °C. This was utilised 

to mould the prepolymers into the correct geometry for the dual cantilever clamp in the DMTA. The silicone 

mould was first heated to 70 °C. The prepolymer was then heated and poured into the mould. To reduce the 

chance of air bubbles forming in the prepolymer, it was poured into one end of the mould and allowed to flow 

to the other. Due to the high viscosity of the polymer, it was necessary to push it into the mould with a spatula. 

The mould and prepolymer was left in the oven at 70 °C for an additional 30 minutes to allow the prepolymer 

to take the shape of the mould. If needed, more prepolymer would be added to ensure the sample had a 

consistent height. The mould and prepolymer were then added to an oven at 140 °C for 24 hours to cure. This 

was done for the samples ranging from 58 % sulfur to 83 % sulfur. The 41 % sulfur prepolymer did not flow 

when heated and could not be moulded. 

To test the glass transition temperature, a multifrequency temperature sweep was used on the DMTA with a 

dual cantilever clamp. The polymer sample was added into clamp and cooled to -10 °C. After equilibrating, it 

was heated at 3 °C/min until 150 °C. The glass transition was determined from the temperature of the centre 

of the tan delta peak. The glass transition temperature decreased with increasing sulfur content which is 

common for sulfur polymers.13 

Figure 3.37: Images showing the testing of sulfur polymers with dynamic mechanical thermal analysis. (a) 

Image of negative that was 3D printed to make silicone mould. (b) Polymer sample in dual cantilever clamp of 

TA Q800 dynamic mechanical analyser. (c) sample after multifrequency temperature sweep.  
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Figure 3.38: DMTA thermograms for polymers of sulfur and NBD that were made in a solvent system of 50-50 

DMF-xylene. A cantilever bending clamp was used with a multifrequency temperature sweep from -10 °C to 

150 °C The sulfur content of the prepolymers ranged from 58 % to 83 %. Bottom plot shows the tan delta for 

each polymer sample.  
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Glass transition temperature by Differential Scanning Calorimetry 

To confirm the results of the DMTA experiments, a method was developed to cure the prepolymer in the DSC. 

In this method, the uncured prepolymer was placed into a DSC. The samples were first heated to 100 °C for 1 

minute to remove any thermal history. Following this, the temperature was decreased to -60 °C at 25 °C/min 

and held for 1 minute before increasing to 140 °C. This step allowed for the initial glass transition temperature 

to be determined. After this, the temperature was held at 140 °C for an hour to cure the prepolymer before 

another temperature sweep to -60 °C. The process of curing for an hour at 140 °C before a temperature sweep 

was repeated for 24 hours. This allowed for the measurement of the glass transition temperature over the full 

cure of the polymer. 

Using this method to investigate the cure of the polymer had many advantages over curing the polymer in an 

oven and investigating the fully cured material in the DSC. First, it gives many data points at multiple cure 

times without requiring multiple DSC samples to be prepared. Secondly, the glass transition temperature of a 

highly crosslinked polymer can be difficult to resolve in a DSC but the prepolymer usually has a very clear 

transition. It is much easier to trace the trend of increasing glass transition temperature then to find a transition 

in a fully cured polymer. This reduces the ambiguity and inconsistency in glass transition temperature that is 

often the case with DSC. 

When comparing the results of the 58 % sulfur sample when cured in the DSC and cured in the oven, they 

follow a very similar trend. As the sulfur in the sample increased, the time to reach full cure and the final glass 

transition temperature decreased. The only sample that showed a crystalline sulfur melting peak was the 83 

% sulfur sample. This indicates that there is unreacted sulfur in the polymer and this is an upper limit to the 

sulfur content of the polymer. The glass transition temperature was lower than the values obtained by DMTA 

but followed the same trends. 

Figure 3.39: Temperature profile of DSC method and glass transition temperature against cure time in DSC 

for polymers made from sulfur and norbornadiene in different ratios. All polymers were made in a solvent 

system of 50-50 DMF-xylene.  
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Figure 3.40: DSC thermograms for prepolymers of sulfur and NBD that were made in a solvent system of 50-

50 DMF-xylene. The sulfur content of the prepolymers ranged from 58 % to 83 %. Plot showing the glass 

transition temperature obtained by DMTA and DSC.  
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Reactive compression moulding of polymers into windows  

At this point, the thermal properties of the polymer were well understood. However, little was known about the 

optical properties. To investigate the optical properties, windows of known thickness and high surface quality 

were needed. When testing optical transparency, several thicknesses are required such that effect from 

reflection can be reduced. As the thickness of the sample does not affect reflection off the surface, the change 

in transmission between samples of different thicknesses can be attributed to absorption. To test optical 

properties of the polymers, three different window thicknesses were used.  

The polymer windows were prepared using a technique first pioneered by Nicholas Lundquist known as 

reactive compression moulding9, 14, 15. In this technique, the polymer is ground into a fine powder and placed 

in a heated press. The polymer is then heated, usually above its glass transition temperature, while a large 

force is applied to compress it into a sheet or window. What is unique about reactive compression moulding is 

that crosslinked sulfur polymers which do not melt can still form strong sheets. The high strength of the sheets 

is due to the S-S bonds metathesis in the polymer leading to new covalent bonds between polymer particles. 

This creates a homogeneous polymer sheet. Reactive compression moulding is a versatile technique that can 

be used to prepare high strength composites9, confine toxic sorbents14 or create magnetic responsive 

materials15. 

To prepare the polymer windows, a custom reactive compression moulding die was machined by the 

engineering staff at Flinders University. This custom die was necessary to control the thickness and geometry 

of the polymer sheets prepared by reactive compression moulding. The die was designed on Autodesk 

Inventor and machined from aluminium. The die consisted of a push rod, an outer sleeve, two polished disks 

and several thickness determining rings. When assembled, the sample could be put between two discs which 

fit into the outer sleeve with a clearance of 0.1 mm. A ring could be selected to vary how far the push rod can 

extend into the sleeve, altering the thickness of the polymer sheet. This ring could be placed under the sleeve 

to aid in removal of the sample after compression. A dry PTFE spray was used as a mould release agent to 

ensure the samples did not stick to the aluminium disks. A shim with an insert of 15 mm was placed into the 

press to give windows that are appropriately sized for infrared transmission testing. 

Each of the polymers made from norbornadiene and sulfur were compressed into windows of three 

thicknesses. The die was preheated to 140 °C and the cured polymer was crushed into a powder. A 

temperature of 140 °C was used as it was above the glass transition temperature of all the polymers (apart 

from the 58 % sulfur polymer when tested by DMTA) but is far below the degradation temperature of the 

polymer. Approximately 500 mg of polymer was loaded into the aluminium die and added to a heated press. 

20 Mpa of pressure was applied for 10 minutes. The aluminium die was then removed from the press and left 

to cool. After cooling to approximately 40 °C, the polymer window was removed from the press. Each 

composition was compressed into three thickness: 0.75 mm, 1 mm, and 1.1 mm. 

Figure 3.41: Image showing process of reactive compression moulding. Used with permission from.9  
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Infrared transparency of sulfur and norbornadiene polymer with sulfur content 

To test the infrared transparency of the polymers, they were tested from a wavelength of 2 µm to 20 µm using 

a Perkin Elmer Frontier FTIR. The transmittance was integrated over the mid wave-infrared (MWIR, 3 µm – 5 

µm) and the long-wave infrared (LWIR, 7 µm – 14 µm) then divided by the wavelength range to obtain an 

average. 

The polymer showed very poor transmission in the LWIR region. It showed almost no transmission over the 

whole region in the samples with less than 75 % sulfur. This was unexpected as the polymer had been 

predicted computationally to possess a high transmission in the long wave infrared region. These results 

indicated that there may be some side reactions occurring that create unwanted products which absorb in the 

LWIR region. 

Figure 3.42: (a) Aluminium die used for making polymer windows. (b) FTIR spectra for polymers made from 

NBD and sulfur at 3 different thicknesses and a range of sulfur contents. All spectra were taken using a Perkin 

Elmer Frontier FTIR. The MWIR and LWIR regions are labelled at 3 µm - 5 µm and 7 µm - 14 µm respectively.  
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Figure 3.43: Average MWIR and LWIR transmittance for polymers made from NBD and sulfur in a solvent 

system of 50-50 DMF-xylene at 3 different thicknesses and a range of sulfur contents. The average MWIR 

transmittance is calculated by integrated the transmittance plot between 3 µm and 5 µm before dividing by the 

wavelength range. The average LWIR transmittance is calculated by integrated the transmittance plot between 

7 µm and 14 µm before dividing by the wavelength range.  



 

129 

Refractive index with sulfur content 

Along with the transmission of the material, the refractive index is very important. Materials with a greater 

refractive index can be used to make smaller, lighter or more practical optics16. Sulfur has a high molar 

refraction relative to carbon17 and can therefore impart a high refractive index on a material. Each of the 

polymers were tested for refractive index using their specular reflectance. 

Specular reflectance was measured using a Bruker Vertex v80 instrument with the 1513/QA attachment for 

each of the polymers prepared from norbornadiene and sulfur in DMF/Xylene. The 1 mm thick samples were 

tested with an angle from the surface normal of 15 ° under vacuum. All samples were referenced using the 

reflectance spectrum of an aluminium mirror. A Kramers-Kronig transform was applied using the OPUS V7.2 

software to find the wavenumber dependent phase shift spectrum. The refractive index was then calculated 

using the real portion of the complex refractive index, η = n + ik. 

As the sulfur content of the samples increased, the reflectance and refractive index increased. This would be 

expected as the sulfur atom is large and unpolarizable when compared to carbon17, leading to an increase in 

refractive index. 

Figure 3.44: Reflectance and refractive index spectra of polymers made from sulfur and norbornadiene in a 

solvent system of 50-50 DMF-xylene. All spectra were obtained on a Bruker Vertex v80 using the 1513/QA 

attachment. An angle from the surface normal of 15 ° was used with all spectra reference against an aluminium 

mirror. The refractive index was determined by first taking the Kramers-Kronig transform of the reflectance 

spectra of each sample then taking the real portion of the complex refractive index, η = n + ik.  
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Synthesis and isolation of norbornadiene cyclic sulfides 

Extraction of hexane soluble intermediates 

While the thermal and optical properties of the polymers could be measured effectively, the chemical structure 

was still unknown. The chemical characterisation was made more difficult by the low solubility of the polymers 

in almost any solvents when fully cured. The NMR results of the reaction in deuterated DMF along with the 

GC-MS of the reduced polymer indicated that there may be some side reactions taking place, but the 

intermediates had not been extracted or isolated. The following experiment was performed to extract any 

intermediates and investigate them by GC-MS. 

Elemental sulfur (5g, 19.5 mmol S8) was added to a 250 mL two necked round bottom flask along with a 

magnetic stirrer, DMF (50 mL) and xylene (50 mL). A condenser was added to the main neck of the flask and 

the other was sealed with a rubber septum. The reaction was then heated at 140 °C for 30 minutes with 

constant stirring at 600 rpm. Over this time, the sulfur completely dissolved in the solvents to form a deep 

orange liquid. Norbornadiene (3.98 mL, 39.13mmol) was added using a syringe through the rubber septum. 

Immediately after the addition of NBD, a 1 mL aliquot of the reaction mixture was removed using a needle 

through the rubber septum and added to a glass vial. This was the 30-minute sample. Aliquots were taken 

every 15 minutes until a total time of 120 minutes then again at 24 hours. The aliquots were left to cool before 

deionised water (2 mL) and hexane (2 mL) was added. This caused any polymeric material to precipitate and 

combine in the water/DMF (bottom) layer. 100 µL of the hexane/xylene layer (top) was filtered through cotton 

wool and added to a GCMS vial. The aliquot was diluted to 1 mL with hexane before being filtered and analysed 

on a Perkin Elmer Agilent GC-MS. 

All samples were analysed using the same GCMS method. An injection volume of 1 µL was used with a split 

ratio of 60:1. A 29.4 m x 250 μm x 0.25 μm, 5% Phenyl Methyl Silox column was used with a constant flow of 

1 mL/min helium. An initial oven temperature of 100 °C was used which was held for 3 minutes. The 

temperature was then increased at 5 °C/min to 200 °C. Following this, the temperature was increased at 20 

°C/min to 250 °C. Any GC-MS chromatograms with longer resonance times were held at 250 °C. The GC 

chromatograms and mass spectra all major peaks can be seen on the following pages. 

Figure 3.45: Samples taken from reaction between sulfur and NBD. The reaction was left for a total of 24 hours 

with aliquots removed every 15 minutes for the first 120 minutes then another at 24 hours. The top row shows 

the aliquots directly after being removed from the reaction. The bottom row is after 2 mL of deionised water 

and 2 mL of hexane was added.  
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Figure 3.46: GC chromatograms for extracted products of sulfur and NBD reaction at different reaction times.  
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Figure 3.47: Mass spectra from major peaks in GCMS chromatograms of the extracted products from a 

reaction between sulfur and norbornadiene.  
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Discussion of results from the extracted cyclic intermediates 

The hexane soluble intermediates from the reaction between NBD and sulfur gave a lot of information about 

the reaction and the potential structure of the polymer which was formed. There were many products which 

could be resolved by GC-MS, some were expected, and others indicate side reactions or alternative 

mechanisms. All the observed molecules along with their mass and GC retention time can be seen below. 

Figure 3.48: All hexane soluble products observed by GC-MS from reaction between sulfur and NBD. 

There were molecules which had no change to the norbornane organic core where one or both alkenes had 

reacted with sulfur as expected. These molecules all had cyclic sulfur rings with either 1, 3 or 5 sulfur atoms. 

While not possible to confirm by GC-MS, it was confirmed by X-ray crystallography that the sulfur rings were 

all exo to the bridge head apart from those with a cyclopropane group. These intermediates indicate that a 

typical inverse vulcanisation reaction may have occurred where the alkene was attacked by a sulfur radical to 

form carbon sulfur bonds. When being described in any further descriptions, these molecules with an alkene 

will be referred to as 1, 4 or 8 for norbornene epi, tri and penta sulfide respectively. The molecule where both 

alkenes had reacted to form a trisulfide ring will be referred to as norbornane bistrisulfide. The norbornane 

bistrisulfide molecule is only observed in the reactions that were longer than 60 minutes (30 minutes after the 

addition of NBD). This indicates that while the first alkene may react very rapidly, it may take some time for the 

second alkene to react. The relative concentration of the bistrisulfide molecule quite small, however, there are 

several factors that may affect how much is observed in the GC chromatogram. Firstly, it was found that the 

molecule was not stable in the high temperatures of the GC, leading to a range of additional peaks which 

eluted after 25 minutes and were not visible in the GC method used. Secondly, as there were two cyclic sulfur 

rings in this molecule, it means it would have crosslinked structure when polymerised. This may result in it 

becoming trapped within the polymer structure and would not be soluble in the hexane layer. All the observed 

intermediates are likely in an equilibrium between a polymerised and the cyclic product due to the dynamic 

nature of sulfur bonds at high temperature. They would only be observed in the hexane layer in the cyclic 

structure so the observed concentration likely depends on how easily they could be removed from the polymer 

structure. The norbornane bistrisulfide molecule would have to form two cyclic structures instead of only one 

like all the other molecules which would likely decrease the chance of it being released from the polymer 

structure and decreasing its concentration in the solvent. 

There were also some molecules that indicate rearrangement of the norbornane core or deprotonation. There 

were several molecules which possessed a cyclopropane group. These molecules have a cyclic sulfur 

structure with 2, 3 or 4 sulfur atoms. Norbornadiene is known to go through a rearrangement to form 

quadricyclane, usually through a light induced, intramolecular [2+2] cycloaddition.18 This molecule has seen 

extensive use in energy storage applications. In this rearrangement, the same cyclopropane group is observed. 

During the reaction between NBD and sulfur, it is likely that a similar reaction occurs. Although here it is 

proposed to be initiated initiated by a sulfur radical attacking an alkene. This would form a carbon radical on 

the NBD molecule which could result in an intramolecular rearrangement to form the observed cyclopropane 



 

137 

group. The molecules containing this group were very common and increased with reaction time. All other 

isolated intermediated decreased over time. This is likely because the other intermediates all had an alkene 

which could still react. As time went on, this alkene would allow them to become incorporated into the polymer 

structure. The molecules with a cyclopropane group could only form two sulfur chains when in the polymer 

structure and would likely exist in an equilibrium between the cyclic and polymeric forms. This is why they can 

be observed even after a 24-hour reaction time. 

Finally, there was a molecule with an alkene and a sulfur chain to the bridge carbon in the norbornene. The 

mechanism for how the molecule is formed is not fully understood but it is believed to have formed from a 

hydride shift from the bridging carbon to one of the outer carbons. This mechanism can be seen in the figure 

below. According to computational analysis, the bond dissociation energy of the C-H bond on the bridge carbon 

is the weakest.19 This molecule still had an alkene which could react further and was therefore not seen after 

a reaction time of 24 hours. There were two peaks in the GC-MS chromatograms which could not be identified. 

One at 15.9 minutes and the other at 21.6 minutes. While these molecules could not be isolated and 

characterised by NMR, it is likely that these peaks belong to the tri and tetra sulfide variants of the molecule 

with a sulfur chain to the bridge carbon. The mass spectra had the correct molecular weight and fragmentation 

pattern for these molecules. 

The presence of molecules 3, 5 and 7 in the polymer structure would likely introduce a range of absorptions in 

the LWIR region which may explain the poor performance of the material in the optical transmission testing. 

Later in this thesis, it was found that the cyclopropane structure gives a very large absorption at around 12.4 

µm. While molecule 2 does not introduce any additional functional groups, it does lose the symmetry of the 

molecule. Several papers have shown that symmetry is important for long wave infrared transmission as it 

reduces the unique modes of vibration.20 Therefore, it is important to prevent these structures from becoming 

incorporated into the polymer structure to improve the optical performance. 

Figure 3.49: Proposed mechanisms for the formation of hexane soluble cyclic sulfide intermediates.  
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Developing a method to isolate cyclic sulfide intermediates 

After the cyclic sulfide intermediates were first found in the reaction between sulfur and NBD, a method was 

developed to synthesise and isolate them. This would allow for a full characterisation using NMR, GC-MS and 

X-ray crystallography and it may be possible to use the cyclic sulfides as monomers in future reactions. 

The reaction temperature was first optimised for maximum yield of the hexane soluble intermediates. All 

reactions were performed using the same method, reaction conditions and molar ratio of sulfur to 

norbornadiene. Reaction temperatures from 80 °C to 120 °C were tested to optimise the crude yield of hexane 

soluble intermediates. For each reaction, a 50 mL round bottomed flask was charged with sulfur (945 mg, 3.69 

mmol S8), norbornadiene (1 mL, 0.906 g, 9.83 mmol) and 10 mL of DMF. This gave a ratio of 3 sulfur atoms 

per NBD molecule. A magnetic stirrer was added to each flask. The reaction was left for 90 minutes, over 

which time, the solution went black. After this time, the solution was poured into a beaker containing 50 mL of 

hexane and 50 mL of distilled water. This caused any polymeric material to precipitate and combine into the 

water layer. The solution was filtered over celite, and the filtrate was collected. The filtrate was washed three 

times with 50 mL of distilled water to remove any DMF. The solution was dried with magnesium sulphate and 

filtered into a round bottomed flask. The hexane was removed by rotary vacuum and the crude yield was 

measured. The products were analysed by GC-MS and proton NMR to ensure all solvent had been removed. 

The samples using a temperature of less than 120 °C had a large amount of unreacted sulfur at the bottom of 

the flask which resulted in a reduced yield with 5.17 % and 8.65 % for the 80 °C and 100 °C respectively. The 

120 °C sample was found to have the greatest crude yield of 12.2%. 

A catalyst was tested to improve the crude yield of hexane soluble products. Using the same method as above, 

the reactions were repeated at 120 °C with and without a [Ni(NH3)6]Cl2 catalyst. 2 mol % (45.6 mg, 197 µmol) 

of the catalyst was added at the start of the reaction. The sulfur in the samples with the catalyst dissolved 

much faster and the solution went black within 3 minutes. The yield of the reaction increased from 12.2 % to 

24.9 % using the catalyst. 

To further improve the yield, the reaction was repeated with 10 mL of toluene added at the start to help dissolve 

the sulfur. When toluene was added, there was no unreacted sulfur after 90 minutes and a reduced amount of 

insoluble polymer. Using toluene increased the crude yield from 25 % to 60.5 %. This was found to be the 

most optimised method for crude yield of hexane soluble products and was used in future experiments. 

The optimised method was slightly different to the method used in the polymerisation as it used a lower 

temperature (120 °C instead of 140 °C), included the use of a [Ni(NH3)6]Cl2 catalyst and used 50-50 toluene-

DMF instead of 50-50 xylene-DMF. The lower temperature resulted in greatly reduced polymer and more 

soluble intermediates. Toluene was used instead of xylene as it has a lower boiling point which aided in its 

removal by rotary vacuum. Despite these differences, all the major intermediates from the polymerisation 

reaction were found in the optimised reaction. 

There was a change in the relative proportion of the intermediates under the different reaction conditions. At 

lower temperatures and without the catalyst, norbornene episulfide (molecule 1) was the major product. At the 

higher temperature and with the catalyst, the relative proportion of norbornene trisulfide (molecule 4) increased 
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greatly to become the major product. This is likely because in the more optimised reactions, all the sulfur would 

dissolve, leading to an increase in the high sulfur molecules. 

Figure 3.50: Proton NMR of crude samples obtained from the reaction between sulfur and norbornadiene 

under different conditions. All samples had the same reaction time (90 minutes), mass of sulfur (945 mg), mass 

of norbornadiene (0.906 g) and solvent (DMF, 10 mL). The two top samples had [Ni(NH3)6]Cl2 at a loading of 

2 mol % and the top sample has an additional 10 mL toluene in the solvent.  
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Figure 3.51: GC-MS of crude samples obtained from reaction between sulfur and NBD.  
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Scaling up reaction to produce intermediates 

Using the optimised conditions for crude yield, the reaction was scaled up by a factor of 5. This was necessary 

so that the intermediates could be isolated at a scale that was appropriate for analysis and any further 

reactions. 

A 250 mL round bottomed flask was charged with sulfur (4.725 g, 18.43 mmol S8), norbornadiene (5 mL, 4.53 

g, 49.15 mmol) and [Ni(NH3)6]Cl2 (228 mg, .984 mmol). 50 mL of DMF and 50 mL of toluene were added along 

with a magnetic stirrer. The reaction was heated to 120 °C and left for 90 minutes. Following this, the solution 

was poured into a beaker containing 250 mL of hexane and 250 mL of distilled water. This caused any 

polymeric material to precipitate and combine into the water layer. The solution was then filtered over celite, 

and the filtrate was collected. The orange-coloured filtrate was washed three times with 250 mL of distilled 

water to remove any DMF. The solution was then dried with magnesium sulphate and filtered into a round 

bottomed flask. The hexane was removed by rotary vacuum and a crude yield of 59.7 % was obtained. NMR 

and GCMS of the crude products showed a very similar distribution of products as the optimised small-scale 

reaction. 

Figure 3.52: Analysis of crude products obtained from scaled up reaction between norbornadiene and sulfur 

in DMF-toluene using 2 mol % [Ni(NH3)6]Cl2. (a) GCMS chromatogram of hexane soluble crude products. (b) 

Proton NMR in deuterated chloroform of hexane soluble crude products.  
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Purification of intermediates 

The products of the scaled-up reaction were isolated using flash chromatography over silica gel using hexane 

as a mobile phase. This was done so they could be characterised fully and so they could be investigated as 

monomers. 

The first fraction to elute was a mixture of mostly norbornene epi, tri and penta-sulfide (1, 4 and 8). These 

would usually be produced in a ratio of 0.24: 1: 0.4 of 1: 4: 8. 4 and 8 could be separated by growing crystals 

overnight at 4 °C from the neat solution. 1 remained as an oil which was be decanted to remove it from the 

crystals. The crystals of 1 and 3 could then be washed with cold hexane. In some samples, a small amount of 

the 8 could be isolated by washing the crystals in chloroform and filtering the solution. The crystal of 8 is only 

soluble in chloroform with extended sonication while the crystal of 4 dissolves readily. 8 could not be detected 

by GCMS as it would degrade to form 4 and sulfur in the column. 1 has not been isolated as it would always 

have some impurity of 4 and 8. The GCMS and NMR characterisation of each fraction along with the isolated 

products are shown below. 

Figure 3.53: Fraction one from column of polysulfides. (a) GCMS chromatogram from fraction one. (b) Proton 

NMR in deuterated chloroform of fraction one.  
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1H NMR (600 MHz, CDCl3) δ 6.38 (m, 2H), 4.05 (d, J = 1.9 Hz, 2H), 2.91 (m, 2H), 2.48 (ap. d, J = 9.3, 1H), 

1.72 (m, 1H). 13C NMR (151 MHz, CDCl3) δ 139.38, 70.81, 46.21, 43.32 

Figure 3.54: Analysis of norbonene trisulfide (molecule 4). (a) GCMS of 4. (b) proton NMR of 4 in deuterated 

chloroform. (c) carbon thirteen NMR of 4 in deuterated chloroform.  
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1H NMR (600 MHz, CDCl3) δ 6.40 (m, 2H), 3.95 (d, J = 2.0 Hz, 2H), 2.92 (m, 2H), 1.86 (ap. d, J = 9.4, 1H), 

1.56 (m, 1H). 13C NMR (151 MHz, CDCl3) δ 138.83, 71.22, 49.33, 45.29. 

Figure 3.55: Analysis of norbonene pentasulfide (molecule 8). (a) GCMS of 8. (b) proton NMR of 8 in 

deuterated chloroform. (c) carbon thirteen NMR of 8 in deuterated chloroform.  
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The second fraction contained the molecules 2 and 5. This corresponds to the molecule with the sulfur chain 

to the bridge carbon and the trisulfide rearranged product. This fraction  also contained norbornane bistrisulfide 

(molecule 6) but this could be removed by growing crystals in a dilute solution in hexane. Further purification 

of this fraction could not be done as it formed a yellow gel over a period of 24 hours which was no longer 

soluble in chloroform or hexane. The NMR peaks match those reported by Paul Bartlett and Tirthankar 

Ghosh.21 

Figure 3.56: Image of yellow gel formed from fraction 2 over 24 hours. 

Figure 3.57: Analysis of fraction 2. (a) GCMS of fraction 2. (b) Proton NMR of fraction 2.  
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The third fraction contained mostly norbornane bistrisulfide (molecule 6). Crystals of the product would form 

on the tubes used for the column overnight at room temperature. 6 was not stable in the GC-MS column and 

gave a very broad peak at around 26 minutes and a range of sharper peaks. When using the method, the 

relative amount of the 6 formed was low and yields were typically less than 5 %. In the optimised method for 

synthesis of norbornadiene bistrisulfide section, a new method was developed to improve this yield. 

1H NMR (600 MHz, CDCl3) δ 3.85 (ap. s, 4H), 2.65 (ap. s, J = 2.0 Hz, 2H), 2.00 (ap.s, 2H). 13C NMR (151 

MHz, CDCl3) δ 68.68, 45.35, 27.74. 

Figure 3.58: Analysis of norbonane bis trisulfide (molecule 6). (a) GCMS of 6. (b) proton NMR of 6 in deuterated 

chloroform. (c) carbon thirteen NMR of 6 in deuterated chloroform.  
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The fourth fraction contained mostly molecule 3 which is the rearranged product with a disulfide ring. There 

was a very small impurity which mostly consisted of 7 which is the rearranged product with a tetrasulfide ring. 

Over several days, 3 would crystalise out of the neat solution. 

1H NMR (600 MHz, CDCl3) δ 3.51 (m, 2H), 2.52 (m, 1H), 1.83 (t, J = 1.5 Hz, 2H), 1.54 (ap. d, J = 5.0, 2H), 

1.18 (td, J = 5.0, 1.2 Hz, 1H). 13C NMR (151 MHz, CDCl3) δ 55.22, 50.28, 31.01, 17.93. 

Figure 3.59: Analysis of rearranged norbonane disulfide (molecule 3). (a) GCMS of 3. (b) proton NMR of 3 in 

deuterated chloroform. (c) carbon thirteen NMR of 3 in deuterated chloroform.  
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Optimised method for synthesis of norbornane bistrisulfide 

While the method above was effective in isolating most of the other intermediates, norbornane bistrisulfide 

(molecule 6) could only be prepared in a small quantity at a relatively low yield. This molecule was also of 

interest to use as a monomer for a polymerisation reaction. If it were to be used as a monomer, a large quantity 

would be required. It would also be advantageous to prepare it without needing column separation to reduce 

wasted solvent and allow for easier large-scale synthesis. For these reasons, the method to prepare 6 was 

modified. The optimised method used a reaction time of 24 hours and molar ratio of 6 sulfur atoms for every 

norbornadiene molecule. These modifications were found to favour 6 over the other intermediates. 

A 250 mL round bottomed flask was charged with sulfur (9.450 g, 36.875 mmol S8), norbornadiene (5 mL, 

4.53 g, 49.15 mmol) and [Ni(NH3)6]Cl2 (228 mg, .984 mmol). 50 mL of DMF and 50 mL of toluene were added 

along with a magnetic stirrer. The vial was attached to a condenser and heated at 120 °C for 24 hours. 

Following this, the solution was poured into a beaker containing 250 mL of hexane and 250 mL of distilled 

water. This caused any polymeric material to precipitate and combine into the water layer. The solution was 

then filtered over celite, and the filtrate was collected. The orange-coloured filtrate was washed three times 

with 250 mL of distilled water to remove any DMF. The solution was then dried with magnesium sulphate and 

filtered into a round bottomed flask. The washing and filtering steps were done quickly as 6 would start to 

precipitate. The round bottomed flask was sealed and left overnight. Norbornane bistrisulfide would precipitate 

as a yellow powder. After the norbornane bistrisulfide fully precipitated (usually 24 hours) the hexane solution 

was carefully poured out of the vial. Most of the NBBTS would stick to the side of the glass and the hexane 

was poured carefully to avoid any loss. Toluene was then added to the round bottomed flask to dissolve 6, 

some sonication was required to remove it from the side of the glassware. The solution was then poured into 

a vial, and the toluene was removed by rotary evaporation. 

NMR indicated that 6 precipitated with a molecule consisting of a trisulfide ring on one side of the norbornane 

and a pentasulfide ring on the other. The precipitate had a melting point of 172 °C. If a pure crystalline sample 

was required, a hot recrystalisation in hexane gave pure norbornane bistrisulfide with a melting point of 179 

°C. A maximum yield of 9.48 % was obtained. 

Figure 3.60: (a) Proton NMR of precipitate showing both molecule 6 and an impurity. (b) Proton NMR of a 

crystal of 6.  
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X-Ray Crystallography 

Acknowledgements: Jasmine People is thanked for contributing to preparing the crystals for 4 and 6, Witold 

Bloch for assisting with mounting of the crystals and analysis of X-ray diffraction data and Steven Tsoukatos 

for collecting diffraction data. 

Crystals of norbornene trisulfide (4), norbornene pentasulfide (8), norbornane bistrisulfide (6), and the 

rearranged molecule with a disulfide (3) were prepared and analysed on the Australian Synchrotron. The data 

showed that the sulfur chain was exo to the bridge in 4, 8 and 6, indicating that sulfur attacks the less hindered 

exo side of NBD. 

Single crystals were mounted in paratone-N oil on a nylon loop. X-ray diffraction data was collected at 100(2) 

K on the MX-1 or MX-2 beamline of the Australian Synchrotron (λ = 0.7107 Å).22 Structures were solved by 

direct methods using SHELX23 and refined with SHELXL24 and ShelXle25 as a graphical user interface. All non-

hydrogen atoms were refined anisotropically and hydrogen atoms were included as invariants at geometrically 

estimated positions. 

Table 3.2: X-ray experimental data for molecules 4, 6, 8, and 3. 

 
NBTS (4) NBBTS (6) NBPS (8) ReNBDS (3) 

CCDC number 2289708 2289709 2305218 2305219 

Empirical formula C7H8S3 C7H8S6 C7H8S5 C7H8S2 

Formula weight  188.31 284.49 252.43 156.25 

Crystal system  Orthorhombic Monoclinic triclinic monoclinic 

Space group  Pbcn P21/c P-1 P 21/m 

a (Å)  42.045(8) 6.7640(14) 9.0240(18) 5.8750(12) 

b (Å)  7.7730(16) 13.008(3) 9.921(2) 9.2290(18) 

c (Å)  9.6930(19) 12.204(2) 11.724(2) 6.527(2) 

 (º)  90 90 87.16(3) 90 

 (º)  90 100.82(3) 71.21(3) 108.75(3) 

 (º)  90 90 86.85(3) 90 

Volume (Å3)  3167.8(11) 1054.7(4) 991.6(4) 335.12(15) 

Z  16 4 4 2 

Density (calc.) (mg/m3)  1.579 1.792 1.691 1.548 

Absorption coefficient (mm-1)  0.849 1.243 1.107 0.686 

F(000)  1568 584 520.0 164.0 

Crystal size (mm3)  0.17 x 0.15 x 0.12 0.25 x 0.21 x 0.18 0.23 x 0.12 x 0.11 0.22 x 0.08 x 0.07 

 range for data collection (º)  0.969 to 27.882 2.310 to 27.882 1.836 to 28.597 3.296 to 28.506 

Reflections collected  46785 15666 12602 4165 

Observed reflections [R(int)]  3673 [0.0385] 2510 [0.0538] 3247[0.0361] 720 

Goodness-of-fit on F2  1.105 1.080 1.081 1.083 

R1 [I>2()]  0.0300 0.0301 0.0373 0.0306 

wR2 (all data)  0.0806 0.0768 0.0990 0.0902 

Largest diff. peak and hole (e.Å-3)  0.388 and -0.389 0.614 and -0.530 1.213 and -0.465 0.293 and -0.510 

Data / restraints / parameters  3673 / 0 / 181 2510 / 0 / 119 3433/0/217 720/0/46 
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Thermal Ellipsoid plots 

Norbornene trisulfide – Molecule 4 

Yellow crystals of norbornene trisulfide were grown overnight from a neat solution of fraction one at 4 °C. The 

crystals were washed with cold hexane to remove any norbornene episulfide. This gave crystals of both 

norbornene trisulfide and norbornene pentasulfide. The trisulfide could be easily recognised as it was yellow 

while the pentasulfide was clear. The structure was solved in the orthorhombic space group Pcbn and refined 

to an R1 value of 3 %. The asymmetric unit contains two norbornene trisulfide molecules. The melting point of 

the crystal was 138 °C. 

Figure 3.61: Image of norbornene trisulfide asymmetric unit with all non-hydrogen atoms shown as ellipsoids 

at the 50 % probability level. 

Norbornene pentasulfide – Molecule 8 

White crystals of norbornene pentasulfide were grown overnight at 4 °C from a neat solution of fraction one. 

This gave both the norbornene trisulfide and norbornene pentasulfide. To separate the pentasulfide, the 

crystals were washed with chloroform. This would cause the trisulfide crystals to desolve, leaving only the 

norbornene pentasulfide crystals. The structure was solved in the triclinic space group P1 and refined to an 

R1 value of 3.63 %. The asymmetric unit contains two norbornene pentasulfide molecules. The melting point 

of the crystal was 93 °C. 

Figure 3.62: Image of norbornene pentasulfide asymmetric unit with all non-hydrogen atoms shown as 

ellipsoids at the 50 % probability level.  
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Norbornane bistrisulfide – molecule 6 

Yellow crystals of norbornane bistrisulfide were grown directly from hexane after separation by flash 

chromatography. The structure was solved in the monoclinic space group P21c and refined to an R1 value of 

3.01 %. The asymmetric unit contains a single norbornane bistrisulfide molecule. The melting point of the 

crystal was 179 °C 

Figure 3.63: Image of norbornane bistrisulfide asymmetric unit with all non-hydrogen atoms shown as ellipsoids 

at the 50 % probability level. 

 

Rearranged norbonane disulfide – molecule 3 

Crystals of the rearranged norbornane disulfide formed from the neat solution over several days at room 

temperature. The structure was solved in the monoclinic space group P21/n and refined to an R1 value of 3.1 

%. The asymmetric unit contains a single rearranged norbornane disulfide molecule. The melting point of the 

crystal was 63 °C. 

Figure 3.64: Image of a rearranged norbornane disulfide asymmetric unit with all non-hydrogen atoms shown 

as ellipsoids at the 50 % probability level.  
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Polymerisation using cyclic sulfides as monomers 

Polymerisation method 

With the methods to produce and isolate the cyclic sulfides in hand, it was then investigated if they could be 

used as monomers. This was an important as it may reduce some of the issues encountered when NBD was 

used directly in the reaction with sulfur. It was hypothesised that by starting with a cyclic sulfide already in 

place, it may prevent the rearrangement to form molecule 3, 5 or 7. Furthermore, if the cyclic sulfides are 

already built into the molecule, the stereochemistry will not change. This would increase the symmetry of the 

organic portions of the polymer, potentially resulting in greater long wave infrared transmission. Polymers 

prepared using the isolated intermediates may also be valuable to characterise the chemical structure of the 

polymer prepared from NBD as they could be used as a comparison. 

The sulfides that were used as monomers were the norbornene trisulfide (4), the norbornane bistrisulfide (6) 

and the rearranged norbornane disulfide (3). These products could be synthesised in great enough yield and 

purity for the reaction. Along with the pure sulfides, another set of reactions were performed using molecules 

1, 4, and 8 in the same ratio as the reaction solution. This ratio was determined by proton NMR as 0.24: 1: 0.4, 

1: 4: 8. The combined sulfides was important as may be more practical to scale up the reaction if the monomers 

did not need to be isolated before the reaction. 

The purified sulfides were reacted under similar conditions as the optimised reaction between norbornadiene 

and sulfur. For each sulfide, four reactions were done. One where the sulfides were heated neat with no added 

sulfur. Another where the sulfides were heated in a solvent system of 50-50 DMF-Xylene with no added sulfur. 

These reactions were done to see if the sulfides could undergo a homopolymerisation, potentially by ring 

opening of the cyclic sulfide ring. Two more reactions were done where sulfur was added to determine if any 

alkenes could react to form a crosslinked polymer. The samples made with 4 or the combination of 1, 4 and 8 

had sulfur added to give approximately 66 % sulfur which is very close to the amount of sulfur in the samples 

using 6. The polymers made with 3 had sulfur added to give an average sulfur rank of 4. 

All reactions were done with 100 mg of reactants. The sulfides were added to a vial with a stir bar. 1 mL of 

DMF and Xylene was added to the reactions in the samples with solvent and sulfur was added to the 

appropriate samples. The mass of the sulfides and sulfur to make 100 mg is summarised in the table below. 

The vials were then added to a preheated oil bath at 140 °C and heated with stirring for 90 minutes. After this 

time, they were removed from the oil bath and the magnetic stir bar was extracted. Any solvent was evaporated 

using rotary evaporation and the samples were added to a preheated oven at 140 °C for 24 hours to cure. 

These reaction conditions had to be modified when 6 was used due to its high melting point. When heated at 

140 °C, the crystals would not melt. For the NBBTS samples without solvent, they were first heated to 185 °C 

for 5 minutes before following the same method as the other samples. 

Table 3.3: Table showing mass of sulfides and sulfur used in polymerisation reactions using purified sulfides. 

Sample Sulfide mass Sulfur mass Sulfur Content (%) 

4 No S No Sol 100 mg 0 51 % 

4 With S No Sol 69 mg 31 mg 66 % 
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4 No S With Sol 100 mg 0 51 % 

4 With S With Sol 69 mg 31 mg 66 % 

1, 4 and 8 No S No Sol 100 mg 0 51 % 

1, 4 and 8 With S No Sol 68.5 mg 31.5 mg 66 % 

1, 4 and 8 No S With Sol 100 mg 0 51 % 

1, 4 and 8 With S With Sol 68.5 mg 31.5 mg 66 % 

6 No S No Sol 100 mg 0 67 % 

6 With S No Sol 87 mg 13 mg 72 % 

6 No S With Sol 100 mg 0 67 % 

6 With S With Sol 87 mg 13 mg 72 % 

3 No S No Sol 100 mg 0 41 % 

3 With S No Sol 71 mg 29 mg 58 % 

3 No S With Sol 100 mg 0 41 % 

3 With S With Sol 71 mg 29 mg 58 % 

All samples showed a significant change after the reaction forming a brittle material after cure. The reactions 

using 4, 6 and the combination of sulfides made a yellow-orange glassy material when no solvent was used. 

When DMF-Xylene was added, the samples were much darker orange but were still brittle and glassy. The 

samples made with 3 formed a dark brown material. There was no obvious difference in colour or physical 

properties between the neat and solvent samples for the rearranged norbornane disulfide. There was also no 

obvious difference when additional sulfur was added. 

Figure 3.65: Images showing the reactions using isolated cyclic sulfides. The solvent system used in this 

reaction was 50-50 DMF-Xylene.  
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Method to prepare polymer with norbornane bistrisulfide 

Molecule 6, norbornane bistrisulfide, had a much greater melting point than any of the other cyclic sulfides. 

The melting point of the crystal was 179 °C. It was the only molecule which had a melting point higher than the 

temperature used in the polymerisation reaction (140 °C). This lead to some difficulties when performing the 

polymerisations and required a different method to be prepared. For reactions where the polymer did not need 

to be cast, the reaction temperature could simply be increased to 185 °C for 5 minutes to melt the monomer 

and initiate the reaction. After this, the standard polymerisation method as described above could be used. 

This was successful and made stable polymers, however, at these elevated temperatures, the reaction only 

had a liquid working time of approximately 10 seconds. After this point, the polymer would vitrify and could not 

be moulded. For polymers with no added sulfur, a method to improve the working time has not yet been found. 

These polymer compositions would require reactive compression moulding or other post cure manufacturing 

methods. However, for higher sulfur compositions, a method was developed to prepare polymers which could 

be cast and moulded into a variety of complex forms. This method is described below. 

To make a castable polymerisation reaction, molten sulfur was used as a solvent for the reaction using 

molecule 6. By doing this, the working time of the reaction could be increased to approximately 3 minutes. 

While still short, this working time was appropriate for moulding of the polymer into windows, and even complex 

lenses which will be described in chapter 4. This method would only work with sulfur contents of 80 % or 

greater as it relies on dissolving the monomer in sulfur. The standard method that is described here for a 750 

mg reaction, however, reactions as large as 10 g have been successfully performed. It was later discovered 

that due to the short working time, bubbles would become trapped in the polymer. After many experiments, it 

was found that these bubbles were caused by moisture in the sulfur. To prevent this, the molten sulfur was 

degassed. 

Sulfur (300 mg, 1.17 mmol S8) was measured into a 5 mL vial. The vial was added to a preheated oil bath at 

140 °C. The sulfur was left for 3 minutes to melt. After this point, the vial was transferred to a preheated vacuum 

oven at 140 °C. A vacuum of approximately 2 mbar was pulled in the oven and the molten sulfur was left for 

30 minutes. After degassing the sulfur, the pressure was returned to ambient, and the sulfur was transferred 

back to the 140 °C oil bath. 6 (445 mg, 1.56 mmol) for 81 % S polymer or (267 mg, 0.94 mmol) for 85 % S 

polymer was poured into the vial. 6 would rapidly dissolve in the molten sulfur over approximately 15 seconds. 

15 seconds after 6 was added, the reaction was stirred with a heated metal spatula. The reaction was stirred 

carefully to prevent trapping gasses which would cause bubbles in the polymer. The reaction was stirred for a 

total of 30 seconds (stirring was stopped at a reaction time of 45 seconds). After a total reaction time of 60 

seconds, the prepolymer was poured into a silicone mould which had been preheated to 140 °C. The mould 

was then placed in a 140 °C oven where it was left for 24 hours to cure. Further experimentation showed that 

a cure time of 1 hour is appropriate but all polymers in this thesis were cured for a full 24 hours. Below are 

some images of a polymer windows prepared using this method.  

Figure 3.66: Images of polymer windows made from 81 % sulfur norbornane bistrisulfide polymer.  
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ATR-FTIR of polymers made with purified norbornadiene sulfides 

After preparing polymers from the isolated cyclic intermediates, it was important to understand their chemical 

composition and how this affects their optical properties. To do this, each of the polymers were analysed by 

ATR-FTIR. FTIR is very important as it can show any major absorptions in the long wave infrared region which 

would indicate the polymer’s suitability for thermal imaging applications. 

The FTIR spectrum of all norbornadiene sulfides and polymers were tested using a Bruker Vertex 80 V 

Spectrometer using the ATR attachment. The polymers were first ground into a fine powder using a mortar 

and pestle before being analysed. All samples were tested under vacuum from 5000 cm-1 to 500 cm-1 over a 

total of 30 scans. 

Controls of all the purified sulfides were first ran. The norbornene trisulfide (4), pentasulfide (8) and the control 

of the combined sulfides (1, 4, 8) were very similar. These molecules could react in two ways. It is possible 

that the polymerisation reaction occurs as a ring opening polymerisation which only utilises the cyclic sulfur 

ring. If this were the case, it would be expected that any alkene peaks remain unchanged after the reaction. If 

they reduce or dissapear, it can be determined that a reaction had occurred at the alkene, likely leading to a 

crosslinked polymer. The alkene peaks are visible around 3050 cm-1 and a strong peak at 730 cm-1.  

The norbornane bistrisulfide (6) control did not posses any of alkene peaks as expected and was very simple 

in the long wave infrared region. This indicates it may be a good material to use for thermal imaging 

applications. The rearranged norbornane disulfide control had several characteristic peaks from the 

cyclopropane structural unit. Two at 3120 cm-1 and 3060 cm-1 and another at 804 cm-1. The peak at 3060 cm-

1 can sometimes overlap with the alkene peak from the norbornene sulfides but the bending peak at 804 cm-1 

is very useful for identifying the presence of the cyclopropane unit. This peak was used to determine if any 

rearrangement occurred in any of the polymerisations. 

Figure 3.67: ATR-FTIR spectra of purified sulfide products from the reaction between norbornadiene and 

sulfur. All spectra ran on a Bruker Vertex 80 V under vacuum.  
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The polymers made from 4 had very similar infrared spectra to the polymerisation with 1, 4 and 8 in a ratio of 

0.21: 1: 0.4. They both showed very little change in the alkene peaks when no sulfur was added. When sulfur 

was added to the reaction, the alkene peaks decreased in intensity. This was more noticeable in the sample 

with a solvent of DMF-Xylene as the alkene peaks were almost completely consumed. These results show 

that when no additional sulfur as added, the reaction likely proceeds through a ring opening polymerisation. 

However, when additional sulfur is added into the reaction, the alkene can react. 

Figure 3.68: Polymerisation reactions using norbornene trisulfide (4). 

Figure 3.69: ATR-FTIR spectra of polymers made from 4. Samples with sulfur have approximately 66 % sulfur. 

The solvent was 50-50 DMF-Xylenes. 

Figure 3.70: ATR-FTIR spectra of polymers made from 1, 4, 8 in a 24:100:40 ratio. Samples with sulfur have 

approximately 66 % sulfur. The solvent was 50-50 DMF-Xylenes.  
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When 6 was polymerised, the sharp peaks broadened slightly but there was no significant change in peaks. 

This indicates that there may have been ring opening polymerisation but no change to the organic parts. The 

polymers made from 3 all had the same FTIR spectra. This indicates that there is very little difference in the 

organic portion of the polymers. The large peak at 800 cm-1 is visible in all samples, indicating that there was 

no change to the cyclopropane unit. 

Figure 3.71: Polymerisation reactions using norbornane bistrisulfide (6). 

Figure 3.72: ATR-FTIR spectra of polymers made from 6. Samples with sulfur have approximately 72 % sulfur. 

The solvent was 50-50 DMF-Xylenes. 

Figure 3.73: ATR-FTIR spectra of polymers made from 3. Samples with sulfur have approximately 58 % sulfur. 

The solvent was 50-50 DMF-Xylenes.  
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The polymers made with norbornadiene and sulfur in a range of solvents were analysed by ATR-FTIR on the 

Bruker Vertex 80 V under vacuum. All of them had a peak at around 800 cm-1 and another at 3060 cm-1. This 

indicates that there are some rearranged products in the structure. When the polymer made using 

norbornadiene and sulfur was plotted against the polymers made with the purified sulfides, its appears to 

match the polymer made from 3. These findings may explain why the polymers prepared directly from NBD 

did not have as high long wave infrared transmittance as expected. If there is a significant amount of 

rearrangement, the polymer performance would not match the calculated performance. These results indicate 

that to make a polymer with a norbornane core, the polymerisation must use monomers with a cyclic sulfide 

structure. In particular, monomers 4 and 6 were the most promising. 

When the solvent had DMF, a peak was observed at 1670 cm-1. There was an additional peak in the sample 

in tetrachloroethylene at around 900 cm-1, these peaks may be from excess solvent trapped in the polymer. 

Figure 3.74: ATR-FTIR spectra of polymers made from NBD in a range of solvent systems. 

Figure 3.75: ATR-FTIR spectra of polymers made from different sulfide starting materials, all samples used a 

solvent system of 50-50 DMF-Xylene.   
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Reduction of polymers and analysis with GC-MS 

While the FTIR data gave some understanding of structure of the polymers, a complementary technique would 

be useful to fully characterise them. The polymers were not soluble in almost any organic solvents, but they 

could be reduced by lithium aluminium hydride (LiAlH4) to break them into soluble organic thiols. These thiols 

give a lot of information about the organic portions of the polymer. 

30 mg of the polymer was ground into a powder and added to a flame dried vial and capped. The vial was 

purged with nitrogen. A 1 M solution of LiAlH4 in anhydrous tetrahydrofuran (THF) was prepared and 2.2 mL 

was injected into the vial. The reaction was left for 24 hours with constant stirring. After this time, the round 

bottomed flask was added to an ice bath to cool. 5 mL of 1 M hydrochloric acid (HCl) was injected slowly to 

quench the reaction. 5 mL of hexane was then injected into the round bottomed flask and stirred for an 

additional hour. The organic layer was separated and analysed by GC-MS using an agilent single quadropole 

GC-MS. 

When the polymers made using norbornene trisulfide (4) were reduced, the GC-MS chromatograms showed 

the same trends as the FTIR data. When no sulfur was added, the major peak was a norbornene dithiol. This 

peak indicates that the alkene on the 4 did not react. There were two very small peaks that corresponded to 

the tetrathiol, indicating that the alkene can react but it is very unlikely. 

Two samples were reduced which consisted of 4 with added sulfur. One had a total of approximately 66 wt% 

sulfur while the other had approximately 81 wt% sulfur. In the sample with 66 wt% sulfur, the largest peak 

shifted to the tetrathiol. This indicates that a large portion of the alkene has reacted, complimenting the FTIR 

data. This sample also showed a peak for a trithiol which could be produced when the tetrathiol is further 

reduced by lithium aluminium hyrdide. The peak for the dithiol with an alkene is still present, indicating that not 

all of the alkene had reacted. 

The sample with 81 % sulfur only showed peaks with no alkenes. It had the tetra, tri and dithiol peaks, indicating 

that the tetrathiol had been reduced. There was also a peak which corresponded to an episulfide molecule 

which was only present in this sample. The results of the reduced polymers prepared from 4 indicated that 

when no sulfur was added, the polymerisation follows a ring opening polymerisation and does not react at the 

other alkene. When sulfur was added, the other alkene could also react, likely increasing the crosslinking of 

the polymer considerably. At some point between 66 wt% and 81 wt% sulfur, all of the alkenes in the reaction 

would be consumed. 

Figure 3.76: Mechanism for the reduction of several potential polymers to give molecules observed in GC-MS.  
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Figure 3.77: GC-MS chromatograms for polymer made from norbornene trisulfide (4) after being reduced by 

lithium aluminium hydride. All polymers were prepared from a neat reaction.  

Four samples made from norbornane bistrisulfide (6) were reduced with lithium aluminium hydride and 

analysed by GC-MS. Three of the samples were from neat reactions with differing amounts of sulfur and one 

was polymerised in a solvent system of 50-50 DMF-xylene. All samples showed the tetrathiol product. They 

also showed other products of further reduction. None of the chromatograms showed peaks for alkenes or 

rearrangement.  

The chromatogram for the polymer made in a solvent system of 50-50 DMF-Xylene was dominated by the 

tetrathiol peak. The peaks from the further redced tri and di thiols were significantly reduced. The reason for 

this is uncertain although it may indicate that the polymer structure has a greater homogenuity.   
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Figure 3.78: GC-MS chromatograms for polymer made from norbornane bistrisulfide (6) after being reduced 

by lithium aluminium hydride. The last spectra which used a solvent system of 50-50 DMF-Xylene, all others 

were neat.   
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One polymer prepared from the rearranged norbornane disulfide (3) was reduced with lithium aluminium 

hydride. The polymer prepared neat with no added sulfur was reduced. The chromatogram was very simple 

for this polymer. There were only three peaks. Two of them were assigned to the rearranged disulfide that has 

been reduced to a dithiol. The two peaks likely represent different isomers. The other peak is the rearranged 

disulfide its self. It’s possible that this molecule is stable enough to not be further reduced by the lithium 

aluminium hydride when it is formed. 

As there are many peaks with a retention time of around 9 minutes, an overlay plot between 8.5 minutes and 

9.5 minutes was made. The chromatograms from the reduced polymers made from 3, 4 and 6 with no added 

sulfur were all combined. While the retention times were very similar, none of the peaks overlap. The peaks in 

this region correspond to norbornane dithiol, two peaks for the rearranged norbornane dithiol and another peak 

for the norbornene dithiol. These results show that the polymers made from 4 and 6 do not rearrange. It also 

shows that polymers made from 3 do not revert back to the norbornane core during the reaction. 

Figure 3.79: (top) GC-MS chromatogram for polymer made from rearranged norbornane disulfide (3) after 

being reduced by lithium aluminium hydride. (bottom) Overlay of chromatograms from reduced polymers made 

from 3, 4 and 6 between a retention time of 8.5 minutes to 9.5 minutes.  
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The polymers made direcly from NBD in a range of solvent systems were also redced with lithium aluminium 

hydride and analysed by GC-MS. These polymers all clearly showed peaks for the rearranged product, 

confirming the findings of the FTIR data. While the rearranged molecule was the major peak, they did show 

some very small peaks for the tetrathiol or trithiol in some cases. The polymers prepared direcly from NBD 

also showed two peaks at 10.24 and 8.77 minutes. These peaks were not present when the polymer was 

prepared with any of the cyclic sulfides. While it can not be confirmed from the mass spectrum alone, it is 

possible that these peaks are from the molecule which formed a cyclic sulfide to the bridge carbon (molecule 

2). 

The results of the reduced polymer experiments show that the polymers prepared directly from NBD in a range 

of solvents had a very significant amount of rearrangement. The presence of the tetrathiol indicates that a 

small amount of the reaction proceeded as expected which may aid in crosslinking the polymer but the bulk 

properties are likely to be dominated by the rearranged structure. This explains why the optical properties are 

not as good as expected. These experiments show that to achieve the desired chemical structure of the 

polymer, monomer 4 or 6 should be used. 

Figure 3.80: GC-MS chromatograms for polymers made from NBD in a range of solvents after being reduced 

by lithium aluminium hydride.  
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Figure 3.81: GC-MS chromatograms for polymers made from NBD in a range of solvents after being reduced 

by lithium aluminium hydride. 

Figure 3.82: Overlay of GC-MS chromatograms for polymers made from NBD in a range of solvents after being 

reduced by lithium aluminium hydride between a retention time of 7 and 12 minutes.  
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Figure 3.83: Mass spectra for all GC-MS data of polymers reduced with lithium aluminium hydride. 
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Solid state NMR of polymer made from norbornane bistrisulfide 

Aknowledgements: The solid state NMR experiments would not have been possible without Martin Johnston. 

He assisted with sample preparation, running the experiments and data analysis.  

The polymer made using monomer 6 was chosen as the most promising to use for any thermal imaging 

applications as it gave the desired polymer without the risk of any rearrangement or unreacted alkenes. To 

understand the polymer structure further, the monomer and two polymers with different sulfur contents were 

analysed using carbon-13 cross polarisation solid state NMR. Like in solution NMR, the monomer had three 

peaks at around 70 ppm, 47 ppm and 31 ppm. In the polymer samples, these peaks were still observed but 

they were significantly broader and shifted to a higher chemical shift. The broadening of the peaks indicated 

that polymerisation had occurred, leading to a range of chemical environments rather than the well defined 

trisulfide. The shifting of the peaks, particularly peak b, is likely due to increased sulfur content in the polymers 

relative to the monomer. No peaks were observed below 25 ppm apart from a spining side band. The peaks 

from cyclopropane are usually observed in this region, providing more evidence that no rearrangment 

occurred. 

The samples were ground into a powder and packed into a 4 mm sample tube. A 400 MHz NMR spectrometer 

NMR operating at 100 MHz was used with a magic angle spin rate of 5 kHz. The NMR was calibrated using 

the 29 ppm peak of adamantane. All samples were analysed by cross polarisation magic angle spinning solid 

state NMR. 

Figure 3.84: Cross polarisation, magic angle spinning, solid state NMR of monomer 6 and two polymers of 

different sulfur contents.   
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Raman spectroscopy of polymer made from norbornane bistrisulfide 

Aknowledgements: Christopher Gibson ran all of the Raman experiments. The dipropyl di, tri and tetrasulfides 

were synthesised and prepared by Thomas Nicholls and Harshal Patel.  

At this point, the organic portion of the polymer is well known. When monomer 4 or 6 is used, there is no 

rearrangement of the norbornane core or side reactions. To fully understand the polymer, the sulfur portion of 

the polymer must also be analysed. Raman spectroscopy can be used to understand the number of sulfur 

atoms in each chain of the polymer.26 It can also be used to indicate if there is any crystalline sulfur in the 

sample.27 To analyse the sulfur portions of the polymers, the polymers made from monomer 6 were analysed 

along with a dipropyl di, tri and tetrasulfides and a sulfur control. The dipropyl sulfides were used to understand 

where the expected peaks would be for a sulfur chain of 2, 3 or 4 sulfur atoms. The these peaks would indicate 

the relative proportion of the different sulfur chain lengths in the polymer. The sulfur control allowed for the 

peaks of elemental sulfur to be determined. By comparing this spectrum to the polymer samples, the presence 

of any unreacted elemental sulfur could be determined. 

Raman spectra were collected using a Witec alpha 300R Raman microscope at an excitation laser wavelength 

of 785 nm with a 40X objective. A 600 groves/mm grating was used which gives a spectral resolution of 

approximately 3 to 4 cm-1. The x-axis was cailibrated to the 520.6 cm-1 peak for silicon. Approximately 10 

samples were taken for each sample with an integration time per spectra between 10 and 20 seconds with 2 

to 3 accumulations. 

When compared with the monomer, the polymers made from 6 have much broader peaks. There was a lot of 

flurescence which has been reported for sulfur polymers in literature.26 The flurescence was much more severe 

in the samples which were synthesised in solvent. There is a correlation between darker samples and a greater 

flurescence in literature26 which could explain why the samples made in solvent had a greater flurescence. 

Despite this, the sample made in solvent and neat all had the same peaks. None of the polymer samples had 

the characteristic peaks for crystalline sulfur, indicating that there was no unreacted sulfur in the polymer matix. 

Most of the major peaks from the monomer were still present in the polymers but some were slightly shifted. 

The major peak at 510 cm-1 shifted to 490 cm-1 in the polymers. This major peak was from the trisulfide linkages 

in the monomer or polymer. The shift to a lower wavenumber has been observed in literature when a cyclic 

trisulfide is opened to form a linear trisulfide.28 The shift in the wavenumber of this peak was confirmed by 

comparing it to dipropyl sulfides with 2, 3 or 4 sulfur atoms. When compared with the Raman spectra of these 

sulfides, the major peak of the polymers appeared to correspond with the dipropyl trisulfide peak. There was 

a shoulder at approximately 508 cm-1 which could indicate some disulfide linkages or potentially some cyclic 

trisulfides end groups. While there was no clear peak in the polymers which corresponded to the dipropyl 

tetrasulfide major peak, it did have a broad shoulder which could potentially indicate higher sulfur chains. 

These results indicated that the cyclic trisulfide from the monomer opened up to form linear sulfur chains which 

likely had a distribution of chain lengths with the most common number of sulfur atoms per chain being three. 

These results differ from polymers prepared electrochemically or photochemically from trisulfides which only 

form trisulfide linkages.28 It is possible that thermal reactions allow for S-S bond metathesis, leading to a range 

of sulfur chain lengths within the polymer.  
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Figure 3.85: Raman spectra for a sulfur control, norbornane bistrisulfide (6) and polymers made using 6.  

Figure 3.86: Raman spectra of dipropyl di, tri and tetrasulfide, norbornane bistrisulfide (6) and polymers made 

using 6.  
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Thermal gravimetric analysis of polymers 

The thermal properties of the polymers were investigated using TGA and DSC. All polymers prepared from 

the isolated cyclic monomers were tested. 

A TGA Perkin Elmer 8000 was used to analyse the thermal degradation of all the polymers. Starting at 30 °C, 

the sample was heated to 800 °C at 20 °C/min under a 35 mL/min flow of nitrogen. At 800 °C, the gas was 

switched to air at 20 mL/min to burn off any remaining material. 

All samples showed a mass loss at around 300 °C. This mass loss started earlier and was slightly larger in all 

the samples with added sulfur. The samples with added sulfur also had less remaining material at 800 °C. This 

is consistent with the TGA results from the polymers made directly from NBD. The samples made with 4 and 

a combination of 1, 4 and 8 had very similar degradation patterns. Some samples had a slight mass loss before 

800 °C in the samples that were polymerised in a solvent. This is attributed to trapped solvent in the polymer. 

The polymers made from the 3 had a different degradation pattern to the other polymers. They had an 

additional mass loss which started around 130 °C. This mass loss would be approximately 15 % of the total 

sample mass. This indicates that these polymers were less thermally stable and could likely be attributed to 

these polymers not possessing any crosslinking groups. 

Figure 3.87: Thermal gravimetric analysis of polymers made from norbornene trisulfide (4). The samples with 

S had additional sulfur to give a sulfur content of 66 %. The samples with sol were reacted in a solvent system 

of 50-50 DMF/xylene.  
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Figure 3.88: Thermal gravimetric analysis of polymers made from norbornene epi, tri and penta sulfide (1, 4, 

8) in a 24: 100: 40 ratio. The samples with S had additional sulfur to give a sulfur content of 66 %. The samples 

with sol were reacted in a solvent system of 50-50 DMF/xylene. 

Figure 3.89: Thermal gravimetric analysis of polymers made from norbornane bistrisulfide (6). The samples 

with S had additional sulfur to give a sulfur content of 67 %. The samples with sol were reacted in a solvent 

system of 50-50 DMF/xylene.  
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Figure 3.90: Thermal gravimetric analysis of polymers made from rearranged norbornane disulfide (3). The 

samples with S had additional sulfur to give a sulfur content of 58 %. The samples with sol were reacted in a 

solvent system of 50-50 DMF/xylene.  
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Differential scanning calorimetry of polymers made from sulfides 

Each of the polymers made with cyclic sulfides were tested by differential scanning calorimetry (DSC) to find 

glass transition temperatures or any other thermal properties. The samples were analysed at the ANFF 

Queensland node using a Mettler Toledo DSC. Several of the samples were analysed using a TA DSC. 

All samples were run using the same method. The samples were first heated from room temperature to 100 

°C at 25 °C/min and held for 1 minute. This step was to remove any thermal history in the samples. The 

temperature was then decreased to 0 °C at 25 °C/min where it was again held for 1 minute. The temperature 

was then increased to 200 °C at 25 °C/min. All samples were under a constant stream of nitrogen. The samples 

that were run on the TA DSC followed the same method but the samples were only cooled to 40 degrees. 

The glass transition temperatures of the polymer made from norbornene trisulfide (4) was very high, ranging 

from 148 °C to 196 °C. Interestingly, the glass transition temperature increased when 4 was polymerised with 

additional sulfur. Usually, the glass transition temperature of sulfur polymers decreases with increasing sulfur 

content.13 It is possible that this was due to the alkene reacting with additional sulfur, leading to more 

crosslinking and a higher glass transition temperature. No samples had any crystalline sulfur melting peaks. 

Figure 3.91: Differential scanning calorimetry of polymers made from norbornene trisulfide (4). The samples 

with sulfur had a total sulfur content of 66 %. The samples with sol were reacted in a solvent system of 50-50 

DMF/xylene.  
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The polymers made from a combination of norbornene epi, tri and penta sulfide (1, 4, 8) were very similar to 

those prepared from 4. Just like the samples made with only 4, the samples with added sulfur had a greater 

glass transition temperature. The samples made in solvent had a slightly decreased glass transition 

temperature than those made neat. 

Figure 3.92: Differential scanning calorimetry of polymers made from a combination of (1, 4, 8) in a 24: 100: 

40 ratio. The samples with sulfur had a total sulfur content of 66 %. The samples with sol were reacted in a 

solvent system of 50-50 DMF/xylene. 

Figure 3.93: Glass transition temperature of polymers made from 4 or a combination of 1, 4, 8 in a ratio of 24: 

100: 40.  
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The samples made with norbornane bistrisulfide (6) had a very high glass transition temperature. Unlike those 

made from 4 or a combination of 1, 4, 8, a decrease in glass transition temperature was observed with 

increasing sulfur content. This is likely because the polymers are already crosslinked as 6 has two trisulfide 

rings. The samples made in a solvent of 50-50 DMF-Xylene had a slightly decreased glass transition 

temperature than those made neat. 

Figure 3.94: Differential scanning calorimetry of polymers made norbornane bistrisulfide (6) The samples with 

sol were reacted in a solvent system of 50-50 DMF/xylene. 

Figure 3.95: Glass transition temperature of polymers made from 6.  
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The polymers prepared from the 3 were very different to all the other polymers. All the samples showed a 

melting peak in the first heating run. This potentially indicates that there was some unreacted monomer in 

these samples as 3 melts around this temperature. The samples also didn’t show a clear glass transition 

temperature in the with S no Sol or No S with Sol samples. The other two samples had a glass transition 

temperature around 122 °C 

Figure 3.96: Differential scanning calorimetry of polymers made rearranged norbornane disulfide (3) The 

samples with sol were reacted in a solvent system of 50-50 DMF/xylene 
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Window formation using polymer made from norbornene bistrisulfide 

With the chemical and thermal properties in hand, the optical properties of the polymer was further explored. 

The polymers made from norbornane bistrisulfide (6) were selected to test as they had excellent thermal 

properties and unlike those prepared from 4, there was no chance of alkenes in the polymer after the reaction. 

Due to the very high glass transition temperature of the polymers prepared from 6, reactive compression 

moulding was not possible. Instead, the polymers were moulded directly into a window for testing. Casting of 

polymers prepared from 6 was not trivial. As the monomer is a solid at room temperature, to polymerised it 

neat, it must be heated to above 179 °C. At this temperature, the reaction occurs very rapidly, only allowing 

several seconds to cast the polymer. This made it not possible to mould polymers made from 6 without any 

sulfur. However, it was found that 6 would dissolve in molten sulfur at 140 °C. At this reduced temperature, the 

reaction would occur slower but would still only allow a working time of approximately 3 minutes. Using this 

method, only polymers with a sulfur content of above 80 % could be produced as this is the minimum amount 

of molten sulfur to fully dissolve 6. Two different polymers were made into windows, one with 81 % sulfur and 

the other with 85 % sulfur. 

A window with three thicknesses was prepared for the polymers made from 6. To prepare this window, a 

silicone mould was first made. The negative for the mould was made using glass cover slips. The cover slips 

were glued together so that there were 3 different thicknesses in one piece. The three thicknesses were 1 mm, 

0.75 mm and 0.55 mm. The glass piece was placed in a 3D printed part which held it upright. Silicone resin 

was then poured into the 3D printed part and left for two hours to cure. When fully cured, the silicone resin was 

taken out of the 3D printed part and the glass negative was removed. 

The polymerisation reaction was done using the following method. Sulfur (300 mg, 1.17 mmol S8) was 

measured into a vial with a magnetic stirrer. The vial was added to a preheated oil bath at 140 °C. The sulfur 

was left for 3 minutes to melt. 6 (445 mg, 1.56 mmol) for 81 % S polymer or (267 mg, 0.94 mmol) for 85 % S 

polymer was poured into the vial. 6 would rapidly dissolve in the molten sulfur. The reaction was heated in the 

oil bath 1 additional minute. Stirring was done manually with a heated metal spatula. The reaction was stirred 

carefully to prevent trapping gasses which would cause bubbles in the polymer. The prepolymer then poured 

into the mould which had been preheated to 140 °C. To reduce bubbles, the prepolymer was poured from one 

end and allowed to fill into the mould. The mould was then placed in a 140 °C oven where it was left for 24 

hours to cure. 

Figure 3.97: Images for synthesis of polymer windows.  
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The polymer windows made form 6 were used to take long wave infrared images. Using a FLIR E6 long wave 

infrared camera, images were taken through the polymer windows. This camera uses the wavelength range 

of 7.5 µm to 13 µm. This puts it completely within the long wave infrared region. At each of the three 

thicknesses, the polymer window was placed in front of the thermal camera lens. An image of a hand was then 

taken. Each thickness of both sulfur compositions had enough transparency to image a human hand which is 

very rare for a polymer. For both polymers, the thinner samples gave better thermal resolution, likely due to 

reduced absorptions of the polymer. 

Figure 3.98: Visible and long wave infrared image of a hand taken with FLIR E6 Thermal camera. LWIR images 

using FLIR E6 camera with polymers prepared using 6 at different thicknesses covering the lens. 
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Infrared transparency of norbornene bistrisulfide polymer 

While the images through the polymers prepared from 6, to objectively know the optical performance of the 

polymer, the infrared spectrum is needed. The transparency of the polymers was tested from a wavelength of 

2 µm to 20 µm using a Perkin Elmer Frontier FTIR. The transmittance was integrated over the mid wave 

infrared (3 µm – 5 µm) and the long wave infrared (7 µm – 14 µm) then divided by the wavelength range to 

obtain an average. 

The transmittance of both the MWIR and LWIR region was much greater in the polymers prepared with 6 than 

the polymers prepared directly from NBD. The Transmittance in the LWIR region was particularly impressive, 

with the SR 8 sample displaying greater than 21 % average transmittance at 1 mm thick. 

Figure 3.99: Average MWIR and LWIR transmittance for polymers made from norbornane bistrisulfide and 

sulfur at two different sulfur contents. The average MWIR transmittance is calculated by integrated the 

transmittance plot between 3 µm and 5 µm before dividing by the wavelength range. The average LWIR 

transmittance is calculated by integrated the transmittance plot between 7 µm and 14 µm before dividing by 

the wavelength range.  
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Figure 3.100: FTIR spectra for polymers made from norbornane bistrisulfide (6) and sulfur at three different 

thicknesses. All spectra were taken using a Perkin Elmer Frontier FTIR. The MWIR and LWIR regions are 

labelled at 3 µm -5 µm and 7 µm -14 µm respectively.   
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Refractive index testing of norbornene bistrisulfide polymer 

To test the refractive index of the polymers prepared from 6, the specular reflectance of the polymer was 

measured and converted to refractive index using a Kramers-Kronig transform. It was found that the window 

thickness and surface roughness were vitally important when measuring reflectance. When thin windows (less 

than 2 mm thick), the reflectance spectrum would show a similar pattern to the transmittance spectra. This 

was likely due to light transmitting through the surface, reflecting off the bottom surface before being collected 

by the sensor. Due to these effects, the sample geometry was carefully considered. Two changes were made 

to the samples which allowed excellent transmission spectra to be obtained. The first was to make a very thick 

sample. Cylinders of the polymer were made with a diameter of 25 mm and a thickness of 10 mm. This 

thickness ensured that very little light would transmit through the entire sample. The other change was that 

only one face of the polymer cylinder was polished. On the other face, the polymer was scratched with course 

sandpaper (80 grit). This made an inconsistent surface which would scatter the light and prevent it from 

reflecting towards the sensor. After these changes, the reflectance spectra improved greatly and no longer 

showed effects of transmitted light. 

The top surface of the polymer sample was polished using sandpaper with a range of grits. Starting at 200 grit, 

the surface was sanded flat. Follow this, the sample surface was wet and dry sanded with micro mesh polishing 

kit with sandpaper grits from 1500 to 12000. Following this, a micro gloss polish with a 1-micron abrasive 

crystal was applied to the surface. 

Specular reflectance spectra were measured using a Bruker Vertex v80 instrument with the 1513/QA 

attachment for the polymers prepared from 6 and sulfur. An angle from the surface normal of 15 ° was used 

under vacuum. The sample was referenced using the reflectance spectrum of an aluminium mirror. A Kramers-

Kronig transform was applied using the OPUS V7.2 software to find the wavenumber dependent phase shift 

spectrum. The refractive index was then calculated using the real portion of the complex refractive index, η = 

n + ik. 

For many applications, the dispersion or change in refractive index with wavelength is very important. The 

dispersion of a material is defined in the visible region by the Abbe number. The Abbe number uses the 

refractive index at the Fraunhofer’s C (656.3 nm), d (587.6 nm) and F (486.1 nm) spectral lines to quantify the 

dispersion of the material. For long wave infrared transparent materials, the V-number is more commonly used. 

Materials that are used for thermal imaging are mostly interested in light between 7 and 14 microns so instead 

of using the Fraunhofer’s spectral lines, the refractive index at 8 µm, 10 µm and 12 µm are used. To calculate 

the V-number, the following equation is used. 

𝑉 =
𝑛(10) − 1

𝑛(8) − 𝑛(12)
 

Where V is the V-number and n(x) is the refractive index a x µm. The polymer had a very high average 

refractive index over the long wave infrared region (7 µm - 14 µm) of 1.871 and a V-number of 314. This V-

number classifies it as a crown glass with very long dispersion, a useful property for lenses and other optics.  
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Figure 3.101: Reflectance and refractive index spectra of polymers made from sulfur and norbornane 

bistrisulfide (6). All spectra were obtained on a Bruker Vertex v80 using the 1513/QA attachment. The V-

number was calculated using the equation above and the refractive index at 8 µm, 10 µm and 12 µm.  
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Chapter conclusions 

This chapter investigated the development of a sulfur-based polymer with a norbornane core. Initial attempts 

to synthesise this polymer involved the direct polymerisation of norbornadiene with sulfur. When using NBD, 

it was found that the reaction required a solvent system to prevent premature vitrification, leading to 

inhomogeneity of the polymer. After investigating several solvent systems, it was found that using DMF and 

xylenes in a 50-50 ratio gave a consistent polymer and eliminated all the issues with the solventless reaction. 

Characterisation of the polymers prepared in solvent directly from NBD and sulfur found that they had a very 

high glass transition and refractive index but a very poor long wave infrared transmission. Further analysis of 

the chemical composition of these polymers indicated that this may be due to rearrangement of the norbornane 

core. This rearrangement gave a molecule with a cyclopropane group which was found to introduce many 

vibrational modes in the LWIR region, explaining the poor transmission. 

 

Figure 3.102: Reaction between sulfur and NBD in a solvent system of 50-50 DMF-Xylene. 

After the reactions directly with NBD, a new approach was taken to prepare the desired polymer. The hexane 

soluble intermediates of the reaction were isolated, and it was found that the reaction produced several cyclic 

sulfide intermediates. In a series of experiments, these intermediates were isolated and fully characterised. 

One of these intermediates was a norbornane molecule with two cyclic trisulfide rings (molecule 6). To avoid 

the issue of rearrangement, it was found that the polymer could be prepared using 6 giving a polymer with no 

rearrangement or side reactions. Solid state NMR, FTIR, Raman and reduction experiments all showed that 

the norbornane core structure was preserved while the trisulfide ring participated in a ring opening 

polymerisation when either neat or with additional sulfur. 

Figure 3.103: (a) Reaction between 4 and sulfur. (b) 13C CP-MAS of the monomer and polymers with two 

different amounts of sulfur. (c) Reduction of polymer with LiAlH4 and GC chromatogram of reduced thiol 

products. 
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With a method to synthesise the desired polymer from 6, several polymers were prepared with varying sulfur 

contents. These polymers were tested to determine their suitability in thermal imaging applications. The glass 

transition temperature of all the polymers prepared from 6 was very high, ranging from 181°C to 133°C, 

decreasing with increased sulfur content (67 wt% - 85 wt%). This made the polymer brittle and glassy, making 

it well suited for use as a lens or other optics.  

The materials prepared from 6 also possessed exceptional transmission in the long wave infrared region. 

Windows of three different thickness and two different sulfur contents were prepared. The long wave infrared 

transmission was measured for all the windows. The transmission for the 1 mm thick windows was 15.5 % and 

21.5 % for polymers with 81 % and 85 % sulfur respectively. This transmission is among the best for any 

polymers and allows for high quality images of relatively low temperature objects like people. The polymers 

also possessed a refractive index of above 1.87, indicating that they could be used to prepare high powered 

lenses and other optics. 

Figure 3.104: Average LWIR (7 µm -14 µm) transmission for polymers made from 6 and thermal images taken 

through windows of different thicknesses. 

This chapter found that to prepare high performance sulfur polymers, it was important to prevent any 

rearrangement or side reactions. This was achieved by first preparing cyclic trisulfides which can then be used 

as monomers in a ring opening polymerisation. The polymers prepared in this chapter showed excellent 

potential for use in thermal imaging. This application was explored in detail in chapter four.  
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Chapter 4 - Long wave infrared optics prepared from sulfur-
based polymers 
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Chapter introduction 

So far in this thesis, several different methods to prepare high sulfur polymers have been investigated. From 

these chapters, two main polymer compositions have been found to be most promising for long wave infrared 

imaging. The first was the cyclopentadiene based polymer from chapter two. The second was the norbornane 

bistrisulfide based polymer from chapter three. These polymers both have distinct advantages and 

disadvantages which could be exploited to prepare a range of optics to be used in thermal imaging applications. 

The main goal of this chapter was to find unique applications that specifically suit the unique properties of each 

polymer. Following this, a demonstration of each application would be developed to show a proof of concept 

for how these polymers could be used in the thermal imaging industry. 

The main advantages of the cyclopentadiene based polymer is that it is cheap to produce, can be practically 

moulded into a variety of geometries and transparent to LWIR radiation while being opaque to visible light. 

This is a unique mix of attributes which could be used in applications not possible with any other material. The 

featured application for this polymer was a large sheet which could be placed around a thermal camera to 

provide protection from the environment, humans or wildlife. Furthermore, as the polymer was opaque to 

visible light, it could be used to conceal the camera from visible light while not affecting its operation. Due to 

the low cost of the polymer, and the ease of manufacturing using compression moulding, this sheet could be 

very large which would be cost prohibitive using germanium for all but the most funded industries. The other 

attribute of this polymer that made it well suited to this application was that the glass transition temperature 

could be varied by altering the sulfur content. High sulfur compositions would be flexible while lower sulfur 

compositions would be brittle due to a lower glass transition temperature. For applications where protection 

from impacts would be common, a most flexible protective sheet would be more appropriate but for applications 

where the polymer would be load bearing or under pressure, a more rigid, brittle polymer would be preferred. 

Figure 4.1: Key features of the cyclopentadiene polymer and an application explored in this chapter. 
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The featured application of the norbornane bistrisulfide based polymer was in the preparation of low-cost 

polymer lenses to be integrated into a thermal imaging system. The norbornane bistrisulfide polymer had a 

high glass transition temperature, making it brittle and able to maintain the geometry of a complex lens. It also 

possessed an excellent transmission in the long wave infrared region, making it perfect to use as a lens. The 

lenses prepared in this chapter are the first free standing polymer lenses to be able to image objects below 60 

°C when integrated into a thermal camera. This facilitated imaging of people or low temperature objects and 

provides a proof of concept that these polymers could replace expensive germanium or zinc selenide lenses. 

Figure 4.2: Key features of the norbornane bistrisulfide polymer and an application explored in this chapter. 

A full overview of the highest performing polymers will be given in the following section. The LWIR 

transmittance of the best polymers from literature will be compared with the polymers described so far in this 

thesis. However, there was one paper that warranted further investigation. The paper was published in 2023 

by the Pyun and Norwood groups.2 This paper utilised sulfur-based polymers based on either a dimer of 

norbornadiene which they called NBD2 or diisopropenyl benzene, a commonly used monomer in inverse 

vulcanization. With the use of diamond point turning, a positive of a Fresnel lens with a focal length of 10 mm 

and a pupil diameter of 5 mm was machined from PMMA. This positive was then used to prepare a PDMS 

mould which could then be used to cast the polymer. When cast, the polymers took the geometry of the Fresnel 

lens. Following this, the Fresnel lenses were used with a thermal camera to investigate the quality of the 

imaging. 

The paper is an excellent example of the integration of a sulfur polymer into an imaging system. The lenses 

showed promise however, there were some limitations. The first was the relatively low transmission of the 

polymer meant that imaging below 60 °C was not possible with free standing lenses. They were able to prepare 

thin film Fresnel lenses which were approximately 100 µm thick. However, these lenses were not free-standing 

and required a NaCl backing. There is a need for a free-standing polymer lens that could be used for thermal 

imaging of objects at ambient temperatures. If this could be achieved, it could replace germanium or silicon 

lenses which are currently used in thermal imaging systems. 

Figure 4.3: A range of free-standing Fresnel lenses prepared with different sulfur-based polymers and their 

imaging of a target at different temperatures. Used with permission from.2  
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Comparison between polymers prepared in chapter 2 and 3 and literature 

Over this thesis so far, three polymers have been found to be the most promising for long wave infrared 

imaging. The two polymers made from cyclopentadiene in chapter 2 and the norbornane based polymer 

prepared from the bistrisulfide in chapter 3. To gain an understanding of the performance of the polymers, the 

long wave infrared transparency was compared to the best performing polymers from literature. Below is an 

overview of the polymers that were used in the comparisons. The polymer made from the reflux method in 

chapter 2 will be considered as a separate polymer from the one made by the gas phase method as the 

chemical structure was slightly changed. 

A total of eight polymer compositions were selected to compare with the ones developed in this thesis. The 

first four polymer compositions were produced through conventional inverse vulcanization reactions. The next 

two were prepared using a thiol-ene type reaction. The final two utilised a polycondensation reaction and a 

photo induced thio-ene/-yne reaction. Polymers made from 1, 3-diisopropenyl benzene (DIB) were the first 

inverse vulcanized polymers to be proposed as potentially applicable for infrared imaging.3 In chapter 2, this 

polymer was synthesised and compared with the cyclopentadiene polymer. It will again be used in this 

comparison. The DIB polymer was first synthesised in 2013, so it gives an understanding on how far the 

performance of these polymers has improved over the last ten years. The polymer prepared from 1, 3, 5- 

triisopropenylbenzene (TIB) was developed with the goal of improving upon the IR transmittance and refractive 

index of DIB as it could incorporate more sulfur into its structure without compromising thermomechanical 

properties.4 While DIB and TIB show some promise as LWIR transparent materials, they were not intended to 

be used for this application. All the other polymers in this comparison were designed for the main purpose of 

long wave infrared imaging.  

The next polymer in this comparison was prepared using norbornadiene 2, a dimer of norbornadiene (NBD2). 

This monomer was used after a DFT calculation study by the Pyun group indicated it would show high 

transmittance in the long wave infrared region.5 The Pyun group predicted that a polymer with a norbornane 

core would have excellent transmission in the long wave infrared region, however, they were not able to 

synthesise the predicted polymer. In their paper, they stated that the volatility of norbornadiene made the 

reaction impossible. This is what led to the project that was described in chapter 3. As they were not able to 

synthesise a polymer from norbornadiene directly, they prepared a dimer using a nickel catalysed [2+2] 

cycloaddition. The dimer was then used in an inverse vulcanization reaction to form the polymer that was used 

in this comparison.  

Another well-designed polymer included in this comparison was one based on Tetravinyltin (TVSn). In this 

paper, the authors incorporated a tin atom in the polymer structure to increase the transmittance in the LWIR 

region.6 This pushed many of the absorptions of the polymer outside of the long wave infrared region giving 

the polymer excellent transmission. This polymer showed the greatest transmission of any published sulfur-

based polymer until 2023. 

The next two polymers in the comparison utilised monomers with thiols. These thiols were predicted to react 

in a thiol-ene type reaction with elemental sulfur when heated. These polymers were published in 2023 and 

2024 and represent some of the highest long wave infrared transparent polymers in the literature. Both 

polymers were developed by the You group. The first polymer utilised benzene trithiol (BTT) as a symmetric 
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crosslinker with sulfur. In the paper, the author claims that the symmetric nature of the monomers reduced the 

number of unique vibrational modes in the long wave infrared region, leading to excellent transmittance.7 The 

second polymer utilised dicyclopentadiene which had thiol groups replace the alkenes (TCDSH). This allowed 

them to prepare a dicyclopentadiene based polymer with no alkenes or side reactions.8 As discussed in chapter 

2, dicyclopentadiene based polymers show very poor transmission in the long wave infrared region when an 

alkene is present in the polymer structure. The approach used by this group was very effective in ensuring that 

only the fully saturated dicyclopentadiene was in the polymer structure. 

Figure 4.4: Monomers from polymers used in comparison with a reported infrared spectrum of a 1 mm thick 

free-standing window. 

The polymers made from the six monomers in the figure above were all prepared into a window with a thickness 

of 1 mm. This allowed them to be directly compared. However, there were two polymers which were only 

reported as a 200 µm window. These polymers were compared to each other and the cyclopentadiene polymer 

prepared through the reflux method. Poly(phenylene polysulfide) networks were produced through the 

polycondensation of p-Diiodobenzene.9 2,3-bis((2-mercaptoethyl)thio)-1-propanethiol (BMETP) and its 

derivatives were used in a photo induced thiol-ene/-yne reaction.10 Three R groups were produced but only 

the Allyl will be used in this comparison as it showed the greatest transmittance. 

Figure 4.5: (a) Reaction between sulfur and p-Diiodobenzene to produce a Poly(phenylene polysulfide). 

Modified with permission from9(b) Thiol-ene/-yne reaction with BMETP and its derivatives to produce a high 

sulfur polymer modified with permission from.10  
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To accurately compare these polymers, factors such as thickness had to be considered. While thickness of 

the selected polymers varied, most literature sources presented the infrared transmission spectra for either a 

1 mm or 200 µm thick sample. Samples of the polymers developed in this thesis of the same thickness were 

prepared to use as comparisons. A 1 mm thick sample was prepared for both all polymers using a silicone 

mould with a 1 mm thick glass slide as a negative. This same process was not appropriate for freestanding 

films at a thickness of 200 µm as the high viscosity of the prepolymer meant it did not flow into the extremely 

thin mould. This would result in an inconsistent thickness and bubbles in some cases. To overcome this issue, 

a different process was used. To produce the 200 µm thick window, a heated press was used to compress the 

polymer to the desired thickness. A 25 x 25 mm square was cut out of a 200 µm thick PTFE sheet. This was 

used to control the shape and thickness of the polymer window. 210 mg of cured 67-poly(S-r-CPD) was ground 

into a powder and placed into the opening in the Teflon sheet. The sheet and polymer were then placed in a 

heated press and the press was heated to 140 °C. After the temperature had reached 140 °C (approximately 

15 minutes), the polymer was compressed to 10 Mpa for 35 minutes. After this time, the sample was removed 

from the press and allowed to cool. Both the 1 mm and 200 µm thick polymer samples were tested for infrared 

transmission between 2 µm and 20 µm using a Perkin Elmer Frontier FTIR spectrometer. A 200 µm sample 

was only prepared for the 67-poly(S-r-CPD) polymer made through the reflux method. 

To quantitatively compare the polymers from literature, the transmission data had to be extracted from the 

available publications. An image of an infrared spectrum of each polymer window was downloaded from the 

publications of each polymer. The infrared spectrum for the highest performing composition was used. For 

most polymers, this was the composition with the highest sulfur content. A Matlab script was then developed 

which could directly extract the raw data from the plot. After data extraction, the script would integrate over 

any regions of interest to get the average transmittance of the sample in the region. The mid wave infrared 

(3µm - 5µm) and long wave infrared (7µm – 14 µm) regions were used to compare samples. The accuracy of 

the Matlab script was confirmed using infrared transmission plots of known polymers. The average 

transmission over the long wave infrared region was found to have an error of less than 5 %. The Matlab script 

can be seen below. 
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Figure 4.6: Matlab script used to extract data from FTIR plots of sulfur polymers. 

The plot below shows the infrared spectrum of the polymers prepared from DIB and TIB as well as the CPD 

based polymers developed in chapter 2 and the norbornadiene based polymer from chapter 3. Both the reflux 

method and the gas phase methods for synthesising the CPD polymer are shown here. The norbornadiene 

based polymer is labelled as poly(S-r-NBBTS) as it was prepared using the norbornane bistrisulfide (NBBTS) 

monomer. In chapter 3, this polymer was labelled as poly-6. 

The CPD and NBBTS based polymers showed far greater transmittance than the polymers prepared from DIB 

and TIB, particularly in the LWIR region. This was expected as these polymers were not initially designed for 

use at infrared transparent materials. Poly(S-r-NBBTS) had the greatest transmission over almost the entire 

region from 2 µm to 20 µm. This indicates that it would be very well suited for use as a long wave infrared 

transparent lens or window used in thermal imaging. As explained in chapter 2, the gas CPD based polymer 

prepared through the gas phase method showed greater transmission in the LWIR region. This was likely due 

to reduced DCPD content in the polymer. 
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Figure 4.7: Infrared spectra for 1 mm thick polymer windows. Plotted polymers are: 67-poly(S-r-CPD) prepared 

through the reflux and gas phase methods, 85-poly(S-r-NBBTS), 67-poly(S-r-DIB)3 and 70-poly(S-r-TIB).4  

The next plot shows the polymers developed in this thesis compared with polymers prepared from NBD2 and 

TVSn. These polymers show much greater LWIR transparency than the ones prepared from DIB or TIB. This 

indicates a significant improvement in the field between 2013 and 2019. Overall, the CPD and NBBTS 

polymers showed greater transmittance in the long wave infrared region than those prepared from NBD2 and 

TVSn. Although at some wavelengths, the TVSn polymer showed greater transmission than the CPD based 

polymers 

Figure 4.8: Infrared spectra for 1 mm thick polymer windows. Plotted polymers are: 67-poly(S-r-CPD) prepared 

through the reflux and gas phase methods, 85-poly(S-r-NBBTS), 70-poly(S-r-NBD2)5 and 70-poly(S-r-TVSn).6  
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The next plot shows the polymers prepared from thiol-ene reactions using BTT or TCDSH. These polymers 

show excellent transmittance, particularly in the long wave infrared region. These are the state-of-the-art 

polymers with the greatest performance for long wave infrared transmission in the literature. The polymer 

prepared from BTT has a greater transmission than both polymers prepared from CPD. In some areas, 

particularly from 8 µm to 11 µm, it shows greater transmission than poly(S-r-NBBTS). Although poly(S-r-

NBBTS) has greater transmission from 11 µm to 14 µm. While not as transparent as the polymer made from 

BTT, TCDSH also showed excellent long wave infrared transmission, with similar properties to the 

cyclopentadiene polymer prepared through the reflux method. 

Figure 4.9: Infrared spectra for 1 mm thick polymer windows. Plotted polymers are: 67-poly(S-r-CPD) prepared 

through the reflux and gas phase methods, 85- poly(S-r-NBBTS), 70 % S TCDSH8 and 82 % S BTT.7 

Figure 4.10: Average LWIR and MWIR transmittance of 1 mm thick sulfur polymers. 
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The average over the MWIR (3 µm -5 µm) and the LWIR (7 µm – 14 µm) was taken from the integration of the 

transmittance plot divided by the wavelength range. The top performing polymers were the poly(S-r-NBBTS) 

and 70 % S BTT, followed by the CPD based polymers. Both poly(S-r-NBBTS) and BTT have benefits and 

drawbacks. poly(S-r-NBBTS) has excellent thermal properties, with a glass transition temperature of 133 °C 

but requires an additional process to prepare the monomer. BTT on the other hand has a one-step reaction 

process but produces H2S gas and displays some peaks which correspond to thiols in the polymer. This could 

result in a bad odour or unwanted reactivity. Both polymers have excellent infrared performance and could 

likely see use in the thermal imaging industry. 

The polymers which only reported a 200 µm thick window were also compared. Only the CPD polymer 

prepared using the reflux method was compressed into a 200 µm window for this comparison. As can be seen, 

all three of the polymers show transmission in the long wave infrared region. The 67-poly(S-r-CPD) showed 

the greatest overall transmission. This can be clearly seen in the plot average transmission data. 

Figure 4.11: Infrared spectra for 200 µm thick polymer windows. Plotted polymers are: 67-poly(S-r-CPD) 

prepared through the reflux methods, BMETP-TA10 and PSN769. 

Figure 4.12: Average LWIR and MWIR transmittance of 200 µm thick sulfur polymers  
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Surveillance and protection of thermal camera with polymer window 

Poly(S-r-CPD) polymer synthesis  

The next sections will use the poly(S-r-CPD) polymer to make a polymer window and a range of lenses. While 

the synthesis and characterisation of this polymer was described in detail in chapter 2, it will be repeated in 

this chapter for clarity. For all applications, the 67 % sulfur polymer was used as this was found to possess the 

greatest transmission of LWIR light without having any issues with sulfur blooming. The reflux method was 

used over the gas phase method as the polymer had a greater glass transition temperature. This made it more 

practical to use and ensured that the lens would maintain its focal length. The method used to prepare this 

polymer can be seen below. 

For all reactions, CPD was first prepared directly from DCPD by distillation using the following method. 20 g of 

DCPD was weighed and added to a 100 mL round bottomed flask with a magnetic stirrer. The round bottomed 

flask was added to a standard distillation set up with a water-cooled condenser and slowly heated to 180 °C. 

Another 100 mL round bottomed flask was used as an outlet to collect the CPD. The outlet round bottomed 

flask was cooled with an ice bath to reduce the rate of the Diels Alder conversion back to DCPD. The CPD 

was used immediately after distillation to reduce the chance that DCPD was reformed. The CPD would be 

keep in a freezer and tested by NMR before every use. If the proportion of DCPD was above 2 % by NMR, the 

CPD would be distilled again at 70 °C to separate it from DCPD. 

Sulfur (3.00 g, 93.56 mmol S atoms) was added to a 21 mL vial with a magnetic stirrer. A threaded adapter 

was used to attach this vial to a water-cooled condenser. An oil bath and oven were preheated to 140 °C and 

the sulfur was lowered into the oil bath for three minutes. Over this time, the sulfur would melt to form a yellow 

liquid. CPD (1.5 g, 22.69 mmol) was added with a volumetric pipette down the reflux condenser. The CPD was 

added in 150 µL additions every 3 minutes to prevent rapid cooling of the sulfur. The reaction was left for 90 

minutes at 140 °C with constant stirring. Over this time, the sample would slowly darken and increase in 

viscosity. The sample was then poured into a silicone mould and cured in an oven at 140 °C for 24 hours. After 

curing, the polymer was left at room temperature to cool before being removed from the silicone mould. 

Figure 4.13: Reaction between cyclopentadiene and sulfur to form 67-poly(S-r-CPD). 
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Reactive compression moulding of polymer window 

The first application that was explored using the sulfur-based polymers developed in this thesis was a window 

used to protect and conceal a thermal camera. Thermal cameras are often used for surveillance or monitoring 

of wildlife due to their ability to image in low light.11 These applications often require the camera to be controlled 

from environmental factors like light or direct sunlight. However, there are very few materials which could be 

used to encase a thermal camera which would not block the long wave infrared radiation from entering. The 

materials which could be used, like germanium, are extremely expensive, both in raw material costs and in 

manufacturing.12 Due to the large size of the casings required, these materials are often far too expensive to 

be practically used in any but the most highly funded applications. A material which was extremely cheap and 

easily processable would be very valuable in to use to protect and conceal a thermal camera.  

While the polymers prepared with CPD showed reduced transmission compared to the NBBTS based 

polymers, they did have several advantages. The first is that it could be made using a very simple reaction 

with low-cost monomers. This means that the raw cost of producing the polymer is very low. They also have 

the advantage of high processability. The CPD based polymers have been shown to be melt processable in 

their prepolymer stage or mouldable using reactive compression moulding. This makes it perfectly suited to 

be used as a low-cost material to protect or conceal a camera. Due to how inexpensive the material is, it could 

be used as a disposable window which protects the costly thermal camera from any damage and is then 

replaced. The ease of processing and low cost also makes it possible to prepare large polymer windows which 

would not be possible with other materials.  

Another advantage that polymers prepared with CPD have is that they are completely opaque to visible light. 

In some applications, this may be a drawback since any optic prepared with the CPD polymers could only be 

used with infrared light while a transparent optic may be used in the visible region as well. However, there are 

many applications where it would be a benefit to be opaque to visible light while being transparent in the 

infrared region. This would be a major advantage for the application of a casing to protect a polymer camera. 

If a polymer window was made with the CPD polymer, it could be used to block all visible light from entering 

while not preventing a thermal camera from imaging through. This could be used to conceal or protect a thermal 

imaging camera without affecting it’s use. 

While many optical applications require brittle, rigid materials which do not bend or flex with force, a protective 

window may benefit from some flexibility. Flexible materials can often survive impact better than brittle 

materials as they can absorb the impact without shattering. The polymers made from CPD could be prepared 

with a glass transition temperature above or below room temperature by adjusting the sulfur content as 

explained in chapter 2. Therefore, it could be used to prepare flexible, shock resistant windows or rigid windows 

with more structural integrity. In this thesis, the 67-poly(S-r-CPD) polymer was used. This polymer had a glass 

transition temperature below room temperature, so it was soft and flexible, but it was shape persistent. This 

made it perfect for a protective window as it would not shatter when impacted but it could also be bent into a 

shape to suit the camera being protected. The reflux method was used despite its lower long wave infrared 

transmission due to its greater thermal stability and mechanical properties. 

To explore the use of the CPD polymer as a low-cost window to protect and conceal a thermal camera, it was 

compressed into a sheet using a heated press. This manufacturing technique was used as it is scalable and 
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demonstrates that a large quantity of these polymer windows could be prepared at a relatively low cost. In this 

method, the polymer could be prepared in multiple batches and stored as a pellet or powder. When required, 

it could then be compressed into the geometry required for the window. This is a significant advantage as it 

would allow for the synthesis to be scaled up while the window formation could be distributed and prepared 

when required. Below is the method used to prepare the window for the following section. 

Three 4.5 g batches of the 67-poly(S-r-CPD) polymer were prepared using the reflux method. For more details 

on the synthesis of this polymer, see chapter 2. Reactive compression moulding was then used to combine all 

three batches into one piece. 10 grams of the polymer from three batches was ground into a powder and 

added to an 85 mm by 85 mm heated press. Baking paper was used to ensure the polymer could be removed 

from the aluminium press afterwards. The press was heated to 140 °C and compressed to 30 Mpa for 10 

minutes. After this time, the polymer was allowed to cool, and it was removed from the press. The polymer 

sheet was cut into an 85 mm by 75 mm sheet as it would often have some irregularity around the outside of 

the press. The thickness of the sheet was 0.83 mm, and the final mass was 7 g. 

Figure 4.14: Images of heated press and 67-poly(S-r-CPD) polymer sheet. 
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Design of casing for FLIR E6 thermal imaging camera 

To investigate the polymer window as a window to protect and conceal a thermal camera, a casing was made 

to cover a FLIR E6. The FLIR E6 is a hand operated thermal camera that uses the wavelength range of 7.5 

µm – 13 µm. For the application of security or animal observation, it would be much more likely that a remotely 

controlled camera would be used. This would allow it to be completely concealed inside the casing and its 

operation would be unobservable from the outside without another thermal camera. However, to demonstrate 

the application, the casing for the camera had openings in the back to allow for images to be manually taken 

and observed on the screen.  

The casing was designed on Autodesk Inventor. The camera main body of the camera was first modelled to 

aid in the casing design. The casing had two main parts. The bottom part included a slot to hold the FLIR E6 

which was then held in place using zip ties around the handle portion. There was also a large opening at the 

back to allow for access to the trigger on the camera. The bottom part of the casing had parts designed to 

allocate an M4 nut and bolt to attach to the top part of the casing. The top part of the casing would cover the 

screen and allow for a polymer window to be placed in front of the lens of the camera. It had an opening at the 

back so that any images could be inspected manually. The casing had an opening with a 60 mm diameter in 

front of the camera lens. There was a slot designed to accommodate the reactive compression moulded 

window to cover this opening. The casing was 3D printed using black poly lactic acid (PLA) using a Creality 

CR-10S Pro. 

Figure 4.15: Design of casing for FLIR E6 on Autodesk Inventor.  
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Imaging using FLIR E6 through polymer window 

After the casing was 3D printed, the camera was inserted into the bottom part and secured with zip ties. After 

this, the top part of the casing was attached and bolted on using four M4 bolts. The polymer window was then 

inserted into the slot in the casing. 

To test the imaging through the window, it was used to image the infrared radiation given off by several animals. 

This demonstrates the potential of thermal imaging through a protective polymer window for wildlife 

surveillance. Here Shep deserves an acknowledgement for being a good boy and letting his photo be taken. 

The chickens also deserve an acknowledgement since they had their sleep interrupted to model for some 

photos. To demonstrate the use of thermal imaging in low light environments, a photo of some chickens was 

taken at night. Both the visible image and the thermal image is shown in the figure below. As can be seen, 

there was not enough light to observe the chickens with the visible camera, but they could be seen clearly 

using the thermal camera through the polymer window. 

Figure 4.16: Long wave infrared transparent polymer window and imaging using FLIR E6. (a) Polymer window 

made from 67-poly(S-r-CPD) prepared using the reflux method and compressed into a sheet with thermal 

imaging. (b) 3D printed casing to cover FLIR E6 and hold polymer window. (c) Visible, LWIR control image 

and LWIR image through polymer window of dog. (d) Visible, LWIR control image and LWIR image through 

polymer window of chickens at night.  
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Plano concave and plano convex lenses from cyclopentadiene based 
polymer 

Mould and lens preparation 

After testing the use of the polymer as a transparent window, the polymer was used to prepare several lenses. 

The cyclopentadiene based polymer had a very high refractive index for a polymer. Over the long wave infrared 

region, it was approximately 1.875. Such a high refractive index allows for the preparation of lenses that are 

smaller or lighter than if they were made using materials with a lower refractive index.13 

To utilise the high refractive index of the polymer, a plano concave and a plano convex lens was made. These 

lenses were not optimised for any particular sensor or imaging system but instead were used to demonstrate 

the ability for the polymer to be used to prepare an optical component.  

Explanation of lenses 

To prepare these lenses, moulds were prepared using a silicone resin. The moulds were made using a glass 

negative. The negatives were purchased in a kit from Livingstone International. This kit had several lenses, 

each with a diameter of 50 mm. The concave lens with a focal length of 300 mm and the convex lens with a 

focal length of -300 mm were used. The glass used in these lenses had a refractive index of 1.52, giving them 

a radius of curvature of 155 mm for both lenses. To prepare an open top mould, the glass lenses were placed 

with their plano side down and silicone resin was poured over them. The resin was left for approximately two 

hours to cure before the glass lenses were removed.  

The open top moulds gave the correct radius but no control over the thickness of the sample. For this reason, 

the polymer lenses had a different thickness to the original glass negative. The exact thickness of the plano 

convex and plano concave lenses is described in the following sections. The open top moulds were also found 

to give poor control over the top surface of the polymer. When cured in this mould, the polymer would form a 

meniscus, giving the top surface a slight convex radius. For this reason, open top moulds were not used in 

any future lenses. These lenses were a good proof of concept and showed that light could be manipulated and 

focused using the polymer. 

To cast the polymer in the lens moulds, they were first preheated to 140 °C. The cyclopentadiene polymer was 

then prepared using the reflux method described in chapter two. For both lenses, the composition with 67 % 

sulfur was used. After the reaction, the molten prepolymer was poured into the lens moulds. For the plano 

convex lens, two 4.5 g batches of the polymer were used while the plano concave lens used three. The polymer 

and moulds were then left to cure for 24 hours at 140 °C. After curing, the polymer and moulds were left to 

cool to room temperature before being removed from the mould. While the surface of the lenses was found to 

be optical quality directly after removal from the mould, they were polished before any imaging. To polish the 

lenses, a small amount of an aluminium oxide polish material was applied to a microfibre cloth. The lens 

surfaces were gently polished by hand on both the plano and curved sides. 

When accounting for the higher refractive index of the cyclopentadiene polymer, the lenses had an effective 

focal length of 177 mm or -177 mm for the convex and concave lenses respectively. Given the 50 mm diameter 

of the lenses, this gave an f-number of f/3.54. Most thermal cameras use lenses with focal lengths of less than 
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1.5 to maximise the amount of light reaching the sensor and give a greater thermal sensitivity. The f-number 

of these lenses is likely too high to act as a stand alone lens in an imaging system but could still be used to 

magnify or reduce images for a thermal camera. For this reason, the lenses were used in combination with the 

FLIR E6 thermal camera which already had a germanium focussing lens. The plano convex and plano concave 

lenses were simply placed in front of the FLIR E6 to magnify or reduce the images respectively. 

Figure 4.17: Images showing cross section and diagonal view of plano convex and plano concave lens 

negatives.  



 

204 

Imaging through plano concave lens with FLIR E6 

The plano concave lens was tested first. This lens had a centre thickness of 1.5 mm and an edge thickness of 

4 mm. Due to the thickness and relatively high f-number, this lens did not transmit enough light to image objects 

less than 50 °C. Instead, it was used to image a hotplate with an oil bath and a soldering iron. These images 

were used to show a reduction in the image. To image the hotplate and oil bath, a FLIR E6 was placed in a 

clamp approximately 30 cm above a 100 °C oil bath. The lens was then placed between the oil bath and the 

camera to take an image. While the quality of the image is poor, a clear reduction in the image can be seen. 

The image of the oil bath was reduced to 83 % of its original diameter. 

The image of the soldering iron was taken by holding the soldering iron and FLIR E6 in clamps approximately 

30 cm apart. The soldering iron was heated to 250 °C and allowed to equilibrate for 5 minutes. After that, the 

lens was then placed in front of the soldering iron and an image was taken. The image of the soldering iron 

was noticeably reduced when the plano concave lens was placed in front.  

Figure 4.18: Images of plano concave lens made from 67-poly(S-r-CPD). (a) photos of plano concave lens 

from the top and side view. (b) Set up of FLIR E6 camera to image hotplate and oil bath. (c) Long wave infrared 

image of 100 °C hotplate and oil bath taken using FLIR E6 with and without plano concave lens. (d) Long wave 

infrared image of 350 °C soldering iron with and without plano concave lens.   
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Design and 3D printing of masks for imaging through plano convex lens 

The imaging experiments with the plano concave lens were a good proof of concept and showed the ability of 

the poly(S-r-CPD) polymer to be used in imaging applications. However, to allow for a greater understanding 

of the capacity of the lenses, several masks were prepared. These masks were prepared on Autodesk inventor 

and 3D printed using PLA filament on a Creality Cr-10S pro. Two masks were made to just produce images 

and demonstrate the magnification of the lens. The first was a kangaroo and the second was a Flinders 

University logo. The other masks were designed to have features of known dimensions so that the 

magnification could be quantified. These masks were also designed to have features that would be too small 

to resolve without the lens. One of these masks had 10 slits, all with a length of 50 mm and width of 2 mm. 

These slits were separated by gaps which decreased in width from 3.5 mm to 0.4 mm. The smallest gap 

between the slits is very difficult to make out with the infrared camera, however, with the lens, it could be clearly 

seen. The next mask was similar with had an array of 3 mm by 3 mm square. These squares had a gap which 

varied from 3 mm to 0.25 mm. With no lens, the smallest gaps could not be resolved, however, with the aid of 

the plano convex lens, even the smallest gaps could be observed. The final mask had four different shapes 

on it. These shapes were designed to quantify the magnification of the image. The dimensions of the different 

shapes can be seen in the figure below. 

Figure 4.19: Sketch from Autodesk Inventor showing the dimensions of a mask used to investigate plano 

convex lens. 

To use the masks, a 150 °C hot plate was used as a radiation source. The masks were placed approximately 

5 cm from the hot plate. A FLIR E6 infrared camera was placed 30 cm from the mask. The lens was then 

positioned between the camera and the mask so that the image was in the best focus. A photo of the hotplate 

and camera set up can be seen in the figure below. 
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Figure 4.20: (a) photos of plano convex lens made from 67-poly(S-r-CPD) polymer. (b) Photo of hotplate and 

FLIR E6 thermal camera set up with kangaroo mask. (c) Photo of mask with different shapes for investigating 

magnification of the lens. (d) Photos of masks used for imaging with plano convex lens. (e) Control images of 

all masks taken with FLIR E6 thermal camera and no polymer lens. (f) Images of all masks taken with FLIR 

E6 thermal camera using the 67-poly(S-r-CPD) polymer lens for magnification. 
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Fresnel Lens from cyclopentadiene based polymer 

Mould synthesis and preparation of lens 

To prepare a Fresnel lens, an injection mould was produced in which the polymer could be moulded on all 

sides. The mould was produced from a polydimethylsiloxane rubber with a shore hardness of 55A. The silicone 

used was M4670A/B and was purchased from Barnes. It was found that a silicone rubber with a high hardness 

was necessary for the injection mould to prevent warping due to the pressure of the injected prepolymer. This 

silicone rubber had a working time of 45 minutes and a cure time of 24 hours at room temperature. 

To produce the injection mould, an acrylic Fresnel lens was used as a negative. This lens had a diameter of 

66 mm, a thickness of 1.52 mm, a groove density of 1 groove per millimetre and a focal length of 185 mm. The 

circular focussing section was in the centre of a 76.2 mm square. When accounting for the higher refractive 

index of the sulfur-based polymer, the focal length of this lens was 110 mm. One of the corners of the positive 

was cut to near the focussing section of the lens to allow for alignment of the two-sided mould. 

The Injection mould was produced by placing the lens negative in the centre of an aluminium piece with a 

square shaped opening and a side length of 85 mm. A 20 mL glass syringe was placed on the top of the non-

focussing section of the lens positive and the Luer lock was secured in place with modelling clay. Two glass 

pipettes were also placed on the other two corners of the lens on the non-focussing sections and secured with 

modelling clay. These were used to create holes in which the air could escape when the polymer was injected. 

Three balls of modelling clay were placed on the space left by the cut part of the lens positive. These were 

used to create an indent which could be used to align the completed mould. 90 g (81 g part A, 9 g part B) of 

silicone rubber was mixed and poured into the opening and left to set. After the silicone rubber was set, the 

syringe and pipettes were removed, and the aluminium piece was flipped upside down. The silicone mould 

was pushed to the bottom of the aluminium piece and the clay used to make the alignment indents was 

removed. Another 90 g (81 g part A, 9 g part B) of silicone rubber was mixed and poured into the opening and 

left to set. After the silicone rubber was set, both parts were removed from the aluminium piece and separated. 

The lens positive and any modelling clay was removed to leave a cavity of the lens. 

To produce the polymer Fresnel lens, four batches of the 67-poly(S-r-CPD) polymer were produced 

simultaneously using reflux method described earlier. The two parts of the mould were assembled and a 20 

mL syringe was added to the corresponding hole. The mould was placed in an oven and preheated to 140 °C. 

Thee plunger was removed from the syringe and all four batches of 67-poly(S-r-CPD) were added without 

curing. The mould was returned to the oven for 10 minutes at 140 °C to ensure a consistent temperature 

throughout the prepolymer. The mould was then removed from the oven and the plunger was inserted into to 

the syringe. Using heat proof gloves, the syringe plunger was pressed down until the prepolymer flowed into 

the mould and could be seen in both outlets. The entire mould was then placed back into the oven at 140 °C 

and cured for 24 hours. After curing, the polymer lens was removed by separating the two mould parts. The 

excess polymer was cut off using a scalpel to leave a circular Fresnel lens. 
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Figure 4.21: (a) Fresnel lens positive made from acrylic. (b) Syringe and pipettes secured to lens positive using 

modelling clay in an aluminium piece. (c) After 90 g of M4670A/B silicone was added and allowed to cure. (f) 

After syringe and pipettes were removed from silicone and the mould is flipped upside down. (e) Two silicone 

pieces after cure. (d) Assembled injection mould with syringe. (g) 67-poly(S-r-CPD) after being cured in 

injection mould. (h-i) Fresnel lens after excess was removed. 
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Imaging through Fresnel lens with FLIR E6 

The Fresnel lens was imaged using the same FLIR E6 infrared camera that was used for the plano convex 

and concave lenses. Three different tests images were taken. A 150 °C hotplate was imaged with the lens to 

quantify the magnification of the lens. Following this, the mask with several shapes was placed in front of the 

hotplate and images of the circle and cross shapes were taken. Following this, a 300 °C soldering iron was 

used as a heat source. The Fresnel lens was then placed in front of the soldering iron to take an image. 

When compared with the plano convex and plano concave lenses, the quality of images through the Fresnel 

lens was much better. This is likely due to the type of mould used. The plano convex and plano concave lenses 

were made using an open top mould. These moulds only control one face of the lens. The other face often has 

a poor quality as it is open to air and can form a meniscus.  

The Fresnel lens is a very complicated lens and would be very difficult and costly to prepare using subtractive 

methods like CNC milling. This demonstrates the advantage of polymer-based lenses as a single mould made 

using these methods could be used to make many lenses. Using techniques like this opens up the possibility 

of mass manufacturing of low-cost infrared lenses. 

Figure 4.22: (a) Image of 150 °C hotplate used for imaging. (b) LWIR image of 150 °C hotplate taken using 

FLIR E6 camera. (c) LWIR image of 150 °C hotplate through Fresnel lens with magnification shown. (d) LWIR 

image of mask in front of 150 °C hotplate taken with FLIR E6 camera. (e-f) LWIR images of mask through 

Fresnel lens. (g) LWIR Image of 300 °C soldering iron taken with FLIR E6 camera. (h) Photo of Fresnel lens 

in holder being placed in front of soldering iron. (i) LWIR image of soldering iron taken through Fresnel lens.  
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Lens design and mould preparation for FLIR Lepton 

Sensor considerations 

The lenses and windows prepared with the cyclopentadiene polymer showed some very promising results. 

They could magnify light and showed the potential applications of the material. However, for all the experiments 

using these lenses, a FLIR E6 camera had to be used. This camera had a germanium lens which focused the 

LWIR radiation onto the sensor. To truly demonstrate the potential for sulfur-based polymers to act as lenses, 

they would need to completely replace the lens used in a thermal camera. This would allow for a stand-alone 

thermal camera to be made which only uses low-cost sulfur polymer-based lenses.  

The first task in making a stand along thermal camera using a sulfur-based polymer was to determine what 

sensor to use. There were several key considerations which influenced the choice of sensor. Namely cost, 

size and usability. When considering all these factors, a FLIR Lepton 3.5 was found to be most applicable. 

Below is an explanation of how this sensor meets the desired features.  

One of the major advantages of using a sulfur-based polymer over conventional infrared transparent materials 

is cost. Sulfur based polymers have raw material costs which are many times cheaper than germanium of zinc 

selenide. The manufacturing methods are also much more scalable and energy efficient. Therefore, they are 

most suited to applications where cameras could be made at a large scale and low cost. To align with this 

goal, a low-cost sensor would be most appropriate. In lower cost sensors, the lens makes up a much greater 

portion of the cost. Therefore, the use of a low-cost lens would have a relatively greater effect on price. The 

FLIR Lepton 3.5 is one of the lowest cost sensors that are commercially available, ranging from $250 - $400 

AUD. With the reduced lens cost, this sensor could be used in a range of commercial applications. 

A smaller sized sensor was also desired. The target applications were in smartphone integration, drone 

technology or commercial user products. These applications all benefit from small and light cameras. A smaller 

sensor also means that the lens can be thinner while still possessing the desired focal length and image circle, 

leading to reduced losses from absorption. The FLIR Lepton sensor has a focal plane array of 160 x 120 active 

pixels with a pitch of 12 µm. This gives a sensor with dimensions of 1.92 mm x 1.44 mm, making it perfectly 

sized for the desired applications.   

Finally, the usability of the sensor was considered. The FLIR Lepton 3.5 is a development sensor. This means 

that it is designed to be easily modified. The shutter and lens can be removed, allowing for custom lenses to 

be mounted. It also comes with software which allows for calibration and testing with different lens systems. 

All these factors made the FLIR Lepton 3.5 a perfect choice for the sensor.  

Figure 4.23: Images of FLIR Lepton 3.5 camera with shutter and lens removed.  
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Lens designs 

The lens design is one of the most important factors which affects the quality of images obtained with a thermal 

camera. There are several features of the lens which need to be considered when designing a lens for a 

particular application. To keep the design and manufacture simple, in this thesis, only plano convex lenses 

were used. Later in this chapter, the potential for more complex lens designs will be discussed. For plano 

convex lenses, one side has a spherical curve while the other is flat. This reduces the complexity of the design, 

but the focal length, f-number and thickness are still critical to achieving the desired imaging. Each of these 

factors are described below. 

Focal length 

The focal length is a value for how strongly a lens converges light. A lens with a shorter focal length will bring 

light into focus in a shorter distance. This has several effects on the image that would be achieved by the 

camera. When imaging a distant object, a lens with a shorter focal length will give a wider field of view and 

reduced magnification. A longer focal length will give a narrower field of view but with greater magnification. 

Using this knowledge, the focal length of the lens should be selected to give the desired image. The field of 

view (FOV) is related to the focal length (f) by the following equation. Where x is the width or height of the 

sensor for horizontal or vertical field of view respectively.  

𝐹𝑂𝑉 = 2arctan(
𝑥

2𝑓
) 

The field of view is extremely important to the application that the camera is designed for. For sensing and 

imaging at close ranges, a wide field of view is desired. This is because a single camera can capture a large 

area without needing to be manually moved. For imaging at longer ranges, a narrow field of view is more 

practical as it allows greater magnification, giving more detail of distant object. With the relationship between 

focal length and field of view in mind, a range of lenses with different focal lengths were designed. The focal 

lengths of the polymers ranged from 1.5 mm to 5 mm. The sensor on the FLIR Lepton 3.5 was 1.92 mm x 1.44 

mm giving a range of horizontal field of views from 65 ° to 22 °. 

To determine the required radius of curvature to achieve the desired focal length, the lens makers equation is 

used. This equation relates the radii of the two refracting surfaces (R1 and R2), the refractive index of the lens 

material (n1), the medium (n0) and the focal length (f). 

1

𝑓
= (

𝑛1 − 𝑛0
𝑛0

)(
1

𝑅1
−

1

𝑅2
) 

As the lenses are used in air, n0 = 1. The lenses used in this thesis were plano convex so 1/R2 = 0. Using this, 

the equation can be simplified and rearranged for R1 to determine the radius required to give the desired focal 

length. 

1

𝑓
= (𝑛1 − 1) (

1

𝑅1
) 

𝑅1 = 𝑓(𝑛1 − 1)  
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F-number 

The f-number is a measure of the ability for the lens to collect light. The f-number (N) is given by the ratio 

between the focal length (f) and the diameter of the entrance pupil of the lens (D). For the plano convex lenses, 

in this thesis, the entrance pupil was assumed to be the diameter of the lens as no f-stop was used in the 

camera design. The f-number is usually expressed as f/N where N is the f-number of the lens. The following 

equation shows the relationship between f-number (N), focal length (f) and the entrance pupil diameter (D). 

𝑁 =
𝑓

𝐷
 

The illumination of the image decreases with the square of the f-number. In an infrared imaging system, the 

thermal sensitivity is directly proportional to the illumination of the image. For this reason, most thermal imaging 

systems use a low f-number, usually around 1.14 In this thesis, lenses with f-numbers ranging from 0.75 to 2 

were tested. The effect of the f-number on thermal sensitivity and imaging quality was investigated.  

The f-number also affects the depth of field of the camera. The depth of field is the distance between closest 

and furthest objects that are in focus. The depth of field (DOF) is related to the focal length of the lens (f), the 

f-number (N), the distance to the object (u) and the circle of confusion (c). This is given by the following 

equation. 

𝐷𝑂𝐹 =
2𝑢2𝑁𝑐

𝑓2
 

In thermal imaging systems, particularly those using small sensors, the depth of field is usually quite large. 

This is because the focal length of the lens is usually short and when low resolution sensors like those used 

in this thesis, the circle of confusion can be relatively large. Therefore, the effect of the f-number on the depth 

of field is less impactful than in conventional photography. In this thesis, the difference in the depth of field of 

the lenses was not thoroughly investigated. 

Thickness 

The thickness of the lenses was also considered. While the polymers developed in this thesis have excellent 

transmission in the LWIR, there was still considerable absorption which was dependent on the thickness of 

the material. For this reason, the centre thickness of the lenses was kept as low as possible. Using some 

moulding techniques, several thicknesses were tested for some of the lenses. This can be seen in the two-

part mould section. The standard centre thickness of the lenses was 0.8 mm.  

It should be noted that the edge thickness of the lenses varied based on the focal length and diameter. This 

could mean that some lenses may have more spherical aberrations than others due to the increased 

transmission of the marginal rays of light. This could result in lenses with a smaller f-number showing an 

increase in spherical aberrations. The effect of this was discussed in the “comparison of lens imaging” section.  
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A total of 7 lenses were selected to investigate a range focal lengths and f-numbers. These lenses would allow 

for the viability of the polymer lenses to be investigated on the FLIR Lepton. These lenses were all plano 

convex and bought from Edmund Optics. The radius of the curved section was selected to give the desired 

focal length when accounting for the higher refractive index of the polymer over glass. These glass lenses 

would be used to make moulds which could be used to cast the polymer. Below is a table showing the lenses 

bought for investigation in this thesis. The focal length in this table accounts for the higher refractive index of 

the norbornane based sulfur polymer. 

Table: 4.1: Data of lenses used for lenses purchased from Edmund Optics used for making moulds and casting 

polymer lenses. 

Lens 

number 

Lens type Radius of 

convex 

surface (mm) 

Focal 

length 

(RI 1.87) 

(mm) 

Diameter 

(mm) 

F-number Centre 

thickness 

HFOV 

Lepton 

3.5 (%) 

1 Plano Convex 1.28 1.5 1.5 f/1 0.8 65 

2 Plano Convex 1.28 1.5 2 1/0.75 0.8 65 

3 Plano Convex 1.70 2 2 f/1 0.8 51 

4 Plano Convex 1.70 2 2.5 f/0.8 0.8 51 

5 Plano Convex 2.12 2.5 2.5 f/1 0.8 42 

6 Plano Convex 2.55 3 2.5 f/1.2 0.8 35 

7 Plano Convex 4.25 5 2.5 f/2 0.8 22 

 

The lenses purchased from Edmund Optics were selected so the effect of focal length and f-number could be 

investigated. There were a range of focal lengths selected from 1.5 mm and 5 mm. This would show the 

differences in the field of view and zoom. For two of the focal lengths, there were two different diameters for 

the same focal lengths. This gave a different f-number and could be used to show the difference in f-number 

when focal length was maintained. There were also several lenses with the same diameter and different focal 

lengths. Four lenses all had a diameter of 2.5 mm while the focal length ranged from 2 mm to 5 mm. These 

lenses would give a good understanding on how the imaging is changed while maintaining the diameter of the 

lens and altering the focal length. The centre thickness of all lenses was maintained at 0.8 mm. This was 

important so that comparisons between the lenses could be analysed. The norbornane based polymer has 

approximately 20 % transmission at this thickness. 

The expected horizontal field of view of each lens when using the FLIR lepton was calculated using the focal 

length and the horizontal size of the sensor. These values were then used in the following equation which was 

explained in the previous section: 

𝐹𝑂𝑉 = 2arctan(
𝑥

2𝑓
) 

Where x is the width of the sensor and f is the focal length.  
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Figure 4.24: Diagrams showing dimensions of lenses bought from Edmund Optics to use as positives for 

silicone moulds.  
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Synthesis of Norbornane bistrisulfide polymer 

The rest of this chapter will focus on optics made from the norbornane bistrisulfide polymer. While the synthesis 

and characterisation were covered in detail in chapter 3, it will be repeated here for added clarity. Unless 

otherwise stated, the 81 % sulfur composition was used. This polymer was used over the cyclopentadiene 

based polymer for several main reasons. The first is the much greater glass transition temperature. The 

norbornane based polymer with 81 % sulfur had a glass transition temperature of 137 °C. This is much greater 

than the cyclopentadiene polymer which had a glass transition temperature of only 3.1 °C. As the glass 

transition temperature is much above room temperature, this polymer acts like a brittle glass. This is very 

useful for making lenses as it means that it will not change its shape with pressure. It also means that the 

polymer can be ground or polished like a glass, allowing for high quality surfaces to be prepared. The 

norbornane bistrisulfide based polymer also has a very high refractive index of 1.871 and excellent 

transmission in the long wave infrared region making it perfectly suited for use as a lens. Below is a standard 

method for the synthesis of the polymer, see chapter 3 for details on the synthesis of the monomer and any 

polymer characterisation. 

Sulfur (300 mg, 1.17 mmol S8) was measured into a 5 mL vial. The vial was added to a preheated oil bath at 

140 °C. The sulfur was left for 3 minutes to melt. After this point, the vial was transferred to a preheated vacuum 

oven at 140 °C. A vacuum of approximately 2 mbar was pulled in the oven and the molten sulfur was left for 

30 minutes. After degassing the sulfur, the pressure was returned to ambient, and the sulfur was transferred 

back to the 140 °C oil bath. Norbornane bistrisulfide, molecule 6 (445 mg, 1.56 mmol) was poured into the vial. 

6 would rapidly dissolve in the molten sulfur over approximately 15 seconds. 15 seconds after 6 was added, 

the reaction was stirred with a heated metal spatula. The reaction was stirred carefully to prevent trapping 

gasses which would cause bubbles in the polymer. The reaction was stirred for a total of 30 seconds (stirring 

was stopped at a reaction time of 45 seconds). After a total reaction time of 60 seconds, the prepolymer was 

poured into a silicone mould which had been preheated to 140 °C. The mould was then placed in a 140 °C 

oven where it was left for 24 hours to cure. Further experimentation showed that a cure time of 1 hour is 

appropriate but all polymers in this thesis were cured for a full 24 hours. Below two images of a polymer window 

prepared using this method. 

Figure 4. 25: Images of polymer window made from 81 % sulfur norbornane bistrisulfide polymer.  
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One-part mould design 

To make the lenses from the sulfur-based polymer, a silicone mould had to first be prepared. The first and 

most simple mould design was a one-part mould. In this design, the glass lens would be held in a 3D printed 

part. This part had a base and outside part which when assembled, would allow for silicone to be poured into 

it. After allowing the silicone to cure, the 3D printed part could be removed to give the final mould. When using 

this mould, the prepolymer would be poured into the space left by the 3D printed part and the lens. Due to the 

3D printed part, the lens would have some non-imaging material around the plano convex portion. This material 

is known as carrier material. While not necessary for imaging, the carrier material provided additional strength 

to the lens and aided in mounting in a holder. When using the one-part mould, the carrier material formed a 

square with sides of 4 mm.  

After curing the polymer in the silicone mould, the mould would need to be cut open. After extracting the 

polymer, the lens and carrier material could be separated using an intentional weak point in the part. At this 

point, the thickness of the polymer would only be 300 µm. By scoring along this line with a scalpel, the lens 

and carrier material could be broken away from the funnel section. 

Figure 4.26: One part mould design. (a) Design with dimensions for carrier material. (b) Inventor design of 

design. (c) 3D printed parts for one part mould.  
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The 3D printed parts were made on a Phrozen Sonic mini 8k 3D printer using the 8k resin. It was found that 

addition cure silicone would not cure properly when in contact with the 3D printed resin. To overcome this 

issue, a condensation cure silicone was used instead. To make the mould, approximately 20 g of M4503 

condensation cure silicone rubber from Barnes was mixed with 1 gram of T35 catalyst. This silicone had a 

working time of 90 minutes and a cure time of 24 hours at room temperature. It was found that this silicone did 

not suffer from any of the issues of poor cure that the addition silicones had. For all future moulds, this silicone 

was used. 

While the one-part mould was simple, it had many weaknesses which lead to many failed casts. The biggest 

one is that the mould had no outlet for the air within the part to leave. The prepolymer was very viscous had 

had a short working time. For this reason, air could make its way through the polymer before it vitrified. This 

led many casts where the polymer would fill the funnel section but not completely fill the mould. An example 

of a failed cast like this can be seen in the figure below. 

Several modifications to the casting method were employed to attempt to improve the consistency. Placing the 

mould on an angle and manually squeezing the mould to increase the size of the opening was attempted, 

however, these methods were inconsistent and very manual. Another modification that was made was to 

manually push the prepolymer into the mould using a heated spatula. While this method did allow the polymer 

to fill into the mould, it often led to the formation of bubbles which decreased the consistency of the cast. The 

final modification was to place a glass syringe into the mould before casting the polymer. The glass syringe 

acted as an outlet for air and would be removed once the polymer had filled the mould. This method allowed 

for several successful casts like the one in the figure below, however, it was very manual and slow.  

The one-part mould showed that an outlet for air is very important in the mould design. For this reason, the 

one-part mould design was abandoned in favour for the two-part mould design in the following section. 

Figure 4.27: (a) A successful cast using one part mould. (b) A close up example of a failed cast. (c) many failed 

casts using one part mould.  
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Two-part mould design 

To improve upon the one-part design, a new mould was designed. This mould incorporated an outlet for air 

which was found to be very important in the one-part design. The two-part mould had a seam down the middle 

so that the mould did not need to be cut open after every cast, allowing it to be reused many times over. One 

side of the mould would be prepared using the convex side of the glass lens from Edmund Optics. This side 

would also include a funnel section where the prepolymer could be poured as well as an outlet for air. The 

other part of the mould was completely flat. This side of the mould had no features which meant that exact 

alignment of the mould was not necessary. If a lens design which utilised two curved surfaces was used, the 

mould would need to be modified.  

Unlike the one-part mould, the carrier material for the lens did not need to be square when using the two-part 

mould. Instead, a round carrier material was incorporated. This carrier material gave the lens a total diameter 

of 4 mm for all lens designs. The imaging section of the lens was only in the centre while the outside of this 

simply provided strength and allowed for easier mounting. The carrier material had a thickness of 0.65 mm on 

the outside with a sloped section between the outer edge of the lens and the thickest section of the carrier 

material. This design was far more practical than the one-part mould for mounting on the FLIR Lepton. When 

the shutter and lens are removed from the FLIR Lepton 3.5, an opening of 4.5 mm is revealed. Using the 

circular carrier material, there was just enough tolerance to allow for the lens and a holder to be inserted into 

the FLIR Lepton 3.5. 

Figure 4.28: Carrier material for lenses when 2-part mould was used. (1.5 mm focal length, 1.5 mm diameter 

lens is shown). 

To prepare the flat side of the mould, a 3D printed part was produced. This part was a simple rectangular prism 

with filleted edges and a 19 mm by 17 mm opening in the centre. The 3D printed part was placed on a glass 

slide. The glass slide provided a high-quality surface for the plano side of the lens. To prepare the silicone 

mould, the same condensation cure silicone from Barnes was used. When used with glass, this silicone was 

found to stick very strongly. To prevent this issue, a range of release agents was used. It was found that the 

most effective method to prevent the silicone from sticking was to mix detergent in water and submerge the 

glass slide in it. The water was then wiped away with a tissue, leaving a detergent layer on the glass slide. 

After this, the 3D printed part was placed on the glass slide and the silicone was mixed in a 95:5 ratio of part 

A (M4503) and B (T35) respectively. After leaving the silicone for 24 hours at room temperature to cure, it was 

removed from the 3D printed part and was ready for use.   
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To prepare the cavity side of the mould, another 3D printed part was used. This part contained the carrier 

material and a slot where the glass lens would sit. It also had a funnel section where the prepolymer would be 

poured into and an outlet for air to escape. This part was designed so that the same 3D printed piece from the 

flat side could be used to provide an enclosure for the silicone resin to be poured to prepare the mould. 

To cast the silicone, the glass lens was first submerged in detergent water like the glass slides for the flat side 

of the mould. The glass lens was then pressed into the 3D printed part with the convex side facing up. The 

tolerance between the lens and the 3D printed part was 50 µm. This tolerance was found to be very important 

as a larger tolerance would have silicone flow between the lens and the part. This silicone could flow under 

the lens and push it up, leading to an angle between the carrier material and the lens. If the tolerance was too 

tight, it was difficult to insert the lens and this could also lead to similar issues where the lens is not pushed flat 

prior to casting the silicone. With some prototyping, it was found that 50 µm was adequate. After inserting the 

lens into the 3D printed part, the outside piece was added. The condensation cure silicone was then mixed 

and poured into the mould. After leaving the silicone for 24 hours at room temperature to cure, the outside 

piece was removed. To aid in the removal, some indents were made in the 3D printed part which allowed for 

a tool to be inserted. The silicone was then separated from the 3D printed part and any flashing was removed 

with a scalpel. 

Figure 4.29: Design of two part mould in Autodesk Inventor.  

There were many iterations of the two-part mould to find one which gave consistent casts. This next section 

will outline the main findings of these iterations and the considerations that should be made when making a 

mould of this type. The first design of this mould had a much longer path length for the prepolymer to flow. In 

this design, the polymer would flow down through the funnel, through a path and enter the bottom of the lens 

cavity. There are several advantages to this type of design. The first is that the path entering the lens cavity is 

very thin. This means that the excess polymer would be very easy to remove in post processing. Another 

advantage is that the polymer enters the cavity through the bottom, relative to gravity. As there is no injection 

pressure, this would ensure that all air is pushed out, preventing any trapped air bubbles. However, it was 

found that the prepolymer would not be able to flow all the way through the path. This is likely due to the high 

viscosity and very shorts working time of the prepolymer meaning it could not flow through the path before 

vitrification. When casting the polymer, there is not injection pressure, instead, they rely completely on gravity 

to fill the mould. Typical injection moulding uses pressure ranging from 70 to 112 MPa15. If pressure like this 

was used, a longer path length could be used, but for a gravity casting method, it is not feasible. Similarly, it 
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was found that paths that were too thin would block the flow of the prepolymer. Through several trials, it was 

found that the gates must be at least 0.4 mm thick to ensure consistent casting. 

Another issue that was found in the prototyping process was that the lens cavity would not fill completely if it 

was filled from the top. As the prepolymer has no injection pressure, it will flow around the lens section rather 

than fill it. To prevent this, the polymer must fill from the bottom. This was, as it filled, it would displace any air 

from the lens cavity and fill it completely. 

These issues were overcome by having the funnel section directly connected to the lens cavity from the side 

and an air outlet on the top. It was found that filling from the side was adequate to displace that air from the 

cavity and completely fill it with polymer. The connection between the funnel and the lens cavity was much 

larger, leading to no blockages. Furthermore, by reducing the pathlength of the polymer flow, the consistency 

of casts significantly improved.  

Figure 4.30: Two part mould prototyping. The top mould design had a pathlength that was too long, leading to 

a short shot. The second design had an opening that was too thin and also filled the cavity from the top, leading 

to blockages or a poor fill. The bottom designed connected the funnel section directly to the side of the lens 

cavity. This prevented any blockages and resulted in consistent casts. 



 

221 

While the consistency of the casts was improved, there was still one issue with the two-part mould design. The 

connection, or gate, between the funnel section and the lens cavity was very large. This meant that it was very 

difficult to remove the funnel without damaging the lens in the process. Another prototyping process was 

performed to improve the mould and post processing techniques to remove the funnel and air outlet without 

damaging the lens or carrier material. As the polymer was hard and brittle. It could be scored and broken like 

glass. These score lines worked best if they could be made straight. It was also much easier to score if there 

was a clear distinction between the lens carrier material and the funnel or outlet sections. This distinction was 

achieved by making the gate between the funnel and the carrier material decrease in thickness to only 0.4 

mm, making it 0.25 mm thinner than the edge of the carrier material. The air outlet was also made thinner and 

the fillets connecting it to the lens cavity were removed. The thinner sections made scoring the part much 

easier, aiding in the removal of the funnel and outlet. After this point, the lens had only small imperfections. To 

remove these sections, a file was used. Another 3D printed part was used to aid in alignment of the lens for 

the filing. 

Figure 4.31: Mould prototyping to improve degating of funnel and air outlet. Red arrows indication location of 

scores.  
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Norbornane based polymer casting and lens characterisation 

Casting and issues with bubbles in lenses 

After optimising the two-part mould, consistent castings could be achieved. However, it was found that the 

polymer lenses would have a significant number of bubbles. These bubbles could be hundreds of microns in 

diameter and were very common. When the lenses were used, the bubbles would lead to artifacts in the 

images, making the lenses difficult to focus and use. 

After many experiments, it was determined that the bubbles likely originated from two different sources. The 

first was from outgassing of the silicone mould. A condensation cure silicone resin was used to prepare the 

lens moulds as described in the sections above. A general reaction scheme for the condensation reaction used 

in silicone resins is shown below. As can be seen, alcohol is released as past of the reaction. Even after the 

silicone has completely cured, it can still outgas alcohol for several days. It was possible that this alcohol could 

be forming bubbles in the polymer. To prevent this outgassing, a post-cure degassing procedure was 

developed. After cure, the silicone moulds were placed in an oven at 140 °C for 2 hours. The pressure was 

maintained at standard atmospheric pressure. This was found to be adequate to prevent the silicone from 

outgassing during the reaction. 

Figure 4.32: General reaction scheme for the tin catalysed cure of silicone resin. 

The other source of bubbles in the polymer was found to be from the sulfur source. When the sulfur was melted 

and placed into a vacuum oven, it was found to form many bubbles. These bubbles were likely from moisture 

in the sulfur. In most inverse vulcanisation reaction, the working time is usually between 15 minutes and 3 

hours. With such a long working time, the gas has time to escape without forming a bubble. However, in the 

reaction between norbornane bistrisulfide and sulfur, the working time in only approximately 3 minutes. This 

means that the gas is trapped in a bubble before it can escape the polymer matrix. 

To prevent bubbles in the polymer, a degassing procedure was developed for the sulfur before the reaction. 

The sulfur was first melted at 140 °C with an oil bath. Following this, it was transferred to a 140 °C vacuum 

oven without letting it cool. The pressure in the oven was reduced to approximately 2 mbar and maintained for 

30 minutes. After this, the sulfur was removed from the oven and used in the reaction while still molten. When 

this degassing procedure was used, no bubbles were present in any polymer lenses. 

Figure 4.33: Photos of a lens with bubbles and another that was prepared using the degassing proceedures.  
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Photos and dimensions of all lenses 

This section shows all the lenses that were prepared and detailed the dimensions and important parameters 

of each. All lenses have the same carrier material design apart from lens 7 which was made first and had a 

much thicker carrier material. All lenses were plano convex with diameters varying from 1.5 mm to 2.5 mm and 

focal lengths ranging from 1.5 mm to 5 mm 

Figure 4.34: Images and dimensions for lens 1 and 2. All dimensions are in mm.  
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Figure 4.35: Images and dimensions for lens 3 and 4.All dimensions are in mm.  
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Figure 4.36: Images and dimensions for lens 5 and 6. All dimensions are in mm.  
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Figure 4.37: Images and dimensions for lens 7. All dimensions are in mm.  
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Confocal microscope analysis of polymer lenses 

Acknowledgement: This section was done with equipment from the Australian National Fabrication Facility 

(ANFF) with training and guidance given by Mark Cherrill. 

The surface of two polymer lenses were analysed using an OLS 5000 Confocal Microscope. This was done at 

the Australian National Fabrication Facility at the SA node. The main purposes of testing the surface structure 

were to understand the surface roughness and ensure that the radius matched the glass positive. The surface 

roughness is vital to the optical performance of the lens. Surface roughness can affect the reflection, scattering 

and transmission of light.16 As the lenses were to be used with light between 7 µm and 14 µm, it was essential 

that the surface roughness was less than this, preferably sub-micron. The radius of the convex side of the lens 

was critical to the performance of the lens as any variation would affect the focal length and f-number of the 

lens. It was possible that the injection pressure or cooling effect could result in changes in the radius so this 

was an essential parameter to test. 

To measure the radius and surface roughness of the lenses, a scan of the plano and convex sides of both 

lenses was performed. This scan was utilised a 20 x magnification lens. After performing a scan of both sides, 

the radius of curvature of the convex side was found using Gwyddion software. The surface roughness data 

was analysed using the OLS 5000 data analysis software. For each scan, a tilt and curvature correction was 

performed. Following this, surface roughness was measured over an area of the lens surface. 

A range of parameters for the surface roughness were obtained. The following is an explanation of each of the 

parameters.17 Sq is the root mean square height and gives the standard deviation of the distribution of height 

in the surface. Ssk is skewness in the roughness data. Sku is kurtosis. Sp is the maximum peak height while 

Sv is the minimum pit height. Sz is the maximum height. Sa is the average difference in height from the mean 

plane. The Sa value will be mostly used to analyse the samples roughness. Sdq is the gradient of the root 

mean square. Sdr is the developed interfacial area ratio. 

Of the parameters outlined above, the most important of optical applications is the Sa, this gives information 

on the surface roughness of the samples. All surfaces Sa values of less than 0.1 µm which made them 

appropriate for long wave infrared imaging. The radius of the convex surfaces of both lenses was also very 

close to expected. 

Table 4.2: Surface parameters for polymer lenses 

 

Surface Radius (mm) Sq (µm) Ssk Sku Sp (µm) Sv (µm) Sz (µm) Sa (µm) Sdq Sdr (%) 

Lens 7: 

Convex 

4.22 0.119 0.454 9.661 1.184 1.585 2.769 0.082 0.211 2.489 

Lens 7: 

Plano 

N/A 0.087 0.254 6.640 1.057 1.169 2.226 0.066 .124 .906 

Lens 3: 

Convex 

1.74 0.78 .506 15.802 1.081 1.554 2.635 0.056 0.138 1.083 

Lens 3: 

Plano 

N/A 0.126 -0.255 7.564 1.714 1.883 3.596 0.096 0.270 4.327 
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Figure 4.38: OLS 5000 Confocal Microscope data for lens 7 (5 mm FL, 2.5 mm diameter).  
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Figure 4.39: OLS 5000 Confocal Microscope data for lens 3 (2 mm FL, 2 mm diameter).  
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Infrared imaging using custom lenses with commercial sensor 

Lens holder design 

With the lenses prepared and characterised, the next step was to integrate them into a FLIR Lepton 3.5 infrared 

module. This would be a very large milestone as to this point, the polymer had never been used as the sole 

lens in a working infrared camera. Every imaging system to this point in the thesis had used a germanium lens 

to focus light onto a sensor in the camera. In these systems, the polymer lenses were only used to magnify 

the image.  

To fully integrate the lens into a camera, several factors need to be controlled. The first and most important is 

the distance between the sensor and the lens. Each lens has a specific back focal length. This is the distance 

from the back surface that the lens will focus parallel light. To achieve the optimum focus, this point should be 

at the sensor of the camera. The second important factor is that the stray or unfocussed light should be blocked 

from the sensor. If additional light reaches the sensor that has not been focussed by the lens, it will result in 

noise or artifacts in the image. While some of this can be removed using calibration, ideally, any light that 

hasn’t been focussed by the lens should be blocked by an aperture before reaching the sensor. Finally, the 

lens needs to be held securely and be somewhat protected from damage. All these factors can be achieved 

using a well designed holder for the lenses. 

The FLIR Lepton 3.5 had an internal thread with a pitch of 350 µm. The holder was designed to thread into 

this. The thread not only provided a secure fitting for the holder but also allowed for fine control of the distance 

from the sensor to the bottom of the holder. This was used to find the optimal focus of each lens. The holders 

had a hole through the middle and an opening where the lens could be placed. After inserting the lens, a press 

fit cap could be inserted. The cap ensured that the lens was held securely and didn’t move or fall out of the 

holder. For all but one, the distance between the bottom edge of the holder and the sensor was maintained at 

500 µm. As there was a range of focal length lenses, several different holders were prepared which controlled 

the height at which the lens was held. After removing the shutter and lens from the FLIR Lepton 3.5, the holder 

could be directly threaded into the camera, allowing the lens to be used for imaging. 

Figure 4.40: 3D printed holder designs and integration into a FLIR Lepton 3.5 thermal camera module.  
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Masks for imaging with FLIR Lepton 3.5 

To investigate the imaging when using the polymer lenses, several masks were prepared. These masks were 

cut from 3 mm thick acrylic using a laser cutter. A 3D printed holder with a thread allowed these masks to be 

attached to an optical rail. The masks were then positioned in front of a hotplate for imaging.  

Three masks were prepared. The first was a USAF 1951 resolution target. This target is designed to test the 

resolving power of an optical system.18 The USAF target utilises lets of line pairs with varying thickness and 

separation. The maximum resolution of the camera can be determined by the smallest set of three lines which 

can be resolved. The number of line pairs per millimeter and the width of each line is determined by the element 

and group number. The group number is written next to every set of 6 lines while the element is written next 

to its associated group. The elements and groups used for the target as well as their dimensions can be seen 

in the table below. The only modification to the standard USAF 1951 target is that three square openings with 

side lengths of 14, 10 and 8 mm were placed instead of an extra two groups due to the limitations on the 

minimum dimensions of the laser cutter. It should be noted that the target is usually used with visible light and 

evaluates the resolution of the entire imaging system. When used in this thesis, it is evaluating the FLIR lepton 

3.5 as well as the lenses.  

Table 4.3: Number of line pairs per millimetre and the width of each line in the USAF 1951 optical target.18, 19 

 Number of line pairs 

per millimetre 

Width of line in 

micrometres (µm) 

 Group Group 

Element -2 -1 -2 -1 

1 0.25 0.5 2000.0 1000.0 

2 0.281 0.561 1781.8 890.9 

3 0.315 0.630 1587.4 793.7 

4 0.354 0.707 1414.2 707.1 

5 0.397 0.794 1259.9 630.0 

6 0.445 0.891 1122.5 561.2 

 

The next mask was a custom infrared mask based off a design by the Pyun group.2 While they were not clear 

on the exact dimensions of this target, it had three sets of 6 lines. For each set, three lines were horizontal and 

three were vertical. The widths of the lines were 1 mm, 2 mm, 3 mm for the first second and third sets 

respectively. The horizontal and vertical lines in each set had three different lengths with 3 mm, 7.5 mm and 

12 mm and the distance between the outer edges of each group of vertical or horizontal lines was 12 mm. This 

target is useful to show general imaging and demonstrate the focus of the lens. The range of line widths also 

gives an indication on the resolution of the imaging system. 
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The final mask was a star mask. This mask consisted of a 60 mm diameter circle broken into 36 sectors. This 

gave it a 10 ° pitch with each sector being 5 °. In the centre, there was a circle with a diameter of 10 mm. This 

mask is useful to see any astigmatism or focusing effects.20 If there was any warping or inconsistency in the 

lens focus, the sectors would no longer be straight. 

Figure 4.41: Laser cut masks for imaging using polymer lenses on the FLIR Lepton 3.5. 

These masks were useful for investigating the imaging of with the polymer lenses. However, there were several 

limitations. The first is that the masks have a thickness. Each mask was 3 mm thick. This meant that if the 

mask was not perfectly aligned with the camera, the gaps may become obscured due to parallax effects. For 

this reason, the lines or openings may appear smaller than the dimensions of the lens. It is possible that the 

thickness of the masks may also block much of the non-parallel light from reaching the camera, potentially 

affecting the focus of the lens. 

The second limitation of the masks is that they can heat up over time while being close to the heat source. As 

the masks heat up, they may emit long wave infrared light of their own. As this occurs, the contrast in the 

images of the masks may decrease. Overall, these limitations mean that the resolution and thermal sensitivity 

determined using these masks is likely the lower estimate. 
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Focal length testing 

The first feature that was measured for each lens was the optimum distance between the lens and sensor. To 

determine this, the USAF 1951 target was placed 5 cm from a 100 °C hotplate. The FLIR Lepton 3.5 was 

mounted onto a 3D printed part with a thread. This allowed it to be attached to an optical rail and placed 20 

cm from the mask. The FLIR lepton was plugged in to a laptop and used to take an image of the target. By 

using 3D printed holders, the distance between the back surface of the lens and the sensor was varied. 

Between each image, the holder was turned 90 °. As the thread in the FLIR Lepton 3.5 had a pitch of 350 µm, 

a turn of 90 ° resulted in a change in distance of 87.5 µm. A range of images were taken, and the most focused 

image was determined qualitatively. This distance was used for all further tests. The exact value obtained by 

this test is the distance from the plano surface of the lens to the highest point on the sensor.  

This distance obtained in this experiment should not be considered as the exact back focal length of the lens 

as the FLIR Lepton 3.5 has a silicon cap before the sensor. The exact thickness of the cap and separation 

from the sensor is not known but it is likely on the order of several hundred microns. Despite this, the value 

obtained in this experiment is useful obtain the optimum focus for future tests. 

In general, it was found that the longer focal length lenses gave a sharper image and had a broader range of 

acceptable sensor to lens images. This is likely due to their narrower field of view, making the image more 

magnified and increasing the number of pixels used to make up the image. The longer focal length lenses also 

usually had a higher f number, resulting in a decrease in spherical aberrations. This would result in a greater 

focus. For more explanation of the results, see the “comparisons of lens imaging” section.  

For all lenses apart from lens 7, the USAF 1951 target was used. Lens 7 was tested first and used the infrared 

target for the focus testing and thermal sensitivity. The FLIR Lepton 3.5 camera has a wavelength range from 

8 µm to 14 µm, making it completely within the long wave infrared region. 

Figure 4.42: Set up used for focus testing with a 100 °C hotplate. The laser cut mask was placed 5 cm from 

the hotplate and the FLIR Lepton 3.5 was placed 20 cm from the mask.  
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Figure 4.43: Focus testing using lens 7 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 4262.5 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask.  

Figure 4.44: Focus testing using lens 6 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 2262.5 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask.  
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Figure 4.45: Focus testing using lens 5 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 1612.5 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask. 

Figure 4.46: Focus testing using lens 4 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 1350 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask. 

Figure 4.47: Focus testing using lens 3 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 1262.5 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask.  
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Figure 4.48: Focus testing using lens 2 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 562.5 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask. 

Figure 4.49: Focus testing using lens 1 on a FLIR Lepton 3.5. The distance from the back surface of the lens 

to the camera sensor was varied with the optimum focus found at 650 µm. Testing was done with a mask 

placed 5 cm from a 100 °C hotplate and the thermal camera placed 20 cm from the mask.  
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Thermal sensitivity testing 

After finding the optimal focus for each lens, they were tested for thermal sensitivity. The same set up as the 

focus testing was used. However, in this case, the lens was maintained at the optimum focus using the mount 

and instead, the temperature of the hotplate was varied. A LWIR image was taken every 10 °C between 30 °C 

and 100 °C. For all tests, the room temperature was approximately 25 °C. 

The thermal sensitivity testing was only quantitative as access to the intensity values for the FLIR Lepton was 

not possible, but it showed the lowest temperature differential at which clear images can be taken with the 

camera using the polymer-based lenses. In general, the thermal sensitivity followed the expected trends. The 

lenses with a higher f-number showed the lowest thermal sensitivity. This was expected as the intensity is 

inversely proportional to the square of the f-number. The lens where this was most evident was lens 7. Here 

the contrast in the image was much lower than the other lenses at lower temperature. An in-depth discussion 

of these effects can be found in the “comparisons of lens imaging” section. 

Figure 4.50: Thermal sensitivity testing of lens 7 on a FLIR Lepton 3.5.  

Figure 4.51: Thermal sensitivity testing of lens 6 on a FLIR Lepton 3.5.  



 

238 

Figure 4.52: Thermal sensitivity testing of lens 5 on a FLIR Lepton 3.5. 

Figure 4.53: Thermal sensitivity testing of lens 4 on a FLIR Lepton 3.5. 

Figure 4.54: Thermal sensitivity testing of lens 3 on a FLIR Lepton 3.5.  
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Figure 4.55: Thermal sensitivity testing of lens 2 on a FLIR Lepton 3.5. 

Figure 4.56: Thermal sensitivity testing of lens 1 on a FLIR Lepton 3.5.  
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Overview of imaging using polymer lenses on FLIR Lepton 3.5 sensor 

This section is an overview of all the images taken with each of the lenses on the FLIR Lepton 3.5. The LWIR 

images of the masks were all taken using the same set up described in the previous two sections. The hotplate 

was at 100 °C for all the mask images. To go with the images of the masks, images were taken of a person 

and a hand. The top set of images is a control using the stock silicon doublet. This is an optimised doublet lens 

made from high quality silicon with an anti-reflection coating on all surfaces. The f-number of this lens is 1.1 

and a focal length of 1.77 mm. While there was some loss in intensity, the images using the plano convex 

polymer-based lenses compare very well to the silicon doublet. This is very impressive for a polymer-based 

lens particularly when it is considered that they are a simple plano convex. 

Figure 4.57: LWIR Images taken with norbornane polymer based lenses on a FLIR Lepton 3.5 thermal camera. 

The images of the targets were all taken using a 100 °C hotplate as a black body radiation source. The target 

was placed 5 cm from the hotplate and the camera was placed 20 cm from the target.  
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Comparisons of lens imaging 

In this section, the lens imaging will be compared between lenses, with simulation and with the silicon lens. 

Overall, the performance of the lenses was excellent, showing clear images of a person and a range of targets. 

It should be noted that it is extremely rare for a polymer lens to be transparent enough to image a person due 

to the relatively low temperature differential with the ambient environment. Most lenses are only microns thick 

and often require another material to provide mechanical strength to make a free-standing lens.2, 21 The lenses 

in this thesis had a centre thickness of 0.8 mm and were completely free-standing. 

To understand the imaging quality, the simulated MTF of each lens was used. To simulate the MTF of each 

lens, they were put into Zemax Opticstudio. Using light with a wavelength of 10 µm, the MTF at three different 

angles were calculated. The maximum angle was derived from the horizontal angular field of view of the FLIR 

Lepton 3.5 when using the lens. This would correspond to the very edge of the images in the section above. 

The second angle was at half of the horizontal angular field of view and the third angle was paraxial to the lens 

(angle of 0°). The only exception to this was for lenses 1 and 2. The field of view for these lenses was partially 

cut off by the holder, resulting in an actual field of view of 55 °. Angles of 55 °, 27.5 ° and 0 ° were used for 

these lenses. It should be noted that the lenses used in this thesis were all plano convex, so significant 

spherical aberrations were expected. However, if the imaging matches the simulation, it gives confidence that 

the polymer lenses would perform as expected with more optimised lens designs. 

Each MTF plot showed the diffraction limited line in black. This is the theoretical optimal focus that the lens 

could have. As these were plano convex lenses, they were not diffraction limited. Both the tangential and 

sagittal MTF plots are shown for each angle of light. Sagittal means the test lines that run parallel to the line 

running from the centre to the corner while the tangential lines are perpendicular. 22The tangential lines are 

solid in the MTF and will be primarily used for any comparisons. To aid in the understanding of the MTF plots, 

a brief explanation will be given.22-24 The y-axis of an MTF plot gives the contrast in the image. A higher contrast 

will give a clearer and higher quality image.23 The x-axis is the spatial frequency. This is the number of line 

pairs per mm. A simplistic explanation of this is that a larger value on the x-axis indicates a smaller feature that 

the lens is attempting to focus onto the sensor. In general, a human eye needs a contrast of at least 0.1 to 

make out an image. A lens that has a higher contrast or modulus of the OTF at a particular spatial frequency 

will give a clearer image. 

Figure 4.58: Lens cross section and MTF for lens 7 which has a focal length of 5 mm giving it an f-number of 

f/2. MTF at angles of 0 °, 5.5 ° and 11 ° are shown.  
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Figure 4.59: Lens cross section and MTF for lens 6 which has a focal length of 3 mm giving it an f-number of 

f/1.2. MTF at angles of 0 °, 8.75 ° and 17.5 ° are shown. 

Figure 4.60: Lens cross section and MTF for lens 5 which has a focal length of 2.5 mm giving it an f-number 

of 1. MTF at angles of 0 °, 10.5 ° and 21 ° are shown. 

Figure 4.61: Lens cross section and MTF for lens 7 which has a focal length of 2 mm giving it an f number of 

0.8. MTF at angles of 0 °, 12.75  ° and 25.5 ° are shown.  
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Figure 4.62: Lens cross section and MTF for lens 7 which has a focal length of 2 mm giving it an f-number of 

f/1. MTF at angles of 0 °, 12.75 ° and 25.5 ° are shown. 

Figure 4.63: Lens cross section and MTF for lens 2 which has a focal length of 1.5 mm giving it an f-number 

of f/0.75. MTF at angles of 0 °, 13.75 ° and 27.5 ° are shown. 

Figure 4.64: Lens cross section and MTF for lens 1 which has a focal length of 1.5 mm giving it an f-number 

of f/1. MTF at angles of 0 °, 13.75 ° and 27.5 ° are shown.  
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The imaging with the polymer lenses indicated that the lenses with the higher f-number had greater imaging 

quality. This could be seen most clearly in lens 7 which showed excellent resolution of the USAF-1951 target 

as well as the star and infrared targets. This lens had a f-number of 2 which was much greater than any of the 

other lenses. The MTF plots followed the same trend. Lens 7 showed a much greater contrast than any of the 

other lenses. This could also be seen qualitatively in the ray diagrams as the rays of light do not spread out 

nearly as much in lens 7 as the other lenses.  

One of the biggest factors that contribute to the improved image quality of the lenses with a higher f-number 

is spherical aberrations. Spherical aberrations are caused by the convex surface of the lens having a spherical 

surface. This means that the curve would make up part of a sphere. While this is easier for manufacturing and 

is very common, spherical surfacers are not optimal for imaging lenses. This is because the light that strikes 

the surface off-centre is not refracted to the same degree as those that strike near the centre.25 Spherical 

aberrations are proportional to the fourth power of the diameter over the third power of the focal length. As the 

f-number is equal to the focal length over the diameter, the spherical aberrations are inversely proportional to 

the f-number. To visualise this effect, the cross section of lenses 4 and 3 are shown. These lenses both have 

a focal length of 2 mm but have different f-numbers. Lens 4 has an f-number of 0.8 while lens 3 has an f-

number of 1. Only the paraxial rays are shown for clarity, but they clearly have a greater spread in lens 4.  

To correct for spherical aberrations, the most common solution is to use an aspheric surface.26 An aspheric 

surface does not make up a portion of a sphere but instead allows for greater control of the optical properties. 

While aspheric surfaces are more difficult to manufacure, they are well suited to the casting method used to 

prepare the polymer lenses. As many lenses could be made from one silicone mould and many moulds could 

be made from one lens positive, the aspheric surface would only need to be manufactured once and could be 

used many times over. While it was not possible to complete in this thesis due to time constraints, future lens 

designs should incorporate an aspheric surface to reduce the effect of spherical aberrations. In the figure 

below, an optimised aspheric lens with the same focal length and f-number as lens 4 is shown. This lens 

significantly reduces the effect of spherical aberrations. 

Figure 4.65: Comparison of spherical aberrations between lenses with different f-numbers and an optimised 

aspheric lens.  
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The other effect that is clear in the imaging and the MTF simulations is that the images prepared by the lenses 

have a decrease in quality as they near the edge of the image. This shows its self in the MTF plots as the plots 

at a greater angle have a lower contrast than the paraxial rays. The main reason for the reduction in image 

quality is Petzval field curvature. Petzval field curvature is where light at an angle does not focus at the same 

point as the paraxial rays. Instead, the focal pionts curve away from the focal plane as the angle increases.27  

One way to address Petzvel field curvature is to use a curved sensor. However, this can be very expensive to 

manufacture.28 Therefore, the field curvature is usually corrected with lens design. To correct the field curvature 

with the lens design, additional optical elements are often required. All the lenses in this thesis have a plano 

or flat side. To address field curvature, the most common way is to have both positive and negative surfaces. 

By combining these surfaces and optimising with software, the field curvature can be reduced. While it is 

possible to reduce field curvature with a singlet lens, often additional elements are used. This gives more 

surfaces and generally optimises to a higher quality lens. However, there are disadvantages to multi-element 

lenses like alignment of the lenses, increased losses from reflections and absorption and an increase in cost.29 

Therefore, it is usually a trade off between improved image quality and these practical issues.  

Below is an image demonstrating the effect of field curvature. The cross section of lens 4 has a clear Petzval 

field curvature where the angled rays are not focussed in the same plane as the paraxial rays. The LWIR 

images show the practical effect of this as the finger is focused at the centre but unfocused at the edge. Finally, 

an example of a aspheric doublet which corrects for field curvature is shown. As can be seen here, the light at 

different angles all focus at the imaging plane. The angles used for this figure was 0 °, 10 ° and 20 °. 

Figure 4.66: Lens 4 with parallel rays at 0 °, 10 ° and 20 ° showing Petzval field curvature. LWIR images taken 

on FLIR Lepton 3.5 with lens 4 showing a focused image at the centre and an unfocused image at the edge. 

Finally, a more optimised doublet lens which corrects for field curvature is shown with parallel rays at 0 °, 10 ° 

and 20 °.  
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Finally, the lenses show differences in the intensity of light that reaches the sensor. The lenses with a greater 

f number show a decrease in intensity. This is expected as the intensity of light is inversely proportional to the 

square of the f-number of a lens.30 This is why the f-number is often considered as the ability for a lens to 

collect light. The f-number is given by the focal length divided by the diameter of the entrance pupil. For all the 

lenses used in this thesis, no aperture stops are used so the pupil diameter is equal to the lens diameter. 

The relationship between f-number and intensity could be explained by considering two lenses with the same 

focal length but where one had a diameter that is twice as large as the other. The f-number of the lens with the 

larger diameter would be half that of the other lens. As the diameter is twice as large, the entrance pupil would 

have four times the area, collecting four times as much light. The same is also true of two lenses which have 

the same pupil diameter but where one has half the focal length. The lens with a longer focal length would 

have twice the f-number. While the pupil of both lenses would have the same area, the lens with a longer focal 

length would project an image of the same object that is twice as wide and twice as high. This means that it 

would be spread over four times as many pixels but the intensity at each pixel will be reduced by four times. 

This effect is clear in the LWIR imaging with the polymer lenses. The lenses with a lower f-number had a 

significantly increased intensity. To demonstrate this, the LWIR images of a person and a hand for lenses 4, 

5, 6 and 7 are shown below. These lenses all had the same diameter but differing focal lengths, resulting in f-

numbers that ranged from 0.8 to 2. While the LWIR images produced by lens 4 are bright, the images produced 

by lens 7 barely have enough intensity to make out the image. 

The intensity of light is extremely important in thermal imaging. This is because the intensity of light directly 

affects the thermal sensitivity of the camera.30 Therefore, lens designs should try to keep the f-number as low 

as possible while still achieving an appropriate image quality. 

 

Figure 4.67: Long wave infrared images of a person and a hand with lenses 4-7 on a FLIR Lepton 3.5. The 

intensity of the image decreases with the square of the f-number.  
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Compression moulding to prepare windows and lenses 

The polymer lenses were demonstrated to have fantastic imaging potential. To compliment this, a method to 

manufacture lenses and windows scalably and without losses in imaging quality. For this reason, a method of 

compression moulding was developed. Compression moulding has very major advantages over the casting 

method that was used to prepare all the lenses to this point. The first is a higher throughput. Compression 

moulding is a very scalable process with moulds which would prepare many lenses at one in automated 

facilities. The second is that there is minimal waste. When casting the polymer, there is a significant amount 

of waste due to polymer offcuts in the funnel and outlet portions of the mould. Each lens only weighed around 

12 mg but over 150 mg of polymer was used to prepare each lens. If compression moulding was used, these 

offcuts could be ground into a powder and recycled. Damaged or scratched lenses could also be completely 

recycled in this same way, reducing the overall wastage. One final advantage of compression moulding is that 

the polymer could be prepared ahead of time and in a different scale to the moulding of the polymer. This way, 

the polymer could be prepared in a very large batch and prepared as pellets which could be stored and 

transported if required. The pellets could the be put into a compression moulding die and made into a window 

or lens at a different time. This is not possible with casting methods as the reaction and moulding all need to 

occur rapidly. 

To explore the possibility of compression moulding the polymer, a heated die set from Across International 

was purchased. This die set had a diameter of 13 mm and could be heated to 250 °C. This die could be placed 

into a hydraulic press to prepare samples. The first test was to prepare a window of the polymer that could be 

compared to windows made by the casting method. To prepare the window, 250 mg of polymer was ground 

into a powder. A silicone-based release agent was applied to the core pieces of the die and the polymer was 

inserted. Following this the die was heated to 185 °C. It was found that if a single polymer piece was used, a 

temperature of 160 °C was adequate, however, for a powder, 185 °C was required. After the temperature was 

reached, the die was placed in a manual pellet press and compressed to 10 MPa for 30 minutes while heating 

was maintained. After this point, the die was removed from the press and cooled to room temperature using 

water cooled aluminium plates. Once the die reached room temperature, the window was extracted. The 

window was polished with fine sandpaper ranging from 1500 to 12000 grit and finished with a 1 µm polishing 

compound. After polishing, the window had a thickness of 0.585 mm. 

Figure 4.68: Press used for heated compression moulding. (b-c) Heated die used for compression moulding.  
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To test if the optical properties of the compression moulded window matched the cast windows, it was tested 

by transmission FTIR. Using a Perkin Elmer Frontier FTIR, the polymer window was tested for transmittance 

between 2 µm and 20 µm over a total of 16 scans. The average in the MWIR (3 µm – 5 µm) and the LWIR (7 

µm – 14 µm) was calculated by integrating under the line and dividing by the wavelength range. The average 

MWIR transmission was 72.5 % and the average LWIR transmission was 28.3 %. This was greater than the 

cast window which had a transmission of 24.7 % for a similar thickness. The increase in transmission was 

attributed an improvement in the polishing procedure leading to an improved surface finish. Importantly, no 

optical quality was lost and there was no change in the FTIR spectrum. The window was also placed in front 

of the lens of a FLIR E6 thermal camera and a LWIR image was taken of a person and a hand to test image 

quality. The images taken through the compression moulded window were excellent. 

Figure 4.69: (a) FTIR spectrum of 0.585 mm thick window made from compression moulded 81 % sulfur 

norbornane bistrisulfide polymer window. (b) Photo of compression moulded window. (c) LWIR image of hand 

through compression moulded window taken with FLIR E6 thermal camera. (d) LWIR image of person through 

compression moulded window taken with FLIR E6 thermal camera. 

After the promising results of the polymer window, some compression moulded lenses were made. To prepare 

the compression moulded lenses, come custom inserts were designed and machined to fit into the heated die 

set. One side of the insert was flat like the inserts used to make the window. The other side had five concave 

indents. These indents had a radius of 2.12 mm and a diameter of 2.5 mm. This design would prepare lenses 

with the same focal length and diameter as lens 5. Unlike the casted lenses, the compression moulded ones 
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did not include any carrier material. This was to aid in the removal of the polymer from the die after 

compression. The thickness of the lenses was controlled by the dosing of the polymer. The inserts were 

machined out of aluminium 7075 from JLCPCB.  

To prepare the compression moulded lenses, the die inserts were sprayed with a silicone-based release agent. 

150 mg of ground polymer was placed into the die, and it was heated to 185 °C. After reaching temperature, 

the die was placed into a manual pellet press and compressed to 10 MPa for 30 minutes. Following this, the 

die was cooled, and the polymer lenses were removed from the die. The 5 lenses were initially connected with 

a thin sheet of polymer. This was scored and removed using a scalpel to separate the lenses. These first 

lenses were designed only as a proof of concept and likely require improvements in surface roughness to 

match the cast lenses. 

To test the compression moulded lenses, they were placed into a holder for the FLIR Lepton 3.5. After finding 

the optimal focal point for the lens by adjusting the thread, an image of a person and a hand was taken. While 

there was significant blurring, an image could be made. This is very promising and demonstrates the potential 

for lenses to be prepared using a compression moulding technique. Due to time constraints, the compression 

moulding could not be optimised further. However, the image quality could be significantly improved by 

polishing the die inserts to provide a lower surface roughness and experimenting with different release agents 

that leave a higher quality finish.  

Figure 4.70: (a) Photo of custom aluminium inserts for heated press. (b) Photo of lenses after removed from 

mould and separation. (c) Photo of compression moulded lens made from 81 % sulfur norbornane bistrisulfide 

polymer. (d) Photo of FLIR Lepton 3.5 with polymer lens. (e) LWIR image of person taken with FLIR Lepton 

3.5 using compression moulded lens. (f) LWIR image of hand taken with FLIR Lepton 3.5 using compression 

moulded lens.  
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Chapter conclusions 

This chapter explored the application of sulfur-based polymers in long wave infrared imaging applications. It 

started with an overview of some of the highest performing polymers in literature. By extracting the infrared 

transmittance from the several papers, the long wave infrared transmittance could be compared. It was found 

that the cyclopentadiene based polymers from chapter 2 and the norbornane bistrisulfide polymers from 

chapter 3 were some of the highest performing polymers in literature. 

With this knowledge in hand, the high transmission was exploited for use in thermal imaging. The 

cyclopentadiene based polymer was cost effective to produce, opaque to visible light and had high 

transmission in the LWIR region. This made it well suited to prepare a sheet which could serve to protect and 

conceal a thermal camera. Despite being black and blocking all visible light from reaching the camera, it was 

transparent to LWIR radiation, allowing the thermal camera to still be used. This camera was used to image a 

dog and some chickens, demonstrating a potential use for the polymer. The cyclopentadiene polymer also had 

the advantage of being able to vary the sulfur content to make the glass transition temperature above room 

temperature, making it brittle or below room temperature, making it flexible. The flexible polymer could be used 

as a protective screen as it would flex when impacted, rather than shattering. 

Figure 4.71: Long wave infarred transparent sheet made form 67 % sulfur cyclopentadiene polymer. 

Following the application as a transparent sheet, the cyclopentadiene polymer was utilised to prepare a range 

of lenses. Both plano concave and convex lenses were prepared as well as an injection moulded Fresnel lens. 

These lenses were shown to magnify infrared light before reaching a FLIR E6 thermal camera. This was a 

significant milestone for the project as to this point, the sulfur-based polymers had only been used as windows 

sheets with no optical power.  

The injection moulding of the Fresnel lens was also a very important achievement as it demonstrated a 

potential rough for high throughput synthesis of LWIR optics. The major advantages of sulfur-based polymers 

over conventional materials like germanium and zinc selenide is their relatively low cost and ease of 

manufacture. If this same Fresnel lens were to be prepared with germanium, it would need to be individually 

prepared with a CNC mill. This would be expensive and not scalable in the same way that injection moulding 

is. In this chapter, the cyclopentadiene polymer was demonstrated to be prepared with extremely low-cost 
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starting materials and could be manufactured into complex geometries using scalable methods like 

compression of injection moulding. 

Figure 4.72: Photos and LWIR images of lenses prepared using 67 % sulfur cyclopentadiene based polymers. 

LWIR images were taken using a FLIR E6 thermal camera. 

While the lenses and optics prepared using the cyclopentadiene polymers were an important step, they still 

required a germanium lens to focus light using the FLIR E6 camera. To truly demonstrate the sulfur-based 

polymers as optical materials for thermal imaging, a camera needed to be developed which solely utilised a 

polymer lens to focus all light. This would show that they could completely replace germanium, zinc selenide 

or silicon and provide a cost-effective solution. 

To make the lenses to be used in a stand-alone camera, the norbornane bistrisulfide polymer was utilised due 

to its superior LWIR transmission and thermal properties. A total of seven plano convex lenses were prepared 

with a range of focal lengths and diameters. These lenses were shown to be able to be prepared using scalable 

and low-cost methods like reactive casting or compression moulding, demonstrating manufacturing methods 

which could be used to prepare low-cost thermal lenses. 

After developing the method to prepare high quality lenses, they were integrated into a FLIR Lepton 3.5 thermal 

camera module. To do this, the silicon lens was removed, and a range of custom 3D printed holders were 

prepared. Each lens was demonstrated to be effective in focusing light onto the sensor and produced images 

with excellent resolution and thermal sensitivity. Due to the high transmittance of the norbornane bistrisulfide 

based polymer, images of a person could be taken despite the relatively low temperature differential with the 

environment. 
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Each lens was tested for thermal sensitivity and was found to be able to resolve temperature differentials of 

as little as 5 °C. The lenses made with the norbornane bistrisulfide polymer demonstrate that the polymer has 

the potential to completely replace the high cost and scarce materials conventionally used in the thermal 

imaging industry. 

Finally, the potential improvements in lens design were discussed. While the imaging using the lenses was 

excellent, they did show signs of aberrations due to the simple plano convex lens geometry. Improvements 

like aspheric surfaces and optimised lens geometries could eliminate many of these aberrations and provide 

images that would rival those of high-quality silicon or germanium. These steps are relatively simple to 

implement and would provide immediate and significant improvements in image quality. While not a part of 

this thesis, work to improve the lens design, demonstrate scalability of manufacturing and integration into a 

range of sensors is ongoing. 

Figure 4.73: (a) Two part mould used to make lenses. (b) Custom 3D printed holder. (c) Polymer lens integrated 

into FLIR Lepton 3.5. (d) Photo and LWIR images using lens 6. (e) Photo and LWIR images using Lens 5. (f) 

Photo and LWIR images using lens 4.  
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Chapter 5 - Conclusions and future experiments 

Chapter introduction 

So far in this thesis, a range of synthesis methods have been explored to prepare different sulfur-based 

polymers. The application of these polymers in thermal imaging was discussed and many demonstrations of 

their use in different imaging systems was given. The purpose of this chapter is to give an overview of the new 

developments, applications and impact of the research covered in this thesis. Following this, a discussion of 

planned and future experiments will be discussed. The focus of these following experiments would be to 

continue the research and explore both commercial and academic applications. 

To give some context to the conclusion chapter, the overall goals of this thesis will be reestablished. The main 

problem that was being investigated in this thesis was the development of polymer based thermal imaging 

optics. There is a need for thermal imaging optics, like windows or lenses to replace conventional materials 

like germanium of zinc selenide. These materials are expensive, both in raw material costs and in 

manufacturing methods.1, 2 Germanium is typically obtained as a byproduct of zinc or other metals, however, 

for optical applications, a high purity is required.1 The purification process is costly and complex, raising the 

price of germanium optical devices. Unlike plastics, germanium cannot be injection or compression moulded. 

Instead, it must be ground and polished into the desired lens geometry.2 These processes often require costly 

equipment and does not benefit from the same economies of scale that are present in polymer manufacturing. 

Zinc selenide has many of the same difficulties as germanium but also has the added disadvantage that 

selenium is a toxic and reactive material, making the manufacturing hazardous and difficult.3 The crystalline 

structure of zinc is also extremely important for thermal imaging optics. The crystalline purity affects the 

absorption, thermal stability, refractive index and durability of zinc selenide lenses.4 To ensure the correct 

crystalline structure, a high temperature and energy intensive method must be used.4 For these reasons, 

lenses made from germanium and zinc selenide are extremely expensive. 

The main goals of this thesis were to develop sulfur-polymer alternatives which could be used in thermal 

imaging lenses. A polymer alternative would address many of the short comings of conventional infrared 

transparent optical materials. Polymer materials often benefit from highly scalable and cost-effective 

manufacturing methods like injection moulding, compression moulding or liquid casting methods. The materials 

used for sulfur-based polymers are also often very inexpensive relative to germanium or zinc selenide.  

While sulfur-based polymers clearly show significant reduction in cost over conventional infrared optical 

materials, there are several other features that the material must have to be used as a lens in thermal imaging. 

The first is infrared transmission in the long wave infrared regions (7 µm – 14 µm), a high refractive index, 

thermal stability and manufacturability. The thesis so far has described the process for preparing polymers 

which possess each of these features, as well as the fabrication and testing of lenses and other optics which 

were tested in thermal camera systems. The key findings and experiments will be summarised in the following 

sections, followed by a discussion of future experiments and a thesis conclusion.  
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Chapter overviews 

Overview of chapter 2 

The main goals in chapter two were to develop a method to utilise volatile monomers in an inverse 

vulcanization reaction with sulfur. Following this, a reaction using molten sulfur and cyclopentadiene would be 

fully investigated and the resulting polymers would be characterised for use in thermal imaging.  

The use of volatile monomers was a major goal for several reasons. The first is that inverse vulcanization 

reactions often occur at high temperatures (>140 °C).5 At this temperature, most common monomers for 

polymer synthesis are gasses. Therefore, by necessity, most monomers used in inverse vulcanization 

reactions were large molecules with a high boiling point. By developing a method to utilise monomers in the 

gas phase, it would expand the range of polymers which could be prepared, potentially leading to new 

breakthroughs and high-performance materials.  

The use of small volatile monomers is particularly useful in thermal imaging optics. Large, high boiling point 

monomers typically have many chemical environments and functional groups, leading to a range of 

absorbances in the long wave infrared region. In contrast, smaller molecules are often simple, with minimal 

absorbance at the critical wavelengths of light while also often possessing a greater degree of unsaturation. 

When a molecule with a greater degree of unsaturation is utilised in an inverse vulcanization reaction, the 

organic portion of the resulting polymer can be minimised. This is because there will often be more alkenes 

where sulfur can react relative to the mass of the organic portion of the polymer. As most of the absorption in 

the long wave infrared region is due to organic groups, minimising the organic content of the polymer is usually 

desirable. By maximising the unsaturation, the sulfur content can be increased, without leading to significant 

increases in the average sulfur chain length. This is important because greater sulfur chain lengths would likely 

increase the chances of the sulfur reforming stable S8 crystals in a process known as sulfur blooming. With 

these factors in mind, cyclopentadiene presented as a potential high-performance material for thermal imaging 

as it had two alkenes but only five carbon atoms.  

Figure 5.1: Reaction between sulfur and cyclopentadiene to form a polymer with high long wave infrared 

transmission and high refractive index. 

A conventional inverse vulcanization reaction could not be utilised to react sulfur and cyclopentadiene due to 

its low boiling point (42.5 °C) To overcome this issue, two new reactors were developed. The first reactor 

utilised a simple reflux set up to react cyclopentadiene in the liquid phase as it is constantly recycled into the 

reaction. The second reactor would pump gaseous cyclopentadiene through molten sulfur. This reactor, called 

the gas phase method utilised a two vail set up. The first vial had cyclopentadiene and was attached to a 

condenser. This vial had a connection to a second vial which contained sulfur. Both vials were heated to 140 

°C, causing the cyclopentadiene to evaporate and start condensing. This filled the atmosphere within the 
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reactor with gaseous cyclopentadiene. The sulfur vial had an attached gas pump which circulated the 

atmosphere through molten sulfur. Using this reactor set up, the cyclopentadiene could react with molten sulfur 

while in the gas phase. 

Cyclopentadiene is known to readily undergo a Diels-Alder reaction to form dicyclopentadiene.6 The rate of 

this conversion was studied, and it was found that over the course of the reaction, it was quite likely that some 

would form. When using the reflux method, the dicyclopentadiene would remain a liquid and react with the 

sulfur, likely becoming incorporated into the polymer. However, the advantage of the gas phase reaction was 

that it prevented any dicyclopentadiene from reacting. This is because the boiling point of dicyclopentadiene 

(170 °C) is higher than the temperature of the reaction. Due to the two-vial reactor, any dicyclopentadiene 

formed would remain as a liquid in the first vial. It would not volatilise and be pumped into the molten sulfur 

where it could react. 

In a series of experiments, the effect of dicyclopentadiene content in the polymers was investigated. By 

intentionally dosing polymers with dicyclopentadiene during the synthesis, polymers with a range of 

dicyclopentadiene were formed. These polymers were investigated for infrared transmission and glass 

transition temperature. It was found that increased dicyclopentadiene content increased glass transition 

temperature significantly. However, this came at the cost of the mid and long wave infrared transmission which 

sharply decreased with increased dicyclopentadiene content. Therefore, it was determined that for applications 

in long wave infrared imaging, dicyclopentadiene should be isolated from the reaction. 

Figure 5.2: Terpolymer reactions with polymers made from varying compositions of sulfur, cyclopentadiene 

and dicyclopentadiene. (a) Reaction scheme from polymerisation reaction. (b) plot showing the glass transition 

temperature and the mass after heating the polymer to 800 °C under a flow of nitrogen for polymers with 

varying dicyclopentadiene compositions. All polymers had a sulfur content of 50 %. (c) Plot showing the 

average MWIR (3 µm – 5 µm) and LWIR (7 µm – 14 µm) for polymers with varying dicyclopentadiene 

compositions. All polymers had a sulfur content of 50 %.  
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The chemical, properties of the polymers prepared using both methods were fully characterised using solid 

state NMR, FTIR and Raman spectroscopy. To complement these techniques, the polymers were reduced 

with sodium borohydride and analysed by GC-MS. The chemical structure of the polymers was found to 

depend on the synthesis method. As a comparison, a polymer made with only dicyclopentadiene and sulfur 

was also reduced and analysed. It was found that the polymer made from dicyclopentadiene showed peaks 

that indicated that it had only reacted at one of the alkenes. The more strained alkene was found to be reacted, 

but the other alkene was left unchanged. There were some very small peaks where the dicyclopentadiene had 

reacted at the other alkene, indicating that crosslinking was possible, however, they were very minor. In the 

cyclopentadiene polymer prepared with the reflux method, peaks that corresponded to cyclopentadiene that 

had reacted with sulfur at both alkenes were present. This indicates that unlike dicyclopentadiene, it readily 

reacted at both alkenes. However, there were some peaks that corresponded to fully saturated 

dicyclopentadiene. This dicyclopentadiene had sulfur attached at both alkenes, indicating that not only the 

more strained alkene had reacted. This was contributed to cyclopentadiene that had reacted at one alkene 

then undergone a Diels-Alder reaction with another cyclopentadiene molecule to prepare dicyclopentadiene. 

When the reaction proceeded this way, the less strained alkene in dicyclopentadiene would already be reacted. 

This is likely why no alkenes were seen in the polymers made using the reflux method with cyclopentadiene. 

When the reaction was done using the gas phase method, only products from cyclopentadiene which had 

reacted at both alkenes were present. No dicyclopentadiene was observed at all. This indicated that the gas 

phase method was effective in isolated dicyclopentadiene from the reaction. These results were complemented 

with solid state NMR and FTIR which showed alkenes present in the polymers prepared using 

dicyclopentadiene but not in either of the methods using cyclopentadiene. 

Figure 5.3: Reactions between sulfur and dicyclopentadiene or cyclopentadiene using the reflux method or the 

gas phase method. The proposed polymer structure as well as the major peaks observed in the GC-MS spectra 

of the polymers when reduced with sodium borohydride. 
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After characterising the polymers prepared through each of the method, the long wave infrared properties were 

investigated. A 1 mm thick window of polymers made with range of sulfur compositions were prepared. Both 

the reflux method and the gas phase method were tested. It was found that as the sulfur content of the polymer 

increased, the long wave infrared transmission (7 µm – 14 µm) also increased. This was expected as 

increasing the sulfur content of the polymer minimised the organic portion. Most of the absorption in the long 

wave infrared region was from the organic portion. 

The long wave infrared transmission of the polymers prepared using the gas phase method was greater than 

the reflux method for every sulfur composition. This result can be explained by the findings of the terpolymer 

experiments. In those experiments, the presence of dicyclopentadiene in the polymer structure had a 

significant effect on the long wave infrared transmission. The reduction experiments showed that the polymer 

made with the gas phase method had no dicyclopentadiene while the reflux method did possess some. This 

dicyclopentadiene in the polymer structure was likely responsible for absorption of much of the long wave 

infrared radiation in the polymers made by the reflux method. However, both polymers made from 

cyclopentadiene had excellent transmission in the long wave infrared region. The reflux method had an 

average transmittance of 10.5 % and the gas phase method had a transmittance of 15.6 %. These were for 

sulfur compositions of 70 % and 67 % respectively. At the time that this research was performed, these were 

the best transmissions reported for a sulfur-based polymer with a thickness of 1 mm or greater. Unlike other 

polymers that were published at this time, the transmission was so high that thermal images of humans could 

be taken through the 1 mm thick windows. These results were extremely promising and allowed for 

demonstrations of thermal imaging applications to be explored in chapter 4. 

Figure 5.4: (a) Average long wave infrared transmission of polymers prepared from cyclopentadiene using the 

reflux and gas phase method. (b) Imaging through 1 mm thick polymer windows using a FLIR E6 thermal 

camera.  
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Overview of chapter 3 

The third chapter focused on the development of a sulfur-based polymer with a norbornane core. This polymer 

had be identified from theoretical studies by the Pyun group as having potential for excellent long wave infrared 

transparency and thermal stability.7 However, no group had been able to synthesise the polymer for several 

key reasons. The first is the volatility of the monomer. When attempting to prepare the polymer directly from 

norbornadiene, there was difficulty performing an inverse vulcanization due to it having a boiling point of only 

90 °C. The other issue was side reactions and rearrangement of the norbornane core. Norbornadiene is known 

to undergo an intramolecular [2+2] cycloaddition.8-10 If this occurred, a cyclopropane group would be formed, 

fundamentally changing the polymer structure. To successfully synthesise the desired polymer, both the issues 

of volatility and rearrangement would need to be solved. 

The first approach used to attempt to prepare this polymer involved the use of a range of solvents. After a 

range of experiments, it was found that a solvent system of 50-50 DMF-xylenes could prepare stable polymers. 

The use of DMF was important as it was found to have an interesting effect on trisulfides. When two symmetric 

trisulfides with different end groups were added to DMF and analysed by GC-MS, the appearance of a new 

peak was observed. This peak belonged to an unsymmetric trisulfide with one of each of the end groups of the 

starting trisulfides. This indicated that DMF could aid in breaking sulfur-sulfur bonds, leading to a metathesis 

reaction. DMF was used in the solvent for the reaction to induce sulfur-sulfur bond metathesis and keep a low 

molecule weight of the polymer so that it would not vitrify prematurely, an issue that occurred when no solvent 

was used. The addition of xylenes in the solvent system was found to aid in dissolving the sulfur and improving 

the efficiency of the reaction. 

After preparing a range of polymers with differing compositions, the polymers were characterised for a range 

of useful properties. It was found that the polymers possessed excellent thermal stability but had a very poor 

long wave infrared transparency. The chemical structure of the polymers was fully characterised by reduction 

with lithium aluminium hydride followed by GC-MS analysis. This showed that while the norbornadiene did 

react at both alkenes, there was a significant amount of rearrangement to form the cyclopropane group. The 

addition of many additional modes of vibration from the cyclopropane group likely caused the poor transmission 

in the long wave infrared region. 

Figure 5.5: (a) Solution phase reaction between sulfur and NBD showing proposed polymer structure and 

products from lithium aluminium hydride reduction. (b) Average transmission of polymers with different sulfur 

content. Transmission was much poorer than expected.  
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After the solution phase reactions, the intermediates were isolated during the reaction by taking an aliquot of 

the reaction medium at different time points in the reaction. The aliquots were analysed by GC-MS. It was 

found that there were a range of cyclic sulfide intermediates in the reaction. Some of these showed molecules 

where one of the alkenes in norbornadiene had reacted with sulfur and formed an epi, tri or pentasulfide ring. 

Other molecules included molecules where rearrangement had occurred to form the cyclopropane group that 

was noticed in the polymer structure of the solution phase polymerisations. One molecule, molecule 6 is the 

figure below, showed a reaction at both alkenes of norbornadiene to form trisulfide rings.  

Figure 5.6: Intermediates isolated from solution phase reaction between sulfur and norbornadiene. 

After identifying each of the intermediates from the reaction, work was started to modify the conditions to 

maximise their yield and isolate them. Using column chromatography, hot recrystallisations and liquid-liquid 

extractions, pure samples of 3, 4, 6 and 8 were collected and characterised unambiguously by NMR, GC-MS 

and X-ray crystallography. These molecules were then used as stating monomers to prepare polymers. Using 

either solution reaction or neat, each molecule was reacted with itself or with additional sulfur. Using the cyclic 

sulfides as monomers was very valuable as it allowed for the resulting polymers analysed to understand the 

effect of rearrangement on the properties of the polymers obtained. Molecule 6 was of particular importance 

as it showed reaction at both alkenes. Using this as a starting monomer presented a possible route to prepare 

the desired polymer without the possibility of rearrangement and with the stereochemistry of the molecule 

already in place. 

The polymers prepared from the isolated cyclic sulfides were analysed with a range of techniques like FTIR 

and solid-state NMR. They were then compared to the polymer prepared directly from norbornadiene. It was 

found that the polymer made from 3 had several very large absorptions in the long wave infrared region. These 

absorptions were also present in the polymers made directly from norbornadiene and are likely responsible for 

the poor transmission of the polymers. In contrast, the polymers made from 4 or 6 did not show these 

absorbances. This indicated that they did not rearrange to form the cyclopropane group during polymerisation. 

Following this, each polymer was reduced with lithium aluminium hydride and analysed by GC-MS. It was 

found that polymers prepared from 4 or 6, had the desired structure with four sulfur chains from each 

norbornane unit. 

It was decided to focus on polymers prepared from molecule 6 as the stereochemistry was locked in place and 

there was no potential for alkenes in the polymer prepared from the reaction. The monomer synthesis was 

scaled up and optimised so that more of monomer 6 could be prepared. It was then polymerised in several 

different sulfur compositions. Following this, the polymer was comprehensively characterised. Solid state NMR 

indicated that the norbornane core did not change after the reaction with sulfur, confirming that no 

rearrangement occurred. Raman showed that the trisulfide ring opened and sulfur chains with varying lengths 

were formed. These results indicated that by utilising molecule 6 as the starting material, the issues of 

norbornadiene volatility and rearrangement could be avoided to form the desired polymer. 
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Figure 5.7: Reaction scheme showing the polymerisation of norbornane bistrisulfide. 

The thermal and optical properties of the polymer was then tested. It was found to possess a glass transition 

temperature of 130 °C – 180 °C depending on sulfur composition. It was also found to possess a refractive 

index of 1.871 and an exceptional LWIR transmission. These properties made it very well suited to be used in 

thermal imaging applications. 

To demonstrate the transmittance of the polymer to long wave infrared light. Windows of different thicknesses 

and sulfur compositions were prepared. These windows were placed in front of the lens of a FLIR E6 thermal 

camera. The transparency of the polymer was excellent, being able to clearly image a person even with 

thicknesses of 1 mm. With the 85 % sulfur composition, the average transmission over the entire long wave 

infrared region was over 20 %. With the exceptional thermal stability as well as long wave infrared 

transparency, it made the polymer well suited for thermal imaging applications which were demonstrated in 

chapter 4. 

Figure 5.8: The average long wave infrared transmittance and thermal images through polymer windows 

prepared from norbornane bistrisulfide with different thicknesses and sulfur compositions.  



 

263 

Overview of chapter 4 

In chapter 4, the most promising polymers and compositions from chapter 2 and 3 were utilised for applications 

in thermal imaging. The applications chosen for each polymer was selected based on their properties so that 

each polymer could find an application that was most suitable for it. The demonstrated applications will be 

described here as well as the industries that they could be used in.  

The cyclopentadiene based polymer developed in chapter 2 has several unique features from the norbornane 

based polymer from chapter 3. The first is that is black and opaque to visible light. While for some applications, 

this may be considered a weakness, it does provide some unique advantages. Being opaque to visible light 

means that it could be used to conceal a thermal camera while not affecting its operation. When this feature is 

combined with the low cost of the polymer, many unique applications become apparent. Large sheets of the 

polymer could be prepared using scalable methods like compression moulding. These large sheets would be 

prohibitively expensive using other materials with long wave infrared transparency like germanium. Another 

advantage of the cyclopentadiene polymer was that its glass transition temperature could be modified by 

adjusting the sulfur content in the polymer. Using high sulfur compositions, the polymer was soft and flexible. 

There are very few materials which show transparency in the long wave infrared region without being rigid and 

brittle.11 In the application of a long wave infrared transparent sheet, this property is of great value. A flexible 

sheet could be bent and formed around a supporting structure without breaking. Furthermore, as the polymer 

was not brittle it could absorb impacts without shattering. This would allow the polymer to act as a protective 

barrier for a thermal camera, particularly in applications where impacts are common. An example where this 

could be used would be in the agricultural industry. Thermal imaging finds use in a range of agricultural 

applications from irrigation scheduling, livestock monitoring and self-driving tractors.12, 13 In many of these 

applications, the thermal camera can be prone to damage or harsh weather so a protective sheet made from 

low-cost materials that does not affect the operation of the camera would be invaluable. This is one of the key 

applications that the cyclopentadiene polymer could see use. 

To demonstrate the application of a long wave infrared sheet, the cyclopentadiene polymer made from the 

reflux method was compressed using a heated die. This formed a large square sheet. An enclosure for the 

FLIR E6 thermal camera was designed and 3D printed which could incorporate the polymer sheet to allow the 

camera to be completely enclosed but still operational. The camera was then used to image a dog and some 

chickens demonstrating the use of the camera for wildlife or livestock monitoring. 

To further demonstrate the use of the cyclopentadiene polymer, it was formed into a range of lenses. These 

lenses could be formed by casting the prepolymer or using a reactive injection moulding technique. The use 

of these rapid and scalable manufacturing methods gave this polymer a very large advantage over materials 

like germanium or silicon which usually require subtractive processes to form into powered optics.2, 14 

Combined with the low cost of the starting materials, this made the lenses extremely low cost. An application 

where low-cost lenses could be utilised would be in electronics. Thermal imaging is often used to identify 

damaged or malfunctioning components in electronics.15 A set of low-cost polymer lenses could be used to 

provide a range of magnifications to work on small scale electronics. The construction industry16 or 

autonomous vehicles17, 18 could utilised lenses of different focal lengths to provide zoom and image distant 

objects that would not otherwise be possible. These polymer lenses could be used to enhance any thermal 

camera with improved magnification, providing value to many industries. 
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Figure 5.9: (a) LWIR transparent polymer sheet prepared from cyclopentadiene based sulfur polymer. The 

sheet was placed in a 3D printed enclosure and used to conceal and protect a FLIR E6 thermal camera while 

imaging a dog and chicken. (b) Plano concave, plano convex and Fresnel lenses prepared using 

cyclopentadiene based sulfur polymer. The lenses were used to magnify or reduce an image taken with a FLIR 

E6 thermal camera. 

The polymer made in chapter 3 utilised a norbornane core. This polymer had several advantages over the 

cyclopentadiene based polymer from chapter 2. The first was an increased long wave infrared transparency. 

This meant that the polymer could likely be utilised to image lower temperature objects. The other major 

advantage was the thermal stability of the polymer. The norbornane based polymer had a glass transition 

temperature ranging from 130 °C to 200 °C based on sulfur composition. This meant that it could be utilised in 

applications which required a shape persistent and brittle material. The most obvious of these applications is 

as a lens. The high glass transition temperature means that the lens could be placed in a holder and would 

not deform or change shape with any pressure. It also so means that the lens could be used at high 

temperatures without significant or permanent deformation. 

Like the cyclopentadiene based polymer, the norbornane polymer was prepared using scalable casting or 

compression moulding techniques, making them much lower cost than germanium or silicone alternatives. The 

applications for a low-cost thermal imaging lens are enormous. Applications like home security,19 fire alarm 

systems20 or automotives18 would benefit greatly from low-cost thermal imaging. It would also open 

applications that are not currently possible due to the high cost and low production of thermal imaging cameras 

like commercial devices, the mobile phone industry or low weight and power drone technology. 
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To demonstrate the use of the norbornane based sulfur polymer from chapter 3, it was moulded into a range 

of plano convex lenses. It was possible to prepare these lenses by casting the prepolymer or with compression 

moulding but all the following images will be with cast lenses. By designing and 3D printing a range of holders, 

the lenses could be integrated into a FLIR Lepton 3.5 thermal imaging module. Unlike the cyclopentadiene 

polymer, these lenses completely replaced the stock silicon lens that was originally on the Lepton. This was a 

significant achievement as it completely replaced the expensive silicon lens which can account for a significant 

amount of the cost of a thermal imaging system. In these applications, the polymer was the only optic used to 

focus light onto the sensor of the camera. Despite a simple plano convex lens design, the polymer lenses 

performed excellently and demonstrated the potential for use as stand-alone lenses for infrared cameras. 

Figure 5.10: Thermal imaging using a FLIR Lepton 3.5 with a range of lenses made from a norbornane based 

sulfur polymer with a sulfur composition of 81 %. 
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Improvements and future experiments 

Scale up of monomer synthesis 

One of the main areas of this project that required improvement was the scale up the monomer synthesis. 

These experiments would be vital in demonstrating that the lenses or optics could be used in applications 

requiring high volumes. As the norbornane bistrisulfide polymer was higher performing, most of the following 

discussion will be based around it. 

There are several challenges in the monomer synthesis of norbornane bistrisulfide monomer. The main ones 

are the formation of polymer during the monomer reaction and side reactions to form rearranged molecules 

with the cyclopropane functional group. Both issues need to be addressed to improve the yield and scale of 

the reaction. Many of the experiments that will be discussed here have already been done but the results will 

not be given here to protect the IP. Instead, this discussion will remain general in nature. 

Polymer formation is a difficult issue to overcome. From NMR and GCMS experiments, it is known that the 

reaction to form norbornane bistrisulfide forms in two main steps. In the first step, one alkene on norbornadiene 

reacts to form either an epi, tri or pentasulfide. The first step is quite rapid, consuming most of the 

norbornadiene in the first hour. It is during this step that most of the rearrangement is also believed to occur. 

In the second step, the other alkene reacts, forming the norbornane bistrisulfide. This step is slower but after 

24 hours, all alkenes are consumed. At both stages, it is likely that the monomer is in equilibrium with polymer 

products as the trisulfide rings could likely open and close at the temperature of the reaction (120 °C). In the 

first stage of the reaction, the polymer could only be linear as these would only one sulfide ring. However, in 

the second stage of the reaction, there would be two sulfide rings on each norbornadiene molecule. This 

means that the polymer would be crosslinked. The crosslinking would have two effects. The first is that for the 

monomer to be in solution, it would have to reform two sulfide rings. This would likely be more difficult to occur 

and would lead to more of the monomer becoming incorporated into the polymer. The other effect is that if the 

molecular weight of the crosslinked polymer reaches a certain level, it would be much more likely to precipitate 

out of solution. This was observed in the monomer reactions as a significant amount of polymer precipitate 

was formed over the reaction. Once the polymer had precipitated, it would be very unlikely that it would 

redissolve in the solution where it could potentially reform the monomer. This would likely create a driving force 

toward the polymer rather than the monomer, resulting in lower yields. Polymer precipitation was believed to 

be the leading reason why the yield of norbornane bistrisulfide was below 10 % using the methods described 

in this thesis so developing methods to prevent polymer formation and precipitation is vitally important. 

Figure 5.11: Formation of polymer during monomer synthesis reaction. 
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There are two main ways that the issue of polymer precipitation could be approached. The first is to utilise the 

norbornene trisulfide molecule as the target monomer. This would mean that the second step of the monomer 

reaction is eliminated entirely. However, utilised norbornene trisulfide as a monomer has its own issues which 

is discussed in the following section. The other way to approach the issue of polymer precipitation is to 

decrease the concentration of the reaction. By decreasing the concentration of the reaction, the chance of two 

monomer molecules coming in contact decreases. This would likely push the equilibrium toward the left in the 

reaction schemes above as it would be more likely that the monomer would reform their trisulfide ring than 

react with another monomer. The decreased concentration would also prevent the polymer from precipitating. 

At lower concentrations, it would likely take much longer for the polymer to reach a molecular weight that is 

high enough to precipitate from the solution. This would prevent it from precipitating out and pushing the 

equilibrium toward the polymer side. 

While dilution of the reaction would result in less polymer and an increase in monomer, it would require more 

solvent to prepare the monomer. For this reason, the concentration should be tested thoroughly to determine 

the best compromise between polymer precipitation and solvent costs. 

The other issue in the monomer synthesis was rearrangement to form cyclopropane impurities. These 

impurities were investigated in detail in chapter 3 and found to significantly reduce the long wave infrared 

transmission of the polymer. These molecules present an issue in the purification of the monomer as well as 

reduced overall yield. While exact mechanism for how this cyclopropane forms is not known, it has been shown 

to be more common in reactions at higher temperatures. The use of catalysts that induce an ionic mechanism 

also significantly reduce the relative concentration of rearranged impurities. These observations indicate that 

the monomer may be formed through an ionic mechanism while the rearranged molecules are formed through 

a radical one. This gives several approaches to reduce the rearranged impurities from forming. 

The first is to reduce the temperature of the reaction. This would likely reduce radical mechanisms from 

occurring as they are likely induced by S-S bonds being broken thermally. There is a compromise when using 

lower temperatures that the reaction would likely occur slower, and the solubility of sulfur is greatly dependent 

on temperature. These factors would mean that the reaction would need to be made more dilute and ran for a 

longer time at lower temperatures. 

The other way to reduce the formation of cyclopropane impurities would be to use catalysts which promote the 

formation of the monomer. In this thesis, a nickel ammine complex [Ni(NH3)]Cl2 was used. The ammines would 

help promote the desired reaction. There are many other catalysts which could be used to fill this role, but they 

will not be discussed in detail in this thesis. By utilising a catalyst and reducing the temperature of the reaction, 

the relative proportion of the cyclopropane impurities could be minimised.  
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Use of norbornene trisulfide as the monomer 

One potential method to improve the monomer yield would be to utilise norbornene trisulfide rather than the 

bistrisulfide. This molecule has a trisulfide ring on one side and an alkene on the other. The advantage of using 

this molecule is that the monomer synthesis and purification may be simpler and higher yielding. In the 

synthesis of norbornane bistrisulfide, the reaction was left for 24 hours. The reason for this is that the reaction 

likely occurs at one alkene first before reacting at the other. This was seen in chapter 3 when extracting the 

intermediates from the reactions. Norbornene trisulfide formed quickly then reduced over time as it likely 

formed bistrisulfide or polymer. However, as the reaction time increased, the concentration of polymer also 

increased. The method for extracting the bistrisulfide molecule involved precipitation out of hexane. Before this 

step, the polymer had to be completely removed from the hexane with several washing steps. There were 

several issues that could occur during this process. The first is that norbornane bistrisulfide could precipitate 

early and become trapped by precipitated polymer. If this occurred, a loss in norbornane bistrisulfide yield was 

unavoidable as removing it from the polymer was very difficult. The other issue was that if the polymer was not 

fully removed from the hexane before precipitation of the norbornadiene, it would also precipitate and small 

amounts of it would become entangled in the monomer. When this occurred, the norbornane bistrisulfide could 

not be used and further purification was required. While the issue of polymer formation could be reduced using 

the methods described earlier, the issue is very difficult to completely remove if norbornane bistrisulfide was 

used. 

Utilising norbornene trisulfide would significantly reduce the issue of polymer formation. As evidenced by NMR 

and GC-MS data, norbornene trisulfide forms quickly. This means that the monomer formation reaction could 

be shortened. In preliminary research, it was found that 90 minutes was optimal for norbornene trisulfide yield. 

The shorter reaction time resulted in significantly reduced polymer formation, making purification easier. The 

other advantage is that norbornene trisulfide is much more soluble in hexane that norbornane bistrisulfide. 

This feature could be utilised to more easily separate it from any formed polymer. During the workup to prepare 

norbornene trisulfide, there was no chance of it precipitating out of the hexane like norbornane bistrisulfide. 

Due to these advantages, the yield of norbornene trisulfide that could be isolated from the monomer synthesis 

reaction was as high as 40 %, a large improvement from the 9.48 % obtained for norbornane bistrisulfide. 

While there are advantages to the use of norbornene trisulfide, there are also some significant disadvantages 

which were the reason they were not explored further in this thesis. The first was the potential for alkenes in 

the polymer structure. The FTIR data in chapter 3 indicated that alkenes could be present in the polymer even 

after the reaction. The alkenes gave a significant absorption at approximately 713 cm-1 which was just at the 

edge of the long wave infrared region. It was found that with higher sulfur loading, the alkene could completely 

react, however, this limited the range of compositions which could be made while avoiding alkenes. The other 

disadvantage was that the stereochemistry at the alkene was uncertain after it reacted with sulfur. The 

norbornane bistrisulfide monomer was confirmed by X-ray crystallography to be exo at both trisulfides. If there 

was variation after the norbornene trisulfide reacted with sulfur, this could introduce additional vibrations and 

reduce the long wave infrared transparency. With careful control over the polymer composition to prevent 

alkenes, norbornene trisulfide could be used as a potential replacement for norbornane bistrisulfide to increase 

the yield of the monomer  
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Figure 5.12: Comparison between norbornene trisulfide and norbornane bistrisulfide as monomers. 

To confirm if norbornene trisulfide could be used as a monomer and if it had and change in the long wave 

infrared transparency, a window was prepared. To prepare this window, a silicone mould was cast using a 1 

mm glass slide as a positive. The polymer was then prepared using the following method and cured into the 

shape of the window. 

Norbornene trisulfide oil (100 mg) and sulfur (153 mg) were added to a vial with a magnetic stirrer. The ratio 

of sulfur to norbornene trisulfide was selected to give an average sulfur rank of 6. The vial was added to an oil 

bath that was preheated to 140 °C. The reaction was heated and stirred for a total of 5 minutes before being 

poured into a preheated silicone mould. The mould and prepolymer were then added to a 140 °C oven for 24 

hours. This reaction was done solventless as it made the casting process easier. The reaction was very quick 

and if left for longer than seven minutes, it would vitrify and stop stirring. 

After cure, the polymer window was analysed for long wave infrared transmission on a Perkin Elmer Frontier 

FTIR spectrometer and images were taken through the polymer window using a FLIR E6 thermal camera. It 

was found that the polymer had an average of over 18 % transmittance in the long wave infrared region. This 

was very similar to polymer samples made with norbornane bistrisulfide. The excellent transmittance also 

allowed for images of a person or a hand to be taken through the 1 mm thick window. Importantly, the FTIR 

spectrum was indistinguishable from that of polymers prepared with norbornane bistrisulfide and no alkene 

peaks were observed. 

Figure 5.13: LWIR transmittance and thermal images taken through a 1 mm thick polymer window prepared 

with norbornene trisulfide. Sulfur content was 81 %.  
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Scale up of lens manufacturing 

The next capability that would need to be explored to develop this research further would be the scale up of 

the lens manufacturing. One of the major advantages of polymer materials over germanium or silicon is the 

manufacturing methods that can be used. These methods allow for large volumes at extremely low cost. While 

the polymers made in this thesis have been prepared using low-cost materials and there is a path for scalable 

monomer synthesis, the manufacturing methods still need to be demonstrated. In this section, three potential 

methods will be discussed and a route toward scaled up manufacturing of lenses will be laid down. These 

methods are compression moulding, injection moulding and screw extrusion. 

The first method that could be used for the scalable manufacture of lenses is compression moulding. This 

technique utilises high pressures and temperatures to form materials into the desired geometries. This 

technique was used on both the cyclopentadiene and norbornane based polymers with excellent results. 

Compression moulding could be used on the fully cured polymer to convert it from a powder to an array of 

lenses. This would increase the rate and consistency of lens manufacture over the casting method that is 

currently used. Another advantage of compression moulding is the minimal waste that would result. While it is 

likely that there would be some flashing or gating between lenses, this polymer would not be wasted. These 

pieces of polymer could be ground into a powder and resubjected to the compression mould to remove any 

waste from the process. 

To demonstrate the use of compression moulding to prepare lenses, a simple 5 lens die was discussed in 

chapter 4. However, to reach the level of manufacturability required to meet many of the applications discussed 

in this thesis, a greater number of lenses would need to be prepared per compression. Some thought should 

also be given for the cycle time of the process. One of the major delays in the cycle time is the heating and 

cooling which should be addressed to increase production efficiency.  

To meet the main considerations discussed above, a custom compression moulding system was designed. In 

this design, an array of 89 lenses was designed into a disk. This disk had a flash ring so that excess polymer 

would flow into a designated area in the die. The polymer would be placed on this piece before another disk is 

placed on top. These pieces would make up the die insert. The insert would be placed into a cylinder heating 

block and heated to the compression temperature. A push rod would be placed in the top and the entire die 

would be compressed. A figure showing the compression mould can be seen on the following page. 

After compression, the polymer lenses would be in an array and could be separated by scoring and breaking 

along designed weak points. To address the issue of heating and cooling, the die inserts were kept thin. After 

compression, the inserts could be easily removed from the heating block using an ejector ring. The insert could 

be left to cool while a new insert is added. As the thermal mass of the inserts was kept low, they would not 

take long to heat or cool, decreasing the cycle time and improving the efficiency of the process. 

This mould has been designed and manufactured. It is ready to be used and tested. Several things that would 

need to be optimised would be the mass of polymer used, the compression temperature and compression 

time. If these conditions could be optimised, it could significantly improve the rate of manufacture of lenses.  
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Figure 5.14: Compression mould with process of removing insert and separating lenses. 

The next way that the lens manufacture could be scaled up would be to use injection moulding. Many of the 

plastic products produced and used around the world are made using injection moulding.21 It is a scalable and 

efficient process. However, injection moulding is usually done with thermoplastic polymers.21 These polymers 

are melted and injected into a mould. While the polymers described in this thesis are not thermoplastic due to 

high degrees of crosslinking, they do contain dynamic sulfur-sulfur bonds. At high temperatures, these bonds 

could be broken and reformed reversibly. This may allow it to be injection moulded like a thermoplastic.  

To experiment with injection moulding, a Holipress desktop injection moulding system was purchased. By 

placing the norbornane bistrisulfide polymer in the press, it was determined that it could be extruded with high 

pressure. This gives confidence that the polymer may be able to be injected into a mould. Although they would 

likely require heated moulds and high pressure due to the viscosity of the material and the temperatures (>160 

°C) required to break sulfur-sulfur bonds. So far, no lens moulds have been made but some design and 

simulations have been done.  

The main advantage of injection moulding over the casting methods used in this thesis is that there is much 

greater force pushing the polymer into the mould. This force would allow for smaller gating sections and a 

greater number of lenses per injection. An example mould has been designed which could mould four lenses 

per injection. This mould was not designed to be a manufactured but instead used to test the injection 
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parameters required to inject the polymer. This mould would have a cavity on one side and be mostly flat on 

the other side of the mould. The polymer would be injected in the middle and fill four lenses through a gate at 

the bottom of each lens. To vent the air and prevent bubbles, each lens has an outlet. This mould is likely quite 

conservative and a more scalable mould with many lenses could likely be designed. The mould was designed 

to be made with silicone resin but due to the high pressures of injection moulding, it may need to be 

manufactured from aluminium or steel. 

The final method that could be used to scale up lens manufacture would be screw extrusion. This method 

would be different from compression or injection moulding as it would use the monomer and do the reaction 

as it is moulded. In screw extrusion, the norbornane bistrisulfide monomer and the appropriate amount of sulfur 

would be mixed to form a powder. This powder could be placed in a hopper which feeds into a heated screw. 

The screw would serve several purposes. The first is to heat the powder, melting the sulfur and initiating the 

reaction. Following this, the high forces in the screw would force any air bubbles out of the polymer. Finally, 

the screw would provide a force to eject the polymer out of a nozzle. Screw extrusion reactors are quite 

common in industry and can be attached to a robotic arm or a gantry system so that the extruder can be 

controlled automatically.22 While this could potentially allow for 3D printing of the polymer, it is still likely that 

moulds would be used for reliability and rapid moulding.22 

The main advantage of screw injection is that is it very similar to the casting method used in this thesis but 

with some additional force to aid in filling the mould. Unlike injection moulding of the final polymer, the forces 

required to extrude the prepolymer would be much lower as it would still be liquid. This means that the moulds 

would not need to be as rigid and could be made from lower cost materials like silicone rather than aluminium 

or steel. Screw extrusion could be made continuous if the monomer powder was constantly added to the 

hopper. With many low-cost silicone moulds and a continuous extrusion of polymer, this process would likely 

cast lenses at a similar or faster rate than injection moulding. However, as the uncured prepolymer would be 

used, each mould would need to be added to an oven to cure before the lens could be removed. This would 

mean that many moulds would be required to match the output of other methods. Another disadvantage is that 

screw extruders are very prone to blockages.22 As the polymer has a relatively short working time of several 

minutes, it is possible that it may vitrify in the screw. Careful control over the flow rate and temperature would 

be required to ensure that no premature vitrification occurs during extrusion. 

It is possible that the final solution to manufacturing of the lenses may utilise several of the approaches 

discussed here. The many potential solutions are a significant advantage, and each could be used where 

appropriate for different part geometries and applications. 

Figure 5.15: Design of injection mould.  
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Thesis conclusions 

In this thesis, sulfur-based polymers were investigated for the application of thermal imaging optics. Using 

unique reactors and starting monomers, several of the highest performing polymers in literature were prepared. 

A range of novel methods were used to prevent side reactions, utilise volatile monomers and prevent 

vitrification in a range of polymerisation reactions.  

The polymers were used to prepare optics with some of the best imaging in literature. Using the 

cyclopentadiene based polymer from chapter 2, long wave infrared transparent windows for protection or 

concealment of a thermal camera were produced. The cyclopentadiene polymer as well as the norbornane 

based polymer from chapter 3 were then utilised to prepared long wave infrared transparent lenses. By 

developing custom lens holders, the norbornane polymer windows were integrated into an infrared sensor, 

making a stand-alone thermal imaging camera with only polymer optics. 

The research presented in this thesis would have many applications in a range of industries. The long wave 

infrared transparent sheet could fill a niche of a low-cost protective window which is not currently possible. 

This could be used in military,23 agriculture,12 wildlife surveillance24 and manufacturing industries.25 The 

norbornane based polymer lenses have incredible potential applications. As the cost of thermal imaging 

sensors decrease, there is a need for low-cost lenses to match. By incorporating the lenses developed in this 

thesis, the cost of thermal imaging could be significantly reduced, making it available to industries that it was 

previously inaccessible to. This would make it available to consumer markets like the mobile phone industry,26 

electronics,15 self-driving vehicles,27 fire detection and prevention20 while also providing a cost saving to 

industries where thermal imaging is already used. The lenses have already displayed performance that would 

be appropriate for many of these industries at a fraction of the raw material cost of other optics. With further 

development on the scalability and manufacture of the lenses, they could find use in these industries in the 

coming years.  
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