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Abstract 

In this thesis, covalent adaptable networks (CANs) are investigated as novel matrices for fibre-

reinforced polymer composites (FRPs). A new generation of previously reported Diels-Alder epoxies 

are prepared and extensively characterised (Chapter 2). These materials are then used to prepare 

GFRP laminates via a vacuum-assisted compression moulding technique, imbuing them with 

functionality courtesy of the intrinsic dynamic chemistry (Chapter 3). These composites are 

characterised and tested in terms of healing and recycling with a view to creating more sustainable 

composites. Two additional sub-projects concerning diselenides (Chapter 4) and diphosphanes 

(Chapter 5) are also investigated to explore the viability of these dynamic chemistries as more reactive 

alternatives to disulfides (in CANs). Chemical synthesis and mechanistic investigations dominate both 

of these chapters, although some preliminary investigations concerning new diselenide-containing 

polymers are introduced in the former. 
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Chapter 1: Background and introduction 

1.1 Motivation 

Conventional fossil-fuel based polymer composites are intrinsically unsustainable: in their 

manufacture high-energy processes are required and the presence of defects and offcuts leads to 

waste material. The inherent brittleness of composites and their sensitivity to defects can also lead to 

reduced durability and service life. Furthermore, the vast majority of composites components 

currently use thermoset polymer matrices, and as such, are either subject to landfill or incineration at 

end-of-life. In combination, these features make fibre-reinforced polymer composites (FRPs) less 

sustainable than they could be. By exploiting dynamic chemistry, covalent adaptable networks (CANs) 

present an opportunity to create more sustainable thermoset-like polymers and composites. 

1.2 Fibre-reinforced polymer composites 

1.2.1 Background 

Fibre-reinforced polymer composites are materials comprising a polymer matrix with fibre 

reinforcement. The matrix may feasibly be any polymer capable of transferring load between the 

fibres; both of the major categories of polymer—thermoset and thermoplastic—are widely used. The 

key prerequisites are fibre adhesion and the inherent mechanical properties of stiffness, strength and 

toughness. The reinforcement (fibre) has historically been one of carbon, glass or aramid (such as 

Kevlar®), though mineral fibres such as basalt have also been used,1 and sustainable plant-based fibres 

including hemp,2,3 flax,4–6 and jute,7,8 are now the subject of substantial interest.9 Moreover, 

combinations of different fibre types have also demonstrated their utility.10–12 FRPs are generally used 

as either semi-structural or structural, load-bearing materials, typically in high performance 

applications. High performance FRPs fall within the category of so-called ‘advanced composites’ which 

are usually defined as having a high fibre volume fraction (>50%) and continuous fibres, though the 

use of short fibre FRPs is common in less demanding, semi-structural applications.13 Furthermore, 

several researchers have recently demonstrated the potential of highly aligned short fibres to 

compete with the mechanical performance of conventional continuous fibre composites.14–18 

High performance FRPs and advanced composites are important structural materials because they 

exhibit extremely high specific stiffness and strength.19 Consequently, FRPs are ideal for weight-critical 

applications. Beyond strength and stiffness, the versatility in terms of design space (fibre type, fibre 

orientation, matrix type etc.) affords an additionally advantageous level of application-specific 

tailorability. 
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The aerospace sector has been the major driving force behind the development and implementation 

of FRPs. Modern passenger aircraft are one of the major applications of FRPs, with composites taking 

an ever-increasing share of airframe mass, as exemplified by the Airbus A350 XWB, which is 

purportedly >52% carbon fibre.20 Use of composites by the automotive industry has traditionally been 

limited to (low production volume) high performance sports cars where the high material cost can be 

justified.21–24 However, in recent years—in no small part due to emissions-reducing legislation from 

the EU, US and others—there has been a significant drive towards ‘lightweighting’ the automotive 

industry, which in turn has led to increased composites deployment in more mainstream vehicles.25 

Lightweighting is the main driving force behind the use of composites more generally; it is the act or 

process of replacing conventional materials and structures with lower mass alternatives. Using the 

automotive example, a more lightweight vehicle can expect greater overall efficiency: reduced fuel 

consumption, increased range and increased performance.26 Today, FRPs also find significant utility in 

marine structures,27 sports equipment,28 and energy applications, most notably in wind turbines,29 

where the push towards increasing blade size has necessitated the use of extremely high stiffness-to-

weight ratio materials; hence the widespread adoption of high performance CFRP. 

Despite recent success and signs of substantial growth in uptake,30 FRPs are not without their 

drawbacks. Chief among these is the often-quoted low toughness (brittleness) of composites, which 

in combination with poor transverse (out-of-plane) mechanical properties (a function of their 

laminated configuration), makes composites susceptible to damage which can result in their 

premature failure. Furthermore, in addition to often being expensive and complicated to 

manufacture,31 FRPs are also notorious for their limitations in the context of repair32 and recycling.33 

1.2.2 Sustainability and the composite lifecycle 

From cradle-to-grave, the lifecycle of a typical FRP structure can be separated into four major 

categories: materials, manufacture, service and end-of-life. Each category is associated with its own 

challenges surrounding sustainability and ongoing research designed to improve the situation. 

Materials. Typically, the polymer matrix starts life from oil-derived precursors. This is also true of some 

reinforcement fibres, notably aramids and carbon, though glass fibres are a major exception. Most of 

these materials, particularly the fibres, require highly energy-intensive processes to give the finished 

product. The dependency on oil and high-energy processes has led to considerable research into 

alternative bio-derived fibres and bio-derived (green) resins.34–37 This is set against a backdrop of wider 

research into the use of greener feedstocks in the chemical industry,38 which show great potential for 

increasing composite sustainability and reducing the environmental impact associated with the 
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constituent materials. In addition, the transportation of all the materials involved is another factor to 

be considered in the sustainability of this part of the composite lifecycle (and each of the other stages). 

Manufacture. All FRP materials and structures involve multiple manufacture stages—in which the 

composite is formed from its constituent materials. These are the processes involving the moulding, 

manufacture and machining of the composite, as well as its assembly into the final structure. A wide 

variety of manufacturing processes are used to prepare composites, which can be broadly separated 

into traditional autoclave, prepreg-based (pre-impregnated composite ply) processes and so-called 

‘out-of-autoclave’ (OOA) processes. These OOA processes cover a huge variety of different 

techniques, from pultrusion and filament winding to resin transfer moulding and additive 

manufacturing.39–41 One commonality amongst all of these processes is that they require a heating 

step and often consolidation by applying pressure, and both of these processes can require significant 

energy expenditure. Each of these manufacturing techniques, also results in material waste, ranging 

from small off-cuts (from machining) to entire scrapped parts (due to manufacturing defects). This is 

a particular problem in thermoset polymer composites because they cannot be reprocessed: there is 

only one chance to get it right. Both of these factors (energy and material wastage) are major concerns 

and motivations in composites manufacture. 

In service. In service contributions to the composite lifecycle include transportation, maintenance and 

repair. The key sustainability factor here is the combination of damage susceptibility and inefficient 

repair, which can result in significant waste material, both from scrapped parts and from replacement 

of damaged material. Maintenance and inspection (looking for damage) are also labour intensive and 

thus indirectly reduce the efficiency of the composite’s lifecycle. Accordingly, there is significant 

ongoing research into composite repair (discussed at length in Sections 1.2.3 and 1.3) and damage 

inspection, notably in the form of structural health monitoring (SHM).42–45 

End-of-life. Numerous end-of-life (EOL) treatments for FRPs exist including incineration, pyrolysis, 

hydrolysis, chemical recycling and milling. However, many of these processes recover fibres but not 

the polymer matrix, instead resorting to burning the polymer as a fuel. Worse still, most composite is 

simply discarded in landfill. Pyrolysis, hydrolysis, chemical recycling and milling can produce ‘useful’ 

products for reuse, although they only account for a relatively small proportion of FRP end-of-life. 

Furthermore, most of these processes require further processing steps before the resulting product is 

ready for reuse. Even when the composite is recycled into useful products, these are usually unsuitable 

for replacing the pristine/virgin material and are instead used in lower grade applications. Currently, 

composite recycling and EOL processing is in its infancy and is one of the major impediments to the 
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wider employment of composite materials.46,47 Composite recycling will be reviewed in more detail in 

Section 1.4. 

In summary, the key sustainability challenges include non-renewable constituent materials (both 

matrix and reinforcement), scrap material from manufacture, scrap material due to damage, down 

time (from damage inspection) and non-recyclability (EOL), Figure 1.1. 

 

Figure 1.1. The lifecycle of a simple FRP (skin-stiffener) structure. 

1.2.3 Composite damage and repair 

Since the aerospace industry has pioneered the large-scale usage of composites, it is predominantly 

aircraft which feature in the literature surrounding composite damage and repair,32,48–50 though much 

of the research and methodology may be equally applicable to other large in-service structures where 

part replacement is either very costly or impractical, e.g. ships and wind turbines. 

Courtesy of their heterogeneity and anisotropy, the damage and failure behaviour of FRPs is complex; 

simply put, the fibres, matrix, interface and any combination thereof can be damaged in multiple ways 

and at multiple length scales from any single initiation event. Impacts (e.g. collisions, dropped tools 

and bird strikes) are the most common mechanism of damage initiation, but this mechanism can and 

does result in a complex combination of damage types, including surface blistering and puncturing, 

matrix microcracking, delamination, internal voids, holes and fibre breakage, see Figure 1.2. Critically, 

many impact events can result in so-called ‘barely visible impact damage’ (BVID), where much of the 

damage is invisible to the naked eye.51,52 Naturally, this results in significant challenges associated with 

damage detection, though this is beyond the scope of this research. Aside from impacts, much of the 

damage to composite structures originates from manufacturing defects (e.g. porosity/voids, fibre 
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misalignment and microcracking from machining),53 or environmental conditions such as rain 

erosion.54 

 

Figure 1.2. The common damage categories of FRPs. 

Generally, the objective of repair in any structural part is to restore mechanical performance to as-

designed levels and ideally restore any further functionality (such as aerodynamic profile) in the most 

robust and cost-effective manner possible. Historically, this has most often been achieved with the 

use of composite patches. These patches can take a variety of forms but most commonly fall into the 

three categories of scarf (including stepped scarf), single- and double-sided doubler, Figure 1.3.50 Scarf 

joints are often the preferred joint for patch repair, since they result in a load distribution which most 

closely follows the original structure, and have the additional advantage that with a minimum of 

extraneous material, they tend to have a minimal effect on the aerodynamic profile of lifting surfaces. 

However, such repairs require the removal of relatively large volumes of undamaged material in order 

to achieve the large length-to-depth ratios required for an efficient scarf joint, to minimise shear and 

peel stresses.49 Doublers are generally a much quicker and simpler type of patch to use, primarily 

because they do not require the removal of material from the original structure. However, in contrast 

to scarfing, a significant amount of material is added on top of the original composite surface and this 

results in both a poor aerodynamic profile and some loading eccentricity. Double-sided doublers can 

improve on single-sided doublers to an extent by mitigating this eccentricity, better balancing the load 

distribution; however, it is often impossible to access both laminate surfaces within a built-in 

structure. Ergo, in many cases double-sided doublers cannot be used. 

 

Figure 1.3. Patch repair in FRPs. 1 – scarf, 2 – single doubler and 3 – double doubler.  
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There are multiple methods of using any one of these patches dependent upon the type of material 

and processing conditions used. Hard patches, where composite (often prepreg) is pre-cured and then 

affixed to the joint can be used, as well as uncured (-staged) prepreg or even wet lay-ups. Generally, 

prepreg repairs are preferred when an autoclave is available for curing since this usually results in a 

maximum of fibre volume fraction and minimum of porosity (void volume). However, in many 

circumstances, particularly with large structures while in service, autoclaves are often not available or 

indeed practical. This may necessitate the use of wet lay-ups which are typically associated with 

inferior mechanical performance (due to void content and low Vf). With hard patches there is the 

additional consideration of attachment mechanism. Mechanical fasteners (bolts) are widely used in 

large structures with thick laminates, though must be avoided in thin laminates—where the stress 

concentration associated with the holes is particularly significant.48,49 

These patching methods can be highly effective,50,52 in some cases purportedly fully restoring 

mechanical performance. However, the most effective processes are expensive by virtue of 

equipment costs and being both labour intensive and time consuming. One of the most mature 

alternatives to patching is liquid resin injection/infiltration.32,55 This process involves injecting low 

viscosity resin into pre-drilled holes within a damaged area of composite, it is typically performed 

under vacuum which helps to close fracture surfaces and help resin infiltration. The part may be pre-

heated to further aid infiltration. When infiltration is complete the resin is cured in place. Although 

arguably still not a straightforward process, resin injection is generally considered to be simpler and 

cheaper than patching methods, Figure 1.4. Resin injection repair relies upon the fact that most 

damage to composite parts is low-energy impact damage, where low-energy is broadly <10 J, though 

this is not strictly defined; some authors define up to 30 J as ‘low energy’.56 Low-energy impacts 

typically result in minimal fibre damage: the dominant forms of damage here are matrix cracking and 

delamination, which—in contrast to fibre damage—can be repaired through ‘manipulation’ of the 

matrix. Matrix manipulation in this case simply means the addition of more resin/matrix. Accordingly, 

this type of repair is touted as having greater potential in the automotive sector where due to the high 

volumes of parts involved, speed and cost of repair are more likely to encourage compromise with 

respect to mechanical performance.57 This is in contrast to aerospace, which has strict certification 

protocols that currently prevent the use of such repair processes. Beyond resin injection, much of the 

modern research into alternative composite repair methods concerns bestowing a degree of ‘self-

healing’. 
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Figure 1.4. Resin injection repair of FRPs. Liquid resin infiltrates cracks with a composite laminate and is cured in situ. 

1.3 Self-healing FRPs 

This section extensively cites the 2018 paper in Advanced Materials: Interfaces, ‘Progress in Self-

Healing Fiber-Reinforced Polymer Composites’, written by this author and co-workers.58  

1.3.1 Background 

Biological structures and materials are subject to damage and wear in much the same fashion as 

manmade materials. However, materials from nature tend to exhibit an ability to repair themselves, 

as exemplified by the repair of bone.59 Inspired by nature, the concept of self-healing (SH) has been 

developed by researchers over the last few decades as an in situ repair method, part of the wider push 

towards so-called ‘smart materials’. The principal goal of SH is demonstration of fully autonomous 

damage recovery. That is, after a structure is damaged it is capable of ‘sensing’ and responding in such 

a way that the original mechanical performance of the structure is fully restored. In practice, few SH 

materials have been demonstrated that are capable of full recovery after significant damage, with 

even fewer (if any) achieving this in a truly autonomous manner—i.e. recovery with no external 

intervention. Accordingly, non-autonomous self-repair systems often fall under the SH umbrella. A 

more practical definition of SH materials is ‘materials which are designed to be repaired with minimal 

(reduced) human intervention’. 

Due to their poor out-of-plane properties and low fracture toughness, FRPs are easily damaged. Since 

repair can be both complex and expensive, FRPs are ideal candidates for applying a SH concept. A 

variety of SH technologies have been developed by researchers during the last 20 years and each 

broadly falls within one of two major classifications: extrinsic or intrinsic. Extrinsic SH systems are 

implemented via the incorporation of additional functional materials or structures within the 

laminates. After a damaging event, rupture of the additive structures (microcapsules, hollow fibres, 

vasculature etc.), leads to the release of entrained fluids (e.g. liquid monomer) which fill the fractures 

and upon solidification (i.e. polymerisation) restore load bearing capability at the damaged site, thus 

restoring mechanical performance. In intrinsic systems, a matrix additive (e.g. thermoplastic phase) 

or matrix dynamic chemistry (e.g. CANs/vitrimers) allows the matrix itself to flow and repair cracks. 

However, invariably these systems require an external stimulus (usually heat) to initiate repair. Figure 

1.5 illustrates each of these common concepts for SH composites. 
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Figure 1.5. Concepts in SH composites. 1 – microcapsules, 2 – hollow fibres, 3 – vasculature, 4 – thermoplastic phases and 

5 – CANs/dynamic chemistry. 

1.3.2 Extrinsic systems 

Microcapsules. This approach typically employs either a single or dual microcapsule (MC) archetype. 

Generally, single-MC systems rely upon activation post-release by a catalyst distributed throughout 

the matrix which initialises polymerisation. For dual MC systems, an appropriate hardener material is 

entrained within separate capsules distributed alongside the monomer capsules throughout the 

matrix; repair in this case is thus strongly dependent upon the efficient mixing of the two encapsulated 

agents. 



 

31 
 

UOB Open 

Much of the pioneering work in microencapsulated SH utilises the ring-opening metathesis 

polymerisation (ROMP) of dicyclopentadiene (DCPD) by Grubbs’ catalyst. As is often the case in the 

field of SH polymers, most of the research with this system has been performed in neat (non-

reinforced) polymer,60–63 though a notable exception is the work of Patel and co-workers,64 in which 

they employed a DCPD-Grubb’s–based wax microcapsule system in a GFRP laminate and explored 

healing behaviour with compression after impact (CAI) testing. Although the authors reported good 

healing efficiency compared to laminates containing wax capsules without the healing agents, a 

comparison of compressive strength with a conventional, control laminate, which would indicate any 

disruptive effect on fibre architecture, was notably absent. The longer crack lengths observed in the 

modified laminates are illustrative of a widespread concern in SH research—the embedded healing 

additives or structures compromise baseline mechanical performance. 

Although the DCPD-Grubbs’ system is in many respects an excellent healing system since 

polymerisation is both rapid and highly efficient, it is not without several drawbacks. These include 

the cost, toxicity and dispersal of the Ru catalyst, as well as the limited thermal stability of the system, 

which means the healing ability may be compromised during any heat treatment (e.g. cure) of the 

host FRP. Coope et al.65 explored the use of alternatives to the Grubbs’ catalysts, with scandium triflate 

being the most promising candidate. Although this system improved on some features (including cost 

and thermal stability), the overall healing performance was more modest. Another notable single MC 

system is that reported by Yin et al.,66–68 which employed epoxy resin filled capsules with a copper 

catalyst dispersed through the matrix. 

Dual capsule systems are often based on epoxy-amine polymerisations or similar reactions and thus 

tend to avoid the use of expensive metal catalysts. However, encapsulation of these agents is not 

trivial and has been the subject of recent research.69 In neat polymers, both types of MC system have 

been demonstrated to work very well. However, there is limited literature concerning application in 

FRPs. Evidently, a major challenge with MCs in FRPs is overcoming the deleterious effect their inclusion 

has upon the baseline mechanical performance of the host structure. 

Hollow fibres. The hollow-fibre approach to self-healing was developed primarily to overcome the 

mechanical detriment associated with the inclusion of microcapsules in FRPs. Hollow fibres with 

healing agents sequestered within, are interleaved within the layers of a laminate and otherwise 

function in much the same way as microcapsular systems; with rupture followed by egress of 

entrained healing agent. These fibres are most commonly hollow glass fibres (HGFs),70–72 though the 

utility of plastic-shelled alternatives has also been demonstrated.73 The principal advantage of these 

systems over microcapsules is that they have a much less disruptive effect on the fibre architecture, 
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since they sit parallel to the reinforcement fibres. In contrast, the large diameter of microcapsules 

causes significant curvature and displacement of reinforcement fibres. Researchers including Bleay et 

al.,70 Pang and Bond,71,72 Trask and Bond,74 Williams et al.,75,76 pioneered the use of HGFs in SH 

composites, in some cases reporting excellent recoveries (>80%). The polypropylene fibres reported 

by Zhu and co-workers,73 which contained epoxy/mercaptan healing agents and were cured into a 

GFRP laminate demonstrated similarly impressive recoveries of up to 62% in terms of flexural strength 

(after simulated impact damage). In this example and indeed most of the HGF examples, the healing 

was initiated by a thermal curing event, and thus it was non-autonomous. 

Despite the aforementioned success, several challenges associated with this type of system have thus 

far prevented industrial application. The major challenges here concern the nature of the healing 

agent and manufacture of the laminate. The healing agent, as for microcapsule systems, is at risk of 

degradation or complete loss of functionality if it is included in the hollow fibres prior to curing of the 

laminate (unless unusually low temperature curing cycles are used). Furthermore, if this agent is 

delivered in a two-part system then efficient mixing is generally required, which broadly means the 

healing agents need to be of very low viscosity. Whether the healing agent is added before or after 

cure of the host laminate, this adds significant complexity to the manufacturing process and is clearly 

incompatible with many composite manufacture techniques. The volume and distribution of hollow 

fibres are also significant factors that require exploration to achieve effective healing. 

Vascular networks. The third category of extrinsic approaches to FRP self-healing is the use of vascular 

networks. In principle, this methodology is very similar to the hollow fibre approach. Inspired by the 

transport networks of plants (e.g. xylem and phloem) and animals, notably the circulatory system, 

channels within a composite can allow the direct distribution of healing agents to damaged areas. 

When cracks form within the laminate, they eventually intersect with the vascular network, allowing 

those cracks to be filled and the damage remediated. The primary difference between this and the 

hollow-fibre approach is the interconnectivity of the network. Accordingly, vascular networks allow a 

more thorough distribution through the laminate and also presents the possibility of repeated healing 

events (by adding more healing agent) or even using a continuous circulation of healing agent. 

The experiments of Williams et al.,77,78 in which a GFRP sandwich panel, comprising a vascular network 

with the foam core, revealed exceptional healing performance in some cases, with healing efficiencies 

(as determined by compression after impact testing) significantly above 100%. The improved 

mechanical performance was attributed to the densification of the core material by the healing agent 

(low-viscosity epoxy). However, much poorer results were observed when the epoxy resin and 

hardener were injected at low pressure without premixing. Poor mixing of the healing agent 
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constituents resulted in incomplete cure, and poor healing. Norris et al.79 prepared vascular networks 

within CFRP laminates using a ‘lost wax’ process. In this procedure, a low melting solder wire network 

was added to the laminate during lay-up, which was readily removed after cure. Via manual addition 

of an epoxy healing agent and compression after impact (low energy ~10 J), excellent recoveries 

approaching 100% were observed. However, the manual addition of healing agent and added 

complexity in manufacture may negate the benefits of this type of process relative to conventional 

composite repair. 

Other researchers have reported different methods of producing vascular networks, including Patrick 

and co-workers,80 who used sacrificial PLA (polylactic acid) fibres (and demonstrated >100% healing 

efficiencies after multiple cycles of double cantilever beam (DCB) Mode I testing), and Luterbacher et 

al.,81 who used PTFE-coated nickel chromium wires, manually pulled-out after laminate cure. Despite 

their consistently high healing efficiencies and the previously mentioned advantages over the other 

extrinsic systems, vascular networks also have their drawbacks: complexity in manufacture, 

degradation in baseline mechanical performance—which is arguably worse than hollow-fibres but 

better than microcapsules—and the manual delivery of healing agent (resin), which is analogous to 

resin injection repair (Section 1.2.3). 

1.3.3 Intrinsic systems 

Healable matrices. In terms of intrinsically healable polymers, the most important are those which 

incorporate dynamic covalent chemistry (DCC) in some capacity. Historically the most common 

chemistries in this area were disulfides and the Diels-Alder (DA) reaction. Although a wide variety of 

functional chemistries exist—as will be discussed in Section 1.5—few have been applied to make 

healable composites. One such example is the disulfide system reported by Post et al.82 in which the 

authors prepared, via vacuum infusion, a GFRP laminate of good mechanical performance (modulus 

~1 GPa) that was capable of repeated delamination healing at modest temperatures (70–85 °C). The 

healing performance of this composite was thoroughly characterised using a combination of 3-point-

bending (3pb), DCB and low-velocity impact testing. From these experiments, long healing regimes 

(16 h) at the aforementioned modest healing temperatures were shown to give very effective recovery 

(80% strength, 100% fracture toughness) when the damage was localised in the matrix or fibre-matrix 

interface. However, it is worth noting that significant pressures (up to 20 bar) were applied with a hot 

press in order to achieve this. The repeated nature of healing here is a significant advantage over some 

extrinsic systems. A similar disulfide-containing composite was reported by Ruiz de Luzuriaga et al.83 

prepared from the epoxy-amine combination of diglycidyl ether of bisphenol A (DGEBA) and 

dithiodianiline (DTDA) with either glass or carbon fibre. However, neither the healing efficiency nor 

the recycling efficiency of the prepared composites were quantified. 
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The DA/retro-Diels-Alder (rDA) reaction has been used to similar effect by Park et al.,84 who created a 

CFRP (of Vf ~40%) with a mendomer 401 matrix. The mendomer series of monomers are in essence a 

tethered pair of cyclopentadiene units with a linker in between, in which one cyclopentadiene is pre-

reacted as the diene and the other as the dieneophile in an intramolecular DA reaction. When the 

material is heated, the rDA reaction occurs, causing dissociation of the monomer which facilitates 

intermolecular reaction to form linear polymers. In this case, the authors tested the composite in 3pb 

and demonstrated healing via strain energy recovery of ~90% in up to three successive damage cycles 

after thermal repairs at 150 °C (via resistive heating). However, in this research the authors did not 

quantify the damaged state, thus it is unclear how damaged the specimens were. Heo and Sodano 

successfully prepared and tested CFRP short-beam-shear (SBS) specimens infused with a DA-PU.85 

With this composite, the researchers managed to achieve excellent (strength) healing efficiencies after 

both the first and second thermal healing cycles, 85% and 73% respectively. The healing cycle in this 

case was specifically designed to maximise the efficiency of the rDA and DA reactions, with an initial 

heating of 135 °C for 2 h (rDA) and a subsequent heating step of 90 °C for a further 2 h (DA). This 

healing procedure was specifically designed based upon the results of variable temperature (VT) 13C 

NMR experiments which revealed the optimal temperatures via the direct observation of association 

and dissociation in the monomer. In each of these articles, healing is in essence effected by a process 

akin to thermoplastic welding: melting of the matrix allows the polymer chains within it to flow and 

repair cracks. 

Non-covalent interactions. Numerous researchers have explored the use of non-

covalent/supramolecular interactions as alternatives to DCC, which has been thoroughly reviewed by 

Herbst et al.86 Such interactions include hydrogen bonding, metal (coordination) bonding, π-stacking 

and ionic bonding (as seen in ionomers). Generally, non-covalent interactions are significantly weaker 

than conventional covalent bonds. Accordingly, where polymer networks are held together principally 

by such interactions, they are not mechanically robust. This weakness is then compounded by the low 

stiffness and very high polymer mobility (low Tg) of the backbones which are used, which are often 

elastomers. This is intentional and is done to facilitate exchange of the non-covalent interactions but 

precludes the use of such materials in structural FRP applications. 

Thermoplastic blends. Thermoplastics, courtesy of their lack of crosslinks, can melt. Although 

engineering thermoplastics melt at high temperatures (often in excess of 300 °C), a vast array of 

thermoplastics can be designed to melt at any temperature imaginable. With sufficient pressurisation, 

thermoplastics can thus be repaired when molten. However, the lack of crosslinking often makes such 

materials less stiff than thermosets, while also making them susceptible to solvents and prone to 

creep. To create a compromise between these properties (and imbue thermosets with self-healing 
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characteristics), researchers have blended both miscible and immiscible thermoplastic-thermoset 

combinations. The GFRP laminates prepared by Hayes et al.87,88 are an excellent example of the 

former, in which an anhydride-cured DGEBA epoxy system was used as the host thermoset, and linear 

DGEBA-based resin as the thermoplastic (10 wt%). Although good healing efficiencies were reported 

for the neat polymer, the composite’s healing efficiency was not mechanically tested. The researchers 

noted that a system of 10 wt% thermoplastic was chosen ‘as it had been shown to give an acceptable 

compromise between healing efficiency and resin viscosity’. Herein lies one of the major practical 

limitations of thermoplastic blending: usually only a small fraction of thermoplastic can be added to 

the uncured thermoset without compromising its processability. 

One of the most promising systems for immiscible thermoplastic blending is the ionomeric copolymer, 

ethylene methacrylic acid (EMAA). EMAA blends into epoxy resins efficiently, with excellent adhesion 

between the two phases courtesy of the reaction between its carboxylic acid groups and epoxides, 

forming strong covalent bonds. Pingkarawat et al.89 prepared CFRP composite using such a system and 

via DCB testing confirmed a massive improvement (~200%) in baseline mode I interlaminar fracture 

toughness when compared to a conventional epoxy. With healing performed at 150 °C, healing 

efficiency (toughness) was 82% and this was improved further to 114% at 200 °C. The researchers 

explained this >100% healing efficiency on the changes to the EMAA morphology during repair. Prior 

to healing, the thermoplastic was evenly distributed as particles throughout the matrix. After healing, 

the EMAA was observed to have migrated into the crack, in effect becoming a thin film of adhesive 

binding the fracture surfaces together. Such a film might be expected to have a higher delamination 

resistance than the virgin material. In a similar fashion to EMAA, the thermal expansion of 

polycaprolactone (PCL) has been exploited in epoxy blends to create mendable matrices. Full recovery 

of GFRP laminates comprising such systems has been demonstrated after impacts of up to 8.5 J.90 

1.3.4 Evaluating healing systems 

One of the major challenges surrounding SH polymers is reliably quantifying healing in a consistent 

manner. Generally, healing efficiency is defined by one of two equations: 

𝜂 =  100 ∗ [
healed property

pristine property
]      Eq. 1.1                                                                                                

𝜂 =  100 ∗ [
healed property – damaged property

pristine property – damaged property
]   Eq. 1.2 

Equation 1.1 is derived from 1.2 with the damaged property set to zero. This is an important distinction 

to make. Eq. 1.1 is only truly appropriate when the property has no residual value, which is sometimes 

the case, e.g. tensile and DCB tests, where clean separation occurs through the tested cross-section 

of the material; however, some researchers have employed Eq. 1.1 and consequently published less 
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meaningful data than they might have otherwise using Eq. 1.2. Beyond the choice of equation, the 

choice of ‘property’ in question also adds to the freedom of the SH researcher and the inconsistency 

of the SH literature. The most widely used methods of quantifying recovery with FRPs include Mode I 

DCB, CAI and 3pb/4pb after impact. Importantly, due to the complex heterogeneous nature of FRPs, 

each of these test methods results in a complex array of damage- and failure-modes which precludes 

their like-for-like comparison. Nevertheless, with each of these methodologies it is possible to 

introduce the key types of damage (matrix and interfacial) which are sensible targets of healing. After 

all, it is matrix and interfacial damage which dominates (low energy) damaging events in these out-of-

plane test methodologies. For this reason, and the intrinsic poor out-of-plane properties of FRPs, 

which makes FRPs naturally susceptible to similar damage in service, these are all good, if not relatively 

complex assessment methods. However, it would be desirable to develop a more consistent, unified 

approach to SH characterisation around a single simplified experiment. 

Inconsistency in host composite, manufacture method and healing procedure also generates further 

uncertainty when comparing data in the SH literature. Together, these inconsistencies are 

undoubtedly a contributing factor to the current lack of higher TRL (technology readiness level) SH 

materials and strategies. 

1.3.5 Implementation of SH strategies 

Presently, little if any SH research has been sufficiently transitioned into industry to find real-world 

application. The vast majority of research is at TRL 1–2, with most testing at the coupon level. Two 

particularly important conclusions from the aforementioned progress paper are: (1) focus on upscaling 

and testing demonstrator parts (to prove value). (2) investigated targeted healing strategies.58 In 

general, in most SH research it is implied that entire structures would be made of the fully self-healing 

material in question. However, as a consequence of design, composite structures have known 

susceptible features which present an opportunity for more targeted, local application. In general, any 

position where matrix damage or delamination occurs is an ideal target, thus SH material might be 

best applied at ‘design features’ such as section changes, ply drops, stringer run-outs, holes and joints. 

Application of healing technology at joints also introduces questions surrounding the nature of the 

joint, since healing agents could in some cases also serve as reversible adhesives.  

1.4 FRP recycling 

As a consequence of the wide range of constituent matrices and reinforcements, as well as the breadth 

of their applications, composites are subject to a broad range of End-of-life (EOL) treatments as 

introduced in Section 1.2.2. Historically, the majority of composite products and scrap have ended up 
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in landfill. This is in no small part due to the challenges associated with the heterogeneous nature of 

composites; for efficient recycling, the different phases must be separated. Clearly, landfill and 

incineration (the next most popular treatment) are not sustainable options for a growing composites 

industry. 

One of the simplest definitions of recycling is ‘the act or process of converting waste into reusable 

material’. By this definition, many current composite end-of-life solutions fall under this category 

including pyrolysis, hydrolysis, chemical recycling and milling/grinding (mechanical recycling), though 

incineration which recovers energy, does not constitute recycling because no usable material is 

recovered. 

Because of their intrinsic capacity to melt, thermoplastic composites are capable of reshaping and can 

in theory be directly recycled into ‘new’ products with minimal treatment. Despite their dominance in 

the (unreinforced) polymer market, thermoplastics currently hold a limited but rapidly growing share 

of the market for FRP composites.91–93 This is in large part due to manufacturing challenges, the high 

viscosity of thermoplastics compared to thermosets makes fibre wetting and penetration 

(impregnation) problematic. Historically, this has resulted in considerably less research into 

methodologies surrounding the recycling of thermoplastic composites, despite the fact that these 

materials have an intrinsically higher capacity for recycling than their thermoset counterparts. The 

most common method of recycling unreinforced thermoplastics is a combination of shredding 

(mechanical recycling) and melting (thermal recycling): a plastic is shredded into granules and melted 

for further use. However, although this works well with commodity plastics with relatively low melting 

points such as polyethylene, polypropylene and polyethylene terephthalate (PET), such processes are 

much less efficient with engineering thermoplastics (i.e. those used to make high performance 

thermoplastic composites) such as polyether ether ketone (PEEK), polyethersulfone (PES), polyamides 

(PA) and polyimides (PI), because these materials typically melt at prohibitively high temperatures (ca. 

250–400 °C). Thus, although in theory thermoplastic composites can melt, and the polymer may be 

separable from the fibres, in practice this may not be economically achievable without favourably low 

viscosities and melting temperatures. 

1.4.1 Mechanical recycling 

Multiple organisations have developed processes for mechanical recycling of thermoset composites. 

In general, the waste substrate (often bulk moulding compound, BMC or sheet moulding compound, 

SMC, which are usually glass-fibre reinforced polyesters) is shredded, pulverised and fractionated by 

companies including ERCOM and Phoenix Fibreglass.47 The product recyclates are typically used as 

fillers in virgin composite (BMC/SMC), though have a low overall value since there is limited demand. 
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Research is ongoing to find alternative applications for these recyclates, particularly the coarser 

(higher fibre content) grades which are less appropriate as fillers.94 Thermoplastic composites are just 

as easily mechanically recycled as their thermoset cousins; however, they have the advantage that the 

recyclate products (granules, pellets etc.) are to some extent meltable and accordingly have a higher 

value. Meltable materials may be moulded into new structures in their own right. Nevertheless, the 

mechanical processing does significantly erode the performance of both thermoplastics and 

thermosets, principally by greatly reducing the length (and alignment) of the reinforcement fibres. 

1.4.2 Pyrolysis/thermal recycling 

The most common form of thermal recycling involves combustion of the polymer matrix (as an energy 

source) and recovery of the incombustible fibres. However, in these processes the incombustible 

fraction (fibres) is again a low value product, principally used as a cement filler.94 Fluidised bed 

processes offer a potential alternative which can lead to the recovery of intact fibres. The principle 

here is relatively simple: a stream of hot air passing through a bed of sand can break up small sections 

of composite, fully volatilising the polymer and thus efficiently separating the continuous and 

discontinuous phases of the composite. The fibres are then carried by the gas stream to a collection 

chamber and the volatile gases burned as a fuel. The high temperatures (~500 °C) can result in a 

significant deterioration of strength in glass fibres. A similar but much less significant effect is seen 

with carbon fibres. In any case, the recovered fibres are of sufficient quality to be used as 

reinforcement in ‘new’ short fibre composites.95 

Pyrolysis is the anoxic thermal decomposition of materials at elevated temperatures. Under these 

conditions, the polymer is broken down into lower molecular weight organic species which can be 

condensed and used as chemical feedstocks. Low-value products, chars, fibres and inorganic fillers are 

also isolated and can be reused as fillers. Dependent upon the composite input, temperature and the 

presence of a catalyst, it appears some pyrolysis methods can yield higher quality fibres which have 

potential in higher value applications. Usually a post-pyrolysis oxidative process is required to clean 

the fibres to an extent that they are appropriate for reuse. Again, high temperature treatments have 

been observed to degrade the strength of carbon fibres to an appreciable level (often up to 20%) and 

glass fibres significantly more (often up to 50%), temperature dependent. The advantage of pyrolysis 

over most of the other recycling methods discussed thus far is that it has the potential to give 

reasonably valuable products from both the matrix and reinforcement, particularly with carbon 

fibre.94,96 
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1.4.3 Hydrolysis, solvolysis and chemical recycling 

In general, chemical recycling (solvolysis) methods use agents to dissolve or depolymerise the matrix 

to liberate free fibres. Ideally, the polymer is then precipitated from solution prior to further 

processing and reuse. In contrast to thermal and mechanical processes, chemical processes are much 

more sensitive to the functionality present in the polymer matrix. For example, a process which works 

well for anhydride-cured epoxies may not work at all for polyurethanes. Agents including alkali metal 

hydroxides in supercritical water (used up to 375 °C),97 and solutions of titanium (IV) n-butoxide in 

diethyleneglycol (245 °C),98 have been shown to be effective at depolymerising amine- and anhydride-

cured epoxies respectively. The latter process uses the cleavage of ester linkages via 

transesterification to degrade the network, a process which has also been successfully demonstrated 

with polycarbonates,99 and polyesters including PET.100 The former process with supercritical water 

was also reported to operate via transesterification; however, no esters should be present in the 

tested polymer since it was a simple amine-epoxy system, hence the true mode of degradation is 

unclear. Both cases yielded high quality fibres and could be extended to the recovery of much longer 

fibres than is possible with thermal-mechanical recycling processes; however, more work is required 

in terms of the further treatment and application of the recovered depolymerisation products. 

Aqueous solutions of concentrated nitric acid have also been demonstrated to depolymerise amine-

cured bisphenol F–derived epoxy resins sufficiently well to enable the product monomers to be re-

polymerised into robust materials.101 Although this process is much slower than the aforementioned 

alternatives, with nitric acid digestion taking approximately 2 weeks (in contrast to a few hours), it 

required much more modest temperatures (80 °C). 

Similar processes have also been developed for PU composites, with a notable example being glycerol-

based glycolysis.102 These authors managed to recover high purity polyol (71%) and microcapsules 

separately from PU foam core materials. 

As with each of the other recycling categories, thermoplastics have a theoretical advantage over 

thermosets; the absence of crosslinks typically makes thermoplastics more susceptible to chemical 

attack. However, most thermoplastics like thermosets are not readily ‘de-polymerised’ into their 

constituent monomers—the ‘holy grail’ of polymer recycling—after all, engineering polymers are 

designed for the opposite, to be stable. The key exceptions are polylactic acid (PLA) and 

polycaprolactone, though neither of these polyesters are significantly used in FRPs. Accordingly, there 

is a case to suggest a paradigm shift is needed to bring the design of polymers towards a more 

sustainable future, by design for recycling. 
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1.4.3 Evaluating recycling processes 

The major recycling processes discussed in this section are summarised in Table 1.1. 

Table 1.1. A summary of recycling processes for FRP composites. 

Category Process Substrate Conditions Products Advantages Disadvantages 

Mechanical 
Shredding, 
grinding, 
milling 

Any 
No external heating 

or pressurisation 
required 

Fine filler 
powder, coarser 

filler 

Relatively simple, 
any substrate, 

minimal treatment or 
heating required 

Low value products, 
blades require 

frequent treatment 
or replacement 

Thermal 

Combustion Any 
High temperatures, 

though the 
substrate is the fuel 

Fibrous filler, 
thermal energy 

Simple, compatible 
with any substrate 

Low value products, 
increasingly 

restricted due to 
emissions 
legislature 

Fluidised 
bed 

CFRP 
preferred 
to GFRP 

High temperatures 
required, though 

volatile gases from 
matrix degradation 

used as fuel 

Short fibres, 
thermal energy 

Fibres and matrix are 
efficiently separated, 

recovered short 
fibres have potential 

value 

Significant 
degradation of glass 

fibre properties 
precludes the use of 

GFRP substrates, 
the matrix is not 

recovered, 
relatively expensive 

Pyrolysis 
CFRP 

preferred 
to GFRP 

High temperatures, 
catalysts 

Short fibres, low 
molecular 

weight organics 

Fibres and matrix are 
efficiently separated, 
both short fibres and 

organic products 
have potential value 

Significant 
degradation of glass 

fibre properties, 
some degradation 

of carbon fibre 
properties, often 
post-processing is 
required to clean 
fibres, relatively 

expensive 

Chemical 

Solvolysis 
(including 
hydrolysis, 
glycolysis 
and acid 

digestion) 

Process 
specific 

High temperatures, 
solvents, catalysts 

and sometimes 
high pressures 

Short 
(potentially long) 

fibres, low 
molecular 

weight organics 

Fibres and matrix are 
efficiently separated, 
both short fibres and 

organic products 
have potential value 

Highly specific 
processes, 

potentially harmful 
solvents and 

catalysts required, 
slow/long residence 

times possible, 
relatively expensive 

 

Evidently, not all recycling processes can be fairly compared. There are different ways of ranking 

different processes against each other. Processes which produce higher value products (recyclates) 

are clearly better than those which produce lower value products, all else being equal. Similarly, 

processes which transform a higher proportion of the material into new products are better than 

those which transform a lower proportion of material, since the overall volume of waste is lower. 

Ideally, any recycling process should be quantified on these two metrics: the value of the products it 

generates and the fraction of material that is wasted. These are the primary targets researchers can 

use to develop improved recycling methodologies, though clearly other factors including broadness 

of applicability, environmental impact and scalability are also important for industrial application. 
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In summary, conventional FRPs can often be recycled to a limited extent; however, the simplest and 

most benign processes tend to give products of very low value (mechanical processing) and processes 

which give higher value products are often situation specific and energy intensive. Overall, this means 

relatively little FRP is currently recycled. Thermoplastic composites offer improved potential for 

recycling relative to conventional thermoset composites, though due to their limited usage they have 

been subject to less research. Considerable research needs to be carried out to improve existing 

processes, to establish a market for the recyclates and to make composite recycling cost-effective. 

1.5 Dynamic materials, CANs and Vitrimers 

1.5.1 Dynamic chemistry 

The field of dynamic chemistry evolved from the pioneering research of Lehn and co-workers into 

supramolecular chemistry, the chemistry of molecular systems, in the late 1980s.103 Supramolecular 

systems are groups of molecules held together by non-covalent interactions, including hydrogen 

bonds, π-stacking, ionic interactions and many more. These interactions are intrinsically dynamic in 

nature due to their weakness, with molecular exchange typically facile. Dynamic covalent chemistry 

(DCC) is principally similar to supramolecular chemistry, but concerns dynamic behaviour within 

molecules, i.e. the making and breaking of (stronger) covalent bonds. Where, as is typical, the systems 

in question are under thermodynamic control, these fields are collectively referred to as dynamic 

combinatorial chemistry. Confusingly, this is also often abbreviated as DCC; however, since the 

research described in this thesis exclusively concerns covalent systems, DCC will continue to be 

referred to as covalent chemistry throughout. Dynamic chemical systems of both covalent and 

supramolecular flavours have found applications in areas as diverse as molecular recognition 

(receptors/sensors), molecular machines, catalysis, self-assembly and functional polymers.104  

 

1.5.2 Polymeric materials: thermosets and thermoplastics 

As previously noted, engineering polymers can be broadly separated into one of two categories, 

thermosets and thermoplastics. At this stage, it is important to distinguish their differences, prior to 

the introduction of an intermediate third category. As a field that is more than a century old, polymer 

chemistry has been extensively researched and consequently there are numerous examples of 

polymers which contradict the rules and observed trends concerning their properties. Despite the fact 

this research concerns only polymers of engineering relevance (structurally robust, stiff materials), 

this is still true. However, with this caveat, there are broad property generalisations which can be 

made as summarised in Table 1.2. 
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Table 1.2. Qualitative differences between the properties of thermosets and thermoplastics. 

Property Thermosets Thermoplastics 

Fibre 
impregnation 

Easy impregnation/processing. With monomer 
blends usually in the form of liquid resins at 
room temperature. 

Poor fibre impregnation, wetting and 
penetration. Thermoplastics are usually fully 
polymerised at the point of composite 
manufacture and are thus usually high melting 
point solids. 

Chemical 
resistance 

High resistance. Crosslinking minimises solvent 
ingress. 

Lower resistance. Solvent resistance varies, but 
the lack of crosslinks can result in partial to 
complete dissolution of the material. 

Thermal 
resistance 

Higher resistance. Thermal stability varies 
substantially based on the chemical structure, 
but the crosslinks prevent melting. 

Lower resistance. Thermal stability varies based 
on the chemistry, but most thermoplastics 
undergo a melt prior to degradation 

Stiffness 
Variable. Crosslinks certainly reduce creep and 
imbue stiffening properties, but engineering 
thermoplastics have comparable stiffness. 

Variable. Some engineering thermoplastics have 
comparable stiffness to thermosets. However, 
thermoplastics are much more susceptible to 
creep. 

Strength 

Variable. Commodity thermosets have 
improved strength relative to thermoplastics. 
However, engineering thermoplastics have 
comparable strengths. 

Variable. Commodity thermosets have 
improved strength relative to thermoplastics. 
However, engineering thermoplastics have 
comparable strengths. 

Toughness 
Low toughness. Thermosets are usually much 
more brittle than thermoplastics. 

Higher toughness. Thermoplastics can more 
readily access plastic deformation modes and 
thus exhibit improved crack resistance. 

Repairability 
Difficult to repair. Since they cannot be re-
worked, thermosets are difficult to repair. 

Easier to repair. Melting makes techniques such 
as thermoplastic welding possible, localised 
melting can aid repair. 

Recyclability 
Difficult to recycle. An inability to melt courtesy 
of permanent crosslinks makes recycling 
challenging. 

Easier to recycle. Reduced solvent resistance 
and melting make recycling theoretically easier. 

Reformability Impossible to reshape. Melting is not possible. 
Reformable. Melting allows thermoplastics to 
be re-worked. 

 

These factors are further complicated when these polymers are fibre-reinforced, though it is evident 

that it would be advantageous to have a balance of the positive properties of both categories.  

1.5.3 Dynamic polymers (dynamers), CANs and vitrimers 

Through careful design, DCC (reversible bonds) can be integrated into polymeric networks to create 

stimuli-responsive materials. Multiple strategies exist to achieve this, and each can result in 

significantly different behaviour. Polymers containing some form of dynamic chemistry are generally 

referred to as the abbreviation of dynamic polymers, ‘dynamers’. Dynamers may refer to both linear 

or network polymers. In general, for the material to be as responsive as possible, the density of 

dynamic linkages should be maximised such that when activated (and the linkage is broken) the 

polymer chain or network is broken down into the smallest sections possible. When dynamic covalent 

chemistry is applied to polymer networks, the reversible bonding can produce polymers which have 

intermediate properties between thermosets and thermoplastics. 
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The term ‘covalent adaptable network’ or ‘CAN’ was first defined by Bowman et al.105 in 2010 as 

‘networks which contain a sufficient number and topology of reversible covalent bonds as to enable 

the cross-linked network structure to respond chemically to an applied stimulus.’ Also referred to as 

dynamic covalent network polymers (DCNPs), CANs can be broadly separated into two distinct 

categories based on the mechanism of the dynamic behaviour: associative or dissociative, Figure 1.6. 

Associative CANs are more widely known as ‘vitrimers’, a term coined by Leibler and co-workers,106 

reflecting the Arrhenius-type kinetics of flow behaviour which is reminiscent of glasses. In these 

systems, chemistries such as Leibler’s transesterification vitrimers,107 and Du Prez’s vinylogous 

urethane vitrimers,108 maintain a constant number of crosslinks after activation (i.e. crosslink density 

is maintained during dynamic exchange). This means that the exchange reactions and thus mechanical 

behaviour of these materials is under kinetic control. As a result, associative CANs (vitrimers) are 

reasonably robust, maintaining mechanical integrity (not melting) when activated. This lends itself to 

more subtle, controlled behaviour than is observed of their dissociative counterparts. 

Dissociative CANs, in contrast, as exemplified by the Diels-Alder polymers of Chen et al.,109 Adzima et 

al.,110 and Turkenburg and Fischer,111 lose mechanical integrity while going through a true ‘de-

crosslinking’ process. Typically, this is manifested as a broad melting event, where the glassy solid 

transitions into a viscoelastic liquid. Accordingly, care must be taken to prevent the compromise of 

structural integrity with such systems; however, the melt presents an opportunity for faster response: 

quicker repair and easier recycling. In theory, a wide variety of stimuli can be used to activate CANs, 

dependent on the underlying chemistry, including acid,112 stress (mechanochemistry),113 visible 

light,114 ultraviolet light,115–117 and heat, the conventional stimulus. In practice, most systems require 

some heating in order to give the polymer chains sufficient segmental motion (i.e. overcome the glass 

transition) to react. 
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Figure 1.6. Covalent adaptable networks, CANs. 

Historically, much of the early work concerning dynamic polymers was derived from either DA/rDA 

chemistry or disulfides, which have long been observed to play a crucial role as reversible covalent 

linkages in nature, principally in protein chemistry.118,119 In recent years, particularly since the formal 

definitions of CANs and vitrimers, a huge range of functional groups have been developed as reversible 

bonds in CANs, as shown in Figure 1.7. 
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Figure 1.7. A list of some of the most important DCCs used in CANs. The key dynamic (breaking) bonds are coloured red for 

clarity. 1 – Diels-Alder,109 2 – disulfides,120 3 – acetals,121 4 – transesterification,122,123 5 – amides,124 6 – imines,125–127 7 – 

olefin metathesis,128 8 – boronic esters/acids,129,130 9 – silyl ethers,131 10 – transalkylation,132,133 11 – alkoxyamines,134,135 12 

– vinylogous urethanes,108,115,136 13 – diketoenamines,112 and 14 – transcarbamoylation.137 

For the sake of brevity, the precise synthetic procedures and mechanistic behaviours of each of these 

systems will not be further discussed here, though the reader is directed to the specific articles 

referenced above and the progress reports and minireviews of Podgórski et al.,138 Denissen et al.,139 

and Zou et al.140 Instead, the nature of those chemistries which are investigated in this thesis will be 

more thoroughly examined in the opening sections of their respective chapters. Such a plethora of 

different systems presents a treasure trove of opportunity and unsurprisingly, this is presently a highly 

active field of research. 
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Recent progress in CANs. Guo and co-workers,141 through experiments varying the crosslink density 

of an imine vitrimer, observed that faster stress relaxation occurs in networks with lower crosslink 

density but surprisingly discovered that the activation energy to polymer flow was also increased with 

lower crosslink density. This was rationalised in terms of a reduced number of bonds required to effect 

topology change (faster relaxation), but a decrease in the concentration of dynamic groups hinders 

the reaction kinetics (affects EA). 

Spiesschaert and co-workers systematically varied the backbone structure, molecular weight and 

crosslink density of vinylogous urethane vitrimers (transamination chemistry) and observed very 

different viscoelastic and kinetic behaviour.142 In contrast to the previously referenced work of Guo et 

al., Spiesschaert et al. observed faster stress relaxation in shorter-backbone polymers (with higher 

crosslink density); however, this effect was only significant with poly-THF backbones—no substantial 

difference was observed with analogous vitrimers with poly(propylene glycol) backbones. Evidently, 

backbone structures play an important, but not easily predictable, role in determining the (high 

temperature) viscoelastic properties of vitrimers. A significant backbone influence on relaxation time 

was also observed between different backbone structures: branched backbones resulted in an 

relaxation time increase of up to 20-fold compared with analogous linear polymers. The reduced rate 

of the branched, more sterically encumbered polymer was attributed to the ‘reduced chain-end 

mobility’. 

One of the latest examples of multi-mechanism CANs was recently reported by Podgórski et al.143 

based on thiol–succinic anhydride chemistry. By varying the stoichiometry of reactive groups and the 

nature of the catalyst, the researchers were able to favour or disfavour two distinct dynamic 

mechanisms: one associative, thiol-thioester substitution and one dissociative, thiol-anhydride ring-

opening/closing. Such materials present an opportunity to tune the material based on the 

requirements of specific applications. 

The recent study of Van Herck et al.,144 in which the authors studied the exchange kinetics of a thiol-

yne dissociative CAN system, highlighted the fact that the activation energy of their network polymers 

was much higher than that of the model (small-molecule) systems they investigated. This serves as an 

important reminder that exchange mechanisms are often complicated by the host network; it is never 

certain that dynamic behaviour on the molecular level will translate to the expected activity within 

networks. 
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1.6 CANs and composites 

This following section is a short literature review, detailing the state-of-the-art with respect to CANs 

in composites. 

CANs present numerous opportunities to improve composite sustainability. In manufacture, if a 

defective part is produced, in many cases it may be possible to reprocess the material, using the de-

crosslinking reaction to have a second (or third) attempt. This is otherwise impossible with traditional 

FRPs. In service, if a CAN-composite part is damaged by low-energy impact such that there is extensive 

matrix cracking and delamination, but minimal fibre damage, it could be rapidly repaired via controlled 

heat application (assuming it is thermally activated), potentially fully restoring mechanical 

performance without removal or addition of material. This would potentially be a much faster and 

cheaper method of repair. During decommissioning, a structure of multiple CAN parts may be 

disassembled into smaller sections for recycling, if the matrix is also used as a reversible adhesive. De-

crosslinking could then facilitate much more efficient recycling than is currently possible, yielding both 

matrix and fibres for further use in structural applications. 

The main advantages of thermosets over thermoplastics in composites are creep resistance, solvent 

resistance, high Tg (though transitions of ~250 °C are typical of high performance thermoplastics) and 

easy fibre impregnation. Conversely, the advantage of thermoplastics is that they can melt and thus 

have an intrinsically higher potential for healing and reprocessability (which contributes to improved 

sustainability potential). CANs aim to maintain some of the benefits of both categories. Typically, Tg is 

viewed as simple metric in polymeric materials, the higher the better. However, since the principle 

benefit of CANs is their dynamic behaviour and the associated low Tv and softening point (which 

facilitates healing, recycling and reprocessing), a high Tg is not a desirable characteristic of a CAN. 

Nevertheless, for operating temperatures in the room temperature and wider 0–50 °C region, the Tg 

still needs to be >70 °C and ideally as close as possible to Tm/Tv such that the CAN goes from a robust 

solid to a highly processable material within a small window. In addition, CANs should have good 

solvent and creep resistance but this is only significant below Tg and Tv. Accordingly, the crucial 

characteristics CANs should share with thermosets are (low temperature) fatigue resistance and low 

processing viscosity (for fibre impregnation). Moreover, to present a significant advantage over 

thermoplastics, CANs should offer lower reprocessing temperatures, whether this temperature is a 

Tm, a Tv or otherwise. Commodity thermoplastics such as PP have processing temperatures as low as 

200 °C, but most engineering thermoplastics (e.g. polyamides, polyimides, polysulfones and PEEK) 

require processing at >250 °C. 



 

48 
 

UOB Open 

To date, there have been few examples of CANs being applied as FRP matrices, though in recent years 

there has been significant progress in this area. 

In 2017, Post and co-workers reported a GFRP composite comprising a disulfide-containing matrix, 

specifically designed as an intrinsically self-healing material.82 This healable epoxy matrix is not a CAN 

in the strictest sense as it comprises a dual network of both conventional (permanent) crosslinks and 

the dynamic disulfide moieties. In principle, this ‘dual network’ approach can overcome one of the 

historic limitations of CANs and CAN-like systems: poor mechanical properties (particularly stiffness 

and strength). Many dynamic chemistries can result in polymers with near 100% strength recovery, 

but much of that literature concerns elastomers or other low stiffness (non-structural) materials. The 

authors successfully vacuum-infused dry glass fabric with their disulfide resin system, curing the 

laminate at 100 °C for 60 h. Using a combination of 3pb, DCB and low-velocity impact testing, the 

mechanical performance and healing behaviour of the laminate was characterised. Healing was tested 

at different temperatures and pressures by heating in an oven or hot press for 16 h. Composite flexural 

moduli of the order of 10 GPa and yield strengths of 55 MPa were reported. Curiously, the researchers 

own curing study suggests that the curing regime they used results in only a partially crosslinked 

material—higher temperature (140+ °C) cures resulted in much stiffer materials (10x). However, 

instead of using higher curing temperatures, extended cure times of 60 h were used which gave a 

compromise on mechanical performance. Presumably, this regime was chosen because fully cured 

laminates did not exhibit good healing performance. Nonetheless, good fibre volume fractions (Vf ~ 

50%) and respectable healing was reported (3pb: 50% strength recovery at 70 °C, and >70% at 85 °C). 

As will be discussed in Chapter 4, disulfide exchange and therefore healing, can operate via several 

mechanisms. In this case, the authors used base-catalysed thiol substitution (adding both thiols and 

free triethylamine to the matrix). 

Ruiz de Luzuriaga et al.83 prepared one of the first examples of a true CAN composite using a very 

simple resin system: DGEBA (Araldite® LY 1564) and DTDA. This system was cured in two steps at 120 

and 150 °C. Good mechanical performance was observed of the neat polymer, with strength, stiffness 

and fracture toughness all in the same region as conventional DGEBA-based epoxies. By using DMA to 

investigate stress relaxation, the authors confirmed that the resin had vitrimeric behaviour and was 

capable of extremely rapid stress relaxation (~20 s) at 200 °C. Qualitative healing experiments 

confirmed that both healing and reprocessing (milling and hot pressing into films) were successful at 

this temperature. The authors went on to prepare what they called ‘enduring prepregs’ by infusing 

this vitrimeric resin into single sheets of FRP and then compressing these individual layers together 

into complete laminates (in a hot press under 100 bar). This process was very effective, yielding 

laminates with excellent mechanical performance which bested their control laminate in terms of 
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compressive strength (292 vs. 242 MPa), interlaminar shear strength (37 vs. 29 MPa), flexural strength 

(595 vs. 557 MPa) and impact strength (194 vs. 159 MPa). However, good though these values are, it 

is likely that the control laminate values are lower due to the different manufacture conditions (hot 

press vs. oven cure) giving rise to different fibre volume fractions. The authors were even able to 

demonstrate the recycling potential of these laminates by dissolving the resin in a DMF-thiol solution. 

This paper clearly demonstrates the potential of CANs in composites and only really suffers from one 

key drawback: the 200 °C reprocessing temperature. At such high temperatures we begin to approach 

the melting temperature of some engineering thermoplastics and accordingly CANs present less value. 

However, 200 °C is still below this region and if the resin is of very low viscosity (not reported in this 

study) at this temperature, this material may be of commercial value. Interestingly, another study by 

the same researchers revealed that this resin is mechanochromic—when struck by a hammer it turns 

from orange to green and then slowly returns to its original colour.145 This is attributed to cleavage of 

the disulfide bonds to give their respective sulfanyl radicals. 

More recently, Si and co-workers extended the concept of using disulfide CANs in composites, with an 

epoxy resin in which both components (epoxy and amine hardener) contained a disulfide bond.146 This 

led to enhanced stress relaxation and recycling performance (neat resin was mechanically recycled 

without any detriment to the mechanical properties). The product composite had good mechanical 

performance and a high Tg (~140 °C), as well as good solvent resistance, though when heated (90 °C) 

in thiol solution, the composite was readily recycled. The recycled composite also exhibited good 

mechanical performance. The only major limitations of this study are that the composite was manually 

infused, hence the resin may not be compatible with conventional composite manufacturing 

conditions (though it seems possible), and more importantly, that the minimum exchange 

temperature is 170 °C, though the authors used ≥180 °C temperatures throughout. Although this is 

high, the properties of this material still present significant advantages over some thermoplastics; 

there appears to be value in developing this disulfide CAN system further. 

In 2016 Qi and co-workers published an article concerning a carbon fibre composite with ‘near 100% 

recyclability’.147 This composite uses a modified epoxy resin which is capable of transesterification, the 

prototypical example of vitrimer chemistry. A combination of natural fatty acids are used to crosslink 

DGEBA in the presence of zinc acetate (catalyst) which results in a crosslinked epoxy with many free 

hydroxyls and carboxylic acid groups which can participate in transesterification (see Figure 1.7, 4). In 

this paper the authors go on to exploit the transesterification reaction for recycling by using ethylene 

glycol (EG) as a solvent. The free hydroxyl groups of EG in conjunction with its high boiling point allow 

it to reversibly dissolve the CAN (vitrimer), with near complete dissolution within 3 h at 180 °C (well 

below the thermal degradation temperature). By allowing EG evaporation, the polymer can even be 



 

50 
 

UOB Open 

repolymerised. Impressively, when CFRP specimens (pristine and recycled) were tested under uniaxial 

tension, the recycled specimens maintained both stiffness and strength equal to the pristine samples 

(within experimental error) even up to four recycling generations. A truly impressive achievement. 

However, this resin has such a low Tg (< 30 °C) that this will limit the potential application of this 

particular system; the storage modulus begins to sharply decline around 15 °C, even at ambient 

temperature the modulus has fallen from ca. 2 GPa, to <100 MPa.148 

Chabert et al.,149 used a similar transesterification vitrimer system, with the same zinc acetate catalyst, 

but prepared their laminates via an RTM process. In this article the authors focused on the adhesive 

property of the matrix, which allows multiple laminates to be glued or ‘welded’ together. Lap-shear 

experiments revealed good adhesive strengths, with a relatively consistent load at break of around 

500 N (~ 2 MPa). Critically this welding process was repeatable and did not result in a consistent 

decrease in lap-shear strength. A more recent article by Yu and co-workers explored a powder-based 

composite manufacture process using a pre-cured vitrimer resin that was also based on 

transesterification chemistry (zinc acetate catalysed).150 In this work the authors produced high quality 

composite rapidly (~1 min) by using a hot-press technique and justifiably claim that such fast 

processing may enable the use of CANs in the automotive sector. However, as with the study by Qi et 

al.,147 the Tg is prohibitively low (~30 °C). 

In the study of Denissen et al.,151 the authors were aiming to specifically address the limitations of 

some of the previously discussed articles, by preparing CAN (vitrimer) composites with reasonably 

high glass transition temperatures. In this work, the authors used a vinylogous urea vitrimer (which is 

chemically similar to vinylogous urethanes see Figure 1.7, 12) with a useful Tg (ca. 110 °C) and thermal 

decomposition temperature >200 °C. When exchange was catalysed by p-TsOH (an organic acid), 

extremely fast exchange reactions were observed with relaxation times of 13.9 s at 140 °C and 2.4 s 

at 170 °C. Mechanical recycling of the neat polymer was highly effective; milling and compression 

moulding of specimens at 180 °C resulted in similar mechanical properties to the pristine specimens. 

In a fashion akin to the previously mentioned ‘enduring prepregs’. Denissen et al.151 went on to 

manually impregnate glass fabric with a solution of their resin, prior to curing these individual layers 

in a vacuum oven, and finally hot pressing the layers into a single laminate at 200 bar (170 °C). This 

resulted in good quality GFRP (Vf ~ 57%) with no observable defects or porosity, though a variety of 

other curing conditions were explored previously with less success. This composite had mechanical 

performance comparable to a reference epoxy composite, with equivalent Young’s modulus and 84% 

of the tensile strength. Though neither healing nor recycling were quantified, qualitative recycling 

experiments indicate complete matrix dissolution in amine solutions within 15 min at 100 °C. Evidently 
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this system has potential as both a recyclable and repairable composite matrix, though more testing 

is required. 

In 2020 Cui et al.152 published a study concerning polythiourethane CANs, which they prepared at 

room temperature via the reaction of polythiols and diisocyanates (with 0.1% amine catalyst). The 

stress relaxation behaviour appears to fit the Arrhenius equation, indicative of vitrimer-type 

behaviour, although only four data points were plotted. In this article the authors focus primarily on 

the application of this CAN as a reversible/reworkable adhesive, though the excellent mechanical 

performance and processability of the resin system allowed them to go on and prepare FRP laminates. 

In this particular case, the properties of the product CFRP composite were not thoroughly tested, 

though a qualitative experiment indicated that solutions of polythiol could lead to full dissolution of 

the CAN, demonstrating the potential of this system in composite recycling. 

In their 2019 review paper,153 McBride and colleagues summarised recent progress in CANs. One 

particularly valuable insight from their paper that has not yet been discussed in this chapter, is the 

concept of shrinkage stress. Amongst many valuable insights, the authors identified this as a further 

area (in addition to recycling and healing) in which CANs present an opportunity in composites—many 

conventional resin systems generate significant stresses during cure which can result in premature 

composite failure. Where dynamic chemistry takes place concomitantly with cure, these stresses can 

be avoided, resulting in higher quality composite. 

1.7 Summary 

Repair of conventional composites is often both expensive and time consuming. Though this is 

generally performed with patches, resin injection processes can be used in cases of more minor 

damage. 

Many composite recycling processes have been reported in the academic literature. Although some 

commercial ventures are attempting to industrialise these processes, presently there has been little 

progress toward recycling composites on a significant scale. This is principally because there is little in 

the way of a market for the low-value recyclates which are usually produced. 

CANs are de-crosslinkable polymers. In recent years a wide variety of systems have been developed 

though most exist at a very low TRL (1–2). There are several parts of the composite lifecycle in which 

CANs could be used to increase sustainability courtesy of their dynamic behaviour. 

To compete with conventional thermosets and thermoplastics for application as FRP matrices, CANs 

should exhibit the following characteristics: 
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• Processing temperature (Tm/Tv) significantly below thermoplastic processing temperatures 

<200 °C (competitive with thermoplastics) 

• Good low temperature (below Tm/Tv/Tg) mechanical performance, including creep resistance 

(competitive with thermosets) 

• Excellent fibre impregnation (wetting and penetration), which equates to low viscosity 

(competitive with thermosets) 

At the time this research project was started, there were very few examples of CAN use in composites 

despite their great potential. Though more examples have since been reported, and the value of CANs 

in composites has been demonstrated, more work is needed to create robust systems and realise their 

true potential in real-world structures. 

1.8 Research objectives 

In this project, the overarching objective was to demonstrate the utility of CANs in FRP composites 

with a view to developing more sustainable materials. With this in mind, the research will primarily 

focus on two main strands: 

• Expand upon the research concerning the Diels-Alder epoxy CANs developed by Fischer et 

al.111 principally through exploring their use as healable and recyclable composite matrices 

(Chapters 2 and 3). In the previous works there has been limited thermomechanical 

characterisation. 

• Develop new dynamic chemistries as more reactive alternatives to disulfides, namely, 

diselenides (Chapter 4) and diphosphanes (Chapter 5). 
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Chapter 2: Diels-Alder epoxies 1 

2.1 Introduction 

2.1.1 Diels-Alder chemistry 

Discovered by the German chemists Otto Diels and Kurt Alder in the late 1920s, the Diels-Alder (DA) 

reaction is the concerted [4+2] cycloaddition between a diene and a dienophile, which generates 

cyclohexene rings, Figure 2.01.1 This reaction is of such great utility in synthetic chemistry—not least 

because of its simplicity and highly predictable selectivity—that Diels and Alder were awarded the 

Nobel prize in chemistry in 1950. Due to having both negative values of enthalpy (H) and entropy 

(S), at sufficiently high temperatures the reverse (or retro) reaction dominates, which has led to the 

widespread use of DA/rDA systems in DCC (dynamic covalent chemistry). However, although the DA 

reaction is versatile and compatible with a wide range of structures, the feasibility of the reverse 

reaction is highly limited—only specific structural features support the reverse reaction. 

 

Figure 2.01. The Diels-Alder cycloaddition, with newly formed -bonds highlighted in red. a – the general reaction between 

a diene and dienophile (butadiene and ethene respectively) and b – the prototypical thermoreversible Diels-Alder reaction 

between furan and a maleimide. 

The DA reaction is generally considered to proceed via a concerted mechanism with a cyclic transition 

state, with no intermediates. With respect to regioselectivity, relatively simple ‘electronic demand’ 

scenarios can be used to predict the regiochemical outcome from the relative contributions of 

different atoms to the frontier orbitals. Generally, the product structure follows the ‘ortho-para’ rule, 

borrowing the naming system of substituents generally reserved for arenes (i.e. two functional groups 

on adjacent atoms are ortho to each other). This rule dictates that with the usual case, an electron 

donating group (EDG) on the C1 (terminal) position of the diene results in the greatest orbital 

contribution to the HOMO (HOMO coefficient) at the C4 position, Figure 2.02. A dienophile with an 

adjacent electron withdrawing group (EWG) has greatest LUMO coefficient on the C2 position, and as 

a result the most well-matched HOMO-LUMO pair react with each other (C4 with C2), which gives an 
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ortho regiochemical configuration. Different types of functional group (EDG/EWG) on different 

positions on the diene/dienophile thus give different products which can be easily predicted.2 

 

Figure 2.02. An example of the regioselectivity of the Diels-Alder reaction. The ‘ortho’ substituted product (black) is the 

exclusive product from this combination of reactants, the grey (meta) product is not formed. 

The DA reaction is also highly stereospecific due the concerted nature of the reaction mechanism (all 

bonds making and breaking concomitantly); if a single isomer is present in the starting material, this 

stereochemistry will be preserved in the product (or adduct). In many cases the outcome is 

predictable, particularly in ‘normal demand’ situations (e.g. diene + a dienophile with an EWG). In such 

cases, a preference for the endo transition state is observed (vs. the exo transition state). This 

observation is generally explained by a secondary orbital effect—whichever transition state has more 

π-orbital overlap is preferred (usually endo).3 This concept of endo/exo structures is returned to later 

(see Figure 2.06). 

In synthetic chemistry, the DA reaction itself is a useful tool for introducing cyclic structures into 

complex target molecules.4 Outside of synthesis, the DA reaction is also important; the microscopic 

reversibility of the DA reaction makes it a powerful tool in the fields of DCC and materials science. 

2.1.2 The retro-DA reaction and DA polymers 

The variety of DA substrates, both diene and dienophile, means that the associated reaction kinetics 

and thermodynamics vary substantially. By extension, the temperatures required to effect both the 

forward (DA) and reverse (rDA) reaction vary accordingly. Some DA reactions proceed rapidly at room 

temperature,5 whereas others require temperatures of 200–300 °C or more.6,7 Highly polar solvents, 

particularly water, are known to greatly accelerate DA reactions, as does sonication, the presence of 

acid catalysts and the use of high pressures (a substantial volumetric change is observed as diene and 

dienophile react to form an adduct).8 The retro-DA reaction is similarly varied and tends to become 

significant at higher temperatures. It is this temperature dependence and the rate of dissociation 

which are of principal interest in the fields of DCC and dynamic materials. 

The furan-maleimide system (Figure 2.01b) is undoubtedly the most studied DA reaction in polymer 

chemistry. It has seen such widespread attention partly due to its well-understood behaviour, but 

primarily because of its convenient reaction temperatures: the non-catalysed forward reaction 

typically proceeds rapidly at 60–80 °C and the retro reaction becomes significant at 110–120 °C.9 
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Aside from the furan-maleimide system, there are few examples of easily reversible, dynamic, DA 

reactions. The fulvene-(di/tri)cyanoolefin system is one such example, Figure 2.03. This system 

operates at significantly lower temperatures, generally between -10–50 °C and was pioneered by Lehn 

and co-workers to make the DA reaction relevant in DCC.5 

 

Figure 2.03. The DA/rDA reaction of a fulvene and a dicyanoolefin. 

In 2011 Roy and Lehn reported another low-temperature reversible DA reaction, this time between 

anthracene derivatives and N-phenyltriazolinedione, which is particularly impressive given that 

anthracene DA adducts usually undergo retro reaction at particularly high temperatures (250–300 

°C).10,11 The key strategy for enhancing the rate of the retro reaction—and thus lowering the 

temperature at which it operates—is through using C–N bonds, which are approximately 40 kJ mol-1 

weaker than their C–C analogues, Figure 2.04. In this system the forward reaction proceeds 

instantaneously, with almost complete conversion at room temperature within 2 min. By raising the 

temperature above 50 °C, the equilibrium constant (K) is reduced in favour of the starting materials 

(though the K values indicate that the adduct is still the major species at this temperature). As with 

the furan-based systems, by using anthracene as an aromatic diene, the restoration of aromaticity 

upon adduct reversion is a key driving force behind this reversibility. Despite the excellent dynamic 

properties of this system, the general instability of these compounds presents some problems. 

Critically, these reactions must be performed in the dark because anthracenes are known to 

photolytically dimerise. Moreover, the authors also reported that the triazoline diones also 

decompose photolytically. 

 

Figure 2.04. The DA/rDA reaction of an anthracene and an N-substituted triazoline dione. 

The Diels-Alder reaction in materials science. Any robust reaction can theoretically be applied in 

polymer chemistry; what works for small molecules can generally also be used to construct 

macromolecules from monomer building blocks. However, due to the large number of bond forming 

steps in polymerisations, it is essential that the reactions be fast and reliable. The so-called ‘click’ 

reactions, of which the Diels-Alder reaction is an important example, find particular utility in polymer 
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chemistry.12 ‘Click chemistry’ is a term coined by Sharpless to describe reactions which are ‘modular, 

wide in scope, give very high yields, generate only inoffensive by-products that can be removed by 

non-chromotographic methods, and be stereospecific’.13 By fulfilling these criteria a given chemical 

reaction can be used to generate high molecular weight polymers with a high degree of control 

(stereo-/regio-selectivity). It is therefore no surprise that the DA reaction has been widely used as a 

tool for building large macromolecules including homopolymers,14,15 telechelic polymers,16,17 star 

polymers/dendrimers,18–20 block copolymers,21,22 and graft/comb polymers.23 More pertinent for this 

thesis are those materials which exploit reversible DA chemistry. 

Wudl and co-workers’ Science article from 2002 described the first network polymer in which all of 

the monomer connectivity was through reversible Diels-Alder reaction.24 These authors exploited the 

furan-maleimide DA reaction by preparing and reacting a tetrafuran (4F) and a trismaleimide (3M) to 

form a densely crosslinked polymer, Figure 2.05. 

 

Figure 2.05. The trismaleimide and tetrafuran monomers Wudl et al. used to create a robust DA thermoset.24 

After curing for 3 h at 75 °C, the resulting material had achieved a 95 ± 5% degree of polymerisation, 

as determined by UV-vis spectroscopy. Liquid nitrogen quenching allowed the authors to identify the 

level of connectivity after different thermal treatments via temperature-modulated DSC. Thermal 

treatments at 150 °C (15 min) resulted in approximately 25% de-crosslinking, though only 12% was 

observed in 25 min at 130 °C. Crosslinking was fully restored after thermal treatments at 80 °C. This 

reversible behaviour is particularly noteworthy since the samples were reportedly solid throughout 

these treatments—there is insufficient de-crosslinking to allow the material to melt. The healing of 

this material was investigated by compact tension tests; a thermal treatment of 150 °C (2 h) restored 

the material with approximately 50% efficiency (in terms of load recovery). Although Wudl et al.24 did 

report an impressive Young’s modulus of 4.72 GPa, this was determined through ultrasonic testing 

and not through conventional mechanical testing. Arguably more impressive are the high strengths 

reported for this material: 68 MPa (tension) and 143 MPa (flexure). Generally, one of the major 
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limitations of these systems derived entirely from small-molecule precursors is their tendency to be 

extremely brittle.11 To overcome this brittleness, several researchers have employed a slightly 

different strategy, in which oligomers/short-chain polymers are functionalised and crosslinked 

together (via the DA reaction), though invariably this results in a polymer which is less efficient in self-

healing. One example of this is the furan-maleimide functionalised polyamide reported by Liu and 

Chen.25 Although these polymer films were both repairable and (qualitatively) tough, they had low 

tensile strength (~ 20 MPa).  

In 2008, Adzima et al.26 prepared a Diels-Alder network polymer exploiting the reversibility of the 

furan-maleimide reaction—which would later be described as a covalent adaptable network (CAN)—

from 1,1‘-(methylenedi-4,1-phenylene)bismaleimide and a trifunctional furan oligomer (prepared 

from the reaction of the respective triacrylate and furfuryl mercaptan. The authors went on to explore 

the rheological response of the material surrounding gelation (and reverse gelation), observing that 

the gel-point—the point at which a ‘single molecule’ percolates the entire reaction, as it transitions 

from sol to gel—of the furan-maleimide reaction agrees well with the Flory-Stockmayer equation 

𝑝𝑔 =
1

√𝑟(1−𝑓𝑀)(1−𝑓𝐹)
     Eq. 2.1 

where pg is the fraction of gel-point conversion, r is the stoichiometric ratio, and fM/fF are the degrees 

of functionality for maleimide and furan respectively. From rheology measurements and FTIR s

 pectra, the kinetics of this DA system was explored while the extent of crosslinking was varied. 

Maximal conversion was observed from FTIR at 60 °C. Above 45 °C, the polymer melt enters 

thermodynamic control and the reaction is increasingly pushed back from adducts to reactants. 

Interestingly, the equilibrium conversion is reduced as low as 24% at 155 °C; however, at this 

temperature irreversible side reactions also operate. The authors noted that bismaleimide (BMI) 

homopolymerisation (HP) seems to operate gradually at temperatures as low as 120 °C, which was 

identified by a reduction in maleimide peak area and a concomitant increase in furan area (using FTIR 

spectroscopy). 

Amongst several insights in his 2010 paper on trends in Diels-Alder material design, A. Sanyal discusses 

the use of the Diels-Alder reaction as a protecting group (or ‘mask’)–type strategy in the preparation 

of functional polymers.27,28 By pre-reacting furan and maleic anhydride, and later converting this 

anhydride DA adduct into an imide, DA adducts can be built into polymer structures which would 

otherwise be impossible to prepare due to the reactivity of the maleimide, Scheme 2.1. The author 

highlighted the potential of such systems for creating novel scaffolds for drug delivery based on the 

latent reactivity revealed by subsequent retro Diels-Alder reactions. 
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Scheme 2.1. The DA/rDA masking strategy employed by Sanyal and co-workers, wherein the DA adduct serves to mask an 

otherwise highly reactive maleimide group, at the end of the synthesis the furan is removed by heating to afford a highly 

reactive PMMA derivative.28 The bonds formed by the DA reaction are highlighted in red. 

In 2010, Canadell et al.29 investigated the stereochemical aspects of thermally mendable DA polymers, 

finding that the two adduct stereoisomers (endo/exo) exhibited quite different thermal responses 

with most combinations of furan and maleimide, Figure 2.06. By using variable temperature 1H NMR, 

the authors observed significant reversion to starting materials (after 3 h at 100 °C), though 

resonances corresponding to the exo adduct were still observable after this treatment. This led the 

authors to postulate that minor endothermic peaks observable at high temperatures represent the 

reverse reaction of these isomers. These endotherms were generally 30–40 °C higher than the primary 

endotherm, which is ascribed to the retro reaction of the endo isomer. The specific chemical 

structures of the maleimide and furan units only had a minor effect on the DA/rDA temperatures. 

 

Figure 2.06. The endo and exo product geometries of the furan-maleimide DA reaction. 
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2.1.3 Diels-Alder composites 

A few studies have previously investigated the use of DA polymers as composite matrices, two of 

which have previously been discussed in Chapter 1 (Section 1.3.3) under the topic of self-healing 

composites: the mendomer 401 CFRP of Park et al.30 and the DA polyurethane (PU) of Heo and 

Sodano,31 with impressive healing performance well-quantified in the latter. In addition, Zhang et al.32 

have investigated the use of DA/rDA chemistry at the fibre-matrix interface of CFRPs through micro-

droplet debonding. This is a particularly interesting healing strategy since the fibre-matrix interface is 

a known weak-point and microcracking here can lead to extensive damage and material failure.33 

Good re-bonding (healing performance) was observed with carbon fibres pre-treated with a nitric acid 

oxidation step (up to 82%). However, it is unclear if this healing behaviour would function properly 

(provide significant healing) when embedded within an otherwise conventional composite—i.e. with 

only healable interfaces. Moreover, it remains to be tested whether the presence of healable 

interfaces alone is enough to add sufficient repairability value to FRP composites. 

More recently, Park and co-workers investigated the recycling and repairability of cellulosic 

composites based on DA chemistry.34 By preparing a furan-functionalised PU and crosslinking this via 

reaction with a bismaleimide, the authors achieved a good recycled performance (~60% strength 

recovery) after treatment in PGMEA (propylene glycol monomethyl ether acetate) at 120 °C. However, 

the composites (<7 wt% cellulose fibre) in this study are best described as soft materials (Young’s 

modulus 10–25 MPa, tensile strength <5 MPa). 

Another recent study has also investigated the potential of the furan-maleimide DA system to create 

recyclable composites. In their report, Fortunato et al.35 look to address the recycling challenge in 

industrially relevant CFRP composites. These authors synthesised a bifunctional furan monomer and 

a trifunctional furan monomer from DGEBA and DGGO (N,N-diglycidyl-4-glycidyloxyaniline) 

respectively and reaction with furfurylamine in MeOH. The furans were then reacted with BMI1 in 20 

wt% THF and the resultant gels were isolated, dried and milled prior to their incorporation in CFRPs, 

Figure 2.07. The resultant powder and reinforcement were combined via a compression moulding 

process in a PTFE-lined mould (120–140 °C, 200 bar, 1 h). Impressively, the authors showed that this 

material could be milled and reprocessed up to five times (still retaining a degree of reversibility). This 

is particularly noteworthy given the prevalence of secondary amine groups in both of their chosen 

monomers, which may be capable of participating in competitive Michael addition reactions, which in 

turn would be expected to reduce the efficiency of the rDA reaction. Indeed, the reduction in rDA 

endotherm area observed after subsequent heat treatments is attributed to this process and BMI 

homopolymerisation, as will be discussed in detail throughout this chapter. By employing solvolysis in 

either DMF, DMSO or propylene carbonate at 120 °C, Fortunato et al.35 were able to recover the CF 
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(carbon fibre) reinforcement via hot filtration with a high yield (>96%) and only minor matrix 

contamination (~2 wt%). The authors also went on to demonstrate the utility of the recovered polymer 

gels as healable coatings. However, noteworthy limitations of this study are the low tensile strength 

(<6 MPa) of the neat resin, and the use of only a single layer of CF reinforcement. In addition, it is 

worth considering that solvent-assisted recycling can degrade the quality of fibres by removing the 

sizing (or surface treatment) so in that respect is disadvantageous compared to mechanical recycling 

methods. Nevertheless, the isolation of continuous fibres, which solvent- or supercritical fluid-based 

methods facilitate, could lead to higher value recyclates. 

 

Figure 2.07. The furan monomers prepared by Fortunato et al.35 

In 2015, Turkenburg and Fischer reported a new DA resin based on furan-maleimide epoxies 

specifically for application in self-healing composites.36 Considerable attention was given to potential 

side-reactions (Michael addition of nucleophiles with BMI, and BMI HP). Their strategy to minimise 

the risk of these side-reactions were to use melt reaction (vs. solution) and divide network formation 

into two steps: (1) prepolymerisation of furfurylamine and DGEBA and (2) BMI crosslinking in a screw 

extruder. The authors went on to prepare GFRP films and qualitatively confirm self-healing behaviour. 

The mechanical performance of this system was then explored in a subsequent study by Coope et al.37 

using tapered double cantilever beam experiments to quantify healing. Healing efficiencies (in terms 

of load recovery) in excess of 75% were consistently achievable even up to three repeat cycles. The 

authors conceded that the mechanical performance of this polymer was significantly lower than 

conventional epoxy resins but noted that in high fibre volume fraction composites this reduction in 

performance is likely to be quite small. The authors went on to demonstrate that the polymer could 

be used to create interleaves for conventional prepregs or as a composite matrix but did not quantify 
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any results concerning such composites. In a further follow-up study Lejeail and Fischer investigated 

the use of bisitaconimides as bio-derived alternatives to bismaleimides.38 In this article, the authors 

use one of the prepolymers developed in the research presented in this chapter (PreDA0.5, vide infra), 

to reduce the level of crosslinking after reaction with their bisitaconimide (BII), in order to maximise 

resin processability. Interestingly, the BII resin seems to undergo retro DA reaction at lower 

temperature (endo 85 °C and exo 110 °C) than the similar BMI-based resin the authors compared it to 

(105 and 120 °C respectively) which is later introduced as DA0.5 in this chapter. Small GFRP specimens 

were later prepared from this BII resin system. Interestingly, the 3pb testing revealed that the BII 

composite suffered from much poorer recycled properties than the BMI composite, with flexural 

modulus decreasing from 5.32 GPa to 2.41 GPa (vs. 4.54 to 3.90 GPa) and flexural strength from 40.2 

MPa to 29.6 MPa (vs. 56.2 MPa to 51.2 MPa). The reason for this behaviour is not explained; however, 

this will be discussed again in Chapter 3, Section 3.53—experiments from this thesis indicate that due 

to isomerisation of the crosslinker, the BII polymer may not be as crosslinked as Lejeail and Fischer 

expected. Nevertheless, despite this poor mechanical performance the reduction in rDA temperature 

is noteworthy and thus may be worth pursuing further. 

2.1.4 Diels-Alder epoxies 1: aims and objectives 

The primary objective of this sub-project is to build on existing DA technology to demonstrate the 

utility of DA CANs in FRP applications, principally in the form of repairability (self-healing, Section 2.6) 

and recyclability (Section 2.4.2). Due to the limited amount of research on CANs as composite 

matrices, secondary objectives include investigations into novel composite manufacturing techniques 

afforded by their unusual rheological profile (Section 2.5.1), as well as the drawbacks—mechanical or 

otherwise—surrounding these materials more generally. With this considered, the DA epoxies 

developed by Fischer and co-workers were the ideal starting point for this project. 

2.2 Synthesis and chemical characterisation 

2.2.1 Synthesis 

Five polymers were synthesised at the beginning of this project based on the original Diels-Alder epoxy 

system reported Turkenburg and Fischer in 2015.36 In their two-step process, DGEBA (Epikote 828 

resin) was first oligomerised (chain-extended) by reaction with furfurylamine. The resultant 

prepolymer was then blended with bismaleimide—1,1‘-(methylenedi-4,1-phenylene)bismaleimide, 

trade name Homide 121 (HOS-Technik), reported hereafter as BMI1—in a screw extruder. The five 

polymers reported in this work were designed to probe the molecular origins of the thermomechanical 

behaviour. These include: a baseline system modelled on the most efficient ‘healing’ agent reported 

in the aforementioned article (DA1), an alternative with half the crosslink density (DA0.5) that should 
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be more easily recycled, and a second alternative with a more compact bismaleimide crosslinker 

(DA2). In addition, by testing the two prepolymers (PreDA1 and PreDA0.5) effects originating from the 

backbone structure of the polymer can be decoupled from the DA crosslinks, experimental details are 

provided in Section 2.8. 

In this work, a one-pot method was used to produce two different prepolymers (PreDA1 and 

PreDA0.5) and from these, three different Diels-Alder crosslinked systems (DA1, DA2 and DA0.5), 

Figure 2.08. 

Figure 2.08. Close-up of the reaction vessel (during prepolymerisation) prior to the addition of the end-capping reagent 

(dicyclohexylamine). 

The cast product PreDA1 was a translucent off-white glassy solid, which became a white powder when 

milled (Figure 2.09). 

 

Figure 2.09. The chemical structure and appearance of PreDA1 as cast. On stoichiometric balance n = 4, though in reality a 

statistical distribution around 4 units exists. 

The cast product PreDA0.5 was a translucent off-white glassy solid, which became a white powder 

when milled (Figure 2.10). 



 

72 
 

UOB Open 

 

Figure 2.10. The chemical structure and appearance of PreDA0.5 as cast. In this example, the chain length corresponds to a 

statistical distribution around n = m = 2 (4 units in total). 

As cast, DA1 is shown as a glassy solid in Figure 2.11, which was milled into powder prior to further 

use. 

 

Figure 2.11. The chemical structure and appearance of DA1 as cast, where n is a statistical distribution around an average 

of 4. The active functional groups of the prepolymer (furan, blue) and crosslinker (maleimide, red) are highlighted. The 

actual crosslinks exist as the [4+2] cycloaddition adducts of these units (Figure 2.06). 

Cast DA2, a brown glassy solid is shown in Figure 2.12. 
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Figure 2.12. The structure and appearance of DA2 as cast, where n is a statistical distribution around an average of 4 

monomer units. The active functional groups of the prepolymer (furan, blue) and crosslinker (maleimide, red) are 

highlighted. The actual crosslinks exist as the [4+2] cycloaddition adducts of these units, Figure 2.06. 

Cast DA0.5 is shown as an orange glass in Figure 2.13. 

 

Figure 2.13. The structure and appearance of DA0.5 as cast, where n is a statistical distribution based on a stoichiometry of 

2 for each monomer (total = 4). The active functional groups of the prepolymer (furan, blue) and crosslinker (maleimide, 

red) are highlighted. The actual crosslinks exist as the [4+2] cycloaddition adducts. 
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The principal differences from the originally published procedure36 are as follows. First, in the original 

materials, the prepolymer had residual epoxide groups at each end due to the use of excess epoxide. 

The authors varied the amine:epoxide ratio and explored in detail how this affected the performance 

of the resultant polymer. In this work, this latent epoxide was consumed via reaction with a secondary 

amine. Dicyclohexylamine was chosen for this purpose due to its high boiling point (256 °C), which 

should allow it to react prior to boiling off. Although the latent epoxide groups facilitated easy 

incorporation into blends with conventional epoxies, these groups reduced the efficacy of healing— 

which is dependent on the rDA reaction—by creating irreversible crosslinks. Second, in the original 

process a screw extruder was used to combine the prepolymer and BMI. However, subsequent testing 

revealed that the Diels-Alder reaction could be performed in a simpler one-pot process, yielding 

polymer of similar quality. Accordingly, for the sake of simplicity and scalability the latter procedure 

was used in this work. 

The formulations of each of these polymers are summarised in Table 2.1. The chosen stoichiometry 

through all five materials, prepolymers and crosslinked polymers, was consistent such that there were 

approximately 1.25 epoxides for every one primary amine (furfurylamine and n-heptylamine) and that 

there were the proportional number of secondary amines to compensate for this excess. The result of 

this is that there should be roughly five DGEBA units for every four linking amines and two end-capping 

amines. Ergo, the prepolymers should be a statistical distribution of oligomers around a modal species, 

the pentamer, where n = 4 (or n + m = 4) in Figures 2.09 and 2.10 respectively. However, this 

description is a slight simplification due to the distribution of DGEBA oligomers in the starting resin 

Epon 828. This resin is not pure DGEBA, but rather a blend of short oligomers. The purpose of this is 

to reduce the melting point, Epon 828 is a viscous liquid at room temperature whereas neat DGEBA is 

a solid. The epoxide equivalent weight (average molecular weight divided by the number of epoxide 

groups per molecule) given by the manufacturer suggests the majority of the resin is monomer. If it is 

assumed that the higher-order oligomers (3, 4, 5 etc.) are negligible, a crude calculation based on 

molecular weight suggests that approximately 85% of the resin is monomer and the rest dimer. 

Therefore, at a rough approximation one in five DGEBA units is a dimer, though since this should only 

have a limited effect on the thermomechanical behaviour of the polymers—and a negligible effect on 

the chemistry—these prepolymers can be fairly well approximated as distributions around the 

pentamer, with a slight bias to longer oligomers. 
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Table 2.1. The constituents of the DA polymers and prepolymers of this study. 

Entry Epoxy Chain extender 1 Chain extender 2 End-cap Crosslinker 

PreDA1 DGEBA 

 

N/A 

 

N/A 

PreDA0.5 DGEBA 

 

 

 

N/A 

DA1 DGEBA 

 

N/A 

 

 

DA2 DGEBA 

 

N/A 

 

 

DA0.5 DGEBA 

 

 

 

 

Ctrl1 DGEBA N/A N/A N/A 

 

Ctrl2a DGEBA N/A N/A N/A 

 

a – small quantities of tetraethylenepentamine, diethylenetriamine and bisphenol A are also used as crosslinkers 

In the three crosslinked materials, DA1, DA2 and DA0.5, a ratio of 0.9 maleimide groups to one furan 

group was chosen. Overall, these stoichiometries were consistent with the best performing materials 

in the previous studies of Fischer and co-workers (in terms of thermal performance and solvent 

resistance). The presence of excess maleimide groups is observed to reduce crosslink density by 

consuming furan groups without bridging the oligomer chains. Although the pentamers are large 

molecules (MW ~2.5 kDa), on the scale of polymer chemistry, these chains are very short and thus 

there is unlikely to be any chain entanglement contribution to their mechanical performance. Ergo, 

the only major interaction holding the prepolymers together (and thus the only major contributor to 

their strengths) is intermolecular attraction: Van der Waals, π-stacking, dipole-dipole and hydrogen-

bonding. The strength of the crosslinked CANs is thus intimately dependent on the DA crosslinks 

themselves. 

There are two possible side reactions common to each of these syntheses. The first, Michael addition, 

is the 1,4-attack of a nucleophile (in this case an amine) to an electrophilic C=C bond, as found in 

maleimides (Figure 2.14a).39 The second, BMI HP, is the self-polymerisation of BMI units which is 

observed above their melting temperature (Figure 2.14b).40,41 In both cases the result of the side-
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reaction is the formation of permanent crosslinks. Such crosslinks significantly erode the functionality 

of the polymer by both reducing chain mobility and the number of functional groups capable of 

participating in the desired DA/rDA reactions. 

 

Figure 2.14. The side-reactions of Diels-Alder epoxy synthesis. (a) Michael addition (exemplified by the reaction of BMI1 

and dicyclohexylamine). (b) BMI1 homopolymerisation. 

Both side reactions result in a colour change from the original gold to a dark orange or red. This is 

potentially a useful visual indication as to when the DA-CAN has become unworkable, Figure 2.15. 

 

Figure 2.15. Visual indication of side-reaction in DA-epoxy synthesis. Left to right: BMI HP leads to a dark orange colour, the 

Michael addition of BMI1 and dicyclohexylamine results in a dark red colour and the analogous reaction of n-heptylamine 

and BMI1 results in a dark orange colouration. 

The characterisation of these DA polymers and prepolymers is detailed in the following sections. 
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Two control epoxies were prepared (see experimental for details) as benchmarks for mechanical and 

thermomechanical comparison, Ctrl1, with an aromatic amine hardener and Ctrl2, with an aliphatic 

amine hardener. The components of which are also summarised in Table 2.1. 

2.2.2 1H NMR spectroscopy 

The 1H NMR spectra of the DA prepolymers are shown in Figure 2.16, from these spectra we can 

deduce information concerning molecular structure and thus confirm the success of prepolymer 

synthesis. The two spectra are very similar with the only major differences the additional alkyl protons 

in the spectrum of PreDA0.5 (1–1.5 ppm, heptyl side groups) and the furyl protons, highlighted in cyan 

(~6.3 and ~7.4 ppm) which integrate to approximately twice the intensity in PreDA1 vs. PreDA0.5 as 

expected. The bisphenolic aromatics are visible as the two broad multiplets at 6.8 and 7.1 ppm 

(highlighted purple) and the backbone methyl groups at 3.9 ppm (highlighted orange). The water peak 

(highlighted grey-blue) is a solvent impurity (not representative of the polymers). Both spectra appear 

as expected with the ratio of furan integrals to backbone aromatic integrals consistent with the chosen 

stoichiometry. 

Figure 2.16. 1H NMR spectra of the prepolymers (PreDA0.5 and PreDA1, navy and black respectively) in CDCl3. Selected 

functional groups highlighted as labelled, non-highlighted peaks correspond to backbone and end-cap (cyclohexyl) CH2s, 

hydroxyls and the alkyl side-chains in PreDA0.5. 

Solution NMR is generally not appropriate for the analysis of crosslinked samples (such as DA0.5, DA1 

and DA2), since this technique requires the sample to be solubilised. 

2.2.3 FTIR spectroscopy 

The FTIR spectra of each of the DA polymers and prepolymers (in powder form) is shown in Figure 

2.17, recorded using a Perkin Elmer Spectrum Two and reported in transmission mode. As with NMR, 
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the principal purpose of infra-red spectroscopy in this study is to deduce information relating to 

molecular structure, providing additional evidence that the polymerisation reactions proceeded as 

anticipated. 

1000200030004000

 

T
ra

n
s
m

is
tt
a
n
c
e
 (

a
.u

.)

Wavenumber (cm-1)

 DA2  DA1  DA0.5  PreDA1  PreDA0.5

 
 

 
 

 

 

Figure 2.17. Bottom-to-top: FTIR (mid infra-red) spectra of PreDA0.5 (red), PreDA1 (orange), DA0.5 (green), DA1 (blue) and 

DA2 (purple) respectively (600–4000 cm-1). 

Each of the FTIR spectra look similar with several regions common to all five materials: (1) A very broad 

stretch in the region of 3700–3200 cm-1, indicative of bound hydroxyl groups (participating in 

hydrogen bonding. (2) The peaks at 2931 and 2857 cm-1, which correspond to alkyl C–H stretches and 

(3) the fingerprint region, 1500–600 cm-1. This is as expected due their closely related structures. The 

only observable differences lie in the carbonyl stretching region (1600–1900 cm-1), Figure 2.18. 
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Figure 2.18. The carbonyl stretching region (1650–1900 cm-1) of the DA polymers, prepolymers and BMI1, the 

bismaleimide crosslinker of DA0.5 and DA1. 

As expected, no carbonyl stretches are visible for either prepolymer, but each of the crosslinked 

polymers exhibits a single broad C=O stretch which is comparable to the primary C=O stretching band 

of BMI1 (the bismaleimide crosslinker of DA0.5 and DA1), and is included for reference (black line). In 

each of the polymers the peak absorption (DA0.5: 1712 cm-1; DA1: 1710 cm-1; DA2: 1712 cm-1) is 

shifted to a slightly higher frequency relative to the BMI reference (1704 cm-1), which likely indicates 

the expected reaction—and the subtly different C=O environment in the crosslinked (adduct) state. 

However, these differences are very small; it seems doubtful that this can be used to infer the degree 

of crosslinking. 

In no case is there evidence of significant primary or secondary amine (3200–3400 cm-1) presence, 

although small quantities could be obfuscated by the broad hydroxyl stretching region. Similarly, there 

is no evidence of residual epoxide, which is typically observed at 915 cm-1 (C–O deformation). 

The peaks at 1607 and 1582 cm-1 correspond to furyl C=C stretches, Figure 2.19. In this case, the 

prepolymers exhibit much stronger absorptions than the crosslinked polymers, as expected since 

these bonds are consumed in the Diels-Alder (crosslinking) reaction. Accordingly, these peaks could 

be useful for monitoring the extent of crosslinking with time-dependent FTIR, using a hot stage to heat 

the sample in situ. It is worth noting that caution must be exercised when comparing different samples 

because transmission% is sensitive to the sample size and the quality of contact with the probe. 
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Figure 2.19. The furyl (C=C) stretching region of each of the DA polymers and prepolymers. 

2.2.4 Molecular weight assessment: MALDI and GPC 

The molecular weight is perhaps the single most important characteristic of linear polymers, since it 

has a fundamental role in defining all major thermal and mechanical properties. However, network 

polymers, including CANs, have an essentially infinitely large molecular weight, and thus this number 

has little significance. Nevertheless, the prepolymers/oligomers have measurable molecular weights, 

which are dependent upon the reactant stoichiometry. Critically, the molecular weight of these 

oligomers plays a significant role in terms of the thermal-mechanical behaviour of the CANs they are 

made into (as will be discussed in Sections 2.3 and 2.5, respectively), accordingly there is value in 

confirming the molecular weight of these species. 

MALDI-TOF (matrix-assisted laser desorption/ionisation) mass spectrometry, behind GPC/SEC (gel 

permeation– or size exclusion–chromatography), is one of the most widely used methods of 

characterising polymers and determining their molecular weight. However, MALDI-TOF molecular 

weight analysis is not always straightforward and is widely reported to be ineffective when probing 

polymers of wide polydispersity.42 This principal limitation of MALDI in this respect is that there is 

substantial discrimination against higher molecular weight oligomers, particularly due to detector 

saturation with low molecular weight oligomers. Since PreDA1 and PreDA0.5 consist of oligomers of 

molecular weights varying by over 1 kDa this effect is likely to be significant and thus this precludes 

accurate molecular weight assessment via this method. Nevertheless, while MALDI in this instance 

cannot provide average molecular weights, it can still be used to confirm the presence of specific 

oligomers and determine the repeating units in the polymers of this study. 
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In the spectrum of PreDA1 a regular pattern emerges from the dominant ion at 704.5 (and its shoulder 

at 703.5) m/z, of peaks of molecular weight increasing by 438 (1143.0, 1580.4, 2017.7, 2455.0, 2892.6 

and 3331.1 m/z). A similar pattern of peaks is visible starting from 961.7 m/z, where peaks of m/z 

increasing by approximately 438 are again observed. 438.23 neatly corresponds to the molecular 

weight of the repeating unit shown in Figure 2.20a, thus we can state with confidence that the 

expected monomer, dimer, trimer and so on up to and inclusive of the heptamer are all present in the 

sample. Interestingly, the monomer produced (Figure 2.20c) from the reaction of DGEBA with two 

dicyclohexylamine units (703.54 m/z) appears to be the dominant ion at 704.5. 

 

Figure 2.20. (a) the theoretical repeating unit of PreDA1 and its exact mass. (b) the second monomer in PreDA0.5. (c) the 

PreDA monomer.  

The mass spectrum of PreDA0.5 was much the same as PreDA1, with the same dominant peak at 704.5 

m/z and peaks consistent with dimers, trimer etc. also readily apparent. However, in this case the 

pattern is complicated by the presence of a second possible monomer (456.31 m/z, Figure 2.20b). As 

expected, a complicated pattern of peaks of m/z increasing by both 438 and 456 is observable. 

It was conceivable that the process of milling the polymers, crosslinked or otherwise, may damage the 

material, eroding the chain length and with it the associated mechanical performance. Since all testing 

performed hereafter—except some rheology—concerns polymer that has been milled at least once, 

and the recycling process (vide infra, Section 2.4.2) requires an additional milling cycle, this is of 

fundamental importance to evaluate. To accurately determine molecular weight and assess the 

influence of milling upon molecular weight requires another technique, GPC. 

Though GPC comes in a variety of guises, the principle is simple. A polymer solution is pumped through 

a column of porous particles, the polymer chains spend a certain amount of time residing within these 
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pores that is proportional to their coiled volume, which in turn is dependent on molecular weight: 

short polymer chains can most easily enter the pores of the packing material and hence reside on the 

column the longest. Conversely, the longer chains interact with the column to a much smaller degree 

and come through first. As the polymers leave the column they pass through a detector (often, but 

not exclusively a dynamic light scattering system) and from this, several molecular weights and 

associated metrics are calculated by the instrument. The most important are the number average 

molecular weight (Mn, the total weight of polymer divided by the total number of molecules), the 

weight average molecular weight (Mw, which uses the contribution of the molecular weight of 

individual chains to the overall average) and dispersity, Đ (formerly known as polydispersity index, the 

ratio of Mw to Mn). 

PreDA1 and PreDA0.5 were analysed via GPC relative to a polystyrene (PS) standard in THF (through a 

polystyrene-divinylbenzene column). The lower molecular weight fractions of both polymers were 

approaching the calibration limit and were not completely resolved from the solvent peak; however, 

in all cases the majority of the peak was captured (Figure 2.21), which allows fairly reliable assessment 

of Mn, Mw and D (Table 2.2) relative to the standard. Each polymer was tested after 1, 2 or 3 milling 

cycles. Importantly, no significant difference (within experimental error) was observed between 

samples of different cycle. Thus the reduction of molecular weight due to milling is negligible 

compared to the molecular masses of the chains involved. Accordingly, this suggests that milling 

should not have a significant effect upon mechanical performance. 

Table 2.2. GPC molecular weight assessment of PreDA1 and PreDA0.5 relative to a 
polystyrene standard. 

 PreDA1 PreDA0.5 

  A B C A B C 

Mn / kDa 3.85 3.80 3.81 4.34 4.46 4.45 

Mw / kDa 6.99 7.36 7.21 11.74 11.12 10.62 

Đ 1.82 1.94 1.89 2.71 2.49 2.39 

 

GPC separates polymers in terms of their column retention times dependent upon the apparent size 

of the polymers in solution. Different polymers of the same molecular weight may vary considerably 

in terms of their apparent size in a given solvent as a function of both intramolecular and 

intermolecular interactions. Accordingly, assessment of absolute molecular weights via GPC requires 

precise calibration. Such precise methods exist, such as by calibrating to the same material as is to be 

tested after determining molecular weight via other methods such as osmometry. Alternatively, 

universal calibration methods are widely used based on the seminal work of Benoit et al.43 This 

method relies upon an viscosity analysis of several narrow standards. Time and equipment constraints 
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rendered these calibration methods impractical, thus for the sake of these simple analyses relative 

calibration was considered sufficient. 

Although analysis of a wide range of polymers using a standard PS calibration is commonplace in the 

literature, it is well documented that the calculated molecular weights can deviate significantly from 

absolute values. The work of Noor et al.44 in 2017 highlights this particular issue: the researchers found 

that a carefully designed calibration series that more closely resembled the polymers they were 

analysing, resulted in molecular weights (Mw and Mn) approximately 50% lower than analogous tests 

using a PS standard calibration. Importantly, these lower molecular weights were in close agreement 

with vapor pressure osmometry experiments. 

Although the different samples may be reliably compared with each other, the results of this study 

should thus be used with caution—the absolute values are not likely to be accurate due to this non-

optimised calibration. 

3 3.5 4 4.5 5

0

0.5

1

PreDA1_a

PreDA1_b

PreDA1_c

PreDA0.5_a

PreDA0.5_b

PreDA0.5_c

W
F

/d
L

o
g

M

Molecular Weight (kDa)  

Figure 2.21. The raw molecular weight distributions observed from GPC. Where ‘a’, ‘b’ and ‘c’ refer to 1, 2 or 3 milling 

cycles respectively. 

The theoretical modal species of both PreDA1 and PreDA0.5 based on their stoichiometries are the 

respective pentamers ~2.4 kDa or the analogous species where one of the five monomers is a DGEBA 

dimer, ~2.7 kDa. In either case the PS-calibrated GPC Mn values imply modal species of approximately 

4.0 and 4.5 kDa respectively. Because these polymers are both bulkier and more polar than the PS 

standard, PreDA1 and PreDA0.5 will have a significantly shorter retention time than PS of equivalent 

molecular weight. This effect should be more pronounced for PreDA0.5, which due to the presence of 

the n-heptyl branches should have a significantly larger hydrodynamic volume (and apparent size in 

solution) than PreDA1. This is reflected in the results shown in Table 2.2. Though theoretically the two 
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prepolymers should be very similar in molecular weight (PreDA0.5 is 0.036 kDA heavier), the observed 

Mn of PreDA0.5 is significantly greater (~0.7 kDa heavier). The difference in Mw—which is biased by 

heavier components—is even more pronounced with PreDA0.5 ~4 kDa heavier. This is further 

reflected in the differences in Đ with PreDA0.5 showing a much broader molecular weight distribution, 

an expected product of the wider variety of components in PreDA0.5. In summary, these experiments 

show that both prepolymers are broadly in the region of molecular weights expected from theory, 

although there is significant disparity, this is to be expected from the calibration which was used. 

Importantly, both prepolymers show a broad molecular weight distribution, with PreDA0.5 

significantly broader than PreDA1. There is negligible change in molecular weight observed after 

milling. 

2.3 Thermal characterisation 

2.3.1 Rheology 

Rheometry is a highly versatile tool in polymer chemistry. The many variables determining the fluid 

behaviour of polymer melts (temperature, shear rate, geometry, molecular weight, thermal history 

etc.) mean that an infinite variety of experiments can be used probe the rheological behaviour of 

polymers. In thermoset (curable) systems, one of the most valuable insights from rheology is the 

processing window, i.e. how much time is available at a given temperature to formulate a polymer 

resin before the viscosity grows to such an extent it is unworkable. Or what temperature range the 

resin can be used in before the viscosity makes it unworkable. This ‘working lifetime’ concept will be 

explored later in this section with simple isothermal experiments. CANs, due to their reversible 

crosslinking, exhibit unusual rheological behaviour. In thermally activated (dissociative) CANs, as the 

polymer de-crosslinks it is associated with a large, sharp drop in viscosity, similar to a melt in some 

thermoplastics. As temperature decreases and the crosslinks reform, the polymer becomes a glassy 

solid again. Accordingly, experiments with a dynamic temperature profile (and constant shear rate) 

can be highly informative and are thus ideal for confirming CAN-type behaviour. Experimental details 

are provided in Section 2.8. 
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Figure 2.22. A viscosity-time-temperature plot comparing the behaviour of DA1 (both as cast and after milling) and its 

prepolymer (PreDA1, as cast) in cycles between 60 and 120 °C (parallel plate, 0.1% oscillatory strain, 1 Hz). 

The prepolymer PreDA1 reversibly softens, with viscosity dropping from 109 cP to just under 105 cP at 

120 °C, consistently for each cycle, Figure 2.22. Within this temperature range PreDA1 is above its 

glass transition temperature; a viscoelastic liquid throughout the experiment. In contrast, the two 

forms of the DA1 CAN show a more distinct transition from solid (1010 cP is approximately the upper 

limit of measurement) to viscoelastic liquid. Both forms show a slight increase in the minimum 

viscosity with each cycle, consistent with the material becoming increasingly crosslinked. This could 

be the product of either the material becoming more homogeneous, such that there are more Diels-

Alder linkages, or indicative of permanent crosslinking due to side-reactions. In any case, this is a small 

effect at this temperature and clearly demonstrates the repeatable nature of the de-crosslinking 

process: this behaviour is not possible with conventional crosslinked materials (which remain solid up 

to the point of decomposition). 

Interestingly, the two forms of DA1 show significantly different behaviour. The cast polymer shows a 

significantly lower minimum viscosity than the powdered material. Milling the polymer and re-melting 

it is certain to increase the homogeneity and this seems likely to be the dominant factor resulting in 
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this difference. The temperatures and durations in this experiment are unlikely to result in significant 

side-reaction. 

In Figure 2.23, the three cast CANs, DA0.5, DA1 and DA2 are compared. There are several notable 

differences between these three CANs, the most obvious being the disparity in viscosity minima (at 

120 °C). With half as many crosslinks to undergo the retro-DA reaction, DA0.5 has the lowest minimum 

of viscosity (~1E+6 cP). Presumably, this reflects the presence of a smaller number of residual 

crosslinks at 120 °C, in all cases the DA reaction is in equilibrium, and even at 120 °C, some intact 

crosslinks are expected. DA1 has only a slightly higher viscosity minimum (~2E+6 cP), which suggests 

that both DA1 and DA0.5 are almost entirely dissociated. However, when inspecting the profiles of 

the corresponding prepolymers, Figure 2.24, it becomes apparent that PreDA1 is significantly less 

viscous than PreDA0.5. Hence it is likely that DA0.5 has fewer residual crosslinks than DA1 and the 

similarity in viscosity minima is coincidental, a product of the differences in the prepolymer (which is 

essentially the fully de-crosslinked state). A much more substantial difference is observed when 

comparing DA2 to DA1 and DA0.5. With a viscosity minimum of ~1E+7 cP, DA2 has a significantly 

higher minimum viscosity. This observation can be readily explained by the difference in the Diels-

Alder chemistry; the higher minimum suggests the presence of significantly more residual crosslinks. 

Indeed, the second notable difference between the curves—the onset of the viscosity drop (i.e. de-

crosslinking onset)—seems to support this hypothesis. DA2 (~90 °C) has a later onset of de-crosslinking 

(relative to DA1: ~80 °C and DA0.5: ~65 °C), graphically shown by the widest plateaus at the top of the 

figure. Accordingly, it seems probable that the whole process of de-crosslinking is shifted to a higher 

temperature for DA2 relative to the other polymers, therefore a smaller fraction of its crosslinks are 

broken at 120 °C. 

The final point to note from Figure 2.23 is that all of the DA polymers show that they can repeatedly 

crosslink and de-crosslink, with only a slight increase in the minimum of viscosity with each cycle. This 

trend of increasing viscosity is probably a product of both increasing homogeneity—resulting in a 

greater proportion of crosslinks formed after each cycle—and the side reactions discussed previously, 

Figure 2.14. 
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Figure 2.23. A viscosity-time-temperature plot comparing the behaviour of DA1, DA2 and DA0.5 between 60 and 120 °C 

(parallel plate, 0.1% oscillatory strain, 1 Hz). 

The rheological behaviour of the two prepolymers, PreDA1 and PreDA0.5 is shown in Figure 2.24.  
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Figure 2.24. A viscosity-time-temperature plot comparing the behaviour of PreDA1 and PreDA0.5 in cycles between 60 and 

120 °C (parallel plate, 0.1% oscillatory strain, 1 Hz). 

A key feature of Figure 2.24 is the absence of an upwards trend in viscosity minima (observed of all 

the crosslinked polymers). In this case, the two prepolymers show no discernible difference in their 

viscosity minima with repeated thermal cycling, indicating that these materials are thermally stable 

within this temperature range and are not undergoing further chemical reactions (confirming the 

polymerisations as complete). Interestingly, the two profiles are quite different: PreDA1 has both a 

greater maximum viscosity (1.5E+9 cP) and lower minimum viscosity (8E+4 cP) than PreDA0.5 (5E+8 

cP and 2E+5 cP respectively). On first inspection this might seem contradictory; however, both 

phenomena may be explained by the differences in chemical structure. At lower temperature, when 

the materials are best described as glassy solids, PreDA1 has a much more regular structure, with an 

aromatic backbone and aromatic side groups (furan), this material can stack much more efficiently 

and the net result of this is stronger intermolecular (inter-chain) interactions and a higher Tg (which 

will be explored later with DSC and DMA experiments). In contrast, the less regular structure of 

PreDA0.5, with two different side groups (one aromatic, one aliphatic) there is less efficient solid-state 

packing and this material has a lower Tg, softening earlier. At higher temperatures, beyond Tg, the 

prepolymers melt and are better described as viscoelastic liquids. As a melt, PreDA0.5 again is a a 
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much more complicated combination of molecular structures due to its two side groups, and 

importantly, the relatively long aliphatic (n-heptyl) side groups are likely to contribute to a larger 

radius of gyration and a less efficient flow of these chains over each other. On a macroscopic scale this 

would be expected to manifest as a relatively higher viscosity, as observed. 

Each of the dynamic rheology experiments (with cast samples) are summarised in Figure 2.25. 

Figure 2.25. A viscosity-temperature-time plot demonstrating representative rheological behaviour of each of the polymers 

in this study, in cycles between 60 and 120 °C (parallel plate, 0.1% oscillatory strain, 1 Hz). 

A second series of rheology experiments was performed to further examine the observed upwards 

trend of viscosity minima with the three crosslinked DA epoxies. In this series each of the polymers 

was held isothermally at 120 °C and the increase in viscosity was monitored over time. This provides 

information on ‘working lifetime’, Figure 2.26. 
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Figure 2.26. 120 °C isothermal rheology of the Diels-Alder epoxies (parallel plate, 1% oscillatory strain, 1 Hz). 

With an initial viscosity of approximately 1.7E+06 cP, DA1 takes approximately 50 min to double in 

viscosity and 90 min to triple to 5.1E+06 cP. For comparison, DA2 with a much higher baseline viscosity 

of 6.7E+06 cP takes almost 80 min to double in viscosity and 140 min to triple in viscosity 2.0E+07 cP. 

In agreement with the dynamic experiments, DA0.5 is much more similar to DA1, with a lower baseline 

viscosity 6.6E+05 cP, a 54 min time to double in viscosity and 90 min to tripling in viscosity (to 2.0E+06 

cP). As previously discussed, the mechanism behind the increasing viscosity is likely a product of both 

a gradual increase in homogeneity of the DA-linkages, and permanent crosslinking (side-reactions). 

This simple study indicates that DA1 and DA0.5 have a working lifetime in the region of >100 min at 

120 °C; even a viscosity increase of three-fold leaves the CANs with some melt-like behaviour (viscosity 

around 5E+06 cP). DA2 is much higher in viscosity than DA1 despite the structural similarity. Although 

the increase in viscosity associated with DA2 is slow, its high baseline viscosity may make it 

unworkable within 1 h at 120 °C (viscosity above 1E+07 cP). This illustrates that the BMI has a 

significant influence on viscosity and therefore resin processability—a more flexible BMI crosslinker 

could be designed to optimise resin processability for specific manufacturing conditions. 

With baseline viscosities of ca. 106
 cP, which equates to 1000 Pa.s at 120 °C, the viscosities of these 

DA CANs are significantly above the processing viscosities of infusible thermoset resins (ca. 1 Pa.s) and 

even prepreg thermosets (ca. 10–100 Pa.s). This means that these polymers will require pressurisation 

during impregnation and thus may only be compatible with compression moulding techniques. 

However, unlike most CANs and vitrimers, these DA materials are pre-cured, which explains the high 

viscosity compared to conventional thermosets. This means these materials cannot compete with 

thermosets as was outlined as desirable at the end of Section 1.7. Instead, these CAN powders are 
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more akin to thermoplastics in terms of their processing conditions. Nevertheless, as unreactive 

powders these CANs have the advantages of easy storage/handling and an indefinite shelf-life. 

2.3.2 Differential scanning calorimetry 

The DSC profiles of each of the three DA CANs and their respective prepolymers are presented herein. 

These plots provide information concerning physical and chemical events (and their reversibility) and 

provide a first means of characterising glass transition temperature, Tg. For reference, the DSC profile 

of BMI1 is shown in Figure 2.27. Two large, sharp endotherms are evident in the first heating cycle at 

approximately 155 and 165 °C, representing the melt of crystalline phases. Almost immediately after 

the second endotherm (~170 °C), an exotherm indicative of BMI HP is evident. 
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Figure 2.27. A representative heat-cool-heat of BMI1 between 30 and 250 °C (exo up, 10 °C min-1, ~8 mg sample mass). 

In Figure 2.28, a representative heat-cool-heat of DA1 is shown. 
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Figure 2.28. A representative heat-cool-heat of DA1 between 30 and 200 °C (exothermic up). Approximately 5 mg of 

polymer was used with a heating rate of 10 °C min-1. 

The glass transition of this polymer is clearly visible in both the first heating and cooling phases of the 

experiment as a second order event (or step in the curve) at approximately 75 °C. The key feature is 

the very broad endotherm between 70 and 180 °C which corresponds to the equilibrium of the DA/rDA 

reactions: as the temperature increases the equilibrium position shifts to increasingly favour the retro-

DA reaction, becoming more endothermic as more bonds are broken. However, several other thermal 

events are superimposed over this, with the most important being an exotherm between 160 and 200 

°C. It is likely that this corresponds to HP of free BMI1 (Figure 2.27): where rDA is favoured a significant 

proportion of the BMI crosslinker will be free in the polymer melt, and above their melting points (in 

this case 155 °C, which is detectable in the DSC trace) BMIs are known to homopolymerise. The result 

of homopolymerisation is the formation of a polyimide phase and an associated decrease in the 

number of DA crosslinks (that would otherwise reform on cooling). As expected, in the second heating 

phase the area of both the rDA endotherm and HP exotherm are significantly reduced. There are 

several other minor irreversible features superimposed on the rDA endotherm: at 70–85 °C, 115 °C, 

140 °C and 155 °C. As previously alluded to, the small endotherm at 155 °C probably corresponds to a 

melt of BMI-rich regions. With regards to the other events, due to their size relative to the larger 

endotherm, it is unclear if these correspond to small exotherms/endotherms or second order 

transitions. One possibility is that these points reflect the maxima of the endo and exo rDA reactions. 

As discussed in Section 2.1.2, the endo DA adduct generally undergoes reversion at lower 

temperature.  
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Figure 2.29. A representative heat-cool-heat of PreDA1 between 30 and 200 °C (exo up). Approximately 5 mg of polymer 

was used with a heating rate of 10 °C min-1. 

The glass transition of PreDA1 is obscured by a large melting event (sharp endotherm) in the first 

heating phase, though it is clearly visible in both the cooling and second heating phase as a step at 

approximately 52 °C. Secondary endotherms are visible at approximately 75, 100 and possibly 130 °C, 

which is likely a product of sample inhomogeneity. 
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Figure 2.30. A representative heat-cool-heat of DA2 between 30 and 200 °C (exo up). Approximately 5 mg of polymer was 

used with a heating rate of 10 °C min-1. 

The DSC profile of DA2, the second polymer made from PreDA1 (with BMI2 as the crosslinker), is 

shown in Figure 2.30. The Tg is less pronounced than in DA1, but is just visible at approximately 80 °C. 
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This is slightly higher than the two other DA epoxies, which could be a product of the tighter interchain 

packing which would be expected from the shorter crosslinking unit (tolyl vs. bisphenyl). A larger DA 

endotherm is also observed at the slightly higher temperature range of 80–180 °C. This suggests a 

more abrupt change from the DA-dominated to rDA-dominated regimes. Beyond ~160 °C there is an 

exotherm indicative of BMI HP. Importantly, in this case there seems to be greater residual DA-activity 

(endotherm) in the second heating cycle of this material compared to the other two DA-epoxies. This 

supports the theory that BMI2 undergoes HP at a higher temperature than BMI1. This could be 

explained by the higher melting point of this compound (the manufacturer reports that its melting 

point is approximately 20 °C higher than BMI1). 
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Figure 2.31. A representative heat-cool-heat of DA0.5 between 30 and 200 °C (exo up). Approximately 5 mg of polymer 

was used with a heating rate of 10 °C min-1. 

The glass transition temperature of DA0.5 (Figure 2.31) is approximately 55–60 °C and is considerably 

better defined than the more densely crosslinked materials (DA1 and DA2). In sharp contrast to DA1 

there is a well-defined melting event at 65 °C, which likely corresponds to Tv, the topological freezing 

temperature, above which the dynamic chemistry become active. This may be more pronounced in 

the case of this polymer, due to the presence of short oligomers not bound into the polymer network, 

which would be expected of a material with much lower crosslink density. Otherwise, the same 

features are observed: a 70–180 °C endotherm corresponding to the DA/rDA equilibrium though this 

is less pronounced due to the reduced number of furan and maleimide groups. The exotherm 

corresponding to BMI HP is also less clearly defined for the same reason. Both of these major events 

are similarly diminished in the second heating process due to consumption of BMI by HP. 
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Figure 2.32. A representative heat-cool-heat of PreDA0.5 between 30 and 200 °C (exo up). Approximately 5 mg of polymer 

was used with a heating rate of 10 °C min-1. 

The glass transition of PreDA0.5 is at a slightly lower temperature (40–45 °C) than the more regular 

prepolymer PreDA1 (50 °C). As with the other prepolymer, PreDA0.5 shows a sharp endotherm 

corresponding to a primary melting event at approximately 53 °C (5 °C lower than PreDA1). A 

secondary irreversible endotherm is visible at around 60 °C, which likely corresponds to the melting 

event of a minor phase (perhaps a furfurylamine-rich phase as this is close to the melting event 

observed in PreDA1). 

2.3.3 Dynamic mechanical analysis 

In recent years, Dynamic Mechanical Analysis (DMA) has been established as one of the premier 

techniques for interrogating CANs, vitrimers and other functional polymers. This technique provides 

precise information concerning the thermal dependence of various measures of stiffness and is 

particularly valuable for determining Tg. Dynamic thermal sweeps remain the standard for 

characterising moduli temperature dependence, but static isothermal stress-relaxation experiments 

are now also widespread as they provide an excellent way of confirming vitrimer-type behaviour 

(Arrhenius-type stress relaxation). While vitrimers (associative CANs) soften at elevated temperatures 

as they pass through their Tg and Tv, they should remain solid, with significant residual stiffness (i.e. 

they exhibit a rubbery plateau) even when their dynamic chemistry is active. In contrast, with 

dissociative CANs such as the DA materials reported herein, de-crosslinking occurs at elevated 

temperature such that Tv is associated with an apparent melt. 
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The most important metrics produced by conventional dynamic mechanical analysis are storage 

modulus, loss modulus and tan(). Storage modulus (E’) is simply the ‘real’ component of the 

material’s stiffness, a measure of the storage of applied load as elastic energy. Loss modulus (E’’) in 

contrast, is the imaginary component, a measure of energy dissipation through internal segmental 

motion. Below glass transition, internal segmental motion is small and oftentimes negligible as the 

polymer chains are rigidly fixed in place. As temperature increases above Tg these polymer segmental 

motions are slowly activated. However, these motions are initially greatly inhibited by molecular 

friction, which dissipates the applied force as heat, resulting in a sharp upturn in loss modulus. 

However, there is a concomitant drop in the storage modulus as less of the applied load is stored 

elastically. The two moduli are related by tan(), the loss factor, the other most widely quoted 

parameter in DMA. This is a measure of the phase angle between the real and imaginary components: 

tan(𝛿) =  
𝐸′′

𝐸′
     Eq. 2.2 

Homogeneous crosslinked materials usually follow the same patterns outlined above: with storage 

modulus falling sharply from an initial plateau after passing through glass transition and then 

stabilising at an equilibrium low level as the polymer is fully relaxed, as illustrated by the two 

conventional epoxies Ctrl1 and Ctrl2 in Figure 2.33. Simultaneously, the loss modulus starts from an 

initial baseline, sharply rises to a maximum (after Tg) and then falls toward zero. As loss modulus tends 

to zero molecular frictions are reduced such that there is no dissipation of the applied load as heat, 

this is typical of polymeric materials after glass transition, with or without melting. As storage modulus 

tends to zero the material has no elasticity and becomes a liquid. Thermoset polymers, such as 

conventional epoxies, do not exhibit this behaviour. Instead, after Tg, thermosets usually exhibit a 

rubbery plateau which represents the residual elasticity of the relaxed polymer network. In contrast, 

all three DA CANs undergo both Tg and Tv at approximately the same temperature; the polymer 

network softens and then due to de-crosslinking, the polymer melts and storage modulus tends to 

zero. This behaviour is also reflected in the noise associated with each of the following tan() curves 

around the melt (Tv)—as the storage modulus approaches zero measurement sensitivity is lost. If the 

oligomers were of significantly higher molecular weight (>10 kDa), chain entanglement would be 

expected to contribute to some residual network stiffness and so a rubbery plateau may be observed. 

The residual storage modulus (rubber plateau) is often used to calculate crosslink density, though even 

if these materials exhibited a rubber plateau, since the equilibrium position of the crosslinking reaction 

varies at elevated temperature, such calculations would be meaningless for these CANs.  
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Figure 2.33. The storage moduli of each DA CAN and the control epoxies Ctrl1 and Ctrl2 (single cantilever beam geometry, 

1 Hz, 15 µm amplitude, 5 °C min-1). Ctrl1 is the simple copolymer of Epon 828 (DGEBA) and EDA (4,4’-ethylenedianiline). 

Ctrl2 is an in-house epoxy prepared from Epon 828 and a blend of alkylpolyamines. 

The two primary differences between the three DA CANs are evident in Figure 2.33: initial stiffness 

and the onset of melting. The stiffnesses of both DA1 and DA2 are almost exactly identical with near 

perfect overlap, indicating that the structure of the crosslinker (the BMI)—which is the sole difference 

between the materials—has negligible influence upon the polymer stiffness at ambient temperature. 

In contrast, the half-crosslinked CAN (DA0.5), has approximately half the initial stiffness. This is likely 

in large part due to the poorer interchain packing between units as a result of n-heptyl side groups, 

though may also be a product of the reduced crosslink density. In agreement with DSC (Section 2.3.2) 

and rheology (Section 2.3.1) data, DA0.5 also undergoes melting (storage modulus tending to zero) at 

a much lower temperature than the other two CANs, with onset (Ton) at approximately 75 °C and 

completion (Tend) at just over 100 °C. DA1 has Ton = 90 °C and Tend = 120 °C, and the curve of DA2 is 

shifted by 5 °C to Ton = 95 °C and Tend = 125 °C, again in agreement with DSC results. Interestingly, in 

all cases the glass transitions and melting appear to occur simultaneously. This is to be expected of 

most de-crosslinkable systems, since each of the three most likely combinations of Tg and Tv favour 

this behaviour: (1) Tg ≈ Tv, naturally, glass transition and de-crosslinking could occur at very similar 

temperatures independent of each other. (2) Tg > Tv, since de-crosslinking should result in the same 

effect of increased molecular mobility as glass transition does, if Tg would otherwise be higher, the 

melt would effectively induce it prematurely. (3) Tg < Tv, similarly, the increased molecular movement 

available to the polymer chains after passing through glass transition would be expected to enhance 

the rate of de-crosslinking by increasing the probability of the bond vibrations required to effect the 
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rDA reaction, hence this eventuality would also favour simultaneous (or near simultaneous) Tg and Tv. 

In all of these DA CANs, the DSC plots suggests that the Tg is well-defined and occurs just before the 

de-crosslinking endotherm. This suggests that these materials resemble scenario 3—the Tg helps to 

induce de-crosslinking (and thus melting). 

The three major DMA profiles of a representative DA1 specimen are shown in Figure 2.34. The storage 

modulus has an initial value of approximately 2.3 GPa, whereas the loss modulus is initially 23 MPa. 

Each of the curves shows the expected profile, with E’ sharply falling and both E’’ and tan() sharply 

rising after the Tg. There are several different points on DMA curves that researchers commonly use 

to define Tg: (1) The onset of the storage modulus (calculated from the intersection of the tangents to 

the horizontal and descending regions of the curve), (2) the peak of the loss modulus curve and (3) 

the peak of the tan() curve. Each of these methods gives a different value of Tg, with (1) giving the 

lowest value, (2) a slightly higher value and (3) a significantly higher value. Though each measure has 

its merit, for simplicity only the intermediate Tg corresponding to the maximum of loss modulus (2) is 

reported herein. 
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Figure 2.34. Representative single-cantilever DMA plots of DA1 (1 Hz, 15 µm amplitude, 5 °C min-1). Left axis: storage 

(black) and loss (red) moduli. Right axis: tan() (blue). E’’max = 97 °C. 

The maximum of loss modulus corresponds to the point at which the maximum amount of the applied 

load is dissipated as heat. On the molecular level, this represents the point at which molecular motions 

are undergoing the most change, with a large amount of molecular motion and a large amount of 

molecular friction, in essence, the midpoint of the glass transition region. In the case of DA1, this 

maximum occurs at 97 °C. This is significantly higher than the value suggested from DSC (the step in 

heat capacity is around 70–85 °C). One key difference between the DSC and DMA experiments 
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discussed in this chapter is the heating rate, which is known to have a significant influence on Tg.45 

Generally, faster heating rates yield a higher Tg as a result of thermal lag and relaxation effects. 

However, in this case the DSC was performed at the higher heating rate (10 °C min-1) than the DMA (5 

°C min-1). In these experiments the observed differences are instead attributed to the sensitivity 

differences between the techniques: DSC is a much less sensitive technique for determining Tg; the 

change in heat capacity at glass transition is considerably smaller than the change in moduli (which 

DMA measures). Accordingly, these values of Tg are much more reliable. 

The DMA profiles of the prepolymer PreDA1 are shown in Figure 2.35. The baseline of storage modulus 

in this case is 1.15 GPa which is approximately the same as the baseline stiffness of DA0.5. Evidently, 

the prepolymer composition has an enormous effect on the material stiffness. As observed in the 

curves of DA1 and DA2, clearly a high crosslink density contributes to a marked increase in this 

stiffness. However, surprisingly, below a threshold concentration it appears the crosslinks do not have 

a significant influence upon stiffness. In contrast, the absence of crosslinks has a much more 

pronounced effect upon glass transition: the peak in loss modulus (Tg) for this prepolymer is much 

lower than the crosslinked CANs at 57 °C. One feature of this plot that is immediately apparent is its 

premature termination. Both storage and loss modulus curves would be expected to tend to zero as 

with the crosslinked polymers, but at a much lower temperature. As the polymers melt they can 

damage the DMA fixture jig, although the risk of this is mitigated by an automatic heater cut-off (when 

storage modulus approaches zero); however, fast-melting materials can overcome this cut-off. 

Accordingly, these experiments were terminated prematurely at 65 °C. With hindsight a maximum 

temperature of 70 °C may have been acceptable. 
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Figure 2.35. Representative single-cantilever DMA plots of PreDA1 (1 Hz, 15 µm amplitude, 5 °C min-1). Left axis: storage 

(black) and loss (red) moduli. Right axis: tan() (blue). E’’max = 57 °C. 

The DMA results of a representative DA2 specimen are shown in Figure 2.37. As discussed previously, 

the baseline storage modulus of 2.2 GPa is almost identical to DA1 (2.3 GPa). The same is true of the 

baseline loss moduli (both 23 MPa). The only significant difference between the behaviour of the two 

materials is the difference in glass/melt transition. In this case the maximum of loss modulus is 101 

°C, 4 °C higher than DA1, which implies that DA2 has more stable crosslinks, in good agreement with 

the differences observed in both rheology and DSC experiments. The two different crosslinkers are 

shown again in Figure 2.36. 

 

Figure 2.36. Left, BMI1 (1,1’-(Methylenedi-4,1-phenylene)bismaleimide), used in DA1/ DA0.5, and right, BMI2 (N,N’-(4-

methyl-m-phenylene)-bismaleimide), used in DA2. 

The primary differences between the two linkers are the length between the maleimide groups, which 

is significantly shorter in BMI2 and the presence of the methyl group on BMI2. The net influence of 

both features is that the maleimide moieties of BMI2 should be slightly more sterically encumbered. 

The result of this might be that the forward Diels-Alder reactions are slightly slower in DA2; however, 

this would not be expected to have a significant influence upon the rDA reactions. Instead, it is more 

likely that adducts are slightly thermodynamically stabilised in DA2, possibly a result of electron-

induction moving electron-density toward the adducts from the methyl group (which is only present 
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in BMI2). As in DA1, the storage modulus of DA2 tends to zero after the glass/melt transition (~120 

°C), as the polymer becomes a viscoelastic liquid. 
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Figure 2.37. Representative single-cantilever DMA plots of DA2 (1 Hz, 15 µm amplitude, 5 °C min-1). Left axis: storage 

(black) and loss (red) moduli. Right axis: tan() (blue). E’’max = 101 °C. 

In Figure 2.38 the three DMA results of a representative sample of DA0.5 are shown. As discussed 

previously, the baseline storage (1.03 GPa) and loss (56 MPa) moduli are approximately the same as 

the prepolymer PreDA1 (note however that this is not the prepolymer from which this CAN was made). 

With less crosslinks than DA1 and DA2, this CAN is much less stiff. This large disparity in stiffness could 

also be a product of the less regular backbone (with frequent n-heptyl branches) of the prepolymer 

PreDA0.5, which could disrupt the solid-state packing. The maximum of loss modulus in this case is 79 

°C. This is again significantly higher than the value of Tg implied by DSC but follows the same trend as 

with DA1 and DA2. This confirms that DA0.5 melts at a significantly lower temperature than the other 

two CANs, though is still reasonably robust up to this point. 
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Figure 2.38. Representative single-cantilever DMA plots of DA0.5 (1 Hz, 15 µm amplitude, 5 °C min-1). Left axis: storage 

(black) and loss (red) moduli. Right axis: tan() (blue). An artefact—probably a jog to the machine—seen as a minor wobble 

in the moduli curves and a sharp spike in tan() between 88–92 °C has been removed by smoothing. E’’max = 79 °C. 

It is worth noting that attempts to prepare and test a specimen of PreDA0.5 were unsuccessful. This 

was principally a result of the polymer’s brittleness, which is a feature common to both prepolymers 

and all three DA CANs—this will be discussed in some detail in later sections. Despite best efforts to 

minimise the risk (by lightly clamping the specimens and then pre-heating them to ~50 °C prior to 

tightening), approximately half of all specimens failed due to fracture on clamping to the test rig.  

2.4 Solvent resistance and swelling 

2.4.1 Solvent resistance study 

The behaviour of polymers upon exposure to a solvent provides information concerning the extent of 

crosslinking. Conventional thermoset polymers are almost entirely insoluble in all solvents: the strong 

crosslinks between chains preclude their separation and dissolution. Instead, absorption of the solvent 

can occur to a greater or lesser extent, dependent upon the density of the polymer network and the 

relative polarities of both polymer and solvent. In contrast, thermoplastics can be partially or wholly 

soluble in certain solvents dependent upon polarity and molecular weight. High levels of solvent 

absorption or dissolution can preclude the use of materials in environments in which they are likely 

to encounter that solvent, because both effects can drastically alter the polymer’s mechanical 

properties. This is often evident with absorption in terms of ‘plasticisation’ which reflects a substantial 

degradation of stiffness. This is most commonly a concern with water absorption due to the ubiquity 

of water in many environments. A simple experimental procedure was followed as outlined in Section 

2.8 and the results are summarised below in Figure 2.39. 
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Figure 2.39. Summary of the mass changes of each of the five polymers after immersion in water, hexane, ethanol, 

toluene, chloroform and dichloromethane respectively. 

Several trends emerge from Figure 2.39, as both the nature of the polymer and the nature of the 

solvent can have a large effect on the observed behaviour. In particular, it is clear that DA1 and DA2 

follow a similar pattern to each other, as do PreDA1 and PreDA0.5, and DA0.5 is somewhat 

intermediate between the two extremes. In addition, the first three solvents (water, hexane and 

ethanol) induce a meagre change in mass when compared to the latter three (toluene, chloroform 

and DCM). These patterns are highlighted in Figures 2.40 and 2.41, which highlight the mass changes 

in terms of the solvent and polymer respectively. 
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Figure 2.40. Percentage mass change of each polymer sorted by solvent. Positive values correspond to absorption 

dominated behaviour. Negative values correspond to dissolution dominated behaviour. The positive values are calculated 

from the gel mass, and the negative from the final dry masses. 

The six solvents used in this study were chosen to reflect a range of polarities and structures, and are 

some of the most widely used. The first and most polar solvent, water, has only a minor effect on any 

of the polymers: after complete immersion in water for 6 days, DA2 absorbed the most, increasing in 

mass by only 5%. Ethanol, the next most polar, has a similarly small effect on all of the polymers but 

shows a slight increase in absorption levels. In this case the maximum absorption is with DA0.5, 22%. 

The least polar solvent, hexane, has a slightly more pronounced effect, with absorptions in the range 

of 15% for all of the polymers except PreDA1, which instead shows a decrease in mass associated with 

dissolution. Toluene is absorbed to a significant extent in all cases, reflecting its high compatibility with 

the regular aromatic structure of the polymer backbone. 

The most pronounced changes resulted from immersion in the chlorinated solvents, chloroform and 

DCM, which both resulted in either complete dissolution or extreme levels of absorption (gel 

formation). The reason for this behaviour in these solvents rather than others is attributed to the 

combination of their modest polarity and small size, which could facilitate their penetration through 

the polymer network. 
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Figure 2.41. Percentage mass change sorted by polymer. Positive values correspond to absorption dominated behaviour. 

Negative values correspond to dissolution dominated behaviour. The positive values are calculated from the gel mass, and 

the negative from the final dry masses. 

Although these experiments do not provide the subtlety required to decouple absorption and 

dissolution effects—it is likely that in some cases absorption and dissolution are in competition—these 

experiments clearly confirm that absorption is the dominant behaviour of both DA1 and DA2 in 

response to solvent exposure. This is strongly indicative of a crosslinked network. However, the levels 

of DCM/chloroform absorption are highly unusual: it is not generally possible for densely crosslinked 

polymers to swell into gels as seen here, Figure 2.42. 

 

Figure 2.42. Photos of DA1 (cbe08) samples after 6 days of immersion in water, hexane, ethanol, toluene, chloroform and 

DCM respectively. The first three samples show no visible difference after exposure. Sample 4 (toluene) shows some 

surface bleaching. Samples 5 and 6 show gel formation.  
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This may indicate that the DA CANs are less densely crosslinked than expected. The fact that DA0.5 

almost completely dissolves in both of these solvents provides further evidence of this; in this case, it 

appears that the level of connectivity between the prepolymer chains in DA0.5 is inadequate to form 

a complete network. Accordingly, in terms of solvent response, DA0.5 behaves more like the 

prepolymers PreDA1 and PreDA0.5 than DA1 or DA2. The extent of crosslinking in these materials is 

re-examined with respect to mechanical performance in Section 2.5.2. 

De-crosslinking could provide an alternative explanation for the dissolution of DA0.5 and extensive 

swelling of DA1/DA2, which would allow for a greater number of initial crosslinks. A few studies 

concerning the retro Diels-Alder reaction have highlighted the possibility of stress-induced de-

crosslinking.46–48 Thus, it is conceivable that upon absorption of large volumes of chloroform/DCM the 

swollen network applies tensile stresses which are sufficient to induce the rDA reaction, and thus de-

crosslink the material. Indeed, this concept of gelation induced retro-DA has been examined by Lyu et 

al.48  

To investigate the possibility of solvent- (or gelation-) induced de-crosslinking, a simple experiment 

was devised whereby samples of polymer were immersed in CDCl3 and then monitored with 1H NMR 

at regular intervals. By monitoring over time the change in resonance integrals relative to a standard 

(the solvent residual peaks), it was hoped to distinguish different rates of dissolution between the 

prepolymer backbone and the BMI crosslinker. However, the results of this study were inconclusive. 

Although the integrals were increasing as the polymer dissolved, all peaks were doing so in a 

consistent manner. Accordingly, there was no evidence of de-crosslinking and in the interest of brevity 

this study is not reported here. 

Gelation studies can be used to calculate the crosslink density of lightly crosslinked polymers (those 

that swell significantly). This is particularly significant with these DA CANs because the main alternative 

method of determining crosslinking density is through calculations relating to the rubbery plateau of 

storage modulus, which these materials do not exhibit. Futhermore, the crosslink density is 

temperature dependent so could not be calculated in this way. To determine crosslink density through 

swelling experiments, the number average molecular weight between crosslinks (Mc) needs to be 

determined through use of the Flory-Rehner equation and so material densities and solvent 

interaction parameters are required. The polymer density can be determined straightforwardly 

through application of Archimedes’ principle, but extensive experimentation may be required to 

determine solvent interaction parameters of these (novel) polymers.   
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2.4.2 Scope for solvent-assisted recycling 

Whether or not the vast absorption of DCM/chloroform into the DA CANs and subsequent gel 

formation is caused by less-than-expected crosslink density or de-crosslinking, the phenomenon 

makes these materials ideal candidates for solvent-assisted recycling. Colleagues from TNO Materials 

Solutions in Eindhoven, NL, have performed some recycling studies (currently unpublished) with these 

polymers with some success. By heating samples of DA epoxy in toluene to reflux, the DA polymers 

were thermally de-crosslinked, allowing the polymers to dissolve. Precipitation of the product 

solutions afforded recycled polymer in good yields. Furthermore, it was noted that the recycled 

material was much less brittle than the original polymer, which is probably indicative of plasticisation 

due to entrained toluene. Room temperature recycling with the much lower boiling solvent, DCM, 

thus could provide a low-energy alternative pathway with a reduced likelihood of entrained solvent. 

With neat polymer a solvent-assisted method of recycling is unnecessary since these polymers can be 

milled and re-melted (moulded) multiple times. However, this melting-milling process would not be 

possible in continuous fibre reinforced polymer composites without prior separation of polymer and 

fibre, because the milling process would break the fibres. If the polymer could be freely melted away 

from the fibres a solvent-assisted method would also be unnecessary. However, achieving clean 

separation of fibre and polymer would require the de-crosslinked resin to be of very low viscosity, 

much lower than is achievable even with these systems. Accordingly, solvent-assisted methods are 

the most pragmatic way of recycling CAN-matrix FRPs, particularly with these DA resins. Scheme 2.2 

illustrates the process of the recycling method proposed herein, which will be further discussed and 

applied in Chapter 3, Section 3.3.3. 

 

Scheme 2.2. DCM-assisted recycling of DA0.5, from powder to powder. The final image (9) demonstrates the continued 

thermal processability after recycling. 
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2.5 Moulding, processing, and mechanical characterisation 

2.5.1 Moulding and processing 

The moulding of good quality polymer plates is an essential first step towards the manufacture of 

composites and more complicated parts. Rheological and dynamic mechanical results indicate that all 

the DA CANs are melted at 120 °C (DA0.5 at 110 °C); ergo, this is a prudent starting point for a 

processing temperature. Viscosity does drop further with increased temperature, which could ease 

processing. However, this risks permanent crosslink formation, as determined by the thermal analysis 

(Section 2.3), which is deleterious to both processability during moulding and to the activity of the 

reversible chemistry (functionality). 

 

Adding a further element of complexity to the moulding process is degassing. Degassing is a critical 

step in polymer processing, it serves to remove volatile, low molecular weight components (principally 

unreacted monomers) and trapped air. Volatile components in the case of these DA CANs should be 

negligible, though it is feasible that a very small fraction of residual amines could be present and that 

these could be removed by such a process. In contrast, a significant amount of inter- and intra-granular 

air is present in all of the polymers discussed in this chapter. Intergranular air is unavoidable when 

moulding powders and can be removed by using vacuum-assisted moulding techniques. The presence 

of intragranular air is a result of the synthesis—the high stirring rates and the addition of a powder 

(BMI) to a viscous liquid (prepolymer)—and is self-evident from the opacity of the cast materials 

(Figures 2.09–2.13). This trapped air is a problem principally because air bubbles are defects which 

can cause stress concentration, which in turn results in an apparent reduction in material strength. 

Unfortunately, the high melting nature of both the prepolymer and crosslinking mixture prevents 

straightforward in situ degassing without the use of specialised equipment. Although degassing the 

starting materials might help reduce the quantity of trapped air, it is likely that the mixing process 

would re-introduce a large volume, negating the value of doing this. Accordingly, it was decided that 

degassing post-synthesis was the most pragmatic approach. 
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The conventional method of degassing reactive (thermoset) polymer systems is heating them in a net 

shape mould in a vacuum oven until bubble formation stops. This was attempted with and without 

the unreactive diluent toluene at 120 °C over the course of approximately 1 h, the results of which are 

shown in Figure 2.43. 

 

Figure 2.43. Left, neat DA1 after degassing at 120 °C in a vacuum oven for ~1 h and right, DA1 with 20 wt% toluene 

exposed to the same conditions. 

The photograph shows that the neat DA1 material has changed to a deep red colour indicating the 

formation of permanent crosslinks through BMI HP. Evidently the viscosity at 120 °C is too high to 

allow vacuum degassing prior to material degradation. Unfortunately, attempts at higher temperature 

(150 °C), were similarly unsuccessful, although the initial viscosity is significantly lower—which 

accelerates degassing—rapid material degradation occurs resulting in permanent hardening of the 

material, which results in a similar porous red structure. Degassing in the presence of an unreactive 

diluent, toluene, as shown in the right of Figure 2.43 leads to a visibly much improved polymer. 

Although the polymer has still hardened significantly and likely no longer retains an appreciable 

amount of reversible activity, the majority of the material is transparent, with only some large bubbles 

remaining. Interestingly, the polymer in this case has not reddened as the neat DA1 did. This suggests 

that much less BMI HP (or other side reactions) has occurred. The mechanism behind this is unclear; 

however, one possible explanation is that the 20% dilution has helped homogenise the material, 

reducing the local BMI concentrations. Clearly diluents offer some potential to improve degassing of 

these DA CANs, though at the time of writing this has not been further explored. 

Polymer melts can also be degassed in a similar fashion using a Schlenk line and appropriate glassware, 

if the subsequent polymer viscosity is sufficiently low to allow it to be poured into a mould. The 

advantage of this method is that it allows the use of higher performance vacuum pumps (giving faster 
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degassing). However, preliminary investigations suggested this was not feasible for these systems 

because they were too viscous. 

One major alternative to degassing is widely used with thermoplastics: compression moulding. By 

applying enough pressure, it is possible to effectively ‘degas’ polymers through a combination of 

pushing gas out of the polymer and shrinking residual bubble size to the sub-micron scale. On the 

order of <1 µm, voids result in only minor stress concentration—if they are an appreciable distance 

from each other, ca. >1/2 void diameter. Indeed, in some cases such cavities may even serve to 

toughen the host material in much the same way that nanoparticular reinforcement can, by 

introducing yielding mechanisms and deflecting microcracks.49 

As a first feasibility study of compression moulding these DA epoxy CANs, a primitive four-part ‘picture 

frame’ aluminium mould was used in attempt to prepare a thin film of DA1. This mould was coated 

with a release agent and tested with and without additional Teflon release film. In each experiment 

DA1 powder was added as centralised charge on a 40–50 g scale. Transparent homogenous films of 

DA1 were created using a simple moulding cycle with ramp up to 125 °C and then as little as 4 tons of 

compressive load for 2 min, Figure 2.44. The product films were found to be very brittle, fracturing to 

shards in all cases, precluding their use in film infusion processes, as was originally planned. 

Figure 2.44. Compression moulding of DA1 films. Left, film attached to the mould insert with cracks visible. Right, flash 

(excess resin) from the edges of the mould. 

A similar three-part steel mould (base plate, frame, insert and top plate) was designed to produce 

thicker sections of polymer appropriate for preparing specimens for 3-point-bend flexural testing 

(3pb). This was then used with a vacuum bag in a vacuum-assisted compression moulding (VACM) 

process, Figure 2.45. By ensuring adequate polymer loading (and thus sufficient polymer pressure) 

and enough dwell time (~5 min) to allow the polymer to reach the set temperature, the DA epoxy 

CANs could all be moulded with a high degree of homogeneity and transparency. 
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Figure 2.45. Vacuum-assisted compression moulding using a Hare mounting press (9 tons, 125–150 °C, top right) of DA0.5 

(left) and DA1 (lower right). 

Although high quality polymer was successfully moulded using this method, a significant amount of 

cracking was observed in all cases, which was often exacerbated during demoulding. This is a product 

of the polymer’s brittleness and the CTE (coefficient of thermal expansion) difference between the 

steel and polymer: the mould will always expand more than the polymer when heated, and contract 

more when cooled. Unfortunately, this means an appreciable amount of compressive stress generated 

at the edges of the polymer when cooling and fracture as seen in Figure 2.45. One reliable method of 

mitigating the risk of such fracture is by simply using a mould of similar CTE to the substrate, i.e. using 

a polymeric mould. However, such moulds can be difficult to make and were considered unlikely to 

withstand the high loads required in this process. Instead, it was determined that this concept could 

be adapted such that the steel mould would still be used, by employing silicone inserts to line the 

mould cavity. In theory, the extreme elasticity of the silicone should allow it to absorb all of the 

thermal strain difference between the substrate and mould (through internal elastic deformation)—

in effect cushioning the DA epoxy. This new method resulted in a much-improved success rate, Figure 

2.46. 

 



 

112 
 

UOB Open 

Figure 2.46. Clockwise from bottom left: DA1 powder in mould with silicone strips; the mould in vacuum bag; PreDA1 

intact after moulding; DA1 intact in mould. 

Each of PreDA1, DA1, DA2 and DA0.5 were successfully moulded at least twice during these 

compression moulding experiments, due to a limited supply PreDA0.5 was not successfully moulded. 

The moulded polymers were cut using a diamond saw into specimens for DMA (as discussed in Section 

2.3.3) and 3pb testing. However, due to the extreme brittleness exhibited by all five polymers a lot of 

material was lost due to specimen fracture during machining, Figure 2.47. 

 

Figure 2.47. Left, intact DA0.5 as moulded using silicone inserts. Right, extensive fracture of the same DA0.5 sample when 

cut with a diamond saw. 
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2.5.2 3-point-bend flexural characterisation 

In principle a variety of common test methods could be used to determine the mechanical behaviour 

of the DA CANs. Tensile testing and any other procedure requiring grips was ruled out due to the brittle 

nature of the polymers; any means of gripping the specimens would be associated with a high risk of 

fracture prior to testing. Like 3pb, 4-point bending (4pb) was a viable alternative since the specimens 

do not require gripping prior to testing. The advantage of 4pb is that the applied stress is distributed 

over a significantly greater area (between the two loading noses) than in 3pb, where the stress is 

concentrated under the single loading nose. The result of this is that 4pb is less sensitive to defects 

and premature failure. However, 3pb tests are generally simpler to perform and interpret, and 

certainly provide adequate results for comparative studies such as required here. Accordingly, to 

quantify the mechanical performance of the DA CANs, they were tested in 3pb using a Shimadzu 

universal testing machine (10 kN load cell) and compared to the two control epoxies, Ctrl1 and Ctrl2, 

Figure 2.48. All specimens were tested using a gauge length close to 50 mm, with a loading rate 

calculated to induce a rate of outer fibre straining equal to 0.01 mm min-1, this was varied (1.1–1.5 

mm min-1) with respect to the mean specimen depth of each sample series. 

 

Figure 2.48. 3-point bend flexural testing of a DA2 specimen. 

A plot of representative force-displacement curves is shown in Figure 2.49 and the data for all the 

tested polymers is summarised in the Figures 2.51–2.54. 
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Figure 2.49. Representative stress-strain curves of the three DA epoxies, the prepolymer PreDA1 and the two control 

epoxies Ctrl1 and Ctrl2. Inset: magnification of low strain region in which the DA CANs failed. 

It is immediately apparent from Figure 2.49, by comparing the mechanical response of the DA epoxies 

with the control epoxies, why moulding, machining and clamping has proved challenging. Although, 

the moduli of these materials are very similar to conventional DGEBA epoxies, the failure strength and 

failure strain are consistently on the order of 1/5th those of conventional systems, and much lower still 

for the prepolymer, PreDA1. In all cases, the new DA polymers were perfectly linear-elastic to failure, 

in contrast to both control systems which exhibited some (Ctrl2) and a lot of (Ctrl1) plasticity, 

respectively. Densely crosslinked epoxies are generally considered to be brittle polymers; 

nevertheless, the behaviour of DA0.5, DA1, DA2 and PreDA1 is uncharacteristically brittle. 

The mean values of modulus, quoted as tangent modulus, are given in Figure 2.51. Ctrl1 has the lowest 

modulus (~3.0 GPa) and consistently exhibits a significant amount of plastic yielding. This plasticity is 

attributed to conformational changes accessible to the EDA under high loadings, Figure 2.50. 
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Figure 2.50. Conformations of the crosslinking EDA (4,4’-ethylenedianiline) units in Ctrl1. 

Under ambient conditions (T < Tg, unstressed), the majority of EDA units will be fixed in place within 

the polymer network through a combination of the covalent bonds and intermolecular interactions, 

predominantly π-stacking interactions between adjacent aromatic rings. Many of these units will thus 

be locked in the more tightly constrained configuration (on the left of the figure). However, under 

stress (particularly tension), enough mechanical energy may be present to overcome the π-stacking 

interactions and induce the conformational change, thus absorbing energy (and deforming the epoxy) 

inelastically. In contrast, this behaviour is not possible in Ctrl2 without such crosslinks. 
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Figure 2.51. Mean (averages of 5, 5, 5, 5, 6, 5 and 8 tests respectively) tangent modulus of elasticity (flexure) ± 1 SD. 

The three data series with the largest standard deviation, correspond to those associated with 

material defects (Ctrl2*) or experimental error (DA0.5 and PreDA1). Ctrl2* is a series of non-degassed 

Ctrl2 specimens (with lots of mm scale voidage). Although this was associated with some degradation 

of stiffness, the more pronounced effect was the increase in scatter, though this is unsurprising due 

to inhomogeneity of the defects—and sensitivity of 3pb flexure to the precise area of material under 

the loading nose. DA0.5 and PreDA1 were both subject to significant experimental noise. This is 
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attributed to a damaged data cable. The result of this was a loss of sensitivity and a large scatter in 

the data, which was considerably more pronounced with the very weak PreDA1 samples. These 

experiments were corrected with some success by smoothing with moving averages as shown in 

Figure 2.52. Attempts to repeat these measurements were unsuccessful due to specimen fracture 

during machining (Figure 2.47). 
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Figure 2.52. Data (force) smoothing of a representative DA0.5 specimen as performed for all flexure experiments of DA0.5 

and PreDA1. 

With the uncertainty of DA0.5 and PreDA1 considered, each of the tested polymers has a similar 

modulus, close to the conventional epoxies (Ctrl1 and Ctrl2), with DA0.5 and PreDA1 possibly having 

slightly lower stiffness, in good agreement with DMA (Section 2.3.3). This is in contrast to the mean 

strengths shown in Figure 2.53. 
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Figure 2.53. Mean (averages of 5, 5, 5, 5, 6, 5 and 8 tests respectively) flexural strength at failure ± 1 SD. 

In terms of strength, Ctrl1 sets the upper benchmark at 120 MPa at failure. The second conventional 

epoxy, Ctrl2 has a significantly lower flexural strength at 101 MPa. Analogously to the modulus data, 

the high void content of Ctrl2* has a similarly deleterious influence on strength, with both a 

degradation of absolute values and an increase in scatter. However, the void-heavy series Ctrl2* still 

has strength (83.6 MPa) approximately five times higher than DA1 (16.5 MPa), DA2 (17.6 MPa) or 

DA0.5 (16.9 MPa) and 17 times higher than PreDA1 (4.9 MPa). Interestingly, the strengths of each of 

the DA CANs are within one standard deviation of each other. Clearly, the precise molecular 

architecture of neither the backbone (prepolymer type) nor the crosslinker is the dominant factor 

behind this low strength/brittleness. From these experiments alone it is hard to identify if these 

strength values are representative or if the extreme brittleness—lack of toughness—is inducing 

premature failure. This is always a feature of testing brittle materials (due to defect sensitivity) but is 

particularly acute in this study.  

The failure strains (Figure 2.54) show much the same trends as the strength, with the DA CANs failing 

at much lower strain (~0.5%) than expected, ca. 6 times less than Ctrl2 (3%). PreDA1 has even lower 

failure strain (0.17%). The unusual plasticity of Ctrl1 is clearly illustrated by its much higher failure 

strain (9.3%). 
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Figure 2.54. Mean (averages of 5, 5, 5, 5, 6, 5 and 8 tests respectively) flexural strain at failure ± 1 SD. 

2.5.3 Brittleness 

There are several conceivable reasons for the surprisingly high brittleness and low strength of these 

polymers: 

(1) Defects (invisible, micro-nanoscale) 

Given the inhomogeneity indicated by the presence of several secondary melting events in the DSC 

curves of each of these polymers, it is feasible that the moulded polymers are similarly not perfectly 

homogeneous. The boundaries of different domains, perhaps more or less crystalline, perhaps more 

or less crosslinker rich, could thus be present and might provide points of crack nucleation. However, 

none of these thermal events were observed in the second heating cycles of any of the DSC 

experiments. This suggests thermal homogenisation might occur during moulding, hence the test 

specimens are probably homogeneous. The smooth curves of each DMA experiment (with only one 

thermal event observed in each case) also implies a good degree of homogeneity. This is unlikely to 

have such a drastic embrittling effect. 

Another possible source of defects is trapped air. Despite using vacuum-assisted compression 

moulding, there may be a significant amount of trapped air within these polymers. However, the 

excellent level of optical transparency after moulding suggests both that the polymer is highly 

amorphous, but also that if present, trapped air (voidage) is nanoscale or fully dissolved: larger voids 

would either be visible to the naked eye, or expected to scatter visible light, resulting in opacity. 

Moreover, if it is assumed that void size roughly correlates with the ideal gas equation: 
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𝑝𝑉 = 𝑛𝑅𝑇      Eq. 2.3 

Where p is pressure, V is void volume, n is moles, R is the gas constant (8.3145 J mol-1 K-1) and T is the 

temperature (K). Void size is inversely proportional to pressure, thus if the pressure in the vacuum bag 

is approximately 1/1000th of atmospheric pressure (0.0001 MPa) and then the applied compressive 

load is 9 tonnes (cavity size = 0.0117 m2, giving 7 MPa), the void size under load will shrink by a factor 

of 70000. Thus, the volume of trapped gases would be expected to be sufficiently small as to efficiently 

dissolve into the liquid resin. Furthermore, the difference (or lack thereof) between Ctrl2 and Ctrl2* 

in terms of failure strength, where a high level of voidage (up to the mm scale) resulted in only a 17.5% 

reduction in strength (which was not statistically significant) suggests that voidage alone is unlikely to 

explain such poor mechanical performance, though it could be a contributing factor.  

(2) Incomplete DA reaction 

Although the stoichiometry of maleimide to furan groups is such that there should be only a 10% 

excess of furan groups, it is feasible that a far smaller fraction of Diels-Alder adducts are actually 

present, even at room temperature. The DA reaction between a furan and maleimide is generally 

considered as ‘click chemistry’ due to its facile nature. However, it might be possible that crosslinking 

is incomplete if the resin is cooled rapidly; below glass transition, due to lack of chain flexibility, it is 

highly unlikely that further crosslinking could occur. Although this is a possibility, the cooling rates of 

the press used in all moulding experiments were rather slow—on the order of hours for the press to 

cool from moulding temperature to ambient. Accordingly, the polymers are likely to have gone 

through an effective ‘tempering’ process, maximising the amount of formed crosslinks. Moreover, the 

overall difference in thermal, mechanical and solvent resistance (Section 2.4) behaviour between the 

crosslinked CANs and their prepolymers is substantial. Thus, it seems unlikely that a significant amount 

of bismaleimide remains unreacted. 

(3) Stress-induced de-crosslinking 

The fracture of conventional thermoset materials requires the breaking of covalent bonds, either in 

the crosslinks, backbone or both. The covalent bonds through which conventional crosslinked 

polymers are held together are almost exclusively C–C, C–O and C–N single bonds. Although homolytic 

bond dissociation energies of covalent bonds vary considerably dependent upon precise chemical 

structure, these bonds are almost universally strong with BDEs (bond dissociation energies) on the 

order of 350, 360 and 300 kJ mol-1 respectively.50 This means that their cleavage requires a very large 

amount of energy, and as a result this contributes to the high theoretical strength of crosslinked 
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polymers. In reality, defects can mean that applied loads are not distributed evenly (stress 

concentration) such that these high energy barriers can be overcome at lower-than-expected loads. 

Though the bonds holding together the DA CANs are principally strong C–C bonds, the entropically 

favoured rDA provides a lower energy alternative to conventional C–C cleavage. Carneiro de Oliveira 

et al.51 recently calculated the activation energy (Ea) from a kinetics study of the rDA reaction of a 

furan-maleimide system as 90 ± 10 kJ mol-1, 3–4 times lower than the typical C–C bond strength. 

Moreover, as discussed in the solvent resistance and recycling section, there is literature precedent 

for mechanically induced rDA reactions. In a perfect, defect-free section of polymer, the inclusion of 

weak bonds or in this case ‘kinetically unstable’ (low activation energy) linkages would thus certainly 

reduce the strength. However, in real systems the strength is just as much a product of the bond 

strengths and their density as the ‘quality’ of the material (i.e. the nature, number and location of 

defects). Moreover, the high strength of the DA CAN prepared by Chen et al.24 would seem to 

contradict this. Thus, although this could be a factor behind the lower-than-expected strength it is 

unlikely that this is the only contributing factor. 

(4) Prepolymer length: non-network crosslinks 

The average number of furan groups per prepolymer (oligomer) chain is approximately four (for DA1 

and DA2). As discussed in Sections 2.1 and 2.2, this ratio was chosen based on the original studies of 

Fischer et al.,36 which suggested that this gave the polymer which was most effective as a healing 

agent. This means that for the average chain, the maximum amount of other chains it can connect to 

(crosslink with) is four. However, the short length of these oligomers means that all of these furan 

groups are close to each other, thus there is a reasonable probability that any two oligomers may be 

connected to each other by two, three or even four crosslinks, resulting in ‘crosslink redundancy’ and 

a marked decrease in the network-forming capacity of the system. Although a statistical proportion of 

the oligomers will be longer and have a reduced propensity toward redundancy, others will be shorter 

and have an even lower likelihood of participating in network formation. Critically, for an individual 

oligomer to be truly crosslinked into the network it must be bound to at least three other oligomers. 

This concept is illustrated graphically in Figure 2.55, which compares the network forming capacity of 

Ctrl1 and DA1 based on the actual stoichiometry. 
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Figure 2.55. A graphical representation of DA1 (left) with 72 DGEBA molecules (grey ellipsoids), 60 furyl groups (blue 

pentagons) and 26 BMI units (pink rectangles), and Ctrl1 (right) with 72 DGEBA molecules and 36 EDA crosslinking units 

(green). The blue arrows illustrate connectivity into the wider polymer network. 

The diagram of DA1 (Figure 2.55, left) shows high conversion with ~90% of the maleimide groups 

reacted and thus ~10% dangling. Despite this, only two (shaded blue-grey) of the 15 oligomers (the 

majority of which are pentamers) are linked to more than two other oligomers and thus can be termed 

‘network forming’. Ctrl1 shows a similar though slightly higher conversion (~95% N–H bonds 

consumed) but in sharp contrast, all of the crosslinks are network forming. Furthermore, from the 

number of arrows extending the networks beyond the figure, the potentially poor network forming 

ability of DA1 is immediately clear: despite high conversion there is potential for a deceptively low 

crosslink density. The presence of a soluble fraction in all cases (Section 2.4.2) provides some evidence 

of these non-network crosslinks. 

It might be expected that the reduced number of crosslinks in DA0.5 would magnify this non-network 

effect, giving a much lower strength. However, the empirical results contradict this—each of the CANs 

has approximately equal strength. Instead, it is possible that this similarity in strength reflects a similar 

extent of network formation. Despite the fact that the oligomers of DA0.5 have only two furan groups 

on average (vs. four), these groups are statistically more likely to be further apart from each other. 

Thus, the furan groups of DA0.5 are proportionally less likely to give redundancy and more likely to be 

bound to different chains than in either DA1 or DA2. Accordingly, it is possible that a similar number 

of network-forming crosslinks exist in all three DA CANs, and that DA1 and DA2 have an excess of 

redundant crosslinks. Moreover, it is also important to consider here that the presence of more than 

two network-forming linkages is a requirement to forming an infinite network. In fact, if we consider 

the pentamer of PreDA0.5 as a difunctional monomer (on average it has two furan side groups), as it 

is in the case of the DA ‘crosslinking’ reaction, its reaction with bismaleimide (also difunctional) to 
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form DA0.5 might be better described as a chain extension reaction than crosslinking, since it is not 

strictly network-forming at all. The presence of a statistical proportion of oligomers means that there 

will be some components of higher functionality (tri-, tetra-, penta-functional etc.), but the end result 

is a very lightly crosslinked material. With this considered, the fact that DA0.5 has approximately the 

same strength as DA1 and DA2 suggests that the true crosslink density is much lower than was 

originally expected in all of these materials—even if the number of DA adducts is as high as expected, 

many of them may not be network forming. 

(5) Prepolymer length: non-covalent interactions and chain entanglement  

The fact that the prepolymers are both such brittle glasses provides good evidence for this hypothesis 

in itself. The oligomers are certainly far too short to afford any significant quantity of chain 

entanglement and thus without crosslinking are held to each other merely by a small number of weak 

intermolecular interactions. Conventional thermoplastics would be expected to be considerably more 

robust. By virtue of having much longer chains, applied loads are much more evenly distributed 

through the polymer via the much greater number of inter-chain interactions. Ergo, although the 

individual strengths of the interactions are much the same, polymers with longer chains have a much 

greater apparent strength even without including chain entanglement effects. 

Each of the previous factors likely play some role in the poor toughness and strength of these CANs. 

However, there is reasonable evidence to suggest the first two, defect presence and incomplete 

crosslinking are minimal. Factor 3, ‘stress-induced de-crosslinking’ may contribute to some of the 

reduced strength. However, the latter two factors concerning prepolymer length, are very likely the 

dominant factors. 

Methods of improving the toughness and strength are explored in Chapter 3. 
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2.6 Repair (self-healing) 

The ability for thermally dissociative CANs to melt imbues them with a repairability which is not 

accessible to conventional thermoset materials. If the viscosity is sufficiently low (and the polymer 

chains are sufficiently mobile, i.e. above Tg and Tm), the polymer melt can flow into cracks and thus 

repair the damage. External pressurisation encourages polymer flow and can close the gap between 

fracture surfaces, which can enhance this process. As a result of their brittle fracture, there are two 

broad mechanisms of assessing healing efficiency from the flexural specimens tested in Section 2.5: 

(1) welding the broken pieces together prior to their re-testing and (2) milling the broken pieces back 

into powder and re-compression moulding specimens, prior to re-testing. 

The first method allows specimen-by-specimen healing efficiency to be calculated and is both simpler 

and faster than the second. However, since it requires the manual application of heat and pressure, 

this introduces a significant chance of inconsistency between specimens. In contrast, the second 

method precludes specimen-by-specimen repair but ensures all samples would undergo the same 

treatment. Since method one seems more feasible with real structural parts (method 2 is more akin 

to recycling), this was used as shown in Figure 2.56, with a heat gun (120–150 °C) and aluminium 

tooling. 

 

Figure 2.56. Flexural specimens of DA0.5 (left) and DA2 (right) before and after repair. 

Considering the total failure of specimens prior to healing, visually this method of repair looks to be 

reasonably successful. In some cases, the interface between the two (or three) specimen pieces 

becomes almost completely invisible, though in others a fine line is visible afterward (Figure 2.56, 
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bottom right). However, in all cases significant specimen deformation occurred due to the imprecise 

distribution of heat from the heat gun—a more localised method of applying heat would be preferred. 

Moreover, the regions of the specimens which were heated produced many bubbles which were not 

present before, a close-up of this is shown in Figure 2.57. 

 

Figure 2.57. Close-up of a repaired DA2 specimen highlighting the appearance of voids (air bubbles) in the repaired region. 

The distance between the outer markings is 50 mm, and width of the specimen approximately 12 mm. 

With hindsight, the formation of these voids is not unexpected; the compression moulding process 

does not truly degas the polymer melt, instead it uses high pressure to shrink the voids and aid their 

dissolution. By re-melting the polymer without pressurisation, the trapped air is allowed to re-

equilibrate with atmospheric pressure and grow into microscale bubbles as seen in the photograph. 

As discussed extensively in Section 2.5.3, these voids could serve as defects which could induce 

premature failure. 

The repaired specimens of each of DA1, DA2 and DA0.5 were remeasured and then retested following 

the same 3pb procedure from which they were originally characterised (gauge length, loading rate 

etc.), Figure 2.58. Percentage healing efficiency (η) in this case is calculated according to the following 

equation: 

𝜂 =  
𝑥ℎ𝑒𝑎𝑙𝑒𝑑−𝑥𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑥𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒−𝑥𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙
 × 100      Eq. 2.4 

Where x is any material property which can be recovered, in this case the flexural strength at failure. 

The definition of healing efficiency has been broadly discussed and debated in the literature, though 

it is the belief of this author that this equation provides a much more useful metric compared to the 

simple healing efficiency (in which the residual/damaged performance is negated), as discussed in 

detail in our 2018 progress paper and Chapter 1, Section 1.3.4.52 In this case since there is no residual 

strength because of complete specimen failure, the two principal methods of calculating healing 

efficiency give the same values. 
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Figure 2.58. The mean strengths of neat and repaired (marked with asterisks) DA1, DA2 and DA0.5, and the calculated 

healing efficiencies (means of 5, 5 and 8 specimens respectively). In all cases the error bars represent ± 1 standard 

deviation. 

The general trend in repaired strengths is approximately half the original value (mean healing 

efficiencies are 59%, 46% and 62% respectively). However, these mean values represent a very large 

scatter as alluded to by the standard deviations; the absolute values of these standard deviations are 

comparable to those of the pristine specimens but as a fraction of the mean they are much larger. This 

scatter reflects individual specimen recoveries of 20–110% (recoveries in excess of 100% indicate poor 

quality original specimens). This variation clearly reflects the hypothesised inconsistency associated 

with the repair method. Evidently, high quality repairs can be effected, thus it seems probable that 

the repair technique can be refined to increase these mean values towards 100%. A more localised 

heating method and compression jig (to precisely align the two fracture surfaces and force them 

together) would be a sensible place to start. It is worth noting that this system, as with almost all 

healing strategies (except foaming/expanding healing agents) requires some degree of pressurisation 

or compression to bring crack surfaces into contact, in much the same way that thermoplastics do.  

Nonetheless, engineering thermoplastics require higher temperatures and pressures to achieve this. 

Importantly, neat polymer specimens which have undergone catastrophic brittle failure represent the 

worst-case scenario to attempt to repair. The brittle nature of these polymers in their current form 

precludes their use in structural parts without modification/reinforcement. If they were toughened, 
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reinforced or otherwise included in structures such that non-catastrophic failure occurs—i.e. cracking 

or deformation without failure—these parts would then be suitable candidates for healing. This will 

be discussed further in Chapter 3, Section 3.3. 

2.7 Summary 

In this chapter, three Diels-Alder–based Covalent Adaptable Networks were prepared from two furan-

modified epoxies in conjunction with colleagues at TNO Materials Solutions Eindhoven. Two control 

epoxies were also prepared to provide points of comparison. The spectroscopic methods, FTIR and 1H 

NMR were used to confirm their successful synthesis. MALDI-TOF mass spectrometry and GPC were 

used to further elucidate details on their structure. 

Thermal techniques including rheology, DSC and DMA were used to confirm dissociative CAN–type 

behaviour (demonstrated as a sharp melting event above Tg) and investigate the (re-)processability of 

these materials. These techniques revealed some differences in thermal behaviour derived from the 

variation in molecular structure: significant differences were observed between the rheological 

profiles of DA1, DA2 and DA0.5. PreDA1 has both a later onset of Tg/Tm and a lower viscosity at 

processing temperature (120 °C) than PreDA0.5, which reflects the greater range of structures and 

bulkier side groups present on the latter. Among the CANs, DA0.5 has the lowest viscosity, reflecting 

the much lower quantity of BMI crosslinker, which acts a thickener when dissolved in the prepolymer 

melt (and lower Tg as shown in DMA/DSC). Importantly, DA0.5 melts at a much lower temperature, 

105 °C, than the other two CANs (as shown by the tendency of storage modulus to zero) with DA1 

melting at 120 °C and DA2 125 °C. DA1 has an intermediate viscosity and DA2 has a noticeably higher 

viscosity at processing temperature. This reflects the higher onset of both Tg and Tm (which are 

concomitant in all three CANs) in DA2. The higher melting temperature of both DA2 and its constituent 

crosslinker together serve to increase its stability at high temperature (vs. DA1), principally by 

increasing the onset temperature of BMI HP. 

A vacuum-assisted compression moulding process has been developed, which combines a steel mould 

with silicone inserts to minimise cracking on cooldown. The pressure gradient created by the 

combination of a vacuum bag and mounting press helps to shrink (or dissolve) trapped air and create 

high quality, optically transparent, sheets of polymer. The behaviour of the polymers in the presence 

of a range of solvents was also explored, revealing a mixture of responses, some representative of 

conventional thermoset materials (small quantities of solvent absorption) and some not (large 

quantities of solvent absorption and dissolution). Mechanical characterisation in 3pb confirmed 

flexural stiffness was in all cases comparable to conventional epoxies. However, lower than expected 

strengths and failure strains were also observed. Together, unusual solvent and mechanical responses 
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suggest lower-than-expected crosslink density. Nevertheless, this unusual solvent-swelling behaviour 

could be exploited in a solvent-assisted recycling method, which shows potential as an FRP recycling 

strategy. However, it should be noted that by separating the fibres and matrix, the fibre-matrix 

interface is destroyed in solvent-assisted recycling methods. Moreover, unless the solvent is 

effectively recovered (in a closed-loop system), this could add a significant environmental burden to 

such recycling strategies. It is certainly debatable whether it is better to completely separate fibres 

and matrix through solvent-assisted methods (at the expense of the interface) or preserve the fibre-

matrix interface by mechanical recycling methods (at the expense of fibre length and orientation 

control). 

The three DA CANs were also investigated in terms of their potential for repair/self-healing. Specimens 

previously tested to failure in 3pb were manually repaired using a heat gun (120–150 °C). Though 

some strength recoveries around 100% were achieved, the mean values were closer to 50%; the 

intrinsic inconsistency of the chosen healing method, combined with the use of specimens which 

underwent complete failure, meant that these values were associated with a large specimen-to-

specimen variability. Despite the inconsistency, these were excellent results given the ambitious 

nature of the repair (after brittle fracture) and the growth of voids upon heating. 

The primary limitations of these materials are two-fold: (1) the low strength, low toughness of all the 

tested polymers, CANs and prepolymers alike. Although many methods exist in the literature to 

toughen brittle polymers, indeed it is an active field of research, these materials are much more brittle 

than expected. This likely reflects the short length of the polymer (oligomer) chains, which completely 

preclude chain entanglement and greatly reduce the efficacy of non-covalent interchain interactions 

and the covalent network-forming ability of the CANs. This means that even at very high conversions 

(high yields of DA adduct), there is a risk that relatively few of these adducts actually contribute to 

network forming (few oligomers are connected to >2 others). (2) High temperature side-reactions, 

particularly BMI HP, result in permanent crosslinking. This serves to decrease the efficacy of de-

crosslinking and reduces the working lifetime of the polymer in question. However, isothermal 

rheology experiments suggest that a reasonable amount of de-crosslinking can occur even after 2 h at 

120 °C. Future work and efforts to overcome both of these limitations are discussed in Chapter 3, 

Section 3.5 onwards. 

To conclude, DA CANs with a range of thermal behaviours have been developed which can be readily 

repaired and recycled, courtesy of their propensity to de-crosslink at high temperatures. 
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2.8 Experimental 

Polymer synthesis 

PreDA1 was prepared as follows. DGEBA resin (212.38 g, ca. 0.559 mol) was added to an oil-jacketed 

steel vessel, heated to 125 °C and then stirred at approximately 400 rpm using an overhead stirrer 

equipped with a 6 cm diameter disc. Furfurylamine (42.47 g, 0.440 mol) was then added dropwise and 

left to react for 3.5 h. During this time, the stirring was temporarily stopped while the stirring disc was 

replaced with a smaller one (4 cm diameter) to reduce the load on the motor, and the stirring 

resumed. Thereafter, dicyclohexylamine (39.65 g, 0.219 mol) was added dropwise and then left to 

react for 1 h. At this stage the prepolymer was either isolated by casting onto a Teflon-coated mat or 

further reacted to prepare either DA1 or DA2. 

PreDA0.5 was prepared as follows. DGEBA resin (210.00 g, 0.553 mol) was added to the reaction 

vessel, heated to 125 °C and then stirred at approximately 400 rpm. In a beaker, furfurylamine (21.37 

g, 0.220 mol) and n-heptylamine (25.35 g, 0.220 mol) were blended prior to their dropwise addition 

to the heated steel vessel. After stirring at 125 °C for 3.5 h, the temperature was raised to 130 °C and 

dicyclohexylamine (39.89 g, 0.220 mol) was added dropwise and left to react for 1 h. At this stage the 

prepolymer was either isolated by casting onto a Teflon-coated mat or further reacted to form DA0.5. 

DA1 was prepared by slow addition of BMI1 (Homide 121, 69.5 g, 0.194 mol) to PreDA1 over 20 min 

at 120 °C with a combination of motorised and manual stirring with a palette knife. After complete 

addition the resin was mixed until homogeneous and then cast onto a Teflon-coated mat as an opaque 

gold-coloured glassy solid. This material was then milled, yielding a fine pale-yellow powder (344.99 

g). 

DA2 analogously to DA1. To PreDA1 at 120 °C, BMI2 (N,N’-(4-methyl-m-phenylene)-bismaleimide, 

Homide 123, 54.76 g, 0.194 mol) was added slowly and progressively homogenised over 20 min. The 

polymer was cast as opaque brown glass and then milled into an orange-brown powder (332.83 g).  

DA0.5 was prepared in a similar fashion. To PreDA0.5 at 120 °C, BMI1 (Homide 121, 34.76 g, 0.0970 

mol) was added slowly and progressively blended using a combination of manual stirring and low 

speed overhead stirring over 15 min. The resultant polymer was cast as an opaque orange glass, which 

yielded a pale-yellow powder after milling (317 g). 

Ctrl1 was prepared from a stoichiometrically balanced blend of Epon 828 (DGEBA) and EDA (4,4’-

ethylenedianiline, 10.0 g). The Epon 828 (38.5 g) was heated and stirred at 60 °C, while being 

simultaneously degassed via attachment to a Schlenk line (vacuum). After 30 min degassing, the epoxy 

resin was returned to ambient pressure, prior to the slow addition of powdered EDA (10.0 g). After 
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the last of the EDA powder was manually pushed into the resin (with a spatula), the vessel was sealed 

and returned to vacuum to continue degassing at 60 °C. After 1.5 h, the resin was returned to ambient 

pressure and the temperature raised to 70 °C. After a further 1 h of stirring the resin darkened in 

colour and became homogeneous. Thereafter, the blend was poured out of the flask and into a steel 

mould. The resin was cured in an oven with a 1 h ramp to 120 °C and a 1.5 h dwell at this temperature. 

This was followed by a post-cure with a further 1 h ramp to 150 °C and 1.75 h dwell prior to cooling to 

room temperature. 

Ctrl2 was prepared in an analogous fashion using Epon 828 (37.4 g) and the following in-house 

hardener blend (10.6 g) based on the commercial system Epikure 3072: 80 wt% poly(propylene glycol) 

bis(2-aminopropyl) (Mn = 230), 10 wt% tetraethylenepentamine, 5 wt% diethylenetriamine and 5 wt% 

bisphenol A. 

Rheology 

The rheology of each of the five polymers was tested using parallel plate rheology on an Anton Parr 

modular compact rheometer (MCR 302). In each experiment a 25 mm plate was used in oscillation 

mode (oscillations of 0.01 mrad, 1 Hz). A thin sample of approximately 1 g of material was placed on 

the plate and melted (120 °C, ~15 N compressive load applied) while a plate-plate separation of 1 mm 

was achieved, excess material was trimmed around the edges of the test geometry during this process. 

In this first series of experiments the polymers were tested in a dynamic cycle between 60 and 120 °C, 

where the heating/cooling rate was 6 °C min-1 and short dwells of 2 min were used (at 60 and 120 °C), 

for a total of four complete heating/cooling cycles. 

Solvent-swelling 

The following procedure was used to determine the solvent-swelling behaviour of the five polymers 

of this study. Approximately 130 mg of the given polymer powder was weighed into a vial and melted 

into a monolithic sample. 2 ml of solvent (either deionised water, hexane, ethanol, toluene, 

chloroform or dichloromethane) was then added and the vial capped. After 6 days, the excess solvent 

was decanted/filtered from the residual mass, which was then dried under a flow of nitrogen for 

roughly 10 s prior to weighing. This mass at this stage was recorded as the ‘gel mass’. The residual 

material was then left to dry in air for a further 72 h prior to re-weighing, giving the ‘final dry mass’. 

The combined data for all five polymers and all six solvents is shown in Figure 2.39. 

All other experimental techniques were performed via standard techniques under the conditions 

described in the text and figure captions.  
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Chapter 3: Diels-Alder epoxies 2 

3.1 Introduction 

3.1.1 Diels-Alder epoxies 2: aims and objectives 

In this chapter, the three DA epoxy CANs prepared and characterised in Chapter 2 were tested for 

applications in fibre-reinforced polymer composites (FRPs). The main opportunities here surround the 

use of the CANs as both recyclable and repairable matrices—this could give CAN FRPs significant 

sustainability advantages compared to conventional composites. Accordingly, methods of composite 

manufacture using these CANs were investigated, and the resulting composites mechanically 

characterised (Section 3.2). These novel composites are then tested for self-healing (Section 3.3) and 

recyclability (Section 3.4). In Section 3.5, DA1 (Figure 2.11) was tested as a reversible adhesive using 

simple lap-shear experiments. Adhesives present several advantages over mechanical fasteners in 

composite structures, particularly in weight saving and in avoiding stress concentration (which is acute 

around fastener holes). However, one of the major drawbacks is their irreversibility. As such, 

reversible adhesives may present value in this area, and the dynamic behaviour of CANs make them 

ideal candidates. In Section 3.6, some of the limitations of these materials are discussed, and initial 

tests towards the preparation of a second (or third) generation of these materials are presented. 

Finally, the research in this chapter is summarised in Section 3.6. Future work will be discussed in the 

concluding chapter, Chapter 6. 

3.2 Composite preparation and mechanical testing 

3.2.1 Composite manufacture 

The use of dissociative CANs such as DA-crosslinked materials as matrix resins for advanced 

composites provides several new opportunities and challenges for manufacture. On the one hand the 

low melting point, and moderate working viscosity provide an opportunity for reprocessing which is 

inaccessible to thermosets and often impractical (due to the prerequisite high temperatures and 

pressures) with engineering thermoplastics. Several unconventional moulding techniques become 

conceivably possible with such materials, including dry resin film infusion, powder compression 

moulding and the use of so-called ‘enduring prepreg’. However, the viscosity levels are too high to 

accommodate conventional infusion processes—even the viscosity of the prepolymer PreDA1 at 120 

°C (ca. 100 000 cP) is 2–3 orders of magnitude too high.1 Moreover, this viscosity also precludes 

conventional degassing processes as discussed in Chapter 2, Section 2.5.1. 
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An early concept tested in this project was dry film infusion, where films of solid polymer are 

compressed through woven reinforcement at elevated temperature (above their melting point). In 

contrast to conventional film infusion processes, which use partially cured resin films, a dry process 

might present advantages such as improved safety and increased resin lifetime. Experiments with 

small sections of film (i.e. shards) produced composite with some success, Figure 3.01. However, this 

method is not practical at scale due to challenges—namely brittle fracture—preparing intact sheets 

of resin. 

 

Figure 3.01. A first feasibility study concerning dry resin film infusion of glass fabric (3 plies) with DA1. Cycle procedure: 

heat to 135 °C; 3 min dwell; 9 tons compression for 1.5 min. This fabric had previously been used to make another section 

of composite and was recycled prior to this test. The marking in the composite is an imprint from the press platen. 

The concept of ‘enduring prepreg’, first coined by Odriozola et al.,2 was also explored in preliminary 

experiments with DA1. In this concept individual plies of fibre reinforcement (woven or non-woven) 

are infused with resin. These infused plies can then be laid-up and ‘cured’ together in a similar fashion 

to conventional prepreg, in an autoclave or oven. The main advantage to such a process is alluded to 

in its name, courtesy of the polymer matrix in question being fully cured prior to use, these plies could 

be stored indefinitely at ambient temperature. This is in marked contrast with conventional prepreg 

rolls which are stored at low temperature (often -20 °C) and have a limited usable lifetime at room 

temperature because the resin is only partly cured—it continues to cure at ambient temperature and 

eventually becomes unworkable. Although there might be limitations with such a process, including a 

complete absence of ‘tack’, this could be overcome during lay-up with the use of heated tooling or 

heat guns. This could in fact be advantageous, allowing the manufacturer to choose when and where 

the material is tacky. Although the infusion of large individual plies of fabric with DA1 was successful, 

as was the combination of two of these ‘enduring prepreg’ plies; large fragments of resin readily flaked 

away from these plies due to the inherent brittleness (Figure 3.02). Accordingly, this process has not 

been further pursued with this generation of resins. 
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Figure 3.02. Preliminary studies using DA1 to make enduring prepreg (25 x 28 cm, full scale). Left to right: DA1 powder on a 

single ply of woven glass fabric under a sheet of release film; the infused ply as moulded; close-up after handling. 

Vacuum-assisted compression moulding, using a procedure modified from that of the neat resin 

(Chapter 2, Section 2.5.1), was found to be highly successful. A 25 x 28 cm 8-ply cross-ply (0°/90°) 

woven glass laminate was prepared from DA1 powder (120 g) placed as a single charge on top of the 

dry fibres, Figure 3.03a. By heating this stack in an aluminium mould to 125 °C and applying a 9-ton 

load for 3 min, good infusion was observed with minimal flash and only small, isolated regions of dry 

fibre, Figure 3.03b. With the localised placement of additional DA1 powder (Figure 3.03c), the 

laminate was re-pressed under the same conditions (without a mould) to give an improved laminate. 

However, both of these moulding events were performed without a vacuum bag, which might explain 

the visible porosity in the product composite (in the form of microscale bubbles, Figure 3.03d). 

 

Figure 3.03. (a) DA1 charge placed on 8 plies of woven glass fibre; (b) 8plyDA1 after the first press; (c) the distribution of 

additional DA1 over resin-poor regions of the laminate; (d) 8plyDA1 after the second press with opacity indicative of resin-

poor regions.  

To overcome this porosity and demonstrate the importance of vacuum assistance, the laminate was 

pressed a third time at 125 °C under active vacuum, again in the absence of a mould. The final product 

‘8plyDA1’ (Figure 3.04a) was a well-consolidated GFRP laminate that was then trimmed and machined 

into specimens for flexural testing. To compensate for thermal lag, the compression mouldings 

reported in this chapter are consistently heated 5–10 °C higher than the target temperature of 120 °C. 
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Figure 3.04. (a) 8plyDA1 after trimming; (b) an optical microscope image (10 x magnification) of 8plyDA1’s cross-section.  

Optical microscopy was used to probe the cross-section of an 8plyDA1 specimen, Figure 3.04b. The 

specimen was cut, mounted in fast-curing epoxy (cured at room temperature) and then finely polished 

with a Buehler automated polishing machine prior to analysis. Fibre volume fraction determination 

was initially attempted using an automated areal method: the software package ImageJ/fiji calculates 

the fractional coverage based on the contrast in the image. This type of methodology is reported to 

work well with carbon fibre composites,3,4 in which there is intrinsically much greater contrast 

between fibre and matrix. Image processing techniques can be used to make this method possible 

with glass fibres. In general, the problem with image analysis of GFRP composites is that it is possible 

to resolve fibre interfaces well but there is otherwise poor contrast between fibre and matrix. Closed 

cells (such as circles) can be identified and automatically filled; however, highly consistent brightness 

and contrast levels are necessary to facilitate this. Ultimately, it was not possible to process the images 

to a sufficient standard to use this method. Instead, an alternative procedure: a combined 

areal/counting approach (modified from literature procedures) was used.3,5 

The full cross-section of the 8plyDA1 specimen was sectioned into five cells, then by drawing around 

the perimeters of the tows (both 0° and 90°) the ‘tow’ and ‘non-tow’ areal fractions were calculated 

and averaged as 72 ± 2% tow and 28 ± 2% non-tow respectively. Void fraction on this scale was 

negligible. The fibre volume fraction of the tows was then independently calculated as follows. 9 x 

2500 m2 cells were selected from 0° tows and the number of fibres (where more than 50% of the 

fibre was within the cell boundaries) counted, mean = 22.2 ± 3.03 (1 SD) fibres. The mean area of these 

fibres (approximated as a perfect circle from a mean of 24 diameters), calculated as 47.14 ± 0.81 (1 

SD) m2, was then used to determine the average fibre volume fraction of a given 2500 mm2 square 

of tow: 41.9%. A purely areal method was then used to determine the analogous fibre volume fraction 

in 90° tows after manually drawing around fibre perimeters in five further 2500 mm2 cells (in 90° 

tows): 68.2%. As a cross-ply laminate there are an equal number of 0°/90° tows, thus the average Vf 
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of tow regions is 55.1%. Accordingly, the tow fraction (of the specimen cross section) multiplied by 

the tow fibre volume fraction gives an estimate of the overall fibre volume fraction of the laminate: 

0.72 x 55% = 40%. Though this analysis was performed as carefully as possible, this number is only 

accurate to approximately ± 2%, due to the number of variables and the intrinsic inhomogeneity of 

the laminate. The overall void content of this laminate was negligible, << 1% (below the sensitivity of 

this analysis), confirming that the laminate was well consolidated. 

A second DA-CAN laminate designed to give optimal recycling performance, was prepared using DA0.5 

and 12 x 20 cm2 plies of 0°/90° woven glass fabric (plain weave) and an analogous procedure to 

8plyDA1. DA0.5 was chosen for this study because its low crosslink density facilitates enormous uptake 

of chlorinated solvents as reported in Chapter 2 Section 2.4. The product laminate, 12plyDA0.5, is 

shown in Figure 3.05. 

 

Figure 3.05. 12plyDA0.5 before and after compression moulding. 

3.2.2 Three-point bend flexural testing 

Three-point-bending (3pb) was selected to quantify the mechanical performance of 8plyDA1 and 

12plyDA0.5 for broadly the same reasons as with the neat polymers: matrix damage on clamping is 

probable with other tests and 3pb is very simple to perform and interpret. There is a further additional 

benefit to testing composites by 3pb, in that it may be possible to damage specimens only to the point 

of matrix cracking, without fibre damage. This presents an opportunity to investigate composite 

repair/self-healing when it can be most effective (with no fibre damage). 

The first series of 8plyDA1 specimens were tested to failure using a Shimadzu universal testing 

machine, 40 mm span and 42 mm min-1 loading rate in compliance with ASTM D790 Procedure B (note 

that the higher loading rate procedure was chosen in attempt to induce failure prior to the outer 

surface strain limit of 0.05 mm min-1 imposed by the standard). Each specimen was loaded until a load 

drop criterion (to <25% of maximum) was detected to ensure each specimen had failed completely 
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(with a high level of fibre damage)—importantly, the composite specimens never split into multiple 

pieces. Inducing this high degree of damage would provide a reliable benchmark from which to 

consider ‘less damaging’ tests in subsequent experiments. The raw stress-strain data is presented in 

Figure 3.06. The calculated mean values (± 1 SD) of stress, strain and modulus are as follows: ultimate 

flexural strength, 474 ± 43 MPa; ultimate flexural strain, 5.40 ± 0.34%; tangent flexural modulus, 11.6 

± 1.1 GPa. 
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Figure 3.06. Stress-strain curves of the seven 8plyDA1 specimens tested to failure in 3pb. A span-to-depth ratio of 40:1 was 

used. Stress = the flexural stress at the midpoint of the outer fibres. Strain = the flexural elongation at the midpoint of the 

outer fibres. Note that stresses calculated herein are modified to account for the large span-to-thickness ratio in 

accordance with ASTM D790. 

From Figure 3.06, three broad regions of the stress-strain curves can be defined: 0–2% strain, an 

approximate linear-elastic regime. 2–4% strain, intermittent damaging events (associated with drops 

in stress) and onset of non-linearity. >4% strain, frequent damaging events and substantial plastic 

deformation prior to ultimate failure. Note that the (unreinforced) DA CANs failed at approximately 

0.5% strain (Chapter 2, Section 2.5.2); unsurprisingly, the 0°/90° glass fibres have resulted in a 

substantial improvement in mechanical performance. 

The average ultimate flexural strain of 5.40% confirms that even with the use of procedure B of ASTM 

D790, failure was not consistently induced prior to 5% strain, the point at which the standard advises 

that tests should be terminated—in this case the standard advises reporting the 5% yield strength 

(456 ± 45 MPa). Nevertheless, in all cases the experiments were stopped close to this strain limit. One 

of the key reasons that such high levels of strain (for advanced composite) were reached is due to the 

thickness of the specimens. With an average (mean) central thickness of 0.93 mm these specimens 
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are very thin and are thus capable of large-scale deformation, as can be seen from their shape after 

testing, Figure 3.07. Naturally, under load these specimens were deformed even further. 

 

Figure 3.07. 8plyDA1 specimens after 3pb testing to failure. Left, ‘whitened’ regions indicate delamination. Right, a profile 

highlighting the permanent deformation. 

One hypothesis concerning 12plyDA0.5 was that the increased thickness (1.13 mm) of this laminate 

would result in less pronounced deformation and more reliable results. This is principally because of 

distributing load-carrying material further away from the neutral axis of bending. Improved 

repeatability could be particularly important for subsequent healing and recycling experiments since 

the additional processes those specimens would be subject to could introduce substantial variability. 

Accordingly, seven specimens of 12plyDA0.5 were cut and tested under 3pb in an analogous fashion 

to 8plyDA1, Figure 3.08. 

 

Figure 3.08. 12plyDA0.5 3pb specimens. 

In this experiment, a slightly wider span (gauge length) of 45 mm and slower strain rate of 30 mm min-

1 were used, and the same failure criterion (load falling <25% of maximum) was used to automatically 

stop the test. The raw stress-strain data is plotted in Figure 3.09. Specimen 5 appears to be 

considerably more compliant than the other specimens, with approximately half the tangent flexural 

modulus. Accordingly, the data of specimen 5 was assumed to be defective and as such was excluded 

from mean and standard deviation calculations: ultimate flexural strength, 443 ± 36 MPa; ultimate 

flexural strain, 2.25 ± 0.23%; tangent flexural modulus, 18.5 ± 1.6 GPa. 
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Figure 3.09. Stress-strain curves of the six 12plyDA0.5 specimens tested to failure in 3pb. A span-to-depth ratio of 40:1 was 

used. Stress = the flexural stress at the midpoint of the outer fibres. Strain = the flexural elongation at the midpoint of the 

outer fibres. Note that stresses calculated herein are modified to account for the large span-to-thickness ratio in 

accordance with ASTM D790. 

The ultimate strength of 12plyDA0.5 is slightly lower than 8plyDA1; however, the values are within 

one standard deviation of each other, hence are best considered as approximately equal. This is as 

expected since the same glass fabric was used and there was no discernible difference in the strengths 

of the two matrices, DA1 and DA0.5. However, the moduli and strains of these two composites are 

considerably different, 12plyDA0.5 has approximately 1.5 times the modulus and half the ultimate 

strain. Overall, this second laminate is much less compliant. As previously stated, one reason for this 

is geometric, the distribution of load-bearing material further from the neutral axis of bending. 

However, a further potential explanation for this is fibre volume fraction. Since the mean thicknesses 

of 12plyDA0.5 and 8plyDA1 are 1.13 mm and 0.93 mm respectively (an increase of ~22%), but the 

number of plies is increased by 50%, it seems highly likely that the former has a considerably higher 

Vf. With a higher Vf the fibres account for an increased proportion of the composite mechanical 

performance, hence the increased stiffness. 
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3.3 Composite repair and re-testing 

3.3.1 Composite repair/self-healing 

One of the key applications of reversible crosslinks is in repair, also described as self-healing, as 

detailed in Chapter 1 Section 1.3. The lack of ‘repairability’ imbued by conventional composite 

matrices is a significant limitation. Unlike in conventional composites, the ability of CANs to de-

crosslink can allow the polymer to flow, fill cracks and repair damage. As the stimulus (in this case 

heat) is removed, the polymer effectively ‘re-cures’ restoring the mechanical performance. As 

reported in Chapter 2, with these resin systems a temperature of ~120 °C and moderate external 

pressure are required to give the greatest chance of effective crack filling (healing). One of the key 

limitations is that this method of healing—as with all others in the literature—cannot repair fibre 

damage. 

On a real composite structure, one of the most effective ways to repair minor damage using these 

resin systems could be to ‘iron’ the affected region. Here, a combination of localised heating and 

pressure could be applied without affecting the wider structure. With flat flexural specimens, their 

small size would make such a repair challenging. However, a simple surrogate for this process is to use 

a hot press to effect the repair, in much the same way they were manufactured; though in this case 

the addition of extra powdered polymer should not be necessary. Accordingly, the failed 8plyDA1 

specimens were repaired by pre-heating with a set temperature of 130 °C, with subsequent 

compression under 50 kN for 3 min, the specimens before and after repair are shown in Figure 3.10. 

 

Figure 3.10. 8plyDA1 repair using a hot press. 

It is immediately apparent from Figure 3.10 that the visible delamination (observed as whitening in 

the figure) has been repaired. Indeed, only close inspection of the recovered specimens revealed 

evidence of the prior failure—a faint line at the centre of the specimens was usually observable and 

likely indicates the points of fibre breaking. It is also evident from Figure 3.10 that the repair process 

has distorted the specimen shape, with a decrease in uniformity (non-parallel sides) associated with 

increased specimen width and decreased thickness. The specimen dimensions were re-measured 

prior to subsequent testing by 3pb. Raw stress-strain data for this series of experiments is shown in 

Figure 3.11. 
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Figure 3.11. Stress-strain curves of 8plyDA1 (repaired) subject to 3pb. A span-to-depth ratio of 40:1 was used. 

Specimen 1 was tested to failure twice prior to healing, hence the much-reduced performance. 

Accordingly, this data was excluded from the following mean and standard deviation calculations: 

ultimate flexural strength, 129 ± 23 MPa; ultimate flexural strain 0.79 ± 0.14%; tangent flexural 

modulus, 18.4 ± 1.6 GPa. Using ultimate flexural strength as the metric of recovery, this corresponds 

to a healing efficiency of 28 ± 5% (using Equation 1.2, Chapter 1, Section 1.3.4). Considering the 

substantial amount of fibre damage visible from the initial 3pb testing, this demonstrates excellent 

recovery and indicates some residual contribution from the fibres (neat DA1’s ultimate strength was 

16.5 MPa). The ultimate strain of the repaired specimen is also much reduced compared to the original 

value, this likely reflects the reduced contribution of the fibres to the composite performance and the 

relative increase in contribution from the resin which fails at ca. 0.5% strain. 

In stark contrast to the stress/strain data, the modulus of the repaired specimens was consistently 

higher than the pristine specimens. This phenomenon is observed again in later tests and appears to 

be representative of a real change in material behaviour; the composite becomes more stiff. It seems 

most likely that this can be explained from the reduction in thickness associated with the pressurised 

healing treatment. At low strain, the matrix holds together broken fibres sufficiently well that they 

essentially contribute to stiffness as if there were no fibre damage. However, due to the reduction in 

cross-sectional area (the specimen width/thickness changes were not proportionate), the repaired 

specimens appear better consolidated. This difference in consolidation is also readily apparent by eye 
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as a significant proportion of excess resin has been pushed out to the sides of each specimen, leading 

to their deformed shape. One of these specimens was cut, potted in epoxy and subject to the same 

image analysis technique reported in Section 3.2.1; however, no significant change in fibre volume 

fraction was observed (within experimental error ~2%). Nevertheless, it is possible that specimen 

inhomogeneity post-healing is masking localised Vf changes, which are hard to detect via fibre 

counting methods (with microscopy). 

Interestingly, the level of scatter (expressed as standard deviations) within this experiment is much 

lower than the self-healing experiments with the neat polymers (Chapter 2, Section 2.6). This almost 

certainly reflects the more consistent, reproducible method of repairing the composite specimens 

(which was not possible with the neat polymer). 

These twice-broken specimens were then healed a further time using the same method as before (130 

°C, 50 kN, 3 min). On this occasion, much greater specimen disfiguration was observed, resulting in 

visibly poorer composite, Figure 3.12. The central point of fibre fracture became much more obvious 

and was this time captured in the photograph as shown. These seven specimens were then tested 

again in analogous fashion to the previous two 3pb experiments. 

 

Figure 3.12. 8plyDA1 specimens photographed on lined paper after twice being tested to failure and repaired. Note that 

the lined paper background can be seen through the higher quality specimens 1, 2, 5 and 7. 

The extent of recovery with this series is limited due to the extensive fibre damage incurred during 

the previous two 3pb experiments and the increasingly unfavourable distribution of resin. This is 

particularly apparent with specimen 6, which exhibits a considerable amount of bare fibre at the 

surface and seems to have taken the shape of a semi-circular defect (from the press) at its midpoint. 

The raw stress-strain data is shown in Figure 3.13. In two cases (specimens 3 and 6) the strength was 

the same before and after ‘failure’ suggesting defective specimens, accordingly these results were 

excluded from the following mean and standard deviation calculations: ultimate flexural strength, 56 

± 18 MPa; ultimate flexural strain, 0.55 ± 0.30%; tangent flexural modulus, 14.4 ± 3.8 GPa. 
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Figure 3.13. Stress-strain data (3pb) of the twice-repaired 8plyDA1 specimens. A span-to-depth ratio of 40:1 was used. 

Note that specimens 3 and 6 were excluded from calculations as there was no discernible difference between the peak 

strength and the residual strength after ‘failure’. 

Specimen 4 shows an anomalously high residual strength that goes on to surpass the initial peak stress 

at high strain (ca. 5%), for the sake of comparison with the other specimens the original peak was used 

for stress/strain averages. This indicates that in this specimen alone an appreciable number of 

unbroken fibres were present prior to testing, resulting in a progressive failure more reminiscent of 

the pristine specimens. A second more clearly defined drop in stress (indicative of a failure event) is 

apparent at approximately 6.5% strain. 

The healing efficiency of these specimens relative to the strength of the original’s averages is 12 ± 4% 

and with respect to the once-repaired specimens, 40 ± 19%. Although the mechanical performance of 

these twice-repaired specimens is very poor, it is impressive that they can be repaired to support a 

load at all. In all cases, the maximum recorded stress was greater than or equal to that of the 

unreinforced polymer (16.5 MPa), clearly demonstrating that the matrix was successfully repaired a 

second time and that the fibres were still contributing to load bearing (if only in a limited capacity). 

3.3.2 Further composite repair/self-healing 

A second series of specimens was cut from the 8plyDA1 laminate to explore the possibility of using 

3pb testing to damage the composite to a lesser extent, where only the matrix and interfaces are 

damaged. It is crucial in the self-healing of composites to consider damage that can and cannot be 

repaired; by reducing the level of damage, healing efficiencies near 100% (i.e. full recovery) could be 

achievable. However, there are several major challenges associated with such experiments: (1) 

Damaging specimens such that there is consistently only matrix and interfacial damage—setting 
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experiments to terminate at a pre-determined displacement could ensure specimens are tested to a 

well-defined strain. Alternatively, setting experiments to terminate after a given reduction in strength 

could ensure consistent damage. (2) Identifying the damage—with GFRP specimens, delamination is 

easily visible; however, other forms of damage such as matrix microcracking are not always detectable 

with visual inspection alone. (3) Quantifying the damage—lesser forms of damage, such as matrix 

cracking may result in only minor degradation of the material stiffness and strength. Without testing 

specimens to failure, ultimate strength cannot be used to determine healing efficiency and 

determination of alternative stress metrics, such as yield strength may not be possible. 

These are some of the major reasons that DCB testing has proved a popular method for quantifying 

composite healing in the past, since only the matrix and fibre-matrix interface is tested. However, 

specimen preparation, testing and analysis are often more complex than in other mechanical tests. In 

the following experiment, 8plyDA1 specimens were tested in 3pb to examine the prevalence of these 

challenges and explore simple methods of overcoming them. 

From the original experiment, testing 8plyDA1 to failure using a high strain rate of ~40 mm min-1, three 

broad regions of stress-strain relationship were identified. The second of these regions, 2–4% strain is 

where non-linearity is first observed and infrequent decreases in stress become apparent. Beyond 4% 

strain, significant fibre damage is evident from the frequent large drops in stress. Accordingly, ~4% 

strain is a logical starting point for inducing a measurable amount of matrix damage without significant 

fibre damage. One method of increasing the amount of damage while affording more control, is the 

use of slower strain rates, which would be expected to reduce the measured stiffnesses and 

strengths.6 A strain rate of 3 mm min-1 was calculated in accordance with Procedure A of ASTM D790 

and used in this study. 

To ensure a measurable level of damage and explore its effectiveness, the Shimadzu Trapezium 

software’s break detection system was employed throughout using percentage load mode. This mode 

terminates the given experiment when the load falls to a pre-determined percentage of its maximum. 

Specimens were either tested to 80%, 70%, 65% or 50%, with lower numbers inducing greater 

damage. After testing, each specimen was then retested with the same parameters. After the second 

series of tests the damaged specimens were repaired using a hot press set to 130 °C and then pressing 

under 2 tons for 3 min, Figure 3.14. All specimens were then tested under 3pb a third time to failure. 

The three stress-strain curves of a representative specimen are shown in Figure 3.15. 
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Figure 3.14. Left, partially damaged 8plyDA1 after the B series of tests. Note the more obvious damage (delamination) in 

specimens 4 and 5, with extensive fibre damage in the case of 4. Right, hot-press repaired specimens prior to the C series 

of tests. 
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Figure 3.15. The 3pb stress-strain curves of a representative 8plyDA1 specimen (#6). A, initial testing with 65% load break 

detection. B, repeat testing to determine the influence of damage (manually terminated). C, repaired specimen testing to 

failure. 

Since ultimate strength could not be used to determine healing efficiency, two alternative metrics 

were considered for use in this calculation: (1) modulus and (2) yield strength. Since tangent flexural 

modulus is calculated using the onset of the stress-strain curve, this can be reliably measured in all 

experiments without testing to failure. The tangent flexural moduli of each test series are shown in 

Figure 3.16. Where A represents the initial tests (mean = 10.05 ± 0.83 GPa), B the damaged specimens 

(mean = 8.38 ± 0.84 GPa) and C (mean = 15.37 ± 0.87 GPa) the repaired specimens. The specimen 

number is quoted alongside the break detection values (as a percentage of maximum load).  
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Figure 3.16. Tangent flexural moduli of all tests of the part-damaged 8plyDA1 experiment. In accordance with ASTM D790, 

tangent modulus is calculated from the steepest point of the stress-strain curve. Specimen 4 failed during its original 

testing, hence the absence of 4B. 9B is missing due to data corruption. 

Modulus recovery. No experimental ‘toe’ or seating effects (from slack in the loading geometry) were 

observed in the raw data and consequently no compensation was required. However, deviations of 

up to ~20% in load-deflection gradient were observed when calculated over different strain ranges. 

Accordingly, to satisfy the requirements of ASTM D790, efforts were made to maximise the load-

deflection gradient (determined with the LINEST function of Excel) and use this steepest point of the 

curve for the calculation of tangent modulus. This means that these moduli are not calculated over a 

consistent strain range, which could make comparisons between the different data sets (pristine, 

damaged and repaired) less reliable. To make sure of the trends in behaviour, a chord modulus 

calculated between 0–1% strain was also determined for each specimen. These calculations gave an 

average of A – 9.55 GPa, B – 8.69 GPa and C – 14.10 GPa. Although the A and C averages are lower 

than their respective tangent moduli and the B average higher, the overall trend is the same regardless 

of the method by which modulus is calculated. 

There is a consistent degradation of modulus for all specimens (B vs. A), confirming that significant 

damage has occurred, and that—in principle—flexural modulus can be used as a damage metric. 

The repaired specimens, denoted C, confirm that in all cases modulus is completely recovered and 

substantially increased compared to the original values. Though in cases of minor damage, such as 

this, 100% recovery is not unexpected, the substantial increase in performance is highly unusual. There 
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are two factors which are likely to be contributing to this phenomenon. The first factor is the 

chemistry. The sensitivity of the DA1 matrix to its thermal history courtesy of the combination of the 

Diels-Alder equilibria and BMI homopolymerisation (HP), mean that the resin chemistry may have 

changed substantially during the healing process. It is quite likely that the slow cooldown from the 

healing temperature led to a ‘tempering’ effect, where the Diels-Alder network is allowed to 

equilibrate into a more densely crosslinked material. Moreover, some permanent crosslinks may also 

develop from the side reactions discussed previously (i.e. BMI HP, Chapter 2, Section 2.1.4) Evidently, 

increased crosslinking would be expected to increase modulus, and the isothermal rheological 

experiments in Chapter 2, Section 2.3.1 seem to support this hypothesis. However, relatively small 

changes in matrix topology are unlikely to result in such substantial changes to the composite stiffness, 

in which the fibres have a much greater contribution. Accordingly, the second factor, fibre 

consolidation, is likely to be more significant. By subjecting the samples to a further compression 

moulding–type process, the fibres and matrix can be redistributed in such a way that apparent fibre 

volume fraction is increased. Although the quantity of the respective constituents will not change, it 

is possible that excess resin is pushed to the sides of the specimens, increasing the fibre volume 

fraction in the bulk. A mean reduction in specimen thickness of 18% is good evidence for this. 

Fibre volume fraction analysis (using optical microscopy) was performed on a damaged specimen in 

an analogous fashion to the pristine specimen reported in Section 3.2.1. Figure 3.17 shows a 

representative microscope image of a repaired cross section. The same areal/counting method of 

determining the fibre volume fraction was used as previously described. The most striking difference 

between the cross sections of Figure 3.17 (repaired) and Figure 3.04b (pristine, Section 3.2.1) is the 

appearance of numerous voids. Indeed, this is representative across the width of the specimen and is 

observable with the naked eye too. This observation also appears to be consonant with the 

observations of bubble formation during the healing of neat resin specimens—a product of previously 

dissolved air evolving from the molten resin. This corresponds to a void content (volume fraction) of 

2%. In contrast, the void content of the pristine sample was negligible at <0.1%. 
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Figure 3.17. An optical microscope image (10x magnification) of the cross section of an 8plyDA1 3pb specimen after repair. 

The black sections indicate resin porosity (air pockets). 

In terms of fibre volume fraction, a value of approximately 40% was determined, the same value as 

with the pristine specimen. Since in theory no material (fibre or resin) should have been either added 

or removed during the healing process this seems logical. However, the distribution of fibre and resin 

does appear to have changed, which is most easily visualised at the specimen edges, Figure 3.18. In 

the pristine specimen, to the left of the figure, the edge is cleanly cut and the distribution of tows 

seems reasonably homogenous all the way to the edge. In contrast, the repaired specimen (to the 

right) shows a highly deformed edge, with significant outflow of resin (and some 0° fibres) beyond the 

original edge (demarcated by the termination of the 90° fibres). Importantly, this extra resin must 

have come from somewhere, meaning that there will be less resin and a higher fibre volume fraction 

toward the centre of the specimen. This effect is likely to be subtle, though even minor increases in 

fibre volume fraction (2–5%) could explain the observed stiffness increase after repair. Given this 

observation and the macroscopic changes to specimen dimensions, this seems the most likely 

explanation, though unfortunately this Vf determination methodology is not sensitive enough to 

confirm this proposed Vf gradient. A simple accountancy of errors, using the standard error of the 

mean (SEM) of average fibre diameter (and thus area) and average fibre number (0.0267 and 0.0455 

respectively) gives a mean square error of 0.0528 for the 0° intra-tow Vf. The average of this error and 

the SEM of the 90° intra-tow Vf (calculated solely in terms of areas, 0.0327) gives an overall minimum 

error of 0.0428 for intra-tow Vf. The SEM of the average tow coverage is 0.0609, when combined with 

the intra-tow Vf as an overall mean square error, the error comes to 0.074, which in absolute terms is 

3.0% Vf, which seems to be a reasonable estimation of the limits of accuracy with this methodology. 
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Figure 3.18. Left, an edge of the pristine specimen. Right, an edge of the repaired specimen. The discolouration visible on 

the repaired specimen is a reflection. 

In theory, this methodology could be used to spatially resolve Vf in attempt to demonstrate the 

proposed redistribution of fibres and resin. However, the size and number of sample areas used for 

the calculation would be reduced to do this and consequently the uncertainty (error) would be 

expected to increase. This uncertainty could feasibly be reduced by repeating the measurements on 

multiple specimens, but it was determined that the chance of observing a statistically significant 

distribution of Vf across specimen width in a time-efficient manner would be low. 

Yield strength recovery. If the composite yields prior to substantial fibre damage, yield strength could 

also be used as a damage metric if all tests exceed the quoted offset strain. This is true with 0.2% 

(offset strain) yield strength. By drawing plots such as Figure 3.19, where a stress-strain line at 0.2% 

strain offset is shown, the yield strength can be determined at the intersection. However, as is readily 

apparent from Figure 3.20, yield strength was not consistently degraded by the original tests, in many 

cases B > A. Accordingly, we can state that the composite was not sufficiently damaged in these 

experiments to use yield strength as a damage metric. If break detection (%MAX load) were to be used 

again to control the extent of specimen damage, these results would indicate that the tests should be 

terminated somewhere between 50% and 65% of the maximum load, since 65% did not produce 

enough damage and 50% produced too much (specimen failure). This highlights the challenge in 

ensuring an appropriate level of damage. One of the obvious alternative methods of terminating the 

experiments, using a pre-defined strain, is not necessarily a better candidate either: the mean yield 

strain of series A is 2.21% and is associated with a significant scatter (1 SD = 0.36%). Critically, many 

of the specimens exceeded 5% strain prior to break detection in these tests—beyond this threshold 

the stress calculations are not strictly valid. In other words, using strain limits of ≤5% strain would 

likely induce even less damage than is observed from the method used in this experiment. Terminating 

the tests at 5% strain and using a faster loading rate could together lead to a consistent, substantial 
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level of damage. Though this would require further experimentation into the strength–strain rate 

relationship. A potentially more robust methodology of testing self-healing of 3pb composite 

specimens was planned but not performed and will instead be discussed in future work (Chapter 6, 

Section 6.1.3). 
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Figure 3.19. 0.2% yield strength determination of specimen 3A. 
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Figure 3.20. 0.2% flexural yield strengths of the part-damaged 8plyDA1 experiment. Specimen 4 failed during its original 

testing, hence the absence of 4B. 9B is missing due to data corruption. 
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3.4 Composite recycling and re-testing 

As introduced in Chapter 2, Section 2.4, solvent-assisted methods appear to be the most pragmatic 

solution to recycling CAN-based composites. De-crosslinking can be exploited to break down the 

polymer into soluble oligomers, leaving the fibres largely unaffected. The fabric reinforcement can 

then be separated by hand from the solution and dried as individual plies ready for reuse. Separately, 

the polymer may then be precipitated from solution and dried. Since the reversible crosslink 

functionality (DA in this case) should remain unaffected by dissolution and drying, the polymer can be 

isolated and reused for further moulding. As discussed in Chapter 1, numerous researchers have 

achieved robust solvent-assisted recycling processes with CANs and related polymers by employing 

competition reactions, and in a few cases this has been extended to composites. The primary 

limitations with this methodology are that the solvents in question can be harmful and/or expensive, 

and these factors can be compounded if heating is required. If the solvent is not recycled in a closed-

loop system itself, this may reduce the environmental justification for recycling the composite entirely. 

In addition, solvent treatments  break the fibre-matrix interface and can remove fibre sizing and other 

surface treatments, which can significantly erode fibre performance. Furthermore, it can be 

challenging to completely remove the solvent from the polymer, particularly if it is high boiling—the 

inclusion of even a few wt% solvent can significantly influence mechanical properties. One of the 

major advantages of solvent methods over using superheated steam or related treatments, is that the 

polymer can be recycled if the solvent is chosen correctly, which is not the case with steam processing. 

Nevertheless, it may be that superheated steam recycling could be adapted to facilitate recycling of 

CANs, by inducing de-crosslinking reactions. 

In contrast to other reversible systems, DA adducts, as purely dissociative dynamic units, are not 

appropriate candidates for the usual competition processes; the rDA reaction is always 

unimolecular—dissociation is not induced by any external species. Although a low molecular weight 

furan derivative could feasibly be used as a solvent or as an additive in solution, the DA polymer would 

still require substantial heating (120 °C) to induce dissociation. Consequently, this is unlikely to result 

in improved dissolution vs. simply dissolving the polymer at high temperature in a solvent such as 

DMSO (b.p. 189 °C), as has previously been reported in the literature.7,8 Accordingly, any high-boiling 

solvent which can dissolve the oligomers (prepolymer) is a sensible candidate for recycling. Indeed, 

colleagues at TNO Materials Solutions in Eindhoven, NL, tested several such solvents with small GFRP 

samples of DA1 and DA0.5 (in unpublished work) and found that toluene (at reflux, 110 °C) was very 

effective for recycling DA0.5 composite. However, in our hands, a crude experiment with refluxing 

toluene did not cleanly dissolve DA1 from a section of 8plyDA1 composite even after 20 h, Figure 3.21. 
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Figure 3.21. Left to right, 8plyDA1 prior to exposure, the composite dissolving in 110 °C toluene and the composite 

appearance after exposure. 

As is evident from composite discolouration, some of the resin was successfully dissolved, but a 

significant quantity of DA1 remains on glass fabric (giving the orange colour). The contrast in 

observations between DA1 and DA0.5 are to be expected. As has been discussed in both this thesis 

and in the wider literature, generally the furan-maleimide rDA reaction requires temperatures in 

excess of 120 °C to operate effectively. However, with very few crosslinks, DA0.5 readily dissolves in 

refluxing toluene, despite the fact that the rDA reaction is relatively limited at this temperature. In 

contrast, higher boiling solvents such as DMSO and DMF should be quite effective at dissolving all of 

the DA polymers discussed in this work (when heated above 120 °C), particularly when the composite 

is fully immersed. As mentioned previously, it must be stressed that removing residual DMSO and 

other high boiling solvents would be challenging. 

After discovering the potency of DCM as a solvent for cleaning surfaces and equipment contaminated 

with these DA CANs, the room temperature method of recycling presented in Chapter 2, Section 2.4, 

Scheme 2.2 was developed. This method exploits the unusual phenomenon of gelation which occurs 

when the DA CANs are immersed in chlorinated solvent (DCM or chloroform) as they absorb large 

volumes. Conveniently, the gelation process exerts a significant pressure between plies which 

facilitates their separation as shown in Figure 3.22. As previously described, the individual plies are 

simply dried and not further treated prior to reuse. The gel is then concentrated by evaporation of the 

residual solvent prior to drying (at RT overnight and then 60 °C for a further 24 h), milling and reuse. 

The section of 8plyDA1 shown in Figure 3.22, was then reconstituted (from recycled fabric and DA1) 

in an analogous VACM process to its original moulding (130 °C, 6 tons, for 3 min). 
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Figure 3.22. Recycling of 8plyDA1. Left, 8plyDA1 immersed in DCM for 2 h. Right, manual separation of the individual E-

glass plies from the swollen composite. 

The advantages of this process are two-fold: (1) the use of ambient temperature makes this method 

considerably less energy-intensive than heated processes. (2) the low-boiling point of DCM makes 

removal of residual solvent considerably more efficient than with higher boiling solvents such as 

toluene or DMSO. Accordingly, it is probable that there is much less residual solvent after processing 

with this method. 

The significant drawbacks from this method are the hazards associated with DCM (and the alternative 

chloroform, which is even more hazardous): although it is non-flammable and an excellent solvent for 

a wide variety of materials—hence its ubiquity in chemistry laboratories the world over—it is a 

skin/eye irritant, suspect carcinogen and is associated with central nervous system targeted toxicity. 

However, it should be noted that the majority of widely used organic solvents are associated with 

similar hazards (and are typically highly flammable), and toluene is no exception to this. 

To explore the efficiency of this process in terms of its influence on mechanical properties, recycled 

8plyDA1, ‘8plyDA1R’, was tested under 3pb and compared to the pristine composite (with a 39.96 mm 

span and 42 mm min-1 strain rate). The stress-strain curves are shown in Figure 3.23. The mean values 

(± 1 SD) of the seven specimens are as follows: ultimate flexural strength 331 ± 41 MPa, tangent 

flexural modulus 10.9 ± 2.4 GPa, and ultimate strain 3.74 ± 0.57%. In terms of strength, this equates 

to 69% of the original pristine strength (mean 474 ± 43 MPa), demonstrating unequivocally that DA 

CAN composites are efficiently recyclable. In much the same way as healing efficiency, this could be 

described as a ‘recycling efficiency’. Nevertheless, a 31% degradation in strength, which is mirrored 

by a similar decrease in failure strain (3.74 vs. 5.40%) is clearly representative of some deleterious 

effects produce by the recycling process. Furthermore, each of the mechanical properties are 

associated with increased scatter, reflected in the increased values of standard deviation. One possible 

explanation for these observations is solvent (DCM) entrained within the polymer, even small 



 

155 
 

UOB Open 

amounts could lead to matrix plasticisation, which in turn could manifest as a reduction in stiffness 

and strength. Even though DCM is particularly low boiling (39.6 °C), and the drying process is thorough, 

it is quite possible that there is a small amount trapped within the polymer. One way to confirm this 

would be to dissolve some of this composite in CDCl3 and look for traces of DCM within the 1H NMR 

spectrum. Indeed, a 1H NMR spectrum of recycled and re-moulded DA1 did reveal an appreciable 

quantity (~2% of the total number of H atoms), which could have a significant plasticising effect. To 

overcome this, the polymer should be dried for longer prior to reuse. An alternative explanation for 

the reduced performance is through the loss of less soluble fractions during the process. Although 

none of the polymer or solution is actively discarded, some residues remained on the glassware and 

it is possible that these residues are enriched with a disproportionate amount of crosslinker (BMI) 

and/or longer oligomers, which would be expected to contribute significantly to the overall 

mechanical behaviour. 

The fibres typically used in advanced polymer composites, be they carbon, aramid or glass, are 

relatively chemically inert by nature. Being completely inorganic, the E-glass fibres used throughout 

this research would be expected be almost completely inert to most organic chemicals, though 

research has shown that E-glass can be sensitive to acid corrosion.9 It seems unlikely that the solvent 

treatment would have a significant effect on the individual fibres. Nonetheless, the performance is 

sufficiently reduced that it seems unlikely that the matrix alone can explain it. Perhaps the most likely 

explanation is weakened fibre-matrix interfaces. In this study, the recycled fibres were not additionally 

cleaned after separation (solvent treatment) and the result was a small but significant quantity of 

matrix residue was left on the fibres. It is conceivable that the residual layer of polymer resulted in 

poor fibre-matrix adhesion during the second (re-)moulding process. In contrast to the behaviour of 

the pristine composite (Figure 3.06), there are no minor breakage events (zig-zags in the stress-strain 

curves) visible in Figure 3.23. It is possible that those events represent energy release on debonding 

or matrix cracking, which is not occurring in the recycled specimens due to poorer quality interfaces. 
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Figure 3.23. Stress-strain curves of 8plyDA1R. A span-to-depth ratio of 40:1 was used. 

3.5 Reversible adhesion 

With the increasing use of FRPs, the use of adhesives has also grown significantly. This growth is largely 

due to two factors: (1) the intrinsic brittleness of FRPs makes them highly susceptible to stress 

concentration effects—effects which are particularly acute around the holes drilled for rivets and 

similar joints. (2) Adhesives have a much lower density than metallic fasteners which combines well 

with the weight-saving potential of composites.10–12 However, a major limitation of conventional 

adhesives is that they do not facilitate disassembly and thus present significant concerns for end-of-

life. In recent years, there has been significant research into reversible adhesives,13–16 and the Diels-

Alder reaction is one of the key underpinning chemistries that has received considerable attention.17,18 

By introducing an element of controlled reversibility, the primary limitation of adhesives can be 

overcome, potentially enabling composites to reach their true weight-saving potential. Other 

techniques for joining certain composite parts exist, such as thermoplastic welding,19–22 which have 

significant potential in their own right; however, these techniques are beyond the scope of this 

discussion. 

Qualitatively, it can be easily demonstrated that these Diels-Alder CANs can be used as reversible 

adhesives, since they are sticky liquids at 120 °C and hard solids at room temperature. Quantifying this 

behaviour requires the use of a mechanical testing method, of which there are numerous examples in 

the literature. Two of the most prevalent are pull-off,23–25 and lap-shear tests.26,27 In theory, either of 

these tests could be used to test reversible adhesion, simply by performing the respective test at 

ambient and elevated temperature and comparing the results. However, single lap-shear testing was 
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chosen for this study due to its simplicity and compatibility with the available Shimadzu universal 

testing machine (that was equipped with a thermal chamber). 

In an ideal scenario, the disassembly of a structure joined with a thermally reversible adhesive would 

use a heat delivery system that was sensitive and highly localised, such that heat could be applied to 

the bond-line without heating the surrounding material. This could potentially be implemented using 

resistive heating, lasers or possibly even a highly exothermic chemical reaction. Nevertheless, for the 

sake of a quick demonstration experiment, a thermal chamber—an oven that completely encases the 

test specimen—is ideal and should provide a more consistent heat delivery than a heat gun, another 

simple alternative. A series of 18 steel specimens were prepared in accordance with the specifications 

outlined in ASTM D1002, Figure 3.24, with a view to the preparation of analogous carbon fibre 

specimens at a later date. 

 

Figure 3.24. Single lap shear specimens. (a) DA1 powder on the lower of the two steel substrates (dimensions: 1.6 x 25.4 x 

100 mm) of each specimen. (b) the upper substrate completing the six specimens shown (shear area of ~625 mm2). (c) a 

specimen in the test machine, with thermal chamber in the background. 

It is well documented that adhesive strength is highly dependent upon the quality of specimen surface 

preparation. As a result, adhesive manufacturers provide comprehensive instructions on how to 

produce such surfaces. These typically comprise steps such as ‘keying’, cleaning and primer 

application. Where keying is increasing the surface roughness in order to increase the true contact 

area of the bond-line. Cleaning is usually as simple as wiping the bonding surfaces with a specified 

solvent. Primers are typically dilute solutions of adhesive which can provide a more consistent surface 

for the primary adhesive layer to bond to. A simplified procedure was devised as a surrogate for these 

steps, grit-blasting the substrate surfaces to efficiently key them and then cleaning with DCM. 
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Unfortunately, the in-house grit blaster was not operational during the limited time available to 

prepare these specimens, hence each specimen was instead manually sanded with 240 grit Al2O3 

sandpaper prior to DCM cleaning. As a result, the lap-shear strengths were expected to be lower than 

they could be. The two steel substrates were manually aligned and glued together using a hot 

mounting press (130 °C, 5 tons, 2 min) with 0.2 g of DA1, enough to form a thin continuous layer at 

the bond-line. 

The tests were performed on a Shimadzu universal testing machine equipped with a 10 kN load cell 

and tensile grips. The room temperature samples were tightened by hand and then tested 

immediately. The high temperature specimens were first lightly gripped and then heated to 120 °C, 

allowing for a 5 min ‘soak’ before further tightening and subsequent testing. A 1.3 mm min-1 loading 

rate was used in all cases. At room temperature (ambient, ~20 °C), a mean shear strength ± standard 

deviation of 2.40 ± 0.85 MPa was calculated from the six successful tests, Figure 3.25. As expected, a 

much-reduced average strength of 0.43 ± 0.26 MPa was determined from the seven successful tests 

at 120 °C, which corresponds to 18% of the original (Figure 3.26). It is worth noting that two results 

were excluded because of specimen failure during gripping at elevated temperature, accordingly the 

mean strength is likely skewed to a higher value as the weakest bond lines are the most easily 

damaged and are thus not captured by the average. 
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Figure 3.25. Force-displacement profiles of the room temperature series of lap-shear experiments. Specimen 2 failed prior 

to testing. 
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Figure 3.26. Force-displacement profiles of the high temperature (120 °C) series of lap-shear experiments. Specimens 2, 3, 

7 and 10 failed during gripping and were thus omitted. 

Each of the room temperature (RT) tests followed a similar load-displacement profile, with a toe 

region followed by an almost linear-elastic response to failure. In marked contrast, the high 

temperature (HT) experiments were inconsistent in profile, with those specimens that failed at higher 

strength exhibiting abrupt (brittle) failure and the low strength specimens exhibiting extensive 

plasticity—plateaus of substantially increasing displacement with little change in load. This latter 

behaviour appears to be representative of a stick-slip type phenomenon indicating that the bond is 

held together largely through friction. This is the expected response of an adhesive becoming a viscous 

liquid. The fact that a more conventional (abrupt) failure is observed in the three strongest specimens 

might suggest that the polymer had not melted. It would thus be prudent to explore the use of higher 

temperatures and longer soak times in any future experiments. A thermocouple at the bond-line could 

be used to ensure that the polymer reaches the desired temperature and melts as expected. 

The failure strengths of both series are plotted together in Figure 3.27. 
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Figure 3.27. Single lap-shear strengths of room temperature specimens (RT#, grey) and high temperature specimens (HT#, 

red). Three specimens were excluded from the high temperature series due to failure during clamping. One specimen was 

excluded from the average of the room temperature series due to failure during clamping. 

This study shows that shear strength is reduced by more than five-fold; however, improved surface 

preparation and a higher volume of adhesive could greatly improve the ambient performance. Since 

a very small amount of adhesive was used—the bonds in all cases were <1 mm thick—it is possible 

this led to an overestimation of the shear area, due to incomplete coverage. Furthermore, use of 

longer soak times or higher temperatures could make the de-crosslinking process more consistent and 

significantly reduce the strength at elevated temperature. Together, these modifications could greatly 

improve the ratio of ambient strength to elevated strength. Furthermore, it might also be expected 

that, due to chemical similarity, the DA CANs would better adhere to epoxy composites. In any case, 

it is evident that this polymer has potential as a reversible hot-melt adhesive. 
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3.6 Second generation DA CANs 

From the conclusions of Chapter 2 there are two clear limitations concerning the DA CANs described 

thus far within these two DA chapters: (1) brittleness (and associated low strength), which is attributed 

to modest network-forming, and (2) a limited working lifetime at high temperature (due to side-

reactions, principally BMI HP). Numerous methods have been reported in the literature for improving 

the toughness of polymers and polymer composites, including the addition of rubber particles,28,29 the 

inclusion of thermoplastic phases,30–32 Z-pinning,33,34 tufting,35 and nanofillers.36 These methods can 

be very effective and are ideal for improving epoxies, which are infamous for their brittleness. 

However, as previously demonstrated (Chapter 2, Section 2.5.2) the DA CANs investigated herein are 

much more brittle and low strength than conventional epoxies, which is attributed to lower than 

anticipated network density—i.e. there are few DA adducts which contribute to network forming. In 

this case, the aforementioned toughening mechanisms would be expected to offer minimal 

improvement. Since these DA CANs excellent melt and healing behaviour, it seems probable there is 

scope to readdress the trade-off between mechanical performance and ‘healing efficiency’. By 

increasing oligomer length, or otherwise increasing crosslink density mechanical performance should 

improve at the cost of decreased healing performance. 

3.6.1 Prepolymer length 

Increasing the prepolymer/oligomer length is simple to achieve in practice, since this length is 

determined by the ratio of the primary amine (furfurylamine) to diepoxide (DGEBA) in the first stage 

of polymer synthesis: the closer the ratio to unity, the longer the oligomers become. The caveat is that 

as the chain length increases the reaction may transition from a kinetic-limited to diffusion-limited 

regime, which may result in the reaction taking longer or the final chain length being shorter than 

expected. Any unreacted amine could be highly detrimental to the end performance of the polymer. 

Importantly, as the length of the chains increases, a higher proportion of the crosslinks (formed later 

in the synthesis) will be ‘network forming’, as any given chain will have an increased probability of 

connecting to more than two other chains. The trade-off with increasing the length is that the viscosity 

of the molten polymer will increase as there are more interchain interactions and chain entanglement 

becomes possible. Furthermore, it is also likely that with increasing interchain interactions, both the 

prepolymer, and to a lesser extent, the product CAN will progressively lose their well-defined melts in 

favour of broader melt transitions. It would be expected that such changes to the melt behaviour 

reduce the efficiency of healing and make composite manufacture more challenging (by inhibiting 

polymer flow). It is therefore important not to increase the prepolymer chain length too much. 

Accordingly, a sensible starting point to change the average oligomer length to would be 10 
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monomers, double the current number. Ideally, a wide range of lengths would be explored to find the 

best balance between mechanical performance and CAN activity (melt-ability), Figure 3.28. 

 

Figure 3.28. A graphic illustrating the theoretical performance trade-off of CANs determined by prepolymer length. The 

first two DA adducts formed are chain-extending, subsequent DA adducts are network forming. 

As a preliminary experiment, a new prepolymer ‘PreDAx’ was prepared with a ratio of nine DGEBA 

units for every eight furyl groups (and two end caps), which should approximate a doubling of 

prepolymer length relative to PreDA1. 

GPC analysis would arguably provide the most informative characterisation of this material, allowing 

a straightforward comparison of molecular weight relative to the original prepolymer, PreDA1. 

However, at the time of writing, analysis has been limited to 1H NMR, FTIR, DSC and rheology. Where 

the former three techniques primarily provide information concerning the relative success of the 

synthesis, and rheology can be used to examine the melt behaviour of the polymer. 

The 1H NMR spectrum of PreDAx is compared with PreDA1 in Figure 3.29. The absence of a peak at ~2 

ppm confirms that there is no residual primary amine remaining. However, the ratio of bisphenyl 

aromatics to furyl aromatics is increased approximately two-fold—compare the peaks highlighted in 

blue and yellow which represent the bisphenyl- and furyl-aromatics, respectively. This is opposite to 

what would be expected. By increasing the fraction of furfurylamine the prepolymer becomes longer 

as the ratio of N–H bonds to epoxide groups approaches unity. Accordingly, ignoring the higher order 

oligomers of DGEBA, the ratio of furyl protons to bisphenyl protons should approach 3:8 (or 0.375). 

Due to the higher order oligomers of DGEBA present in Epon 828 there will always be a further excess 

of (perhaps 20%) bisphenyl aromatics such that this ratio instead approaches 5:16 (or 0.3125). The 

ratio is 0.237 in PreDA1, but only 0.128 for PreDAx, less than half of the expected ratio from the chosen 

stoichiometry (~0.28). 
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Figure 3.29. The proton NMR of PreDA1 (top) and PreDAx (bottom) in CDCl3. 

The FTIR spectrum of PreDAx is shown in Figure 3.30. At 3410 cm-1, the broad (bound) hydroxyl stretch 

is clearly visible, though no other peaks are visible in this region which might otherwise correspond to 

residual primary or secondary amine functionality. At slightly below 3000 cm-1, three distinct C–H 

stretches are also visible, though no other peaks are observed outside of the fingerprint region. One 

peak within the fingerprint region is highlighted at 915 cm-1, this is not observed in the case of the 

original prepolymers PreDA1/PreDA0.5 (Chapter 2, Figure 2.17). This almost certainly corresponds to 

unreacted epoxy functionality, indicating that the chain extension/end-capping reactions were not 

complete. 
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Figure 3.30. The FTIR spectrum of PreDAx, with selected peaks highlighted red. 
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In addition, no obvious thermal events were evident from the DSC (not shown) of PreDAx, though 

there may be a minor endotherm visible at approximately 40 °C, which could indicate a melting event. 

The absence of an exotherm indicates that no further epoxy-amine reaction takes place. Together, the 

results of the FTIR and NMR suggest that the polymerisation did not reach completion. It seems likely 

that a significant quantity of furfurylamine evaporated before it could react, suggesting that the scale 

(~5 g) and apparatus used (5 cm φ aluminium pan on a hot plate) are unfortunately not well-suited to 

this synthesis. An overhead stirrer with a jacketed reaction vessel would be more appropriate, as used 

in the original DA CAN synthesis in Chapter 2. 

3.6.2 Alternative prepolymer end-capping 

An alternative method of increasing the oligomer inter-chain connectivity, is to terminate each end of 

the chain with furan groups. This would serve to increase the network-forming ability of the CAN 

without increasing the oligomer length, potentially increasing mechanical performance without the 

trade-off of greatly increasing the melt viscosity. In practice this could be achieved by substituting the 

dicyclohexylamine (currently used as the capping agent) with bis[(furan-2-yl)methyl]amine 

(difurfurylamine); however, this is an extremely expensive reagent and is only available on ~1 g scales. 

There are potentially viable literature syntheses that could be tested to make difurfurylamine,37–39 but 

a more straightforward alternative is the use of a thiol: furfuryl mercaptan. The structures of the 

proposed prepolymers which would be produced from these reagents are shown in Figure 3.31 

alongside PreDA1. 

 

Figure 3.31. (i) PreDA1, (ii) PreDAy produced from furfurylmercaptan and (iii) PreDAz produced from difurfurylamine. 
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In principle, any monofunctional nucleophile capable of reacting with an epoxide could be used to cap 

the prepolymer chains. Due to the high reactivity of the strained epoxide ring, a wide variety of species 

could be used, including amines,40–43 alcohols,44–47 carboxylic acids (the reactive species in epoxy-

anhydride reactions),47–49 Grignards,46,50 organolithiums46,50 and thiols.45,51–57 As long as the reaction is 

robust, any of these functional groups could be used. The reactions of amines and epoxides are rapid 

and well understood, hence the widespread usage of amines as epoxy crosslinkers. In contrast, the 

reactions of epoxides with acids/anhydrides, alcohols and thiols are slower and are thus often 

catalysed (typically with Lewis acids). The organometallic nucleophiles (Grignards, organolithiums) are 

the most reactive species, but this reactivity leads to an increased chance of undesired side reactions 

and necessitates the use of air-sensitive techniques, disfavouring their usage in bulk polymer 

synthesis. Secondary amines are thus the nucleophile of choice for capping the epoxide chains, but 

thiols are good alternatives. 

The other important factor (in addition to reactivity) concerning the choice of end-capping reagent is 

the boiling point. Given that the prepolymer synthesis is performed at 120 °C, it is important that the 

capping reagent has limited volatility at this temperature, hence the choice of the original capping 

reagent dicyclohexylamine (b.p. 256 °C). As a relatively cheap, commercially available compound with 

a high degree of nucleophilicity and a high boiling point (155 °C), furfuryl mercaptan appears to be a 

sensible choice of end-capping reagent. It is possible that at 120 °C, the epoxide ring-opening by 

furfuryl mercaptan might occur at an appreciable rate without the need for a catalyst. However, a 

range of catalysts have been used in the literature and have been found to improve the efficiency of 

thiol-epoxide reactions including TBAF,56 montmorillonite clay (K10),58 phosphoric acids,53 HBF4-SiO2,51 

Al2O3,55 Ga(OTf)3
59 and LiClO4.3H2O,60 among many others. Of the cheap, commercially available Lewis 

acid catalysts, the catalyst with arguably the highest activity:cost ratio appears to be the ZnClO4.6H2O 

system reported by Chakraborti in 2007,57 in which the zinc complex was used (2.5 mol%) to effect 

epoxide thiolysis with a range of thiols and epoxides (RT, 30 min, solvent free). Amines including 1-

methylimidazole (1MI) and 1,8-diaminonaphthalene (DAN) have also been demonstrated as effective 

catalysts for this reaction.61 

Three methods of preparing PreDAy—by the stoichiometric (one thiol per free epoxide) reaction of 

furfuryl mercaptan with the uncapped prepolymer—were explored: uncatalysed, 1MI catalysed (0.5 

mol%) and DAN catalysed (1 mol%). Due to time restrictions, the catalysts were purely chosen on what 

was available in the laboratory at the time. In each reaction the prepolymer was prepared (on a scale 

derived from 5 g of epoxy, ~6.5 g total) via a process analogous to that described in Chapter 2, Section 

2.2.1, but using aluminium pans and magnetic stirrers. At the stage where dicyclohexylamine would 

normally be added, blends of furfuryl mercaptan and the respective catalyst were added instead. The 
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catalysed systems were reacted for 4 h at 80–100 °C to control the reactivity; higher temperatures led 

to a rapid increase of viscosity, indicative of crosslinking. Conversely, to promote reactivity, the 

uncatalysed system was heated at 120 °C for 2 h and then a further 1 h at 150 °C until no thiol smell 

remained—furfuryl mercaptan is benign but incredibly pungent. 

The results of the oligomer-length study, Section 3.6.1, which was performed simultaneously with this 

enc-cap study, suggests that there is a risk of reactant evaporation, which could dramatically alter the 

stoichiometry. Indeed, the 1H NMR spectra exhibit the following bisphenyl:furyl ratios. Uncatalysed, 

1:0.168; DAN-catalysed 1:0.177; 1MI-catalysed, 1:0.187. Since the precursor (the oligomeric uncapped 

diepoxide) was prepared in an identical fashion to that used in the preparation of PreDAx, it is 

unsurprising that these values are also much lower than expected. However, the relative increase in 

ratio when comparing these PreDAy values with PreDAx is expected, and therefore does indicate 

successful end-capping from the furfuryl mercaptan. That the uncatalysed experiment shows the 

smallest amount of furyl groups is also unsurprising, since this was performed at much higher 

temperature; even if the high temperature overcame the reduced reactivity compared to the 

catalysed experiments, evaporation of the thiol is likely. No further differences are discernable from 

the different NMR spectra; furthermore, the FTIR spectra of the three PreDAy samples are 

indistinguishable from each other. As with PreDAx, each spectrum shows the presence of some 

residual epoxide with an absorbance at 915 cm-1, though there is no evidence of residual thiol (which 

is typically observed in the 2550–2600 cm-1 region). From these observation we can deduce that each 

of the PreDAy end-cap reactions were partially successful, though it is hard to determine to what 

extent due to the incomplete chain extension reaction. 

The additional experimental risk with each of these procedures is that the residual hydroxyls on the 

prepolymer backbone could also react with the remaining epoxides, resulting in permanent 

crosslinking. Although these hydroxyls are less acidic than the thiol and are substantially hindered due 

to being 3° alcohols, they are present in greater number. The bases used to catalyse the thiol-epoxy 

reaction may also be capable of catalysing this undesired side reaction. Even after 3 h, NMR samples 

of the uncatalysed and 1MI-catalysed (30 mg ml-1 CDCl3) were far from completely dissolved, which 

may be evidence of this side reaction (crosslinking). 

Despite the incomplete reaction, preliminary rheology experiments were performed using samples of 

the DAN-catalysed prepolymer. With the presence of the furan end-caps it would be expected that 

this polymer would have a decreased viscosity (at high temperature) when compared with the PreDA1 

benchmark. The PreDAy sample was subject to a dynamic temperature sweep between 60 and 120 °C 
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at 1% oscillatory strain (1 Hz)—determined from a linear viscoelastic regime study—and is compared 

to PreDA1 in Figure 3.32. 

Initially, both the viscosity minima (120 °C) and maxima (60 °C) are lower for PreDAy than PreDA1, 

though the minimum viscosity is in the same region ~105 cP. A slight increase in viscosity minima is 

observed with PreDAy that is not observed with PreDA1, this can be attributed to the latent 

functionality present in the system. The residual epoxides likely lead to some chain-extension and 

crosslinking reactions while at high temperature. Though this effect is small, it should not be apparent 

at all if the polymerisation reactions had proceeded to completion and could probably be avoided by 

using longer reaction times and lower reaction temperatures. It is also interesting that the maxima of 

PreDAy are significantly (>10-fold) less than PreDA1. Although the furyl end-caps would be expected 

to reduce steric congestion and the overall bulk of the oligomer chains (relative to the dicyclohexyl 

units), this is a big difference. Accordingly, part of this viscosity difference could be a side-effect of the 

incomplete reaction; it is likely that the average oligomer chain is shorter than in PreDA1, even though 

the polymer length was designed to be equal. Nevertheless, this reduction in viscosity is desirable for 

improving polymer processability. A lower viscosity prepolymer would be expected to form more 

processable CANs.  
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Figure 3.32. The dynamic complex viscosity of PreDAy and PreDA1 between 60 and 120 °C (parallel plate, 1% oscillatory 

strain, 1 Hz). 

3.6.3 Bismaleimide alternatives: citraconimides and itaconimides 

As discussed in Chapter 2, Section 2.1, a wide range of dienes and dienophiles can be used in Diels-

Alder reactions, though the furan-maleimide reaction is the dominant pairing in materials chemistry. 
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There are two main mechanisms of undesired reactivity associated with maleimides that can compete 

with the desired DA reaction: Michael addition and homopolymerisation (HP). Michael additions can 

be efficiently prevented by ensuring complete consumption (using accurate stoichiometry and 

generous reaction times) of the amines—which would otherwise attack the maleimide moieties—

prior to introducing the maleimide. Since the FTIR spectra of the original DA CANs (and prepolymers) 

indicate complete conversion of the N–H bonds during the polymerisation reactions, and given that 

the stoichiometry was carefully controlled, it seems unlikely that amine Michael additions significantly 

contribute to the degradation of thermoreversibility. It is conceivable that the free hydroxyls on the 

prepolymer backbone (produced from the epoxide ring-opening reactions) could contribute to a 

Michael-type reaction that could degrade the BMI. However, because these are all 3° hydroxyls there 

should be sufficient steric hindrance to minimise the rate of any such reaction. 

Instead, it appears BMI HP is the dominant mechanism behind the loss of thermoreversibility (Chapter 

2, Section 2.2.1, Figure 2.14). This is evidenced by the exotherms visible in the DSC traces of each of 

the DA CANs (Chapter 2, Section 2.3.2), with both an onset following the BMI melting point and a 

subsequent exotherm that correspond well with literature data.62–64 Due to their utility as high-

performance polyimides, BMI homopolymers have been the subject of extensive study for many 

decades.63,65–70 Accordingly, numerous researchers have investigated the mechanism of 

polymerisation and though it is generally accepted to be a complicated, multi-mechanism process, the 

most widely accepted mechanism is one dominated by radical processes.63,66 It is thus conceivable 

that the addition of a radical scavenger such as TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] to the 

polymer blend might inhibit HP, such that it only becomes significant at higher temperatures. To 

mitigate the risk of such an additive leaching from the polymer, it might be preferable to cure the 

additive into the polymer, though there is a risk that doing so would reduce its efficacy as an inhibitor. 

Such a methodology may be feasible though would not be trivial. 

An arguably more straightforward approach to increasing the high temperature stability of these DA 

CANs is to change the BMI crosslinker/s. 

Replacing the maleimides with functional groups which are less susceptible to HP is one method of 

increasing the stability in DA CANs. Two possible options are itaconimides and citraconimides, which 

were developed as more- and less-reactive BMI alternatives respectively, Figure 3.33. 

 

Figure 3.33. Left-to-right, a generic bismaleimide, bisitaconimide and biscitraconimide (X = backbone). 
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Itaconimides and their regioisomers citraconimides, first appeared in the literature in the 1960s and 

1970s after several research groups explored the synthesis of polymers derived from itaconic acid and 

its derivatives.68,71,72 Since then, several researchers have investigated bisitaconimides (BIIs) and 

biscitraconimides (BCIs) as reactive monomers.65,73–75 Itaconimides have been shown to have both an 

increased propensity to homopolymerise,68 and a decreased propensity to participate in Diels-Alder 

reactions (relative to BMIs),74 making them a poor choice as a replacement for BMIs in DA CANs. 

Citraconimides are thermodynamically more stable than their itaconimide isomers, and are 

consequently often produced as side-products during itaconimide synthesis. Indeed, attempts to 

isolate pure BIIs in this work were unsuccessful due to isomerisation to the analogous BCIs. 

Importantly, citraconimides—though the subject of considerably less attention than their isomers—

have been shown to (homo)polymerise at significantly higher temperatures than the analogous 

maleimides.65 Furthermore, there is evidence that these species can still participate in DA reactions 

despite the extra steric constraint.75 Accordingly, biscitraconimides are the primary focus of this study. 

Some proposed target compounds are shown in Figure 3.34. BCI1 and BCI3 were designed as stiff 

aromatic crosslinkers to closely mirror the original BMI1/BMI2 whereas BCI2 was designed as a more 

flexible alternative. 

 

Figure 3.34. Target biscitraconimides, BCI1, BCI2 and BCI3. 

BCI1 was initially prepared via an analogous method to BMI3 using 4,4’-oxydianiline and citraconic 

anhydride, Scheme 3.1. 

 

Scheme 3.1. The synthesis of BCI1 via the classical bismaleimide synthesis: amine-anhydride nucleophilic substitution to 

form a BCA, followed by sodium acetate induced cyclodehydration. 

Although the first step of the reaction is relatively robust, several attempts to isolate the 

cyclodehydrated product were unsuccessful, producing the desired product and several impurities. 

This led to the exploration of the work of Galanti and Scola in 1981.72 These authors reported a similar 
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lack of success in the synthesis of their citraconimides and postulated that the reaction conditions 

were leading to a partial reverse reaction. This led to their investigation of alternative methodologies 

and the subsequent discovery of an elegant alternative—simply melting and stirring the isolated 

biscitraconamic acids (e.g. BCA1–3), solvent-free. BCI1–3 were each prepared via this thermal process, 

Scheme 3.2 (see experimental for details). 

 

Scheme 3.2. Thermal (melt) cyclodehydration of biscitraconamic acids to biscitraconimides (BCI1–3). 

A series of simple experiments were devised to test the reactivity of these citraconimides in Diels-

Alder reactions relative to BMI1. As benchmark reactions, BMI1 (100 mg, 0.28 mmol) was dissolved in 

10 ml of acetone and stirred with a 10-fold excess (2.8 mmol) of either furan or furylmethanethiol for 

24 h at ambient temperature. After the reaction with the unsubstituted furan, the 1H NMR spectrum 

revealed several minor resonances at 7.05, 6.56, 5.40, 4.02, 3.68 and 3.01 ppm (combined integral of 

18%), not representative of either reactant, which are instead indicative of a small quantity of DA-

adduct. It is worth noting that DA reactions with unsubstituted furan are precluded by its extreme 

volatility (b.p. = 31.3 °C). Substituted furans (with higher boiling points) are therefore more 

appropriate for DA reactions, particularly considering that some heating is often required. Due to its 

immediate availability, 2-furyl methanethiol was used as an alternative (b.p. = 155 °C), despite the 

presence of the thiol, which could lead to undesired Michael additions. However, without a catalyst 

or heating, the chance of a Michael reaction is low. After reaction with BMI1, extensive changes were 

observed by 1H NMR. Amongst the emergence of a plethora of new resonances, the majority of the 

alkenyl resonance at 6.8 ppm has disappeared due to reaction. That the ratio of the CH2 doublet to SH 

triplet remains 2:1 after reaction is good evidence that the majority of the observed reaction is a DA 

process (since the S–H resonance would be consumed by a Michael addition). In contrast, no evidence 

of reaction was observed between furan and BCI1 (in toluene), or 2-furyl methanethiol and BCI3 (in 

acetone), even with the latter process heated to reflux for 24 h. Subsequent VT 13C{1H} NMR 

experiments on the BCI1-furan reaction also revealed no reactivity even up to 120 °C. Despite 

literature reports suggesting that citraconimides are capable of DA reactions, it would appear that the 

small increase in steric bulk provided by the methyl groups is enough to completely preclude Diels-

Alder reactivity in these citraconimides. 
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The DSC profiles of BCI1–3 confirm that HP is greatly supressed as expected. In Figure 3.35, melting 

endotherms are evident in both heating cycles of BCI1, but no HP (post-melt exotherm) is observed at 

all. An unusual feature of this profile is the presence of a large exotherm at 115 °C that is only present 

in the second heating cycle. Since this exists only in the second heating cycle it is unlikely 

representative of a reaction. Instead, this is tentatively assigned as a crystallisation process. The small 

exotherm visible at 100 °C in the heating cycles and 85 °C in the cooling cycle (which is more prominent 

in this case) is a calorimeter artefact. This is visible in most DSC profiles reported in this chapter (most 

prominent in Figure 3.41) and Chapter 4. 
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Figure 3.35. A representative heat-cool-heat of BCI1 up to 250 °C (10 °C min-1 heating, exothermic up).  

The only thermal event discernible from the DSC trace of BCI2 (Figure 3.36) is its melt at 80 °C, which 

is much lower than either BCI1 or BCI3. In principle, this makes BCI2 a conveniently processible 

alternative; lower melting points generally make for easier resin blending. The absence of an exotherm 

means that no HP takes place. 
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Figure 3.36. A representative heat-cool-heat of BCI2 up to 250 °C (10 °C min-1 heating, exothermic up). 

In Figure 3.37 the DSC trace of BCI3 is shown. This trace is almost identical to BCI2, with no exothermic 

events (no HP) and a relatively low melting point, signified by the sharp endotherm at 94 °C. 
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Figure 3.37. A representative heat-cool-heat of BCI3 up to 250 °C (10 °C min-1 heating, exothermic up). 

In a further attempt to confirm the absence of any DA reactivity, each of the BCIs were also blended 

with PreDA1 (via melting and stirring by hand for 10 min at 120 °C). The resultant polymers were each 

subject to FTIR, DSC and rheology experiments. None of these techniques revealed any evidence of 

significant DA reaction and thus in the interest of brevity this data is not reported here. 
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3.6.5 High-melting bismaleimides 

The BMI backbone can have a significant influence on the rate and onset of HP, mainly due to its 

influence on the melting point—it is believed that HP occurs only after melting. This is evidenced in 

Chapter 2 by the slightly higher de-crosslinking (activation) temperature of DA2 relative to DA1 (the 

only difference is the BMI backbone structure). Since BCIs do not seem like viable candidates as DA 

crosslinkers, higher melting BMIs might be the best means of increasing the thermal stability of these 

CANs.  

Two examples from the BMI literature that melt (and thus polymerise) at higher temperatures than 

BMI1 (m.p. ~155 °C) or BMI2 (m.p. ~175 °C) are shown in Figure 3.38, BMI3 (m.p. ~212 °C) reported 

by Takeda et al. in 1988,76 and BMI4 (m.p. ~222 °C) reported by Barton et al. in 1991.65 With melting 

points and thus HP onsets significantly above 200 °C, both of these monomers are ideal candidates as 

alternative DA crosslinkers. Due to time constraints and its comparative simplicity, BMI3 was chosen 

for this study. 

 

Figure 3.38. BMI monomers BMI3, 3,4’-bismaleimidodiphenyl ether and BMI4, Bis-4-(4-maleimidophenoxy)phenylsulfone. 

BMI3 was prepared via the original method tested for BCI synthesis, sodium acetate–induced 

cyclodehydration, Scheme 3.3. 

 

Scheme 3.3. The reaction of 3,4-oxydianiline to form a bismaleamic acid (BMA3), and subsequent cyclodehydration to form 

the bismaleimide, BMI3. 
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A representative DSC trace of BMI3 (10 °C min-1) is compared with BMI1 in Figure 3.39, from this we 

can deduce the melting point at 208 °C and the onset of HP immediately thereafter. This is an increase 

of approximately 50 °C compared to BMI1, in close agreement with the literature, indicating BMI3 

may be used to create DA CANs with a higher thermal stability than those reported in Chapter 2 and 

Chapter 3 thus far. 
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Figure 3.39. The DSC traces of BMI3 and BMI1 between 30–300 and 30–250 °C respectively (10 °C min-1, exothermic up). 

A new DA CAN (with stoichiometry consistent with DA1) was prepared by melting and blending 

together PreDA1 (2.00 g) with BMI3 (0.46 g) between 100 and 120 °C for approximately 10 min. The 

resultant polymer DA3 was characterised and tested as follows. 

A section of the infrared spectrum of DA3 is shown in Figure 3.40 and compared with the precursor, 

BMI3. The selected wavenumber range shows the carbonyl region and the alkenyl region. As can be 

seen, the major carbonyl stretches at 1715/1705 cm-1 are slightly shifted from those in the neat BMI 

at 1713/1702 cm-1. This shift, although subtle, is evidence of reaction, suggesting an appreciable 

degree of crosslinking (comparable to the original DA CANs). The maleimido C=C stretch is no longer 

visible in the product CAN, though any residual functionality may be obscured by the stronger 

absorption of residual furan units. 
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Figure 3.40. The solid-state FTIR spectra of DA3 and BMI3 between 1550 and 1900 cm-1. 

A representative heat-cool-heat DSC trace of DA3 is shown in Figure 3.41. In the first heating cycle a 

small endothermic event is observed at 62 °C, which likely corresponds to the melting a of a 

prepolymer-rich phase. Thereafter, at approximately 63 °C, a Tg is observed which is more apparent in 

the second heat cycle. Interestingly, there is no evidence of an endothermic event corresponding to 

an rDA process as is observed in the original DA CANs, this may be due to a relatively low crosslink 

density. Alternatively, it is also conceivable that the expected endotherm is too broad to be 

observable; the inequivalent maleimido groups of BMI3 would be expected to have subtly different 

reactivity. Moreover, it seems unlikely that BMI3 is incapable of the rDA reaction. At higher 

temperatures there are two broad exothermic events with peaks at ~200 and ~240 °C. At least one of 

these corresponds to the BMI3 HP reaction, from comparison with neat BMI3 it seems more likely that 

this is the higher temperature exotherm. It is possible that the inequivalent maleimides react at 

different temperatures, hence the two exotherms. 
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Figure 3.41. A representative heat-cool-heat DSC of DA3. 

Dynamic rheology should be able to demonstrate whether DA3 exhibits CAN-type de-crosslinking as 

observed with the original DA CANs. Low temperature plateaus and subsequent sharp falls in viscosity 

are good evidence of this as shown in Chapter 2, Section 2.3.1. DA3 was treated in an analogous 

fashion to those experiments, and the results are shown in Figure 3.42. It is immediately apparent 

from the profile of the viscosity curve that DA3 exhibits dissociative CAN-type behaviour, with plateaus 

of viscosity at low temperature where the polymer exists as a solid, and subsequent sharp drops in 

viscosity as the polymer de-crosslinks. These plateaus are not observed in the prepolymers or 

conventional plastics. The shape of the curve is particularly similar to DA0.5 (Chapter 2, Figure 2.23), 

with relatively narrow plateaus of solid behaviour. This may represent a similarly low level of 

crosslinking, which is further evidenced by the low initial viscosity minimum of 4E+5 cP, even lower 

than DA0.5 (7E+5 cP). This limited degree of crosslinking explains the absence of an obvious rDA 

endotherm in the DA3 DSC trace; this is likely a product of insufficient reaction time during the initial 

blending of BMI3 and PreDA1. Interestingly, as with each of the original DA CANs, DA3 also 

demonstrates a steady increase in viscosity minimum. Since the maximum experimental temperature 

in this study is well below the onset of the exotherms shown in Figure 3.39, it is likely that this 

behaviour can be explained by a homogenisation or tempering-type effect. As the polymer is treated 

through progressive cycles, it has greater opportunity (through exposure to elevated temperature) to 

homogenise and reorganise into a more consistently crosslinked material. 
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Figure 3.42. A viscosity-time-temperature plot of DA3 between 64 and 120 °C (parallel plate, 1% oscillatory strain, 1 Hz). 

Further work is required, but these preliminary results indicate that BMI3 has potential as a more 

stable alternative to BMI1/2 in future DA CANs. 

3.7 Summary 

In this chapter, the three DA CANs developed in Chapter 2 were tested for their applications in 

composites. The primary utility of CANs in composites is as functional matrices. This led to the 

exploration of various composite manufacturing processes and the successful development of a 

vacuum-assisted compression moulding (VACM) process based on the one developed for use with the 

neat CAN resins. It was noted that the presence of fibres made moulding considerably easier and 

facilitated multiple re-moulding attempts—this could greatly reduce material waste compared to 

conventional composite manufacture. However, it was found that several composite manufacture 

techniques are not currently practical with these resin systems, notably the ‘enduring prepreg’ 

concept. This is due to resin brittleness, which is increasingly prevalent with thin samples, hence the 

difficulty in preparing individually infused prepreg plies. 

Two crossply (0/90°) laminates, 8plyDA1 and 12plyDA0.5 were prepared from their respective 

polymers and woven E-glass fabric (plain weave) via VACM. 8plyDA1 was designed to have a good 

balance of mechanical performance and healing efficiency, whereas the choice of DA0.5 (and its 

reduced crosslink density) in 12plyDA0.5 was designed principally for ease of recycling. Due to the 

matrix brittleness identified previously, 3-point-bending was chosen as a suitable mechanical test for 

characterisation. With strengths, moduli and failure strains of 474 ± 43 MPa, 11.6 ± 1.1 GPa and 5.40 

± 0.34% for 8plyDA1, and 443 ± 36 MPa, 18.5 ± 1.6 GPa and 2.25 ± 0.23% for 12plyDA0.5, both GFRP 
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composites are robust, exhibiting good mechanical performance considering their additional 

functionality and fibre volume fraction. The Vf of 8plyDA1 was determined via optical microscopy as 

~40%, which is reasonable, though could be improved with higher moulding pressures. 

Repairability of the CAN laminates was tested in two studies, with healing performed after 3pb testing 

8plyDA1 to failure, and once more with 8plyDA1 while attempting to damage only the matrix and 

fibre-matrix interface (i.e. without fibre damage)—which proved challenging with 3pb. The 8plyDA1 

tested once to failure gave a (ultimate strength) healing efficiency of 28 ± 5%. After testing a second 

time to failure, the specimens could again be repaired but were then associated with a more modest 

healing efficiency of 12 ± 4%. This marked reduction in strength is associated with more extensive 

fibre damage after each series of 3pb. Although these are objectively modest values, these are 

excellent recoveries considering that the fibres contribute to the majority of composite strength (and 

cannot be repaired). 

The second set of 8plyDA1 specimens were not tested to failure and were instead tested until a pre-

determined drop in maximum-load was detected by the testing machine. This methodology was, 

unsurprisingly, associated with significant inconsistency, which was reflected in both the raw data and 

calculated metrics. Nonetheless, flexural modulus was consistently improved in the repaired samples 

relative to the pristine samples, indicating good recovery. This rather surprising behaviour was 

attributed to localised changes in fibre volume fraction. Unfortunately, the sensitivity of the optical 

microscopy method of Vf determination used herein was not sufficient to either support or discredit 

this hypothesis. A yield strength–based healing efficiency could not be determined for this study 

because the damaged specimens did not consistently exhibit a reduced yield strength, instead, both 

the damaged specimens and repaired specimens often exhibited increased strength relative to the 

original (pristine) values. This highlights the challenges associated with using 3pb to determine 

composite healing efficiency. As reported in our progress paper in 2018,77 compression after impact 

would likely prove to be a better, though more practically challenging and labour intensive, 

experiment. 

A section of 8plyDA1 was recycled using a room temperature, solvent-assisted, recycling process with 

DCM and compared with the pristine composite. The recycled composite, 8plyDA1R, was tested in 

3pb which allowed assessment of ‘recycling efficiency’, which in terms of strength was 69%. This is an 

excellent result, highlighting that DA CAN composites can be recycled at room temperature without 

greatly compromising mechanical performance. Nevertheless, there is an appreciable degradation in 

strength which has not been conclusively explained. This could be due to removal of fibre sizing and 

associated damage to the glass fibre surfaces. Moreover, it is evidently debatable whether solvent-
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assisted recycling methods such as these, are superior or inferior to mechanical processes that 

maintain the fibre-matrix interface but lose value in terms of fibre length and alignment: more 

extensive recycling analysis is required. 

Critically, these experiments confirmed the potential of CAN matrices to extend the lifecycle of FRP 

composites in a three-pronged approach: (1) reprocessability at manufacture; reducing the amount 

of waste material, (2) self-healing; extending the operational lifetime and (3) recycling at end-of-life; 

allowing the composite to be repurposed. Crucially, the activation or de-crosslinking temperature of 

these DA CANs (at 120 °C, to enable the aforementioned processes) is much lower than is possible 

with thermoplastics. In this respect the DA CANs outperform thermoplastics (and thermosets, which 

cannot be healed or recycled). However, the pre-reacted, solid form of these CANs means that they 

do not have the usual low-viscosity, fibre-impregnation advantage that thermosets usually have over 

thermoplastics. Though it is important to note that this is not typical of CANs more generally, which 

are usually polymerised in situ like conventional thermosets. 

In addition, a preliminary experiment investigating the potential of DA CANs as reversible adhesives 

via single-lap-shear tests has confirmed their utility in this area. Shear strength is reduced at least five-

fold with a brief de-crosslinking treatment at ~120 °C. 

Finally, the mechanical performance of the current generation of DA CANs is not adequate to compete 

with either thermosets or thermoplastics. For this reason, preliminary experiments concerning the 

development of a second generation of DA CANs were conducted. These included modifications to 

the prepolymer, which were designed to improve the mechanical performance of the CANs via a slight 

elongation of the prepolymer backbone, and modifications to the crosslinker (BMI) designed to 

improve the thermal stability (the working lifetime at elevated temperature). The citraconimides 

BCI1–3 were cleanly synthesised via a melt cyclodehydration method and fully characterised. As 

expected, they were found to be highly resistant to HP. However, their lack of reactivity in DA reactions 

precludes their use in DA CANs. BMI3 was also cleanly synthesised using a similar method and was 

also found to be less susceptible to HP than BMI1 and BMI2. Initial experiments blending BMI3 into 

DA CANs suggests this material successfully undergoes DA reactions and might be useful in creating 

high-stability DA CANs, though further work is required. 

Due to pandemic restrictions associated with COVID-19, most of the experiments proposed for 

12plyDA0.5 were not performed (i.e. healing, recycling and microscopy). 
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3.8 Experimental (synthesis) 

General synthetic protocols and techniques are discussed in the experimental sections of Chapter 4 and 

Chapter 5. 

PreDAx 

5.00 g of Epon 828 (DGEBA, ca. 13.2 mmol) was heated in an aluminium pan to 100 °C, to which 1.04 

ml furfurylamine (1.14 g, 11.7 mmol) was added dropwise and stirred by hand into a homogeneous 

mixture for 30 min. The reaction was heated to 120 °C and a magnetic stirrer added. The melt was left 

stirring for a further 1.5 h, changing from gold to bronze prior to the dropwise addition of 0.12 ml 

dicyclohexylamine (96 mg, 2.93 mmol). The reaction was left stirring for a further 1.5 h at 120 °C and 

then stopped with the removal of the stirrer and subsequent cooling to room temperature. The highly 

transparent bronze polymer was separated from the aluminium pan and milled into powder prior to 

further analysis. 

BCA1 [4,4’-(biscitraconamic acid)diphenyl ether]  

4,4’-dioxydianiline (4.00 g, 20 mmol) was added to a 2-neck round bottom flask equipped with a reflux 

condenser and dissolved in acetone (30 ml). The mixture was stirred 

and warmed to 50 °C, then after complete dissolution (15 min), a 

solution of citraconic anhydride (4.93 g, 3.96 ml, 44 mmol) in 

acetone (10 ml) was slowly added and the combined yellow solution 

set to reflux. The reaction was left to stir vigorously at reflux for 4.5 h. After this time, the mixture was 

allowed to cool to room temperature and the precipitate isolated via Hirsch filtration (with 5 x 5 ml 

cold acetone washes). The crude product, was air-dried overnight and then heated (60 °C) under 

vacuum for 2 h affording BCA1 as an off-white powder (7.68, 90% yield). 1H NMR (DMSO-D6, 400 MHz) 

(, ppm): 12.90 (bs, 2H, COOH), 10.20 (s, 2H, NH), 7.61 (m, 4H, ArH), 6.96 (m, 4h, ArH), 6.09 (q, 2H, JHH 

= 1.63 Hz, C=CH), 1.99 (d, 6H, JHH = 1.59 Hz, CH3). FTIR (CO)/cm-1: 1720, 1702. HR-MS (Nanospray-): 

m/z calculated for C22H20N2O7 [M-H]- = 423.1192, obs. = 423.1175. 

BCA2 [bis(citraconamic acid)ethylamino ethylene glycol] 

 BCA2 was prepared using the same procedure, which yielded 

an off-white powder (41% yield). 1H NMR (DMSO-D6, 400 

MHz) (, ppm): 14.04 (bs, 2H, COOH), 8.61 (t, 2H, JHH = 5.62 Hz, 

NH), 6.11 (m, 2H, C=CH), 3.52 (s, 4H, OCH2CH2O), 3.45 (t, 4H, 

JHH = 5.71 Hz, CH2OCH2), 3.28 (t, 4H, JHH = 5.71 Hz, CH2N), 1.93 (d, 6H, JHH = 1.55 Hz, CH3). FTIR (CO)/cm-

1: 1700. HR-MS (Nanospray-): m/z calculated for C16H24N2O8 [M-H]- = 371.1454, obs. = 371.1452. 
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BCA3 [bis-m-xylyl citraconamic acid] 

BCA3 was prepared using the same procedure, which yielded a pale-

yellow solid (80% yield). 1H NMR (DMSO-D6, 400 MHz) (, ppm): 

13.77 (bs, 2H, COOH), 8.88 (t, 2H, JHH = 5.96, NH), 7.25 (m, 1H, ArH), 

7.13 (s, 2H, ArH), 7.12 (s, 1H, ArH), 6.06 (m, 2H, C=CH), 4.28 (d, 4H, JHH = 5.94 Hz, ArCH2), 1.90 (d, 6H, 

JHH = 1.58 Hz). FTIR (CO)/cm-1: 1702. HR-MS (Nanospray-): m/z calculated for C18H20N2O6 [M-H]- = 

359.1243, obs. = 359.1231. 

BCI1 [4,4’-(biscitraconimido)diphenyl ether] 

BCA1 (3.129 g, 7.37 mmol) was added to a round-bottom flask and heated 

to 180 °C. The melt was allowed to stir for 5 min prior to cooling to 

ambient temperature affording an orange-brown crude product (2.794 g, 

97% yield). Traces of itaconimide and polymer were removed via liquid chromatography (60:40 

EtOAc/hexane) to afford pure BCI1 (864 mg, 30% yield). 1H NMR (CDCl3, 400 MHz) (, ppm): 7.31 (m, 

4H, ArH), 7.11 (m, 4H, ArH), 6.48 (q, 2H, JHH = 1.82 Hz), 2.18 (t, 6H, JHH = 1.83 Hz, CH3). 13C{1H} NMR 

(CDCl3, 100.63) (, ppm): 170.8 (s, C=O) 169.8 (s, C=O), 156.3 (s, ArC), 146.0 (s, ArC), 127.7 (s, ArC), 

127.6 (C=C), 127.1 (s, C=C), 119.6 (s, ArC), 11.3 (s, CH3). FTIR (CO)/cm-1: 1703. MS (APCI): m/z 

calculated for C22H16N2O5 [M+H]+ = 389.1, obs. = 389.1. 

BCI2 [bis(citraconimido)ethylamino ethylene glycol]  

BCI2 was prepared in analogous fashion (at 160 °C) as a brown oil, purified 

by liquid chromatography (60:40 EtOAc/hexane) into a pale-yellow oil 

(40% yield). 1H NMR (CDCl3, 400 MHz) (, ppm): 6.32 (q, 2H, JHH = 1.82 Hz, 

C=CH), 3.67 (m, 4H, NCH2), 3.59 (m, 4H, NCH2CH2O), 3.55 (s, 4H, OCH2CH2O), 2.07 (d, 6H, JHH = 1.88 Hz, 

CH3). 13C{1H} NMR (CDCl3, 100.63) (, ppm): 171.9 (s, C=O), 170.9 (s, C=O), 127.5 (s, CH=C), 70.1 (s, 

OCH2CH2O), 68.1 (s, NCH2CH2O), 37.3 (s, CH2N), 11.1 (s, CH3). FTIR (CO)/cm-1: 1698. HR-MS (ESI): m/z 

calculated for C16H20N2O6 [M+Na]+ = 359.1214, obs. = 359.1238. 

BCI3 [bis-m-xylyl citraconimide] 

BCI3 was prepared in analogous fashion (at 156 °C) as a pale-yellow solid in 

33% yield after chromatography (60:40 EtOAc/hexane). 1H NMR (CDCl3, 400 

MHz) (, ppm): 7.29 (s, 1H, ArH), 7.22 (m, 3H, ArH), 6.33 (q, 2H, JHH = 1.85 Hz, 

CH=C), 4.62 (s, 4H, ArCH2), 2.08 (d, 6H, JHH = 1.8 Hz, CH3). 13C{1H} NMR (CDCl3, 100.63) (, ppm): 171.5 

(s, C=O), 170.5 (s, C=O), 145.9 (s, C=C), 136.9 (s, C=C), 129.1 (s, ArC), 128.2 (s, ArC), 127.7 (s, ArC), 127.5 
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(s, ArC), 41.4 (s, CH2), 11.1 (s, CH3). FTIR (CO)/cm-1: 1699. HR-MS (ESI): m/z calculated for C18H16N2O4 

[M+Na]+ = 347.1002, obs. = 347.1014. 

BMI3 [1-(3-(4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenoxy)phenyl)-1H-pyrrole-2,5-dione] 

3,4-oxydianiline (4.00 g, 19.98 mmol) was added to a 2-neck round-bottom flask 

equipped with a reflux condenser and then dissolved in acetone (40 ml). This 

mixture was then warmed to 40 °C to encourage dissolution. After complete 

dissolution the deep brown solution was allowed to cool to RT. Maleic anhydride (3.96 g, 2.67 ml, 

40.35 mmol) was added to a separate round bottom flask and dissolved in acetone (40 ml). The 

resultant colourless solution was added to the diamine solution in a slow stream and the combined 

solution heated to reflux under vigorous stirring for 3.5 h. The product mixture was then allowed to 

cool to ambient temperature prior to the removal of solvent under reduced pressure. The crude 

maleamic acid (BMA3) was dried further by heating to 60 °C under reduced pressure for 3 h prior to 

the following cyclodehydration reaction. The crude BMA3 (6.2 g, 15.6 mmol) was added against a flow 

of nitrogen to a 2-neck Schlenk flask equipped with reflux condenser. To the Schlenk flask, dry 

degassed acetone (50 ml, N2-sparged and freshly distilled from B2O3) was added and the solution 

heated and stirred. After complete dissolution, anhydrous sodium acetate (2.02 g, 24.6 mmol) and 

acetic anhydride (10 g, 9.3 ml, 98 mmol) were added and washed into solution with a further 5 ml of 

acetone. The resultant dark brown solution was heated to reflux and stirred vigorously for 15.5 h. The 

reaction mixture was then poured into ice-cold DI water (60 ml) and the resultant precipitate purified 

via Büchner filtration. The isolated solid was washed with DI water (20 x 5 ml), 50:50 DI water/MeOH 

(3 x 10 ml) and finally pure MeOH (3 x 10 ml). The resultant product was dried at 65 °C for 3 h under 

reduced pressure, affording BMI3 as a pale brown solid (5.128 g, 91% yield [71% overall]). 1H NMR 

(CDCl3, 400 MHz) (, ppm): 7.44 (td, 1H, JHH = 8.06 Hz, JHH = 0.63 Hz, Ar-H), 7.31 (m, 2H, Ar-H), 7.13 (m, 

3H, Ar-H), 7.05 9m, 2H, Ar-H), 6.853 (s, 2H, CH=CH), 6.847 (s, 2H, CH=CH). 13C{1H} NMR (CDCl3, 100.63 

MHz) (, ppm): 169.6 (s, C=O), 169.3 (s, C=O), 157.3 (s, Ar-C), 156.3 (s, Ar-C), 134.4 (s, (O=C)CH), 134.3 

(s, (O=C)CH), 132.6 (s, Ar-C), 130.3 (s, Ar-C), 127.8 (s, Ar-C), 126.6 (s, Ar-C), 121.2 (s, Ar-C), 119.6 (s, Ar-

C), 118.5 (s, Ar-C), 117.0 (s, Ar-C). FTIR (CO)/cm-1: 1713, 1702. HR-MS (APCI): m/z calculated for 

C20H12N2O5 [M+Na]+ = 383.0638, obs. = 383.0632. 
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 Chapter 4: Disulfides and diselenides 

4.1 Introduction 

4.1.1 Disulfides 

The disulfide bond is one of the most heavily researched dynamic covalent bonds in materials science. 

In biology, the disulfide bridges of cystine units, Figure 4.01—formed from the thiol oxidation of two 

cysteine amino acid residues—are known to play a crucial role in determining protein structure and 

stability. Approximately one third of known eukaryotic proteins contain disulfides, and the sensitivity 

of these linkages to pH and different oxidative/reductive (redox) environments are key contributors 

to the dynamic nature of these macromolecules.1–3 

 

Figure 4.01. A cystine unit formed from the oxidative reaction of two cysteines. 

The relative weakness of the S–S bond (ca. 260 kJ mol-1) and its abundance in biological systems has 

led to significant research into its potential as a reversible bond in functional polymers. In recent years 

disulfides have been used to make covalent adaptable networks with thermally-reversible linkages 

(see Chapter 1), photoactive polymers,4,5 and have even been applied in high performance 

composites.6–9 One notable example of such a system is that reported by Odriozola et al.6 in 2016 

which uses dithiodianiline (DTDA) as an epoxy crosslinker (also known as di(p-aniline)disulfide or 4-

aminophenyl disulfide), this will be referred to in more detail later. 

The mechanism by which disulfides exchange with each other has been the subject of some debate 

over the last two decades.4,10–16 There are three main mechanisms which have been suggested to 

operate dependent upon the specific system: thiol-disulfide substitution (where nucleophilic thiol 

groups effect the substitution), disulfide homolysis (with sulfanyl radicals as the active species) and 

direct disulfide metathesis, see mechanisms 1–3 respectively in Scheme 4.01. 



 

188 
 

UOB Open 

 

Scheme 4.01. The mechanisms of dynamic disulfide chemistry. 1 – thiol-disulfide substitution, 2 – disulfide homolysis, 3 – 

[2+2] disulfide metathesis, 4 – catalysed (NR3, PR3, NHC etc.) disulfide exchange. 

In thiol-disulfide exchange, the thiol is first deprotonated to a thiolate to make it a potent nucleophile. 

For this reason, these processes generally operate at elevated pH, in the presence of basic 

catalysts.17,18 The thiolate then readily attacks a disulfide, which produces a new disulfide and thiolate 

which can further propagate the reaction. It is this mechanism that has been established to dominate 

in biological systems with enzymatic catalysts.19 

Disulfide exchange in the absence of thiols/thiolates has proved more contentious. The two simplest 

and most widely discussed mechanisms for this reaction are (2) and (3) Scheme 4.01. Although several 

authors have discussed the prospect of direct [2+2] metathesis (3),10,20,21 the studies of Matxain et al.12 

and Nevejans et al.14 present a strong case for the radical process (3) as the mechanism of uncatalysed 

disulfide exchange. In the Matxain article,12 the authors used DFT to look for evidence of a [2+2] 

transition state but were unsuccessful. They then explored the radical pathway and found that the 

[2+1] radical transition state was viable (reaction enthalpies were typically on the order of 10–15 kcal 

mol-1). An exploration of the relationship between substituents and bond dissociation energy (BDE), 

spin density on sulfur and other parameters, indicated that electron donating groups weaken the 

disulfide bond. Although weak compared to C–C bonds, the BDEs of disulfides (~50 kcal mol-1) are not 
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so weak as to make thermolysis feasible at room temperature. However, an analysis of the excitation 

energies revealed that aromatic disulfides consistently absorbed in the near UV. Interestingly, electron 

withdrawing groups were observed to increase the absorption wavelength, shifting the first excitation 

wavelength closer to the visible spectrum. In the Nevejans study,14 disulfide exchange was performed 

with and without the presence of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) as a radical inhibitor. 

The authors found that this additive slowed the reaction substantially. In contrast, when disulfide 

exchange was performed in the presence of UV the reaction rate was greatly increased. Both 

experiments strongly support the radical process. Interestingly, the authors went on to perform solid-

state EPR experiments and found that the sulfanyl radical could be observed in some cases and not 

others. The authors attributed this to low sensitivity and a low concentration of the radicals in 

question. In further experiments an exploration of the amine/phosphine-catalysed process (4), vide 

infra, found no evidence of radical involvement. 

In the presence of catalysts such as phosphines,11 or N-heterocyclic carbenes (NHCs),22 the disulfide-

disulfide reaction can be performed in a manner more akin to the thiol-disulfide reaction. In these 

processes, the mechanism (4) appears to be slightly different from any of the previously mentioned 

mechanisms; the catalyst attacks the disulfide, cleaving it into a thiolate and a catalyst-sulfide addition 

product. As this reaction is generally reversible, another thiolate can then attack the addition product, 

to create a mixed disulfide. 

Despite their weakness and widespread utility, in solution, disulfides do not generally exchange with 

each other without an external stimulus (e.g. catalyst, UV or pH change). Unusual behaviour of small-

molecule disulfides was recently reported by Fritze and von Delius in which disulfide metathesis was 

induced in chlorinated solvents by ultrasonication.16 These authors conclude that the reactions they 

observed also follow a radical process. In this case it appears that sonochemical solvolysis leads to the 

formation of the sulfanyl radicals that give disulfide exchange. It was this article which inspired our 

related research with diselenides (vide infra) and diphosphanes (see Chapter 5) which both undergo 

more facile metathesis. 

4.1.2 Disulfides in CANs 

The following section is a short, non-exhaustive review of the state-of-the-art concerning disulfide-

containing covalent adaptable networks (CANs). An extensive volume of literature exists concerning 

the use of disulfides in polymers more generally and in the interest of brevity, those articles focusing 

on thermoplastics (non-crosslinked polymers) and elastomers (lightly crosslinked polymers) are not 

discussed here since the phenomena observed in soft materials are often not reproducible in hard, 

engineering materials. 
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In 2016, Odriozola and co-workers published two interesting articles relating to a catalyst-free DGEBA 

(bisphenol A diglycidyl ether) epoxy, crosslinked with dithiodianiline (DTDA, or 4-aminophenyl 

disulfide), Figure 4.02.6,23 The aromatic disulfide linkages within this network polymer bestowed it with 

high temperature stress relaxation—indicative of dynamic crosslinks. DMA (stress relaxation 

experiments) revealed Arrhenius-type behaviour, consistent with the definition of a vitrimer (or 

associative CAN), with topological freezing temperature (Tv) at -13 °C. This is the temperature at which 

the material would transition from solid to liquid due to bond exchange reactions, defined by the point 

at which viscosity passes 1012 Pa s. A value of Tv that is much lower than their reported Tg (~130 °C) 

means the system is best described as a series of highly dynamic crosslinks frozen within a rigid 

polymer framework. The glass transition (both 130 °C) and general mechanical performance of the 

disulfide vitrimer compared well with their reference epoxy (DGEBA crosslinked with 

diethyltoluenediamine): tensile failure strength and failure strain were in the region of 80 MPa and 

7% respectively, for both materials. Even the storage moduli of both the disulfide and control epoxy 

were almost identical at both low (RT) and high temperature (150 °C), 2.5/2.6 GPa and 20/20 MPa 

respectively. The only significant impact on physical performance was observed by decomposition 

temperature, where the vitrimer decomposed at 300 °C and the control at 350 °C. It is particularly 

interesting to note that the two polymers’ properties were so similar given the substantial structural 

differences between the two crosslinkers, Figure 4.02. 

 

Figure 4.02. Left-to-right: dithiodianiline (DTDA, or 4-aminophenyl disulfide), diethyltoluenediamine and DGEBA. 

Odriozola et al.6 went on to demonstrate the reprocessability of this disulfide vitrimer at 200 °C and 

100 bar, and how they could ‘iron out’ scratches with modest heat and pressure. Most impressively, 

the researchers went on to prepare carbon fibre using this disulfide as the matrix, using their so-called 

‘enduring prepreg’ technique. Under mechanical testing, this material exhibited excellent 

performance, outperforming their conventional composite (prepared from manual lay-up) in terms of 

compressive strength, interlaminar shear strength, flexural strength and impact strength. However, 

the high-pressure manufacturing method used to prepare the disulfide composite was not used in the 

preparation of the conventional composite; it seems likely that this led to substantial differences in 

consolidation and probably fibre volume fraction (Vf). Nevertheless, these are impressive results, 

particularly given that the disulfide matrix could be readily dissolved from the composite (in solutions 

of 2-mercaptoethanol in DMF, 25 °C, 24 h) which is impossible with conventional polymer composites. 



 

191 
 

UOB Open 

In a second article, the same material was examined in terms of its mechanochromism—upon grinding 

or impact, the polymer/composite changes colour, which could be useful for sensory applications.23 

In 2017, Post et al.7 prepared a glass-fibre reinforced polymer composite (GFRP) from another 

disulfide-containing polymer. In this example, the authors created a dual network polymer in which 

some of the crosslinks were irreversible and some were disulfides. In contrast to the Odriozola et al. 

polymer, this material contained thiol and a basic catalyst (triethylamine) as well as intact disulfides. 

Consequently, where the disulfide of Odriozola et al. operated through the radical mechanism, it 

seems the mechanism of bond exchange in the case of Post et al. is thiol-disulfide exchange. The 

authors prepared composite laminates with this resin using vacuum-assisted resin infusion moulding 

of Vf ~50%. The composite mechanical performance and self-healing were characterised by 3-point 

bending (3pb), double cantilever beam (DCB) and low-velocity impact testing. Self-healing of the 

composite was tested via these mechanical tests after treatment at several different temperatures, 

with reasonable strength recovery (45%) even after four cycles of bending (3pb) and repair at 

temperatures as low as 70 °C. However, it should be noted that each healing cycle was very long (16 

h). The gradual loss of healing efficiency with each treatment cycle (through all of the different 

mechanical tests) is attributed to the consumption of the thiols by oxidation. This is one major 

limitation of the thiol-disulfide bond exchange mechanism, thiols gradually oxidise to disulfides in the 

presence of air. A further interesting feature of this article is the use of image analysis and ‘damaged 

area’ to quantify healing after impact testing. 

In 2017 Ma et al.24 extended the work of the Odriozola group, again using DTDA as an epoxy 

crosslinker. Though in this case the diepoxide used was synthesised from biomass-derived isosorbide 

in attempt to improve the green credentials of the system. The reported polymers were then 

characterised and found to be reprocessable, behaving similarly to the original DGEBA system. 

Bangash et al.25 published an article in 2018 concerning the synthesis of a bi-phasic composite system, 

in which layers of carbon fibre were infused with a soft (elastomeric) disulfide-containing poly(urea-

urethane). These layers were combined with additional layers of carbon fibre infused with a hard 

disulfide-containing epoxy, into a single laminate. This ‘double matrix’ composite was designed in an 

attempt to increase the composite toughness in terms of impact resistance (relative to more 

conventional composite configurations). Both matrices again used the aromatic disulfide DTDA as the 

dynamic linker. The presence of this disulfide in both polymer types is what allows the previously 

discrete phases to be bonded together (at 200 °C and 100 bar). However, the double matrix 

composites were found to exhibit much poorer strength and stiffness compared to the single matrix 

control. This is attributed to a very high void content (>10% in some cases), particularly at the 
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interphases, which indicates that there is room for improvement. Nevertheless, the authors did report 

that in some cases the impact resistance (in terms of damage initiation energy) was significantly 

enhanced in the double matrix composites. 

Fortman et al.26 discussed the development of a polyhydroxyurethane which incorporated a disulfide 

moiety. Polyhydroxyurethanes—produced from the reaction of amines and cyclic carbonates—are 

particularly attractive alternatives to polyurethanes since they are intrinsically reprocessable via 

transcarbamoylation (Chapter 1, Section 1.5.4, Figure 1.7). However, to activate this reaction and the 

resultant reprocessability, high temperatures (>150 °C) and long reaction times (several hours) are 

typically required. By incorporating a diaminosulfide (cystamine) into the polymer backbone, a highly 

reprocessable material was prepared, Scheme 4.02. Stress relaxation (5% strain, DMA) experiments 

revealed that relaxation times as short as 30 s were achievable at 150 °C and the relaxation was still 

rapid at 120 °C. Unsurprisingly, the rate of relaxation was slower with decreasing disulfide 

concentration. The material could also survive repeated cycles of milling and compression moulding 

(150 °C) with negligible change in dynamic mechanical behaviour. The contribution from the disulfides 

to the dynamic behaviour seemed to be much greater than from transcarbamoylation. The authors 

speculated that the amines present in the polymer backbone may help to catalyse disulfide exchange. 

 

Scheme 4.02. The disulfide-containing polyhydroxyurethane reported by Fortman et al.26 

Zhang et al.27 reported a new disulfide-containing epoxy prepared via anhydride curing. In this article, 

the authors prepared a disulfide anhydride (Scheme 4.03) and went on to co-react this with a 

conventional anhydride curing agent (methylhexahydrophthalic anhydride) and DGEBA. Mechanical 

testing revealed that the prepared epoxies were robust materials, with flexural modulus consistently 

in the region of 2.5 GPa and flexural strength >70 MPa. The authors went on to note a slight 

toughening effect in those polymers containing disulfides relative to control polymers. This is a general 

feature of polymers containing ‘weak’ bonds, since their cleavage presents a mechanism of energy 

absorption/dissipation. Self-healing was tested via lap-shear adhesion testing (after fusing two lengths 
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of polymer together) and the reprocessability—or malleability—was explored through milling the 

cured polymer into powder prior to reconstituting it through compression moulding. The authors then 

tested the polymer as a matrix in an electronic device and demonstrated the recyclability of the device 

via use of a thiol-DMF solution, which effectively dissolved the polymer. 

 

Scheme 4.03. The synthesis of the disulfide anhydride used by Zhang et al.27 EtOAc = ethyl acetate and TFAA = 

trifluoroacetic anhydride. 

Zhou et al.9 modified DTDA by reacting it with para-formaldehyde to produce hemiaminal dynamic 

covalent networks (HDCNs, Figure 4.03). Carbon fibre prepregs were prepared by soaking dry fibre 

cloths in solutions of this HDCN material and DGEBA; the excess solvent was slowly allowed to 

evaporate as the resin partially cured (-staged) onto the carbon cloth. The prepregs were further 

dried, layed-up into a single laminate and cured together in a hot press (150–200 °C, 5 MPa, 2 h). This 

is another example of a dual-dynamic network since the disulfides are thermally sensitive and the 

hexahydrotriazine rings are acid sensitive. The authors reported that the resulting composite had good 

mechanical performance and recycling/reprocessability and, as reported in other articles, this polymer 

was readily dissolved in DMF/thiol solutions. 

 

Figure 4.03. An example of the hemiaminal dynamic covalent network (HDCN) structure archetype employed by Zhou et 

al.9 prepared via the reaction DTDA and paraformaldehyde. 

Si et al.28 again used DTDA as an epoxy crosslinker to prepare their disulfide CANs and their respective 

FRP composites, though in this study both the epoxide and crosslinker contained disulfides. This 

inclusion of essentially double the concentration of disulfides that was reported in earlier work (e.g. 
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Odriozola et al.6) resulted in significantly enhanced recyclability and high temperature stress 

relaxation. 

In summary, several authors have demonstrated the healing, recycling and reprocessing performance 

of disulfide-containing polymers as composite matrices. As simple, well-understood systems, disulfide 

materials also compare favourably with Diels-Alder materials in terms of activation temperature, since 

the furan-maleimide retro reaction does not occur below 110 °C. In contrast, aromatic disulfides are 

capable of reaction below 100 °C, dependent on both the groups surrounding the disulfide and the 

rigidity of the surrounding polymer network. Indeed, several authors have taken dynamic disulfide 

chemistry and applied it in robust engineering polymers and FRPs that may be useful in primary or 

secondary structural applications. Though the thiol-disulfide mechanism has been employed, the 

thermal disulfide-disulfide exchange processes (catalysed or otherwise) are more common and 

preferred due to thiol instability. Arguably the next step with these systems is demonstrating their use 

in industrially relevant parts. However, it is equally desirable to look for ways of decreasing the 

processing/repair temperatures towards room temperature, which would prove highly valuable in 

certain applications. One such method may be through the use of diselenides.  

4.1.3 Diselenides 

 

Figure 4.04. Selenium and adjacent elements of the periodic table. 

Sulfur and selenium express many chemical similarities originating from their Group 16 relationship, 

Figure 4.04. As a result, diselenides behave similarly to disulfides and are thus attractive targets for 

dynamic chemistry, not least because of the extreme weakness of their bonds (ca. 170 kJ mol-1). As a 

consequence of their weaker bonds, diselenides compare favourably with disulfides in that they are 

capable of undergoing thermolysis at lower temperature and can even be photolysed by visible light.29 

At present, the amount of research in applying diselenides to materials chemistry is still small; 

however, there are now some examples of diselenide-derived materials which have shown self-

healing behaviour (Section 4.1.4).30,31  
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Like phosphorus chemistry, selenium chemistry has an advantage over sulfur and other nuclei in that 

it has an isotope (77Se) with I = ½. This makes 77Se NMR a useful tool for both characterisation and 

reaction monitoring. Diselenides also present one particular synthetic advantage of their sulfur 

counterparts: a readily accessible dianion [Se2]2- which is an ideal building block from which to prepare 

organodiselenides. This provides an alternative to the primary method of preparing disulfides, thiol 

oxidation,32 Scheme 4.04—this is particularly valuable as a consequence of the foul smell of both thiols 

and selenols. 

 

Scheme 4.04. Selected synthetic procedures in disulfide and diselenide chemistry: 1 – thiol oxidation, 2 – selenol oxidation 

and 3 – the reduction of elemental selenium to the dianion. Where [Ox.] is an oxidant such as oxygen, [Red.] is a reductant 

such as NaBH4 and X is a leaving group such as a bromide or tosylate. 

In a recent study, the use of ditellurides—the heavier Group 16 congener of diselenides—in dynamic 

bond exchange reactions has also been explored through the reaction of diselenides with 

ditellurides.33 

4.1.4 Diselenides in dynamic materials 

In this section, the state-of-the-art concerning diselenide-containing polymers is reviewed, with a 

focus on the use of diselenides in lightly-crosslinked (elastomeric) materials. Although several authors 

have discussed diselenide-containing thermosets (CANs), to date, there are no examples of diselenide 

CANs. 

Much of the early materials research of diselenides concerned their use in biological soft materials. 

Diselenides have the capacity to be oxidised to selenic acids or reduced to selenols—both processes 

lead to Se–Se cleavage and both are reversible. By including diselenides in self-assembling block 

copolymers, researchers were able to design vesicular drug delivery vehicles which could be 

selectively opened in the correct redox environments.34,35 Similar diselenide-containing vesicles were 

also prepared by Xia et al.,36 who used osmotic pressure to induce diselenide cleavage (and thus 

vesicle rupture). Diselenide-containing block copolymer aggregates have also been used by Sun et al.37 

in a novel chemotherapeutic technique, where the cytotoxicity of the oxidised form of the diselenide 
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(selenic acid) was exploited. With an altogether different biological application in mind, Waliczek et 

al.38 demonstrated the photometathesis of diselenides within peptides and argue that this process 

could be a valuable tool in this area. 

Recently, several groups have made tentative first steps into the synthesis of diselenide-crosslinked 

materials. An et al.30 explored the use of bis(4-aminophenyl)diselenide (Figure 4.05) in self-healing 

polyurethanes. In supporting DFT calculations, they reported that the transition states of the radical 

diselenide exchange mechanism were approximately 25 kJ mol-1 lower than in analogous disulfide 

reactions. This means that not only are the diselenides more susceptible to radical formation (less 

thermodynamically stable), they are also more kinetically reactive than disulfides, which was further 

supported by the DFT study of Irigoyen et al.39 An et al.30 converted commercially available propylene 

glycol into bis- and tris-functional isocyanates prior to crosslinking with bis(4-aminophenyl)diselenide, 

the resultant elastomer consistently outperformed an analogous disulfide in repair after tensile tests, 

with a superior healing efficiency and faster healing time.30  

 

Figure 4.05. Bis(4-aminophenyl)diselenide, the analogous diselenide to dithiodianiline (DTDA). 

Impressively, the method of healing in the An et al. study was simply contacting the cut surfaces 

(without external pressure or elevated temperature). This is possible because of the visible light–

initiated mechanism of diselenide exchange, the flexibility of the surrounding polymer and the 

assistance of hydrogen bonding. The diselenide-containing polymer showed excellent reprocessability 

through several cycles of milling and compression moulding, again outperforming the analogous 

disulfide polymer.  

The dynamic behaviour of diselenides was similarly exploited by Du Prez and co-workers in their 

preparation of healable elastomers and linear polymers.40 Du et al.31 also prepared healable 

diselenide-containing polyurethanes, in this case via the synthesis of bis(2-hydroxyethyl)diselenide, 

which was then incorporated into a polyurethane via a solution process. A similar healable urea-

urethane, prepared from the reaction of an aminodiselenide and isocyanate-terminated 

poly(propylene glycol), was prepared by Qian et al.41 in 2019. 

4.1.5 Disulfides and diselenides: aims and objectives 

From the aforementioned studies, it is clear that diselenide-containing polymers have great potential 

in healable/reprocessable materials. It is conspicuous that at present diselenide exchange has not 



 

197 
 

UOB Open 

been used in hard materials such as CANs. Accordingly, the synthesis of diselenide CANs is the logical 

next step of this research area and this is as true at the time of writing (2021) as it was when this study 

began in 2017. 

In this study the key objectives were as follows: 

• Explore and confirm the mechanism of the diselenide exchange reaction (Section 4.2) and 

then synthesise new functional diselenides with a view to their use as polymer crosslinkers 

(Section 4.3). 

• Reproduce the disulfide CAN of Odriozola et al. and compare it with the true carbon-based 

analogue. Use this material as a benchmark for comparison to new polymers (Section 4.4.1). 

• Prepare and characterise the first examples of diselenide CANs (Sections 4.4.2 and 4.4.3). 

4.2 Metathesis: dynamic chemistry 

To explore the dynamic behaviour and stability of diselenides, the model reaction between diphenyl 

diselenide ([PhSe]2) and di(n-butyl)diselenide ([BuSe]2) was tested under a variety of conditions, Figure 

4.06. 

 

Figure 4.06. The metathesis of diphenyl diselenide and di(n-butyl)diselenide. 

[PhSe]2 was chosen as a widely-used commercially available reagent (purchased and used as received 

from Sigma-Aldrich) and [BuSe]2 was chosen as a useful target to test the sodium diselenide (DMF) 

route of synthesis, Scheme 4.05. 

 

Scheme 4.05. The synthesis of di(n-butyl)diselenide via sodium diselenide. 

The general procedure for this metathesis is as follows: [BuSe]2 (10 mg, 0.035 mmol) and [PhSe]2 (11.5 

mg, 0.035 mmol) were added to an oven-dried NMR tube. Then, solvent (0.5 ml) was added and the 

tube shaken until dissolution and the reaction monitored by 1H and 77Se{1H} NMR spectroscopy, Figure 

4.07. The results under the various reaction conditions are summarised in Table 4.1. 



 

198 
 

UOB Open 

 

Figure 4.07. 77Se{1H} NMR spectrum of the metathesis reaction between di(n-butyl)diselenide (308.0 ppm) and diphenyl 

diselenide (464.0) in CDCl3 after 24 h. The two resonances at 391.7 and 371.6 correspond to the mixed product nBuSeSePh. 

Table 4.1. The results of diselenide metathesis. 

Entry Solvent Conditions Duration Mixed SeSe[a] 

1 CDCl3 Ambient 25 min 20% 

2 CDCl3 Ambient 24 h 50% 

3 CDCl3 Dark[b] 24 h 33% 

4 CD2Cl2 Ambient 36 min 36% 

5 PhMe Dark[b] 19 h 13% 

6 CHCl3 TTBP[c] 110 min 17% 

7 CDCl3 TTBP[c] 18 h 20% 

8 CDCl3 TTBP[d] 6 h 35% 

[a] Determined from 77Se integrals.  

[b] Foil-wrapped in a dark cupboard. 

[c] 2 eq. TTBP. 

[d] 5 eq. TTBP. 

From entries 1 and 2 it is evident that the time taken for the reaction to produce a statistical mixture 

(50% mixed product) was between 30 min and 24 h. As evidenced by entries 5–8, the metathesis is 

sensitive to light and the presence of the radical scavenger TTBP (2,4,6-tri-tert-butylphenol). This 

strongly suggests a photolytic radical mechanism. Since the reaction does appear to proceed in the 

dark, it is evident that only a small amount of light is required to initiate the reaction or there is an 

additional thermal process. It should be noted that the NMR spectra themselves were not measured 

in the dark—all samples were exposed to a small amount of ambient lighting. These findings are 

largely in agreement with those of Ji et al.,29 but interestingly those authors found it necessary to use 

a non-ambient light source to initiate the metathesis. 

The potential value of diselenides in CANs is thus immediately apparent. These bonds are capable of 

rapid exchange with only ambient light required as stimulus. Although the use of ambient lighting as 

a stimulus does pose questions concerning controllability, visible light-activated CANs could have great 

value in certain applications, particularly in dark environments. 
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A range of diselenides with different functionalities were selected as (crosslinker) targets for synthesis 

and integration into polymers, Figure 4.08. 

 

 

Figure 4.08. Target diselenides. CDS – carboxylic acid diselenide [3,3’-diselanediyldipropionic acid]. APDS – aminopropyl 

diselenide [3,3’-diselanediylbis(propan-1-amine)]. ADS – aniline diselenide [4,4’-(diselanediylbis(methylene))dianiline]. 

PEDS – phenolethyl diselenide [4,4’-(diselanediylbis(ethane-2,1-diyl))diphenol]. 

 

As diamines, APDS and ADS are ideal candidates for epoxy crosslinking. The dicarboxylic acid CDS 

should also be capable of reaction with epoxides (carboxylic acids are believed to be the active 

functionality in epoxy-anhydride polymerisation) as demonstrated in the work of M. Chen et al.8 and 

Y. Chen et al.42 Carboxylic acids are also capable of reacting with isocyanates to form polyamides, as 

in the work of A. Chen et al.,43 Blagbrough et al.44 and Schotman.45 The phenolic diselenide (PEDS), as 

a diol, should be an ideal candidate for polyurethane synthesis. The proposed polymerisation 

reactions to be used in this study are summarised in Scheme 4.06. 
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Scheme 4.06. The epoxy and polyurethane polymerisation reactions proposed for creating diselenide-containing polymer 

networks (diselenide CANs). a – epoxy carboxylic acid crosslinking. b – epoxy-amine crosslinking. c – polyamide formation 

from acid/isocyanate. d – polyurethane formation from alcohol/isocyanate. 

4.3 Synthesis and characterisation of diselenide crosslinkers 

4.3.1 3,3’-diselanediyldipropionic acid (CDS) 

Of the four functionalised diselenide targets in Figure 4.08, the (di)carboxylic acid diselenide (CDS) is 

the only previously reported compound having been prepared by Nascimento et al.46 and as such was 

the first target of this study, Scheme 4.07. 

 

Scheme 4.07. Synthesis of carboxylic acid diselenide from sodium diselenide, CDS. 

The literature procedure used a different solvent and reducing agent in the preparation of sodium 

diselenide than the method reported for [BuSe]2 in Section 4.2. In this synthesis, the milder reducing 

agent (NaBH4) and less harmful solvent (EtOH) make this a particularly attractive method. However, it 

should be noted that the reaction of NaBH4 with EtOH releases H2 gas and is exothermic, accordingly 

care should be taken to avoid dangerous pressurisation. The 1H and 77Se{1H} NMR spectra are shown 

in Figure 4.09. With high yield (88%) and good purity (~94% by 1H NMR) this is a robust reaction. 



 

201 
 

UOB Open 

However, characterisation of CDS proved more challenging than expected, which would later prove 

to be representative of most of the diselenides prepared herein. 

Of the conventional mass spectrometry techniques available (conventional EI/CI were not routinely 

available at the time of study), neither ESI nor nanospray ionisation techniques yielded spectra in 

which the molecular ion of CDS was visible. This is attributed to the extreme weakness of the Se–Se 

bond, which presumably undergoes rapid cleavage (fragmentation) when subject to the 

aforementioned techniques. APCI, atmospheric pressure chemical ionisation, was found to 

consistently produce spectra in which the molecular ion ([M+H]+ or [M-H]- in this case) was observable 

for all of the weak-bond containing small molecules produced in the syntheses described in this 

chapter (Se–Se) and Chapter 5 (P–P, P–S and P–Se). Evidently this technique provides both a soft 

method of ionisation and high sensitivity. APCI is principally similar to conventional CI, but since 

ionisation occurs at higher pressure (atmospheric), the collision frequency between the analyte and 

corona discharge is much higher, which leads to improved sensitivity and ionisation efficiency—ideal 

for analytes which have a high chance of fragmentation.47 

 

Figure 4.09. Top, 1H NMR of CDS in DMSO-D6. Bottom, 77Se{1H} NMR of CDS in DMSO-D6. 

Initially, numerous attempts were made to observe this compound by 77Se NMR (and other target 

diselenides) with limited success. Despite the relatively low natural abundance of 77Se (7.63%), 77Se 

NMR has reasonable sensitivity—approximately three times that of 13C. A spin ½ nucleus, it has no 

quadrupolar moment and is also broadly unaffected by NOE effects.48,49 Moreover, although the 
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chemical shift range over which selenium nuclei resonate is large (-1000 to +3000 ppm), the diselenide 

region is well-known and covers a much narrower range: 200–500 ppm. Thus, it was initially surprising 

to discover that observing a diselenide 77Se signal was so challenging. More detailed analysis of 

experimental parameters and the literature concerning 77Se NMR led to the exploration of relaxation 

delay. Although the longitudinal relaxation times (T1) of 77Se are generally considered short, usually 

on the order of ‘a few seconds’, there are literature examples of selenium-containing species 

(including selenides and diselenides) with T1 ~ 30 s.50 Accordingly, adjustment of the default 

measurement settings from: 1 s relaxation delay, 30° pulse angle and 200 scans, to: 30 s, 60° and 1000 

scans, led to consistently observable diselenide resonances. However, these parameters came at the 

cost of experiment duration (usually >10 h). In the particular case of CDS a relaxation delay of only 4 

s was sufficient, suggesting that the relaxation mechanisms available to it are relatively efficient 

compared to the diselenides discussed hereafter.50 

4.3.2 3,3’-diselanediylbis(propan-1-amine) (APDS) 

A synthesis of diaminopropyl diselenide (APDS) has previously been claimed;51 however, no 

characterisation or experimental detail was reported for this compound. Considering the success of 

the CDS synthesis and the lack of evidence to suggest the literature procedure is reproducible, an 

adapted protocol from the synthesis of CDS was used (sodium diselenide in EtOH), Scheme 4.08. 

 

Scheme 4.08. The synthesis of APDS from sodium diselenide in EtOH. 

Attempts to perform the reaction without prior deprotonation of the HCl salt were unsuccessful, but 

with the addition of sodium hydroxide the reaction proceeded successfully. Aside from this difference, 

the major distinction between this reaction and the CDS synthesis is the leaving group. Due to the use 

of a chloride, a significantly poorer leaving group (vs. bromide), we would expect the reaction to be 

slower. To compensate for the use of the chloride, the reaction mixture was heated to reflux and the 

reaction duration increased from 3 to 24 h. After extraction, the product APDS was isolated in modest 

yield (29%). Examination via 1H NMR revealed a relatively pure sample (~90%), with no residual 3-

chloropropylamine, indicating that the reaction had proceeded to completion. Accordingly, it is likely 

that part of the loss in yield can be attributed to the relative solubility of APDS in CH2Cl2 (DCM) vs. 
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water (brine). As a small di-primary amine, APDS is rather polar and thus likely has significant water 

solubility. With hindsight, this may make EtOAc extractions more appropriate. Previous diselenide 

syntheses suggest that the impurity is either the monoselenide, triselenide or both. This was 

confirmed by examination of the 77Se{1H} NMR spectrum (30 s relaxation delay, 60° pulse angle, 1000 

scans), Figure 4.10. 

 

Figure 4.10. Top, 1H NMR of APDS in CDCl3. Bottom, 77Se{1H} NMR of APDS in CDCl3. 

The 77Se spectrum indicates the presence of three minor selenium-containing impurities which—from 

their chemical shift—can be tentatively assigned as selenide/selanyl ether (RSeR, +157 ppm), 

triselenide (RSeSeSeR, +462 ppm) and tetraselenide (RSeSeSeSeR, +561 ppm). Although heteronuclear 

NMR integrals are often inaccurate, due to the lack of an NOE effect the integrals of these species are 

likely approximately representative and are thus labelled on the spectrum. In agreement with 1H 

integration the diselenide appears to be ~90% pure. Since APDS is an oil it cannot be further purified 

by recrystallisation, a technique which has proved successful with several of the diselenides reported 

in this chapter. Distillation is also not feasible, in this case due to the thermal instability of diselenides. 

Accordingly, column chromatography is the most practical candidate for purification. However, 

chromatographic separation of such chemically similar (differing only in the number of Se atoms) 

species is not trivial. Given that the triselenide/tetraselenide species should have similar dynamic 

behaviour to the diselenide, it was decided that this crude product was good enough to proceed with 

polymer crosslinking, without chromatography. 
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As with CDS, the expected molecular ion of APDS was readily observed by APCI-MS. 

4.3.3 4,4’-(diselanediylbis(ethane-2,1-diyl))diphenol (PEDS) 

The phenol(ethyl) diselenide PEDS (Scheme 4.09) has not been previously reported, though with a 

combination of rigid aromatic rings at the nucleophilic sites and aliphatic flexibility around the 

diselenide moiety, it is ideal as a difunctional crosslinker. This compound was prepared using the same 

procedure for forming sodium diselenide in EtOH. 

 

Scheme 4.09. The synthesis of PEDS from sodium diselenide in EtOH. 

In contrast to the previous two syntheses, this reaction was stopped prematurely (after only 2.5 h). 

This shorter reaction time combined with the use of a slight excess (~10%) of sodium borohydride may 

explain why in addition to the target diselenide and the usual RSeR/RSeSeSeR impurities, a significant 

quantity of the foul-smelling selenol (RSeH) was also observed by 1H NMR, Figure 4.11 (top). The 

selenol was removed by allowing it to oxidise to diselenide (by standing in air for 3 months). Both 

column chromatography and recrystallisation from chloroform led to successful purification, though 

recrystallisation from EtOH was not successful. The highest purity product (Figure 4.11, panel 2) was 

treated via both chromatographic and recrystallisation processes. The 77Se spectrum of PEDS was 

recorded with a 10 s relaxation delay, 60° pulse angle and 4000 scans. The molecular ion was readily 

apparent using APCI-MS (-ve ion mode). 
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Figure 4.11. Top, 1H NMR of crude PEDS in CDCl3 with the Se–H (contaminant) resonance labelled at -0.5 ppm. Middle, 1H 

NMR of pure PEDS in DMSO-D6. Bottom, 77Se{1H} NMR of PEDS in DMSO-D6. 

4.3.4 4,4'-(diselanediylbis(methylene))dianiline (ADS) 

As with PEDS, the aniline diselenide ADS has not previously been reported. It shares the same 

advantageous structural features (a flexible aliphatic linker between rigid aromatic units) and has the 

additional benefit of being a di-primary aromatic amine, ideal for controlled crosslinking of epoxies. A 

similar diselenide (bis(4-aminophenyl)diselenide) is commercially available but was deemed 

prohibitively expensive (in the region of thousands of pounds per gram), and impractical to make. 

Accordingly, ADS is an extremely valuable target for this research. The proposed synthesis is shown in 

Scheme 4.10. 

 

Scheme 4.10. Proposed synthesis of ADS from 4-aminobenzyl alcohol. 
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The preparation of the precursor, 4-aminobenzyl bromide proved challenging. The crude material was 

isolated as a yellow solid and attempts to separate the bromide from this were unsuccessful. The bulk 

of the solid product was insoluble in Et2O, DCM, MeOH and water, strongly suggesting that the organic 

material had polymerised during the reaction. One way of circumventing this polymerisation problem 

is through a protecting group strategy. 

A protecting group in this synthesis should selectively mask the reactive primary amine and ideally be 

stable to the brominating agent, PBr3 and to one or more of the reducing agents used to prepare 

sodium diselenide (i.e. NaBH4 or NaH). Critically, the chosen protecting group must be readily removed 

under mild conditions—conditions to which the product diselenide is stable. Some of the more widely 

used amine protection strategies are conversion to amides, imides, carbamates and the addition of 

trityl- or benzyl-groups.52,53 Of all the protecting groups in common usage, tert-butyl carbamates (BOC) 

are arguably the most widely used. The ease of application (through reaction of amine with BOC 

anhydride) and the plethora of selective deprotection methods made this a good candidate for the 

synthesis of ADS. A revised synthesis with BOC-protection is shown in Scheme 4.11. 

 

Scheme 4.11. The proposed synthesis of ADS using a BOC protection/deprotection strategy. 

The proton NMR of each step is shown in Figure 4.12. The BOC protection method used in this study 

was that of Viswanadham et al.,54 who reported a solvent- and catalyst-free method of BOC protection 

by performing a melt synthesis on a rotary evaporator. Conveniently, no work-up is required since the 

side-products, isobutene and CO2, are continuously removed during the reaction. The BOC protection 

of 4-aminobenzyl alcohol proceeded in quantitative yield as reported in the literature. A tert-butyl 

resonance is apparent at 1.52 ppm (integral = 9H). In contrast to the bromination of the unprotected 

alcohol, the bromination of p-BOC benzyl alcohol produced a solid crude material which was soluble 

in organic solvents. p-BOC benzyl bromide was isolated cleanly, in good yield (67%), as evidenced by 

the disappearance of the hydroxyl resonance and (upfield) shift in benzylic proton resonance in the 1H 

NMR spectrum. 
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Figure 4.12. The 1H NMR spectra of BOCDS synthesis (CDCl3). 

Thus far, two methods of sodium diselenide synthesis have been described (DMF/NaH and 

EtOH/NaBH4), both of which have been employed with great success. A further two methods, 1:1 

NaOH/NaBH4 in THF and aqueous NaBH4, were tested in different syntheses and were found to be 

much less reliable. The diselenide forming reaction of BOCDS was tested using the aqueous method, 

but some selenol and significant RSeR/RSeSeSeR contamination was observed. In this reaction and 

others, attempts to work-up the crude diselenide mixture were plagued by the disproportionation of 

the product, yielding large quantities of red selenium. Anecdotal evidence suggests that this could be 

due to the formation of greater amounts (>5%) of the higher (tri, tetra etc.) polyselenide species. The 

EtOH/NaBH4 procedure was similarly unsuccessful in BOCDS synthesis, producing impure product 

which readily disproportionated. Fortunately, the NaH/DMF protocol—which includes a four 

separating funnel extraction train (see experimental)—proceeded smoothly, producing the diselenide 

in excellent yield (86%) and good purity (~90%). Both column chromatography and recrystallisation 

from EtOH proved useful purification techniques, allowing the isolation of analytically pure BOCDS, 
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which was characterised by 1H NMR, 77Se{1H} NMR and HR-MS (APCI+). Satellites produced from 3JSeH 

coupling are visible either side of the main benzylic proton resonance at 3.83 ppm (14.6 Hz). 

An extensive range of different methods of BOC-deprotection have been reported including 

trifluoroacetic acid (TFA),55 phosphoric acid,56 tetrabutylammonium fluoride (TBAF)57 trimethylsilyl 

iodide (TMSI),58 trimethylsilyl chloride (TMSCl),59 iodine,60 tin(IV) chloride,61 sodium tert-butoxide,62 

and boiling water.63 In an extensive testing campaign, seven of these methods were tested on BOCDS, 

though none were successful. Either negligible change was observed (NaOtBu, H2O and phosphoric 

acid) or, if the BOC groups were successfully removed, disproportionation to red selenium/RSeR 

species dominated (TBAF, I2, TMSI and TFA). The spectrum of BOCDS after TFA deprotection is shown 

in Figure 4.13. The tert-butyl protons at ~1.5 ppm were no longer observed, indicating the removal of 

the BOC groups. There are two major peaks (3.84 and 3.64 ppm) in the benzylic proton region, each 

with 77Se satellites as labelled. This indicates the formation of two selenium-containing products. The 

larger of the two resonances at 3.64 ppm appears to be co-located with a broad singlet resonance 

which can be attributed to primary amine. The resonance at 3.84 ppm likely corresponds to the 

desired product (ADS) since it is very close to the 3.82 ppm resonance of the protected species. 

Unfortunately, it seems probable that the larger resonance at 3.64 ppm corresponds to the analogous 

RSeR species, which explains the appearance of large quantities of red selenium during the reaction. 

 

Figure 4.13. 1H NMR of the deprotection of BOCDS with TFA. Benzylic resonances and their respective 77Se satellites are 

labelled at 3.64 and 3.84 ppm. The large resonance at 5.30 ppm is residual CH2Cl2. 

To further explore the stability of BOCDS under some of these deprotection conditions in a more 

economical fashion, dibenzyl diselenide ([BnSe]2) was prepared and used as a surrogate, Scheme 4.12. 

This synthesis proceeded with similar success (86% yield) via the NaH/DMF sodium diselenide route. 

Analytically pure dibenzyl diselenide was isolated via recrystallisation from petroleum ether. 
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Scheme 4.12. The synthesis of dibenzyl diselenide from sodium diselenide in DMF. 

When dissolved in 1:1 DCM/TFA, [BnSe]2 remains intact. However, when 2 equivalents of aniline are 

added to this mixture, a red precipitate forms (red selenium). 1H NMR revealed that this process also 

generated some dibenzyl selenide (BnSeBn), observable as a downfield-shifted benzylic resonance 

akin to that observed in Figure 4.13. This suggests that in contrast to [BnSe]2, ADS, the amine-

functionalised analogue, is not stable under acidic conditions, undergoing self-reaction to generate 

elemental selenium and the monoselenide. In the absence of acid, no reaction is observed between 

[BnSe]2 and aniline—therefore, ADS may also be stable in non-acidic environments. Regardless, all 

attempts at deprotection with non-acidic conditions were unsuccessful. 

An alternative protection strategy with FMOC was also tested, Scheme 4.13. In contrast to BOC, the 

major FMOC deprotection approaches use basic conditions, conditions under which diselenides 

should be stable. Although the protection and subsequent bromination were successful, the 

protecting group reacted with the sodium diselenide solution, generating a mixture of products during 

this reaction. This approach was not pursued further. 

 

Scheme 4.13. Proposed synthesis of ADS via FMOC protection. 
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Despite the problems deprotecting BOCDS chemically, it is possible that the carbamates (as masked 

secondary amines) could still be used in reactions with epoxides; BOCDS may participate in 

polymerisation without deprotection. Furthermore, there is also a possibility of thermal 

deprotection—the BOC groups may cleave spontaneously with enough thermal energy, such as during 

polymer cure, see Section 4.4. 

4.4 Polymer synthesis and characterisation 

4.4.1 Benchmark study 

In this section, the seminal work of Ruiz de Luzuriaga et al.6 has been reproduced and assessed as a 

benchmark disulfide CAN. The thermal and mechanical performance of this material, denoted as 

EpxSS1 (epoxy disulfide 1), which is the epoxy produced from the reaction of DTDA and Epon 828 

(DGEBA), is explored through DSC, DMA and 3pb testing. This has then been contrasted with an 

analogous disulfide-free epoxy (Ctrl1) and a more conventional poly(alkylamine)-cured epoxy (Ctrl2), 

Scheme 4.14. 

 

 

Scheme 4.14. The components of the epoxies used to benchmark this study. DTDA (4,4’-dithiodianiline), the crosslinker of 

EpxSS1, EDA (4,4’-ethylenedianline), the crosslinker of Ctrl1 and the polyamines (+ bisphenol A) used to crosslink Ctrl2. 
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The control epoxies, Ctrl1 and Ctrl2, were prepared in analogous fashion to Polydisulfide1 as reported 

in Chapter 2, Section 2.2.1. The molecular structures are described in terms of the starting monomers 

above in Scheme 4.14. 

The first control polymer (Ctrl1) is identical to EpxSS1 in all but the presence of the sulfur atoms, this 

means that the influence of the disulfide bond can be directly investigated when comparing these 

polymers. However, the hardener used in Ctrl1 (EDA), although commercially available, is not widely 

used and so Ctrl2 was designed to be more similar to widely-used polyalkylamine hardening systems. 

For this reason, it is perhaps unsurprising that Ctrl2 was the most challenging system to work with—

due to the presence of more reactive (aliphatic) amines—Ctrl2 cured rapidly and at the first two 

attempts, yielding polymer that cured during degassing. Interestingly, the disulfide was the least 

reactive curative and was thus the easiest to manage. Presumably, this reflects the decrease in 

nucleophilicity at the amines due to electron-withdrawal by the sulfur atoms. 

Dynamic differential scanning calorimetry (DSC) was used to probe the cure and thermal behaviour of 

this disulfide polymer, analogously to Chapter 2, Section 2.3.2. A representative heat-cool-heat profile 

of cured EpxSS1 is shown in Figure 4.14. 
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Figure 4.14. A temperature-heat flow (DSC) plot of EpxSS1 (10 °C min-1). 

Three major features are present in the heat flow curve: (1) Tg is evident at ~100 °C. (2) A non-reversing 

exotherm is evident in the first phase of heating, with onset at ~200 °C and peak at 280 °C. (3) A 

reversible exothermic event of onset ~250 °C is present up to the maximum temperature, 300 °C. The 

glass transition temperature at ~100 °C is in the region expected of properly cured DGEBA epoxies. 

The non-reversing exotherm indicates a chemical reaction; at such a high temperature, this could be 



 

212 
 

UOB Open 

a decomposition event, or curing of some residual unreacted amine/epoxy groups. Since 

decomposition events should be irreversible (i.e. not visible on the cooling or second heating curves), 

the reversing exotherm is tentatively assigned as disulfide cleavage (and reformation). 

The dynamic mechanical analysis (DMA, discussed in more detail in Chapter 2, Section 2.3.3) profiles 

of EpxSS1 are shown in Figure 4.15. 
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Figure 4.15. Representative single-cantilever DMA plots of EpxSS1 (1 Hz, 15 µm amplitude, 5 °C min-1). Left axis: storage 

(black) and loss (red) moduli. Right axis: tan() (blue). E’’max = 131 °C. 

The onset of storage modulus is approximately 100 °C, in agreement with the Tg observed by DSC. The 

maximum of loss modulus is 131 °C, another measure of Tg as discussed in Chapter 2, which compares 

favourably with the DA CANs presented in that study (both DA1 and DA2 have loss maxima ~100 °C). 

This reflects a more densely crosslinked material, indicating that EpxSS1 is cured as expected. The 

storage modulus of EpxSS1 is presented again and compared with Ctrl1, Ctrl2 and DA1 in Figure 4.16. 
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Figure 4.16. The storage moduli of EpxSS1, Ctrl1, Ctrl2 and DA1 (single-cantilever, 1 Hz, 15 m amplitude, 5 °C min-1). 

From this figure, the similarity in behaviour between EpxSS1 and Ctrl1 is immediately apparent. The 

initial modulus at ~1750 MPa is essentially identical, indicating that the disulfides have no influence 

on stiffness at ambient temperatures. The onset of the rubbery transition is slightly decreased (~8 °C) 

by the presence of the disulfide moieties. This may simply reflect the increased rotational flexibility 

about the S–S bond relative to the H2C–CH2 unit, due to the absence of hydrogen atoms. However, 

this feature could also be a product of a disulfide exchange process—it has previously been reported 

that aromatic disulfides such as this are capable of dynamic processes even at room temperature, as 

long as the host polymer has sufficient flexibility (i.e. is in a rubbery state).14 It may be that this 

exchange can happen at the early stages of the glass transition, but it is more likely that any exchange 

processes are restricted to higher temperatures (when the polymer is truly a rubber). Accordingly, the 

bond rotation argument seems more likely. 

The residual (post-Tg) storage modulus of 15 MPa for EpxSS1 in the rubbery state is similar to the 20 

MPa of Ctrl1, and notably larger than the 3 MPa of Ctrl2, which has much less residual stiffness due to 

the greatly reduced concentration of aromatic groups in its network structure. That there is any 

residual stiffness at all represents a marked difference from DA1, which melts after de-crosslinking. 

Indeed, this reflects highly contrasting behaviour between these two types of CAN. In contrast to the 

true de-crosslinking observed in DA CANs, as discussed in Section 4.1, it is widely accepted that the 

mechanism of disulfide exchange is not dissociative. Instead, the vast majority of disulfide units remain 

intact even at elevated temperature, only a few homolyse and lead to exchange via an associative, 

vitrimer-like process. Since this means these CANs are not capable of melting, their dynamic behaviour 

is not easily studied by rheology (as in Chapter 2). This makes DMA an even more valuable tool for the 
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characterisation of these materials. DMA-based stress-relaxation experiments are ideal for 

characterising the dynamic behaviour of associative CANs (vitrimers) such as EpxSS1. In these 

experiments, the specimens are deformed to a given strain at a given temperature and held 

isothermally for an extended period. This deformation induces a measurable stress. By comparing the 

relaxation time (the time required for the stress to be alleviated) at different temperatures, an 

Arrhenius plot can be made and an activation energy (EA) corresponding to the exchange chemistry 

can be calculated—in polymers without dynamic chemistry, stress relaxation is greatly impeded. 

Indeed, this type of experiment was performed for this material by Ruiz de Luzuriaga et al.,6 the results 

of which first led to the description of EpxSS1 as a vitrimer. In contrast, stress-relaxation isothermal 

DMA experiments are less appropriate for dissociative CANs because when these materials are 

activated, they melt and thus stress relaxation is near instantaneous. 

To further explore the influence of disulfide bonds on the mechanical performance of epoxies, EpxSS1, 

Ctrl1 and Ctrl2 were subject to 3-point-bend (3pb) flexural testing (five specimens each). 

Representative stress-strain profiles are shown in Figure 4.17. 
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Figure 4.17. Representative stress-strain profiles of EpxSS1, Ctrl1 and Ctrl2. 

The mean (± standard deviation) failure strength, tangent modulus and failure strain of EpxSS1, Ctrl1 

and Ctrl2 are summarised as follows: ultimate flexural strength: 117.4 ± 3.0 MPa, 120.0 ± 3.6 MPa and 

101.4 ± 6.4 MPa respectively; tangent flexural modulus: 2.78 ± 0.12 GPa, 3.03 ± 0.12 GPa and 3.74 ± 

0.09 GPa respectively; flexural failure strain: 7.46 ± 1.17%, 9.27 ± 0.50% and 2.96 ± 0.30% respectively. 

From this data it is apparent that the disulfides themselves have a surprisingly limited effect upon 

mechanical performance as the tangent modulus and ultimate strengths of EpxSS1 and Ctrl1 are very 
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similar. It appears that EpxSS1 shares the same mechanism of plasticity as Ctrl1—shorter/longer 

conformations of the crosslinking unit—that was discussed in Chapter 2, Section 2.5.2 (Figure 2.50). 

This gives rise to the significant curvature of the stress-strain plots of these aromatic epoxies that is 

not observed from the aliphatic crosslinkers of Ctrl2. Seemingly the most significant difference 

between Ctrl1 and EpxSS1 is the ultimate failure strain. The average EpxSS1 specimen failed at >1% 

less strain than Ctrl1, this is likely a macroscopic product of the difference in bond strengths between 

S–S and C–C. At high strains, the polymer chains uncoil such that the individual crosslinking units are 

increasingly stretched into their most extended conformers. Eventually, at very high strains, all the 

crosslinking units are fully stretched (in their extended conformations) and at this point the load is 

increasingly channelled through those individual single bonds. At this stage, the difference in bond 

strength finally becomes significant and as a result the S–S bonds of EpxSS1 tolerate less extension 

than the C–C bonds of Ctrl1. Nevertheless, it is interesting that this does not translate into a significant 

decrease in strength. From this observation, we might expect that an analogous disulfide version of 

Ctrl2 would fail at both lower strength and strain, since it would not have the same plasticity 

mechanism to mitigate the bond strength difference. 

From this study we can conclude that the inclusion of disulfides in thermoset polymers does not 

necessarily lead to a decrease in strength. If this observation translates to other weak linkages (e.g. 

Se–Se or DA crosslinks) this is of great significance; plasticity mechanisms may be designed into 

polymers to accommodate this. 

4.4.2 Disulfide- and diselenide-crosslinked epoxies 

The diselenides described in Section 4.3 have been used in small-scale polymerisation reactions to 

explore the viability of these materials in preparing CANs. The resultant polymers have then been 

characterised by FTIR, DSC and where possible, rheology. Plans to characterise these polymers via 

DMA at the National Composites Centre (NCC) were curtailed due to the pandemic. 

EpxSeSe1 (epoxy diselenide 1) is the polymer formed by the reaction of the alkylamino diselenide, 

APDS with DGEBA, Scheme 4.15. As an alkyl amine, APDS should be highly reactive toward the epoxide 

groups of DGEBA and the resultant polymer should be more like Ctrl2 than any of the other epoxies 

discussed thus far. 

 

Scheme 4.15. EpxSeSe1. 
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Figure 4.18. EpxSeSe1, the epoxy produced from the reaction of APDS with DGEBA. 

A sample of EpxSeSe1 (appearance shown in Figure 4.18) was milled into powder for further testing, 

though this proved challenging due to the high toughness of the material. This powder was then 

subject to DSC and FTIR analysis. Like EpxSS1, EpxSeSe1 was unable to melt and thus could not be 

analysed by rheometry. This indicates that the diselenides of this polymer bestow an associative-type 

CAN behaviour—this would be best characterised by DMA. Indeed, though the polymer did not melt, 

it is readily deformed out of shape when heated above Tg. The FTIR spectrum of EpxSeSe1, Figure 4.19, 

indicates a well-cured material. A small amount of residual epoxide remains, as evidenced by the weak 

absorbance at 916 cm-1, but there is no evidence of amine bands overlaid with the broad hydroxyl 

peak at 3387 cm-1. Nevertheless, it is possible that the weak absorbances at 1579 and 1606 cm-1 

correspond to primary amine bending modes. Overall, this spectrum suggests that a longer cure would 

be advisable in future experiments. 
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Figure 4.19. The FTIR spectrum of EpxSeSe1. 
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The DSC profile of the cured sample of EpxSeSe1 is broadly featureless, without even an obvious glass 

transition, hence its omission. Nonetheless, the absence of an exotherm agrees with the prior 

assessment of a relatively successful cure. The uncured profile is more informative: a representative 

heat-cool-heat is shown in Figure 4.20. 
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Figure 4.20. A heat-cool-heat of EpxSeSe1 between ambient and 300 °C (10 °C min-1, exo up). 

From this plot the amine-epoxy cure exotherm is readily observed as a broad peak centred around 

100 °C. An endotherm is observed at lower temperature (45 °C), which likely represents a crystalline 

phase within APDS (which is broadly an oil at ambient temperature). It is possible that ultra-pure APDS 

is a low-melting solid, and that the impurities (principally the monoselenide) are otherwise preventing 

crystallisation. A large exotherm above 250 °C is likely indicative of thermal decomposition. As noted 

in Chapter 3, an artefact at ~100 °C during heating (and 80 °C during cooling) is observed of all DSC 

experiments performed on this machine at this time. 

EpxSeSe2 (epoxy diselenide 2), the polymer formed by the reaction of the BOC-protected diselenide 

BOCDS with DGEBA, Scheme 4.16. Prior to attempting this synthesis, the thermal behaviour of the 

diselenide was investigated by DSC, Figure 4.21. Crucially, there are literature reports suggesting that 

BOC groups can be removed thermally.64 

  

Scheme 4.16. The epoxy formed from reaction of BOC diselenide and DGEBA. 
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Figure 4.21. A representative heat-cool-heat of BOCDS between 30 and 300 °C (exo up, 10 °C min-1). 

A broad endothermic event representing the melt is visible between 110 and 160 °C, with peak 

(minimum) ~155 °C. At higher temperatures, a major exotherm dominates the plot, with onset around 

175 °C and maximum at 230 °C. This certainly reflects a chemical reaction and the most likely process 

is the thermolysis of the BOC groups (loss of isobutene and CO2). Towards 300 °C another change in 

heat capacity is evident, that appears to be exothermic and reversible, though at such a high 

temperature this may be decomposition. To confirm that the major exotherm is representative of BOC 

thermolysis, the 1H NMR spectra of the material were compared before and after treatment at 210 °C 

(for 1 h). Unfortunately, after this treatment there was no 1H NMR evidence of residual BOCDS or 

anything else that was soluble in CDCl3 by 1H NMR. This may be due to self-polymerisation; at such 

high temperatures, as the BOC groups are removed, the unprotected primary amine can presumably 

react with those carbamates which remain. However, it is also conceivable that this process is 

concomitant with thermal degradation. With this information considered, an initial cure temperature 

in the melting region is a sensible place to start the polymerisation. Despite these findings, a post-cure 

at high temperature (>220 °C) would still be required to form a network polymer; prior to the 

deprotection reaction, both DGEBA and BOCDS are difunctional and hence are only capable of forming 

linear chains. There is a chance that the desired epoxy-amine polymerisation may still occur, since the 

epoxides would be expected to be more electrophilic than the intact BOC carbamates. 
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Figure 4.22. EpxSeSe2, the epoxy produced from the reaction of BOCDS with DGEBA. 

A sample of EpxSeSe2 (appearance shown in Figure 4.22) was milled into powder prior to FTIR and 

DSC analysis. As with EpxSeSe1, EpxSeSe2 also did not melt and so could not be tested with rheology. 

DMA stress relaxation experiments would be required to probe for CAN-type behaviour. The FTIR 

spectrum of EpxSeSe2 is shown in Figure 4.23. 
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Figure 4.23. The FTIR spectrum of EpxSeSe2. 

In contrast to EpxSeSe1, there is no evidence of residual epoxide in the FTIR spectrum of EpxSeSe2. 

There is similarly little evidence of residual secondary amine; however, arguably the most significant 

region is the carbonyl region which is contrasted with neat BOCDS in Figure 4.24. 
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Figure 4.24. The FTIR carbonyl stretching region of EpxSeSe2 and BOCDS. 

The absence of a significant carbonyl stretch indicates that the in situ deprotection of the diselenide 

(during cure) was successful. This is indicated visually by the porous nature of the product polymer, 

evidence of the evolution of CO2 and isobutene. This suggests that boc-protected amines can function 

as epoxy crosslinkers. The DSC of uncured EpxSeSe2 is shown in Figure 4.25. This DSC profile is 

essentially the same as that of neat BOCDS (Figure 4.21)—like EpxSeSe1, the cured profile is essentially 

featureless, which indicates successful cure. 

50 100 150 200 250 300
-0.5

0

0.5

1

1.5

D
S

C
 (

m
W

/m
g

)

Temperature (°C)

 H1

 C1

 H2

 

Figure 4.25. A representative DSC profile of uncured EpxSeSe2 between ambient and 300 °C (10 °C min-1, exo up). 

The fact that the DSC profile and more specifically, the size, shape and position of the major exotherm 

of EpxSeSe2 is almost identical to neat BOCDS, indicates one of two probable scenarios. (1) There is 
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little or no reaction between the diselenide and the epoxides, which would mean that the epoxy 

polymerised via self-reaction (since no residual epoxide is evident by FTIR spectroscopy). (2) There is 

no reaction between the secondary amine and epoxide but instead there is concomitant deprotection 

and primary amine-epoxide reaction (such that there is no distinction in DSC exotherm). Since, by FTIR, 

there is no evidence of residual secondary amine in the cured spectrum (Figure 4.26), the latter 

explanation seems more likely. 
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Figure 4.26. The FTIR spectrum (3000–4000 cm-1) of uncured and cured EpxSeSe2 compared with neat BOCDS. 

From this we can tentatively conclude that BOCDS has utility as a latent epoxy curative: the compound 

can successfully crosslink epoxies but only does so at greatly elevated temperature (220 °C) when the 

protecting groups are lost. Whether or not the diselenide bonds remain intact after these curing 

conditions is uncertain and not easily confirmed. Looking for dynamic behaviour (by DMA) would be 

one such method of confirmation. 

EpxSeSe3 (epoxy diselenide 3), is the polymer formed by the reaction of the carboxylic acid diselenide 

CDS with DGEBA, Scheme 4.17. Inspired by the work of Chen et al.8 and Altuna et al.,65,66 this polymer 

uses carboxylic acids and an organic base catalyst to harden the epoxy in a similar fashion to epoxy-

anhydride cure. Since the diselenide is difunctional, citric acid is added to ensure that a network is 

formed. TBD (triazabicyclodecene, 5 wt%) was chosen as a high-melting (>125 °C) catalyst with a 

known capacity for catalysing transesterification. By creating a network of ester linkages with many 

free hydroxyl groups and a reasonable catalyst loading, this polymer should be capable of undergoing 

two independent dynamic chemical processes: transesterification and diselenide exchange. 
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Scheme 4.17. The components of EpxSeSe3: 3,3’-diselanediyldipropionic acid (CDS, 0.85 eq.), citric acid (0.09 eq.), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD, 5 wt%) and DGEBA (1 eq.). 

 

Figure 4.27. EpxSeSe3, the polymer produced from the reaction of DGEBA (10.5 epoxy equivalents), CDS (9.0 acid 

equivalents) and citric acid (1.5 acid equivalents) with 5 wt% TBD as catalyst. 

A sample of EpxSeSe3 (a black, glassy solid, Figure 4.27) was milled into powder for subsequent testing 

by FTIR, DSC and rheology. In contrast to the other diselenide-containing epoxies described above, the 

polymer powder was capable of melting akin to the Diels-Alder CANs of Chapters 2 and 3. This may be 

a result of the relatively low crosslinking density. The molar ratio of citric acid to CDS is 1:4 and so on 

average, only every fifth unit has connectivity greater than two (i.e. network forming). Alternatively, 

the melt could be a result of the combination of the two different dynamic chemistries (Se–Se 

metathesis and transesterification) and a low Tg. Since there are no aromatic groups present in the 

linker structures, the polymer is likely to exhibit a relatively modest stiffness. Combined with a modest 

crosslink density, the low stiffness would be expected to yield a low Tg. Because glass transition is such 

a significant factor in determining the onset temperature of dynamic chemistry within polymers, the 

presence of a low Tg with these chemistries means that this polymer should have a highly dynamic 

topology. 
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The FTIR spectrum of EpxSeSe3 is shown in Figure 4.28 and compared with CDS. Importantly, there is 

no evidence of residual epoxide (no band at 915 cm-1) in the cured polymer. Similarly, the major 

carbonyl stretch of CDS (1693 cm-1) is also absent, with the only absorbances in this region at 1606 

and 1590 cm-1. It seems probable that these absorptions correspond to the esters formed by reaction 

of the acid groups with the epoxides, though these signals are weak and at the low end of the expected 

region. 
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Figure 4.28. The FTIR spectra of EpxSeSe3 and CDS, with carbonyl stretches labelled. 

A heat-cool-heat DSC curve of uncured EpxSeSe3 is shown in Figure 4.29. The analogous cured curve 

is featureless except for the endotherm at 223 °C which is also observed in the second heating curve 

of the ‘uncured’ sample. The first heating cycle is dominated by two distinct exotherms, one at 115 °C 

and the other at 255 °C. The former has an additional shoulder at around 150 °C, which could represent 

a separate process. The first exotherm likely corresponds to the desired epoxy-acid reaction. A 

plausible explanation for the shoulder is that this corresponds the citric acid–epoxy reaction, whereas 

the major peak corresponds to the reaction between epoxide and CDS. 
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Figure 4.29. A representative heat-cool-heat of uncured EpxSeSe3 between 30 and 300 °C, exothermic up. 

The significance of the latter exotherm is less obvious. Since it is such a high-temperature process, it 

is probable that this is a decomposition event. Since this second exotherm is not observed within the 

same temperature range of the analogous disulfide, vide infra, the most likely explanation is diselenide 

decomposition. This latter exotherm also has a possible shoulder peak at around 220 °C which is 

probably a related decomposition process. From this curve it is fair to conclude that a cure 

temperature of 150 °C would be sufficient (180 °C was used), and that the polymer is probably 

unstable above 200 °C—thermogravimetric analysis could be used to confirm this.  

The second heating cycle (dashed curve) of EpxSeSe3 exhibits two features which were not present in 

the original cycle: a sharp exotherm at 164 °C and a sharp endotherm at 223 °C. The exotherm was 

not visible in any of the ‘180 °C cured’ experiments (not shown), which indicates that this is a product 

of the high temperature exotherm of the initial heating cycle (and/or the subsequent cooling). The 

shape of this exotherm suggests that it could be a crystallisation process—citric acid has a melting 

point of 153 °C and since 3,3’-dithiopropionic acid has a melting point of 155 °C, it seems probable 

that CDS is similar. Ergo, this exotherm could be crystallisation of a small quantity of either compound 

(suggesting incomplete conversion). In contrast, the sharp endotherm observed at 225 °C is also visible 

in the first heating cycle of the cured material. This is most likely a melting event; due to the high 

temperature, this probably corresponds to the melt of a crystalline polymeric phase (and not either 

of the starting acids). 

The dynamic viscosity of EpxSeSe3 was investigated by rheology, Figure 4.30. In contrast to the DA 

polymer of Chapters 2 and 3, there is no viscosity plateau at low temperatures (and subsequent steep 
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decline in viscosity) which is associated with the ‘switching on/off’ of the dynamic chemistry. However, 

this could also be due to the relatively high temperature minima, in this case ~75 °C, generally the DA 

polymers were tested down to 60 °C. The sharp increases in viscosity at the viscosity minima 

(temperature maxima) are probably experimental artefacts rather than representative of real 

phenomena. The most likely explanation is incomplete coverage/contact of the polymer with the 

geometry (i.e. the measuring plate). 
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Figure 4.30. The dynamic viscosity behaviour of EpxSeSe3 between 70 and 140 °C (parallel plate, 1% oscillatory strain, 1 

Hz). 

EpxSS2 (epoxy disulfide 2, Scheme 4.18) is the analogous disulfide-containing polymer to EpxSeSe3. 

This polymer uses carboxylic acids and an organic base catalyst to harden the epoxy. Since the disulfide 

is difunctional, citric acid is added to ensure that a network is formed. In this case, both 

transesterification and disulfide exchange should be accessible as independent dynamic chemistries. 

 

Scheme 4.18. The components of EpxSS2: 3,3’-dithiopropionic acid (0.85 eq.), citric acid (0.09 eq.), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD, 5 wt%) and DGEBA (1 eq.). 
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Figure 4.31. EpxSS2, the epoxy produced from the reaction of DGEBA (10.5 epoxy equivalents), 3,3’-dithiopropionic acid 

(9.0 acid equivalents), citric acid (1.5 acid equivalents) and 5 wt% TBD as catalyst.  

A sample of EpxSS2 (appearance shown in Figure 4.31) was milled into powder prior to further testing. 

Unsurprisingly, like EpxSeSe3, this polymer was also capable of melting. Again, the ability to melt is 

likely a product of the combination of the two dynamic chemistries (transesterification and disulfide 

exchange) and the moderate crosslink density. The FTIR spectrum of EpxSS2 is essentially identical to 

EpxSeSe3, with only slight differences in intensity, for this reason the graph is not reproduced here. 

We can conclude that from the loss or shift of carbonyl absorbances, and the lack of a residual epoxide 

absorbance, that the polymer is well-cured, as confirmed by DSC. A representative heat-cool-heat of 

the ‘uncured’ resin is shown in Figure 4.32. The profile of the cured polymer (not shown) is featureless 

except for the presence of a glass transition superimposed on a small melting endotherm at 60 °C. 

This corroborates the FTIR data which suggested the curing regime was sufficient. 
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Figure 4.32. A representative heat-cool-heat of uncured EpxSS2 between 30 and 300 °C, exo up. 
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The DSC profile of EpxSS2 is substantially different to the analogous diselenide-containing polymer. In 

the first heating curve of the SS polymer there are two exotherms around 125 °C, though in the 

diselenide the second was a shoulder. This may suggest that the ~125 °C exotherm corresponds to the 

citric acid-epoxy reaction and that the ~150 °C exotherm corresponds to the SS/SeSe-epoxy reaction, 

since the size and shape of this exotherm is so different. At approximately 225 °C there is a suggestion 

of an endotherm—which may correspond to the dynamic chemistry. Beyond this, there are no further 

features and no evidence of decomposition. The second heating curve is completely featureless, in 

contrast to EpxSeSe3. 

The dynamic viscosity of EpxSS2 was explored by rheology, Figure 4.33. As with EpxSeSe3, there is no 

evidence of a viscosity plateau at low temperatures, though again this could be due to the 

temperatures involved. Accordingly, it is not obvious if the melt is a product of dynamic chemistry. 

Stress-relaxation experiments could be used to help confirm this. In any case, both epoxies are highly 

fluid at 120 °C and so may be processible in a similar fashion to the DA CANs of Chapters 2 and 3. 
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Figure 4.33. The dynamic viscosity behaviour of EpxSS2 between 70 and 140 °C (parallel plate, 1% oscillatory strain, 1 Hz). 

4.5 Summary 

In this chapter, the solution metathesis of diselenides was tested under ambient conditions. In 

contrast to literature reports, ambient lighting was found to be sufficient to induce exchange. As 

expected of a radical-mediated process, the exchange reaction was greatly inhibited by the presence 

of a radical scavenger (TTBP). Four new functional diselenide crosslinkers were prepared and 

characterised. One of these diselenides, the BOC-protected species showed potential as a latent curing 

agent; i.e. it is only reactive at high temperatures. Challenges in diselenide characterisation, both by 
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77Se NMR and mass spectrometry were overcome by compensating for long (longitudinal) relaxation 

times (~30 s) and through the use of APCI, respectively. A variety of deprotection conditions were 

tested for the chemical removal of the BOC-protected diselenide, though no suitable process was 

identified which both removed the group and retained the integrity of the Se–Se bond. 

For a benchmark study, the disulfide CAN reported by Odriozola and co-workers6 (EpxSS1) was 

prepared. This polymer was then compared with control epoxies (Ctrl1 and Ctrl2) to examine the 

precise contribution of the S–S bond weakness to mechanical performance. Surprisingly, the disulfide 

had relatively little impact on modulus or strength at low strain (<5%). Only at higher strain values did 

the EpxSS1 and Ctrl1 differ significantly, with the disulfide-containing epoxy failing at lower strain (7.46 

± 1.17% vs. 9.27 ± 0.50%). However, the ultimate strengths of both materials were very similar (117.4 

± 3.0 MPa, 120.0 ± 3.6 MPa). Both materials were capable of significant plastic deformation due to the 

capacity of the aromatic crosslinkers to undergo conformational changes. This study indicates that 

such design features could prove useful in compensating for the inclusion of weak bonds in structural 

materials. In contrast to the dissociative DA CANs of Chapters 2 and 3, this disulfide CAN is associative 

and much more densely crosslinked. Accordingly, this polymer does not melt and is better 

characterised through DMA than rheology. 

A series of preliminary experiments in preparing new disulfide and diselenide CANs via epoxy 

chemistry were then introduced. EpxSeSe1 may be one of the first examples of a diselenide CAN. DSC 

and FTIR data indicated its successful cure; however, DMA stress-relaxation experiments should be 

performed to confirm the expected CAN behaviour. A comparison of disulfide- and diselenide-

containing polymers revealed that diselenide polymers appear to undergo thermal decomposition in 

the 200–250 °C region and are thus less thermally stable than their sulfur analogues. The next steps 

with these materials will be discussed in Chapter 6: Conclusions and future work. 

Due to pandemic restrictions and limited access to laboratory equipment, associated with COVID-19, 

DMA experiments with the new disulfide/diselenide polymers have not been performed. 
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4.6 Experimental 

General considerations 

All diselenide-forming reactions were performed under an inert atmosphere of dry nitrogen using 

standard Schlenk technique. Dry Et2O was collected from a Grubbs-type solvent purification system 

and deoxygenated using the freeze-pump-thaw method. Dry DMF was stored over 4 Å molecular 

sieves for at least 24 h prior to use and degassed by sparging with N2. Ethanol was deoxygenated by 

sparging with N2 for at least 30 min immediately prior to use. Deionised (DI) water was collected from 

a millipore dispenser system immediately prior to use. Selenium, di-tert-butyl dicarbonate, 4-

aminobenzylalcohol, 3-bromopropionic acid, 3-chloropropylamine hydrochloride, ethyl acetate, 

hexane, petroleum ether, diethyl ether, magnesium sulfate, NaHCO3, NaCl and NaOH were purchased 

from Alfa Aesar and used as received. Phosphorus tribromide was purchased from Alfa Aesar and 

stored in a Young’s flask under a blanket of nitrogen. NaH powder was purchased from Sigma-Aldrich 

(Merck) and stored in an Argon dry box. Sodium borohydride, 1-bromobutane, ethanol, DMF, 

bromobenzene and 4-hydroxyphenylethyl bromide were purchased from Sigma-Aldrich and used as 

received unless stated otherwise. 

NMR experiments were performed on either a Jeol ECS300, Jeol ECS400, Bruker Nano400, Varian 

ECZ400 or Varian 500 VNMRS spectrometers. 77Se{1H} spectra were referenced to an external standard 

of pure diphenyl diselenide, note that extensive experimentation was required to observe all of the 

diselenide resonances with this technique, as detailed in Section 4.3. MS experiments were performed 

by the University of Bristol Mass Spectrometry Service using either a Thermo Scientific Orbitrap Elite 

(APCI, LC-Orbitrap), Bruker micrOTof II (ESI, TOF) or Waters Synapt G2S (Nanospray, IMS-Q-TOF). FTIR 

experiments were performed using a Perkin Elmer Spectrum Two (solid state). 

Note: ‘ambient temperature’, ‘room temperature’ or ‘RT’ corresponds to approximately 20 °C (293 K) 

throughout this chapter. 

A description of the ‘extraction train process’ used to separate products from DMF is outlined under 

the ‘extraction protocol for polar solvents’ page of the ‘Not Voodoo’ website (Dr P. G. Hultin, 

University of Manitoba).67 Last date of access: 19/03/21. 

Dibutyl diselenide, [BuSe]2  

Selenium (1.00 g, 12.7 mmol) and NaH (334 mg, 13.9 mmol) powders were 

added to a Schlenk flask equipped with a magnetic stirrer while in an Argon dry box. Anhydrous DMF 

(10 ml) was then added, and the mixture stirred for 5 min, yielding a grey-black suspension. The 

reaction was heated to 70 °C for 2 h and then cooled to RT, resulting in a brown-black solution of 



 

230 
 

UOB Open 

[Se2]Na2. The reaction vessel was then cooled to 0 °C and a solution of 1-bromobutane (1.37 ml, 12.7 

mmol) in anhydrous DMF (10 ml) was added dropwise. The reaction was then allowed to warm to 

room temperature, having turned moss green and gradually becoming orange after stirring for a 

further 2 h. The crude product was isolated via Et2O extraction (3 x 40 ml). The combined organic 

phases were dried over MgSO4 and then filtered. The ether was removed under vacuum to yield 

[BuSe]2 as a foul-smelling orange oil (1.45 g, 83% yield). 1H and 77Se spectroscopy revealed 

contamination with monoselenide, triselenide and tetraselenide (~18% combined). Attempts to 

separate these impurities via chromatography were unsuccessful. 1H NMR (CDCl3, 400 MHz) (, ppm): 

2.91 (m, 4H, SeCH2), 1.71 (m, 4H, SeCH2CH2), 1.42 (m, 4H, CH2CH3), 0.93 (m, 6h, CH3). 77Se{1H} NMR 

(CDCl3, 76 MHz) (, ppm): +308.0 (s). 

Dipropionic acid diselenide, CDS 

Selenium (2.50 g, 31.7 mmol) and sodium borohydride (2.40 g, 63.4 

mmol) were added to a Schlenk flask. After cooling to 0 °C, freshly N2-

sparged EtOH (60 ml) was added carefully and, to prevent over-

pressurisation, a vent needle was used. The reaction mixture was allowed to warm to RT, forming a 

pale grey solution of Na2Se. After 5 min, a second batch of Selenium (2.50 g, 31.7 mmol) was added 

and washed into the mixture with additional EtOH (20 ml) resulting in a dark red-brown mixture, which 

indicated the presence of Na2Se2. The reaction was then brought to the boil and allowed to return to 

ambient temperature. To this Na2Se2 solution, 3-bromopropionic acid (9.17 g, 6.20 ml, 60 mmol) was 

added and the reaction left to stir for 3 h, forming a bright yellow suspension. The solvent was then 

removed in vacuo and the residue extracted from DI water (150 ml) using EtOAc (4 x 50 ml). The 

combined organic fractions were washed with brine (2 x 40 ml) and then dried over MgSO4. The 

solvent was removed via heating (60 °C) in vacuo, yielding CDS as a pale-yellow powder (8.02 g, 88% 

yield). 1H NMR (DMSO-D6, 300 MHz) (, ppm): 12.34 (bs, 2H, COOH), 3.01 (t, 4H, 3JHH = 7.05 Hz, 

(CO)CH2), 2.67 (t, 4H, 3JHH = 6.98 Hz, SeCH2). 77Se{1H} NMR (DMSO-D6, 57 MHz) (, ppm): +316.2 (s). 

FTIR (CO)/cm-1: 1693. HR-MS (APCI-): m/z calculated for C6H10O4Se2 [M-H]- = 304.8826, obs. = 

304.8832. 

Diaminopropyl diselenide, APDS 

Selenium (10.00 g, 126 mmol) and sodium borohydride (4.80 g, 127 

mmol) were added to a Schlenk flask. After cooling to 0 °C, freshly N2-sparged EtOH (140 ml) was 

added carefully and, to prevent over-pressurisation, a vent needle was used. The reaction mixture was 

then allowed to warm to room temperature resulting in a deep dark red solution of Na2Se2. In a 

separate Schlenk flask equipped with a magnetic stirrer, 3-chloropropylamine hydrochloride (16.38 g, 
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126 mmol) and NaOH (5.04 g, 126 mmol) were partially dissolved in an EtOH (75 ml) and DI water (10 

ml) mixture. After both reaction mixtures had stirred for 1 h, the 3-chloropropylamine suspension was 

added to the solution of sodium diselenide, and the residue washed in with a further 100 ml of EtOH 

(5 x 20 ml), affording a red-orange suspension. The reaction was then heated to reflux and left stirring 

for 24 h. After the mixture was allowed to cool to ambient temperature, the reaction solvent was 

removed under reduced pressure. The brown residue was then extracted from DI water (150 ml) using 

CH2Cl2 (3 x 80 ml). The combined organic fractions were washed with brine (2 x 50 ml), dried over 

MgSO4 and then concentrated under reduced pressure affording APDS as a foul-smelling dark brown 

oil (4.76 g, 29% yield). 1H and 77Se spectroscopy revealed contamination with monoselenide, 

triselenide and tetraselenide (~8% combined). 1H NMR (CDCl3, 400 MHz) (, ppm): 2.93 (t, 4H, 3JHH = 

7.32 Hz, H2NCH2), 2.76 (t, 4H, 3JHH = 6.79 Hz, SeCH2), 1.84 (m, 4H, CH2CH2CH2). 77Se{1H} NMR (CDCl3, 57 

MHz) (, ppm): +309.6 (s). HR-MS (APCI+): m/z calculated for C6H16N2Se2 [M+H]+ = 276.9717, obs. = 

276.9713.  

Diethylphenol diselenide, PEDS 

Selenium (3.95 g, 50 mmol) and sodium borohydride (2.05 

g, 54 mmol) were added to a Schlenk flask. After cooling to 

0 °C, freshly N2-sparged EtOH (100 ml) was added carefully 

and, to prevent over-pressurisation, a vent needle was used. The reaction mixture was then allowed 

to warm to room temperature resulting in a deep dark red solution of Na2Se2. In a separate Schlenk 

flask equipped with a magnetic stirrer, 4-hydroxyphenylethyl bromide (10 g, 50 mmol) was dissolved 

in EtOH (80 ml). After the Na2Se2 solution had stirred for 2 h, the organobromide solution was added 

to it, resulting in a yellow-orange mixture. After 2.5 h the reaction was stopped, and the solvent 

removed under reduced pressure. The resultant pale-yellow residue was then extracted from brine 

(100 ml) with CH2Cl2 (2 x 80 ml). The combined organics were then washed with a further 80 ml brine 

prior to drying over MgSO4. The CH2Cl2 was then removed in vacuo affording the crude product as a 

pale yellow solid (9.01 g, 45% yield). Contaminant selenol (identified by 1H NMR) was allowed to 

oxidise to diselenide in air for 3 months. Pure PEDS (2.44 g, 12% yield) was isolated as yellow 

hedgehog-type crystals after a combination of column chromatography (60:40 hexane:EtOAc) and 

recrystallisation (CHCl3). 1H NMR (DMSO-D6, 300 MHz) (, ppm): 9.23 (bs, 2H, OH), 7.01 (m, 4H, 

(HO)CCH), 6.67 (m, 4H, ArH), 3.10 (t, 4H, 3JHH = 7.66 Hz, SeCH2), 2.86 (t, 4H, 3JHH = 7.69 Hz, ArCH2). 

77Se{1H} NMR (DMSO-D6, 95 MHz) (, ppm): +301.5 (s). HR-MS (APCI-): m/z calculated for C16H18O2Se2 

[M+Cl]- = 436.9332, obs. = 436.9320. 
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p-BOC-benzyl alcohol 

 4-aminobenzyl alcohol (5.00 g, 40.6 mmol) and di-tert-butyl 

dicarbonate (8.86 g, 40.6 mmol) were added to a round-bottom flask. 

The flask was fitted to a rotary evaporator and heated under vacuum at 

80 °C until the effervescence stopped (~45 min). The flask was allowed to cool to RT affording p-Boc-

benzyl alcohol as a copper-brown oil (9.00 g, >99% yield). 1H NMR (CDCl3, 300 MHz) (, ppm): 7.29 (m, 

4H, ArH), 6.52 (bs, 1H, NH), 4.62 (d, 2H, 4JHH = 4.1 Hz, ArCH2), 1.52 (s, 9H, CH3). In agreement with 

literature data.54 

p-BOC-benzyl bromide 

p-Boc-benzyl alcohol (9.00 g, 40.6 mmol) was added to a Schlenk flask 

and then dissolved in Et2O (60 ml). The resultant brown solution was then 

cooled to 0 °C and the flask wrapped in aluminium foil. Phosphorus 

tribromide (1.54 ml, 4.39 g, 16 mmol) was then added dropwise, turning the solution pale yellow. The 

reaction mixture was left stirring in the dark for 2 h. Thereafter, the reaction mixture was poured into 

a combination of brine (50 ml) and saturated aqueous NaHCO3 solution (50 ml). The layers were 

separated and then the aqueous phase was further washed with CH2Cl2 (2 x 60 ml). The combined 

organic phases were dried over MgSO4 and then filtered to remove the solids. The solvents were 

removed under reduced pressure yielding p-Boc-benzyl bromide as an off-white powder (7.76 g, 67% 

yield). 1H NMR (CDCl3, 400 MHz) (, ppm): 7.32 (m, 4H, ArH), 6.52 (bs, 1H, NH), 4.48 (s, 2H, ArCH2), 

1.52 (s, 9H, CH3). In agreement with literature data.68 

Diboc diselenide, BOCDS 

Selenium (1.72 g, 21.8 mmol) and sodium 

hydride (576 mg, 24.0 mmol) were added to 

a Schlenk flask while in an Argon dry box. The 

solids were dissolved in DMF (30 ml), yielding 

a grey-black suspension. The reaction mixture was heated to 70 °C and left to stir for 2 h. The resultant 

dark solution of Na2Se2 was allowed to cool to RT and then a solution of p-BOC benzyl bromide (6.24 

g, 21.8 mmol) in DMF (50 ml) was added slowly. The orange-green-brown suspension was left to stir 

for 3 h, becoming a dark green suspension. The crude reaction mixture was poured into brine (150 ml) 

and the crude product isolated from DMF by use of an Et2O-extraction-train in three separating funnels 

(1 x 160 ml, 2 x 80 ml Et2O). An 80 ml brine wash was passed through each funnel consecutively and 

the process repeated four times (5 x 80 ml washes total). The combined organic phases were dried 
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over MgSO4 and then filtered. The solvent was removed under reduced pressure yielding crude BOCDS 

as a yellow powder (5.32 g, 86% yield). Analytically pure BOCDS was successfully isolated as yellow 

crystals (1.3 g, 21% yield) after a combination of column chromatography (75:25 hexane:EtOAc) and 

recrystallisation from EtOH. 1H NMR (CDCl3, 400 MHz) (, ppm): 7.28 (m, 4H, ArH), 7.14 (m, 4H, ArH), 

6.46 (bs, 2H, NH), 3.82 (s + sat., 4H, 2JSeH = 14.6 Hz, SeCH2), 1.51 (s, 18H, CH3). 77Se{1H} NMR (CDCl3, 57 

MHz) (, ppm): +453.9 (s). HR-MS (APCI+): m/z calculated for C24H32N2O4Se2 [M+H]+ = 573.0765, obs. 

= 573.0743. 

Dibenzyl diselenide, [BnSe]2 

To a flame dried Schlenk flask equipped with magnetic stirrer, Selenium 

(2.00 g, 25.3 mmol) and sodium hydride (670 mg, 27.9 mmol) were added 

while in an Argon dry box. The solids were then dissolved in DMF (30 ml), 

yielding a grey-black suspension. The reaction mixture was heated to 70 °C and left to stir for 2.5 h. 

The resultant dark solution of sodium diselenide was allowed to cool to ambient prior to the addition 

of benzyl bromide (2.97 ml, 4.28 g, 25.0 mmol). Within 5 min the solution had become dark orange. 

The reaction was left to stir for a further 3 h. The crude reaction mixture was poured into brine (120 

ml) and the crude product isolated from DMF by use of an Et2O-extraction-train in four separating 

funnels (1 x 120 ml, 2 x 80 ml, 1 x 50 ml Et2O). An 80 ml brine wash was passed through each funnel 

consecutively and the process repeated four times (5 x 80 ml washes total). The combined organic 

phases were dried over MgSO4 and then filtered. The ether was removed under vacuum to yield crude 

e [BnSe]2 as a yellow powder (3.67 g, 86% yield). Analytically pure [BnSe]2 was isolated via 

recrystallisation from hot petroleum ether. 1H NMR (CDCl3, 400 MHz) (, ppm): 7.26 (m, 10H, ArH), 

3.84 (s + sat., 4H, 2JSeH = 14.5 Hz, SeCH2). 77Se{1H} NMR (CDCl3, 57 MHz) (, ppm): +403.2 (s). 
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Polymer synthesis 

EpxSS1 

EpxSS1 was prepared from a stoichiometrically balanced blend of Epon 828 (DGEBA) and DTDA (4,4’-

dithiodianiline). Epon 828 (39.3 g) was added to a round-bottom flask equipped with magnetic stirrer 

and heated to 80 °C. While stirring the mixture, the epoxy was degassed via attachment to a vacuum 

pump/Schlenk line. When the effervescence stopped, the flask was returned to ambient pressure and 

DTDA (10 g) added. Once the DTDA powder was enveloped within the melt, the vessel was returned 

to vacuum to continue degassing the blend at 80 °C. After 2 h, the flask was returned to ambient 

pressure and the resin poured into a steel mould (pre-coated with Freekote release agent). The resin 

was then cured at 120 °C for 2 h (with a 3 °C min-1 heating rate from ambient) and post-cured at 150 

°C for 2.5 h. The product, a translucent brown plate of polymer was then cut and machined prior to 

testing. 

EpxSeSe1 

To an aluminium pan equipped with magnetic stirrer, DGEBA (5.55 g) was added and then stirred at 

50 °C. To this melt, 3,3’-diselanediylbis(propan-1-amine) (APDS, 2.00 g) was added and when the 

mixture became a homogeneous, gold-coloured oil, the stirrer was removed and the temperature 

increased to 70 °C. After 5 min, the temperature was further increased to 100 °C for 2 h. The pan was 

then heat treated at 120 °C for a further 1 h and then left to cool, yielding EpxSeSe1 as a dark brown 

polymer. 

EpxSeSe2 

To an aluminium pan equipped with magnetic stirrer, DGEBA (2.94 g) and BOCDS (2.23 g) were added 

at 70 °C and mixed to give an opaque, golden-brown liquid. The temperature was then raised to 120 

°C and after 5 min, the melt became a translucent, orange liquid indicating homogeneity. While stirring 

the mixture, the pan was heated to 180 °C; from 150 °C upwards the melt became deep red and 

extensive effervescence was observed. After curing the material for 1 h at 180 °C, the temperature 

was raised to 220 °C and left to post-cure for a further 1.5 h prior to cooling it to ambient temperature, 

yielding EpxSeSe2 as a dark brown-black glass. 

EpxSeSe3 

To an aluminium pan equipped with magnetic stirrer, DGEBA (4.00 g) was added and stirred at 65 °C. 

To this melt, a blend of 3,3’-diselanediyldipropionic acid (CDS, 2.74 g), citric acid (0.19 g) and TBD (0.35 

g) powders were added, with the melt becoming yellow and then golden-brown within 1 min of 
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addition. The stirrer was removed and instead the melt agitated by hand as the temperature was 

increased to 180 °C, to become dark brown. Above 165 °C, significant effervescence was observed, 

and the viscosity had dropped sufficiently to allow the resumption of mixing by magnetic stirrer. After 

1.5 h at 180 °C the effervescence stopped and the stirrer was again removed. The polymer was allowed 

to cure for a further 2 h prior to cooling to ambient temperature, yielding EpxSeSe3 as a brown-black 

glass. 

EpxSS2 

In an aluminium pan equipped with magnetic stirrer, Epon 828 (DGEBA, 2.00 g) was heated to 50 °C. 

To the melt, a pre-mixed blend of 3,3’-dithiopropionic acid (946 mg), citric acid (96 mg) and TBD (150 

mg) was added, which resulted in a colourless resin. This melt became golden yellow and then 

chocolate brown as the temperature was increased to 65 and then 100 °C. The melt continued to stir 

as it was further heated to 150 °C; after 30 min, the melt had darkened and thickened. The melt was 

then raised to 180 °C and stirred for a further 1.5 h before the magnetic stirrer was removed. The 

brown-black resin was then left to cure for an additional 2 h at 180 °C and then cooled, affording 

EpxSS2 as an opaque black glass.  
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Chapter 5: Diphosphanes 

5.1 Introduction 

Sections of this chapter (5.1 and 5.4) are based on the article ‘Radical-initiated P,P-metathesis 

reactions of diphosphanes: evidence from experimental and computational studies’, published in 

Dalton Transactions.1 Some DFT (Density Functional Theory) calculations performed by T. Young from 

this article are reported and discussed herein. 

5.1.1 Background 

In 1972, McFarlane and McFarlane2 first reported the exchange of diphosphanes in chlorinated 

solvents. After several days in CH2Cl2, mixtures of tetraphenyldiphosphane and 

tetramethyldiphosphane produced a doublet of doublets in the 31P{1H} NMR spectrum of the reaction 

mixture that was consistent with the formation of Ph2P–PMe2. Harris et al.3 took this further, 

exploiting this exchange process in the synthesis of several unsymmetrical diphosphanes by mixing 

the symmetrical parent compounds in CH2Cl2, though these were usually observed in equilibria with 

the parent compounds. Curiously, solutions of diphosphanes, mixtures or otherwise, were inert to 

exchange in both benzene and toluene—and in some cases (e.g. Ph2P–PPh2 + tBu2P–PtBu2) no 

exchange was observed. In neither report was an underlying mechanism for the exchange offered. 

More recently, in a DFT study, Gilheany et al.4 have shown that the calculated barrier to one of the 

simplest possible mechanisms, concerted [2+2] metathesis, is not consistent with the rapid kinetics 

observed in many cases. Indeed, this led the authors to postulate that diphosphane metathesis may 

be facilitated by an unidentified impurity originating from the diphosphane synthesis. This conclusion 

was shared by Grubba et al.,5 who reported that both R2PCl and R2PLi can catalyse diphosphane 

metathesis. 

Beyond this metathesis process, diphosphane chemistry may be broadly divided into two categories: 

those reactions where the P–P bond remains intact (e.g. metal coordination) and those where the 

bond is cleaved. The latter category is particularly relevant here and includes additions of X2 across 

the P–P bond to give R2PX species (e.g. X = H, Cl), and additions of R2P–PR2 across the unsaturated 

bonds of alkenes or alkynes,6 or CO2,7 Scheme 5.01. In some cases, radical mechanisms have been 

proposed to explain the observed reactivity.6,8,9 
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Scheme 5.01. Some reactions involving diphosphane cleavage, clockwise from the left: addition of diphosphanes across 

alkynes,6 the cleavage of diphosphanes with sodium,10 hydrogenation,11 chlorination, methanolysis,12 and the addition of 

phenylsilanes.11 

5.1.2 Synthesis 

A wide variety of methods have been used to prepare diphosphanes, including phosphide-

chlorophosphine (R2PCl) coupling,5 R2PCl-silylphosphine exchange (chlorosilane elimination),12,13 

secondary phosphine (R2PH) dehydrocoupling,14–19 iodophosphine coupling with mercury,20 and R2PCl 

coupling with reducing metals including lithium,21 sodium,22,23 potassium,22 and magnesium,24 Scheme 

5.02. 

 

Scheme 5.02. Methods of diphosphane synthesis, clockwise from the top: Hg/iodophosphine reduction,20 carbenoid-

catalysed dehydrocoupling,18 transition metal (TM)-catalysed dehydrocoupling,16 chlorosilane elimination,25 lithium 

phosphide-chlorophosphine coupling,5 and chlorophosphine reduction with alkali/alkaline earth metals.26  
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Diphosphane, H2P–PH2, can be prepared in several ways including reacting white phosphorus with 

strong bases. However, these reactions tend to produce phosphine gas as a by-product. Moreover, 

there is little evidence that diphosphane can itself be further functionalised (selectively).26 

Unsymmetrical diphosphanes have proved considerably more challenging to synthesise than their 

symmetrical analogues, since their attempted synthesis often results in equilibria with the related 

symmetrical diphosphanes. It was this observation that led Pringle et al.27,28 to develop a borane-

protection/deprotection strategy, Scheme 5.03. 

 

Scheme 5.03. The Pringle method of unsymmetrical diphosphane synthesis. 

More recently, Grubba and co-workers prepared a large series of diphosphanes (often with alkylamino 

substituents), many of which were unsymmetrical.5 Interestingly, these authors found that the 

classical lithium phosphide–chlorophosphine method was successful in many of these cases. The lack 

of diphosphane scrambling/metathesis in these cases may suggest that these compounds are 

thermodynamically stable relative to the symmetrical diphosphanes. 

5.1.3 Functionalised diphosphanes 

To enable their incorporation within polymers, diphosphanes with pendent reactive groups are 

essential. Such groups may include unsaturated moieties such as alkenes, nucleophiles such as primary 

amines or hydroxyls, and electrophiles such as halogens, epoxides or carbonyl functionalities. These 

compounds should ideally be P(III)–P(III) diphosphanes given their previously discussed reactivity; 

although the P–P bond strength is very similar in P(V)–P(V) species,29 there are no reports of 

metathesis behaviour in these compounds. This may indicate that the phosphorus lone pairs are 

significant in the exchange mechanism. 

The inconsistent nomenclature surrounding diphosphanes, which have also been referred to as 

diphosphines, biphosphines and bisphosphines, results in conflation with R2P–Y–PR2 species that do 

not contain a P–P bond. This makes an analysis of diphosphane literature more challenging than one 

would otherwise expect. With this considered, it is possible that some examples have been missed 

from the following literature review. Regardless, it is clear that examples of functionalised 

diphosphanes are few and far between. Even when the search is expanded to P(V)–P(V) species and 

multiple P–P bonded species, the literature remains limited, Figure 5.01. 
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Figure 5.01. Species containing one or more P–P bonds and additional reactive groups. 

Hypophosphoric acid (1) is a common industrial bleaching agent and likely the most abundant P–P 

containing species. Theoretically, in having four residual hydroxyl groups this species fits the 

requirement for additional reactive groups. However, there is no literature concerning the reactivity 

of this compound beyond its use as an acid. Moreover, when anhydrous, hypophosphoric acid 

disproportionates with cleavage of the P–P bond.30 

In 1963, Henderson et al.31 reported the syntheses of several cyclotetraphosphanes including the 

tetranitrile 2. In this synthesis, the authors started with the primary phosphine and chlorinated this 

using phosgene. The resulting dichlorophosphine was then coupled with the primary phosphine to 

give 2 in a pyridine-chloroform mixture. The reactivity/stability of this compound does not appear to 

have been investigated. 

In 1960, Häring reported the synthesis of 3,32 5H,5'H-[10,10'-biphenophosphazinine]-10,10'-dioxide, 

from the oxidative coupling of the respective secondary phosphine oxide with iodine. However, this 

compound was not well characterised. Compounds 4–6 are examples of P–P-containing species which 

also contain residual P–X (X = Cl, Br) bonds. These compounds should be capable of reacting with 

strong nucleophiles, though each of these species and their products are likely to be rather unstable. 

The former two species (4 and 5) were reported by Baudler and co-workers.33,34 6 was prepared by 

King and Sadanani from the dichloroaminophosphine via Mg coupling.35 Though sterically congested 

by the diisopropylamine groups, it is conceivable that this compound could react with potent 

organometallic nucleophiles (organolithiums, Grignards etc.). 

In summary, the observed dynamic behaviour of diphosphanes, combined with the weakness of the 

P–P bond (ca. 220 kJ mol-1), intermediate between disulfides (ca. 260 kJ mol-1) and diselenides (ca. 170 

kJ mol-1) makes these species promising new candidates for dynamic covalent chemistry. With 
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appropriate functional groups it may be possible to exploit diphosphane chemistry in similar ways to 

disulfide/diselenide chemistry (Chapter 4). However, there do not appear to be any examples of ideal 

target diphosphanes in the academic literature. 

5.1.4 Diphosphanes: aims and objectives 

In this chapter the key objectives are listed as follows: 

• Explore the stability of diphosphanes under various reaction conditions to help identify viable 

synthetic routes to target functionalised diphosphanes (Section 5.2). 

• Synthesise a small series of diphosphanes (Section 5.3) to explore the mechanism of 

diphosphane exchange (Section 5.4). 

• Prepare functionalised diphosphanes with a view to exploring diphosphane exchange in 

polymers (Section 5.3). 

• Investigate mixed (i.e. P–P/S–S and P–P/Se–Se) dynamic systems (Section 5.5). 

5.2 Stability and reactivity 

To design synthetic pathways to functionalised diphosphanes, a stability study was performed to 

identify reagents that are compatible or incompatible with P–P bonds. In all cases, 

tetraphenyldiphosphane (A2) was mixed with an additive in an NMR tube and monitored by 31P{1H} 

NMR for approximately 24 h. The results of this study are shown in Table 5.1. 

Table 5.1. The stability of tetraphenyldiphosphane in various reaction conditions. 

Additive 
Additive 

equivalents 
Solvent Duration / h Observation Conclusion 

4M NaOH(aq) Large excess THFa 17.5 17% Ph2P(O)H Good stability 

nBuLi 4 eq. THF 17.5 Negligible change Good stability 

LiAlH4 3 eq. Et2O 17 25% Ph2PH Moderate stability 

NaBH4 3 eq. THF 20 Negligible change Good stability 

TFA Large excessb CH2Cl2 8 Complete cleavage Incompatible 

HCl 10 eq. THF/Et2Oc <1 Complete cleavage Incompatible 

TMSBr / sieves 4 eq. CH2Cl2 6.5 Negligible changed Stable when dry 

TMSI / sieves 4 eq. CH2Cl2 9 Negligible changed Stable when dry 

TBAF 2 eq. THFe 17 1/3 PP remaining Incompatible 

NBS 1 eq. Toluene 19 1/2 PP remaining Incompatible 

I2 4 eq. CH2Cl2 <1 
Quantitative Ph2PI 

formation 
Incompatible 

a biphasic solvent system. b to mimic common BOC deprotection conditions. c ethereal HCl added to THF. d 
without molecular sieves complete cleavage is observed within 24 h. 

From this table, a few gross trends emerge and, assuming that A2 is representative of symmetrical 

diphosphanes more generally, we can make several observations on their stability: (1) Diphosphanes 

appear to be tolerant of strong bases. A large excess of NaOH resulted in only limited P–P cleavage 
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over an extended period of time. Consequently, it seems probable that stoichiometric quantities 

would not affect P–P integrity. The stability towards nBuLi is even more impressive. Experiments in 

which diphosphane mixtures are exposed to (2°/3°) amines, discussed later in Section 5.4, confirm 

that diphosphanes are also tolerant of these bases. (2) Diphosphanes appear to be relatively stable 

towards reducing agents—the presence of an excess of LiAlH4 results in only modest cleavage after 

extended periods, and the milder reducing agent NaBH4 has negligible effect on P–P integrity. (3) 

Diphosphanes appear to be completely incompatible with acids (TFA/HCl). (4) Although P–P bonds 

appear tolerant of halosilanes—which are commonly used in a variety of deprotection strategies—

this is only true in the presence of molecular sieves. The slightest water contamination leads to the 

formation of HBr/HI, which explains the complete cleavage of the P–P bond in the absence of 

molecular sieves. Unfortunately, it is often HBr/HI that are the active species in the aforementioned 

deprotection strategies. (5) Diphosphanes also appear to be incompatible with N-bromosuccinimide 

(NBS), tetra-butylammonium fluoride (TBAF) and iodine, which have each been used as mild, non-

acidic reagents in deprotection strategies. 

The aqueous stability of diphosphanes was also investigated. As indicated by the NaOH entry of Table 

5.1 and in experiments which will be introduced in Section 5.4, homodiphosphanes appear to be 

moisture stable. In sharp contrast, solutions of tetraphenyldiphosphane (A2) left open to air exhibit 

rapid oxidation; complete conversion to a range of oxides (the main product appears to be Ph2P(O)H) 

is observed in <10 min. Interestingly, when A2 is exposed to air in the presence of TEMPO the oxidation 

process is greatly inhibited, Figure 5.02. Significant inhibition was observed even with stoichiometric 

quantities of TEMPO. This lends further support to the currently accepted hypothesis of phosphine 

oxidation being radical-mediated.36 In this specific case, this may also suggest that phosphinyl radicals 

(which will be discussed extensively in Section 5.4) are involved in diphosphane oxidation. 

Importantly, the use of TEMPO to inhibit phosphine oxidation may have wider utility in phosphorus 

chemistry. 
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Figure 5.02. 31P{1H} NMR: the oxidation of A2 in stirring toluene (while open to air), with and without 4 equivalents of 

TEMPO. All diphosphane is consumed by oxidation in <20 min without TEMPO. 

One final observation relates to borane protection. The use of borane as a protecting group in 

phosphorus chemistry is well-known. By complexing the phosphorus lone pair, much of the reactivity 

of the phosphorus centre can be suppressed. Significantly, borane protection typically makes air-

sensitive phosphines air-stable. Additionally, the protection and removal steps are generally facile—

as later demonstrated in the preparation of AE. However, (di)borane protection of diphosphanes has 

not previously been reported. This boron chemistry was tested with A2 according to Scheme 5.04. 

 

Scheme 5.04. The attempted borane protection of A2. 

This reaction produced a mixture of products, with the expected di-borane diphosphane the dominant 

species (76%), but with significant contamination with the monoborane and other unidentified species 

according to 31P NMR. Analysis of the 11B NMR spectrum revealed the presence of significant amounts 

of borane-dimethylsulfide, suggesting that the monoborane and diborane P–P species were in 

equilibrium with this borane precursor. In any case, the diborane diphosphane was shown in separate 

experiments to be reactive both in the presence of deoxygenated water and in the presence of air. 
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Both experiments produced a large number of 31P NMR resonances, many of which appeared to be 

P(V) species. It appears the coordination of one phosphorus centre to borane significantly inhibits the 

coordination of the second borane moiety. 

In summary, A2 is stable to bases and reducing agents. However, the P–P bond appears to be very 

sensitive to acids, oxidising agents (including air) and halogenating agents. Accordingly, synthetic 

procedures devised to prepare functional diphosphanes must be carefully designed to avoid 

incompatible reagents. 

 

5.3 Synthesis and characterisation of diphosphanes 

5.3.1 Tetraaryldiphosphanes 

To investigate the mechanism of diphosphane metathesis, five symmetrical tetraaryldiphosphanes 

were prepared, Figure 5.03. Each of these species were previously reported and therefore were 

characterised by 31P and 1H NMR spectroscopy only. Tetra(o-tolyl)diphosphane (E2) was initially 

prepared via the classical lithium phosphide–chlorophosphine route in THF, but in a second synthesis 

it was prepared from the simpler Mg-coupling method (in THF) adapted from the work of Issleib et 

al.24 and also reported by Grubba et al.5 This Wurtz-type coupling was then extended to A2–C2; 

however, the preparation of (bis)meta-CF3 species, D2 proved more challenging. With D2 and in the 

attempted synthesis of the para-CF3 diphosphane (not shown), the chlorophosphine-Mg mixture was 

observed to rapidly turn purple and then black. Analysis of the resultant 31P NMR spectra revealed two 

new (broad) resonances at +11.3 and -6.0 ppm and no evidence of the desired diphosphane (i.e. in 

the absence of signals in the region of -20 ppm). A possible explanation for this could be that the highly 

electron-poor phosphorus centre may make phospha-Grignard formation preferable to the Wurtz-

coupling. Grignard solutions are known to become black with time and this may represent 

nanoparticulate Mg. In an attempt to circumvent this, the reaction was repeated in Et2O with more 

success. However, the coupling reaction was observed to be very slow, with complete conversion not 

occurring even after 5 days at reflux (35 °C). 
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Figure 5.03. Tetraaryldiphosphanes A2–E2 used in the metathesis study. 

Residual chlorophosphine and secondary phosphine oxide—formed from the reaction of adventitious 

oxygen/moisture—were easily removed by flushing the ethereal solution through a basic-alumina 

plug. However, this resulted in enrichment of the other impurity, the secondary phosphine. Despite 

multiple attempts to purify D2 (and two attempts to prepare the related para-CF3 species) the cleanest 

sample was contaminated with ~10% secondary phosphine and it was this that was used in further 

studies. Subsequent testing (Section 5.4) revealed that secondary phosphine has little influence on 

diphosphane metathesis. Experimental details are given in Section 5.6. 

 

To support the experiments with A2–E2, the unsymmetrical diphosphane AE was prepared. Following 

the classical lithium phosphide–chlorophosphine protocol of diphosphane synthesis, AE was prepared 

but as an equilibrium mixture with the symmetrical diphosphanes, A2 and E2, even when the reaction 

was maintained at -78 °C throughout, as advised by Grubba et al.5 In an attempt to overcome this and 

isolate the pure unsymmetrical diphosphane AE, the borane-protection method employed by Pringle 

et al.27 was used instead, Scheme 5.05. 

 

Scheme 5.05. Synthesis of AE via borane protection. 
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Although much improved, this method also produced AE contaminated with small quantities (~10% in 

total) of the symmetrical diphosphanes. However, by recrystallisation from hot MeOH, pure AE was 

isolated for the first time (<3% A2+E2 contaminant), Figure 5.04. 

 

Figure 5.04. The 31P{1H} NMR spectrum of AE in C6D6. The A2 and E2 resonances are just visible at -15.5 and -37.0 ppm 

respectively (~1.5% each). 

5.3.2 Functionalised diphosphanes 

None of the literature compounds shown in Figure 5.01 are ideal target compounds for incorporation 

into a polymer. However, the nitrile-functionalised cyclotetraphosphane 2, the dichloro-diamino 

diphosphane 6 and the P(V) diphosphane 3 were considered interesting prospects. Although, later 

experiments would demonstrate that P(V)–P(V) diphosphanes are incapable of the metathesis 

reactions observed with P(III)–P(III) species.  

The literature procedure for the preparation of 3 is shown in Scheme 5.06.32 Several attempts at 

reproducing this process were unsuccessful; the majority of the product obtained was insoluble in all 

common organic solvents, suggesting polymer formation. The limited material that was solubilised 

was a complex mixture of unidentified species according to 31P NMR spectroscopy. 

 

Scheme 5.06. The synthesis of 3 as reported by Häring in 1960.32 
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A series of target compounds were devised through this project, though only a few syntheses were 

attempted. Some of the most desirable targets are shown in Figure 5.05. 

 

Figure 5.05. Target functionalised tetraaryldiphosphanes: 7 – styrene-, 8 – phenol-, 9 – aniline- and 10 – benzaldehyde-

functionalised diphosphanes. None of which have been previously reported. 

The strategy for the synthesis of 7 is shown in Scheme 5.07. This procedure follows a general protocol 

that can be applied for the synthesis of chlorophosphines and then secondary phosphines, though is 

limited in terms of functional group tolerance: the functional groups must be tolerant of 

organolithium/Grignard species in the first step, tolerant of HCl in the second and LiAlH4 in the third—

all highly reactive compounds. The chlorophosphine itself may be used to prepare the corresponding 

diphosphane directly via the Mg-coupling, or reduced to the secondary phosphine for use in the 

chlorophosphine–lithium phosphide route. 

 

Scheme 5.07. The synthesis of intermediates 7a-7c in the synthesis of 7. 

In the preparation of 7 the first reaction to form 7a works well, and although the Grignard may also 

be used, the organolithium species was found to react more cleanly. Small amounts of residual 

chloro(amino)phosphines can easily be removed with a celite plug, readily affording the pure 

aminophosphine, Figure 5.06 (top). The conversion of 7a to 7b is also a robust reaction, provided fresh 

ethereal HCl was used, Figure 5.06 (upper-middle). However, treatment of 7b with LiAlH4, and the 

standard aqueous sodium hydroxide work-up, gave inconsistent results. When the reduction was left 

for 1 h, analysis of the post–work-up solution revealed the desired secondary phosphine 7c (-42.4 

ppm) and contamination with some secondary phosphine oxide at +16.5 ppm, Figure 5.06 (lower-

middle). Critically, when this mixture was subsequently filtered through an alumina plug, the 
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phosphine polymerised. Styrene forms linear radical addition polymers, difunctional styrenes such as 

7a–7c, would thus be expected to form densely-packed styrene networks with the phosphorus centres 

as crosslinkers. Polymerisation was also observed when 7b was heated during solvent removal. 

Surprisingly, when the reduction of 7b was left for extended periods (~60 h) the outcome was very 

different, producing what appears to be the target diphosphane 7 as the major product at -14.8 ppm, 

Figure 5.06 (bottom). Despite this success, this synthesis was not further pursued due to 

polymerisation concerns. 

 

Figure 5.06. 31P{1H} NMR spectra of the intermediates 7a (top), 7b (upper-middle), crude 7c (lower-middle) and crude 7 

(bottom). 

A similar method for preparing 8 was devised, Scheme 5.08, using MOM protecting groups. However, 

this route was tested by H. Yeo (MSci student, University of Bristol) and proved challenging. Attempts 

were made to make the aminophosphine, although the chlorination was not tested. Conventional 

MOM-deprotection conditions are acidic, so are likely incompatible with the diphosphane bond. It 

was hoped that the HCl step (chlorophosphine formation) would simultaneously cleave the MOM 
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groups and the P–N bond. Alternatively, the TMSBr method of MOM-deprotection reported by 

Dufresne et al.37 could be used at the end of the synthesis, after diphosphane formation. From the 

chlorophosphine, a Mg-coupling would be the ideal method of P–P formation. 

 

Scheme 5.08. The proposed synthesis of 8 using a MOM protection strategy. The formation of 8c remains untested. 

An alternative, simpler method was conceived, starting from tetra(p-anisyl)diphosphane (C2, synthesis 

described in Section 5.3.1), which has previously been reported.19,38 Of the more common methods of 

demethylating methyl ethers, sodium ethanethiolate seemed a promising reagent, Scheme 5.09. 

 

Scheme 5.09. Proposed demethylation of C2. 

This experiment was performed by H. Yeo, who observed the slow formation of a complex mixture of 

diphosphanes, secondary phosphines and secondary phosphine oxides by 31P NMR, which appeared 

to represent a combination of protected and deprotected groups. The major products were the 

secondary phosphines, indicating substantial diphosphane cleavage had occurred, possibly due to 

phenolysis (of the P–P bond). Though it is possible that the NaSEt is responsible for the cleavage, it 

appears from these initial experiments that due to its acidity, 8 has an intrinsically unstable structure 

possibly due to self-reaction (addition of an O–H bond across the P–P bond). 

Synthetic routes to 9 and 10 were also devised and are outlined in the future work section of Chapter 

6. 

These results clearly demonstrate that the preparation of functionalised diphosphanes is non-trivial. 
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5.4 Diphosphane homometathesis 

5.4.1 Background 

In this study, the metathesis reactions of tetraaryldiphosphanes (Scheme 5.10) were explored using a 

combination of 31P{1H} NMR spectroscopy and DFT calculations (performed by T. Young), with a view 

to finding new insights into the dynamic nature of the P–P bond. 

 

Scheme 5.10. The metathesis reaction between two tetraaryldiphosphanes X2 and Y2. 

The diphosphanes in this study (A2-E2 Figure 5.03) were selected to sample a range of different 

steric/electronic environments around P–P bonds. They are all previously reported compounds and 

their synthesis was discussed in Section 5.3.1, experimental details are given in Section 5.7. 

Diphosphane D2 contained significant (~10%) secondary phosphine, although none of the five 

diphosphanes contain a detectable quantity (<0.05%) of chlorophosphine—the significance of this 

observation will become apparent in Section 5.4.4. When two of the diphosphanes were mixed in 

CDCl3 at ambient temperature, a reaction ensued which gave an equilibrium mixture of the parent 

homodiphosphanes (X2 and Y2) and the heterodiphosphane (XY). 

5.4.2 Equilibria 

In a typical procedure, 0.025 mmol (~10 mg) of each diphosphane, X2 and Y2, were added to an oven-

dried NMR tube under an Ar atmosphere. The sealed NMR tube was then removed from the glovebox 

and cycled onto the Schlenk line. Thereafter, 0.5 ml of dry, deoxygenated solvent (CDCl3, CD2Cl2, C6D6, 

PhMe, PhCl, PhF or THF) was added creating an X2 + Y2 solution. The NMR tube was then sealed and 

the cap covered with parafilm to slow the ingress of air. An initial 31P{1H} NMR experiment was then 

performed within 20 min of solvent addition. The solution was then re-analysed at intervals until no 

further change in the ratio of diphosphane resonances was observed. Using the 31P NMR integrals to 

estimate concentration, the equilibrium constants were calculated according to Equation 5.1.                                

𝐾 =  
[𝐗𝐘]2

[𝐗𝟐][𝐘𝟐]
      Eq. 5.1 

For a statistical mixture, i.e. 1 mol X2, 1 mol Y2 and 2 mol XY, the equilibrium constant K = 4. The data 

for each of the 10 metathesis equilibria are collated in Table 5.2. 



 

254 
 

UOB Open 

Table 5.2. Data for the metathesis equilibria shown in Scheme 5.10 

Reaction X2 Y2 K Timea / min 31P NMR data for XY 

1b A2 B2 4 30 -14.9 -16.4  JPP = 162 Hz 

2c A2 C2 5 20 -15.9  -18.4 JPP = 159 Hz 

3d A2 D2 30e 90 -15.9 -8.5 JPP = 177 Hz 

4d B2 C2 4 15 -16.8 -18.8 JPP = 156 Hz 

5b B2 D2 15 20 -11.7 -15.7 JPP = 165 Hz 

6b C2 D2 3 20 -10.5 -15.4 JPP = 173 Hz 

7c A2 E2 4 700 -16.6 -35.3 JPP = 152 Hz 

8c B2 E2 4 1000 -19.1 -36.2  JPP = 149 Hz 

9c C2 E2 4 2800 -19.0 -36.9 JPP = 148 Hz 

10c D2 E2 30 4000 -17.9 -29.5  JPP = 156 Hz 

a Time at which K was calculated, after the solvent was added to the diphosphanes. b In THF. c In CDCl3. 
d In C6D6. e Estimated 

value (no residual D2 was observed so its integral was approximated as 1% of the total spectrum). Aryl substituent key: A – 

H (phenyl), B – p-CH3, C – p-OCH3, D – m-CF3 (bis), E – o-CH3. 

The chemical shifts of the doublets in the mixed species are generally within 2–6 ppm of the parent 

diphosphanes and have 1JPP ≃ 160 Hz. The reaction scheme and spectrum of the B2/C2 reaction (Table 

5.2, Entry 4) is given as an example in Figure 5.07: the singlets of the parent diphosphanes are evident 

alongside the ‘AB pattern’ of the mixed species, BC. 
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Figure 5.07. The 31P{1H} NMR spectrum of the metathesis reaction between B2 and C2. 

The equilibrium constants (K) for these exchange reactions are within the range of 3–30 (Table 5.2). 

This corresponds to G between -0.5 and -2 kcal mol-1 (Equation 5.2), indicating that these 

diphosphanes are very close in energy and insensitive to the steric and electronic effects of the aryl 

substituents. In general, the timescale of the reactions that do not involve E2 are very similar, each 

resulting in rapid establishment of equilibrium (<10 min) despite the low concentration (~12.5 mM). 

This means tetraaryldiphosphanes are potentially useful new candidates for dynamic covalent 

chemistry. Those reactions involving E2 are significantly slower, which will be discussed later. 

∆𝐺 =  −𝑅𝑇ln𝐾     Eq. 5.2 

A series of 22 metathesis reactions were modelled by DFT calculations (performed by T. Young, 

University of Oxford). The calculated G of the A2/E2 reaction is 1.2 kcal mol-1, which is very close to 

the experimentally observed -0.8 kcal mol-1. From these results it appears that there is a strong bias 

towards the XY species when there is a significant difference in either steric bulk or electronegativity. 

The most favoured reaction of those calculated is the reaction between tBu2P–PtBu2 and F2P–PF2 (-

15.4 kcal mol-1). In this case there are both factors: (1) electronegativity difference—between the 

electron-rich tBu2P and electron-poor F2P centres—and (2) steric relief; the large steric clash of tBu2P–

PtBu2 is relieved in the mixed diphosphane tBu2P–PF2. Accordingly, species such as this and some of 

those diphosphanes reported by Grubba et al.,5 should be thermally stabilised with respect to the 

corresponding symmetrical diphosphanes. This would explain why in their work they were able to 

avoid using borane protection when synthesising their unsymmetrical diphosphanes. 

*
*
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5.4.3 Mechanistic investigations by DFT 

In their 2016 computational study,4 the lowest energy pathway that Gilheany and co-workers could 

find involved the ionic triphosphorus intermediate shown in Scheme 5.11. However, they 

acknowledged that the calculated barrier of 36.5 kcal mol-1 could not account for the rapid exchange 

observed (under ambient conditions) experimentally. 

 

Scheme 5.11. The Gilheany mechanism of diphosphane metathesis. 

In a series of further calculations, T. Young explored the viability of three different mechanistic 

pathways that we proposed for the thermal rearrangement of the degenerate Me2P–PMe2/Me2P–

PMe2 system, Scheme 5.12. Each of the proposed mechanisms i–iii are plausible and are consistent 

with some experimental observations as will be discussed later. Mechanism (i) is a concerted [2+2] 

pathway with a 4-membered transition state/intermediate. Mechanism (ii) is nucleophilic attack of 

one diphosphane on another, which produces an ionic intermediate. Mechanism (iii) is a radical chain 

process.  

 

Scheme 5.12. Mechanisms of diphosphane metathesis. 

Computational attempts to find a synchronous σ-bond metathesis pathway corresponding to (i) were 

unsuccessful, as similarly reported by Ruipérez et al.39 in their calculations concerning disulfide 

metathesis. Calculations exploring pathway (ii) support the findings of Gilheany and co-workers;4 the 

ionic intermediate, at 44.1 kcal mol-1, is too-high in energy to be thermally accessible. When the 
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calculation was repeated for tetraphenyldiphosphane (A2), the analogous intermediate was found to 

be lower in energy (38.1 kcal mol-1), but still incompatible with experimental observation (rapid, 

spontaneous reaction). Pathway (iii) requires homolysis of the P–P bond; however, thermolysis of this 

bond is also not feasible under ambient conditions. With bond enthalpies on the order of 50 kcal mol-

1, P–P bonds are weak when compared to many covalent bonds but this is still well above the threshold 

of a process that is feasible at room temperature. Nevertheless, DFT calculations on A2 suggest that 

excitation from S0→S1 and S0→S2 would result in rapid homolysis of the P–P bond, yielding phosphinyl 

radicals (Ar2P•) via intersystem crossing from S1 or S2 to the first excited triplet state (T1) of A2. The T1 

state is dissociative, and would lead to spontaneous radical formation. These excitations roughly 

correlate to n→π* and →* processes as indicated by transition electron density difference plots 

(calculated using time-dependent DFT), Figure 5.08. From these plots it is evident that in both 

transitions a significant amount of electron density is migrates from the phosphorus lone pairs and 

becomes dissociated throughout the molecule. Crucially these calculations explain both where 

phosphinyl radicals may originate from and why P(V)–P(V) species have not been observed to undergo 

metathesis. 

Figure 5.08. Transition electron density difference plots calculated with orca_plot by T. Young with the CAM-B3LYP/def2-

TZVPP//PBE0-D3BJ/def2-SVP level of theory. Left, S0-S1 and right, S0-S2. Red and blue correspond to depleted and excess 

electron density respectively. Isosurface plotted at a contour of 0.003 au. 

Attack of the phosphinyl radical (X•) on an intact diphosphane (Y2)—leading to formation of an 

unsymmetrical XY diphosphane and Y•—is associated with an energy barrier of only ~5 kcal mol-1. This 

implies that any generation of phosphinyl radicals would lead to a rapid chain reaction towards the 

equilibrium mixture. 

These results strongly suggest that the photolytic generation of phosphinyl radicals is the most likely 

mechanism of diphosphane metathesis. 
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5.4.4 Mechanistic investigations by NMR 

The tetraaryldiphosphane metathesis reactions between combinations of A2, B2, C2 and D2 are 

extremely rapid under ambient conditions, with equilibrium reached within <10 min in all tested 

organic solvents (C6D6, THF, toluene, fluorobenzene, chlorobenzene, CDCl3 and CD2Cl2). In contrast, 

those reactions between the o-tolyl substituted E2 and another diphosphane were much slower in 

CDCl3 (eqm. reached in 6–12 h) and CD2Cl2 (eqm. reached in >24 h) and were essentially inert in other 

solvents. This solvent sensitivity, though unusual, was reported before in similar experiments by Harris 

and Norval.3 

A general procedure for the following experiments is given in Section 5.7.3.  

The general case (A2-D2). When cold (-78 °C) solutions of B2 and C2 were mixed and the metathesis 

monitored by variable temperature (VT) 31P NMR spectroscopy, negligible reaction was observed at -

80 °C. After raising the temperature by increments of 20 °C it was found that the reaction at -20 °C 

proceeded at a convenient rate for study (eqm. established in ~2 h, Figure 5.09). Although a detailed 

kinetic study was not attempted, the data are not consistent with 0, 1st, 2nd or ½-order kinetics, though 

the rate appears to be independent of diphosphane concentration during the early stages of reaction. 

 

 

 

 

 

Figure 5.09. Left, plot of heterodiphosphane BC formation as a function of time for the full 2 h. Right, 31P{1H} NMR spectra 

of the reaction between B2 and C2 at -20 °C in THF, shown in 10 min increments over the course of 1 h (with inverse-gated 

decoupling). 

Two major pieces of experimental evidence support the hypothesis that radicals are involved in the 

metathesis mechanism: 

(1) The radical scavengers TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and TTBP (tri(t-butyl)phenol) 

greatly inhibit the rate of metathesis. 

In the metathesis of A2 with C2 in CDCl3 at -20 °C, the reaction proceeds to equilibrium in approximately 

2 h, with 35% AC within 1 h. In contrast, an equivalent reaction in the presence of 5 equiv. of TEMPO 

produced undetectable amounts of AC within 1 h. Even after the TEMPO-inhibited reaction was 

warmed to room temperature, <10% AC was observed after 16 h. At room temperature, this reaction 
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would otherwise be expected to have reached equilibrium (~50% AC) within 10 min. Furthermore, 

two singlet 31P resonances were observed at +30.5 and +31.5 ppm (9% combined integral after 16 h) 

that are consistent with the formation of TEMPO-P adducts, Scheme 5.13, which have previously been 

reported from the reaction of TEMPO with secondary phosphines.40 

 

Scheme 5.13. TEMPO-P adduct formation. 

(2) Metathesis is slowed in the dark (and accelerated by UV). 

In the metathesis of A2 with B2 in THF in a conventional NMR tube, equilibrium is established at 

ambient temperature within ~15 min. However, when an equivalent A2/B2 solution was mixed in an 

amberised NMR tube—designed to minimise the transmittance of both UV and visible radiation—

equilibration took ~150 min. This strongly suggests that photodissociation is a limiting factor in the 

metathesis rate. The UV-vis spectra of A2, C2 and E2 are shown in Figure 5.10. Each of these 

diphosphanes exhibit the same pattern: (1) a strong absorption in the 230–250 nm region that 

corresponds to a π→π* excitation, which unsurprisingly appears sensitive to the aryl substituents. (2) 

a weaker shoulder absorption at approximately 270 nm that is common to each species but is most 

pronounced for E2. From the computational results discussed previously, it is proposed that the major 

π→π* absorption is coincident with the S0→S2 (→*) transition. The shoulder most likely 

corresponds to the S0→S1 (n→π*) transition, both of which lead to P–P scission. 
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Figure 5.10. UV-vis spectra of A2, C2, and E2 in CH2Cl2 (20 M). 
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This combination of observations and calculations suggests a radical chain mechanism of the form 

shown in Scheme 5.14. 

 

Scheme 5.14. Proposed radical mechanism of diphosphane metathesis. 

The initiation, being a photodissociative step, requires UV radiation; however, it appears that there is 

sufficient ambient UV to induce the reaction in the laboratory. As indicated by DFT calculations, 

thermolysis is not feasible at ambient conditions, but importantly—since it could have ramifications 

for materials applications—metathesis can take place in the melt phase, as will be discussed again in 

the context of metathesis with E2. The degenerate propagating steps (R2P• + R2P–PR2, which simply 

regenerate the starting diphosphanes) are omitted for clarity. Similarly, the reverse process (from 

photodissociation of R2P–PR’2) is also possible but is not included in the scheme. These metathesis 

reactions generally proceed with high selectivity, although secondary phosphine resonances are often 

observed in the 31P NMR spectra especially after prolonged reaction times, which presumably indicate 

an alternative termination step whereby a phosphinyl radical abstracts a proton from the solvent. 

Overall, this mechanism and these findings share many similarities with disulfide metathesis, which is 

covered in detail in two papers in Physical Chemistry Chemical Physics by Ruipérez et al.39 and Asua et 

al.,41 which were reviewed in Chapter 4.  
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In the former study, Ruipérez et al.39 use DFT and MD calculations to model two mechanisms of 

(aromatic) disulfide exchange: [2+2] concerted metathesis, and [2+1] reaction mediated by the 

sulfanyl radical. Similar to our findings with diphosphanes above, those authors could not find a 

plausible transition state for the [2+2] process. The authors were successful in finding suitable 3-

membered transition states for the radical process, which had enthalpies of the order of 10 kcal mol-

1 higher than the starting materials. Through considering the BDEs and the first electronic excitation 

energy, the authors concluded that the formation of sulfanyl radicals would generally be caused by 

thermal dissociation because the first excitation energies correspond to UV wavelengths. However, 

with BDEs of the order of 40–50 kcal mol-1, spontaneous thermolysis seems unlikely under ambient 

conditions. 

In the latter study, Asua et al.41 explored the mechanism of disulfide exchange experimentally using 

the model system of diphenyl disulfide and di(4-aminophenyl) disulfide which proceeds 

spontaneously to an equilibrium in ca. 12 h. These authors found that the addition of TEMPO as a 

radical scavenger completely inhibited their model exchange reaction and the reverse effect was 

observed when a radical initiator (V70) was used. Furthermore, UV-acceleration was also observed, 

consistent with the radical mechanism. Interestingly, solid-state EPR measurements revealed a 

resonance for one of their tested disulfides but not the other, suggesting that the radical 

concentration is near the limit of sensitivity. The observations of these disulfide studies and those of 

similar diselenide studies,42 are very similar to ours. Although the authors do not explicitly state that 

ambient UV is responsible for the spontaneous metathesis reaction, their findings seem to imply this. 

In any case, there are evidently significant parallels between diphosphanes and disulfides. 

Metathesis with E2. As previously alluded to, the four reactions between tetra(o-tolyl)diphosphane 

(E2) and the other diphosphanes exhibited somewhat different behaviour to the more general 

metathesis, Figure 5.11. These reactions do not appear to proceed at all in THF, fluorobenzene, 

chlorobenzene, toluene or C6D6 under ambient conditions (up to 72 h), though the reactions do 

proceed in CH2Cl2 and CHCl3 (and the deuterated analogues), though much slower than the other 

metatheses (see Table 5.2). Accordingly, this process was explored in more detail, starting from both 

the A2/E2 system and pure AE. 
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Figure 5.11. The NMR spectra of the A2/E2 system: (a) in toluene after 48 h and (b) in CDCl3 after 6 h. 

The kinetics of this reaction were also investigated by 31P NMR spectroscopy (details in Section 5.7.2). 

The progress of A2/E2 metathesis was probed at 10 min intervals for 12 h (at room temperature). 

Integration of the diphosphane resonances Figure 5.12 (right) allowed the construction of the plot 

Figure 5.12 (left). Analysis of this process revealed that the kinetics were not consistent with 

integrated rate equations for reaction order 0, ½, 1 or 2; indicating that the kinetics are complex, 

expected where multiple mechanistic pathways are competing. Interestingly, the rate of AE formation 

is fastest between t0 and the time of the first spectrum (10 min) and then the rate declines 

significantly. This might be attributable to the decreased light intensity within the spectrometer. 

 

 

 

 

 

 

 

Figure 5.12. Left, plot of the data obtained from integration of the diphosphane resonances in the 72 31P{1H} NMR spectra 

in CDCl3 between A2/E2. Right, the associated 31P{1H} NMR spectra with a 2 h sampling up to 12 h. 
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As in the general case, there is good evidence of radical involvement in reactions involving A2/E2 as 

outlined below. 

(1) Whereas after 72 h, an A2/E2 mixture in THF gave no reaction, when the same solution was 

irradiated with a handheld UV lamp for 2 h, the reaction proceeded to 30% AE. Similarly, starting from 

pure AE, no evidence of reversion to the symmetrical diphosphanes was observed after 72 h; however, 

the reaction did proceed (to ~50% AE and ~50% A2/E2 after 1 h) under UV irradiation. This suggests 

that the photodissociative step in Scheme 5.15 is viable for metathesis with E2, but implies that more 

intense radiation is required. Indeed, as we can see from Figure 5.10, the UV-vis spectrum of E2 seems 

to show stronger absorption (than A2 and C2) in the bands that DFT calculations suggest lead to P–P 

scission. This indicates that photodissociation should still be possible with this species and it is unclear 

why more intense irradiation is required. Given the intensity of the transitions in question, it is possible 

there is more photodissociation with E2 compared with other diphosphanes. If true, there must be 

another reason behind the observed decrease in reactivity. It is possible that there is a mechanism by 

which E2 is excited but does not undergo the same relaxation pathway that leads to photodissociation. 

(2) The slow formation of AE from A2/E2 mixtures in CDCl3 (equilibrium reached in ~12 h) was stopped 

entirely in the presence of four equivalents of TEMPO or TTBP (no AE observed after 16 h). 

(3) Pulse-sonication (20 kHz) at 0 °C of CHCl3 or CH2Cl2 solutions of A2/E2 reduced the time to 

equilibrium from >12 h to <1 h. However, no reaction was induced in analogous experiments in THF 

or toluene. This is in agreement with the observations of Fritze and von Delius who reported the 

sonochemical metathesis of aromatic disulfides.43 These authors suggested that RS• species were the 

active intermediates in this process, and these were formed through reaction of the disulfides with 

chloroform degradation products (e.g. Cl•). This would explain some of the solvent sensitivity, since 

most solvents are less susceptible to degradation than chloroform. 

(4) In the reverse process, the onset of equilibration from AE is associated with an induction period of 

the order of ~6 h, prior to which there is little evidence of metathesis. The fact that the rates of this 

process and the forward reaction vary between 6–12 h, is also consistent with radical processes.44 

In addition to the evidence for radical intermediacy, there is also evidence of chlorophosphine 

involvement in these reactions as follows. 

(1) Under the conditions where a mixture of A2 and E2 in CDCl3 would typically reach equilibrium in 

~12 h, in the presence of a large excess of water (ca. 100 eq.), the reaction was suppressed such that 

there was <1% AE formed within 20 h. 31P NMR resonances at +23.5 and +21.4 ppm corresponding to 

the respective secondary phosphine oxides (Ar2P(O)H) were observed, which might be representative 
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of chlorophosphine formation and subsequent hydrolysis (due to the slow ingress of air into the NMR 

tube). 

(2) When a solution of A2/E2 in CHCl3 is irradiated with UV, ~10% conversion to Ar2PCl is observed by 

31P NMR spectroscopy. 

(3) The stoichiometric reaction of A2 with (o-Tol)2PCl in CHCl3 resulted in rapid formation of a mixture 

of A2, AE, Ph2PCl and (o-Tol)2PCl as well as some unidentified species, Scheme 5.16. After 4 h, some E2 

was observed alongside Ph2PH and (o-Tol)2PCl. This confirms that chlorophosphines are plausible 

promoters of diphosphane metathesis. 

 

Scheme 5.16. The reaction between A2 and (o-Tol)2PCl. 

To test if chlorophosphine could catalyse diphosphane metathesis, a sub-stoichiometric amount (~5 

mol%) of Ph2PCl was added to a chloroform solution of pure AE. This reaction was then compared with 

a control (with no Ph2PCl). With no chlorophosphine, the reaction reached equilibrium in ~70 h; in the 

presence of 5 mol% chlorophosphine, this reaction time was reduced to just 7 h, Figure 5.13. 

 

Figure 5.13. Reverse metathesis of AE (10 mg) in CDCl3 catalysed with 5 mol% Ph2PCl. 
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Thus the key observations concerning the A2/E2 reaction are as follows:  

(1) The choice of solvent (CHCl3 or CH2Cl2) is critical for the reaction to proceed under ambient 

conditions. 

(2) As in the metathesis more generally, the reaction has the characteristics of being radical initiated. 

(3) Chlorophosphine can catalyse the metathesis, and hence it is important to note that no 

chlorophosphine was detected by 31P NMR in the spectra of the pure diphosphanes. 

It is well-documented that CHCl3 can be a source of radicals, particularly under irradiation or sonolysis. 

Accordingly, the mechanism in Scheme 5.17 has been devised to explain these observations with di(o-

tolyl)diphosphane (E2) metathesis. In this mechanism, Cl• or other radical fragments produced from 

CHCl3/CH2Cl2 degradation, have the dual role of generating chlorophosphine, which has been 

demonstrated to catalyse diphosphane exchange, and in forming Ar2P• (phosphinyl radicals) that may 

react through the mechanism previously described in Scheme 5.14. DFT calculations suggest that 

attack of Cl• on Ar2P–PAr2 is feasible: ∆Gr = –35.3 kcal mol-1 and ∆G‡ = 3.4 kcal mol-1 (from the Ph2P–

PPh2…Cl• association complex). 

 

Scheme 5.17. The role of chlorinated solvents in diphosphane metathesis. 

The reason for the observed decrease in rate of the metathesis with E2 compared to those without E2, 

has not yet been considered. As discussed when the UV-vis spectra were introduced, E2 absorbs UV at 

wavelengths anticipated to result in P–P scission. However, it is possible that scission to (o-Tol)2P• is 

less likely due to a competitive H-abstraction mechanism. Preliminary DFT calculations indicate that 

intramolecular H-abstraction (of the benzylic protons) may be feasible from the T1 (diradical) state of 

E2, which is reached by intersystem crossing from either the S0 or S1 states. This mechanism is also 

consistent with the experimental observation that solutions of AE preferentially form o-Tol2PH (over 

Ph2PH) during metathesis. A simplified form of this tentative mechanism is shown for the analogous 

phosphinyl radical in Scheme 5.18. The proximate H atoms could be abstracted to ‘quench’ the 

reactivity of the phosphinyl radical (as shown) or the T1 radical before it can undergo further reaction, 
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Scheme 5.18. At this stage, prior to dissociation, the T1 species has an excess energy of ca. 33 kcal mol-

1 which could facilitate such a process. Accordingly, calculations suggest that H-abstraction of this sort 

is feasible for the T1 diphosphane but not the phosphinyl radical (shown in Scheme 5.18). 

Unfortunately, such a mechanism is not straightforward to examine experimentally and thus remains 

speculative. 

 

Scheme 5.18. The proposed mechanism of proximal benzylic proton abstraction shown for (o-Tol)2P• as a substitute for the 

more complicated, intact T1 state of E2. 

An alternative explanation for the lower reactivity of E2 may lie in steric crowding from the o-CH3 

groups. However, DFT suggests that the reaction of (o-Tol)2P• with an intact diphosphane should 

remain feasible; the difference in energy between the transition states in E2 metatheses and A2 

metatheses is minimal (and within computational noise). Only when the ortho group is modelled as a 

t-butyl moiety is there a large destabilisation of the R2P•…R2P–PR2 transition state. 

Ultimately, it seems likely that there is a steric contribution to the decreased reactivity of E2 to 

diphosphane metathesis, though this may be subtle. 

Two further experiments have significance for the application of diphosphanes in polymeric materials.  

(1) When A2 and E2 are melted together at 150 °C for 5 min and then dissolved in THF (a solvent in 

which these diphosphanes do not undergo metathesis). 31P NMR spectroscopy revealed that the brief 

melt reaction had been sufficient to establish equilibrium with AE. The implication of this is that 

diphosphane metathesis could be viable in polymer melts. 

(2) Mixtures of [Me2P(=S)]2 and [Et2P(=S)]2 (i.e. P(V)–P(V) species) were not observed to undergo 

metathesis in any solvent or in the melt phase; moreover, no reaction was evident when the solutions 

were treated with AIBN. Although alkyl (and not aryl like the P(III) diphosphanes in this study), these 

observations suggest that P(V) diphosphanes cannot undergo metathesis reactions. This is consistent 

with the observation that the phosphorus lone pairs are essential for the electronic excitation that 

leads to P–P scission. Accordingly, oxidation of P(III)–P(III) materials would be expected to erode their 

reactivity. 

  



 

267 
 

UOB Open 

5.5 Heterometathesis: reactions of P–P bonds with other E–E species 

In Section 5.4 it was reported that tetraaryldiphosphanes homolyse both in solution and melt phases, 

resulting in metathesis reactions. This observation combined with our interest in diselenides (Chapter 

4)—which are well-known to homolyse under mild conditions42,45—led us to speculate on the potential 

heterometathesis reaction between diphosphanes and diselenides. 

5.5.1 Background 

In recent decades, phosphorus-sulfur and phosphorus-selenium compounds have attracted increasing 

research interest, in no small part due to the popularity of Lawesson’s reagent and the selenium 

analogue, Woollins’ reagent, which been widely applied in synthesis.46–48 A plethora of unusual 

molecules have emerged from this chemistry, notably the complex heterocycles of the Woollins 

group.49–51 Further research has led to the development of PS/PSe compounds for applications as 

diverse as thin film semiconductors and pesticides.52 However, despite this growing interest there has 

been surprisingly little attention given to the simplest P(III) compounds, those of the type R2P–ER (E = 

S, Se), thiophosphanes and selanylphosphanes, respectively. 

According to McLean, the earliest examples of such compounds are the alkylthiodiphenylphosphanes, 

first reported by Arbuzov in 1910.53 In 1966, McLean reported the first arylthiodiphenylphosphanes 

and later the analogous selenium compounds; however, to the best of our knowledge these species 

were not further tested or characterised.54  

McLean prepared diphenyl(phenylthiol)phosphane (11) via the reaction of Ph2PCl and sodium 

thiophenolate in diethyl ether (at 0 °C, with 80–90% yield). The preparation of diphenyl(phenylselanyl) 

phosphane (12), was achieved via the reaction of Ph2PCl with benzeneselenol in the presence of a 

slight excess of triethylamine in -10 °C diethyl ether (in 50% yield). More recently, Cui et al.55 prepared 

4-((diphenylphosphaneyl)thio)aniline (13) as part of their synthesis of a trimetallic iron-iridium 

photosensitiser via a similar method (in 78% yield), Scheme 5.19.  
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Scheme 5.19. The synthesis of the three literature thio/selanylphosphanes discussed above.54,55 

5.5.2 Selanylphosphanes 

Gratifyingly, on mixing equimolar quantities of tetraphenyldiphosphane (A2) and diphenyldiselenide 

(Scheme 5.20) in tetrahydrofuran, a new singlet resonance was observed by 31P{1H} NMR spectroscopy 

at +29.4 ppm, Figure 5.14. Solvent removal under a reduced atmosphere afforded a colourless oily 

solid (12) in 92% yield. Inspection of subsequent 31P{1H} NMR spectra revealed that the product 

resonance had 77Se satellites with JPSe = 229 Hz. Although it was initially difficult to obtain a 77Se NMR 

signal, by using a 60° pulse, relaxation delay of 30 s and 1000 scans, a well-resolved 77Se{1H} spectrum 

was recorded (Figure 5.14), revealing a doublet at 307.5 ppm (JPSe = 229 Hz). Compound 12 was then 

further characterised by 1H and 13C{1H} NMR, which showed the expected resonances, and positive-

ion APCI mass spectrometry, which showed the expected [M+H]+ peak, 343.0140 m/z. The structure 

of 12 was then unambiguously confirmed after crystals suitable for single-crystal X-ray diffraction were 

grown by CH2Cl2-hexane vapour diffusion, Figure 5.15. 
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Scheme 5.20. The synthesis of diphenyl(phenylselanyl)phosphane (12). 

 

Figure 5.14. The 77Se{1H} and 31P{1H} NMR spectra of diphenyl(phenylselanyl)phosphane (12) in CDCl3. 

 

Figure 5.15. Thermal ellipsoid (50% probability) representation of the crystal structure of 

diphenyl(phenylselanyl)phosphane (12), hydrogen atoms omitted for clarity. Selected bond lengths [Å]: P1–Se1 2.262, P1–

C7 1.842, P1–C13 1.834, Se1–C1 1.932. 
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From this initial reaction, the substrate scope was expanded to several other P–Se and P–S species 

(Scheme 5.21). The mechanism has been briefly investigated and some further reactions of these 

compounds are explored. Note that no reaction was observed when A2 was reacted with other E–E 

species, including an O–O bond (t-butylperoxide), an N–N bond (diphenylhydrazine), a Te–Te bond 

(diphenyl ditelluride) or an Sn–Sn bond (hexamethylditin); these reactions will not be discussed 

further. 

 

Scheme 5.21. The general concept of this P–S and P–Se metathesis. 

The P–Se heterometathesis reaction has been extended to a few other substrates which led to the 

successful synthesis of compounds 14–17 from their respective combinations of diphosphane and 

diselenide, Figure 5.16. Each of these compounds was produced in good isolated yield (quantitative 

yields observed by spectroscopy) as either an oil or oily solid and characterised by 31P{1H}, 77Se{1H}, 1H, 

31C{1H} and APCI mass spectrometry, summarised in Table 5.3. These reactions were either performed 

in THF, CH2Cl2 or toluene; in no case was the solvent observed to affect the rate or outcome of the 

reaction, which in all cases had proceeded to completion within <10 min—indeed, all reactions had 

proceeded to completion prior to measurement of the first 31P{1H} NMR spectrum. 

 

Figure 5.16. Selanylphosphanes 14–17. 
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Table 5.3. Characterisation data for selanylphosphanes 14–
17 (CDCl3). All MS experiments were APCI+ with the 

exception of 17 which was APCI-. 

Compound 
31P  77Se  JPSe [M+H]+ Theor. 

(ppm) (ppm) (Hz) [M+H]+ Obs. 

12 30.6 309.6 229 
343.0149 

343.0140 

14 22.1 169.5a 243 
323.0462 

323.0450 

15 29.8 317.1 223 
403.0361 

403.0362 

16 30.2 311.5 225 
371.0462 

371.0468 

17 23.7 237.8 233 
339.0048 

339.0034 

a – measured in toluene 

 

To shed light on the reaction mechanism, A2 and diphenyldiselenide were mixed in the presence of 

four molar equivalents of TEMPO, prior to the addition of THF. As we reported in Section 5.4, TEMPO 

inhibits the metathesis of diphosphane mixtures, presumably via scavenging phosphinyl radicals. In 

Section 5.2, we reported that TEMPO also inhibits diphosphane oxidation. Similarly, the Ph2P–PPh2 / 

PhSe–SePh heterometathesis reaction was also inhibited by the presence of TEMPO, with the reaction 

rate decreasing from the order of seconds/minutes to hours. This strongly suggests that radicals are 

involved in (or prior to) the rate determining step of the mechanism. Consequently, it is unlikely that 

a direct metathesis-type process (Scheme 5.22, i) or an SN2-type process (Scheme 5.22, ii) are 

significant in this reaction. In addition, it might be expected that the SN2 process would show 

significant solvent-sensitivity (due to charge stabilisation in more polar solvents), which was not 

observed. Accordingly, the radical processes (Scheme 5.22, iii and iv) are more probable, particularly 

when considering the known susceptibility of diselenides to photolysis and thermolysis. 



 

272 
 

UOB Open 

 

Scheme 5.22. Possible mechanisms of diphosphane-diselenide exchange. (i) – concerted metathesis, (ii) – bimolecular 

nucleophilic substitution, (iii) – diphosphane homolysis and (iv) – diselenide homolysis. 

To the best of our knowledge selanylphosphanes have not previously been tested as ligands, though 

the juxtaposition of two contrasting donor atoms in P and Se may yield metal complexes with 

interesting characteristics. Indeed, a variety of different phosphorus- and selenium-containing 

compounds have been used as ligands before.56–58 

Upon reaction of two equivalents of selanylphosphane 12 with [Mo(CO)4(nbd)] (nbd = norbornadiene) 

in CD2Cl2, two new compounds were observed by 31P{1H} NMR spectroscopy and have been tentatively 

assigned as shown, Figure 5.17. 

 

  



 

273 
 

UOB Open 

 

Figure 5.17. The coordination reaction of diphenyl(phenylselanyl)phosphane 12 in CD2Cl2 on a molybdenum tetracarbonyl 

core. 

The major product is a singlet at +59.7 ppm with 77Se satellites (JPSe = 333 Hz) that are themselves split 

into doublets (JPP = 25 Hz). Presumably this inequivalence is the result of a loss of symmetry, in the 

77Se isotopologue. Some free ligand is also visible at +30.5 ppm. The major product is associated with 

a coordination shift of approximately +30 ppm from the free ligand. The other two major peaks are a 

doublet at +62.4 ppm and a doublet at +17.8 ppm (JPP = 22 Hz). This coupling suggests that two very 

different phosphorus atoms are present and that is consistent with this second species being an 

isomer of the first, in which one ligand is coordinated through phosphorus and one ligand is 

coordinated through selenium as shown. The small value of JPP indicates cis geometry and the 

presence of several peaks in the carbonyl stretching region of the IR spectrum also supports the 

hypothesis that these species are cis isomers. When the solution was heated to 50 °C, within a few 

hours the species giving rise to doublets in the 31P NMR spectrum became the dominant complex in 

solution, and amongst the emergence of several minor resonances, a significant increase in free ligand 

was also detected by 31P NMR. A repeated FTIR experiment revealed the presence of a similar pattern 

of at least four peaks within the carbonyl region, suggesting that both major species have cis 

configuration. 

The selanylphosphanes appear to oxidise upon exposure to moist air. Indeed, single crystals of 

diphenylphosphinic acid (Cambridge Crystallographic Database deposition number 1145369) formed 

over the course of approximately three weeks due to the slow ingress of air into an NMR tube 

containing 12 in THF. Surprisingly, the presence of excess water in anoxic conditions only resulted in 

very slow hydrolysis of 12. Moreover, samples of 12 stored under argon have shown negligible thermal 

degradation in over 2 months. Thus, although selanylphosphanes undergo rapid thermal degradation 

at 100 °C—as reported by McLean54—they are relatively stable species when compared to other P(III)–

E-bonded compounds. This has some potential significance since this methodology may be used to 
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easily furnish phosphines with pendent functional groups (demonstrated with a carboxylic acid, 17 

and a primary amine, 13); moisture sensitivity would otherwise greatly limit the scope of application. 

The molybdenum complexes of 12 were not observed to undergo any changes when exposed to 

excess water. 

5.5.3 Thiophosphanes 

The P,P–Se,Se heterometathesis reaction was then extended to disulfides via reaction of A2 with 

diphenyl disulfide and 4-aminophenyl disulfide, giving the previously reported 11 and 13 respectively, 

Figure 5.18. In contrast with the analogous diselenide heterometatheses, the disulfide reactions were 

comparatively sluggish—taking ~20 h to reach completion—and resulted in the production of side 

products, notably the rearrangement P(V) products 18 and 19, Figure 5.18. These side products could 

be removed via elution through an alumina plug though this resulted in a substantial decrease in yield. 

 

Figure 5.18. Thiophosphanes 11 and 13, and their respective thermal rearrangement products, phosphine sulfides 18 and 

19. 

As with diphosphane-diselenide metathesis, diphosphane-disulfide metathesis was tested for radical 

inhibition using an excess of TEMPO (four equiv.). In a similar fashion to P–P/Se–Se and P–P/P–P 

metathesis, P–P/S–S exchange was also greatly slowed, suggesting that radicals play a critical role in 

the reaction mechanism, which again may feasibly react through analogous pathways to those shown 

in Scheme 5.22. The fact that the disulfide reaction is at least an order of magnitude slower than the 

analogous diselenide reaction also implies information about the reaction mechanism. The simplest 

explanation for this lower reactivity lies in the comparative bond energies involved: diselenides are 

much weaker and thus much more likely to form radicals in solution (that could attack a diphosphane). 
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5.6 Summary 

In this chapter, the solution metathesis of diphosphanes under ambient conditions is reported. A 

range of new experimental and computational evidence has revealed that the reaction most likely 

proceeds through a radical chain process after UV-photolysis of the P–P bond (which generates 

phosphinyl radicals). With most tetraaryldiphosphanes this reaction is rapid at room temperature, 

with a mixture of two diphosphanes X2 and Y2 generating an equilibrium mixture within minutes, 

suggesting that the small amount of ambient UV light is sufficient to initiate the reaction. The kinetics 

and thermodynamics of these reactions were also investigated. Those reactions with tetra(o-

tolyl)diphosphane (E2) were much slower, which is attributed to inhibition by the o-CH3 groups due to 

radical quenching or through steric effects. However, the deliberate UV-photolysis of these solutions 

markedly increases the rate of reaction. The reactions with E2 are also solvent sensitive, which is 

because of the radical degradation products of CHCl3/CH2Cl2 which can initiate metathesis. This 

solvent degradation occurs spontaneously but can be accelerated with sonication or UV irradiation. 

These new findings show strong parallels between dynamic diphosphane chemistry and the much 

more established field of dynamic disulfide chemistry. 

Significantly, A2/E2 metathesis has also been observed in the melt state—this means that metathesis 

is likely feasible in polymer melts. 

Diphosphane stability was tested with respect to a variety of reaction conditions, with a view to 

synthesising a P–P-containing compound with pendent functional groups. It was found that 

diphosphanes are unstable with respect to many reagents and are only reliably tolerant of bases and 

nucleophiles: even mild acids result in rapid P–P cleavage. Importantly, diphosphanes are extremely 

air-sensitive, with their solutions oxidising in air within minutes. However, this process can be greatly 

inhibited in the presence of the radical scavenger TEMPO, which suggests that the formation of 

radicals is crucial to P–P oxidation. With this knowledge in hand, several syntheses have been designed 

in attempt to prepare a functionalised diphosphane, though none were successful. The most likely 

candidate is the tetra(p-styrenyl)diphosphane (7), though this species was observed to spontaneously 

polymerise during its synthesis. The synthesis of functional diphosphanes will be expanded upon in 

the conclusions and future work chapter (Chapter 6). 

Finally, at a confluence of the research described in Chapters 4 and 5, a new reaction was discovered: 

the heterometathesis of diphosphanes with diselenides/disulfides. The reaction of diphosphanes with 

diselenides proceeds rapidly and chemoselectively, with conversion to the selanylphosphane in 100% 

atom economy. The presence of TEMPO greatly inhibits these reactions, which strongly suggests the 

heterometathesis proceeds through a radical pathway. Selanylphosphanes have been previously 
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reported,54 but have remained hitherto unexplored. This heteromethathesis reaction was also 

extended to thiophosphanes, which is less selective, with some formation of the P(V) rearrangement 

product observed. Importantly, both reactions have been used to create phosphines with pendent 

functional groups, that could be used for further chemistry. Moreover, these species exhibit surprising 

levels of moisture tolerance. A first attempt at metal coordination using a selanylphosphane (and a 

Mo(CO)4 core) has revealed binding through both P and Se atoms. 
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5.7 Experimental 

5.7.1 General considerations 

Unless otherwise specified, all reactions were performed under an inert atmosphere of dry nitrogen 

using standard Schlenk technique. Schlenk flasks and other glassware were dried with a heat gun at 

≥600 °C under vacuum (flame-dried), or oven dried prior to use. Dry Et2O, CH2Cl2, THF and toluene was 

collected from a Grubbs-type solvent purification system and deoxygenated using the freeze-pump-

thaw method. Dry MeOH was stored over 3 Å molecular sieves for at least 24 h prior to use, and 

degassed via N2-sparging. Deionised (DI) water was collected from a millipore dispenser system and 

N2-sparged prior to use. CD2Cl2, CDCl3 and C6D6 were also degassed with freeze-pump-thaw cycles and 

dried over 4 Å molecular sieves. 1,4-dioxane was purchased from Alfa Aesar dried over 4 Å molecular 

sieves and sparged prior to use. Diisopropylamine and triethylamine were purchased from Alfa Aesar 

and dried over 4 Å molecular sieves. Magnesium, iodine, TEMPO, TTBP, NCS, LiAlH4, borane-dimethyl 

sulfide, dichloro(diethylamino)phosphine, 2 M ethereal HCl, 4-bromostyrene, diphenyl diselenide, 

diphenyl disulfide, di(o-tolyl)phosphine and the five chlorophosphines were purchased either from 

Sigma-Aldrich (Merck Chemicals) or Alfa Aesar and used as received. Dithiodianiline was purchased 

from TCI and used as received. Diethylamine was purchased from Sigma-Aldrich (Merck Chemicals) 

and dried over 4 Å molecular sieves prior to use. 

As discussed in Chapter 4 (see Section 4.6 for details), 1,2-dibutyldiselane (dibutyldiselenide) was 

prepared from bromobutane and sodium diselenide according to the literature method of J. 

Scianowski.59 3,3’-diselanediyldipropionic acid was prepared from 3-chloropropanoic acid and sodium 

diselenide according to the literature procedure of V. Nascimento et al.60 

NMR experiments were conducted with Norrell ‘standard series’ NMR tubes (wrapped with parafilm 

around the cap to delay oxidation onset) or amberised 500 MHz tubes (where stated) and performed 

on Jeol ECS300, Jeol ECS400, Bruker Nano400 or Varian ECZ400 spectrometers. 31P{1H} spectra are 

referenced to 85% H3PO4 (aq). Low temperature and kinetics experiments were performed on a Jeol 

ECS300 spectrometer, with inverse-gated decoupling in the case of kinetics experiments. MS 

experiments were performed by the University of Bristol Mass Spectrometry Service using either a 

Thermo Scientific Orbitrap Elite (APCI, LC-Orbitrap), Bruker micrOTof II (ESI, TOF) or Waters Synapt 

G2S (Nanospray, IMS-Q-TOF). FTIR experiments were performed using a Perkin Elmer Spectrum Two 

(solid state). 

UV-Vis experiments were performed with an Agilent Technologies Cary 300 UV-Vis in double beam 

mode (absorption). 20 µM solutions of diphosphane in CH2Cl2 were prepared under a dry nitrogen 

atmosphere and baselined with respect to a CH2Cl2 blank. 
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Photolysis experiments were performed with a NightSearcher handheld LED UV lamp (5 W, 365 nm). 

Note: ‘ambient’, ‘room temperature’ or ‘RT’ corresponds to approximately 20 °C (293 K) throughout 

this chapter. 

5.7.2 Diphosphane synthesis 

The synthesis of diphosphanes A2–C2 and E2 was performed as exemplified by the synthesis of 

tetraphenyldiphosphane, A2:  

Magnesium (440 mg, 18.1 mmol) and two crystals of iodine (ca. 10 mg) were 

added to a Schlenk flask. The flask was then flame-dried under vacuum, 

vaporising the iodine. THF (30 ml) was added and the mixture was stirred 

vigorously at room temperature for 30 min. Chlorodiphenylphosphine (2.00 g, 

9.05 mmol, 1.63 ml) was added dropwise and left to stir overnight. The solution 

was then filtered from the excess magnesium via cannula, and the THF removed 

in vacuo. Toluene (30 ml) and 1,4-dioxane (1.54 ml, 18.1 mmol) were added and the resultant solution 

stirred vigorously for 5 min, and then left to stand for 5 h. The solution was cannula filtered again, and 

the toluene removed under reduced pressure yielding the product A2 as a white powder (1.26 g, 75% 

yield). 1H NMR (400 MHz, CD2Cl2): 7.37 (m, 8H, ArH), 7.21 (m, 12H, ArH). 31P{1H} (162. MHz, CD2Cl2): -

15.5 (s). NMR data matches that of an authentic sample of A2 purchased from Sigma-Aldrich (Merck). 

 

B2 was prepared in analogous fashion. The crude product was filtered 

through a basic alumina plug to remove residual chlorophosphine. Pure B2 

was isolated as a white powder (540 mg, 64% yield). 1H NMR (400 MHz, 

CDCl3): 7.25 (m, 8H, ArH), 7.00 (d, JHH = 7.7 Hz, 8H, ArH), 2.28 (s, 12H, CH3). 

31P{1H} NMR (162 MHz, CDCl3): -18.7 (s). NMR data is in good agreement 

with the literature.19 

 

C2 was prepared in analogous fashion and isolated as a pale yellow 

powder (939 mg, 87% yield). 1H NMR (400 MHz, CD2Cl2): 7.94 (d, JHH = 

8.5 Hz, 8H, ArH), 6.78 (d, JHH = 8.6 Hz, 8H, ArH), 3.75 (s, 12H, OCH3). 

31P{1H} NMR (162 MHz, CD2Cl2): -15.2 (s). NMR data is in good 

agreement with the literature.38 
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D2 was prepared via a similar process, though in refluxing Et2O for 5 days. The 

crude product was isolated as above, then filtered through an alumina plug 

to remove residual chlorophosphine and secondary phosphine oxide. The 

final product was isolated as an oily solid (214 mg, 23% yield) containing 

~10% secondary phosphine side product. 31P{1H} NMR (162 MHz, THF): -12.6 

(s). NMR data is in good agreement with the literature.38 

 

E2 was prepared in analogous fashion to A2–C2 and isolated as a white powder 

(406 mg, 62% yield). 1H NMR (400 MHz, CDCl3): 7.50 (d, JHH = 7.6 Hz, 4H, ArH), 

7.16 (m, 8H, ArH), 7.05 (m, 8H, ArH), 1.93 (s, 12H, CH3). 31P{1H} NMR (162 MHz, 

CDCl3): -35.3 (s). NMR data is in good agreement with the literature.19 

 

Synthesis of AE: 

Di(ortho-tolyl)phosphine (258 mg, 1.20 mmol) was added to a Schlenk flask and 

dissolved in CH2Cl2 (5 ml). This solution was then cooled to 0 °C prior to the 

slow addition of borane-dimethylsulfide complex (1.23 ml, 100 mg, 1.32 mmol). 

After 1.5 h the solvent was removed in vacuo. The residue was then triturated 

with hexane (5 ml), that was removed in vacuo prior to the addition of 

tetrahydrofuran (5 ml). The resultant borane-protected phosphine solution was cooled to -78 °C prior 

to the dropwise addition of n-butyllithium (0.83 ml, 1.32 mmol, 1.6 M), which resulted in the formation 

of a deep orange solution. After 35 min, chlorodiphenylphosphine (0.216 ml, 266 mg, 1.20 mmol) was 

added dropwise and the reaction was left to stir at -78 °C for 5 h. The rection mixture was then allowed 

to warm to room temperature and diethylamine (0.5 ml, 354 mg, 4.83 mmol) added. After 1 h, 

volatiles were removed in vacuo affording a white powder. The crude product was then filtered by 

cannula to a second Schlenk flask in toluene (3 x 10 ml), yielding the unsymmetrical diphosphane AE 

in 80% purity. This product was then recrystallised from hot methanol (30 ml) affording the pure 

product AE as a colourless crystalline solid (65 mg, 14% yield). 1H NMR (400 MHz, C6D6): 7.88 (m, 2H, 

ArH), 7.49 (m, 4H, ArH), 6.96 (m, 10H, ArH), 6.84 (m, 2H, ArH), 2.07 (s, CH3). 31P{1H} NMR (162 MHz, 

C6D6): -35.1 (d, JPP 150.4 Hz, P(Ph)); -16.3 (d, JPP 150.4 Hz, P(o-Tol). MS (APCI+) m/z: [M+H+] 399.1412 

(theor. 399.1426). 
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7 (7a, 7b and 7c – attempted synthesis): 

A solution of 4-bromostyrene (2 g, 10.8 mmol, 1.40 ml) in THF (17.0 ml) was 

prepared in a Schlenk flask and cooled to -78 °C. To this solution, n-butyllithium 

(1.6 M in hexanes, 9.8 mmol, 6.13 ml), which turned the solution pale-yellow. 

Dichloro(diethylamino)phosphine (853 mg, 4.9 mmol, 0.70 ml) in THF (5 ml) was 

slowly added to the lithiated styrene solution maintained at -78 °C. Residual 

aminophosphine solution was added to the reaction mixture with a further 2 ml of THF. Upon 

complete addition, the resulting solution was allowed to warm to ambient temperature. After 2 h the 

crude mixture was filtered through a celite plug, and either isolated by removal of the volatiles under 

reduced pressure to give 7a as an off-white oily solid [31P{1H} (162 MHz, THF): +61.0 (s)], or cooled to 

0 °C and reacted without further treatment.  

Thereafter, HCl (2 M in Et2O, 9.8 mmol, 4.9 ml) was added dropwise to the cooled 

filtrate and after complete addition the reaction was allowed to warm to room 

temperature. The solvent was removed under reduced pressure and the residue 

filtered by cannula (3 x 20 ml toluene washes) into a separate Schlenk flask. Removal 

of the solvents under reduced pressure revealed 7b as a pale-yellow oil (1.14 g, 4.19 

mmol, 86% overall yield). 31P{1H} NMR (162 MHz, C6D6): +82.5 (s). Under an Argon 

atmosphere 7b (200 mg, 0.73 mmol) was added to a Schlenk flask and then dissolved 

in a mixture of Et2O (15 ml) and THF (1 ml). In a separate Schlenk, LiAlH4 (28 mg, 0.73 mmol) was added 

and cooled to 0 °C. The chlorophosphine solution was added dropwise to the LiAlH4 and left to stir for 

30 min. Thereafter, the LiAlH4 was quenched via the following protocol: DI water (0.1 ml) was added 

and stirred into the reaction mixture. After 10 min, aqueous NaOH (4 M, 0.1 ml) was added and stirred 

into the reaction mixture. After 10 min, a further aliquot of DI water (0.3 ml) was added. After 10 min, 

the solution was filtered by cannula to a Schlenk flask containing MgSO4 (2 g), with Et2O washes (3 x 

10 ml). The solution was filtered by cannula into another Schlenk flask. To separate 7c from oxides the 

crude product was then flushed through an alumina plug; however, this resulted in polymerisation. 
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5.7.3 Diphosphane metathesis mechanistic studies 

Kinetics studies 

The following procedure outline of the A2/E2 reaction was also extended to the B2/C2 and AE reverse-

kinetics studies. 

To an NMR tube, 10 mg (0.025 mmol) of A2 and 11.5 mg (0.025 mmol) of E2 were added under an Ar 

atmosphere. 0.5 ml of solvent (CDCl3 or toluene) was added. In the CDCl3 case, the solution was 

immediately cooled to -78 °C using a dry ice/acetone bath. The cooled CDCl3 sample was loaded into 

a JEOL ECS300 spectrometer and allowed to warm to ambient temperature. A 64 scan 31P{1H} NMR 

spectrum was then recorded at 10 minute intervals for 12 h, using inverse-gated decoupling. In the 

toluene case, the reaction was left at ambient temperature and remained unchanged, but for minor 

oxidation (due to air ingress), after a period of 3–4 days. 

Further mechanistic investigations 

Reactions involving additive inhibitors (e.g. water, iPr2NH, TEMPO) or other non-diphosphane 

metathesis partners (e.g. Ar2PCl/Ar2PH) were performed in a similar fashion to the aforementioned 

kinetics studies via the following procedure. 

To an oven-dried NMR tube 0.025 mmol of X2 and 0.025–0.1 mmol of Y2 (or Ar2PCl/Ar2PH) was added 

under an Ar atmosphere. A 1:1 stochiometric balance was used unless otherwise stated. At this stage, 

any solid additives (e.g. TEMPO, TTBP) were added in excess (0.1–0.2 mmol) were also added. The 

NMR tube was then sealed, removed from the glovebox and cycled onto a Schlenk line under a dry N2 

atmosphere. At this stage, any liquid additives (e.g. H2O, iPr2NH) were syringed into the NMR tube 

prior to the addition of 0.5 ml of dry, degassed solvent (CDCl3, CD2Cl2, C6D6, PhMe, PhCl, PhF or THF). 

The NMR tube was then re-sealed with a parafilm wrap around the cap to slow the ingress of air into 

the tube. Generally, a 31P{1H} NMR spectrum was recorded within 20 min of solvent addition. 

In photolysis experiments, the NMR tube was wrapped illuminated with a 5 W, 365 nm handheld UV 

lamp. Control experiments were wrapped in aluminium foil and placed in a dark cupboard. 

In sonication experiments with the A2/E2 system, the following procedure was employed: 

Under an Ar atmosphere, A2 (93 mg, 0.25 mmol) and E2 (107 mg , 0.25 mmol) were added to a Schlenk 

flask and dissolved in 5 ml of solvent (CH2Cl2, CHCl3, THF or PhMe). Immediately thereafter the reaction 

was syringed into a custom-built Suslick vessel (which had undergone three successive cycles of being 

evacuated and refilled with nitrogen) whilst under a positive pressure of N2. The Suslick vessel was 

sealed and then sonicated in pulse mode (1 s on, 1 s off) at 20 kHz at 0 °C for 9 h. 0.5 ml aliquots of 
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the reaction mixture were then removed from the reaction mixture at regular intervals into oven-

dried tubes for 31P{1H} NMR examination. 

5.7.4 Selanylphosphane and sulfanylphosphane synthesis 

Diphenyl(phenylselanyl)phosphane (12): 

 Tetraphenyldiphosphane (190 mg, 0.513 mmol) and diphenyl diselenide (160 mg, 

0.513 mmol) were added to a Schlenk flask and dissolved in THF (10 ml), 

immediately creating a pale-yellow solution, which was left to stir for 10 min. The 

solvent was then removed in vacuo affording 12 as an almost-colourless oily solid 

(323 mg, 92% yield). After storage under argon overnight the oily solid partially crystallised. Crystals 

suitable for single-crystal X-ray crystallography were grown over 1 week via CH2Cl2-hexane vapour 

diffusion. 1H NMR (400 MHz; CDCl3): 7.57 (6H, m, ArH), 7.34 (6H, m, ArH), 7.22 (3H, m, ArH). 31P{1H} 

NMR (162 MHz; CDCl3): +30.5 (s, JPSe = 229.0 Hz). 77Se{1H} NMR (76 MHz; CDCl3): +309.7 (JSeP = 229.0 

Hz). 13C{1H} NMR (101 MHz; CDCl3): 137.1 (d, JCP = 27.4 Hz), 133.9 (d, JCP = 5.8 Hz), 133.5 (s), 133.3 (s), 

129.3 (s), 129.3 (s), 128.7 (d, JCP = 6.3 Hz), 127.6 (s). HRMS (APCI+): Found [M+H]+: m/z 343.0140 

(343.0149).  

 

(Butylselanyl)diphenylphosphane (14):  

Tetraphenyldiphosphane (166 mg, 0.488 mmol) and di(n-butyl) diselenide 

(122 mg, 0.488 mmol) were added to a Schlenk and dissolved in THF (15 ml), 

which gave a pale-yellow solution that was left to stir for 20 min. The reaction 

mixture was then filtered through a basic alumina plug. The solvent was 

removed under reduced pressure affording 14 as a colourless oil (138 mg, 48% yield). 1H NMR (301 

MHz; CDCl3): 7.55 (m, 4H, ArH), 7.31 (m, 5H,m, ArH), 2.79 (q, 2H, JHH = 7.72 Hz, CH2), 1.69 (m, 2H, CH2), 

1.37 (m, 2H, CH2), 0.86 (t, 3H, JHH = 7.38 Hz, CH3). 31P{1H} NMR (162 MHz; CDCl3): +22.1 (s, JPse = 241.8 

Hz). 77Se{1H} NMR (76 MHz; toluene): +169.5 (d, JSeP = 243.3 Hz). 13C{1H} NMR (101 MHz; CDCl3): 138.5 

(d, JCP = 26.02 Hz), 133.4 (d, JCP = 20.61 Hz), 129.2 (s), 128.8 (d, JCP = 6.27 Hz), 34.4 (d, JCP = 4.45 Hz), 27.0 

(d, JCP = 20.61 Hz), 23.2 (s), 13.7 (s). HRMS (APCI+): Found [M+H]+ m/z 322.0450 (323.0462).  
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Bis(4-methoxyphenyl)(phenylselanyl)phosphane (15): 

Tetra(p-anisyl)diphosphane (150 mg, 0.305 mmol) and diphenyl 

diselenide (95 mg, 0.305 mmol) were added to a Schlenk flask, dissolved 

in THF (10 ml), and stirred for 10 min. The solvent was removed under 

reduced pressure affording 15 as a yellow oil (114 mg, 79% yield). 1H NMR 

(400 MHz; CDCl3): 7.54 (m, ArH), 7.23 (m, ArH), 6.91 (m, ArH), 3.82 (s, 6H, 

CH3). 31P{1H} NMR (162 MHz; CDCl3): +29.8 (s, JPSe = 223.2 Hz). 77Se{1H} 

NMR (57 MHz; CDCl3): +317.1 (d, JSeP = 223.4 Hz). 13C{1H} NMR (100 MHz; CDCl3): 160.8 (s), 134.8 (d, 

JCP = 22.2 Hz), 133.8 (d, JCP = 5.0 Hz), 131.7 (s), 129.2 (s), 128.1 (d, JCP = 25.6 Hz), 127.3 (s), 114.4 (d, JCP 

= 7.1 Hz), 55.4 (s). HRMS (APCI+): Found [M+H]+ m/z 403.0362 (403.0361)).  

(Phenylselanyl)di-p-tolylphosphane (16):  

Tetra(p-tolyl)diphosphane (150 mg, 0.350 mmol) and diphenyl diselenide (110 

mg, 0.350 mmol) were added to a Schlenk flask, dissolved in THF (10 ml) and 

then stirred for 20 min. The solvent was removed under reduced pressure 

affording 16 as a yellow oil (221 mg, 90% yield). 1H NMR (400 MHz; CDCl3): 7.50 

(m, 6H, ArH), 7.19 (m, 7H, ArH), 2.36 (s, 6H, CH3). 31P{1H} NMR (162 MHz; CDCl3): 

+30.2 (s, JPSe = 225.2 Hz). 77Se{1H} NMR (57 MHz; CDCl3): +311.4 (d, JSeP = 225.4 

Hz). 13C{1H} NMR (101 MHz; CDCl3): 139.4 (s), 133.9 (s), 133.7 (d, JCP = 5.9 Hz), 133.6 (s), 133.3 (d, JCP = 

21.0 Hz), 129.5 (d, JCP = 6.65 Hz), 129.2 (s), 127.3 (s), 21.5 (s). HRMS (APCI+): Found [M+H]+ m/z 

371.0468 (371.0462).  

3-((diphenylphosphaneyl)selanyl)propanoic acid (17): 

Tetraphenyldiphosphane (100 mg, 0.270 mmol) and 3,3’-diselanediyldipropionic 

acid (82 mg, 0.270 mmol) were added to a Schlenk flask, dissolved in THF (10 ml) 

and then stirred for 20 min. The solvent was removed under reduced pressure 

affording 17 as a colourless oil (93 mg, 51% yield). 1H NMR (400 MHz; CDCl3): 10.6 

(bs, COOH), 7.19–7.51 (m, 10H, ArH), 2.91 (q, 2H, JHH = 7.7 Hz), 2.75 (t, 2H, JHH = 7.3 

Hz). 31P{1H} NMR (162 MHz; CDCl3): +23.0 (s, JPSe = 235.7 Hz). 77Se{1H} NMR (57 MHz; CDCl3): +394.3 (d, 

JSeP = 237.8 Hz). 13C{1H} NMR (101 MHz; CDCl3): 177.8 (s), 137.25 (d, JCP = 25.6 Hz), 133.2 (d, JCP = 20.6 

Hz), 129.2 (s), 128.7 (d, JCP = 6.3 Hz), 36.5 (d, JCP = 4.8 Hz), 19.7 (d, JCP = 22.5 Hz). HRMS (APCI+): Found 

[M+H]+ m/z 339.0034 (339.0048).  
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Diphenyl(phenylthiol)phosphane (11): 

Tetraphenyldiphosphane (300 mg, 0.81 mmol) and diphenyl disulfide (219 mg, 0.81 

mmol) were added to a Schlenk flask, dissolved in THF (15 ml) and then stirred for 

2 h. The solution was then filtered through two basic alumina plugs to remove 

residual P(V) species. The solvent was removed under reduced pressure affording 

11 as a colourless oily solid (205 mg, 40% yield). 1H NMR (301 MHz; CDCl3): 7.61 (m, 4H, ArH), 7.53 (m, 

2H, ArH), 7.38 (m, 6H, ArH), 7.24 (m, 3H, ArH). 31P{1H} NMR (162 MHz; CDCl3): +32.7 (s). 13C{1H} NMR 

(101 MHz; CDCl3): 137.6 (d, JCP = 23.2 Hz), 135.2 (d, JCP = 14.1 Hz), 132.9 (d, JCP = 20.9 Hz), 132.0 (d, JCP 

= 7.9 Hz), 129.5 (s), 129.1 (s), 128.7 (d, JCP = 6.5 Hz), 127.1 (d, JCP = 1.7 Hz). HRMS (APCI+): Found [M+H]+ 

m/z 295.0695 (295.0705). 

4-((diphenylphosphaneyl)thio)aniline (13): 

Tetraphenyldiphosphane (287 mg, 0.775 mmol) and 4,4’-dithioaniline (265 mg, 

0.775 mmol) were added to a Schlenk flask, dissolved in CH2Cl2 and then the 

resultant lime green solution was stirred for 1.5 h. The solution was then filtered 

through a basic alumina plug and the solvent removed under reduced pressure 

affording 13 as an almost colourless oily solid (186 mg, 34% yield). 1H NMR (400 

MHz; CD2Cl2): 7.58 (m, 4H, ArH), 7.37 (m, 6H, ArH), 7.21 (m, 2H, ArH), 6.56 (m, 2H, ArH), 3.77 (bs, 2H, 

NH2). 31P{1H} NMR (162 MHz; CD2Cl2): +37.2 (s). 13C{1H} NMR (101 MHz; CD2Cl2): 146.9 (s), 138.1 (d, JCP 

= 25.2 Hz), 134.8 (s), 134.8 (s), 129.2 (s), 132.7 (d, JCP = 20.8 Hz), 128.5 (d, JCP = 6.4 Hz), 115.4 (s). HRMS 

(APCI+): Found [M+H]+ m/z 310.0802 (310.0814). 
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Chapter 6: Conclusions and future work 

6.1 Diels-Alder CANs 

6.1.1 Diels-Alder CANs – conclusions 

In Chapters 2 and 3, a previously reported family of Diels-Alder epoxies were developed into a second 

generation of materials. The primary goal of that work was to take an established dynamic chemistry 

and apply it in fibre reinforced polymer composites, i.e. to explore the value of CANs in composites. 

In principle, the use of CANs as FRP matrices should lead to more sustainable composites by bestowing 

them with added functionality—notably self-healing and recyclability. Although there is some 

literature overlap between FRPs and CANs, there are few examples at present. 

The new series of Diels-Alder epoxies were thoroughly characterised through a combination of 

chemical, thermal and mechanical techniques. This revealed that these polymers are highly dynamic 

and due to their capacity to melt, are capable of exotic processes including powder-compression 

moulding, self-healing and solvent-assisted recycling. In Chapter 3, the ability to manufacture healable 

and recyclable FRPs with these polymers was clearly demonstrated. However, the mechanical 

performance of these polymers was poorer than expected. Although the stiffness of the DA CANs 

remained in the expected region for DGEBA-based epoxies, both the strength and failure strains were 

very low. These characteristics are manifestations of the extreme brittleness (or low toughness) of 

these materials. An assessment of each of the tested materials led to the conclusion that the most 

likely explanation for this brittleness is a less-than-expected crosslink density. When fibre-reinforced, 

the brittleness is much less pronounced; nonetheless, it is important that if this class of materials is to 

be used as composite matrices going forward, they should be developed to be less brittle. 

In some preliminary tests discussed in Chapter 3, a few methods of reducing brittleness were explored. 

Since the low crosslink density is largely a product of the very short length of oligomer chain (from 

which the CANs are made), one obvious strategy for increasing the toughness is increasing the chain 

length. This can easily be achieved by varying the ratio of the amines and epoxides used in the 

synthesis of the prepolymer. However, by increasing the length of the prepolymer the ‘dynamic 

activity’ (manifested in terms of ‘melt-ability’) is reduced. Accordingly, it would be prudent in future 

work to prepare DA CANs which contain a mixture of long-chain oligomers/polymers (for toughness) 

and short-chain oligomers for dynamic activity. Other approaches were considered, and one that was 

deemed most promising was substitution of the prepolymer end-capping units. In the current 

generation of DA CANs, these end-caps are inert dicyclohexylamine groups; however, as also discussed 
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in Chapter 3, it should be possible to substitute these groups for furyl groups, which could participate 

in crosslinking/chain-extension—this should result in a large increase in apparent crosslink density, 

with only a minor change to the melt behaviour. The initial findings of this work were inconclusive and 

it would be advisable to carry out a more extensive study of this end-capping process. Ideally, a robust 

method of using the thiol-epoxy reaction to achieve this furyl end-capping should be explored, Figure 

6.1. 

 

Figure 6.1. The proposed use of furfuryl mercaptan (thiol) end-capping units (highlighted red) in DA CANs. 

The nature of the crosslinking unit in the Diels-Alder reaction, the bismaleimide (BMI) was also 

explored in a preliminary study. One of the limitations of the current iteration of DA CANs is their 

stability at elevated temperature. The viscosity of the CANs gradually increases with time, which leads 

to a reduction in dynamic performance. This is attributed to a combination of gradual homogenisation 

and the occurrence of undesired side-reactions which lead to permanent crosslinking. The most 

important of these side-reactions is BMI homopolymerisation (HP). Since HP typically occurs above 

the melting point of the BMI, one method of increasing high temperature stability may be to use 

higher-melting BMIs, such as BMI3 (Figure 6.2). This compound does appear to polymerise at 

significantly higher temperature (than those used herein); accordingly, the use of this compound 

should be further tested—isothermal rheology experiments would be a good way to determine any 

improvement in performance. 

 

Figure 6.2. The structure of the bismaleimides reported in Chapters 2 and 3. 

Alternative strategies involving the use of bisitaconimides (BIIs) and biscitraconimides (BCIs) were also 

explored, Figure 6.3. However, the former class of compounds appears to polymerise at lower 

temperature than BMIs so were ruled-out for this reason. A range of BCIs were successfully prepared 

and early results, in agreement with literature findings, suggest that these compounds undergo HP at 
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much higher temperatures than BMIs. However, unfortunately, no evidence of a successful Diels-Alder 

reaction between these compounds and furans was observed. Accordingly, these compounds do not 

appear to be viable. 

 

Figure 6.3. Bismaleimides, bisitaconimides and biscitraconimides (where X could be any molecular backbone). 

The use of DA CANs as thermoreversible adhesives was also tested in a preliminary lap-shear study. 

The results of this experiment (derived from a comparison of high-temperature and room 

temperature shear strengths) show that these polymers indeed have potential as reversible adhesives. 

However, several refinements to the methodology of testing are advisable including: (1) substrate 

surface preparation—the substrate surface should be more thoroughly keyed to create a more 

consistent bond line and (2) thermal equilibration—specimens should be given more time to 

equilibrate with the high temperature environment to ensure the polymer has reached the desired 

temperature. This should also improve consistency. The logical next steps in this work are to use 

composite substrates and to explore different (preferably localised) mechanisms of applying heat, 

perhaps through resistive heating. 

6.1.2 Diels-Alder CANs – future work 

The future work concerning the Diels-Alder CANs can be straightforwardly separated into studies 

concerning the neat polymer—notably the design of an improved next generation of DA materials 

(Section 6.1.2)—and studies concerning composite testing and characterisation (Section 6.1.3). 

As discussed in Section 6.1.1, there are two main limitations with the Diels-Alder CANs presented in 

this thesis: high temperature stability and brittleness. 

Preliminary studies with the use of high-melting crosslinkers (i.e. BMI3) show that this material is a 

promising candidate for creating DA materials which are less prone to the BMI HP reaction. DSC 

confirmed that HP occurs at a significantly higher temperature with BMI3 than BMI1 and BMI2, those 

used to make the CANs discussed in this thesis. In future work, new DA CANs should be made in two 

versions, one with BMI1 and one with BMI3 to compare performance. Isothermal rheology 

experiments would be particularly useful for comparing the high-temperature stability. 

One alternative method of increasing high temperature stability is by directly inhibiting the HP 

reaction. Since BMI homopolymerisation is believed to proceed via a radical mechanism, radical 

scavengers (such as TEMPO) could inhibit the reaction. Although radical scavengers can be very 
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effective in solution reactions, it remains unclear if this inhibitory activity would translate into polymer 

melts (and/or the solid state). A sensible way to bind TEMPO into a polymer network for such a 

purpose would be through reacting a primary amine (such as furfurylamine) with 4-oxo-TEMPO.1 This 

would ensure that the inhibitor remains bound into the polymer, Scheme 6.1. 

 

Scheme 6.1. The formation of a polymer-bound radical scavenger by imine formation from of 4-oxo-TEMPO and a polymer-

bound primary amine. 

To improve the brittleness of DA CANs, there are two main methods which can be employed: (1) the 

addition of toughening agents and (2) the redesign of the polymers. 

The addition and dispersion of nanoscale toughening agents such as clay particles or graphene oxide 

particles throughout a polymer is a well-known method of improving polymer toughness,2 so would 

be worth exploring in future work. However, a redesigned, new generation of DA CANs with a 

combination of short oligomers (for processability) and long oligomers (for toughening) is likely to 

produce a greater improvement. For this reason, a range of new DA polymers should be prepared 

which span a variety of prepolymer/oligomer lengths. Moreover, the use of furan end-caps (e.g. 2-

furfurylmercaptan, as mentioned above) should be explored further. Any means of increasing both 

the number of intermolecular and intramolecular (crosslinks) should result in a more mechanically 

robust material. New generations of DA CANs made in such a way should then be moulded and 

characterised through 3-point bend (3pb) testing and compared with DA1, DA2 and DA0.5. Moreover, 

in situ polymerisation methods should be investigated, since this may maintain one of the key 

advantages of thermosets over thermoplastics (fibre impregnation), which is not currently a feature 

of these powdered DA CANs. 

6.1.3 Diels-Alder composite – future work 

Although the value of DA CANs in composites has been demonstrated, more studies regarding 

composite manufacture and healing/recycling characterisation are required. Ideally, the fibre volume 

fraction of 12plyDA0.5 should be determined by microscopy and the self-healing/recycling 

experiments performed on 8plyDA1 should be extended to this composite. However, it is worth noting 

that it was difficult to consistently damage composite specimens via 3pb testing without significant 

fibre damage. For this reason, the values of self-healing appear deceptively low. With hindsight, a 

more robust method of investigating self-healing may be to forgo specimen-specimen comparison 
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(before/after repair) and instead use average results for quantifying healing. In doing this, the same 

specimens do not need to be used for each series of experiments. For example, with three series of 

specimens, one series could be used to determine pristine ultimate strength. A second series could be 

used to determine damaged strength via loading to a set strain (e.g. 4%), unloading the specimens 

and then re-testing to failure. The third series of coupons could be tested to the previous strain value, 

repaired and then finally also tested to failure. This methodology would allow average values of 

ultimate strength to be calculated for each series and compared between each of the three states 

(pristine, damaged, and repaired). This should make the data more reliable at the slight cost of 

increasing the number of specimens (and thus laminate area) required. Alternative mechanical tests 

could also be investigated in the future, one of the most promising candidates being compression after 

impact (CAI) testing. This test provides particularly valuable information given that impact damage is 

realistic of many real-world applications. The downside with CAI is it requires thicker laminates (more 

polymer) and is more complicated to perform. For further investigating the viability of the proposed 

recycling process, the fibre surfaces should be examined by microscopy for evidence of surface 

damage after treatment. In addition, a more critical analysis of the economics of different recycling 

processes should be performed; it is possible that using steam or supercritical fluids as alternatives to 

conventional solvents could be an improvement. 

6.2 Disulfides and diselenides 

6.2.1 Disulfides and diselenides – conclusions 

The primary objective of this sub-project was to explore the use of diselenide crosslinkers in CANs and 

attempt to compare their activity with disulfides. As a benchmark, the disulfide CAN reported by 

Odriozola et al.3 was prepared and characterised. As an associative (vitrimeric) CAN, this material had 

strongly contrasting behaviour to the Diels-Alder CANs discussed in Chapters 2 and 3. Surprisingly, the 

‘weak’ disulfide linkage was observed to have only a minor effect on the mechanical performance of 

the host polymer. This suggests that, when designed appropriately, the inclusion of dynamic moieties 

within polymer networks does not have to significantly compromise mechanical performance. 

A range of diselenides containing different functional groups were prepared and fully characterised, 

including one (BOCDS) which had potential as a latent epoxy curative. The metathesis of these species 

was explored and found to be extremely rapid and crucially, spontaneous at room temperature. These 

diselenides were then tested in small-scale polymerisation reactions. However, there is much research 

still to be performed on these materials. 
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Unfortunately, subsequent testing revealed that BOCDS is not stable at the high temperatures 

required to remove the BOC protecting groups. A comparison of disulfide- and diselenide-containing 

polymers by DSC indicates that diselenides have a lower thermal stability and likely decompose above 

200 °C. However, this should not be a problem for most target applications. 

6.2.2 Disulfides and diselenides – future work 

It would be desirable to continue researching methods of deprotecting BOCDS with a view to 

preparing the original target compound ADS, Scheme 6.2. The conformational flexibility produced by 

the benzylic (CH2) units combined with the aromatic rigidity would be expected to yield a high-

performance epoxy crosslinker. 

 

Scheme 6.2. BOCDS and ADS, the highest priority target of this sub-project. 

With ADS/BOCDS and each of the other diselenides (Figure 6.4), it would be prudent to explore their 

reactions in forming linear polymers before returning to network polymers (CANs). Although CANs are 

the ultimate goal of this research, the formation of linear polymers is generally both simpler and more 

controlled. Accordingly, such studies would likely be a more informative means of testing 

polymerisation and would still allow the dynamic behaviour to be explored. Moreover, the use of 

linear (non-crosslinked) polymers facilitates the use of rheology to probe the dynamic behaviour. 

Initial experiments reacting either CDS and PEDS with TDI (toluene diisocyanate) to prepare a 

polyamide and a polyurethane were unsuccessful and thus these experiments were not included in 

Chapter 4. In hindsight, the attempted polyurethane/polyamide syntheses would certainly have 

benefitted from being tested in linear polymers first—it seems likely that these syntheses were 

unsuccessful due to the use of glycerol as a crosslinker. Glycerol is highly hygroscopic and any water 

content could easily have consumed the isocyanates, preventing the expected polymerisation. 

Accordingly, the simple reactions of both of these diselenides with TDI should be tested and the 

resultant linear polymers tested for dynamic behaviour either by DMA, rheology or both. 
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Figure 6.4. The four diselenides investigated as crosslinkers in Chapter 4. 

Because diselenide and disulfide exchange operates through an additive radical mechanism, when 

used in network polymers (as CANs), the resulting polymers are best described as vitrimers. 

Accordingly, these materials cannot melt and thus the characterisation of the dynamic behaviour with 

rheology is essentially impossible. However, this makes analysis of these materials via DMA ideal. As 

such stress relaxation–based DMA experiments should be priority characterisation experiments with 

all of these diselenide polymers in the future. 

The potential of diselenide CANs to create visible light–activated functional composites means that 

these materials are certainly worth pursuing in the future. 

6.3 Diphosphanes 

6.3.1 Diphosphanes – conclusions 

The primary objective of this sub-project was to determine the viability of using P–P bonds in dynamic 

materials such as CANs. With a long history of unexplained dynamic behaviour, diphosphanes 

appeared to represent a hitherto unexplored source of dynamic covalent bonds. An extensive 

investigation into the underlying mechanism of diphosphane exchange (homometathesis) revealed 

new insights into this chemistry, most importantly that radical species are the key intermediates—a 

strong parallel with dynamic disulfide and diselenide chemistry. 

Crucially, tetraaryldiphosphanes are capable of rapid metathesis at room temperature and are also 

capable of metathesis in the melt. This means it is highly likely that aromatic diphosphanes within a 

polymer network would be capable of undergoing exchange under the right conditions. Since this 

reaction appears to be UV-initiated, this could be exploited to create UV-responsive CANs. However, 

in a series of attempted syntheses and an associated stability/reactivity study, it was observed that 

diphosphanes are highly reactive species and accordingly are not tolerant of many types of reaction 

environment. Acidic and oxidising environments are particularly problematic, though the 
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diphosphanes showed good tolerance toward reducing agents and bases, which gives hope that a 

functionalised diphosphane—that could be incorporated within a polymer network—can be prepared. 

The selanylphosphane/thiophosphane species introduced in Chapter 5 (heteromethathesis) are 

included for completeness and interest, since they do not seem to exhibit the dynamic behaviour of 

their parent species (diphosphanes and diselenides/disulfides). However, these species may have 

wider significance in phosphorus chemistry since—particularly in the case of selanylphosphanes—

they provide an atom-efficient and robust route to creating functionalised phosphines. Accordingly, 

further exploration of their reactivity, particularly in their coordination to transition metals is 

advisable. The potential to coordinate both through the phosphorus and selenium (or sulfur) atoms is 

highly unusual and thus would be important to confirm. 

6.3.2 Diphosphanes – future work 

Since the characterisation of diphosphane stability and metathesis has been largely completed, the 

majority of the future work associated with this sub-project concerns the synthesis of functionalised 

diphosphanes, in order to bind a diphosphane moiety within a polymer. 

 

Figure 6.5. The target functional diphosphanes discussed in Chapter 5: 7 – styrene-, 8 – phenol-, 9 – aniline- and 10 – 

benzaldehyde-functionalised diphosphanes. None of which have been previously reported. 

Of the target functionalised diphosphanes discussed in Chapter 5 (Figure 6.5), 8 the phenolic 

diphosphane, seems likely to be intrinsically unstable due to the mildly acidic phenol moieties. 7, the 

styrenyl diphosphane certainly seems a more viable candidate. When the synthesis of 7 was first 

tested, the author was unaware of the simple Mg-coupling method of P,P-formation. Accordingly, with 

hindsight, it seems quite likely that 7 could be isolated via such a reaction, since the chlorophosphine 

precursor (7b) has been cleanly prepared. Whether this compound could be successfully incorporated 

into a polymer network remains unclear. With the knowledge that diphosphane metathesis is radical-

mediated, it is possible that the diphosphane would be cleaved during incorporation with radical 

polymerisations—it is these processes, such as through polymerisation with acrylates, which would 

be the most straightforward way of integrating 7 into a polymer network, Scheme 6.3. Nevertheless, 
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there is a chance that a significant proportion of 7 would remain intact in such a polymerisation; this 

is certainly worth exploring. 

 

Scheme 6.3. A revised synthesis and method of polymerising 7 with acrylate chemistry. 

Of the literature compounds referred to in Chapter 6, whose syntheses were not attempted, 2 and 6 

are the most viable candidates, Figure 6.6. The tetraphosphane 2,4 could feasibly be reduced at the 

nitrile positions using SmI2 (to primary amines),5 and then reacted into a polymer network, perhaps 

through epoxy chemistry. However, it is unclear if the cyclotetraphosphane unit would have the same 

reactivity as aromatic diphosphanes. Compound 6 is perhaps the most promising candidate,6 as a 

relatively simple (though non-aromatic) diphosphane, it would be expected to have a similar 

susceptibility to metathesis as those compounds discussed in the homometathesis study. P–Cl bonds 

are generally highly reactive and would be expected to react with a range of nucleophiles, including 

amines and organometallic species. 

 

Figure 6.6. Literature examples of P–P-containing species with pendent functional groups. 
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Multiple potential synthetic schemes for the preparation of 9 and 10 were conceived, though none 

were tested. These are some of the most desirable targets discussed in Chapter 5, particularly the 

primary amines (of 9), which would be expected to easily crosslink epoxies. A proposed synthesis of 9 

is outlined in Scheme 6.4. More labile protecting groups, including BOC/FMOC units, were deemed 

likely to be cleaved during one or more of the proposed reaction steps. The required tolerance of any 

functional group (for diphosphane synthesis) that is particularly challenging to achieve, is tolerance to 

organometallic reagents such as Grignards and organolithiums. One such group is the benzylic groups 

proposed. However, these groups are generally only removable using H2 with Pd/C—the stability of 

diphosphanes in such an environment is unknown. 

 

Scheme 6.4. The proposed synthesis of the tetra-aniline diphosphane 9 using benzyl protecting groups. 

The proposed synthesis of 10 may have a higher chance of success, Scheme 6.5; the aldehyde moieties 

could feasibly be incorporated into a polymer network via imine formation (reaction with amines), 

though this is often acid-catalysed, which would not be feasible here. Alternatively, the reaction with 

an organometallic reagent, such as Grignard (producing a 2° alcohol) could be exploited. In this 

proposed synthesis, since the acetals should be stable to the organometallics, the most likely source 

of problems is the HCl (chlorination) step—the standard method of removing acetals is in aqueous 

acid. Nevertheless, since this process should be completely anhydrous the acetals should not be 

cleaved. 
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Scheme 6.5. The proposed synthesis of the tetra-aldehyde 10. 

In addition to the major challenges in preparing functional diphosphanes, the secondary challenge 

with implementing this exchange in polymers is the oxygen sensitivity of these species. Diphosphanes 

readily oxidise in air. Although this was not discussed in detail during Chapter 5, there are no literature 

examples of metathesis occurring in the oxidised (P(V)–P(V)) form of diphosphanes. Indeed, in the few 

experiments performed in the course of this work, no reaction was observed between the 

diphosphanes shown in Scheme 6.6. Despite this, due to steric shielding, it would be expected that 

diphosphanes would be considerably more resilient to oxidation when bound within polymer 

networks. Moreover, radical scavenger species such as TEMPO were shown in Chapter 5 to inhibit 

diphosphane oxidation and thus could be used as polymer additives to further improve oxidative 

stability in P–P polymers. This should be the subject of future research if diphosphanes are successfully 

integrated within polymers. 

 

 

Scheme 6.6. No metathesis reaction is observed between P(V)–P(V) diphosphanes. 
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6.4 Concluding remarks 

In this thesis the author has attempted to demonstrate the value of covalent adaptable networks 

(CANs) in fibre-reinforced polymer composites (FRPs), particularly with respect to their potential to 

improve sustainability. These improvements may be manifested through a combination of 

phenomena which serve to increase composite lifetime (via straightforward repair) and reduce waste 

(through novel manufacture methods and end-of-life recycling). These concepts were explored with a 

new generation of Diels-Alder materials prepared in collaboration with TNO Eindhoven (Chapters 2 

and 3). Although presently these materials exhibit some mechanical limitations, namely brittleness, 

they clearly demonstrate the value that CANs may contribute to the future of FRPs. It is hoped that 

future iterations of these materials may find a useful compromise between mechanical performance 

and dynamic activity. 

In Chapters 4 and 5, new dynamic chemistries were explored with a view to their eventual 

development into functional CANs. In Chapter 4, several new diselenides were prepared and initial 

investigations into their application within polymers explored. With some refinement concerning 

polymerisation method, and characterisation using DMA, some of these materials have potential 

significance in the field of CANs, with the epoxy (EpxSeSe1) prepared from the dialkylamino diselenide 

(AADS) a particularly promising candidate. In Chapter 5, a new avenue within dynamic chemistry was 

explored using diphosphanes (P–P bonds). As a result of this research, the exchange reaction between 

these species is now well-understood and due to their highly dynamic behaviour, diphosphanes could 

have significance in the field of dynamic covalent chemistry. 
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