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SUMMARY 

The continuous rise in anthropogenic carbon dioxide (CO2) emissions and the persistent 

accumulation of plastic waste rank among the most pressing environmental challenges of the 

21st century. Although traditionally addressed as independent issues, both problematics share 

a common origin in our heavy reliance on fossil resources and call for the development of more 

integrated valorisation strategies. Against this background, the present thesis explores a 

combined approach in which CO2 is activated through organic carriers and covalently 

incorporated into post-modified polyolefin backbones. 

The work is structured around three interconnected axes. The first concerns the preparation 

of CO2-binding organic liquids (CO2BOLs) and the study of their reactivity toward model 

electrophiles. Combining experimental observations with density functional theory (DFT) 

calculations, a unique metal-free, cation-assisted ion-pair mechanism is uncovered, enabling 

the selective synthesis of linear dialkyl carbonates from alkyl iodides. The second axis 

transposes this chemistry to two macromolecular substrates, namely pristine and iodinated 

poly(vinyl chloride) (PVC), through the use of alcohol (CO2BALs) and amine (CO2BAMs) 

analogues of these CO2BOLs, thereby demonstrating the feasibility of covalently incorporating 

CO2 along a polymer backbone under mild conditions while limiting competing elimination 

pathways. 

The third axis addresses the selective functionalisation of the chemically inert C-H bonds of 

polyolefins. A solvent-free iodination protocol implemented by twin-screw extrusion at 106 °C, 

using iodoform and sodium hydroxide, enables the incorporation of substantial iodine contents 

into polyethylene (PE) and isotactic polypropylene (iPP) without detectable chain cleavage. By 

finely tuning the balance between iodination and elimination, the same mechanochemical 

process affords the stereoselective formation of conjugated polyene sequences in the cis 

configuration - typically accessed only through cryogenic routes - and opens the way to further 

post-functionalisation reactions such as reactive-extrusion epoxidation. 

Taken together, these investigations establish a coherent framework combining CO2 

activation through organic carriers and the functionalisation of commodity polyolefins and pave 

the way for integrated upcycling strategies at the interface between CO2 valorisation and plastic 

recycling. 
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ABBREVIATION TABLE 
1H / 13C 

NMR 

Proton / Carbon 13 nuclear 

magnetic resonance  

3Rs Reduce, Reuse, Recycle 

ACN Acetonitrile 

AFOLU 
Agriculture, Forestry and Other 

Land Uses 

AIBN Azobisisobutyronitrile 

AMP 2-amino-2-methyl-1-propanol 

AP As prepared 

ASTM 
American Society for Testing and 

Materials 

ATR Attenuated total reflectance 

B3LYP Becke, 3-parameter, Lee-Yang-Parr 

BECCS 
Bioenergy with carbon capture and 

sequestration 

ButNH2 Butylamine 

ButOH Butanol 

CAE Constant analyser energy 

c-AFM 
Conductive atomic force 

microscopy 

CAN Covalent adaptable network 

CCS 
Carbon capture and 

sequestration/storage 

CCU Carbon capture and utilisation 

CDCl3 Deuterated chloroform 

CDR Carbon dioxide removal 

C-F Conant-Finkelstein 

CHO Cyclohexene oxide 

CHP Combined heat and power 

CI Chemical ionisation 

CLC Chemical looping combustion 

CLOU 
Chemical looping with oxygen 

uncoupling 
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CO Carbon monoxide 

CO2 Carbon dioxide 

CO2BAL CO2-binding alcohol 

CO2BAM CO2-binding amine 

CO2BOL CO2-binding organic liquid 

CO2e CO2 equivalent 

CO2-EOR CO2-enhanced oil recovery 

CO2RR CO2 reduction reaction 

COF Covalent organic framework 

C-PCM 
Conductor-like polarisable 

continuum model 

CPE Chlorinated polyethylene 

CP-MAS 
Cross polarisation magic angle 

spinning 

CRI Carbon recycling international 

DAC Direct air capture 

DACCS Direct air capture and storage 

DACCU Direct air capture and utilisation 

DBN 1,5-diazabicyclo[4.3.0]non-5-ene 

DBU 
1,8-diazabicyclo[5.4.0]undec-7-

ene 

DEC Diethyl carbonate 

DE-XRT Dual-energy X-ray transmission 

DFT Density functional theory 

DMC Double metal cyanide 

DMC Dimethyl carbonate 

DME 1,2-dimethoxyethane 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

E2 Bimolecular elimination 
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EC Ethylene carbonate 

EGEE Ethylene glycol ethyl ether 

EGME Ethylene glycol methyl ether 

EIS 
Electrochemical impedance 

spectroscopy 

EOR Enhance oil recovery 

e-PE Epoxidised PE 

ESI-MS 
Electrospray ionisation coupled to 

mass spectrometry 

FCC Fluid catalytic cracking 

FT Fischer-Tropsch 

FT-IR Fourrier Transform Infrared 

GC-MS 
Gass chromatography coupled to 

mass spectrometry 

GHG Greenhouse gas 

GWP Global Warming Potential 

H2 Hydrogen 

HAT Hydrogen atom transfer 

HCl Hydrochloric acid 

HDPE High density polyethylene 

HexNH2 Hexylamine 

HexOH Hexanol 

HTL Hydrothermal liquefaction 

IEA International Energy Agency 

IGCC 
Integrated gasification combined 

cycle 

IL-CCS 
Illinois Inudtrial Carbon Capture 

and Storage 

IPCC 
Intergovernmental Panel on 

Climate Change 

I-PE Iodinated PE 

iPP Isotactic polypropylene 

I-PP Iodinated PP 

ISO 
International Organization for 

Standardization 
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LDPE Low density polyethylene 

LED Light emitting diode 

LIBS 
Laser-induced breakdown 

spectroscopy 

LiTFSI 
Lithium 

bis(trifluoromethanesulfonyl)imide 

LLDPE Linear low density polyethylene 

LSV Linear sweep voltametry 

LULUCF 
Land Use, Land Use Change, and 

Forestry 

MA Maleic anhydride 

mCPBA Meta-chloroperoxybenzoic acid 

MD Molecular dynamics 

MDEA Methyldiethanolamine 

MDT Maximal degradation temperature 

MEA Monoehtanolamine 

MEK Methyl ethyl ketone 

MFI Melt flow index 

Mn Number-average molecular weight 

Mn th Theoretical Mn 

Mn/Mw 

SEC 
Mn or Mw determined by SEC 

MOF Metal-organic framework 

MTT 

tetrazolium dye 3-(4,5-

dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

MVA 
Monitoring, verification and 

accounting 

Mw Weight-average molecular weight 

n-C16 n-hexadecane 

NCI Non-covalent interaction 

NECCS 
Negative emissions carbon 

capture and storage 

NHPI N-hydroxyphthalimide 

NIPU Non-isocyanate polyurethane 

OCV Open-circuit voltage 
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PC polycarbonate 

PC Propylene carbonate 

PCHC Poly(cyclohexene carbonate) 

PE Polyethylene 

PE-g-MA 
Polyethylene-grafted maleic 

anhydride 

PET Poly(ethylene terephthalate)  

PHU Poly(hydroxyurethane) 

PINO Phthalimido-N-oxyl 

PMMA Poly(methyl methacrylate) 

PO Propylene oxide 

POSS 
Polyhedral oligomeric 

silsesquioxane 

PP Polypropylene 

PPC Poly(propylene carbonate) 

PP-g-MA 
Polypropylene-grafted maleic 

anhydride 

PS Polystyrene 

PSA Pressure swing adsorption 

PSAR Polarity-swing-assisted recovery 

PTC Phase-transfer catalysis 

PU Polyurethane 

PVC Poly(vinyl chloride) 

PVC-I Iodinated PVC 

PVDC Polyvinylidene chloride 

ROCOP Ring-opening copolymerisation 

RWGS Reverse water gas shift 

SAFT Statistical Associating Fluid Theory 

SDD(I) 
Small delay defect (for the iodine 

atom) 

SDG Sustainable Development Goals 

SEC Size exclusion chromatography 
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SET Single electron transfer 

SN Nucleophilic substitution 

SN2 
Bimolecular nucleophilic 

substitution 

SPI Society of the Plastics Industry 

SS Screw speed 

SS Stainless steel 

Syngas Synthesis gas 

TBAB Tetrabutylammonium bromide 

TBD 
1,5,7-triazabicyclo[4.4.0]dec-5-

ene 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

TMG 1,1,3,3-tetramethylguanidine 

TMS Tetramethyl silane 

TMSN3 Azidotrimethylsilane 

ToF Time of flight 

TRL Technology readiness level 

TS Transition state 

TSA Temperature swing adsorption 

TSE Twin screw extrusion 

TVSA 
Temperature-vacuum swing 

adsorption 

UNEP 
United Nations Environment 

Programme 

UPO Unsaturated polyolefin 

VMD Visual molecular dynamics 

VTF Vogel-Tamman-Fulcher 

WGS Water gas shift 

Wt% Weight percent 

WTE Waste-to-energy 

XPS X-ray photoelectron spectroscopy 



Abbreviation Table 

 

 
7 

XRF X-ray fluorescence 

ZSM-5 Zeolite Socony Mobil-5 
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GENERAL INTRODUCTION 
The rapid increase in anthropogenic carbon dioxide (CO2) emissions and the accumulation of 

plastic waste represent two of the most pressing environmental challenges of the 21st century. 

The extensive use of fossil resources for energy and chemical production has led to a 

continuous rise in atmospheric CO2 levels, contributing significantly to climate change and its 

associated impacts. At the same time, the widespread production and use of plastics - 

particularly polyolefins such as polyethylene and polypropylene - have generated vast quantities 

of persistent waste, the majority of which is not effectively recycled and instead accumulates in 

landfills or the natural environment. These materials are highly resistant to degradation, leading 

to long-term ecological consequences. Conventional approaches to addressing these issues 

typically consider them separately, focusing either on carbon capture and storage or on 

mechanical and chemical recycling of plastics. However, such strategies often suffer from 

economic or technical limitations. In this context, the development of innovative solutions that 

simultaneously address both CO2 emissions and plastic waste is of growing interest. In 

particular, the transformation of CO2 into value-added chemical building blocks, coupled with 

the functionalisation and upgrading of polymeric materials, offers a promising route toward 

more sustainable and circular processes. By integrating these approaches, it becomes possible 

to envision new pathways for waste valorisation that contribute to both resource efficiency and 

environmental protection. 

This PhD work aims to address these two major waste streams through the development of 

an integrated recycling strategy. This approach relies on the functionalisation of polymers, in 

particular the halogenation of polyolefins, followed by their reaction with CO2-derived 

compounds. 

In this context, the objectives of this research are threefold. First, the synthesis of CO2-

derived compounds and their reactivity toward small model molecules will be investigated and 

optimised. In parallel, the halogenation of polyolefins will be developed and refined. Finally, 

these two research directions will be combined through the reaction between the resulting 

products, with the overall aim of enabling the upcycling of plastic waste via CO2 valorisation. 

Each of these objectives is pursued with the aim of developing a strategy that is both as 

environmentally and economically viable as possible.  

This manuscript is divided into six chapters, which are presented according to the 

aforementioned objectives and summarised below.  

Chapter 1 is dedicated to the contextualisation and state-of-the-art regarding the 

problematics of plastic waste and carbon dioxide management. Strategies currently in use or 

under research are presented. A detailed description of mechanical and chemical recycling 

technologies is first provided in the plastic waste management section of this chapter. Particular 
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attention is then given to the recycling of the most common thermoplastic polymers, 

highlighting both established and emerging approaches specific to these widely used materials. 

Finally, alternative plastic waste recycling strategies including, post-synthetic functionalisation 

and plastic waste upcycling, are discussed. The second section of this chapter focuses on CO2 

management strategies. These include atmospheric CO2 removal, carbon capture and storage 

(CCS), and carbon capture and utilisation (CCU), each covering a large array of technologies. 

Finally, this section and chapter are concluded by a state-of-the-art on CO2-binding organic 

liquids (CO2BOLs), a specific class of organic compounds notably used for the capture of CO2 at 

the industrial scale. Building on this background, the first part of this PhD work focused on the 

valorisation of CO2 through organic pathways, before moving toward the treatment of 

commodity plastics. 

In Chapter 2, we describe the selective bimolecular nucleophilic substitution (SN2) reaction 

between primary and secondary alkyl iodides with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)-

based CO2BOLs. We show that TBD is a great candidate for bulk carbon dioxide and alcohol 

binding at 100 °C. TBD-based carbonate salts are selective for SN2 processes, allowing them to 

work with highly reactive alkyl iodide while 

eliminating unwanted base quaternisation 

either in acetonitrile or in bulk at both 21 °C 

and 65 °C. The high reactivity of these TBD-

based CO2BOLs toward backside SN2 

processes at low temperature is explained by 

the presence of the TBD.H+ guanidinium, 

revealing a unique metal-free cation-assisted 

SN2 ion-pair process. The unique nature of 

this mechanism led us to investigate the 

reactivity of our TBD-based CO2BOLs toward 

one of the most problematic polymers in 

terms of recycling to date, namely poly(vinyl 

chloride) (PVC). 

Chapter 3 explores the use of TBD-based CO2-binding 

alcohols - hereafter referred to as CO2BALs to distinguish 

them from their amine-based counterparts (CO2BAMs, 

introduced in Chapter 4) - as nucleophiles for PVC 

functionalisation, aiming to enhance its upcycling 

potential. The impact of solvent polarity, CO2BAL 

conversion, and reaction time on the substitution-to-

elimination ratio was systematically investigated. Although 

the degree of substitution remained below 10 wt%, a 
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promising SN2/E2 selectivity of 94/6 was achieved. The functionalised materials were 

characterised using 1H NMR, FT-IR, SEC, and TGA, confirming the successful grafting of 

carbonate moieties and highlighting thermal stability trends. While CO2BAL stabilisation in polar 

solvents may limit reactivity, alternative approaches were considered to improve substitution 

efficiency and are presented in the next chapter. This work provides new insights into CO2-based 

strategies for PVC modification, bridging the gap between polymer upcycling and sustainable 

chemistry.  

To recover the high reactivity of 

iodinated electrophiles evidenced in 

Chapter 2, we then decided to modify 

the nature of PVC itself through a 

partial iodination reaction, thereby 

enhancing its reactivity toward 

CO2BOLs - in this case, CO2BAMs. To 

this end, Chapter 4 describes an 

aqueous phase-transfer catalysis strategy enabling the selective iodination of PVC under mild 

and sustainable conditions. The subsequent reaction with a 1,8-diazabicyclo[5.4.0]undec-7-une 

(DBU)-based CO2BAM achieves efficient SN2 substitution at CH-X centres, improving CO2 

incorporation fourfold relative to previous CO2BAL strategies. The polymer remains fully soluble, 

demonstrating a greener, safer, and effective approach to PVC structural modification. 

Building on the findings of these last two chapters, the iodination of polyolefins became the 

cornerstone of this work. In this context, Chapter 5 presents a novel, solvent-free approach for 

the iodination of polyethylene (PE) using twin-screw extrusion under mild conditions. The 

iodination process, typically challenging due to the inertness of PE, was successfully carried out 

using iodoform (CHI3) as the iodine source and NaOH as the initiator, all at a low reaction 

temperature of 106 °C. Initial optimisation using n-hexadecane as a model compound yielded 

efficient mono-iodination, which was then extended to PE, achieving iodine incorporation levels 

of up to 23 wt%. The process was further applied to isotactic polypropylene (iPP), reaching 

iodine contents of approximately 22 wt%. The resulting iodinated polymers were characterised 

using 1H NMR, SEC, FT-IR, TGA, and 

XPS, confirming successful iodine 

incorporation and the absence of 

polyolefin chain cleavage. Thermal 

analysis revealed significant 

changes in crystallinity and melting 

temperatures, directly correlated 

with the iodine content, especially 

for PE. This scalable, 
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environmentally friendly method opens new avenues for polyolefin functionalisation, enhancing 

their potential in advanced materials, including biomedical imaging and diagnostics, where 

iodine’s high atomic number improves radiopacity, as well as flame-retardant polymers and 

polymers with improved coating and adhesion properties.  

Chapter 6 naturally emerged from exploiting 

the limitations of the iodination process 

developed in Chapter 5, namely the formation of 

unsaturations. This chapter thus presents a 

solvent-free, mechanochemical approach to 

introduce conjugated polyene sequences into 

polyethylene (PE) via a twin-screw extrusion 

process. The controlled iodination/elimination 

strategy enables the stereoselective formation 

of cis polyenes, a configuration typically achieved under cryogenic conditions but here 

accessible at higher temperatures (106 °C) in a melt-processing environment. This novel 

approach is confirmed through spectroscopic characterisation, including ATR-FTIR, Raman, and 

CP-MAS 13C NMR, and a Diels–Alder reaction that verified the stereochemistry of the resulting 

polyene. The polymer shows remarkable oxidative stability, with no degradation observed even 

after six months under ambient conditions. The unsaturated fragments within the polymer 

exhibit distinct reactivity, allowing selective post-functionalisation via epoxidation under 

reactive extrusion conditions. Mechanochemical epoxidation with m-chloroperoxybenzoic acid 

(mCPBA) improves solubility and processability without chain fragmentation, as evidenced by 

SEC analysis. This work presents a scalable route for the selective functionalisation of 

polyolefins, opening new avenues for their valorisation into advanced materials and 

demonstrating the feasibility of high-temperature processing for the formation of conjugated 

polyenes. 

Finally, the main findings of this work are summarised in the general conclusion, along with 

the perspectives that naturally emerge from it, ranging from the convergence between the TSE-

iodinated polyolefins of Chapter 5 and the CO2BOL chemistry developed in Chapters 2-4, to the 

direct use of CO2 as a reactive partner for the epoxidised polyethylene of Chapter 6, as well as 

alternative chemistries for tethering CO2-derived functionalities onto polyolefin backbones. 
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I. Introduction 
The emergence of plastic materials can be traced back to the mid-1800s with the invention of 

cellulose-based materials such as Parkesine and Celluloid.1  However, the first fully synthetic 

plastic wasn’t invented until 1907, when Leo Baekeland introduced Bakelite.1,2 In the decades 

that followed, plastic production diversified and industrialised rapidly, with World War II acting 

as a catalyst for mass manufacturing.3 By the 1960s, concerns over plastic pollution and its 

environmental impact began to surface. Indeed, it quickly became clear that the properties that 

made plastics such attractive materials, were also their biggest drawback when reaching the 

end of their use life.4   

Today, the annual global production of plastics has exceeded 400 Mt.3,5 In other words, a 200-

fold increase in production has been observed in the span of 70 years (Figure 1.1). Since two 

thirds of those plastics only have a short lifetime, the production of such large amounts can only 

generate nearly as much waste. Furthermore, most of this waste is not managed properly, 

leading to its accumulation in the natural environment and the devastating consequences that 

come with it.3,6  

 
Figure 1.1. Historical growth of global plastic production (1950 – 2022).  Adapted from Enviraj.7 

Currently, there are three main ways to handle plastic waste: recycling, incineration, or 

landfilling.8  Although Europe recycled about 27 % of its plastic waste in 2022, around 24 % was 

still sent to landfill while the remaining 49 % was incinerated.5  As encouraging as these figures 

may seem, global statistics reflect a far less optimistic reality. Indeed, according to the United 

Nations Environment Programme, less than 10 % of plastic waste is recycled globally (Figure 

1.2).9  Thus, tremendous effort is still required if a circular plastics economy is to be reached.  
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Figure 1.2. Global plastic waste management distribution. Adapted from OECD.10 

Moreover, the production, use, and disposal of conventional fossil fuel-based plastics was 

responsible for the emission of an estimated 1.7 gigatons of carbon dioxide equivalent* (GtCO2e) 

in 2015.9 A truly circular plastics economy would therefore allow to not only reduce plastic 

pollution, but also mitigate greenhouse gas (GHG) emissions, thereby tackling two of the most 

pressing environmental challenges of our time. 

Unfortunately, plastics are not the only ones at fault when it comes to GHG emissions. 

Indeed, in 2023, an all-time new record for global GHG emissions was set with 57.1 GtCO2e, 

most of which is linked to energy consumption (Figure 1.3). The largest contributor, accounting 

for approximately 75 %, is the notorious carbon dioxide.12  Hence, although the recycling of 

plastic waste would indeed help mitigate GHG emissions, more impactful actions need to be 

taken.  

 
Figure 1.3. Global GHG emissions by sector (2023). AFOLU = “Agriculture, Forestry, and other Land Use” 
and LULUCF “Land Use, Land-Use Change, and Forestry”. Adapted from UNEP Emissions Gap Report 
2024.12 

 
* Carbon dioxide equivalent (CO2e) is a standardized metric used to compare emissions from different 
greenhouse gases based on their global warming potential (GWP), by converting the quantity of each gas 
into the amount of CO2 that would produce an equivalent warming effect over a given time horizon.11 
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Two main strategies exist for tackling CO2 emissions. The first one consists in upstream 

mitigation. It involves reducing emissions at the source, mainly by decreasing our reliance on 

fossil fuels. Despite this, CO2 production might be unavoidable in a society as industrialised as 

ours. Therefore, downstream solutions such as removal from the atmosphere, carbon capture 

and storage (CCS), and carbon capture and utilisation (CCU) are also a possibility. 

This first chapter provides an overview of the current state of the art in two key environmental 

challenges: plastic waste recycling and CO2 management. To address these topics effectively, 

the chapter is divided into two main sections. The first section explores the technologies 

currently employed in plastic waste recycling, with a particular focus on polyethylene (PE), 

polypropylene (PP), and poly(vinyl chloride) (PVC). It also reviews alternative plastic waste 

valorisation pathways. The second section shifts focus to CO2 management, covering various 

strategies such as atmospheric CO2 removal, CCS, and CCU. Special attention is also given to 

CO2-binding organic liquids (CO2BOLs), highlighting their potential applications. 

II. Plastic Waste Management 
As previously outlined, plastic waste is generally managed in three different ways: landfilling, 

incineration, or recycling. Although landfilling appears as the path of least resistance, one 

cannot consider it as a sustainable approach to plastic waste management. Indeed, despite 

presenting advantages - such as low energy requirement, cost effectiveness, or high waste 

throughput - the drawbacks of this method significantly outweigh its benefits.3 When placed in 

landfill, plastic waste can be leaked into the environment and lead to the contamination of 

waterbodies and soils.3,4 Once in the environment, whether marine or terrestrial, a butterfly 

effect is triggered leading to devastating consequences for biodiversity, but also impacting 

public health and socio-economic systems.3 This is why several European countries, including 

Belgium, have implemented landfill bans.5 

Incineration of plastic waste, also known as waste-to-energy (WTE) or energy recovery, 

represents an equally environmentally damaging waste management strategy. It consists in 

burning plastics to recover the energy generated from the heat. However, while it allows for 

reduction of waste volumes, WTE mostly exhibits disadvantages. First of all, it produces more 

GHG emissions than other forms of energy production such as coal, oil, and natural gas.13 

Additionally, it also releases toxic compounds into the environment both via direct emission into 

the atmosphere and the disposal of the byproducts (ash and wastewater), leading to serious 

health issues.14–19 Despite being more economically attractive, incineration offers little 

justification as a long term strategy, especially when more sustainable, low-impact waste 

management strategies like recycling are available.20–22 

Per the hierarchy established by the 3Rs (Reduce, Reuse, Recycle) principle of plastics waste 

management, recycling is the most sustainable strategy after reducing the amounts of 
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generated waste and reusing products already available on the market.3 Although energy 

recovery is often still considered a form of recycling, this view is no longer supported by current 

standards: the ASTM (American Society for Testing and Materials) D7209 guide, which 

encompassed energy recovery within its scope of plastics waste management practices, was 

withdrawn in 2015 and has not been replaced.21–24 In contrast, the International Organization for 

Standardization (ISO) explicitly defines recycling as “processing of plastics waste materials for 

the original purpose or for other purposes, excluding energy recovery”25 (ISO 15270:2008).† The 

methodologies that are encompassed by this definition are discussed below. 

A. Recycling Methods 

Depending on the nature of the polymer that is to be recycled, various methods can be 

considered, and some may be preferred over others. According to the same ISO standard (ISO 

15270:2008), there are three different approaches to recycling defined as follows: 25  

 Mechanical recycling: Processing of plastics waste into secondary raw material or 

products without significantly changing the chemical structure of the material. 

 Feedstock recycling (or chemical recycling): Conversion to monomer or production of 

new raw materials by changing the chemical structure of plastics waste through 

cracking, gasification, or depolymerisation, excluding energy recovery and incineration.  

 Biological recycling (or organic recycling): Aerobic (composting) or anaerobic 

(digestion) treatment of biodegradable plastics waste under controlled conditions using 

micro-organisms to produce, in the presence of oxygen, stabilised organic residues, 

carbon dioxide and water or, in the absence of oxygen, stabilised organic residues, 

methane, carbon dioxide and water. 

While biological recycling is outside the scope of this thesis, readers seeking a more in-depth 

discussion on the subject are invited to refer to recent reviews by Liu et al.26 as well as Getino et 

al.27 

  

 
† ISO 15270:2008 is currently under revision and is expected to be replaced by a five-part series (ISO 
15270-1 to ISO 15270-5). As all parts have not yet been published at the time of writing, the definitions 
used here are those of the latest confirmed version of ISO 15270:2008 (last reviewed in 2018), which 
remains the current standard. 



Chapter 1 

 

 
20 

1. Mechanical Recycling 

Generally, mechanical recycling of plastic waste is seen as merely a two-step process 

involving melting and reshaping of the materials. In reality, these operations represent only the  

final stages of a much more complex system (Figure 1.4). The process begins with waste 

collection, followed by sorting, washing, and grinding steps, which may occur in different 

sequences and be repeated multiple times. Each stage is critical, as high-purity polymer 

streams are required to obtain higher-quality recycled materials. Only after these conditions are 

met are the resulting plastic flakes melted and reprocessed using various methods.3,6,8,21,28–30 

 
Figure 1.4. Mechanical recycling steps for post-consumer plastic waste. Clockwise from the top : 

plastic waste, collection, sorting, washing, grinding, reprocessing, and new product. 

As the first step, collection is just as essential to the efficiency of mechanical recycling as the 

rest of the process. More specifically, separate waste collection, which relies on an initial 

separation at the consumer level, is crucial in order to facilitate processing of the waste.31,32 

According to the 2024 report published by Plastics Europe, when comparing recycling rates for 

plastics collected separately to those of mixed waste streams, the former exceed the latter 

thirteen-fold.5 Moreover, literature shows that adopting door-to-door collection schemes both 

decreases waste generation and increases purity of the waste stream, thereby increasing 

recycling rates.31,33  

Despite separate waste collection, plastic waste streams still consist of a wide variety of 

polymers characterised by an even larger array of properties. This means that there is no one-

size-fits-all method for plastics recycling. The waste thus needs to be further sorted following 

collection. This generally happens at a sorting facility before the sorted waste fractions can go 

on to recycling plants. Indeed, due to the lack of a universal recycling method, facilities 

generally specialise in the recycling of one polymer type. Hence, different companies deal with 

different steps of the recycling process. 
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Plastic waste sorting relies on the materials’ physicochemical properties like size, density, 

colour, or even surface wettability.34,35 However, it typically starts with operators manually 

removing large and/or non-recyclable items from the waste stream.34,36 Then depending on the 

plant, many different sorting techniques can be associated. Mechanical methods use sieves / 

screens to separate the waste based on size. Regardless of the type of screen (disc, rotating 

drum, or oscillating / vibrating), they all contain specific size openings through which waste of 

the appropriate size falls. Usually, three fractions are collected. In the first one, items are 

smaller than 30 mm, while the other two contain items bigger than 150 mm (oversize) and those 

of intermediate size (30 < x < 150 mm), respectively.37,38 Figure 1.5 schematises a simplified side 

view of a vibrating screen separator and the resulting size segregation of the waste. 

 
Figure 1.5. Simplified side view of a vibrating screen separator.38,39 

There are also several ways through which metallic items can be separated from the plastic 

waste stream. On the one hand, ferrous metals are extracted using magnetic devices such as 

overbelt magnets, magnetic head pulleys or magnetic drums as depicted in Figures 1.6a-c. In 

each case, the magnet is used to attract the metallic items and retain them longer than non-

magnetic materials, thereby leading to separation.34 On the other hand, non-ferrous metals (i.e. 

aluminium, copper, zinc), which are not magnetic, are separated from the rest of the stream 

using a method known as Eddy current separation (Figure 1.6d). In this technique, a high-speed 

magnetic rotor creates an alternating magnetic field, which induces an electric current (Eddy 

current) in conducting metals passing through the field. This induced current in turn generates a 

secondary magnetic field opposed to that of the rotor. This triggers repulsive forces between the 

rotor and the metallic item and thus separation from the waste stream.34,40,41 As with mechanical 

or magnetic separation techniques, various types of Eddy current separators exist depending on 

the type of rotor it uses.40 Moreover, both magnetic and Eddy current separation are often 

associated with mechanical methods at the beginning of the sorting process.8,38 
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Figure 1.6. Schematic representation of techniques used to sort ferrous (a-c) and non-ferrous (d) metals 

out of the waste stream. (a) Overbelt magnetic separator, (b) magnetic head pulley separator, (c) magnetic 

drum separator, and (d) Eddy current separator. Metallic items are represented in orange while non-

metallic ones are represented in green. (Reproduced from reference 34) 

Other widely used sorting technologies rely on material density. These methods can be 

classified into two categories: dry and wet techniques. Dry techniques such as wind sifters, 

ballistic separators, or film grippers, use airflow to separate lighter items from heavier ones. 

Conversely, wet techniques are based on the differences in density between the material and a 

liquid medium. For example, in sink–float separation using water (density = 1 g.cm-3), polymers 

with densities below 1 g.cm-3, such as polyethylene (PE, 0.925 – 0.96 g.cm-3) and polypropylene 

(PP, 0.905 g.cm-3), float, while polymers with higher densities, such as polyethylene 

terephthalate (PET, 1.35 g.cm-3) and polyvinyl chloride (PVC, 1.30 – 1.58 g.cm-3), sink.8,34,42 

However, further separation is often not possible due to overlapping density ranges among 

different materials.8,43 Consequently, additional techniques must be applied. These include 

magnetic density separation,41 froth flotation,45 triboelectric (or electrostatic) separation46 and / 

or sensor-based technologies. The latter rely on various detection methods operating across a 

wide range of the electromagnetic spectrum, from X-ray to terahertz wavelengths.8,34,35,47 The 

most widely used sensor technologies for plastic waste sorting at the industrial level include 

dual-energy X-ray transmission (DE-XRT) and X-ray fluorescence (XRF) spectroscopies, colour 

line-scan cameras, infrared and hyperspectral cameras, as well as laser-induced breakdown 

spectroscopy (LIBS).47 Regardless of the detection method, the sensor is generally placed above 

the conveyor belt on which the waste stream is fed. Following detection and upon reaching the 

end of the belt, items of specific composition are separated from the rest of the waste stream 

via short blasts of dry air (Figure 1.7).34,47  
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Figure 1.7. General representation of sensor-based sorting techniques. (Reproduced from reference 34) 

In addition to the sorting of the plastic waste, its washing is also essential in order to remove 

as many contaminants (i.e. labels, adhesives, organic matter, etc.) as possible from the different 

polymer streams.35,48,49 Similar to sorting technologies, washing techniques can be classified 

into dry and wet methods. The former use friction to remove impurities, while the latter use 

water with or without caustic and surfactant solutions. Some wet methods also combine the 

use of friction and water washing (with or without caustic and surfactant solutions).48,50 

Moreover, wet washing can be performed either at room temperature (25 °C) or at higher 

temperatures (hot washing) depending on how heavy or persistent the contamination is.35,48 

Techniques are selected based on the nature of the initial material and the recyclate quality 

requirements. Following washing, the plastic waste is dried mechanically (centrifugal dryer) or 

thermally.35 

 Between the sorting and washing stages, waste materials typically undergo at least one size-

reduction step.8 Shredding or grinding produces flakes that improve sorting and cleaning 

efficiency and facilitate handling during subsequent reprocessing.51 These flakes are then 

generally extruded and pelletised before being sent to manufacturers, where they will be further 

processed using different methods (i.e. injection moulding, blow moulding, etc.) depending on 

the final product.52 

While mechanical recycling presents numerous advantages (low energy demand, reduced 

CO2 emissions, cost efficiency, high material retention) and is the most widespread recycling 

method, it presents several drawbacks as well.53 First of all, mechanical recycling, as it is 

generally understood and described above, is limited to thermoplastic materials.29,30 Indeed, 

owing to the irreversibility of their three-dimensional crosslinked structure, thermoset polymers 

(e.g. epoxy resins, polyurethanes, silicones, etc.) cannot be melted. This means that, unlike 

thermoplastics, they cannot be reprocessed through extrusion and are therefore considered 

difficult to recycle. Generally, mechanical recycling of thermoset materials actually stops at the 

sorting, cleaning and size reduction steps and they are then used as fillers or reinforcements in 

other materials. In other words, the mechanical recycling of thermosets leads to the 

downcycling of the material, i.e. the material loses value upon recycling.54,55 
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The second drawback stems from the thermal reprocessing itself. In addition to the potential 

degradation polymers sustain over the course of their use life, the heat and mechanical shear 

they are subjected to during the extrusion process can cause further damage to the material’s 

structure. The most commonly observed forms of degradation can be classified into two 

categories based on the effect they have on the polymer’s molecular weight (Mw). On one hand, 

chain scission leads to a decrease in Mw, while on the other hand branching and crosslinking 

yield higher molecular weights. The prevalence of one type of degradation over the other is 

dictated by factors such as the nature of the polymer, its initial Mw, and extrusion conditions. For 

example, PE is more prone to chain branching and crosslinking, whereas PP is more likely to 

undergo chain scission (Scheme 1.1). Either way, both are radical processes which, in the 

absence of oxygen, are generally initiated by the thermally induced abstraction of hydrogen 

atoms.8,24,53,56 

 
Scheme 1.1. Thermo-mechanical degradation pathways. (a) Chain scission pictured in the case of PP 

(b) Chain branching / crosslinking pictured in the case of PE. Adapted from reference 56. 

Regardless of the degradation pathway, material properties are negatively affected. Notably, 

mechanical properties, especially tensile strength and impact resistance, as well as thermal 

(melting and glass transition temperature) and rheological (viscosity and elasticity) properties 

are directly impacted and diminished by thermo-mechanical degradation. Eventually, after 

being subjected to several reprocessing cycles, such properties modifications become 

detrimental to the material’s quality, inevitably leading to its downcycling.53,57 Generally, 

recycled products are therefore not entirely constituted of recycled materials. Rather, 

manufacturers incorporate a fraction of recycled polymer with the virgin one.24,58 
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Finally, the third and probably most significant drawback of mechanical recycling lies in its 

inability to handle waste stream contamination, which further reduces recyclate quality.30 

Although continuous research efforts seek to improve cleaning and sorting techniques,59,60 in 

practice some residues remain difficult to remove completely and pure, single-polymer waste 

streams are rarely achieved. Contaminants therefore include compounds such as adhesives, 

pigments, inks, labels, or lubricants, as well as other polymers.29 The presence of these 

additional polymers may result from inefficient sorting, but multilayer materials also contribute 

significantly to the generation of mixed plastic waste streams.29 Two main challenges generally 

arise with the reprocessing of such mixed polymer streams. The first one is caused by the 

differences in melting temperatures between the different polymers (Figure 1.8). Typically, 

reprocessing temperature is determined by the polymer exhibiting the highest melting 

temperature within the mixture. This can thus lead to degradation of the lower-melting polymers 

of the mixture. A recurring example is that of PVC traces in PET streams. Generally speaking, the 

presence of PVC needs to be reduced as much as possible during the reprocessing of other 

polymer streams as it undergoes dehydrochlorination at higher temperatures. This not only 

causes equipment corrosion and air pollution but, in the case of PET, it also lead to the catalysis 

of the degradation process and the resulting loss of properties.8,24,61,62 

 
Figure 1.8. Processing temperature ranges for the most common thermoplastic polymers. Adapted 

from references 8 and 24. (PET = Poly(Ethylene Terephthalate), HDPE = High Density Poly(Ethylene), PVC = 

Poly(Vinyl Chloride), LDPE = Low Density Poly(Ethylene), PP = Poly(Propylene), and PS = Poly(Styrene)). 

Additionally, the reprocessing of mixed polymer waste streams produces polymer blends, 

which pose challenges of their own. Among these challenges, the immiscibility and 

incompatibility of most polymer pairs prevail.63 In such polymer blends, two phases can be 

observed, where one of the polymers forms the matrix phase while the other makes up the 

dispersed phase. These phases can present under various morphologies, from spheres and 

cylinders to sheets, as well as continuous segments (Figure 1.9).64,65 Such phase separation 

yields poor mechanical properties due to high interfacial tension. More specifically, tensile 
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strength and impact resistance are highly influenced by the distribution of the dispersed phase 

because of inadequate stress and strain transfer between the phases.24  

 
Figure 1.9. Immiscible polymer blends morphologies. (a) spheres, (b) cylinders, (c) sheets, and (d) 

continuous. Adapted from reference 8. 

 The loss of properties resulting from thermo-mechanical degradation or the formation of 

polymer blends is generally remedied through the use of various additives such as heat 

stabilisers, impact modifiers, compatibilisers,66–68 pigments and fillers.8,24 However, this  

prevents additional recycling cycles as it can hinder sorting and further reduce polymer stream 

purity.55 Mechanical recycling may therefore not always be suitable for closed-loop recycling, i.e. 

the recycling of materials to products of equivalent quality and intended for the same 

application as their virgin predecessor, especially for applications such as food packaging, 

which are subjected to strict guidelines.55,61,69 Considering that packaging accounts for about 40 

% of European plastic production, 60 % of which is actually food packaging, other recycling 

methods, such as chemical recycling, are therefore necessary.5,70  

2. Chemical Recycling 

Chemical recycling encompasses a range of technologies that transform plastic waste into 

smaller molecular compounds through chemical reactions. These technologies are generally 

classified into two categories : the monomer loop and the molecular loop (Figure 1.10).57 The 

former involves the conversion of the polymer back into its monomeric constituents, while the 

latter transforms it into other value-added compounds, such as fuels or syngas. In contrast to 

mechanical recycling, which retains the polymer backbone (polymer loop)57 and is therefore 

sensitive to contamination and degradation, chemical recycling involves the breakdown of 

polymer chains into their fundamental building blocks, enabling the production of high-purity 

secondary materials. This fundamental difference allows chemical recycling to address 

limitations inherent to mechanical processes, particularly in handling heterogeneous, 

contaminated, or multi-layer plastic waste streams.71 As a result, chemical recycling is 
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increasingly positioned as a complementary pathway rather than a competing one. While 

mechanical recycling remains preferable for clean and homogeneous waste due to its lower 

energy demand and cost, chemical recycling can process fractions that would otherwise be 

incinerated or landfilled.72 

 
Figure 1.10. Output-based classification of recycling technologies - polymer, monomer, and molecular 

loop. 

Although specific configurations vary depending on the technology, chemical recycling 

processes generally follow a similar sequence of steps. As with mechanical recycling, plastic 

waste intended for chemical recycling is collected from municipal, commercial, or industrial 

sources and subjected to pre-treatment steps such as sorting, cleaning, and size reduction to 

ensure suitable feedstock quality.73 The prepared feedstock is then introduced into a reactor, 

where it undergoes chemical transformation under controlled conditions. While the choice of 

reactor type depends on the specific process, key operational parameters remain the same and 

include temperature, pressure, residence time, and catalyst presence (if applicable).74 The 

resulting products are then separated into different fractions (gas, liquid, solid) and further 

purified using techniques such as distillation, condensation, or filtration. Finally, recovered 

products are upgraded to meet industry specifications and can be reintegrated into existing 

petrochemical systems (Figure 1.11). For example, pyrolysis oil can be used as a feedstock in 

steam crackers to produce new olefins.73  
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Figure 1.11. Chemical recycling steps for post-consumer plastic waste. Clockwise from the top : 

plastic waste, collection, sorting, washing, grinding, chemical transformation, separation, purification, 

upgrade, and new product, which can be reintegrated into the cycle or not. 

Chemical recycling comprises several distinct technological pathways, each characterised 

by specific reaction mechanisms, feedstock requirements, and output products. While some 

new and existing methods are continuously being developed and improved, the most common 

ones include dissolution, depolymerisation, pyrolysis, gasification, and hydrothermal 

liquefaction.75 

Dissolution 

The dissolution approach does not involve any chemical transformation or break down of 

polymer chains. Instead, it involves isolation of specific polymers from mixed waste streams 

while preserving their molecular structure via their selective dissolution in suitable solvents, 

followed by purification and precipitation. While dissolution is technically a physical recycling 

method, it is often included in chemical recycling. This method is particularly advantageous for 

treating complex and multi-layer materials, where different polymers are combined in a single 

product. By carefully selecting solvents, individual polymers can be separated and recovered 

with high purity.76 As a result, dissolution-based processes can handle feedstocks that are 

challenging for both mechanical recycling and certain chemical recycling methods.73 The 

recovered polymers can then be reused in applications similar to virgin materials, provided that 

the purification process effectively removes additives and contaminants.77 However, the 

process relies heavily on efficient solvent recovery systems to minimise environmental impact 

and operational costs.73  
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Depolymerisation 

Depolymerisation processes aim to break down polymers into their constituent monomers or 

other valuable intermediates by reversing the polymerisation reaction. This approach is 

particularly suitable for condensation polymers such as polyethylene terephthalate (PET), 

polyamides, and polyurethanes, which can be chemically cleaved into well-defined 

molecules.55  

Depolymerisation is generally performed using solvolysis. Different solvolysis methods exist, 

including hydrolysis, glycolysis, methanolysis, aminolysis, and ammonolysis, based on the 

solvent that induces chain scission. These processes can yield high-purity monomers such as 

terephthalic acid or ethylene glycol in the case of PET, which can be directly reused in polymer 

production (Scheme 1.2).78 The ability to recover monomers with near-virgin quality represents a 

major advantage, as it enables true closed-loop recycling. Moreover, solvolysis is tolerant of 

most additives and polymer mixtures and blends due to its specificity to certain chemical 

functionalities and can therefore be used to selectively separate constituents.55,79 However, 

depolymerisation still requires relatively clean and homogeneous feedstocks to ensure high 

product quality as the presence of too many contaminants would complexify the purification 

process, in turn jeopardising economic viability.55  

 
Scheme 1.2. Solvolysis of PET. From top to bottom : Hydrolysis, Methanolysis, Glycolysis, Aminolysis, 

and Ammonolysis. Adapted from reference 78. 
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Pyrolysis 

Pyrolysis is a thermochemical process in which plastic waste is heated in the absence of 

oxygen, typically at temperatures between 300 °C and 700 °C. Under these conditions, long 

polymer chains undergo thermal cracking, resulting in a mixture of liquid hydrocarbons 

(pyrolysis oil), non-condensable gases, and solid residues (char).80 The primary product of 

pyrolysis, pyrolysis oil, is a complex mixture of hydrocarbons that can be further refined and 

used as a substitute for fossil-derived feedstocks such as naphtha in steam crackers, enabling 

the production of new plastics.55 Non-condensable gases are typically reused within the 

process to provide heat, improving overall energy efficiency,55 while char is generally considered 

a low-value by-product, although potential applications are being explored (Figure 1.12).81–83 

 
Figure 1.12. Plastic waste pyrolysis products and their applications. From left to right : pyrolysis oil – 

fuels, new plastic products, non-condensable gases – energy, and char – CO2 capture, agriculture. 

The process can be conducted with or without catalysts, with catalytic pyrolysis offering 

improved control over product distribution and quality.8,84 In catalytic pyrolysis, solid acid 

catalysts - most commonly zeolites such as ZSM-5 - are introduced into the reactor to promote 

specific cracking reactions.74,85 As a result, product composition can be significantly impacted. 

Typically, the use of catalysts in pyrolysis leads to increased yields of lighter iso-hydrocarbons 

and aromatics (C5-C15 range) and reduces char formation / increases liquid and gaseous 

products proportions.8,86 Moreover, it allows the process to be operated under milder conditions, 

thereby reducing energy consumption.8 However, catalytic pyrolysis also introduces additional 

challenges. Catalyst deactivation is a major issue, primarily due to coke formation on the 

catalyst surface, which blocks active sites and reduces efficiency over time. In addition, 

catalysts can be sensitive to impurities in the feedstock, such as metals, chlorine, or sulphur, 

which may poison active sites or accelerate degradation. Consequently, catalyst regeneration 

and feedstock pre-treatment become important considerations in process design.80 

An important variation of this process is hydropyrolysis, in which hydrogen is introduced 

during thermal degradation, often in the presence of a catalyst.79 The addition of hydrogen 

promotes hydrogenation reactions that stabilise intermediate species, reducing the formation of 
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char and unsaturated compounds.6 As a result, hydropyrolysis can improve the yield and quality 

of liquid products, producing oils with lower aromatic content and fewer impurities. This can 

simplify downstream upgrading and make the resulting products more suitable for direct 

integration into petrochemical processes. However, the requirement for hydrogen supply and 

additional process control increases both complexity and cost, which may limit its current 

industrial deployment.8 

From a feedstock perspective, pyrolysis is particularly well suited to polyolefin-rich waste 

streams, including PE and PP, due to their simple hydrocarbon structure devoid of heteroatoms 

such as chlorine, nitrogen, or oxygen. This allow for these polyolefins to be efficiently cracked 

into smaller hydrocarbon molecules during pyrolysis, resulting in high yields of liquid oil and 

gaseous products. In contrast, polymers containing heteroatoms, such as PVC, PET, or 

polyurethanes (PU), can introduce significant challenges.87 For example, PVC releases hydrogen 

chloride (HCl) during thermal degradation, which can lead to equipment corrosion and the 

formation of hazardous compounds.55,79 Similarly, oxygen-containing polymers may produce 

more complex product distributions, including oxygenated compounds that require additional 

upgrading. Consequently, although pyrolysis can tolerate a certain degree of mixed plastic 

waste, pre-treatment steps such as sorting, shredding, and drying are often necessary to limit 

the presence of problematic materials and ensure process stability.87 

Gasification 

Gasification involves the partial oxidation of plastic waste at high temperatures, typically 

above 700 °C, in the presence of a controlled amount of oxygen or steam. Unlike pyrolysis, 

which produces liquid hydrocarbons, gasification converts plastics into synthesis gas (syngas), 

primarily composed of carbon monoxide (CO) and hydrogen (H₂).88 

A key advantage of gasification is its high tolerance to heterogeneous and contaminated 

feedstocks. Mixed plastic waste, including materials that are difficult to separate or recycle 

mechanically, can be processed with relatively limited pre-sorting.89 However, pre-treatment 

steps such as size reduction and removal of non-combustible materials are still required to 

ensure efficient reactor operation.90 

The main product, syngas, is a highly versatile intermediate that can be used in a wide range 

of downstream applications. It can be converted into fuels through processes such as Fischer–

Tropsch synthesis or used to produce chemicals like methanol and ammonia. This flexibility 

allows gasification to integrate into existing chemical and energy systems. However, the need for 

extensive gas cleaning to remove contaminants such as tar, particulates, and acid gases 

increases both process complexity and cost.74 
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Hydrothermal Liquefaction 

Hydrothermal liquefaction (HTL) is a thermochemical conversion process that uses water at 

elevated temperatures and pressures - typically between 250 °C and 400 °C and 10-25 MPa - to 

convert plastic waste into liquid hydrocarbons. Under these conditions, water exists in a 

subcritical or near-critical state, where its physicochemical properties (e.g., dielectric constant, 

ionic product) are significantly altered. This enables it to act both as a solvent and as a reactive 

medium, facilitating the breakdown of polymer chains without the need for prior drying.74,91,92 

One of the key advantages of HTL is its ability to process wet or contaminated feedstocks, 

which distinguishes it from pyrolysis and gasification. This makes HTL particularly attractive for 

waste streams that include moisture-rich materials or are difficult to dry economically. HTL can 

handle mixed waste streams and is especially relevant when plastics are co-processed with 

biomass, sewage sludge, or other organic waste fractions.91,93 

From a feedstock perspective, HTL is suitable for a wide range of polymers, although the 

efficiency and product distribution depend strongly on polymer type. Polyolefins (PE, PP) can be 

converted into oil-like products similar to those obtained via pyrolysis, while oxygen-containing 

polymers such as PET may undergo hydrolysis reactions, producing oxygenated compounds 

such as terephthalic acid and other intermediates. The presence of water can therefore be 

advantageous for certain polymers by promoting specific reaction pathways that are not 

accessible in dry processes.74,92 

The primary product of HTL is a liquid oil phase, often referred to as biocrude or hydrothermal 

oil, which consists of a complex mixture of hydrocarbons and oxygenated compounds. This oil 

can be further upgraded through hydrotreatment or refining to produce fuels or chemical 

feedstocks. In addition to the liquid phase, HTL generates an aqueous phase containing 

dissolved organics, a gaseous fraction (mainly CO2 and light hydrocarbons), and a small amount 

of solid residue.91,93 

Despite its advantages, HTL faces several challenges. The requirement for high pressures 

increases reactor complexity and capital costs compared to atmospheric processes such as 

pyrolysis. In addition, the composition of the aqueous phase can pose environmental concerns 

and requires appropriate treatment.94 Product upgrading is often necessary to improve stability 

and remove oxygenated compounds, particularly when processing mixed or oxygen-rich 

feedstocks.93 
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B. Recycling and Upcycling of Thermoplastics 

While mechanical and chemical recycling technologies provide a general framework for 

plastic waste valorisation, their implementation and efficiency are highly dependent on the 

nature of the targeted polymers. To help their sorting and recycling, polymers are commonly 

classified into seven categories described by the Society of the Plastics Industry (SPI), each one 

assigned an identification code from 1 to 7 (Figure 1.13). The first six correspond to the most 

common commodity plastics, i.e. PET (1), HDPE (2), PVC (3), LDPE (4), PP (5), and PS (6), while 

all other plastics fall into category number 7 (e.g. polycarbonates (PC), polyurethanes (PU), 

poly(methyl methacrylate) (PMMA), nylons, etc.).23,95 

 
Figure 1.13. SPI classification of polymers.  

Thermoplastics, which represent the largest share of global plastics production (~ 86 % in 

2024),96 exhibit significant differences in terms of processability, degradation pathways, and 

recyclability. Despite their shared thermoplastic nature, these polymers therefore exhibit 

markedly different behaviours during processing and recycling. For instance, polyolefins such as 

HDPE, LDPE, and PP are relatively easy to reprocess due to their simple hydrocarbon backbone, 

but they are prone to thermo-oxidative degradation and chain scission during repeated extrusion 

cycles, leading to a deterioration of their porperties.97,98 In contrast, condensation polymers 

such as PET are more sensitive to hydrolysis due to the presence of ester linkages, which can 

significantly reduce molecular weight during mechanical recycling but also enables efficient 

chemical depolymerisation.72,99 Other polymers, such as PVC and PS, present additional 

challenges related to the release of hazardous compounds or the formation of undesired by-

products during thermal treatment.100,101 These differences strongly influence the choice and 

efficiency of recycling strategies. 

This section examines these materials individually, with an emphasis on established and 

emerging recycling strategies. More specifically, the focus is set on PE (HDPE and LDPE), PP, and 

PVC as they represent the top three most produced polymers globally. In contrast, PET and PS 

fall out of the scope of this thesis as they represent a smaller fraction of plastic waste. For more 

information on the recycling of these two polymers, readers are directed to reviews such as 

those by Muringayil Joseph et al.102 and Xu et al.103 
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1. Polyethylene 

Polyethylene (PE), encompassing high-density polyethylene (HDPE) and low-density 

polyethylene (LDPE), is the most widely produced class of thermoplastics and represents a 

major fraction of global plastic waste streams.95,96 Its saturated hydrocarbon backbone, 

composed exclusively of C-C and C-H bonds, confers high chemical stability but also renders it 

intrinsically resistant to depolymerisation.104 This chemical inertness has historically limited 

recycling strategies to mechanical reprocessing and high-temperature thermochemical 

conversion.105 

The primary distinction between HDPE and LDPE lies in their molecular architecture, which 

directly impacts their physicochemical properties and, consequently, their recycling behaviour. 

HDPE is characterised by a largely linear polymer structure, allowing for close chain packing and 

resulting in high crystallinity, density, and mechanical strength. In contrast, LDPE exhibits a 

highly branched structure, which hinders chain packing and leads to lower crystallinity, reduced 

density, and increased flexibility (Figure 1.14).106 These structural differences not only determine 

their respective applications, with HDPE predominantly used in rigid containers and LDPE in 

flexible films, but also influence their behaviour during processing and recycling. In particular, 

the higher crystallinity of HDPE generally confers better mechanical stability during 

reprocessing, whereas the branched architecture of LDPE results in lower viscosity and different 

rheological behaviour, which can affect melt processing and product performance.  

 
Figure 1.14. PE structures : (a) HDPE and (b) LDPE. 

As a result, mechanical recycling is more readily implemented for HDPE, which benefits from 

relatively homogeneous waste streams such as bottle-grade materials. However, repeated 

extrusion cycles subject the polymer to thermal and mechanical stresses that promote radical-

mediated degradation.105 In a recent study published in Nature Communications, Patel et al. 

used rheology-simulated and extrusion-based recycling experiments to systematically 

investigate the degradation pathways of HDPE.107 They demonstrated that chain scission 

dominates during the initial stages of reprocessing, while increasing exposure to oxygen 

progressively shifts the dominant mechanism toward long-chain branching. These findings are 

consistent with earlier observations by Akhras et al., who showed through multiple reprocessing 
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cycles of several polyolefin grades that HDPE undergoes concurrent chain scission and 

branching, with the relative prevalence of each mechanism depending on the specific material 

grade and processing conditions.98 Importantly, such structural changes translate directly into 

altered rheological and mechanical properties, ultimately limiting the number of viable recycling 

loops and the range of applications for the recyclate.53,97 

 In contrast, LDPE, which is predominantly used in films, suffers less from intrinsic thermo-

mechanical degradation than from upstream challenges. Its collection and sorting are 

significantly hindered by contamination and the prevalence of multilayer structures, in which 

LDPE is combined with other polymers or aluminium foil. These composite materials are 

particularly difficult to separate into pure polymer streams, ultimately limiting effective LDPE 

recycling rates.8,29 Furthermore, the thin and lightweight nature of LDPE films makes them prone 

to clogging sorting equipment, which adds operational complexity.108 

To overcome these limitations, significant research efforts have been devoted to chemical 

recycling and upcycling of polyethylene. Conventional thermal pyrolysis, typically performed at 

temperatures above 400 °C, produces a broad distribution of hydrocarbons through radical 

mechanisms. While robust, this approach lacks selectivity and requires extensive downstream 

upgrading.80,87 This has motivated the development of catalytic alternatives aimed at achieving 

greater control over product distribution. 

A major advance in this field was reported in 2019 by Celik et al., who demonstrated that 

platinum nanoparticles supported on strontium titanate (Pt/SrTiO3) can catalyse the 

hydrogenolysis of HDPE into liquid lubricants and waxes at 300 °C under hydrogen pressure, 

with near-complete conversion.109 Importantly, this work established catalytic hydrogenolysis as 

a viable strategy for polyolefin upcycling. Around the same time, Rorrer, Beckham, and Román-

Leshkov showed that ruthenium-based catalysts supported on carbon (Ru/C) enable the 

conversion of polyethylene into liquid alkanes under mild conditions (200 °C, 20 bar H2), 

providing improved selectivity toward shorter-chain products.110 Building on this concept, Jia et 

al. further demonstrated that Ru catalysts can deconstruct HDPE into liquid hydrocarbon fuels 

and lubricants, with the product distribution being tuneable through the adjustment of reaction 

conditions such as temperature and hydrogen pressure.111 (Scheme 1.3) 

 
Scheme 1.3. Polyethylene hydrogenolysis. 

More recently, attention has shifted toward enhancing selectivity and reducing energy input 

through rational catalyst design. For instance, Chauhan et al. developed single-site ruthenium 

dihydride catalysts confined within metal–organic frameworks (MOFs), which converted LDPE 

into a narrow distribution of liquid hydrocarbons (C8–C24) at only 200 °C, achieving up to 80 % 
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selectivity and 98 % conversion.112 The confinement effect of the MOF pores was shown to play a 

critical role in controlling product chain length. In another approach, Nogueroles-Langa et al. 

reported that bimetallic Ru–Ni alloy nanoparticles supported on titania yield up to 55 % liquid 

C6–C45 products from HDPE bottle caps under optimised conditions, while monometallic Ru 

produced virtually no liquids under the same conditions.113 By integrating life cycle and techno-

economic analyses, the authors further demonstrated that the process could be profitable with 

substantially lower CO2 emissions when using green hydrogen, highlighting the importance of 

sustainability-driven catalyst design. 

In parallel to catalytic hydrogenolysis, tandem catalytic systems combining multiple 

functionalities have been explored to further improve selectivity. For example, the Scott group 

pioneered a tandem hydrogenolysis–aromatisation route using Pt/γ-Al₂O₃ that selectively 

converts PE into long-chain alkylaromatics at 280 °C, coupling the exothermic hydrogenolysis 

with endothermic aromatisation to make the overall process thermodynamically favourable.114 

Additionally, selective oxidation strategies have emerged as a promising complementary 

pathway. Huang et al. recently demonstrated a method for transforming PE and PP at 

approximately 80 % conversion into fatty acids via temperature-gradient thermolysis followed by 

oxidation over manganese stearate, with the resulting fatty acids further converted into high-

value surfactants.115 Industrial-scale techno-economic analysis suggested economic viability 

without the need for subsidies, representing a significant step toward practical implementation. 

Despite these advances, significant challenges remain in translating these technologies to 

industrial scale. Feedstock heterogeneity, catalyst deactivation - particularly through coking and 

poisoning by contaminants such as heteroatoms or metals -, and process economics continue 

to limit large-scale deployment.29,80,87 As a result, polyethylene recycling remains dominated by 

mechanical processes, while chemical recycling strategies are still in the process of 

maturation.104 

2. Polypropylene 

Polypropylene (PP) is one of the most widely used thermoplastics, with applications 

spanning packaging, automotive components, textiles, and consumer goods, owing to its low 

density, chemical resistance, and favourable mechanical properties.5,72,95 Like polyethylene, PP 

consists of a saturated hydrocarbon backbone. However, the presence of pendant methyl 

groups on every other carbon introduces tertiary carbon atoms that significantly influence its 

degradation behaviour (Scheme 1.1a, p16). In particular, these tertiary sites are highly 

susceptible to hydrogen abstraction and radical formation, making PP considerably more prone 

to thermo-oxidative chain scission during melt processing than PE.6 

As a consequence, mechanical recycling of PP is systematically accompanied by 

pronounced chain scission, leading to a progressive decrease in molecular weight and 

embrittlement of the material. This phenomenon has been investigated in several systematic 
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studies. Douiri et al. examined the reprocessing of impact copolymer polypropylene over 

multiple extrusion–injection moulding cycles and observed that chain scission was evident as 

early as the first reprocessing loop, as indicated by a continuous increase in melt flow index 

(MFI).116 Despite this, injection moulding processability was maintained for at least three 

consecutive cycles, as the decrease in viscosity at high shear rates partially compensated for 

the loss in molecular weight. Similarly, Akhras et al. confirmed that PP and PE exhibit 

fundamentally different degradation behaviours during reprocessing: while PP undergoes a 

gradual decrease in molecular weight due to chain scission, PE grades instead show an 

opposite trend toward higher molecular weights, consistent with branching and crosslinking 

reactions.98 The practical implication is that the number of viable recycling loops for PP is 

generally more limited than for PE, and that stabilisers (antioxidants) play a critical role in 

extending reprocessability.86 

Beyond mechanical recycling, the chemical recycling of polypropylene has been extensively 

explored, although it remains fundamentally constrained by the absence of hydrolysable 

functional groups along the polymer backbone. Conventional thermal pyrolysis of PP proceeds 

via radical chain mechanisms, primarily initiated by homolytic C-C bond cleavage followed by 

stabilisation of the resulting radicals through intramolecular hydrogen transfer (1,6-H-shift) and 

subsequent β-scission (Scheme 1.4).117 While robust, such processes yield a broad distribution 

of hydrocarbons including alkanes, alkenes, and aromatics, which complicates downstream 

valorisation and typically requires extensive upgrading.118,119 

 
Scheme 1.4. Degradation of PP. Thermally-induced homolytic cleavage and radical 

stabilisation via 1,6-H-shift.117 

In this context, catalytic pyrolysis using zeolite-based catalysts, particularly ZSM-5, has been 

extensively studied as a means to steer product distributions toward lighter hydrocarbons and 

aromatics.85,86 ZSM-5 promotes cracking through carbocation intermediates on its Brønsted acid 
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sites, drawing strong parallels with fluid catalytic cracking (FCC) technologies used in the 

petroleum industry.74 However, similar to PE, challenges related to catalyst deactivation through 

coking, as well as sensitivity to feedstock impurities (metals, halogens), remain significant 

obstacles.8,80,87 

More recently, catalytic hydrogenolysis has emerged as a promising alternative for PP 

upcycling under milder conditions. Kots et al. demonstrated that Ru/TiO₂ catalysts can convert 

polypropylene into liquid lubricant-range hydrocarbons at 250 °C under hydrogen pressure, with 

high selectivity toward branched alkanes.120 This work illustrated that the methyl branches 

inherent to PP's structure can be exploited to produce valuable branched hydrocarbons that are 

difficult to obtain from PE. Sun et al. further investigated the structure sensitivity of carbon-

supported ruthenium nanoparticles in the hydrogenolysis of waste PP, demonstrating that small, 

disordered Ru nanoclusters are effective in C–C bond scission, whereas larger nanoparticles 

promote stereoisomerisation of the polymer backbone, highlighting the importance of catalyst 

nanostructure in controlling activity, selectivity, and product microstructure.121 

Furthermore, significant research efforts have targeted selective upcycling approaches that 

aim to produce high-value chemicals rather than fuels. In a notable example, Xu et al. 

demonstrated that polypropylene can be converted into fatty acids via controlled temperature-

gradient thermolysis followed by oxidation.115 The PP wax yield remained high even when 

processed in air (eliminating the need for inert gas), and the resulting fatty acids were further 

converted to surfactants.  

Another innovative strategy was recently reported by Le et al., who investigated low-

temperature pyrolysis (300 - 320 °C) of PP to tailor the molecular weight distribution of the 

resulting solid residue while imparting terminal vinylidene functionality - approximately two per 

chain - that can serve as reactive handles for further chemical transformations.122 By 

maintaining solid residue yields above 90 wt% under these mild conditions, this approach 

retains much of the polymer's value in solid form while enabling its subsequent upcycling into 

new materials. 

Despite these advances, several challenges remain. Catalyst deactivation, sensitivity to 

feedstock impurities, and the inherent complexity of radical degradation pathways continue to 

limit the efficiency and selectivity of PP chemical recycling processes. Consequently, while 

polypropylene is technically amenable to both mechanical and chemical recycling, achieving 

efficient and selective closed-loop processes remains a significant scientific and technological 

challenge. 

3. Poly(Vinyl Chloride) 

Poly(vinyl chloride) (PVC) is a widely used thermoplastic, particularly in construction and 

infrastructure applications (pipes, window frames, cables, flooring), where its durability, 

chemical resistance, and flame-retardant properties are highly valued.100 In contrast to 
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polyolefins, PVC contains approximately 57 wt% chlorine along its backbone, which profoundly 

influences its physicochemical properties and, more critically, its degradation behaviour.123 In 

addition, commercial PVC formulations typically include substantial amounts of additives - 

such as plasticisers (e.g. phthalates), heat stabilisers (metal soaps, organotin compounds), and 

fillers - resulting in highly heterogeneous materials that further complicate recycling 

processes.124 

A defining feature of PVC is its thermal instability, which is dominated by dehydrochlorination 

reactions occurring at relatively low temperatures, typically between 250 and 320 °C.125 This 

process involves the sequential elimination of hydrogen chloride (HCl) molecules and the 

formation of conjugated polyene sequences along the backbone (Scheme 1.5), which are 

responsible for the characteristic discolouration of degraded PVC. Importantly, this reaction is 

autocatalytic: the HCl released catalyses further dehydrochlorination, leading to a self-

accelerating degradation cascade.125,126 The mechanistic aspects of this pathway have been 

extensively studied and although the precise molecular mechanism of polyene propagation 

remains debated, the initiation step is well established. Dehydrochlorination in PVC is known to 

initiate at structurally defective sites, particularly allylic and tertiary chlorines formed during 

polymerisation, which act as labile sites with reduced activation energies for C-Cl cleavage.127 

This intrinsic instability poses major challenges for both processing and recycling, as the release 

of HCl not only accelerates polymer degradation but also leads to severe corrosion of 

processing equipment and the potential formation of hazardous by-products.8,24 

 
Scheme 1.5. Formation of polyene sequences upon thermal degradation of PVC. 

From a mechanical recycling perspective, PVC recycling is feasible for relatively pure and 

well-sorted waste streams, particularly in rigid PVC applications such as pipes and window 

profiles, which benefit from long service lives and relatively clean return streams. The European 

PVC industry has notably established the VinylPlus® programme, which has recycled over 

700,000 tonnes of PVC waste in 2024.128 However, mechanical recycling of PVC faces inherent 

limitations. The compositional variability of PVC products, particularly between rigid 

(unplasticised) and flexible (plasticised) formulations, complicates sorting and blending. 

Furthermore, the presence of legacy additives - including heavy metal stabilisers (lead, 

cadmium) that are now restricted under European regulations - in older PVC products poses 

health and environmental concerns during reprocessing.124 

Thermal treatment routes such as pyrolysis are particularly complicated by PVC's chlorine 

content, as dehydrochlorination occurs at temperatures well below those required for backbone 

degradation (250-320 °C vs. > 350 °C).125 As highlighted in the systematic review by Tian et al., 

managing chlorine throughout the recycling chain requires a multi-stage approach 

encompassing pretreatment dechlorination, simultaneous chlorine removal during pyrolysis, 
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and downstream purification of the hydrocarbon products to avoid contamination and reactor 

corrosion (Figure 1.15).129 Considerable research has therefore focused on developing effective 

dechlorination strategies. Hydrothermal treatment has been proposed as a means to remove 

chlorine under relatively mild conditions. In a recent study, Li et al. demonstrated a co-

hydrothermal carbonisation approach combining PVC with corncob biomass, where hydroxyl 

and other active species generated during biomass hydrolysis significantly reduced the 

activation energy for PVC dehydrochlorination from 190 to 110 kJ/mol, achieving efficient 

dechlorination at 280 °C with residual chlorine content below 0.05 %.130 

 
Figure 1.15. Integrated dechlorination strategy for PVC chemical recycling. Adapted from reference 128. 

Catalytic approaches have also shown considerable promise. In a notable example, Vos et al. 

at KU Leuven recently reported a novel upcycling route for chlorinated plastics - including PVC, 

polyvinylidene chloride (PVDC), and chlorinated polyethylene (CPE) - based on consecutive 

dehydrochlorination-hydrogenation with HCl trapping and olefin metathesis.131 In this tandem 

process, ZnCl₂-catalysed dehydrochlorination is combined with Ru-catalysed hydrogenation 

and metal oxide sorbents for HCl capture, converting each chlorinated plastic type into an 

unsaturated polyolefin (UPO) containing up to 11 double bonds per 100 carbons. The resulting 

UPOs can then be chemically cleaved via metathesis into α,ω-dienes, which are valuable 

chemical building blocks. This work represents a significant step toward the integrated chemical 

recycling of chlorinated waste streams. 

In parallel, solvent-based recycling strategies have been explored to selectively dissolve PVC 

and separate it from other polymers and additives.73,124 Alshaikh et al. demonstrated an 

innovative approach in which PVC is first fractionated using "green" solvents (acetone, ethyl 

acetate), and then subjected to sequential dehydrochlorination–hydrogenation cycles.132 The 

polyene segments formed during dehydrochlorination are hydrogenated to produce aliphatic       

-(CH2)n- segments, progressively modifying the polymer backbone. This process can be repeated 

over multiple cycles, progressively transforming PVC into a polyethylene-like material with 

tuneable properties. 
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Despite these advances, PVC remains one of the most challenging thermoplastics to recycle 

due to the combined effects of its chlorine content, additive complexity, and degradation 

chemistry.124,125 Future progress will depend on the development of efficient and scalable 

dechlorination technologies, improved sorting strategies that can distinguish between rigid and 

flexible PVC formulations (and identify legacy additive content), and potentially the redesign of 

PVC formulations to enhance their compatibility with circular recycling processes. For a 

comprehensive perspective on PVC degradation and emerging valorisation pathways, the reader 

is referred to the recent review by Havaei et al.124 

C. Alternative Valorisation Pathways 

While mechanical and chemical recycling technologies aim to recover materials or chemical 

feedstocks from plastic waste, the limitations discussed in the preceding sections highlight the 

need for complementary strategies that go beyond conventional recycling paradigms. 

Mechanical recycling is constrained by material degradation and strict feedstock requirements, 

whereas chemical recycling often involves high energy consumption, complex processing 

conditions, and significant economic challenges.71 

In this context, increasing attention has been directed toward alternative valorisation 

pathways that seek not only to recover value from plastic waste, but also to transform it into new 

materials with enhanced or entirely different properties. Rather than focusing solely on closing 

the loop within existing polymer applications, these approaches explore opportunities to 

upcycle plastic waste into higher-value products through innovative processing techniques.133,134 

Two strategies emerging as particularly promising are the post-synthesis functionalisation of 

polymer chains, and the use of mechanochemical processes - including reactive extrusion - to 

induce chemical transformations under solvent-free conditions. 

The post-synthesis functionalisation of polymers involves modifying existing polymer chains 

to introduce new chemical functionalities or improve material properties (Figure 1.16). Unlike 

depolymerisation-based recycling, this strategy retains much of the original polymer structure 

while enhancing its performance or applicability.55 When applied to post-consumer plastic 

waste, such modifications can effectively transform low-value recyclates into higher-

performance materials.135 

 
Figure 1.16. Polymer post-synthesis functionalisation. (● = Functional Group). 

This approach is particularly relevant for commodity polyolefins such as PE and PP, whose 

saturated hydrocarbon backbones lack reactive functional groups and exhibit inherently low 

surface energy, poor adhesion, and limited compatibility with polar materials.136 These 



Chapter 1 

 

 
42 

shortcomings restrict the use of recycled polyolefins in applications requiring interfacial 

adhesion, paintability, printability, or blending with polar polymers and fillers. As reviewed by 

Zhao, Li, and Jiang, significant progress has been made in recent years in the development of 

homogeneous C-H functionalisation methods applicable to polyolefin substrates, enabling the 

direct installation of C-C, C-O, C-N, C-S, and C-halogen bonds onto the polymer backbone.135 

These strategies encompass thermal and photoinduced radical additions, metal-catalysed C-H 

oxidation and amination, as well as photoredox and selenium-catalysed approaches, all of 

which can introduce polar moieties without requiring the development of new polymerisation 

processes. Importantly, the density of functionalisation can be tuned predictably by adjusting 

reagent stoichiometry and reaction conditions, allowing optimisation of material properties 

such as surface adhesion, toughness, and solvent resistance. 

A well-established industrial example is the production of maleic anhydride-grafted 

polyolefins (PE-g-MA, PP-g-MA) via reactive extrusion, a process based on radical C-H addition 

that has been widely used as a coupling agent between polyolefins and inorganic fillers or 

natural fibres, as well as a compatibilisers in immiscible polymer blends.135 In the context of 

recycling, compatibilisers play a critical role in upgrading mixed polyolefin waste streams. Self 

et al. demonstrated that block copolymer additives can dramatically improve the interfacial 

adhesion and mechanical properties of PE/PP recycled blends,66 and Zervoudakis et al. showed 

that such compatibilisers can be effective at very low loadings (< 1 wt%), making the approach 

economically viable for industrial implementation.67 

A more demanding challenge arises when waste streams contain chemically dissimilar 

polymers rather than blends of polyolefins alone. Clarke et al. proposed a strategy for reusing 

mixed-plastics waste by introducing dynamic cross-linkers into polymer mixtures. The 

specifically designed cross-linkers render immiscible polymer chains compatible and generate 

in situ graft multiblock copolymers, yielding reprocessable thermosets with enhanced tensile 

strength and creep resistance compared to virgin plastics while maintaining recyclability over 

multiple cycles.6,137 More recently, Zhang et al. developed a versatile C-H insertion strategy to 

synthesise polyolefins bearing polar pendant groups, which act as effective compatibilisers for 

PET/HDPE, PET/LDPE, and PET/iPP blends at loadings as low as 0.5-1.0 wt%.138 Notably, this 

approach was demonstrated using post-consumer HDPE bottle caps as the starting material, 

highlighting its practical applicability. 

Beyond compatibilisation, more ambitious functionalisation strategies have been explored to 

create entirely new material classes from waste polyolefins. In a landmark study, Neidhart et al. 

modified branched polyolefins and post-consumer polyethylene through radical C-H 

functionalisation using thiosulfonates, followed by crosslinking with polytopic amines to form 

dynamic covalent polyolefin networks.139 The resulting materials exhibited a ~4.5-fold increase 

in toughness and significantly reduced creep deformation compared to the parent LLDPE, while 

retaining full reprocessability through associative bond exchange of the diketoenamine 
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crosslinks. This work illustrates how post-synthesis functionalisation can transform commodity 

plastic waste into performance-advantaged thermoset-like materials that remain compatible 

with circular processing. More broadly, Hassanian-Moghaddam et al. have discussed how such 

covalent adaptable networks (CANs) applied to polyolefins represent a paradigm shift, 

combining the recyclability of thermoplastics with the dimensional stability and solvent 

resistance of crosslinked networks.6 

Overall, post-synthesis functionalisation offers a powerful complement to conventional 

recycling strategies. By retaining the polymer backbone while introducing tailored 

functionalities, this approach enables the creation of materials with properties that can surpass 

those of the original polymer - from improved interfacial adhesion and blend compatibility to 

entirely new network architectures. As such, it represents a shift from simple material recovery 

toward the design of advanced functional materials derived from plastic waste. 

In parallel, mechanochemical approaches have emerged as a promising alternative strategy 

for inducing chemical transformations in polymers. Mechanochemistry relies on the application 

of mechanical forces (e.g. grinding or shearing), typically delivered through techniques like ball 

milling or reactive extrusion, to activate chemical reactions, generating localised high-energy 

conditions that can lead to bond scission, radical formation, and subsequent chemical 

transformations without the need for bulk solvents. The historical development of polymer 

mechanochemistry can be traced back to the pioneering work of Staudinger and Heuer in 1934, 

who first observed that polystyrene undergoes chain scission upon mechanical treatment, as 

reflected by a decreasing viscosity. However, it is only in the past decade that the field has 

expanded beyond simple degradation toward controlled and selective chemical 

transformations.140 

During mechanical processing, highly reactive intermediates known as mechanoradicals are 

generated. While these species have traditionally been viewed as undesirable by-products 

leading to degradation, recent work has demonstrated that they can be deliberately harnessed 

as reactive handles for polymer functionalisation. As reviewed by Krusenbaum et al., 

mechanoradicals formed in situ during ball milling can undergo radical coupling with functional 

small molecules.141 For instance, Kubota et al. demonstrated that macroradicals generated from 

PS, PE, PMMA, and polysulfone react with prefluorescent nitroxide reagents to yield luminescent 

polymeric materials in a single mechanochemical step.142 More recently, Skala, Zeitler, and 

Golder demonstrated that liquid-assisted grinding can graft CF₃ groups onto commercial and 

waste polystyrene with tuneable functionalisation densities of 0.6-1.0 mol%.143 These examples 

illustrate how mechanochemistry is evolving from a mere degradation tool toward a platform for 

the selective chemical modification of otherwise inert polymer backbones under solvent-free or 

near-solvent-free conditions. 



Chapter 1 

 

 
44 

A key advantage of mechanochemistry lies in its alignment with green chemistry principles: 

reactions can be conducted without solvents, at ambient or near-ambient temperatures, and 

with reduced energy input compared to thermal processes.140 However, challenges remain 

regarding the scalability of batch mechanochemical techniques, the controlled and site-

selective activation of polymer backbones, and the need to direct force-induced reactivity 

toward desired functionalisation pathways while suppressing competing chain scission and 

radical-mediated side reactions.141,144 

Within this framework, reactive extrusion can be considered a continuous and industrially 

relevant form of mechanochemical processing. In reactive extrusion, chemical reactions are 

carried out during melt processing in an extruder, where mechanical shear, heat, and intensive 

mixing collectively promote transformations such as grafting, chain extension, crosslinking, or 

vitrimerisation.145 As highlighted in a recent Perspective, reactive melt extrusion leverages 

polymer processing infrastructure - single- and twin-screw extruders - to achieve solvent-free 

polymer functionalisation and upcycling, aligning with the principles of green chemistry (Figure 

1.17).145,146 

 
Figure 1.17. Reactive extrusion – Twin-screw extrusion. Adapted from reference 144. 

Current research focuses on adapting reactive extrusion specifically for plastic waste 

valorisation. A striking recent example was reported by Vialon et al., who demonstrated that an 

azidotriazine-based grafting agent enables the direct upcycling of PE/PP waste blends into high-

performance materials via reactive extrusion at industrially relevant processing temperatures.147 

The azidotriazine thermally decomposes during extrusion to form a reactive nitrene species, 

which induces a combination of grafting, oligomerisation, and crosslinking reactions in situ. 

Untreated PE/PP blends, which typically exhibit poor mechanical properties suitable only for 

low-value applications, were transformed into materials with significantly enhanced tensile 

strength and modulus, demonstrating that reactive extrusion can overcome the immiscibility-

related property losses that plague conventional mechanical recycling of mixed polyolefin 

waste. In another example, Kar et al. demonstrated the scalable vitrimerisation of thermoplastic 

polyolefins through reactive extrusion, using maleic anhydride grafting followed by 

transesterification-based dynamic crosslinking to produce reprocessable thermoset-like 

materials with improved creep resistance.148 
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Overall, alternative valorisation pathways based on post-synthesis functionalisation - 

including mechanochemical processing and its industrial implementation through reactive 

extrusion - offer new opportunities for transforming plastic waste into higher-value materials. By 

focusing on property enhancement and value creation rather than simple material recovery, 

these approaches extend the scope of plastic waste management and contribute to the 

development of a more diversified and resilient circular economy. 

D. Intermediate Conclusion 

This first section has provided an overview of the current landscape of plastic waste 

management, with a particular emphasis on the recycling technologies available for the three 

most produced thermoplastics: polyethylene, polypropylene, and poly(vinyl chloride). 

Mechanical recycling remains the most established and widely practised approach, offering 

the advantages of relatively low energy demand, reduced CO2 emissions, and cost efficiency. 

However, it is inherently limited by the progressive degradation of material properties upon 

repeated reprocessing cycles - chain scission in the case of PP, and a combination of chain 

scission and long-chain branching for PE - as well as by its sensitivity to waste stream 

contamination and the challenges posed by mixed polymer waste. These limitations often lead 

to downcycling, restricting the use of mechanically recycled materials for high-quality or food-

contact applications. 

Chemical recycling technologies offer a complementary pathway by deconstructing polymer 

chains into molecular building blocks, thereby circumventing the quality limitations of 

mechanical processes. Among these technologies, catalytic hydrogenolysis has emerged as a 

particularly promising approach for polyolefin upcycling, enabling the conversion of PE and PP 

into valuable liquid hydrocarbons, lubricants, or chemical feedstocks under relatively mild 

conditions. However, challenges related to catalyst stability, feedstock heterogeneity, and 

process economics remain significant barriers to industrial deployment. For PVC, the high 

chlorine content and the associated dehydrochlorination reactions introduce additional 

complexity, requiring dedicated dechlorination strategies before or during chemical processing. 

Recent advances, such as tandem catalytic systems combining dehydrochlorination, 

hydrogenation, and metathesis, offer promising but still early-stage solutions. 

Beyond conventional recycling, alternative valorisation pathways - including post-synthesis 

functionalisation, mechanochemical processing, and reactive extrusion - open new 

perspectives for transforming plastic waste into higher-value materials. These approaches, 

which focus on property enhancement and chemical modification rather than simple material 

recovery, have the potential to expand the range of applications for recycled plastics and 

contribute to a more circular economy (Table 1.1). 
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Table 1.1. Plastic waste upcycling strategies 

Strategy Polymer(s) Products Obtained Ref. 

Catalytic 

hydrogenolysis of 

polyolefins 

PE, PP 

Liquid hydrocarbons: lubricants, 

waxes, fuels, and 

branched/aromatic alkanes 

109-114, 

120, 121 

Thermolysis / 

pyrolysis-based 

upcycling 

PE, PP 

Fatty acids (-> surfactants); solid 

residues with reactive vinylidene 

end-groups 

115, 122 

Dechlorination-

based upcycling 
PVC (PVDC, CPE) 

Unsaturated polyolefins / 

alpha,omega-dienes; 

polyethylene-like materials 

131, 132 

Compatibilization of 

polymer blends 

PE/PP, 

PET/polyolefin 

blends 

Compatibilized blends and 

reprocessable thermosets with 

improved adhesion/strength 

135, 66, 

67, 6, 

137, 138 

Radical C-H 

functionalisation & 

mechanochemistry 

PE, PS, PMMA, 

polysulfone 

Dynamic covalent networks, 

luminescent polymers, CF3-

functionalised polymers 

139, 142, 

143 

Reactive extrusion 

upcycling 

PE/PP blends, 

polyolefins 

High-performance, 

reprocessable thermoset-like 

materials with enhanced 

properties 

147, 148 

 

In the context of this thesis, these insights highlight the importance of developing versatile 

chemical approaches capable of simultaneously addressing the challenges of polyolefin 

inertness, PVC's chlorine-related constraints, and the heterogeneity of real-world plastic waste 

streams. The following chapters will build upon this foundation by exploring specific strategies 

for the chemical valorisation of these materials. 

III. Carbon Dioxide Management 
As outlined in the introduction, CO2 constitutes approximately 75 % of global greenhouse gas 

emissions, with a record 57.1 GtCO2e emitted in 2023.12 While transitioning away from fossil 

fuels represents the most direct route to emission reduction, certain industrial sectors - 

including aviation, shipping, cement, and steel - involve process emissions that cannot be 

eliminated through fuel switching alone.149 Furthermore, the limited remaining global carbon 

budget means that even aggressive emission reductions may prove insufficient to stabilise 
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global temperatures within the targets set by the Paris Agreement without complementary 

removal and capture strategies.150  

Two broad categories of downstream approaches have therefore emerged: carbon dioxide 

removal (CDR), which aims to extract CO2 already present in the atmosphere, and carbon 

capture, which targets CO2 at point sources before it reaches the atmosphere. Within the latter 

category, a further distinction is made between carbon capture and storage (CCS), where the 

captured CO2 is permanently sequestered in geological formations, and carbon capture and 

utilisation (CCU), where CO2 is converted into value-added products (Figure 1.18).151 These 

strategies are not mutually exclusive; rather, they form a complementary portfolio whose 

deployment depends on technological maturity, economic viability, and the specific emission 

context. This section provides an overview of the current state of the art across these 

approaches, with particular attention to bioenergy with CCS (BECCS) and direct air capture 

(DAC) as CDR technologies, point-source carbon capture technologies and their coupling with 

storage or utilisation, and CO2-binding organic liquids (CO2BOLs) as a promising class of 

capture solvents with potential applications in both CCS and CCU. 

 
Figure 1.18. Distinction between carbon capture and carbon dioxide removal.151 

A. Atmospheric CO2 Removal 
Atmospheric CO2 removal encompasses a range of approaches aimed at reducing the 

concentration of CO2 already present in the atmosphere. These can be broadly classified into 

nature-based (“conventional”) and technology-based (“novel”) methods.152 Nature-based CDR 

includes afforestation and reforestation, soil carbon sequestration, enhanced rock weathering, 
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ocean alkalinity enhancement, and biochar production. While these approaches currently 

account for the vast majority of CDR activity - approximately 2 GtCO2 per year, almost entirely 

from conventional land management - their scalability is ultimately constrained by land 

availability, permanence uncertainties, and saturation effects.152,153 Technology-based CDR 

methods, in contrast, remain nascent but are increasingly viewed as indispensable for achieving 

net-zero and net-negative emission targets. Among these, BECCS and DAC have received the 

most attention and are the two technology-based CDR approaches most prominently featured 

in the mitigation pathways of the Intergovernmental Panel on Climate Change (IPCC).11 Both 

approaches are discussed below. 

1. Bioenergy with Carbon Capture and Storage 
Among technology-based CDR approaches, BECCS has historically occupied the most 

prominent position in climate mitigation scenarios. It couples bioenergy production with the 

capture and permanent geological storage of the resulting CO2. Because biomass absorbs 

atmospheric CO2 during growth via photosynthesis, capturing the CO2 released at the energy 

conversion step transfers atmospheric carbon into permanent geological storage, yielding net-

negative emissions when the full life cycle is managed sustainably (Figure 1.19).153 

 
Figure 1.19. Schematic representation of the bioenergy with carbon capture and storage concept.154 

BECCS can be integrated into several bioenergy pathways, including biomass combustion for 

power and heat generation, biomass gasification, and bioethanol or biomethane production via 

fermentation. Each pathway presents distinct CO2 concentrations in the output stream, which in 

turn affects the choice and cost of the capture technology applied.155 For example, CO2 from 

bioethanol fermentation is produced at high purity (> 95 %), requiring only dehydration and 

compression before transport and storage, which makes it the lowest-cost BECCS pathway 

currently available.155 In contrast, biomass combustion for power generation produces dilute 

CO2 streams (10-15 %), necessitating the same energy-intensive post-combustion capture 
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technologies (e.g. amine scrubbing) as fossil fuel power plants, with similar energy 

penalties.155,156 

BECCS occupies a central place in the Intergovernmental Panel on Climate Change (IPCC) 

mitigation pathways, contributing a median cumulative removal of approximately 334 GtCO2 by 

2100 across scenarios consistent with limiting warming to 1.5 °C.11 Operational deployment, 

however, lags far behind this ambition: while the IEA Net Zero Emissions Scenario calls for 

around 185 MtCO2/year of biogenic capture by 2030, the current project pipeline points to no 

more than 60 MtCO2/year.157 As of 2024, only four large-scale BECCS facilities were operating 

worldwide, all associated with bioethanol production in the United States.158 The most notable is 

the Illinois Industrial Carbon Capture and Storage (IL-CCS) project at the ADM corn ethanol 

plant in Decatur, which captured approximately 1 MtCO2 from fermentation between 2011 and 

2014 and injected it into the Mount Simon Sandstone saline aquifer. A 3-year post-closure 

monitoring programme has since confirmed successful containment with no detected 

leakage.159,160 Activity is now expanding beyond bioethanol, particularly in northern Europe: the 

Danish Energy Agency awarded CCUS contracts to two combined heat and power (CHP) plants 

in 2023 and to three further BECCS projects in 2024, while Stockholm Exergi is constructing one 

of the world's largest BECCS facilities at its biomass-fired CHP plant, targeting approximately 

0.8 MtCO2/year of permanent removal once operational.157,161  

Despite its prominence in integrated assessment models, BECCS faces several critical 

challenges that explain this deployment gap. The most fundamental concerns biomass 

sustainability: large-scale deployment would require substantial supply, raising concerns about 

competition with food production, biodiversity impacts, and land-use change emissions. 

Fajardy and Mac Dowell have shown that the net carbon balance of BECCS is highly sensitive to 

biomass type and origin, the fate of the original land cover, and the energy penalty of the capture 

process.156 Translating these dependencies into a global estimate, Hanssen et al. used a 

spatially explicit model - assessing biomass yields region by region under strict land-use 

constraints that exclude any expansion onto forests or existing croplands - to derive a 

biophysical potential of approximately 2.5 GtCO2/year for lignocellulosic-crop BECCS electricity 

on a 30-year horizon, rising to 40 GtCO2/year over 80 years as plantations mature.162 These 

figures represent an upper bound compatible with sustainability constraints. However, in 

practice, the full life-cycle balance is even less favourable. Cultivation, harvesting, processing, 

transport, indirect land-use change, and the capture energy penalty can each erode or even 

negate the negative emission potential.155,163 Hayat et al. found that some configurations, 

particularly those involving long-distance biomass transport or energy-intensive feedstock 

processing, are unlikely to deliver net-negative emissions under realistic conditions.163 This 

underscores the importance of pathway-specific life cycle assessment rather than blanket 

assumptions about BECCS carbon negativity. 
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A further difficulty is structural: BECCS inherits all the infrastructure needs of conventional 

CCS - transport networks, storage capacity, long-term monitoring - while adding an upstream 

biological supply chain that is rarely co-located with capture facilities. Regions with the highest 

biomass potential, such as South America and sub-Saharan Africa, do not generally coincide 

with those of well-characterised geological storage capacity, such as northern Europe or the 

United States.155 This spatial disconnect creates additional CO2 transport requirements and 

complicates the allocation of removal credits across the multiple stakeholders involved in the 

value chain. BECCS deployment is, in this sense, intrinsically dependent on the prior existence 

of a CCS economy, which itself remains constrained by low investor confidence and by the 

financial risks associated with full value chain integration.155 

Fourth, the cost of BECCS varies considerably depending on the pathway. A comprehensive 

synthesis of the literature reports costs ranging from 15 to 400 $/tCO₂, with Minx et al. assessing 

a central range of 100-200 $/tCO₂.150 The lower end of this range corresponds to bioethanol 

fermentation, where the high purity of the CO₂ stream (> 95 %) minimises capture costs, while 

the upper end reflects biomass combustion for power generation, where dilute flue gas streams 

require energy-intensive post-combustion capture with costs comparable to fossil CCS.150,155 

Current policy instruments, including the U.S. 45Q tax credit (85 $/tCO2 for dedicated storage) 

and the Danish NECCS Fund, are beginning to close the economic gap for lower-cost pathways, 

but higher-cost applications in power and industry remain uneconomic without additional 

support.157,164 

Despite these challenges, BECCS remains a cornerstone of most climate mitigation 

scenarios due to its unique ability to generate both energy and negative emissions 

simultaneously.11 Its deployment is therefore likely to focus first on low-cost, high-purity 

pathways such as bioethanol and biogas upgrading, before extending to more capital-intensive 

biomass power and gasification applications as costs decrease and policy frameworks 

mature.157 

2. Direct Air Capture 
DAC refers to the engineered extraction of CO2 directly from ambient air, where its 

concentration of approximately 0.04% (420 ppm) is two to three orders of magnitude lower than 

in industrial flue gases (5-15%) - corresponding to a CO2 partial pressure nearly 300 times lower 

than in a typical coal flue gas.165,166 This extreme dilution constitutes the fundamental 

thermodynamic challenge of DAC: the minimum theoretical energy required to separate CO2 

from ambient air is approximately 20 kJ/mol CO2, compared to about 8.4 kJ/mol CO2 from flue 

gas.167 In practice, actual energy requirements are substantially higher due to process 

inefficiencies. 

Two main technological approaches to DAC have reached commercial or near-commercial 

deployment: liquid solvent-based systems and solid sorbent-based systems.165,168 
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In liquid solvent DAC, ambient air is passed through large air contactors where it comes into 

contact with an aqueous alkaline solution, most commonly potassium hydroxide (KOH). The 

CO2 reacts with the hydroxide to form potassium carbonate (K2CO3), which is subsequently 

processed through a causticisation loop involving calcium hydroxide (Ca(OH)2) to regenerate 

KOH and produce calcium carbonate (CaCO3). The CaCO3 is then calcined at temperatures 

exceeding 900 °C to release a concentrated stream of CO₂ and regenerate the calcium oxide 

(CaO) sorbent (Figure 1.20). This approach, pioneered by Carbon Engineering (now part of 

Occidental Petroleum), benefits from continuous operation, high single-pass CO2 capture 

efficiency, and the use of well-established industrial chemistry. However, the high-temperature 

calcination step imposes substantial energy requirements and necessitates either natural gas 

combustion with integrated carbon capture or access to high-temperature heat from alternative 

sources.165,169 

 

 
Figure 1.20. Carbon Engineering DAC process.165,169 

Solid sorbent DAC systems employ a range of porous materials - including amine-

functionalised supports, alkali carbonates on silica or activated carbon, and anionic resins - 

that chemically bind CO2 from ambient air at near-ambient conditions. Regeneration is achieved 

through temperature-vacuum swing adsorption (TVSA), typically at temperatures between 80 

and 100 °C, releasing a concentrated CO2 stream while regenerating the sorbent for reuse.168,170 

The Swiss company Climeworks has been the most prominent developer of this approach, 

operating the Orca plant in Iceland (4,000 tCO2/year, commissioned in 2021)171 and the larger 

Mammoth facility (36,000 tCO2/year, commissioned in 2024).172 The modular nature of solid 

sorbent systems allows for incremental scaling, and the low regeneration temperatures enable 

the use of waste heat or low-grade geothermal energy. However, these systems are sensitive to 

ambient humidity and temperature variations, sorbent degradation remains a concern over 

extended cycling, and the requirement for vacuum adds to energy consumption and equipment 

complexity.166,170 

More recently, electrochemical DAC approaches have emerged as a promising third pathway. 

These systems use electrochemical processes to drive CO2 capture and release, potentially 
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offering improved energy efficiency by avoiding thermal regeneration entirely. Companies such 

as Verdox (USA) and Mission Zero Technologies (UK) have demonstrated pilot-scale 

electrochemical DAC units, reaching technology readiness level (TRL) 4 as of 2024.173 While still 

in the early stages of development, electrochemical DAC could offer fundamental advantages in 

terms of energy efficiency and process flexibility, although durability and cost challenges remain 

to be addressed. 

As of 2024, global DAC capacity stood at approximately 0.01 MtCO2/year.168 This figure is 

orders of magnitude below the 7 to 9 GtCO2/year of removal estimated to be necessary by 2050 

to maintain a realistic path toward the 1.5 °C target.168,174 Current costs for DAC remain high, 

ranging from approximately 600 to 1,000 $/tCO2. Optimistic projections suggest costs could 

decrease to $250-$300/tCO2 by the end of the decade with the development of multi-megaton-

capacity facilities, and potentially reach around $200/tCO2 further in the future through 

technological learning, economies of scale, and industrial maturation - though achieving the 

more ambitious target of $100/tCO2 is considered unlikely without substantial policy support.175 

The U.S. Department of Energy's Carbon Negative Shot initiative has set 100 $/tCO2 as the target 

cost for DAC with durable storage.168 Achieving such cost reductions will require advances in all 

three pillars of DAC technology: the air contactor (improving gas–sorbent/solvent contact 

efficiency and minimising pressure drop), the sorbent or solvent (enhancing CO2 capacity, 

selectivity, kinetics, and long-term stability), and the regeneration process (reducing energy 

consumption and enabling the use of renewable or waste heat sources).165,166 

Despite these challenges, DAC presents unique advantages that justify continued 

investment and development. Unlike nature-based CDR, DAC has a small land footprint and can 

be sited flexibly - ideally near CO2 storage sites or renewable energy sources - without 

competing for arable land. It can address both distributed and legacy emissions, and the 

captured CO2 can be stored permanently underground (DACCS) or used as a feedstock for 

synthetic fuels, chemicals, or building materials (DACCU).165,167 As a result, DAC is increasingly 

integrated into long-term climate mitigation scenarios as an essential component of the CDR 

portfolio. 

B. Carbon Capture 
While DAC addresses CO2 already dispersed in the atmosphere, carbon capture from point 

sources targets emissions at their origin - typically large industrial facilities and power plants 

where CO2 concentrations are significantly higher (2-30 %) than in ambient air.176 This 

concentration advantage translates into lower thermodynamic and practical energy 

requirements for separation, making point-source capture a more immediately cost-effective 

strategy for large-scale emission reduction. According to the International Energy Agency (IEA), 

as of the first quarter of 2025, just over 50 MtCO2/year of capture capacity was in operation 

globally, with the project pipeline suggesting that this could grow to approximately 430 

MtCO2/year by 2030.177 Three main technological approaches have been developed for point-
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source carbon capture: post-combustion capture, pre-combustion capture, and oxy-fuel 

combustion capture.137,178,179 

Post-combustion capture involves the separation of CO2 from the flue gas produced after 

combustion in conventional power plants or industrial processes. Because the CO2 is dilute 

(typically 10-15 % in coal-fired plants, 3-4 % in gas-fired plants) and at low pressure, chemical 

absorption using aqueous amine solutions - most commonly monoethanolamine (MEA) at 30 

wt% - is the dominant technology.179,180 In this process, flue gas is contacted with the amine 

solution in an absorber column, where CO2 reacts exothermically with the amine to form 

carbamate and bicarbonate species. The CO2-rich solvent is then heated in a stripper column to 

approximately 120-140 °C to reverse the reaction and release a concentrated CO2 stream for 

compression, while the regenerated solvent is recycled (Figure 1.21). Post-combustion capture 

is the most technologically mature approach and offers the critical advantage of being 

retrofittable to existing infrastructure without requiring fundamental modifications to the 

combustion process.179,181 However, the major drawback of MEA-based capture is its high energy 

penalty: solvent regeneration consumes approximately 3.6-4.0 GJ/tCO2, translating into a 9-13 % 

reduction in net plant efficiency.179,180 This substantial energy consumption, combined with 

issues of solvent degradation, corrosion, and amine emissions, has driven extensive research 

into advanced solvents, sorbents, and membranes aimed at reducing the parasitic energy 

load.179,181 

 
Figure 1.21. Post-combustion capture process based on chemical absorption. Adapted from 

reference 181. 

Pre-combustion capture is primarily applicable to integrated gasification combined cycle 

(IGCC)‡ power plants and hydrogen production facilities. In this approach, the fuel (coal or 

natural gas) is first converted to syngas (CO + H2) through gasification or reforming. The CO 

component is then shifted to CO₂ via the water-gas shift (WGS) reaction, producing a gas stream 

with high CO2 (35-40 %) and H2 concentrations. The CO2 is separated - typically using physical 

 
‡ IGCC is a process that combines gasification of organic feedstock to produce synthesis gas with a 
combined cycle system that recovers exhaust heat to generate additional electricity, resulting in higher 
efficiency and reduced carbon dioxide emissions.182 
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solvents such as Selexol (dimethyl ether of polyethylene glycol) or Rectisol (chilled methanol), 

which exploit the high CO2 partial pressure - and the remaining hydrogen-rich gas is used for 

power generation (Figure 1.22).176,179 The higher CO2 concentration and pressure in pre-

combustion systems yield a greater thermodynamic driving force for separation, potentially 

reducing the energy penalty compared to post-combustion capture.176 However, the capital cost 

of the upstream gasification or reforming infrastructure is significantly higher, and the 

technology is not readily retrofittable to existing combustion-based plants.179 

 
Figure 1.22. Pre-combustion capture approach. 

Oxy-fuel combustion replaces air with a mixture of pure oxygen and recycled flue gas as the 

combustion oxidant, resulting in a flue gas composed primarily of CO2 (up to 90 % on a dry 

basis) and water vapour. A simple condensation step then yields a high-purity CO2 stream ready 

for compression and storage.179,180 The elimination of nitrogen from the combustion environment 

not only simplifies CO2 separation but also significantly reduces NOX emissions.180 The principal 

drawback is the energy-intensive cryogenic air separation unit (ASU) required to produce the 

oxygen feed, which imposes a substantial parasitic load on the power plant.176,179,180 Research 

efforts are therefore focused on developing more efficient oxygen production technologies, such 

as ion transport membranes.183 

Each capture approach offers distinct advantages and faces specific challenges. Post-

combustion capture remains the most widely deployed due to its retrofitability and 

technological maturity, with capture costs typically ranging from 36 to 111 $/tCO2 depending on 

the CO2 source concentration and the specific process configuration.184 Pre-combustion 

capture can achieve lower marginal capture costs in greenfield IGCC installations, though 

higher capital investments are required.184 Oxy-fuel combustion offers potentially high capture 

rates (> 95 %) with simplified downstream CO2 purification but remains less commercially 

mature than the other two approaches.180 

Regardless of the capture configuration (post-combustion, pre-combustion, or oxy-fuel), the 

actual separation of CO2 from the gas mixture relies on one or more separation technologies. 

Five principal methods have been developed to varying degrees of technological maturity: 

chemical or physical absorption and adsorption, membrane separation, cryogenic separation, 

and chemical looping (Figure 1.23).179,185  
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Figure 1.23. CO2 separation technologies. Adapted from reference 186. 

Chemical absorption is the most technologically mature and widely deployed CO2 separation 

method at industrial scale. As introduced above, it relies on the reversible chemical reaction 

between CO2 and a liquid solvent - most commonly an aqueous solution of a primary or 

secondary alkanolamine such as monoethanolamine (MEA, 30 wt%) - in an absorber-stripper 

configuration.179,180 The CO2-rich solvent is subsequently heated in a regeneration column 

(typically at 120-140 °C) to release a concentrated CO2 stream and regenerate the solvent for 

reuse. While MEA-based absorption achieves high capture rates (> 90 %) and is compatible with 

a wide range of CO2 partial pressures, its high regeneration energy (3.6-4.0 GJ/tCO2), solvent 

degradation in the presence of oxygen and sulphur compounds, equipment corrosion, and 

fugitive amine emissions constitute significant drawbacks.179–181,186 To address these limitations, 

considerable research effort has been directed toward the development of advanced solvents, 

including sterically hindered amines (e.g., 2-amino-2-methyl-1-propanol, AMP), blended amine 

systems (e.g. MEA/MDEA (methyldiethanolamine), piperazine/MDEA), and phase-change 

solvents that undergo liquid-liquid phase separation upon CO2 loading, allowing only the CO2-

rich phase to be sent to the stripper.186,187 Phase-change absorbents have demonstrated the 

potential to reduce regeneration energy to approximately 1.7-2.0 GJ/tCO2.187 Additionally, non-

aqueous solvents - including ionic liquids and CO2-binding organic liquids (CO2BOLs), which are 

discussed in detail in a later section - have attracted increasing attention due to the elimination 

of the water-related energy penalty.188 

Physical absorption is preferred when the CO2 partial pressure is high, as in pre-combustion 

capture or natural gas processing. In contrast to chemical absorption, physical solvents such as 

Selexol (dimethyl ether of polyethylene glycol) or Rectisol (chilled methanol) dissolve CO2 

without chemical reaction. The absorbed CO2 can then be released by reducing the pressure 

(pressure swing) rather than by heating, resulting in lower regeneration energy requirements.179 
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However, physical solvents are less effective at the low CO2 partial pressures encountered in 

post-combustion flue gases. 

Adsorption employs porous solid sorbent materials (Figure 1.24)189 to capture CO2 from gas 

streams through either physisorption (van der Waals interactions) or chemisorption (chemical 

bonding with surface functional groups).185,190 In practice, CO2 capture by adsorption is operated 

as a cyclic process alternating between an adsorption step and a desorption (or regeneration) 

step, during which the captured CO2 is released and the sorbent restored for reuse. These cycles 

are classified according to the thermodynamic variable that is modulated to drive adsorption 

and desorption. In temperature swing adsorption (TSA), desorption is driven by raising the 

sorbent temperature while pressure swing adsorption (PSA) reduces the total pressure, and 

vacuum swing adsorption (VSA) applies sub-atmospheric pressure.191 Conventional adsorbents 

include activated carbons, zeolites (e.g., 13X, ZSM-5), and silica supports, which offer moderate 

CO2 capacities (typically ~ 1-7.5 mmol/g) and fast kinetics but limited selectivity, particularly in 

the presence of moisture.185,191 More recently, a new generation of advanced porous materials 

has attracted significant attention. Metal-organic frameworks (MOFs) - crystalline materials 

composed of metal nodes connected by organic linkers - exhibit exceptionally high surface 

areas (up to > 6,000 m2/g),192 tuneable pore sizes, and chemically modifiable internal surfaces, 

enabling CO2 adsorption capacities exceeding 20 mmol/g under high-pressure conditions.193,194 

Amine-functionalised MOFs and solid amine sorbents (amines grafted onto or impregnated into 

mesoporous silica supports) combine the selectivity of chemical absorption with the practical 

advantages of solid handling, and are the basis of several solid sorbent DAC systems discussed 

earlier.191,195 Covalent organic frameworks (COFs), which are structurally analogous to MOFs but 

composed entirely of light elements (C, H, N, O, B) linked by covalent bonds, represent another 

emerging class of adsorbents with high thermal and chemical stability.196 Despite these 

advances, challenges related to sorbent stability over extended cycling, scalability of synthesis, 

and competition from water vapour remain significant barriers to large-scale deployment of 

adsorption-based CO2 capture.167,185 

 
Figure 1.24. Classification of porous solid materials for CO2 adsorption. Adapted from reference 189. 
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Membrane separation exploits differences in the permeability of gas components through a 

semi-permeable barrier to achieve CO2 separation.197 Membranes offer several attractive 

features: continuous operation without the need for chemical reagents or thermal regeneration, 

compact footprint, modularity, and the potential for low energy consumption.197,198 CO2 

separation through membranes is driven by the partial pressure difference across the 

membrane (the transmembrane driving force) and depends on two key material properties: 

permeability (the rate at which CO2 passes through the membrane) and selectivity (the 

preferential permeation of CO2 over other gases, particularly N2 or CH4).198 Membrane materials 

are broadly classified into three categories: polymeric membranes (e.g. polyimides, 

polysulfones, polymers of intrinsic microporosity), inorganic membranes (e.g. zeolite, carbon 

molecular sieve, ceramic), and mixed-matrix membranes (MMMs), which incorporate inorganic 

fillers (zeolites, MOFs, or other nanoparticles) within a polymer matrix to combine the 

processability of polymers with the superior separation properties of inorganic materials.197,198 A 

fundamental trade-off exists in membrane design between permeability and selectivity, 

described by the Robeson upper bound: materials with high gas permeability tend to exhibit 

lower separation selectivity, and vice versa (Figure 1.25).197,199,200 Recent research has focused 

on surpassing this upper bound through the development of thermally rearranged polymers, 

ultra-thin composite membranes, and facilitated transport membranes incorporating CO2-

reactive carriers (e.g. amines, carbonate salts, ionic liquids).197,198 At the industrial level, 

membrane-based CO2 capture has been commercially deployed for natural gas sweetening and 

biogas upgrading, where CO2 concentrations are relatively high (> 20 %). For post-combustion 

capture, where the low CO2 partial pressure in flue gas reduces the transmembrane driving 

force, multi-stage membrane configurations or hybrid membrane-absorption systems are being 

investigated to achieve the required capture rates and purity.198 Recent techno-economic 

analyses have shown that optimised membrane systems could reduce capture costs to 

approximately 57 $/tCO2 for natural gas combined cycle applications - a 55 % reduction 

compared to conventional amine-based capture.201 

 
Figure 1.25. Robeson’s upper bound for gas separation.202 
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Cryogenic separation involves cooling and compressing the gas mixture to temperatures at 

which CO2 condenses or solidifies (desublimation), allowing it to be physically separated from 

the remaining gases.179,203 This approach can yield very high-purity CO2 (> 99.9 %) in liquid form, 

ready for transport without further compression.203 However, the substantial refrigeration energy 

required makes it economically viable only for gas streams with high CO2 concentrations (> 50 

%), such as those produced by oxy-fuel combustion or certain industrial processes.203,204 In 

addition, the presence of impurities such as water and gas traces can cause operational 

problems (e.g. frost formation, plugging) that require upstream conditioning.205,206 Cryogenic 

processes are therefore most commonly used in combination with other separation 

technologies rather than as standalone capture solutions.207 

Chemical looping combustion (CLC) represents a fundamentally different approach to 

carbon capture in which CO2 separation is inherent to the combustion process itself, rather than 

being performed as a downstream operation.208,209 In CLC, the fuel does not come into direct 

contact with air. Instead, a solid oxygen carrier - typically a metal oxide such as Fe2O3, NiO, CuO, 

or Mn3O4 - is circulated between two interconnected reactors.208,210 In the fuel reactor, the 

oxygen carrier is reduced by the fuel, producing a flue gas consisting almost exclusively of CO2 

and H2O. A simple condensation step then yields a concentrated CO2 stream. In the air reactor, 

the reduced oxygen carrier is re-oxidised by air, regenerating it for the next cycle (Figure 1.26). 

Because nitrogen from the air never mixes with the combustion products, no energy-intensive 

gas separation step is required.208–210 This inherent separation gives CLC the potential for 

uniquely low energy penalties and costs for CO2 capture compared to conventional post-

combustion methods.208–210 Research and development in CLC has progressed significantly over 

the past two decades, with pilot- and demonstration-scale studies validated across diverse 

fuels and reactor configurations, including interconnected fluidised beds, packed beds, moving 

beds, and rotating reactors.208,210 The main challenges concern the development of oxygen 

carriers that combine high oxygen transport capacity, fast redox kinetics, mechanical stability 

(resistance to attrition, sintering, and agglomeration), and low cost over extended 

operation.208,209,211 Iron-based carriers (ilmenite, natural iron ores) and manganese-based oxygen 

carriers have attracted particular interest due to their low cost, availability, and environmental 

compatibility, while copper-based carriers offer the unique ability to release gaseous oxygen in 

the fuel reactor (chemical looping with oxygen uncoupling, CLOU).208–210 Despite significant 

progress, critical challenges remain - including oxygen carrier durability, reactor scale-up, and 

system integration under industrial conditions - and further development toward large-scale 

commercial deployment is required.208–211 
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Figure 1.26. Idealised schematic description of the CLC process. Adapted from reference 204. 

Once captured, CO2 must either be permanently stored or converted into useful products. 

The following sub-sections examine these two complementary strategies. 

1. Carbon Capture and Storage 
Carbon capture and storage (CCS) refers to the permanent sequestration of captured CO2 in 

geological formations, thereby preventing its release into the atmosphere. The complete CCS 

chain comprises three steps: capture (discussed above), transport, and geological storage.158,212 

Following capture, CO2 is compressed to a supercritical or dense phase (typically above 7.4 

MPa)213 and transported to the storage site. The choice of transport mode depends on the 

distance, volume, and geographical constraints. The two main options for large-scale CO2 

transport are pipeline and ship, although for short distances and small volumes, truck or rail 

transport are also possible.214 The vast majority of CO2 transportation is expected to occur via 

pipeline. In fact, several CO2 pipeline networks are already in operation, particularly in North 

America, where more than 8,000 km of onshore CO2 pipelines support enhanced oil recovery 

(EOR) operations.214 However, ship transport may be preferable over long distances (> 1,500 km) 

and is emerging as a viable option for offshore storage and cross-border CO2 trade.212  

Geological storage of CO2 relies on injecting the compressed CO2 into deep subsurface 

formations - typically at depths exceeding 800 m, where temperature and pressure conditions 

maintain CO2 in a supercritical state with density approaching that of a liquid. Three main types 

of geological formations are considered suitable for CO2 storage: deep saline aquifers, depleted 

oil and gas reservoirs, and unmineable coal seams.213,215 

Deep saline aquifers represent the largest potential storage resource globally. These porous 

and permeable sedimentary formations, saturated with brine and sealed by impermeable 

caprocks, offer vast storage capacities estimated in the thousands of gigatonnes of CO2.213 The 

Sleipner project in Norway, operational since 1996, was the first commercial-scale CO2 storage 

project in a saline aquifer and has successfully injected more than 16 Mt CO₂ over its first twenty 

years, with extensive monitoring confirming containment integrity.216,217 
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Depleted oil and gas reservoirs benefit from well-characterised geology and existing 

infrastructure, including wells and surface facilities. Their proven ability to trap hydrocarbons 

over geological timescales provides confidence in seal integrity. Moreover, CO2 injection into 

depleted or partially depleted reservoirs can serve a dual purpose through enhanced oil 

recovery (CO2-EOR), where the injected CO2 miscibly displaces residual oil, increasing 

production while simultaneously achieving permanent storage. However, the presence of legacy 

wellbores constitutes a potential leakage pathway that requires careful assessment and 

remediation.213,218 

Four primary trapping mechanisms contribute to the long-term security of geological CO2 

storage (Figure 1.27a and b): structural trapping (physical containment beneath an 

impermeable caprock), residual trapping (immobilisation of CO2 as disconnected droplets in 

pore spaces), solubility trapping (dissolution of CO2 in formation brine to form carbonic acid), 

and mineral trapping (reaction of dissolved CO2 with formation minerals to precipitate stable 

carbonate phases).213,219 These mechanisms operate over different timescales, with structural 

trapping dominating in the short term and mineral trapping providing the most permanent form 

of storage over thousands to millions of years (Figure 1.27c).  

 
Figure 1.27. Geological CO2 storage trapping mechanisms. (a) Classification (Adapted from reference 

209), (b) Schematic representation,219 and (c) Performance over time.219 
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A recent analysis published in Nature by Gidden et al. established a risk-based estimate for 

the prudent planetary limit of geological CO2 storage at approximately 1,460 (1,290-2,710) 

GtCO2, demonstrating that while substantial capacity exists, it is finite and must be treated as a 

limited intergenerational resource.220 This study further showed that only stringent near-term 

emission reductions can lower the risk of exceeding this limit before 2200, underscoring the 

need for CO2 storage to complement - not replace - emission reduction efforts. 

Despite the theoretical promise and several successful large-scale demonstrations, CCS 

deployment has been slower than initially anticipated. As of early 2025, operational CCS 

capacity stood at approximately 50 MtCO2/year - a fraction of the gigatonne-scale deployment 

envisioned in most climate stabilisation scenarios.177 Key barriers include high capital costs, 

long project development timescales, the absence of robust carbon pricing in many 

jurisdictions, public acceptance concerns (particularly for onshore storage), and residual 

uncertainties regarding long-term containment integrity and liability frameworks.212,221 

Monitoring, verification, and accounting (MVA) frameworks remain an active area of 

development, with techniques including seismic surveys, well-based measurements, surface 

monitoring, and atmospheric detection being deployed and refined.213 

2. Carbon Capture and Utilisation 
Carbon capture and utilisation (CCU) represents an alternative paradigm in which captured 

CO2 is not stored underground but is instead used in a broad range of applications. These 

applications can be broadly classified into two categories : direct utilisation and conversion-

based utilisation, where CO2 is converted to feedstock for the production of fuels, chemicals, 

polymers, or building materials (Figure 1.28).212,222,223  

 
Figure 1.28. Classification of CO2 utilisation pathways.223 
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According to the IEA's 2019 report Putting CO₂ to Use, which presents data for the year 2015, 

approximately 230 Mt of CO2 were consumed annually across both direct and conversion-based 

applications.223 The single largest consumer was the fertiliser industry, where approximately 130 

Mt CO2 per year is chemically transformed into urea via reaction with ammonia (Scheme 

1.6).223,224 Although this figure has not been officially revised since, global urea production has 

increased substantially from approximately 175 Mt in 2015 to 195.5 Mt in 2023,225 suggesting 

that the corresponding CO2 consumption has likely grown to approximately 140-145 Mt per year, 

and that total global CO2 utilisation now exceeds 250 Mt per year.§ Regardless of the exact 

current figures, urea synthesis constitutes the most mature and voluminous example of 

conversion-based CO2 utilisation, yet it does not result in net emission reduction, as the CO2 is 

released when the urea is applied as fertiliser and hydrolysed in soils.226 Among direct (non-

conversion) applications, enhanced oil recovery (discussed above)218 accounted for 70-80 Mt 

CO2 per year, while food and beverage production, metal fabrication, and other industrial uses 

consumed approximately 20 Mt CO2 per year.223 Beyond urea, the current demand for CO2 in the 

production of fuels, other chemicals, and building materials through emerging conversion 

pathways remains negligible by comparison, though this is expected to change as technologies 

mature and policy frameworks evolve.223 

 
Scheme 1.6. Urea synthesis from ammonia and CO2. 

The case of urea illustrates a broader and critically important point: using CO2 as a feedstock 

does not automatically equate to reducing emissions. More generally, the climate benefit of a 

CO2-derived product depends on five interrelated factors: (i) the source of the CO2 (fossil, 

biogenic, or atmospheric), (ii) the product or service being displaced, (iii) the carbon intensity of 

the energy used for the conversion process, (iv) the duration of carbon retention in the product, 

and (v) the scale of the opportunity.223 Unlike CCS, where CO2 is permanently sequestered, most 

conversion-based CCU pathways ultimately release the CO2 back to the atmosphere - either 

rapidly, as in the case of fuels that are combusted, or over intermediate timescales, as in the 

case of chemicals such as urea.223,227 Only applications involving permanent carbon retention - 

most notably the mineralisation of CO2 into building materials - can approach the permanence 

of geological storage.223 Moreover, for CCU pathways involving fuels and chemical 

intermediates, the use of low-carbon energy throughout the conversion process is essential; 

otherwise, the life-cycle emissions of the CO2-derived product may exceed those of its 

conventionally produced counterpart, thereby negating any climate benefit.223,228 

Within conversion-based CCU, the IEA has identified five key categories of CO2-derived 

products and services: (i) fuels, (ii) chemicals, (iii) building materials from minerals, (iv) building 

 
§ Calculations performed based on the stoichiometry of the reaction presented in Scheme 1.6. 
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materials from waste, and (v) CO2 use to enhance the yield of biological processes.223 These 

categories span a wide range of technological maturity, energy requirements, and carbon 

retention timescales, as discussed below. 

CO2-Derived Building Materials 

The mineralisation of CO2 into building materials is arguably the most promising CCU 

pathway from a climate perspective, owing to the combination of permanent carbon storage in 

thermodynamically stable carbonate phases, low energy requirements for the exothermic 

carbonation reactions, and the enormous scale of the global construction materials market (~30 

billion tonnes of concrete per year).223,229 Three main approaches have been developed: CO2-

cured concrete, in which CO2 replaces or supplements steam during the curing process; CO2-

based cement, in which calcium or magnesium silicate clinkers are designed to harden through 

carbonation rather than hydration; and the conversion of industrial waste streams (e.g. steel 

slag, coal fly ash) into carbonate aggregates.229 CO2 curing exploits the reaction between CO2 

and the calcium silicate phases present in Portland cement or their hydration products to form 

CaCO3 and amorphous silica gel, a process that not only sequesters CO2 but can also improve 

the compressive strength and durability of the cured product.229,230 Companies such as 

CarbonCure Technologies (Canada) and Solidia Technologies (USA) have commercialised CO2-

based concrete processes, with CarbonCure's technology deployed in over 800 concrete plants 

worldwide.229,231 The theoretical potential is substantial - replacing all conventional concrete 

with CO2-cured alternatives could create a demand for up to 1,000-1,200 Mt CO2 per year 

globally.223 However, a recent assessment by Myers et al. cautioned that the claimed 

decarbonisation potentials of several commercial mineralisation technologies are overstated 

when full life-cycle emissions are rigorously accounted for, and that few are currently more 

economical than CSS for reducing CO2 emissions.232 

CO2-Derived Fuels 

CO2 can be converted into a broad range of synthetic fuels - including methane, methanol, 

gasoline, and aviation fuels - via catalytic hydrogenation, the reverse water-gas shift (RWGS) 

reaction followed by Fischer–Tropsch (FT) synthesis, or co-electrolysis (Figure 1.29).223,233 The 

most technologically mature pathways are the direct hydrogenation of CO2 to methanol (CO2 + 

3H2 → CH3OH + H2O) and the Sabatier reaction for methanation (CO2 + 4H2 → CH4 + 2H2O), both 

of which employ heterogeneous catalysts at elevated temperatures and pressures.234–237 The 

CO2 utilisation rates are substantial, with methanol synthesis requiring approximately 1.37 t CO2 

per tonne of product and methanation requiring approximately 2.74 t CO2 per tonne of product, 

assuming complete conversion.223 
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Figure 1.29. Mature conversion routes for CO2-derived fuels and chemical intermediates.223 

The primary challenge in producing fuels from CO2 lies in the molecule's thermodynamic 

stability (ΔG°f = -396 kJ/mol), which necessitates large energy inputs - predominantly in the form 

of hydrogen - and the use of catalysts to drive the conversion.224 The overall energy efficiency of 

the conversion chain ranges from approximately 40 to 55 %, meaning that a significant fraction 

of the input energy is lost during the process (45 to 60 %). Consequently, the production costs of 

CO2-derived methanol and methane are currently two to seven times higher than those of their 

fossil-derived counterparts, depending on local electricity and hydrogen prices.223 

Despite these economic barriers, CO2-derived fuels are attracting increasing attention for 

applications in which direct electrification is impractical, most notably long-haul aviation. In this 

context, the European Union's ReFuelEU Aviation regulation has mandated minimum blending 

shares of synthetic aviation fuels, increasing from 0.7 % in 2030 to 28 % in 2050, providing a 

demand-side driver for scale-up.228 Several commercial and demonstration-scale facilities are 

already in operation. The George Olah Renewable Methanol plant in Svartsengi, Iceland, 

operated by Carbon Recycling International (CRI) since 2012, produces approximately 4,000 

tonnes per year of methanol from geothermal CO2 (5,500 Mt per year) and electrolytic 

hydrogen.238,239 In Germany, the Audi e-gas plant in Werlte has produced synthetic methane from 

CO2 and renewable hydrogen since 2013.223 As of early 2024, around 15 additional large-scale 

capture facilities targeting CO2 utilisation for synthetic hydrocarbon fuels were in various stages 

of planning and construction, with a combined potential to capture and utilise approximately 8 

Mt CO2 by 2030.228 

From a catalyst development perspective, the industrial standard for CO2 hydrogenation to 

methanol remains the Cu/ZnO/Al2O3 system, originally optimised for syngas-based methanol 

synthesis.234,235 However, this catalyst suffers from limited CO2 conversion and methanol 

selectivity due to competition from the reverse water-gas shift reaction (Scheme 1.7), which 

leads to catalyst deactivation as well.235,240 Significant recent research has therefore focused on 
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alternative catalytic systems, including noble metal-based catalysts,241 oxides (e.g. In2O3-

based),240 hybrid oxides (e.g. ZnO-ZrO2 solid solutions),242,243 and bimetallic formulations,244,245 

which have demonstrated improved selectivity and stability under CO2-rich conditions.235  

 
Scheme 1.7. Competition between the direct hydrogenation of CO2 to methanol and the reverse water-

gas shift reaction. 

CO2-Derived Chemicals and Polymers 

Beyond fuels and building materials, CO2 can serve as a C1 building block for the synthesis of 

a wide range of chemicals, including organic carbonates (cyclic and linear), polycarbonates, 

polyurethane precursors, carbamates, and carboxylates.224,233 Several of these transformation 

pathways require significantly less energy input than the production of fuels, because the 

carbon atom retains its +4 oxidation state in the product (as in carbonates, carbamates, and 

polycarbonates) or is only slightly reduced to +3 (as in carboxylates), with the necessary energy 

being contributed by the electron-rich co-reagent rather than by an external source.224 

As discussed above, the most established chemical utilisation of CO2 is urea synthesis, 

which consumed approximately 130 Mt CO2 per year as of 2015 and has likely grown since but 

does not contribute to net emission reduction.223,226,246 Other mature CO2-based chemical 

processes include the production of inorganic carbonates - principally precipitated calcium 

carbonate (~114 Mt/y) and sodium carbonate (~50 Mt/y) via the Solvay process (Scheme 1.8a) - 

which collectively consume approximately 90 Mt CO2 per year, and the synthesis of salicylic 

acid via the Kolbe-Schmitt reaction (Scheme 1.8b), which consumes only about 29 kt CO2 per 

year.224,246  
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Scheme 1.8. (a) The Solvay process247 ; (b) The Kolbe-Schmitt reaction.248 

The cycloaddition of CO2 to epoxides to form five-membered cyclic carbonates (Scheme 1.9) 

is also a well-established process, which benefits from 100 % atom economy, relatively mild 

reaction conditions, and a wide applicability of the resulting products.246,249–251 Cyclic carbonates 

find use as electrolyte solvents for lithium-ion batteries - a rapidly growing market driven by the 

electrification of transport - as green polar aprotic solvents replacing toxic alternatives such as 

dimethylformamide (DMF), and as versatile intermediates for the synthesis of polycarbonates, 

polyurethanes, and fine chemicals.249–251  

 
Scheme 1.9. Five-membered cyclic carbonate synthesis from epoxides and CO2.  

This reaction has been the subject of intense catalytic research over the past two decades, 

with the development of increasingly efficient and selective catalytic systems.249–251 Early 

approaches relied on metal-salen complexes - particularly those based on aluminium, 

chromium, and cobalt - often in combination with co-catalytic nucleophiles.250,251 More recently, 

significant progress has been made with metal-organic frameworks (MOFs) and porous organic 

polymers, which offer high surface areas, tuneable pore environments, and the possibility of 

incorporating catalytically active sites directly into the framework structure.249–251 A particularly 

successful design strategy in this context is the development of fully heterogeneous bifunctional 

catalysts in which a Lewis-acidic metal centre and a nucleophilic halide are co-immobilised in 

close proximity on the same support, exploiting their spatial vicinity to synergistically activate 

both the epoxide and the CO2 molecule during the catalytic cycle. Aprile and co-workers have 

systematically implemented this concept on a variety of platforms - including silsesquioxane 
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(POSS)-supported metalloporphyrin–imidazolium cross-linked networks,252,253 multi-walled 

carbon nanotube-supported metal-phthalocyanine/imidazolium copolymers,254 and metal-

doped imidazolium-functionalised low-dimensional silica nanostructures255 - consistently 

demonstrating that the proximity between the two catalytic sites is a key parameter governing 

activity, selectivity, and recyclability under solvent-free conditions. In parallel, metal-free 

organocatalytic approaches have gained prominence, including systems based on ionic liquids, 

hydrogen-bond donors, and strong organic bases such as amidines and guanidines, which can 

activate both the epoxide substrate and the CO2 molecule through cooperative 

mechanisms.250,251,256  

Beyond catalyst design, the structural diversification of CO2-derived cyclic carbonates 

themselves has emerged as a complementary lever to expand their utility in polymer synthesis. 

A representative example is the development by Gennen et al. of α-alkylidene cyclic carbonates 

obtained directly from CO₂ and propargylic alcohols (Scheme 1.10), which display markedly 

higher reactivity toward nucleophiles than their saturated counterparts and enable the synthesis 

of regioregular polyurethanes and polycarbonates under milder conditions.257 

 
Scheme 1.10. α-Alkylidene cyclic carbonates synthesis from CO₂ and propargylic alcohols. 

The copolymerisation of CO2 with epoxides to produce aliphatic polycarbonates represents 

another major pathway, yielding materials that can incorporate 30-50 wt% CO2 and that exhibit 

properties suitable for a range of applications.258 The ring-opening copolymerisation (ROCOP) of 

CO2 with propylene oxide (PO) to form poly(propylene carbonate) (PPC) and with cyclohexene 

oxide (CHO) to form poly(cyclohexene carbonate) (PCHC) are the most extensively studied 

systems, employing catalysts based on zinc, cobalt, or chromium-salen and β-diiminate 

complexes.259,260 Successful large-scale PO/CO2 copolymerisation processes have been 

developed by companies including Novomer (now part of Saudi Aramco) and Empower 

Materials.260  

In a related but distinct approach, the copolymerisation of CO2 and PO catalysed by double 

metal cyanide (DMC) catalysts yields poly(ether-co-carbonate) polyols which serve as 

precursors for polyurethane (PU) production.260,261 Covestro (Germany) has incorporated such 

polyols into isocyanate-based PU formulations as soft segments to design flexible foams, 

commercialised under the cardyon™ brand.260 A life-cycle analysis by von der Assen and Bardow 

demonstrated that poly(ether-co-carbonate) polyols with 20 wt% CO2 content can achieve life-

cycle GHG emission reductions of 11-19 % relative to conventional polyether polyols, with the 
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climate benefits exceeding the amount of CO2 directly incorporated because the use of CO2 as a 

comonomer displaces the production of energy-intensive epoxide monomers.262  

In addition to these isocyanate-based PU routes, CO2-derived cyclic carbonates can serve as 

precursors for the synthesis of non-isocyanate polyurethanes (NIPUs) via polyaddition with 

diamines, offering a phosgene-free and isocyanate-free route to poly(hydroxyurethane) (PHU) 

materials (Scheme 1.11).260,263 PHUs differ from conventional polyurethanes by the presence of 

primary and secondary hydroxyl pendant groups, which impart higher chemical resistance and 

lower gas permeability but whose influence on water absorption and thermal stability remains 

debated.260 Although alternatives to isocyanates are known to provide lower molecular weight 

polymers - partly because side reactions render the selective synthesis of high Mn PHUs 

challenging - this pathway has emerged as one of the most promising approaches for producing 

polyurethanes without using toxic isocyanate reagents while simultaneously incorporating CO2 

as a C1 building block.260,263 The synthetic strategies developed within this framework, together 

with their translation into emerging applications such as self-blowing NIPU foams that exploit 

the in situ release of CO2 from cyclic carbonate precursors as a non-toxic, endogenous blowing 

agent, have been recently reviewed in detail by Grignard et al.264 

 
Scheme 1.11. PHU synthesis via cyclic carbonate and diamine polyaddition. 

More recently, the electrochemical reduction of CO2 (CO2RR) has emerged as a particularly 

promising conversion route, offering the possibility of coupling CO2 conversion directly with 

renewable electricity without requiring an intermediate hydrogen production step.265 

Electrochemical CO2 reduction can yield a wide range of products depending on the catalyst 

employed and the reaction conditions. On tin (Sn), bismuth (Bi), and lead (Pb) electrodes, the 

primary product is formate/formic acid (HCOOH), while gold (Au) and silver (Ag) catalysts favour 

carbon monoxide (CO) production.265 Copper remains the only elemental catalyst capable of 

producing significant quantities of multicarbon (C2+) products - most notably ethylene (C2H4) 

and ethanol (C2H5OH) - from CO2, although achieving high selectivity and current density 

simultaneously remains challenging due to the complex reaction network involving the critical 

C-C coupling step.265,266 Recent advances have demonstrated Faradaic efficiencies exceeding 70 

% for ethylene production in flow cell configurations, using oxide-derived copper and 

nanostructured copper–zinc alloy catalysts.267,268 Solid oxide electrolyser-based CO2-to-CO 

conversion is the most technologically mature CO2 electrolysis pathway, having been 

commercially deployed by Topsoe under the name eCOsTM, with demonstration units 

commissioned since 2016 and full-size commercial plants under operation.269 Nevertheless, 

challenges related to catalyst stability, product selectivity under sustained operation, and the 
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overall energy efficiency of the process continue to limit large-scale industrial deployment of 

more complex CO2RR products.270 

Outlook for Conversion-Based CCU 

Among the five categories of CO2-derived products, fuels exhibit the greatest volumetric 

potential (> 5 Gt CO2/year) owing to the vast global energy market, while building materials offer 

the greatest net climate benefit per tonne of CO2 used, primarily because of their low energy 

requirements and permanent carbon retention.223 Chemicals and polymers occupy an 

intermediate position, with significant value creation potential but more limited volumes (1-5 

and < 1 Gt CO2/year, respectively).223 Biological yield boosting - the use of CO2 to enhance crop 

growth in greenhouses or to support algae cultivation - is commercially mature in certain regions 

(notably the Netherlands, which consumes approximately 5-6 Mt CO2 per year for horticultural 

applications) but offers relatively modest scaling potential compared to the other categories.223 

It is important to emphasise that CCU cannot replace CCS in delivering the gigatonne-scale 

emission reductions required to meet Paris Agreement targets.223,227 The expected smaller scale 

of many CCU opportunities, the temporary nature of carbon storage in fuels and most 

chemicals, and the early stage of technological and market development all limit the near-term 

mitigation impact of CCU relative to geological storage.223 Nevertheless, CCU fulfils a 

complementary role by providing economic value to captured CO2, thereby improving the 

business case for carbon capture infrastructure, and by offering pathways to decarbonise 

products that will continue to require carbon - such as aviation fuels, platform chemicals, and 

construction materials - in a net-zero economy.223,271 

As highlighted above, the chemistry of CO2 fixation into carbonates and other value-added 

products is intimately connected to the chemistry of CO2 capture, particularly through the 

shared use of strong organic bases - amidines and guanidines - as both capture agents and 

catalysts. This molecular convergence between capture and utilisation is exemplified by CO2-

binding organic liquids (CO2BOLs), discussed in the following section, which exploit the 

reversible reactivity of these nitrogen bases with CO2 and hold potential for integrated capture-

utilisation strategies. 

C. CO2-Binding Organic Liquids 
Among the various classes of advanced solvents being developed for CO2 capture, CO2-

binding organic liquids (CO2BOLs) represent a particularly intriguing category of switchable 

solvents with distinctive properties.188,272 First introduced by Jessop, Heldebrant et al. in 2005 as 

a broader class of CO2-triggered switchable polarity solvents, CO2BOLs have since been 

extensively investigated as potential alternatives to conventional aqueous amine systems for 

post-combustion CO2 capture.273 

CO2BOLs are anhydrous organic liquids composed of a strong organic base - typically an 

amidine (e.g. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)) or a guanidine (e.g. 1,1,3,3-
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tetramethylguanidine (TMG) or Barton’s base) - combined with an alcohol.272,274 Upon exposure 

to CO2, the base deprotonates the alcohol, which then reacts with CO2 to form an 

alkylcarbonate anion, producing an amidinium or guanidinium alkylcarbonate ionic liquid 

(Scheme 1.12).188,274 This transformation is fully reversible: the ionic liquid reverts to the original 

neutral organic mixture upon mild heating (typically 50-90 °C) or by purging with an inert gas, 

releasing the captured CO2.274,275 This dramatic and reversible polarity switch - from a non-polar 

molecular liquid to a polar ionic liquid - is the defining characteristic of CO2BOLs and underpins 

their potential advantages for CO2 capture. 

 
Scheme 1.12. CO2BOL formation from Burton’s base (top) and DBU (bottom). 

The development of CO2BOLs has progressed through several generations. The first 

generation consisted of dual-component systems - a mixture of a free base and a free high-

boiling alcohol - which exhibited high CO2 capture capacity (up to 19 wt%)274 but suffered from 

high volatility.272 To address this limitation, single-component CO2BOLs were developed by 

covalently linking the base and alcohol functionalities within a single molecule, forming 

alkanolamidines or alkanolguanidines.276 These single-component systems exhibited reduced 

volatility and produced zwitterionic species upon CO2 binding rather than an ion pair.276 

However, they introduced a new challenge: extremely high viscosity upon CO2 loading, 

exceeding 2,000 cP in some cases, which would severely impede mass transfer and pumping in 

industrial absorber/stripper configurations.277 A subsequent advancement involved the design of 

low-viscosity single-component CO2BOLs based on alkanolguanidines with an imidazolidine 

core structure, which significantly mitigated the viscosity issue while maintaining favourable 

capture performance.188,277 

A distinctive advantage of CO2BOLs over aqueous amine systems is their anhydrous nature. 

In conventional MEA processes, a significant fraction of the regeneration duty is not consumed 

by the CO2-amine reaction itself but by the surrounding water. Two water-related contributions 

dominate this penalty: the sensible heat required to raise the temperature of the bulk aqueous 

solvent from absorber to stripper conditions, and the latent heat associated with its partial 

vaporisation during steam stripping.278 By replacing water with a non-volatile organic medium of 

lower specific heat, CO2BOLs eliminate both contributions and shift the energy balance of the 
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capture process in favour of the reaction itself.278 This intrinsic thermodynamic advantage has 

motivated further process-level strategies aimed at lowering the regeneration duty beyond what 

the absence of water alone can achieve. One such strategy is polarity-swing-assisted 

regeneration (PSAR), introduced by Mathias et al., in which a chemically inert non-polar 

antisolvent (e.g. hexadecane) is added to the CO2-loaded CO2BOL to shift the equilibrium 

toward CO2 release by lowering the overall polarity of the mixture.279 This polarity-driven 

approach reduced the required regeneration temperature by as much as 73 °C compared to 

conventional thermal swing, with the antisolvent being easily recovered by cooling the mixture 

to induce phase separation.279 

More recent research has focused on further optimising CO2BOL performance through three-

component formulations and the exploration of novel hydroxyl compounds. Yue et al. 

investigated ternary CO2BOLs comprising DBN (1,5-diazabicyclo[4.3.0]non-5-ene), ethylene 

glycol, and MEA, achieving an optimal absorption capacity of 0.267 g CO2/g solvent at 40 °C and 

1 bar while elucidating the effect of component molar ratios on the reaction mechanism.280 

Hedayati and Feyzi developed water-insensitive three-component CO2BOLs based on TMG, an 

alkanol, and an amine promoter, finding that the preferred TMG/methanol/MEA system (molar 

ratio 0.3/0.6/0.1) achieved an equilibrium CO2 loading of 0.396 mol CO2/mol solvent while 

demonstrating tolerance to water - a critical requirement for practical flue gas applications 

where moisture is inevitably present.281 Spectroscopic characterisation revealed that MEA 

inhibits the formation of bicarbonate precipitates, thereby maintaining the homogeneous liquid 

state of the solvent and reducing the energy required for regeneration.281 

In parallel, computational approaches have played an increasingly important role in CO₂BOL 

development, both for exploring novel binary formulations and for understanding the molecular 

origins of solvent behaviour. Anwer et al. combined experimental measurements with soft-SAFT 

thermodynamic modelling to evaluate DBU-based CO2BOLs in which conventional alkanols 

were replaced by ether-alcohols (ethylene glycol methyl ether, EGME, and ethylene glycol ethyl 

ether, EGEE). The ether formulations yielded 10-20 % higher CO2 uptake and 8 % lower heat of 

absorption than their alkanol counterparts, and the model identified DBU:EGME (1:2) as the 

best-performing candidate, with a projected regeneration energy of only 1.87 GJ/tCO2 - less than 

half that of aqueous MEA.282 Whereas Anwer et al. used modelling to project performance for a 

given solvent structure, Cantu et al. turned to molecular dynamics (MD) simulations to identify 

the structural features that determine solvent behaviour in the first place. They showed that the 

overall hydrogen-bonding topology of the CO2-loaded zwitterion is a key determinant of 

viscosity: intermolecular H-bonds between neighbouring zwitterions extend the interaction 

network and raise viscosity, whereas intramolecular H-bonds localise the charge within a single 

molecule and reduce it. Building on this insight, they proposed tuning the acid-zwitterion 

equilibrium to increase the fraction of neutral species, thereby lowering viscosity without 

compromising CO2 loading.283 
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Beyond their application in CO2 capture, CO2BOLs and related switchable solvents have 

demonstrated potential in broader chemical contexts, bridging the gap between CO2 capture 

and utilisation. Their switchable polarity has been exploited for the extraction and separation of 

bioactive compounds from complex natural matrices,284 for the dissolution and processing of 

biomass - most notably cellulose, which can be regenerated in controlled morphologies or 

homogeneously modified without recourse to conventional toxic solvents,285 and as reaction 

media whose properties can be reversibly tuned by CO2 addition and removal to facilitate 

product-catalyst separations.286 

Despite these promising developments, several challenges must be addressed before 

CO2BOLs can achieve industrial deployment. The development of formulations that 

simultaneously satisfy requirements for low viscosity, high CO2 capacity, rapid kinetics, and low 

regeneration energy, together with long-term solvent durability and integration into existing 

capture infrastructure, all require further investigation.278,287 Recent techno-economic analyses 

have begun to quantify these performance targets: comprehensive evaluations of CO2BOL-

based capture processes project costs in the range of $38-47 per tonne CO2, representing a 12-

23% reduction compared to aqueous amine benchmarks, yet further solvent development, 

process optimisation and testing at larger scales remain necessary to validate these projections 

and reduce the risks of commercialisation.288,289 

D. Intermediate Conclusion 
This section has provided an overview of the current landscape of CO2 management, 

encompassing atmospheric removal, point-source capture, geological storage, chemical 

utilisation, and advanced capture solvents. 

Atmospheric CO2 removal encompasses both nature-based approaches, which currently 

account for the vast majority of CDR activity, and technology-based methods such as bioenergy 

with carbon capture and storage (BECCS) and direct air capture (DAC). BECCS has historically 

occupied the most prominent position in IPCC (International Panel on Climate Change) 

mitigation scenarios, yet its operational deployment remains modest: only a handful of large-

scale facilities are in operation globally, all associated with bioethanol production in the United 

States, and the current project pipeline falls well short of the capacity envisaged in IEA 

(International Energy Agency) Net Zero scenarios. This deployment gap reflects critical 

challenges related to biomass sustainability, life-cycle emissions, and the inherent dependence 

on a mature CCS infrastructure. Direct air capture lags even further behind, with only pilot- and 

demonstration-scale facilities in operation and costs that remain well above those of point-

source capture. Nevertheless, DAC is increasingly viewed as indispensable for addressing 

legacy and distributed emissions. Both liquid solvent and solid sorbent approaches have 

reached commercial deployment, and emerging electrochemical methods hold promise for 

further efficiency gains. Neither BECCS nor DAC alone can close the gap between current 
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emissions and climate targets. Rather, they must be deployed as part of a diversified portfolio of 

mitigation and removal strategies. 

Point-source carbon capture is comparatively more mature in terms of operational capacity, 

with an established global deployment and a substantial announced project pipeline expected 

to expand over the coming years. Post-combustion capture using amine-based solvents remains 

the dominant technology due to its retrofitability, though its high energy penalty continues to 

drive the search for improved solvents and alternative capture approaches. Carbon capture and 

storage in geological formations has been demonstrated at scale through long-running projects, 

and recent risk-based analyses have established a finite but substantial prudent planetary limit 

for geological storage. Carbon capture and utilisation offers complementary value through the 

conversion of CO₂ into fuels, chemicals, and materials, although the net climate benefit of CCU 

pathways depends critically on the carbon intensity of the energy inputs and the durability of the 

products. 

Among advanced capture solvents, CO2BOLs have emerged as a compelling class of 

switchable materials whose anhydrous nature eliminates the sensible and latent heat penalties 

associated with water in aqueous amine systems, thereby shifting the regeneration energy 

balance in favour of the CO2-base reaction itself. Recent developments - including ether-based 

formulations with markedly reduced regeneration energies, water-tolerant three-component 

formulations and polarity-swing-assisted regeneration strategies - have brought CO2BOLs closer 

to practical relevance, with techno-economic analyses projecting capture costs below those of 

aqueous amine benchmarks.  

In the context of this thesis, the CO2 management landscape highlights the need for 

materials and processes that can bridge the gap between capture and utilisation. CO2BOLs, 

with their switchable properties and tuneable chemistry, are particularly well positioned in this 

regard. The following chapters will explore specific strategies that leverage these molecular 

platforms for the development of integrated capture-utilisation approaches. 

IV. Conclusion and Objectives of the Work 
This first chapter has provided a comprehensive overview of the current state of the art 

regarding two of the most pressing environmental challenges of the 21st century: the 

accumulation of plastic waste and the continuously rising atmospheric emissions of carbon 

dioxide. Although typically addressed as independent problems, both originate from our heavy 

reliance on fossil resources, and both call for more ambitious and integrated valorisation 

strategies than those currently available at scale. 

On the plastic waste front, mechanical recycling - although widely implemented and 

economically attractive - suffers from progressive property degradation upon repeated 

reprocessing and from a limited tolerance toward contaminated or mixed polymer streams, 
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frequently resulting in downcycling rather than closed-loop recycling. Chemical recycling offers 

an attractive complement by converting polymer waste back into molecular building blocks but 

remains hindered by catalyst deactivation, feedstock heterogeneity, and unfavourable process 

economics. These limitations are particularly pronounced for the three most produced 

commodity thermoplastics: polyethylene (PE) and polypropylene (PP), whose sensitivity to 

thermo-oxidative degradation and chain scission upon repeated reprocessing typically restricts 

their recycled output to lower-value applications, and poly(vinyl chloride) (PVC), whose chlorine 

content and propensity for dehydrochlorination raise additional safety and compatibility issues. 

Within this landscape, alternative valorisation strategies - including the post-synthetic 

functionalisation of polymer chains and their integration into mechanochemical processes such 

as reactive extrusion - have emerged as particularly appealing pathways, opening the door to 

upcycling approaches that not only recover material but also create additional value. 

With regard to CO2 management, the persistent growth in global greenhouse gas emissions 

demonstrates that upstream mitigation alone will not suffice to meet the targets of the Paris 

Agreement. Downstream strategies encompassing atmospheric CO2 removal, carbon capture 

and storage (CCS), and carbon capture and utilisation (CCU) will therefore have to be deployed 

at increasingly large scales. Among the solvents developed for carbon capture, CO2-binding 

organic liquids (CO2BOLs) have emerged as a particularly promising class of switchable 

materials. Their anhydrous nature circumvents the energy penalties associated with aqueous 

amines, while the reactive carbonate and carbamate species formed upon CO2 binding endow 

them with a chemistry that extends well beyond mere storage: these species are nucleophilic 

enough to engage in subsequent transformations, effectively positioning CO2BOLs at the 

interface between capture and utilisation. 

Bringing these two threads together reveals a compelling opportunity. The very chemistry that 

drives efficient CO2 capture by CO2BOLs can, in principle, be redirected toward the 

functionalisation of halogenated polymers through nucleophilic substitution, thereby 

addressing plastic waste valorisation and CO2 utilisation within a single integrated process. 

Realising such an approach, however, requires overcoming a series of complementary 

challenges. On the CO2BOL side, the nucleophilicity of the CO2-derived species must be 

demonstrated and the selectivity of the substitution reaction established on well-defined model 

substrates, while competing pathways such as base quaternisation and elimination must be 

kept under control. On the polymer side, the chemical inertness of polyolefins and the fragility of 

PVC backbones impose the development of mild, selective, and ideally solvent-free 

halogenation protocols that introduce reactive handles without compromising molecular 

integrity. Coupling these two research lines defines the overarching objective of the present 

thesis. 

Against this background, the present thesis is structured around three interconnected goals. 

A first axis is directed toward the preparation of CO2BOLs and the characterisation of their 
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reactivity toward simple, well-defined electrophiles used as models. A second axis focuses on 

the halogenation of polyolefins, with the aim of turning these chemically inert materials into 

reactive substrates amenable to further modification. The third and final axis brings the two 

previous lines together: the halogenated polymers are reacted with the CO2BOLs so as to 

achieve the upcycling of plastic waste through the covalent incorporation of CO2. Throughout, 

particular attention is paid to the environmental and economic viability of the proposed 

strategies. 
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I. INTRODUCTION 
As outlined in Chapter 1, the management of anthropogenic CO2 emissions encompasses 

several complementary strategies. Among these, the conversion of CO2 into value-added 

products has attracted particular attention from the chemistry community, motivated by the 

prospect of reframing an abundant waste stream as a renewable C1 feedstock.1–3 From 

hydrogenation-based to chemical fixation-based products, CO2 allows for a vast array of 

valuable chemical compounds to be prepared and designed for specific applications.4–6 If 

groundbreaking work on catalyst design now allows for CO2 to be transformed efficiently, only a 

few of the technologies available today are economically viable and scalable, such as the 

production of urea and carbonate-based polymers.2 Aliphatic polycarbonates are attractive 

biomaterials owing to the potential CO2 utilisation involved in their production, which is 

estimated to reach 10-50 Mt/year by 2050.2 In the current market structure, carbonate-based 

polymers are mainly prepared by copolymerisation of CO2 and epoxides.7 However, they could 

also be obtained from carbonate-based synthons, either cyclic or linear, themselves potentially 

derived from CO2. Since the best strategy for producing polycarbonates - in which carbonate 

linkages are connected by more than three carbon atoms - is the condensation polymerisation 

of diols and dialkyl carbonates,8 a high-scale production of the latter is of utmost importance for 

the plastics industry. In addition to being used as simple intermediates in polymer production, 

dialkyl carbonates are also important chemical compounds due to their potential use as polar 

aprotic solvents, monomers for organic glasses-based polymers, synthetic lubricants, 

plasticisers, intermediates of pharmaceuticals, energy storage enhancers and CO2  

scavengers.9–14  

Dialkyl carbonates, especially the dimethyl and diethyl forms (DMC & DEC),15–19 have been 

commercially synthesised through the phosgene, Bayer non-phosgene,20 ENIChem alcohol 

oxycarboxylation,21 UBE alkyl nitrate carbonylation,22 and the Asahi-Kasei transesterification 

processes.15,17,23–25 Although the values of Gibbs free energy indicate that these conventional 

routes are advantageous,20 they quickly become unattractive in terms of safety, toxicity and 

environment, driving both scientific and industrial interests to CO2-based processes. In general, 

there are three main synthetic routes to dialkyl carbonates from CO2, i.e. the direct 

carboxylation of alcohols, the alcoholysis of urea, and the transesterification of cyclic 

carbonates with alcohols.17,26–28 Surprisingly, bimolecular nucleophilic substitution (SN2) 

processes between carbonate salts and alkyl halides are not typically used to prepare dialkyl 

carbonates (Scheme 2.1a). Although this method offers a simple technological process, the low 

yield for dialkyl carbonates and rigorous operation conditions generally prevent its 

popularisation. When dialkyl carbonates are prepared from metal-based carbonate salts, the 

high temperatures adopted to circumvent the poor nucleophilicity of the carbonate active site 

are generally incompatible with either the carbonate salt’s thermal stability or the substrate 
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functionalities. To that end, exotic organic solvents such as N-methyl-2-pyrrolidone or N,N-

dimethylacetamide are necessary to maintain the solubility of the metal salts.28 

 
Scheme 2.1. Preparation of Carbonates: SN2 Methods and DBU- and TBD-Based CO2BOL Routes. (a) 

General reaction scheme for the dialkyl carbonate (ROCO2CH2R’) preparation from a SN2 reaction 

between a metal-based carbonate salt (ROCO2
-,Mt+) and a primary alkyl halide (R’CH2X), (b) DBU-based 

CO2BOL route employed for the preparation of ethylene and propylene carbonates, (c) This work: a TBD-

based CO2BOL route.  

Organic compounds, such as ionic liquids, could moderately improve the SN2 reaction by 

enhancing the nucleophilicity of metal-based carbonate salts.29 As organic molecules offer 

many advantages over metals (e.g. lower toxicity, milder reaction conditions, etc.), it would be 

unfortunate to see them as mere additives to metals.30 To date, only a handful of studies have 

focused on the preparation of linear dialkyl carbonates using organo-based carbonate salts.31,32 

While Rossi et al. have reported the synthesis of organic carbonates from tetrabutylammonium 

alkyl carbonates, Bratt and Taylor developed an innovative process based on the use of 

intermediate methanesulfonyl carbonates. If the latter process suffers from harsh conditions 

such as high temperatures (> 150 °C), the former necessitates the synthesis of highly 

hygroscopic and non-commercially available tetrabutylammonium alkyl carbonates. 

Highly interesting for the CO2 capture and sequestration, organic solvent systems known as 

carbon dioxide-binding organic liquids (CO2BOLs) have been developed. CO2BOLs are based on 
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a liquid mixture of an alcohol and amidine or guanidine base, especially DBU and Burton’s base, 

that chemically binds CO2 to form amidinium or guanidinium carbonate salts (Scheme 2.2).33,34 

 
Scheme 2.2. CO2BOL synthesis from Burton’s guanidine base and the 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) amidine base. 

In 2019, Khokarale and Mikkola described a one-pot process for the synthesis of 5- and 6-

membered cyclic carbonates such as ethylene carbonate (EC) and propylene carbonate (PC) 

based on the CO2BOL concept (Scheme 2.1b).35 They demonstrated that in presence of the DBU 

superbase, halohydrins can be effectively converted to cyclic carbonates except 2-bromo and 2-

iodoethanol which react equivalently with the amidine and form N-alkyl DBU salts. Surprisingly, 

the authors made no mention of the extremely mild conditions under which the syntheses were 

carried out, nor of the glaring difference in the reactivity of the carbonate salts when they are 

produced from DBU rather than metals. Although the ease of reaction can obviously be partly 

explained by the thermodynamic stability of the as-prepared 5- and 6-membered cycles, it is not 

excluded to envisage that the R-OCO2
-, DBU.H+/R’X system also presents similarities to anion-π 

interactions-based systems36,37 or to rare ion-pair SN2 processes38–41 in which reaction 

intermediate and transition state are stabilised.  

While guanidines such as 1,1,3,3-tetramethylguanidine (TMG) and Barton’s base have 

already been studied to prepare CO2BOLs, no one has ever considered the attractive alternative 

of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) guanidine. Comparatively to both TMG and Barton’s 

base, TBD is a unique organic structure due to its high basicity but, more importantly, to its 

bifunctionality characterised by two reactive sites at close distance.42 While its catalytic abilities 

have already been exploited in various organic reactions, including transesterification,43,44 

transcarbonylation,45 amidation,46–54 Michael-addition and aldol reactions,55,56 it also appears as 

a “magic catalyst” for the polymer community.57 Ready-to-apply liquid formulations of TBD are 

also available, allowing to overcome the complicated handling of its crystalline delivery form 

and its rather limited market availability.42 

This chapter describes the selective SN2 reaction of primary and secondary alkyl iodides with 

TBD-based CO2BOLs (Scheme 2.1c). By crossing experimental observations and molecular 
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modelling to reveal the most preferred reaction mechanism, we demonstrate that TBD is the 

most favourable candidate for binding CO2 and alcohols, especially primary ones. As compared 

to DBU-based CO2BOLs, the TBD-based ones are selective to SN2 processes allowing to work 

with highly reactive alkyl iodides while getting rid of undesirable base quaternisation. The high 

reactivity of those TBD-based CO2BOLs towards backside SN2 processes is unambiguously 

explained by the presence of the TBD.H+ guanidinium revealing a unique metal-free cation-

assisted SN2 ion-pair process. 

II. RESULTS AND DISCUSSION 

A. Preparation of TBD-based CO2BOLs  

A fast, selective and potentially industrially scalable preparation of dialkyl carbonates from a 

CO2BOL salt requires adapting to the use of different types of commercially available alkyl 

halides, especially those bearing excellent leaving groups such as bromide and iodide. Despite 

iodo-based compounds having been excluded by Khokarale and Mikkola due to their ease to 

quaternise DBU during the preparation of EC and PC,35 we decided to face the challenge by only 

working with such extremely reactive alkyl halides, thus necessitating the design of a metal-free 

carbonate salt which is easy to prepare, cheap and highly selective to a SN2 process. 

Physical and chemical properties of CO2BOLs can be manipulated by changing alcohol/base 

pairs. Appropriate organic bases include amidines, guanidines, some amines and 

phosphazenes. In comparison to nucleophilic DBU,58 non-nucleophilic tertiary amines such as 

triethylamine and Hünig’s base (N,N-diisopropylethylamine) seem attractive to get rid of the 

unwanted N-alkylation of the base. However, they have been demonstrated ineffective for 

CO2BOLs preparation under regular conditions of temperature and pressure.59 On the other 

hand, phosphazene superbases present some concerns about toxicological issues60,61 and are 

not produced on an industrial scale, excluding applications in the chemical industry and to the 

present study.  

To evaluate the relevance of using TBD to prepare CO2BOLs from alcohols, we priorly decided 

to compare its efficiency to the one of the well-known DBU base. In the presence of DBU, the 

rate of CO2 uptake from an alcohol is mainly dependent on the stirring rate of the medium since 

the reaction is a function of the mass-transfer of CO2 from the gas phase into solution.33 Under 

optimal stirring rate conditions, a few seconds are sufficient to almost quantitatively transform a 

primary alcohol/DBU mixture into a CO2BOL. In order to make an efficient comparison between 

DBU and TBD, we then deliberately decided to primarily work on a static open medium (no 

stirring rate applied) by simply bubbling CO2 into the alcohol/base mixture (pCO2 = 0.2 bar). 

Conversions were monitored gravimetrically and confirmed from time to time by 1H NMR 

spectroscopy. As presented by Figure 2.1a, such simple experimental modification has a 
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tremendous impact on the overall CO2 uptake when CO2BOLs are prepared from different 

alcohols and the DBU base ([alcohol]0/[DBU]0 = 1) in bulk (no solvent). While there is a little 

preference for methanol, ethanol, 1-propanol over a longer 1-hexanol, those primary alcohols 

are preferred over secondary alcohols (isopropanol, cyclohexanol and butan-2-ol) and very 

strongly preferred over phenol. If such observations appear in perfect line with the ones of 

Heldebrant,33 the maximal CO2 uptake of this exothermic system, here obtained from primary 

alcohols, is limited to 52-56 % reaching a plateau after 5 to 10 minutes. Considering those 

values as reasonable in terms of conversion and kinetics to easily compare the DBU and the 

TBD bases, we selected those experimental conditions and ethanol as the representative 

alcohol for our CO2BOL preparation study with TBD. 

 
Figure 2.1. (a) CO2BOLs Production from Various Alcohols Activated by DBU at 21 °C under CO2 

Bubbling. CO2BOLs production from primary alcohols (● methanol, ● ethanol, ● 1-propanol, ● 1-

hexanol), secondary alcohols (● iso-propanol, ● butan-2-ol, ● cyclo-hexanol) and phenol (●) as activated 

by DBU ([alcohol]0/[DBU]0 = 1) at 21 °C and under CO2 bubbling (pCO2 = 0.2 bar). Error bars represent the 

standard deviation of 3 trials. (b) TBD and DBU Efficiencies Comparison in CO2BOL Production. 

CO2BOLs production obtained from ethanol as activated by TBD () and DBU () in MEK ([ethanol]0 = 

[DBU]0 = [TBD]0 = 3 M) at 21 °C (pCO2 = 0.2 bar). 
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Because the semi-crystalline version of TBD has been used, efficiencies of both DBU and 

TBD bases were experimentally compared by reactions performed in solution for an initial 

concentration in bases and ethanol of ~ 3 M. The degree of CO2 loading in CO2BOLs is known to 

control the polarity of the solvent but conversely the polarity has also been exploited as means 

to control CO2 loading.62 Since non-polar solvents aid in the de-complexing of CO2 from 

CO2BOLs, we first decided to compare both DBU and TBD’s respective activities by selecting the 

polar methyl ethyl ketone (MEK) solvent also known for its great ability to dissolve CO2 as 

compared to other solvents such as alcohols. 63 

As expected, the use of TBD considerably increases the overall kinetics of the CO2BOL 

production and improves the maximal CO2BOL production value to ~87 % (Figure 2.1b), at least 

in MEK. By comparing the relative integration of the CH3CH2OCO2
- to the TBD.H+ methylene 

signal, the 1H NMR spectroscopy analysis reveals that the quasi-quantitative CO2 conversion is 

attributed to a partial evaporation of the ethanol during the exothermic CO2BOL formation. 

Moreover, the oxygen-bound methylene of the ethyl group of the sample shifted from the normal 

position of ethanol (3.52 ppm in CDCl3) to 3.81 ppm, which is close to the chemical shifts of the 

DBU-based hexyl carbonate salts (3.90 ppm)64 or the dihexylcarbonate (4.13 ppm in CCl4).65  

To gain further insights into the reaction mechanism and reactivity of both DBU and TBD in 

the CO2 conversion towards CO2BOL, we collaborated with Dr. Kuber Singh Rawat from the team 

of Pr. Veronique Van Speybroeck (UGhent). They conducted a detailed investigation using 

density functional theory (DFT) calculations (CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G**,SDD(I) level 

of theory).  Further computational details are given the Experimental Procedures section. To 

better evaluate the relevance of the as-obtained DBU- and TBD-based results, an extra 

comparison with a non-efficient pyridine base has also been performed (Figure 2.2).  
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Figure 2.2. CO2 Activation via Ethanol and Organic Bases: Pathway, Energy Profiles, and Transition 

State Geometries. (a) possible reaction pathway, (b) calculated free energy profiles at 

CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G** level of theory, and (c) optimised geometries for transition states 

with bond lengths (in Å). The atom colours are elaborated in the figure. 

The reaction initiates with the interaction between a CO2 molecule and the base along with 

ethanol (1→2). The calculated free energies (ΔG) for this reaction were 5.04, 2.19, and 1.98 

kcal/mol (Figure 2.2b) for the pyridine, DBU, and TBD bases, respectively. Next, the transition 

from intermediate 2 to the final product 3 (2→3) occurs via a concerted transition state (TS1) 

instead of a stepwise process. Upon closer inspection, it can be observed that in these 

transition states, the carbon atom of the CO2 molecule participates in a reaction with the oxygen 

atom of ethanol while the base simultaneously abstracts the proton from the alcohol 

(representative structures are depicted in Figure 2.2c). The calculated energy barriers (∆𝐺‡) for 

pyridine, DBU and TBD were determined to be 15.77, 8.93, and 4.64 kcal/mol, respectively. 

These results are in agreement with our experiments and indicate that TBD is the most 

favourable candidate for this reaction compared to the other two bases, and most importantly 

DBU. Moreover, the overall reaction free energy profile also reveals a strong interaction between 

the carbonate anion and TBD.H+ leading to an overall exothermic reaction-free energy of -6.94 
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kcal/mol compared to the endothermicity observed for DBU.H+ (3.1 kcal/mol) and pyridine.H+ 

(9.72 kcal/mol).  

The CO2 activation using the base only was also explored as in previous reports66,67 and we 

found that in this scenario as well, activation by TBD (2.89 kcal/mol) requires a lower energy 

barrier compared to DBU (6.56 kcal/mol) (Figure 2.3). These barriers are lower compared to the 

CO2 activation by ethanol in the presence of bases. Nevertheless, the final products are found to 

be 5.09 kcal/mol and 5.81 kcal/mol more favourable for TBD and DBU, respectively, when CO2 

reacts with ethanol rather than with base alone.  

 
Figure 2.3. CO2 activation using bases only. (a) Possible reaction pathway, (b) calculated free energy 

profile at CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G** level of theory, and (c) Optimised geometries for 

transition states with bond lengths (in Å). The atom colours are indicated in the figure. 

To demonstrate that the preparation of CO2BOLs from TBD is a promising and efficient 

process, the ability of the guanidine base to quantitatively convert longer primary alcohols into 

carbonate salts has been investigated by adjusting the experimental conditions to improve the 

CO2BOL conversion. Long primary alcohols do not solubilise the semi-crystalline version of TBD 



Chapter 2 

 

 
104 

at room temperature, thus requiring to either use an efficient solvent to solubilise reactants 

while stabilising the as-produced carbonate salt, or to generate CO2BOLs in the melt state. To 

the best of our knowledge, the second strategy has never been studied and could represent a 

real breakthrough for the industrial production of CO2BOLs. 1-Heptanol has been used as a 

representative candidate for the rest of our study.  

In 2008, Jessop et al. briefly stated that the production of CO2BOLs from DBU and alcohols 

proceeds to great conversion in CDCl3.64 To get rid of the relatively slow kinetics observed under 

static conditions, 1-heptanol and TBD were therefore solubilised in this solvent ([1-heptanol]0  = 

4 M, [OH]0/[TBD]0 = 1) and subjected to a CO2 bubbling treatment (pCO2 = 0.2 bar, 2-to-3 bubbles 

per second) under high stirring rate (~ 500 rpm).33 Under those experimental conditions, our 1H 

NMR data show that the reaction proceeds to very high conversions. Specifically, the proton 

assignable to the OH function of the 1-heptanol initially shifts downfield and then completely 

disappears after 10 minutes of reaction. Concomitantly, the N-H signal of the TBD shifts 

downfield by + 0.53 ppm to the benefit of the guanidium protons signal (Figure 2.4). By 

comparing integration values before and after reaction, a conversion of 95 ± 5 % is calculated. 

Considering the moderate accuracy of the 1H NMR integration, such result indicates either a 

complete or an almost-complete conversion to the alkyl carbonate salt.  

 
Figure 2.4. Enhanced CO2BOL Production via TBD-assisted Alcohol Activation under CO2 Bubbling 

and High Stirring. 1H NMR spectra (zoomed between δ = 6 ppm and 9 ppm) of an equimolar mixture of 1-

heptanol and TBD before (red) and after 5 (black) and 10 minutes (green) of CO2 treatment. 

To complement our observation and clearly visualise the important role of the chloroform 

solvent, the CO2 activation was also evaluated when the carbonate salt is produced under 

CHCl3 solvation. Appropriate DFT calculations were then investigated and compared to a 

representative toluene-based medium. The calculated energy barriers (TS1) for DBU and TBD in 
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CHCl3 were found to be 7.15 and 3.99 kcal/mol, respectively (Figure 2.5a). These energy barriers 

were 1.78 and 0.65 kcal/mol lower compared to the toluene solvent for DBU and TBD, 

respectively (Figure 2.2b and Figure 2.5a). Furthermore, the comprehensive analysis of the 

reaction's free energy profile indicated that the final product (3) is more favoured when CHCl3 is 

the solvent, with an additional free energy stabilisation of 2.93 and 2.08 kcal/mol for DBU and 

TBD, respectively. Moreover, TBD exhibited a more favourable reaction free energy (-9.02 

kcal/mol) when compared to DBU (0.17 kcal/mol). This observation aligns well with the 

experimental results, suggesting that TBD is a better base for CO2 activation compared to DBU, 

especially in CHCl3. Additionally, we performed a comparative analysis of various solvents in the 

activation of CO2 using TBD. Our computational findings, as illustrated in Figure 2.5b, indicate 

that acetonitrile (ACN) leads to a greater thermodynamic stability compared to toluene and 

CHCl3. 

 
Figure 2.5. Theoretical Energy Profiles of CO2 Activation with (a) DBU and TBD in Ethanol: CHCl3 

Solvent Analysis. The calculated free energy profile for CO2 activation via ethanol in the presence of DBU 

and TBD bases using CHCl3 solvent. Values were calculated at CPCM(CHCl3)/B3LYP-D3(BJ)/ 6-311++G** 

level of theory. (b) Using TBD base in different solvents at CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G** level 

of theory. 
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Although academically very interesting, producing CO2BOLs in organic solvents presents 

certain disadvantages. Generally speaking, in the limited context of a single production of 

CO2BOLs, the use of solvent considerably reduces any interest in industrial production. In the 

more specific context of our study, and in view of the DFT results presented above, chloroform 

contributes considerably to the general stabilisation of CO2BOLs, limiting de facto their 

reactivity towards the alkyl halides used to prepare dialkyl carbonates through a one-pot SN2 

reaction. To get rid of such a problem, we investigated the possibility to produce CO2BOLs at a 

temperature sufficiently high to solubilise TBD into the alcohol without using any solvent.  

 
Figure 2.6. Bulk Production of CO2BOLs via Heat-Activated TBD and 1-Heptanol Mixture under CO2 

Exposure. 1H NMR spectra (zoomed between δ = 0 ppm and 4.5 ppm) of an equimolar mixture of 1-

heptanol and TBD during a CO2 treatment (pCO2 = 0.2 bar) at 100 °C. (See also Figure S2.1, in the 

Supporting Information section, page 109) 

As already stated, liquid long primary alcohols such as 1-heptanol do not solubilise the semi-

crystalline version of TBD completely at 21 °C. When heated at 100 °C for few seconds, the two-

phases mixture turns into a clear fluid solution. By cooling down the medium to room 

temperature, the TBD starts to recrystallise producing the heterogenous 1-heptanol/guanidine 

mixture back. To produce the corresponding CO2BOL in bulk, the equimolar mixture of 1-

heptanol and TBD was therefore heated up and subjected to a CO2 exposure (pCO2 = 0.2 bar) 

under high stirring rate (~ 500 rpm), at a constant temperature of 100 °C. Although slower than in 

CHCl3 solution, treating the homogeneous mixture at 100 °C under a CO2 atmosphere enables 

the corresponding carbonate salt to be produced selectively in a near-quantitative yield (~ 96%), 

after one hour of reaction and without the use of solvent (Figure 2.6 and Figure S2.1, p. 121). 

Evidently, the working temperature must be sufficiently high to allow the complete solubilisation 

of TBD, but also below the decomposition temperature of the CO2BOL to prevent potential 

thermal release of CO2 from the TBD-based salt, a topic slated for further investigation. 

However, this liberation of CO2 from the CO2BOL suggests a potential avenue for recyclability. 
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Indeed, examination of the TBD-based salt's thermal stability revealed that, under a nitrogen 

flow (pN2 = 0.2 bar), it takes 1.5 h to achieve approximately 90% degradation at 90 °C, whereas 

complete degradation occurs within 0.5 h at 110 °C (Figure 2.7). Subsequent to thermal 

degradation, the alcohol and TBD are recovered (Figure S2.2, p. 121). Consequently, the 

CO2BOL could be readily regenerated by reintroducing CO2 into the mixture. 

 
Figure 2.7. Alcohol and TBD recovery rate when bubbling N2 (pN2 = 0.2 bar) over the CO2BOL at 90 °C (●) 

and 110 °C (●). 

B. Preparation of Linear Dialkyl Carbonates from TBD-based 
CO2BOLs 

Taking into account the experimental data in the literature on reactions involving the use of 

DBU-based carbonate salts and alkyl halides, it would appear that, leaving aside the poisoning 

alkylation reactions of DBU, the production of carbonates is somehow based on a nucleophilic 

substitution (SN) mechanism. The primary nature of the alkyl halides generally used seems to 

support the fact that the mechanism involved implies a bimolecular nucleophilic substitution 

(SN2) process. Despite this, the generally mild experimental conditions, compared to those 

adopted for the use of metal-based carbonate salts, make the exact nature of this process 

unclear. This is all the more true as the nucleophilic nature of carbonate salts is supposed to be 

very weak, making the process theoretically fastidious. In order to remove the doubt and define 

this reaction as accurately as possible, a series of experimental carbonatations were carried out 

and supplemented by DFT theoretical calculations.  

Various linear dialkyl carbonate syntheses were performed by adding primary and secondary 

alkyl iodides to an heptyl-OCO2
-,TBD.H+ salt, pre-generated by treatment of an equimolar 

mixture of 1-heptanol and TBD under CO2 bubbling for 1.5 hours at 100 °C (Conv. ~ 95%). 

Iodoethane and 1-iodooctane were selected as primary alkyl iodides, while 2-iodopropane was 

used as a representative secondary alkyl halide. Reactions were performed for 24 hours under 

air by using one equivalent of alkyl iodide as compared to the initial 1-heptanol. Since all 

reactants are liquid, nucleophilic substitution reactions were performed in ACN (2M) but also in 
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bulk at 21 and 65 °C (Table 2.1). Carrying out these SN reactions without solvent should favour 

the formation of the expected solid TBD.H+, I- salt by-product, simplifying the separation process 

and easily enhancing reaction purity. 

Table 2.1. Reaction yields  
  Bulk  ACN 

Alkyl iodide Entry 
Yield (%)  
at 21 °C 

Yield (%)  
at 65 °C Entry 

Yield (%)  
at 21 °C 

Yield (%)  
at 65 °C 

Iodoethane 1 ~ 99 ~ 99 4 93 ~ 99 
1-Iodooctane 2 23 ~ 99 5 67 93 

2-Iodopropane 3 67 96 6 97 95 
Yields of heptyl-OCO2

-, TBD.H+ salt with different alkyl iodides as reacted in bulk and ACN (2M) at 21 °C 

and 65 °C. Yields are determined by 1H NMR analysis from the crude mixture taking into account the 

engaged TBD-based salt content.  

Carrying out the carbonatation reactions in ACN gives high yields whatever the temperature 

and the nature of the alkyl iodide (Table 2.1, entries 4 – 6). This observation highlights a reaction 

mechanism based on a SN2 process. Since the frontside pathway is highly disfavoured because 

of the increased steric repulsion as a result of the proximity of the carbonate nucleophile and I- 

leaving group in the transition state, the hypothesis of a SN2 backside process appears more 

convincing. Very interestingly, the overall polarity of the solvent is not crucial since high yield of 

reactions are also obtained in bulk, especially at 65 °C (Table 2.1, entries 1 – 3). Moreover, it is 

worth noting that the yields observed when iodoethane is used as the alkyl iodide are somehow 

identical with or without ACN (Table 2.1, entries 1 & 4). Although results obtained when using 1-

iodooctane have to be discarded due to a partial crystallisation of the carbonate produced in 

bulk at 21 °C (Table 2.1, entry 2), the use of 2-iodopropane also provides highly acceptable 

results in the absence of solvent at room temperature, considering the secondary nature of this 

alkyl iodide (Table 2.1, entry 3). Based on the concept of ion-pairs introduced and developed by 

Winstein,68 all these observations suggest that the hypothetical backside SN2 process does not 

proceed from free ions or solvent-separated ions but by contact ion-pairs where the 

countercation (i.e., the TBD.H+ guanidinium) and the anion (i.e., the heptyl-OCO2
- carbonate 

anion) are in close proximity to each other. 
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Figure 2.8. DFT Mechanistic Investigation of TBD-Based CO2BOL Reactivity towards Alkyl Iodides: 

Comparison with and without DBU and Pyridine. (a) possible reaction pathway, (b) optimised 

geometries for transition states (Bond lengths in Å), and (c) calculated free energy profile for the backside 

(left) and frontside (right) attacks at CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G**, SDD(I) level of theory. H 

atoms are omitted from TBD for clarity. The atom colours are elaborated in the figure. 

To understand the high reactivity of the TBD-based CO2BOLs with regards to the alkyl iodides 

and to shed some light on the mechanism involved, mechanistic investigations at the DFT level 

were performed. To make an accurate comparison, the reactivity of TBD-based CO2BOLs was 

compared to the ones hypothetically obtained from both DBU and pyridine bases. Simulations 

were performed by considering intermediate 3 (Figure 2.2a, p. 102) and 1-iodooctane. The 

proposed reaction pathway is illustrated in Figure 2.8a. Two scenarios have been hypothesised : 

one in which the mechanism implies a carbonate anion in absence of its TBD.H+ countercation 

(labelled “no-base”) and another in the presence of the protonated base cation (labelled 

“pyridine”, “DBU” and “TBD”). In each scenario, the SN2 reaction was examined via two distinct 

transition states (Figure 2.8b) : (i) the carbonate anion attacks via the backside (TS2) of the 

leaving group (I-) or (ii) the carbonate anion attacks from the frontside of the leaving group (TS2'). 

Based on the calculated free energy barriers (Figure 2.8c), it is evident that the backside attack 

is more favourable in all the cases. Interestingly, a backside attack without TBD.H+ shows the 

most favourable path with a free energy barrier of 9.04 kcal/mol, which is 28.03 kcal/mol lower 

compared to when the carbonate anion approaches from the frontside. On the other hand, the 

calculated barriers via TS2 are 13.48, 17.08, and 22.76 kcal/mol for DBU, TBD, and pyridine, 

respectively. This indicates that, compared to an amidinium cation, the involvement of a 
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guanidinium cation demands a higher barrier to accomplish the process. The reason stems from 

the disruption of the strong interaction between the cation and the carbonate anion during the 

substitution process. As a result, the separation of the carbonate anion and base.H+ in 

intermediate 3 requires large free energies of 44.23 kcal/mol and 38.22 kcal/mol (Figure S2.11, 

p. 126) for TBD and DBU, respectively. Such high energy barriers confirm that free ions are not 

involved and that contact ion-pairs are acting as nucleophiles in the SN2 process. Nevertheless, 

noncovalent interaction (NCI) analysis69 reveals that the energy required to break the interaction 

can be counterbalanced by stabilising both the leaving and attacking groups through the 

formation of noncovalent interactions with TBD.H+ in transition state (TS2). To investigate the role 

of these interactions, various configurations of TS2 (Figure 2.9) were computed by altering the 

manner in which TBD.H+ interacts with the leaving I- ion and attacking carbonate anion groups.  

When both I- and the unreactive O atom of the carbonate anion engage in interactions with 

TBD.H+ (I···TBD and N−H···O), a barrier of 17.08 kcal/mol is required (Figure 2.9a). As clearly 

represented by the Figure 2.9e, such an optimised transition state induces an attractive 

noncovalent interaction between the TBD.H+ and the leaving I-, strongly supporting a 

guanidinium-assisted SN2 ion-pair process. Any alteration in these interactions (Figure 2.9f-h) 

leads to a higher barrier.  

 
Figure 2.9. Transition State Geometries and NCI Analysis of TBD-Based SN2 Reaction: Impact of 

Noncovalent Interactions on Energy Barriers. (a-d) Optimised geometries for transition states (TS2) 

involving TBD in a backside attack SN2 reaction, considering various noncovalent interactions between 

TBD.H+ and both the leaving I- and the attacking carbonate anion groups. The calculated energy barriers 

(in kcal/mol) are presented alongside their (e-h) corresponding NCI plots, providing a detailed 

visualisation of the impact of these interactions on the energy barriers. Isosurface colours reflect the 

nature and strength of the interactions, with blue indicating regions of strong attractive interactions, green 

representing areas of attractive interactions, and red highlighting regions of repulsion. 
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Overall, as compared to DBU and pyridine, the presence of TBD is quite crucial to assist the 

CO2 activation and subsequent SN2 reaction with alkyl iodides through a unique guanidinium-

assisted SN2 ion-pair process. A combined free energy profile for the reaction gives an additional 

support for the role of different bases (Figure 2.10). 

 
Figure 2.10. Role of TBD in CO2 Activation and SN2 Reaction: Comparative Free Energy Profile with 

DBU and Pyridine. A combined free energy profile for CO2 activation and SN2 ion-pair reaction using 

different bases calculated at CPCM(toluene)/B3LYP-D3(BJ)/ 6-311++G**, SDD(I) level of theory. The reactants, 

products, and intermediates of TBD are enclosed in a blue dashed box. 

We also explored the free energy profile employing ACN, toluene and CHCl3 solvents for the 

TBD base (Figure S2.12, p. 126). A comprehensive analysis of the overall reaction free energy 

profile shows a preference for ACN, showcasing energy advantages of 6.99 kcal/mol and 2.85 

kcal/mol over toluene and CHCl3, respectively. This observation aligns well with our 

experimental results, demonstrating that ACN exhibits improved catalytic performance 

compared to the bulk. 

Considering the reactants involved, performing reactions in bulk presents an interesting 

asset, i.e. the precipitation of the TBD.H+,I- salt and its simple isolation from the crude medium. 

Whatever the alkyl iodide used, and after only a few minutes, a significant amount of a white 
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compound indeed starts to precipitate, making its isolation by filtration easy. While the 1H NMR 

analysis of that compound confirms the presence of a protonated guanidinium (TBD.H+) (Figure 

S2.9, p. 125), the presence of an iodide counteranion has been unambiguously certified by 

electrospray ionisation mass spectrometry analysis (ESI-MS), performed by Pr. Pascal Gerbaux 

and his team (Figure S2.10, p. 125). Indeed, besides ions corresponding to the cationic part of 

organic salts, such as ionic liquids, aggregate ions associating the parent ion with one or more 

ionic liquid molecules are often detected upon ESI in the positive ion mode,70 making the 

identification of both the cationic and anionic parts of an organic salt possible in a single MS 

analysis. In Figure S2.10 (see p. 125), besides the dominant signals at m/z 140.1 and 279.2 that 

are readily ascribed to [TBD+H]+ and [2TBD+H]+ ions, the singly charged ions detected at m/z 

407.1 correspond to such an aggregate associating two protonated TBD molecules to a single 

iodide anion, typically [2TBD+2H+I]+, whose detection supports our first hypothesis. Satellite 

signals at m/z 168.1, 196.2 and 435.2 are also detected and attest for the presence of TBD 

molecules that have been quaternised by iodoethane. To our opinion, the detection of those 

signals is attributed to the presence of at least 5 mol% of TBD+C2H5. Such N-quaternised TBD 

comes from the fact that iodoethane has been used in slight excess as compared to the heptyl-

OCO2
-, TBD.H+ salt initially produced at ~ 95 mol% from the 1-heptanol ([iodoethane]0 = [TBD]0 = 

[1-heptanol]0 ~ (100/95).[heptyl-OCO2
-, TBD.H+]).  
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Figure 2.11. Characterisation of Heptyl-Ethyl Carbonate by 1H NMR and GC-MS Analysis. (a) 1H NMR 

(CDCl3, 500 MHz) of the heptyl-ethyl carbonate (Table 1, entry 1) zoomed between δ = 0.5 and 4.5 ppm 

(with * signals belonging to the residual 1-heptanol) and (b) its corresponding GC-MS analysis (CI (CH4) 

HRMS C10H21O3 [M + H]+ m/zexp = 189.1517, m/zth = 189.1491 ; Δ = 2.6 mDa). 

All linear dialkyl carbonates were characterised by 1H NMR spectroscopy and gas 

chromatography mass spectrometry (GC-MS) (Figures S2.3 – S2.8, p. 122 – 124). Figure 2.11 

shows a representative example of carbonate obtained in bulk at 21 °C after filtration of the 
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TBD.H+,I- by-product (Table 2.1, entry 1). GC-MS analyses have been performed under chemical 

ionisation (CI) conditions using methane as the CI gas, as no molecular ions were detected 

under electron ionisation conditions. Under CI(CH4), the C7H15-O-C(=O)-O-C2H5 carbonate is 

detected as protonated molecules, [M+H]+, at m/z 189.2. Note that the adduct ions at m/z 217.2 

and 229.2 are generated in the ionisation source running at high pressure in methane. Besides 

the quasi-molecular ions, the fragment ions detected at m/z 91.0, 119.1 and 131.1 arise from a 

98 u loss (C7H14) from the m/z 189.2, 217.2 and 229.2 parent ions, respectively. We further 

confirm the elemental composition of the m/z 189.2 ions as [C10H20O3+H]+
 using accurate mass 

measurement (High Resolution MS) experiment, confirming the presence of the C7H15-O-C(=O)-

O-C2H5 composition. This last sample was finally analysed by FT-IR spectroscopy along with 

both 1-heptanol and the heptylOCO2
-,TBD.H+ CO2BOL salt (Figure 2.12). When comparing the 

spectra, distinctive changes are clearly visible, constituting reliable evidence for the formation 

of the dialkyl carbonate function, supporting de facto the SN2 ion-pair process. Before reacting 

with 1-iodoethane, the CO2BOL exhibits a C=N ring stretching vibration at 1570 cm-1 and N-H 

stretching at 3152 and 3232 cm-1, confirming the presence of the protonated TBD. This is 

consistent with the 1H NMR data. Additionally, the strong absorption at 1655 cm-1 and the weak 

peak at 1388 cm-1 correspond to the stretching vibrations of C=O and C-O- groups of the 

carbonate anion, respectively.  In comparison, the IR spectrum of the C7H15-O-C(=O)-O-C2H5 

dialkyl carbonate shows a distinctive absorption at 1744 cm-1, attributed to the asymmetric 

stretching vibration of the C=O group, and a band at approximately 1251 cm-1, corresponding to 

the symmetric stretching vibration of the C-O-C linkage within the carbonate group.  

 
Figure 2.12. FT-IR spectra of (a) 1-heptanol, (b) heptyl-OCO2

-, TBD.H+ salt, and (c) the reaction product 

between heptyl-OCO2
-, TBD.H+ salt and 1-iodoethane (after elimination of TBD.H+,I- salt). 
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While the nature of the isolated TBD.H+,I- salt might suggest a possible reconversion as solar 

cells component or as catalyst for the fixation of CO2 to epoxides,71–73 whatever the linear dialkyl 

carbonate produced in bulk, the residual presence of the guanidinium salt (< 1 mol % based on 
1H NMR analysis) was always pointed out (Figure 2.11a, insets between δ = 3.3 ppm and 3.4 

ppm and between δ = 2.0 ppm and 2.1 ppm). To avoid a tedious extraction process involving the 

use of a large quantity of organic solvent, we reasoned that the salt could be considered an 

'acceptable contaminant' regarding the final application of the as-produced carbonate. Because 

linear dialkyl carbonates represent an important class of intermediates for pharmaceuticals, a 

salt toxicity test was undertaken in collaboration with Dr. Mathilde Wells from Pr. Bertrand 

Blankert’s team. The study was performed on foetal human epithelial cells FHs74Int (ATCC, 

CCL-241). Cells were incubated at 37 °C for 24h before being treated with a series of two-fold 

dilutions of the TBD.H+,I- salt. The effective tested concentrations ranged from 0.78 to 200 µM. 

After 24h, cell viability was assessed through an MTT assay.74 Cell viability (%) was calculated 

and compared to a negative control. Within the tested concentration range, the TBD.H+,I- salt 

displayed no significant toxicity on FHs74Int cells (Figure 2.13). The slope of the curve was 

shown to be non-significantly different from zero following a Fisher-Snedecor test (P value = 

0.7151). This wide interval of concentrations was chosen as it is presumed to be far above the 

likely residual levels of the catalyst. FHs74Int cells were selected as they are derived from non-

pathological human intestinal tissue and constitute a good model to study the toxicity of any 

compound/food that could potentially come into contact with the intestinal epithelial barrier.75 

Although these preliminary results are promising, other cell lines could also be investigated in 

the future, notably liver-derived cells to evaluate the effect of a potential metabolisation on the 

cytotoxicity of TBD.H+,I-.  

 
Figure 2.13. Toxicity Assessment of TBD.H+,I- Salt on FHs74Int Cells. Dose-response curve following 

cell exposure to increasing TBD.H+,I- salt concentrations. Data was generated using GraphPad Prism 8 

(San Diego, CA, USA). Error bars represent the standard deviation of 6 trials. 
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III. CONCLUSION 
We compared the formation of DBU- and TBD-based CO2BOLs both experimentally and 

theoretically and came to the conclusion that TBD is a better candidate for the formation of 

CO2BOLs. We also demonstrated the ability of TBD to form CO2BOLs in bulk with quasi 

quantitative yields. This allowed us to attempt a bimolecular nucleophilic substitution on the as-

prepared CO2BOLs using various alkyl iodides without performing any prior purification. 

Experiments and DFT calculations showed that despite a significant energy barrier, the reaction 

still proceeded without much difficulty. TBD-based carbonate salts exhibited remarkable 

selectivity for SN2 processes, consistently achieving yields above 90% across a range of 

conditions in both acetonitrile and bulk settings at temperatures from 21 to 65 °C. This 

underscores the robustness and versatility of TBD-based carbonate salts in promoting SN2 

reactions with highly reactive alkyl iodides. The high reactivity of these TBD-based CO2BOLs 

towards backside SN2 processes at low temperature is explained by the presence of the TBD.H+ 

guanidinium, revealing a unique metal-free cation-assisted SN2 ion-pair process. By performing 

reactions in bulk, the TBD.H+,I- by-product crashes out and is easily filtered out.  In the 

pharmaceutical use of dialkyl carbonates, the presence of residual guanidinium salt is unlikely 

to pose a problem as it showed no cytotoxicity toward FHs74Int cells. Nevertheless, further 

evaluation in other cell types would be required to fully assess its safety. 

The unique SN2 selectivity of TBD-based carbonate salts, combined with their suppression of 

elimination and quaternisation pathways, naturally raised the question of whether this 

chemistry could be translated to macromolecular substrates bearing C-X bonds. Poly(vinyl 

chloride) (PVC) - one of the most problematic commodity plastics in terms of recyclability - 

offers precisely this type of sp3 C-X electrophilic sites along its backbone. The next chapter 

therefore extends this chemistry to PVC, using TBD-based CO2-binding alcohols - hereafter 

referred to as CO2BALs, to distinguish them from the amine-based CO2BAMs introduced later - 

as nucleophiles to graft CO2-derived carbonate moieties onto the polymer, taking a first step 

toward the upcycling of plastic waste through CO2 valorisation. 

Beyond their use for dialkyl carbonate synthesis, CO2BOLs were also considered as potential 

electrolytes for Li-ion batteries. This work was performed in collaboration with Yinghui Zang and 

Pr. Dr. Jean-François Gohy from UCLouvain. The results that stemmed from this study are found 

in the Appendix at the end of this manuscript (see page 241). 
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IV. EXPERIMENTAL 

A. Materials  

Carbon dioxide N50 (≥ 99.999 %) was supplied by Air Liquide. 1-Propanol (99+ %), 2-butanol 

(99 %), 1-hexanol (anhydrous, ≥ 99 %), deuterated chloroform (0.03 vol% TMS, deuteration 

degree min. 99.8% for NMR spectroscopy, stabilised with silver), as well as 1-heptanol were 

purchased from Sigma-Aldrich. Methanol (GPR Rectapur) and propan-2-ol were purchased from 

VWR. Iodoethane (98+ %, stabilised with copper) and 1-iodooctane were acquired from Alfa 

Aesar. Cyclohexanol (99 %) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 98+ %) were supplied 

by Thermoscientific. Phenol (99+ %, for biochemistry, loose crystals) and 2-butanone (or methyl 

ethyl ketone (MEK), ACS Reagent) were acquired from Acros Organics. Ethanol (denaturated with 

3% diethylether, Desinfectol) was purchased from Chemlab. 1,5,7-Triazabicyclo[4.4.0]dec-5-

ene (TBD) was supplied by Apollo Scientific. 2-Iodopropane (stabilised with copper chip) was 

purchased from TCI.  

B. Procedures 
General procedure for the synthesis of DBU-based CO2BOLs 

A vial equipped with a septum is charged with DBU (3 ml, 0.0201 mol) and an alcohol (0.0201 

mol). Two needles (20G), one of which is connected to the CO2 tank, are then used to pierce the 

septum and bubble carbon dioxide (pCO2 = 0.2 bar) onto the reaction mixture. The reaction is 

performed at room temperature and kinetically studied by gravimetry or 1H NMR (60 MHz). 

General procedure for the synthesis of TBD-based CO2BOLs in MEK  

A vial equipped with a septum is charged with TBD (2.7979 g, 0.0201 mol), ethanol (1.170 ml, 

0.0201 mol) and MEK (6.7 ml, CTBD = 3M). Two needles (20G), one of which is connected to the 

CO2 tank, are then used to pierce the septum and bubble carbon dioxide (pCO2 = 0.2 bar) onto 

the reaction mixture. The reaction is performed at room temperature and kinetically studied by 

gravimetry or 1H NMR (60 MHz). 

General procedure for the synthesis of TBD-based CO2BOLs from 1-heptanol  

A vial equipped with a septum and a stir bar is charged with a mixture of TBD (2.7979 g, 

0.0201 mol) and 1-heptanol (2.8414 ml, 0.0201 mol) in CHCl3 (5 ml, CTBD = 4M) or in bulk. Two 

needles (20G), one of which is connected to the CO2 tank, are then used to pierce the septum 

and bubble carbon dioxide (pCO2 = 0.2 bar) onto the reaction mixture. The reaction is performed 

at room temperature (in CHCl3) or at 100 °C (in bulk) and under 500 rpm stirring. Reaction 

kinetics were studied by 1H NMR spectroscopy. 1H NMR (500 MHz, CDCl3) : δ = 3.90 (t, 2H), 3.30 

(dt, 8H), 2.00 (quint, 4H), 1.60 (quint, 2H), 1.30 (m, 8H), 0.87 (t, 3H). 



Chapter 2 

 

 
118 

General procedure for the alkylation of CO2BOLs  

Alkylation reactions were performed on CO2BOLs obtained according to the procedure 

described in the previous section. No treatments or purifications were performed on the 

reaction mixtures. Selected alkyl iodides (0.0201 mol) were added to the vial after the 

completion of the CO2BOLs’ synthesis. Reactions were performed at room temperature (21 °C) 

or 65 °C and under 500 rpm stirring for 24 hours in bulk or in acetonitrile. Reaction kinetics were 

studied by 1H NMR spectroscopy. The TBD.H+,I- salt was eliminated via filtration in the case of 

the bulk reactions and via liquid-liquid extraction (diethyl ether/water, 1:1 v/v) for the reactions 

performed in acetonitrile. Reaction products and by-products were analysed by 1H NMR 

spectroscopy and mass spectrometry. 

- Ethyl-heptyl carbonate : 1H NMR (500 MHz, CDCl3) : δ = 4.18 (q, 2H), 4.12 (t, 2H), 1.67 

(quint, 2H), 1.31 (t, 8H), 0.89 (t, 3H). GC-MS : CI (CH4) HRMS C10H21O3 [M + H]+ m/zexp = 

189.1517, m/zth = 189.1491 ; Δ = 2.6 mDa. 

 

- Octyl-heptyl carbonate : 1H NMR (500 MHz, CDCl3) : δ = 4.12 (t, 4H), 1.66 (quint, 4H), 

1.30 (br. s, 18H), 0.89 (t, 6H). GC-MS : CI (CH4) HRMS C16H33O3 [M + H]+ m/zexp = 273.2432, 

m/zth = 273.2430 ; Δ = 0.2 mDa. 

 

- isoPropyl-heptyl carbonate : 1H NMR (500 MHz, CDCl3) : δ = 4.87 (m, 1H), 4.12 (t, 2H), 

1.66 (quint, 4H), 1.29 (d, 14H), 0.88 (t, 3H). GC-MS : CI (CH4) HRMS C11H23O3 [M + H]+ 

m/zexp = 203.1644, m/zth = 203.1647 ; Δ = -0.3 mDa. 

 

- TBD.H+, I- : 1H NMR (500 MHz, CDCl3) : δ = 3.35 (dt, 8H), 2.03 (quint, 4H). MS : ESI HRMS 

C14H28N6I [2 TBDH+ + I-] m/zexp = 407.1413, m/zth = 407.1420 ; Δ = -0.7 mDa. 

C. Methods 
NMR Spectroscopy  

CO2 conversion kinetics were followed time-to-time through 1H nuclear magnetic resonance 

(NMR) using a Spinsolve 60 Ultrabenchtop NMR spectrometer (Magritek, Aachen, Germany). All 

spectra were acquired according to the following parameters: aq = 6.4 sec, repetition time = 10 

sec, pulse angle = 90, ns = 32. 

Final dialkyl carbonate products were all characterised by 1H NMR using a Bruker AVANCEII 

500 MHz apparatus at room temperature in chloroform-d1 (CDCl3). All spectra were acquired 

according to the following parameters: aq = 2.75 sec, d1 = 1 sec, sw = 20, ns = 32. 
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FT-IR Spectroscopy  

Fourier Transform InfraRed spectroscopy was performed to further demonstrate the 

formation of both the heptyl-OCO2
-,TBD.H+ salt and the ethyl-heptyl carbonate using a Bruker 

Tensor 27 spectrometer. 

Mass Spectrometry 

Gas chromatography coupled to mass spectrometry (GC-MS) analyses were performed 

using a GCT-Premier (Waters), equipped with a chemical ionisation (CI) source, with methane 

as the CI gas, and a Time of Flight (ToF) analyser. The GC system is equipped with a 

Phenomenex ZEBRON-ZB-5MS (30 m x 0.25 mm x 0.25 µm). The thin film of 0.25 μm is 

composed of a 5 % phenyl-arylene / 95 % dimethylpolysiloxane phase. Helium was used as the 

carrier gas at a flow rate of 1 ml.min-1. Sample solutions were prepared in HPLC-grade hexane at 

a concentration of 1 mg.mL-1 and subsequently diluted 1000-fold. After dilution, 1 μl of the 

solutions was injected into the GC injector, maintained at 200 °C to ensure the volatilisation of 

the sample. The oven temperature program was set as follows: initial temperature of 60 °C, 

ramped to 260 °C over 25 minutes, held at 260 °C for 10 minutes and finally returned to 60 °C 

within 15 minutes. High-resolution mass spectrometry (HRMS) analyses were performed to 

determine the elemental composition of the detected ions. Perfluorotributylamine (PFTBA) was 

used as an external calibrant (lock mass) to ensure accurate mass measurement. 

The ESI-MS analyses were performed in positive ionisation mode on commercially available 

instruments, Waters QToF US. Instrumental parameters were set as follows : capillary voltage of 

+3.1 kV, cone voltage of 30 V, source and desolvation temperatures of 80 °C and 120 °C 

respectively, N2 flow rate of 50 L.h-1 for the gas cone and 500 L.h-1 for the desolvation, and finally 

a resolution of ~8000 (m/z 472). Sample solutions were prepared in HPLC-grade MeOH at a 

concentration of 1 mg.mL-1. After dilution (1000 x), the solutions were injected into the ESI 

source using a syringe pump at a flow rate of 5 µL.min-1. Finally, HRMS analyses were performed 

to determine the elemental composition of the detected ions. NaI was used as an external 

calibrant (lock mass) to ensure accurate mass measurement. 

DFT Calculations  

All the calculations were performed using the density functional theory (DFT) as 

implemented in Gaussian 16 package76 with Becke’s three-parameter hybrid exchange and Lee–

Yang–Parr’s correlation functional (B3LYP).77,78 A mixed basis set of SDD for I atom and 6-

311++G** basis set for all other atoms were considered.79–81 To account for the solvent effect of 

toluene, a conductor-like polarisable continuum model (C-PCM) was applied.82 Chloroform and 

acetonitrile solvents were also considered for comparison. All the structures were optimised 

using Grimme’s dispersion correction D3(BJ) to consider non-covalent interactions.83,84 

Confirmation of intermediates and transition states was achieved through harmonic vibrational 
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frequencies, ensuring absence of imaginary frequencies for intermediates and the presence of 

one imaginary frequency for transition states corresponding to the desired transformation. Free 

energies and free energy barriers were calculated at 298.15 K and 1 atm pressure. NCI plot was 

employed and depicted using VMD to gain more insight into the crucial non-covalent 

interactions between base and reactants in the transition state.69,85 All the optimised structures 

were illustrated using the visualisation package CYLview.86 

Cytotoxicity tests  

Foetal human epithelial cells FHs74Int (ATCCÒ, CCL-241) were cultivated and seeded in 96-

well plates (2 x 104 cells per well). Cells were incubated at 37 °C for 24h before being treated 

with a series of two-fold dilutions of the TBD.H+,I- salt. Culture medium (Hybri-Care medium 

(ATCCÒ) supplemented with 10% FBS) was used for the dilutions and the effective tested 

concentrations ranged from 0.78 to 200 µM. After 24 h, cell viability was assessed through an 

MTT assay, a colorimetric test which allows the measurement of cellular metabolic activity. 

Briefly, the cell medium was discarded and replaced by 200 µL of MTT [3(-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide)] solution at 0.5 mg/mL in PBS. Following a 4-hour 

incubation period, the MTT solution was removed from the plates and DMSO was added to 

dissolve the formed formazan crystals. The absorbance was measured at 570 nm using a 

SpectraMaxÒ M2 (Molecular Devices, San Jose, CA, USA). Cell viability (%) was calculated 

compared to a negative control (untreated cells in presence of culture medium). 
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V. SUPPORTING INFORMATION 

 
Figure S2.1. 1H NMR spectrum (zoomed between δ = 0 ppm and δ = 4.5 ppm) of the product of the 

reaction between 1-heptanol and TBD under CO2 bubbling (pCO2 = 0.2 bar), with * signals belonging to the 

residual 1-heptanol. 

 
Figure S2.2. 1H NMR spectrum (zoomed between δ = 0 ppm and δ = 4.5 ppm) of the product of 

degradation of 1-heptylcarbonate, TBD.H+ under N2 bubbling (pN2 = 0.2 bar) after 1h30 at 90 °C, with * 

signals belonging to the residual CO2BOL. 
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Figure S2.3. 1H NMR spectrum (zoomed between δ = 0 ppm and δ = 4.5 ppm) of the reaction product 

between heptyl-OCO2
-, TBD.H+ salt and iodoethane after elimination of TBD.H+,I-, with * signals belonging 

to the residual 1-heptanol. 

 

Figure S2.4. GC-MS spectrum of the reaction product between heptyl-OCO2
-, TBD.H+ salt and iodoethane 

after elimination of TBD.H+,I- (time of elution : 9.33 min). 
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Figure S2.5. 1H NMR spectrum (zoomed between δ = 0 ppm and δ = 4.5 ppm) of the reaction product 

between heptyl-OCO2
-, TBD.H+ salt and 1-iodooctane after elimination of TBD.H+,I-, with * signals 

belonging to the residual 1-heptanol. 

 
Figure S2.6. GC-MS spectrum of the reaction product between heptyl-OCO2

-, TBD.H+ salt and 1-

iodooctane after elimination of TBD.H+,I- (time of elution : 16.41 min). 
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Figure S2.7. 1H NMR spectrum (zoomed between δ = 0 ppm and δ = 5 ppm) of the reaction product 

between heptyl-OCO2
-, TBD.H+ salt and 2-iodopropane after elimination of TBD.H+,I-, with * signals 

belonging to the residual 1-heptanol. 

 

Figure S2.8. GC-MS spectrum of the reaction product between heptyl-OCO2
-, TBD.H+ salt and 2-

iodopropane after elimination of TBD.H+,I- (time of elution : 9.86 min). 
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Figure S2.9. 1H NMR spectra (zoomed between δ = 1.5 ppm and δ = 3.7 ppm) of pristine TBD (top) and the 

white precipitate obtained after reaction between heptyl-OCO2
-, TBD.H+ salt and iodoethane (bottom). 

 
Figure S2.10. Electrospray ionisation mass spectrometry analysis of an aqueous solution of the white 

precipitate, confirming the formation of TBD.H+,I- salt. 
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Figure S2.11. Free energy profile for separation of carbonate anion and base.H+ from intermediate 3. 

 

Figure S2.12. A combined free energy profile for CO2 activation and SN2 ion-pair reaction using TBD base 

in different solvents at CPCM(solvent)/B3LYP-D3(BJ)/ 6-311++G**, SDD(I) level of theory. 
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I. INTRODUCTION 
With a global annual production of 45 million metric tons in 2022 and a projected increase to 

65 million metric tons by 2030,1 poly(vinyl chloride) (PVC) ranks as the third most produced 

polymer worldwide, following polyethylene (PE) and polypropylene (PP).2 Its widespread use 

makes it a key target for the scientific community recycling efforts. Despite its reputation as a 

challenging material to recycle, Europe has seen significant progress in this area through 

initiatives such as Vinyl2010 and VinylPlus.3 These programs have driven an impressive increase 

in PVC recycling, from just 18,000 tons in 2004 to 264,000 tons in 2010, and further to 731,000 

tons in 2020. Projections suggest this figure could reach 1 million tons per year by 2030.4–6 

However, with an annual production of 6.5 million tons across the EU-27, Norway, Switzerland, 

and the United Kingdom,2 the current recycling rates leave room for considerable improvement. 

Two main approaches are currently employed for large-scale PVC recycling, i.e. mechanical 

recycling and feedstock (or chemical) recycling.4–7 Unfortunately, both methods face significant 

limitations. Mechanical recycling requires thoroughly sorted and homogeneous PVC waste to 

produce a material with properties comparable to the original polymer.5–7 This stringent 

requirement complicates waste management, and the process itself often degrades polymer 

chains, leading to a loss of physical and mechanical properties that restrict the applications of 

the recycled material.5 Feedstock recycling, on the other hand, is hindered by PVC's high 

chlorine content. This method typically involves thermal treatments, during which the easily 

broken C-Cl bond releases chlorinated derivatives (Figure 3.1a). If not effectively captured, 

these emissions can cause equipment corrosion and air pollution. Moreover, 

dehydrochlorination generates conjugated polyene sequences that may undergo cyclisation to 

form regular and chlorinated aromatic compounds, further increasing the environmental burden 

of feedstock recycling.7 The recovery of chlorine from PVC and other chlorinated polymers, such 

as polyvinylidene chloride (PVDC), is thus crucial to their recycling process.8–10  

To overcome the limitations of traditional recycling methods, innovative approaches such as 

biological and electrochemical recycling,8 as well as chemical upcycling,11 have been explored 

and warrant further research.5,12 Among these, chemical upcycling through nucleophilic 

substitution has garnered significant attention.13 However, the efficiency of these substitution 

reactions is influenced by a variety of factors, including the leaving group properties, the 

polymer structure, and the reaction environment.14–16 For instance, while chlorine is a modest 

leaving group that can undergo substitution and elimination reactions under various 

conditions,17 product selectivity remains a challenge due to the competition between these 

pathways. Factors such as solvent polarity, nucleophile identity, temperature, and nucleophile 

concentration play a critical role in directing the reaction.17 Polar aprotic solvents like 

dimethylformamide (DMF) have been shown to favour substitution over elimination, while higher 

temperatures tend to promote elimination.18,19 Similarly, less basic nucleophiles increase 

substitution selectivity,17 offering avenues for tailoring reaction conditions to improve outcomes. 



CO2-Binding Alcohols as Potential Candidates for Poly(Vinyl Chloride) Upcycling 

 

 
137 

 
Figure 3.1. Chlorine Reactivity and Selectivity in PVC Modifications: a) Common Reactivities of C-Cl 

Bonds in PVC, b) Nucleophile-Dependent Substitution (SN2) and Elimination (E2) Ratios (I⁻ in DMF at 60 

°C, SCN⁻ in DMF at 100 °C, HO⁻ in DMF at 21 °C, N3⁻ in DMF at 100 °C, Phthalimide anion in DMF at 60 °C, 

Ethylenediamine at 75 °C in bulk, 1-octanethiol/K2CO3 in DMF at 40 °C), and c) Enhanced Selectivity Using 

CO₂BALs in Our Work (R = Decyl). 

Substitution reactions with nucleophiles offer the potential to convert PVC into new 

polymeric materials for specialised applications, including catalysis,20,21 separations,22,23 and 

antimicrobial polymers.24 Nevertheless, such transformations often face practical limitations 

due to incomplete dechlorination and competition with elimination, leading to residual chlorine 

atoms and alkenes that can alter polymer properties.25 These challenges underscore the need 

for innovative strategies to enhance both the efficiency and selectivity of substitution reactions, 

as demonstrated by recent studies.26  

Optimising these reaction parameters could enable the development of versatile and 

sustainable recycling methods for PVC. For instance, a variety of nucleophiles, including iodide 

anion, hydroxide, azide, and thiocyanate, have been explored for PVC substitution reactions 

(Figure 3.1b).19 Thiols have also been employed, with Lu et al. achieving partial substitution of 

PVC chlorine atoms using potassium carbonate and N,N-diisopropylethylamine.27 Additionally, 

amination of PVC has enabled its upcycling into carbon dioxide absorbents, as demonstrated by 

Sneddon et al.28 However, while the use of nucleophiles for PVC modification has been 

extensively studied, research on employing carbonates as nucleophiles remains notably sparse. 

This gap is particularly surprising given the potential for carbonates to provide functionalised 

PVC materials with unique properties. Furthermore, although substitution reactions are often 

accompanied by elimination processes, the latter is either underreported or dominates in most 

studies,16 underscoring the need for approaches that favour selective substitution over 

elimination. 
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In this work, we aimed to functionalise PVC using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)-

based CO2-binding alcohol-derived materials (CO2BALs), previously developed for the synthesis 

of “simple” dialkyl carbonates in Chapter 2 (Figure 3.1c).29 The effects of temperature, solvent 

polarity, CO2BAL conversion, and reaction time were systematically studied to evaluate their 

impact on both the degree of substitution and the substitution-to-elimination ratio. Although 

substitution levels higher than 10 wt.% were not achieved in optimal conditions, this result 

makes the CO2BAL approach particularly appealing, as the nature of the by-product is a 

TBD.HCl salt, which has potential applications in biochemistry.30,31 However, for future 

investigations, it will be necessary to consider other functionalisation strategies.  

II. RESULTS AND DISCUSSION 
As detailed in Chapter 2, carbon dioxide-binding organic liquids (CO2BOLs) are an innovative 

class of materials formed by combining alcohols with liquid organic bases, such as amidines or 

guanidines.32–35 These systems are capable of binding CO2 through reversible interactions, 

making them highly versatile for applications in CO2 capture and utilisation. 

CO2BOLs form intermediates that can act as nucleophiles in substitution reactions,29,36–38 

opening new avenues for polymer transformations and upcycling strategies. Among the organic 

bases used in CO2BOLs, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) has recently garnered 

particular attention.39 TBD-based CO2BOLs exhibit a unique ability to promote selective SN2 

(bimolecular nucleophilic substitution) reactions with primary and secondary iodo-alkanes.29 

This selectivity primarily arises from the formation of a TBD.H⁺ guanidinium cation during the 

reaction, which interacts with and stabilises the iodide ion released as the leaving group in the 

SN2 process. By minimising competing reactions such as elimination or base quaternisation, 

this mechanism enables highly efficient and controlled transformations. 
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Table 3.1. Main differences, environmental impact and major innovation between TBD-based CO2BOLs 

used for small-molecule synthesis (Chapter 2 / Ref. 29) and this work. 

Criteria Chapter 2 / Ref. 29 This Work 

Main Objective 
Dialkyl carbonates synthesis via SN2 with 
TBD-based CO2BOLs 

PVC upcycling with CO2BOLs for sustainable 
valorisation 

Main Substrates Primary and secondary alkyl iodides PVC secondary methine chlorides 

Final Product Dialkyl carbonates 
Carbonate-modified PVC through an almost 
exclusively SN2 process and a limited HCl-
liberating E2 reaction 

Reaction 
Temperature 

21 – 65 °C 21 °C (optimal conditions) 

Solvents Used Acetonitrile or solvent-free condition DMF (optimal conditions) 

Environmental 
Impact 

Green alternative to toxic metal-based 
methods 

Plastic waste valorisation, reduction of HCl 
waste by-product by an exclusive TBD.HCl 
benign salt production 

Major 
Innovation 

Guanidinium-assisted SN2 ion-pair 
process 

Extension to polymers, contribution to PVC 
recycling by CO2 valorisation 

 
Building on these properties, this study extends the application of TBD-based CO2BOLs 

beyond small-molecule transformations to the upcycling of poly(vinyl chloride) (PVC), a widely 

used polymer with significant recycling challenges. To better highlight the improvements 

introduced in this chapter, several key aspects are compared in Table 3.1, showcasing the 

differences between TBD-based CO2BOLs used for small-molecule synthesis (cfr. Chapter 2 / 

Ref. 29) and their application in PVC recycling. As far as the environmental impact is concerned, 

it was hypothesised that these systems could limit the release of chloride ions during both 

dechlorination and dehydrochlorination (Figure 3.2). By leveraging the chloride-trapping ability 

of TBD.H⁺, this approach seeks to reduce the formation of toxic by-products while enhancing 

substitution efficiency on the PVC backbone. Moreover, this work underscores the dual 

sustainability of the proposed method: integrating CO2 into the reaction process transforms this 

abundant greenhouse gas into a valuable resource for polymer modification. This innovative use 

of CO2 not only aligns with broader goals in carbon capture and utilisation but also addresses 

critical challenges in PVC recycling. 

To better reflect the versatility of the systems explored in this study, the term CO2BALs ("CO2-

binding alcohols") is proposed to describe alcohol-based systems that extend beyond the 

liquid-phase CO2BOLs typically described in the literature. This broader definition emphasises 

the adaptability of CO2BALs in enabling sustainable and efficient polymer transformations. 
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Figure 3.2. Trapping of chloride by guanidinium TBD.H+ during a) dechlorination (SN2) and b) 

dehydrochlorination (E2) reactions. 

A. Thermal properties of CO2BALs: Melting points and degradation 

In developing a method to functionalise PVC using CO2BALs, a solvent-free approach was 

prioritised to enhance the environmental sustainability of the process and minimise waste 

generation. Such an approach requires both reactants to be in a compatible physical state to 

ensure effective interaction. For PVC, this means operating above its Vicat softening 

temperature (~92 °C)40 but below its thermal degradation threshold (~250 °C).41 The CO2BALs, on 

the other hand, must remain liquid under these conditions, as this enhances their ability to mix 

with the polymer and facilitates reactivity. 

To evaluate the feasibility of these conditions, the melting points and thermal stability of 

CO2BALs were studied. A series of TBD alkylcarbonate salts were prepared by mixing equimolar 

amounts of alcohol and TBD in bulk, as previously detailed in Chapter 2.29 Mixtures were then 

heated to a constant temperature and exposed to CO2 (pCO2 = 0.2 bar) under vigorous stirring 

(500 rpm). The temperature was maintained at 50 °C for methanol, ethanol, and 1-propanol, 

while 90 °C was used for 1-butanol, 1-hexanol, 1-octanol, and 1-decanol (Figures S3.1 – S3.6, p. 

152 – 154). The thermal properties of the obtained CO2BALs were evaluated by determining their 

melting points, which are influenced by the length of the alkyl chain. As shown in Figure 3.3, 

with the exception of the TBD butylcarbonate salt (which remains a viscous liquid with a melting 

temperature of 13.5 °C), all other CO2BALs are solid at room temperature. The melting points 
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follow a clear trend: they decrease with the length of the alkyl chain down to a minimum for the 

1-butanol-based salt, after which they slightly increase for longer chains. These results were 

compared to those of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)- and 1,1,3,3-

tetramethylguanidine (TMG)-based CO2BALs,35 with the latter exhibiting negative melting points 

across all investigated alkyl chain lengths. Notably, the melting points of the TBD-based 

CO2BALs are generally higher than those of DBU-based salts, particularly for shorter alkyl chains 

such as methanol, ethanol, and 1-propanol. This suggests that the TBD salts form more stable 

crystalline structures compared to DBU and TMG salts. This thermal behaviour is significant 

when considering the conditions required for the upcycling of PVC, as the melting point 

influences both the stability and reactivity of the CO2BALs during polymer functionalisation.  

 
Figure 3.3. Melting points of TBD-based CO2BALs as a function of the alkyl chain length, compared with 

the melting points of DBU- and TMG-based CO2BALs. Thermal data for DBU and TMG are adapted from 

Ref.35. 

Initially encouraged by the relatively high melting points of CO2BALs derived from methanol, 

ethanol, and 1-propanol, we faced a critical limitation when examining their thermal stability. 

Thermogravimetric analyses (TGA) revealed that the degradation onset temperatures (T5%) of 

these salts are consistently close to their melting points (ca. 80 - 85 °C, Figures S3.8 – S3.10, p. 

155 – 156), excluding their use in liquid form at temperatures compatible with PVC’s Vicat 

softening point. Furthermore, the TGA data showed that the degradation temperatures of 

CO2BALs are independent of alkyl chain length, falling within a narrow range of 80 - 90 °C 

(Figures S3.8 – S3.14, p. 155 – 157). 

To gain deeper insight into the thermal behaviour of CO2BALs, we sought to determine the 

activation energy (Ea) and pre-exponential factor (A) by applying the Arrhenius equation across a 

broad temperature range (40 - 110 °C). This required selecting a CO2BAL with a melting point 

sufficiently distinct from its T5% to ensure reliable thermal measurements. The 1-decanol-

based CO2BAL emerged as a good candidate, with a melting point of 31.5 °C and a degradation 

onset temperature of 86.4 °C. These properties provided a stable and practical platform for 

assessing thermal stability and reactivity. It should also be noted that, as previously reported,29 

the longer alkyl chain of 1-decanol poses a barrier to achieving quantitative carbonate 
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conversion. The synthesis of the corresponding CO2BAL used here was indeed limited to ~80% 

conversion, as determined by ¹H NMR analysis (Figure S3.7c, p.155). Despite this slight 

limitation, the thermal properties of this compound made it a good choice for the subsequent 

experiments. 

In the simplest approach, the decarboxylation reaction rate constant for the 1-decanol-

based CO2BAL, k, can be calculated according to equation 3.1: 

𝑙𝑛 ቆ
[𝐶𝑂ଶ𝐵𝐴𝐿]଴

[𝐶𝑂ଶ𝐵𝐴𝐿]௧
ቇ = 𝑘. 𝑡                             (3.1) 

where [CO2BAL]0 and [CO2BAL]t represent the concentration in CO2BAL at time 0 and t minutes, 

respectively. The decarboxylation rate constant, k, can, therefore be calculated from the 

gradient for each semi-log plots at the different selected temperatures (Figure 3.4a).  

Examination of the liberation of CO2 from the TBD-based salt under a constant nitrogen flow 

(pN2 = 0.2 bar), reveals that it takes 10 h to achieve ~ 50% degradation at 40 °C, whereas an 

almost complete degradation occurs within 0.3 h at 110 °C. The Arrhenius plot is then applied to 

calculate the activation energy (Figure 3.4b), Ea, and the pre-exponential factor, A, according to 

equation 3.2: 

ln 𝑘 = ln 𝐴 −  
𝐸௔

𝑅. 𝑇
                             (3.2) 

  where R is the universal gas constant (8.3144 J.mol-1.K-1).  

 
Figure 3.4. a) Decarboxylation kinetics of 1-decanol-based CO2BAL at different temperatures and b) 

corresponding Arrhenius plot. 
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The activation energy (Ea ) and pre-exponential factor (A) obtained for the 1-decanol-based 

CO2BAL (62 kJ.mol-1 and 2.4 x 107 min-1) fall within the typical range observed for first-order 

reactions involving complex organic transformations. For instance, Moreno et al. reported a Ea 

values of 58.7 - 70.5 kJ.mol-1 for cannabinoid decarboxylation,42 illustrating that the thermal 

behaviour of the 1-decanol-based CO2BAL is comparable to other thermally activated systems. 

While this moderate Ea reflects a certain degree of thermal stability, it also indicates that 

degradation becomes non-negligible at elevated temperatures. Combined with the relatively low 

degradation onset temperature (T5% = 86.4 °C), this limits the practical use of the CO2BAL in 

bulk conditions, particularly for PVC functionalisation near its Vicat softening temperature (~92 

°C). These findings further justify transitioning to solution-phase reactions, where thermal 

constraints are minimised, allowing for more controlled and efficient reactivity. 

B. Reaction between PVC and CO2BALs in solution 

Unlike high-temperature bulk processes, solution-phase methods offer greater flexibility in 

selecting both the reaction temperature and the polarity of the medium. For PVC, only 

tetrahydrofuran (THF, dipole moment = 1.75 D), N,N-dimethylformamide (DMF, dipole moment = 

3.82 D), and methyl ethyl ketone (MEK, dipole moment = 2.81 D) have been considered to 

investigate the ability of CO2BAL to react with PVC at room temperature.43–46 While THF is known 

to dissolve PVC completely, it was directly discarded due to its inability to solubilise 1-decanol-

based CO2BAL (conv. ~ 80 %) whatever its concentration. DMF and MEK,  which exhibit 

satisfactory PVC dissolution performances and known to perfectly solubilise CO2BALs, have 

then been compared.  

Before initiating any reaction, the absolute number-average molar mass of PVC was 

determined. The theoretical number-average molar mass (Mnth) provided by Sigma is estimated 

at 48,000 g.mol-1. Experimentally, Size Exclusion Chromatography (SEC) was performed using a 

polystyrene (PS) standard calibration in THF at 25 °C, with the Mark-Houwink relationship 

applied for both PS and PVC ([η] = KMa, where KPS = 1.1 x 10-4 dL.g-1 and aPS = 0.725 for PS; KPVC = 

1.658 x 10-4 dL.g-1 and aPVC = 0.76 for PVC).47 This analysis yielded an experimental number-

average molar mass (MnSEC) of 41,400 g.mol-1 and a dispersity value (ƉM = Mw/Mn) of 2.2. Prior to 

correction, the relative MnSEC was 63,500 g.mol-1. 

To limit the significance of elimination reactions, which typically play a major role in the SN2-

E2 competition with PVC,19,27,28 reactions were performed at 21 °C by reacting a CO2BAL of 1-

decanol (conv. ~ 80%) in a PVC solution ([PVC]0 = 0.7 mmol.L-1) for an initial [Cl]0-to-[CO2BAL]0 

molar ratio of 1. Even though MEK is capable of perfectly dissolving both PVC and the CO2BAL of 

1-decanol individually, their combination in this solvent and under the applied concentration 

conditions renders the CO2BAL of 1-decanol insoluble. Under vigorous stirring, and after several 

hours, the insolubilisation of CO2BAL gradually diminishes, eventually disappearing and leaving 

behind an insoluble black precipitate that does not dissolve in any of the organic solvents used. 
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In our opinion, such a black insoluble precipitate is likely due to the formation of a 

polyacetylene-like structure, possibly resulting from the degradation of CO2BAL, which releases 

1-decanol and TBD into the solution. The free TBD, or the alkoxide formed by deprotonation of 1-

decanol by the guanidine, could then act as a base, promoting E2 elimination reactions on the 

PVC. Interestingly, the rate of insolubilisation has been observed variable with the degree of 

CO2BAL conversion, i.e., CO2BALs of varying degrees of carbonate conversion.  

Two TBD decanol-based carbonate salts with different degrees of carbonate conversion were 

then prepared under CO2 by mixing equimolar amounts of 1-decanol and TBD at 90 °C for 

different reaction times. This approach allowed us to prepare new CO2BALs with carbonate 

conversions of 50 and 75 mol% (Figure S3.7a and b, p. 155). Note that a conversion of 75% 

corresponds to a salt composed of 75 mol% carbonate and 25 mol% TBD alkoxide. A TBD 

alkoxide (referred to as the “0% conversion”) also served as a reference for a CO2BAL system 

entirely devoid of CO2. These CO2BALs were then reacted with PVC previously dissolved in MEK 

([PVC]0 = 0.7 mmol.L-1) for a reaction time limited to 1 hour and a [Cl]0-to-[1-decanol]0 = 1. 1H 

NMR analyses of the three reactions reveal no apparent reaction with the CO2BAL but a 

substantial increase in vinyl protons showing up at δ = 5.5 - 6 ppm (Figures S3.15 and S3.16, 

p.158). By integrating these protons relative to the CH-Cl signals of PVC (δ = 4.35 - 4.65 ppm), 

the proportion of E2 elimination per chain (= 100 x (I5.5-6/2)/[(I5.5-6/2)+I4.35-4.65]) rises with 

decreasing CO₂BAL conversion. Moreover, the relative MnSEC values also decrease accordingly, 

in agreement with the literature.48 These trends are summarised in Figure 3.5, which compares 

the proportion of E2 elimination with the corresponding MnSEC values. It should be noted that 

for the sample obtained with CO₂BAL 0% (i.e., an equimolar mixture of 1-decanol and TBD), only 

the soluble fraction was analysed by SEC, while the majority remained insoluble in the SEC 

eluent, likely due to a high unsaturation content. 

 
Figure 3.5. Influence of CO2BAL carbonate conversion on the reaction outcome with PVC in MEK at 21 °C 

([PVC]0 = 0.7 mmol.L-1, [Cl]0-to-[1-decanol]0 = 1, reaction time = 1 h). The relative MnSEC values (in orange) 

and the proportion of E2 elimination (in blue) are plotted as a function of the CO2BAL carbonate 

conversion. 
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To overcome the limitations observed in MEK, reactions were finally carried out at 21 °C in 

DMF, a solvent ensuring complete solubilisation of both PVC and the 1-decanol CO2BAL. Five 

functionalisation reactions were performed in parallel for reaction times of 30 minutes, 1, 2, 18, 

and 72 hours, respectively. Each reaction medium was subsequently precipitated, washed, and 

dried to ensure complete removal of decanol derivatives. 1H NMR analyses revealed signals 

associated with the α-methine proton of a decyl carbonate, which typically appears at δ = 4.87 

ppm for alkyl carbonates and δ = 4.97 ppm for acyl carbonates.29,49 In the present case, a signal 

was detected at approximately δ = 4.76 ppm, overlapping with the PVC methine protons, 

suggesting the formation of a decyl-based carbonate. Additionally, a triplet at δ = 0.89 ppm, 

corresponding to terminal methyl protons of decyl chains, confirmed the successful reaction of 

CO2BAL with PVC (Figure 3.6a). Notably, vinyl proton signals (δ = 5.5 - 6 ppm) first appeared at 

the 2-hour mark, corresponding to a SN2/E2 ratio of 94/6. Beyond this point, the selectivity 

shifted in favour of elimination, with SN2/E2 ratios decreasing to 54/46 after 18 hours and 38/62 

after 72 hours. This shift was accompanied by a decrease in relative MnSEC values, which 

initially increased from 63,500 g/mol for PVC to over 89,000 g/mol after 2 hours, before declining 

for longer reaction times (Figure S3.17 – S3.18, p. 159). The degree of substitution followed the 

same trend, increasing over the first two hours of reaction before decreasing at longer reaction 

times. These observations suggest that prolonged reaction times lead to kinetic instability and 

the gradual release of free TBD into the reaction medium, promoting elimination over 

substitution. Moreover, the decreasing degree of substitution also suggests that longer reaction 

times allow for the elimination of previously grafted moieties. 

The success of the reaction was further confirmed by Fourier Transform Infrared (FTIR) 

spectroscopy. The spectrum of the sample obtained after 2 hours of reaction exhibited a new 

absorption band at 1744 cm-1, attributed to the asymmetric stretching of the C=O bond. This 

frequency matches that observed for a model small molecule in Chapter 2 (Figure 3.6b).29 

Notably, no significant absorption bands corresponding to C=C stretching vibrations were 

detected, indicating that vinyl unsaturations formed via elimination remain below the FT-IR 

detection limit. 
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Figure 3.6. a) 1H NMR (THF-d8, 500 MHz)  of modified PVC b) FT-IR of PVC (blue), modified PVC (purple), 

and a heptyl-ethyl carbonate (green) used in comparison and prepared as reported in Chapter 2. 

The sample obtained after 2 hours of reaction was further analysed by thermogravimetric 

analysis (TGA) to accurately determine the mass fraction of grafted carbonate moieties and 

compared to the pristine PVC (Figure 3.7). As expected, the thermogram of pristine PVC exhibits 

thermal stability up to 230 °C, beyond which rapid dehydrochlorination occurs, spanning the 

temperature range of 230 to 370 °C.50 Between 375 and 525 °C, the degraded polyene structures 

undergo transformation into condensed aromatic hydrocarbons, eventually yielding infusible 

coke with a residual carbon content of approximately 6.8% at 650 °C. Three key differences were 

observed in the thermogram of modified PVC. First, an additional mass loss step appears at ca. 
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125 °C, attributed to the degradation of the grafted carbonate groups. Second, the chlorinated 

backbone of PVC is destabilised upon functionalisation, as evidenced by a shift in the 

dehydrochlorination onset temperature from 230 °C (pristine PVC) to approximately 180 °C. This 

phenomenon is well-documented in the literature.27,28,51,52 Finally, the coke residue at 650 °C is 

slightly higher for modified PVC compared to pristine PVC, likely reflecting the small proportion 

of elimination reactions detected by 1H NMR spectroscopy. 

 
Figure 3.7. Thermal stability of pristine PVC (orange) and PVC modified with 1-decanol-based CO2BAL 

(conv. 80%) in DMF for 2 hours (blue). 

The limited grafting efficiency observed in DMF can be attributed to a combination of steric 

and electronic factors. CO₂BALs are known to be significantly stabilised in highly polar solvents 

like DMF due to dipolar interactions (see Chapter 2),29 which reduces their overall reactivity and 

may hinder efficient nucleophilic attack. In SN2 reactions, the substitution of the halogenated 

carbon is governed by both the dynamics and reactivity of the system.53 Typically, SN2 reactions 

proceed via a backside attack, resulting in Walden inversion. However, the introduction of bulky 

substituents can sterically hinder this pathway, potentially favouring a SN2 frontside mechanism 

despite its slightly higher energetic cost. In the case of PVC, a statistical coil polymer with 

randomly distributed CH-Cl electrophilic sites, steric hindrance plays a crucial role in dictating 

the reaction pathway. The steric environment likely promotes frontside SN2 substitution, 

especially when assisted by a guanidinium ion-pair mechanism (Scheme 3.1).29 The 

combination of CO₂BAL stabilisation in DMF and steric constraints on the PVC backbone could 

thus explain the observed limitation in grafting efficiency.  
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Scheme 3.1. Mechanism proposed for PVC substitution from CO2BAL by a frontside approach. 

III. CONCLUSION 
Thermal properties assessment revealed that CO2BALs undergo degradation under bulk-

phase reaction conditions, necessitating the use of solution-phase functionalisation for 

efficient PVC modification at 21 °C. Despite a moderate degree of substitution (<10 wt.%) 

compared to some already existing strategies mentioned in the introduction, this approach 

achieved a remarkable SN2 selectivity (94/6) while generating a single, benign by-product 

(TBD.HCl). Spectroscopic and thermal analyses confirmed the successful grafting of carbonate 

functionalities, though solvent effects influenced reaction efficiency. Specifically, the strong 

stabilisation of CO2BALs in polar solvents like DMF reduced their nucleophilicity at room 

temperature, highlighting the need for alternative strategies to enhance substitution yields. 

Beyond PVC functionalisation, this strategy holds broader environmental benefits. The use of 

CO2BALs introduces a novel approach for integrating CO2 into polymer modifications, aligning 

with circular economy principles. A potential concern for large-scale implementation may be 

the cost of TBD. However, this limitation can be mitigated, as demonstrated by Fritz-Langhals, 

who developed a straightforward and cost-effective one-pot synthesis of a liquid TBD 

formulation.39 Moreover, the generation of a single, benign by-product (TBD.HCl) enhances the 

process sustainability. As a guanidinium chloride, TBD.HCl has well-established applications in 

biochemistry, notably as a protein denaturant and nucleic acid stabiliser,30,31 which supports its 

potential for recovery and reuse. By bridging CO2 utilisation with PVC upcycling, this work 

contributes to the development of greener methodologies for the valorisation of chlorine-rich 

polymers. 

To overcome the limited substitution efficiency observed here, the next chapter combines 

two complementary strategy modifications. On the electrophile side, a fraction of the C-Cl 

bonds of PVC is converted into C-I bonds through an aqueous phase-transfer catalysis strategy, 

restoring the high reactivity of iodinated electrophiles evidenced in Chapter 2, as iodide is a far 

better leaving group than chloride. On the nucleophile side, the TBD-based CO2BAL is replaced 

by a DBU-based CO2-binding amine (CO2BAM), taking advantage of the considerably lower cost 

of DBU compared to TBD and the higher CO2 conversion rates.  
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IV. EXPERIMENTAL 
A. Materials 
Carbon dioxide N50 (≥ 99.999 %) was supplied by Air Liquide. 1-Propanol (99+ %), 1-butanol 

(≥99.4 %, ACS reagent), 1-hexanol (anhydrous, ≥ 99 %), deuterated chloroform (0.03 vol% TMS, 

deuteration degree min. 99.8 % for NMR spectroscopy, stabilised with silver), 1-decanol (for 

synthesis), poly(vinyl chloride) (low molecular weight), as well as N,N-dimethylformamide 

(anhydrous, 99.8 %) were purchased from Sigma-Aldrich. Methanol (GPR Rectapur) and octan-

1-ol (purified) were purchased from VWR. 2-Butanone (or methyl ethyl ketone (MEK), ACS 

Reagent) was acquired from Acros Organics. Ethanol (denaturated with 3 % diethylether, 

Desinfectol) was purchased from Chemlab. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was 

supplied by Apollo Scientific. Deuterated tetrahydrofuran (99.5 % D) was supplied by CortecNet. 

B. Procedures 
General procedure for the synthesis of CO2BALs 

The general protocol was adapted from the one described in Chapter 2. A Schlenk tube, 

equipped with a septum and a stir bar, is charged with a mixture of TBD (1.3990 g, 0.01005 mol) 

and an alcohol (0.01005 mol or 0.03015 mol for methanol, and 0.05025 mol for ethanol and 1-

propanol) in bulk. A butyl pipe is used to link the CO2 tank and the Schlenk tube and a needle 

(20G) is used to pierce the septum, allowing carbon dioxide (pCO2 = 0.2 bar) to be bubbled onto 

the reaction mixture in a continuous flow. For most CO2BOLs the reaction is performed at 90 °C 

in an oil bath and under 500 rpm stirring for 1h30. In the case of methanol, ethanol and 1-

propanol, the reaction is performed at 50 °C in an oil bath. 

- MeOCO2
-,TBD.H+ : 1H NMR (60 MHz, CDCl3) : δ = 3.59 (s, 3H), 3.29 (dt, 8H), 1.98 (quint, 

4H). 

- EtOCO2
-,TBD.H+ : 1H NMR (60 MHz, CDCl3) : δ = 4.03 (q, 2H), 3.29 (dt, 8H), 1.98 (quint, 

4H), 1.23 (t, 3H). 

- PrOCO2
-,TBD.H+ : 1H NMR (60 MHz, CDCl3) : δ = 3.87 (q, 2H), 3.29 (dt, 8H), 1.98 (quint, 

4H), 1.57 (quint, 2H), 0.94 (t, 3H). 

- ButOCO2
-,TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ = 3.91 (q, 2H), 3.29 (dt, 8H), 1.98 (quint, 

4H), 1.59 (quint,2H), 1.40 (m, 2H), 0.91 (t, 3H). 

- HexOCO2
-,TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ = 3.91 (q, 2H), 3.29 (dt, 8H), 1.98 (quint, 

4H), 1.61 (quint, 2H), 1.38 (m, 2H), 1.28 (m, 4H), 0.87 (t, 3H). 

- OctOCO2
-,TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ = 3.91 (q, 2H), 3.30 (dt, 8H), 1.99 (quint, 

4H), 1.61 (quint, 2H), 1.37 (m, 2H), 1.27 (m, 8H), 0.87 (t, 3H). 
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- DecOCO2
-,TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ = 3.90 (q, 2H), 3.30 (dt, 8H), 1.99 (quint, 

4H), 1.60 (quint, 2H), 1.38 (m, 2H), 1.25 (m, 12H), 0.87 (t, 3H). 

𝜈෤max (cm-1) : 3232 (NH), 3152 (NH), 1655 (C=O), 1570 (C=N), 1388 (CO). 

General procedure for the reaction between CO2BALs and PVC 

PVC (0.01005 mol Cl, 0.6245g PVC) was dissolved in MEK or DMF (20 ml). The CO2BAL 

(0.01005 mol) was then added to the solution. The reaction was performed at room temperature, 

under 500 rpm stirring, and CO2 atmosphere for 0.5, 1, 2, 18 or 72 hours. After each reaction, the 

product is purified through a three-step process. First, water is used to precipitate and wash the 

product. Then, the precipitate is solubilised in THF. Finally, the solution from the previous step is 

precipitated in water, and the product is filtrated, thoroughly washed with methanol and dried 

before analysis. 

Modified PVC : 1H NMR (500 MHz, THF-d8) : δ = 5.79 (br. t, 2H), 4.75 (br. t, 1H), 4.49 (br. t, 1H), 

4.09 (br. t, 1H), 2.24 (br. m, 2H), 1.46 (t, 2H), 1.29 (br. m, 14H), 0.89 (t, 3H). 

𝜈෤max (cm-1) : 1744 (C=O), 1429 (PVC), 1330 (PVC), 1250 (PVC), 1117 (C-O), 964 (PVC). 

C. Methods 
Melting point determination 

The melting point of each CO2BAL was determined visually by heating a pre-cooled sealed 

NMR tube containing CO2BAL compounds, at a rate of 1 °C per minute in an oil bath. 

Thermal stability – TGA and Degradation Kinetics 

CO2BALs were subjected to thermogravimetric analysis (TGA) to determine their degradation 

temperature. Measurements were performed under nitrogen flow at a rate of 5 °C per minute 

using a TA Q500 TGA.  

Products of the reaction between CO2BAL and PVC were subjected to TGA as well. This 

allowed for thermal stability evaluation as well as the determination of the substitution rate. 

Measurements were performed under nitrogen flow at a rate of 2.5 °C per minute using a TA 

Q500 TGA. 

In order to evaluate the CO2BALs’ thermal stability, degradation kinetics analysis was 

performed. Samples were therefore subjected to a nitrogen flow (p(N2) = 0.2 bar) at different 

temperatures, using the same experimental setup as for their synthesis. Degradation was 

monitored regularly through 1H NMR spectroscopy. The neperian logarithm of the degradation 

percentage was plotted against time. After linear regression, the slope obtained gave the kinetic 

constant of the degradation reaction (k) at each temperature. Consequently, the plot of ln(k) 

against 1/T (K-1) allowed to work out the frequency factor (A) and the activation energy (Ea) 

parameters of the Arrhenius equation for the degradation reaction. 
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FT-IR spectroscopy 

Fourier Transform InfraRed spectroscopy was performed using a Bruker Tensor 27 

spectrometer to give an indication regarding the success of the substitution reaction between 

PVC and CO2BALs. 

NMR spectroscopy 

CO2 conversion was followed time-to-time through 1H nuclear magnetic resonance (NMR) 

using a Spinsolve 60 Ultrabenchtop NMR spectrometer (Magritek, Aachen, Germany). All 

spectra were acquired according to the following parameters: aq = 6.4 sec, repetition time = 10 

sec, pulse angle = 90, ns = 32. 

Final CO2BAL and substitution products were all characterised by 1H NMR using a Bruker 

AVANCEII 500 MHz apparatus at room temperature in chloroform-d1 (CDCl3) and THF-d8, 

respectively. All spectra were acquired according to the following parameters: aq = 2.75 sec, d1 

= 1 sec, sw = 20, ns = 32 for small molecules and 512 for PVC-based compounds. 

SEC 

Substitution products were subjected to size exclusion chromatography (SEC)  in THF at 

25 °C using a Triple Detection Polymer Laboratories liquid chromatograph equipped with a 

refractive index (ERMA 7517), a UV detector (254 nm), a capillary viscometry, a light scattering 

RALS (Viscotek T-60) (Polymer Laboratories GPC-RI/CV / RALS) and an automatic injector 

(Polymer Laboratories GPC-RI/UV) and four columns: a PL gel 10 µm guard column and three PL 

gel Mixed-B 10 µm columns (linear columns for separation of Mw PS ranging from 500 to 

106 daltons). All samples for SEC analyses were prepared according to the following 

concentration: 1 mg of polymer sample in 1 mL of THF. 

  



Chapter 3 

 

 
152 

V. SUPPORTING INFORMATION 

 
Figure S3.1. 1H NMR spectrum (60 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between methanol and TBD under CO2 bubbling. 

 
Figure S3.2. 1H NMR spectrum (60 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between ethanol and TBD under CO2 bubbling. 
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Figure S3.3. 1H NMR spectrum (60 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between 1-propanol and TBD under CO2 bubbling. 

 
Figure S3.4. 1H NMR spectrum (500 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between 1-butanol and TBD under CO2 bubbling. 
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Figure S3.5. 1H NMR spectrum (500 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between 1-hexanol and TBD under CO2 bubbling. 

 
Figure S3.6. 1H NMR spectrum (500 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between 1-octanol and TBD under CO2 bubbling. 
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Figure S3.7. 1H NMR spectrum (500 MHz, CDCl3, zoomed between δ = 0 ppm and δ = 4.5 ppm) of the 

product of the reaction between 1-decanol and TBD under CO2 bubbling : a) 50 %, b) 75 %, and c) 80 % 

conversion, respectively. 

 
Figure S3.8. Thermogravimetric analysis (TGA) of the product of the reaction between methanol and TBD 

under CO2 bubbling. 



Chapter 3 

 

 
156 

 
Figure S3.9. TGA of the product of the reaction between ethanol and TBD under CO2 bubbling. 

 
Figure S3.10. TGA of the product of the reaction between 1-propanol and TBD under CO2 bubbling. 

 
Figure S3.11. TGA of the product of the reaction between 1-butanol and TBD under CO2 bubbling. 



CO2-Binding Alcohols as Potential Candidates for Poly(Vinyl Chloride) Upcycling 

 

 
157 

 
Figure S3.12. TGA of the product of the reaction between 1-hexanol and TBD under CO2 bubbling. 

 
Figure S3.13. TGA of the product of the reaction between 1-octanol and TBD under CO2 bubbling. 

 
Figure S3.14. TGA of the product of the reaction between 1-decanol and TBD under CO2 bubbling. 
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Figure S3.15. 1H NMR spectrum (500 MHz, THF-d8, zoomed between δ = 0 ppm and δ = 6.75 ppm) of 

pristine PVC. 

 
Figure S3.16. 1H NMR spectrum (500 MHz, THF-d8, zoomed between δ = 4.0 ppm and δ = 6.75 ppm) of the 

product of the reaction between 1-decylcarbonate, TBD.H+ (CO2BAL conv. = a) 0%, b) 50%, c) 75%, and d) 

80%) and PVC in MEK for 1 hour. 
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Figure S3.17. SEC traces of pristine PVC (dark blue) and the product of the reaction between 1-

decylcarbonate, TBD.H+ and PVC in DMF for 30 minutes (orange), 1 hour (dark green), 2 hours (light blue), 

18 hours (purple), and 72 hours (light green). 

 
Figure S3.18. Effect of reaction time on the polymer’s relative Mn determined by SEC. 
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I. INTRODUCTION 
Among the many challenges facing sustainable materials science, the simultaneous 

management of carbon dioxide (CO2) and halogenated plastics stands out as both urgent and 

conceptually rich. Poly(vinyl chloride) (PVC), the third most produced polymer worldwide, 

combines large-scale utility with a notorious resistance to circularity.1–5 Its chlorine content 

hinders conventional recycling, while its incineration generates corrosive and toxic emissions.6 

In parallel, the chemical community continues to seek viable strategies for CO2 utilisation, not 

merely for capture, but for its integration into value-added materials.7–13 Bringing these two 

issues together, the chemical modification of PVC through CO2-based chemistry represents a 

promising step toward genuine carbon circularity. 

In Chapter 3, we explored this concept using CO2-binding alcohols (CO2BALs), a subclass of 

CO2-binding organic liquids (CO2BOLs).14 These dual-function reagents acted both as CO2 

carriers and as nucleophiles capable of reacting with PVC through substitution, enabling the 

partial incorporation of carbonate functionalities into the polymer backbone.15 The CO2BAL was 

generated from 1-decanol and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) by bubbling CO2 at 0.2 

bar and 90 °C, reaching a conversion of approximately 80%. While this approach demonstrated 

the feasibility of CO2-mediated PVC functionalisation, the overall degree of incorporation 

remained limited to a 7 wt% mass substitution corresponding to only ca. 2.5 mol % of the 

methine sites along the chain, after 2 hours of reaction. In terms of CO2 loading, this 

corresponds to a maximum of 17.6 g per kg of PVC (Figure 4.1a).  

Reasoning that a greener and more efficient CO2-mediated functionalisation of PVC would 

benefit from the use of safer and renewable reagents while improving reaction selectivity, we 

turned our attention to amine-based CO2-binding agents (CO2BAMs). In contrast to the 

carbonate linkages formed with CO2BALs, the carbamate bonds formed by CO2BAMs are 

thermodynamically more stable due to resonance delocalisation between the nitrogen lone pair 

and the carbonyl group. This higher stability is expected to improve the durability of the grafted 

structure,16,17 its compatibility with further transformations, and ultimately the sustainability of 

an expected upcycling process.  

In this framework, primary amines were identified as the most suitable nucleophilic partners 

for CO2 activation.18 Among them, 1-hexylamine was selected for its favourable green chemistry 

profile and potential renewability. Linear aliphatic amines such as 1-hexylamine can be 

synthesised from biomass-derived alcohols via catalytic “hydrogen-borrowing” amination.19 This 

transformation is fully atom-economic, producing only water as a by-product and aligning with 

principles of green chemistry. In parallel, we sought to replace the costly and moisture-sensitive 

TBD guanidine used in CO2BAL synthesis with a more affordable and robust organic base. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) was selected for its economic advantage (100 mL costs 

approximately €109, whereas 5 g of TBD amounts to €55.4) as well as for its distinct mechanistic 

benefits.20,21 As reported by McGhee et al.,22 DBU efficiently promotes carbamate anion 
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formation and enhances SN2 selectivity in urethane-type bond formation under mild CO2 

pressure, a feature recently exploited in continuous flow conditions by Stagel et al.23  

 
Figure 4.1. (a) Previously reported reactivity of CO2BALs in SN2 with pristine PVC. See Chapter 3 / 

reference 14; (b) This work: enhancement of substitution rate via PVC iodination and the use of CO2BAMs. 

With TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, SN2 = second-

order nucleophilic substitution and E2 = second-order elimination.  

To further enhance substitution kinetics while addressing one of the major safety and 

sustainability issues of PVC recycling, i.e. the release of corrosive hydrogen chloride, we 

reasoned that a partial iodination of PVC prior to CO2BAM treatment could mitigate acid-gas 

formation. Although hydrogen iodide is a stronger acid than hydrogen chloride, its vapours are 

less corrosive toward metallic equipment and form less volatile metal halides.24–26 In addition, 

iodinated PVC displays higher SN2 reactivity, facilitating more efficient CO2 incorporation under 

mild conditions.  

Overall, as presented herein, this dual approach, combining CO2BAMs with a greener 

preparation of iodinated PVC (Figure 4.1b), provides a safer and more sustainable pathway for 

covalent CO2 upcycling into polymeric materials. Under conditions directly comparable to those 

previously employed for CO2BAL-mediated functionalisation, this strategy increases the 

efficiency of SN2 substitution by roughly twofold (4.3 mol % substitution rate and max. CO2 

content ~ 30.0 g per kg of polymer), yielding a polymer that remains fully soluble in organic 

media despite the formation of some vinyl groups via E2 elimination. Together, these features 

highlight a clear improvement in both the efficiency and versatility of CO2 incorporation into PVC 

(Table 4.1). 
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Table 4.1. Comparative overview of the CO2BAL and CO2BAM strategies under identical reaction 

conditions ([PVC]0 = [PVC-I]0 = 0.7 mmol.L-1, [Cl]0/[CO2BAM or CO2BAL]0 = 1, 21 °C, 2 h, DMF). 

Parameter CO2BAL Strategy 
Chapter 3 

CO2BAM Strategy 
This work 

Polymer support PVC Partially iodinated PVC 

CO2 carrier activation 1-decanol + TBD 1-hexylamine + DBU 

Purity of activated species ~ 80% (20 mol% free base) ~ 98% 

Nucleophile Carbonate Carbamate 

Bond formed Carbonate linkage Carbamate linkage 

SN2/E2 behaviour Limited substitution Enhanced SN2 selectivity 

Degree of substitution ~ 2.5 mol% ~ 4.3 mol% 

Max CO2 content ~ 17.6 g/kg ~ 30.0 g/kg 

Solubility Soluble Fully soluble 

Base TBD (moisture sensitive, costly) DBU (robust, affordable) 

 

II. RESULTS AND DISCUSSION 
A. PVC iodination 
In the literature, the iodination of PVC is most frequently carried out through the Conant-

Finkelstein reaction using NaI in THF/acetone (Scheme 4.1a).27–29 However, this protocol relies 

on a problematic solvent system30 and does not consistently deliver high iodination efficiency. 

Although bio-based THF has been reported,31–33 replacing this mixture with safer and more 

sustainable media remains an important objective. An alternative route proposed by Lakshmi 

and Jayakrishnan uses water as the solvent under phase-transfer catalysis (PTC, Scheme 

4.1b),34 offering a greener and underexplored approach. 

 
Scheme 4.1. PVC iodination via (a) the Conant-Finkelstein reaction and (b) phase-transfer catalysis. TBAB 

= tetrabutylammonium bromide. 

To establish a clear baseline for comparison, the conventional Conant-Finkelstein reaction 

was first reproduced on a smaller scale following the protocol of Rusen et al.29 This benchmark 

experiment not only provided direct insight into the substitution pattern and material response 

under classical conditions but also served as a reference for assessing the efficiency, selectivity, 
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and environmental performance of the PTC-based alternative developed herein. After 24 hours 

at 40 °C, the polymer exhibited a faint yellow colouration, consistent with partial chlorine-to-

iodine substitution (Figure 4.3). Size exclusion chromatography (SEC) revealed a moderate 

increase in number-average molar mass (Mn), while thermogravimetric analysis (TGA) showed a 

32 °C decrease of the maximal degradation temperature (MDT), both supporting a PVC 

backbone substitution (Figures 4.2). However, conventional spectroscopic techniques such as 
1H  and 13C NMR or FT-IR failed to provide unambiguous structural evidence, as the spectral 

features of PVC remain largely unaffected (Figure S4.2, p. 180).  

 
Figure 4.2. (a) SEC chromatograms and (b) TGA thermograms of PVC and modified PVC samples 

iodinated via the Conant-Finkelstein reaction (C-F) or phase transfer catalysis (PTC) for 6, 17, 24, or 48 

hours. 

To obtain quantitative insight, X-ray photoelectron spectroscopy (XPS) was employed to 

determine the surface iodine content, within the 1-10 nm sampling depth (Figures S4.3 and 
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S4.4, p. 181). Although this technique does not probe the bulk of the film (ca. 70 mm thick), it 

offers a reliable benchmark for comparing different iodination methods. The XPS spectrum 

indicated an iodine content of 0.10 at%, confirming a moderated successful chlorine 

substitution ≤ 3% (Figure S4.4, p. 181 and Table S4.1 - entry 2, p. 183). A minor sodium signal 

was also detected, suggesting the presence of residual NaI despite purification. Consequently, 

this value likely represents a slight overestimation of the true iodine incorporation. Overall, this 

experiment establishes the Conant-Finkelstein reaction as an effective yet limited benchmark, 

providing a quantitative baseline for evaluating greener iodination strategies under comparable 

conditions. 

 
Figure 4.3. Colour evolution of PVC after 24 h via the Conant-Finkelstein (C-F) reaction, and after 0, 6, 17, 

24, and 48 h of iodination via PTC. 

Building on the promising report by Lakshmi and Jayakrishnan,34 the phase-transfer-catalysed 

(PTC) iodination of PVC was then reinvestigated. The optimised conditions reported in their 

original study were maintained, while reaction times were increased to enhance substitution 

efficiency. Reactions were thus conducted with tetrabutylammonium bromide (TBAB) used as 

transfer agent at 80 °C for durations of 6, 17, 24, and 48 h ([KI]0 = 6M, [KI]0/[TBAB]0 = 40). After 

completion, the samples were thoroughly washed, dried, and solvent-casted into thin films 

suitable for subsequent analysis. A simple visual inspection immediately reflected the progress 

of iodination; while pristine PVC films remained transparent, the treated samples displayed a 

distinct yellow colouration that deepened with increasing reaction time (Figure 4.3). 

Importantly, all materials remained soluble in conventional PVC solvents (THF and DMF), and 

none exhibited the darkening typical of extensive dehydrohalogenation. 1H NMR and FT-IR 

analyses further confirmed that elimination reactions were minimal, with the fraction of 

unsaturated sites remaining below 1 mol% even after 48 h (Figures S4.1 and S4.2, p. 180). This 

negligible degradation attests to the mildness and selectivity of the PTC approach, which 

proceeds efficiently under aqueous conditions without compromising polymer integrity. With 

the exception of the 6 h sample, all PTC-treated films exhibited a deeper yellow hue than the 

Conant-Finkelstein analogue, suggesting higher iodination levels. This trend was confirmed by 

TGA, which revealed a more pronounced MDT decrease upon increasing reaction time (Figure 

4.2b). The relatively modest MDTs variation in TGA thermograms among the PTC samples aligns 
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with earlier observations by Lakshmi et al., who reported that substitution efficiency plateaued 

after prolonged exposure.34 

SEC data showed an initial increase in Mn during the first 6 hours of reaction, followed by a 

gradual decrease at longer times (Figure 4.2a). Since SEC determines apparent molar masses 

based on hydrodynamic volume rather than absolute molecular weight, these variations reflect 

conformational changes in solution rather than backbone scission. Attractive intramolecular 

interactions are known to reduce the hydrodynamic radius of polymer chains in solution, leading 

to lower apparent molar masses when calibrated against polystyrene standards.35 Given the 

negligible extent of elimination, the progressive decrease in Mn at longer reaction times is 

therefore attributed to a reduction in hydrodynamic volume as the polymer backbone becomes 

increasingly iodinated. As the most polarisable and least electronegative halogen, iodine 

exhibits the strongest σ-hole donor character and forms particularly robust halogen bonds.36 

Increasing iodine content thus enhances the likelihood of intra- and intermolecular halogen-

bonding interactions, which promote chain compaction in solution and consequently lower the 

apparent Mn.   

 
Figure 4.4. XPS spectrum of PVC iodinated via phase transfer catalysis (PTC) for 48 hours. 

XPS measurements substantiated these findings, revealing a steady increase in iodine 

surface content up to 0.84 at% after 48 h, suggesting a chlorine substitution ≤ 24.5% (Figure 4.4, 

Figures S4.3-S4.7, p. 181 – 182, and Table S4.1 - entries 3-6, p. 183). In parallel, water static 

contact-angle measurements showed no statistically significant change between pristine PVC 

(85.6 ± 1.7°) and PTC-iodinated films (83.4 ± 4.3°, after 48 h), indicating that the surface 

wettability remains essentially unchanged despite iodine incorporation. Conversely and in 

accord with the XPS measurements, DSC analysis showed a pronounced decrease in the glass-

transition temperature, Tg (from 86 °C for pristine PVC to 50 °C after 48 h of iodination), reflecting 

local structural relaxation induced by the introduction of bulky iodinated groups (Figure S4.8, p. 

169 and Table S4.1, p. 183). Residual TBAB still detected by 1H NMR after purification was found 

to be negligible and therefore cannot account for the observed decrease in Tg. Instead, this 

reduction is attributed to a self-plasticisation effect arising from the incorporation of iodinated 

substituents, consistent with previous reports on bulky-substituted PVC derivatives.37,38 
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Taken together, the absence of a resolvable CH-I resonance in the 1H spectra, despite the 

substantial iodine content indicated by XPS, likely reflects the convergence of several 

compounding factors rather than a single cause. First, for methine (CHX) environments 

structurally analogous to the PVC backbone, a heavy-atom spin-orbit coupling contribution to 

proton shielding is known to enhance deshielding of CH-I relative to CH-Cl,39 but only modestly 

(~0.3-0.4 ppm),40 placing the expected signal within the broad and already complex methine 

envelope of PVC. Second, XPS probes only the outermost 1-10 nm of the film, whereas NMR 

reports on the bulk. The iodine content averaged over the full sample volume could therefore be 

substantially lower than the surface-derived value reported. Finally, the halogen-bonding-driven 

chain compaction already inferred from the SEC data36 would be expected to locally restrict the 

mobility of iodinated methine sites engaged in such intra- or intermolecular interactions, 

broadening the corresponding CH-I resonance and further reducing its already low signal-to-

noise ratio. Together, these effects make the CH-I signal difficult to resolve - overlapping in 

position with the existing CH-Cl envelope, and further attenuated in intensity by the low bulk 

iodine content and by broadening from restricted local mobility - rather than genuinely absent. 

B. CO2BAM selection and reaction with iodinated PVC 
Primary and secondary alkylamines react readily with CO2 at ambient pressure and 

temperature, forming carbamate or carbamic acid adducts,18 depending on the nature of the 

medium. Early reports also highlighted that the addition of organic superbases, such as 

amidines or guanidines, is critical for stabilising certain amine carboxylations, enhancing both 

yield and nucleophilicity.18,41,42 Guided by this principle, three CO2-binding amines (CO2BAMs) 

were prepared from the representative primary amine, 1-hexylamine, for comparative 

evaluation. When CO2 was bubbled into the pristine liquid  alkylamine, 1H NMR analysis of the 

medium indicated that approximately 43 % of the amine reacted (Figure S4.9, p. 183). In this 

polar protic medium, and mirroring reactions performed in water,43 the reaction proceeds via 

formation of the carbamic acid, which is immediately deprotonated by another molecule of free 

amine (Scheme 4.2). By adding one equivalent of strong base such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) or 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), only the 1-

hexylamine acts as a Lewis base while the superbase acts as Brønsted base pushing 

conversions in carbamate salts to 95 and 90%, respectively (Figures S4.10 & S4.11, p. 184). 
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Scheme 4.2. Preparation of a CO2BAM of 1-hexylamine through CO2 activation. In DMF, the carbamate 

form should be in equilibrium with its carbamic acid homologue.  

Performing nucleophilic substitution directly in the bulk iodinated PVC represents the 

greenest approach to avoid the use of solvents entirely. Pristine PVC softens around 92 °C,44 

whereas iodination lowers its Tg to 50-55 °C, suggesting a softening temperature near 60 °C.   The 

three CO2BAMs were thus subjected to a TGA analysis to estimate their degradation onset 

temperatures (T5%, Figure S4.13, p.186). Even the most thermally robust DBU-based CO2BAM 

(T5% = 65 °C) leaves only a narrow margin, precluding safe bulk processing, making the solvent-

free strategy impractical, and the choice of a solvent necessary. 

DMF was selected to ensure solubility of both iodinated PVC and carbamate salts. Although 

DMF is not ideal from a toxicity standpoint, the reaction conditions (see Experimental Section) 

produce only aqueous DMF effluents, which can be efficiently recovered via membrane-based 

techniques (pervaporation, nanofiltration), avoiding high-energy distillation or incineration.45 The 

use of DMF also informs the choice of CO2BAM for SN2 functionalisation of iodinated PVC. Under 

a saturated CO2 atmosphere, the carbamate form of CO2BAM obtained without an organic 

strong base exists in equilibrium with its carbamic acid form (Scheme 4.2),18 precluding its use 

as a nucleophile and making it ineffective for SN2 substitution of the iodinated PVC. For 

CO2BAMs prepared with DBU or TBD, we previously showed that residual free base in CO2-

binding alcohols (CO2BALs) promotes dehydrochlorination, forming carbon-carbon double 

bonds and provoking precipitation of the modified PVC. Among the CO2BAMs tested here, DBU 

provides the highest conversion in carbamate form (95 %), whereas TBD reaches only 90 % 

conversion. Considering its lower basicity (pKaDBU.H+= 24.3 vs pKaTBD.H+= 26.0 in ACN), as well as 

the greater accessibility and lower cost of DBU, the DBU-based CO2BAM was selected as the 

optimal reagent for nucleophilic substitution on iodinated PVC. This choice is further supported 

by the excellent stability of the DBU-based CO2BAM in DMF over time (Figure S4.12, p. 185). 

Under identical experimental conditions as those used for the subsequent reaction with 

iodinated PVC ([CO2BAM]0 = 0.5 M, 21 °C, CO2-saturated atmosphere), the carbamate salt 

indeed remained fully stable for at least 24 h, with very little to no sign of CO2 release. 
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Considering the limitations of our analytical methods, it was not possible to reliably 

determine the iodine content of PVC-I. TGA of the iodinated material after 48 h shows an initial 

mass-loss event of 11-12 wt% between 90 and 140 °C, followed by a broader 53-54 wt% 

degradation from 140 to 400 °C (Figure 4.2b). For comparison, unmodified PVC typically exhibits 

a two-step thermal decomposition, with a major initial mass loss of ~63 wt% and a plateau 

associated with char formation.46 This first step is often attributed to HCl elimination, but the 

overall mechanism is highly complex, defect-dependent, and involves overlapping processes 

such as dehydrohalogenation and backbone scission.47 In PVC-I, the splitting of the initial mass 

loss into two distinct events likely reflects the same intrinsic complexity, and the early 12 wt% 

loss cannot be unambiguously assigned to iodine elimination alone. Notably, this initial mass 

loss is substantially higher than the iodine surface content inferred from XPS (0.84 at%), further 

emphasising the fundamentally different information depth of both techniques and precluding 

any direct quantitative comparison. Consequently, neither TGA, XPS nor NMR spectroscopy 

provides a reliable estimate of the degree of iodination. As a result, the absolute molar mass of 

PVC-I remains inaccessible, preventing accurate determination of a defined 

[halogen]0/[CO2BAM]0 ratio.  

To allow a meaningful comparison with the reactivity of pristine PVC toward CO2BALs 

reported in our previous study,15 we therefore elected to use the absolute number-average molar 

mass of unmodified PVC (MnSEC = 41 400 g.mol-1, ĐM = Mw/Mn = 2.2), determined in THF at 25 °C 

using PS calibration and Mark-Houwink corrections, as the reference value to compute the 

amount of CO2BAM. The reaction in DMF at 21 °C with the DBU-based CO2BAM derived from 1-

hexylamine was thus conducted using this MnSEC to impose an initial [halogen]0/[CO2BAM]0 

molar ratio of 1, enabling direct comparison with the corresponding SN2 reactivity observed in 

the CO2BAL series. In our previous study, we demonstrated that the degree of carbonatation 

reached 2.5 mol% after 2 hours at 21 °C.15 As a proof-of-concept of our new strategy, the 

reaction between PVC-I and the DBU-based CO2BAM was then reiterated in DMF for 2 hours only 

([PVC-I]0 = 0.7 mmol.L-1). The reaction medium was subsequently precipitated in cold water, 

washed, and dried to ensure complete removal of CO2BAM derivatives. The structural changes 

induced by the reaction between PVC-I and the DBU-based CO2BAM were first evaluated by FTIR 

spectroscopy (Figure S4.14, p. 186). The appearance of a weak band at 1724 cm-1 is consistent 

with the presence of carbonyl groups, in line with the partial formation of carbamate-type motifs 

upon nucleophilic substitution. Concomitantly, a distinct absorption at 1643 cm-1 clearly 

evidences the formation of C=C double bonds, confirming that elimination processes also occur 

under these conditions. Additional features, namely the irregular envelope between 2000 - 2400 

cm-1 and the broad, intense band between 3100 - 3600 cm-1, are characteristic of overlapping O-

H, N-H and weak overtone/combination contributions.  

More detailed insight was obtained from the 13C NMR spectrum of the modified polymer (Figure 

4.5). While the characteristic triplet-type CH–X pattern of PVC (δ = 56.87, 57.76 and 58.75 ppm, 

with X = Cl or I) is preserved, three new resonances emerge at δ = 57.08, 58.03 and 59.05 ppm. 
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Their chemical-shift proximity and analogous triplet-like distribution strongly suggest that the 

modification remains localised at the CH–X carbons of the polymer backbone. The slight 

downfield displacement of these new signals (~ 0.2-0.3 ppm) is consistent with partial 

nucleophilic substitution by CO2BAM-derived species or by hexylamine liberated in situ, 

although the relative contributions of carbamate retention and CO2 loss cannot be 

unambiguously established at this stage. Nevertheless, the appearance of these carbon 

resonances provides direct spectroscopic evidence for covalent grafting at the CH–X positions, 

supporting the occurrence of SN2-type substitution in competition with elimination.  

 
Figure 4.5. Enlarged 13C NMR region (δ = 56.0-59.2 ppm). Top: PVC-I after 48 h iodination via PTC, showing 

the characteristic CH–X triplet. Bottom: same region after reaction with the DBU-based CO2BAM of 1-

hexylamine (2 h, 21 °C). Spectra recorded in THF-d8 at 21 °C (126 MHz). 

The 1H NMR spectrum corroborates this mixed reactivity (Figure S4.15, p. 187).  Integration of 

the vinylic protons (δ = 5.5-6.0 ppm) indicates 2.4 mol % of unsaturation, while signals 

attributable to the grafted hexyl group (δ = 0.7-1.5 ppm) correspond to 4.3 mol% of covalent 

incorporation. Taken together, these spectroscopic data depict a reaction manifold in which 

CO2BAM-derived nucleophiles engage in efficient substitution at the CH–X centres of PVC-I 

while a concomitant fraction of sites undergo base-promoted elimination, ultimately yielding a 

functionalised material with dual substitution–elimination character. Importantly, despite the 

formation of unsaturations, the polymer remained fully soluble throughout the reaction, in 

contrast to our previous observations with TBD-derived CO2BALs.15 This preserved solubility 

strongly suggests that the substantially higher degree of substitution achieved under 
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CO2BAM/DBU conditions effectively outcompetes the elimination-inducing pathways observed 

in our earlier study. 

Although the ¹³C signals of the carbamate carbonyl (theoretically close to δ = 155 ppm) and 

the olefinic carbons arising from dehydrohalogenation (theoretically close to δ = 125-135 ppm)48 

were not detected in the spectrum, this is consistent with the low abundance of both functional 

groups (4.3 and 2.4 mol% of the repeat units, respectively), which, combined with the 

intrinsically low sensitivity of ¹³C NMR (1.1% natural abundance) for a polymer sample, places 

both signals close to the practical detection limit under the acquisition conditions used (ns = 

4096, d1 = 2 s). This limitation is expected to be most severe for the carbamate function. Being 

quaternary and non-protonated, it lacks NOE enhancement under standard proton-decoupled 

acquisition and is expected to relax considerably more slowly than protonated backbone 

carbons, by analogy with quaternary carbons reported to exhibit substantially longer T1 

relaxation times than their protonated counterparts in related carbamate-forming systems (T1 = 

4-16 s, depending on structure).49 Reliable detection of such slowly relaxing, low-abundance 

quaternary carbons typically requires recycle delays on the order of several tens of seconds 

(≥5×T1),49 well beyond the d1 = 2 s used in the present acquisition (see Experimental section, p. 

178), such that the carbonyl signal would be strongly attenuated relative to its real abundance. 

The olefinic carbons, while protonated and thus less impacted by this relaxation limitation, 

remain a comparably minor species (2.4 mol%) and may be further broadened by the 

heterogeneous local environments of isolated, non-conjugated double bonds, lowering their 

peak height below the baseline noise level of the acquired spectrum. 

III. CONCLUSION 
This chapter presented a sustainable, dual-strategy approach for covalent CO2 incorporation 

into PVC. Aqueous PTC-mediated iodination enhances SN2 reactivity, while DBU-based 

CO2BAMs provide stable, efficient nucleophiles for functionalisation. This method increases 

substitution efficiency compared to CO2BALs, preserves polymer solubility and highlights an 

efficient and greener pathway for PVC chemical modification.  

Systematic investigations of CO₂BAMs bearing different alkyl substituents, as well as studies 

on reaction time and the resulting polymer properties, are still required to move this work 

beyond the proof-of-concept stage.  

In parallel, our group sought to broaden the scope and extend this approach to other 

polymers. Namely, polyethylene (PE) and polypropylene (PP), the two most produced polymers 

globally, ahead of PVC. The following chapter addresses the first part of the strategy, i.e. the 

iodination of PE and PP. 
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IV. EXPERIMENTAL 
A. Materials 
Poly(vinyl chloride) (low molecular weight, Mnth  ̴ 48 kg/mol, MnSEC  ̴ 41.4 kg/mol)15, 

tetrabutylammonium bromide (TBAB), and N,N-dimethylformamide (anhydrous, 99.8%) were 

purchased from Sigma-Aldrich. Potassium iodide (KI), acetone p., and methanol p. were 

supplied by Chemlab. Sodium iodide (NaI) as well as deuterated tetrahydrofuran (99.5% D) were 

acquired from VWR. 1-Hexylamine (99%) and 1,8-diazabicyclo[5.4.0]undec-7-ene (98+%) were 

supplied by Thermo Scientific. Finally, carbon dioxide N50 (≥99.999%), 1,5,7-

triazabicycl[4.4.0]dec-5-ene, and deuterated chloroform (99.8 %D + 0.03% TMS V/V, for NMR 

spectroscopy) were purchased from Air Liquide, Apollo Scientific, and Eurisotop, respectively.  

B. Procedures 
PVC iodination via phase transfer catalysis (PTC) 

In a 100 ml single-neck round-bottom flask equipped with a stir bar were introduced 600 mg 

(1.25 x 10-5 mol) of PVC, 30g (0.18 mol) of KI, 1.441g (0.0045 mol) of TBAB, and 30 ml of 

demineralised water. The reaction medium was stirred at 80 °C for 6, 17, 24 or 48 hours. After 

the allotted reaction time, the reaction mixture was filtered onto a Büchner funnel and 

thoroughly washed with water. In order to eliminate as much unreacted TBAB and KI as possible, 

the sample was then solubilised in THF or MEK and reprecipitated in water. 

PVC iodination via the Conant-Finkelstein reaction 

In a 50 ml round-bottom flask equipped with a stir bar were introduced 1 g (2.1 x 10-5 mol) of 

PVC, 2.4 g (0.016 mol) of NaI, and 12 ml of a THF/acetone (1:2) mixture. The reaction mixture was 

then stirred under nitrogen at 40 °C for 24 hours. Once the 24 hours were up, the reaction 

medium was precipitated in a methanol/water (2:1) mixture. The precipitate was then dried 

overnight under vacuum at 40 °C. 

CO2BAM synthesis 

A Schlenk tube, equipped with a septum and a stir bar, is charged with a mixture of 

hexylamine (0.010 mol) and a base (0.010 mol DBU, TBD, or hexylamine itself) in bulk. A butyl 

pipe is used to link the Schlenk tube to a Schlenk line. This Schlenk line is used to first put the 

reaction mixture under vacuum, then under a carbon dioxide atmosphere (pCO2 = 0.2 bar). In 

the case of the DBU-based and amine only CO2BAMs, the reaction starts at room temperature 

until the exothermicity subsides (about 15 to 20 minutes). The conversion is then maximised at 

90 °C in an oil bath and under maximum stirring for 30 minutes. In the case of the TBD-based 

CO2BAM, the reaction is performed directly at 90°C for 1 hour in order to solubilise the TBD in 

hexylamine. 
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Substitution reaction between iodinated PVC and CO2BAM 

Iodinated PVC sample (0.010 mol Cl, 0.6245 g PVC) was dissolved in DMF (20 ml). The 

CO2BAM (0.010 mol) was then added to the solution. The reaction was performed at room 

temperature, under maximum stirring, and CO2 atmosphere for 2 hours. After the reaction, the 

product is purified through a three-step process. First, water is used to precipitate and wash the 

product. Then, the precipitate is solubilised in THF. Finally, the solution from the previous step is 

precipitated and washed with methanol.  

C. Methods 
Thermogravimetric analysis (TGA) 

The CO2BAMs were subjected to thermogravimetric analysis to determine their degradation 

onset temperature. Measurements were performed under nitrogen flow at a rate of 5 °C per 

minute using a TA Q500 TGA. All PVC-based samples were subjected to TGA as well. 

Measurements were performed under nitrogen flow at a rate of 2.5 °C per minute using a TA 

Q500 TGA.  

Fourier Transform InfraRed (FT-IR) spectroscopy 

FT-IR spectroscopy was performed using a Bruker Tensor 27 spectrometer to give an 

indication regarding the success of the substitution reaction between PVC and CO2BAM.  

Nuclear Magnetic Resonance (NMR) spectroscopy 

CO2 conversion was followed time-to time through 1H NMR using a Spinsolve 60 

Ultrabenchtop NMR spectrometer (Magritek, Aachen, Germany). All spectra were acquired 

according to the following parameters: aq = 6.4 s, repetition time = 10 s, pulse angle = 90, ns = 

32. Final CO2BAM and substitution products were all characterised by 1H NMR using a Bruker 

AVANCEII 500 MHz apparatus at room temperature in chloroform-d1 (CDCl3) and THF-d8, 

respectively. All spectra were acquired according to the following parameters: aq = 2.75 s, d1 = 1 

s, sw = 20, ns = 32 for small molecules and 512 for PVC-based compounds. 13C NMR spectra 

were also acquired using a Bruker AVANCEII 500 MHz apparatus at room temperature in THF-d8 

according to the following parameters: aq = 1.1 s, d1 = 2 s, sw = 240, ns = 4096. 

Size Exclusion Chromatography (SEC) 

All PVC-based samples were subjected to SEC in THF at 25 °C using a Triple Detection 

Polymer Laboratories liquid chromatograph equipped with a refractive index (ERMA 7517), a UV 

detector (254 nm), a capillary viscometer, a light scattering RALS (Viscotek T-60) (Polymer 

Laboratories GPC-RI/CV/RALS), an automatic injector (Polymer Laboratories GPC-RI/UV), and 

four columns: a PL gel 10 µm guard column and three PL gel Mixed-B 10 µm columns (linear 

columns for separation of Mw PS ranging from 500 to 106 daltons). All samples for SEC analyses 

were prepared according to the following concentration: 1 mg of polymer sample in 1 mL of THF. 
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Differential Scanning Calorimetry (DSC) 

DSC analysis was conducted using a DSC Q2000 from TA instruments under inert 

atmosphere (N2/ 50 ml/min). Samples of 3-4 mg were sealed in aluminium DSC pans, placed in 

the DSC cell and heated from -20 to 80 or 100 °C with a heating rate of 10 °C.min-1. The glass 

transition temperature (Tg) was measured on the second heating scan. 

X-ray Photoelectron Spectroscopy (XPS) 

The sample composition was evaluated using XPS with a VERSAPROBE PHI 5000 instrument 

from Physical Electronics. The instrument was equipped with a monochromatic Al Kα X-ray 

source. X-ray photoelectron spectra were collected at a take-off angle of 45°, and the electron 

energy analyser was operated in the CAE (constant analyser energy) mode. To compensate for 

the built-up charge on the sample surface during measurements, a dual beam charge 

neutralisation system consisting of an electron gun (approximately 1 eV) and an Ar ion gun (less 

than or equal to 10 eV) was employed. The binding energies were referenced to the C1s peak at 

284.6 eV. Atomic concentration percentages were determined using CasaXPS software based 

on the XPS data.  

Contact Angle 

To perform contact angle measurements, films were made out of each sample by solvent 

casting. These films were casted directly onto microscope slides for easier handling. These 

measurements were performed using a Krüss Drop Shape Analysis System DSA 10 Mk2. 20 µl 

droplets of demineralised water were deposited in various places on the polymer film and 

contact angles were measured using the Drop Shape Analysis software. 
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V. SUPPORTING INFORMATION 

 
Figure S4.1. 1H NMR spectra of a) PVC and b) PVC iodinated via phase-transfer catalysis for 24h. The 

remaining TBAB in b) is designated by asterisks (*). 

  
Figure S4.2. FT-IR of PVC and modified PVC samples iodinated via the Conant-Finkelstein reaction (C-F) 

or phase transfer catalysis (PTC) for 6, 17, 24, or 48 hours. 
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Figure S4.3. XPS spectrum of PVC. 

 
Figure S4.4. XPS spectrum of PVC iodinated via the Conant-Finkelstein reaction. 

 
Figure S4.5. XPS spectrum of PVC iodinated via phase transfer catalysis for 6 hours. 
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Figure S4.6. XPS spectrum of PVC iodinated via phase transfer catalysis for 17 hours. 

 
Figure S4.7. XPS spectrum of PVC iodinated via phase transfer catalysis for 24 hours. 

 
Figure S4.8. DSC of PVC and modified PVC samples iodinated via phase transfer catalysis (PTC) for 6, 17, 

24, or 48 hours. 
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Table S4.1. Summary of physicochemical and thermal properties of pristine and iodinated PVC samples. 

 Method t (h) 
MDT 

(°C) 

𝑴𝒏
തതതത 

(g/mol) 

C 1s 

(at%) 

Cl 2p 

(at%) 

I 3d5 

(at%) 

Na 1s 

(at%) 

Tg 

(°C) 
Contact 

angle (°) 

1 PVC 0 275 63,500 73.52 6.53 0 0.49 86 85.6 ± 1.7 

2 C-F 24 243 74,000 67.30 19.23 0.10 1.52 / / 

3 PTC 6 200 77,400 69.78 12.48 0.05 0.25 56 86.8 ± 1.1 

4 PTC 17 206 71,500 70.29 12.14 0.18 0 53 85.5 ± 2.3 

5 PTC 24 189 70,400 69.87 15.79 0.48 0.16 52 85.9 ± 1.6 

6 PTC 48 213 59,100 67.47 17.37 0.84 0.23 50 83.4 ± 4.3 

 

 
Figure S4.9. 1H NMR spectrum of the amine only-based CO2BAM. 
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Figure S4.10. 1H NMR spectrum of the hexylamine and DBU-based CO2BAM. 

 
Figure S4.11. 1H NMR spectrum of the hexylamine and TBD-based CO2BAM. 



Boosting PVC Reactivity through Iodination for CO2-Derived Functionalisation 

 

 
185 

Figure S4.12. Stability of DBU-based CO2BAM of 1-hexylamine in solution in DMF studied by 1H NMR 

spectroscopy. The green arrow indicates where free hexylamine should appear in case of CO2BAM 

degradation. 
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Figure S4.13. TGA thermograms of pristine 1-hexylamine, hexylamine/DBU, and hexylamine/TBD-based 

CO2BAMs. 

 
Figure S4.14. FT-IR spectra of pristine PVC and the product of reaction between PVC-I and the DBU-based 

CO2BAM of 1-hexylamine. 
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Figure S4.15. 1H NMR spectrum of the reaction product between PVC-I and the DBU-based CO2BAM of 1-

hexylamine. 
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I. INTRODUCTION 
The direct functionalisation of unactivated C-H bonds in aliphatic hydrocarbons is a well-

known concept that has remained a subject of continued relevance among the scientific 

community.1–6 This growing curiosity and interest have led to substantial work on the 

transformations of the C-H bond, given its significant importance as the building block of the 

majority of non-metallic materials, ranging from small molecules to long-chain 

macromolecules. Most synthetic activation strategies reported in the literature have utilised 

transition metal complexes,7 metal carbenoids,8,9 or catalysts10 for amination,11 hydroxylation,12 

azidation,13 alkylation,14 dehydrogenation,15 and halogenation16,17 reactions on low molecular 

weight compounds. In the early 2000s, Hartwig and Hillmayer18 introduced the concept of C-H 

borylation19 followed by the oxidation of a polyolefin using metallic complexes to achieve 

controlled, regioselective functionalisation of polypropylenes. This breakthrough drew 

significant attention to the synthetic value of C-H activation chemistry in the field of materials.20  

These methods are undeniably appealing and diverse, with a strong capability to provide desired 

synthetic pathways for hydrocarbons. However, limitations such as scalability issues, harsh 

reaction conditions, sensitivity, and high costs of these metallic complexes or catalysts, along 

with their non-negligible impact on human health and the environment, cannot be disregarded. 

Given these considerations, extensive research has been conducted to explore new, 

straightforward approaches that offer improved economic and environmental viability while 

maintaining or even enhancing the efficiency of existing methods.21–23  Arguably, the most 

conventional metal-free method for the direct conversion of aliphatic C-H bonds in organic 

chemistry textbooks is the free radical process.24 This approach has sparked significant 

research interest, leading to intensified efforts to expand its applicability to a variety of 

hydrocarbon molecules. Several studies have unveiled fascinating catalytic C-H 

transformations involving specialised precursors or catalysts to achieve desired products while 

avoiding hydrocracking, isomerisation, or oligomerisation of the target molecules.20 For 

instance, Minisci et al. reported the catalytic monohalogenation of alkanes using N-

hydroxyphthalimide (NHPI) as a precursor, which generates the phthalimido-N-oxyl (PINO) 

radical responsible for hydrogen abstraction from the alkane's C-H bond.25 Similarly, another 

group used the same NHPI precursor and PINO radical for selective amination of aliphatic C-H 

bonds.26 In 2014, Alexanian's group developed intermolecular C-H bromination27 and 

chlorination28 reactions by employing amidyl radicals derived from N-haloamide reagents under 

visible light irradiation. This strategy has proven to be highly efficient due to the ability of 

nitrogen-centred radicals to achieve facile hydrogen atom transfer (HAT) across a broad 

spectrum of substrates, from small alkanes to complex molecules in late-stage synthesis.29 

Additionally, these halogenation reactions were conducted with the substrate as the limiting 

reagent, whereas traditional C-H functionalisation approaches typically require a large excess of 
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the starting material.27,30 Building upon these remarkable characteristics, the same research 

group extended this protocol to C-H xanthylation in 2016.31 

While the field of C-H diversification is rapidly expanding, certain C-H transformations, such 

as the iodination of aliphatic alkanes, remain highly restricted.30 Iodine is considered an 

excellent leaving group because of its large atomic size and low electronegativity. These 

properties allow it to stabilise negative charge efficiently and form a relatively weak C–I bond,32 

making it particularly favourable in nucleophilic substitution (SN) reactions. However, due to the 

unfavourable thermodynamics associated with iodine itself (characterised by a large positive 

enthalpy of hydrogen abstraction),33 only a limited number of articles have addressed the direct 

iodination of low-molecular-weight alkanes. Currently, most direct iodination methods rely on 

highly electrophilic entities such as perfluoroalkyl radicals,34 tert-butyl hypoiodite (generated in 

situ),35,36 or a combination of hypervalent iodine, I2, and azidotrimethylsilane (TMSN3).37 While 

these strategies offer operational convenience for alkane iodination, they can be challenging 

and impractical due to the high instability of certain generated reagents36 or the toxic and 

explosive nature of others.38 To overcome these limitations, Schreiner et al. developed a 

promising phase transfer single electron (SET) approach utilising crushed NaOH and iodoform 

(CHI3) under mild conditions (Scheme 5.1).33 This method has been successfully applied to a 

wide range of strained aliphatic and polycyclic hydrocarbons. In 2017, in collaboration with 

Schreiner, Artaryan et al. achieved the first iodination of hydrocarbons using an N-iodoamide at 

100 °C under white LED irradiation.32 However, while the iodination methods mentioned earlier 

exhibit a certain degree of diversity, they have primarily been restricted to small molecules. In 

contrast, other halogens or polar groups have been successfully incorporated into complex 

molecules and even polyolefins.39 

 
Scheme 5.1. Mechanism for the iodination of alkanes (R-H) using iodoform (CHI3) and NaOH, as 

postulated by Schreiner et al.33 
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Polyethylene (PE) is a low-cost commodity polymer extensively used in various applications, 

such as food storage, packaging, and biomedical devices.40 However, its inert nature severely 

limits its interaction with polar additives, fillers, plastic blends, and materials like glass and 

metal.34,35,41,42 To overcome these limitations and enhance the PE properties without 

compromising its performance, polar functional groups have been introduced along the polymer 

backbone.43–45 This strategy has gained significant popularity due to its ability to greatly modify 

the physical properties of the final product, expanding its applicability in high-performance 

engineering applications. Numerous methods have been extensively developed and 

documented in several reviews, encompassing both metal and metal-free approaches.39,46,47  For 

instance, Zhou et al. achieved the first direct amination of PE using NHPI as an organic catalyst 

to cleave C-H bonds.41 In another study, the same group42 introduced chlorine and bromine 

atoms into PE chains in a controlled manner using N-chloroamide28 and N-bromoamide27 

reagents developed by Alexanian et al. Regioselective functionalisation of PE using a N-

xanthylamide reagent under blue light exposure was reported by Williamson et al.48 More 

recently, Cluzeau et al. reported a metal-free, dual-mode nitrosation of PE based on tert-butyl 

nitrite (t-BuONO), enabling the selective installation of oxime or carbonyl groups along the 

polymer backbone. Notably, this transformation could be performed either under visible-light 

irradiation in solution or directly by twin-screw reactive extrusion, highlighting the relevance of 

solvent-free melt-processing for the radical C-H functionalisation of polyolefins.49 Regarding 

iodinated PE, only a few reports have been published, relying on plasma technology where 

polymer films were exposed to iodine vapours for controlled durations.46,47,50–52  XPS analysis 

indicated that after 141 days of exposure, an incorporation of 0.34 wt% iodine was achieved.53 

This finding suggests that iodination methods for PE as reported can be effective, but they 

necessitate significantly longer reaction times. 

In this chapter, we report for the first time the iodination of C-H bonds in PE under 

mechanochemical conditions (twin-screw extrusion) without organic solvents and under mild 

experimental conditions. Our initial studies on a linear alkane (n-hexadecane) revealed high 

conversion yields after optimisation of the protocol suggested by Schreiner et al.,33 which 

employs iodoform as a cheap and stable iodine source and powdered NaOH as the initiator for 

the iodination reaction. The ratios of the reactants (alkane/CHI3/NaOH), reaction duration, 

temperature, and shearing forces were carefully controlled to minimise any typical side 

reactions that could negatively affect the transformation of the alkane. This process was then 

extended to PE using a twin-screw extruder. Additionally, to a lesser extent, our conditions for 

iodination were successfully applied to polypropylene (PP). The work-up of this reaction is a 

one-step process followed by purification and characterisation of the functionalised polymer. 
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II. RESULTS AND DISCUSSION 

A. Direct Iodination using n-Hexadecane as a Small-Molecule Model 

The combination of solid NaOH and iodoform powder has demonstrated efficient mono-

halogenation of cyclohexane, lightweight linear alkanes, and cyclic alkanes.20,21,33,54,55 These 

transformations typically require the substrate to be used in large excess for optimal yield. High 

yields (calculated relative to iodoform) were achieved in these transformations. However, these 

conditions are not suitable for iodinating polyolefins and the reaction conditions, such as 

reactant ratios, time, temperature, and shearing forces first need to be optimised. Additionally, 

understanding the reaction mechanism and identifying potential side reactions that could cause 

crosslinking or degradation of polyolefins, such as polyethylene (PE), is crucial.  

To determine the appropriate conditions for iodinating PE, several reactions were performed 

using n-hexadecane (n-C16) as a model compound. This choice was based on the 

characteristics of n-C16 as a long-chain hydrocarbon with only aliphatic C-H bonds, closely 

resembling the properties of PE. At first, the iodination reactions were conducted at 40 °C for 24 

hours using a combination of solid NaOH and iodoform (CHI3). Experimental conditions 

mimicked those reported by Schreiner et al.33 by using both n-C16 and the base in excess with 

regards to CHI3 ([n-C16]0/[CHI3]0/[NaOH]0 = 50/1/12.5). 1H NMR analysis of the crude product in 

CDCl3 revealed that the reaction predominantly produced mono-iodinated n-C16, with 

iodination occurring selectively at secondary carbons (δ = 4 – 4.2 ppm). The conversion yield, 

calculated relative to CHI3, was approximately 1% (Table 5.1, entry 1). The analysis also showed 

the presence of unreacted starting material CHI3 at δ = 4.89 ppm, and the formation of a side 

product, CH2I2, at δ = 3.86 ppm (Figure S5.1, p. 213).  

Table 5.1. Experimental conditions and conversion yields for the iodination of n-hexadecane at 40 °C for 

24 hours using various bases and iodinating agents.a  

Entry Iodine source/Base Conversion Yield b (%) 

1 CHI3/NaOH ≈ 1 

2 CI4/NaOH ≈ 1.6 

3 CHI3/Cs2CO3 ≈ 0.5 

4 CHI3/ K2CO3 ≈ 0.3 

5 CHI3/KOH ≈ 1.6 
a Experimental conditions: 0.92 mole of n-hexadecane, 0.0178 mole of iodinating agent and 0.25 mole of 

base, 24 hours at 40 °C; b Conversion yields (relative to CHI3 or CI4 initial content) were determined based 

on 1H NMR analysis of the crude iodination reaction product. 

This selection of reagents and conditions allowed us to evaluate the efficiency of NaOH and 

CHI3 as a pair. At this stage, our primary aim was not to optimise conversion yields, but to justify 

the selection of these specific reagents (NaOH and CHI3) for subsequent iodination reactions, 
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acknowledging that adjustments could potentially affect overall conversions. While elemental 

iodine (I2) and diiodomethane (CH2I2) did not yield iodoalkane, which was expected due to the 

endergonic nature of I2 and the limited reactivity of CH2I2 as an iodine donor,55 tetraiodomethane 

(CI4) successfully facilitated the desired reaction, yielding approximately 1.6% conversion, as 

confirmed by 1H NMR analysis of the crude product (Table 5.1, entry 2 and Figure S5.2, p. 213). 

During the reaction both CHI3 and CI4 coexist in equilibrium, as previously reported by Schreiner 

et al. (Scheme 5.1, p.195).33 Given its superior stability, safety benefits, and cost-

effectiveness,33 iodoform was selected as the preferred reagent for the rest of our study. 

In exploring alternative bases, various inorganic compounds were first evaluated. Carbonate 

salts such as caesium carbonate (Cs2CO3) and potassium carbonate (K2CO3) were employed in 

the reaction (Table 5.1, entries 3 and 4). Although iodoalkane formation occurred, the 

conversion yields did not exceed 0.5%. This low yield can be attributed to the reactivity of the 

ions released during the initiation stage of the iodination reaction, where hydroxide ions are 

more reactive than carbonate ones. By using potassium hydroxide (KOH), the reaction 

proceeded with a slight improvement in the conversion yield (Table 5.1, entry 5). This increase 

can be attributed to the greater reactivity of the base due to the larger ionic radius of K+ 

compared to Na+. KOH, however, is not practical for large-scale processes due to its higher cost 

and increased corrosiveness compared to NaOH. Organic bases such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) were also 

tested, but no formation of the iodoalkane was observed. Additionally, azobisisobutyronitrile 

(AIBN), a well-known radical initiator, was evaluated as a substitute for NaOH, but it did not 

result in the desired product. These findings indicate that the interactive coupling between CHI3 

and NaOH in this reaction system is not solely governed by basicity alone, implying that other 

factors play a crucial role. This observation underscores the complexity of the reaction 

mechanism, where considerations such as the specific reactivity of hydroxide ions and potential 

interactions between the reactants are pivotal. 

As previously stated, while the combination of iodoform and NaOH has demonstrated 

effectiveness in the iodination of n-C16, the conversion yield of the desired product remains 

notably low. Our efforts were then directed towards optimising the reactant ratios to enhance 

results. Additionally, the influence of temperature on the reaction was investigated to 

understand its impact on both the conversion rate and the potential formation of shorter chain 

products resulting from C-C bond cleavage or any side products other than the concomitant 

production of CH2I2. It is worth noting that to extrapolate our model study to the iodination of PE, 

the highest temperature investigated needs to be below the degradation temperature of the 

main CHI3 reactant (Td = 150 °C; Figure S5.3, p. 214), should not exceed the melting point of the 

PE, and should ideally be close to the softening temperature of the PE chains (T ≤ 106 °C).56 This 

balance ensures that the PE remains in a suitable state for reactive extrusion without becoming 

fully liquid.  
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Figure 5.1. Conversion yields (CY %) of n-hexadecane after iodination under varying [n-

C16]0/[CHI3]0/[NaOH]0 ratios and reaction temperatures, supported by stacked 1H NMR spectra (recorded 

in CDCl3 at 21 °C). 

Figure 5.1 presents stacked 1H NMR spectra of the iodinated n-hexadecane crude product 

obtained under various temperature conditions and initial [n-C16]0/[CHI3]0/[NaOH]0 ratios. At 40 

°C, increasing the concentration of the CHI3/NaOH duo relative to the initial n-hexadecane 

content ([n-C16]0/[CHI3]0/[NaOH]0 = 50/1/12.5 < 3/1/4.8) enhances the overall conversion from 1 

to 4% (Figure 5.1a-b). Furthermore, maintaining the same ratio of components at 3/1/4.8 while 

increasing the temperature from 40 to 106 °C drastically enhances the conversion yield to 56% 

(Figure 5.1c-f). All spectra show no abnormalities or unrecognisable signals that could indicate 

the formation of smaller iodinated molecules resulting from C-C cleavage. However, under the 

specific experimental conditions employed, low molecular weight compounds (such as CI4, 

C2I4, C2HI5) or iodide salts could potentially be present in the resulting product while remaining 

undetected by 1H NMR spectroscopy.57 Prominent signals appearing at δ = 4.07 ppm (attributed 

to a proton adjacent to the iodine atom) and δ = 5.27 ppm (indicative of olefinic protons) suggest 

that iodination at this specific ratio and under elevated temperature conditions enhances 

efficiency. This also increases the potential for alkane polyhalogenation, which is a desirable 

outcome in our study. 

Monitoring reaction time is crucial to prevent degradation, especially when applying this 

model to PE iodination. At 95 °C for example, and for an initial ratio of [n-C16]0/[CHI3]0/[NaOH]0 

of 3/1/4.8, the iodination degree increases with time, reaching a maximum of 55% after 24 hours 
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before declining due to the elimination of iodine atoms (Figure 5.2a), as indicated by the 

appearance of olefinic protons in the 1H NMR spectrum (Figure S5.4, p. 214). 

 
Figure 5.2. Iodination of n-hexadecane at 95 °C. (a) Influence of reaction time for an initial ratio of [n-

C16]0/[CHI3]0/[NaOH]0 of 3/1/4.8; (b) Influence of initial ratio of [n-C16]0/[CHI3]0/[NaOH]0 after 24 hours. 

Figure 5.2b explores the effect of NaOH concentration on conversion. At low NaOH content 

(3/1/1.5) the apparent conversion remains limited, while increasing the ratio to 3/1/3 or 3/1/4.8 

maximises yield (53-55%), beyond which further increases in NaOH concentration lead to a 

decline in yield. The 1H NMR spectra showed no notable differences, but the changing 

CHI3/NaOH ratio impacts the distribution of active species (Figure S5.5, p. 215). According to 

Schreiner et al., NaOH acts as a reducing agent, not a base, initiating the reaction by reducing in 

situ generated CI4, forming triiodomethyl radicals (CI3).33 These radicals abstract hydrogen from 

alkanes, forming CHI3 and alkyl radicals. Alkyl radicals then react with CI4, producing iodinated 

alkanes and regenerating CI3, continuing the cycle (Scheme 5.1, p.195).57–59 

Categorised as a phase transfer catalysis reaction, the mass transfer aspect significantly 

influences the overall conversion.21,53 Therefore, the effect of system agitation speeds ranging 

from 0 to 400 rpm was investigated. Conversions were measured after 2 hours of reaction at 95 

°C with an initial ratio of [n-C16]0/[CHI3]0/[NaOH]0 of 3/1/4.8 (Figure 5.3). Without agitation, the 

conversion was low but increased with higher speeds, reaching up to 19%. However, excessively 

high agitation speeds and temperatures can cause the reaction mixture to adhere to the flask 

walls, impeding mass transfer and reducing conversion efficiency. Adding iodoform powder in 

fractions every 30 minutes under constant stirring at 400 rpm significantly improved yields from 

19% to 30% (Figure S5.6, p. 216), demonstrating the effectiveness of this approach. 
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Figure 5.3. Overall impact of magnetic stirring speeds on the conversion of n-hexadecane at 95 °C ([n-

C16]0/[CHI3]0/[NaOH]0 of 3/1/4.8) in a one-pot process (blue, one addition, reaction time = 2h) vs. a multi-

feed process (orange, 4 additions every 30 minutes). 

B. Direct Iodination of Polyethylene by Twin-Screw Reactive 
Extrusion 

After optimising the reaction conditions using a model light alkane molecule, a series of 

iodinated polyethylene (I-PE) samples were prepared using a twin-screw reactive extrusion (TSE) 

process. To the best of our knowledge, no previous studies have reported the iodination of PE in 

solvent-free conditions using a TSE process. In order to facilitate comprehensive molecular 

characterisation, including 1H NMR spectroscopy and Size Exclusion Chromatography (SEC), we 

selected PE with a low molecular weight (Theoretical molar mass, Mnth ~ 1500 g/mol; MwSEC = 

7500 g/mol). This choice was crucial since higher molecular weight PE tends to be insoluble, 

limiting the range of analytical techniques that can be effectively applied. By using low 

molecular weight PE, we ensured that the iodinated samples remained soluble, thus allowing for 

a more detailed analysis of the reaction products and their structural attributes. 

Although the initial conditions were optimised for a model alkane, these were adapted for the 

iodination of PE to better suit the polymer's characteristics. Based on findings with n-

hexadecane, where an excess of NaOH relative to CHI3 led to the generation of unsaturations 

due to the elimination of iodine atoms, a molar ratio of 1:1 for CHI3/NaOH was selected for the 

PE iodination process. This choice was made to favour iodination over elimination, while 

acknowledging that the latter is an inescapable feature of this reactive system. An excessive 

amount of NaOH would shift the iodination/elimination balance too far towards the elimination 

pathway and, more critically, would also promote radical-induced intermolecular crosslinking. 

Such crosslinking would be detrimental under extrusion conditions, as it could lower the 

polymer's decomposition temperature and alter its crystallinity. Additionally, an excess of NaOH 

could present experimental challenges, such as difficulties in achieving uniform mixing and 

complications in process control during extrusion. 
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To avoid these risks, the quantity of NaOH was carefully limited, and for PE, only the effects of 

shearing force, i.e., screw speed (SS), and reaction time were systematically studied. The 

reaction conditions were meticulously controlled to maintain a 1:1 molar ratio between CHI3 

and NaOH. Results are presented based on the ratio [Ethylene]0/[CHI3]0/[NaOH]0, with all 

reactions conducted under nitrogen at 106 °C using a multi-feed addition method. In this 

approach, reagents were incrementally added every 30 minutes over a specific period of time. 

The detailed experimental conditions and results are provided in Table 5.2. It should be noted, 

however, that in contrast to the iodination process of n-hexadecane, which involved simple 

physical filtration of the remaining starting materials, iodinated PEs were thoroughly washed and 

purified to remove excess iodoform powder (See Experimental Procedure), ensuring the 

accuracy of the experimental results.  

Table 5.2. Impact of Extrusion and Reaction Conditions on Polyethylene Iodination. 

 

Entry 
Sample 

Code 
[Ethylene]0/ 

[CHI3]0/[NaOH]0 
Reaction 
time (h) 

SS a 
(rpm) 

MwSEC b 
(g/mol) 

Tm
c 

(°C) 
Xc

c 
(%) 

Iodine (wt%) 

XPS 1H NMR TGA 

1 I-PE1 3/1/1 2 100 9600 89.3 11.4 - 7 9 

2 I-PE2 2/1/1 2 100 12100 87.5 10.8 - 9 11 

3 I-PE3 1/1/1 2 100 15000 78.6 6 - - 16 

4 I-PE4 1/1/1 2 200 13900 83.3 7 10 16 15 

5 I-PE5 1/1/1 2 300 12000 75 5 - - 23 

6 I-PE6 1/1/1 1 100 - 87.4 6 - 13 9 

7 I-PE7 1/1/1 5 100 - 68 5 - - 15 

a SS = screw speed. b Weight-average molecular mass as determined by SEC (THF as the eluent; 50 °C) 
with polystyrene standards for calibration. c Melting temperature and crystallinity percentage as 
determined by DSC.  

Our study began by adjusting the feed ratio of the ethylene unit to the CHI3/NaOH duo (Table 

5.2, entries 1-3) for 2 hours at a screw speed of 100 rpm. By combining results from 1H NMR and 

thermogravimetric analysis (TGA), it was found that iodine weight percentages decreased when 

the amounts of CHI3 and NaOH were reduced in comparison to the repeating ethylene units, 

indicating a decrease in PE iodination levels. This finding is consistent with the observations 
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made for n-hexadecane. Therefore, to achieve a higher iodine content with minimal side 

reactions, we chose to maintain an equimolar ratio between the ethylene repeating unit, the 

haloform, and the base ([Ethylene]0/[CHI3]0/[NaOH]0 = 1) while varying the experimental 

conditions from one experiment to the next (Table 5.2, entries 3-7).  

TGA is invaluable not only for evaluating how functional groups influenced the polymer's 

thermal properties but also for estimating the degree of halogenation in the samples. Typically, 

for halogenated polyolefins, the weight loss observed in the first stage closely corresponds with 

values obtained using more precise techniques such as 1H NMR.42,60,61 Most TGA traces of 

iodinated polyethylene (I-PE) (Figure 5.4a and Figure S5.7, p. 217) exhibit a three-stage 

degradation pattern, in contrast to pristine PE, which degrades in a single, smooth step starting 

at 350 °C and reaching complete degradation at 530 °C. For I-PEs, the first degradation step 

begins around 250 °C, depending on the degree of functionalisation, followed by significant 

decomposition between 400 °C and 550 °C, attributed to molecular scission and breakdown of 

the polymer’s hydrocarbon skeleton. The final degradation stage starts at 650 °C, corresponding 

to the formation of crosslinked structures at higher temperatures. It is important to note that 

these crosslinking reactions are driven by the presence of carbon-carbon double bonds, whose 

quantity cannot be directly inferred from TGA. 

 
Figure 5.4. (a) TGA curves of the PE starting material and modified samples at different reaction durations; 

(b) DSC curves displaying the Tm of all the iodinated PE with all DSC data obtained from the 2nd heating 

cycle at a rate of 10 °C/min (Exo up); (c) Photograph of selected samples with increasing iodination rates. 

The iodine content in the functionalisation process is strongly influenced by various 

parameters. For instance, higher shearing rates (I-PE5, 300 rpm) significantly increases iodine 

content compared to I-PE3 (100 rpm) and I-PE4 (200 rpm). This enhanced shearing promotes 



Chapter 5 

 

 
204 

greater homogeneity and increases the polymer's active surface area relative to the 

halogenating reactant and the base. However, as the iodine content increases, the concurrent 

formation of double bonds intensifies, leading to crosslinking and the production of a more 

resistant material that becomes difficult to dissolve and characterise using techniques other 

than TGA. 

Reaction time also proved to be a key factor in influencing the rate of functionalisation. For 

example, after one hour, the iodine content reaches 9 wt% (I-PE6), while extending the reaction 

to two hours nearly doubles the iodine content (I-PE3, 16 wt%). Yet, longer reaction times did not 

improve the final outcome (I-PE7, 15 wt%). Interestingly, the residual mass of I-PE7 was higher 

than that of the other samples, suggesting that iodination eventually reaches a saturation point, 

and prolonged exposure to shearing forces may induce dehydrohalogenation, favouring the 

formation of additional carbon-carbon double bonds in the polymer structure, as evidenced by a 

pronounced and broad peak appearing at 1645-1569 cm-1 in the FT-IR data (Figure S5.8b, p. 

217). This increase in iodination levels, combined with the confirmed presence of carbon-

carbon double bonds as shown by 1H NMR and TGA, also leads to a noticeable darkening of the 

sample colour. In contrast, I-PE samples with lower mass iodination degrees exhibit colours 

ranging from yellow to light brown (Figure 5.4c). This colour variation provides a visual indication 

of the degree of functionalisation, with higher iodine content correlating with a darker final 

product. Although these elimination reactions constitute a limitation of the iodination process 

itself, they can conversely be exploited to generate conjugated polyene sequences directly along 

the PE backbone under similar twin-screw extrusion conditions - a complementary strategy 

developed in Chapter 6. 

The melting temperature (Tm) of all modified samples was affected compared to the 

unfunctionalised PE, which has a Tm of 104.7 °C (Figure 5.4b). The reduction in Tm values is 

expected due to the incorporation of functional groups that act as defects within the crystalline 

regions, disrupting the crystallinity of the parent polymer, even at low iodine contents. Iodine, 

with a van der Waals radius of 1.98 Å, is a large, bulky functional group that can easily alter the 

crystallinity of PE. A previous study by Plummer et al. demonstrated that the incorporation of 

halogens like chlorine and bromine into PE chains affects crystallinity, with bromine causing 

more pronounced changes due to its larger atomic radius compared to chlorine.42  

In addition to the thermal analyses, 1H NMR spectroscopy provided further insights into the 

structural modifications induced by iodination. I-PEs with an iodine content ≤ 15 wt% (Table 5.2, 

entries 1, 2, 4, & 6) exhibited good solubility in deuterated chloroform at 50 °C. The samples 

were analysed promptly to prevent polymer recrystallisation, showing an acceptable, though not 

perfect, correlation with the iodination weight content determined by TGA. Figure 5.5 illustrates 

the 1H NMR spectrum of a selected iodinated PE sample (I-PE4), used as an illustrative example 

to confirm functionalisation. Compared to the unmodified PE (Figure S5.9, p.218), the spectrum 

reveals new chemical shifts: around δ = 4.11 ppm for α-hydrogens adjacent to the iodine atom 
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and around δ = 1.7-1.9 ppm for β-hydrogens from neighbouring -CH2- units. These shifts are 

consistent with those observed in iodinated n-hexadecane, highlighting the changes induced by 

iodination on the polyolefin chain. 

 
Figure 5.5. 1H NMR spectrum of I-PE4 in CDCl3 solvent at room temperature (zoomed between δ = 0 ppm 

and δ = 6.5 ppm).  

To complement these findings and to gain a deeper understanding of the structural changes, 

ATR-FTIR spectroscopy was employed. Figure 5.6a presents the results of the iodination 

reaction conducted at different shearing rates, ranging from 100 rpm to 300 rpm (Table 5.2, 

entries 3-5). Visually, the intensity of PE’s characteristic absorption peaks remained unchanged. 

However, an interesting observation was made regarding the doublets typically observed at 1470 

and 720 cm⁻1, which are associated with CH2 bending and rocking deformation, respectively.61 

In I-PE sample, these doublets were merged into a single peak, indicating a modification in the 

crystalline packing of the polymer due to the incorporation of iodine atoms into the polymer 

backbone.59 Furthermore, the intensity of the terminal groups, characterised by the CH3 

deformation peak at 1369 cm⁻1, did not increase, suggesting that chain scission did not occur.62 

While the C-I stretching modes, usually found in the range of 600-200 cm⁻1, were not visible with 

a germanium crystal,63 new peaks appeared in the spectra of the modified samples. For 

example, the C-H deformation modes observed at 1326 cm⁻1 suggested alterations in the C-H 

environment around the polymer after modification. This is most likely explained by the higher 

electronegativity of both the iodine atoms as well as the sp2 hybridised carbon of the new C=C 

double bonds, which can lower the frequency of neighbouring groups.64 Indeed, a broad peak 

ranging from 1645-1569 cm⁻1, assigned to C=C stretching modes, and a sharp peak at 779 cm⁻1, 

corresponding to the =C-H out-of-plane bending mode of the cis conformation of an alkene, 

were also detected.64 Interestingly, such transformations usually yield the trans isomer, for 

which the =C-H out-of-plane bending mode appears around 970-960 cm⁻1.64 The intensity and 

broadness of these peaks were notably heightened under conditions of increased shearing (I-
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PE5) and extended durations of the iodination reaction (I-PE7) (Figure S5.8b, p. 217). Although 

the vinylene moiety was not detectable using ¹H NMR in the modified PEs, it was present in the 

spectra of iodinated n-hexadecane, which presented higher iodine content, albeit with 

variations in the ratio of double bond (0.4 mol%) to iodine content (23 mol%). Moreover, the final 

products exhibited very low to no solubility in organic solvents. This observation suggests that 

physical cross-linking likely occurred due to π-π stacking interactions between the polyene 

sequences introduced along the polymer backbone (see Chapter 6). Notably, no evidence of 

oxidation of the double bonds was observed, as indicated by the absence of carbonyl groups 

characterised by an absorption band at 1710 cm⁻1 in all samples.65 

 
Figure 5.6. (a) FT-IR spectra of the PE starting material and iodinated PEs subjected to varying shearing 

rates; (b) XPS spectrum showing the I 3d region of I-PE4. 

X-ray photoelectron spectroscopy (XPS), while primarily a surface-sensitive technique, 

provided valuable elemental analysis, confirming iodine grafting onto the polymer chains. As 

shown in Figure 5.6b, the examination of the selected sample I-PE4 revealed a new peak at 

620.7 eV, attributed to chemically bonded iodine on carbon atoms.47 Additionally, impurities 

from additives in PE and salts such as NaI, resulting from side products during the iodination 

reaction and/or purification, were identified. The C1s spectra of the sample  exhibited a strong, 

singular C-C absorption peak at 285 eV (Figure S5.10, p. 218), with no splitting or emergence of 

new, lower intensity peaks within the same range, indicating a lack of complex structures.66 The 

level of C sp² hybridisation was not detected in the spectrum, suggesting that the vinylene 
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moieties are internal or of very low amount, at least for I-PE4. The iodine atomic percentage 

post-modification for 2 hours using TSE was estimated at 1.72%, which corresponds to a mass 

percentage of 10 to 11% iodine in the polymer. Notably higher than the 0.34 wt% achieved after 

141 days of exposure through I2 plasma surface modification of polyethylene,52 this iodine 

content is in agreement with the results obtained from ¹H NMR and TGA analyses, confirming 

the accuracy of the iodine content measurement.  

C. Extrapolation to TSE-based Polypropylene Iodination 

The successful iodination of PE using TSE prompted us to consider applying a similar 

procedure to isotactic polypropylene (iPP), a widely used polyolefin feedstock appreciated for 

its high chemical resistance and exceptional mechanical properties.67 Similar to PE, iPP consists 

of a saturated C-C backbone, but with pendant methyl groups attached to every other backbone 

carbon, rendering it more susceptible to degradation during functionalisation, particularly under 

thermomechanical conditions. In the frame of our investigation an iPP with a Mnth ~ 5000 g/mol 

was selected. Literature extensively covers grafting reactions on PP in the melt state, particularly 

focusing on the grafting of polar synthons such as maleic anhydride, glycidyl methacrylate, and 

styrene. These reactions are typically initiated by free radicals generated from the thermal 

decomposition of organic peroxides, which preferentially attack the tertiary C-H bonds, leading 

to β-scission, coupling and isomerisation side reactions.68–70 To preserve the integrity of the 

parent polymer during the iodination of PP, the same procedure as for the functionalisation of PE 

was adopted ([Propylene]0/[CHI3]0/[NaOH]0 = 1, SS = 200 rpm), with the gradual addition of the 

CHI3/NaOH duo over a 2-hour cycle under nitrogen at 106 °C, a temperature close to the Vicat 

softening point of the polymer.71,72 No solvents or additives were added during the process.  

 Although the final product was successfully collected and purified, its resistance to 

dissolution in organic solvents posed significant challenges for characterisation. As a result, 

obtaining a complete 1H NMR spectrum, or employing other techniques requiring solubility, was 

difficult. Nevertheless, we managed to conduct several tests on the collected iodinated PP (I-

PP) using TGA, DSC, and FT-IR analyses. 

The FT-IR analysis of I-PP reveals the same stretching, deformation, and rocking vibrations of 

CH3 at 2953 cm-1, 2873 cm-1, 1377 cm-1, 1156 cm-1, and 971 cm-1, as well as stretching and 

flexural vibrations of CH2 at 2917 cm-1, 2845 cm-1, and 1459 cm-1, found in the original iPP 

spectrum.73 A closer examination of the fingerprint region highlights the presence of internal cis 

C=C bonds, evidenced by the broad signal within the range of 1645-1569 cm-1 and the one at 781 

cm-1 (Figure 5.7a). However, while these signals are present, they are less pronounced 

compared to those in the I-PE samples, even when comparing samples with identical iodine 

content. This suggests a lower degree of C=C bond formation in I-PP, indicating differences in 

the modification mechanism between PP and PE, despite similar levels of functionalisation. This 

is confirmed by TGA analysis, which, in addition to a first 22 wt% dehalogenation step, observed 
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between 230 and 450 °C, shows a charring percentage of 9 wt%, significantly lower than that 

observed in the analysis of I-PE samples (Figure 5.7b and Figure 5.4a). Although the charring 

rate cannot be directly correlated to the percentage of carbon-carbon double bonds in a 

sample, a lower charring value suggests fewer C=C bonds, and thus fewer elimination reactions 

during the modification of PP. 

 
Figure 5.7. (a) FT-IR spectra of original PP and corresponding I-PP; (b) TGA curves of both iPP and I-PP; (c) 

Second heating DSC curves of original iPP and I-PP (Exo up).  

Interestingly, the as-obtained I-PP exhibits a melting transition at 147.5 °C, which is slightly 

lower than that of the original iPP (Tm = 156.4 °C), while maintaining a relatively high degree of 

crystallinity (Xc = 23% for I-PP compared to 40% for iPP, Figure 5.7c). These results clearly 

indicate that modifying PP under these conditions is an effective approach to functionalise the 

polyolefin while partially preserving its crystalline structure and physical characteristics, which 

are valuable for various applications. However, despite the successful modifications achieved, 

further investigation is needed to fully understand the regioselectivity of the iodination reaction 

on PP. 
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III. CONCLUSION 
In this chapter, we successfully demonstrate a novel and scalable solvent-free method for 

the iodination of polyethylene (PE) via twin-screw extrusion (TSE). Using iodoform (CHI3) as an 

iodine source and NaOH as an initiator under mild conditions, iodine was efficiently 

incorporated into the PE chains, achieving up to 23 wt% iodine content, while minimising side 

reactions and polymer chain degradation. The iodinated polymers exhibited substantial changes 

in crystallinity and melting temperatures, directly correlated with iodine content, as confirmed 

by FT-IR, TGA, and NMR analyses. The application of this method to isotactic polypropylene (iPP) 

also yielded promising results, with iodine incorporation reaching 22 wt%. Furthermore, the 

results show that TSE-based iodination is not only environmentally friendly but also compatible 

with industrial-scale processes. 

This work paves the way for new opportunities in the functionalisation of polyolefins, 

enhancing their potential use in advanced material applications such as medical devices, 

packaging, and high-performance technologies. 

Beyond the iodination reaction itself, the secondary formation of carbon-carbon double 

bonds observed under extended extrusion conditions emerged as a phenomenon worth 

investigating in its own right. Building on these observations, Chapter 6 deliberately amplifies 

this elimination pathway to access conjugated polyene sequences directly embedded within the 

PE backbone, opening new avenues for the post-functionalisation of commodity polyolefins. 

Many thanks to Emna, to whom this chapter is owed. Beyond carrying out the experimental 

work she authored the original article on which this chapter is based and played a central role in 

the filing of the associated patent.  
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IV. EXPERIMENTAL 
A. Materials  
n-hexadecane (n-C16, 99%), sodium hydroxide beads (NaOH, >98.5%), iodoform (CHI3, 

99+%), tetraiodomethane (CI4, ≥97.0% ), iodine (I2, 99.8%), potassium tert-butoxide (C4H9KO, 

≥98%), deuterated chloroform (0.03 vol% TMS, deuteration degree min. 99.8% for NMR 

spectroscopy, stabilised with silver),  polyethylene (PE, lot SKU 427772, Mn ~ 1.5 kg/mol, Ð =2.2) 

and isotactic polypropylene (iPP, lot 428116, Mn ~ 5 kg/mol) were purchased from Sigma Aldrich. 

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was supplied by Apollo Scientific. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU, 98+ %) was supplied by Thermoscientific. Chloroform 

(CHCl3, 99+% stabilised with amylene), methanol (GPR rectapur) and xylene 99+% (mixture of 

isomers) were obtained from Chemlab.  

B. Procedures 

Iodination of n-Hexadecane 

In a brown glass round-bottom flask equipped with a reflux condenser and a magnetic stirrer 

bar, n-hexadecane (33.96 g, 0.15 mol, 3 eq.), an initial fraction of CHI3 (4.9 g, 0.0125 mol, 0.25 

eq.), and finely powdered NaOH (2.5 g, 0.0675 mol, 1.2 eq.) were combined. The flask was 

immersed in a silicone oil bath maintained at 106 °C. Every 30 minutes, additional portions of 

CHI3 (4.9 g, 0.0125 mol) and NaOH (2.5 g, 0.0675 mol) were added. After two hours, the total 

amount of CHI3 was 19.6 g (0.05 mol, 1 eq.) and NaOH was 10 g (0.25 mol, 4.8 eq.) relative to n-

hexadecane. The reaction mixture was kept at 106 °C under vigorous magnetic stirring for a total 

of 24 hours. The mixture was then allowed to cool to room temperature and was filtered under 

vacuum to remove solid by-products. The crude liquid product was collected and subjected to 
1H NMR spectroscopy for structural analysis. Conversion yields (CY) are calculated is calculated 

from the NMR spectrum of said product. 

𝐶𝑌 (%) =  
𝐼ସ.ଵଶ

𝐼ସ.ଵଶ +
𝐼ଵ.ଶ଺
28

 

Where I4.12 is the integral corresponding to the proton geminal to the iodine atom, which 

appears at 4.12 ppm, and I1.26 is the integral of the fourteen CH2 of n-hexadecane. 

Iodination of Polyolefins via Twin-Screw Reactive Extrusion 

The samples were prepared using an Xplore DSM vertical microcompounder with a 5 cm³ 

capacity. This microcompounder was equipped with intermeshing conical twin-screws that 

operated at a speed of 200 rpm and included a continuous nitrogen purge. A manual floodgate 

allowed for either extrusion or recirculation during the reactive extrusion process. To initiate the 

reaction, 35.7 mmol of polyethylene/polypropylene was loaded into the preheated extruder 
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chamber at 106 °C. Every 30 minutes, portions of iodoform (CHI₃) and sodium hydroxide (NaOH) 

were added, with a total of 14 g of iodoform and 1.42 g of sodium hydroxide used. The reaction 

was maintained at a constant speed for 2 hours. Upon completion, the polymer was recovered 

and stored in a sample holder for 24 hours to equilibrate to ambient relative humidity. The 

polymer was then purified by dissolving it in a 50:50 volume mixture of xylene/water (for PE) or 

toluene/water (for PP), followed by precipitation in methanol. The resulting mixture was vacuum 

filtered, and the solid was rinsed with methanol and dried overnight under vacuum before 

characterisation. 

C. Methods 

NMR Spectroscopy 

1H NMR spectra were acquired using a Bruker AVANCEII 500 MHz apparatus at room 

temperature in chloroform-d1 (CDCl3). All spectra were recorded at 21 °C according to the 

following parameters: aq = 2.75 s, d1 = 1 s, sw = 20, with a ns = 32 for n-hexadecane and of 512 

for PE. The relative error of 1H NMR is in the range of 2 to 5 %. 

Fourier Transform Infrared Spectroscopy 

The Fourier transform infrared spectra of the samples were acquired by using the attenuated 

total reflectance (ATR) technique (Bruker, Tensor 27) with OPUS 6.5 software. The spectra were 

acquired over the wavelength range of 4000− 600 cm-1 with 32 spectral scans.  

X-ray photoelectron spectroscopy 

The sample composition was evaluated using X-ray photoelectron spectroscopy (XPS) with a 

VERSAPROBE PHI 5000 instrument from Physical Electronics. The instrument was equipped 

with a monochromatic Al Kα X-ray source. X-ray photoelectron spectra were collected at a take-

off angle of 45°, and the electron energy analyser was operated in the CAE (constant analyser 

energy) mode. To compensate for the built-up charge on the sample surface during 

measurements, a dual beam charge neutralisation system consisting of an electron gun 

(approximately 1 eV) and an Ar ion gun (less than or equal to 10 eV) was employed. The binding 

energies were referenced to the C1s peak at 284.6 eV. Atomic concentration percentages were 

determined using CasaXPS software based on the XPS data. 

Size exclusion chromatography 

Size exclusion chromatography (SEC) was performed in THF at 50 °C using a Triple Detection 

Polymer Laboratories liquid chromatograph equipped with a refractive index (ERMA 7517), a UV 

detector (254 nm), a capillary viscometry, a light scattering RALS (Viscotek T-60) (Polymer 

Laboratories GPC-RI/CV / RALS), an automatic injector (Polymer Laboratories GPC-RI/UV) and 

four columns: a PL gel 10 µm guard column and three PL gel Mixed-B 10 µm columns (linear 

columns for separation of Mw PS ranging from 500 to 106 Daltons). All samples for SEC analyses 



Chapter 5 

 

 
212 

were prepared according to the following concentration: 1-5 mg of polymer sample in 1 mL of 

THF. 

Thermogravimetric analysis 

Thermal decomposition of samples was studied by thermogravimetric analysis (TGA). The 

analysis was performed with a TGA Q500 (TA Instruments®, New Castle, USA). Samples of 5-10 

mg were loaded into a platinum pan and were heated from 30 to 800 °C with a heating rate of 10 

°C.min-1 under nitrogen gas. 

Differential scanning calorimetry 

DSC analysis was conducted using a DSC Q2000 from TA instruments under inert 

atmosphere (N2, 50 ml/min). Samples of 5-7 mg were sealed in aluminium DSC pans, placed in 

the DSC cell and heated from -60 to 150 °C with a heating rate of 10 °C.min-1. The melting 

temperature (Tm) was based on the second heating scan. The crystallinity degree (Χc) was 

calculated according to the following equation (1). 

𝜒௖ (%) =
୼ு೑

୼ு೑
బ  𝑥 100           (1) 

Where ΔHf is the melting enthalpy of the PE and PP samples while ΔHf
0 is the standard melting 

enthalpy of PE (293 J/g) and iPP (207 J/g). 
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V. SUPPORTING INFORMATION 

 
Figure S5.1. 1H NMR spectrum of iodinated n-hexadecane (Table S5.1, entry 1) in CDCl3 (zoomed 

between δ = 0.5 – 5.25 ppm). 

 
Figure S5.2. 1H NMR spectrum of iodinated n-hexadecane (Table S5.1, entry 2) in CDCl3 (zoomed 

between δ = 0.3 – 5.8 ppm). 
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Figure S5.3. (a) TGA and (b) corresponding DTG curves of both iodoform (CHI3, blue) and diiodomethane 

(CH2I2, orange), recorded under nitrogen atmosphere at a rate of 10 °C.min-1.  

 
Figure S5.4. Time-dependent iodination of n-hexadecane at 95 °C with a ratio of [n-C16]0/[CHI3]0/[NaOH]0 

of 3/1/4.8 monitored by 1H NMR spectroscopy in CDCl3. (a) Stack of spectra between δ = 0 and 5.5 ppm 

and (b) corresponding expended spectra at δ = 5.3 – 5.5 ppm focusing on olefinic protons. 
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Figure S5.5. NaOH content-dependent iodination of n-hexadecane at 95 °C for 24 hours monitored by 1H 

NMR spectroscopy in CDCl3. Zoomed spectra between δ = 0 ppm and δ = 6 ppm. 
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Figure S5.6. 1H NMR spectra of iodinated n-hexadecane subjected to magnetic stirring at 400 rpm for a 

duration of 2 hours at 95 °C (CDCl3, zoomed between δ = 0.5 and 5.5 ppm). (a) Product of the iodination 

reaction under standard conditions, and (b) product obtained after gradual addition of CHI3 and NaOH 

every 30 minutes for the same duration. 
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Figure S5.7. TGA curves of (a) iodinated PE obtained from different [Ethylene]0/[CHI3]0/[NaOH]0 ratios and 

(b) iodinated PE subjected to different shearing forces under an inert atmosphere (N2) at a rate of 10 

°C.min-1. 

 
Figure S5.8. ATR-FTIR spectra of the PE starting material and some iodinated PE with (a) different feeding 

ratios and at (b) different residence times. 



Chapter 5 

 

 
218 

 
Figure S5.9. 1H NMR spectrum of unmodified PE in chloroform (CDCl3) at room temperature. *CHCl3 

 
Figure S5.10. C1s XPS spectra of untreated polyethylene and iodinated PE (I-PE4 = 

[Ethylene]0/[CHI3]0/[NaOH]0= 1/1/1; 2 hours; SS= 200 rpm). 
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I. INTRODUCTION 
Plastic materials have dominated nearly every aspect of daily life since the 1950s. Their 

versatility explains their widespread use: they are mouldable, dyeable to meet consumer 

preferences, chemically inert, lightweight, and offer tailored physical and mechanical 

properties.1 These properties have led to their dominance, with global production reaching 413.8 

million tons (Mt) in 2023 and projected to exceed 500 Mt by 2050.2 Polyolefins account for at 

least 40% of the plastics consumed worldwide, primarily in short-lived applications like 

packaging, one of the most problematic plastic uses. A large portion of these plastics ends up in 

terrestrial and aquatic ecosystems, contributing significantly to greenhouse gas emissions3 and 

exacerbating global warming, posing catastrophic threats to planetary health. Reports have 

shown that polyethylene is one of the largest emitters of methane and ethylene.4 Various 

approaches to address post-consumer polyolefins, such as mechanical recycling, chemical 

recycling, and incineration, have been implemented. However, mechanical recycling 

compromises product quality, chemical recycling produces complex hydrocarbon blends that 

are difficult to separate, and incineration releases substantial quantities of greenhouse gases.5,6 

Recovering polymer subunits is also energetically inefficient.5 

The concept of “upcycling” has emerged as a promising approach, involving the 

transformation of post-consumer polyolefins into value-added products by introducing active 

sites into their chemical structures. This process enables reactions that produce valuable 

products for further use. One of the most studied processes is dehydrogenation, which weakens 

the main polymer chains by forming double bonds. Dehydrogenation can be achieved using 

metallic catalysts, such as iridium complexes,7 to introduce unsaturations or serve as an 

intermediate step for reactions like tandem ethenolysis and isomerisation (Iridium 

complex/ZnSiO₂, Na/γ-Al₂O₃-WO₃/SiO₂)8,9 and cross-alkane metathesis (Ru-based 

complexes10,11, Iridium complexes12). Additionally, dehydrogenation has been explored for Diels–

Alder reactions to produce comonomers and break down high-density polyethylene into 

telechelic macromonomers for depolymerisation and repolymerisation.13 Despite the potential 

of these reactions, several challenges hinder their large-scale application. Many catalysts are 

prohibitively expensive, air-sensitive, and occasionally toxic (especially Ru-based catalysts),14 

making them impractical for widespread use. Catalyst deactivation is another major limitation, 

often caused by the reaction duration or the presence of impurities and contaminants in post-

consumer plastics.10,15 Furthermore, some catalysts require a certain percentage of 

unsaturation to initiate the reaction, adding another layer of complexity.16 

In this context, reactive extrusion has emerged as a powerful and scalable platform for 

polyolefin upcycling, combining mechanical, thermal, and chemical stimuli in a continuous 

process to selectively functionalise polymer chains while minimising undesired side 

reactions.17–19 Recent advances demonstrate that radical-based C-H functionalisation can be 
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performed directly within twin-screw extruders, enabling the introduction of functional groups 

that improve polymer adhesion and mechanical properties without compromising polymer 

integrity.19,20 Additionally, reactive extrusion has proven effective in treating mixed or 

incompatible polyolefin blends, where in situ cross-linking and grafting reactions generate 

phase-separated nanostructures that enhance ductility, dimensional stability, and 

recyclability.18 Mechanochemical activation under extrusion conditions further allows for the 

initiation of radical chain reactions under mild, solvent-free conditions with energy efficiency 

and operational simplicity.21,22 These attributes establish reactive extrusion as a key tool in 

developing innovative, sustainable approaches for polyolefin valorisation, motivating its 

application in the present study. 

In the previous chapter, we developed a solvent-free, mild-temperature extrusion process 

that enables the direct iodination of polyolefins using iodoform (CHI3) as the iodine source and 

sodium hydroxide (NaOH) as a free-radical initiator.23 Operating at low temperature (106 °C), this 

method facilitates the efficient functionalisation of both polyethylene (PE) and polypropylene 

(PP), achieving up to 23 wt% iodine incorporation, without chain scission, in a kinetically 

controlled process. Notably, prolonged extrusion led to the formation of few in-chain C=C 

bonds, as demonstrated by various spectroscopic and thermal techniques. The extent of these 

unsaturations was found to correlate with both the initiator content and the applied shear 

forces, ultimately influencing the polymer solubility and reactivity. Investigations on a model n-

hexadecane (n-C16) molecule, easy to characterise by NMR spectroscopy, revealed that 

although iodination proceeded efficiently at the onset of the reaction, the iodine conversion 

unexpectedly declined after extended reaction times. For instance, under reaction conditions 

with a [n-C16]0/[CHI3]0/[NaOH]0 ratio of 1/1/1 at 106 °C, 1H NMR spectroscopy showed that after 

2 hours, one iodine atom was incorporated per four n-C16 chains, while one chain out of 200 

carried a carbon-carbon double bond. After 144 hours of reaction, however, the iodination 

decreased, with one iodine atom incorporated per six chains and one chain out of eight 

exhibiting a double bond (Figures S6.1 – S6.2, p. 242). This basic model indicated a dynamic 

interplay between iodination and elimination reactions, even under conditions not optimised for 

efficient elimination. Initially, CHI3 and NaOH promoted iodination, but beyond a certain 

threshold, NaOH started acting as a base, inducing elimination and leading to the formation of 

unsaturated species. Unlike conventional dehydrogenation methods that require costly, air-

sensitive metal catalysts, this transformation occurred under simple, metal-free conditions 

using NaOH - a widely available and inexpensive base - without the need for solvents or complex 

reaction setups. These advantages have motivated us to further explore this process to assess 

its potential as a scalable and cost-effective method for introducing double bonds into 

polyolefins under mild extrusion conditions (Figure 6.1). 
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Figure 6.7. Iodination vs. elimination: tuning polyolefin reactivity under mild extrusion conditions. (a) 

Previously developed solvent-free iodination of polyethylene using CHI3 and NaOH, leading to well-

defined iodinated polymers. (see Chapter 5) (b) This work: controlled shear-induced elimination 

promotes the formation of polyolefins with multiple unsaturations while retaining residual iodine 

functionalities. TSE: Twin-screw extrusion. 

Beyond its chemical innovation, this work contributes to the United Nations Sustainable 

Development Goals, particularly SDG 12 (Responsible Consumption and Production), by 

proposing a scalable and solvent-free upcycling strategy for polyolefins. It opens new avenues 

for converting plastic waste into higher-value functional materials, offering a more circular and 

sustainable approach to plastic use. 

II. RESULTS AND DISCUSSION 
To further investigate the influence of reaction parameters on the balance between iodination 

and elimination, the proportion of elimination reactions was enhanced by increasing shear force 

and reaction time while maintaining a minimal NaOH concentration. Although NaOH is a widely 

available and inexpensive base, its excessive use was avoided to limit unnecessary side effects. 

Instead, two samples were prepared under medium to high shear conditions (screw speed (SS) 

of 200 to 300 rpm), with reaction times of 2 hours (PE1) and 5 hours (PE2) for an initial 

[C2H4]0/[CHI3]0/[NaOH]0 of 1 (see Chapter 5). To facilitate processing and to enable precise 

structural modifications, the study was conducted on a low-molecular-weight linear low-density 

polyethylene (LLDPE; theoretical Mn ~1500 g/mol). This model system provides a controlled 

platform to probe chemical reactivity under mild conditions, with potential for extension to post-

consumer polyolefin waste streams, including low-density polyethylene (LDPE). LDPE is widely 

used in packaging materials such as films and plastic bags, yet often regarded as challenging to 

recycle due to its low density and branched structure. Nevertheless, LDPE represents a 

significant portion of global plastic waste and is actively targeted in mechanical and chemical 



From Polyethylene to Conjugated Polyenes: A Mechanochemical One-Pot Upcycling Strategy for Selective 
Functionalisation 

 

 
229 

recycling schemes. In Belgium alone, plastic packaging waste accounts for ~ 366,000 tons 

annually, with LDPE films constituting a major fraction.24  

Encouragingly, Belgium ranks among the top EU performers in plastic recycling, with 

packaging plastics recycled at a rate of 54% in 2022 - up from 29% in 2002.25 This improvement 

is largely attributed to the implementation of inclusive collection systems (e.g., the "New Blue 

Bag" scheme) that now encompass flexible LDPE-based materials.26 Several industrial initiatives 

illustrate the strategic importance of LDPE recycling. For instance, Raff Plastics (Londerzeel) 

specialises in recycling industrial LDPE waste into high-quality compounds for construction and 

manufacturing.27 Phoenix Plus SA handles post-consumer LDPE along with other polyolefins, 

transforming waste into reusable feedstocks for international markets.28 In Beringen, Chiro has 

developed advanced AI-based sorting lines specifically tailored for LDPE films, producing 

recycled materials of commercial quality.29 

These examples underscore the relevance of LDPE as a recyclable polyolefin. In line with 

this, we have previously demonstrated that our iodination procedure - applied to isotactic 

polypropylene at 106 °C, ca. 30 °C below its melting point - allowed successful functionalisation 

without chain scission. This supports the generalisability of our method to chemically modify 

polyolefin waste streams, including LDPE, under industrially relevant conditions. To evaluate the 

practical feasibility of such modifications, we revisited our iodination/elimination protocol under 

controlled conditions. Our previous studies had already demonstrated that 2 hours of reaction 

led to PE modified with 15 wt% iodine, while also exhibiting a significant degree of unsaturation, 

as attested by the appearance of a charring plateau around 19 wt% during thermogravimetric 

analysis (TGA, Figure 6.2a, see also Figure 5.4a in Chapter 5, page 189).23 Extending the 

reaction time to 5 hours allowed a deeper assessment of the impact of prolonged extrusion on 

the competition between iodination and elimination. For PE2, a 9 wt% iodine loss and a charring 

plateau of 32 wt% were observed (Figure 6.2a), providing additional insight into the dynamics of 

iodination and elimination under these conditions, thus reinforcing the understanding of the 

reaction balance under mild yet mechanically intense conditions. The moderated solubility of 

PE1 and the full insolubility of PE2 prevented direct comparison by 1H NMR spectroscopy. A 

differential scanning calorimetry (DSC) study was used to observe the impact of the degree of 

unsaturation on the thermal behaviour of the samples, as it does not directly quantify carbon-

carbon double bonds. Compared to pristine PE (Tm = 105 °C and Xc = 21%), PE1 exhibited a lower 

melting point and crystallinity (Tm = 83 °C, Xc = 7%), while PE2 displayed an even more 

pronounced decrease (Tm = 66.3 °C, Xc = 3%) (Figure 6.2b). This progressive loss of crystallinity 

with increasing reaction time under high shear conditions strongly suggests that elimination 

reactions disrupt the polymer ordered domains, leading to a higher incorporation of 

unsaturations within the polymer matrix.  
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Figure 6.2. (a) TGA curves and (b) DSC third heating thermograms of pristine PE (blue) and functionalised 

samples PE1 (orange) and PE2 (green). Exo up. 

To gain further insights into the nature of these unsaturations, attenuated total reflectance 

Fourier-transform infrared (ATR-FTIR) spectroscopy was employed to investigate the molecular 

structure of modified polyethylene samples (PE1 and PE2) in comparison with pristine PE. The 

spectrum of pristine PE exhibited four distinct absorption bands at 2918, 2850, 1465, and 721 

cm-1, corresponding to CH2 asymmetric stretching, CH2 symmetric stretching, CH2 bending 

vibrations, and CH2 rocking motions, respectively.30 In contrast, the spectra of PE1 and PE2 

showed a broader CH2 bending peak centred around 1463 cm-1, suggesting alterations in the 

local molecular environment due to modification.31 Moreover, new absorption bands emerged at 

≈1330 and 779 cm-1, attributable to CH3 deformation modes. Particularly noteworthy were the 

broad absorption features observed in the 1645 - 1569 cm−1 region, characteristic of C=C 

stretching vibrations, along with a distinct band at 779 cm−1, indicative of =C-H bending modes 

associated with the cis isomer of internal alkenes (Figure 6.3a).32 Interestingly, this observation 

contrasts with the recent work by Zeng et al.,33 where the elimination of bromine atoms led to 

the preferential formation of trans-internal alkenes, the thermodynamically more stable 

isomer.34 Additionally, the stretching mode peak shifted to higher frequencies, suggesting the 

presence of conjugated double bonds and polyene sequences,35,36 a hypothesis requiring further 

spectroscopic confirmation. Notably, no oxidation of the double bonds was detected, as 

evidenced by the absence of a peak at 1710 cm−1 associated with carbonyl groups.32 To confirm 

the conjugation hypothesis inferred from FTIR analysis, Raman spectroscopy was performed 

using an excitation wavelength of 523 nm. For PE1, a strong peak was observed at 1589 cm−1, 

assigned to the C=C stretching mode within a conjugated system, specifically a cis isomer 

configuration.37,38 As depicted in Figure 6.3b, a secondary peak merges with the primary peak, 

forming an intermediate frequency. Previous studies on short conjugated systems have 

attributed such behaviour to coupling between the C–C and C=C stretching modes, a 

phenomenon characteristic of relatively short polyene sequences.39 In contrast, no significant 

Raman signal was detected for PE2, even at a higher excitation wavelength of 783 nm, suggesting 

that extensive structural modifications hinder effective resonance enhancement. 
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Further insights into the nature of these polyenes were obtained via solid-state cross-

polarisation magic-angle spinning (CP-MAS) 13C NMR spectroscopy analyses performed by Dr. 

Chirstophe Detrembleur’s team (Figure 6.3c). The PE1 and PE2-based spectra displayed a broad 

peak around δ = 100 ppm, confirming the presence of the cis isomer previously identified by 

FTIR and Raman spectroscopy. Interestingly, the observed chemical shifts appeared at lower 

frequencies than those typically reported for conjugated polyenes,40,41 likely due to the influence 

of iodine atoms. While iodine introduces polarity, it may also disrupt conjugation, affecting the 

electronic environment and spectral characteristics.42 Additionally, factors such as polyene 

chain length, bond alternation, and angular strain further modulate the chemical shifts.43  

 
Figure 6.3. (a) ATR-FTIR spectra of pristine PE (blue), PE1 (orange), and PE2 (green), highlighting the 

appearance of C=C stretching vibrations and =C–H bending modes, indicative of unsaturation. (b) Raman 

spectrum of PE1 at an excitation wavelength of 523 nm, revealing a prominent peak at 1589 cm-1 

associated with conjugated double bonds. (c) CP-MAS 13C NMR spectra of pristine PE (blue), PE1 (orange), 

and PE2 (green), showing a broad resonance around δ = 100 ppm, further supporting the presence of 

unsaturated structures. 

The CP-MAS 13C NMR spectrum also provided insights into the polymer crystallinity: 

increasing structural disorder following functionalisation resulted in a shift in the methylene 

peak. For PE1, two signals were observed at δ = 32.64 ppm and δ = 31.15 ppm, while for PE2, the 

signal at δ = 31.15 ppm became predominant. These shifts support a reduction in crystallinity, 

with the signal at δ = 32.64 ppm typically assigned to the crystalline phase and the one at δ = 

31.15 ppm associated with the amorphous region.44,45 This shift is consistent with the increasing 
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disruption of the polymer ordered structure with prolonged reaction time, in accord  to the DSC 

data. 

To the best of our knowledge, only a very limited number of studies have reported [4+2] Diels-

Alder reaction involving polyacetylene or even its oligomeric forms.46,47 This scarce reactivity is 

likely due to the intrinsic properties of such systems, including their predominant trans 

configuration, extended conjugation length, and limited solubility. However, gathered 

spectroscopic data suggest the presence of short conjugated sequences in a cis conformation, 

along with iodine atoms covalently bound to the polymer backbone. These structural features 

may facilitate the [4+2] cycloaddition reaction by modulating the electronic environment of the 

diene units. To explore this reactivity, a model Diels-Alder reaction was performed between our 

polymer and maleic anhydride (MA). Given its superior solubility, PE1 was selected as the 

substrate, and the reaction was carried out in xylene at 60 °C for 24 hours (Scheme 6.1).  

 
Scheme 6.1. Diels-Alder reaction between a modified polyethylene fragment bearing supposed 

conjugated double bonds in a cis configuration and iodine atoms, and maleic anhydride, conducted in 

xylene at 60 °C for 24 hours. 

After purification, 1H NMR analysis revealed the formation of a new functional group, with a 

signal at δ = 3.74 ppm, attributed to the methine protons in α position to the carbonyl groups of 

the generated tetrahydrophthalic anhydride unit (Figure 6.4). Notably, no vinyl signals 

corresponding to newly formed C=C bonds were detected, consistent with their absence in the 

NMR spectrum of unreacted PE1. This absence is likely due to their restricted mobility in 

solution.23 Interestingly, the signal assigned to the iodine-linked methine proton before reaction 

remained unchanged at δ = 4.11 ppm, confirming both the retention of iodine within the polymer 

structure and the non-radical nature of the Diels-Alder reaction. These results provide evidence 

of conjugated diene segments within the modified PE structure, suggesting that polyethylene 

derivatives adopt a conformation favourable to the Diels-Alder reaction. Furthermore, the 

carbonyl stretching vibration at ~1710 cm-1 in the FTIR spectrum (Figure S6.3, p. 243) further 

corroborates the successful functionalisation. 
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Figure 6.4. 1H NMR spectrum (500 MHz, 21°C, CDCl3) of modified PE1 after Diels-Alder reaction with MA. 

Coloured dots indicate the most relevant proton signals. 

The formation of conjugated polyene sequences under these reaction conditions suggests an 

elimination pathway distinct from classical dehydrohalogenation observed in polyhalogenated 

polymers such as poly(vinyl chloride) (PVC), where base-induced elimination predominantly 

yields trans polyenes.41  

 
Scheme 6.2. Proposed pathways for cis polyene formation. Route 1 stabilises iodine positioning on 

alternating methylene units, while Route 2 involves adjacent iodine atoms, leading to a less stable 

intermediate. 

In contrast, the system presented here, involving PE, operates under conditions that induce a 

localised iodination followed by dehydroiodination, leading to the formation of conjugated 

polyene sequences in a cis conformation. To our opinion, the key to this process lies in the 

precise positioning of iodine atoms within the polymer backbone, which plays a critical role in 

stabilising the intermediate structure (Step 1) before elimination occurs (Step 2). Once iodine 

atoms are positioned, base-induced elimination, following a favourable E2 mechanism, takes 

place. In this process, a proton is eliminated in an anti-periplanar configuration relative to the 

iodine atom, promoting the formation of conjugated polyene sequences. The shear force and 
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temperature during the extrusion process increase the degrees of freedom in the polymer 

chains, favouring the alignment of hydrogen atoms in the anti-position with respect to iodine 

atoms, thereby facilitating the elimination process.  

This dynamic system maintains a balance between iodination and elimination, with the final 

product governed by reaction time and shear force. For the formation of cis isomers, two 

potential iodine positioning modes can be considered. In the first scenario, iodine atoms are 

positioned on a carbon flanked by two methylene units (Route 1, Scheme 6.2), thereby 

interacting with neighbouring protons through halogen bonding, which stabilises the structure 

and promotes elimination. In the second scenario, iodine atoms are placed on α and β adjacent 

carbon atoms, twisted between ethylene and methylene units (Route 2, Scheme 6.2), leading to 

a less stable intermediate, where steric hindrance and electronic effects from the neighbouring 

iodine atoms reduce stability. The favourable iodine - hydrogen interaction in the first scenario 

enhances the stability of the intermediate structure, favouring the E2 elimination mechanism 

and driving the formation of conjugated polyenes. 

Remarkably, our conditions enable the selective formation of short-length conjugated 

polyenes predominantly in the less thermodynamically stable cis isomer, a configuration 

typically accessible only through cryogenic routes (e.g., –78 °C) followed by thermal 

isomerisation to the more stable trans form.48,49 In stark contrast, our mechanochemical 

approach achieves this uncommon isomer directly at 106 °C in a melt-processing environment - 

conditions compatible with industrial extrusion. This unprecedented access to cis polyenes 

under scalable conditions constitutes a significant departure from traditional synthetic routes. 

Although rarely explored, the cis configuration holds substantial promise: upon doping, it has 

exhibited electrical conductivities comparable to or even surpassing those of the trans isomer.50 

Moreover, its integration into optoelectronic51 and photovoltaic devices, including LED 

systems,52 has recently garnered attention. In our study performed in collaboration with Pr. 

Philippe Leclère, no measurable electrical conductivity could be detected by conductive atomic 

force microscopy (c-AFM), and thermal isomerisation to the trans form - as described in 

previous reports - proved unsuccessful. These results indicate that the cis architecture remains 

kinetically stabilised under our conditions, offering a unique opportunity to explore structure–

property relationships beyond the thermodynamic landscape typically accessed in conjugated 

polymer chemistry. 

Given these observations, the focus shifted toward leveraging the intrinsic reactivity of the 

conjugated sequences for further functionalisation. Since extended conjugation, as in an all-

trans arrangement, disfavours post-functionalisation due to the disruption of electronic 

delocalisation, the cis configuration of modified PE may offer greater susceptibility to chemical 

modification. To probe this potential reactivity, an in situ mechanochemical epoxidation was 

carried out using m-chloroperoxybenzoic acid (mCPBA) (Figure 6.5). The incorporation of 

epoxide groups is particularly advantageous, as it addresses common limitations of polyolefins, 



From Polyethylene to Conjugated Polyenes: A Mechanochemical One-Pot Upcycling Strategy for Selective 
Functionalisation 

 

 
235 

such as poor adhesion, low surface energy, and limited chemical reactivity, thereby broadening 

their potential applications.  

 
Figure 6.5. Mechanochemical epoxidation of a cis segment of a modified PE using mCPBA under reactive 

extrusion at 50 °C. 

To complement the results obtained with PE1, PE2 was selected for the epoxidation reaction 

due to its suspected higher content of olefinic moieties. As previously noted, PE2 exhibited 

significant resistance to solubilisation in various organic solvents. This insolubility is attributed 

to the polyene nature of the material, which likely complicates processing. To overcome this 

limitation, the epoxidation reaction was conducted in bulk through reactive extrusion (SS = 50 

rpm) at 50 °C, slightly below the polymer’s Tm. Interestingly, after a few minutes of reaction with 

an excess of mCPBA, the shear forces between the extruder screws gradually decreased, 

ultimately yielding an off-white solid after 3 hours under nitrogen. Following purification, the 

epoxidised PE2 (e-PE2) exhibited enhanced solubility in organic solvents, such as DMSO, 

compared to pristine PE2 (Figure 6.6a). Notably, even after 15 hours at 80 °C, PE2 remained 

largely insoluble in DMSO, whereas e-PE2 showed significantly improved solubility. This suggests 

that epoxidation effectively disrupts intermolecular interactions and facilitates dissolution.53,54 

Importantly, the solubilisation of e-PE2 was not due to chain fragmentation, as Size Exclusion 

Chromatography (SEC) analysis (Figure 6.6c) revealed a shift to lower elution volume compared 

to pristine PE, further supporting the notion that the epoxidation of PE2 did not lead to chain 

degradation.  

In the epoxidised sample, the presence of an undissolved fraction (Figure 6.6a, left) was 

attributed to incomplete conversion of double bonds or a possible formation of higher-

molecular-weight species, as evidenced by the SEC data (Figure 6.6c), which shows a shoulder 

at lower elution volumes. This hypothesis is partially supported by the FTIR spectra (Figure 

6.6b), where, despite the disappearance of the major peaks associated with carbon-carbon 

double bond stretching (~ 1647 cm-1), a low-intensity tailing is still observed between 1672 and 

1564 cm-1. Interestingly, the epoxidation process resulted in the formation of oxirane groups, as 

indicated by new peaks at 790 and 1260 cm-1, corresponding to the C-O-C stretching modes of 

epoxy groups. The low-temperature solid-state mechanochemical epoxidation conditions 

favoured the integration of oxirane groups into the unsaturated polyethylene chains, although 

ring-opening reactions may have led to the formation of additional functional groups, such as 

ketones and carboxylic acids, as suggested by the carbonyl stretching peak at 1710 cm-1. 
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Figure 6.6. (a) Solubility comparison of PE2 (left) and e-PE2 (right) in DMSO at 80 °C for 15 h. (b) ATR-FTIR 

spectra of PE2 (blue) and e-PE2 (orange). (c) SEC traces of pristine PE (green) and e-PE2 (orange) recorded 

in DMSO at 50 °C. 

  



From Polyethylene to Conjugated Polyenes: A Mechanochemical One-Pot Upcycling Strategy for Selective 
Functionalisation 

 

 
237 

III. CONCLUSION 
A solvent-free and scalable approach for the selective functionalisation of polyethylene has 

been established through a twin-screw extrusion process, enabling the formation of conjugated 

polyene sequences in a stereoselective cis configuration. This structure, typically accessible 

only under cryogenic conditions, was obtained here at 106 °C under mild yet mechanically 

intense processing, underscoring the potential of extrusion as a tool for polyolefin 

transformation. The resulting polyene sequences were shown to be chemically addressable, as 

demonstrated by successful Diels–Alder and epoxidation reactions, thereby expanding the 

range of post-functionalisation strategies applicable to polyolefins. Indeed, the oxirane groups 

installed along the PE backbone open a direct avenue toward a further CO2-based 

functionalisation of the polymer. The cycloaddition of CO2 onto epoxides is indeed one of the 

most economically viable routes to CO2-derived materials, and metal-free organocatalysts such 

as the DBU/I₂ dual system developed by our group55 or the [HDBU]X salts rationalised by Fanjul-

Mosteirín et al.56 achieve it under mild, solvent-free conditions (1 atm CO2, 65-70 °C) on a broad 

epoxide scope. Transposing this chemistry to the epoxidised PE developed here would form 

carbonate rings directly on-chain, thereby closing the loop between the CO₂ and polyolefin 

chemistries explored throughout this manuscript (Scheme 6.2). Moreover, while the 

methodology was developed using a low-molecular-weight linear PE as a model system, it is 

designed with scalability and transposability in mind, particularly toward challenging waste 

streams such as low-density polyethylene (LDPE). Given the relevance of LDPE in packaging and 

its growing importance in recycling infrastructures, the present strategy contributes to the 

development of viable chemical upcycling routes for polyolefin-rich waste. 

 
Scheme 6.2. Envisioned CO2-based extension of the present work: organocatalytic cycloaddition of 

CO2 onto the epoxidised polyethylene derived from cis conjugated polyene sequences, affording a  cyclic 

carbonate-functionalised polyolefin. 

Like Chapter 5, this chapter is owed to Emna, who carried out the experimental work and 

authored the original article on which this chapter is based.  
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IV. EXPERIMENTAL  
A. Materials  

Sodium hydroxide powder (NaOH, >98.5%), iodoform (CHI₃, 99+%), 3-chloroperoxybenzoic 

acid (mCPBA, ≤77%), maleic anhydride (MA, 99%), deuterated chloroform (0.03 vol% TMS, 

deuteration degree ≥99.8%, stabilised with silver), and polyethylene (LLDPE) (SKU: 427772-250 

g, Mn ~1.5 kg/mol, Ɖ = 2.2) were purchased from Sigma-Aldrich. Chloroform (CHCl₃, 99+%, 

stabilised with amylene), methanol (GPR Reactpur), and xylene (99+%, mixture of isomers) were 

sourced from AnalytiChem, Belgium, NV.  

B. Procedures 

The iodination and epoxidation of polyethylene were conducted in an Xplore DSM vertical 

microcompounder with a 5 cm³ capacity. This system featured intermeshing conical twin 

screws, allowing precise speed control and continuous nitrogen purging. A manual floodgate 

facilitated seamless switching between extrusion and recirculation during reactive extrusion. 

The method is explained in detail according to our previously reported procedure (Chapter 5).  

Representative Procedure for Functionalisation of LLDPE to Give PE1 and PE2 

In a preheated extruder chamber, LLDPE (1.0 g, 35.7 mmol C₂H₄, 1.0 eq.) was fed into the 

extruder. Subsequently, at 30-minute intervals, four fractions of iodoform (35.7 mmol total, 1.0 

eq.) and sodium hydroxide (35.7 mmol total, 1.0 eq.) were introduced at screw speed between 

200-300 rpm for 2 hours (PE1) and 5 hours (PE2). Upon completion, the polymer was collected 

and stored in a sample holder for 24 hours to equilibrate to ambient relative humidity. 

Purification was performed by dissolving the polymer in a 50:50 mixture of xylene and water 

followed by precipitation in methanol. The resulting solid was isolated via vacuum filtration, 

rinsed with methanol, and dried overnight under vacuum before characterisation. 

Representative Procedure for the Diels-Alder Cycloaddition of Polyethylene with Cis 

Polyene Sequences (PE1) 

In a 50 mL oven-dried round-bottom flask equipped with a Teflon-coated stir bar, 

dehydrogenated polyethylene (PE1) (100 mg, 3.8 mmol, 1.0 eq.) was dissolved in xylene (50 mL) 

at 60 °C. Maleic anhydride (MA) (2.22 g, 7.6 mmol, 2.0 eq.) was added and the mixture was 

stirred for 24 hours under reflux. The dispersion was collected and cooled down before adding 

methanol to precipitate the polymer. The reaction mixture was then filtered, washed with 

acetone, and dried in the vacuum oven for 24 hours before characterisation. 
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Representative Procedure for the Epoxidation of Polyethylene with Cis Polyene Sequences 

(PE2) to Give e-PE2 

PE2 (400 mg, 15.3 mmol, 1.0 eq.) and 3-chloroperbenzoic acid (mCPBA) (2.64 g, 15.3 mmol, 

1.0 eq.) were simultaneously introduced into the extruder chamber, with the screw speed set to 

50 rpm. The reaction was carried out at 50 °C for 3 hours under an inert atmosphere. Upon 

completion, the mixture was precipitated in methanol, collected by filtration, and dried in a 

vacuum oven for 24 hours, yielding a yellowish solid product (e-PE2). 

Representative Procedure for the Iodination Reaction of the Small Model Molecule n-

Hexadecane (n-C16) 

In a brown glass round-bottom flask placed in a silicone oil bath, fitted with a reflux 

condenser and a magnetic stirrer bar, n-hexadecane (33.96 g, 0.15 mol, 1.0 eq.), an initial 

portion of CHI₃ (0.15 mol, 1.0 eq.), and finely powdered NaOH (0.15 mol, 1.0 eq.) were 

combined. The molar ratio of [n-C16]0/[CHI₃]0/[NaOH]0 was 1/1/1. However, to optimise the 

conversion, iodoform and NaOH were added at 30-minute intervals during the 2-hour reaction 

and at daily intervals over the course of 4 days for the 5-day reaction at 106 °C. After the reaction 

was complete, the mixture was filtered under vacuum to remove solid by-products. The crude 

liquid product was then collected and analysed by ¹H NMR spectroscopy for structural 

characterisation. 

Solubility Procedure of PE2 and e-PE2 in DMSO  

10 mg of PE2 and e-PE2 were weighed into glass vials, followed by the addition of 5 mL of 

DMSO. The vials were then heated at 80 °C for 15 hours under constant magnetic stirring. 

Prolonged heating did not enhance the solubility of PE2, while the epoxidised polymer began to 

disintegrate and dissolve within the first hour. 

C. Methods 

NMR Spectroscopy 

¹H NMR spectra were recorded using an AVANCE II 500 MHz spectrometer equipped with a 

broadband Prodigy cryoprobe or a Bruker UltraShield 500 MHz spectrometer. All NMR 

experiments were conducted at room temperature, and the spectra were processed using 

MestReNova software. Chemical shifts (δ) for ¹H NMR spectra were referenced to the residual 

solvent peaks (7.26 ppm for CDCl₃). 
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Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were collected using 

the attenuated total reflectance (ATR) technique on a Bruker Tensor 27 instrument, processed 

with OPUS 6.5 software. Measurements were performed over a wavelength range of 4000–600 

cm⁻¹ with 32 scans per spectrum.  

Raman Spectroscopy 

Raman spectra were recorded using a BRUKER SENTERRA micro-Raman spectrometer with a 

523 nm excitation laser. The laser power was set to 20 mW, and the integration time for each 

acquisition was 15 seconds. To improve the signal-to-noise ratio, five accumulations were 

performed for each spectrum. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to evaluate the thermal decomposition of the 

samples. The analysis was conducted using a TGA Q500 (TA Instruments®, New Castle, USA). 

Sample masses ranging from 5 to 10 mg were placed in a platinum pan and heated from 30 to 

800 °C at a rate of 10 °C.min-1 under a nitrogen atmosphere. 

Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements of the polymer samples were 

performed using a DSC Q2000 (TA Instruments) equipped with a chiller and an autosampler. 

Approximately 5-10 mg of each polymer sample was sealed in a crimped aluminium pan for 

each run. The DSC analysis involved heating the samples from -60 to 150 °C at a rate of 10 

°C.min-1 under a nitrogen atmosphere. The melting temperatures (Tm) were determined from the 

third heating cycle using TA software. The crystallinity degree (Xc) was calculated according to 

the following equation (1). 

𝜒௖ (%) =
୼ு೑

୼ு೑
బ  𝑥 100           (1) 

Where ΔHf is the melting enthalpy of the PE sample while ΔHf
0 is the standard melting enthalpy 

of PE (293 J/g). 

Size exclusion chromatography 

Size exclusion chromatography (SEC) was performed in DMSO at 50 °C using an Agilent liquid 

chromatograph equipped with an Agilent degasser, an isocratic HPLC pump (flow rate = 0.7 

mL.min-1), an Agilent autosampler (loop volume = 100 μL, solution conc. = 1 mg/mL/ LiCl 0.1% 

(w/v)), an Agilent-DRI refractive index detector and three columns: a PL gel 10 μm guard column 

and two PL gel Mixed-D 10 μm columns (linear columns for separation of MwPS ranging from 500 

to 106 g/mol). Polystyrene standards were used for calibration. 
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Atomic Force Microscopy 

The current measurements at the nanoscale were carried out in air using a Bruker Dimension 

Icon microscope equipped with a Nanoscope VI controller and an Extended TUNA external 

module for current detection. Peak Force TUNA provides direct, precise force control and 

eliminates lateral forces. For the acquisition, a PtIr conductive coating on etched Si probes 

(Bruker SCM PITV2) tip ensured good electrical contact at the tip–sample contact, while low 

spring constant (3 N/m) and detection set-point guaranteed low contact forces, preventing 

mechanical or electrical damage upon scanning. This enables routine high sensitivity and high-

resolution current imaging. The tip radius is about 25 nm and the resonance frequency is about 

75 kHz. 
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V. SUPPORTING INFORMATION 

 
Figure S6.1. ¹H NMR spectrum of n-C16 after the iodination reaction for 2 hours at 106 °C (500 MHz, 

CDCl₃, room temperature). 

 
Figure S6.2. ¹H NMR spectrum of n-C16 after the iodination reaction for 144 hours at 106 °C (500 MHz, 

CDCl₃, room temperature). 
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Figure S6.3. ATR-FTIR spectrum of modified polyethylene (PE1) subjected to the Diels-Alder reaction. 
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The work presented in this manuscript was motivated by two of the most pressing 

environmental challenges of the 21st century, i.e. the continuous accumulation of 

anthropogenic carbon dioxide in the atmosphere and the persistent generation of plastic waste, 

two problematics that are traditionally addressed as independent issues. Guided by the 

conviction that these seemingly disconnected streams could actually benefit from being tackled 

jointly, this thesis explored an integrated strategy in which CO2 is activated through organic 

carriers and covalently incorporated into pre- or post-modified polyolefin backbones. The three 

research axes defined in the general introduction, namely the preparation of CO2-derived 

reactive synthons, the halogenation of commodity polyolefins, and the coupling of both 

chemistries into a unified upcycling process, were addressed successively across five 

experimental chapters, each building upon the observations and limitations of the previous 

ones. 

Chapter 2 established the conceptual and mechanistic foundation of the work by 

demonstrating that 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) is a particularly well-suited 

organic base for the formation of CO2-binding organic liquids (CO2BOLs) from primary and 

secondary alcohols. Combining experimental observations and density functional theory 

calculations, we showed that TBD-based CO2BOLs outperform their 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) homologues in terms of selectivity, allowing the clean 

preparation of linear dialkyl carbonates from highly reactive alkyl iodides through bimolecular 

nucleophilic substitution. The high SN2 selectivity observed at room temperature was 

rationalised in terms of a unique, metal-free cation-assisted ion-pair mechanism in which the in 

situ generated TBD.H+ guanidinium stabilises the transition state while suppressing competing 

N-alkylation pathways. Importantly, the sole by-product of the reaction, the TBD.H+,I− salt, 

exhibits no detectable cytotoxicity on human intestinal epithelial FHs74Int cells, further 

supporting the potential compatibility of this chemistry with pharmaceutical-grade applications. 

This chapter therefore not only introduced TBD-based CO2BOLs as versatile reagents but also 

delineated the mechanistic framework onto which the remaining experimental chapters were 

constructed. 

Translating this reactivity to macromolecular substrates, Chapter 3 investigated the direct 

functionalisation of pristine poly(vinyl chloride) (PVC) using TBD-based CO2-binding alcohols 

(CO2BALs) as nucleophilic partners. By systematically varying the nature of the solvent, the 

conversion of the CO2BAL and the reaction time, a carbonate grafting of approximately 2.5 mol% 

of the methine sites was achieved at 21 °C in N,N-dimethylformamide, with a remarkable SN2/E2 

selectivity of 94/6 and the exclusive release of a benign, recoverable TBD.HCl by-product. 

Although the degree of substitution remained modest, this chapter confirmed that CO2 can be 

covalently introduced onto PVC under genuinely mild conditions, while also identifying the main 

factors limiting the overall efficiency, namely the strong stabilisation of CO2BALs in polar aprotic 

media and the steric constraints imposed by the statistical coil conformation of PVC. 
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Building on these insights, Chapter 4 proposed a dual strategy to circumvent these 

limitations. On the one hand, a partial iodination of PVC was performed through an aqueous 

phase-transfer catalysis protocol, which avoids the conventional THF/acetone solvent mixture 

and delivers a more reactive iodinated PVC. On the other hand, carbamate-based analogues of 

CO2BALs, denoted CO2BAMs, were prepared from 1-hexylamine in the presence of DBU, thereby 

replacing the moisture-sensitive and costly TBD guanidine by a cheaper, more robust 

superbase. Reacting the iodinated PVC with the DBU-based CO2BAM under conditions directly 

comparable to those of Chapter 3 resulted in a roughly fourfold increase in the degree of 

substitution (~ 10 mol%) while preserving the full solubility of the modified material in organic 

media. Moreover, the intrinsic thermodynamic stability of the newly formed carbamate linkages 

is expected to confer enhanced durability and compatibility with subsequent transformations. 

Taken together, Chapters 3 and 4 therefore describe a coherent and increasingly efficient CO2-

based route for the chemical modification of PVC, from proof-of-concept to a markedly more 

productive and greener protocol. 

A complementary line of investigation, developed in Chapter 5, addressed one of the most 

long-standing challenges of polyolefin chemistry, namely the selective functionalisation of the 

chemically inert C-H bonds of polyethylene (PE). Adapting the phase-transfer single-electron 

approach originally proposed by Schreiner and co-workers for small alkanes, a solvent-free 

iodination protocol was designed and implemented in a twin-screw extruder operating under 

mild conditions (106 °C), using iodoform as iodine source and powdered sodium hydroxide as 

initiator. This mechanochemical strategy allowed the incorporation of up to 23 wt% of iodine into 

low-molecular-weight linear PE, with a controlled balance between iodination and elimination, 

and without detectable chain cleavage. The concept was subsequently extended to isotactic 

polypropylene (22 wt% iodine), providing, to the best of our knowledge, the first example of a 

scalable, solvent-free and metal-free iodination of commodity polyolefins through reactive 

extrusion. Beyond its chemical novelty, this approach is directly compatible with industrial melt-

processing infrastructures and therefore offers a tangible bridge between laboratory-scale 

polymer functionalisation and real process engineering. 

The final experimental chapter exploited the unique reactivity of the iodinated PE obtained by 

reactive extrusion to generate, in a controlled manner, conjugated polyene sequences of well-

defined stereochemistry. By fine-tuning the residence time and shear conditions, the 

competition between iodination and dehydroiodination was deliberately shifted toward 

elimination, yielding a modified PE that unambiguously exhibits short conjugated sequences 

adopting a cis configuration. This stereoselective outcome, obtained at 106 °C in a melt-

processing environment, is particularly noteworthy given that such isomers are typically 

accessible only through cryogenic routes followed by thermal isomerisation. The successful 

Diels-Alder cycloaddition with maleic anhydride, and the mechanochemical in situ epoxidation 

with m-chloroperoxybenzoic acid collectively evidence the chemical versatility of these cis 
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sequences and confirm their suitability as reactive handles for further post-functionalisation of 

polyolefin waste streams. 

Although each chapter delineates a self-contained contribution, several research avenues 

remain to be explored in order to move these different strategies beyond the proof-of-concept 

stage and, more importantly, to fully realise the integrated vision outlined in the general 

introduction. 

A first set of perspectives directly concerns the CO2BAM-based upcycling process introduced 

in Chapter 4. Although this strategy already increased the efficiency of SN2 substitution by 

roughly fourfold compared to the CO2BAL chemistry of Chapter 3, the proof-of-concept was 

established with a single CO2BAM, namely the DBU-based formulation derived from 1-

hexylamine. Systematic investigations of CO2BAMs bearing different alkyl substituents are thus 

still required, not only to probe the robustness of the SN2 pathway across a broader chemical 

space, but also to tune the nature of the grafted side chain, and thereby the macroscopic 

properties of the modified PVC. In the same line, dedicated studies on reaction time, 

[CO2BAM]0/[halogen]0 ratios, and on the resulting polymer properties are needed to determine 

the intrinsic limits of the approach and to establish clear correlations between the degree of 

grafting and the thermal, mechanical and processing behaviour of the functionalised material. 

From a sustainability standpoint, the replacement of DMF by a fully benign polar aprotic solvent, 

represents a concrete priority before any scale-up can be envisioned. Taken together, these 

investigations will be decisive to firmly translate the strategy developed in Chapter 4 beyond its 

current proof-of-concept status. 

A second perspective directly emerges from the comparison of the different chapters of this 

manuscript. The CO2BOL chemistry established in Chapters 2, 3 and 4 was applied to small 

alkyl iodides and, at the macromolecular level, to PVC and iodinated PVC, whereas the solvent-

free TSE-based iodination developed in Chapter 5 provides ready access to iodinated 

polyethylene and polypropylene bearing iodine contents of up to 23 and 22 wt %, respectively. 

The reaction between these iodinated polyolefins and CO2BOLs could not be carried out within 

the timeframe of the present work but constitutes the most natural extension of the strategies 

developed throughout this thesis. Its implementation would allow the two research axes 

pursued here to converge on the upcycling of commodity polyolefins through the covalent 

incorporation of CO2 along the polymer backbone. The success of this approach will however 

depend on the thermal robustness of CO2BOLs under the processing conditions required for 

polyethylene and polypropylene, and in particular for any reactive-extrusion implementation 

operating well above the softening points of these polyolefins. As shown by the TGA data 

collected in Chapter 3 and the Appendix (page 241), the degradation onset temperatures (T5%) 

of the CO2BOLs investigated in this work consistently remain below 100 °C, regardless of the 

alkyl chain length, which is too low to ensure their integrity in the melt state of typical 

commodity polyolefins. Pushing this T5% to approximately 150 °C would already represent a 
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meaningful step forward, as it would provide sufficient operating margin above the melting and 

processing temperatures of low-density polyethylene while preserving the carbonate or 

carbamate functionality long enough for the substitution reaction to take place. Achieving such 

an improvement, for example through judicious tuning of the alcohol or amine partner, or of the 

organic base, therefore constitutes a key prerequisite for bringing the two research axes 

developed in this thesis together.  

A third, more exploratory perspective concerns the direct use of CO2 as a reactive partner for 

the epoxidised polyethylene obtained in Chapter 6. The in situ mechanochemical epoxidation of 

the cis polyene sequences with m-chloroperoxybenzoic acid was indeed shown to install 

oxirane groups along the PE backbone without detectable chain degradation, while 

simultaneously improving the solubility and processability of the material. These oxirane 

moieties open a direct avenue toward a further CO2-based functionalisation of the polymer. 

Indeed, the incorporation of CO2 into epoxides constitutes one of the most economically viable 

routes to value-added CO2-derived materials. Reacting the epoxidised polyethylene with CO2 

could therefore provide an original strategy in which CO2 is incorporated along a polyolefin 

backbone through carbonate rings formed directly on-chain, potentially yielding  cyclic 

carbonate-functionalised polyethylene derivatives. Such an approach would offer an additional 

route to close the loop between the CO2 and the polyolefin chemistries explored throughout this 

manuscript, thereby extending the CO2-plastics valorisation concept developed in this thesis 

(Scheme 7.1). 

 
Scheme 7.1. Envisioned CO2-based extension of the present work: organocatalytic cycloaddition of 

CO2 onto the epoxidised polyethylene derived from cis conjugated polyene sequences, affording a  cyclic 

carbonate-functionalised polyolefin. 

Beyond these direct extensions, additional perspectives emerge from the possibility of 

diversifying the chemistry employed to tether CO2-derived functionalities onto polymer chains, 

either by complementing the CO2BOL platform developed in this thesis or by replacing it 

altogether with fundamentally different reactions. A first direction concerns the well-established 

use of thiols for the nucleophilic substitution of chlorine atoms along the PVC backbone.1–3 

Aromatic thiols in particular have long been known to behave as highly efficient nucleophiles 

toward PVC, combining strong nucleophilic character with a relatively low basicity that 

suppresses the competing dehydrochlorination pathway observed with more basic 

nucleophiles.3,4 Under appropriate conditions, this reaction proceeds selectively without 
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detectable elimination and enables degrees of modification that can reach values considerably 

higher than those achieved with the CO2BAL and CO2BAM strategies developed in Chapters 3 

and 4.2–4 The versatility of this chemistry is further illustrated by the large variety of aromatic and 

hetero-aromatic thiol platforms that can be designed to carry additional functional groups, and 

thereby to introduce a broad range of chemical handles along the polymer.5 In the context of this 

thesis, and by extension to the halogenated polyolefins obtained through the TSE-based 

iodination of Chapter 5, such a thiol-mediated route could be employed to anchor functional 

building blocks onto the polymer prior to CO2 activation. In particular, the grafting of thiols 

bearing hydroxyl or amine functionalities could subsequently provide polymer-supported 

alcohols or amines amenable to CO2 binding, thereby enabling the post-functionalisation 

synthesis of CO2BOLs directly on the polymer backbone, rather than pre-functionalisation as 

explored throughout Chapters 2 to 4 (Scheme 7.2). 

 
Scheme 7.2. Proposed two-step post-functionalisation route towards polymer-supported CO2BOLs. 

Nucleophilic substitution of PVC chlorine atoms with bifunctional thiol compounds (where X = O or NH) 

and subsequent CO2BOL formation. 

A second, complementary direction can be envisaged as a natural extension of this thiol-

based strategy, by selecting a mercaptophenol as the bifunctional nucleophile. The thiolate 

function would first ensure the SN2 substitution of the halogen atoms along the polymer 

backbone, in line with the chemistry described above, while the phenol moiety would be left 

dangling on the polymer chain as a latent CO2-reactive handle. The pendant phenol groups 

thereby introduced could then undergo a Kolbe-Schmitt carboxylation, yielding polymer-

supported hydroxybenzoic acid motifs and providing an alternative route to covalently 

incorporate CO2 along a polymer backbone. Although the classical Kolbe-Schmitt reaction 

typically requires elevated temperatures and pressures, recent developments such as the para-

selective variant reported by Liu, Perry and Kong indicate that significantly milder conditions are 

now within reach,6 which would render the post-functionalisation of polymer-bound phenols 

increasingly realistic. Should this two-step strategy prove feasible, its implementation under 

reactive-extrusion conditions, in line with the solvent-free TSE-based methodology established 

in Chapter 5, would constitute an even more attractive outcome, by combining the thiol-

mediated grafting and the CO2 fixation within a single solvent-free, melt-state polymer process 

(Scheme 7.3). 
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Scheme 7.3. Envisioned route for the CO2-based functionalisation of a halogenated polymer 

backbone via the Kolbe-Schmitt reaction. 

The extensions and alternative directions discussed above are not intended as an exhaustive 

roadmap, but rather as a glimpse of the many opportunities that remain to be explored at the 

interface between CO2 valorisation and plastic upcycling. The chemistries developed 

throughout this manuscript are meant as stepping stones rather than endpoints, and much work 

is still required to translate these concepts into mature processes. Further studies, both along 

the lines suggested here and beyond, will be needed to progressively shape a more circular and 

sustainable use of carbon and polymeric resources. 
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I. INTRODUCTION 
In 2023, global greenhouse gas (GHG) emissions reached a record high of 57.1 Gt of CO2 

equivalent (GtCO2e), with carbon dioxide (CO2) accounting for roughly 75% of the total.1 

Strategies to address CO2 emissions can be broadly categorised into two approaches. The first, 

upstream mitigation, focuses on reducing emissions at their source, primarily through 

decreasing reliance on fossil fuels. While this approach remains essential, increasing research 

efforts have also been directed toward downstream strategies, including atmospheric carbon 

removal, carbon capture and storage (CCS), and carbon capture and utilisation (CCU).2,3 Among 

CCU technologies, significant research efforts have been devoted to the chemical conversion of 

CO2 into value-added products, including fuels, chemicals, and polymers.4–6 A key prerequisite 

for CCU is the efficient capture of CO2. Currently, the industrial benchmark for post-combustion 

CO2 capture relies on aqueous amine solutions, most notably monoethanolamine (MEA). 

However, this technology suffers from several well-documented drawbacks: high energy 

requirements for solvent regeneration, solvent degradation, corrosion, and the large amount of 

water that must be heated during the stripping step.7 These limitations have motivated the 

development of water-lean capture systems with improved energy efficiency. Among these, CO2-

binding organic liquids (CO2BOLs) - anhydrous mixtures of an alcohol and an amidine or 

guanidine base - have attracted considerable attention as CO2 capture agents. Indeed, upon 

exposure to CO2, the alcohol and the base react together to reversibly form amidinium or 

guanidinium alkyl carbonate salts, enabling CO2 capture without the thermodynamic penalty 

associated with water.8–11 This switchable polarity, combined with the tunability of their 

molecular structure, makes CO2BOLs particularly promising not only for CO2 capture but also 

for its direct utilisation. Indeed, CO2BOLs have recently been employed in the synthesis of 

cyclic12–15 and linear dialkyl carbonates,16** polycarbonates,17,18 and for the functionalisation of 

poly(vinyl chloride) (PVC).19,20†† 

Several works utilising the same strategy also make use of amines instead of alcohols.21–24 In 

recent work, our group broadened the original definition of CO2BOLs to include the amine-based 

compounds (CO2-binding amines, CO2BAMs) in addition to the alcohol-based ones (CO2-

binding alcohols, CO2BALs). While the latter fits the original definition of CO2BOLs introduced by 

Heldebrant, the former produce alkylcarbamate salts rather than alkycarbonate ones, circling 

back to the well-known CO2 capture by amines.22,25–28 In solvent-free conditions, the synthesis of 

CO2BAMs generally yields higher conversion rates than the one of CO2BALs. Moreover, it was 

shown that the choice of the base strongly impacted CO2 capture ability as well.10,16,29 Beyond 

their use as CO2 capture agents and as reactive intermediates in organic synthesis, the CO2-

derived ionic salts formed by both CO2BALs and CO2BAMs constitute an emerging class of 
 

** See Chapter 2 – Turning Carbon Dioxide into Dialkyl Carbonates through Guanidinium-Assisted SN2 Ion-
Pair Process 
†† See Chapter 3 – CO2-Binding Alcohols as Potential Candidates for Poly(Vinyl Chloride Upcycling) and 
Chapter 4 – Boosting PVC Reactivity through Iodination for CO2-Derived Functionalisation 
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structurally tuneable ionic compounds in their own right. Their intrinsic ionic nature - arising 

directly from the CO2 fixation reaction - raises a broader question: could such compounds find 

utility in applications that are typically the domain of ionic liquids ? In particular, although 

CO2BALs and CO2BAMs have not yet been explored as battery electrolytes, their tunability in 

terms of both cation and CO2-derived anion structure suggests that they could offer modulable 

electrolytic properties, analogous to the effects observed in conventional ionic liquids where 

modification of the ion pair influences conductivity, viscosity, and electrochemical stability.30–32 

Their chemical modularity and their ability to generate ionically conductive phases thus pave the 

way for a new exploratory approach to the design of safe and high-performance electrolytes, 

whilst taking advantage of the inherent reversibility of CO2 capture. 

Ionic liquids have been investigated as electrolytes for lithium-ion batteries for over two 

decades,33 initially motivated by safety concerns associated with conventional organic 

carbonate-based electrolytes. Lithium-ion batteries are susceptible to thermal runaway upon 

overcharging or elevated temperatures. This process involves exothermic reactions between 

electrolyte and electrode materials, leading to gas evolution (release of gases including CO₂ and 

flammable species), pressure buildup within the cell, and, in severe cases, fire or explosion.34,35 

Ionic liquids were therefore considered attractive alternatives due to their non-flammability, high 

thermal stability, and good ionic conductivity. Additionally, their ability to dissolve gases such as 

CO2 may help mitigate pressure buildup during thermal runaway events.34 However, while this 

property can contribute to reducing overpressure during failure events, the use of ionic liquids in 

batteries does not constitute a CO₂ mitigation strategy, as the dissolved carbon is produced 

within the system rather than captured for valorisation in battery technology. 

Batteries actually making use of CO2 in the electrolytic system as a CCU strategy – known as 

metal-CO2 batteries – have been developed in recent years.36 These devices employ a metallic 

anode and a cathode typically composed of nanostructured carbon-based materials (e.g., 

carbon nanotubes, carbon fibres), through which CO₂ diffuses toward a catalyst layer located at 

the electrolyte interface. There, CO2 can be converted into various compounds, including alkali 

carbonates, depending on the battery configuration during discharge. At the same time, metallic 

ions are released into the electrolyte as the anode is oxidised. On the other hand, during charge, 

CO2 is regenerated at the cathode while the metallic ions are deposited back onto the anode.36–38 

In 2018, Khurram et al. even combined metal-CO2 battery technology with CO2 capture by 

alkylamines.39 However, while promising, such technology faces challenges. Notably, safety 

concerns involving gas management at the CO2-feed level as well as the hazardous gaseous by-

products potentially generated.36   

In this work, we explore the possibility of CO₂ capture chemistry incorporation into 

conventional Li-ion batteries by employing CO₂BOLs as electrolyte components. Unlike metal-

CO₂ batteries, which require external CO₂ supply and associated gas management systems, this 

approach relies on chemically bound CO₂ within the electrolyte, thereby potentially reducing 
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safety concerns related to gas handling. In addition, the use of CO₂BOLs is motivated by their 

organic nature and their reversible decomposition at elevated temperatures, which leads to the 

release of CO₂. Herein, we present preliminary studies evaluating the electrochemical 

behaviour and potential applicability of CO₂BOL-derived electrolytes in Li-ion battery systems. 

Moreover, we show that CO₂BOLs’ decomposition at elevated temperatures leads to a decrease 

in ionic conductivity. Upon cooling, the CO2BOL is restored, in turn restoring ionic conductivity. 

This could allow for the system to regulate itself in the event of a thermal runaway, thereby 

reducing risks. 

II. RESULTS AND DISCUSSION 

A. CO2BOL screening 

Given that the mixing and matching of nucleophiles and bases impacts CO2BOLs’ chemical 

and physical properties, a selected variety of compounds were prepared to screen parameters 

such as the nature of the base, the nature of the nucleophile, and the alkyl chain length of the 

nucleophile. As the goal is to evaluate the potential of CO2BOLs as liquid electrolytes, our focus 

was set on short-chain nucleophiles such as 1-butanol, 1-hexanol, 1-butylamine, and 1-

hexylamine. This choice was supported by the melting points reported both by Phan et al.40 and 

our own group.19 CO2BOLs were systematically prepared from an equimolar mixture of 

nucleophile and base, using a CO2 pressure of 0.2 bar for a duration of three hours. Other 

preparation conditions and CO2BOL conversion rates are shown in Table A.1. The exact 

synthetic procedures are found in the experimental section. 

To facilitate consistent comparisons throughout this chapter, samples are designated using a 

short code of the form “nucleophile-base”. The studied nucleophiles include 1-butanol (ButOH), 

1-hexanol (HexOH), 1-butylamine (ButNH2), and 1-hexylamine (HexNH2). The organic bases 

used are 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU). For example, the combination of ButOH and DBU is denoted as ButOH-DBU, whereas 

HexNH2 combined with TBD is labelled HexNH2-TBD. Amines used without DBU or TBD are 

referred to simply by the nucleophile (ButNH2 or HexNH2). Samples prepared in the absence of 

CO2 are indicated by appending the suffix “-free” to the corresponding code, denoting the 

CO2-free mixture derived from the same precursor pair (e.g. ButOH-DBU-free or HexNH2-TBD-

free). 

At 25 °C, most DBU‐based systems (and their CO2‐free counterparts) were liquids or viscous 

liquids, whereas the TBD‐based and amine-only CO2BAMs were obtained as solid powders 

(Table SA.1, p. 281). Because neat conductivity measurements require dispensing a defined 

volume (60 μL) onto a glass‐fibre separator, only flowable samples could be evaluated as neat 

electrolytes at 25 °C. Samples that were solid at 25 °C are therefore discussed using 

measurements at elevated temperature and/or as solutions in acetonitrile (ACN). 



Evaluation of CO2-Binding Organic Liquids as Electrolytes 

 

 
261 

Table A.1. CO2BOL preparation conditions a 

Entry Nucleophile Base Reaction Temperature (°C) Conversion in CO2BOLb (%) 

1 ButOH 

DBU 

21 63 

2 HexOH 21 49 

3 ButNH2 60 90 

4 HexNH2 90 88 

5 ButOH 

TBD 

90 70.5 

6 HexOH 90 68 

7 ButNH2 60 94.5 

8 HexNH2 90 88.5 

9 ButNH2 ButNH2 60 80 

10 HexNH2 HexNH2 90 44 
a The reaction was systematically performed from an equimolar mixture of the nucleophile and the base 

for 3 hours, under 0.2 bar of CO2. 
b Conversion rates are calculated based on 1H NMR spectra (500 MHz, CDCl3) of the final CO2BOL 

products.  

The temperature-dependent ionic conductivity of the neat systems were measured in 

symmetric SS | electrolyte | SS cells (SS = stainless steel) in the 20-60 °C temperature range. 

Temperatures higher than 60 °C were not investigated due to the risk of thermal decomposition 

of CO2BOL systems with the concomitant release of CO2. Indeed, thermogravimetric analysis 

systematically shows degradation onset temperatures (T5%) below 100 °C regardless of the 

nucleophile/base pair, going as low as ~58 °C in the case of HexNH2 (Figures SA.1 – SA.4, p. 281 

– 282).  

For all compositions that could be evaluated in the neat state (Table SA.1, p.281), 

conductivity increases with temperature, consistent with thermally activated ion transport.41,42 

CO2BOL samples (Figure A.1a) show the highest conductivities, reaching ~10-6–10-4 S.cm−1 

across the investigated temperature range. In contrast, CO2-free counterparts prepared from the 

same nucleophile/base pairs (Figure A.1b) are typically one to two orders of magnitude less 

conductive, highlighting the strong impact of CO2BOL formation on ion transport in the neat 

mixtures. 

As a reference, the individual components (ButOH, HexOH, ButNH2, HexNH2, and pristine 

DBU) are far less conductive on their own (Figure A.1c), remaining within ~10-8–10-5 S.cm-1 under 

the same measurement conditions. This baseline indicates that the conductivity of the 

formulated neat CO2BOL systems is dominated by the ionic species and their local 

solvation/association environment rather than by intrinsic conduction of the neutral reactants.43  
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Figure A.1. Temperature-dependent ionic conductivity of neat samples (20-60 °C): (a) CO2BOLs, (b) CO2-

free counterparts, and (c) neat individual reactants. 

The conductivity/temperature (σ–T) profiles from Figure A.1, show that the ionic transport in 

these neat protic molecular systems is strongly dependent on molecular structure and 

composition. In other words, each of the three selected variables, i.e. chain length (butyl vs 

hexyl), base identity (DBU vs TBD), and nucleophile type (alcohol vs amine), has a clear impact 

on ionic conductivity. The investigation of each parameter is detailed below.  

Chain-length effects were assessed by comparing butyl- and hexyl-derived samples within 

the same nucleophile/base pair (Figure A.2). In the CO2BAL systems at 25 °C (Figure A.2a), 

butyl analogues are consistently more conductive than the corresponding hexyl analogues for 

both DBU and TBD. This trend is consistent with reduced viscosity and improved ionic mobility in 

the shorter-chain formulations.44 Conversely, an opposite behaviour is observed for DBU-based 

CO2BAMs where the hexyl analogue exhibits higher conductivity than the butyl analogue (Figure 

A.2a). The TBD-based CO2BAMs, however, could not be evaluated as neat electrolytes due to its 

solid nature at 25 °C, which prevents their dispensing onto the glass-fibre separator in the 

present SS | electrolyte | SS configuration (Table SA.1, p. 281). 
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For the CO₂-free counterparts at 25 °C (Figure A.2b), the chain-length effect is generally 

modest: butyl-based systems tend to be slightly more conductive than the corresponding hexyl 

analogues. 

  
Figure A.2. Effect of chain length on ionic conductivity at 25 °C: (a) CO2BOL systems and (b) CO2-free 

counterparts. 

The nature of the base also has a clear impact on ionic conductivity at 25 °C (Figure A.3). In 

the CO2BAL systems (Figure A.3a), DBU formulations are consistently more conductive than the 

corresponding TBD formulations for both butyl- and hexyl-derived samples. For CO2BAM 

systems, a direct DBU-TBD comparison at 25 °C is not possible again due to the inability to test 

the TBD-based CO2BAMs as neat electrolytes with the present SS | electrolyte | SS configuration. 

The same overall tendency is retained in the CO2-free series (Figure A.3b), where DBU 

generally yields higher conductivity than TBD for both alcohol- and amine-based systems. Taken 

together, these results identify DBU as the more favourable base for achieving higher room-

temperature conductivity in the neat state within the compositions accessible to measurement. 

Differences between DBU and TBD likely arise from how the base shapes both charge-carrier 

speciation and mobility. In addition, the base can indirectly control measured performance by 

determining whether the material remains flowable at room temperature, as illustrated by the 

solid TBD-based CO2BAM samples at 25 °C. 
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Figure A.3. Effect of base (DBU vs TBD) on ionic conductivity at 25 °C: (a) CO2BOL systems and (b) CO2-

free counterparts. 

Finally, the nature of the nucleophile strongly affects room-temperature conductivity as well 

(Figure A.4). CO2BAL systems are markedly more conductive than the corresponding CO2BAM 

systems under DBU conditions for both chain lengths (Figure A.4a). The same qualitative 

contrast is expected for TBD-based formulations. However, as the TBD-based CO2BAM samples 

cannot be assessed, this cannot be confirmed. 

In the CO2-free series (Figure A.4b), the OH/NH2 difference is not uniform and varies with 

both base identity and chain length. However, those systems cannot be qualified as electrolytes 

owing to their low intrinsic ionic conductivity. 

     
Figure A.4. Effect of nucleophile identity (OH vs NH2) on ionic conductivity at 25 °C: (a) CO2BOL systems 

and (b) CO2-free counterparts. 
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B. Temperature dependence and activation energy 

The temperature dependence was analysed using an Arrhenius relationship (Eq. A.1) to 

estimate the activation energy (Ea). 

ln (𝜎𝑇) = ln (𝐴଴) −
ாೌ

ோ்
  Eq. A.1 

where σ is the measured ionic conductivity, T is the temperature, A0 is the pre-exponential factor, 

and R is the universal gas constant (8.3144 J.mol-1.K-1). 

Plotting ln(σT) as a function of 1000/T yields a straight line whose slope b is related to Ea 

according to: 

𝑏 = −
ாೌ

ଵ଴଴଴ோ
  Eq. A.2 

The resulting plots for the CO2BOL and CO2-free systems (Figure A.5) exhibit excellent 

linearity without curvature, indicating Arrhenius behaviour typical of low-viscosity liquid 

electrolytes, rather than a Vogel–Tamman–Fulcher (VTF) behaviour.45  

The resulting Ea values are summarised in Table A.2 and fall within the range typical of liquid 

electrolytes for both CO2BOL systems and their CO2-free counterparts. Notably, the higher 

activation energies observed for CO2BOL systems over 20-60 °C range indicate a stronger 

temperature dependence of ionic conductivity, consistent with their steeper increase in 

conductivity upon heating. 
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Figure A.5. Arrhenius analysis of ionic conductivity in neat systems: ln(σT) versus 1000/T (20-60 °C) with 

linear fits of (a-c) CO2BOL systems and (d-g) CO2-free counterparts (see panel labels for compositions). 
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Table A.2. Apparent activation energies for ionic conduction derived from Arrhenius fits. 

 CO2BOL  CO2-free  

 Sample 
Ea 

(kJ/mol) 
 Sample Ea (kJ/mol)  

 ButOH–DBU 34.91  ButOH–DBU–free 19.64  

 HexOH–DBU 33.15  HexOH–DBU–free 21.60  

 ButNH2–DBU 90.92  ButNH2–DBU–free 14.68  

 HexNH2–DBU 73.39  HexNH2–DBU–free 13.28  

 ButOH–TBD 57.44  ButOH–TBD–free 21.30  

 HexOH–TBD 54.86  HexOH–TBD–free 24.72  

 ButNH2–TBD N/Aa  ButNH2–TBD–free 20.34  

 HexNH2–TBD N/Aa  HexNH2–TBD–free 23.37  

a N/A indicates samples that are solid at 25 °C and not measurable in the neat state. 

C. Conductivity recovery and impedance evolution 

Thermal stability and temperature history can strongly influence ion transport in electrolytes. 

In addition, CO2BOL systems are prone to thermal decomposition, which is accompanied by the 

release of CO2.  To assess those effects, selected samples were thermally treated at 70 °C under 

sealed or open conditions and their conductivity/impedance were compared before and after 

heating. 

Under sealed conditions, neat samples were heated at 70 °C (typically 15 h) and then cooled 

to 20 °C prior to electrochemical impedance spectroscopy (EIS) measurements. This protocol 

allows the decoupling of the changes induced by the instantaneous temperature dependence of 

σ from those originating from the sample’s thermal history. The increase in σ after sealed heating 

is mirrored by the impedance response. For CO2BOL samples, the high-frequency intercept 

shifts to lower resistance after heating and cooling, indicating improved ionic transport under 

sealed conditions (Figure A.6 and Figures SA.5 – SA.18, p. 283 – 287). 
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Figure A.6. Effect of sealed thermal treatment on ionic conductivity measured after cooling to 20 °C: (a) 

CO2BOL systems and (b) CO2-free counterparts (as-prepared vs post-heat (cooled)). 

CO2BOL samples were heated at 70 °C under either sealed or open conditions to assess how 

exposure to the atmosphere affects composition and transport behaviour. Open-vial heating 

produced clear mass loss across the CO2BOL sample set (Table A.3), motivating a closer 

electrochemical examination using ButOH–DBU (Table A.3, entry 1) as a representative 

formulation. 

Table A.3. Mass loss of CO2BOL-containing samples during open-vial heating at 70 °C. 

Entry 
Sample 

(CO2BOL) 

m0 

(AP, mg) 

m30 

(Open 30 h, mg) 

m60 

(Open 60 h, mg) 

Mass lossa 

(0→60 h, %) 

 

1 ButOH–DBU 318.0 231.3 187.5 41  

2 HexOH–DBU 325.2 290.1 245.1 25  

3 ButNH2–DBU 165.4 113.1 85.2 48  

4 HexNH2–DBU 184.9 119.0 76.7 55  

5 ButOH–TBD 282.6 237.3 199.3 29  

6 HexOH–TBD 347.2 340.1 320.8 11  

a Mass loss (%) was calculated as (𝑚଴ − 𝑚଺଴)/𝑚଴ × 100% 

Impedance measurements were therefore carried out in symmetric SS | electrolyte | SS cells 

at 20 °C after different thermal histories. As shown in Figure A.7a, the bulk resistance (Rb, high-

frequency intercept) is essentially unchanged after sealed heating for 15 h relative to the as-

prepared state (126 Ω vs 127 Ω), indicating that the low-resistance state is maintained under 

sealed conditions. In contrast, under open heating, the resistance increases steadily with time, 

from 210 Ω (15 h) to 309 Ω (30 h) and 533 Ω (45 h), reaching 955 Ω (60 h) close to the CO2-free 

baseline (979 Ω). The corresponding Nyquist plots (Figure A.7b) show the same evolution as a 

progressive right shift of the high-frequency intercept occurs with increasing open-vial heating 

time. 
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Overall, Table A.3 and Figure A.7 demonstrate that open-vial heating at 70 °C leads to 

substantial mass loss and a strong increase in bulk resistance, effectively driving the impedance 

response toward CO2-free behaviour, whereas sealed heating suppresses this drift. This strongly 

suggests that open-vial heating at 70 °C results in the thermal decomposition of CO2BOL 

samples releasing CO2, and that those samples start to resemble to CO2-free ones. 

 
Figure A.7. Open-vial heating induces impedance reversion toward CO2-free behaviour (ButOH–DBU, 

CO2BOL): (a) bulk resistance after different thermal histories and (b) corresponding Nyquist plots (20 °C, 

AP = as prepared). 

To assess the thermal behaviour of CO2BOL electrolytes under prolonged heating in a sealed 

environment, symmetric SS | electrolyte | SS coin cells were aged at 70 °C and monitored by in 

situ EIS. ButOH–DBU and HexOH–DBU were selected as representative CO2BOL systems, and 

three independently assembled cells were tested for each composition. 

Both systems show a clear decrease in bulk resistance with aging time (Figure A.8 and Table 

A.4). For ButOH–DBU, Rb drops from 18.60 ± 1.33 Ω to 11.57 ± 0.57 Ω after 108 h. HexOH–DBU 

follows the same trend, decreasing from 30.78 ± 8.76 Ω to 17.82 ± 0.59 Ω over the same 

timeframe. Most of the resistance reduction occurs within the first 18 h, after which Rb declines 

more slowly and approaches a near-steady value by 96–108 h. 
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Figure A.8. Evolution of bulk resistance during coin-cell aging at 70 °C (in situ EIS). 

High-frequency Nyquist plots (Figures SA.19 and SA.20, p. 288) show the same evolution 

across all independently assembled cells: the high-frequency intercept shifts to lower values 

with aging time and changes only marginally after ~96–108 h. 

Compared with open-vial heating, coin-cell aging provides a clear example of how a closed 

environment alters the thermal response. Under open conditions, mass loss is accompanied by 

a strong increase in resistance and a drift toward CO2-free behaviour, whereas the sealed coin-

cell configuration prevents volatilisation and allows the electrolyte to relax toward a lower-

resistance state. These results suggest that CO2BOL-based protic molecular systems can 

remain impedance-stable under sealed, device-relevant thermal exposure, at least within the 

time window examined here. 

Table A.4. Bulk resistance (Rb) during coin-cell aging at 70 °C (in situ EIS). 
 ButOH–DBU HexOH–DBU 

Time (h) 𝑹𝒃 (Ω) SD (Ω) 𝑹𝒃 (Ω) SD (Ω) 

0 18.60 1.33 30.78 8.76 

2 17.55 1.23 29.05 7.02 

4 16.67 1.12 28.18 6.84 

6 16.20 1.09 27.77 6.85 

15 13.73 1.64 25.04 6.87 

18 12.51 0.38 21.65 3.68 

96 11.75 0.70 18.07 0.53 

108 11.57 0.57 17.82 0.59 

 

To further evaluate the effect of repeated temperature changes, impedance cycling tests 

were performed between 25 and 70 °C. This experiment complements the sealed-heating and 

coin-cell aging results discussed above. ButOH–DBU-based samples with and without CO2 were 

compared in terms of impedance evolution and recovery behaviour. 
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Overall, the CO2BOL sample exhibits consistently lower impedance than its CO2-free 

counterparts, and both systems show reduced impedance at 70 °C compared to 25 °C. The 

relative decrease is more pronounced for the CO2BOL system. 

Figure A.9a and b show the impedance values measured during repeated cycling. The 

CO2BOL sample remains less resistive than the CO2-free one over the full sequence, with values 

of ~67–75 Ω at 25 °C and 13 - 23 Ω at 70 °C, compared to ~525–550 Ω and 195 - 250 Ω, 

respectively, for the CO2-free system. The normalised data (Figure A.9c,d) confirm the larger 

relative decrease at elevated temperature for the CO2BOL sample. A gradual cycle-dependent 

decrease is also observed, particularly at 70 °C. 

 
Figure A.9. Absolute (a,b) and normalised (c,d) impedance evolution during repeated temperature cycling 

between 25 and 70 °C. (a,c) CO2BOL system. (b,d) CO2-free system. 

To examine reversibility, the CO2BOL system was monitored during aging at 70 °C followed by 

recovery at 25 °C (Figure A.10). During aging, the impedance decreases from about ~15.2 Ω to 

13.0 Ω over 10 h. Upon returning to 25 °C, the impedance increases with time, with most 

recovery occurring within the first 2 h before reaching a plateau (~68.1 Ω after 10h). This 

behaviour indicates partial reversibility, with a remaining thermal-history effect. 
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Figure A.10. Impedance evolution of the CO2BOL system during aging at 70 °C and subsequent 

recovery at 25 °C. (a) Absolute impedance as a function of time. (b) Normalised impedance as a function 

of time. 

The recovery of impedance after thermal cycling was quantified for both systems (Figure 

A.11). At 25 °C, recovery is high for both samples (94% for CO2BOL and 99% for CO2-free), 

whereas lower values are observed at 70 °C (62% and 78%, respectively).  

 
Figure A.11. Recovery of impedance after thermal cycling for CO2BOL and CO2-free systems at 25 and 70 

°C. 

Taken together, these results show that the CO2BOL system combines lower impedance with a 

stronger and more dynamic thermal response, characterised by a larger conductivity gain at 

elevated temperature and a partially reversible behaviour upon cooling, indicative of a marked 

sensitivity to thermal history. 
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D. ACN–based solutions: concentration dependence and LiTFSI 

compatibility 

Several CO2BOL formulations are difficult to evaluate in the neat state at room temperature 

because they are highly viscous or solid. To improve processability, the electrolytes were 

therefore dissolved in acetonitrile (ACN). Figure A.12a compares conductivities measured at 20 

°C for selected systems as neat samples and as ACN solutions at a concentration of 200 mg.mL-

1. For compositions that can be tested in the neat state, dissolution in ACN increases σ by 

roughly one to two orders of magnitude, from the 10-6 - 10-4 S.cm-1 range to around 10-3 S.cm-1. 

ACN also allows measurements for formulations that cannot be tested as neat electrolytes at 20 

°C (N/A in Figure A.12a), extending the accessible composition space. However, while most 

formulations produced clear, single-phase solutions at a concentration of 200 mg.mL-1 at room 

temperature, the HexNH2–TBD, ButNH2, and HexNH2 CO2BAMs displayed visible phase 

separation/precipitation. These systems’ ionic conductivity could therefore not be assessed in 

solution either. 

The ACN solutions also show the expected increase in σ with temperature from 20 to 60 °C 

(Figure A.12b). Most DBU- and TBD-based formulations cluster within a similar conductivity 

range in ACN, whereas ButNH2-TBD remains consistently lower across the full window, 

(indicating that the chemical nature of the CO2BOL still influences ion transport in solution.). For 

reference, neat ACN is far less conductive, confirming that the measured response arises from 

the dissolved CO2BOL species rather than the solvent itself. 

 
Figure A.12. Ionic conductivity of CO2BOL-containing systems as neat samples and as acetonitrile 

solutions: (a) σ at 20 °C (neat vs 200 mg.mL-1), and (b) temperature dependence for 200 mg.mL-1 solutions 

(20–60 °C). 

Concentration effects were examined by preparing ACN solutions at 100 and 200 mg.mL-1 at 

fixed solvent volume. Figure A.13 shows a representative case (HexOH–DBU): the 200 mg.mL-1 
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solution is more conductive than the 100 mg.mL-1 solution over the full 20–60 °C range, and the 

gap between the two remains visible at every temperature point. This behaviour indicates that 

increasing the CO2BOL loading raises the conductivity of the solution, although the absolute 

values and the magnitude of the gain remain formulation dependent. Both concentrations also 

show the expected increase in σ with temperature. In practice, increasing CO2BOL 

concentration thus offers a straightforward way to boost conductivity while retaining 

manageable handling, provided the solution remains single-phase with the chosen formulation. 

 
Figure A.13. Concentration dependence of ionic conductivity for HexOH–DBU in acetonitrile. 

In order to check the possibility to use CO2BOL-based electrolytes for Li-ion batteries, LiTFSI 

was added to the CO2BOL (some CO2-free samples were also investigated, see below) solutions 

in ACN (note that LiTFSI was insoluble in all the investigated pure CO2BOL and CO2-free 

samples). Practically, LiTFSI compatibility was screened by checking solution appearance 

before and after salt addition in CO2BOL/ACN solutions. While precipitation was observed for 

HexNH2–TBD at 200 mg.mL⁻¹, a visually homogeneous solution was obtained in ACN at 100 

mg.mL⁻¹. However, when LiTFSI (0.5 M) is added, it becomes visibly inhomogeneous, consistent 

with a reduced solubility in the salted solution. The CO2-free HexNH2–TBD reference is clear at 

both 100 and 200 mg.mL-1 without salt. Yet, it turns strongly turbid upon LiTFSI addition, 

indicating an even stronger sensitivity to salt-induced phase destabilisation.46 These 

observations show that phase stability upon salt addition must be evaluated alongside 

conductivity when selecting ACN-based CO2BOL electrolytes, and that TBD/amine-containing 

formulations can be particularly prone to salt-triggered inhomogeneity. 

Acetonitrile is not suitable for Li-metal-based measurements, as reported for LiTFSI/ACN 

electrolytes.47 Therefore, dimethoxyethane (DME) was used as an alternative solvent for Li-

referenced electrochemical tests.48 For HexNH2–DBU solutions at the same concentration (200 

mg.mL-1), the ionic conductivity in DME is consistently lower than that in ACN over the same 
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temperature range (20–60 °C) (Figure A.14a), indicating a strong solvent dependence of ion 

transport. Linear sweep voltammetry (LSV) of the DME-based solution shows a reproducible rise 

in anodic current at high potentials (Figure A.14b), indicating electrolyte stability up to 4 – 5 V in 

the applied conditions. It should be noted that conventional LSV can overestimate oxidative 

stability and is used here only as a comparative screening metric.  

Moreover, addition of LiTFSI (0.5 M) in the HexNH2–DBU CO2BOL system resulted in a milky 

dispersion and phase separation upon standing, indicating limited salt compatibility in this 

solvent system at high salt concentration. 

 
Figure A.14. Solvent effect of HexNH2–DBU CO2BOL solution (200 mg.mL-1) in ACN and DME. (a) Ionic 

conductivity. (b) LSV in DME. 
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III. CONCLUSION 
This work shows that CO₂BOL-containing formulations exhibit significantly enhanced ionic 

conductivity compared with their CO₂-free counterparts over the 20 – 60 °C temperature range, 

with improvements of up to one to two orders of magnitude depending on composition. In neat 

systems, ionic transport is strongly governed by molecular structure: increasing alkyl chain 

length reduces conductivity, while both the choice of base (DBU vs. TBD) and nucleophile nature 

(alcohol vs. amine) substantially influence charge transport. Arrhenius analysis confirms 

thermally activated conduction in all measurable formulations, allowing meaningful 

comparison of apparent activation energies across compositions. Thermal treatment 

experiments further reveal that sealed heating at 70 °C induces reproducible changes in 

impedance and conductivity that persist upon cooling, whereas open-vial heating promotes a 

reversion toward CO2-free-like impedance behaviour, highlighting the role of CO2 retention in 

determining transport properties. Finally, while acetonitrile solutions show formulation- and 

concentration-dependent conductivity, practical considerations related to Li-metal testing 

motivate solvent substitution. In this context, HexNH2–DBU CO2BOL solutions in DME display 

lower conductivity than in ACN, and the addition of 0.5 M LiTFSI results in phase separation, 

indicating limited compatibility with high salt concentrations. Together, these findings provide 

insight into the structure–property relationships governing ionic transport in CO2BOL-based 

systems and highlight their dynamic thermal response as a key feature to consider for their 

implementation in electrochemical environments. 
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IV. EXPERIMENTAL 

A. Materials 
Carbon dioxide N50 (≥ 99.999 %) was supplied by Air Liquide. 1-Butanol (99 %), 1-hexanol 

(anhydrous, ≥ 99 %), as well as deuterated chloroform (0.03 vol% TMS, deuteration degree min. 

99.8% for NMR spectroscopy, stabilised with silver) were purchased from Sigma-Aldrich. 

Butylamine (for pharma synthesis, non GMP) was supplied by Merck. Hexylamine (99%) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 98+ %) were purchased from Thermoscientific. 1,5,7-

Triazabicyclo[4.4.0]dec-5-ene (TBD) was supplied by Apollo Scientific. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from BLDPharm while acetonitrile 

(ACN) and 1,2-dimethoxyethane (DME, > 99.0 %) were supplied by VWR and TCI, respectively. All 

reagents were used as received. Glass fibre separators (diameter, φ = 1.58 cm; thickness, t = 

0.020 cm), stainless–steel electrodes (φ = 1.58 cm; t = 0.010 cm), and CR2032 coin cells were 

purchased from Xiamen TOB New Energy Technology Co., Ltd. 

B. Procedures 

CO2BOL synthesis 

A Schlenk tube, equipped with a septum and a stir bar, is charged with an equimolar mixture 

of a primary alcohol (1-butanol or 1-hexanol) or amine (1-butylamine or 1-hexylamine) and a 

base (DBU, TBD, or the amine itself) in bulk. A butyl pipe is used to link the Schlenk tube to a 

Schlenk line. This Schlenk line is used to first put the reaction mixture under vacuum, then under 

a carbon dioxide atmosphere (pCO2 = 0.2 bar). In the case of the DBU-based CO2BALs the 

reaction is performed at room temperature (21 °C). For the other CO2BOLs, the reaction is 

carried out at 60°C for butylamine-based CO2BAMs (b.p. butylamine = 78 °C) or 90 °C for all 

other samples in an oil bath and under maximum stirring for 3 hours. 

- ButOCO2
-, DBU.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.91 (t, 2H), 3.42 (m, 6H), 2.73 

(br. s, 2H), 1.96 (quint, 2H), 1.72 (br. s, 4H), 1.66 (br. s, 2H), 1.56 (m, 2H), 1.38 (m, 2H), 

0.91 (t, 3H). 

- HexOCO2
-, DBU.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.90 (t, 2H), 3.37 (m, 6H), 2.63 

(br. s, 2H), 1.91 (quint, 2H), 1.70 (br. s, 4H), 1.64 (br. s, 2H), 1.59 (m, 2H), 1.36 (m, 2H), 

1.30 (m, 4H), 0.91 (t, 3H). 

- ButNHCO2
-, DBU.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.45 (m, 6H), 3.11 (t, 2H), 2.84 

(br. s, 2H), 1.98 (quint, 2H), 1.75 (br. s, 4H), 1.67 (br. s, 2H), 1.45 (quint, 2H), 1.35 (sx, 2H), 

0.90 (t, 3H). 
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- HexNHCO2
-, DBU.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.41 (m, 6H), 3.11 (t, 2H), 2.82 

(br. s, 2H), 1.97 (quint, 2H), 1.74 (br. s, 4H), 1.67 (br. s, 2H), 1.46 (quint, 2H), 1.28 (m, 6H), 

0.90 (t, 3H). 

- ButOCO2
-, TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.91 (t, 2H), 3.29 (m, 8H), 1.99 

(quint, 4H), 1.59 (quint, 2H), 1.40 (sx, 2H), 0.91 (t, 3H). 

- HexOCO2
-, TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.90 (t, 2H), 3.31 (m, 8H), 1.99 

(quint, 4H), 1.60 (m, 2H), 1.38 (m, 2H), 1.29 (m, 4H), 0.87 (t, 3H). 

- ButNHCO2
-, TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.29 (m, 8H), 3.10 (t, 2H), 1.96 

(quint, 2H), 1.45 (quint, 2H), 1.35 (sx, 2H), 0.90 (t, 3H). 

- HexNHCO2
-, TBD.H+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.30 (m, 8H), 3.11 (t, 2H), 1.96 

(quint, 2H), 1.46 (quint, 2H), 1.28 (m, 6H), 0.87 (t, 3H). 

- ButNHCO2
-, ButNH3

+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.05 (t, 2H), 2.74 (t, 2H), 1.55 

(quint, 2H), 1.42 (quint, 2H), 1.35 (sx, 4H), 0.92 (t, 6H). 

- HexNHCO2
-, HexNH3

+ : 1H NMR (500 MHz, CDCl3) : δ (ppm) = 3.03 (t, 2H), 2.73 (t, 2H), 1.57 

(quint, 2H), 1.42 (quint, 2H) 1.28 (m, 12H), 0.88 (t, 6H). 

Preparation of samples for ionic conductivity measurements 

 Neat samples 

All procedures were carried out in an argon-filled glovebox. An aliquot of the electrolyte (60 

μL) was dispensed onto a glass-fibre separator (diameter, 1.58 cm) and allowed to fully wet the 

separator. The wetted separator was then sandwiched between two stainless-steel (SS) blocking 

electrodes to assemble a symmetric cell (SS | electrolyte | SS). The cell was crimped in CR2032 

coin cells under a uniaxial pressure of 75 kgf.cm-2 (≈ 7.35 MPa) and equilibrated for 12 h prior to 

impedance measurements.  

 ACN–based solutions 

ACN–based electrolyte solutions were prepared by dissolving the sample in acetonitrile 

(ACN, 1.0 mL) under vigorous stirring for 2 h to obtain a homogeneous solution. Two 

concentrations were investigated by varying the sample mass while keeping the ACN volume 

fixed at 1.0 mL, namely 100 mg.mL-1 (100 mg in 1.0 mL) and 200 mg.mL-1 (200 mg in 1.0 mL). 

The ionic conductivity cells were assembled following the same procedure as described for 

the neat samples. Briefly, 60 μL of the solution were dispensed onto a glass–fibre separator 

(diameter = 1.58 cm), sandwiched between two SS blocking electrodes (SS | electrolyte | SS), 

and assembled into a CR2032 coin cell under 75 kgf.cm-2. The sealed cells were rested for 12 h 

prior to ionic conductivity measurements. 
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Thermal treatment and aging protocols 

 Open vials 

For open‐vial thermal treatment, neat samples were placed in vials with the caps removed 

and heated in an oven at 70 °C (typically 15–60 h, as indicated for each experiment). After 

heating, samples were cooled down to room temperature before cell assembly and 

electrochemical measurements. When relevant, mass loss (%) was calculated as [(m0-mt 

)/m0]×100, where m0 is the initial mass and mt is the mass after heating.  

 Sealed vials 

For sealed-vial thermal treatment, a defined mass of neat sample was loaded into a vial, 

tightly sealed, and heated at 70 °C for 15 h. After heating, the vial was cooled to room 

temperature and the sample mass and appearance were recorded. The electrolyte cell was then 

assembled and measured following the procedure previously described. 

 Coin cell aging 

For coin‐cell aging, CR2032 symmetric cells (SS | electrolyte | SS) assembled as described 

previously were stored at 70 °C. Electrochemical impedance spectroscopy was collected in situ 

at 70 °C at defined aging times (0, 2, 4, 6, 15, 18, 96, and 108 h) to track impedance evolution. 

C. Methods 

Nuclear Magnetic Resonance (NMR) spectroscopy 

CO2BOLs were all characterised by 1H NMR using a Bruker AVANCEII 500 MHz apparatus at 

room temperature in chloroform-d1 (CDCl3). All spectra were acquired according to the following 

parameters: aq = 2.75 sec, d1 = 1 sec, sw = 20, ns = 32.  

Thermogravimetric analysis (TGA) 

The CO2BOLs were subjected to thermogravimetric analysis to determine their degradation 

onset temperatures. Measurements were performed under nitrogen flow at a rate of 5 °C per 

minute using a TA Q500 TGA.  

Electrochemical measurement 

 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was performed using a Bio–Logic VMP–300 

potentiostat/impedance analyser. Impedance spectra were recorded over a frequency range of 7 

MHz to 10 mHz with an AC amplitude of 30 mV. Temperature–dependent measurements were 



Appendix 

 

 

280 

conducted at 20, 25, 30, 40, 50, and 60 °C, and the cell was equilibrated for 1 h at each 

temperature prior to data acquisition.49,50 

The bulk resistance (𝑅௕) was determined from the high-frequency intercept of the Nyquist 

plot on the real axis (Z′). Ionic conductivity (σ, S cm-1) was calculated from the separator 

thickness and the effective electrode area as described below (Eq. A.3).49 

𝜎 =
௅

ோ್⋅஺
 Eq. A.3 

where 𝐿 is the electrolyte thickness (taken as the nominal thickness of the glass–fibre separator, 

𝑡 = 0.020 cm) and 𝐴 is the effective electrode area defined by the stainless–steel electrode 

diameter (𝜑 = 1.58 cm). For each sample, three independent cells were assembled and 

measured; the reported conductivity values are the average of three measurements (n = 3) 

unless otherwise stated. 

 Activation energy 

The apparent activation energy for ionic conduction was estimated from the temperature-

dependent conductivity using an Arrhenius-type analysis. Specifically, ln(σT) was fitted as a 

linear function of reciprocal temperature over the 20 to 60 °C range to extract the slope, from 

which the apparent activation energy was calculated.43 

𝜎𝑇 = 𝜎଴exp ቀ −
ாೌ

ோ்
ቁ Eq. A.4 

Here, T is the absolute temperature (K) and R is the gas constant. When 1000/T is used as the 

x-axis, the corresponding conversion factor is included in the activation-energy calculation to 

ensure consistency of units. 

ln (𝜎𝑇) = ln (𝜎଴) −
ாೌ

ோ
⋅

ଵ

்
 Eq. A.5 

The resulting apparent activation energies are reported in Table A.2. Samples that are solid at 

25 °C could not be evaluated in the neat state; these entries are reported as N/A. 

 Linear sweep voltammetry 

Linear sweep voltammetry (LSV) was conducted in a Li | electrolyte | stainless-steel (SS) cell 

at 25 °C. The potential was swept from the open-circuit voltage (OCV) to 6.0 V at a scan rate of 

0.1 mV.s-1. 
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V. SUPPORTING INFORMATION 

Table SA.1. Sample nomenclature and physical state at 25 °C. 

 
Short code 

Physical state 

at 25 °C 

 
Short code 

Physical state 

at 25 °C 
 

 ButOH–DBU viscous liquid  ButOH–DBU–free liquid  

 HexOH–DBU viscous liquid  HexOH–DBU–free liquid  

 ButNH2–DBU viscous liquid  ButNH2–DBU–free liquid  

 HexNH2–DBU viscous liquid  HexNH2–DBU–free liquid  

 ButOH–TBD viscous liquid  ButOH–TBD–free liquid  

 HexOH–TBD viscous liquid  HexOH–TBD–free liquid  

 ButNH2–TBD solid powder  ButNH2–TBD–free liquid  

 HexNH2–TBD solid powder  HexNH2–TBD–free liquid  

 ButNH2 solid powder  ButNH2–free liquid  

 HexNH2 solid powder  HexNH2–free liquid  

 

 
Figure SA.1. TGA of the ButOH-DBU CO2BOL and the CO2-free mixture. 
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Figure SA.2. TGA of the HexNH2-DBU CO2BAM. 

 
Figure SA.3. TGA of the ButOH-TBD CO2BAL. 

 
Figure SA.4. TGA of the HexOH-TBD CO2BAL.  
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Figure SA.5. Nyquist plots of ButOH-DBU CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.6. Nyquist plots of HexOH-DBU CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.7. Nyquist plots of ButNH2-DBU CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 
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Figure SA.8. Nyquist plots of HexNH2-DBU CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.9. Nyquist plots of ButOH-TBD CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.10. Nyquist plots of HexOH-TBD CO2BOL neat system measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 
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Figure SA.11. Nyquist plots of ButOH-DBU CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.12. Nyquist plots of HexOH-DBU CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.13. Nyquist plots of ButNH2-DBU CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 
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Figure SA.14. Nyquist plots of HexNH2-DBU CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.15. Nyquist plots of ButOH-TBD CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.16. Nyquist plots of HexOH-TBD CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 
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Figure SA.17. Nyquist plots of ButNH2-TBD CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 

 
Figure SA.18. Nyquist plots of HexNH2-TBD CO2-free neat systems measured at 20 °C before heating (as-

prepared) and after sealed thermal treatment at 70 °C followed by cooling (post-heat (cooled)). 
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Figure SA.19. In situ impedance evolution during coin-cell aging at 70 °C for ButOH–DBU in three 

independently assembled cells. Arrow indicates increasing aging time. 

 
Figure SA.20. In situ impedance evolution during coin-cell aging at 70 °C cells for HexOH–DBU in three 

independently assembled. Arrow indicates increasing aging time. 
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