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Abstract  

The production and use of plastics is expected to double in the next 20 years from 

the current 407 million tons per year. Almost 99% of these plastics are produced 

from non-renewable fossil-based feedstocks. The anticipated volume growth in 

plastic production and increasing world population and urbanisation will place 

severe burden on these unsustainable resources. The net emission of greenhouse 

gases into the atmosphere and challenges associated with the disposal of these 

materials are other factors that is driving the research in this area towards more 

sustainably sourced materials. 2,5-furandicarboxylic acid (FDCA) has been termed 

as a “sleeping giant” due to its unexplored potential as a renewable monomer and 

a platform chemical. 

Chapter 1 of this thesis introduces the subject area of research with focus on 

furanic monomers and polymeric material produced from them. Literature related 

to polyamides in general and furan-based polyamides (FPAs) in particular has been 

reviewed and presented in this chapter.   

In Chapter 2, preliminary investigations into the synthesis of a model furan-based 

polyamide PA6F, were carried out using an eco-friendly and solvent-free melt 

polymerisation approach. A two-step synthesis, combining oligomerisation and 

polycondensation steps, was developed and tested in a small scale thin-film 

reactor. A range of catalysts were screened to facilitate the amidation of FDCA. 

Titanium(IV) isopropoxide (TIPT) and titanium(IV) citrate (TIC) were found to be 

active catalysts for PA6F production. The reaction conditions were optimised in 

order to produce a reasonably high molecular weight polymer. PA6F produced 

after optimisation, demonstrated significantly higher molecular weights (Mw ~ 46 

kg/mol) and better thermal properties (Tg ~ 130 ᵒC) compared to those 

synthesised using conventional method.  

Chapter 3 explores the up-scaling potential of PA6F by synthesis in a 250 mL glass 

reactor using the conditions and best performing catalysts identified in Chapter 2. 

The effect of catalyst loadings, polycondensation temperature and reaction 
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stoichiometry was assessed. PA6F structure and properties were also investigated 

in more detail using a range of analytical techniques.  The resulting polymers again 

showed consistently better molecular weights. The incorporation of HMDA in 

slight excess showed positive impact on the molecular weights. On the other hand, 

DSC, DMA and WAXD revealed a predominantly amorphous nature of PA6F.  

The scope of catalytic melt polymerisation technique was further extended in 

Chapter 4 by employing some common aliphatic diamines used in the polyamide 

production. In addition to PA6F synthesised earlier, four other FPAs (PA4F, PA8F, 

PA10F and PA6MF) were produced using TIPT catalyst. The polymer structures 

and thermomechanical properties were investigated. Depending on the methylene 

chain length, the Mw of the obtained polymers ranged between 23 – 36 kg/mol, 

while the glass transition temperatures were in the range of 97-140 ᵒC. All 

polymers showed exceptional thermal stability during TGA. PA10F, a 100% bio-

based polyamide, displayed the highest thermal stability (Td-max = 446 ᵒC) among 

tested FPAs. However, all FPAs were found to be mainly amorphous, as confirmed 

with DSC, DMA and WAXD analysis.  

To address the FPA’s lower tendency to crystallise, copolymerisation of two other 

aromatic diesters, i.e. DMTPA and DMTDC, was explored in Chapter 5. Again, the 

analogous catalytic melt polymerisation technique was employed to synthesise 

PA6F/6T and PA6F/6S type copolymers containing different ratios of DMTPA and 

DMTD. DMTPA was found to be more effective monomer to induce some degree of 

crystallisation when 50 mol% of DMFDC was replaced by DMTPA in the copolymer. 

The semi-crystalline nature of the 50/50 sample was confirmed with help of DSC, 

DMA and WAXD analysis. Furthermore, taking the advantage of renewable nature 

of C10 diamine, PA10F/10T random and block copolymers were also produced. It 

was validated that block copolymers displayed semi-crystalline behaviour at a 

significantly lower proportion of non-renewable DMTPA compared to random 

copolymers.  

  



 
xx 

Abbreviations 

 

 

GHG Greenhouse gas 

MR Mechanical recycling 

LCA Life cycle assessment 

TPS Thermoplastic starch 

PBAT Poly(butylene adipate‐co‐terephthalate) 

RC Regenerated cellulose 

PEF Poly(ethylene 2,5-furandicarboxylate) or poly (ethylene 

furanoate)  

PBF Poly(butylene 2,5-furandicarboxylate) or poly (butylene 

furanoate) 

PPF Poly(propylene 2,5-furandicarboxylate) or poly (propylene 

furanoate) 

PET Poly(ethylene terephthalate) 

PPT Poly(propylene terephthalate) 

PBT Poly(butylene terephthalate) 

PHA Poly(hydroxyalkanoate)  

PLA Poly(lactic acid) or Poly(lactide)  

PBS Poly(butylene succinate)  

PHB Poly(hyroxybutyrate) 

PHBV Poly(hydroxybutyrate-co-valerate)  

P3HB Poly-3-hydroxybutyrate 

P3HV Poly-3-hydroxyvalerate 

PC Polycarbonate 

LD or LDPE or LLDPE (linear) Low density polyethylene 

PE Polyethylene 

PP Polypropylene 

PS Polystyrene 

PVC Poly(vinyl chloride) 

PVDC  Polyvinyldiene chloride 

PA Polyamide 



 
xxi 

FPAs Furanic polyamides or furan-based polyamides 

HMF 5-hydroxymethylfurfural 

FDCA 2,5-furandicarboxylic acid 

DMFDC Dimethyl 2,5-furandicarboxylate 

FDCCl 2,5-furandicarbonyl chloride 

BHFDC Bis(hydroxyethyl)-2,5-furandicarboxylate 

EG Ethylene glycol 

Mn Number average molecular weight 

Mw Weight average molecular weight  

Ð Polydispersity or PDI 

AA Adipic acid 

SA Succinic acid 

TPA Terephthalic acid 

IPA Isophthalic acid 

DMTPA Dimethyl terephthalate 

TDC 2,5-thiophenedicarboxylic acid 

DMTDC Dimethyl thiophene-2,5-dicarboxylate 

MX, PX meta-xylene, para-xylene 

MXD Metaxylenediamine 

HMDA Hexamethylenediamine 

TMDA Tetramethylenediamine 

OMDA Octamethylenediamine 

NMR Nuclear magnetic resonance spectroscopy 

NMP N-methlypyrrolidone  

HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol 

PA6T Poly(hexamethylene terephthalamide) 

PA6I Poly(hexamethylene isophthalamide) 

PA6F Poly(hexamethylene furanamide) 

PA4F Poly(butylene furanamide) 

PA8F Poly(octamethylene furanamide) 

PA10F Poly(decamethylene furanamide) 

PA6MF Poly(2-methyl-1,5-pentamethylene furanamide) 

GPC Gel permeation chromatography 

DSC Differential scanning calorimetry  



 
xxii 

 

TGA Thermogravimetric analysis 

MALDI-ToF MS Matrix assisted laser desorption/ionization – time of flight mass 

spectrometry 

WAXD Wide-angle X-ray diffraction 

Tg Glass transition temperature 

Tm Melting temperature 

Tc Crystallization temperature  

ΔHm Melting enthalpy 

ΔHc Crystallisation enthalpy 

DMA Dynamic mechanical analysis 

E’, E” Storage modulus, loss modulus 

DMAc Dimethylacetamide  

PA6F/6T Poly(hexamethylene furanamide-co-hexamethylene 

terephthalamide) 

PA6F/6S Poly(hexamethylene furanamide-co-hexamethylene 

thiophenamide) 

PA10F/10T Poly(decamethylene furanamide-co-decamethylene 

terephthalamide) 

PA66/6T Poly(hexamethylene adipamide-co-hexamethylene 

terephthalamide) (PA66/6T) 

PA610/6T Poly(hexamethylene sebacamide-co-hexamethylene 

terephthalamide)  



 
1 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 
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1 Introduction 

1.1 Polymers and plastics 

Articles produced from synthetic polymers have become an essential part of our 

lives. Although the first ever man-made plastic material, “Bakelite”, was 

synthesised in 1907, it was only after World War II that the use of plastic became 

ubiquitous and made its way to applications other than military.1,2 Thereafter, 

significant advancements have been made in the polymer science and technology 

field, leading to the discovery of numerous new synthetic materials. Recent figures  

showed that global plastic production was standing at 407 million tons in 2015 

compared to only 2 million tons in 1950, and this is expected to double in the next 

20 years.2,3   

Polymers and plastics made thereof, have found uses in many different segments 

of our daily life (Figure 1.1). Plastic food packaging protects food from spoilage and 

extends its shelf life. Lightweight plastic parts in automotive and aviation sector 

reduce fuel consumption and emissions. To put things into perspective, plastics 

now roughly makes 15% of a car and 50% of Boeing 787 Dreamliner aircraft.3,4  In 

healthcare, plastics are used in prosthesis, tissue engineering and disposable 

medical device manufacturing.5 The wide-ranging use of plastics in such diverse 

areas has been realised due to the exceptional performance-to-cost ratio they offer. 

Plastics are inexpensive, versatile, durable, light weight, corrosion resistant, easy 

to process and provide a greater range to choose from as per the requirements of 

the end use. Another advantage offered by plastics is the liberty to tailor the 

properties by combining two or more materials via, for example, composites, 

copolymerisation, blending, lamination, coating etc. Indeed plastics offer 

significant savings in terms of material conservation, energy and fuel costs over the 

use of conventional materials, such as, metal and glass.4 The plastics industry also 

has a significant socio-economical presence in our society. In the EU alone, the 

plastic industry generated a turnover of 360 billion euros in 2018 and provided 

direct employment to around 1.6 million people.6 
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Figure 1.1. Global plastic use, by sector, in year 2015.2,3 

1.1.1 Plastic industry – current challenges  

Virtually 99% of the plastics produced at present are made of raw materials 

derived from fossil-based hydrocarbons, consuming about 5% of the total 

petroleum resources harvested and this proportion will reach 20% by 2050.3,7–9 

The rapid growth in plastic production and our dependence on petroleum 

resources have prompted two main challenges. The first challenge is associated 

with our dependence on petroleum as a singular source of plastic feedstocks. 

Petroleum resources are non-renewable, supply and prices are subject to 

fluctuation and there are finite reserves which are liable to exhaustion.7 With 

growing population and urbanization, petroleum resources will potentially be 

exposed to a much faster rate of depletion which can cause severe constraints for 

world’s socio-economic development. Although the fossil fuels supply issue has 

been partially counteracted by the discovery of new non-conventional oil sources, 

such as, shale oil. The permanent damage to the environment caused by the 

greenhouse gas (GHG) emissions as a result of utilising these non-sustainable 

resources is still instigating severe threat of global warming.       

 The second challenge is the existing end of life options available for plastics after 

their useful lifetime. This issue has been a subject of growing concerns. Plastics 

while passing through its value chain once enters the waste stream or post-

consumer waste cycle, will eventually end up in going through one of the following 

three pathways:2  

i. Recycling or reprocessing into secondary plastic materials, often 

termed as mechanical or secondary recycling; 
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ii. thermal treatments such as incineration (combustion) to recover the 

energy in the waste; 

iii. landfills or open dumps. 

Presently, mechanical recycling (MR) of plastics is the main recycling pathway 

employed at commercial scales. The MR technology has developed over the years, 

led by significant developments and automation in sorting/separation techniques 

which have drastically improved the process efficiencies and quality of the recycled 

resin. In 2016, around 16% of all the plastics produced was collected for 

mechanical recycling (Figure 1.2).10 MR technologies are, however, limited to 

certain thermoplastic polymers, mainly, polyethylene (PE), polypropylene (PP), 

polystyrene (PS) and poly (ethylene terephthalate) (PET). MR is typically not 

feasible to process mixed plastic waste streams which are challenging to separate. 

There are also some other limitations concerning MR. Plastic cannot be endlessly 

recycled by MR.11 Each recycling attempt causes degradation in the material 

properties as a result of chemical reactions (chain scission, branching) happening 

due to the presence of residual impurities (moisture, acids) and processing 

conditions.12,13 Incompatible polymer contaminants, owing to the sorting 

difficulties in MR, can also affect the mechanical and optical properties of the 

recycled polymer. Therefore, the majority of the plastic material after MR is usually 

downcycled into less demanding applications. If recycled plastic is directly used in 

applications where it replaces virgin polymers, however partially, this can reduce 

crude oil consumption and the carbon footprint associated with virgin polymer 

production .14 Like other recycling technologies, the economic feasibility of MR is 

greatly dependent on global crude oil prices. 

Presently, a significant amount of plastic waste collected is sent to incineration 

facilities for energy recovery (Figure 1.2). Incineration of plastic waste is 

environmentally less attractive in contrast to recycling, as it does not curtail the 

demand for virgin plastics.14 Net carbon dioxide (CO2) and other greenhouse gas 

emissions during plastic production and incineration pose significant concerns 

regarding health and climate change.3 
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It has been estimated that, of the 83,00 million tons of plastics produced between 

1950 to 2015, almost 49,00 million tons i.e. 60% of all the plastic produced, have 

been dumped into landfills or have accumulated in the natural environments.15 

Since most of the plastic waste consists of polymers containing carbon-carbon 

bonds (polyethylene, polypropylene), they are non-biodegradable and will persist 

in the environment for very long periods. This huge accumulated mass growing 

rapidly, a report estimated that ca. 8 million tonnes of plastic leaks into the ocean 

every year.3 By 2025, there will be 1 tonne of plastic for every 3 tonnes of fish in 

the ocean and this is expected to worsen with present growth trends.3 The adverse 

effects of plastic debris finding its way to the fresh water reservoirs and marine 

environment has been well recognised.16–18 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Plastics production to waste generation and their post use pathways for year 2016. (Copyright 
Mckinsey & Company). 10  
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1.1.2 The opportunities  

These persistent issues provide opportunities to promote robust strategies 

directed to eliminate or partially reduce the environmental impacts caused by 

exploiting such hefty quantities of plastics and the subsequent waste generated. 

Today’s plastic value chain, typically operating in a linear fashion, has to be 

optimised to bring circularity into the operational model, whereby effective 

utilisation of waste is realised (Figure 1.3).  

Reduction in virgin plastic consumption by down-gauging/ re-designing, reuse and 

recycling would be the first step to lessen our reliance on non-sustainable 

feedstocks. To overcome the limitations faced by mechanical recycling, further 

research and investment into innovative emerging solutions could be useful, for 

instance, technologies such as feedstock recycling by pyrolysis, gasification or 

monomer recovery by chemical and enzymatic depolymerisation have shown 

potential .13,19–22 These strategies will not only enable better resource productivity, 

but will also reduce the amount of waste directed towards landfills and 

incineration facilities.  

Even if recycling rates are dramatically improved, which is a challenge in itself, 

especially in developing countries, the demand for virgin plastic will be far from 

over. More tangible efforts in the pursuit for renewable feedstock replacements for 

the current petroleum-centred polymer industry is crucial to move away from 

fossil-based resources and minimise the associated environmental impacts. These 

efforts coupled with appropriate legislation to promote and subsidise plastic waste 

recovery and bio-based plastic economy, seems to be the way forward to tackle the 

concerns around plastics and waste.   
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Figure 1.3. Plastic waste management pathways towards a circular economy model. 

1.2 Polymers from renewable feedstocks 

Bio-based plastics are derived from the renewal carbon resources extracted from 

plants or wood-based biomass, animal/marine originated materials and 

agricultural and forestry residues.23,24 Plants and lignocellulose biomass, for 

instance, starch, cellulose, hemicellulose, lignin and plant oils are readily available 

sources of bio-renewable feedstocks. Currently, most of the bio-based plastics are 

produced by utilising first generation agricultural feedstocks (e.g. corn- starch and 

sugarcane).24 Bio-based plastics are often designated as “carbon neutral”, since 

atmospheric CO2 is consumed by the biomass as part of its natural growth process 

through photosynthesis. Once the material is composted/biodegraded or 

incinerated after its useful life, the fixated CO2 is released back to the atmosphere 

from where it can be consumed again by the biomass (Figure 1.4).25   

A comparative study of cradle-to-grave life cycle assessments (LCA) of bio-based 

materials to conventional petroleum-derived materials has shown substantial 

savings in terms of non-renewable energy use and greenhouse gas (GHG) 

emissions.26 In a like-for-like example, production of bio-based poly(ethylene 

furanoate)(PEF) has been shown to save 40-50% in non-renewable energy usage 
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and 45-55% reduction in GHG emissions compared to petrochemical-derived 

poly(ethylene terephthalate) (PET).27 

Conversely, bio-based plastics suffer from some environmental impacts 

surrounding acidification of soil and eutrophication due to the use of fertilizers and 

pesticides at the cultivation stage.24 Not to mention the footprint associated with 

water and land use in the hypothetical scenario where most of the current plastics 

are to be replaced by bio-derived polymers. These concerns have directed the focus 

of modern research to investigate the use of second generation (lignocellulose 

biomass) and third generation (organic waste) resources, in addition to non-edible 

agricultural by-products (straw, corn stover, bagasse), as potential feedstocks for 

bioplastics development.28,29 Moreover, embracing extensive farming practices, 

where no synthetic pesticides or nitrogen fertilizers are employed, have shown 

considerable reduction in acidification, eutrophication and stratospheric ozone 

depletion potential of starch‐derived packaging.26 On the contrary,  a recent study 

has also pointed out major variations in the LCA data assessing environmental 

impacts of various bio-based polymers.30 Authors have attributed the wide 

variations to the difference in methodologies adopted for LCA studies and were 

unable to draw any conclusions.  

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Life-cycle of bio-based plastics.25 
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At present, almost 99% of the plastics are produced from petroleum-based 

resources, mainly crude oil and natural gas.  However, the share of polymers 

derived from renewable feedstocks has been steadily growing over the last few 

years.31 According to the European Bioplastics, the global production capacity of 

bio-based plastics was estimated to be around 2.11 million tons in 2019 (Figure 

1.5).31 The relatively slow growth in the bioplastics market is mainly attributed to 

the higher cost of production, making them less competitive to cheap fossil-derived 

plastics. The current bioplastics market is dominated by thermoplastic starch 

(TPS) blends followed by poly(lactide) (PLA), poly(butylene adipate‐co‐

terephthalate) (PBAT) and bio-polyethylene (bio-PE). However, with further 

increase in the production of bio-polypropylene (bio-PP) and introduction of PEF 

in the near future, a considerable growth has been estimated.31–33. 

 

 

 

 

 

 

 

 

Figure 1.5. Bio-based plastic production capacities in 2019.31 

Depending on the synthesis pathway, bio-derived polymers can be divided into 

three main categories (Figure 1.6):   

1. Natural polymers 

2. Synthetic polymers based on renewable resources 

3. Polymers from microbial fermentation. 

 

In next sections, some important examples from each of these category will be 

introduced briefly.  2834 
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Figure 1.6. Bio-based polymers synthesis routes (adapted and modified from Ref [28, 34]). 

 

1.2.1 Natural polymers 

1.2.1.1 Cellulose 

Cellulose is the most abundant polymer in nature. It is the principal component of 

all the plants along with hemicellulose and lignin. Cellulose is a renewable, 

biodegradable and non-edible linear polysaccharide, possessing extensive intra- 

and inter- molecular hydrogen bonding within its structure (Figure 1.7. B).35 The 

strong cohesive energy arising from this physically cross-linked network type 

structure, gives it mechanical strength and crystallinity, but at the same time, 

makes it harder to solubilize and practically impossible to melt process. Typically 

cellulose is processed into fibres (Rayon) and films (Cellophane) by the “viscose 

process”. In this process, cellulose pulp is derivatised by carbon disulfide and 

sodium hydroxide to an alkali- soluble cellulose xanthate, commonly known as 

“viscose”, with its subsequent spinning or extrusion into an acidic medium 

produces regenerated cellulose (RC).36,37 The generation of RC fibres has been 

mainly replaced by “Lyocell process” in which cellulose fibres are regenerated from 

a solution in N-methylmorpholine-N-oxide solvent after spinning.38 Cellophane is 

then allowed to pass through several baths to remove residual impurities and to 

bleach the newly formed film. At last, the film is pass through a bath containing a 

plasticiser, such as, glycerol (GY) or ethylene glycol (EG) to form a flexible film 
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suitable for food packaging applications. However, application of cellophane in 

packaging is limited by its high water vapour permeability. A polyvinylidene 

chloride (PVDC) or nitrocellulose wax coating is usually applied to improve the 

moisture resistance of cellophane.39  

In other derivatisation techniques, the three hydroxyl groups available on 

anhydroglucose unit of cellulose (Figure 1.7. A) can be partially or wholly modified 

to produce esters, for instance, cellulose acetate (CA) or ethers, such as, 

carboxymethylcellulose (CMC), methylcellulose (MC), hydroxypropylmethyl cel-

lulose (HPMC) or hydroxypropyl cellulose (HPC).37,40,41 Due to their gas and lipid 

barrier properties, cellulose ethers are extensively employed as edible films in 

certain foods. 4142 

 

 

Figure 1.7. (A) Chemical structure of cellulose and (B) Intramolecular and inter-chain hydrogen bonding 
in cellulose.42  

1.2.1.2 Starch 

Starch is a vegetable-based polysaccharide that consists of linear-chain amylose 

and branched-chain amylopectin molecules (Figure 1.8). It is readily biodegradable 

and digestible.  Again, owing to its thermal degradation at high temperatures, 

starch is usually plasticised prior to melt processing. Plasticisation is carried out 

by heating native starch in the presence of water and plasticisers, typically, 

glycerol. The plasticised version is termed as thermoplastic starch (TPS) and can 

be extruded to form TPS films. However, films made of TPS have poor mechanical 

properties and are prone to moisture attack.43 On commercial scales, relatively 

water resistant thermoplastic starch compositions are produced by blending 

starch with other polymers such as poly(ɛ-caprolactone) (PCL), ethylene vinyl 

alcohol (EVOH) etc.39 Novamont S.p.A has successfully commercialised TPS based 

bioplastics under the trade name of Mater-Bi.39 Biotec GmbH has also marketed a 

range of starch-based plastics under the name “Bioplast”, which mainly consist of 
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starch/PCL blends.44 To enhance the adhesion between the blended components 

and achieve optimum mechanical properties, copolymer-based compatibilisers 

and other additives are also incorporated. Starch has excellent oxygen barrier 

properties due to its highly ordered structure. However starch-based films, like 

cellulose, are moisture sensitive which limits their application into more 

demanding segments. They are mainly used in moisture breathable food packaging 

applications, agricultural mulching films, carrier bags and disposable tableware. 

Both cellulose and starch could also be employed in composite structures as a 

reinforcing component or to improve biodegradability. These natural polymers are 

frequently used as renewable platforms to produce other valuable chemicals and 

monomers.  

 

 

 

 

 

 

Figure 1. 8. Chemical structure of starch (A) amylose and (B) amylopectin. 

1.2.1.3 Chitin and chitosan 

Chitin is the second most abundant natural polymer after cellulose. It is found in 

variety of species such as arthropods, microorganisms and invertebrate animals.35 

Chitosan is produced by partial deacetylation of chitin, promoting its solubility in 

aqueous acidic medium (Figure 1.9). Thus, chitosan films can be cast from aqueous 

solution and are clear, flexible and possesses good oxygen barrier properties.45 Due 

to its biodegradability, biocompatibility and antimicrobial properties, chitosan has 

attracted research in the fields related to biomedical, pharmaceutical and 

packaging. However, as with other natural polymers, chitosan provides a low 

barrier against moisture.  

 

(A) (B) 
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Figure 1.9. Chemical structure (A) chitin and (B) chitosan. 

 

1.2.2 Polymers from bacterial fermentation 

Poly(hydroxyalkanoate)s (PHA) are a class of renewable polyesters/copolyesters 

produced by various bacterial strains as a carbon and energy stores from a wide 

variety of carbon sources. Carbon sources include sugars, biomass, lipids, such as 

glucose, starch, cellulose, vegetable oil, and also waste and by-products from 

agriculture, forestry and municipal waste. Properties of PHA mainly depend on its 

composition and chemical structure.46,47 Owing to the diverse range of monomers, 

over 150 different PHA structural variations have been reported.48 The most 

common members of this family are poly(hydroxybutyrate) (P3HB), 

poly(hydroxyvalerate) (P3HV) and poly(hydroxybutyrate-co-valerate) P(3HB-co-

3HV). The basic chemical structure of PHA is presented in Figure 1.10.  

 

 

 

Figure 1.10. General structure of PHA polymers. Number of carbon atoms in R could go up to 18.  
m = 1-3. For P3HB, R= CH3, m=1; for P3HV, R= C2H5, m=1. 

 

(A) 

(B) 
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Due to the exceptional biodegradability, biocompatibility and other favourable 

properties, PHA polymers have seen a considerable interest from industry. 

Metabolix (now Mirel Bioplastics 49) has launched commercial PHBV polymer 

grades under the trade name “Biopol” mainly for packaging applications. Proctor 

and Gamble also launched their version of PHA copolymers as “Nodax” (later sold 

to Danimer Scientific).50,51 Structure property relationship in PHA copolymers can 

be controlled effectively by altering monomer composition in the polymer 

backbone. This gives a unique opportunity to produce tailor-made materials for 

desired applications. PHA has better moisture barrier and film forming properties 

than polysaccharides, however, its use is limited by higher cost, brittleness and 

poor gas barrier properties.45  

1.2.3 Synthetic polymers based on renewable resources 

Polymers synthesised from bio-renewable feedstocks are currently gaining much 

attention. There are three types of polymers in this class. The first type comprises 

of polymers made from renewable monomers that can be used as drop-in 

replacements for their petroleum-derived counterparts, for instance bio-based 

poly(ethylene) (bio-PE) and poly(propylene) (bio-PP). The second type mainly 

consists of polymers which are partially made from renewable bio-sourced 

monomer(s) but still contain a fraction of non-renewable monomer(s). Examples 

for this type are partially bio-based poly(ethylene terephthalate) (PET) in which 

ethylene glycol (EG) can be renewably sourced, also polyamides (PAs) containing 

diamine monomer derived from castor oil. In 2009, Coca-Cola introduced PET 

bottles having 30% plant based starting material (ethylene glycol), called 

PlantBottle.8 The third type is composed of polymers synthesised from novel bio-

based starting materials, such as PLA and PEF.  

1.2.3.1 Poly(lactide) or Poly(lactic acid) (PLA) 

PLA is undoubtedly the most promising synthetic polymer produced from bio-

renewable feedstocks that is being considered as a direct substitute to 

polyethylene (PE), polypropylene (PP) and polystyrene (PS).52 PLA is a 

biodegradable thermoplastic polyester that has been extensity studied for its 

applications in biomedical, packaging and textile sectors. Commercially, it is 

produced via the ring-opening polymerisation (ROP) of lactide monomer to ensure 



 
15 

high molecular weight polymer, Figure 1.11. Crystallinity and other properties of 

PLA, for instance glass transition temperature (Tg), melting temperature (Tm), 

mechanical and barrier properties are dependent on its stereochemistry. 

Increasing D-isomer content in the polymerisation decreases crystallinity, with 

polymers having more than 10% D-isomer (D-lactide) being fully amorphous.7 PLA 

with 100% L-lactide is too brittle, often 1-10% D-isomer addition makes it feasible 

for applications such as packaging. PLA has been commercialised under the brand 

name “Ingeo biopolymer” by NatureWorks LLC and also recently, Total-Corbion 

joint venture marketed their “Luminy” brand.  

Brittleness, lower thermal and melt stability, high water vapour and oxygen 

permeability and relatively higher cost restrict the use of PLA in more demanding 

applications.52  

 

  

 

 

Figure 1.11. Ring-opening polymerisation of lactide to produce PLA. 

1.2.3.2 Poly(ethylene furanoate) (PEF) 

Owing to its structural resemblance with terephthalic acid, 2,5-furandicarboxylic 

acid (FDCA) is at the forefront of developing fully bio-based polyester PEF to 

replace its petroleum-based counterpart PET (Figure 1.12). PET is the market 

leader in producing transparent rigid plastic containers used for drinking water, 

beverages, soft drinks and so on. PET is usually produced by reacting ethylene 

glycol (EG) and terephthalic acid (TPA) in the presence of a catalyst, first under 

inert atmosphere (esterification) and then under vacuum, to produce high 

molecular weight polymer by polycondensation.  There has been some success to 

replace ethylene glycol (EG) used in PET production with bio-derived EG (Bio-EG) 

obtained from bio-ethanol.  

PEF can be also synthesised by a similar two stage reaction using FDCA and EG. 

Catalysts such as antimony trioxide (Sb2O3) or titanium-based catalysts, for 
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instance, titanium(IV)-isopropoxide and titanium(IV)-butoxide, are usually 

employed to facilitate the reaction. Besides being fully bio-based, PEF offers a 

superior performance in terms of mechanical and barrier properties when 

compared with PET. PEF has been forecasted to be commercially available by 

2023.31 

  

 

 

 

Figure 1.12. Dicarboxylic acid monomers (A) TPA for PET synthesis and (B) FDCA for PEF synthesis. 

 

1.3 Bio-renewable furanic monomers 

1.3.1 Chemistry of furans 

Furan is a five membered heterocyclic molecule containing four carbon atoms and 

one oxygen atom. The two other members of this family are pyrrole and thiophene 

(Figure 1.13). The furan ring has been stated to have greater reactivity due to its 

dominant dienic character compared to other five-membered heterocycles and 

benzene, which is highly aromatic.53 Substitution reactions in furans, such as 

alkylation, halogenation, sulphonation and nitration, occurs selectively at C-2 

and/or C-5 positions (Figure 1.13), when these positions are available.53 The 

chemical characteristics of these heterocycles depends to a greater extent on the 

structure and properties of the heterocycle and the nature of substituents attached 

to them.54 From a polymer chemistry prospective, furfural (F) and  

5-hydroxymethyl furfural (HMF) are the two most investigated precursors to 

produce a variety of furanic monomers that can be subsequently subjected to 

polymerisation.     

(A) (B) 
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Figure 1.13. Chemical structures (A) 5-membered heterocyclic compounds (B) furfural and (C) 5-
hydroxymethylfurfural (HMF). 

 

1.3.2 Precursors to furanic monomers 

1.3.2.1 Furfural 

Furfural, also termed as 2-furanaldehyde, was first discovered in the early 

nineteenth century, while commercial production was started in 1921.55 Currently, 

over 280,000 tons of furfural is produced globally each year.56 Furfural can be 

produce from a range of agricultural and forestry wastes containing five carbon 

pentose sugars. Typically, furfural is obtained by the dehydration of the xylose 

present in hemicellulose under acidic conditions (Figure 1.14).57 A variety of 

homogeneous and heterogeneous acid catalysts have been investigated along with 

different solvents to improve the kinetics and reaction yields.58   

 

 

 

 

 

Figure 1.14. Schematic representation of furfural synthesis from hemicellulose. 
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Furfural can be converted into a wide range of value-added chemicals and 

monomers, such as, furfuryl alcohol, 2-methylfuran, 2-methyltetrahydrofuran, 

phenol-formaldehyde resin, furoic acid, maleic acid.55–57 However, 60% of the 

furfural produced globally is converted to furfuryl alcohol.55 Furfuryl alcohol is 

utilised for, among many other applications, in the production of fibre reinforced 

composites for the automotive and aerospace sector. Furfural as well has been used 

in diverse applications, ranging from fungicides, antiacid, fertilizers, adhesives, 

paints, fuels, and flavouring compounds.55,56,59  

There have been attempts to produce 2,5-furandicaboxylic acid (FDCA) starting 

from furfural or its derivatives due to fact that furfural can be obtained from non-

edible biomass, this makes it an attractive feedstock towards more sustainable 

FDCA production.60–64 Pan et al. reported the synthesis of FDCA by 

disproportionation reaction of potassium furoate towards furan and FDCA in the 

presence of CO2 and a metal catalyst (Scheme 1.1).64 Furoate in turn can be 

synthesised by catalytic oxidation of furfural in alkaline conditions using KOH. 

Banerjee et al. and Fischer and co-workers have separately reported the FDCA 

synthesis by C-H carboxylation with CO2 using carbonate activators or under 

strong alkaline conditions.61–63 However, to date, HMF has been the dominant 

precursor to produce FDCA.   

 

Scheme 1.1. Synthesis of FDCA from furfural as presented by Pan et al.64 [M]= K+ or Na+. 

1.3.2.2  5-Hydroxymethylfurfural (HMF) 

5-Hydroxymethylfurfural (HMF) has been regarded as one of the promising 

platform chemical derived from renewable resources that can be transform into 

numerous value-added chemicals, monomers and biofuels.53,65,66 HMF is the 

primary feedstock for the production of FDCA and its derivatives. The versatile 

chemistry accessible with HMF comes from its chemical structure, possessing an 
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aldehyde group, an alcohol group and a furan ring (Figure 1.13. C). Scheme 1.2 gives 

a glimpse of different molecules/monomers that can be produced from HMF.67  

 

Scheme 1.2. HMF to other chemicals (non-exhaustive examples).67 

HMF can be produced by the dehydration of a number of monomeric and polymeric 

carbohydrate sources containing hexose (C-6) sugar units, such as, fructose, 

glucose, sucrose, inulin, starch and cellulose.66,68 At present, fructose and glucose 

are the primary feedstocks for HMF production, typically obtained from the first 

generation agricultural feedstocks (e.g., sugarcane and sugar beet) in the form of 

sucrose.69 However, there have been reports investigating the use of non-digestible 

agro-residues, such as, bagasse and beetroot pulp, and food wastes rich in starch, 

as potential feedstocks to avoid undesirable food chain competition 

(Figure 1.15).70 Another promising route to HMF is to directly utilise the cellulose 

obtained from lignocellulosic biomass fractionation.  
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1. Lignocellulosic fraction 
2. Agro-residue e.g. corn stover, bagasse, etc. 
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4. Agricultural feedstocks e.g. corn starch, sugarcane 

5. Sucrose sugar 

 

Figure 1.15. Feedstocks for HMF synthesis. Adapted and modified from ref [69] with permission from 
Elsevier. 

The dehydration reaction of HMF is typically conducted under aqueous acidic 

conditions and can lead to, in addition to HMF formation, other side-products, such 

as, levulinic acid (LVA), formic acid (FA) and humins (Scheme 1.4).27,71,72 LVA and 

FA are the rehydration products formed under acidic conditions due to instability 

of HMF. Humins is a cross-linked polymeric condensation product whose 

production mechanism is still not well understood. These side-products 

considerably reduce the overall-yields of HMF. Therefore, the primary focus of the 

research in this field in recent years has been towards the development of more 

robust and efficient catalytic and solvent systems to improve the HMF yields. Use 

of organic solvents, biphasic solvent systems and heterogeneous acid catalysis are 

some of the highlights of these developments. Avantium patented their process for 

producing HMF starting from glucose/sucrose in which alcohol was incorporated 

as both reagent and solvent.73 This leads to in-situ derivatisation of HFM to HMF-

ethers, such as 5-methoxymethylfurfural (MMF). HMF-ethers are thought to be 

relatively stable under acidic conditions, thus, supressing the formation of 

degradation products. MMF was subsequently oxidised to FDCA under oxidising 

conditions in the presence of cobalt and/or manganese based catalysts using acetic 

acid as a solvent.74   
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Scheme 1.3 Production of HMF from fructose and key side-products formation.27 

Efforts are also underway to synthesise HMF using second generation non-edible 

biomass, e.g. cellulose. In a one-pot synthesis of HMF from cellulose as feedstock, 

depolymerisation of cellulose took place firstly by acid catalysed hydrolysis to form 

glucose, which isomerizes to fructose, and subsequent dehydration of fructose 

resulted in HMF formation.69 Due to the inherent solubility issues of cellulose in 

water and other organic solvents, this route is comparatively more challenging to 

the ones starting with fructose or glucose. Use of ionic liquids have been cited to 

improve the cellulose conversions, however, difficult separation of HMF from high 

boiling liquids makes the process economically and environmentally less 

favourable.  

The developments made in HMF synthesis over the years have been reviewed in 

detail previouly.67–69,71,75 

1.4  FDCA as green monomer for versatile polymer synthesis 

The first reported synthesis of FDCA date backs to 1876, when it was first 

synthesised from mucic acid under acidic conditions.76 The production of FDCA 

from HMF oxidation was first discovered in 1899.77 However, furanics in general, 

and FDCA in particular, came under the spotlight in the last 20 years or so.  From 

the time of its inclusion into the US Department of Energy (DOE) list of most 

promising platform chemicals from biomass in 2004, and then in the updated list 

in 2010, FDCA has gained considerable attention from both academia and 

industry.78,79 The resurgence of research in this area is evident by number of 
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publications and citations that can been seen over the last two decades (Figure 

1.15). FDCA has been considered as one of the most promising furanic monomers 

from the prospect of novel and environmentally green polymer synthesis.   

 

 

 

 

 

 

 

Figure 1.16. Research trends (A) number of publications per year (B) number of citations per year 
recorded for search terms “2,5-furandicarboxylic acid” or “furan-2,5-dicarboxylic acid” or 
“furandicarboxylic acid” or  “FDCA” in Web of Science database (dated: 25-06-2020). 

FDCA is primarily synthesised via the catalytic oxidation of HMF. New, efficient and 

more selective catalytic system development for the HMF oxidation reaction has 

been a subject of intense research in recent years.  The production of FDCA starting 

from HMF has been recently reviewed in detail by Sajid et al.76 Depending on the 

catalyst and reaction conditions employed, HMF oxidation can take place by means 

of its aldehyde group to produce 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA) (route 1), or of the alcohol group oxidation to form 2,5-diformylfuran 

(DFF) (route 2), as intermediates (Scheme 1.4) .76 Both of these intermediates are 

further oxidised to 2-formyl-5-furancarboxylic acid (FFCA) which gives FDCA as 

final product after a further oxidation. Typical catalyst systems consist of 

supported nanoparticles of noble metals, such as, Au, Pt, Pd or Ru. Molecular 

oxygen or air are the preferred oxidants due to their lower price. Almost full 

conversions of HMF leading to FDCA yields in excess of 90% have been reported in 

the literature.69 

(A) (B) 
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Scheme 1.4. Synthesis of FDCA from HMF. 

As mentioned earlier, FDCA has been mainly viewed as a drop-in replacement for 

TPA used for PET production, to produce a fully renewable alternative polymer 

termed as PEF. For annual PET bottle production of around 15 million tons 

worldwide in 2009, it has been estimated that the replacement of PET with PEF 

could save around 40-50% in non-renewable energy use and 45-55% in CO2 

equivalent GHG emissions.27 Nonetheless, owing to its structural similarities with 

TPA, FDCA has shown great potential to be incorporated into several other 

macromolecules. In addition to polyesters, polyamides, polyurethanes, epoxy 

resin, polycarbonate and phthalates are a few examples that can benefit from the 

green credentials of FDCA (Figure 1.17).  

 

 

 

 

 

 

 

Figure 1.17. A non-exhaustive list of commercially important polymers that can potentially be produced 
from FDCA. 
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Synthesis of such a versatile family of polymers is conceivable, thanks to the 

chemical transformation pathways enabling other functional molecules and 

monomers to be readily made from bio-renewable FDCA (Scheme 1.5).76The 

inclusion of FDCA will not only improve the environmental footprint of these 

polymers, but will also help to create economy of scale, where more FDCA 

production can be realised at a competitive price.   

 

Scheme 1.5.Reaction pathways to synthesised different monomers starting from FDCA. Adapted and 
modified from ref. [76]. TBBr : tetrabutylammonium bromide. 

In recent years, several companies have shown interest in commercialisation of 

furanic monomers and have started pilot scale production of FDCA or its 

derivatives.80–83 To date, Avantium with its patented “YXY” technology have been 

able to produce FDCA on a multi-ton scale in their pilot facilities in Geleen, The 

Netherlands.77 

FDCA synthesis has also been carried out using bio-catalysis.76 Corbion have been 

working on a bio-catalytic approach at pilot scale, converting HMF to high purity 

FDCA, vital to produce polymers with improved properties.84  

1.5 Polymers derived from furanic monomers 

There has been a considerable resurgence in research regarding FDCA-based 

polymers in recent years, both from academia and industry, as mentioned earlier. 

In 1997, Gandini et al. published a comprehensive review covering a range of 

furanic polymers that can be synthesised from various monomers bearing furan 

moiety.54 Reviewing all recent developments encompassing such diverse classes of 

polymers is beyond the scope of this work. In following sections, some of the 

important classes of polymers produced from furanic monomers, will be briefly 
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described. Furan-based polyamides (FPAs) will be introduced in this section, 

though are covered in more details in section 1.7.2. 

1.5.1 Polyesters 

Polyesters are typically produced by condensation reaction of a dicarboxylic acid 

or diester with a diol, resulting in a polymer with liberation of water or alkyl-

alcohol (e.g. methanol) as by-product. The reaction follows step-growth 

polymerisation, where gradual growth in polymer molecular weight takes place. In 

1930, Carothers and co-workers discovered the first linear polyester in search for 

polymer to produce synthetic fibres.85 Whinfield and Dickson discovered 

poly(ethylene terephthalate) (PET) fibres in 1946.86 Since then, PET has been the 

leading member of the polyester family. Around 50-60 million tons of PET is 

produced worldwide each year.87 Due to its exceptional properties and low price, 

it has found applications in many areas, including fiber production for textile and 

carpet industry, in packaging for beverages bottles and other moulded articles, and 

also as packaging film. Like polyolefin (PE, PP), PET is a non-biodegradable 

polymer derived from fossil-derived feedstocks (Figure 1.18. A). With a global 

surge in the plastic use and emergence of single-use plastic packaging, considerable 

debate has been ongoing regarding the environmental footprint associated with 

plastic packaging production and disposal. These issues have paved the way to look 

for more sustainable alternatives.  

CocaCola launched their PlantBottle™ in 2009, a PET bottle made with EG monomer 

produced from bio-ethanol, which in turn was derived from biomass through 

fermentation route (Figure 1.18. B). This development laid the foundation for  

Bio-PET 30 production, i.e. PET containing 30% plant-based material. However, 

production of the remaining 70% i.e. the terephthalic acid (TPA) monomer on 

commercial scales from renewable feedstocks by means of an economical and eco-

friendly process is still an unresolved matter. There have been several routes under 

investigation for bio-derived TPA but these suffer from low product yields. 87,88     
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Figure 1.18. Feedstocks for the production of (A) PET and (B) Bio-PET 30. Adapted from ref [69] with 
permission from Elsevier. 

 

1.5.1.1 FDCA as an emerging bio-renewable monomer for polyester synthesis 

Polyesters are by far the most extensively researched class in furan-based 

polymers family due to the availability of various diols, differing in structure, that 

can be selected to tailor the properties of the end-product to a specific application. 

In addition to being renewable, other remarkable properties, such as thermal, 

mechanical and gas barrier properties presented by furan-based polyesters 

compared to their petroleum-derived counterparts make them standout as 

promising materials. 

Among FDCA-based polyesters, poly(ethylene furanoate) (PEF) is the most studied 

polyester. In addition to PEF, poly(propylene 2,5-furandicarboxylate) (PPF) and 

poly(butylene 2,5-furandicarboxylate) (PBF) are two other important polyesters 

in this family. Produced by the polycondensation of FDCA/DMFDC and EG, PEF has 

been envisioned as a fully renewable drop-in replacement for PET. Meaning, PEF 

can be processed and converted into different products using equipment and 

processes already in place for PET without any significant alternations. 

PEF is usually synthesised by two stage process analogous to that used for PET 

production (Scheme 1.6). The first stage is the esterification of FDCA with EG under 
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inert atmosphere at around 180-200 ᵒC, eliminating water as by-product and 

forming bis(2-hydroxyethyl)-furan-2,5-dicarboxylate (BHFDC) diester. In the 

second stage, vacuum polycondensation is carried out at elevated temperatures 

(230-240 ᵒC) to increase the molecular weight of PEF. Catalysts such as antimony 

trioxide (Sb2O3) or titanium-based catalysts, for instance, titanium isopropoxide, 

titanium butoxide are usually employed in the second stage of the reaction.  

 

Scheme 1.6. PEF synthesis starting from FDCA and EG. 

A number of studies have investigated the effect of different catalysts on the 

reaction kinetics and properties of the resultant furanic polyesters.89–92 Jiang et al. 

have explored FDCA-based polyester synthesis using enzymatic catalysis.93 

Besides 2,5-FDCA, Thiyagarajan and co-workers studied the polymerisation of  

PEF, PPF and PBF with other two structural isomers of FDCA, i.e., 2,4-FDCA and 3,4-

FDCA.70,94 

 PEF is entirely recyclable and is fully compatible with the current recycling 

infrastructure used for PET recycling.95 Moreover, recent assessment by Avantium 

have shown that PEF degrades much faster in the industrial composting 

environment when compared with PET.96 Investigation into the enzymatic 

depolymerisation also revealed that PEF is more prone to  degradation by the 

enzymes utilised for PET degradation.22 These studies have shown that PEF can 

provide more eco-friendly options for the disposal of postconsumer waste than 

PET. 

There are other interesting aspects related to furanic polyesters which have 

attracted considerable attention of researchers in recent years. PEF has shown 

significantly better performance in terms of its barrier properties (moisture and 

gas barrier) and mechanical properties when compared with its petrochemical 

counterpart PET (Table 1.1).97–103 This suggests that the food or beverages packed 
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in PEF packaging would remain fresh for a longer time, moreover, less packaging 

material would be required to provide similar or even better barrier properties 

than PET. The PEF glass transition temperature (Tg) is also higher than PET, which 

implies that PEF bottles can be filled with hot liquid. The reduced melting 

temperature also means lower energy consumption in the production, as well as in 

the processing. The superior barrier properties of PEF were attributed to the 

hindrance in furan ring flipping caused by its non-linear axis of rotation and ring 

polarity compared to PET’s linear phenyl ring.99 Taking these inspiring 

characteristics into consideration, numerous studies have been dedicated to probe 

furanic polyesters and their copolyesters with a range of diols and diacids.104–116  

These developments have been reviewed recently in more detail.77,88,117,118  

Table 1.1. Some important property comparison for PEF and PET.  

Property PET (Amorphous) PEF (Amorphous) 

Melting temperature Tm (°C) 240-270 210-230 

Glass transition temperature Tg  (°C) 76 88 

Elastic modulus (GPa) 2.1-2.2 3.1-3.3 

Yield strength (MPa) 50-60 90-100 

O2 barrier improvement factor (BIF*
O2) 1 ~11 

CO2 barrier improvement factor (BIFCO2) 1 ~19 

H2O barrier improvement factor (BIFH20) 1 ~2 
   ∗ BIF (Barrier improvement factor)    = Permeability of the penetrant in PET Permeability of the penetrant in PEF⁄  

1.5.2 Polyamides 

Polyamides (PAs) are polymers containing amide linkages (-NHCO-) in their 

backbone. Owing to their highly ordered crystalline structure and strong 

intermolecular hydrogen bonding, these polymers are characterised by excellent 

thermal stabilities, mechanical performance, high gas barrier and exceptional 

solvent and chemical resistant properties. PAs belongs to the group of polymers 

termed as “engineering plastics”. They are often exploited as metal replacements 

to provide superior mechanical performance at elevated temperatures with the 

added advantage of being lightweight. Parts and composites produced with PAs are 

employed quite extensively in electrical, electronics and automotive sectors. The 

solely aliphatic PAs are also used to produce fibres for textile and carpet industry.  

Synthesis of PAs starting from FDCA has been attempted in the past without much 

success. After polyesters, PAs derived from furanic monomers are the most 

investigated polymers. However, to date, only solvent-based synthesis techniques 



 
29 

have been shown to provide better results in terms of molecular weights and 

properties.  Literature pertaining to polyamides in general, and furanic polyamides 

in particular, will be covered in more details in section 1.6-1.8. 

1.5.3 Polyurethanes 

Polyurethanes (PU) are typically produced by reacting an isocyanate, polyol(s), and 

a chain extender consisting of a low molecular weight diol or diamine (Scheme 1.7). 

PU elastomers exhibit phase separated morphology comprising of “soft segments” 

and “hard segments”. The soft segments are produced by the aliphatic polyester or 

polyether units present in the polyol backbone, whereas hard segments are 

constituted by isocyanate units linked by chain extender. The morphology, and 

thus, the properties of the resultant PU greatly depends on the composition and 

arrangement of these domains and can be tailored with the help of a wide range of 

starting materials.  

PUs have been widely used in applications such as building and construction, 

textiles, automotive, carpet industry, footwear, sports goods, biomedical and in 

several other industrial sectors. 

 

Scheme 1.7. Synthesis of polyurethanes. 

PUs bearing furan moieties were first investigated by Gandini and co-workers in 

1990s.119–121 They were able to synthesise various furanic diols and diisocyanates 

(Table 1.2) which were then utilised for thermoplastic PU production using 

solution polymerisation in dimethylacetamide (DMAc) solvent.119 Detailed kinetic 

and structural analyses were performed using range of techniques. Overall, the 

polymers showed reasonable molecular weight and thermal stabilities. In a 

separate study, Gandini et al. also synthesised elastomeric PU using commercially 

available polyols and furanic diols as chain extenders.120  
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Table 1.2. Diols and diisocyanates synthesised and used by Gandini and co-workers.117,118 

Diol 

     

Diisocyanates 

   

 

After these preliminary studies on the furan-based PU, no significant investigations 

in this area were observed. Recently, Gubbels and co-workers synthesised bio-

based furanic copolyesters by reacting DMFDC, an excess of 2,3-butandiol, and a 

small proportion of  different multi-functional alcohols. 122,123 These hydroxyl end-

capped copolyesters were subsequently cured (cross-linked) into poly(ester-

urethane) coatings using commercially available hexamethylene diisocyanate 

curing agent. González et al. used an analogous approach to produce PU-based 

coatings.124 Non-isocyanate polyurethanes (NIPUs) were synthesised by Zhang and 

co-workers starting from FDCA in a multi-step process (Scheme 1.8).125 Firstly, 

FDCA was converted to the diglycidyl ester of FDCA (DGF) in two steps. Next, 

bis(cyclic carbonate) of furan was produced from DGF by CO2 incorporation. In the 

final step, the cyclic carbonate ring-opening was carried out using various diamines 

to produce NIPUs. The NIPUs showed reasonable molecular weights and thermal 

properties, however, longer reaction times were needed for the ring-opening of 

cyclic carbonate.   

 

 

 

 

 

Scheme 1.8. Synthesis of non-isocyanate polyurethanes (NIPUs) by Zhang et al.125 
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1.5.4 Epoxy resins 

Epoxy resins are an important class of thermosetting polymers that contains 

epoxide or oxirane ring, which can be cured through different pathways to produce 

a cross-linked network structure. Epoxy resins are used in many diverse 

applications, such as adhesives, coatings, automotive and aerospace composites 

and in electrical and electronics industry. At present, the epoxy resin market is 

dominated by the diglycidyl ether of bisphenol A (DGEBA) which has a market 

share of around 90% (Scheme 1.9. A).126 Owning to the health and environmental 

concerns surrounding bisphenol A, development of a benign alternative is 

extremely desirable. 

On the contrary, a limited number of studies have reported the synthesis of furan-

based epoxy resins. Cho et al. synthesised several furan derivatives bearing epoxy 

groups.127 These included furan monoepoxide (FmE), furan diepoxide (FdE) and 

bis-furan diepoxide (bFdE) (Scheme 1.9. B). These epoxide functional monomers 

where subsequently cured via a photo curing agent IRGACURE 250, along with 

triphenylsulfonium hexafluoroantimonate salt initiator. The adhesive strength was 

evaluated using a lap-shear test. From adhesive strength measurement data, it was 

concluded that FmE showed best performance followed by FdE and bFdE.  

To understand the effect of furan ring on the thermomechanical properties of the 

epoxy resin in comparison to a phenyl ring, Hu et al. synthesised both the furan and 

phenyl diepoxide structures similar to the FdE, earlier prepared by Cho et al.128 

After curing, the furan-based epoxy resin showed higher Tg and stiffness then the 

phenyl containing resin. This behaviour was attributed to the additional hydrogen 

bonding interactions generated by the oxygen atom of the furan ring.  

Deng et al. produced diglycidyl ester of FDCA (DGF) and its petroleum-based 

counterpart, diglycidyl ester of terephthalic acid (DGT) (Scheme 1.9. C).129 Amine 

and anhydride based curing agents were used to cure the DGF and DGT based 

epoxy resins. It was shown that the cured DGF resin displayed better curing 

reactivity, higher Tg and similar mechanical properties compared to cured DGT-

based epoxy. 
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Scheme 1.9. (A) Chemical structures of DGEBA (B) epoxy derivatives of furan synthesised by Cho et al.127 
(C) Deng and co-worker synthesis of DGF.129 

In 2017, Miao and co-workers produced a diepoxide of extremely high biomass 

content (93%) by reacting dichloride derivative of FDCA i.e. FDCCl with  

eugenol.130 The resultant diepoxide was cured and subsequently compared with 

DGEBA based epoxy resin. It was revealed that the bio-based epoxy resin had a 

higher Tg (9 ᵒC higher) and slightly lower flexural strength, along with improved 

flame resistant properties when compared with DGEBA-based epoxy resin. 

Recently, Meng et al. reported the preparation of difuranic diepoxide starting from 

HMF in three steps (Scheme 1.10).126 The diepoxide was subsequently cured using 

various diamines and its properties were investigated and compared with mono-

furanic diepoxide (FdE, Scheme 1.9. B) structured epoxy resin. It was shown that 

difuranic epoxy resin had lower thermal stability but much improved fire 

retardancy then FdE.  

 

  

 

 

Scheme 1.10. Synthesis of difuranic diepoxide from HMF as reported by Meng and co-workers.126 

(A) 

(B) 

(C) 
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1.5.5 Miscellaneous polymers 

1.5.5.1 Vinylfuran 

The polyaddition reaction of furanic analogues of styrene i.e. vinylfurans was 

investigated by Gandini and co-workers in great detail.131–133 The team attempted 

to initiate polymerisation using various anionic, cationic and Ziegler-Natta type 

initiators without much success, owning to the side reactions leading to low 

molecular weight product. Yoshida et al. synthesised two vinylfuran derivatives, 

namely, 5-hydroxymethyl-2-vinylfuran (HMVF) and 5-Methoxymethyl-2-

vinylfuran (MMVF), from HMF using a Wittig reaction (Scheme 1.11. A,B).134 These 

monomers were subsequently polymerised using radical polymerisation. The 

resultant polymers had a low molecular weight (Mn ~ 2-2.8 kDa), although the 

polymer produced with MMF showed encouraging thermal stability. 

Han et al. utilised HMVF monomer to formulate an adhesive.135 The adhesive 

showed remarkable adhesion to various substrates in lap-shear tests and was 

compared with different commercial adhesives. To improve the thermal properties 

and stability, Mori and co-workers produced a vinylfuran derivative with pendent 

benzoyl group instead of methoxy group in MMF (Scheme 1.11. C).136 The radical 

polymerisation resulted in a reasonably good molecular weight polymer (Mn~ 42 

kDa), however, the thermal stability measured by TGA showed a lower degradation 

temperature of 250 ᵒC compared to the MMF based polymer. 

        

Scheme 1.11. Synthesis of vinylfuran monomer and their polymerisation (A) 5-Hydroxymethyl-2-

vinylfuran (B) 5-Methoxymethyl-2-vinylfuran by Yoshida et al.134  (C) 5-Methoxymethyl-2-vinylfuran 

investigated by Mori and co-workers.136   

(A) 

(B) 

(C) 
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1.5.5.2 Polyimides (PIs) 

There are only few publication regarding synthesis of polyimides (PIs) containing 

furanic moieties. For example, PIs were prepared by Gandini et al. in 2011.137 The 

polymerisation yields were > 90% and depending on the chemical structure of the 

backbone, a Tg in the range of 116-138 ᵒC were found. Recently, Ma and co-workers 

synthesised furan-based PIs having a Tg in excess of 280 ᵒC and thermal stabilities 

in the range of 421-470 ᵒC.138 

1.5.5.3 Poly(ether ketone)s (PEKs) 

Poly (aryl ether ketones) (PAEKs) are high performance engineering plastics used 

in a variety of high-end applications, such as automotive, aerospace and electronics 

due to their outstanding thermal properties. Two studies mentioning PEK 

synthesis from furanic monomers have been published.139,140 Both of these 

publications reported PEK synthesis starting from dichloride derivative of FDCA 

i.e. FDCCl. These PEKs showed exceptional thermal properties and could be 

interesting to explore further as a potential alternative to petroleum-derived PEKs 

polymers.    
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1.6 Polyamides  

Polyamides (PAs) are a class of polymers that contain amide linkages (-CONH-) as 

a reoccurring part of their chemical structure. The first commercialised polyamide 

was silk, a naturally sourced polyamide produced by the larvae of the silkworm. 

The first synthetic polyamide, poly(hexamethylene adipamide) (PA66 or nylon 66), 

was discovered in 1935 by Wallace H. Carothers, while working for DuPont. The 

inspiration behind the discovery was to produce synthetic textile fibres. His 

invention was granted a patent in 1938. It was around the same time when P. 

Schlack discovered the other important member of this family, polycaprolactam 

(PA6 or nylon 6), when he was working at IG Farbenindustrie in Germany. Schlack 

was granted patent for his invention in 1941.  

The early synthetic PAs were purely aliphatic and were termed as “nylons”. Later, 

various monomers, differing in their structure, were also employed to tailor the 

properties of polyamides for a wide range of applications. Depending on their 

molecular architecture, PAs can be classified as aliphatic, semi-aromatic and 

aramid (fully aromatic).Table 1.3 lists some important structures from each of 

these classes. 
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Table 1.3. Examples of different types of polyamides. 

Type Polyamide Structure 
Common 

name 

Aliphatic 

polyamides 

 

Poly(tetramethylene adipamide) 

 

 

 
 

PA46 

 

Poly(hexamethylene adipamide) 

 

 
PA66,  

nylon 66 

Polycaprolactam 

 
PA6,  

nylon 6 

Semi-

aromatic 

polyamides 

Poly(tetramethylene 

terephthalamide) 

 

PA4T 

Poly(hexamethylene 

terephthalamide) 

 

 

PA6T 

Poly(m-xylylene adipamide) 

 

PAMXD6 

Aramids 

Poly(p-phenylene 

terephthalamide) 

 

 

Kevlar® 

Poly(m-phenylene 

isophthalamide) 

 

 

Nomex® 

Kevlar® and Nomex® are the registered trademarks of DuPont. 
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1.6.1  Synthesis pathways 

Depending on the type of monomer(s) employed for synthesis, PAs can be 

prepared by one of the following three pathways: 

1. By condensation polymerisation of dicarboxylic acids or diesters or dichloride 

functional monomers with diamines. This is often termed as AABB type 

system, where, AA and BB represents bifunctional monomers (Scheme 1.12). 

 

Scheme 1.12. AABB type polyamide synthesis using a diacid and diamine. 

Some common examples of bifunctional monomers commercially employed in 

AABB type polyamide synthesis are:  

 

 

   

 

 

 

 

 

 

 

2. By condensation polymerisation of monomers containing both carboxyl  

(-COOH) and amine functionalities (-NH2) in a single molecule, such as, amino 

acids (Scheme 1.13). This polymerisation system is regarded as AB type.  
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Scheme 1.13. AB type polyamide synthesis starting from an amino acid.  

 

An example of a favourable monomer for this type of polymerisations is:  

 

  

3. A third pathway is the ring-opening polymerisation of lactams (Scheme 1.14). 

Lactams are cyclic compounds possessing amide linkage (-CONH-) in their 

structure. This polymerisations is also regarded as AB type, as lactams are 

cyclic derivatives of amino acids.141  

 

Scheme 1.14. Hydrolytic ring opening polymerisation of a lactam. 

Cyclic monomer examples are: 

  

 

 

1.6.1.1 Polyamide nomenclature  

Various systems and method have been used in different regions for polyamide 

nomenclature. Polyamides synthesised from two different bifunctional monomers 

i.e. AABB type, are usually named in a way denoted by PA (x-y), where “x” 

represents number of carbon atoms in the diamine and “y” in diacid/dichloride. 

For example, polyamide produced by reacting hexamethylenediamine  

(1,6- hexanediamine) and adipic acid (hexanedioic acid) is represented as PA66. 

For AB type polyamides produced by a single monomer, for instance, PA produced 

by ring-opening polymerisation of ɛ-caprolactam, is represented as PA6, i.e. “PA” 
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followed by number of carbon atoms in the chain. Aromatic monomers, such as, 

terephthalic acid, isophthalic acid and m-xylylenediamine are represented by 

letters T, I and MXD respectively in their naming conventions. For example, a 

polyamide made by the polycondensation of hexamethylenediamine and 

terephthalic acid will be abbreviate as PA6T (Table 1.3). 

1.6.2 Synthesis methods for AABB type polyamides 

1.6.2.1 The ammonium salt or polyamide/nylon salt route 

Commercially, most of the AABB type PAs are produced by directly utilising the 

dicarboxylic acids and diamines. Diacids are usually high melting crystalline solids 

at room temperature, while diamines, which are weakly basic compounds, are 

liquid to semi-solids at ambient conditions. The aqueous solution of diacid and 

diamine forms an ionic salt consisting of a deprotonated diacid and an ammonium 

ion (Scheme 1.15. A). Reaction stoichiometry is a critical aspect for high molecular 

weight PA synthesis and is evaluated by measuring the pH of the salt solution.  The 

pH of salt solution containing stoichiometric amount of both monomers in aliphatic 

nylon salt is about 7.6.141 Usually a small excess of diamine is employed in the salt 

preparation to avoid diamine loss due to evaporation in the subsequent 

polycondensation step. In the amidation step, the amide linkage is produced by the 

reaction of monomers, releasing water as by-product (Scheme 1.15. B). The 

molecular weight build-up takes place in the polycondesation step performed 

under reduced pressure. 

 

Scheme 1.15. Polyamide synthesis via salt route (A) nylon salt preparation (B) nylon salt amidation 
reaction and (C) polycondensation reaction.141 

(B) 

(C) 

(A) 
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Commercially, a nylon salt solution of 50 wt% in de-ionized water is prepared for 

storage. This solution is concentrated to 65-80% under pressure before starting 

the polymerisation process in an autoclave. In the autoclave, the salt is heated up 

to a temperature of around 210 ᵒC (for PA66) under inert atmosphere. This 

increases the pressure inside the autoclave to 1.75 MPa (17.5 bar). Temperature is 

then gradually increased to 275 ᵒC, while maintaining the pressure by slowly 

releasing the steam generated inside the reactor.141 In the final step, the reactor is 

held at constant temperature but at reduced pressure (vacuum) to drive the 

equilibrium forward to attain a high molecular weight polymer. Figure 1.19 

demonstrates the temperature and pressure variations during a typical PA66 

synthesis process carried out in an autoclave. Since the polycondensation takes 

place at a relatively higher temperature, side reactions and hydrolysis may also 

occur. To avoid such undesired reactions, a two-step process is adopted in some 

cases, for instance, in the first step of PA46 synthesis, a low molecular weight 

polymer, called a prepolymer, is produced using lower polycondensation 

temperature. In the next step, solid state polymerisation (SSP) at a temperature 

above Tg but below Tm, is carried out to produce a high molecular weight product. 

A number of different catalysts, including, metal oxides, strong acids, alkoxides and 

phosphorous compounds are reported to be effective for amidation reactions.141   

 

 

 

   

 

 

 

 

Figure 1.19. Different stages in PA66 synthesis process in an autoclave. Adapted from ref [141] with 
permission from John Wiley and Sons. 
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1.6.2.2 Interfacial polymerisation of diacyl chloride and diamine 

Another method to produce AABB type polyamide synthesis is to use the acyl 

chloride of the corresponding diacid as starting material. Acyl chlorides are 

chemically more reactive, thus polymerisation can be carried out at room 

temperature and is much faster. This route is particularly useful for aromatic 

diacids which are less reactive than aliphatic diacids. The diacyl chloride can be 

produced in good yields by reacting the dicarboxylic acid with SOCl2, PCl3 or PCl5 

(Scheme 1.16). 

 

 

Scheme 1.16. Preparation of diacyl chloride monomer from a diacid. 

In interfacial polymerisations, the stoichiometric amounts of the two monomers 

are dissolved in two immiscible solvents separately and are then rapidly mixed 

together to initiate the polymerisation at the interface of both solvents. The 

polymer is continuously removed from the interface as it forms. For diamines, 

usually water with a slight amount of NaOH or KOH is used as solvent. The base is 

used to neutralize the hydrogen chloride (HCl) produced as by-product. The diacyl 

chloride is dissolved in organic solvents, for instance, dichloromethane (DCM), 

chloroform, n-hexane. 

 

Scheme 1.17. Interfacial polymerisation of diacyl chloride with diamine. 

Although interfacial polymerisations can result high molecular weight polymer at 

room temperature, use of organic solvents for the reaction, and liberation of HCl 

(highly corrosive) are the two main drawbacks which makes this method less 

attractive for the industrial scale production.   

1.6.2.3 Solution polymerisation 

The diacyl chloride of the corresponding diacid can also be subjected to 

polymerisation using solution-based polymerisation in polar aprotic solvents, such 
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as N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), N-Methyl-2-

pyrrolidone (NMP) (Scheme 1.18). This technique can be realised at relatively 

lower reaction temperatures than the salt route, preventing side reactions from 

occurring. An ionic salt, such as lithium chloride (LiCl) is also added to the reaction 

medium to enhance polymer solubility in the solvent. The cation of the salt 

interacts with the amide linkage, therefore disrupting the interchain hydrogen 

bonding in the polymer. 

 Due to their high glass transition temperatures and crystallinities, in addition to 

the inherent low reactivity of the aromatic monomers, aramids are typically 

synthesised using this route. Industrially, two of the most common aramids, i.e. 

Kevlar® and Nomex® are prepared by this technique.142    

 

Scheme 1.18. Solution polymerisation of diacyl chloride. 

 

1.6.2.4 Direct solution polycondensation of diacid and diamine 

Direct solution polycondensation is carried out using Yamazaki–Higashi 

phosphorylation reaction.143 In this reaction, diacids and diamines are directly 

reacted in polar aprotic solvents, such as those mentioned previously, in the 

presence of condensing agents, such as triphenylphosphite (TPP) and pyridine 

(Py). Again, to enhance the polymer solubility, halide salts are also incorporated. In 

the reaction mechanism, TTP and Py are believed to form an activated ester 

intermediate from the diacid, making it more prone to react with the diamine 

(Scheme 1.19).144  
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Scheme 1.19. Direct solution polycondensation of diacid and diamine following Yamazaki–Higashi 
phosphorylation reaction.143  

 

1.6.3 Degradation and side reactions during polyamide synthesis 

Thermal and/or oxidative degradation of PAs can take place when exposed to high 

temperature environments for a prolonged period of time. Moreover, since PAs are 

synthesised at relatively high temperatures due to their higher Tm, these reactions 

may also occur, to some extent, as side reactions during PA synthesis. Investigating 

the thermal degradation mechanism and identifying the degradation products 

have been a subject of interest for both academia and industry, mainly focusing on 

PA6 and PA66. Most commonly occurring side reactions as a consequence of 

thermal degradation of PAs are decarboxylation, deamination and gelling.145 In PA 

synthesis, these side reactions can alter the stoichiometric balance between the 

monomers/functional groups which is a critical factor for attaining high molecular 

weight polymer. In addition, monomers like succinic acid (SA) and 1,4-

diaminobutane have shown a tendency to cyclise, forming rings even when part of 

the polymer chain.146   

1.6.3.1 Decarboxylation 

The reaction between two carboxylic acid end-groups of the PA leads to the 

liberation of carbon dioxide (CO2) and water (Scheme 1.20). Decarboxylation of the 

dicarboxylic acid monomer(s) can also take place at elevated temperatures, which 

results in monocarboxylic acid formation (Scheme 1.21). Monoacids act as chain 

stoppers and greatly reduce the molecular weight of the PA.   



 
44 

 

Scheme 1.20. Decarboxylation of acid end-groups in PA6. 

 

 

Scheme 1.21. Decarboxylation of FDCA.147 

1.6.3.2 Deamination 

Deamination is the loss of amine functionality. There are two main routes to 

deamination. The first route is the condensation reaction between two terminal 

amino groups of the polymer, producing secondary amine terminated chains along 

with ammonia (NH3) formation (Scheme 1.22). The second route is through 

physical means, i.e. loss of diamine due to evaporation or boiling. Diamines are low 

boiling compounds compared to dicarboxylic acids and are prone to evaporation, 

in particular, during the water removal phase of the PA synthesis. The diamine loss 

is usually countered by incorporating slight excess (2-4 mol%) at the start of the 

synthesis.147  

 

Scheme 1.22. Condensation of amino end-groups in polyamide PA66. 

1.6.3.3 Gel formation 

The secondary amine linkage formed in Scheme 1.22 may subsequently act as a 

branching point through the reaction with another PA chain bearing carboxyl end-

group to form an amide linkage, as depicted in Scheme 1.23.148 These branched 

chains may eventually lead to a cross-linked gel formation. 
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Scheme 1.23. Gel formation in polyamide PA66. 

 

1.6.4  Polyamide properties 

1.6.4.1 Crystallinity and hydrogen bonding 

Crystallinity is an important property for PAs as for the other polymers. 

Polyamides are designated as semicrystalline polymers having highly ordered 

regions of crystalline domains along with randomly distributed chains forming the 

amorphous phase. Crystalline domains in PAs are responsible for their improved 

stiffness, tensile strength, elastic and shear modulus, thermal stability and abrasion 

resistance.149 Crystalline domains also enhance solvent resistance, reduce 

moisture absorption and improve gas barrier properties of the PAs. Whereas 

amorphous regions contribute to the impact strength and elongation at break.150 

This balance of properties give PAs a unique standing among polymers and make 

them useful for a wide range of demanding applications. 

The presence of polar amide linkage (-CONH-) in the PA structure entails 

significant inter-chain hydrogen bonding interactions between the carbonyl (-C=O) 

and the –NH- groups in the adjacent sections of the polymer chains, giving rise to 

structural alignment and crystallinity (Figure 1.20). In PA, the chains are aligned in 

two dimensional (2D) hydrogen bonded sheets that are held together by van der 

Waals interactions in a three dimensional (3D) lattice.151  

Short chain aliphatic PAs, such as, PA46, PA6, and PA66 have much higher density 

of amide linkages in their backbone, thus, are more crystalline compared to PA11 

and PA12, which have longer methylene chains located between the amide groups 
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and, therefore, have lower hydrogen bonding density. Most commercial grades of 

PA6 and PA66 have a crystallinity in the range of 40-50 %, whereas, PA11 and PA12 

have crystallinities of about 20-30 %.149,150 

It is well recognised that introduction of unsymmetrical monomer or  

co-monomers into the PA backbone hampers crystallisation, which reduces 

melting transition temperatures and also other favourable properties associated 

with crystallinity, but improves film transparency. On the other hand, orientation 

causes chains to align in the directions of applied strain which enhances 

crystallisation. 

 

 

 

 

 

 

 

 

Figure 1.20. (A) PA66 crystal structure 149 and (B) hydrogen bonding in PA66 structure. 

1.6.4.2 Moisture absorption 

One of the notable drawback of PAs is their susceptibility towards moisture attack. 

Moisture present in the atmosphere, readily absorbs into polyamide’s amorphous 

phase. Water molecules have the tendency to hydrogen bond to polar amide 

protons, greatly hindering interchain hydrogen bonding in PAs. Thus, acting as 

plasticiser in the amorphous regions of the polymer, these water molecules greatly 

reduce the mechanical strength of the polymer. The polymer Tg is also reduced 

after moisture absorption .152  

 The amount of water absorbed by PAs at a given humidity and temperature 

depends mainly on the density of the amide linkages in the polyamide structure 

and is also proportional to its amorphous fraction.152 Thus, PA46, having a shorter 
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methylene chain and higher density of amide linkage, has shown more tendency to 

absorb moisture then PA11 (Figure 1.21).153 Incorporating aromatic rings into the 

polymer backbone reduces moisture uptake, owing to the increased chain rigidity. 

Another disadvantage of moisture absorption is the hydrolysis reaction that may 

take place at elevated temperatures. This causes molecular weight deterioration, 

which in turn causes degradation in the polymer properties. Thus, PAs, like 

polyesters, are extensively dried before melt processing to avoid hydrolysis.150    

 

 

 

 

  

 

 

Figure 1.21. Water absorption by some polyamides.153 

 

1.6.4.3 Thermal properties 

As a result of the highly ordered crystalline structure and strong interchain 

hydrogen bonding, PAs present much higher crystalline Tm than, for instance, 

polyethylene, which lacks interchain hydrogen bonding. This phenomenon also 

assist PAs in retaining the stiffness and strength properties well above their Tg , in 

some cases, close to their Tm.152 

As stated earlier, the crystalline Tm is greatly dependent on the hydrogen bonding 

interactions, which in turn is a function of amide (-NHCO-) group density. Thus, 

polyamide having higher amide group density in the structure, for instance, PA46, 

has a much higher melting temperature than PA66 (Figure 1.22). Furthermore, 

increasing methylene chain length in the structure also reduces melting point, 

partly because of the reduction in amide linkage density and thus hydrogen 

bonding, but also, due to more flexibility in the chain offered by methylene groups. 
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Even-odd or odd-even aliphatic polyamides, for example PA69, however, have 

lower tendency to crystallise due to disruption in chain alignment to form 

hydrogen bonds, therefore, demonstrates lower Tm then even-even PAs. In AB type 

PAs, the chains have no centre of symmetry, as a consequence, only those chains 

aligned in a specific manner (anti-planer) can promote strong hydrogen bonding 

interactions, therefore, AB type PAs in general demonstrates relatively lower 

crystallinities and melting temperatures then AABB type PAs.146,152 

 

 

 

 

 

 

 

 

Figure 1.22. Melting temperatures (Tm) of some aliphatic polyamides as a function of CH2/NHCO 
ratio.146 

 

1.6.4.4 Mechanical properties 

PAs are semicrystalline polymers possessing excellent mechanical strength. As 

mentioned earlier, the crystalline domains in PA determine its strength related 

properties, such as, stiffness, tensile strength, flexural strength, elastic and shear 

modulus. Amorphous domains, in contrast, are mainly responsible for the 

toughness (impact strength) of PAs. The mechanical properties of PA are 

dependent on the chain architecture, molecular weight, moisture content, 

temperature and presence of additives.152 Increasing methylene chain length 

decreases the amide group density and thus crystallinity, as a result, stiffness and 

tensile strength are reduced but impact strength and elongation ability is 

improved. Incorporation of rigid aromatic rings in the structure improves stiffness 

and strength due to a bulkier chain structure.  
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Moisture has considerable influence on the mechanical properties of PAs. Moisture 

functions as a plasticiser, decreasing polymer Tg and its tensile strength 

significantly. However, PAs containing aromatic rings have lower tendency to 

absorb moisture and are less prone to these adverse effects. Moreover, 

incorporation of reinforcing fibres, such as, glass or carbon fibres, significantly 

enhances stiffness and mechanical strength of PAs.  

1.7 Semi-aromatic polyamides and Polyphthalamides (PPAs) 

Owning to its substantially high melting temperature (Tm= 295 ᵒC) compared to 

PA66 (Tm= 260 ᵒC), PA46 is the only aliphatic polyamide that is considered “high 

heat resistant”. However, PA46 is quite hygroscopic and readily absorbs moisture. 

Moisture poses severe adverse effects on the thermomechanical performance of 

the polymer over time. In contrast, wholly aromatic polyamides (aramids) have 

exceptional moisture resistance, but are challenging to produce and cannot be melt 

processed. Semi-aromatic polyamides are situated intermediate between aliphatic 

polyamides and aramids in terms of their properties. They can be synthesised in 

the same manner as aliphatic polyamides, following the conventional nylon-salt 

route. Semi-aromatic polyamides demonstrate improved moisture resistance than 

aliphatic polyamides. They have exceptional mechanical properties even at 

elevated temperatures, thanks to their rigid structure and strong interchain 

hydrogen bonding leading to enhanced crystallinities. An additional advantage 

being that they can be melt processed using traditional processing equipment.  

In semi-aromatic polyamides, part of the polymer backbone contains aromatic 

rings. Terephthalic acid (TPA, T) and isophthalic acid (IPA, I) are the two most 

frequently used aromatic dicarboxylic acids in the semi-aromatic polyamide 

synthesis. As per definition, if TPA and IPA residues constitute at least 55 mol% of 

the dicarboxylic acid portions of the polyamide, then it is termed as 

polyphthalamide (PPA).154 

PPAs are semi-crystalline polymers when TPA is the leading acid component due 

to its linear structure, promoting crystallisation. On the other hand, IPA dominant 

PPAs are usually amorphous, as a result of its non-linear kinked structure. It has 

been demonstrated that increasing the methylene chain length in the diamine 

monomer reduces the Tm of PPAs (Figure 1.23).154 The variation in Tm with 
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odd/even number of carbons follows similar trend as that of aliphatic polyamides. 

PPAs with odd number of carbons show lower Tm compared to one with even 

number of carbon atoms in the repeat unit. It has been attributed to less efficient 

packing of polymer chains in case of odd carbons, hence, requiring less energy to 

melt the crystals.155 Increasing the methylene chain results in reduced amide group 

density and brings more flexible spacers between the bulky aromatic rings, which 

also causes a reduction in melting temperature.  

 

 

 

 

 

 

 

 

Figure 1.23. Melting point (Tm) and glass transition temperature (Tg) variation of terephthalic acid 
(TPA)-based PPAs as a function of number of carbon atoms in the diamine chain. Adapted from  
ref [154] with permission from John Wiley and Sons. 

PPA comprising only of terephthalic acid (TPA, T) and 1,6-hexamethylendiamine 

(HMDA) i.e., poly(hexamethylene terephthalamide) (PA6T), gives a semi-

crystalline polymer having crystalline melting temperature (Tm) of 370 ᵒC. At this 

high temperature, considerable side reactions, such as, chain branching and cross-

linking, and polymer degradation makes melt processing of PA6T an immense 

challenge.  Thus PA6T is often modified during the synthesis stage by 

copolymerisation with other co-monomers to reduce its Tm to a reasonable range 

(280-320 ᵒC). Adipic acid is quite often used for this purpose, because of its 

analogous molecular length to TPA, it can co-crystallise with PA6T crystals, 

forming a single crystalline phase at all compositions for the PA66/6T 

copolyamide.155 However, due to aliphatic nature of adipic acid, its 

copolymerisation greatly reduces the Tg by enhancing the chain flexibility in the 
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amorphous domains. In contrast, incorporation of IPA residues into PA6T disrupt 

its tendency to crystallise and will reduce the Tm without effecting the Tg too much, 

the reason being IPA is equally effective to hinder the amorphous phase mobility 

as TPA.155 It is also possible to replace HMDA with other diamines, such as, 1,4-

diaminobutane (BDA), 1,10-diaminodecane (DDA) and 1,5-diamino-2-

methylpentane (MPDA). Table 1.4 depicts the effect of copolymerising various 

common monomers on the transition temperatures of PA6T. 

 

Table 1.4. Effect of copolymerising different monomers with PA6T on the transition temperatures.156 

TPA 

mol% 

IPA 

mol% 

AA 

mol% 

HMDA 

mol% 

MPDA 

mol% 

Tg 

ᵒC 

Tm 

ᵒC 

Trade name reported to 

be related to this type of 

structure 

65 25 10 100 0 126 311 Amodel® 1000 

65 0 35 100 0 100 325 Amodel® 4000 

55 5 40 100 0 94 303  

50 5 45 100 0 88 296  

60 0 40 100 0 95 317  

50 0 50 100 0 84 305  

55 0 45 100 0 88 312 Amodel® 6000 

100 0 0 50 50 125 305 Zytel® HTN 501 

Amodel® and Zytel® are registered trademarks of Solvay and DuPont respectively; TPA= terephthalic acid, 
IPA=Isophthalic acid, AA= Adipic acid, HMDA= 1,6-diaminohexane, MPDA= 1,5-diamino-2-methylpentane 

 

 

1.7.1 The quest for bio-based polyphthalamides 

PPAs are high performance engineering plastics with intended use in metal 

replacement applications to meet the exceptional mechanical, thermal and 

weathering properties at elevated temperatures.153,157 As the density of these 

materials is quite low compared to metals, this gives opportunities for lightweight 

materials without compromising structural integrity and safety requirements. 

With most of the grades offering considerable moisture resistance, dimensional 

stability, mechanical strength and high temperature stability, PPAs have been 

widely used in sectors, such as, electrical, electronics and automotive.  

After their introduction in the commercial market in 1990’s, PPAs have been under 

the spotlight with arrival of several new grades and chemistries developed by 
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various commercial producers (Table 1.5). However, at present, 

poly(decamethylene terephthalamide) (PA10T) is the only commercially available 

PPA prepared by utilising a renewable C10 diamine (1,10-diaminodecane) derived 

from castor oil.147,158,159 Thus, most of the PPAs grades available in the market have 

a large environmental footprint.  One approach to rectify this issue would be to 

pursue a renewable replacement for aromatic monomers, TPA and IPA. FDCA is an 

unparalleled candidate for this role due to its structural similarities with TPA and 

has been considered as one of the most valuable bio-based building block that can 

be converted into high value chemicals and materials.77,78,160 FDCA can be produced 

by the oxidation of HMF derived from a number of renewable carbohydrates based 

resources (see section 1.3). 66,161 

 

Table 1.5. Some commercially available polyphthalamides (PPAs) grades. 

 a Registered trademarks or trademarks of the producers in the left hand column  b glass transition temperature   
c melting temperature ,  TPA= Terephthalic acid,  IPA= Isophthalic acid, AA= Adipic acid, CL = Caprolactam, BDA= 1,4-
diaminobutane (1,4-butanediamine),  HMDA=1,6-hexamethylenediamine (1,6-diaminohexane) , MPDA= 2-Methyl-
1,5-pentanediamine, DDA= 1,10-diaminodecane , NDA = 1,9-diaminononane, MODA= 2-methyl-1,8-Octanediamine 
, X= undisclosed component. 

Producer Brand/Grade a 
Chemical 

structure 
Monomers Tg 

b, Tm 
c (ᵒC) Ref. 

DSM 
ForTii® PA4-T TPA, BDA Tg= 125, Tm= 325 

162 
ForTii® Ace PA4-T TPA, BDA Tg= 135-160, Tm= 320-345 

BASF Ultramid® T PA6-6T TPA, CL, HMDA Tm= 292 163 

DuPont 
Zytel® HTN51 PA6M-T TPA, MPDA,, HMDA Tg= 140, Tm= 300 

164 
Zytel® HTN52 PA66-6T TPA, AA, HMDA Tg= 90, Tm=310 

Solvay 
Amodel® 4000 PA66-6T TPA, AA, HMDA Tg= 100, Tm= 325 

165,166 
Amodel® 1000 PA66-6I-6T TPA, IPA,AA,HMDA Tg= 123, Tm= 313 

Evonik 
Vestamid® HT 

plus 

PA6T-X TPA, X, HMDA Tg= 120, Tm= 300-315 

167 PA10T-X TPA, X, DDA Tg= 124-130, Tm= 265-297 

PA6T-6I TPA,IPA,HMDA Tg= 115-130, Tm =amorphous 

Kuraray Genestar™ PA9-T TPA, MODA, NDA, Tg= 125, Tm= 263-306 168 

Mitsui 
Arlen™ C PA66-6T TPA, AA, HMDA Tg= 85, Tm= 310 

169,170 
Arlen™ A PA6T-6I TPA, IPA, HMDA Tg= 125, Tm= 320 

Ems- 

Chemie 

Grivory® HT1 PA6T-6I TPA, IPA, HMDA  Tm= 325 

153,171,172 Grivory® HT2 PA66-6T TPA, AA, HMDA  Tm= 310 

Grivory® HT3 PA10T-6T TPA,HMDA, DDA Tm= 290-310 
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1.7.2 Furan-based polyamides (FPAs) 

Work on synthesising furan-based polyamides (FPAs) dates back to 1960’s. Hopff 

and Krieger’s pioneering work on synthesising polyamides (PAs) from various 

heterocyclic dicarboxylic acids which included 2,5-furandicarboxylic acid (FDCA), 

was published in 1961.77,173,174 In the initial study, the thermal stability of the 

hexamethylenediammonium salts of these diacids was investigated. It was shown 

that the temperature at which the decarboxylation of FDCA-based salt initiated is 

33 ᵒC lower than its melting temperature 261 ᵒC (Table 1.6).  They attempted to 

produce polyamide by heating the hexamethylenediammonium salt of FDCA and 

concluded that a strong tendency towards decarboxylation prevented the 

formation of high molecular weight product. The team also investigated the 

synthesis of furan- based polyamide by melt polycondensation of dimethyl-2,5-

furandicaroxylate (DMFDC) and interfacial polymerisation of 2,5-furandicarbonyl 

dichloride (FDCCl). Better results were obtained with the melt polymerisation of 

DMFDC in terms of fiber forming property of the resultant polyamide. Whereas, 

product formed with interfacial polymerisation was reported to be unstable. For 

poly(hexamethylene furanamide) (PA6F), a melting temperature of 175 o C and 155 

ᵒC was reported following the salt route and interfacial polymerisation, 

respectively. 

Table 1.6. Thermal properties of adipic acid and FDCA in acid and nylon salt form.146,173 

Acid Acid form Hexamethylenediammonium salt form 

 Melting 
temperature (ᵒC) 

Decomposition 
temperature (ᵒC) 

Melting 
temperature (ᵒC) 

Decomposition 
temperature (ᵒC) 

Adipic acid 153 286 202 186 

FDCA 151 271 261 228 

 

Heertjes and Kok employed interfacial, solution and melt polymerisation 

techniques to synthesise FPAs using FDCA, dimethyl-2,5-furandicarboxylate 

(DMFDC) and 2,5-furandicarbonyl chloride (FDCCl) monomers respectively.175 For 

the diamine source, among others were tetramethylenediamine (BDA), 

hexamethylenediamine (HMDA) and octamethylenediamine (ODA). Despite 

decomposition of FDCA at around 195 ᵒC, FPAs produced with FDCA/HMDA and 

DMDFC/HMDA systems via melt polymerisation were shown to have a melting 
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point of around 175 o C and an inherent viscosity of 0.7-0.8 dL/g . A number average 

molecular weight (Mn), determined by the end group titration, in the range of 

6,000-10,000 g/mol was reported for these FPAs. 

Mitiakoudis and Gandini published their work on the synthesis of furanic-aromatic 

polyamides and all-furanic polyamides (both acid and diamine containing furan 

rings) following different synthesis techniques with intention to determine the 

optimised reaction conditions and establish a suitable synthesis protocol.176,177 

According to the first report, their attempt to produce FPAs through melt 

polycondensation using different catalysts was not successful. Instead, following 

solvent-based synthesis techniques were investigated to ensure a polymer with 

improved molecular weight: 

i. Solution polymerisation (SP): Reaction of FDCCl and diamine in solution 

was carried out using N-methlypyrrolidone (NMP) and 

dimethylacetamide (DMAc) as solvents. 

ii. Direct polycondensation (DPC): Direct polycondensation of FDCA and 

diamine in solution was carried out using NMP solvent. A mixture of 

calcium chloride/lithium chloride salts were added to facilitate the 

solubility of the polymer. Triphenyl phosphite (TPP) was employed as 

condensation agent for the amidation reaction in the presence of 

pyridine. 

iii. Interfacial polymerisation: FDCCl was dissolved in DCM and the furanic 

diamine in aqueous potassium hydroxide (KOH) and were subsequently 

interfacially polymerised. 

The resultant polymer structures were investigated using NMR and infrared 

spectroscopy. As per their analysis, direct polycondensation of FDCA and aromatic 

diamines yielded better results, with polymer achieving inherent viscosities up to 

1.33 dL/g (measured in 98% sulphuric acid at 30 oC with a polymer concentration 

of 0.5 g/dL). However, all-furanic polyamides produced were of very low molecular 

weight (inherent viscosity 0.08 dL/g). In the second publication, similar synthesis 

methods were employed with slight modifications.177 Again, direct 

polycondensation of diacid and diamine gave the best results in terms of molecular 

weight. Luo and co-workers published a systematic study on direct 
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polycondensation of FDCA with various aromatic diamines in solution (Scheme 

1.24).178 At first, reaction optimisation was carried out for monomer concentration, 

reaction time and temperature. From the optimised reaction conditions, furanic-

aromatic polyamides possessing significantly higher molecular weight (Mn 40-80 

kg/mol) were prepared. Due to their rigid chain structure, these FPAs presented 

high glass transition temperatures (215-302 °C) and decomposition temperatures 

(maximum weight loss) in the range of 433-442 ᵒC. No melting endotherm was 

detected for any of these polyamides in the differential scanning calorimetry (DSC) 

analysis, reflecting the amorphous nature of these polymers. 

 

Scheme 1.24. Synthesis of furanic-aromatic polyamides by Luo et al. following direct polycondensation 
approach.178  

Polyamides bearing furanic moieties were synthesised by Cureton et al. using 

interfacial polymerisation of FDCCl with various linear aliphatic and aromatic 

diamines (Scheme 1.25).179 For the synthesis, the diamine component was 

dissolved in aqueous NaOH solution along with tetrabutylammonium bromide 

(TBAB). The FDCCl monomer was dissolved in chloroform. TBAB was added as 

phase transfer catalyst to keep the FDCCl monomer predominately in the organic 

layer to prevent it from being hydrolysed. The results have shown reasonably high 

molecular weights of the polyamides (Mn ~ 23,000 – 57,000 g/mol). Again, no 

melting behaviour was detected for these furan-based polyamides. 
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Scheme 1.25. Synthesis of furanic polyamides by interfacial polymerisation.179 

In an attempt to prepare furanic polyamides possessing high melting temperature,  

Miyagawa and co-workers first synthesised the furan-based dimeric monomer 

(2,2’-bifuryl)-5,5’-dicarboxylic acid by the hydrolysis of 5,5’-(diethoxycarbonyl)- 

2,2’-bifuryl (Scheme 1.26).180 The diacid was subsequently chlorinated to produce 

the acid dichloride of the dimeric monomer. Finally, interfacial or solution 

polymerisation of the dichloride and different diamines resulted in polyamides 

containing furanic dimer in the backbone. Results showed that interfacial 

polymerisation gave better results in terms of polymer yield, and molecular weight 

which was measured by 1H NMR end-group analysis. Interestingly, all these 

polyamides were semi-crystalline and a distinctive melting endotherm was 

reported in each case. 

 

 

Scheme 1.26. Furanic dimer-based polyamides reported by Miyagawa and co-workers.180 

Cousin and co-workers recently published their work on furan-based polyamide 

and its co- polyamides with isophthalic acid using the ammonium salt route (Table 

1.7).181 In this study, strong decarboxylation was reported in the polymerisation 

system where only FDCA/HMDA salt was subjected to polycondensation. This 

undesired side reaction resulted in PA6F polyamide with very low molecular 

weight (Mn 2,400 g/mol) and Tg of 95 ᵒC. The authors also showed that by 
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incorporating isophthalic acid, both molecular weight and thermal properties of 

the copolyamides were improved. The decarboxylation of the furan-based 

homopolyamide was further investigated using 2D NMR experiments. Cao et al. 

also reported decarboxylation during synthesis of polyamides by the ammonium 

salt route starting from FDCA and 1-10-diaminodecane .147 

Table 1.7. Properties of copolyamides prepared from Isophthalic acid (IPA) and furandicarboxylic acid 
(FDCA) following the ammonium salt approach by Cousin et al. 181 

IPA/FDCA ratio in 

the copolymer 

(mol%) 

Copolyamides 
Tg 

a 

(ᵒC) 

Mn 
b 

(kg/mol) 
Ð 

100/0 PA 6-I 132 15.7 2.10 

90/10 PA 6-I90/ 6-F10 129 15.3 2.14 

80/20 PA 6-I80/ 6-F20 125 15.4 2.29 

70/30 PA 6-I70/ 6-F30 121 14.7 2.22 

60/40 PA 6-I60/ 6-F40 118 12.1 2.58 

50/50 PA 6-I50/ 6-F50 - 12.0 2.68 

0/100 PA 6-F 95 2.4 3.03 

a Measured by DSC analysis following cooling scan performed at 10 oC/min. 
b Measured by gel permeation chromatography (GPC) analysis with a refractive index detector using HFIP as mobile 

phase, relative to PMMA calibration. 
 

To address the high temperature decarboxylation during polyamide synthesis, 

enzymatic polymerisation was performed by Jiang and co-workers.182 Although no 

reaction was observed in the case of FDCA/1,8-octamethylenediamine 

polymerisation, reasonably better molecular weight polymers were obtained when 

DMFDC was used as furanic monomer.  The authors have shown that by adding 20 

wt% Novozym 435 catalyst, the molecular weight can be increased from Mn ~ 7,000 

to 13,000 g/mol at 90 ᵒC and 72 hr. The group later extended the study to include 

other linear aliphatic diamines which were also subjected to enzymatic 

polymerisation.183 

There has not been much work published on the subject of melt polymerisation of 

DMFDC and diamines for polyamide production. In an interesting paper, 

Grosshardt et al. successfully synthesised FPAs starting from DMFDC with various 

linear aliphatic diamines containing 6, 8, 10 and 12 carbon atoms in the chain.184 

The polymerisation was performed in a solvent-free sealed reactor using butyltin 
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chloride dihydroxide (BZCH) as catalyst. At first, stoichiometric amounts of DMFDC 

and diamines were reacted at 140 ᵒC for 2 hours under positive pressure (3 bar) of 

argon and subsequently the temperature was raised to around 230 ᵒC in 5 hours 

under vacuum. Table 1.8 depicts the main outcome of the study. All polyamides 

synthesised in this study were amorphous.  

Table 1.8. Molecular weights and glass transition temperatures of the furan-based polyamides 
synthesised using a solvent-free melt polycondensation.184 

Polyamide Diamine 
Mn 

a 

(kg/mol) 

Mw
a  

(kg/mol) 

Ð 

(Mw/Mn) 

Glass transition 

temperature (Tg) 

(ᵒC) 

DSC DMA 

PA6F 1,6-diaminohexane 5.2 13.8 2.65 110 109 

PA8F 1,8-diaminooctane 4.3 11.1 2.58 83 84 

PA10F 1,10-diaminodecane 5.3 12.7 2.39 71 71 

PA12F 1,12-diaminododecane 7.0 18.8 2.68 68 71 

a Measured by gel permeation chromatography (GPC) analysis with a refractive index detector using HFIP as mobile 
phase, relative to PMMA calibration. 

 

Table 1.9 summarises literature data on some important properties of the FPAs 

synthesised following different techniques and also information on their 

petroleum-derived counterparts for comparison.  
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Table 1.9. Property comparison of furanic and terephthalic acid based polyamides. 

Polymer 
Synthesis 
technique a 

Mn 
(kg/mol) 

Mw 
(kg/mol) 

Tg 
(ᵒC) 

Tm 
(ᵒC) 

Decomposition temperatures Ref. 

PA3F IP 57.5 b 104.4 b 136 c - d 283 e  405 f 179 

PA4F IP 6.0 – 10.0 g - h - h 250 i - h 175,183 
 IP 32.5 b 51.3 b 109 c - d 275 e  350 f 179 
 EP 12.3 j 15.8 j 119 k - l 257 e  443 f 183 

PA6F IP/SP/MP 6.0 – 10.0 g - h - h 125-175 i - h 175,183 
 IP 62.0 b 89.0 b 90 c - d 309 e  408 f 179 
 EP 13.4 j 20.6 j 119 k 162 m  322 e  460 f 183 
 MP 5.2 n 13.8 n 110 o - d  350-450 i 184 
 ASR 2.4 n 7.2 n 95 p - d 380 e 435 q  181 

PA8F MP 6.0 – 10.0 g - h - h 125 i - h 175,183 
 IP 48.0 b 94.5 b 69 c - d 286 e  453 f 179 
 EP 13.4 j 48.3 j 118 k 160 m 378 e  464 f 183 
 MP 4.3 n 11.1 n 83 o - d 350-450 i 184 

PA10F EP 13.4 j 21.4  j 98 k 132 m 366 e  463 f 183 
 MP 5.3 n 12.7 n 71 o - d 350-450 i 184 

PA12F EP 9.5 j 19.9 j 82 k 128,138 m 321 e  466 f 183 
 MP 7.0 n 18.8 n 68 o - d 350-450 i 184 

PA4T IP/SP/SSP - h - h - h 427,475 m - h 185 
 IP - h - h - h 436 p - h 183,186 
 IP 10.6 b 13.7 b 191 c - h 241 e  453 f 179 

PA6T IP - h - h 125 r 371 r - h 183,186 
 IP 15.6 b 32.3 b 170 c 270 c 245 e  471 f 179 

PA8T IP - h - h 123 r 335 r - h 183,186 
 - i - h - h - h 338 m 402 e   183,187 

PA10T ASR/SSP - h - h - h 305,317 s 441 e  465 f 147 

PA12T ASR/SSP - h - h 144 t 310 k 429 i  464 f 188 
a Synthesis techniques: IP = Interfacial polymerisation, EP= Enzymatic polymerisation, MP= Melt polymerisation, ASR= Ammonium salt route, SP= Solution polymerisation, SSP= Solid state polymerisation.  b Determined via SEC with 

refractive index detector using DMF/LiCl as mobile phase. c Measured by DSC analysis on heating curve constructed using a heating rate of 20 oC/min.   d Not detected following DSC second heating scan. e Temperature for 5% weight 

loss (Td-5%). f Temperature at maximum rate of degradation (Td-max). g Calculated by end-group titration. h Not mentioned in the study. i Method not stated in the study. j Measured on SEC analysis with using DMF or DMSO/LiBr as 

mobile phase and calculated against a PMMA calibration. k Determined by DSC analysis (second heating scan), with a heating rate of 10 oC/min. l Not detected at the tested conditions. m Determined by DSC analysis (first heating 

scan), with a heating rate of 10oC/min. n Measured via SEC analysis using HFIP as mobile phase. o Recorded on DSC (second heating scan) using a heating ramp of 5 oC/min. p Measured following cooling scan of the DSC at cooling rate 

of 10oC/min. q Temperature for 50% weight loss (Td-50%). r Determined by differential thermal analysis (DTA) at a heating rate of 20 oC/min. s Determined by DSC analysis (second heating scan), with a heating rate of 20 oC/min.  t 

Measured by dynamic mechanical analysis (DMA) operated in the bending mode at 1 Hz and 3 oC/min.



 
60 

 

1.7.3 Furan-based polyamides – Patent review 

Different furan-based polyamides and copolyamides with other diacids, have been 

proposed in the patent literature using range of synthesis techniques already 

described in section 1.6.2. Most relevant literature have been cited here to have an 

overview of the present state of the art. 

1.7.3.1 The ammonium salt route 

Synthesis of polyamides through ammonium salt approach is well established as 

most of the commercially available polyamides (except for the aramides) are 

synthesised via this route. However, there has not been much patent literature 

exploiting this route, possibly due to low quality product obtained by this 

technique. 

A method to produce high molecular weight copolyamide containing FDCA, an 

aliphatic diamine, and an aliphatic acid through solid state polymerisation (SSP) 

was proposed in a patent.189 Examples showed preparation of FDCA/1,4-

butanediamine (4,F salt) and adipic acid/1,4-butandiamine (4,6 salt) salts 

individually and then producing a 4,F/4,6 (molar ratio 1:9) prepolymer in the 

autoclave under nitrogen atmosphere. The prepolymer was subjected to 

subsequent SSP at 200, 220 and 240 ᵒC for 48 hours to give an increase in intrinsic 

viscosity of 35%, 46% and 92% respectively. 

It has been previously mentioned that homopolymers based on FDCA and aliphatic 

diamines are amorphous in nature. In order to improve the crystallinity of furanic 

polyamides, a copolymer containing FDCA, adipic acid and/or terephthalic acid 

units has been proposed.190 In the patent examples, all polyamides were 

synthesised using the ammonium salt route. Salts for diacid/diamine combinations 

were synthesised separately and were then mixed in a desired ratio to produce a 

copolyamide prepolymer by heating at elevated temperature and pressure. 

Prepolymer was subsequently polymerised in a tube reactor by heating under 

reduced pressure (polycondensation). Temperature or duration for 

polycondensation reaction was not mentioned. Characterisation was only centred 

at the melting and crystallisation temperature measured by DSC.  An analogous 

approach was a patent by Toray fiber, where a copolyamide produced by reacting 
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FDCA, TPA, 1,10-diaminodecane and an another aliphatic diamine was proposed, 

having higher melting and glass transition temperature.191,192 Examples shows the 

production process follows traditional salt route using sodium hypophosphite 

monohydrate catalyst.  

In an attempt to synthesise a bio-based polyamide, a further patent relates to the 

production of a copolyamide based on FDCA, an aliphatic diamine and an aliphatic 

diacid, for instance adipic acid.193 It follows an interesting approach to first prepare 

an amino end-capped diamide by reacting furanic diester with a diamine, in this 

case the diamine used was 1,4-diaminobutane, represented by the formula: 

  

 

 

In the next step, adipic acid is introduced to the above diamine to produce a 

polyamide salt: 

 

 

 

The rest of the process consists of prepolymer formation and subsequent solid 

state polymerisation at different temperatures in the range of 150- 220 ᵒC. 

However, the resultant polymer had a low intrinsic viscosities (max IV 0.31 dL/g). 

1.7.3.2 Solvent-based synthesis  

Due to the susceptibility of FDCA-based ammonium salts to decarboxylation at 

temperatures usually employed for polyamide synthesis, solvent-based synthesis 

techniques, such as interfacial polymerisation and solution polymerisation have 

been widely utilised in the patent applications to produce higher molecular weight 

FPAs.  

High heat resistant poly(ethylene furanamide) (PA2F) and poly(propylene 

furanamide) (PA3F) were disclosed.194 In the examples, polymers were prepared 

through both salt route and interfacial polymerisation techniques. Properties of the 
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polymers from both synthesis routes have been listed in Table 1.10. It is evident 

that only low molecular weight polymer was produced in the case of salt route. 

 

Table 1.10. Furanic polyamides synthesised by different synthesis techniques in the patent by Yutaka 
et al.194 

 

Interestingly, a patent application by Denso Corp (Japan) has disclosed some FPA 

examples of poly(hexamethylene furanamide) (PA6F) and poly(decamethylene 

furanamide) (PA10F), prepared by interfacial polymerisation, to be 

semicrystalline.195 These results are inconsistent with other literature examples, 

where these polymers were found to be amorphous i.e. showing no melting 

behaviour.184 FPAs, such as PA3F, have been revealed as a promising gas barrier 

layer.196 The oxygen barrier properties of amorphous PA3F produced by interfacial 

polymerisation has been shown to be better than poly(m-xylene adipamide) (PA-

MXD6) and comparable to poly(ethylene vinyl alcohol) (EVOH). Furthermore, the 

PA3F barrier was more stable under increasing humidity conditions, which was 

not the case for PA-MXD6 and EVOH.   

A process for synthesising furanic-aromatic polyamides has been disclosed in a 

patent by DuPont.197 It follows the solution polymerisation of FDCCl with aromatic 

diamine m-phenylene diamine, using DMAc as solvent. The poly(m-phenylene 

furanamide) prepared in the example had a Mw~ 38,000 g/mol and Tg of 293 ᵒC 

and was subsequently formulated into fibres.  

A different  approach for producing furan-based polyamide was patented by 

Synvina.198 Their synthesis consists of two main steps. In the first step, amino 

terminated furanic oligomers were formed by reacting DMFDC with an excess 

diamine, in a solvent, such as, methanol, at a temperature of 40-100 ᵒC.  In the 

Polymer Synthesis route 

Weight average 

molecular weight 

(Mw) (g/mol) 

Glass transition 

temperature (Tg) 

(ᵒC) 

Poly(ethylene 

furanamide) (PA2F) 

Interfacial polymerisation 51,000 206 

Ammonium salt route 3,700 159 

Poly(propylene 

furanamide) (PA3F) 

Interfacial polymerisation 31,000 179 

Ammonium salt route 3,200 150 
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second step, chain linking was carried out by using a bifunctional linker, for 

instance, FDCCl or adipoyl chloride. The second step was carried out in DMAc 

solvent at a temperature range of -10 to 10 ᵒC. However, GPC analysis presented in 

the example has shown low molecular weight (Mn~ 7,000 g/mol) polymer with 

high dispersity (Ð=5.6). The general synthesis route is represented in Scheme 1.27.  

 

 

 

Scheme 1.27. A general schematic of furanic polyamide synthesis process patented by Synvina.198 

 

In order to improve the crystallinity of furan-based polyamides, a copolyamide 

structure containing other dicarboxylic acid, such as terephthalic acid or 

isophthalic acid has also been proposed by Synvina.199  Production process follows 

the same two step approach presented in the earlier patent. Again the molecular 

weights of the copolyamides seems to be on the lower side with high dispersities. 

1.7.3.3 Melt polymerisation 

FPA synthesis by a solvent-free melt polymerisation technique was described in a 

recent patent application by DuPont.200 As per their method, the furanic diester 

(DMFDC) was first reacted with an excess of diamine in the presence of a catalyst 
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at low temperature under inert atmosphere. Next, melt polymerisation was carried 

out in the absence of solvent by increasing the temperature and applying vacuum. 

Again, the highest molecular weight of the solvent-purified polymer synthesised 

was around Mw ~ 20,000 g/mol.    

1.8 Catalysts for the condensation of amines and acids/esters 

Polycondensation follows a step-growth polymerisation mechanism in which two 

or more bi- or multifunctional molecules react together with their functional 

groups to first form dimers, trimers, and then progressively forming longer chain 

oligomers and subsequently, as the molecular weight increases, a polymer (Figure 

1.24). The polymerisation is accompanied by liberation of a volatile by-product, for 

instance, water in the case of polyester synthesis from a diacid and a diol. In 

polyamide production, the amide linkage is formed by the condensation reaction 

of a diacid or diester or dichloride with a diamine.201 

 

 

 

 

 

 

  

 

Figure 1.24. A schematic representation of different stages of step-growth polymerisation. Here, white 
circles represents bi-functional monomers and black circles signifies production of dimers, trimers and 
longer chain oligomers.201 

 

The average degree of polymerisation (𝐷𝑃̅̅ ̅̅ ) can be related to the fractional 

monomer conversion (p) using equation proposed by Carothers in his pioneering 

work on the polycondensation polymerisation :202 
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𝐷𝑃̅̅ ̅̅ = 
1

1−𝑝
 

The above equation suggests that for a degree of polymerisation of 100, i.e. 

DP̅̅ ̅̅ =100, a fractional monomer conversion of 99% is necessary. This requirement 

of having a very high monomer conversion to produce a reasonably high molecular 

weight polymer demands an exact stoichiometric balance between the monomers 

in the AABB type polycondensation reaction. In AABB type polyamide synthesis, 

this is achieved by the formation of a stable diammonium salt from the diacid and 

the diamine. Another important aspect to attain a higher degree of polymerisation 

is to prevent side reactions from occurring that could ultimately alter the 

stoichiometric balance between the monomers. Last but not least, using highly 

pure monomers for the synthesis is also vital to attain high molecular weight 

product. 

One way to enhance the rate of desired amidation reaction is to use an efficient 

catalyst. Acid catalysts such as phosphoric acid, sulphuric acid, hydrochloric acid, 

boron phosphate and p-toluene sulfonic acid have been cited as active catalysts for 

polyamide synthesis.203 Hypophosphorous acid and its metallic salts, for instance, 

sodium hypophosphite, potassium hypophosphite and zinc hypophosphite have 

also been employed as catalysts in some patents.200,204–206 Metal-based catalysts, 

such as, antimony (III), germanium (IV), tin (II/IV), calcium (II), lead (IV), 

aluminium (III), zinc (II), manganese (II), magnesium (II), cerium (IV), titanium 

(IV), zirconium (IV) and hafnium (IV) oxides, alkoxides and acetates have been 

widely used in the condensation reaction of dicarboxylic acids and diols to prepare 

polyesters.207 The catalytic activity of metal-based and more specifically group-4 

transition metal catalysts, have been investigated in various amidation 

reactions.208–211 Best results were found with alkoxides of Ti, Zr and Hf, and also 

zirconium (IV) chloride (ZrCl4). However, these studies were conducted on model 

compounds and the use of these catalysts in polyamide synthesis has not been 

explored. The obvious reason being their pronounced sensitivity to air and 

moisture, forming catalytically inactive oxide and hydroxide species upon 

hydrolysis with water, the usual solvent used in polyamide synthesis from the 

ammonium salt route. 
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Grosshardt et al. were the first to successfully synthesise the furan-based 

polyamides using butyltin chloride dihydroxide (BZCH) as catalyst following a 

solvent-free melt polymerisation technique.184 The reaction was conducted using 

stoichiometric amounts of DMFDC and various diamines with 0.13-0.20 mol% of 

the catalyst. The use of diester (DMFDC) instead of dicarboxylic acid (FDCA) 

overcomes the issue pertaining to salt formation which is thermally less stable 

under the synthesis conditions. Reaction conditions and catalyst loadings were 

optimised to produce FPAs having higher molecular weights. For a PA6F sample 

prepared following the optimised conditions and loadings, a Mn ~ 5,200 g/mol and 

a Tg of 110 ᵒC were reported (see Table 1.8). No comparison data was provided for 

the control sample (without catalyst) or for any sample synthesised with a different 

catalyst. However, these results showed significantly improved FPAs in relation to 

ones prepared by conventional approaches.  

1.9 Project Objectives 

Even though the furan-based polyamides (FPAs) synthesised by Grosshardt and co-

workers by melt polymerisation were of low molecular weights (Table 1.8), the Mn 

and Tg reported for PA6F polymer were considerably higher than those reported 

by Cousin et al. (2,400 g/mol, 95 ᵒC) who followed the conventional ammonium 

salt approach.181 This shows immense potential in the catalytic melt 

polymerisation technique for FPA synthesis which has not been explored in any 

detail.  Therefore, the primary objective of this study is to address the issues 

associated with solvent-free melt polymerisation to tailor it for the production of 

high molecular weight FPAs that can compete with other commercially available 

non-renewable PPAs.  

This can be further divided into following the aims: 

1. To test and optimise the reaction conditions, first at a sub-gram scale using 

melt polymerisation. This will be conducted by investigating the synthesis 

of poly(hexamethylene furanamide) (PA6F) from DMFDC and HMDA as a 

model reaction. 

2. Screen a number of viable catalysts that are environmentally benign, 

inexpensive, free from tin (Sn) or antimony (Sb), and are commercially 

available. The investigations will be centred on catalytic activity and 
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properties of resultant polymer and to study the impact of catalyst type and 

concentration on the side reactions.  

3. Perform in-depth characterisation of the polymer with different analysis 

techniques to better understand the chemistry and identify possible side-

reactions leading to the deterioration of the product molecular weight. 

4. Develop a synthesis protocol by combining the optimised reaction 

conditions and best performing catalyst(s) to synthesise FPAs with 

reasonably high molecular weight. The target number average molecular 

weight (Mn) and glass transition temperature (Tg) are in the range of 10 – 

12 kg/mol and 125 – 130 ᵒC respectively. 

5. Further upscale the reaction to a multi-gram scale. Study the impact of 

varying reaction conditions e.g. temperature, time and stoichiometry on the 

resultant product.  

6. Broaden the substrate scope to other diamines and study the structure-

property relationship in comparison to their petroleum-derived 

counterparts. 
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2 An environmentally benign approach towards 

the synthesis of poly(hexamethylene 

furanamide) (PA6F), the bio-based furanic 

counterpart of poly(hexamethylene 

terephthalamide) (PA6T) 

2.1 Introduction 

The current synthetic approaches to produce furan-based polyamides (FPAs) have 

severe limitations and are unable to provide product with a reasonably high 

molecular weight having comparable properties to their petroleum-derived 

counterparts. FPA synthesis via the ammonium salt route is prone to severe 

decarboxylation of the acid groups, preventing chain growth, as seen in the work 

by Cousin et al and also Cho et al.1,2 Even though solvent-based polymerisation 

techniques, for instance, direct polycondensation and interfacial polymerisation 

can provide product with better molecular weight, these techniques are not 

feasible for industrial scale-up. Moreover, the commonly used solvents for these 

polymerisations are expensive, difficult to recycle and are derived from petroleum 

resources, thus adding-up to the carbon footprint of the product. Solvent-free melt 

polymerisation techniques stand-out as an attractive process from industrial scale-

up potential, however, attempts until now have only resulted in low molecular 

weight polymers. 

Grosshardt et al. were the first to demonstrate the synthesis of FPAs following a 

solvent-free melt polymerisation technique using butyltin chloride dihydroxide 

(BZCH) catalyst.3 The reaction was conducted using stoichiometric amounts of 

DMFDC and various diamines with 0.13-0.2 mol% of the catalyst. The synthesis was 

first performed under a positive pressure of argon (~3 bar) at 140 ᵒC for 2 hours 

and subsequently polycondensation was carried out under vacuum at 230 ᵒC for 5 

hours. The results have already been summarised in Table 1.8 (see section 1.7.2, 

chapter 1). These molecular weights are considerably lower than TPA-based PPAs 

made from conventional salt route. Therefore, polymers with such low molecular 

weights are unable to show adequate thermal and mechanical properties for 

typical applications.  
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It was observed that the Grosshardt’s investigations were limited only to the use of 

BZCH as a lone catalyst for the FPA synthesis reaction. Moreover, reaction 

conditions for the oligoamide formation stage were not fully optimised. Therefore, 

in this chapter, we set out to study the synthesis of poly(hexamethylene 

furanamide) (PA6F) as a model FPA by solvent-free melt polymerisation of 

dimethyl 2,5-furandicarboxylate (DMFDC) and hexamethylenediamine (HMDA) in 

more detail. The primary objective is to investigate the activity of a range of 

environmentally benign, inexpensive and commercially available 

polycondensation catalysts for the reaction. The initial PA6F synthesis and reaction 

optimisation was carried out using a laboratory scale thin-film reactor.4,5 To 

evaluate the scale-up potential of the reaction, in the later stages of the study, a 

tube reactor and a customised 4 neck round-bottom flask (250 mL) equipped with 

an overhead stirrer capable of measuring the torque were also employed. 

Furthermore, a range of characterisation techniques were employed to investigate 

the chemical structure and properties of the synthesised polymer. 

2.2 Esterification of 2,5-furandicarboxylic acid (FDCA) for 

dimethyl-2,5-furandicarboxylate (DMFDC) preparation 

Dimethyl furan-2,5-dicarboxylate (DMFDC) was prepared by esterification of 

furan-2,5-dicarboxylic acid (FDCA) with methanol in the presence of an acid 

(H2SO4) (Scheme 2.1). The structure of DMFDC was confirmed by 1H NMR and 13C 

NMR spectroscopy (Figure 2.1). The furanic protons at 7.44 ppm and methyl (–CH3) 

protons at 3.87 ppm were found to be in the expected 1:3 ratio. Minor peaks around 

furan and methyl protons are satellite peaks. Importantly, no traces of FDCA were 

found to be present as confirmed by absence of carboxylic acid protons at a 

chemical shift around 13.5 ppm. 

 

Scheme 2.1. Esterification of FDCA to prepare DMFDC.  
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Figure 2.1. NMR spectra for DMFDC recorded in DMSO- d6 at 25 ᵒC (A) 1H NMR and (B) 13C {1H} NMR. 
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2.3 Synthesis, characterisation and reaction optimisation of 

poly(hexamethylene furanamide) (PA6F) using thin-film 

reactor 

2.3.1 Synthesis of PA6F by catalytic melt polymerisation 

We initiated the study by synthesising PA6F polyamide using different titanium-

based catalysts due to their excellent performance in the polycondensation 

reaction of polyester and amides, whereas, dibutyltin(IV) oxide (DBTO) was 

included for a comparison as it has been cited as an active catalyst for polyester 

synthesis (Figure 2.2).4–9 Initially, the melt phase polycondensation using 

stoichiometric amounts of DMFDC and HMDA was carried out in a small scale 

(~250 mg feed) thin-film reactor (see Figure 8.1. A, chapter 8). Thin-film reactors 

are effective in countering mass transfer limitations to facilitate diffusion and 

removal of volatiles, which are challenging tasks to achieve in a high viscosity 

molten polymer system. In our study, the main objective of utilising the thin-film 

reactor was to develop a synthesis protocol, screen catalysts and perform initial 

optimisation of the reaction.  

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Chemical structures of the catalysts used in the synthesis of PA6F. 

 

 

1 
2 

3 4 



 
88 

The reaction was conducted following a two stage process analogous to one used 

for the polyester synthesis. As a starting point, reaction conditions already 

reported by Grosshardt et al. were employed (Scheme 2.2). In the first stage of the 

reaction, designated as oligomerisation, stoichiometric amounts of DMFDC and 

HMDA were reacted in the presence of a catalyst under inert atmosphere at  

140 ᵒC for up to 3 hours. In the second stage, the reaction temperature was raised 

to 230 ᵒC to start the polycondensation under vacuum which was carried out for 5 

hours. The catalytic activity was mainly assessed by evaluating the solution 

inherent viscosities measured in m-cresol at 25 ᵒC. Table 2.1 and Figure 2.3 

summarise the main outcomes of these experiments.    

 

 

 

 

Scheme 2.2. Synthesis of PA6F starting from DMFDC and HMDA. 
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Table 2.1. Analysis of PA6F samples synthesised following catalytic melt polymerisation technique 
using different catalysts and loadings.  

Entry Catalyst Catalyst 

loading a 

(ppm) 

Inherent 
viscosity b 
(dL/g) 

Tg1 
c 

 

(ᵒC)  

Tm1, Tm1’ 
c 

(ᵒC)  

Tg2 d 

(ᵒC) 

Tm2  
d

 

(ᵒC) 

1 Control 0 0.26 60 141, 303 103 - e 

2 

TIPT 
1 

50 0.30 - f - f - f - f 
3 100 0.33 67 164, 304 111 - e 
4 200 0.35 65 153, 314 112 - e 
5 400 0.37 67 151, 313 114 - e 

6 

TIC 
2 

50 0.25 - f - f - f - f 

7 100 0.31 63 144, 307 110 - e 
8 200 0.27 - f - f - f - f 

9 400 0.26 62 143, 299 106 - e 

10 

DBTO 
3 

50 0.24 - f - f - f - f 

11 100 0.29 61 137, 304 107 - e 
12 200 0.26 - f - f - f - e 

13 400 0.34 97 162, 301 110 - e 

14 

TBT 
4 

50 0.30 - f - f - f - f 

15 100 0.32 - f - f - f - e 

16 g 200 0.30 123          308 110 - e 

17 g 400 0.15 91 157, 303 103 - e 

Synthesis conditions: DMFDC: HMDA = 1:1, oligomerisation at 140 ᵒC, 3 hour under argon; polycondensation at 

230 ᵒC, 5 hours under vacuum. 
a Calculated on the basis of metal  weight in the  catalyst relative to the weight of DMFDC in feed 
b Measured at 25 ᵒC using m-cresol solvent for polymer sample concentration of 0.5 g/dL 
c Measured on the first heating scan of the DSC thermogram 
d Measured on the second heating scan of the DSC thermogram 
e Not detected following second heating scan of the DSC 
f Sample not analysed 
g Sample was dried and annealed in the temperature range of 100-140 ᵒC before DSC analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Inherent viscosity of PA6F samples synthesised using different catalysts and loadings.  
No catalyst (control) (), TIPT (), TIC (), DBTO (), TBT (). 
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It can be realised from Figure 2.3 that overall, catalyst incorporation has a positive 

impact on the inherent viscosity of the polymer compared to sample synthesised 

without catalyst. In particular, TIPT and DBTO showed considerable improvements 

in the inherent viscosity with an increase in catalyst concentration, with an 

exception for DBTO at 200 ppm, when the viscosity dropped slightly. For the TIC 

and TBT catalysts, viscosity improvement was obvious until 100 ppm of the 

catalyst, after which it decreased, more in the case of TBT and less in case of TIC. 

The decreased in viscosity at higher catalyst concentrations suggest possible 

depolymerisation caused by chain scission reaction under these conditions. 

2.3.1.1 Nuclear magnetic resonance (NMR) analysis of PA6F  

The chemical structure of the furan-based polyamide PA6F was confirmed with the 

help of NMR analyses using different 1D and 2D experiments. As a representative 

examples, 1H and 13C NMR spectra recorded in DMSO-d6 for the sample synthesised 

using 200 ppm TIPT catalyst (entry 4, Table 2.1) have been presented in Figure 2.4 

with assignments. Chemical shifts were assigned with help of various 2D 

experiments (see Figure 8.2, chapter 8). From the 1H NMR spectrum, the 

characteristic amide proton at δ 8.51 ppm is distinguishable due to a strong 

deshielding effect of the neighbouring nitrogen atom. As anticipated from the 

chemical structure of the PA6F, amide protons at δ 8.51 ppm and furan protons at 

δ 7.15 ppm are in ratio 1:1. The absence of methyl protons (δ 3.87 ppm) of the 

DMFDC suggests complete conversion of the starting material.   
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Figure 2.4. NMR spectra for PA6F sample synthesised with 200 ppm TIPT (Table 2.1, entry 4) recorded 
in DMSO- d6 at 25 ᵒC (A) 1H NMR and (B) 13C{1H} NMR. 

(A) 

(B) 
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2.3.1.2 MALDI-TOF mass spectrometry of PA6F 

Further characterisation of PA6F chemical structure, in particular the end-groups, 

was performed using MALDI-ToF mass spectrometry. Figure 2.5 depicts the MALDI 

spectrum recorded for the sample synthesised with 200 ppm TIPT as an example 

(for uncatalysed sample, see section 8.1.3), whereas the magnified spectrum in the 

region 2380-3100 m/z has been shown in Figure 2.5. B. The figure illustrates a 

single repeat unit of 236.9 Da which corresponds to the repeating unit already 

confirmed by NMR analysis. Furthermore, different series of end-groups can also 

be observed, reflecting deviation of end-groups from the expected amino and ester 

groups. These end-groups were assigned to the chemical structures presented in 

Table 2.2. 
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Figure 2.5. MALDI-TOF MS analysis of PA6F sample synthesised with 200 ppm TIPT (A) full range 
spectrum and (B) spectrum in the range of 2350 to 3150 m/z.  
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Table 2.2. MALDI-TOF MS for PA6F sample synthesised using 200 ppm TIPT catalyst. 

Series m/z (n) Proposed end-groups 
MEG 

(cation) 
MEG 

(cation) 

   Assigned Observed 

A 
2384.8 

(9) 

 
229.4 
(Na+) 

229.7 
(Na+) 

B 
2398.7 

(9) 

 
243.4 
(Na+) 

243.6 
(Na+) 

C 
2451.3 

(9) 

 
296.4 
(Na+) 

296.4 
(Na+) 

D 
2465.1 

(9) 

 
309.5 
(Na+) 

310.0 
(Na+) 

E 
2555.6 

(10) 

 
184.1 
(H+) 

185.6 
(H+) 

From Table 2.2, it can be seen that three abundant series of end-groups i.e. A, B and 

C contain terminal methyl groups. The methylation of amino end-groups, termed 

as N-methylation, is a major issue during ester amidation reactions, and has been 

highlighted in the literature previously. Flannigan et al. encountered similar issue 

while studying the direct thermal condensation of aromatic methyl esters with 

aromatic amines.10 Malluche and co-workers tested the ester/amine reaction 

system with the help of a model reaction between methyl benzoate and 

hexylamine.11  They were able to confirm the presence of several alkylated species 

in the product mixture. Both of these studies excluded the possibility of methanol 

produced as by-product being responsible for the alkylation. Instead, it was 

proposed that alkylation of terminal amino groups to be a competing reaction to 

the amidation of ester (Scheme 2.3). 

 

Scheme 2.3. Two possible reaction pathways showing amidation and alkylation of methyl benzoate with 
hexylamine in the model reaction investigated by Malluche and co-workers.11 
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It is apparent that N-methylation is an undesirable side reaction. Methyl end-

groups act as chain terminators and are incapable of taking part in the 

condensation reaction.  This side reaction greatly lower the possibility of polymer 

chain growth, which in turn results in a lower molecular weight product. Moreover, 

these non-reactive end-groups will also eliminate the possibility to increase the 

molecular weight by solid state polymerisation (SSP).  Therefore, in order to 

synthesise PA6F polyamide with a higher molecular weight, N-methylation of the 

end-groups must be curtailed. 

2.3.1.3 Differential scanning calorimetry (DSC) analysis  

DSC analyses of the PA6F polymers synthesised using different catalysts was 

conducted to investigate the thermal properties of the resultant polymers. The 

main results were summarised in Table 2.1 and DSC thermograms for PA6F 

samples synthesised with TIPT catalyst in relation to the control sample has been 

presented in Figure 2.6 as an example (see Figure 8.4 for other DSC traces). From 

Figure 2.6 (A), the first heating scan of the DSC which usually reflects the thermal 

history of the polymer, four distinct transitions were observed, two of which are in 

the glass transition temperature region (I, II) and other two (III, IV) are melting 

endotherm  (Tm1, Tm1’). 

Owing to the presence of amide linkage in their backbone, PAs are prone to absorb 

moisture from the atmosphere. Moisture acts as plasticiser and can greatly affect 

the properties, for instance, reduce the glass transition temperature (Tg) by 

rendering the amorphous phase more mobile. The transition behaviour depicted 

in the region II of Figure 2.6 (A) corresponds to the evaporation of absorbed water 

molecules and is consistent with the earlier findings.12 On the other hand, the 

transition in region I is being regarded as the glass transition temperature (Tg1) on 

the first heating scan, which is certainly lower than that observed on the second 

heating scan (Figure 2.6. C). This effect is being attributed to the absorbed water 

induced plasticisation of the polymer causing considerable reduction in the Tg. The 

existence of a melting endotherm in the range of ~160 ᵒC on the first heating scan 

was also reported by Jiang et al. for their PA6F samples synthesised by enzymatic 

polymerisation.13 However, they did not witness any weak endotherm in the  

300 ᵒC range as observed in our case.  
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Semi-aromatic polyamides i.e. polyphthalamides (PPAs) containing phenyl rings 

display high melting temperatures, for instance, PA6T has a melting temperature 

of 370 ᵒC. One would imagine that the melting temperature for the furanic 

counterpart of PA6T, i.e. PA6F, to be in the proximity following the analogy 

between PET (Tm ~ 260 ᵒC) and PEF (Tm ~ 230 ᵒC).  In a paper by Wilsens et al., it 

has been shown that the additional intrachain hydrogen bonding interactions 

generated due to the presence of oxygen heteroatom in the furan ring reduces more 

favourable interchain hydrogen bonding interactions among amide-carbonyl 

moieties.14 Interchain hydrogen bonding is considered vital for crystallisation and 

superior thermal properties of polyamides. The lower melting endotherm on the 

first heating scan (region III, Figure 2.6. A) for PA6F could be explained by the 

formation of imperfect or defected crystals due to weak interchain hydrogen 

bonding as stated above. For the higher melting peak (region IV), the fact that the 

polymerisation was conducted at 230 ᵒC for five hours, may have resulted in some 

annealing effects leading to formation of more stable crystals. However, for more 

conclusive evidence, further investigation into this phenomenon will be required. 

No crystallisation exotherm was witnessed during cooling scan or cold 

crystallisation on the second heating scan (Figure 2.6. B, C), reflecting absence of 

crystallisation behaviour at the tested conditions. While on the second heating 

scan, only a single glass transition temperature (Tg2) was observed with no sign of 

a melting endotherm. Furthermore, higher glass transition temperatures (Tg2 ~ 

110-114 ᵒC) were observed in the case of catalysed samples in comparison to the 

sample synthesised without catalyst (Tg2 ~102 ᵒC).  The absence of a melting 

endotherm on the second heating scan (Figure 2.6. C) has also been reported in a 

number of other studies associated with PA6F synthesis.2,3,13,15 This could be 

explained by same of line of reasoning that perturbed interchain hydrogen bonding 

due to the additional interactions between amide groups and oxygen heteroatoms 

of the furan rings in PA6F limits its crystallisation.  
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Figure 2.6. DSC analysis of PA6F samples synthesised using TIPT as catalyst (A) first heating scan (B) 
cooling scan and (C) second heating scan. 
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2.3.2 Optimisation of oligomerisation conditions towards achieving 

higher molecular weight PA6F polyamide 

As demonstrated earlier in this chapter that PA6F polyamide samples synthesised 

using catalytic melt polymerisation resulted in severe N-methylation of end-groups 

(see Table 2.2). N-methylation is detrimental for achieving high molecular weight 

furan-based polyamides, which is the primary objective of this study. Indeed, the 

reaction conditions are vital in cases where the system is sensitive to small 

variations in these conditions. In their patent application, Duursma et al. have 

showed that minor variations in oligomerisation temperature during the PA6F 

oligomer preparation can greatly affect the extent of N-methylation (see Table 

2.3).16 With the help of 1H NMR analysis, they were able to compare the extent of 

N-methylation in samples prepared at different temperatures. The inventors 

proposed a temperature of less than 100 ᵒC for the oligomerisation to keep  

N-methylation to a minimum. This proposition was tested in the present system; 

see section 8.1.5, chapter 8, for detail. In summary, when oligomerisation was 

conducted at the temperature employed in our initial experiments (140 ᵒC), the 

extent of N-methylation was significantly higher. These observations also 

complement our previous findings regarding several N-methylated end-groups 

witnessed during MALDI-ToF analysis. Whereas, N-methylation was considerably 

lower (1-2%) when oligomerisation was conducted at 65 ᵒC. Though, as opposed 

to the claim put forward by the inventors, we were unable to see any positive 

impact of incorporating methanol as a solvent for the oligomerisation step to 

counter the N-methylation. These findings also suggest that the concentration of 

various functional groups, in particular the methylated end-groups, is independent 

of the presence of catalyst and its concentration at the oligomerisation stage. 
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HMDA, equiv. Temperature oC N.methyl, % DP 

1.10 160 14 --- 
1.10 135 11 --- 
1.10 120 10 --- 
1.10 110 6 --- 
1.10 100 4 --- 
1.10 90 2.5 --- 
1.10 50 1.5 4.2 

 

Table 2.3. Effect of oligomerisation temperature on the extent of N-methylation of PA6F oligomer. 
Data taken from ref. 16. 

 

 

  

 

 

Therefore, a series of experiments was conducted using TIPT catalyst, where 

oligomerisation was performed at 60-65 ᵒC, followed by polycondensation step, 

which was carried out using previously mentioned conditions. The results of PA6F 

synthesised using these modified conditions are summarised in Table 2.4, and 

Figure 2.7 compares these results with those conducted earlier. It is evident that 

significant improvements in both inherent viscosity and glass transition 

temperatures (Tg) were observed after adjusting the oligomerisation conditions to 

the lower temperature regime. For the catalytic samples, a nearly two-fold increase 

in inherent viscosity was observed, whereas, the Tg values increased by almost  

18 ᵒC. Even for the uncatalysed samples, an increase of 65% in the inherent 

viscosity was observed. This positive impact could be attributed to the 

considerable decrease in the extent of N-methylation of amino end-groups 

following the lower oligomerisation temperature. This will ensure an appropriate 

balance between the two reactive end-groups (amino, ester) that will effectively 

allow the polymer chains to grow further during the polycondensation stage of the 

reaction. 

Again, during the DSC analysis of these samples, no melting endotherm was 

detected for any of these samples on the second heating scan, reflecting 

predominantly amorphous character (see Figure 8.6, chapter 8). The 

reproducibility of these experiments was assessed and results were found to be 

reasonably consistent (Table 8.5, chapter 8).  
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Table 2.4. PA6F samples synthesised using TIPT catalyst by conducting the oligomerisation at 65 ᵒC for 
3 hours. 

Entry Catalyst loading 
Inherent 

Viscosity c 

Thermal 

properties 
d
 

GPC data 
e
 

 

(ppm) 
a
 (mol %) b dL/g Tg (

ᵒC) Tm (ᵒC) 
Mn 

(kg/mol) 

Mw 

(kg/mol)  
Ð 

1 0 0 0.43 124 - f 6 12 2.02 

2 50 0.0096 0.47 127 - f 9 17 1.85 

3 100 0.0192 0.60 129 - f 11 25 2.22 

4 200 0.0384 0.57 131 - f 13 44 3.28 

5 400 0.0769 0.54 130 - f 15 46 3.14 

Synthesis conditions: DMFDC: HMDA = 1:1, oligomerisation at 65 ᵒC, 3 hour under argon; polycondensation at  

230 ᵒC, 5 hours under vacuum. 
a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of DMFDC in feed 
b Calculated on the basis of moles of catalyst  to the total moles of feed 
c Measured at 25 ᵒC using m-cresol solvent for polymer sample concentration of 0.5 g/dL 
d Measured on the second heating scan of the DSC thermogram 
e Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
f Not detected following the second heating scan of the DSC 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Effect of oligomerisation temperature on the final polymer properties, improvement in (A) 
Inherent viscosity and (B) glass transition temperatures Tg as a function of TIPT catalyst concentration 
when oligomerisation was conducted at 65 ᵒC compared with earlier samples where oligomerisation 
temperature was 140 ᵒC. 

2.3.2.1 Catalyst addition: stage 1 versus stage 2 

It is evident from the results presented earlier that incorporation of a 

polycondensation catalyst, such as TIPT, and lowering the oligomerisation 
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temperature greatly improves the molecular weight of PA6F polyamides. In all 

earlier experiments, catalyst was added at the beginning of the reaction, i.e. at the 

oligomerisation stage (Scheme 2.4. A). In the following experiments, we intended 

to test the effect of adding catalyst in the second stage (Scheme 2.4 B). The primary 

outcomes of the experiments are summarised in Table 2.5. This shows that catalyst 

addition in the first stage or in the second has little or no impact on the inherent 

viscosity of the resultant polymer. Overall, addition of catalyst in the first stage is 

marginally more favourable compared to the cases where catalyst was added in the 

polycondensation stage.  

 

Scheme 2.4. TIPT catalyst addition (A) at the start of the reaction (addition at stage 1) and (B) at the 
polycondensation stage (addition at stage 2). 
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Table 2.5. Effect of catalyst addition in different stages on the inherent viscosity of resultant PA6F 
polyamides. 

Entry 

Catalyst for 

stage 1 

(Oligomerisa

tion) 

Catalyst for 

stage 2 

(Polyconden

sation) 

Cat. 

loading 

(ppm) a 

Inherent 

viscosity 

(dL/g) b 

Mn c 

(kg/mol) 

Mw 
c
 

(kg/mol) 
Ð 

1 No catalyst (control) 0 0.32 -d 

2 TIPT - 200 0.49 7 14 2.06 

3 TIPT - 200 0.52 8 17 2.14 

4 TIPT - 200 0.60 10 56 4.95 

5 - TIPT 200 0.49 9 19 2.18 

6 - TIPT 200 0.53 8 17 2.06 

7 - TIPT 200 0.50 10 18 1.91 

Synthesis conditions: DMFDC: HMDA = 1:1, oligomerisation at 65 ᵒC for 3 hour under argon; polycondensation at 
230 ᵒC for 5 hours under vacuum. 
a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of DMFDC in feed 
b Measured at 25 ᵒC using m-cresol solvent for polymer sample concentration of 0.5 g/dL 
c Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
d Sample displayed low intensity light scattering signals, hampering absolute molecular weight determination 

 

2.4 PA6F polyamide synthesis in a tube reactor 

In the previous sections, it has been demonstrated that in the presence of a suitable 

polycondensation catalyst, such as TIPT, and by conducting the oligomerisation 

step at a lower temperature (65 ᵒC), a high molecular weight PA6F polyamide  

(Mw ~ 46 kg/mol) can be successfully synthesised in a thin-film reactor. To the best 

of our knowledge, such molecular weights for PA6F synthesised by melt 

polycondensation procedure, have not been reported previously. Therefore, after 

establishing an active catalyst and reaction conditions necessary to achieve such 

molecular weights, we set out to evaluate the reaction on a gram scale using a tube 

reactor fitted with an overhead stirrer, a glass stirring shaft, and a distillation port 

to remove the volatiles (see Figure 8.1. B, chapter 8).   

Experiments were performed with varying reactor feed and catalyst 

concentrations to assess the results on the end product. Results are listed in  

Table 2.6. These results again confirmed our earlier findings concerning the 

positive impact of catalyst incorporation. However, molecular weights and 

inherent viscosities of the PA6F polyamides synthesised using this setup were 
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found to be inconsistent, even for samples prepared with similar catalyst loading 

and reactor feed (entry 3 and 4, Table 2.6). It was observed that during the 

polycondensation stage, due to the high viscosity of the polymer melt, the mixing 

was not uniform throughout the reactor. This was causing some polymer residue 

to stick on the shaft, rendering it almost impossible to mix with the rest of the 

polymer on the walls and at the bottom of the reactor tube. This phenomenon may 

have also caused difficulties in efficient heat transfer between the polymer residue 

in the reactor and on the shaft. Both of these issues will be detrimental for the 

properties of the final polymer. To confirm this, samples were collected from the 

reactor base and from the shaft and were subject to analysis to see the 

discrepancies (Table 2.7). It is apparent that the polymer recovered from the shaft 

has a lower molecular weight, which could be attributed to the mixing issues and 

poor heat transfer as mentioned earlier.  

Table 2.6. Some important properties of PA6F polyamides synthesised using the glass tube reactor. 

Entry 
Reactor 

feed 
(DMFDC) 

TIPT 
loading a 

Tg 
b,c 

Inherent 
viscosity d 

GPC analysis e 

  
(g) (ppm) (ᵒC) (dL/g) 

Mn  Mw Ð 

  (kg/mol) (kg/mol)   

1  1.5 100 123 0.44 10 20 1.95 

2 2.5 100 123 0.48 9 20 2.30 

3 3.5 250 123 0.45 6 11 1.84 

4 3.5 250 122 0.39 9 15 1.73 

5 2 250 123 0.50 8 15 1.84 

6 2 0 109 0.30 - f   

7 2 0 109 0.33 5 7 1.58 

8 2 400 125 0.52 8 17 2.13 

9 2 400 123 0.42 6 12 1.94 

10 2 400 124 0.51 8 15 1.87 

Synthesis conditions: DMFDC: HMDA = 1:1, oligomerisation at 65 ᵒC, 3 hour under argon; polycondensation at  
230 ᵒC, 5 hours under vacuum. 
a Calculated on the basis of weight of metal (Ti) in the  catalyst relative to the weight of DMFDC in feed 
b Measured on the second heating curve of DSC thermogram 
c No melting endotherm was detected following second heating scan of the DSC 
d Measured at 25 ᵒC using m-cresol solvent for polymer sample concentration of 0.5 g/dL 
e Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
f Sample displayed low intensity light scattering signals, hampering absolute molecular weight determination 
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Table 2.7. PA6F samples collected from different areas of the tube reactor. 

Entry 
Sample collection 

point 
TIPT loading a 

 (ppm) 

T
g 

b,c GPC analysis d 

(ᵒC) 
Mn  

(kg/mol) 
Mw 

(kg/mol) 
Ð 

1 Reactor 100 122 9 20 2.30 

2 Shaft 100 123 7 16 2.42 

a Calculated on the basis of weight of metal (Ti) in the  catalyst relative to the weight of DMFDC in the feed 
b Measured on the second heating curve of DSC thermogram 
c No melting endotherm was detected following second heating scan of the DSC 
d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 

2.5 Synthesis of PA6F polyamides in the 250 mL glass reactor 

using various catalysts 

After successfully producing reasonably high molecular weight furan-based 

polyamide PA6F in the thin-film reactor, we intended to increase the scale of our 

synthesis. The quality of product obtained using tube reactor was inconsistent as a 

result of inadequate mixing and heat transfer limitations as mentioned earlier.   

To overcome these issues, we tested the PA6F synthesis in a custom build 250 mL 

4-neck round bottom flask fitted with an overhead stirrer capable of recording 

torque value in real-time (Figure 8.1. C, chapter 8). The in-situ torque information 

can be associated with the melt viscosity and can give an indication of the 

polymerisation progress. Experiments were performed using various catalysts, in 

addition to TIPT, to understand and compare the impact on molecular weight 

increase of PA6F.  

For the oligomerisation stage, the reaction contents were allowed to react at 65 ᵒC 

for a period of time until the reaction resulted in a white solid agglomerate after 

subsequent increase in the viscosity. Beyond this point, it was not possible to 

continue stirring at the set temperature. The progress of the reaction was 

monitored by recording the time needed to form the solid agglomerate, and 

amount of methanol collected through distillation, calculated as a percentage of the 

theoretical amount to be liberated when reaction goes to 100% completion. For the 

polycondensation step, the reaction was conducted for at least three hours at  

230 ᵒC under vacuum. The torque values were recorded during the course of the 
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run and a mean value is reported. At the end of the reaction, the stirring was 

stopped and contents were removed while still in molten state. The polyamides 

prepared were later subjected to different analysis in as-synthesised condition.  

At first, the consistency of the synthesis protocol in the new reactor setup was 

established by performing three replicates using TIPT at 400 ppm loading and 

similar reaction conditions. The properties of the PA6F polyamide synthesised are 

listed in Table 2.8. This confirms the consistency and reproducibility of the PA6F 

samples synthesised in the new setup. 

Table 2.8. Analysis of PA6F polyamide samples synthesised in glass reactor setup. 

Entry 
TIPT 

loading a 

Oligomerisation 
time b, MeOH 

liberated c 

Average 
torque 

value after 
3 hours 

GPC analysis d 

  
(ppm) min, % N.cm 

Mn  Mw Ð 

  (kg/mol) (kg/mol)   

1 400 50, 69 13.7 6 10 1.87 

2  400 50, 70 13.9 8 12 1.51 

3 400 45, 60 15.0 7 13 1.94 

a Calculated on the basis of weight of metal (Ti) in the catalyst relative to the weight of DMFDC in the feed                  
b The time measured for DMFDC and HMDA system to form the oligoamide, which in turn is characterised by the 
formation of a solid agglomerate at the oligomerisation temperature after subsequent increase in the viscosity  
c Amount of methanol collected through distillation, calculated as a percentage of the theoretical amount to be 
liberated when reaction goes to 100% completion 
d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 
weights 

 

In further experiments, besides TIPT, we opted to compare the catalytic activity of 

a range of inexpensive and commercially available catalysts frequently employed 

in polycondensation reactions (Figure 2.8) using this glass reactor setup. Figure 2.9 

A, B depict the performance of various catalysts in the oligomerisation and 

polycondensation stages of the reaction, respectively. Some important properties 

of these polymers are also summarised in Table 2.9.  
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Figure 2.8. Catalysts used for the synthesis of PA6F in the glass reactor setup 
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The activity of different catalysts in the oligomerisation stage was measured by the 

increase in viscosity of the reaction medium over time, accompanied with 

formation of methanol as side product. From Figure 2.9. A, it is apparent that the 

formation of oligoamide occurred within 60 minutes of the reaction in majority of 

the catalyst systems and also in the uncatalysed reaction. Catalyst 5, however, 

showed a much faster rate compared to all other catalysts tested, and the reaction 

virtually took 35 minutes to form the oligomers. 6 and 7, on the other hand, needed 

the longest time. Overall, nearly identical amounts of methanol was recovered after 

the agglomerate formation, suggesting comparable conversions during this stage, 

irrespective of the presence or type of catalyst.  

In the polycondensation stage (Figure 2.9. B), differences in catalytic activities 

were more apparent in terms of increase in polymer viscosity over the 

polycondensation time, measured as torque value in this case. It is clear that the 

uncatalysed sample failed to show any noticeable viscosity increase after two 

hours of polycondensation. Similarly, zirconium-based catalysts 6 and 7 tested in 

our system were also inactive towards polycondensation. On the other hand, TIPT 

(1), TIC (2) and titanium (tert-butoxide) (5) showed considerable increase in the 

viscosity compared to the control sample. 1 was also found to be an active catalyst 

in our earlier assessment performed using the thin-film reactor. Another visible 

difference among these three catalysts is the induction period required to form the 

active catalytic species. For 1, an induction period of approximately 30-35 minutes 

was witnessed, after which the torque increase was more significant. In the case of 

2, virtually no induction period was observed and increase in torque was evident 

from the very start of the polycondensation. In contrast, antimony trioxide (8), a 

well-established polycondensation catalyst used in PET synthesis, also showed an 

increase in the torque value after an extended induction period of almost 80 

minutes.  

The increase in torque over the polycondensation time, which in turn translates to 

the polymer viscosity increase, was further confirmed by the GPC analysis 

conducted on the crude polymer samples (Table 2.9). PA6F synthesised with 5 

showed the best results in terms of molecular weights obtained, followed by 8, 2 
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and 1. 4 also showed molecular weights which are analogous to PA6F sample 

synthesised using 1. However, the torque development for 4 during the reaction 

was insignificant (Figure 2.9, B). One reason could be the lower dispersity of the 

polymer which ensued using 4, influencing the melt-phase rheology. Similar 

arguments can be proposed for the run conducted with 2, despite having lower Mn 

than 5 and 8, owing to a higher dispersity of the polymer, it showed the highest 

torque value after the three hours of polycondensation reaction. 

In conclusion, catalytic melt polymerisation has found to be an effective technique 

to synthesise PA6F polyamides. Considerable improvement in molecular weight 

was observed when catalysts, such as TIPT, TIC or titanium (tert-butoxide) were 

incorporated to facilitate the polycondensation reaction.  
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Figure 2.9. Catalytic activity of different catalysts tested for the synthesis of PA6F in 250 mL glass reaction 
(see figure 2.8 for catalyst used) (A) time needed to reach solid agglomerate formation and amount of 
methanol distilled off expressed as percentage of theoretical amount to be liberated when reaction goes 
to completion (B) torque versus time data for the polycondensation step. 
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Table 2.9. Analysis of PA6F polyamides synthesis with various catalysts in the glass reactor setup (for 
GPC traces see section 8.1.8, chapter 8) . 

Catalyst a Catalyst loading b Tg 
c GPC analysis d 

 (ppm) (ᵒC) 
Mn  Mw Ð 

(kg/mol) (kg/mol)   

Control 0 110 - e 

1 400 119 6 11 1.87 

2 400 117 6 12 1.92 

4 400 115 6 10 1.59 

5 400 120 8 12 1.52 

6 400 108 3 5 1.59 

7 400 111 5 7 1.48 

8 400 117 7 12 1.73 

Synthesis conditions: DMFDC: HMDA = 1:1, oligomerisation at 65 ᵒC, 3 hours under argon; polycondensation at 

230 ᵒC typically for 3 hours. 
a See figure 2.8 for catalysts used 
b Calculated on the basis of metal weight in the  catalyst relative to the weight of DMFDC in feed 
 c Measured on the second heating scan of the DSC thermogram, no melting transition was detected following the 

second heating scan 
 d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
e Sample displayed low intensity light scattering signals, hampering absolute molecular weight determination 

 

2.6 Isolation of potential model catalytic intermediates  

In order to appraise the nature of active catalyst species and their interactions in 

our system, we set out to perform some preliminary investigations into the 

reaction mechanism. For this purpose, TIPT, HMDA and DMFDC in a molar ratio 

2:1:1 were allowed to react in toluene at 60-65 ᵒC. Serendipitously, crystal 

formation was observed over time, and these were isolated with the solid-state 

structure being determined using single crystal X-ray crystallography. Figure 2.10 

A, B show the crystal structure of the isolated compound. More details about the 

structure and its unit cell are presented in section 8.1.9, chapter 8. 

 The X-ray structure revealed a centrosymmetric dimeric adduct of TIPT with 

HMDA in which the metal is coordinated in an octahedral fashion. The two titanium 

atoms are bridged by two methoxide (OCH3) bridges. The molecular structure can 

be denoted by the formula Ti2 (Oi-Pr)6 (OMe)2 [NH2(CH2)6NH2]. Overall, the 

structure represents a coordination polymer between the TIPT and HMDA, where 

the two dimeric titanium centred units are coordinated via the amino groups of the 
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HMDA (Figure 2.10. B). Another important feature is the intermolecular hydrogen 

bonding between the coordinated amine hydrogen (-N-H) and the oxygen situated 

in the neighbouring alkoxide groups, as mentioned is some of the earlier 

studues.17,18 These hydrogen bonding interactions were believed necessary to form 

stable crystalline adducts.18 Nevertheless, the crystal structure obtained in our 

study differs slightly from the one obtained in the work by Eric and Schubert on the 

amine adducts of TIPT.17 In their crystal structure, the dimeric titanium units were 

bridged by isopropoxide (Oi-Pr) functional groups instead of methoxide (OCH3) in 

our case. We believe that this is due to the partial amidation of DMFDC in our 

system, which provide the methoxide bridging groups.  
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Figure 2.10. Crystal structure of catalytic species isolated as a result of a reaction between DMFDC, 
HMDA and TIPT (A) the titanium cantered dimer units with coordinated amine and (B) the coordination 
polymeric view. 

Han et al. also found related intermediate crystalline compound while investigating 

the ester-amine exchange reaction mechanism in the presence of zirconium(IV) 

(tert-butoxide) [Zr(Ot-Bu)4] and 1-hydroxy-7-azabenzotriazole (HOAt) as catalyst 

and activators, respectively.19 For the reaction mechanism, they suggested the 

coordination of ester to one of the zirconium metal centre at the expense of one of 

the central Zr-O bridge (Scheme 2.5). This allows the amine to attack the ester, 

resulting in the desired amide formation. The zirconium-amine catalytic species 13 

is regenerated in the last step by the action of by-product alcohol with tert-

butoxide ligand in the presence of amine.    

 

(B) 
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Scheme 2.5. Reaction pathways proposed by Han et al. for ester-amine exchange reaction conducted in 
the presence of Zr(Ot-Bu)4  and 1-hydroxy-7-azabenzotriazole (HOAt).19  

 

2.7 Conclusions and future work 

In this chapter, a preliminary investigation into the synthesis of furan-based 

polyamide, poly(hexamethylene furanamide) (PA6F), by a catalytic melt 

polymerisation technique has been carried out. Initially, the reaction was 

performed in a sub-gram thin-film reactor following a two-step process, i.e., 

oligomerisation and polycondensation. The chemical structure of PA6F was 

confirmed using NMR analysis. During PA6F synthesis, it was observed that the 

incorporation of catalysts, for instance, titanium isopropoxide (TIPT), titanium 

citrate (TIC) and dibutyltin oxide (DBTO) resulted in an increase in the inherent 

viscosity of the newly synthesised polymer compared to the uncatalysed reaction, 

however, this improvement in inherent viscosity at the initial stage of the project 

was insignificant. Further analysis into the polymer structure with MALDI-ToF 

revealed severe N-methylation of amino end-groups, a side reaction preventing 
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polymer chain growth. N-methylation of amino end-groups was regarded as a 

major obstacle towards achieving higher molecular weight PA6F polymer. 

Later, a significant increase in the polymer inherent viscosity, glass transition 

temperature (Tg) and molecular weight was observed once oligomerisation 

temperature was optimised and adjusted to a lower temperature (65 ᵒC). With the 

optimised reaction conditions, PA6F polymer samples having a Mn ~15 kg/mol and 

MW ~ 46 kg/mol were produced using very low loadings of TIPT catalyst (400 

ppm). DSC analysis conducted on the crude PA6F polymer samples showed Tg in 

the range of 124 – 130 ᵒC. However, absence of a melting transition in the second 

heating scan suggested an amorphous nature of the polymer. 

Lastly, to further study the synthesis of PA6F and evaluate the up-scaling potential, 

the reaction was subsequently carried out in a 250 mL glass reactor setup. In 

addition to TIPT,  a range of  catalysts were investigated for their activity using 

reaction conditions already established in the earlier experiments. Again, 

considerable improvement in the molecular weight was observed when catalysts 

such as TIPT, TIC, titanium(n-butoxide) and titanium(tert-butoxide) were 

employed compared to the uncatalysed reaction. Titanium (tert-butoxide) gave the 

best results in terms of molecular weights (Mw ~ 12 kg/mol) of the end product.  

Overall, catalytic melt polymerisation has been found to be an efficient technique 

to synthesise furan-based polyamide PA6F. The molecular weights achieved in this 

study were unprecedented compared to those reported earlier for PA6F polymers 

synthesised via conventional ammonium salt-based synthesis. These studies form 

the basis for subsequent chapters where the synthesis of PA6F is studied in greater 

detail considering the effect of other parameters, for instance stoichiometry and 

polycondensation temperature.    

In addition to organometallic catalysts tested here, it will be worth exploring to 

investigate some organo-catalysts and as well as metal-organic frameworks 

(MOFs) for ester amidation reaction.5,20 

The insights gained during this study also suggest that semi-aromatic polyamide 

based on renewable furanic monomer, such as PA6F, possesses extremely 

interesting properties and could be a promising alternative to its petrochemical-
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derived counterpart. In the next chapter, both TIPT and TIC catalysts are 

investigated in further detail using the glass reactor setup. The PA6F synthesis and 

properties of PA6F are also examined with a range of analytical techniques.  
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Chapter 3 

Synthesis and characterisation of high molecular 
weight semi-aromatic polyamide based on 2,5-
furandicarboxylic acid as a sustainable building 

block for engineering plastics 
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3 Synthesis and characterisation of high 

molecular weight semi-aromatic polyamide 

based on 2,5-furandicarboxylic acid as a 

sustainable building block for engineering 

plastics 

3.1 Introduction 

In a recent report by UN, world population has been estimated to grow to 9.7 billion 

people by 2050; up by 26% from current 7.7 billion.1 The population growth figures 

and our economic, technological and industrial growth ambitions place severe burden 

on the available natural resources and the environment.2 Concerns regarding fossil 

resources depletion, global warming and post-consumer waste disposal issues have 

directed research activities towards developing alternative solutions that are 

environmentally more sustainable.3,4 At present, only 1% of the total plastics 

consumed globally is made from renewable bio-based raw materials.5 The remaining 

99% being produced from fossil-derived resources, consuming about 5% of the total 

petroleum production and this proportion will reach 20% by 2050.6  To improve the 

current situation, developing innovative solutions that are bio-based (some are 

additionally biodegradable), for instance: poly(lactic acid) (PLA), 

polyhydroxyalkanoate (PHA), poly (ethylene furanoate) (PEF) or a renewable 

production route to existing non-sustainably sourced polymers,  such as: bio-

polyethylene (bio-PE), bio-poly(ethylene terephthalate) (bio-PET) has been at the 

centre of research activities both in academia and industry. However, most of these 

efforts address commodity plastics that are mainly used in packaging applications, 

whereas engineering thermoplastics have not yet received significant attention.  

Polyamide (PA) is a vital member of the engineering plastics family with an estimated 

market size of 30 billion USD in 2020.7 Polyamides in general are characterised by 

their superior thermal, solvent and abrasion resistance and gas barrier properties 

along with excellent mechanical strength.8,9 Due to their highly desirable properties, 
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polyamides are utilised in fiber production, electrical, electronics, automotive, house-

hold goods and food packaging industries.7 The major drawback of aliphatic PAs e.g. 

poly(butylene adipamide) (PA46), poly(hexamethylene adipamide) (PA66, nylon 66), 

poly(caprolactam) (PA6, nylon 6)  are their susceptibility to moisture. Moisture acts 

as plasticiser, resulting in mechanical strength deprivation as well as poor 

dimensional stability.10 Introducing aromatic rings into the polymer backbone not 

only reduces moisture uptake, it also provides added benefits of higher glass transition 

temperature (Tg), melt temperature (Tm) and better mechanical property retention at 

higher temperatures. This leads to the production of semi or all-aromatic (aramid) 

polyamides, depending on the structure of diacid and diamine units utilised for the 

synthesis. Semi-aromatic polyamides, also termed as polyphthalamides (PPAs), are 

unique polymers as they provide excellent chemical resistance, dimensional stability 

and high temperature performance, with additional advantage of being melt process-

able, which in case of aramides is unattainable.11-14 Owing to their distinctive standing, 

PPAs have attracted a great deal of commercial attention and to date, several different 

grades and chemistries are available from various producers. PPAs are high 

performance engineering plastics with intended use in metal replacement 

applications to meet the exceptional mechanical, thermal and weathering properties 

at elevated temperatures. 8,15 As density of these materials is quite low compared to 

metals, this gives opportunities for light weighing without compromising structural 

integrity and safety requirements. At present, poly(decamethylene terephthalamide) 

(PA10T) is the only commercially available PPA prepared by utilising renewable C10 

diamine (1,10-diaminodecane) derived from castor oil. 16–18 Thus, most of the PPA 

grades available in the market have large environmental footprint.  One approach to 

rectify this issue would be to pursue a renewable replacement for the aromatic 

monomers, terephthalic acid (TPA) and isophthalic acid (IPA). 2,5-furandicarboxylic 

acid (FDCA) is an unparalleled candidate for this role due to its structural similarities 

with TPA4 and has been considered as one of the most valuable bio-based building 

block that can be converted to high-value chemicals and materials.19,20 FDCA can be 

produced by the oxidation of 5-(hydroxymethyl) furfural (HMF) derived from a 

number of renewable carbohydrates based resources. 21,22 
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It is clear from the literature reviewed in chapter 1 that the current synthetic 

approaches to produce furan-based polyamides (FPAs) have limitations and are 

unable to provide product with a reasonable molecular weight. 

In our initial work presented in chapter 2, we intended to address the key challenges 

confronted during melt polymerisation of FDCA and HMDA. The primary focus was to 

synthesise higher molecular weight furan-based polyamide PA6F through an 

environmentally benign catalyst system that is less energy intensive. For this purpose, 

DMFDC and HMDA monomers were subjected to polymerisation in the melt-phase, 

firstly, in a thin-film reactor to produce PA6F. To evaluate the up-scaling potential, the 

reaction was subsequently carried out in a 250 mL glass reactor setup (30-35g scale). 

It was shown that a considerable improvement in the molecular weight could be 

achieved when catalysts, such as TIPT and TIC are employed compared to the 

uncatalysed reaction. To proceed further, in this chapter, the aim is to study the 

synthesis of PA6F in a greater detail using the same glass reactor. We will be 

considering the effect of other synthesis parameters, for instance, catalysts 

concentration, stoichiometry and polycondensation temperature on polymer 

properties and on the extent of side reactions.  
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3.2 Synthesis and characterisation of PA6F 

3.2.1 Background 

Synthesis of polyamides from a diacid and a diamine via polycondensation reaction is 

conventionally carried out by first preparing an aqueous ammonium salt solution of 

both monomers. Subsequently subjecting the solution to a high temperature in a 

sealed reactor vessel which increases the pressure, after relieving the pressure to 

remove water, yields high molecular weight polymer.15 However,  several previous 

attempts to synthesise furan-based polyamides (FPAs) with this method did not yield 

high molecular weight polymer, as a result of strong decarboxylation (decomposition) 

at elevated temperatures, preventing chain propagation.16,23 To address these 

shortcomings, in this study, it was intended to produce high molecular weight furan-

based polyamide poly(hexamethylene furanamide) (PA6F) by utilising a two-step 

polycondensation approach in the melt (Scheme 3.1).  

Initially, the melt polymerisation of DMFDC and HMDA in stoichiometric amounts was 

carried out in a small scale (250 mg feed) thin-film reactor (chapter 2). 24 

 

 

 

Scheme 3.1. A schematic representation of two-step synthesis of PA6F polyamide. 

 



 
122 

0 50 100 150 200 250 300 350 400 450
0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

 

 Inherent viscosity (TIPT)

 Inherent viscosity (no catalyst)

 T
g
 (TIPT)

 T
g
 (no catalyst)

Catalyst loading (ppm)

In
h

e
re

n
t 

v
is

c
o

s
it

y
 (

d
L

/g
)

117

120

123

126

129

132
T

g
 (

o
C

)

Grosshardt et al. have synthesised FPAs by catalytic melt polymerisation technique. 25 

However, the resultant polymers had low molecular weights. In their work, 

oligomerisation was conducted at a higher temperature (140 ᵒC), which may have 

caused severe N-methylation of the macromolecules, a side-reaction that limits 

molecular weight growth.26 For our two-step synthesis procedure, the first step of 

oligomerisation was conducted at 65 ᵒC under argon atmosphere to minimise the N-

methylation of chain ends. Whereas, polycondensation was carried out at 230 o C under 

vacuum (< 0.5 mbar). Initial catalyst screening revealed that titanium (IV) 

isopropoxide (TIPT) and ultra-pure titanium (IV) citrate (TIC) showed better results 

(chapter 2). Figure 3.1 represents the inherent viscosities and glass transition 

temperature (Tg) of PA6F polyamides synthesised at different loadings of TIPT. A 

gradual increase in both inherent viscosity and Tg is evident with catalyst 

incorporation compared to uncatalysed sample. These results were also corroborated 

with molecular weight data obtained by GPC analysis. A molecular weight of Mn 14,000 

g/mol was achieved at 400 ppm of TIPT concentration. Thus, a relatively high 

molecular weight bio-based semi-aromatic polyamide containing furan moieties could 

be produced following a simple and environmentally benign catalytic approach.  

 

. 

 

 

 

 

 

 

Figure 3.1. Inherent viscosity and glass transition temperatures for PA6F samples synthesised using the 
thin-film reactor. 
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3.2.2 Synthesis of PA6F in the glass reactor  

3.2.2.1 Utilising stoichiometric amounts of reactants 

After successfully producing high molecular weight furan-based polyamide PA6F at a 

smaller scale, we intended to increase the scale of our synthesis to a multi-gram scale. 

A 250 mL 4-neck round bottom flask fitted with an overhead stirrer capable of 

recording torque values in real-time was employed (Figure 8.1. C, chapter 8). The 

experiments performed at a constant metal loadings (400 ppm) for various catalysts, 

have already been presented in chapter 2.  TIPT and TIC were selected for further 

assessment. In this section, experiments were conducted employing these catalysts at 

varying metal loadings and also a control experiment, where no catalyst was 

incorporated. 

3.2.2.1.1 Activity of TIPT and TIC catalysts in the oligomerisation step 

The catalytic melt polymerisation approach comprising oligomerisation and 

polycondensation step was employed for the synthesis (Scheme 3.1). For the 

oligomerisation step, the reaction contents were stirred at 65 ᵒC for a period of time 

until the reaction resulted in a white solid agglomerate after subsequent increase in 

the viscosity. Beyond this point, it was not possible to continue stirring at the set 

temperature. Again, the progress of the reaction was monitored by recording the time 

needed for solidification and the amount of methanol collected through distillation. 

Figure 3.2 represents performance comparison for both catalysts employed at 

different loadings during the oligomerisation step. It is evident that both catalysts 

showed faster kinetics to oligomerisation compared to uncatalysed reaction. TIC in 

particular was considerably faster at lower loadings. Overall, similar amounts of 

methanol was recovered after the agglomerate formation, suggesting comparable 

conversions during this stage irrespective of the catalysed or uncatalysed system.  
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Figure 3.2. Performance of both TIPT and TIC catalysts at different loadings during oligomerisation step. 

Time needed to reach solid agglomerate formation (   ) and amount of methanol recovered and 
expressed as percentage of theoretical amount to be liberated when reaction goes to completion 
(). 

The degree of polymerisation (DP) after the oligomerisation can also be estimated 

using 1H NMR. As a representative example, Figure 3.3 shows the 1H NMR spectrum 

for a PA6F sample after the oligomerisation step with assignments. Since TFA-d1 was 

used as NMR solvent, a broad signal was detected for the amide protons (-CONH) at  

δ 6.75 ppm, owing to the proton exchange phenomenon. However, signal attributions 

for the remaining structure were readily assigned. The aromatic protons of the furan 

ring (Hd) were assigned at δ 7.41 ppm. The spectrum was also referenced to these 

protons. The methylene protons next to the amide linkage (Hc, -CONH-CH2-) in the 

oligomer chain were found at δ 3.63 ppm. Whereas, the methylene protons next to the 

amino end-groups (Hc’, -CH2-NH2) can be observed at δ 3.33 ppm. Furthermore, the 

methyl group chemical shift from the unreacted DMFDC (He) was observed at δ 4.12 

ppm. 
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Figure 3.3. 1H NMR spectrum example of a PA6F oligomer (Table 3.1, entry 3) recorded after the 
oligomerisation stage in TFA-d1 at 298 K.  

The integral values of these assignments can be used to calculate the unreacted 

DMFDC, oligomer degree of polymerisation (DP) and also the Mn using following 

equations: 27 

𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐷𝑀𝐹𝐷𝐶 (%) = (
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝛿 4.12 𝑝𝑝𝑚 (𝐼𝑒)

6
) × 100 Eq. 3.1a 

𝐷𝑃 =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝛿 3.63 𝑝𝑝𝑚 (𝐼𝑐)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝛿 3.33 𝑝𝑝𝑚 (𝐼𝑐′)
 Eq. 3.1b 

𝑀𝑛  = 𝐷𝑃 × 𝑅𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 (236.3 
𝑔

𝑚𝑜𝑙
) Eq. 3.1c 

 

Table 3.1 summarises the results for oligomers synthesised using TIPT catalyst, which 

shows the DP in the close range of 11 to 13 units. Therefore, no significant difference 



 
126 

in the oligomer DP or Mn was observed at the end of the oligomerisation step, 

confirming the earlier findings. 

Table 3.1.  The degree of polymerisation (DP) and number average molecular weight (Mn) estimated using 
1H NMR on some selected oligomer samples synthesised in the glass reactor.  

 

 

 

 

 

3.2.2.1.2 Activity of TIPT and TIC catalysts in the polycondensation step 

Figure 3.4 depicts the torque versus time data recorded over the course of 

polycondensation step under vacuum for these samples. It is clear that uncatalysed 

sample failed to show any viscosity increase after two hours of polycondensation. On 

the other hand, samples where catalysts were incorporated, showed torque increase 

over time. For TIPT, an induction period of approximately 40 minutes was observed, 

after which the torque increase was much more significant. In the case of TIC, virtually 

no induction period was observed and increase in torque was evident from the very 

start of the polycondensation.  

Moreover, it is also apparent that TIC is more active even at lower loadings compare 

to TIPT (Figure 3.4. B) and final torque values achieved with TIC were higher than 

those with TIPT. These results also support our earlier observations in the 

oligomerisation step, where TIC showed faster kinetics. The faster kinetics and 

absence of induction period in the TIC case, as observed in our reaction system, lies in 

the fact that TIC is produced using ultra-pure titanium (IV) isopropoxide which limits 

the formation of disadvantageous titanium oxo species.28  

 

 

Entry Catalyst Cat. loading  
(ppm) 

Unreacted 
DMFDC (%) 

DP  Mn 
 

(g/mol) 

1 Control 0 3.4 11.1 2,600 

2 TIPT 200 4.7 13.7 3,200 

3 TIPT 300 4.5 10.8 2,500 

4 TIPT 400 4.8 11.6 2,700 
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Figure 3. 4. (A) Toque values recorded during polycondensation reaction in melt employing different loadings 
of both catalysts (TIPT and TIC) and (B) Torque comparison at similar loadings for TIPT and TIC. 

 

During DSC analysis of these PA6F samples (Figure 8.7-8.8, chapter 8), no melting 

endotherm was observed on the second heating scan, in addition to absence of 

crystallisation exotherm on the cooling or heating scans (Figure 3.5). On the first 

heating scan, a broad Tg signal and a less pronounced melting endotherm was 
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observed, however, this melting transition was not consistent with other samples. This 

behavior suggests a predominately amorphous character of PA6F. Absence of a 

melting transition was also detected earlier for our PA6F polymer samples 

synthesised in chapter 2, and was discussed in detail in section 2.3.1.3.  

It has been suggested that the additional intramolecular hydrogen bonding 

interactions arising from the presence of oxygen heteroatom in the furan ring reduces 

more preferred interchain hydrogen bonding between the amide proton and carbonyl 

moieties.29,30 Interchain hydrogen bonding is considered vital for the crystallisation 

and improved thermal properties of polyamides in general. The weaker interchain 

hydrogen bonding in the kinked PA6F structure could result in lower, in addition to 

slower crystallisation behaviour, which could explain the absence of melting 

endotherm in our DSC analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. DSC thermograms for sample synthesised with TIPT 200 ppm. 
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Detailed DSC and GPC data for these samples is presented in Table 3.2. As evident, 

glass transition temperature (Tg) of the sample without catalyst (control) is lower than 

all other samples where catalyst was incorporated. Regrettably, it was not possible to 

determine the absolute molecular weight of the control sample as a result of very low 

light-scattering signals in the GPC analysis, hampering the peak integration.  

It is evident from these results that catalyst addition facilitates molecular weight 

increase. TIPT at 400 ppm loading appears to give the best results. For TIC, lower 

loadings of catalyst was preferred, as at higher loadings, low molecular weight dark 

coloured polymer was produced. Indeed, longer polycondensation time did not 

showed any significant impact on end product (entry 4 and 5, Table 3.2).  It is clear 

from data presented in Table 3.2 and one for thin-film reactor (Table 2.4, chapter 2), 

that molecular weights achieved with the glass reactor were on lower side at similar 

synthesis conditions compared to thin-film reactor. This could be attributed to the 

better chain mobility in the case of polymer thin-film. 

It is also apparent from the data listed in Table 3.2, where glass reactor samples were 

analysed after subjecting them to a solvent purification step, both Tg and molecular 

weights were improved. The yield of purified polymer in the case of uncatalysed 

sample was also much lower compared to catalysed reaction runs.
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Table 3.2. Differential scanning calorimetry (DSC) and gel permeation chromatography (GPC) analysis conducted on the samples synthesised in glass reactor 
runs (for GPC traces see section 8.2.1.2). 

a Calculated on the basis of metal (Ti) weight in the catalyst relative to the weight of DMFDC in the feed. b Measured on the second heating curve of the DSC thermogram, no 
melting endotherm was detected in any of these samples. c Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 
weights. d Calculated from the purification step.  e Sample displayed low intensity light scattering signals, hampering absolute molecular weight determination. .f For this run, 
polycondensation was conducted for 5 hours under similar conditions as entry 4. 

Entry Catalyst 

 
 

Catalyst 
loading a 

As-synthesised polymer analysis Polymer analysis after purification 

Tg
 b Mn  

c Mw 
c 

Ð 
Tg 

b Mn 
c Mw 

c 
Isolated 
Yield d 

(ppm) (ᵒC) (kg/mol) (kg/mol) (ᵒC) (kg/mol) (kg/mol) (%) 

1 No cat. 0 110 - e 131 8 11 36 

2 TIPT 200 116 5 10 1.94 128 12 16 73 

3 TIPT 300 121 6 10 1.67 130 13 17 64 

4 TIPT 400 121 8 12 1.51 130 14 18 71 

  5 f TIPT 400 119 8 13 1.62 130 14 18 66 

6 TIC 100 118 5 10 1.92 130 13 16 66 

7 TIC 200 116 6 12 1.98 130 13 19 70 

8 TIC 250 116 7 12 1.71 130 12 16 77 

9 TIC 400 117 6 12 1.92 130 14 20 72 
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3.2.3 Effect of reaction stoichiometry 

We were interested to study the effect of reaction stoichiometry on the polymer 

molecular weight and properties. In particular the reactions employing an excess 

of diamine monomer. Experiments were conducted in order to study the effect of 

utilising excess HMDA in our system. TIPT at 400 ppm and TIC 100 ppm were 

chosen as optimum catalyst loadings, whereas amount of diamine was varied in 2, 

4.5 and 10 mol% excess in relation to DMFDC. Results are compared with those 

without excess diamine and with excess diamine (4.5 mol% excess) but with no 

catalyst. The torque versus time behaviour, representing the viscosity of the melt 

during polycondensation step, is depicted in Figure 3.6, while DSC and GPC analysis 

result of these samples are presented in Table 3.3.  

 It is clear from Figure 3.6. A and B, that a 2 mol% excess HMDA does not affect the 

polycondensation rate significantly and final torque values achieved with both 

catalysts were almost comparable to those without any excess HMDA. However, at 

4.5 mol% excess, a dramatic increase in the melt viscosity was noticeable, as 

evident by the rapid torque increase. The reaction reached the maximum torque 

limit of our stirring setup (20 N.cm) in approximately 70 and 120 minutes with 

TIPT 400 ppm and TIC 100 ppm, respectively. After which, either reaction 

temperature was increased by 5-10 ᵒC, or stirrer rpm was reduced to bring the 

torque value within the limits (area enclosed within the boxes in Figure 3.6). Due 

to the very high torque response within such a short time, it was possible to reduce 

the TIPT catalyst concentration from 400 to 200 ppm (Figure 3.6. C) without 

significantly changing the torque profile. Though, 10 mol% excess HMDA run did 

not reach high torque values even after 180 minutes. This could be explained by 

considering that at higher HMDA excess (10 mol%), it is likely that some unreacted 

diamine could still be present in the system which may reduce the melt viscosity 

by disrupting the interchain hydrogen bonding.  
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Figure 3.6. Torque versus time plot for polycondensation step of PA6F synthesised using an excess of 
HMDA (A) TIPT 400 ppm (B) TIC 100 ppm and (C) TIPT 400 and 200 ppm 

The effect of introducing excess diamine was also evident in the polymer 

properties (Table 3.3). An increase in glass transition temperatures (Tg) was 

noticeable with increase in molar excess of HMDA. The increase in Tg was less 

pronounced with 2 mol% excess, while higher increase (approximately 10 ᵒC) was 

observed in the case of 4.5 mol% and 10 mol%. Again, no melting endotherm was 

observed for all these samples. Moreover, from GPC data, these samples also 

showed broader molecular weight distribution as represented by higher 

dispersities (Ð), in contrast to the run conducted with stoichiometric amounts  

(entry 2, Table 3.3, also see Table 3.2). This phenomenon can be explained by the 

fact that existence of excess diamine results in more amino terminated end-groups 

which are prone to initiate transamidation in the polyamide macromolecules 
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under these conditions, resulting in chain scission, thus producing polymer with 

broader dispersity.31,32 Moreover, these terminal amino groups could combine 

with chains containing terminal ester groups (see below for MALDI-ToF), this 

could account for the molecular weight improvement in the control run with excess 

diamine (entry 1, Table 3.3) compared to control run with stoichiometric amounts 

(entry 1, Table 3.2). 

 

Table 3.3. DSC and GPC analysis results for PA6F samples prepared with varying diamine molar excess 
and at catalyst loadings TIPT 400 ppm and TIC 100 ppm (For GPC traces see section 8.2.1.3, chapter 8). 

Entry Cat. 

HMDA 

excess 
Tg

 a Mn  
b Mw 

b 
Ð 

(mol %) (ᵒC) (kg/ mol) (kg/ mol) 

1 No cat. 4.5 119 5 11 2.20 

2 TIPT - c 121 8 12 1.51 

3 TIPT 2 125 9 17 1.90 

4 TIPT 4.5 130 9 23 2.56 

5 TIPT 10 131 8 17 2.18 

7 TIPT d 4.5 128 8 17 2.14 

8 e TIPT 4.5 132 11 85 7.60 

9 f TIPT - c 120 9 14 1.61 

10 TIC - c 118 5 10 1.92 

11 TIC 2 123 8 13 1.69 

12 TIC 4.5 132 9 24 2.65 

a Measured on the second heating curve of the DSC thermogram 
 b Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 
weights 
 c Monomers in stoichiometric amounts 
d Reaction performed at TIPT loading of 200 ppm  
e Polycondensation temperature 230 ᵒC for 1 h then 240 ᵒC for 0.5 h 
 f Polycondensation was carried out at 240 ᵒC.   
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It is clear that excess diamine addition results in increasing both molecular weight 

and glass transition temperatures of the PA6F polyamides. Although, as described 

previously, torque increase over time was not observed in the case of 10 mol% 

excess diamine in the feed.  Interestingly, this run with 10 mol% excess, despite 

having marked differences in molecular weight with the control run ( entry 1, Table 

3.3), showed analogous torque development during the course of 

polycondensation (Figure 3.6. A). The fact that this observation was only apparent 

at 10 mol% diamine excess, suggests that some residual fraction of the excess 

diamine could be altering the melt-phase rheology of the sample.  

Polymers synthesised using stoichiometric quantities of monomers in the feed, 

showed slight yellowish colouration, but those without catalyst and excess 

diamine, had a strong orange hue (Table 8.6, section 8.2.2, chapter 8). A plausible 

explanation could be the thermo-oxidative degradation of polymer under these 

conditions resulting in the formation of azomethine (C=N) intermediates, which 

undergoes a series of consecutive condensation reactions, resulting in sequences 

with conjugated double bonds which generates UV/Vis active chromophores.9,33 

Since this process is facilitated by the presence of amino end-groups which help 

produce more azomethines, this explains more discolouration observed with 

increasing molar excess of diamine. For the run synthesised with stoichiometric 

amounts without catalyst (entry 1, Table 3.2), the polymer could in principle, be 

more susceptible to degradation due to low molecular weight. Furthermore, the 

reaction performed at 4.5 mol% excess using higher polycondensation 

temperature (entry 8, Table 3.3) in contrast to the stoichiometric run (entry 9, 

Table 3.2), showed higher dispersity. This could be attributed to the chain 

branching and subsequent crosslinking as a result of condensation reaction 

between two amino end-groups, also observed by Puglisi et al. while studying 

thermal gelation in PA66 at elevated temepratures.34 This also explains the 

presence of an insoluble polymer fraction observed when sample from this run was 

dissolved in HFIP for GPC analysis.  
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3.2.4 Characterisation of the PA6F polymer synthesised in the 

glass reactor 

3.2.4.1 MALDI-ToF mass spectrometry analysis 

MALDI-ToF analyses were conducted to study the end-group distribution in the 

PA6F oligomer and polymer samples. Figure 3.7 and 3.8 shows MALDI spectra 

recorded for the polymer synthesised without catalyst (control) and with 400 ppm 

TIPT, respectively. Whereas, Table 3.4 and 3.5 provide the assignment of these 

spectra. Both samples showed several distinctive end-groups series in addition to 

the expected amino and ester terminated end-groups. In the uncatalysed sample 

(Figure 3.7), significant methylation of terminal amino groups was observed, as 

evident from end-groups shown in series marked B, C, H and I. Moreover, some 

decarboxylation of end-groups is also evident (series A). Both of these side 

reactions have already been cited as the main reason for lower molecular weight 

of FPA’s. In contrast, catalysed sample showed only three less abundant series of 

methylated end-groups (C, D, G) suggesting considerably lower extent of  

N-methylation.  

Moreover, both samples also showed chains terminated with acid end-groups. Acid 

end-groups are generated as a result of the hydrolysis of esters 14, possibly due to 

the presence of residual water. As the furanic carboxylic acid terminal group is 

known to have lower thermal stability, existence of acid end-groups could also 

explain the decarboxylated end-group seen in both samples.16,23 Interestingly, the 

uncatalysed oligomer sample analysed at the end of the first step also contained a 

great proportion of methylated end-groups then the TIPT catalysed oligomer 

(section 8.2.3, chapter 8). This suggest a greater selectivity of TIPT catalyst towards 

amidation over competing methylation reaction, thus, ensuing better molecular 

weight of PA6F. 35   
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Figure 3.7. MALDI-ToF mass spectra for PA6F polymer synthesised without any catalyst (control sample) 
 (A) full range spectrum (B) in the range 1100-1700 m/z  
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Table 3.4. MALDI-ToF end-groups analysis of PA6F polymer synthesised without catalyst (control 
sample). 

  

Series m/z (n) Proposed end-groups 

MEG 
(cation) 

MEG 
(cation) 

Calculated Observed 

A 
1199.6 

(4) 

 

210.1 (K+) 213.0 (K+) 

B 1266.7 
(4) 

 

296.4 (Na+) 296.1 (Na+) 

C 1343.0 
(5) 

 

158.3 (H+) 157.6 (H+) 

D 1356.9 
(5) 

 

170.1 (H+) 171.4 (H+) 

E, F 
 

1371.0 
(5), 

1409.3 
(5) 

 

184.1 (H+), 
184.1 (K+) 

185.4 (H+), 
185.8 (K+) 

G 
1423.3 

(6) 

 

   0 (H+) 0.9 (H+) 

H 1312.9 
(5) 

 

130.2 (H+) 127.4 (H+) 

I 1329.0 
(5) 

 

144.3 (H+) 143.5 (H+) 
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Figure 3.8. MALDI-ToF mass spectra for PA6F polymer synthesised with 400 ppm TIPT catalyst (A) full 
range spectrum (B) in the range 1100-1800 m/z.  
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Table 3.5. MALDI-ToF end-group analysis of PA6F polymer synthesised with 400 ppm TIPT catalyst. 

 

  

Series m/z (n) Proposed structure 
MEG 

(cation) 
MEG 

(cation) 

Calculated Observed 

A 
1168.4 

(4) 
 

184.1 (K+) 184.0 (K+) 

B 
1235.5 

(4) 

 
268.3 (Na+) 267.4 (Na+) 

C 
1312.2 

(5) 
  

130.2 (H+) 129.7 (H+) 

D 
1325.3 

(5) 

 
144.3 (H+) 143.0 (H+) 

E 
1338.3 

(5) 
 

116.2 (K+) 117.2 (K+) 

F 
1390.0 

(5) 

 
170.1 (K+) 169.4 (K+) 

G 
1279.6 

(4) 

 296.4 (K+) 295.4 (K+) 

H 
1292.4 

(5) 

 
112.1 (H+) 110.8 (H+) 

I 
1376.8 

(5) 

 
156.1 (K+) 157.1 (K+) 
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3.2.4.2 Dynamic mechanical analysis (DMA) 

As mentioned earlier that during DSC analysis, no melting endotherm or 

crystallisation exotherm was observed on the second heating scan or on the cooling 

scan for any of the synthesised PA6F samples. A typical behaviour indicating 

predominantly amorphous characteristics. To further assess the morphology of 

PA6F, we conducted DMA on compression moulded films of PA6F in tension mode 

(see chapter 7, section 7.1.2). For this purpose, polymer having a reasonably high 

molecular weight was chosen (Mw= 23 kg/mol), simply due to the better film 

forming properties. The films were subjected to different heat treatments prior to 

DMA to investigate the effect of thermal history on the thermomechanical 

behaviour. One of the films was quenched in ice-cold water soon after the 

compression moulding process. This film was subsequently dried at ambient 

conditions by placing it between tissue paper. To facilitate the mobility of the 

amorphous phase, the second film was subjected to an isothermal annealing 

process just above the Tg of the polymer, i.e. at 150 o C for 15 hours. For comparison, 

the third film, termed as “as-pressed”, was used without any heat treatment. All 

films were dried at 100 ᵒC, that is, at a temperature below the Tg, in vacuo prior to 

DMA measurements to remove any absorbed moisture during storage.  

Figure 3.9 presents the DMA results. In Figure 3.9. A, the storage modulus (E’) is 

plotted against the sample temperature. The variation in tan delta (E”/E’) has been 

depicted in Figure 3.9. B. From Figure 3.9. A, no variation in E’ was witnessed for 

any of the films until the temperature reached 120 o C, suggesting good stability and 

elasticity retention at temperatures below the Tg detected by DSC (130 ᵒC). 

However, on further increase in the temperature, a significant drop in E’ was 

observed for all three samples without any apparent signs of recovery, a 

characteristic behaviour of glassy polymers. This change in E’ was accompanied by 

an increase in the tan delta for these samples, which showed a single peak maxima 

for quenched film, whereas for other two samples, two broad overlapping peaks 

were observed. It can be seen that the annealed sample showed a slightly higher 

softening point then the other two films. However, this increase is relatively 

insignificant. Further characterisation of these three films was conducted using 

wide-angle X-ray diffraction (WAXD). 
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Figure 3.9. DMA of compression moulded PA6F film subjected to different heat treatments after the 
moulding (A) log storage modulus and (B) tan delta, as a function of temperature. Polymer used had a 
Mn= 9 kg/mol and Mw= 23 kg/mol.  
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3.2.4.3 Wide-angle X-ray diffraction (WAXD) 

WAXD measurements were conducted on the same films used for the DMA. Figure 

3.10 shows the WAXD pattern for these films. No distinct diffraction peaks were 

observed, instead, all samples exhibited a broad amorphous halo signal at around 

2θ~ 21ᵒ. This confirms our earlier assessment that PA6F demonstrates a perturb 

crystallisation tendency under the studied conditions.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10. WAXD pattern of compression moulded PA6F films subjected to different heat treatments. 
Polymer used had a Mn= 9 kg/mol and Mw= 23 kg/mol. 

3.2.4.4 Thermogravimetric analysis (TGA)  

To evaluate the thermal stability of PA6F polymers synthesised in this study, TGA 

analysis was also conducted on selected samples. Figure 3.11. A and B, represents 

the TGA curves and their derivation respectively for the sample without catalyst, 

with 400 ppm TIPT catalyst and a sample with 400 ppm TIPT with 4.5 mol% excess 

diamine in the feed. It can be observed that the control sample having lowest 

molecular weight, showed a two-step decomposition, a minor weight loss step 

around 288 ᵒC and then a major decomposition step aligned with other two 

polymers. Irrespective of the sample tested, the major decomposition step had an 

onset degradation temperature of 367 ᵒC, whereas temperature for maximum rate 

of decomposition was recorded to be 434 ᵒC. The early degradation in the 

uncatalysed sample can be associated with the differences in end-group 
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composition compared to catalysed samples as observed earlier in the MALDI-ToF 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. TGA analysis of selected samples of PA6F (A) TGA curve and (B) Derivative mass loss. 
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Indeed PA6F’s fossil-based analogue i.e. PA6T, has a high melting temperature  

(371 ᵒC), which makes thermal processing without degradation, an enormous 

challenge. Thus, PA6T is often modified during synthesis by copolymerisation with 

other acid/ lactam/ diamine co-monomers to reduce its melting point to about 

280-320 ᵒC range. These modifications to the polymer backbone can also influence 

some of the unique properties offered by PPAs, for instance, their low moisture 

uptake. In contrast, besides being derived from a renewable furan-based monomer, 

PA6F showed comparable thermal stability (Table 3.6) and a much wider thermal 

processing window due lower softening temperature, thus facilitating thermal 

processing of the polymer without any major degradation. 

Table 3.6. Property comparison of different semi-aromatic polyamides based on furanic or terephthalic 
moieties. 

Synthesis 

technique 

Molecular weight DSC analysis TGA analysis 

PA6X [Ref] Mn 

(kg/mol) 

Mw 

(kg/mol) 

Tg 

(ᵒC) 

Tm 

 (ᵒC) 

Degradation 

temperatures (ᵒC) 

MP 9 a 23 a 130 b - c 367 d 434 e 433 f PA6F [this work] 

MP 5.2 a 13.8 a 110 b - c 350-450 PA6F 25 

ASR 2.4 a 7.2 a 95 g - c 380 h 435 e  PA6F 23 

EP 13.4 j 20.6 j 119 b 162 i 322 h  443 f PA6F14 

IP 30 k 52 k 86  287 h  355 f PA6F36 

IP -l -l 125 m 371 m 350 n   PA6T 8,37 

MP = Melt polymerisation, ASR= Ammonium salt route, EP = Enzymatic polymerisation, IP= Interfacial 
polymerisation 
a Measured through GPC using HFIP as mobile phase. b Recorded on DSC second heating scan. c Not detected 

following DSC second heating scan. d Onset of degradation temperature e temperature for 50% weight loss (Td-50%).   
f  Temperature at maximum rate of degradation (Td-max). g Measured following cooling scan of DSC h temperature for 

5% weight loss (Td-5%). i Measured following first heating scan in DSC. j Measured on SEC using DMSO/LiBr as mobile 

phase. k Determine via SEC using DMF/LiCl as mobile phase.  l Not mentioned in the study. m Measured using DTA 

(differential thermal analysis). n Method not described 

 

3.3 Conclusions and future work 

In this chapter, the PA6F was produced following the melt polymerisation 

approach using low loadings of two titanium-based catalysts, Ti-isopropoxide 

(TIPT) and Ti-citrate (TIC). The synthesis was carried out in a 250 mL glass reactor 

to demonstrate a reasonable synthesis scale. It was shown that both selected 

catalysts presented higher activity towards amidation compared to uncatalysed 

reaction, ensuing polymer with improved molecular weight and Tg. TIC in 
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particular showed faster oligomerisation and polycondensation rates. 

Investigation into the reaction stoichiometry revealed that slight excess of HMDA 

(4.5 mol%) can result in a considerable improvement of molecular weight over 

stoichiometric reaction, though the resultant polymer had a broader dispersity. 

Following these conditions, we were able to produce PA6F having a molecular 

weight of Mw ~23,000 g/mol and a Tg ~ 130 ᵒC. 

The polymer structure and properties were characterised with a range of analytic 

techniques. DSC analysis only showed Tg on the second heating scan in the range of 

124-132 ᵒC, while no crystallisation and melting behaviour was evident, reflecting 

the predominantly amorphous nature of the PA6F polymers. The amorphous 

characteristics were further confirmed with DMA and WAXD measurements.  

MALDI-ToF mass spectrometry analysis revealed significant methylation of end-

groups in the uncatalysed sample, both at the oligomerisation and 

polycondensation stages. This side reaction may be regarded as a primary reason 

for preventing chain growth of PA6F macromolecules in the absence of catalyst, 

thus resulting in a low molecular weight product. PA6F showed comparable 

thermal stability to its petroleum counterpart PA6T in TGA measurements, with 

major degradation temperature (Td-max) around 434 ᵒC. 

The relatively higher molecular weight and glass transition temperature of PA6F 

synthesised using renewable furanic monomer in this study has the potential to be 

utilised as a high performance thermoplastic polymer. This could lead the 

foundation for directing the research in this area towards more environmentally 

sustainable materials and processes which at present are imperative. 

In the next chapter, the scope of our melt polymerisation synthesis will extended 

to include other aliphatic diamines. The properties of these FPAs will then be 

investigated to draw comparison between the furanic and terephthalic polyamides. 

This will facilitate a study of structure-property relationships of these FPAs. This 

information is particularly vital to tailor the properties of FPAs for a specific end 

use application.  
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Chapter 4 

Insights into the structure and properties of semi-
aromatic polyamides based on FDCA and aliphatic 

diamines 
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4 Insights into the structure and properties of 

semi-aromatic polyamides based on FDCA and 

aliphatic diamines 

4.1 Background and introduction 

Semi-aromatic polyamides often termed as polyphthalamides (PPAs) are high 

performance engineering plastics used in applications where performance at elevated 

temperatures is critical. Due to their exceptional thermomechanical properties, 

chemical resistance, low moisture absorption and improved dimensional stability,1–3 

The use of PPAs in the automotive, electronics, machinery, and oil and gas industry is 

expected to grow significantly.2,4 They are often considered as primary contenders for 

metal replacement to ensure structural reliability when exposed to elevated 

temperature.1,5,6 PPAs can be melt processed on conventional thermoplastic 

processing equipment, enabling speedy manufacturing of parts, thus, reducing the 

production costs considerably. In addition, parts produced with PPAs are lightweight 

and recyclable. Various grades of PPAs are now available in the market differing in 

chemical structures and properties, and are targeted for a wide spectrum of end-use 

applications.   

At present, most of the PPAs are produced by utilising non-renewable feedstocks, for 

instance, terephthalic acid (TPA) and isophthalic acid (IPA). These aromatic diacids 

are synthesised from the oxidation of p-xylene (PX) and m-xylene (MX), which in turn 

are obtained by catalytic reforming of crude oil. Although some reports were 

published in recent years about producing aliphatic diamines from renewable starting 

materials, for instance, 1,4-butanediamine and 1,6-hexanediamine can readily be 

synthesised from succinic acid and bio-based adipic acid, respectively.7–9 The major 

challenge of producing TPA and IPA from sustainable resources through a 

commercially and environmentally viable route, is still remnant. With growing 

emphasis on moving away from non-renewable fossil-based materials, search for new 

sustainable alternatives is becoming increasingly essential. One such renewable 



 
151 

chemical that has the potential to replace aromatic dicarboxylic acids is  

2,5-furandicarboxylic acid (FDCA), derived from  carbohydrates. 10,11 It has been well 

established that 5-hydroxymethylfurfural (HMF), the precursor for producing FDCA 

and other furan-based derivatives, can be employed as versatile building block to 

produce a variety of value-added chemicals and polymers.10,12–16 In recent years, 

several companies have shown interest in commercialisation of the furanic monomers 

and have started pilot-scale production of FDCA or its derivatives.17–21 Corbion has 

been working at pilot-scale on their bio-catalytic approach of converting HMF to high 

purity FDCA, vital to produce polymers with improved properties.22  

Overall, the focus of the current research in this field has mainly been on various 

polyesters and copolyesters from FDCA due to its green credentials.23–29 Out of these, 

fully renewable poly(ethylene furanoate) (PEF) has been in the spot-light due to its 

potential as a drop-in replacement for poly(ethylene terephthalate) (PET) used in 

packaging applications. Interestingly, FDCA-based polymers have shown significant 

improvements over their petrochemical counterparts in many attributes, for instance, 

their thermal, mechanical and barrier properties28,30–36 Though FDCA has an immense 

potential to be reconnoitred as a renewable feedstock for a variety of other interesting 

and valuable materials, for instance, polyamides37–42, polyimides43, polyurethanes44,45, 

epoxy resins 46–50 and so on. Previously, there have been reports on synthesising furan-

based polyamides (FPAs), but only  low molecular weight polymers were obtained as 

a result of side-reactions like decarboxylation of FDCA and N-methylation of the 

terminal amino groups.39,40,51 Other approaches suffer from the fact that they are 

solvent-based synthesis techniques, which are not ideal for 

industrialisation.38,41,42,52,53  

In chapter 2 and 3, we investigated the melt polymerisation of DMFDC with HMDA in 

the presence of two titanium-based catalysts to produce PA6F. It was demonstrated 

that PA6F having molecular weight as high as Mw ~ 43 kg/mol could be readily 

synthesised following a two-step approach in the presence of 200-400 ppm of TIPT 

catalyst. The melt polymerisation process ensued PA6F of high molecular weight with 
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improved properties and could subsequently eliminate the need for solid state post-

polymerisation (SSP), thus, saving considerable energy. 

In this chapter, we aimed to test the synthesis protocol developed with different 

aliphatic diamines. The primary objective is to investigate the suitability of current 

method with a range of common diamines utilised in the polyamide production. The 

synthesised FPAs will be further characterised with help of a range of analytical 

techniques to study their structure and various properties. This information is 

particularly valuable to compare the performance of these partially bio-based FPAs 

with their petrochemical counterparts to emulate potential application areas.  

4.2 Synthesis of bio-based furanic polyamides (FPAs) via 

catalytic melt polymerisation 

Synthesis of polyamides from FDCA via the conventional polyamide salt approach 

posts severe challenges. The primary issue being strong decarboxylation of FDCA-

based salt at the synthesis conditions, preventing molecular weight growth.39,40 Thus, 

only low molecular weight polymer could be obtained, offering properties inadequate 

for high performance applications. To address this issue, we tested a melt 

polymerisation method instead, starting from DMFDCA and HMDA to produce PA6F. 

We have demonstrated rapid screening of a range of catalysts effective for ester 

amidation using a thin-film reactor in chapter 2. We were able to identify TIPT and TIC 

as better performing catalysts. Later, in chapter 3, we studied the activity and 

performance of these two catalysts in further detail.  

In this chapter, we aimed to synthesise a range of furan-based polyamides (FPAs) 

utilising diamines differing in their chain structure (Scheme 4.1). The similar two-step 

melt polymerisation will be utilised using TIPT as catalyst. TIPT was preferred due it 

its excellent selectivity towards amidation reaction, environmentally benign nature, 

low cost and commercial availability.54,55 Furthermore, most of the selected diamines 

have already been commercially employed in the synthesis of semi-aromatic 

polyamides with tailored properties. Presently, C10 - diamine (1,10-diaminodecane) is 

the only commercially available diamine utilised in PPA production that can be 
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obtained from renewable castor oil.39,56 However, some other diamines can also be 

potentially obtained from renewable feedstocks.7  

 

Scheme 4.1. A schematic representation of the synthesis of furan-based polyamides (FPAs) using different 
aliphatic diamines. 

4.2.1 The two-step synthesis of FPAs using TIPT catalyst 

As demonstrated in chapter 2 and 3, TIPT has been found to be an active catalyst for 

oligomerisation and polycondensation steps of the melt polymerisation. Furthermore, 

it was also shown that a 4.5 mol% excess of diamine in the reaction can greatly 

improve the molecular weight of the polymer (chapter 3). Therefore, all diamines 

were incorporated at a 4.5 mol % excess relative to DMFDC. As presented in  

Scheme 4.1, the oligomerisation step was conducted under argon atmosphere at  

65-85 ᵒC, whereas polycondensation was carried out at temperatures ranging from 

220 ᵒC to 260 ᵒC, for a period of 5 hours under vacuum (< 1 mbar). All polymers were 

tough and difficult to break with exception of PA4F, which was brittle. These FPAs 

were analysed without any further purification. 

4.2.1.1 Structural elucidation of FPAs using NMR analysis 

All FPAs produced were readily soluble in DMSO at room temperature, except for the 

poly(decamethylene furanamide) (PA10F), which required some heating to facilitate 
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the dissolution. This behaviour can be attributed to the longer methylene chain of the 

C10 diamine. The chemical structure of the FPAs synthesised in our study was 

confirmed using NMR analysis. An overlay of the 1H NMR spectra of all the FPAs is 

presented in Figure 4.1 with general structural attributions. While, Figure 4.2 and 4.3 

depict the 1H and 13C NMR spectra for poly(butylene furanamide) (PA4F) and PA6F, 

respectively, with more detailed structural assignments. From the 1H NMR of both 

polymers, the characteristic amide (Hk, –CONH-) proton could indeed be recognised in 

the chemical shift range δ 8.45- 8.48 ppm. The furanic aromatic protons (Hd) were 

observed around δ 7.10 ppm. The methylene protons next to the amide linkage  

(Hc, -NH-CH2-) were assigned at δ 3.25 ppm. The remaining methylene protons of the 

diamine chain (Ha, Hb) are present in the chemical shift range from δ 1.31 to 1.55 ppm. 

Complete NMR spectra and attributions for other FPAs are provided in section 8.3.1, 

chapter 8. The structure for poly(2-methyl-1,5-pentamethylene furanamide) (PA6MF) 

was more complex to interpret than the other FPAs due to the presence of a chiral 

carbon. More detailed structural assignments were made with the help of 2D NMR 

experiments (section 8.3.1, chapter 8).  

 

 

 

 

 

 

 

 

 

Figure 4.1. 1H NMR spectra overlay of FPAs synthesised using different aliphatic diamines with general 
signal attributions, all spectra recorded in DMSO-d6 at 298 K.  
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Figure 4.2. (A) 1H NMR and (B) 13C {1H} NMR structure interpretation of crude PA4F polymer sample, 
spectra recorded in DMSO-d6 at 298 K.  
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Figure 4. 3. (A) 1H NMR and (B) 13C {1H} NMR structure interpretation of crude PA6F polymer sample, 
spectra recorded in DMSO-d6 at 298 K.  

(A) 
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4.3 Characterisation of the furanic polyamides synthesised with 

different aliphatic diamines 

Table 4.1 summarises the polymerisation results and analysis of the as-synthesised 

polymer samples with the help of different techniques. GPC showed broadly similar 

ranged and high molecular weights for the polymers synthesised using aliphatic 

diamines 1-4, except for the branched diamine 5, which exhibited marginally lower 

molecular weight. This could be attributed to the slight steric hindrance around one of 

the amino groups, making it less accessible compared to the linear aliphatic diamines 

1-4, where both amino groups have similar reactivities. It is also apparent that these 

FPAs have shown higher dispersities (Ð). Moreover, apart from PA4F, all polymers 

gave a small fraction of insoluble polymer after dissolution in HFIP solvent during GPC 

sample preparation. This insoluble fraction, which was removed in the subsequent 

filtration step before the analysis, suggests the presence of chain 

branching/crosslinking as proposed previously in chapter 3. In chapter 3, we also 

observed an insoluble polymer fraction in the sample synthesised with a slight excess 

of diamine and polymerised at relatively high polycondensation temperature (240 ᵒC). 

This phenomenon was attributed to the condensation reaction that may take place 

between terminal amino groups with liberation of ammonia, leading to the formation 

of triamine linkages (see MALDI-ToF analysis, section 4.3.4).  

Overall, the molecular weights of our FPAs synthesised using linear aliphatic diamines 

and the 2-step approach, were significantly higher than those reported for catalytic 

melt polymerisation of DMFDC with various diamines to prepare FPAs previously (see 

Table 1.9, chapter 1).51 
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Table 4. 1. Analysis of furan-based polyamides (FPAs) synthesised with different aliphatic diamines using melt polymerisation in the presence of TIPT catalyst. 

a Mn, Mw was determined by GPC analysis performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular weights.  b Tg1 glass 
transition temperature measured from the first heating curve of the DSC thermogram. c  Tm1 melting temperature, ΔHm1 melting enthalpy measured on the first heating curve of 
the DSC.  d not detected.  e Tg2 glass transition temperature measured from the second heating curve of the DSC thermogram. f  Tm2 melting temperature,  ΔHm2 melting enthalpy 
calculated on the second heating curve of the DSC. g Tg-DMA glass transition temperature determine by DMA measurements in tension mode and  reported as peak value of the tan 
delta curve. h Sample not measured. i Td-5% temperature for 5% weight loss measured by TGA under inert atmosphere.  j Td-max  temperature at which maximum rate of degradation 
occurred, measured by TGA under inert atmosphere. 

 

 

 

Polymer Diamine Mn 
a Mw 

a Ð  Tg1 
b Tm1 / ΔHm1 

c Tg2 
e Tm2 / ΔHm2 

f Tg-DMA 
g 

TGA analysis 

T d-5% 
i, T d-max 

j 

  (kg/mol) (kg/ mol)  (ᵒC) (ᵒC) / (J/g) (ᵒC) (ᵒC) / (J/g) (ᵒC) (ᵒC) 

PA4F 1 10 23 2.33 109 
273 / 45.0 , 

289 / 3.6 
140 - d -h 397, 424 

PA6F 2 11 32 2.91 124 - d 127 - d 141 406, 434 

PA8F 3 10 30 2.99 114 
154 / 0.7, 

173 / 1.1 
129 - d 129 414, 442 

PA10F 4 11 36 3.30 97 - d 96 - d 100 415, 446 

PA6MF 5 8 19 2.40 129 167 / 3.5 136 - d 151 395, 429 
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4.3.1 Differential scanning calorimetry (DSC) analysis of FPAs 

The first heating scans of the DSC presented in Figure 4.4. A, show distinctive glass 

transition temperatures (Tg1) for all the polymers, and less pronounced melting 

endotherms for PA8F and PA6MF. PA4F, however, showed a more evident melting 

endotherm at 273 ᵒC and at a rather small endotherm at 289 ᵒC. However, no 

crystallisation and melting was observed upon cooling and during second heating 

scans for any of these FPAs at the analysis conditions (Figure 4.4. B, C). The glass 

transition temperatures observed during the first heating scans were also 

comparatively lower than those witnessed on the second heating. This could be 

attributed to the absorbed moisture induced plasticisation which tend to lower the 

Tg of polyamides in general. 

Absence of crystallisation and melting behaviour in the DSC analysis of FPAs has 

been corroborated by earlier studies as well, demonstrating the amorphous nature 

of these polymers.41,51,53 This behaviour has largely been attributed to the presence 

of the oxygen heteroatom in the furan-ring 57, and have already been discussed in 

chapter 2 and 3. DSC analysis also showed a decrease in glass transition 

temperatures as carbon chain length increases in the diamine, with an exception of 

PA8F (Figure 4.5). This is anticipated, as increasing the number of carbons in the 

chain leads to greater flexibility of the chain structure. Furthermore, PA6MF 

displayed higher Tg than PA6F, which could be due to the restricted mobility of the 

amorphous phase in PA6MF caused by the asymmetric branched chain structure 

of the diamine (5).  

Overall, FPAs synthesised in our study have shown reasonably high glass transition 

temperatures, which are comparable to their TPA-derived counterparts, though, 

were considerably higher than those reported in the earlier studies for furan-based 

polyamides.40,41,51,53 This suggests the robustness of our synthesis method that 

ensues high molecular weight FPAs displaying better thermal properties. PA4F 

demonstrated the highest Tg of 140 ᵒC, close to its structural analogue, 

poly(butylene terephthalamide) (PA4T), commercially available from DSM (brand: 

ForTii®), having a Tg of 125-135 ᵒC.58 
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Figure 4.4. DSC analysis conducted on crude FPAs (A) first heating scan (B) cooling scan and (C) second 
heating scan.  
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Figure 4.5. Glass transition temperature (Tg2) and weight average molecular weight (Mw) of furan-
based polyamides as a function of number of carbon atoms in the diamine.   

4.3.2 Dynamic mechanical analysis (DMA) 

DMA is another useful technique to study the thermo-mechanical properties of 

viscoelastic materials. In DMA, a non-destructive stress (or strain) at selected 

frequencies and temperatures is applied, while material’s response to these 

changes is recorded in the form of strain (or stress).59 It has been stated that DMA 

is 100 times more sensitive to detect the phase transitions compared to DSC.60 At 

temperatures above Tg, the amorphous polymers are more likely to lose their 

elasticity much promptly then semicrystalline polymers. From DMA depicted in 

Figure 4.6, where storage modulus (E′) and tan delta (E’’/E’; E’’= loss modulus) is 

plotted as a function of temperature, no significant changes in storage modulus (E’) 

and tan delta can be seen below the expected glass transition temperatures, 

indicating good thermo-mechanical stability at temperatures below glass 

transition temperatures. However, as temperature increases further, a dramatic 

loss in E’, nearly three order of magnitude, was apparent for all FPAs (Figure 4.6. 

A). The loss in elasticity and increase in loss modulus (E’’) (not shown here) gave 

rise to the tan delta, showing peak at temperatures which corresponds to their α-

relaxation temperature or Tg-DMA (Figure 4.6. B, Table 4.1). In temperature regions 
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above glass transition temperatures, the specimens became too soft and did not 

show any signs of recovery in the E’, a characteristic behaviour expressed by 

amorphous polymers. Again, the Tg-DMA also showed a decreasing trend with 

increasing carbon chain in the linear aliphatic diamines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. DMA of FPAs (A) log storage modulus (E’) and (B) tan delta (E’’/E’) plotted as a function of 

temperature. 
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4.3.3 Wide-angle X-ray diffraction studies (WAXD) measurements 

The morphology of synthesised FPAs was investigated using WAXD analysis. With 

an exception of PA4F, all other FPAs showed absence of any distinctive crystallite 

peaks on the diffractogram, instead only broad signals were observed (Figure 4.7). 

For these polymers, the characteristic broad amorphous halo signal, representing 

short-range order in the structure, was observed around 2θ angle ~ 21o.61 In the 

case of PA4F, several peaks were exhibited at 2θ angles 7.6ᵒ, 13.0ᵒ, 13.6ᵒ, 16.5ᵒ, 

17.6ᵒ, 19.0ᵒ, 20.8ᵒ, suggesting presence of crystalline phase with long-range order. 

However, as mentioned in the experimental section, due to the brittle nature, 

compression moulding film preparation for PA4F proved challenging. Therefore, 

the WAXD analysis was conducted on the “as-synthesised” polymer powder after 

grinding, as oppose to other polymers, which were analysed on the compression 

moulded films.  This means that PA4F sample had a different thermal history 

compared to other polymers. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. WAXD pattern of FPAs. All samples were analysed on compression moulded thin films, 
except for the PA4F, for which analysis was conducted on the “as-synthesised” polymer.  
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To mimic equivalent thermal history among all the samples, PA4F sample after the 

compression moulding process, conducted above its melting temperature, was also 

analysed in powdered form. Figure 4.8 compares both samples. It can be seen that 

most of the WAXD reflections exhibited by the “as-synthesised” sample virtually 

disappeared in the melted sample. This observation suggests that PA4F cannot 

effectively crystallise from the melt under normal conditions, confirming our 

earlier findings in relation to the absence of Tm on the second heating scan of the 

DSC. The WAXD reflections and DSC melting endotherms observed on the first 

heating scan for the “as-synthesised” PA4F sample can be explained by the fact that 

the polycondensation step was conducted at a maximum temperature of 260 ᵒC, 

which was 13 ᵒC below the Tm observed in the DSC (Tm1 = 273 ᵒC). This could 

promote some degree of isothermal crystallisation in the sample by annealing.  

 

 

 

 

 

 

 

Figure 4.8. WAXD pattern comparison of PA4F samples having different thermal history. 

 

We also attempted to conduct a preliminary investigation into the isothermal 

crystallisation phenomenon in the rest of the FPAs synthesised in this study. For 

this purpose, the compression moulded films were subjected to an isothermal 

annealing process. The samples were subsequently analysed with the WAXD 

(Figure 4.9). However, no sign of crystallisation was observed.  The fact that the 

isothermal crystallisation was only observed in the PA4F, could be explained by the 

higher density of amide linkages in its backbone due to a shorter methylene chain, 

promoting more favourable hydrogen bonding interactions for crystallisation. 
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Figure 4.9. WAXD analysis conducted on the compression moulded films after subjecting them to an 
isothermal annealing process above their Tgs.  

 

4.3.4 MALDI-ToF mass spectrometry analysis 

MALDI-ToF mass spectrometry was performed on FPAs synthesised in this study 

to further investigate the chain structure and nature of end-groups associated with 

each polymer. The MALDI spectra and corresponding end-group assignments for 

PA4F and PA6F are presented in Figure 4.10-4.11 and Table 4.2-4.3. Results for 

other FPAs are provided in section 8.3.2, chapter 8.   

In addition to the expected amino and ester end-groups, a range of other terminal 

groups were also detected for these polymers. For PA4F (Figure 4.10, Table 4.2), 

formation of pyrrolidine (series A), decarboxylated FDCA (series G) and a number 

of methylated chain ends (series B, G, H) were observed. These are undesired side 

reactions, resulting in chain ends incapable of taking part in the polycondensation 

reaction, preventing the molecular weight growth. Pyrrolidine is formed by the 

cyclisation of 1, liberating ammonia as side product.1  

Pyrrolidine formation in poly(butylene adipamide) (PA46) and its copolymers has 

been reported previously, and has been considered as the main reason leading to 

lower molecular weight polymers.62,63 To circumvent this issue, Gaymans et al. 

proposed an alternative strategy based on a solid-state polymerisation step after 
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pre-polymerisation of the diamine and diacid to produce relatively high molecular 

weight product.62,64  

Formation of methylated amino end group, i.e. N-methylation, is understood to be 

taking place via  ester alkylation, a competing reaction to ester amidation, forming 

acid as side product.65 The alkylation of amine over amidation is significantly 

influenced by temperature, with higher temperature favouring alkylation. In the 

previous chapter, we have seen a decrease in the extent to chain N-methylation 

after TIPT catalyst was incorporated in the reaction. In contrast, however, in the 

present study, higher reaction temperature was employed to keep the high melting 

PA, i.e. PA4F, in the molten phase for effective polycondensation. This could explain 

the greater extent of N-methylation in this system.  The acid groups so formed, 

could in principle, react with the residual amino end-groups to further continue the 

polycondensation. However, as mentioned earlier, due to its lower thermal 

stability, FDCA based polyamides have shown greater decarboxylation of terminal 

acid groups at higher temperature.39,40 This could result in the formation of 

decarboxylated chain ends observed in our analysis. Acid end-groups could also be 

formed as a result of ester hydrolysis by means of residual water. In case of PA6F 

(Figure 4.11, Table 4.3), considerable decarboxylation was observed, with two of 

the abundant series, i.e. A and C, consisting of decarboxylated furan. Furthermore, 

N-methylation (series A, D) and triamine (series C, D) terminated chains were also 

observed. Triamine linkages are formed as a result of condensation of two amino 

end-groups (dimerization) resulting in chain branching sites and subsequent 

crosslinking leading to gel formation.66 PA8F, PA10F and PA6MF also showed 

evidence of these undesired side reactions (section 8.3.2, chapter 8).  
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Figure 4.10. MALDI-TOF MS spectra for PA4F (A) full range and (B) 1100-1600 m/z range with assigned 
series. 
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Table 4.2. MALDI-ToF MS end-groups assignments for PA4F polymer. 

  

Series m/z (n) Proposed end-groups 
MEG 

(cation) 
MEG 

(cation) 
   Assign. Obs. 

A 1348.3 (6) 

 
71.1 
(Na+) 

72.5 
(Na+) 

B 1354.9(6) 

 
102.1 
(H+) 

101.1 
(H+) 

C 1362.6 (6) 

 
88.1 
(Na+) 

86.8 
(Na+) 

D 1445.6 (6) 

 
170.1 
(Na+) 

169.8 
(Na+) 

E 
 1453.0 (6) 

 
159.2 
(K+) 

161.2 
(K+) 

F 1459.4 (6) 

 
 184.1 
(Na+) 

186.6 
(Na+) 

G 1489.7 (6) 

 
196.2  
(K+) 

197.9 
(K+) 

H 1542.9 (6) 

 
268.3 
(Na+) 

267.1 
(Na+) 
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Figure 4.11. MALDI-TOF MS spectra for PA6F (A) full range and (B) 1200-1750 m/z range with assigned 
series. 
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Table 4.3. MALDI-ToF MS end-groups assignments for PA6F polymer. 

  

Series m/z (n) Proposed end-groups 
MEG 

(cation) 
MEG 

(cation) 
   Assign. Obs. 

A 
1212.3 

(4) 

 
224.2 
(K+) 

225.3 
(K+) 

B 
1217.8 

(4) 

 
268.3 
(H+) 

268.8 
(H+) 

C 1280.1(4) 

 
309.4 
(Na+) 

309.1 
(Na+) 

D 1286.0 
(4) 

 

337.5 
(H+) 

337.0 
(H+) 

E 
 

1422.5 
(6) 

 

0 (H+) 0.5 (H+) 

F 1436.3 
(5) 

 

 210.8 
(K+) 

212.3 
(K+) 
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4.3.5 Thermogravimetric analysis (TGA)  

In order to investigate the thermal stability of newly synthesised FPAs, TGA 

analysis was performed on dried samples under argon atmosphere. The TGA 

curves and their derivative are presented in Figure 4.12. A, B, respectively. Overall, 

these FPAs showed good thermal stabilities up to 400 ᵒC. The main degradation of 

the polymers took place as a single step, without any prior decomposition at lower 

temperatures. PA10F exhibited the highest stability among synthesised FPAs with 

a maximum rate of degradation (Td-max) at 446 ᵒC, followed by PA8F and PA6F. 

PA4F and PA6MF showed slightly lower thermal stabilities compared to other 

FPAs, displaying temperature of 5% weight loss (Td-5%) at 397 ᵒC and 395 ᵒC and 

Td-max at 424 ᵒC and 429 ᵒC respectively (Table 4.1).  

The char residue obtained after degradation under nitrogen atmosphere was well 

correlated with the chain structure of the FPAs, with increasing carbon chain length 

resulted in lower residual char. This could be explained by the fact that aromatic 

rings usually have greater tendency to char formation, therefore, PA4F displayed 

the highest char residue among FPAs as a result of higher density of aromatic furan 

rings in its structure due to smaller methylene chain.  
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Figure 4.12. TGA analysis of FPAs (A) weight loss and (B) derivative weight loss. 

When compared to their petroleum derived counterparts, using available literature 

data, these FPAs exhibited comparable, and in some cases even better thermal 

stability (Figure 4.13). 53,67,68 Homopolymers of PA4T and PA6T degrade prior to 

their melting at around 350 ᵒC, which is why they are often copolymerised with 

other monomers to tailor their crystallinity and thermal properties. Unlike their 

fossil-derived counterparts, PA4F and PA6F can easily be processed above their 

softening point without any major degradation, thus, excluding the need for any 

copolymerisation.  

 

 

 

 

 

 

 

Figure 4.13. Thermal degradation temperature (Td) comparison of furan-based and TPA based semi-
aromatic polyamides possessing different chain length diamines. 
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4.4 Conclusions future work 

In the present study, a series of relatively high molecular weight furan-based 

polyamides (FPAs) with aliphatic diamines differing in carbon chain length was 

successfully synthesised using an environmentally benign two-step approach. The 

synthesis was carried out in the melt phase, utilising low loadings of catalyst (TIPT, 

400 ppm). The synthesised polymers were characterised with a range of analytical 

techniques to study their structure and thermomechanical properties in more 

detail. 

Depending on the methylene chain length, the Mw of the obtained polymers ranged 

between 23 – 36 kg/mol, while the glass transition temperatures were in the range 

of 97-140 ᵒC. The glass transition temperatures of the FPAs synthesised in the 

current study were in the similar range as their TPA-derived counterparts. 

However, these glass transition temperatures were much higher than those 

reported in previous studies for the FPAs synthesised using other techniques.  

No sign of crystallisation exotherm or melting endotherm was observed on cooling 

and second heating scan of the DSC, suggesting that FPAs were predominantly of 

amorphous nature. This was further investigated with DMA and WAXD analysis. 

DMA revealed a stable modulus in the glassy state, while beyond Tg a dramatic loss 

in elasticity with no sign of recovery was found for all FPAs. Therefore, no true 

melting behaviour was observed in the DMA. The amorphous nature of the 

polymers was also confirmed with WAXD analysis, showing absence of crystalline 

morphology, except for the as-synthesised PA4F, which showed several sharp 

peaks associated with the presence of crystalline phase. This apparent crystallinity 

was credited to the isothermal crystallisation promoted by annealing during 

polycondensation step. 

TGA analysis showed that all these FPAs were stable up to 400 ᵒC with PA10F 

showing the highest thermal stability (Td-max = 446 o C). Again, the thermal stabilities 

of the synthesised FPAs were in the similar range as their petrochemical 

counterparts, demonstrating their strong potential as possible bio-based 

replacements. PA10F stands out as an interesting polymer due to its fully 
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renewable nature since both DMFDC and C10 diamine can be obtained from bio-

based resources.   

MALDI-ToF MS revealed presence of various end-groups in conjunction with the 

expected amino and ester groups. Chain ends associated with pyrrolidine (in PA4F 

only), N-methylation, decarboxylation and triamine formation were observed.  

These side reactions were attributed mainly to the higher reaction temperature 

employed during polycondensation stage.  

Overall, our FPAs made by a two-step catalytic melt polymerisation route showed 

better molecular weights and thermal properties than those previously reported. 

The straightforward and environmental friendly synthesis approach presented 

here shows an attractive concept for industrial-scale manufacturing of FPAs. In the 

next chapter, we aim to prepare copolyamides with other monomers utilising the 

established strategy to further control and tailor the processing behaviour and 

thermomechanical properties of furan-based polyamides. 
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5 Synthesis and characterisation of 

copolyamides based on furanic monomer 

5.1 Background and introduction 

Polyamides (PAs) in general are semi-crystalline polymers which contain 

crystalline domains having three dimensional order, along with randomly 

distributed chains forming the amorphous phase. Crystalline domains in PAs are 

responsible for their improved stiffness, tensile strength, elastic and shear 

modulus, thermal stability and abrasion resistance.1 Crystalline domains also 

augment the solvent resistance, reduce moisture absorption and improve gas 

barrier properties of the PAs. Whereas, amorphous regions contribute to the 

impact strength and elongation at break.2 The greater tendency of PAs to crystallise 

is due to the existence of interchain hydrogen bonding interactions arising from 

the carbonyl (C=O) and –NH functionalities.  

In the preceding three chapters, furan-based semi-aromatic polyamides (FPAs) 

were successfully synthesised in relatively high molecular weights using a catalytic 

melt polymerisation technique. These FPAs showed good thermal stabilities and 

high glass transition temperatures (Tgs). However, absence of melting transition 

(Tm) in the DSC analysis suggested a predominantly amorphous nature of the newly 

synthesised FPAs. Furthermore, no structural order was detected in the WAXD 

measurements, confirming the DSC findings. These results were also corroborated 

by previous studies, where FPAs produced using other synthesis techniques 

showed amorphous characteristics.3–6 Wilsens et al. have demonstrated that the 

additional intramolecular hydrogen bonding interactions due to the presence of 

oxygen heteroatom in the furan ring reduces more favourable interchain hydrogen 

bonding between the amide protons and carbonyl moieties, resulting in lower 

tendency towards crystallisation.7 The interchain hydrogen bonding in polyamides 

and the concomitant higher crystallinities and melting temperatures are unique 

characteristics of these polymers.  

To enhance the FPA’s tendency to crystallise, one can think of copolymerising other 

aromatic units which could minimise the intrachain hydrogen bonding, hence 

giving rise to the more favourable interchain hydrogen bonding interactions. 
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However, depending on the co-monomer ratio, copolymerisation typically results 

in lower degree of crystallisation and often reduced melting temperature of the 

copolymer. This has largely been attributed to the fact that the chains containing 

co-monomer(s) disrupt the regularity of the structure, therefore, creating defects 

in the crystal structure which adversely affect the overall crystallisation process. 

These defects can also render the copolymer repeat units incapable to pack into 

the same crystal lattice.8 An exception to this behaviour is isomorphous 

replacement, where the newly formed copolymer chains have the ability to fit into 

the same crystal unit cell over a broad range of monomer compositions. This 

phenomenon provides the opportunity to realise the unique properties offered by 

the copolymer without compromising its crystallinity. A notable example of an 

isomorphous pair is terephthalic acid (TA) and adipic acid (AA). Edgar and Hill 

were the first to identify the isomorphous replacement phenomenon in 

poly(hexamethylene adipamide-co-hexamethylene terephthalamide) (PA66/6T) 

copolyamides and compared it with non-isomorphous copolyamide system of 

poly(hexamethylene sebacamide-co-hexamethylene terephthalamide) 

(PA610/6T), comprising terephthalic acid and sebacic acid (Figure 5.1. A).9 The 

melting point variation relative to monomer compositions for PA66/6T 

copolyamide system showed a sigmoidal behaviour, typical for isomorphous pairs 

that have co-crystallised (Figure 5.1. B).9–11 In comparison, PA610/6T 

copolyamides displayed a minimum melting temperature at an intermediate 

composition, a behaviour similar to eutectic melting of small molecules.  

Figure 5.1. C depicts the structure of TPA and AA, two commonly used diacids with 

their respective molecular lengths. The nearly identical axial displacement of the 

four methylene groups of AA and the benzene ring of TPA, has been described as 

the main reason for the isomorphous co-crystallisation behaviour realised in 

PA66/6T copolyamide system.2 Based on this criteria, various other monomer 

pairs displaying isomorphous co-crystallisation behaviour have been identified.10  
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 Figure 5.1. (A) Chemical structure of PA66, PA6T and PA610  (B) Melting point versus composition 
curve for PA66/6T and PA610/6T copolyamides systems  investigated by Edgar and Hill 9  (C) 
Isomorphous replacement model of adipic and terephthalic acid 2. 

There are only limited literature examples available investigating copolyamide 

systems based on the furanic monomers. Endah et al. have synthesised 

copolyamides based on poly(butylene adipamide-co-butylene furanamide) 

(PA46/4F) using FDCA in molar ratios ranging from 10 to 30 mol%.12 The 

conventional ammonium salt technique was utilised for the prepolymerisation 

step, and to further increase the molecular weight of the copolyamides, solid-state 

polymerisation (SSP) was carried out in the subsequent step. The properties of 

these newly synthesised copolymers were compared with poly(butylene 

adipamide) (PA46) homopolymer. An overall reduction in melting point (Tm) and 

crystallinity was observed with incorporation of the FDCA units, indicated by the 

reduction in melting enthalpy (ΔHm) and the WAXD pattern recorded for the 

(A) 

(B) (C) 
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copolyamide systems. Cousin and co-workers investigated the synthesis and 

properties of copolyamides poly(hexamethylene isophthalamide–co–

hexamethylene furanamide) (PA6I/6F) using different ratios of FDCA (0-50 and 

100 mol%).5 From the DSC analysis, no melting endotherm was observed for any 

of the resulting copolyamides (PA6I/6F) nor for the homopolymer PA6F, reflecting 

the amorphous nature of these polymers. The PA6F homopolymer samples 

subjected to isothermal crystallisation and solvent crystallisation treatments were 

also found to be amorphous. With objective to increase the renewable content of 

the poly(decamethylene terephthalamide) (PA10T) polyamide, Cao and co-

workers investigated the synthesis of copolyamides poly(decamethylene 

terephthalamide-co-decamethylene furanamide) (PA10T/10F).13 These authors 

synthesised the copolyamides by incorporating 10, 20 and 30 mol% of FDCA to 

replace the TPA units. The resultant copolyamides showed a reduction in melting 

temperature (Tm) and crystallisation temperature (Tc) with increasing molar ratio 

of FDCA, indicating disruption in the crystallinity of the copolyamides.  

It is clear that the insertion of furanic moieties into polyamides adversely affects 

their crystallisation. However, most of these reports investigated the addition of 

limited quantities of FDCA residues (up to 30 mol%) to the already semicrystalline 

polyamides. A systematic study, probing the influence of other aromatic moieties 

on the crystallisation of FPAs, is absent from the literature. In this chapter, we 

intend to apply the previously developed synthesis protocol to prepare a series of 

furan-based copolyamides, where part of the furanic monomer, i.e. DMFDC, is 

substituted by other diesters, such as, dimethyl terephthalate (DMTPA) and 

dimethyl thiophene 2,5-dicarboxylate (DMTDC) (Figure 5.2). The primary 

objective is to study the impact of these monomers on the crystallinity and 

associated thermomechanical behaviour of the furan-based copolyamides over a 

broad range of compositions.  

 

 

 

Figure 5.2. Chemical structures of other diester utilised for the synthesis of copolyamides. 
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5.2 Copolyamides based on dimethyl 2,5-furandicarboxylate 

(DMFDC) and dimethyl terephthalate (DMTPA)  

5.2.1 Synthesis and chemical structural analysis  

A series of copolyamides, poly(hexamethylene furanamide-co-hexamethylene 

terephthalamide) (PA6F/6T), comprising DMFDC and DMTPA as the aromatic 

diesters components and hexamethylenediamine (HMDA) as the diamine, were 

synthesised using the catalytic melt polymerisation technique developed as part of 

this work (Scheme 5.1). The synthesis procedure was employed with some 

modifications to accommodate the addition of DMTPA. Due to the expected lower 

solubility of DMTPA compared to DMFDC, and a higher degree of crystallinity in 

poly(hexamethylene terephthalamide) (PA6T) residues, higher reaction 

temperatures were employed for both oligomerisation and polycondensation 

steps. Titanium (IV) isopropoxide (TIPT) was employed as the catalyst with slight 

excess of HMDA. Copolyamides PA6F/6T were synthesised in which DMPTA was 

incorporated in molar ratios 10, 25, 35 and 50 mol% to substitute the furanic 

monomer. Synthesis of copolyamides with DMTPA ratios greater than 50 mol% 

proved challenging using the current melt polymerisation technique. Owing to the 

higher melting transition of PA6T residue, significantly high temperatures for 

polymerisation were required to maintain the molecular mobility. In turn, these 

high reaction temperatures promoted undesired side reactions, such as branching 

and crosslinking, and degradation of the polymer. 

 

 

 

 

 

 

 

Scheme 5.1. A schematic representation of the two step catalytic melt polymerisation process used for 
the synthesis of furanic/terephthalic based copolyamides PA6F/6T. 
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The PA6F/6T copolyamides were isolated and subjected to a range of analytical 

techniques to study their structure and properties in comparison with PA6F 

homopolymer. The chemical structure of the newly synthesised copolyamides was 

confirmed with the NMR analysis. As a representative example, Figure 5.3 depicts 

the 1H and 13C NMR spectra with corresponding structural assignments for the 

sample synthesised with 35 mol% DMTPA (for 2D NMR, see Figure 8.17, chapter 

8). All synthesised copolyamides were tough and hard to break. Although PA6F 

homopolymer was completely transparent, all copolyamides were found to be 

increasingly translucent upon DMTPA monomer addition. Interestingly, during the 

NMR sample preparations, the copolyamides up to 35 mol% DMTPA were mostly 

soluble in DMSO-d6, in some cases with slight heating. However, sample with  

50 mol% DMTPA was only partially soluble, even with application of heat (50 ᵒC,  

6 hours). This can be rationalised as due to their rigid backbone and strong 

interchain hydrogen bonding, polyphthalamides (PPAs) are only soluble in a 

limited range of solvents, such as, HFIP, NMP and DMAc. Proton NMR spectra 

showed well resolved signals associated with the aromatic protons of the phenyl 

ring (Hp) at 7.89 ppm and the corresponding amide proton close to the phenyl ring 

(Hk’) at 8.55 ppm. The methylene protons signals situated next to the amide linkage 

of the phenyl or furan moieties (Hc) were assigned at 3.25 ppm. The rest of the 

signal attributions were in-line with those assigned for the furan-based polyamide 

PA6F in chapter 2.  
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Figure 5.3. NMR spectra for the copolyamide sample synthesised with 35 mol% DMTPA recorded in 
DMSO-d6 at 298 K (A) 1H NMR (B) 13C {1H} NMR. 

(A) 

(B) 
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5.2.1.1 Diffusion ordered NMR spectroscopy (DOSY-NMR) 

Diffusion ordered NMR spectroscopy (DOSY-NMR) is a powerful technique that can 

be utilised to investigate the formation of a copolymer and to distinguish the 

monomer impurities and homopolymer signals.  DOSY-NMR is a two dimensional 

NMR technique in which the signal decays exponentially due to the self-diffusion 

behaviour of the individual molecules.14 As the diffusion coefficient is related to the 

hydrodynamic radius of a molecule, different molecules present in a mixture can 

be separated based on their diffusion coefficients (D).15 DOSY-NMR was performed 

in order to confirm the copolymerisation of DMFDC and DMTPA into the same 

macromolecule and to evaluate the existence of any unreacted monomer or 

homopolymer residues. DOSY-NMR spectra of the copolyamide with 50 mol% 

DMTPA has been shown here as an example in Figure 5.4. It is clear that signals 

associated with only the copolyamide were detected and the corresponding 

diffusion coefficient was found to be D= 3.84 x 10-7 cm2/s.  While no homopolymer 

diffusion signals were observed, suggesting efficient copolymerisation of both 

esters. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. DOSY-NMR spectra obtained for the copolyamide synthesised using 50 mol% DMTPA, 
recorded in dmso-d6 at 298 K. For assignments, see Figure 5.3.A. 
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5.2.1.2 Copolyamide composition using 1H NMR 

The integration of  1H NMR spectra can be used to calculate the molar ratios  of both 

monomers (DMFDCA/DMTPA) incorporated in the copolyamides by using the 

following equation :5    

 
𝐷𝑀𝐹𝐷𝐶 = (

𝐼𝐷𝑀𝐹𝐷𝐶𝐴

𝐼𝐷𝑀𝐹𝐷𝐶𝐴

2 +
𝐼𝐷𝑀𝑇𝑃𝐴

4  
) × 100 

Eq. 5.1a 

 

 
𝐷𝑀𝑇𝑃𝐴 = (

𝐼𝐷𝑀𝑇𝑃𝐴

𝐼𝐷𝑀𝐹𝐷𝐶𝐴

2 +
𝐼𝐷𝑀𝑇𝑃𝐴

4  
) × 100 

Eq. 5.1b 

 

Where, IDMFDCA is the integral corresponding to the furan protons (2H, 7.10 ppm) 

and IDMTPA is the integral value of the aromatic protons connected to phenyl ring 

(4H, 7.89 ppm). Alternatively, integrals of the amide protons next to furan ring  

(INH-F, 8.45 ppm) and phenyl ring (INH-T, 8.55 ppm) can also be used to calculate the 

molar ratio of these monomers in the copolyamide backbone as per the following 

equations: 

 
𝐷𝑀𝐹𝐷𝐶 = (

𝐼𝑁𝐻−𝐹

𝐼𝑁𝐻−𝐹 + 𝐼𝑁𝐻−𝑇 
) × 100 

        Eq. 5.2a 

 

 
𝐷𝑀𝑇𝑃𝐴 = (

𝐼𝑁𝐻−𝑇

𝐼𝑁𝐻−𝐹 + 𝐼𝑁𝐻−𝑇 
) × 100 

       Eq. 5.2b 

 

Figure 5.5 shows the overlay of proton NMR spectra for copolyamides synthesised 

with different ratios of DMFDC and DMTPA. A comparison of the molar ratios of 

these monomers in the feed and in the copolyamide backbone, as calculated using 

equations 5.1 and 5.2, is presented in Table 5.1. These results indicated that both 

monomers were successfully incorporated in the copolyamides as per the desired 

feed ratios, suggesting excellent control of the copolymerisation without any 

significant degradation.   
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Figure 5.5. 1H NMR spectra of the copolyamides PA6F/6T produced using different ratios of DMFDC and 
DMTPA in the feed, recorded in DMSO-d6 at 298 K. For assignments, see Figure 5.3.A. 

 
Table 5.1. A comparison of the monomer compositions in the feed and in the copolyamides calculated 
using 1H NMR. 

Copolyamide 

Monomer ratios (DMFDC/DMTPA) 

in the feed (mol %) 

Monomer ratios (DMFDC/DMTPA) in 

the copolyamide (mol %) 

Using Eq. 5.1 Using Eq. 5.2 

PA6F/6T: 100:0 100/0 - - 

PA6F/6T: 90:10 90/10 90/10 89/11 

PA6F/6T: 75:25 75/25 77/23 75/25 

PA6F/6T: 65:35 65/35 67/33 67/33 

PA6F/6T: 50:50 50/50 54/46 55/45 

 

5.2.2 Characterisation of copolyamides PA6F/6T 

The copolyamides PA6F/6T were further characterised using a range of other 

analytical technique to study the effect of monomer ratios on various properties. 

Some of these properties are summarised in Table 5.2.   

a b c d p 

k’ k 
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From the GPC data presented in Table 5.2, it is apparent that all copolyamides and 

also the homopolymer sample (PA6F/6T: 100/0) have shown significantly high 

molecular weights and dispersities (Ð). No considerable variation in Tg was 

witnessed. Moreover, all polymers gave a small fraction of insoluble gel after 

dissolution in HFIP solvent during GPC sample preparation. This insoluble fraction, 

which was removed in the subsequent filtration step prior to the analysis, suggests 

the presence of chain branching/crosslinking in the system. This also means that 

the GPC data is underestimated due to the removal of some branched/cross-linked 

fraction through filtration prior to the analysis.16 Insoluble fractions were also 

observed previously (chapter 3) in the case of a PA6F homopolymer sample 

synthesised with an excess of diamine in the feed and polymerised at 

comparatively higher polycondensation temperature (240 ᵒC). In the current 

experiments, considerably higher polycondensation temperature (up to 270 ᵒC) 

was necessary to facilitate the copolymerisation of PA6T units that possess higher 

melting temperature then PA6F residues.  

Table 5.2. Properties of copolyamides PA6F/6T obtained using different ratio of DMFDC and DMTPA 
diesters. 

Feed ratio in 
PA6F/6T 

copolyamide Catalyst 
loading a 

Thermal analysis GPC data d 

DMFDC/DMTPA) Tg 
b Tm /ΔHm 

b Tc / ΔHc 
c Mn  

 Mw 

Ð 

Gel  
Obs. e 

(mol %) (ppm) (ᵒC) (ᵒC) / J.g-1 (ᵒC) / J.g-1 
(kg/ 
mol) 

(kg/ 
mol) 

 

100/0 400 132 - f - g 20 185 9.31 Y 

90/10 400 131 - f - g 19 99 5.21 Y 

75/25 400 128 - f - g 16 68 4.22 Y 

65/35 400 127 - f - g 17 77 4.48 Y 

50/50 400 124 258/ 19.4 212/5.14 19 168 5.63 Y 

a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of diesters in feed 
b Glass transition temperature (Tg), crystalline melting temperature (Tm) and melting enthalpy (ΔHm) were all  

measured on the second heating scan of the DSC thermogram 
c Crystallisation temperature (Tc) and crystallisation enthalpy both were measured on the cooling scan of the DSC  
d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
e Visual observation of gel as the insoluble fraction remained after dissolution in HFIP solvent at room temperature 
(25 ᵒC), Y= Yes gel observed, N=No gel observed  (See experimental for details) 
f Not detected following the second heating scan of the DSC 
g Not detected following the cooling scan of the DSC 
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A plausible explanations for the branching and subsequent crosslinking might be 

the condensation reaction that may take place between amino end-groups, leading 

to the formation of secondary amine linkages (Scheme 5.2. A). These secondary 

amine linkages formed may subsequently act as branching/crosslinking points 

(Scheme 5.2. B, also see section 1.6.3, chapter 1). Branching/crosslinking are 

undesired reactions and can cause issues during polymer processing.  

 

 

Scheme 5.2. A schematic representation of the side reactions occurring in PA66 (A) condensation of 
amino end-groups (B) branching/ crosslinking reactions. 

5.2.2.1 Differential Scanning Calorimetry (DSC) analysis  

During the DSC analysis, only a distinctive glass transition temperature (Tg) was 

witnessed on the second heating scan for the copolyamides containing up to  

35 mol% DMTPA (Figure 5.6. A). Also, no indication of transitions associated with 

melting (Tm) or crystallisation (Tc) behaviour were observed for these 

copolyamides on the second heating scan or during the cooling scan, suggesting 

amorphous nature of the copolymers. However, the copolyamide with 50 mol% 

DMTPA displayed a weak crystallisation exotherm on the cooling scan at 212 ᵒC, 

and a subsequent broad melting endotherm was detected at 258 ᵒC on the second 

heating scan (Figure 5.6 and Table 5.2). These observations imply that some degree 

of crystallinity can be achieved when at least 50 mol% of DMFDC is replaced by 

 (A) 

 (B) 
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DMPTA in the copolyamide system PA6F/6T. The broader melting transition is 

indicative of a broad size distribution of crystals in the crystalline phase.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. DSC thermograms for copolyamides PA6F/6T synthesised with different monomer ratios  
(A) second heating scan and (B) cooling scan. 

5.2.2.2 Wide-angle X-ray Diffraction studies (WAXD)  

The realisation of crystallinity in the PA6F/6T= 50/50 copolyamide sample was 

also validated by WAXD analysis. WAXD revealed several peaks exhibited at 2θ 

angles ~ 7.1ᵒ, 17.5 ᵒ, 18.4 ᵒ, 21.7 ᵒ, 22.7 ᵒ and at 25.4 ᵒ, suggesting presence of 
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crystalline phase with long-range order (Figure 5.7). In comparison, the other 

copolyamides with lower ratio of DMTPA, showed an absence of any distinctive 

crystallite peaks on the diffractogram, instead only broad signals were observed. 

For those polymers, the characteristic broad amorphous halo signal, representing 

short-range order in the structure, was observed around 2θ angle ~ 21ᵒ. 

 

 

 

 

 

 

 

 

Figure 5.7. WAXD pattern of copolyamides PA6F/6T synthesised with different monomer ratios. 

5.2.2.3 Dynamic mechanical analysis (DMA) analysis 

Dynamic mechanical analysis (DMA) was performed in order to study the impact 

of copolymerisation on thermomechanical properties of the copolyamides. As 

stated in the previous chapters, FPAs have predominantly demonstrated 

amorphous characteristics. In DMA, typically at temperatures above Tg, the 

amorphous polymers are more likely to lose their elasticity more promptly then 

semicrystalline polymers. From the DMA results of the copolyamides depicted in 

Figure 5.8, where storage modulus (E′) and tan delta (E’’/E’; E’’= loss modulus) are 

plotted as a function of temperature, no significant changes in the E’ can be seen 

below the expected glass transition temperatures, indicating good 

thermomechanical stability. However, as temperature increases further, a 

dramatic loss in E’ was apparent for the PA6F homopolymer and copolyamides up 

to 35 mol% DMTPA, with no sign of recovery (Figure 5.8. A). The loss of elasticity 

was translated into rise in loss modules (E’’) and tan delta values, thus, tan delta 

curve showed a peak maxima at temperatures that corresponds to the α-relaxation 
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temperatures of these copolyamides (Figure 5.8. B). This behaviour is expected 

owing to the predominantly amorphous nature of these polymers. In contrast, 

copolyamide PA6F/6T= 50/50 displayed considerable recovery in the E’ after the 

initial loss, subsequently reaching a plateau between 160-230 ᵒC, before start 

dropping again. The second transition corresponds to the melting of the crystalline 

phase. These observations again corroborate the earlier findings pertaining to the 

semi-crystalline nature of the copolyamide containing 50 mol% DMTPA.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. DMA results of copolyamides (A) storage modulus (E’) versus temperature (B) tan delta 
versus temperature. 
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5.2.2.4 Thermogravimetric analysis (TGA) 

TGA analysis was also conducted on the copolyamide samples and results are 

presented in Figure 5.9. All polyamides showed a single-step decomposition 

behaviour. It is clear that the copolymerisation of DMTPA improved the thermal 

stability of the furan-based polyamides (Table 5.3). A shift of  

14 ᵒC (434 ᵒC to 448 ᵒC) was evident in the temperature of maximum rate of 

decomposition (Td max) upon replacing 50 mol% furanic monomer (DMFDC) by 

terephthalic units (DMTPA). Overall, all copolyamides synthesised exhibited 

responsibly good thermal stabilities, displaying onset of degradation temperature 

(Td 5% ) in excess of 400 ᵒC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. TGA analysis of the copolyamides PA6F/6T (A) TGA weight loss and (B) Derivative weight 
loss. 
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Table 5.3. Decomposition temperatures evaluated from TGA analysis of the copolyamides PA6F/6T. 

 

 

 

 

a Temperature for 5% weight loss, measured by TGA under inert atmosphere  
b Temperature for 50% weight loss, measured by TGA under inert atmosphere 

c Temperature at which maximum rate of degradation occurred, measured by TGA under inert atmosphere 

 

5.2.3 Effect of synthesis conditions on gel formation 

As mentioned earlier, gel formation in a thermoplastic polymer system is 

undesirable. The insoluble gel formation is caused by the side reactions, leading to 

chain branching and subsequent crosslinking. In our earlier experience, an 

insoluble polymer fraction was observed in systems where slight excess of diamine 

was employed and the polymer was synthesised at relatively higher 

polycondensation temperature (see chapters 3 and 4). This phenomenon was 

attributed to the transamidation generating more amino end-groups, due to the 

excess diamine present in the system. The rate of this transreaction is greater at 

higher reaction temperatures. The higher concentration of amino end-groups may 

further lead to more secondary amine formation, which function as chain 

branching sites and will eventually lead to crosslinking. 

In the following set of experiments, we intended to investigate the effect of 

synthesis conditions i.e., stoichiometry, polycondensation temperature and 

catalyst loading, on the extent of chain branching and crosslinking. The primary 

objective being to find best conditions to minimise gel formation. In the first set of 

experiments, copolyamides were synthesised using stoichiometric amounts of the 

diesters and diamine while the rest of the conditions were kept unchanged from 

the earlier experiments. Whereas, in the other set, lower polycondensation 

temperature and catalyst loadings were employed, while the diester to diamine 

ratio was kept constant at 1:1.045 (4.5 mol% excess diamine). The GPC data and 

visual observation of the gel formation in these samples are presented in Table 5.4. 

Copolyamide Td 5% 
 a

 (oC) Td 50%  
b

 (ᵒC) Td max  
c
 (ᵒC) 

PA6F/6T= 100/0 406 440 434 

PA6F/6T= 75/25 408 444 443 

PA6F/6T= 65/35 410 446 448 

PA6F/6T= 50/50 412 449 448 
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Table 5.4. Evaluating the effect of synthesis conditions on the gel formation in copolyamides PA6F/6T. 

Effect of using stoichiometric amounts of diester and diamine on gelling 

En
try 

Feed ratio in 
PA6F/6T 

copolyamide 
(DMFDC/DMTPA) 

Catalysts 
loading a 

Diester: 
Diamine b 

Polycond. 
temp 

range c 
Mn d Mw d Ð 

Gel 
obs e 

 
(mol %) (ppm)  (ᵒC) 

(kg/

mol) 

(kg/

mol) 
 Y/N 

1 100/0 400 1:1 230-270 6 13 2.06 Y 

2 90/10 400 1:1 230-270 11 25 2.20 Y 

3 75/25 400 1:1 230-270 13 24 1.90 Y 

4 65/35 400 1:1 230-270 9 42 4.50 Y 

5 50/50 400 1:1 230-270 7 40 5.97 Y 

Effect of reducing catalyst loading and polycondensation temperature on gelling 

En
try 

Feed ratio in 
PA6F/6T 

copolyamide 
(DMFDC/DMTPA) 

Catalysts 
loading a 

Diester: 
Diamine b 

Polycond. 
temp f 

Mn d Mw 
d Ð 

 Gel 
obs e 

 
(mol %) (ppm)  (ᵒC) 

(kg/

mol) 

(kg/

mol) 
 Y/N 

6 100/0 200 1:1.045 230-250 8 22 2.67 N 

7 90/10 200 1:1.045 230-250 12 32 2.68 N 

8 75/25 200 1:1.045 230-250 8 16 1.96 N 

9 65/35 200 1:1.045 230-250 7 15 2.28 N 

10 50/50 200 1:1.045 230-255 g -h Y 

a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of both diesters in the feed 
b Molar composition of diesters (both DMFDC plus DMTPA) and diamine (HMDA) in the feed  
c Temperature range used for polycondensation step, starting from 230 ᵒC with 10 ᵒC/ hr increments till 270 ᵒC,  
5 hr total time 
d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 
weights 
e Visual observation of gel as the insoluble fraction remained after dissolution in HFIP solvent at room temperature 
(25 ᵒC), Y= Yes gel observed, N=No gel observed 
f Temperature range used for polycondensation step, 230 ᵒC for 1 hr, 240 ᵒC for 2 hr and 250 ᵒC for 2 hr 
g Temperature range used for polycondensation step, 230 ᵒC for 1 hr, 240 ᵒC for 1 hr, 250 ᵒC for 2 hr and 255 ᵒC for 
1 hr 
h Sample was not measured due to high amount of insoluble fraction 
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Using stoichiometric amounts of reactants aided to control the dispersity of the 

copolyamides containing up to 25 mol% DMTPA (entry 1-3, Table 5.4), however, 

insoluble gel was still present in all these samples during solubility tests. No gel 

fraction was visible in cases where a lower polycondensation temperature was 

employed along with lower catalyst loading (entry 6-9). However, increasing the 

duration for which the polymer was exposed to a slightly higher temperature 

(entry 10), again resulted in gel formation, even at lower catalyst loadings. Another 

parameter of significant importance is the molar ratio of DMTPA in these 

copolyamides. It can be observed that copolyamide systems containing higher 

proportion of DMTPA (in excess of 25 mol %) are more prone to gel formation. This 

could be attributed to the better thermal stability of PA6T residues compared to 

PA6F, reducing the extent of chain terminated with decarboxylated moieties. 

Decarboxylated end-groups observed in our prior studies are the consequence of 

lower thermal stability of furan-based carboxylic groups (chapter 2, 3). These end-

groups act as chain terminators, preventing the molecular weight build-up.  

The above results indicate that the temperature utilised for polycondensation step 

is a critical parameter to be optimised in order to minimize the gel formation. 

However, lower polycondensation temperature resulted in relatively lower 

molecular weight polymers (entry 3 versus entry 8, Table 5.4). This could be 

possibly due to the diffusion and mass transfer limitations caused by the higher 

viscosity of the system at lower temperatures. DSC and WAXD analysis of these 

samples validated the earlier findings, suggesting some degree of crystallinity in 

the sample prepared with 50 mol% DMTPA (Figures 8.18-8.19, chapter 8). 
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5.3 Copolyamides based on dimethyl 2,5-furandicarboxylate 

(DMFDC) and dimethyl thiophene 2,5-dicarboxylate 

(DMTDC)   

In this section, synthesis of a series of novel copolyamides, poly(hexamethylene 

furanamide-co-hexamethylene thiophenamide) (PA6F/6S), containing DMTDC in 

molar ratios ranging from 10 to 50 mol% will be discussed. 

It has been noted that poly(hexamethylene isophthalamide) (PA6I), the isophthalic 

acid (IPA) based analogue of PA6T, has a melting  temperature 150 ᵒC lower then 

PA6T (Table 5.5).17 This behaviour has largely been attributed to the less organised 

crystalline structure of PA6I, resulting in a low cohesive energy. One of the major 

difference between the two acids (IPA, TPA) employed for the synthesis of these 

polyamides is the projected bond angle between the two carboxylic acid groups 

(α). As illustrated in Table 5.5, IPA has the smallest bond angle of the four diacids 

listed. This deviation from the linearity adversely effects the tendency of polymer 

chains to organise and form more perfect crystals. Rastogi et al. also discovered a 

reduction in melting temperature of their amide-ester model compounds when 

TPA was replaced by IPA.7  Furthermore, to no surprise, copolyamides of PA6F with 

PA6I, i.e. poly (hexamethylene furanamide-co-hexamethylene isophthalamide) 

(PA6F/6I) comprising up to 75 mol% IPA, has been found to be completely 

amorphous.18  

DMTDC was thought to be an interesting monomer for our copolyamide system. 

Structurally analogous to FDCA, it has a five membered aromatic ring containing a 

less electronegative heteroatom sulphur, instead of oxygen. The bond angle  

(148 ᵒ) is also situated between the IPA (120 ᵒ) and that of the fully linear TPA  

(180 ᵒ) monomer commonly employed in PPAs synthesis (Table 5.5).  
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Table 5.5. A comparison of the structural characteristics of various aromatic diacids and thermal and 
mechanical property data of their polyamides with C6 diamine (HMDA). 

Monomer/ 

Polymer 

D a 

 (Å) 

α b 

(ᵒ) 

Tg 

 (ᵒC) 

Tm 

 (ᵒC) 

Tensile 

Strength 

(MPa) 

References 

TPA 5.73 180    19,20 
IPA 4.40 120    19,20 

2,5-FDCA 4.83 129    19,20 
2,5-TDCA - 148    21 

PA6T   125 370 480 17 
PA6I   120-130 170-230 57-65 17 
PA6F   110 -c - 3 

a Interatomic distance between the two carboxylic acid groups 
b Projected angle between the two carboxylic acid groups 
c Amorphous 

 

5.3.1 Preparation of dimethyl thiophene 2,5-dicarboxylate (DMTDC)   

DMTDC was prepared from the esterification of the corresponding diacid, i.e. 2,5-

thiophenedicarboxylic acid (TDCA) with methanol in the presence of sulphuric 

acid,  following an analogues protocol described earlier for DMFDC preparation 

(Scheme 5.3) . The formation of DMTDC was confirmed using NMR analysis 

presented in Figure 8.20, chapter 8.  

 

Scheme 5.3. Preparation of dimethyl thiophene-2,5-dicarboxylate (DMTDC). 

5.3.2 Synthesis and chemical structure elucidation of PA6F/6S 

copolyamides 

PA6F/6S copolyamides containing DMTDC in molar ratios ranging from 10 to 50 

mol%, were prepared following the similar two step catalytic melt polymerisation 

technique employed for PA6F/6T copolyamides (Scheme 5.4). The two set of 

experimental conditions tested earlier for PA6F/6T copolyamide system were 

utilised here to study the impact on polymer molecular weight and properties.   
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Scheme 5.4. Synthesis of PA6F/6S copolyamides via two-step melt polymerisation procedure. 

During the oligomerisation step of the synthesis, DMTDC displayed better 

solubility compared to TPA. To some extent, it behaved similar to DMFDC, showing 

fast dissolution in the diamine (HMDA) along with DMFDC, first forming a slurry 

which became transparent with mixing. The mixture gradually transformed into a 

white solid agglomerate as the oligomerisation progressed. The oligomers were 

dried and were subsequently subjected to the polycondensation step to yield the 

desired copolyamides. The synthesised copolymers were transparent and less 

tough then PA6F/6T copolyamides. Moreover, they also had a more prominent 

brown colour. The PA6F/6S synthesised here are quite novel, since there has not 

been any publish reports on thiophene containing polyamides or copolyamides in 

the literature.  

The crude copolyamides were characterised using a range of analytical techniques 

to investigate their structure and properties. NMR analyses was performed to 

confirm the chemical structure of the newly synthesised copolyamides. As a 

representative example, 1H and 13C NMR spectra for the PA6F/6S copolyamide 

synthesised with 35 mol% DMTDC are presented in Figure 5.10 with structural 

assignments. Whereas, the 2D NMR spectra consisting of COSY, HSQC and HMBC 

experiments are provided in Figure 8.21, chapter 8. From Figure 5.10. A, it can be 

seen that the aromatic protons associated with furanic and thiophenic rings (Hd, 

Hp) showed well resolved signals and were assigned at chemical shifts 7.10 ppm 

and 7.68 ppm, respectively. This difference in chemical shifts has been attributed 

to the electron distribution differences in the furan and thiophene rings. The 
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oxygen atom in the furan ring being more electronegative compared to the sulphur, 

resulting in less participation of its non-bonding electron pair to the aromatic π- 

system, rendering the furan ring less aromatic.20 The amide proton next to furan 

ring was assigned at 8.44 ppm and to the thiophene ring at 8.56 ppm. The 

methylene protons next to amide linkage in the case of both furan and thiophene 

rings seemed overlapped at 3.25 ppm.  

Interestingly, signals associated with various end-groups were also observed. 

HSQC-Depth revealed that the signal at around 2.07 ppm is from methyl groups 

(see Figure 8.21. C, chapter 8), possibly due to the N-methylation of amino end-

groups, a side reaction discussed in earlier chapters at lengths. Signals 

representing the thiophene ring present as end-groups were also apparent in both 

proton and carbon NMR spectra.  

DOSY-NMR was performed in order to confirm the copolymer formation. Figure 

5.11 shows the DOSY-NMR traces of the copolyamide PA6F/6S (65/35 mol %). No 

signals that could be associated with the formation of a homopolymer of either 

PA6F or PA6S structure were detected, thus, confirming the formation of a single 

copolymer architecture having a diffusion coefficient of D= 2.4 x 10-7 cm2/s. 

Interestingly, the primary polymer structure observed in the DOSY-NMR spectrum 

also had methylated end-groups (δ ~ 2.07 ppm).  This can either indicate that the 

majority of the amino groups are methylated or the non-methylated polymer 

chains also have the analogous diffusion behaviour. However, nothing can be 

deduced conclusively with this evidence. We have previously demonstrated that 

the MALDI-TOF MS is a powerful tool to investigate the polymer end-groups, 

including N-methylated chain ends (chapter 3).     
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Figure 5.10. NMR analysis of copolyamide PA6F/6S comprising 35 mol% DMTDC, recorded in DMSO-d6 

at 298 K (A) 1H NMR (B) 13C {1H} NMR, * = Chemical shifts associated with thiophene based end-groups,  

** = methylated end-groups signal. 

* ** 

(A) 

(B) 
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Figure 5.11. DOSY-NMR spectra obtained for PA6F/6S copolyamide sample synthesised using 35 mol% 
DMTDC in DMSO-d6 at 298 K. See Figure 5.10.A for assignments.  

 

5.3.3 Characterisation of PA6F/6S copolyamides  

As mentioned earlier, the synthesis conditions established previously for PA6F/6T 

type copolyamides were employed to prepare furan-thiophene containing 

copolyamides PA6F/6S. DMTDC was incorporated in molar ratios ranging between 

10 to 50 mol% to replace the corresponding furanic monomer DMFDC. Owing to 

the very high reaction temperature requirement, synthesis of copolyamides 

containing DMTDC in molar ratio greater than 50 mol%, proved challenging. The 

synthesis runs conducted with stoichiometric amounts of the diesters and diamine 

(entry 1-5, Table 5.6) were subjected to polycondensation temperature ranging 

from 230 oC to 270 oC over a period of 5 hours. Whereas, in the other set of 

experiments (entry 6-10), 4.5 mol% excess of the diamine and a less intense 

polycondensation temperature programme was employed. The GPC data and 

visual observation of the presence of an insoluble fraction on the synthesised 

copolyamides, has been summarised in Table 5.6.  Overall, the molecular weights 

achieved for these copolyamides were on the lower side compared to the PA6F/6T 



 
206 

system. The stoichiometric runs conducted at marginally higher temperature 

displayed better molecular weights, however, insoluble particles were observed in 

all cases. In the other set of experiments (entry 6-10), conducted at slightly lower 

temperature regime, with the exception of the 50/50 mol% sample, no insoluble 

particles were observed in any other sample.  

Table 5.6. Synthesis conditions used for PA6F/6S copolyamides along with the GPC data of the ensued 
polymers.  

En
try 

Monomer 

feed ratio 

(DMFDC/DM

TDC) 

Catalysts 

loading 
a
 

Diester: 

Diamine 
b
 

Polycond. 

temp range
c
 

M
n
 
d
 M

w
 
d
 Ð 

Gel 

obs 
e
 

  

(mol %) (ppm)   (ᵒC) 
(kg/m

ol) 

(kg/m

ol) 
  Y/N 

1 100/0 400 1:1 230-270 6 10 1.73 Y 

2 90/10 400 1:1 230-270 5 7 1.55 Y 

3 75/25 400 1:1 230-270 5 9 1.80 Y 

4 65/35 400 1:1 230-270 5 7 1.46 Y 

5 50/50 400 1:1 230-270 6 12 1.84 Y 

6 100/0 200 1:1.045 230-260 7 21 2.90 N 

7 90/10 200 1:1.045 230-260 6 16 2.42 N 

8 75/25 200 1:1.045 230-260 3 8 2.64 N 

9 65/35 200 1:1.045 230-260 3 9 2.71 N 

10 50/50 200 1:1.045 230-260 f 5 24 4.96 Y 
a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of diesters in the feed 
b Molar composition of diesters (both DMFDC plus DMTDC) and diamine (HMDA) in the feed  
c Temperature range used for polycondensation step, starting from 230 ᵒC with 10 ᵒC/ hr increments till 260 ᵒC, then 
260 ᵒC for another hour or 270 ᵒC for 1 hr, total time = 5 hr  
d Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 
weights 
e Visual observation of the insoluble fraction remained after dissolution in HFIP solvent at room temperature (25 
ᵒC); Y= Yes, insoluble particles observed;  N=Not observed 
f Temperature range used for polycondensation step, 230 ᵒC to 260 ᵒC at 10 ᵒC/hr, then remained there for 3 hr, 
total time = 6 hr 

 

After successfully preparing novel copolyamides containing different ratios of 

furanic and thiophenic monomers, we proceed to investigate their properties in 

further detail. The primary focus of the investigation was to understand the impact 

of thiophenic units’ incorporation on the crystallisation behaviour of the PA6F. This 
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was carried out using DSC and WAXD. Finally, thermal degradation of some of these 

newly synthesised copolyamides was studied using TGA. 

5.3.3.1 Differential Scanning Calorimetry (DSC) analysis of PA6F/6S copolyamides 

DSC analysis was conducted on “as-synthesised” copolyamides samples. DSC traces 

from the second heating scans and cooling scans recorded for the synthesis runs  

6-10 (Table 5.6) are presented in Figure 5.12. It is clear that the homopolymer 

(PA6F; PA6F/6S=100/0), and all PA6F/6S copolyamides having different ratios of 

DMTDC, only displayed a distinctive glass transition during the second heating 

scan. No signals associated with the melting transition or crystallisation behaviour 

were detected on the second heating scan and the cooling scan, respectively. 

Overall, these copolyamides demonstrated high glass transition temperatures in 

the range of 112- 122 ᵒC. Slight depression in Tg was observed with incorporation 

of the thiophenic monomer. However, other factors, such as, differences in the 

molecular weights of the samples and presence of crosslinks in the PA6F/6S= 

50/50 copolyamide, could also affect the Tg values. The absence of a melting 

transition came as a surprise, particularly, in the case of copolyamide containing 

higher proportion of thiophene units, i.e. 50 mol%. On considering the first heating 

scan recorded for the 50 mol% DMTDC sample, a melting transition was observed 

at 277 ᵒC (Figure 5.12. C). Since the maximum temperature employed for 

polycondensation was 260 ᵒC, this transition suggests melting of crystals formed 

as a result of crystallisation induced by extensive annealing effects instigated 

during polycondensation. On the other hand, absence of such melting endotherm 

on the second heating scan indicate that the sample has a slow rate of 

crystallisation and could not crystallise effectively from the melt under the analysis 

conditions employed.    
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Figure 5.12. DSC analysis of the PA106F/6S copolyamides (A) second heating scan (B) cooling scan and 
(C) complete analysis of 50/50 sample. 
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5.3.3.2 Wide- angle X-ray Diffraction studies (WAXD)  

The PA6F/6S copolyamide samples were also analysed with WAXD. The WAXD 

pattern obtained on “as-synthesised” powdered sample is shown in  

Figure 5.13. As expected, the homopolymer PA6F and copolyamides containing up 

to 35 mol% DMTDC displayed only the characteristic amorphous halo signal at 2θ~ 

21ᵒ. However, the sample with 50 mol% DMTDC presented a sharp peak at 17.72ᵒ, 

a broad signal at 11.30ᵒ and a weak signal at 29.41ᵒ, suggesting presence of low 

degree of crystallinity. This also explains the occurrence of the melting endotherm 

observed during the first heating scan of the DSC analysis for this particular sample. 

Overall, the copolymerisation of thiophene-based monomer is found to be less 

effective in enhancing the crystallisation kinetics and the degree of crystallinity of 

the furan-based polyamides compared to terephthalic units. This reflects the 

importance of the projected bond angle (α) of the carboxylic acid groups to the 

aromatic ring, with more linear structure promoting more crystalline morphology 

in the semi-aromatic polyamides.   

 

 

 

 

 

 

 

 

 

Figure 5.13. WAXD pattern of the PA6F/6S copolyamides. 

5.3.3.3 Thermogravimetric analysis (TGA) 

The thermal stability of the PA6F/6S copolyamides was investigated using TGA 

analysis. The TGA results are presented in Figure 5.14. It is obvious that all 

copolyamides demonstrated good thermal stabilities, analogous to the furan-based 
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homopolyamide (PA6F), showing onset of degradation close to 400 ᵒC. A single 

step decomposition pattern was observed in all cases. Moreover, no significant 

differences in decomposition temperature was witnessed with DMTDC 

incorporation (Table 5.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. TGA analysis conducted on PA6F/6S copolyamides (A) TGA weight % loss and (B) derivative weight 

loss (%/min). 
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Table 5. 7. TGA decomposition temperatures of copolyamides PA6F/6S. 

 

 

 

 

a Temperature for 5% weight loss, measured by TGA under inert atmosphere  
b Temperature for 50% weight loss, measured by TGA under inert atmosphere 

c Temperature at which maximum rate of degradation occurred, measured by TGA under inert atmosphere 

 

5.4 Random and Block Copolyamides derived from dimethyl 

2,5-furandicarboxylate (DMFDC), dimethyl terephthalate 

(DMTPA) and 1,10-decanediamine (DDA) 

5.4.1 The random PA10F/10T copolyamides 

Presently, most of the PPAs available commercially are produced by utilising non-

renewable feedstocks, for instance, TPA and IPA are synthesised from the oxidation 

of p-xylene (PX) and m-xylene (MX), respectively. PX and MX, in turn are obtained 

from catalytic reforming of crude oil. Although some reports have been published 

in recent years about producing aliphatic diamines from renewable starting 

materials, such as 1,4-butanediamine and 1,6-hexanediamine can readily be 

synthesised from succinic acid and bio-based adipic acid, respectively.22–24 

However, currently, poly(decamethylene terephthalamide) (PA10T) is the only 

commercially available PPA that is prepared by using renewable C10 diamine  

(1,10-diaminodecane) derived from castor oil.13,25,26 This makes nearly half of the 

carbon in PA10T from renewable feedstock.  

Due to its fully renewable nature, poly(decamethylene furanamide) (PA10F) 

synthesised in chapter 4, is an interesting polymer and need more consideration. 

It displayed exceptional thermal stability and a Tg of around 97 ᵒC. However, like 

other FPAs, PA10F demonstrated a predominantly amorphous morphology. With 

the aim to enhance the crystallinity of PA10F, in this section, we intended to 

investigate the copolymerisation of DMTPA to produce poly(decamethylene 

furanamide-co-decamethylene terephthalamide) (PA10F/10T) copolyamides.  

Copolyamide Td 5% 
 a

 (ᵒC) Td 50%  
b

 (ᵒC) Td max  
c
 (ᵒC) 

PA6F/6S= 100/0 406 440 434 

PA6F/6S= 75/25 400 434 431 

PA6F/6S= 65/35 401 436 434 

PA6F/6S= 50/50 396 434 431 
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In addition to its sustainability, there are other motivations to study the PA10F 

copolyamides. Firstly, on account of more flexible and longer methylene chain then 

C6 diamine, the C10 diamine will allow us to use a lower polycondensation 

temperature. This, to certain extent, may help curtail the undesired side reactions, 

such as those leading to the crosslink gel formation. Also, contrary to the PA6F/6T 

and PA6F/6S systems investigated earlier, copolyamides containing higher 

proportion of DMTPA monomer can be realised in the PA10F/10T system using the 

catalytic melt polymerisation technique developed in this project. Thus, making it 

possible to study the thermal and morphological properties of the copolyamides 

over a wider range of monomer composition.  

Literature on PA10F/10T type copolyamides is scarce. Recently, Cao and co-

workers investigated the synthesis of copolyamides PA10T/10F copolyamides 

using the conventional ammonium salt method.13 However, the copolyamides 

containing only up to 30 mol% FDCA were synthesised and authors reported 

strong decarboxylation of FDCA during the synthesis.  

Therefore, in this section, a series of PA10F/10T copolyamides containing DMTPA 

in molar ratios from 10 to 90 mol% were synthesised using the solvent free melt 

polymerisation technique (Scheme 5.5). The two-step synthesis approach, 

comprising of an oligomerisation and a polycondensation step, was employed in 

the presence of TIPT catalyst. The oligomerisation step was carried out at 90 to 100 

ᵒC for two hours initially. However, samples containing DMTPA in molar ratio 

greater than 25 mol% did not reached the solidification point within this time 

period, and were allowed to react for another hour at 100 o C. The polycondensation 

of the copolyamides was conducted at temperatures ranging from 220-240 ᵒC for 

five hours. For homopolymer PA10F, milder conditions were employed. 

As the synthesis method is essentially a one-pot synthesis, we presumed that the 

copolyamide structure to be mainly of random nature with some degree of 

blackness due to the difference in reactivities of DMFDC and DMTPA toward 

amidation. Though, it will be worth exploring to investigate these copolyamides’ 

microstructure with the help of quantitative 13C NMR.16 The major limitations to 

this technique is the requirements of highly concentrated samples and very long 

experimental times to account for the low abundance of the 13C nuclei. 
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Scheme 5.5. A schematic representation of the synthesis process of copolyamides PA10/10T. 

 

5.4.1.1 Structural elucidation of PA10F/10T co-oligoamides and copolyamides  

5.4.1.1.1 NMR analysis of the oligomers  

Firstly, 1H NMR spectroscopy was used to study the chemical structure of the 

oligomers formed subsequently after the oligomerisation step. As an example, 

Figure 5.15. A and B depict the 1H NMR spectra of the oligomers having molar 

composition of diesters as DMFDC: DMTPA= 50/50 and 35/65, respectively. Figure 

5.15.C represents the chemical structure with corresponding proton signal 

assignments performed with the additional help from 2D NMR experiments (see 

Figure 8.22, chapter 8). 

Due to the limited solubility of the co-oligoamides in DMSO-d6, the NMR 

experiments were conducted using TFA-d1 solvent. The drawback of TFA-d1 

solvent was that only a broad signal was detected for the amide protons (-CONH) 

at δ 6.75 ppm, owing to proton exchange phenomenon. Though, signal attributions 

for the remaining structure were possible.  
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Figure 5.15. 1H NMR spectra recorded in TFA-d1 at 298 K for co-oligoamides synthesised having molar 
composition DMFDC/DMTPA (A) 50/50 (B) 35/65 and (C) structural assignments for the co-
oligoamides. 

The aromatic protons of the furan ring (Hh) were assigned at δ 7.41 ppm. 

Interestingly, methyl protons of the unreacted DMTPA (Hm) and methylene protons 

next to the amino end-groups (Hn, -CH2-NH2) can also be observed at δ 4.13 and 

3.30 ppm, respectively. On the other hand, no signals for the unreacted DMFDC 

monomer were observed, indicating its complete conversion. In addition to the 

aromatic phenylene protons within the oligomer chain (Hi) at δ 7.99 ppm, aromatic 

protons shifts associated with the phenyl ester end-groups (Hk) and unreacted 

DMTPA (Hj) were also observed at δ 7.95 and δ 8.29 ppm, respectively. The 

corresponding integrals of these chemical shifts can be used to calculate the 

monomer composition within the oligomer chains and also the unreacted 

monomer by using Eq. 5.3 (a-d).  The results are depicted in Table 5.8 for the two 

examples, mainly showing considerably lower conversions of DMTPA monomer. 

This can be attributed to the lower solubility of DMTPA under the oligomerisation 

conditions utilised in our system.   
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) × 100 Eq. 5.3c 

𝐷𝑀𝑇𝑃𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (
𝐷𝑀𝑇𝑃𝐴𝑜𝑙𝑖𝑔𝑜𝑚𝑒𝑟

𝐷𝑀𝑇𝑃𝐴𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 + 𝐷𝑀𝑇𝑃𝐴𝑜𝑙𝑖𝑔𝑜𝑚𝑒𝑟
) × 100 Eq. 5.3d 

(C) 
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Table 5.8. Molar composition of co-oligoamides using 1H NMR.  

 

5.4.1.1.2 NMR structural analysis of the PA10F/10T copolyamides 

The chemical structure of the copolyamides PA10F/10T synthesised in this study 

was also confirmed with NMR analyses. Copolyamides having DMTPA molar ratios 

greater than 25 mol% were found to be either partially or completely insoluble in 

DMSO-d6. This could be the result of the longer aliphatic chain of C10 diamine 

compared to C6 diamine in the PA6F/6T system. Thus, a different NMR solvent 

system comprising HFIP: CDCl3 = 70: 30 V/V% was selected, based on the earlier 

studies performed on PPAs.5,16 Copolyamides were readily soluble in this solvent 

system with no visible signs of insoluble gel fraction at all compositions, making it 

possible to investigate the chemical structure. As a representative example, 1H and 

13C NMR spectra for the copolyamide synthesised with 65 mol% DMTPA, i.e. 

PA10F/10T = 35/65, have been presented in Figure 5.16. Whereas, the 2D NMR 

spectra are given in Figure 8.23, chapter 8. 

In addition to the signal attributions presented for the primary structure of the 

copolyamide in Figure 5.16 (A), H8 was assigned to the methylene protons next to 

the amino end-groups (-CH2-NH2). Furthermore, aromatic phenylene protons in a 

different chemical environment, such as, those in the end-groups (*) and 

unconverted DMTPA (**) were also observed.    

 

 

 

 

Molar ratio 

DMFDC/DMTPA in 

the feed 

(mol %) 

DMFDC within 

oligomer 

(mol %) 

DMTPA within 

oligomer 

(mol %) 

Unreacted 

DMTPA 

(mol %) 

DMTPA 

conversion 

(%) 

 

50/50 49 14 36 28% 

35/65 35 36 29 55% 
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Figure 5.16. NMR spectra for the copolyamide sample synthesised with 65 mol% DMTPA, recorded in  
HFIP/CDCl3: 70/30 V/V % solvent at 298 K (A) 1H NMR (B) 13C {1H} NMR.  

(B) 

(A) 
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5.4.1.2 Characterisation of PA10F/10T copolyamides properties 

As mentioned earlier, PA10F/10T copolyamides were synthesised using DMTPA in 

molar ratios 10 to 90 mol%. The resulting copolymers were subjected to different 

analysis including GPC, DSC and WAXD. Table 5.9 summarises the main results 

obtained from the GPC and DSC analysis conducted on the crude polymer samples.  

Table 5.9. DSC and GPC analysis results for the PA10F/10T copolyamides. 

PA10F/10T 
Molar feed 

ratio 

DSC analysisa  GPC datab  
 
 

 

T
g
  T

m
 ΔH

m
 M

n  
 M

w 
 

Ð 

Gel 
Obs.c  

(DMFDC/DM
TPA)  (ᵒC) (ᵒC) (J/g) 

(kg/ 
mol) 

(kg/ 
mol) 

 

100/0 
(PA10F) 

90 -
d
 -

d
 6 13 2.04 N 

90/10 94 -
d
 -

d
 8 18 2.12 N 

75/25 90 -
d
 -

d
 6 12 1.94 N 

65/35 94 -
d
 -

d
 6 15 2.46 N 

50/50 89 204 1.5 4 10 2.18 N 

35/65 91 180,224,243 1.0,3.5,10.0 4 8 2.14 N 

25/75 92 178,219,255 2.9,2.4,14.5 6 10 1.71 Y 

10/90 95 191,227,274 4.5,2.0,31.4 3 21 6.21 Y 

0/100  
(PA10T) 13,27 

-
 304,317 19,61 - - 

a Glass transition temperature (Tg), crystalline melting temperature (Tm) and melting enthalpy (ΔHm) were all  

measured on the second heating scan of the DSC thermogram 
b Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
c Visual observation of the gel as the insoluble fraction remained after dissolution in HFIP solvent at room 
temperature (25 ᵒC), Y= Yes gel observed, N=No gel observed (See experimental for details) 
d Not detected following the second heating scan of the DSC thermogram 

 

Overall, the molecular weights of the homopolymer (PA10F) and also the 

copolyamides were found to be on the lower side compared to the PA10F 

synthesised in chapter 4. Firstly, it could be due to the lower polycondensation 

temperature employed in the present study. Secondly, all these samples were 

prepared using stoichiometric amounts of the diesters and diamine. We have 

previously demonstrated that higher molecular weights were attained when a  

4.5 mol% excess of diamine was employed (chapter 3). Nonetheless, no insoluble 
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gel was observed in most cases after the dissolution test in HFIP, with exceptions 

of samples containing 75 and 90 mol% DMTPA. 

5.4.1.2.1 Differential Scanning Calorimetry (DSC) and Wide-angle X-ray Diffraction 

(WAXD) analysis of PA10F/10T copolyamides 

The second heating scan of the DSC showed a distinct Tg for the copolyamides in 

the range of 89-95 ᵒC (Figure 5.17. A). No Tm was observed for the copolyamides 

containing up to 35 mol% DMTPA. The sample comprising 50/50 mol% each of 

DMFDC and DMTPA monomer, displayed a broad and unpronounced melting 

transition around 201 o C. On further increasing the DMTPA proportion to 65 mol%, 

more clear melting endotherms (I, II, III) were observed. However, these samples 

demonstrated multiple melting endotherms, presenting two weak endotherms  

(I, II) followed by a more pronounced melting transition at a higher temperature 

(III). The melting enthalpy for the weaker transitions were found to be 

considerably less, in relation to the third transition (Table 5.9), suggesting melting 

of small or defected crystals, as concluded by Li.27 The major melting transition 

temperature (III) and enthalpy tend to increase with increasing DMTPA ratio. The 

significant variations in the melting endotherms with monomer composition rules 

out any co-crystallisation of the furanic and terephthalic residues present in the 

copolyamides.     

On the DSC cooling scan, no crystallisation behaviour was observed for the 

copolyamides containing up to 50 mol% DMTPA (Figure 5.17. B). When the DMTPA 

ratio was increased to 65 mol% and above, two crystallisation exotherms were 

observed. The first exotherm (V), which appeared at higher temperature, was more 

pronounced and demonstrated higher crystallisation enthalpy then the exotherm 

at lower temperatures (IV). Moreover, both crystallisation exotherms (IV, V) tend 

to move toward higher temperatures with increasing DMTPA ratio, reflecting 

faster crystallisation rate with addition of DMTPA.  

Multiple melting endotherms have been observed for the PA10T 

homopolymer.13,27–29 For melt crystallise PA10T, the two melting endotherms  

(II, III) are usually observed at temperatures 304 and 317 ᵒC (Table 5.9). This 

behaviour has been attributed to the melting-recrystallization-melting 

phenomenon, instead of polymorphism observed in some aliphatic polyamides.27,28 
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For the melting endotherm marked I, and the corresponding exotherm IV, it has 

been speculated that they are a result of change in mobility of methylene segments 

of C10 diamine between the hydrogen bonded aromatic units.27 These segments 

gain energy and become more mobile and disordered during heating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. DSC analysis of the PA10F/10T copolyamides containing different ratios of the diesters (A) 
second heating scan (B) cooling scan. 

WAXD analysis conducted on “as-synthesised” samples corroborated the DSC 

findings (Figure 5.18). The copolyamides containing up to 50 mol% DMTPA only 

showed the characteristics amorphous halo scattering at 2θ ~ 21ᵒ. Though, for the 

50/50 sample, a broad reflection was observed around 2θ ~11.6ᵒ. Copolyamide 
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samples containing DMTPA ratio greater than 50 mol% exhibited several peaks 

observed at 2θ~ 5.6ᵒ, 17.4ᵒ, 18.6ᵒ, 21.5ᵒ, 22.9ᵒ, 23.6ᵒ, 25.2ᵒ, 27.6ᵒ. The intensity of 

these diffraction peaks increases with increasing DMTPA concentration and also 

the shape of the peaks became considerably clearer, suggesting improvements in 

crystallinity and crystal perfection. The diffraction pattern observed is in 

agreement with those recorded for the PA10T homopolymer, signifying the 

crystalline phase mainly comprises of PA10T residues within the copolymer and 

no co-crystallisation with PA10F residue was evident. Overall, a greater ratio of 

DMTPA monomer (i.e. 65 mol%) was required in order to realise some degree of 

crystallinity in random copolyamides PA10F/10T, compared to PA6F/6T system, 

where we already started to see crystallinity at 50 ml%. This could be attributed to 

the highly crystalline morphology of PA6T residue, resulting from greater density 

of hydrogen bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. WAXD pattern recorded for PA10F/10T copolyamides at various diester ratios (dotted lines 
for guidance only).  
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5.4.2 Block copolyamides of PA10F/10T  

The microstructure of the copolyamide systems investigated in the prior sections 

are presumed to be mainly of random chain architecture. This is due to the one-pot 

synthesis approach employed for their synthesis (Figure 5.19. A). Alternatively, 

furanic and terephthalic oligoamide fractions can also be copolymerised to realise 

a block copolymer structure, as depicted in Figure 5.19. B. However, the PA6T 

oligoamide prepared following an analogous oligomerisation procedure was highly 

crystalline and high melting. The infusible nature of the PA6T oligoamide made it 

impossible to copolymerise the oligomeric PA6T and PA6F units together. Owing 

to the considerably low melting temperature of PA10T oligoamide, it was possible 

to proceed with the block copolymerisation of PA10T with PA10F oligomers 

following the approach presented in Figure 5.19 B.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. The two different approaches toward the synthesis of PA10F/10T copolyamides tested in 
this study (A) the random copolymerisation and (B) the block copolymerisation.  
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5.4.2.1 Synthesis and characterisation of PA10F/10T block copolyamides 

A schematic representation of the PA10F/10T block copolymers synthesis route 

has been depicted in Scheme 5.6. In this approach, PA10F and PA10T oligoamides 

were prepared separately following the oligomerisation step described previously. 

The oligoamides in desired ratios were mixed in solution using HFIP as solvent at 

ambient conditions. The solvent was allowed to evaporate completely before 

commencing the polycondensation step. The polycondensation was performed 

using a similar temperature programme to that employed for the random 

PA10F/10T copolyamides.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.6. A schematic representation of the synthesis process used to produce PA10F/10T block 
copolyamides. 
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5.4.2.1.1 Structural elucidation and DP estimation of the oligoamides using 1H NMR 

The oligoamides marked as 10F and 10T above were subjected to NMR analysis 

after dissolution in TFA-d1 solvent (Scheme 5.6). The 1H NMR spectra of both 

oligoamides are presented in Figure 5.20 A and B, respectively, with corresponding 

proton assignments depicted in Figure 5.21.  

The integral values were computed after referencing the spectra to the methylene 

protons (Hb) of the diamine. From the integrals values, it is clear that the 

conversion of the furanic ester, i.e. DMFDC, is significantly higher in 10F oligoamide 

compared to DMTPA in 10T. This can be attributed to the lower solubility of the 

DMTPA monomer in the diamine, and was also witnessed in the case of one-pot 

synthesis of random copolyamide preparation. A higher oligomerisation 

temperature will be required to increase the DMTPA conversion. However, the 

oligoamide 10T solidifies from the bulk at much faster rate, rendering the stirring 

impossible even at such lower conversions. 
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Figure 5.20. 1H NMR spectra for the oligoamides recorded in TFA-d1 solvent at 298 K (A) 10F oligoamide 
and (B) 10T oligoamide. 
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Figure 5.21. Structural assignments for the 1H chemical shifts (A) 10F oligoamide  (B) 10T oligoamide and 
(C) end-groups and unreacted DMTPA associated with 10T oligoamide. 

Both synthesised oligoamides are presumed to be predominantly amino end group 

terminated, since an excess diamine was employed for the oligomerisation step. 

Thus, the integral values of the methylene protons next to the amide functionality 

(Hc) in the oligoamide chain and next to the amino end-groups (Hc’), can be utilised 

to calculate the degree of polymerisation (DP) using Eq. 5.4.30 A DP of 11 units was 

estimated for the 10F oligoamide. In the case of 10T oligoamide, however, this 

approach only gives a DP of nearly a unit. Owing to the low DMTPA conversion, a 

high concentration of ester end-groups is also expected in the case of 10T. Thus, a 

different approach is needed to estimate the correct DP for 10T with 

representation of both amino and ester end-groups.  

 
𝐷𝑃 =

𝐼𝐻𝑐

𝐼𝐻𝑐′

 
Eq. 5.4 

Cousin et al. have proposed a relationship to estimate the polyamide DP while 

taking in to account all the respective end-groups, as presented in Eq. 5.5.5 

 

𝐷𝑃

= 2 ×
𝐼𝐷𝑀𝑇𝑃𝐴 𝑐ℎ𝑎𝑖𝑛 + 𝐼𝐷𝑀𝑇𝑃𝐴 𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝𝑠 + 𝐼𝑁𝐻−𝐶𝐻2 𝑖𝑛 𝑐ℎ𝑎𝑖𝑛 + 𝐼𝑁𝐻−𝐶𝐻2 𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝𝑠

𝐼𝐷𝑀𝑇𝑃𝐴 𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝𝑠 + 𝐼𝑁𝐻−𝐶𝐻2 𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝𝑠
 

Eq. 

5.5 

 

(A) 

(B) 

(C) 
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Where, IDMTPA chain is the integral corresponding to one proton of the aromatic ring 

situated in the oligomer chain, and IDMTPA end-groups is the same integral but present 

as an end group. INH-CH2 is the integral value representing one methylene proton 

next to an amide linkage present in the oligomer chain. Lastly, INH-CH2 end-groups is the 

integral corresponding to one methylene proton next to the amino end-groups. 

Taking into consideration the assignments depicted in Figure 5.20 (B), the above 

integrals can be calculated using the following equations (5.6 a-d): 

 
𝐼𝐷𝑀𝑇𝑃𝐴 𝑐ℎ𝑎𝑖𝑛 =

𝐼𝑑

4
 

Eq. 5.6a 

 
𝐼𝐷𝑀𝑇𝑃𝐴 𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝𝑠 =

𝐼𝑗

2
 

Eq. 5.6b 

 
𝐼𝑁𝐻−𝐶𝐻2 𝑖𝑛 𝑐ℎ𝑎𝑖𝑛 =

𝐼𝑐 − 𝐼𝑐′

4
 

Eq. 5.6c 

 
𝐼𝑁𝐻−𝐶𝐻2 𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝𝑠 =

𝐼𝑐′

2
 

Eq. 5.6d 

Placing the above integrals values in Eq. 5.5 and with simplification, we obtained 

the following relation: 

𝐷𝑃 = 2 ×
𝐼𝑑 + 2𝐼𝑗 + 𝐼𝑐 + 𝐼𝑐′

𝐼𝑗 + 𝐼𝑐′
 

Eq.5.7 

 

The above equation (Eq. 5.7) can be used to estimate the DP for 10T oligoamide. 

With this relation, a DP of 4 units was estimated, which is more representative for 

our system.  

Therefore, we were able to successfully synthesise oligoamides 10F and 10T 

having a DP of 11 and 4 units, respectively. In the next phase, different ratios of 10F 

and 10T oligoamides were solvent mixed using HFIP before commencing the 

polycondensation step using similar conditions used for random copolyamides 

(see section 7.4.3, chapter 7). The crude copolyamide samples were subjected to a 

range of analysis which will be discuss in the next sections. 

5.4.2.1.2 Characterisation of PA10F/10T block copolyamides 

Since half of the carbon present in 10T oligoamide is derived from non-renewable 

resources, we were interested to see the minimum amount of these units necessary 

to bring some degree of crystallinity in the PA10F/10T copolyamide system. For 
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the random structure, we saw an improvement in crystallinity when  

65 mol% of the DMFDC fraction was replaced with corresponding DMTPA 

monomer. In this section, PA10F/10T block copolyamides were synthesised by 

incorporating different ratios of 10T oligoamide, as shown in Table 5.10.  

Table 5.10. Properties of the PA10F/10T block copolyamides. 

a Glass transition temperature (Tg), crystalline melting temperature (Tm) and melting enthalpy (ΔHm) were all  

measured on the second heating scan of the DSC thermogram 
b Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular 

weights 
c Visual observation of the gel as the insoluble fraction remained after dissolution in HFIP solvent at room 
temperature (25 oC), Y= Yes gel observed, N=No gel observed (See experimental for details) 
d Not detected following the second heating scan of the DSC thermogram 
e Sample not analysed 

 

The synthesised block copolyamides were considerably more translucent, even at 

low concentrations of 10T residues. 1H NMR confirmed complete conversion of 

DMTPA after the polycondensation step. The GPC results presented in Table 5.10 

demonstrated that these copolyamides have higher molecular weights compared 

to the random copolymers synthesised earlier. However, some insoluble fraction 

was observed in the solubility test.  

The DSC analysis revealed glass transition temperatures in the range of 90-100 ᵒC. 

The relatively higher Tg of 100 ᵒC recorded for the sample containing 25 wt % 10T 

units might be the result of its high molecular weight. Pleasingly, we already started 

Feed ratio 

(10F/10T) 

DSC analysisa GPA datab 
 

T
g
  T

m
 H

m
 Mn  Mw  

Ð 

Gel 
Obs. c 

(wt %) (
o
C) (

o
C) J/g (Kg/mol) (Kg/mol) 

 

100/0 (PA10F) 90 -
d
 -

d
 6 13 2.04 N 

90/10 100 -
d
 -

d
 10 20 2.04 Y 

75/25 92 -
d
 -

d
 7 15 2.21 Y 

65/35 92 206 0.9 7 12 1.81 Y 

50/50 89 181,213,236 1.2,0.8,2.9 -e Y 
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to see a weak melting endotherm for the sample synthesised with 35 wt% 10T 

residue at around 206 ᵒC (Figure 5.22. A). In comparison, for the random 

copolyamide system, a corresponding weak melting endotherm was observed at 

50 mol % (51 wt %) DMTPA concentration.  For the sample comprising 50 wt % 

10T residue, multiple melting transitions were witnessed, as seen previously in the 

case of random copolyamides. The weak melting endotherms accompanied with 

low melting enthalpies indicate melting of small and defected crystals. This 

proposition was further supported by a weak crystallisation exotherm observed 

for the 50/50 sample at 211 oC recorded on the cooling scan (Figure 5.22 B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22. DSC analysis of PA10F/10T block copolyamides (A) second heating scan and (B) cooling scan. 
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WAXD analysis conducted on the “as-synthesised” sample revealed more 

information about the crystallinity development with 10T incorporation, as 

presented in the Figure 5.23. Copolyamide 10F/10T= 65/35 only displayed a weak 

reflection at 2θ~ 25.3ᵒ, supporting the DSC results, where a less pronounced 

melting endotherm was detected. However, the 50/50 sample demonstrated more 

prominent diffraction pattern, showing several peaks at 2θ~ 5.6ᵒ, 15.9ᵒ, 17.5ᵒ, 

18.5ᵒ and at 25.0ᵒ, suggesting a higher degree of crystallinity than 65/35 sample. 

 

 

  

 

 

 

 

 

 

 

Figure 5.23. WAXD pattern of the PA10F/10T block copolyamides containing different ratios of the 10F 
and 10T oligoamides. 

On directly comparing the WAXD pattern of the block and random copolyamides 

having almost similar concentration of the furanic and terephthalic units (Figure 

5.24), it is apparent that the block copolymerisation approach lead to higher 

crystallinity. We hypothesise that this could be due to the greater interchain 

hydrogen bonding interactions developed in the blocky chain architecture 

compared to a random structure, as demonstrated in Figure 5.25. 
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Figure 5.24. WAXD pattern comparison of two different copolyamides compositions synthesised with 
random or block copolymerisation route. 

 

 

 

 

 

 

 

 

 

 

Figure 5.25. The schematic representation of the interchain hydrogen bonding interactions developed 
in the microstructure of (A) random copolyamides and (B) block copolyamides. 
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Overall, this preliminary but novel investigation indicates that the block 

copolymerisation approach is worth exploring further. In our specific case, it could 

help minimise the proportion of non-renewable terephthalic co-monomer 

required to improve the crystallinity of furanic polyamides.  

Furthermore, block copolymers have other remarkable properties, such as, self-

assembly. Due to their unique properties, self-assembled block copolymers having 

different morphologies, have found applications in several biomedical fields. 

However, a more control and well-defined structure of the macromolecule is a 

prerequisite for these applications. Thus, more research into this route is required 

to optimise the process and access other monomers to be able to prepare 

structurally diverse block copolymers. 

 

5.5 Conclusions and future work 

In this chapter, we were able to synthesise different copolyamides based on FPAs 

with other aromatic esters, such as, DMTPA and DMTDC. The primary aim was to 

enhance the crystallisation tendency of FPAs and develop copolyamides that have 

not been investigated previously in much detail.  

Copolyamides PA6F/6T were prepared by incorporating different ratios of DMTPA 

monomer, following the similar two-step melt polymerisation approach developed 

in the earlier chapters. The temperature used for the polycondensation step was 

found to be a critical parameter which affected the molecular weights of the 

resulting polymers and also the extent of crosslink gel formation. Higher 

temperatures resulted in polymer having higher molecular weights, however, 

more insoluble gel was also observed in these cases. Copolyamides synthesised 

with DMTPA ratios up to 35 mol% were found to be predominantly amorphous in 

nature. The exception being a copolymer containing 50 mol% DMTPA, which 

displayed better crystallinity, as confirmed by DSC and WAXD analysis. DSC 

analysis showed a Tm of 258 ᵒC for this PA6F/6T=50/50 copolyamide. 

Furthermore, the incorporation of the DMTPA monomer also improved the 

thermal stability of the newly synthesised copolyamides. An increase of 14 ᵒC in 

the Tdmax was observed upon 50 mol% DMTPA addition. 
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Some novel copolyamides containing various ratios of the thiophenic diester, i.e. 

DMTDC i.e. PA6T/6S, were synthesised in the similar manner. Again, the resultant 

copolymers having up to 35 mol% DMTDC were failed to show any crystallinity 

improvement. However, the copolyamide containing 50 mol% DMTDC 

demonstrated some degree of crystallinity as observed during WAXD 

measurements. No melting transition was observed during the second heating scan 

for this sample. Therefore, the apparent signs of crystallinity were mainly 

attributed to the annealing effects caused during the polycondensation step. 

Taking the advantage of renewable nature of the C10 diamine, 100% bio-derived 

PA10F/10T copolyamides having random and block architecture were also 

investigated. In the case of random copolymerisation, the one-pot synthesis 

method was applied and copolyamides containing up to 90 mol% DMTPA 

monomer were prepared. It was revealed that at least 65 mol% DMTPA 

concentration was required in order to bring some degree of crystallinity to the 

PA10F/10T copolyamide system. On the other hand, with the block architecture, 

this concentration can be brought down to ~ 50 mol%. The crystallinity 

improvement with low DMTPA content was attributed to the greater extent of 

interchain hydrogen bonding interactions that may develop in the blocky 

architecture compared to the random chain structure. 

This study demonstrates that the crystallinity of FPAs can be improved with 

copolymerisation of a suitable monomer, such as DMTPA, without significantly 

affecting the overall properties of the polymer.  

Going forward, block copolymerisation approach seems promising. However, 

greater control over the block length through the synthesis conditions should be 

explored in the future. This will enable the non-renewable content of our 

semicrystalline copolyamides to be lowered further. Blends of PA6 or PA66 with 

these block copolyamides would be another potential area to be investigated. This 

can potentially help improve the glass transition temperature, thermal stability 

and renewable content of these nylons.  

Also, cyclic monomers that are derived directly from renewable resources, such as 

isosorbide, can also be investigated for copolymerisation.  Moreover, other useful 
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techniques, for instance, addition of nucleating agents or blending of highly 

crystalline polymers would also be of interest to improve the crystallinity of FPAs. 
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6  Global Conclusion  

The current synthesis approaches to produce furan-based polyamides (FPAs) are 

ineffective to provide polymer with high molecular weights and better 

performance properties through an environmentally benign route. The upmost 

aim of this research was to investigate and develop an efficient and eco-friendly 

route toward the synthesis of FPAs. The work was started taking an inspiration 

from the early work of Grosshardt et al., who first published the synthesis of FPAs 

using a solvent free melt polymerisation technique. However, the polymers 

synthesised in that study, using a Tin-based catalyst, had lower molecular weights 

and few experimental details were provided. We initiated our investigation on 

these lines to improve the synthesis process and resultant polymer properties by 

focusing on improving the molecular weight of the product.  

A study on the synthesis of PA6F was carried out first as a model FPA polymer. A 

range of catalysts were tested following a two-step melt polymerisation approach 

in the absence of any solvent. It was shown that catalysts, such as, titanium 

isopropoxide (TIPT) and titanium citrate (TIC) can catalysed the ester amidation 

reaction. The catalysed samples prepared showed an increase in inherent viscosity 

compared to uncatalysed reaction. Next, the reaction conditions were optimised 

using stoichiometric amounts of the reactants and by employing TIPT as catalyst. 

It was demonstrated that the oligomerisation temperature has a strong bearing on 

the molecular weight of the end product, where higher oligomerisation 

temperature led to severe N-methylation of the amino end-groups, as revealed by 

MALDI-TOF MS analysis. By using a lower temperature for the oligomerisation 

step, PA6F polymer samples having a Mn ~15 kg/mol and MW ~ 46 kg/mol, were 

produced using very low loadings of TIPT catalyst (400 ppm).  The polymers also 

showed significantly higher Tg (~130 ᵒC) in comparison to those synthesised using 

conventional and other approaches. To the best of our knowledge, such molecular 

weights for PA6F synthesised by melt polycondensation procedure, have not been 

reported elsewhere.  

PA6F synthesis was then conducted in a 250 mL flask reactor fitted with a 

mechanical stirrer, using already developed reaction conditions. With this setup, 

we were able to monitor the viscosity increase of the polymer in-situ, indicated by 
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the torque increase. Again, TIPT and TIC were found to be active catalysts in 

relation to uncatalysed reaction, displaying significant increase in the torque with 

polycondensation time. Both catalysts resulted in molecular weights up to Mw ~ 

12-13 kg/mol, offering excellent film forming and thermal properties. MALDI-TOF 

MS results showed evidence of strong N-methylation of the amino end-groups in 

the uncatalysed reaction, compared to catalysed system (TIPT 400 ppm), 

indicating selectivity of TIPT towards amidation versus alkylation reaction; 

reaction that leads to N-methylation. The control over this side reaction explained 

the higher molecular weights acquired in the presence of TIPT catalyst.  The study 

on effect of reaction stoichiometry further reveal that a 4.5 mol% excess diamine 

can significantly increase the torque response within two hours of 

polycondensation. This was accompanied by considerable increase in the Mw of the 

polymers. For instance, at 400 ppm TIPT, Mw was increased from 12 to 23 kg/mol 

with a 4.5 mol% excess diamine incorporation. These high molecular weights 

achieved at such a fast rate have the potential to not only save considerable energy 

during the production process but will also eliminate any need for solid state 

polymerisation (SSP), therefore, significantly reducing the carbon footprint of 

PA6F polyamide.   

The scope of the catalytic melt polymerisation technique was further tested by 

using various aliphatic diamines differing in their carbon chain lengths, and 

additionally, a branched diamine was also employed. Again, reasonably high 

molecular weights were obtained, supporting the robustness of the synthesis 

approach. Depending on the diamine structure, Mw in the range of 19 to 36 kg/mol 

and glass transition temperatures ranging from of 96 to 140 ᵒC were obtained. DSC 

and WAXD analysis revealed that all FPAs synthesised were predominately 

amorphous in nature. These FPS showed excellent thermal stabilities, with an 

onset of degradation in excess of 400 oC. PA10F demonstrated the highest 

degradation temperature amongst the FPAs tested. PA10F is an interesting 

polymer due to its unique standing as being fully renewable PPA.  

We opted to test the copolymerisation of other aromatic diesters, such as, DMTPA 

and DMTDC, into the PA6F backbone to induce some degree of crystallisation and 

also to explore various potentially new copolymers. DMTPA was found to be more 
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efficient monomer of the two, bringing distinct crystalline morphology in the 

copolyamide PA6F/6T. However, at least 50 mol% of the DMFDC has to be replaced 

with DMTPA in order to get crystallisation behaviour, displaying a Tm of around 

258 ᵒC. For PA10F/10F random copolyamides synthesised with renewable 1,10-

decanediamine, a DMTPA content of 65 mol% was necessary to initiate 

crystallisation development. Though, for block PA10F/10T copolyamides, a lower 

concentration (35-50 wt%) of DMTPA-based oligoamide was sufficient to promote 

crystallinity, thus, improving the bio-based content further. 

In summary, an efficient, eco-friendly and versatile catalytic melt polymerisation 

technique was developed and tested in this study to prepare a range of FPAs homo 

and copolymers. The solvent-free approach requiring very low loadings of a 

suitable catalyst like TIPT, can produce FPAs having significantly higher molecular 

weights then those synthesised via conventional route. The resultant polymer 

displayed good thermal properties that could easily be tailored with help of 

copolymerisation. We believe that this study provides a basis for more advance 

research, enabling the use of greener furanic polymers in the engineering plastics 

category as a possible alternative for their petroleum derived counterparts.     
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7 Experimental 

 

7.1 General materials and methods 

7.1.1 Materials 

Unless stated otherwise, all laboratory reagents and solvents were used as received. 2,5-

furandicarboxylic acid (FDCA) was kindly provided by Corbion B.V, Netherlands. 1,4-

butanediamine (BDA, 99%), 1,6-hexanediamine (HMDA, 99.5%) and m-cresol (99%) 

were purchased from Acros Organics. 1,8-octanediamine (ODA, 98%) , 1,10-

decanediamine (DDA, 97%), 2-methyl-1,5-pentanediamine (MPDA, 99%), titanium (IV) 

isopropoxide (TIPT, 97%), dibutyltin (IV) oxide (DBTO, 98%), antimony(III) oxide (98%), 

dimethyl terephthalate (DMTPA,  99%), 2,5-thiophenedicarboxylic acid (TDC, 99%), 

sodium carbonate (Na2CO3), sulphuric acid (H2SO4, 98%), dimethyl sulfoxide-d6 (DMSO-

d6), trifluoroacetic acid-d1 (TFA-d1), sodium trifluoroacetate (Na-TFA, 98%), potassium 

trifluoroacetate (K-TFA,98%) were all acquired from Sigma-Aldrich. Titanium (IV) n-

butoxide (99%) was purchased from Alfa Aesar. Titanium citrate, CTL Ti638 UP (TIC, 55 

wt% solution in water) was kindly provided by Catalytic technologies Ltd, UK. 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP, 99%) was purchased from Apollo Scientific or Biosolve and 

was used after distilling it once. Methanol and toluene were obtined from VWR chemicals. 

DMTPA was recrystallised once from a mixture of methanol: deionised water= 60:40 and 

dried at 60 ᵒC overnight before use.  

7.1.2 General characterisation methods 

7.1.2.1 Nuclear magnetic resonance spectroscopy (NMR) 

NMR spectra were recorded at 298K on a 500 MHz Bruker Avance II+ instrument. 

Samples were slightly heated in some cases to facilitate dissolution. If not stated 

otherwise, all chemical shifts reported were referenced to the residual solvent shifts. 

7.1.2.2 Differential scanning calorimetry (DSC) 

 DSC analysis was conducted with TA-instruments Q20 differential scanning calorimeter. 

All runs were performed under nitrogen atmosphere, with a constant flow rate of 18 

mL/min.  Polymer samples were first dried in the vacuo at 90 to 100 ᵒC over-night before 

the analysis. 4-6 mg of sample was weighed into the DSC pan. In the first heating scan, 
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samples were cooled to 10 ᵒC, and then heated to 325-350 ᵒC at a heating rate of 10 

oC/min. Samples were maintained at this temperature for 1 minutes before starting the 

cooling ramp. Samples were cooled to 10 ᵒC at the same rate and reheated again to 325-

350 ᵒC at 10 ᵒC/min for the second heating scan.  

7.1.2.3 Inherent viscosity 

Inherent viscosity measurements were performed on crude polymer samples at 25 ᵒC in 

m-cresol solvent using Ubbelohde viscometer (type 1B) at a concentration of 0.5 g/dL. 

For this purpose, 50 mg of polyamide sample was dissolved in 10 mL of m-cresol and 

heated at 60 ᵒC for 4 hours to facilitate the dissolution. Samples were filtered using 0.45 

µm PTFE syringe filters before analysis to remove any undissolved polymer and 

impurities. For blank solvent, only m-cresol was used. Efflux times for both polymer 

solution and solvent were measured three times and the average value was reported.  

Inherent viscosity (dL/g) was calculated using following relationship: 

ɳinh =
ln (

𝑡
𝑡o

)

𝐶
 

where ɳinh is the Inherent viscosity at 25 ᵒC (dL/g), t and to are  the efflux time for the 

sample solution (sec) and blank solvent respectively and C is the polymer solution 

concentration in g/dL. 

7.1.2.4 Gel permeation chromatography (GPC) 

GPC was performed on an Agilent-1260 GPC/SEC system equipped with a TDA 305- triple 

detector array from Viscotek. The three detectors used to evaluate the absolute molecular 

weight of FPAs samples were, refractive index (RI) detector, low angle and right angle 

light scattering detector (LALS, RALS) and a viscosity detector. For molecular weight 

separation, two analytical columns (PSS PFG analytical linear M, 300 x 8.00 mm, 7 μm) 

were employed. HFIP with 0.02 M K-TFA was used as mobile phase at a flow rate of 0.70 

mL/min. Samples were prepared in HFIP at 2 mg/mL concentration and an injection 

volume of 50 µL was employed. 

7.1.2.5 Dynamic mechanical analysis (DMA) 

 Films for the DMA were made on a hydraulic press (40 T, JBT engineering, UK). Press was 

first heated to 240 ᵒC.  Pre-crushed polymer granules were placed between two PTFE 

sheets (Bola, 1000 mm x 300 mm x 0.5 mm). The polymer was first placed between the 
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heating plates of the press for 8 minutes to allow it to melt. Then final press was 

performed under 20 bar pressure for 4 minutes. Film thickness varied between 120 – 150 

microns. Before starting the analysis, films were dried at 90-100 ᵒC for 8 hours. DMA 

measurements were carried out on a Mettler Toledo DMA1 instrument operated in 

tension mode. Frequency of oscillation 1 Hz and a displacement amplitude of 10 µm (0.1 

% strain) was employed. Sample size of 10 mm x 2.5 mm (length x width) was cut from 

the polymer film and mounted on the sample holder using a pre-load force of 1.5 N. 

Specimens were heated from 25 to 275 ᵒC at a heating rate of 5 ᵒC/mint, while data for 

storage modulus (E’), loss modulus (E’’) and tan delta was collected. For each polymer, 

three parallel samples were tested. 

7.1.2.6 Wide-angle X-ray Diffraction (WAXD) 

For WAXD studies, STOE STADI P diffraction system equipped with pure Cu-Kα1  

(λ = 0.154 nm) radiation at 40 kV and 40 mA was used. Samples in powder form or films 

pressed earlier were subjected to WAXD measurements in the transmission mode for 2θ= 

2ᵒ to 70ᵒ. In “as synthesised” samples measurement, finely grinded polymer was used. 

7.1.2.7 Thermogravimetric analysis (TGA) 

 TGA was recorded on a Setsys Evolution TGA 16/18 from Setaram. 12-15 mg sample, 

pre-dried at 90-100 ᵒC in a vacuo overnight, was loaded into a 170 µL alumina crucible. 

In the analysis program, the furnace was first purged with argon for at least 30 minutes 

at room temperature, samples were then heated from room temperature to 150 ᵒC at 10 

ᵒC/mint, maintained there for 20 minutes to remove any residual water and then heated 

again from room temperature to 700 ᵒC at 10 ᵒC/mint. All runs were conducted under a 

constant flow of argon. 

7.1.2.8   Matrix-assisted laser desorption/ionization time of flight (MALDI-ToF) mass 

spectrometry  

MALDI-ToF MS spectrometry was performed on a Bruker Autoflex Speed instrument in 

linear positive mode. The polymer sample (10 mg/ mL), matrix 1,8,9-anthracenetriol 

(dithranol) (10 mg/mL) and Na-TFA (0.1 M), all in HFIP solvent,  were combined in the 

ratio 20:50:2 µL respectively. The solution was then centrifuged and 0.5 µL of the solution 

was dropped onto the MALDI plate and allowed to dry under ambient conditions. The 

remaining mass of different end-groups was calculated from following equation: 

𝑀𝑒𝑔 = 𝑀𝑝𝑠 − {(𝑀𝑟𝑢 × 𝑛) + 𝑀𝑐𝑎𝑡𝑖𝑜𝑛} 
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Where Meg is the mass of end group, Mps is the mass of polymer species, Mru is the mass of 

repeating unit, n is number of repeat units in the polymer species and Mcation is the mass 

of cation. 

7.1.2.9 Gel formation  

Crude polymer samples were subjected to dissolution in HFIP solvent at a concentration 

of 20 mg/mL at room temperature (25 ᵒC). The samples were allowed to stirrer for at 

least three days before performing a visual evaluation of the gel formation.   

7.2 Chapter 2 and 3 experimental 

7.2.1 Synthesis of dimethyl 2,5-furandicarboxylate (DMFDC) 

DMFDC was synthesised according to the procedure described in literature with slight 

modification.1 In a typical procedure, 24 g FDCA and 1.2 mL H2SO4 were added to a round 

bottom flask with 250 ml methanol. The contents were reacted under reflux conditions 

at 80 ᵒC for 15 hours. The resulting solution was cooled to ambient temperature and then 

stored at -20 ᵒC for two days to facilitate the precipitation. The mixture was then filtered 

through a Buchner funnel and washed with cold methanol three times. In the next step, 

the product was mixed with 300 mL of de-ionized water to form a suspension to be 

neutralized with a Na2CO3 solution (5 w/v %). After neutralization, the suspension was 

again filtered and washed with 200 mL de-ionized water three times before leaving it to 

dry in ambient conditions. Finally, the DMFDC powder collected, was recrystallized from 

a 50/50 v/v mixture of methanol/de-ionized water, dried overnight at 50 ᵒC in vacuum 

oven, before any further use. 

1H NMR (500 MHz, DMSO-d6, δ ppm, 298 K): 7.44 (2H, =CH- of furan), 3.87(6H, -O-CH3).  

Yield after recrystallization = 76 % 

7.2.2 General procedure for the synthesis of poly(hexamethylene 

furanamide) (PA6F) by catalytic melt polymerisation  

7.2.2.1 In the small scale reactor 

In a typical run, 150 mg (0.81 mmol) DMFDC and 94.66 mg (0.81 mmol) 

hexamethylenediamine (HMDA) were carefully weighed into a vial with magnetic stirrer. 

Calculated amount of TIPT catalyst was injected from a stock solution in toluene (20 µL/ 

                                                           
1 G. Z. Papageorgiou, V. Tsanaktsis and D. N. Bikiaris, Phys. Chem. Chem. Phys., 2014, 16, 7946–7958 
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mL). After transferring all the reactants, vials were sealed, evacuated and purged with 

dry argon several times. Sealed vials were then placed into the reactor heating block. For 

the oligomerization step, the reaction was performed at 65 ᵒC, stirring was started once 

HMDA was completely melted and formed a slurry with DMFDC. This mixture gradually 

turned transparent with stirring, reflecting complete solubility of DMFDC in HMDA. 

Reaction was continued for 3 hours, at the end of which, the contents turned to white 

solid agglomerate. Vials were then removed from the block and dried in vacuum oven at 

60 ᵒC for 2 hours.   

PA6F oligomer 1H NMR (500 MHz, DMSO-d6, δ ppm, 298 K): 8.51 (2H, -NH-CO- ), 7.16 (2H, 

=CH- of furan), 3.90 (6H, -OCH3 of DMFDC), 3.30 (4H, -NH-CH2-(CH2)4-CH2-NH-), 1.57 (4H, 

-NH-CH2-CH2-(CH2)2-CH2-CH2-NH-), 1.38 (4H,-NH-(CH2)2-(CH2)2-(CH2)2-NH-). 

In the polycondensation step, the vials were placed within the same reactor but fitted 

with an external argon / vacuum distillation assembly. After sealing the reactor, cycles of 

vacuum and argon were applied to ensure no oxygen was left in the system.  Heating was 

started initially under argon. The contents were heated to 190 ᵒC after which stirring was 

started and the pressure was reduced to less than 1 mbar when a temperature of 205 ᵒC 

was reached. The temperature was then further increased to 230 o C. Reaction was carried 

out under these conditions for 5 hours. At the end, argon was introduced into the reactor 

and PA6F sample vials were then removed. 

PA6F polymer 1H NMR (500 MHz, DMSO-d6, δ ppm, 298 K): 8.51 (2H, -NH-CO- ), 7.16 (2H, 

=CH- of furan), 3.31 (4H, -NH-CH2-(CH2)4-CH2-NH-), 1.56 (4H, -NH-CH2-CH2-(CH2)2-CH2-

CH2-NH-), 1.38 (4H,-NH-(CH2)2-(CH2)2-(CH2)2-NH ). 

7.2.2.2 Synthesis of PA6F in a 250 mL glass reactor 

With an objective to increase the scale of reaction, a custom-made 4-neck round bottom 

flask fitted with a condenser and vacuum trap, was used with an overhead stirrer. Flask 

was evacuated and filled with argon several times before charging the reactants. As a 

general example of PA6F synthesis, procedure for the run listed in Table 3.1 entry 4 will 

be described.  16.40 g (0.089 mol) DMFDC, 10.39 g (0.089 mol) HMDA and 400 ppm of 

catalyst were introduced into the flask under argon atmosphere. In the oligomerization 

step performed under argon, the reactor was heated to 65 oC by monitoring the reaction 

mixture temperature. Stirring was initiated once all of the HMDA was melted and formed 

a slurry with DMFDC. The reaction was continued under these conditions for a period of 
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time until white solid agglomerate was formed after subsequent increase in the viscosity. 

At this point, stirring was stopped and complete removal of methanol, formed as a by-

product, was started by slowly opening the flask contents to vacuum line. Vacuum was 

continuously applied for an hour at 50 oC to ensure all the methanol had been removed 

and collected. 

The dried PA6F-oligoamide was then crushed and heated again to 200 ᵒC under argon 

atmosphere. At this stage, stirring was started and pressure was reduced to less than 1 

mbar in 5-8 minutes. The temperature of the melt was allowed to further increase to 230 

oC, while constantly increasing the stirring speed to 100 rpm. The reaction was allowed 

to continue for 3 hours at these conditions. At the end of the reaction, stirring was stopped 

and polymer was removed while still molten. For the purification of crude PA6F, samples 

were dissolved in a mixture of DCM/HFIP (80/20 v/v) and precipitated using an excess 

of DCM. After stirring the mixture for 2 hours, the precipitates were allowed to settle 

down and remaining solvent was then carefully decanted. The same process was 

repeated three times while washing with fresh DCM each time. The purified polymer was 

then dried in vacuum oven at 60 oC overnight.  

 

7.3 Chapter 4 experimental 

 

7.3.1 Two-step Synthesis of furan-based semi-aromatic polyamides 

(FPAs) using different aliphatic diamines 

Starting from DMFDC and aliphatic diamines with varying carbon chain length and a 

branched diamine, FPAs were synthesised in a custom-made laboratory-scale thin film 

reactor consisting of a heating block and 4 mL glass vials. As a representative example, 

synthesis procedure for poly(octamethylene furanamide) (PA8F) will be described here.  

7.3.1.1 Step 1- Preparation of PA8F oligoamide 

To a 4 mL glass vial with a magnetic stirrer bar, DMFDC (118 mg, 0.63 mmol) and ODA 

(95.8 mg, 0.66 mmol) were added.  Calculated amount of TIPT catalyst from a stock 

solution in toluene (20 µL/ mL) was incorporated. For all reactions, a TIPT catalyst 

concentration of 400 ppm based on titanium metal relative to the amount of DMFDC in 

the feed was used. The vial was then sealed with a lid having PTFE septum. It was 
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evacuated and purged with dry argon three times before placing it in the heating block 

already maintained at 65 oC. Stirring was started once all the diamine (ODA) was melted. 

The contents were heated in the range of 65 to 85 oC, with 10 oC per hour increments. 

After 3 hours, heating was stopped, the vial was removed from the block and transferred 

to a vacuo at 60 oC for 2 hours to remove the methanol formed during oligomerisation. 

The same heating program was used for all other FPAs. 

7.3.1.2 Step 2- Polycondensation of PA8F oligoamide to produce high molecular weight 

PA8F polyamide 

The vial containing oligoamide from the first stage was placed in the heating block of the 

thin film reactor without lid. The reactor lid with argon / vacuum distillation fittings was 

placed- over and sealed. After evacuating and purging with dry argon three times, rapid 

heating was started. The reactor was heated to 190 oC at which point stirring was initiated 

and pressure was reduced to less than 1 mbar in 5-8 minutes. The temperature was 

allowed to reach 220 oC and maintained there for an hour. Subsequently, temperature 

was increased to 260 oC in intervals of 10 oC per hour. After a total of 5 hours, heating was 

stopped and argon was slowly introduced to replace the vacuum. After allowing the 

system to cool down for some time, the polymer sample vial was removed. Again, the 

same heating program was used for all other FPAs. 

Poly(butylene furanamide) (PA4F)  

(1H NMR, 500 MHz, DMSO-d6, δ ppm, 298 K) : 8.48 (2H, -NH-CO-furan-CO-NH-), 7.11 (2H, 

=CH- of furan ring), 3.29 (4H, -NH-CH2-(CH2)2-CH2-NH-), 1.55 (4H, -NH-CH2-(CH2)2-CH2-

NH-). 

Poly(hexamethylene furanamide) (PA6F) 

 (1H NMR, 500 MHz, DMSO-d6, δ ppm, 298 K) : 8.45 (2H, -NH-CO-furan-CO-NH-), 7.09 (2H, 

=CH- of furan ring), 3.24 (4H, -NH-CH2-(CH2)4-CH2-NH-), 1.50 (4H, -NH-CH2-CH2-(CH2)2-

CH2-CH2-NH-), 1.31 (4H,-NH-(CH2)2-(CH2)2-(CH2)2-NH-). 

Poly(octamethylene furanamide) (PA8F)  

(1H NMR, 500 MHz, DMSO-d6, δ ppm, 298 K) : 8.43 (2H, -NH-CO-furan-CO-NH-), 7.09 (2H, 

=CH- of furan ring), 3.22 (4H, -NH-CH2-(CH2)6-CH2-NH-), 1.49 (4H, -NH-CH2-CH2-(CH2)4-

CH2-CH2-NH-), 1.26 (8H,-NH-(CH2)2-(CH2)4-(CH2)2-NH). 
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Poly(decamethylene furanamide) (PA10F)  

(1H NMR, 500 MHz, DMSO-d6, δ ppm, 298 K) : 8.43 (2H, -NH-CO-furan-CO-NH-), 

7.08 (2H, =CH- of furan ring), 3.22 (4H, -NH-CH2-(CH2)8-CH2-NH-), 1.47 (4H,-NH-

CH2-CH2-(CH2)6-CH2-CH2-NH-), 1.26(12H,-NH-(CH2)2-(CH2)6-(CH2)2-NH-). 

Poly(2-methyl-1,5-pentamethylene furanamide) (PA6MF)  

(1H NMR, 500 MHz, DMSO-d6, δ ppm, 298 K) : 8.47 (2H, -NH-CO-furan-CO-NH-), 7.09 (2H, 

=CH- of furan ring), 3.25 (2H, -NH-CH2-(CH2)2-CHCH3-CH2-NH-), 3.19, 3.06 (2H, -NH-CH2-

(CH2)2-CHCH3-CH2-NH-), 1.71 (1H, -NH-CH2-(CH2)2-CHCH3-CH2-NH-), 1.60, 1.50 (2H, -

NH-CH2-CH2- CH2-CHCH3-CH2-NH-), 1.38, 1.13 (2H, -NH-CH2-CH2-CH2-CHCH3-CH2-NH-), 

0.87 (3H, -NH-CH2-(CH2)2-CHCH3-CH2-NH-). 
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7.4 Chapter 5 experimental 

7.4.1 Synthesis of dimethyl 2,5-thiophenedicarboxylate (DMTDC) 

DMTDC was prepared from the esterification of the corresponding diacid, i.e. 2,5-

thiophenedicarboxylic acid (TDCA) with methanol in the presence of sulphuric acid,  

following an analogues protocol described earlier for DMFDC preparation (section 

7.2.1). 

1H NMR (500 MHz, DMSO-d6, δ ppm, 298 K): 7.83 (2H, =CH- of thiophene ring), 3.87(6H, 

-O-CH3).  

7.4.2 Synthesis of PA6F/6T and PA6F/6S copolyamides having different 

ratios of DMTPA and DMTDC 

Copolyamides were prepared by incorporating another diester (DMTPA or DMTDC)  in 

molar ratios 10 to 50 mol% with DMFDC and HMDA. The similar two-step synthesis 

approach consisting of an oligomerisation step and a polycondensation step was 

employed in the presence of TIPT catalyst. As a representative example, synthesis 

procedure for PA6F/6T=65/35, i.e. copolyamide containing 35 mol% DMTPA, will be 

described here.  

7.4.2.1 Preparation of PA6F/6T=65/35 oligoamide 

Oligoamide was prepared either in a 4 mL or a 28 mL vial, rest of the procedure was 

analogous. To a 28 mL glass vial with a magnetic stirrer bar, DMFDC (640 mg, 3.48 mmol), 

DMTPA (364 mg, 1.87 mmol) and HMDA (651 mg, 5.60 mmol) were added.  Calculated 

amount of TIPT catalyst from a stock solution in toluene (100 µL/ mL) was incorporated. 

The vial was then sealed with a suba-seal rubber septa. It was evacuated and purged with 

dry argon three times before placing it in the heating block already maintained at 90 oC. 

Stirring was started once all the diamine was melted. The contents were heated in the 

range of 90 to 100 oC (see Table 7.1). After 3 hours, heating was stopped, the vial was 

removed from the block and transferred to a vacuo at 60 oC for 2 hours to remove the 

methanol formed during oligomerisation. The dried oligoamide was subsequently 

crushed and fed into the 4 mL vial for the next step.  
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Table 7.1. Temperature programme used for the oligomerisation step of PA6F/6T and PA6F/6S copolyamides. 

Copolyamide Basic formulation Oligomerisation temperature and duration  

PA6F/6T 
TIPT 400 ppm 
Diesters: Diamine = 1:1.045  

90 oC for 1 hr, 100 oC for 2 hr 

PA6F/6T 
TIPT 400 ppm 
Diesters: Diamine = 1:1 

90 oC for 1 hr, 100 oC for 2 hr 

PA6F/6T 
TIPT 200 ppm 
Diesters: Diamine = 1:1.045 

90 oC for 2.5 hr 

PA6F/6S 
TIPT 400 ppm 
Diesters: Diamine = 1:1 

90 oC for 1 hr, 100 oC for 2 hr 

PA6F/6S 
TIPT 200 ppm 
Diesters: Diamine = 1:1.045 

65- 80 oC for 3 hr 

 

7.4.2.2 Polycondensation of the oligoamide 

Polycondensation step was performed in the thin film reactor. Approximately  

200 mg of the crushed oligoamide in duplicates were placed in the 4 mL vials for the 

polycondensation. The procedure has already described in details in sections 3.2.2.1 and 

3.3.1.2 above. However, different heating programmes were employed to assess the 

influence of synthesis conditions on the end product, see Tables 5.4, 5.6 (chapter 5) and 

Table 7.2 below:  

Table 7.2. Reaction conditions used for the polycondensation step of PA6F/6T copolyamides synthesised using 
400 ppm TIPT catalyst and diesters: diamine ratio 1:1.045. 

Copolyamide Basic formulation Polycondensation temperature and 
duration  

PA6F/6T 
TIPT 400 ppm 
Diesters: Diamine = 1:1.045  

230 oC to 270 oC  with 10 oC/ hr increments, total 
time 5 hr 

 

7.4.3 Synthesis of PA10F/10T copolyamides with random or block 

architecture 

7.4.3.1 PA10F/10T random copolyamides 

The one-pot synthesis approach applied for the synthesis of FPAs and Pa6F/6T or 6S 

copolyamides were all presumed to ensued a random copolyamide structure. Thus, for 

the random PA10F/10T copolyamides, the similar two step procedure was adopted, 

where, in the first step, all the reactants were fed simultaneously before initiating the 

oligomerisation. As a representative examples, synthesis of copolyamide PA10/10T= 

65/35 will be briefly described here.   
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To a 28 mL glass vial with a magnetic stirrer bar, DMFDC (343 mg, 1.86 mmol), DMTPA 

(195 mg, 1.0 mmol) and 1,10-decanediamine (495 mg, 2.86 mmol) were added. 

Calculated amount of TIPT catalyst, from a stock solution in toluene, was then added. For 

all reactions, a TIPT catalyst concentration of 400 ppm, based on titanium metal relative 

to the amount of both diesters in the feed, was used. The vial was then sealed with a suba-

seal septa. It was evacuated and purged with dry argon three times before placing it in 

the heating block already maintained at 90 oC. Stirring was started once all the diamine 

was melted. The contents were heated in the range of 90 to 100 oC (see Table 7.3). After 

3 hours, heating was stopped, the vial was removed from the block and transferred to a 

vacuo at 60 oC for 2 hours to remove the methanol formed during oligomerisation. The 

dried oligoamide was subsequently crushed and fed into the 4 mL vial for the next step. 

Table 7.3. Reaction conditions used for the oligomerisation step of PA10F/10T random copolyamides 
synthesis.   

DMTPA ratio (mol %) Oligomerisation temperature and duration  

0 to 25  90 oC for 1 hr, 100 oC for 1 hr 

35 to 90 90 oC for 1 hr, 100 oC for 2 hr 

 

Polycondensation step was performed using the thin film reactor with the procedure 

already described in details in sections 3.2.2.1 and 3.3.1.2. For the temperature profile, 

see Table 7.4 below:  

Table 7.4. Heating programme used for the PA10F/10T random copolyamide synthesis. 

Polycondensation 
temperature (oC) 

Duration (hr) 

220 1  

230 2 

240 2  

 

7.4.3.2 PA10F/10T block copolyamides 

The 10F/10T block copolyamides were produced according to the schematic presented 

in Figure 5.19 (chapter 5). Firstly, 10F and 10T oligoamides were prepared separately. 

These oligoamides were then combined in different ratios in the polycondensation step.  

Both 10F and 10T oligoamides were prepared as per the method already described for 

the random PA10F/10T copolyamides oligomerisation.  Table 7.5 list some of the 

important parameters used for the oligoamide preparation. 
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Table 7.5. Oligomerisation conditions for the preparation of 10F and 10T oligoamides.  

 10F 10T 

DMFDC (mmoles) 3.29 - 

DMTPA (mmoles) - 3.23 

1,10-decanediamine 
(mmoles) 

3.44 3.34 

Diester: Diamine 1:1.045 1:1.045 

TIPT (ppm) 400 400 

Temperature and duration 80 oC 1 hr, 90 oC 1 hr 80 oC 1 hr, 90 oC 1 hr, 100 oC 0.5 hr 

 

For the polycondensation step, oligoamides were first solution mixed in desired ratios 

using minimum amount of HFIP (2 mL) solvent, and were then allowed to stir for at least 

3 hours. The right volume of the solutions were subsequently transferred to 4 mL vials 

containing approximately 200 mg of the dissolved oligoamides. All formulations were 

prepared in duplicates. The solvent was allowed to evaporate under ambient conditions 

before drying the contents at 60 oC for 2 hours under vacuum. The oligoamide mixtures 

were then subjected to polycondensation in the thin film reactor in a similar manner as 

stated earlier in sections 3.2.2.1 or 3.3.1.2, using a heating programme depicted in Table 

7.6.  

Table 7.6. Heating programme employed for the polycondensation of PA10F/10T block copolyamides.  

Polycondensation 
temperature (oC) 

Duration (hr) 

220 1  

230 1 

240 3 
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8 Appendix 

8.1 Chapter 2 

8.1.1 Pictures of different reactors employed for FPAs synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(A) 

(B) 



 

 
256 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1. Different reactors used for the synthesis for the thesis of FPAs (A) Thin-film parallel reactor  
(B) Schlenk-tube reactor and (C) 250 mL glass reactor (pictures not to scale). 

 

8.1.2 2D NMR spectra of PA6F synthesised with 200 ppm TIPT using 

thin-film reactor 
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Figure 8.2. 2D NMR spectra for PA6F sample synthesised with 200 ppm TIPT recorded in DMSO- d6 at 25 ᵒC  
(A) COSY (B) HSQC and (C) HMBC.  
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8.1.3 MALDI-TOF MS analysis of PA6F synthesised without any catalyst 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3. MALDI-TOF MS analysis of PA6F sample synthesised without any catalyst (A) full range spectrum 
and (B) spectrum in the range of 2350 to 3100 m/z.  
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Table 8.1. MALDI-TOF MS for PA6F sample synthesised without any catalyst. 

Series m/z (n) Proposed end-groups 

MEG 

(cation) 
MEG 

(cation) 

Assigned Obs. 

A 2384.0 (9) 

 
229.4 
(Na+) 

228.9 
(Na+) 

B 2397.8 (9) 

 
243.4 
(Na+) 

242.7 
(Na+) 

C 2450.5 (9) 

 
296.4 
(Na+) 

295.4     
(Na+) 

D 2464.5 (9) 

 
309.5 
(Na+) 

309.4 
(Na+) 

E 2554.6 (10) 

 
  184.1 

(H+) 
184.6 
(H+) 

 

 

8.1.4 DSC analysis of PA6F synthesised using other catalysts 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4. DSC second heating scans of PA6F samples synthesised with other catalysts.  
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8.1.5 Optimisation of the oligomerisation conditions for PA6F synthesis 

Smith et al. have demonstrated the effect of temperature and solvent on  

the N-methylation of end-groups during DMFDC and HMDA reaction.2 An internal 

assessment was carried out to confirm their findings.  The relative concentration of 

different functional groups was estimated following the 1H NMR chemical shifts 

described in the patent and using following equations (Figure 8.2): 

% 𝑒𝑠𝑡𝑒𝑟 = (
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑡 4.14 𝑝𝑝𝑚

3
) × 100% 

% 𝑎𝑐𝑖𝑑 = (𝑖𝑛𝑔𝑒𝑟𝑎𝑙 𝑎𝑡 7.55 𝑝𝑝𝑚) × 100% 

% 𝑁 − 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 =  
(𝑖𝑛𝑡𝑒𝑔𝑟𝑎 𝑎𝑡 3.00 𝑝𝑝𝑚 + 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑡 3.09 𝑝𝑝𝑚 + 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑡 3.18 𝑝𝑝𝑚)

3
 × 100% 

% 𝑎𝑚𝑖𝑛𝑒 =
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑡 3.33 𝑝𝑝𝑚

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑎𝑡 3.65 𝑝𝑝𝑚
 × 100% 

 

8.1.5.1 Experimental 

Thin film parallel reactor was used with amounts already stated in the experimental 

(Chapter 7). A reaction run using reactant molar ratio DMFDC: HMDA = 1:1 and 1:1.10 

was performed with TIPT catalyst loading ranging from 50 to 400 ppm. A control sample 

without any catalyst was also employed for comparison. Since the patent also described 

the positive impact of methanol addition in the oligomerisation on limiting the N-

methylation, that too was tested. 

Reaction was started in the same way as described in the experimental section (Chapter 

7), however, the oligomerisation step was conducted at 65 ᵒC instead of 140ᵒC. Although 

a control sample was later oligomerised at 140 ᵒC only for comparison purposes. After 

oligomerisation reaction under argon was carried out for three hours (3 h), the reaction 

was stopped and contents were allowed to cool down to room temperature. Reaction 

vials were then dried in a vacuum oven at 50oC for overnight.  

NMR sample was collected from each vial. These vials were then again placed into the 

parallel reactor block and polycondensation was started as per routine conditions 

employed earlier (5 hours, < 1 mbar). Finally, heating was stopped and argon was 

                                                           
2 Smith, D.; Flores, J.; Aberson, R.; Dam, M.; Duursma, A.; Gruter, G. J. M. Polyamides Containing the Bio-Based 
2,5-Furandicarboxylic Acid. US9951181B2, 2018  
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introduced into the reactor and was allowed to cool down. After recovering the polymer, 

it was subjected to different analysis techniques.  

NMR characterization of oligomer samples was conducted using deutrated trifluoroacetic 

acid (TFA-d1) at 25 ᵒC. Spectrum was calibrated by setting furan protons shift to δ 

7.41ppm and integral to 2. Rest of the peaks were assign as per patents and concentration 

of different groups was calculated as per equation mentioned earlier.1,2 As a 

representative examples, 1H NMR spectrum of sample entry 884 in Table 8.2 has been 

presented in Figure 8.5. 

Table 8.2 represents concentration of various groups when molar ratio of DMFDC: HMDA 

was kept at 1:1. Sample entry 881-885 were without any methanol while for samples 

886-8810, 0.24 mL anhydrous methanol was incorporated. Similar experiments were 

conducted at molar ratio DMFC: HMDA= 1:1.10, for which results are presented in  

Table 8.3. Finally for the sample reacted at 140oC for three hours, concentration of these 

groups are presented in Table 8.4.  

 

 

 

 

 

 

 

 

 

 

Figure 8.5. 1H NMR spectrum of oligomer sample synthesised with 200 ppm TIPT (entry 884, Table 8.2) 
recorded in TFA-d1 at 25 ᵒC.   
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Table 8.2. Concentration of various functional groups calculated using 1H NMR after oligomerisation stage 
conducted at 65 ᵒC using monomer feed ration of DMFDC: HMDA = 1:1. 

 DMFDC:HMDA= 1:1, 65
 
ᵒC, no solvent, 3 h 

Entry TIPT 

(ppm) 

% Ester % Acid % N-methylation % Amine 

881 0 10.33 3 2.67 6.667 

882 50 12.33 4 2.67 9.186 

883 100 13.00 3 1.67 7.813 

884 200 11.33 2 1.33 9.138 

885 400 12.00 3 1.67 8.443 

      

 DMFDC:HMDA= 1:1, 65
 
ᵒC, MeOH, 3 h 

Entry TIPT
 

(ppm) 
% Ester % Acid % N-methylation % Amine 

886 0 21.67 2 2.00 13.514 

887 50 21.33 2 1.33 11.326 

888 100 20.33 3 3.00 14.441 

889 200 16.67 2 1.67 12.500 

8810 400 17.00 2 1.67 11.936 

  

 Table 8.3. Concentration of various functional groups calculated using 1H NMR after oligomerisation stage 
conducted at 65 ᵒC using monomer feed ration of DMFDC: HMDA = 1:1.1. 

 DMFDC:HMDA= 1:1.1, 65 ᵒC, no solvent, 3 h 

Entry TIPT   

(ppm) 

% Ester % Acid % N-methylation % Amine 

911 0 17.33 3 2.00 15.29 

912 50 13.33 5 3.67 14.75 

913 100 11.00 4 2.00 14.97 

914 200 10.33 4 2.00 13.75 

915 400 10.00 4 2.67 15.48 

      

 DMFDC:HMDA= 1:10, 65 ᵒC, MeOH, 3 h 

Entry TIPT   

(ppm) 

% Ester % Acid % N-methylation % Amine 

916 0 10.33 4 2.00 17.25 

917 50 8.00 4 2.00 21.55 

918 100 8.67 4 2.67 18.30 

919 200 10.67 4 1.67 18.89 

9110 400 9.00 3 2.00 20.20 
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Table 8. 4. Concentration of various functional groups calculated using 1H NMR after oligomerisation stage 
conducted at 140 ᵒC using monomer feed ration of DMFDC: HMDA = 1:1. 

 DMFDC:HMDA= 1:1, 140 ᵒC, 3 h 

Entry TIPT 

(ppm)   

% Ester % Acid % N-methylation % Amine 

9501 0 20.00 51 53.00 17.64 

 

8.1.6 DSC traces of PA6F samples synthesised using oligomerisation 

temperature of 65 ᵒC   

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6. DSC second heating traces for the PA6F polymer samples synthesised using an oligomerisation 
temperature of 65 ᵒC at different TIPT catalyst loadings.  
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8.1.7 Reproducibility of PA6F samples synthesised using optimised 

conditions 

  

Table 8.5. Reproducibility of PA6F samples synthesised using TIPT catalyst by conducting the oligomerisation at 
65 ᵒC for 3 hours. 

Monomer molar 

ratio 

Catalyst loading 
Inherent 

Viscosity 
c
  

Thermal properties
d
 GPC data 

e
 

(ppm) 
a
 (mol %) 

b 
 dL/g T

g 
(ᵒ C) T

m
 (ᵒ

 
C) 

M
n
 

(kg/mol) 

M
w

 

(kg/mol)  
Ð 

DMFDC:HMDA = 1:1 

0 0 0.47 118 nd 5 18 3.41 

50 0.0096 0.47 126 nd 8 18 2.20 

100 0.0192 0.58 126 nd 9 23 2.55 

200 0.0384 0.66 f 128 nd 13 26 2.01 

400 0.0769 0.59 f 129 nd 14 43 3.06 

a Calculated on the basis of metal (Ti)  weight in the  catalyst relative to the weight of DMFDC in feed 

b Calculated on the basis of moles of catalyst  to the total moles of feed 

c Measured at 25 ᵒC using m-cresol solvent for polymer sample concentration of 0.5 g/dL 

d Measured on the second heating curve of DSC thermogram 

e Performed using HFIP as mobile phase and evaluated using triple detection method to obtain absolute molecular weights 

f Some insoluble fraction of the polymer was left in solution after 4 hours at 60 ᵒC.  

nd Not detected following second heating scan of the DSC 

 

8.1.7.1 GPC traces (Table 8.5) 

1) 0 ppm  (No catalyst)  

 

L
o

w
 A

n
g

le
 L

ig
h

t 
S

c
a

tt
e

ri
n

g
 R

e
s
p

o
n

s
e

 (
m

V
)

Retention Volume (mL)

  3.36   6.72  10.08  13.44  16.80  20.16  23.52  26.88  30.24

 80.72

 80.39

 80.07

 79.75

 79.43

 79.11

 78.78

 78.46

 78.14

Data File: 2018-09-04_10;00;44_18000064077_2901_01.vdt   Method: PMMA-v25-0001.vcm

 81.04

 77.82

0.00   33.60



 

 
265 

2) 50 ppm TIPT 

 

 

3) 100 ppm TIPT 

 

 

4) 200 ppm TIPT 
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8.1.8 GPC traces for PA6F samples synthesised in glass reactor 

1) Catalyst 1 

 

2) Catalyst 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3) Catalyst 4 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
267 

4) Catalyst 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5) Catalyst 6 

 

 

 

 

 

 

 

 

 

6) Catalyst 7 
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7) Catalyst 8 
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8.1.9 Crystallographic data on DMFDC/HMDA/TIPT coordination polymer 

crystals 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S19mgd03 

Ellipsoids shown at 30% probability level. All hydrogens omitted except those bound to nitrogen atoms. 

Structure repeats through CH2 of amine. 
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Table 1.  Crystal data and structure refinement for s19mgd03. 

Identification code  s19mgd03 

Empirical formula  C26 H64 N2 O8 Ti2 

Formula weight  628.59 

Temperature  150(2) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 9.3509(7) Å = 103.665(6)°. 

 b = 9.6565(6) Å = 113.521(7)°. 

 c = 11.3871(7) Å  = 96.923(6)°. 

Volume 889.08(11) Å3 

Z 1 

Density (calculated) 1.174 Mg/m3 

Absorption coefficient 4.157 mm-1 

F(000) 342 

Theta range for data collection 4.458 to 66.578°. 

Index ranges -11<=h<=7, -11<=k<=11, -11<=l<=13 

Reflections collected 4928 

Independent reflections 2984 [R(int) = 0.0932] 

Completeness to theta = 66.578° 95.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2984 / 1 / 187 

Goodness-of-fit on F2 0.984 

Final R indices [I>2sigma(I)] R1 = 0.0810, wR2 = 0.1850 

R indices (all data) R1 = 0.1083, wR2 = 0.2240 

Largest diff. peak and hole 0.948 and -0.706 e.Å-3 
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Table 2.   Bond lengths [Å] and angles [°] for s19mgd03. 

_____________________________________________________ 

Ti(1)-O(2)  1.810(4) 

Ti(1)-O(1)  1.834(4) 

Ti(1)-O(3)  1.864(3) 

Ti(1)-O(4)#1  2.037(4) 

Ti(1)-O(4)  2.064(3) 

Ti(1)-N(1)  2.287(4) 

Ti(1)-Ti(1)#1  3.328(2) 

O(1)-C(2)  1.412(6) 

N(1)-C(11)  1.473(7) 

N(1)-H(3)  0.94(5) 

N(1)-H(1)  1.040(2) 

C(1)-C(2)  1.513(9) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

O(2)-C(5)  1.393(9) 

C(2)-C(3)  1.487(11) 

C(2)-H(2)  1.0000 

O(3)-C(7)  1.417(6) 

C(3)-H(3A)  0.9800 

C(3)-H(3B)  0.9800 

C(3)-H(3C)  0.9800 

O(4)-C(10)  1.408(6) 

C(4)-C(5)  1.488(9) 

C(4)-H(4A)  0.9800 

C(4)-H(4B)  0.9800 

C(4)-H(4C)  0.9800 

C(5)-C(6)  1.503(10) 

C(5)-H(5)  1.0000 

C(6)-H(6A)  0.9800 

C(6)-H(6B)  0.9800 

C(6)-H(6C)  0.9800 

C(7)-C(9)  1.480(9) 

C(7)-C(8)  1.503(9) 

C(7)-H(7)  1.0000 

C(8)-H(8A)  0.9800 

C(8)-H(8B)  0.9800 
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C(8)-H(8C)  0.9800 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

C(10)-H(10A)  0.9800 

C(10)-H(10B)  0.9800 

C(10)-H(10C)  0.9800 

C(11)-C(12)  1.556(7) 

C(11)-H(11A)  0.9900 

C(11)-H(11B)  0.9900 

C(12)-C(13)  1.468(9) 

C(12)-H(12A)  0.9900 

C(12)-H(12B)  0.9900 

C(13)-C(13)#2  1.547(9) 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

 

O(2)-Ti(1)-O(1) 100.1(2) 

O(2)-Ti(1)-O(3) 98.98(17) 

O(1)-Ti(1)-O(3) 97.03(17) 

O(2)-Ti(1)-O(4)#1 160.89(17) 

O(1)-Ti(1)-O(4)#1 95.37(17) 

O(3)-Ti(1)-O(4)#1 90.07(15) 

O(2)-Ti(1)-O(4) 90.96(17) 

O(1)-Ti(1)-O(4) 162.59(17) 

O(3)-Ti(1)-O(4) 94.41(15) 

O(4)#1-Ti(1)-O(4) 71.48(15) 

O(2)-Ti(1)-N(1) 87.71(18) 

O(1)-Ti(1)-N(1) 86.45(16) 

O(3)-Ti(1)-N(1) 171.75(19) 

O(4)#1-Ti(1)-N(1) 82.13(17) 

O(4)-Ti(1)-N(1) 80.58(14) 

O(2)-Ti(1)-Ti(1)#1 126.05(14) 

O(1)-Ti(1)-Ti(1)#1 130.47(15) 

O(3)-Ti(1)-Ti(1)#1 92.78(13) 

O(4)#1-Ti(1)-Ti(1)#1 36.02(9) 

O(4)-Ti(1)-Ti(1)#1 35.47(10) 

N(1)-Ti(1)-Ti(1)#1 79.32(13) 

C(2)-O(1)-Ti(1) 138.6(4) 
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C(11)-N(1)-Ti(1) 119.9(3) 

C(11)-N(1)-H(3) 104(3) 

Ti(1)-N(1)-H(3) 97(3) 

C(11)-N(1)-H(1) 103(10) 

Ti(1)-N(1)-H(1) 110(10) 

H(3)-N(1)-H(1) 123(7) 

C(2)-C(1)-H(1A) 109.5 

C(2)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

C(2)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

C(5)-O(2)-Ti(1) 151.5(4) 

O(1)-C(2)-C(3) 109.0(6) 

O(1)-C(2)-C(1) 110.6(5) 

C(3)-C(2)-C(1) 112.4(6) 

O(1)-C(2)-H(2) 108.2 

C(3)-C(2)-H(2) 108.2 

C(1)-C(2)-H(2) 108.2 

C(7)-O(3)-Ti(1) 131.8(4) 

C(2)-C(3)-H(3A) 109.5 

C(2)-C(3)-H(3B) 109.5 

H(3A)-C(3)-H(3B) 109.5 

C(2)-C(3)-H(3C) 109.5 

H(3A)-C(3)-H(3C) 109.5 

H(3B)-C(3)-H(3C) 109.5 

C(10)-O(4)-Ti(1)#1 123.5(4) 

C(10)-O(4)-Ti(1) 126.9(4) 

Ti(1)#1-O(4)-Ti(1) 108.52(15) 

C(5)-C(4)-H(4A) 109.5 

C(5)-C(4)-H(4B) 109.5 

H(4A)-C(4)-H(4B) 109.5 

C(5)-C(4)-H(4C) 109.5 

H(4A)-C(4)-H(4C) 109.5 

H(4B)-C(4)-H(4C) 109.5 

O(2)-C(5)-C(4) 112.9(6) 

O(2)-C(5)-C(6) 112.4(6) 

C(4)-C(5)-C(6) 113.2(7) 

O(2)-C(5)-H(5) 105.9 
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C(4)-C(5)-H(5) 105.9 

C(6)-C(5)-H(5) 105.9 

C(5)-C(6)-H(6A) 109.5 

C(5)-C(6)-H(6B) 109.5 

H(6A)-C(6)-H(6B) 109.5 

C(5)-C(6)-H(6C) 109.5 

H(6A)-C(6)-H(6C) 109.5 

H(6B)-C(6)-H(6C) 109.5 

O(3)-C(7)-C(9) 109.5(5) 

O(3)-C(7)-C(8) 110.3(5) 

C(9)-C(7)-C(8) 112.1(5) 

O(3)-C(7)-H(7) 108.3 

C(9)-C(7)-H(7) 108.3 

C(8)-C(7)-H(7) 108.3 

C(7)-C(8)-H(8A) 109.5 

C(7)-C(8)-H(8B) 109.5 

H(8A)-C(8)-H(8B) 109.5 

C(7)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

C(7)-C(9)-H(9A) 109.5 

C(7)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9B) 109.5 

C(7)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

O(4)-C(10)-H(10A) 109.5 

O(4)-C(10)-H(10B) 109.5 

H(10A)-C(10)-H(10B) 109.5 

O(4)-C(10)-H(10C) 109.5 

H(10A)-C(10)-H(10C) 109.5 

H(10B)-C(10)-H(10C) 109.5 

N(1)-C(11)-C(12) 113.5(4) 

N(1)-C(11)-H(11A) 108.9 

C(12)-C(11)-H(11A) 108.9 

N(1)-C(11)-H(11B) 108.9 

C(12)-C(11)-H(11B) 108.9 

H(11A)-C(11)-H(11B) 107.7 

C(13)-C(12)-C(11) 115.2(5) 
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C(13)-C(12)-H(12A) 108.5 

C(11)-C(12)-H(12A) 108.5 

C(13)-C(12)-H(12B) 108.5 

C(11)-C(12)-H(12B) 108.5 

H(12A)-C(12)-H(12B) 107.5 

C(12)-C(13)-C(13)#2 114.7(7) 

C(12)-C(13)-H(13A) 108.6 

C(13)#2-C(13)-H(13A) 108.6 

C(12)-C(13)-H(13B) 108.6 

C(13)#2-C(13)-H(13B) 108.6 

H(13A)-C(13)-H(13B) 107.6 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  

#1 -x,-y+1,-z+1    #2 -x+1,-y+2,-z+1  
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8.2    Chapter 3 

 

8.2.1 DSC and GPC analysis of PA6F synthesised in the 250 mL glass 

reactor  

8.2.1.1 DSC thermograms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.7. DSC second heating curves for the as-synthesised samples of PA6F polymers using (A) TIPT catalyst 
and (B) TIC catalyst. 

 

  

(A) 

(B) 
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Figure 8.8. DSC second heating curves for solvent purified samples of PA6F polymers synthesised earlier using 
(A) TIPT catalyst and (B) TIC catalyst. 

  

(B) 
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8.2.1.2 GPC traces (As-synthesised samples) 

1) Table 3.2, entry 2 

 

2) Table 3.2, entry 3 

 

3) Table 3.2, entry 4 

 

 

 

 

 

 

 

L
o

w
 A

n
g

le
 L

ig
h

t 
S

c
a

tt
e

ri
n

g
 R

e
s
p

o
n

s
e

 (
m

V
)

Retention Volume (mL)

  3.36   6.72  10.08  13.44  16.80  20.16  23.52  26.88  30.24

 76.47

 76.19

 75.91

 75.63

 75.35

 75.07

 74.79

 74.51

 74.23

Data File: 2019-03-16_00;04;17_19000068027_2901_01.vdt   Method: PMMA-v25-0001.vcm

 76.75

 73.95

0.00   33.60



 

 
279 

4) Table 3.2, entry 5 

 

5) Table 3.2, entry 6 

 

6) Table 3.2, entry 7 
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7) Table 3.2, entry 8 

 

8) Table 3.2, entry 9 
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8.2.1.3 GPC traces for samples synthesised with excess diamine 

1) Table 3.3, entry 1 

 

2) Table 3.3, entry 2 

 

 

 

 

 

 

 

 

 

3) Table 3.3, entry 3 
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4) Table 3.3, entry 4 

 

5) Table 3.3, entry 5 

 

6) Table 3.3, entry 7 
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7) Table 3.3, entry 8 

 

8) Table 3.3, entry 9 

 

9) Table 3.3, entry 10 
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10) Table 3.3, entry 11 

 

11)  Table 3.3, entry 12 
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8.2.2 Colour analysis by CIELAB for PA6F samples  

The colour of polymer samples was evaluated in solution using Avantes Starline AvaSpec-

2048L UV/VIS spectrometer. For this purpose, PA6F samples were dissolved in HFIP solvent 

at a concentration of 50 mg/mL. The International Commission on Illumination (CIE)’s L*a*b* 

colour space system (CIELAB) was used to evaluate the colour. In this system, the lightness of 

the sample is represented by L* (L* = 100 for white, L * = 0 for black). a* represents the red-

green (positive values indicate red, negative values indicate green and zero represents neutral 

grey). b* represents the yellow-blue axis (positive values indicate yellow, negative values 

indicate blue and zero represents neutral grey). 

 
Table 8.6. Colour values on CIELAB space system and sample pictures for PA6F synthesised at varying HMDA 
excess in the feed.  
 

DMFDC:
HMDA 

Catalyst 
Catalyst 
loading 
(ppm) 

Colour values Sample Pictures 

   L* a* b*  

1:1 
No 

catalyst 
0 99.48 -0.91 18.92 

 

1:1 TIPT 400 99.06 0.21 9.12 

 

1:1.02 TIPT 400 87.02 1.17 15.51 

 

1:1.045 TIPT 400 89.93 0.26 10.43 

 



 

 
286 

1:1.10 TIPT 400 98.00 -1.00 19.77 

 

1:1.045 
No 

catalyst 
0 98.10 -7.29 57.39 

 
 
 
 
  



 

 
287 

8.2.3 MALDI-ToF MS end group analysis of PA6F oligomers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.9. MALDI-ToF MS spectra for PA6F oligomer synthesised without catalyst (control) (A) full range and 
(B) in the range 900-1650 m/z.  
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Table 8.7. MALDI-ToF MS end-groups analysis of PA6F oligomer synthesised without catalyst (control). 

 

Series m/z (n) Proposed end-groups 

MEG 

(cation) 

MEG 

(cation) 

Assigned Observed 

A 
1230.4 

(5) 

 
46.0 (H+) 45.0 (H+) 

B 
1314.8 

(5) 

 
130.2 (H+) 129.3 (H+) 

C 
1382.9 

(5) 

 
158.3 (K+) 159.6 (K+) 

D 
1409.1 

(5) 
 184.1 (K+) 185.7 (K+) 

E 
1236.7 

(5) 

 
32.0 (Na+) 29.1 (Na+) 

F 
1323.2 

(5) 
 116.2 (Na+) 114.6 (Na+) 

G 
1328.8 

(5) 
 

144.3 (H+) 143.2 (H+) 

H 
1341.1 

(5) 
 156.1 (H+) 155.2 (H+) 

I 
1434.6 

(5) 
 210.3 (K+) 212.2 (K+) 
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Figure 8.10. MALDI-ToF MS spectra for PA6F oligomer synthesised with 400 ppm TIPT (A) full range and (B) in 
the range 900-1650 m/z (see Table 8.8 for peak assignments).  
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Table 8.8. MALDI-ToF MS end-groups analysis of PA6F oligomer synthesised with 400 ppm TIPT. 

 

 

  

Series m/z (n) Predicted end group 
MEG 

(cation) 
MEG 

 (cation) 

Assigned Observed 

A 1234.2 (5) 

 

18.0 (Na+) 19.9 (Na+) 

B 1319.0 (5) 
 

126.1 (H+) 126.7 (H+) 

C 1387.7 (5) 
 

156.1(K+) 157.4 (K+) 

D,E 
1345.6 (5), 
1329.0 (5) 

 116.2 (K+), 
116.2 (Na+) 

114.9 (K+), 
115.1 (Na+) 

F 1372.1 (5) 
 

158.2 (Na+) 157.5 (Na+) 

G 1414.1 (5) 
 

184.1 (K+) 183.2 (K+) 

H 1440.4 (5) 
 

210.3 (K+) 209.9 (K+) 
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8.3 Chapter 4 

8.3.1 NMR structural elucidation of FPAs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.11. NMR spectra recorded for PA8F polymer in dmso-d6 at 298 K (A) 1H NMR (B) 13C {1H}  NMR.  
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Figure 8. 12. NMR spectra recorded for PA10F polymer in dmso-d6 at 298 K (A) 1H NMR (B) 13C{1H}  NMR.
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Figure 8. 13. NMR spectra recorded for PA6MF polymer in dmso-d6 at 298 K (A) 1H NMR (B) 13C {1H} NMR (C) COSY 1H and (D) HSQC. 
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Blue = CH2 

Red = CH or CH3 
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8.3.2 MALDI-TOF MS analysis of furan-based polyamides (FPAs) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.14. MALDI-TOF MS spectra for PA8F (A) full range and (B) 1050 -1750 m/z range.  
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Table 8.9. MALDI-TOF MS end group analysis of PA8F with assignments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Series m/z (n) Proposed end-groups MEG 
(cation) 

MEG 
(cation) 

   Assign. Obs. 

A 
1352.7 

(4) 

 
254.4 
(K+) 

252.3 
(K+) 

B 1359.2(
4) 

 296.4 
(H+) 

296.8 
(H+) 

C 
1420.8 

(4) 

 
324.4 
(K+) 

321.4 
(K+) 

D 
1427.7 

(4) 

 
366.6 
(H+) 

366.3 
(H+) 

E,F 

1532.8 
(5), 

1549.3 
(5) 

 
184.1 
(Na+), 
(K+) 

184.3 
(Na+), 
(K+) 

G 1591.1  
(6) 

 

0 (H+) 0.5 (H+) 

H 1601.1 
(6) 

 
252.4 
(Na+) 

252.6 
(Na+) 
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Figure 8.15. MALDI-TOF MS spectrum for PA10F (A) full range and (B) 1150 -1850 m/z range.  
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 Table 8.10. MALDI-TOF MS end group analysis of PA10F with assignments. 

 

   

Series m/z (n) Proposed end-groups MEG 
(cation) 

MEG 
(cation) 

   Assign. Obs. 

A 1492.9 
(4) 

 
280.4 
(K+) 

281.1 
(K+) 

B 
1500.3 

(4) 

 

32.0 (H+) 33.3 (H+) 

C 1560.9 
(4) 

 
352.5 
(K+) 

349.1 
(K+) 

D 
1568.9 

(4) 

 
355.6 
(K+) 

357.1 
(K+) 

E 1668.8 
(5) 

 
200.4 
(H+) 

201.8 
(H+) 

F 1677.1 
(5) 

 
172.3 
(K+) 

172.1 
(K+) 

G 1692.8 
(5) 

 
186.3 
(K+) 

187.8 
(K+) 

H 
   
1717.5 
(4) 

 
520.8 
(H+) 

521.7 
(H+) 

I 1759.5 
(6) 

 

0 (H+) 0.1 (H+) 

J 1770.1 
(5) 

 
266.4 
(K+) 

265.1 
(K+) 
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Figure 8.16.  MALDI-TOF MS spectrum for PA6MF (A) full range (B) 1200 -2000 m/z range.  
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Table 8.11. MALDI-TOF MS end group analysis of PA6MF with assignments. 

 

  

Series m/z (n) Proposed end-groups 
MEG 

(cation) 
MEG 

(cation) 
   Assign. Obs. 

A 
1212.2 

(4) 

 

224.3 
(K+) 

225.22 
(K+) 

B 
1218.2 

(4) 

 
268.3 
(H+) 

269.2 
(H+) 

C 
1342.3 

(4) 

 
156.2 
(H+) 

156.2 
(H+) 

D 1356.0 
(4) 

 

170.0 
(H+) 

170.0 
(H+) 

E 1370.1 
(4) 

 

184.1 
(H+) 

184.1 
(H+) 

F 1384.2 
(4) 

 
395.6 
(K+) 

397.2 
(K+) 



 

 
303 

(A) 

(B) 

8.4 Chapter 5 

8.4.1 NMR analyses of copolyamide PA6F/6T= 65/35  
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Figure 8.17. NMR spectra for copolyamide PA6F/6T= 65/35 recorded in DMSO-d6 at 298 K (A) 1H NMR  
(B) 13C {1H} (C) COSY (D) HSQC and (E) HMBC.  

(E) 
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8.4.2 DSC analysis of PA6F/6T copolyamides synthesised with  

diesters: diamine = 1:1, 400 ppm TIPT catalyst and 

polycondensation temperature range 230-270 oC  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.18. Second heating scans from the DSC analysis of PA6F/6T copolyamides synthesised using 
stoichiometric amounts of reactants, 400 ppm TIPT and polycondensation temperature ranging from 
230 to 270 ᵒC. 
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8.4.3 DSC and WAXD analysis of PA6F/6T copolyamides 

synthesised with diesters : diamine = 1:1.045, 200 ppm TIPT 

catalyst and polycondensation temperature range 230-255 oC  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 8.19. (A) Second heating scans from DSC and (B) WAXD patterns, recorded for PA6F/6T 
copolyamides synthesised with diesters : diamine = 1:1.045, 200 ppm TIPT catalyst and 
polycondensation temperature range 230-255 ᵒC.  
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8.4.4 NMR analysis of DMTDC  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.20. NMR structural interpretation of DMTDC (A) 1H NMR and (B) 13C {1H}, recorded in DMSO-d6 
at 298 K.  
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8.4.5 2D NMR spectra of PA6F/6S= 65/35 
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Figure 8.21. 2D NMR spectra for copolyamide PA6F/6S= 65/35 recorded in DMSO-d6 at 298 K (A) COSY  
(B) HSQC and (C) HMBC. 
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8.4.6 2D NMR spectra for co-oligoamide PA10F/10T= 35/65  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(A) 

(B) 



 

 
312 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.22. 2D NMR spectra for co-oligoamide PA10F/10T= 35/65 recorded in TFA-d1 at 298 K (A) COSY  
(B) HSQC and (C) HMBC.  

(C) 
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8.4.7 2D NMR spectra for copolyamide PA10F/10T= 35/65   
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Figure 8.23. 2D NMR spectra for copolyamide PA10F/10T= 35/65 recorded in HFIP: CDCl3= 70/30 at 298 
K (A) COSY (B) HSQC and (C) HMBC.  

(C) 
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8.5 Posters and Publications 

8.5.1 Poster presented at Bollland symposium 2019 (Bath) 
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8.5.2 Publications 

At least two scientific publications are planned based on my doctoral project. Two manuscripts 
(1-2) has been prepared and will soon be submitted to peer-reviewed journals and the third is 
a co-authored paper:  
 

1. Synthesis and characterization of high molecular weight semi-aromatic 
polyamide based on 2,5-furandicarboxylic acid : Towards a sustainable building 
block for high performance engineering plastics. 
 

2. Insights into the structure and properties of semi-aromatic polyamides based 

on FDCA and aliphatic diamines. 

 
3. Mckeown, P., Kamran, M., Davidson, M. G., Jones, M. D., Román-ramírez, L. A., 

& Wood, J. (2020). Organocatalysis for versatile polymer degradation. Green 
Chemistry. https://doi.org/10.1039/d0gc01252a  

 

 

 


