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Chapter 1 
Enzymatic Synthesis of Biobased Polyesters 
and Polyamides 

Abstract: Enzymatic polymerization of biobased polymers is an appealing topic 
both in academia and industry areas, as it provides a great opportunity to address the 
current pollution problems in the polymer industry and to reduce the dependence of 
depleting fossil resources. The scope of this research is to establish a biocatalytic 
approach towards various biobased polyesters and polyamides, including saturated 
aliphatic polyesters, unsaturated aliphatic polyesters, furan polyesters (semi-
aromatic polyester alternatives) and furan polyamides (semi-aromatic polyamide 
analogues). In addition, the structure-properties relationships are established for the 
synthesized biobased polyesters and polyamides, to explore their potential 
applications. In this chapter, a general introduction about polyesters and polyamides 
is presented; and the biobased monomers used in this research for biocatalytic 
polyester and polyamide synthesis are outlined. Moreover, lipases and lipase-
catalyzed polymerization of polyesters and polyamides are briefly introduced. 
Furthermore, the recent developments in the field of the enzymatic synthesis of 
biobased polyesters and polyamides are discussed in details. 
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Enzymatic Synthesis of Biobased Polyesters 
and Polyamides 

Abstract: Enzymatic polymerization of biobased polymers is an appealing topic 
both in academia and industry areas, as it provides a great opportunity to address the 
current pollution problems in the polymer industry and to reduce the dependence of 
depleting fossil resources. The scope of this research is to establish a biocatalytic 
approach towards various biobased polyesters and polyamides, including saturated 
aliphatic polyesters, unsaturated aliphatic polyesters, furan polyesters (semi-
aromatic polyester alternatives) and furan polyamides (semi-aromatic polyamide 
analogues). In addition, the structure-properties relationships are established for the 
synthesized biobased polyesters and polyamides, to explore their potential 
applications. In this chapter, a general introduction about polyesters and polyamides 
is presented; and the biobased monomers used in this research for biocatalytic 
polyester and polyamide synthesis are outlined. Moreover, lipases and lipase-
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1.1 Polymers: from Petrol-Based to Biobased and Beyond 

Polymers are one of the most important materials that are being exploited and 
developed by mankind, which play an essential and ubiquitous role in our modern 
life. They are large molecules or macromolecules that are composed of many small 
molecular fragments known as repeating units. They are in widespread use as 
plastics, rubbers, fibers, coatings, adhesives, foams and specialty polymers.1  

According to their origin, polymers can be classified as natural polymers or synthetic 
polymers. Natural polymers occur in nature via in vivo reactions, where biocatalysts, 
normally enzymes, are inevitably involved. Natural polymers can be found in all 
living organisms: plants, animals and human beings. Examples of natural polymers 
include lignocellulose, starch, protein, DNA, RNA and polyhydroxyalkanoates 
(PHAs), just to name a few. Normally the structures of natural polymers are well-
defined, with some exceptions like lignocellulose. 

Synthetic polymers are commonly produced via polymerization of petrol-based 
chemicals having simple structures. Chemical catalysts, especially metal catalysts, 
are normally used in the production of synthetic polymers. As the booming of 
petrochemical industry and the concomitant availability of cheap petroleum oils, as 
well as, the well establishment and advancement of polymerization techniques, 
numerous synthetic polymers are developed, for example, phenol-formaldehyde 
resins, polyolefins, polyvinyl chloride, polystyrene, polyesters and polyamides, and 
so on. Synthetic polymers which include the large group known as plastics, became 
prominent since the early 20th century; and plastics are widely used as bottles, bags, 
boxes, textile fibers, films, and so on. In contrast with natural polymers, synthetic 
polymers usually possess much more simple and random structures.  

Currently, there is a huge demand for polymers. The global production of plastics 
increased from 225 million tons in 2004 to 311 million tons in 2014 (Scheme 1.1);2 
and the global polymer production is expected to reach 400 million tons in 2020.3 
This huge polymer consumption leads to a massive demand for fossil resources for 
the polymer industry, which however brings some severe problems. On the one hand, 
fossil resources are depleting resources with limited storage; and their formation 
requires millions of years. There is a great concern that fossil resources will be 
exhausted fast within several hundred years. On the other hand, hazardous waste and 
emissions are generated along with the consumption of fossil resources, which 
induce severe environmental problems such as global warming and pollutions like 
smog and haze which are breaking out frequently for instance in China nowadays. 
Driven by the growing environmental concerns, it is necessary and appealing to 
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develop sustainable polymers for reducing the current dependence on fossil 
resources and decreasing the production of pollutants. As a matter of fact, laws have 
been approved by the European Union to reduce the usage of environmentally 
abusive materials, and to trigger more efforts to find eco-friendly materials based on 
renewable resources.4, 5 

 

Scheme 1.1. Global production of plastics from 2004 - 2014.2 

Biobased polymers are pointed out to be the most promising alternatives,5-16 which 
are defined as “sustainable materials for which at least a portion of the polymer 
consists of materials that are produced from renewable raw materials”.17 Generally 
speaking, biobased polymers can be produced via three routes:8, 11 (1) pristine natural 
polymers, or chemical or physical modifications of natural polymers; (2) 
manufactured biobased polymers from a mixture of biobased molecules with similar 
functionalities that are converted from biomass feedstocks; and (3) synthesis of 
biobased polymers via polymerization of biobased monomers with tailored chemical 
structures. 

Some natural polymers such as natural rubber, cotton, starch and PHAs, are useful 
materials; however, they are limited in variety, and their properties and applications 
are also limited as they are determined by their chemical structure. Considering the 
rich abundance of biomass feedstocks in nature, it is of great interest to produce 
biobased polymeric materials by chemical or physical modifications of natural 
polymers, or from biobased molecules that are converted from biomass feedstocks. 
Actually the former approach was already used by human beings long time ago 
during the 1800s. Many commercially important polymers are obtained via this 
approach, for example, vulcanized natural rubber, gun cotton (nitrocellulose), 
cellulose esters and cellulose ethers. However, chemical and physical modifications 
of natural polymers are often subject to the poor solubility and process difficulty of 
natural polymers, as well as, unwanted impurities within the network of natural 
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polymers which are hard to remove. On the other hand, conversion of biomass 
feedstocks to end-products is a promising pathway for the production of high 
tonnage consumer polymeric products such as paper, paints, resins and foams.11 For 
instance, oleochemicals can be converted from vegetable oils and fats, which are 
biobased building blocks for the production of thermoset resins and polyurethanes. 
However, the obtained biobased polymeric materials often possess diverse chemical 
structures; and it is nearly impossible to produce biobased polymers with identical 
structures as the petrol-based counterparts, due to the use of biomolecule mixtures. 
Besides, some unwanted structures or impurities might be inherited from the 
biomolecule mixtures, which might greatly influence the properties and applications 
of the final polymeric materials.  

Utilization of biobased monomers with tailored structures in polymer synthesis is the 
most promising approach towards biobased polymers, which can result in not only 
sustainable alternatives to petrol-based counterparts with similar or identical 
structures, but also in novel green polymers that cannot be produced from petrol-
based monomers.5, 8, 9, 14-16 However, this is also the most expensive approach of all 
three as aforementioned. 

Benefiting from solar energy, numerous biobased monomers can be produced from 
yearly-based biomass feedstocks via biocatalytic or chemo-catalytic processes, 
which provide a great opportunity for the synthesis of various kinds of biobased 
polymers.5, 7-11, 14-16, 18-26 Meanwhile, more and more biobased monomers are already 
or will become commercially available in the market due to the fast development of 
biotechnologies and their price will be competitive with that of the petrol-based 
chemicals.26-33  

Enzymatic polymerization is an emerging alternative approach for the production of 
polymeric materials, which can compete with conventional chemical synthesis and 
physical modification techniques.34-43 Enzymatic polymerization also provides a 
great opportunity for the synthesis of novel macromolecules that are not accessible 
via conventional approaches. Moreover, with mild synthetic conditions and 
renewable non-toxic enzyme catalysts, enzymatic polymerization is considered as an 
effective way to reduce the dependence of fossil resources and to address the high 
material consumption and pollution problems in the polymer industry.  

At present, petrol-based monomers are still predominately used in enzymatic 
polymerizations. By combining biobased monomers and enzymatic polymerizations 
in polymer synthesis, not only the research field of enzymatic polymerization could 
be greatly accelerated but also the utilization of renewable resources will be 
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promoted. This will provide an essential contribution for achieving sustainability for 
the polymer industry, which will eventually play an important role for realizing and 
maintaining a sustainable society. 

In this research, we focus on the enzymatic synthesis of sustainable polyesters and 
polyamides from biobased monomers, using lipases as the biocatalysts. In the 
following section of this chapter, some background information about polyesters, 
polyamides, biobased monomers, lipases and enzymatic polymerization of 
polyesters and polyamides is introduced briefly. Then, the current research progress 
in the field of the enzymatic polymerization of biobased polyesters and polyamides 
is discussed in details. At last, this chapter ends with an overview of the research 
work presented in this thesis. 

1.2 Polyesters and Polyamides 

Polyesters are polymers in which the monomer units are linked together by ester 
groups, while in polyamides the repeating units are connected by amide bonds. 
According to the composition of the main chain, polyesters and polyamides can be 
classified to three types: aliphatic, semi-aromatic and aromatic (Scheme 1.2). In this 
research, we focus on the enzymatic synthesis of aliphatic polyesters, semi-aromatic 
polyesters and semi-aromatic polyamides.  

 

Scheme 1.2. General chemical structures of aliphatic, semi-aromatic and aromatic 
polyesters and polyamides.  

Most known aliphatic polyesters could be produced as biobased polymers,44, 45 as the 
majority of their building blocks can be derived from biomass feedstocks. Aliphatic 
polyesters are also (bio)degradable materials which can be recycled and have a low 
environmental impact upon disposal, compost and incineration.45, 46 Aliphatic 
polyesters are widely used as thermoplastics and thermoset resins, with many 
commodity and specialty applications. Among them, poly(lactic acid) (PLA) is the 
most well-known aliphatic polyester, which can be used as fibers, food packaging 
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materials and durable goods, with a global demand of around 360 kilo tons in 2013.47 
Poly(butylene succinate) (PBS) is another important commodity polyester which can 
be applied as packaging films and disposable cutlery, with a global market of around 
10 - 15 kilo tons per year.48 In addition, aliphatic polyesters have found potential 
applications in biomedical and pharmaceutical fields such as in sutures, bone screws, 
tissue engineering scaffolds, and drug delivery systems, due to their 
biodegradability, biocompatibility and probable bioresorbability.45, 49-51 

Compared to aliphatic polyesters, semi-aromatic polyesters generally possess better 
thermal and mechanical properties, which can be used as commodity plastics and 
thermal engineering plastics. Poly(ethylene terephthalate) (PET) is the most 
commonly used semi-aromatic polyester. It is the fourth-most-produced plastic,52 
with a global supply of more than 19.8 million tons in 2012.53 PET has been widely 
used as beverage bottles, food containers, fibers and fabrics, packing films, 
photographic and recording tapes, engineering resins, and so on.  

Similar to semi-aromatic polyesters, semi-aromatic polyamides consist of both 
aliphatic and aromatic fragments in the polymer main chain. Especially 
polyphthalamides (PPAs) are a type of semi-aromatic polyamides that are defined as 
“polyamides in which at least 55 mol % of the carboxylic acid portion of the 
repeating unit in the polymer chain is comprised by a combination of terephthalic 
acid (TPA) and isophthalic acid (IPA)”.54 Semi-aromatic polyamides possess many 
merits such as high chemical, thermal, abrasion and corrosion resistance, good 
dimensional stability, excellent mechanical strength and superior processing 
characteristics. They can be used as thermal engineering materials and high 
performance materials, which have found various applications in many areas such as 
in marine, automotive industry, oil industry, electronics, machinery, domestic 
appliances, and personal care. Examples of semi-aromatic polyamides are 
poly(hexamethylene terephathamide) (PA 6,T), poly(nonamethylene 
terephthalamide) (PA 9,T), and poly(decamethylene terephthalamide) (PA 10,T). 

Generally speaking, polyesters and polyamides can be produced via two methods: 
(1) step-growth polycondensation; and (2) ring-opening polymerization. Both of 
these two methods have some merits and also suffer from some drawbacks. On the 
one hand, the building blocks for step-growth polycondensation are generally easily 
obtained at a relatively cheap price. However, elevated reaction temperatures (≥ 150 
oC), long reaction times, high vacuum condition, heavy metal catalysts and a precise 
stoichiometric balance between monomers are normally required for 
polycondensation. In addition, side-reactions and volatilization of monomers may 
occur at elevated temperatures or under high vacuum.49, 55 On the other hand, 
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removal of by-products is not required by ring-opening polymerization and, 
therefore, high molecular weight products can be obtained under relatively mild 
conditions in a matter of minutes. Besides, side reactions can be greatly suppressed 
during ring-opening polymerization. However, extra synthesis steps and heavy metal 
catalysts are often required for the preparation of the starting materials, cyclic 
monomers and cyclic oligomers. 

Table 1.1. A selected list of commercially available biobased aliphatic polyesters, 
semi-aromatic polyesters and semi-aromatic polyamides  

Entry a Type Biosourcing (%) b Manufacturer Trademark 

PLA Aliphatic polyester up to 100 

NatureWorks (USA) Ingeo™, NatureWorks® 

Synbra (NL)  BioFoam® 

Zhejiang Hisun (CN) REVODE 100 and 200 

PHAs Aliphatic polyester 100 

Metabolix and ADM (USA) MirelTM 

Meredian (USA) Nodax™ 

Tianjin Green Biosciences (CN) GreenBio 

PBS Aliphatic polyester 50 

PTT MCC BIOCHEM (TH) BioPBS™ 

Showa Denko K.K. (JP) Bionolle™ 

Mitsubishi Chemical (JP) GS Pla® 

PEF Semi-aromatic 
polyester 100 Avantium (NL) - 

PET Semi-aromatic 
polyester up to 30 

Coca Cola (USA) PlantBottle™ 

Toyota Tsusho Corporation (JP) GLOBIO® 

PTT Semi-aromatic 
polyester 37 DuPont (USA) Sorona® 

PA 10,T Semi-aromatic 
polyamide 50 

EMS-GRIVORY (DE) Grilamid® HT3 

Evonik (DE) VESTAMID® HTplus M3000 

PPA Semi-aromatic 
polyamide > 70 Arkema (DE) Rilsan® HT 

a PLA = poly(lactic acid); PHAs = polyhydroxyalkanoates; PBS = poly(butylene succinate); PEF = poly(ethylene 
furanoate), PET = poly(ethylene terephthalate); PTT = poly(trimethylene terephthalate); PA 10,T = 
poly(decamethylene terephthalamide); PPA = polyphthalamide; b Biosourcing (%): the percentage of carbon 
originating from biomass sources among the total organic carbon. 

Regarding to the equipment and the reaction conditions followed, the polymerization 
steps in polyester and polyamide synthesis are similar.55 However, with respect to 
the formation of high molecular weight products, the polymerization of polyamides 
differs from that of polyesters to some extent. Firstly, the chemical equilibrium is 
favored for the amide formation but is less favored for the ester formation. Secondly, 
when dicarboxylic acids are used as starting materials, salts are formed in polyamide 
synthesis, but there is no salt formation in polyester synthesis. In this case, 
stoichiometric equivalence can be much more easily achieved in polyamide 
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synthesis. Thirdly, the amide interchange reactions (transamidations) are much 
slower than the ester interchange reactions (transesterifications). 

At present, several biobased aliphatic polyesters, semi-aromatic polyesters and semi-
aromatic polyamides are already commercially available. A selected list is shown in 
Table 1.1.56-61 Among them, polyhydroxyalkanoates (PHAs) are produced by 
microorganisms; PLA can be synthesized via ring-opening polymerization and step-
growth polycondensation, using chemical catalysts; and the other biobased 
polyesters and polyamides are normally prepared form step-growth 
polycondensation in the presence of organometallic catalysts.  

However, polymers including polyesters, polyamides and other types, are mainly 
produced industrially from petrol-based monomers. The production capacity of 
biobased polymers represented only a 2 % share of the total polymer production in 
2013 and will increase to 4 % by 2020.3 

1.3 Biobased Monomers Used in this Research 

1.3.1 Biobased Aliphatic Diacids 

Succinic acid is a naturally occurring dicarboxylic acid, which is predominantly 
produced commercially through petrochemical routes by catalytic hydrogenation of 
maleic acid or anhydride.62, 63 Succinic acid can also be produced by fermentation of 
carbohydrates or glycerol using engineered bacteria or yeast. The current bio-route 
for succinic acid is based on proprietary E. coli or yeast strains.63 To lower the cost, 
other microorganisms and yeast have been developed, like Coryne-type bacteria, 
which shows a significantly higher productivity compared to E. coli.32 Currently, 
four companies have built up commercial facilities for the production of biobased 
succinic acid: Reverdia, Succinity, Bioamber and Myriant.28  

Itaconic acid is an attractive unsaturated monomer that has already been produced 
industrially by sugar fermentation using Aspergillus terreus early in the 1960s.64, 65 
To reduce the cost and increase the sustainability, current studies mainly focus on 
strain improvement of microorganisms by mutagenesis, development of more cost-
effective process methodologies, and the use of alternative cheap substrates such as 
cellulolytic biomass.66  

Adipic acid is one the most important commodity chemicals, which is mainly used 
for the production of nylon 6,6.32, 67 At present, over 90 % of adipic acid is 
manufactured industrially by oxidation of cyclohexanol or KA-oil (a mixture of 
cyclohexanol and cyclohexanone) using concentrated nitric acid.67-70 In recent years, 
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two prospective biosynthetic pathways to biobased adipic acid have been developed 
and are under commercialization evaluation at the moment:30, 32 (1) chemo-catalytic 
conversion of biologically derived precursors such as cis,cis-muconic acid or D-
glucaric acid; and (2) direct biological conversion of vegetable oils and sugars using 
yeast.  

In addition, suberic acid, sebacic acid and dodecanedioic acid are also (potentially) 
biobased monomers which can be converted from plant oils.30, 71-73 

1.3.2 Biobased Aliphatic Diols and Polyols 

1,3-Propanediol (1,3-PDO) is a commodity chemical used for the production of 
various polymers. At present, there are two chemical processes for the industrial 
production of 1,3-PDO, starting from petrol-based acrylaldehyde or ethylene 
oxide.74, 75 Nowadays, biobased 1,3-PDO is commercially synthesized via 
fermentation of D-glucose based on corn using a genetically engineered E.coli.74 In 
addition, it is promising to produce 1,3-PDO from biomass-derived glycerol using a 
bacterial fermentation process.74-78 

1,4-Butanediol (1,4-BDO) is widely used as a building block for polymer synthesis.79 
The industrial production of 1,4-BDO dominantly depends on petrol-based 
chemicals such as maleic anhydride, acetylene, butane, propylene and butadiene. 
Since late 2007, Genomatica (USA) started to develop a biological process for the 
synthesis of biobased 1,4-BDO from sugars using a genetically-modified strain of E. 
coli bacteria.78-81 This process has already been commercialized.30 Alternatively, 
biobased 1,4-BDO can be produced by reduction of sugar-derived succinic acid and 
this process is under commercialization preparation stage.30  

 

Scheme 1.3. Chemical structures of 1,4:3,6-dianhydrohexitols (DAHs). 

1,4:3,6-Dianhydrohexitols (DAHs) are sugar-derived aliphatic diols with rigid and 
chiral structures.82 It is of great interest to synthesize DAH-based polymers with high 
glass transition temperatures (Tg) and/or with special optical properties.83 According 
to the chirality, DAHs have three possible stereoisomers: isosorbide, isomanide and 
isoidide (Scheme 1.3). Due to their different positions of the hydroxyl groups, the 
reactivity of these isomers are different, showing the following sequence: 
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isomannide < isosorbide < isoidide.82, 83 Nowadays only isosorbide is produced at an 
industrial scale using sugars as the starting materials;26, 82 and Roquette (France) is a 
leading producer. However, the purity and high price of the commercial isosorbide 
are two major concerns when used for polyester synthesis. 

Other aliphatic diols used in this research, including 2,3-butanediol, 1,6-hexanediol, 
1,8-octanediol and 1,10-decanediol, are (potentially) biobased monomers.5, 84, 85 

Moreover, glycerol and D-sorbitol are abundant and inexpensive biobased aliphatic 
polyols. Glycerol is obtained as a byproduct in the production of biodiesel from 
vegetable oils and fats.5, 86 D-sorbitol is produced industrially on large scale by 
reduction of glucose derived from biomass feedstocks.32 

1.3.3 Biobased Aliphatic Diamine 

1,8-Octanediamine (1,8-ODA) can be potentially derived from biomass. It can be 
produced by amination of suberic acid which can be converted from plant oils.87 

1.3.4 Biobased Furan Monomers 

2,5-Furandicarboxylic acid (FDCA) is an interesting biobased rigid monomer, which 
is considered as the most promising substitute to petrol-based terephthalic acid 
(TPA) and isophthalic acid (IPA).5, 14, 88 Currently, FDCA is readily produced from 
biomass feedstocks, whereas biobased TPA and IPA are still under development 
with big challenges. As illustrated in Scheme 1.4, biobased FDCA can be 
synthesized by oxidation of 5-hydroxymethylfurfural (HMF) derived from 
carbohydrates;18, 24 or be converted from HMF via a biocatalytic approach.89 At 
present, FDCA is industrially produced by Avantium (NL) using an enabling 
chemical synthesis technology;14, 30 and the price is expected to be cheaper than the 
petrol-based TPA.30  

 

Scheme 1.4. Promising biobased furan monomers for polyester or polyamide 
synthesis. 
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Another interesting biobased furan monomer for polyester synthesis is 2,5-
bis(hydroxymethyl)furan (BHMF). BHMF can be converted by reduction of HMF 
or FDCA (Scheme 1.4).5, 18, 24, 90 

1.4 Lipases 

Lipases (triacylglycerol lipases, triacylglycerol acyl hydrolases, E.C. 3.1.1.3) are 
enzymes which catalyze the hydrolysis of water-insoluble triglycerides with long-
chain fatty acids to di-glycerides, mono-glycerides and glycerol with release of free 
fatty acids in aqueous solution (Scheme 1.5). In organic synthesis, lipases can be 
used to catalyze other reactions in non-aqueous media, for example, esterification, 
transesterification, interesterification, amidation, transamidation, aminolysis, aldol 
condensation and Michael addition.91-95  

 

Scheme 1.5. Lipase-catalyzed hydrolysis of triglyceride. 

Generally, lipases possess high catalytic reactivity in nonpolar organic solvents with 
log P (logarithm of partition coefficient) values of more than 1.9.96-98 Examples of 
suitable organic solvents for lipases are benzene (2), toluene (2.5), diphenyl ether 
(4.05), hydrocarbons like cyclohexane (3.2) and n-hexane (3.5), and so on.99 Lipases 
also function in some green solvents such as ionic liquids and supercritical CO2.100-

104  

All lipases possess a very similar α/β hydrolase fold; and the active site of lipases 
consists of a highly conserved catalytic triad: a nucleophilic residue (serine), a 
histidine base and a catalytic acidic residue (aspartic or glutamic acid, usually 
aspartic acid) (Scheme 1.6). In addition, many lipases exhibit a lid, a surface loop 
that is a lipophilic α-helical domain in the polypeptide chain and covers the active 
sites.105, 106 The lid controls the access of substrate molecules to the catalytic center 
of lipases.  
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Scheme 1.6. Secondary structure diagram of the α/β hydrolase fold and the location 
of catalytic triad amino acid residues in lipases. Ser: serine residue; Asp 
or Glu: aspartic or glutamic acid residue; His: histidine residue; helixes 
indicate α-helixes; arrows indicate β-sheets.107  

 

Scheme 1.7. General catalytic mechanism of lipases.108 

The general catalytic mechanism of lipases is illustrated in Scheme 1.7, which 
involves an acylation step followed by a deacylation step.105, 108At the acylation step, 
the hydroxyl group of the catalytic serine is activated by transferring a proton among 
the aspartate, histidine, and serine residues of the catalytic triad, rendering an 
increase of the nucleophilicity of the hydroxyl residue of the serine. After that, the 
hydroxyl residue of the serine attacks the carbonyl group of the substrate (carboxylic 
ester or carboxylic acid), forming the first tetrahedral intermediate with a negative 
charge on the oxygen of the carbonyl group. The oxyanion hole, which is formed by 
hydrogen bonding between the amide groups of the amino acid residuals of the 
enzyme and the carbonyl group oxygen of the substrate, stabilizes the charge 
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distribution and reduces the state energy of the tetrahedral intermediate by forming 
at least two hydrogen bonds. Then the alcohol component (R1–OH) is released from 
the bond with the intermediate, while the “acidic component” of the substrate 
remains covalently bound to the serine residue in the acyl-enzyme intermediate. 
When the enzyme is attacked by a nucleophile (R2-OH), the deacylation step occurs. 
The product (a new carboxylic ester or carboxylic acid) is then released, while the 
enzyme is regenerated. This nucleophile (R2-OH) can be water (hydrolysis) or an 
alcohol (alcoholysis). 

Due to the broad substrate specificity, high selectivity, and high thermal stability and 
catalytic reactivity, Candida antarctica lipase b (CALB), which was reclassified as 
Pseudozyma antarctica lipase b (PALB) more recently,109 is the most popular 
biocatalyst which is extensively used in biocatalytic synthesis of small molecules 
and polymers. CALB is a globular protein that is composed of 317 amino acids 
(Scheme 1.8), having a molecular weight of 33 kDa. Similar to other lipases, CALB 
possesses a Ser-His-Asp catalytic triad (Ser105, Asp187 and His224) in its active 
site and two oxyanion holes (Thr40 and Gln106),110 and the catalytic mechanism of 
CALB is the same as other lipases.  

 

Scheme 1.8. (a) The crystal structure of Candida antarctica lipase b (1TCA, from 
http://www.rcsb.org/); and (b) a photo of Novozym® 435 beads. 

However, the presence of the lid structure and the interfacial activation of CALB are 
still under debate. Some literature suggested that the two α-helixes (α5 and α10) 
surrounding the active center of CALB, the most mobile part of the structure, could 
work as the lid,111-114 and CALB is an interfacial activated enzyme. A recent study 
indicated the hydrophobicity of the interface and the overall size of the substrate 
determine the interfacial activation of CALB.113 Others suggested that CALB has no 
lid covering the entrance of the active site110 and displays no interfacial activation.115 
In addition, CALB has a very limited available space in the pocket of active site 
compared to other lipases and this explains its high selectivity.116  
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CALB shows improved thermal stability and more stable performance in its 
immobilized form. At present, several immobilized CALB formulations are 
commercially available, including Novozym® 435 (N435, Novozymes A/S, 
Denmark), Chirazyme® L-2 (Roche Molecular Biochemicals, Germany), 
LCAHNHE and LCAME (SPRIN S.p.A, Italy), and CalB immo PlusTM (c-LEcta and 
Purolite, Germany).117 They are used in the industrial fields for the synthesis of chiral 
intermediates in the pharmaceutical industry and for the production of other high 
priced fine chemicals.  

N435 is the primary immobilized CALB that is used both in the industrial area and 
academia research. N435 functions as a hydrophobic biocatalyst, which consists of 
10 wt % of CALB physically absorbed within 90 wt % of Lewatit VP OC 1600 bead 
which is a macroporous DVB-crosslinked methacrylate polymer resin.98, 117, 118 The 
bead size of N435 ranges from 0.315 to 1.0 mm (> 80 %), the effective size is around 
0.32 - 0.45 mm, and the average pore diameter is 15 nm. N435 can work at mild 
conditions and especially, can tolerate some extreme conditions such as elevated 
temperatures (up to 150 oC).119-121 

1.5 Enzymatic Polymerization of Polyesters 

Enzymatic polymerization is defined as “in vitro (in the test tubes) chemical 
synthesis of polymers via a non-biosynthetic (non-metabolic) approach using an 
isolated enzyme as the catalyst”.35, 122  

Due to the unique properties of enzymes, enzymatic polymerization inherits many 
merits such as high specificity and selectivity towards monomer substrates, clean-
process, energy saving, gentle environmental footprint, nontoxic natural catalysts, 
and recyclable catalysts (after immobilization). With these, enzymatic 
polymerization provides an opportunity to achieve “green polymer chemistry”.  

At present, 4 enzyme classes, oxidoreductases, transferases, hydrolases and ligases, 
are identified to induce or catalyze polymerizations (Table 1.2).123 Many polymers 
are successfully synthesized via enzymatic polymerization, for example, vinyl 
polymers,37, 124 polysaccharides,125-128 polyesters41, 43 and polyamides.129-131 Among 
them, polyesters are the most extensively studied polymers in enzymatic 
polymerization; and lipases are the most efficient biocatalysts for enzymatic 
polymerization of polyesters.41 
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Table 1.2. Enzymes and typical examples for their use in polymer synthesis, and 
typical polymers synthesized via enzymatic polymerization123 

Enzyme class Reaction catalyzed Typical enzymes Typical polymers 

EC 1. Oxidoreductases Oxidation/Reduction 
AH2 + B  A + BH2 

Peroxidase 
Laccase 

Polyanilines 
Polyphenol 
Polystyrenes 
Poly(methyl methacrylate) 

EC 2. Transferases Group transfer 
A-X + B  A + B-X 

PHA synthase 
Hyaluronan synthase 
Phosphorylase 

Polyesters 
Hyaluronan 
Amylose 

EC 3. Hydrolases 
Hydrolysis by H

2
O 

A-B + H2O  AH + BOH 

Lipase 
Cellulase 
Hyaluronidase 
Papain 

Polyesters 
Polyamides 
Cellulose 
(Oligo)peptides 
Glycosaminoglycan 

EC 6.  Ligases 
Bond formation requiring triphosphate 

 Cyanophycin synthetase Cyanophycin 

Generally speaking, three polymerization modes can be proceeded for the lipase-
catalyzed polyester synthesis (Scheme 1.9): (1) step-growth polycondensation; (2) 
ring-opening polymerization; and (3) a combination of ring-opening polymerization 
and polycondensation (ring-opening addition-condensation polymerization). Among 
them, polycondensation and ring-opening polymerization are the most common 
methods used for biocatalytic polyester synthesis. 

 

Scheme 1.9. Main reaction modes of lipase-catalyzed synthesis of polyesters.  

Four modes of elemental reactions may occur during the lipase-catalyzed polyester 
synthesis, inducing hydrolysis, esterification, transesterification (alcoholysis and 
acidolysis), and interesterification (Scheme 1.10). These reactions are all reversible. 
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Generally speaking, three polymerization modes can be proceeded for the lipase-
catalyzed polyester synthesis (Scheme 1.9): (1) step-growth polycondensation; (2) 
ring-opening polymerization; and (3) a combination of ring-opening polymerization 
and polycondensation (ring-opening addition-condensation polymerization). Among 
them, polycondensation and ring-opening polymerization are the most common 
methods used for biocatalytic polyester synthesis. 

 

Scheme 1.9. Main reaction modes of lipase-catalyzed synthesis of polyesters.  

Four modes of elemental reactions may occur during the lipase-catalyzed polyester 
synthesis, inducing hydrolysis, esterification, transesterification (alcoholysis and 
acidolysis), and interesterification (Scheme 1.10). These reactions are all reversible. 
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Therefore, to facilitate the ester formation, it is crucial to remove the remaining water 
and byproducts like alcohols from the reaction mixture, for example, by adding 
absorbing and drying agents like molecular sieves, applying reduced pressure, using 
azeotropic distillation conditions, and so on. 

 

Scheme 1.10. Basic modes of elemental lipase-catalyzed reactions in biocatalytic 
polyester synthesis. 

The first lipase-catalyzed polymerization was reported by Okumara et al. in 1984.132 
They investigated the enzymatic polymerization of aliphatic diacids and diols by a 
lipase from Aspergillus niger NRRL 337 (Scheme 1.11). However, only oligoesters 
with ������’s of around 1000 g/mol were obtained. 

 

Scheme 1.11. Lipase-catalyzed polycondensation of aliphatic diacids and diols. 

 

Scheme 1.12. Lipase-catalyzed ring-opening polymerization of ε-caprolactone. 

The lipase-catalyzed ring-opening polymerization was firstly reported in 1993 by 
two independent groups.133, 134 Gutman et al.133 investigated lipase-catalyzed ring-
opening polymerization of ε-caprolactone (ε-CL); and polycaprolactone (PCL) with 
a ������ of up to 4400 g/mol was successfully produced in n-hexane (Scheme 1.12). At 
the same time, the enzymatic ring-opening polymerization of lactones was 
performed in bulk by Kobayashi et al.,134 using different lipases as catalysts. The 
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enzymatic polymerization gave PCL and polyvalerolactone with ������’s of up to 7700, 
and 1900 g/mol, respectively. 

In the late 1990s, the use of N435 in the enzymatic ring-opening polymerization of 
lactones was introduced by Gross et al..135 Since then, N435 became the working 
horse in biocatalytic polyester synthesis.  

After these pioneer works, various combinations of diacids/diesters and diols, 
hydroxyacids/esters, and cyclic monomers such as lactones, cyclic diesters and 
cyclic ketene acetals, are studied for lipase-catalyzed polymerization. The recent 
progress in this field is comprehensively summarized in some review articles.34, 35, 

39-41, 43, 136   

It should be pointed out that the large scale production of aliphatic polyesters via 
lipase-catalyzed polymerization is feasible. As reported by Binns et al.,137 adipic acid 
and 1,6-HDO were polymerized by N435 at a multi-kilogram scale, using a two-
stage method (Scheme 1.13). The enzymatic polymerization yielded 
poly(hexamethylene adipate) with a ������� of 16400 g/mol. They also claimed that the 
enzymatic production can be scaled up to the pilot plant level (2.0 tons) without 
undue problems. Besides, poly(hexamethylene adipate) produced from the 
enzymatic polymerization possesses a lower acid number, higher degree of 
crystallinity and super crystalline growth rate compared to the conventional 
counterparts. 

 

Scheme 1.13. N435-catalyzed synthesis of poly(hexamethylene adipate) in large 
scale, using a two-stage method. 

Although a great number of aliphatic polyesters are readily synthesized with high 
molecular weights via lipase-catalyzed polymerization, only limited amount of 
aromatic (co-)polyesters are enzymatically produced.138-148 This could be mainly due 
to the high melting temperature (Tm) of aromatic polyesters and their low solubility 
in the reaction media, as well as, the lack of reactivity of aromatic monomers in 
enzymatic polyesterification.133, 149 However, by using cyclic aromatic oligomers in 
the lipase-catalyzed polymerization, high molecular weight poly(alkylene 
terephthalate)s, poly (alkylene isophthalate)s and poly(benzenedimethanol adipate)s 
were obtained, with �������’s of up to 107000 g/mol.150 
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1.6 Enzymatic Polymerization of Polyamides 

Lipases, proteases and other enzymes are capable of catalyzing the formation of 
amide bonds and therefore, they are suitable enzymes for the in vitro polyamide 
synthesis.129 In this research, we focus on the lipase-catalyzed polymerization of 
synthetic polyamides. 

Similar to biocatalytic polyester synthesis, the lipase-catalyzed polyamide synthesis 
can proceed via three basic modes: (1) step-growth polycondensation of 
diacid/diesters and diamines or ω-amino carboxylic acids/esters; (2) ring-opening 
polymerization of lactams; and (3) a hybrid of step-growth polycondensation and 
ring-opening polymerization. 

Two basic modes of elemental reactions are commonly used in the biocatalytic 
polyamide synthesis: directly amidation and transamidation (aminolysis) (Scheme 
1.14). 

 

Scheme 1.14. Basic modes of elemental lipase-catalyzed reactions in biocatalytic 
polyamide synthesis. 

The lipase-catalyzed polymerization of polyamides has not been well studied.131 This 
could be attributed mainly to two reasons: (1) the high Tm of polyamides, and (2) the 
poor solubility of polyamides in common organic solvents. On the one hand, 
polyamides like nylons and TPA-based polyamides are semi-crystalline polymers 
which normally possess a high Tm above 100 oC. At such elevated temperatures, the 
catalytic reactivity of lipases is significantly decreased due to the occurrence of 
protein denaturation and deactivation. On the other hand, many polyamides can be 
only dissolved in some aggressive solvents such as formic acid, concentrated H2SO4, 
and trifluoroacetic acid, in which lipases cannot act.  

Nevertheless, some oligoamides and polyamides are successfully produced via the 
lipase-catalyzed polymerization.129-131 Some typical examples are given below. 

Cheng et al.151, 152 investigated the lipase-catalyzed polymerization of diamines and 
diesters in bulk (Scheme 1.15), which resulted in aliphatic polyamides with �������’s of 
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around 3000 - 15000 g/mol. This is the first report showing that high molecular 
weight polyamides can be produced from lipase-catalyzed polymerization. 

 

Scheme 1.15. Lipase-catalyzed synthesis of aliphatic polyamides. 

The CALB-catalyzed ring-opening polymerization of ε-caprolactam was reported by 
Kong et al..153  They claimed that the enzymatic ring-opening polymerization gave 
nylon 6 with a high ������� of 212000 g/mol.  

Aliphatic polyamides such as nylon 6,13, nylon 8,13 and nylon 12,13 were 
synthesized via the N435-catalyzed ring-opening addition-condensation (Scheme 
1.16).120 The ������’s of the resulting nylons were around 5600 – 8300 g/mol. 

 

Scheme 1.16. N435-catalyzed ring-opening addition-condensation of ethylene 
tridecanedioate with various diamines. 

In our group, enzymatic polymerization of polyamides is one of the focused research 
area. For example, the enzymatic polymerization of 2-azetidinone was firstly studied 
in our laboratory (Scheme 1.17).154 A different mechanism for the enzymatic ring-
opening polymerization of β-propiolactam was revealed and a catalytic cycle for the 
oligomerization of β-lactam that rationalizes the activation of the monomers was 
proposed.155 Moreover, aliphatic oligoamides,154, 156, 157 semi-aromatic 
oligoamides,158 and poly(ester amide)s159 are successfully prepared via lipase-
catalyzed polymerization in our laboratory.  

 

Scheme 1.17. Enzymatic ring-opening polymerization of 2-azetidinone. 
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1.7 Lipase-Catalyzed Synthesis of Sustainable Polyesters and Polyamides from 
Biobased Monomers 

At present, most research on enzymatic polymerization is still focused on the use of 
“traditional” monomers derived from fossil resources. Due to the growing awareness 
of energy safety and environmental pollution, and increased interest for the 
development of novel polymeric materials, utilization of biobased monomers in 
enzymatic polymerization becomes an appealing topic both in the academic and 
industrial fields. Currently, some biobased polyesters are readily synthesized via 
lipase-catalyzed polymerization, for example, aliphatic polyesters,160-163 vegetable 
oil-based polyesters,164-167 and sugar and sugar alcohol-based polyesters.167-171 In the 
following section, the recent progress in the lipase-catalyzed synthesis of biobased 
saturated aliphatic poly(alkylene dicarboxylate)s, unsaturated aliphatic 
poly(alkylene dicarboxylate)s, furan polyesters, and furan polyamides are discussed. 

1.7.1 Biobased Saturated Aliphatic Poly(alkylene dicarboxylate)s 

Aliphatic poly(alkylene dicarboxylate)s belong to a special family of aliphatic 
polyesters. Most of them can be synthesized from polycondensation of biobased 
monomers. Among them, PBS is probably the most significant biobased and 
biodegradable poly(alkylene dicarboxylate)s with great commercial interest, which 
is normally synthesized via polycondensation of succinic acid or succinic anhydride 
with 1,4-BDO at elevated temperatures, using a chemical catalyst.172  

The lipase-catalyzed synthesis of PBS was studied by Gross et al.,160 using a two-
stage method which is similar to those used for industrial production but at much 
lower temperatures (Scheme 1.18). They found that the solvent-free enzymatic 
polycondensation with succinic acid gave oligomers. However, by replacing 
succinic acid with diethyl succinate, the two-stage method in diphenyl ether resulted 
in PBS with a ������� of 38000 g/mol and a dispersity of 1.39. 

 

Scheme 1.18. Enzymatic polycondensation of succinic acid or dimethyl succinate 
and 1,4-butanediol, using a two-stage method.160 

To synthesize PBS with higher molecular weights, another two enzymatic strategies 
were developed: (1) using cyclic oligomers;173 and (2) co-polymerization of succinic 
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acid and 1,4-BDO with succinate anhydride.174 By using cyclic butylene succinate 
oligomers in the N435-catalyzed polymerization, PBS with a ������� of up to 130000 
g/mol and a dispersity of 1.6 was obtained. However, under similar reaction 
conditions, the direct enzymatic polycondensation gave PBS with a lower ������� 
(45000 g/mol) and a broader dispersity (3.7) (Scheme 1.19). On the other hand, the 
enzymatic co-polymerization of succinic acid and 1,4-BDO with succinate 
anhydride resulted in PBS with a ������� of 73000 g/mol and a dispersity of 1.7 (Scheme 
1.20). However, although high molecular weight PBS can be enzymatically 
produced via these two approaches, an extra synthesis step is required. 

 

Scheme 1.19. N435-catalyzed synthesis of poly(butylene succinate) by cyclization 
with subsequent ring-opening polymerization of the cyclic 
oligomers.173 

 

Scheme 1.20. Synthesis of poly(butylene succinate) via N435-catalyzed co-
polymerization of succinic acid and 1,4-butanediol with succinate 
anhydride.174 

Many other (potential) biobased poly(alkylene dicarboxylate)s are also synthesized 
via lipase-catalyzed polycondensation. For instance, the lipase-catalyzed solvent-
free polycondensation of aliphatic diacids (C2 ~ C12) and aliphatic diols (C2 ~ C12) 
was performed by Kobayashi et al..175 The enzymatic polymerization yielded 
various aliphatic polyesters with ������’s and dispersities of around 1300 - 14000 
g/mol, and 1.1 - 2.3, respectively; and the lipase-catalyzed polymerization of 
aliphatic diesters and diols in β-cyclodextrin gave saturated aliphatic polyesters with 
�������’s of around 5300 to 44600 g/mol.176, 177   

 



1

Chapter 1 

Page | 20 

1.7 Lipase-Catalyzed Synthesis of Sustainable Polyesters and Polyamides from 
Biobased Monomers 

At present, most research on enzymatic polymerization is still focused on the use of 
“traditional” monomers derived from fossil resources. Due to the growing awareness 
of energy safety and environmental pollution, and increased interest for the 
development of novel polymeric materials, utilization of biobased monomers in 
enzymatic polymerization becomes an appealing topic both in the academic and 
industrial fields. Currently, some biobased polyesters are readily synthesized via 
lipase-catalyzed polymerization, for example, aliphatic polyesters,160-163 vegetable 
oil-based polyesters,164-167 and sugar and sugar alcohol-based polyesters.167-171 In the 
following section, the recent progress in the lipase-catalyzed synthesis of biobased 
saturated aliphatic poly(alkylene dicarboxylate)s, unsaturated aliphatic 
poly(alkylene dicarboxylate)s, furan polyesters, and furan polyamides are discussed. 

1.7.1 Biobased Saturated Aliphatic Poly(alkylene dicarboxylate)s 

Aliphatic poly(alkylene dicarboxylate)s belong to a special family of aliphatic 
polyesters. Most of them can be synthesized from polycondensation of biobased 
monomers. Among them, PBS is probably the most significant biobased and 
biodegradable poly(alkylene dicarboxylate)s with great commercial interest, which 
is normally synthesized via polycondensation of succinic acid or succinic anhydride 
with 1,4-BDO at elevated temperatures, using a chemical catalyst.172  

The lipase-catalyzed synthesis of PBS was studied by Gross et al.,160 using a two-
stage method which is similar to those used for industrial production but at much 
lower temperatures (Scheme 1.18). They found that the solvent-free enzymatic 
polycondensation with succinic acid gave oligomers. However, by replacing 
succinic acid with diethyl succinate, the two-stage method in diphenyl ether resulted 
in PBS with a ������� of 38000 g/mol and a dispersity of 1.39. 

 

Scheme 1.18. Enzymatic polycondensation of succinic acid or dimethyl succinate 
and 1,4-butanediol, using a two-stage method.160 

To synthesize PBS with higher molecular weights, another two enzymatic strategies 
were developed: (1) using cyclic oligomers;173 and (2) co-polymerization of succinic 

Introduction 

Page | 21 
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1.7.2 Biobased Unsaturated Aliphatic Polyesters 

Currently, the synthesis of biobased unsaturated polyesters, especially itaconate-
based unsaturated polyesters, has not been well studied. This is because the sensitive 
C=C bond can be deteriorated easily under conventional polymerization conditions 
such as elevated temperatures and metal catalysts. However, this problem can be 
easily overcome by using enzyme catalysts in the polymerization, due to the mild 
synthetic conditions and the high catalytic specificity of the enzyme catalysts.  

However, the lipase-catalyzed direct polycondensation of itaconate and aliphatic 
diols with short chain length generally results in oligomers. As reported by Gardossi 
et al., 187, 188 the solvent-free polyesterification of dimethyl itaconate and 1,4-BDO 
catalyzed by CALB gave a mixture of oligomers from dimer to pentamer.178, 179 
Similarly, the N435-catalyzed polymerization of itaconic anhydride with aliphatic 
diols (C4 ~ C10) gave oligomers with ������’s of around 150 - 390 g/mol, although 
itaconic anhydride was completely consumed.162 This is because the enzymatic 
polycondensation is hampered by the low reactivity of itaconate due to the lower 
electrophilicity of the acyl carbon (Cs, Scheme 1.21) adjacent to the vinyl group.178 
However, the low reactivity of itaconate in enzymatic polymerization could be 
overcome by optimizing the reaction conditions: (1) improving the mass transfer and 
the enzyme distribution in the reaction mixture, (2) increasing the enzyme loading, 
(3) lowering the diol concentration, and (4) choosing more appropriate diols.178   

 

Scheme 1.21. Enzymatic polymerization of itaconate with aliphatic diols. 

Indeed, by using glycols with longer chain lengths or with a rigid structure, itaconate-
based homo-polyesters with relatively higher molecular weights were obtained from 
the lipase-catalyzed polycondensation. As reported by Yousaf et al.,180 the N435-
catalyzed polymerization of itaconic acid and 1,4-cyclohexanedimethanol or 
poly(ethylene glycol) gave homo-polymers with a ������� of 2600 and 8600 g/mol, 
respectively. On the contrary, the tin(II) 2-ethylhexanoate-catalyzed 
polycondensation with itaconic acid gelled within hours. 

In addition, itaconate-based polyesters with high molecular weights can be prepared 
via lipase-catalyzed co-polymerization. The N435-catalyzed co-polymerization of 
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itaconic acid, adipic acid and 3-methyl-1,5-pentanediol resulted in a co-polymer with 
a ������� of 19000 g/mol;180 and poly(12-hydroxystearate-co-butylene itaconate) with a 
������� of 30000 g/mol was obtained from the lipase-catalyzed co-polymerization of 
methyl 12-hydroxystearate, dimethyl itaconate and 1,4-BDO.181  

1.7.3 Biobased Polyamides 

At present, studies related to the enzymatic synthesis of biobased synthetic 
polyamides are scarcer. A few potentially biobased aliphatic polyamides, such as 
nylon 4,10, nylon 6,10, and nylon 8,10, can be synthesized via lipase-catalyzed 
polymerization. However, the molecular weights of the obtained polyamides were 
quite low.  

Landfester et al.120 studied the N435-catalyzed polycondensation of diethyl sebacate 
and 1,8-octanediamine (Scheme 1.22). The enzymatic polymerization gave nylon 
8,10 with ������’s of around 2000 - 5000 g/mol. 

 

Scheme 1.22. N435-catalyzed synthesis of nylon 8,10 from polycondensation of 
diethyl sebacate and 1,8-octanediamine.120 

In our group, oligomers including nylon 4,10, nylon 6,10, and nylon 8,10 were 
produced via the lipase-catalyzed polymerizations of diethyl sebacate with different 
diamines (Scheme 1.23).156 Oligoamides with a maximum DP of up to 16 were 
successfully produced.  

 

Scheme 1.23. Lipase-catalyzed polycondensation of diethyl sebacate and diamines.  
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itaconic acid, adipic acid and 3-methyl-1,5-pentanediol resulted in a co-polymer with 
a ������� of 19000 g/mol;180 and poly(12-hydroxystearate-co-butylene itaconate) with a 
������� of 30000 g/mol was obtained from the lipase-catalyzed co-polymerization of 
methyl 12-hydroxystearate, dimethyl itaconate and 1,4-BDO.181  

1.7.3 Biobased Polyamides 

At present, studies related to the enzymatic synthesis of biobased synthetic 
polyamides are scarcer. A few potentially biobased aliphatic polyamides, such as 
nylon 4,10, nylon 6,10, and nylon 8,10, can be synthesized via lipase-catalyzed 
polymerization. However, the molecular weights of the obtained polyamides were 
quite low.  

Landfester et al.120 studied the N435-catalyzed polycondensation of diethyl sebacate 
and 1,8-octanediamine (Scheme 1.22). The enzymatic polymerization gave nylon 
8,10 with ������’s of around 2000 - 5000 g/mol. 

 

Scheme 1.22. N435-catalyzed synthesis of nylon 8,10 from polycondensation of 
diethyl sebacate and 1,8-octanediamine.120 

In our group, oligomers including nylon 4,10, nylon 6,10, and nylon 8,10 were 
produced via the lipase-catalyzed polymerizations of diethyl sebacate with different 
diamines (Scheme 1.23).156 Oligoamides with a maximum DP of up to 16 were 
successfully produced.  

 

Scheme 1.23. Lipase-catalyzed polycondensation of diethyl sebacate and diamines.  
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1.7.4 Furan Polyesters and Furan Polyamides 

Furan polymers are not new polymers. In the late 1970s, poly(hexamethylene 
furanoate), a furan polyester, was synthesized by Moore and Kelly;182, 183 and various 
furan polyesters were successfully prepared by Ballauff et al.,184 Gandini et al.,185 
and Okada et al.186 since 1990s.  

In recent years, the research on FDCA-based polyesters and polyamides is booming, 
due to the fast development of biobased FDCA and the broad potential applications 
of FDCA-based polymers.16 The FDCA-based polymers are promising sustainable 
aromatic polymer alternatives, and FDCA-based polymers possess similar or even 
better properties than their petrol-base counterparts. For example, recent studies 
suggested that poly(ethylene furanoate) (PEF) possesses better barrier properties 
compared to PET. PEF shows surprisingly large reductions in CO2 permeability 
(19×), O2 permeability (11×) and diffusivity (31×).187, 188 

At present, FDCA-based polyesters and polyamides are predominately synthesized 
via melt polycondensation at elevated temperatures of around 200 oC. However, 
decarboxylation of FDCA takes place at around 195 °C and other side-reactions may 
occur at such elevated temperatures,16, 189-191 which may lead to the discoloration of 
the resulting polymers and the formation of low molecular weight products. 

 

Scheme 1.24. N435-catalyzed polymerizations with furan monomers: BHMF, 
HMFA and FDCA.192, 193 

These drawbacks could be circumvented by using enzyme catalysts. However, the 
enzyme-catalyzed synthesis of furan polyesters has not been well studied up until 
now. Only two reports referred to the enzymatic polymerization of furan polyesters. 
As reported by Habeych N.192 and Boeriu et al.,193 the lipase-catalyzed 
polymerization with FDCA, BHMF or 5-hydroxymethyl-2-furancarboxylic acid 
(HMFA) gave only a mixture of linear and cyclic furan oligomers (scheme 1.24). 
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Therefore, it is of great interest to establish a robust enzymatic approach towards 
high molecular weight furan polyesters. 

Moreover, the lipase-catalyzed synthesis of furan polyamides has not been studied 
up to now. 

1.8 Scope of this Thesis 

The aim of this research is to develop an eco-friendly approach for the synthesis of 
sustainable polyesters and polyamides. In this approach, various sustainable 
polyesters and polyamides are produced via lipase-catalyzed polycondensation of 
biobased monomers. The biobased monomers used are aliphatic diacid ethyl esters 
(n = 2, 3, 4, 6, 8 and 10 - number of methylene units in the diacid fragment), itaconic 
acid and its ester derivatives, aliphatic diols (n = 3, 4, 6, 8 and 10), polyols, and furan 
monomers including dimethyl FDCA and BHMF. The enzyme catalyst applied is 
N435. 

At first, we focus on the enzymatic polymerization of biobased saturated aliphatic 
poly(butylene dicarboxylate)s and itaconate-based unsaturated aliphatic polyesters, 
poly(butylene dicarboxylate-co-itaconate)s.  

Although many saturated aliphatic poly(alkylene dicarboxylate)s are enzymatically 
synthesized, the systematic study on the lipase-catalyzed synthesis of aliphatic 
poly(butylene dicarboxylate)s has not been studied up to now. In addition, the 
physical properties of these polyesters have not been well documented yet. 

Moreover, the synthesis of high molecular weight itaconate-based unsaturated 
polyesters is quite challenging by conventional or biocatalytic approaches. Although 
a few itaconate-based (co-)polyesters with high molecular weights were 
enzymatically produced, the co-monomers used were petrol-based, or possess long 
chain lengths. Furthermore, the enzyme-catalyzed synthesis of biobased 
poly(butylene dicarboxylate-co-itaconate)s has not been reported yet.   

In Chapter 2 we focus on the enzymatic polycondensation of succinate, itaconate 
and 1,4-butanediol, to produce fully biobased poly(butylene succinate-co-itaconate)s 
(PBSIs). The effect of polymerization conditions, including solvents, solvent dosage, 
oligomerization time, vacuum and itaconate structures, are carefully studied; and the 
optimized conditions are obtained. With the optimal conditions, PBSIs with high 
molecular weights and different molar compositions are obtained. Moreover, the 
chemical structures and thermal properties of the resulting PBSIs are fully 
characterized.  
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Chapter 3 describes the enzymatic synthesis of fully biobased PBS and PBSIs by 
using different monomer substrates and by applying different polymerization 
methods. In addition, the enzymatic polymerization mechanism is revealed by the 
microstructure study using 13C-NMR. Moreover, the crystalline properties of PBS 
and PBSIs, as well as, the thermal and mechanical properties of the cross-linked 
PBSIs are investigated. 

Chapter 4 addresses the preparation of series of (potentially) biobased saturated 
aliphatic polyesters and itaconate-based unsaturated polyesters via the enzymatic 
polymerization of dimethyl itaconate and 1,4-butanediol with diacid ethyl esters 
differing in chain length. The specificity of CALB for the tested diacid ethyl esters 
is studied, and the structure-crystalline/thermal properties of the obtained aliphatic 
polyesters are investigated. Furthermore, the synthetic unsaturated aliphatic 
polyesters are cross-linked by UV light; and the thermal and mechanical properties 
of the cross-linked materials are studied.  

From Chapters 2 - 4 we can draw the conclusion that enzymatic polymerization 
offers a great feasibility and flexibility for the synthesis of high molecular weight 
aliphatic polyesters, as well as, functional polymers containing sensitive groups. 

Then we expand our research to study the enzymatic polymerization of furan 
polyesters, which are biobased alternatives to semi-aromatic polyesters. Generally 
speaking, it is difficult to produce semi-aromatic polyesters with high molecular 
weights by enzymatic polymerization. The literature study also shows that only furan 
oligoesters were obtained from the enzymatic polymerization with furan monomers 
(see section 1.7.4). However, for the first time, we establish a biocatalytic approach 
for the production of high molecular weight furan polyesters with diverse structures. 

Chapter 5 explores the enzymatic synthesis of a series of biobased furan polyesters 
from polycondensation of BHMF and various diacid ethyl esters. The enzymatic 
polymerization kinetics are investigated by 1H-NMR. Moreover, the chemical 
structures, microstructures and end groups, and crystalline and thermal properties of 
the obtained BHMF polyesters are characterized; and the effects of the number of 
the methylene units in the dicarboxylic units on the physical properties of the BHMF 
polyesters are discussed. 

Chapter 6 outlines the enzymatic synthesis of various high molecular weight 
FDCA-based furanic-aliphatic polyesters. They are promising sustainable 
alternatives to semi-aromatic polyesters, which can be used as thermal engineering 
plastics. The enzymatic polymerization conditions are optimized by studying the 
effect of diol structures, the reaction temperature and reaction time. With the 
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established method, FDCA-based furanic-aliphatic polyesters are obtained with high 
molecular weights. Moreover, the structure-properties relationships are established 
by investigating the chemical structures, microstructures and end groups, and 
crystalline and thermal properties of the obtained FDCA-based furanic-aliphatic 
polyesters.  

At last, we apply the well-established methodology from the enzymatic 
polymerization of furan polyesters to synthesize FDCA-based furanic-aliphatic 
polyamides (Chapter 7). These FDCA-based furanic-aliphatic polyamides are 
sustainable analogues to polyphthalamides (semi-aromatic polyamides) and can be 
applied as thermal engineering plastics and high performance materials. A one-stage 
method and a temperature-varied two-stage method are applied for the enzymatic 
polymerization; and FDCA-based furanic-aliphatic polyamides with high molecular 
weights are obtained. Moreover, the chemical structures, microstructures and end-
groups, and crystalline and thermal properties of the obtained furan polyamides are 
investigated. To the best of our knowledge, this is the first time that the enzymatic 
synthesis of furan polyamides has been addressed. 

In Chapters 5 - 7 we demonstrate that enzymatic polymerization is a robust 
approach towards furan polymers; and FDCA-based polyesters and polyamides 
possess similar or comparable crystalline and thermal properties compared to their 
petrol-based counterparts. 
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Chapter 2 
Enzyme-Catalyzed Synthesis of Biobased 
Unsaturated Aliphatic Polyesters: Effects of 
Polymerization Conditions and their Thermal 
Properties  

Abstract: Succinate, itaconate and 1,4-butanediol are commercially available 
biobased monomers. They are enzymatically co-polymerized in solution via a two-
stage method, using Candida antarctica lipase b (CALB, in immobilized form as 
Novozym® 435) as the biocatalyst. The effects of reaction conditions on the 
enzymatic polymerization are extensively investigated, and the optimal 
polymerization conditions are obtained. With the established method, 
poly(butylene succinate) (PBS) and a series of poly(butylene succinate-co-
itaconate)s (PBSIs) are produced, with tunable compositions and satisfying 
reaction yields. 1H-NMR results confirm that all carbon-carbon double bonds are 
well preserved in the obtained PBSIs. In addition, Differential Scanning 
Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) results indicate that 
the amount of itaconate has no obvious effect on the glass-transition temperature 
(Tg) and the thermal stability of the obtained polyesters, but has significant 
influences on the melting temperature (Tm). 
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2.1 Introduction 

Utilizing renewable resources for the replacement of depleting fossil feedstocks is 
an appealing research topic both in the academic and industrial areas.1–5 It is a 
promising approach to solve the severe environmental problems induced by the 
increasing petroleum consumptions nowadays and the plausible energy shortage in 
the future. As abundant carbon-neutral renewable resources, biomass feedstocks 
are generated directly from solar energy in a short cycle. A great number of 
monomers and macromonomers can be incessantly produced from biomass 
feedstocks by natural biological activities or chemical modifications.6, 7 These 
biobased monomers provide numerous opportunities for the synthesis of green 
commodity polymers and novel polymers. 

Unsaturated polyesters are widely used as thermosetting resins in various industrial 
areas.8–10 They are usually produced by polycondensation of diacids and diols 
based on petroleum resources, using titanium or tin alkoxides as catalysts.11 The 
synthesis temperature is usually above 150 °C.11,12 Therefore, many monomers 
with chemically or thermally unstable moieties are not suitable for polyester 
synthesis, due to the uncontrollable side reactions induced by such a high 
temperature, like gelation, decomposition and discoloration.11–13 Besides, the 
residual metals from the conventional catalysts are hard to remove, which may 
cause undesirable pollution upon disposal.12 

Candida antarctica lipase b (CALB) is a versatile biocatalyst for polyester 
synthesis, working with various monomers and organic solvents under mild 
conditions.12, 14–27 Recently, CALB-catalyzed synthesis of polyesters from biobased 
monomers has gained increasing popularity. Succinate,28–31 fatty acids from plant 
oils,11, 32–37 isosorbide29, 30 and 1,4-butanediol8, 28, 31, 38–40 are extensively studied for 
biocatalytic polyester synthesis; and the biobased polyesters produced are eco-
friendly materials, as the monomers and enzyme catalysts are all generated from 
renewable resources, and the polymers are (bio)degradable.9, 28, 39 

Itaconate is a commercially available biobased monomer. Its acid derivative, 
itaconic acid, has been industrially fermented from carbohydrates using Aspergillus 
terreus since the 1960s.41 Itaconate has interesting photoactive and biocompatible 
properties and, 9 therefore, it is an ideal building block for constructing unsaturated 
polyesters with potential biomedical, pharmaceutical and engineering 
applications.9, 42, 43 However, up until now, itaconate has not been well studied for 
polyester synthesis by using conventional catalysts or biocatalysts. On the one 
hand, limited kinds of itaconate-based polyesters were synthesized using 
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conventional chemical catalysts.8–10, 43–48 On the other hand, only two papers 
referred to the enzymatic polycondensation with itaconate: Barrett et al.9 reported 
the enzymatic co-polymerization of dimethyl itaconate and adipic acid with 1,4-
cyclohexanedimethanol or poly(ethylene glycol); and Rajkhowa et al.49 reported 
the lipase-catalyzed polymerization of itaconic anhydride and diglycidyl ether of 
bisphenol A. To the best of our knowledge, the enzyme-catalyzed co-
polymerization of succinate, itaconate and 1,4-butanediol has not yet been studied. 
This is probably due to the low enzyme polymerizability of itaconate, which is 
caused by its short chain length28 and the stereo-hindrance effect of the carbon-
carbon double bond suspended around the carbonyl group. We believe that CALB 
is the perfect biocatalyst for the synthesis of itaconate-based polyesters, due to its 
wide monomer adaptability and high catalytic reactivity at mild temperatures under 
100 °C. Furthermore, the thermal unstable carbon-carbon double bonds could be 
well preserved in the final products.12, 17 

 

Scheme 2.1. Candida antarctica lipase b (CALB)-catalyzed co-polymerization of 
succinate, itaconate and 1,4-butanediol, using a two-stage method. 

Herein we present an environmental friendly approach towards unsaturated 
aliphatic polyesters. In this approach, biobased succinate, itaconate and 1,4-
butanediol are enzymatically co-polymerized in solution via a two-stage method, 
using CALB as the catalyst (Scheme 2.1). At the first stage, monomers are 
oligomerized at 80 °C under a nitrogen atmosphere; then, at the second stage, 
oligomers are polycondensed at the same temperature under a high vacuum. To 
produce poly(butylene succinate) (PBS) and poly(butylene succinate-co-itaconate)s 
(PBSIs) with high molecular weights, satisfying compositions and high reaction 
yields, the effects of reaction conditions on the enzymatic polymerization are 
extensively investigated, and the optimal polymerization conditions are obtained. 
With the method we established, PBS and a series of PBSIs are enzymatically 
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synthesized. Moreover, the chemical structures and thermal properties of the 
obtained polyesters are carefully characterized. 

2.2 Experimental Section  

2.2.1 Materials 

Lipase acrylic resin from Candida antarctica lipase b (CALB, in immobilized form 
as Novozym® 435, 5000+ U/g), diethyl succinate (99 %), itaconic acid (99+ %), 
dimethyl itaconate (99 %), 1,4-butanediol (99+ %), dodecane (99+ %, anhydrous), 
diethylene glycol dimethyl ether (99.5 %, anhydrous) and diphenyl ether (99 %) 
were purchased from Aldrich. Diethyl itaconate (98+ %) and dibutyl itaconate (95+ 
%) were purchased from TCI Europe. Diphenyl ether was vacuum distilled and 
stored with 4 Å molecular sieves before use. The other chemicals were used as 
received. 

2.2.2 General Procedure for CALB-Catalyzed Co-Polymerization of 
Succinate, Itaconate and 1,4-Butanediol in Solution 

CALB (10 wt % in relation to the total amount of monomers, for all reactions) was 
first fed into a 25 mL flask and stored in a desiccator with phosphorus pentoxide at 
room temperature under high vacuum for 16 h. Then diethyl succinate (5.55 
mmol), itaconate (5.55 mmol), 1,4-butanediol (11.10 mmol) and the solvent 
(usually 150 wt % in relation to the total amount of monomers) were added. Under 
an atmospheric nitrogen environment, the monomers were oligomerized at 80 °C 
for 2 - 24 h at the first stage. Then, at the second stage, oligomers were 
polycondensed for another 94 h at the same temperature under reduced pressure of 
2 - 40 mmHg. 

After the polymerization, chloroform (25 mL) was added into the reaction flask. 
CALB was filtered off and washed with chloroform (15 mL) three times. Then the 
collected solution was condensed by rotary evaporation at 40 °C under 300 mbar. 
The condensed solution was added dropwise to excess of cold methanol (-20 °C). 
After that, the methanol solution with the precipitates was stored still at -20 °C for 
24 h. Then, the precipitates were collected by vacuum filtration and washed with 
methanol (15 mL) three times. Finally, the obtained products were dried in a 
vacuum oven at 40 °C for 2 ~ 3 days, and then stored at room temperature in vacuo 
before analysis. The polyesters obtained were white semicrystalline powders. 
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1H-NMR (400 MHz, CDCl3-d1, ppm) analysis of PBS and PBSIs (Figure 2.1a): 
6.25 – 6.35 (1H, s, H-CH=C-CO-, from itaconate), 5.65 – 5.75 (1H, s, H-CH=C-
CO-, from itaconate), 4.05 – 4.25 (4H, m, -CO-O-CH2-, from 1,4-butanediol), 3.30 
– 3.40 (2H, s, -C=C-CH2-CO-, from itaconate), 2.58 – 2.68 (4H, s, -OC-CH2-, from 
succinate), 1.60 – 1.78 (4H, m, -O-CH2-CH2-CH2-CH2-O-, from 1,4-butanediol); 
low intensity signals due to end group-groups were observed at 3.75 – 3.79 (3H, s, 
-O-CH3, from itaconate), 3.63 – 3.73 (2H, m, -CH2-OH, from 1,4-butanediol) and 
1.15 – 1.32 (3H, m, -OCH2CH3, from succinate). 

13C-NMR (100 MHz, CDCl3-d1, ppm) analysis of PBS and PBSIs (Figure 2.1b): 
172.2 (-CO-, from succinate), 170.6 (-CO-, from itaconate), 166.0 (-C=C-CO-O-, 
from itaconate), 133.8 (-C=C-, from itaconate), 128.4 (-C=C-, from itaconate), 62.5 
- 65.0 (-CO-CH2-, from 1,4-butanediol), 37.6 (-CH2-, from itaconate), 29.0 (-CH2-, 
from succinate), 25.2 (-CH2-, from 1,4-butanediol); low intensity signals assigned 
to end-groups were determined at 62.2 (-CH2-, from 1,4-butanediol) and 51.8 (-
CH3, from itaconate). 

 

Figure 2.1. (a) 1H-; and (b) 13C-NMR spectra of PBS and PBSI containing around 
15 mol % of itaconate. 

2.2.3 Control Reactions 

Diethyl succinate, dimethyl itaconate and 1,4-butanediol were co-polymerized in 
the absence of CALB using the same method as we established. After the reaction, 
no polymer was obtained after precipitation in methanol. 
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2.2.4 1H-NMR Investigation of CALB-Catalyzed Oligomerization of Diethyl 
Succinate, Dimethyl Itaconate and 1,4-Butanediol in Diphenyl Ether 

CALB (10 wt %) was pre-dried according to the general procedure described in 
Section 2.2.2, and diphenyl ether (150 wt % in relation to the total amount of 
monomers) was used as the solvent in this study.  

Diethyl succinate, dimethyl itaconate and 1,4-butanediol were enzymatically 
oligomerized at 80 °C under an atmospheric nitrogen environment for 24 h. At pre-
selected time intervals, about 20 mg of the reaction mixture was withdrawn from 
the reaction. They were added directly into a NMR tube containing 1 g of CDCl3-d1 
for 1H-NMR analysis. 

2.2.5 Instrumental Methods 

1H- and 13C-NMR spectra of PBS and PBSIs were characterized on a Varian VXR 
spectrometer (400 MHz for 1H-NMR analysis and 100 MHz for 13C-NMR 
analysis), using CDCl3-d1 as the solvent. The chemical shifts reported were 
referenced to the resonances of tetramethylsilane (TMS) or the solvent.  

The molecular weights (������ and �������) and dispersity (Đ, �������/������) were measured by 
Size Exclusion Chromatography (SEC) at 30 °C using a Viscotek SEC equipped 
with three detectors (a LS detector: Viscotek Ralls detector; a VS detector: 
Viscotek Viscometer Model H502; and a RI detector: Shodex RI-71 Refractive 
Index detector), using a guard column (PLgel 5 µm Guard, 50 mm) and two 
columns (PLgel 5 µm MIXED-C, 300 mm, from Agilent Technologies). 
Chloroform of HPLC grade was used as the eluent, with a flow rate of 1.0 mL/min. 
The molecular weight calculations were performed based on the universal 
calibration method. The universal calibration curve was generated using narrow 
dispersity polystyrene standards (Agilent and Polymer Laboratories), with �������’s 
ranging from 645 to 3001000 g/mol.  

The glass transition temperature (Tg) and melting temperature (Tm) were measured 
by differential scanning calorimetry (DSC), using a TA-Instruments Q1000 DSC. 
A quench method was conducted. The heating rate was 20 °C/min. 

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured under a nitrogen 
environment at a scan rate of 10 °C/min. 
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2.2.6 Calculation of the Molar Composition of PBSI from 1H-NMR 

The molar composition of PBSI was calculated from 1H-NMR, as presented in 
Figure 2.2 and Equation 2.1. AI, AII and AIII are the integral intensity of the Peak I, 
Peak II and Peak III, respectively; and XS, XI and XB represent the molar 
percentage of succinate, itaconate and butylene unit in PBSI.  

 

Figure 2.2. Calculation of the molar composition of PBSI from 1H-NMR. 
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Equation 2.1. Calculation of the molar composition of PBSI from 1H-NMR. 

2.2.7 Calculation of the Number Average Molecular Weight of PBSI from 1H-
NMR

The number average molecular weight (����� ) was determined by 1H-NMR, as 
shown in Figure 2.3 and Equation 2.2. I1, I4, and I5 are the integral intensity of the 
peaks assigned to the protons in the backbones of PBSI, which are originated from 
1,4-butanediol, itaconate and succinate, respectively; and I2, I3 and I6 are the 
integral intensity of the peaks assigned to the end groups. 

 

Figure 2.3. Calculation of the ����� from 1H-NMR. 
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2.2.4 1H-NMR Investigation of CALB-Catalyzed Oligomerization of Diethyl 
Succinate, Dimethyl Itaconate and 1,4-Butanediol in Diphenyl Ether 

CALB (10 wt %) was pre-dried according to the general procedure described in 
Section 2.2.2, and diphenyl ether (150 wt % in relation to the total amount of 
monomers) was used as the solvent in this study.  

Diethyl succinate, dimethyl itaconate and 1,4-butanediol were enzymatically 
oligomerized at 80 °C under an atmospheric nitrogen environment for 24 h. At pre-
selected time intervals, about 20 mg of the reaction mixture was withdrawn from 
the reaction. They were added directly into a NMR tube containing 1 g of CDCl3-d1 
for 1H-NMR analysis. 

2.2.5 Instrumental Methods 

1H- and 13C-NMR spectra of PBS and PBSIs were characterized on a Varian VXR 
spectrometer (400 MHz for 1H-NMR analysis and 100 MHz for 13C-NMR 
analysis), using CDCl3-d1 as the solvent. The chemical shifts reported were 
referenced to the resonances of tetramethylsilane (TMS) or the solvent.  

The molecular weights (������ and �������) and dispersity (Đ, �������/������) were measured by 
Size Exclusion Chromatography (SEC) at 30 °C using a Viscotek SEC equipped 
with three detectors (a LS detector: Viscotek Ralls detector; a VS detector: 
Viscotek Viscometer Model H502; and a RI detector: Shodex RI-71 Refractive 
Index detector), using a guard column (PLgel 5 µm Guard, 50 mm) and two 
columns (PLgel 5 µm MIXED-C, 300 mm, from Agilent Technologies). 
Chloroform of HPLC grade was used as the eluent, with a flow rate of 1.0 mL/min. 
The molecular weight calculations were performed based on the universal 
calibration method. The universal calibration curve was generated using narrow 
dispersity polystyrene standards (Agilent and Polymer Laboratories), with �������’s 
ranging from 645 to 3001000 g/mol.  

The glass transition temperature (Tg) and melting temperature (Tm) were measured 
by differential scanning calorimetry (DSC), using a TA-Instruments Q1000 DSC. 
A quench method was conducted. The heating rate was 20 °C/min. 

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured under a nitrogen 
environment at a scan rate of 10 °C/min. 
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2.2.6 Calculation of the Molar Composition of PBSI from 1H-NMR 

The molar composition of PBSI was calculated from 1H-NMR, as presented in 
Figure 2.2 and Equation 2.1. AI, AII and AIII are the integral intensity of the Peak I, 
Peak II and Peak III, respectively; and XS, XI and XB represent the molar 
percentage of succinate, itaconate and butylene unit in PBSI.  

 

Figure 2.2. Calculation of the molar composition of PBSI from 1H-NMR. 
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Equation 2.2. Calculation of the ������ from 1H-NMR. 

2.3 Results and Discussion 

2.3.1 Effects of Polymerization Conditions on CALB-Catalyzed Co-
Polymerization of Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Succinic acid, itaconic acid and 1,4-butanediol are commercially available 
biobased monomers. They are good building blocks for polyester synthesis. 
However, succinic and itaconic acid possess high Tm values and rather low 
solubilities in 1,4-butanediol and nonpolar solvents under the enzymatic 
polycondensation conditions, which lead to the phase separation during the 
enzymatic polymerization. Therefore, the enzymatic polymerization of 1,4-
butanediol with succinic or itaconic acid normally results in low molecular weight 
polyesters.28 To avoid phase separation during the enzymatic polymerization, 
diethyl succinate and dimethyl itaconate were used as the acyl donors. 

To synthesize PBS and PBSIs with high molecular weights, satisfying molar 
compositions, and high reaction yields, the effects of polymerization conditions on 
the CALB-catalyzed co-polymerization of diethyl succinate, dimethyl itaconate 
and 1,4-butanediol were carefully investigated. The tested polymerization 
conditions included solvent, solvent dosage, oligomerization time during the first 
stage, and vacuum during the second stage. 

2.3.1.1 Effect of Solvent on CALB-Catalyzed Co-Polymerization of Diethyl 
Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Dodecane, diethylene glycol dimethyl ether (diglyme) and diphenyl ether were 
evaluated, as they have been proven to be suitable solvents for biocatalytic 
polyester synthesis13, 28, 50 By using diphenyl ether as the solvent, the enzymatic 
polymerization resulted in PBSIs with the highest molar percentage of itaconate 
(XI) and ������, and the second highest reaction yield (Table 2.1). 

As presented in Table 2.1, when the molar feed ratio of dimethyl itaconate was 15 
%, the product XI obtained in diphenyl ether, dodecane and diglyme were 10.5, 3.5 
and 0.3 %, respectively; the corresponding ������’s were 1300, 1000 and 900 g/mol, 
respectively; and the reaction yields were 56, 54 and 69 %, respectively. 
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Meanwhile, when the molar feed ratio of dimethyl itaconate was increased to 25 %, 
the product XI achieved in diphenyl ether, dodecane and diglyme were 15.9, 3.7 
and 5.9 %, respectively; the corresponding ������’s were 1400, 700 and 800 g/mol, 
respectively; and the reaction yields were 23, 18 and 30 %, respectively. 

From Table 2.1 we can draw the conclusion that diphenyl ether is the most 
preferred solvent for the CALB-catalyzed polymerization of PBSI, which is in 
good agreement with the previous results reported in literature.13, 28, 50 We though 
this could be attributed to three factors: (1) the log P (logarithm of partition 
coefficient) value of the solvent, (2) the accessibility of reactants to the biocatalyst, 
and (3) the miscibility of the intermediates and the final products in the solvent. 
First, diphenyl ether and dodecane possess higher log P values of more than 1.9, 
indicating that they are more suitable solvent than diglyme (Log P = -1.3) for the 
lipase-catalyzed polymerization. We also found that the immobilized CALB used 
in this research, Novozym® 435, dispersed well in diphenyl ether and in diglyme. 
However, it dispersed poorly in dodecane, which adhered tightly to the flasks 
during the enzymatic polymerization. Moreover, PBSIs and low molecular weight 
PBS are miscible in diphenyl ether at 80 °C, but precipitated fast in diglyme or 
dodecane under the same conditions. As a result, Novozym® 435 is more accessible 
to the reactants in diphenyl ether and the intermediate products are diffused better, 
which provide sufficient time and space for the chain growth of PBSIs. Therefore, 
polyesters with higher values of ������ can be produced in diphenyl ether. 

Table 2.1. The effect of solvent on the CALB-catalyzed synthesis of poly(butylene 
succinate-co-itaconate)s (PBSIs) 

Solvent log P a 

 Molar composition  
Molecular weight 

Yield e  Feed (%) b  PBSI (%) c  

 FS
 FI

 FB
  XS

 XI
 XB

  ������ d 

Diphenyl ether 4.05  35 15 50  40.5 10.5 49.0  1300 56 

Dodecane 6.80  35 15 50  46.5 3.5 50.0  1000 54 

Diglyme -1.30  35 15 50  49.2 0.3 50.5  900 69 

Diphenyl ether 4.05  25 25 50  35.3 15.9 48.8  1400 23 

Dodecane 6.80  25 25 50  46.5 3.7 49.8  700 18 

Diglyme -1.30  25 25 50  43.2 5.9 50.9  800 30 

a log P, logarithm of partition coefficient; b FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-
butanediol, respectively; c XS, XI, XB represent the molar percentage of succinate, itaconate and butylene units in 
the tested PBSI, respectively, which were determined by 1H-NMR; The polymerization conditions used for the 
synthesis of PBSIs were: 200 wt % of a solvent; Stage-1: 80 °C, 24 h, N2; and Stage-2: 80 °C, 94 h, 40 mmHg; d 
The number average molecular weight (������, g/mol) was determined by 1H-NMR; e Isolated yield (%). 
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Equation 2.2. Calculation of the ������ from 1H-NMR. 

2.3 Results and Discussion 

2.3.1 Effects of Polymerization Conditions on CALB-Catalyzed Co-
Polymerization of Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Succinic acid, itaconic acid and 1,4-butanediol are commercially available 
biobased monomers. They are good building blocks for polyester synthesis. 
However, succinic and itaconic acid possess high Tm values and rather low 
solubilities in 1,4-butanediol and nonpolar solvents under the enzymatic 
polycondensation conditions, which lead to the phase separation during the 
enzymatic polymerization. Therefore, the enzymatic polymerization of 1,4-
butanediol with succinic or itaconic acid normally results in low molecular weight 
polyesters.28 To avoid phase separation during the enzymatic polymerization, 
diethyl succinate and dimethyl itaconate were used as the acyl donors. 

To synthesize PBS and PBSIs with high molecular weights, satisfying molar 
compositions, and high reaction yields, the effects of polymerization conditions on 
the CALB-catalyzed co-polymerization of diethyl succinate, dimethyl itaconate 
and 1,4-butanediol were carefully investigated. The tested polymerization 
conditions included solvent, solvent dosage, oligomerization time during the first 
stage, and vacuum during the second stage. 

2.3.1.1 Effect of Solvent on CALB-Catalyzed Co-Polymerization of Diethyl 
Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Dodecane, diethylene glycol dimethyl ether (diglyme) and diphenyl ether were 
evaluated, as they have been proven to be suitable solvents for biocatalytic 
polyester synthesis13, 28, 50 By using diphenyl ether as the solvent, the enzymatic 
polymerization resulted in PBSIs with the highest molar percentage of itaconate 
(XI) and ������, and the second highest reaction yield (Table 2.1). 

As presented in Table 2.1, when the molar feed ratio of dimethyl itaconate was 15 
%, the product XI obtained in diphenyl ether, dodecane and diglyme were 10.5, 3.5 
and 0.3 %, respectively; the corresponding ������’s were 1300, 1000 and 900 g/mol, 
respectively; and the reaction yields were 56, 54 and 69 %, respectively. 
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Meanwhile, when the molar feed ratio of dimethyl itaconate was increased to 25 %, 
the product XI achieved in diphenyl ether, dodecane and diglyme were 15.9, 3.7 
and 5.9 %, respectively; the corresponding ������’s were 1400, 700 and 800 g/mol, 
respectively; and the reaction yields were 23, 18 and 30 %, respectively. 

From Table 2.1 we can draw the conclusion that diphenyl ether is the most 
preferred solvent for the CALB-catalyzed polymerization of PBSI, which is in 
good agreement with the previous results reported in literature.13, 28, 50 We though 
this could be attributed to three factors: (1) the log P (logarithm of partition 
coefficient) value of the solvent, (2) the accessibility of reactants to the biocatalyst, 
and (3) the miscibility of the intermediates and the final products in the solvent. 
First, diphenyl ether and dodecane possess higher log P values of more than 1.9, 
indicating that they are more suitable solvent than diglyme (Log P = -1.3) for the 
lipase-catalyzed polymerization. We also found that the immobilized CALB used 
in this research, Novozym® 435, dispersed well in diphenyl ether and in diglyme. 
However, it dispersed poorly in dodecane, which adhered tightly to the flasks 
during the enzymatic polymerization. Moreover, PBSIs and low molecular weight 
PBS are miscible in diphenyl ether at 80 °C, but precipitated fast in diglyme or 
dodecane under the same conditions. As a result, Novozym® 435 is more accessible 
to the reactants in diphenyl ether and the intermediate products are diffused better, 
which provide sufficient time and space for the chain growth of PBSIs. Therefore, 
polyesters with higher values of ������ can be produced in diphenyl ether. 

Table 2.1. The effect of solvent on the CALB-catalyzed synthesis of poly(butylene 
succinate-co-itaconate)s (PBSIs) 

Solvent log P a 

 Molar composition  
Molecular weight 

Yield e  Feed (%) b  PBSI (%) c  

 FS
 FI

 FB
  XS

 XI
 XB

  ������ d 

Diphenyl ether 4.05  35 15 50  40.5 10.5 49.0  1300 56 

Dodecane 6.80  35 15 50  46.5 3.5 50.0  1000 54 

Diglyme -1.30  35 15 50  49.2 0.3 50.5  900 69 

Diphenyl ether 4.05  25 25 50  35.3 15.9 48.8  1400 23 

Dodecane 6.80  25 25 50  46.5 3.7 49.8  700 18 

Diglyme -1.30  25 25 50  43.2 5.9 50.9  800 30 

a log P, logarithm of partition coefficient; b FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-
butanediol, respectively; c XS, XI, XB represent the molar percentage of succinate, itaconate and butylene units in 
the tested PBSI, respectively, which were determined by 1H-NMR; The polymerization conditions used for the 
synthesis of PBSIs were: 200 wt % of a solvent; Stage-1: 80 °C, 24 h, N2; and Stage-2: 80 °C, 94 h, 40 mmHg; d 
The number average molecular weight (������, g/mol) was determined by 1H-NMR; e Isolated yield (%). 
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Moreover, we found that significant higher amount of itaconate was incorporated 
into PBSIs by using diphenyl ether as the solvent. However, only few amount of 
itaconate was incorporated by using diglyme or dodecane as the solvent. This could 
be explained by the low solubility of PBS and PBSIs in diglyme and dodecane, and 
the higher catalytic reactivity of succinate than itaconate. During the enzymatic 
polymerization, 1,4-butanediol prefers to react with succinate first, which lead to 
the formation of PBSIs rich in succinate units. However, these polyesters 
precipitated fast from diglyme or dodecane. Therefore, the enzymatic 
polymerization in diglyme or dodecane gave PBSIs containing significant fewer 
amount of itaconate units, compared to those produced in diphenyl ether. 

2.3.1.2 Effect of Solvent Dosage on CALB-Catalyzed Co-Polymerization of 
Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Figure 2.4 illustrates the product ������, XI, and reaction yield as a function of the 
amount of diphenyl ether used in the enzymatic polymerization. We found that 
PBSI with the highest ������, XI and reaction yield was obtained from the reaction 
with 150 wt % of diphenyl ether. 

 

Figure 2.4. The effect of diphenyl ether dosage on the CALB-catalyzed synthesis 
of PBSI. The polymerization conditions used were: (1) 50 - 400 wt % 
of diphenyl ether; (2) the molar feed ratio of succinate, itaconate and 
1,4-butanediol = 25/25/50; (3) Stage-1: 80 °C, 2 h, N2; and Stage-2: 80 
°C, 94 h, 2 mmHg. The ������ was determined by 1H-NMR. 

As shown in Figure 2.4, when the dosage of diphenyl ether was increased from 50 
to 150 wt %, the product XI and reaction yield remained almost the same. The 
product XI was around 23 %, which is in good agreement with the molar feed ratio 
of itaconate; and the reaction yield was close to 87 %. However, the corresponding 
������ increased from 3900 to 4600 g/mol. This synchronous increase of product ������ 
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with the solvent dosage can be explained by the better diffusion of the reactants in 
the dilute reaction. 

However, by increasing the solvent dosage from 150 to 400 wt %, the product ������ 
and reaction yield decreased significantly. The ������  reduced from 4600 to 1300 
g/mol, while the reaction yield decreased from 87 to 22 %. Meanwhile, the product 
XI remained similar at around 23 %, when the solvent dosage was increased to 200 
wt %. However, on dilution to 300 wt %, the product XI dropped to 13 %, and on 
further dilution to 400 wt %, the product XI remained more or less the same at 15 
%. We thought this could be explained by the increase amount of residual alcohols 
and the decrease of the polymerization rate in dilute reactions. First, the removal of 
residual alcohols by vacuum becomes more difficult when their concentration 
reaches a critical low value. Therefore, the absolute amount of the residual alcohols 
was higher in the reactions with higher solvent dosage. Meanwhile, the 
polymerization rate is reduced in the dilute reaction, due to the lower concentration 
of the catalyst and the reactants. Thus, the transesterifications of oligomers is 
hindered, which results in the production of low molecular weight co-polyesters. 
However, the low molecular weight PBSIs rich in itaconate units is soluble in 
methanol and they were washed way during the purification process, which led to 
the lower reaction yields. 

In conclusion, the optimal amount of diphenyl ether for the in vitro enzymatic 
synthesis of PBSI is 150 wt %. 

2.3.1.3 Effect of Oligomerization Time during the First Stage on CALB-
Catalyzed Co-Polymerization of Diethyl Succinate, Dimethyl Itaconate and 
1,4-Butanediol 

The tested oligomerization time has no obvious effect on the molar composition 
and the reaction yield of the obtained PBSIs (Table 2.2,). However, the enzymatic 
polymerization with the oligomerization time of 2 h during the first stage yielded 
PBSI with the highest ������. 
As shown in Table 2.2, when the molar feed ratio of dimethyl itaconate was 15 %, 
the molar composition of the obtained PBSIs agreed well with the molar feed 
composition of the monomers, which was independent of the time of 
oligomerization. In addition, the reaction yield was quite satisfying, higher than 84 
%. However, by increasing the oligomerization time from 2 to 12 h, the product 
������ decreased a bit from 3900 to 3000 g/mol. 
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Moreover, we found that significant higher amount of itaconate was incorporated 
into PBSIs by using diphenyl ether as the solvent. However, only few amount of 
itaconate was incorporated by using diglyme or dodecane as the solvent. This could 
be explained by the low solubility of PBS and PBSIs in diglyme and dodecane, and 
the higher catalytic reactivity of succinate than itaconate. During the enzymatic 
polymerization, 1,4-butanediol prefers to react with succinate first, which lead to 
the formation of PBSIs rich in succinate units. However, these polyesters 
precipitated fast from diglyme or dodecane. Therefore, the enzymatic 
polymerization in diglyme or dodecane gave PBSIs containing significant fewer 
amount of itaconate units, compared to those produced in diphenyl ether. 
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Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

Figure 2.4 illustrates the product ������, XI, and reaction yield as a function of the 
amount of diphenyl ether used in the enzymatic polymerization. We found that 
PBSI with the highest ������, XI and reaction yield was obtained from the reaction 
with 150 wt % of diphenyl ether. 
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with the solvent dosage can be explained by the better diffusion of the reactants in 
the dilute reaction. 

However, by increasing the solvent dosage from 150 to 400 wt %, the product ������ 
and reaction yield decreased significantly. The ������  reduced from 4600 to 1300 
g/mol, while the reaction yield decreased from 87 to 22 %. Meanwhile, the product 
XI remained similar at around 23 %, when the solvent dosage was increased to 200 
wt %. However, on dilution to 300 wt %, the product XI dropped to 13 %, and on 
further dilution to 400 wt %, the product XI remained more or less the same at 15 
%. We thought this could be explained by the increase amount of residual alcohols 
and the decrease of the polymerization rate in dilute reactions. First, the removal of 
residual alcohols by vacuum becomes more difficult when their concentration 
reaches a critical low value. Therefore, the absolute amount of the residual alcohols 
was higher in the reactions with higher solvent dosage. Meanwhile, the 
polymerization rate is reduced in the dilute reaction, due to the lower concentration 
of the catalyst and the reactants. Thus, the transesterifications of oligomers is 
hindered, which results in the production of low molecular weight co-polyesters. 
However, the low molecular weight PBSIs rich in itaconate units is soluble in 
methanol and they were washed way during the purification process, which led to 
the lower reaction yields. 

In conclusion, the optimal amount of diphenyl ether for the in vitro enzymatic 
synthesis of PBSI is 150 wt %. 

2.3.1.3 Effect of Oligomerization Time during the First Stage on CALB-
Catalyzed Co-Polymerization of Diethyl Succinate, Dimethyl Itaconate and 
1,4-Butanediol 

The tested oligomerization time has no obvious effect on the molar composition 
and the reaction yield of the obtained PBSIs (Table 2.2,). However, the enzymatic 
polymerization with the oligomerization time of 2 h during the first stage yielded 
PBSI with the highest ������. 
As shown in Table 2.2, when the molar feed ratio of dimethyl itaconate was 15 %, 
the molar composition of the obtained PBSIs agreed well with the molar feed 
composition of the monomers, which was independent of the time of 
oligomerization. In addition, the reaction yield was quite satisfying, higher than 84 
%. However, by increasing the oligomerization time from 2 to 12 h, the product 
������ decreased a bit from 3900 to 3000 g/mol. 
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Similar trends were observed when the molar feed ratio of dimethyl itaconate was 
25 %. In spite of increasing the oligomerization time from 2, 6 and up to 12 h, the 
molar compositions and reaction yields of the obtained PBSIs remained almost the 
same. The product ������, however, decreased a little from 2900 (2 h oligomerization) 
to 2600 g/mol (12 h oligomerization). 

Table 2.2. The effect of oligomerization time on the CALB-catalyzed synthesis of 
PBSI in diphenyl ether 

Oligomerization time 

 Molar composition   

Yield d Feed (%) a  PBSI (%) b  Molecular weight 

FS
 FI

 FB
  XS

 XI
 XB

  ������ c 

2 h 35 15 50  35.7 14.1 50.2  3900 88 

6 h 35 15 50  35.2 14.9 49.9  3200 88 

12 h 35 15 50  36.3 14.4 49.3  3000 84 

2 h 25 25 50  27.0 23.1 49.9  2900 73 

6 h 25 25 50  28.9 21.5 49.6  2500 69 

12 h 25 25 50  27.5 22.8 49.7  2600 72 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; The polymerization conditions used for the tested PBSIs were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2–12 h, N2; and Stage-2: 80 °C, 94 h, 2 mmHg; c The number average molecular 
weight (������, g/mol) was determined by 1H-NMR; d Isolated yield (%). 

 

Figure 2.5. 1H-NMR investigation of the enzymatic oligomerization of: (a) diethyl 
succinate (35 mol %), dimethyl itaconate (15 mol %) and 1,4-
butanediol (50 mol %); and (b) diethyl succinate (25 mol %), dimethyl 
itaconate (25 mol %) and 1,4-butanediol (50 mol %). 
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The enzymatic oligomerization of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was monitored by 1H-NMR. As shown in Figure 2.5, the 1H-NMR 
spectra of the intermediates reacted for more than 30 min were almost identical, 
except the signals belonging to the active hydroxyl groups at around 1.7 - 2.2 ppm. 
This indicated that the monomers were fully converted to oligomers after 30 min 
reaction during the first stage. Therefore, it can be concluded that 2 h of 
oligomerization during the first stage is sufficient enough for the CALB-catalyzed 
synthesis of PBSI. 

2.3.1.4 Effect of Vacuum during the Second Stage on CALB-Catalyzed Co-
Polymerization of Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

The vacuum applied during the second stage has a significant influence on the 
CALB-catalyzed co-polymerization (Table 2.3). We found that PBSI with the 
highest product XI, ������  and reaction yield was produced form the enzymatic 
polymerization under the highest tested vacuum of 2 mmHg. Moreover, the molar 
compositions of the obtained PBSIs produced from the enzymatic polymerization 
under higher vacuum agreed well with the molar feed compositions of the 
monomers. 

Table 2.3. The effect of vacuum on the CALB-catalyzed synthesis of PBSI 

Vacuum 

Molar composition   

Yield d Feed (%) a  PBSI (%) b  Molecular weight 

FS
 FI

 FB
  XS

 XI
 XB

  ������ c 

2 mmHg 35 15 50  35.7 14.1 50.2  3900 88 

10–20 mmHg 35 15 50  37.1 13.1 49.8  2600 56 

40 mmHg 35 15 50  40.5 10.5 49.0  1300 56 

2 mmHg 25 25 50  27.0 23.1 49.9  2900 73 

10–20 mmHg 25 25 50  31.7 19.1 49.2  2300 20 

40 mmHg 25 25 50  35.2 15.9 48.9  1200 23 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; The polymerization conditions used for the tested PBSIs were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2 h, N2; and Stage-2: 80 °C, 94 h, 2 - 40 mmHg; c The number average molecular 
weight (������, g/mol) was determined by 1H-NMR; d Isolated yield (%). 

As presented in Table 2.3, when the molar feed ratio of dimethyl itaconate was 15 
%, the product XI, ������ and reaction yield increased significantly with an increase of 
the vacuum applied. The product XI, ������ and reaction yield increased from 10.5 to 
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Similar trends were observed when the molar feed ratio of dimethyl itaconate was 
25 %. In spite of increasing the oligomerization time from 2, 6 and up to 12 h, the 
molar compositions and reaction yields of the obtained PBSIs remained almost the 
same. The product ������, however, decreased a little from 2900 (2 h oligomerization) 
to 2600 g/mol (12 h oligomerization). 

Table 2.2. The effect of oligomerization time on the CALB-catalyzed synthesis of 
PBSI in diphenyl ether 

Oligomerization time 

 Molar composition   

Yield d Feed (%) a  PBSI (%) b  Molecular weight 

FS
 FI

 FB
  XS

 XI
 XB

  ������ c 

2 h 35 15 50  35.7 14.1 50.2  3900 88 

6 h 35 15 50  35.2 14.9 49.9  3200 88 

12 h 35 15 50  36.3 14.4 49.3  3000 84 

2 h 25 25 50  27.0 23.1 49.9  2900 73 

6 h 25 25 50  28.9 21.5 49.6  2500 69 

12 h 25 25 50  27.5 22.8 49.7  2600 72 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; The polymerization conditions used for the tested PBSIs were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2–12 h, N2; and Stage-2: 80 °C, 94 h, 2 mmHg; c The number average molecular 
weight (������, g/mol) was determined by 1H-NMR; d Isolated yield (%). 

 

Figure 2.5. 1H-NMR investigation of the enzymatic oligomerization of: (a) diethyl 
succinate (35 mol %), dimethyl itaconate (15 mol %) and 1,4-
butanediol (50 mol %); and (b) diethyl succinate (25 mol %), dimethyl 
itaconate (25 mol %) and 1,4-butanediol (50 mol %). 
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The enzymatic oligomerization of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was monitored by 1H-NMR. As shown in Figure 2.5, the 1H-NMR 
spectra of the intermediates reacted for more than 30 min were almost identical, 
except the signals belonging to the active hydroxyl groups at around 1.7 - 2.2 ppm. 
This indicated that the monomers were fully converted to oligomers after 30 min 
reaction during the first stage. Therefore, it can be concluded that 2 h of 
oligomerization during the first stage is sufficient enough for the CALB-catalyzed 
synthesis of PBSI. 

2.3.1.4 Effect of Vacuum during the Second Stage on CALB-Catalyzed Co-
Polymerization of Diethyl Succinate, Dimethyl Itaconate and 1,4-Butanediol 

The vacuum applied during the second stage has a significant influence on the 
CALB-catalyzed co-polymerization (Table 2.3). We found that PBSI with the 
highest product XI, ������  and reaction yield was produced form the enzymatic 
polymerization under the highest tested vacuum of 2 mmHg. Moreover, the molar 
compositions of the obtained PBSIs produced from the enzymatic polymerization 
under higher vacuum agreed well with the molar feed compositions of the 
monomers. 

Table 2.3. The effect of vacuum on the CALB-catalyzed synthesis of PBSI 

Vacuum 

Molar composition   

Yield d Feed (%) a  PBSI (%) b  Molecular weight 

FS
 FI

 FB
  XS

 XI
 XB

  ������ c 

2 mmHg 35 15 50  35.7 14.1 50.2  3900 88 

10–20 mmHg 35 15 50  37.1 13.1 49.8  2600 56 

40 mmHg 35 15 50  40.5 10.5 49.0  1300 56 

2 mmHg 25 25 50  27.0 23.1 49.9  2900 73 

10–20 mmHg 25 25 50  31.7 19.1 49.2  2300 20 

40 mmHg 25 25 50  35.2 15.9 48.9  1200 23 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; The polymerization conditions used for the tested PBSIs were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2 h, N2; and Stage-2: 80 °C, 94 h, 2 - 40 mmHg; c The number average molecular 
weight (������, g/mol) was determined by 1H-NMR; d Isolated yield (%). 

As presented in Table 2.3, when the molar feed ratio of dimethyl itaconate was 15 
%, the product XI, ������ and reaction yield increased significantly with an increase of 
the vacuum applied. The product XI, ������ and reaction yield increased from 10.5 to 



Chapter 2 

Page | 52 

14.1 %, 1300 to 3900 g/mol, and 56 to 88%, respectively, when the vacuum 
applied was increased from 40 to 2 mmHg. 

A similar trend was observed when the molar feed ratio of dimethyl itaconate was 
25 %. By lowering the reduced pressure from 40 to 2 mmHg, the product XI, ������ 
and reaction yield increased from 15.9 to 23.1 %, 1200 to 2900 g/mol, and 23 to 73 
%, respectively. 

The effect of vacuum on the enzymatic polymerization is quite reasonable. This is 
due to the fact that the residual alcohols and water can be further eliminated from 
the reaction under a higher vacuum, which facilitates the chain growth of 
polyesters. Therefore, the reaction pressure should be regulated to 2 mmHg during 
the second stage for the in vitro enzymatic synthesis of PBSI in diphenyl ether. 

2.3.2 Effect of Itaconate Structure on CALB-Catalyzed Synthesis of PBSI in 
Diphenyl Ether 

Four itaconate derivatives were studied: itaconic acid, dimethyl itaconate, diethyl 
itaconate and dibutyl itaconate. The corresponding byproduct generated during the 
polycondensation is water, methanol, ethanol and n-butyl alcohol, respectively.  

For the enzymatic polymerization with itaconic acid, phase separation was 
observed. This is due to the fact that itaconic acid has a rather low solubility in the 
reaction mixture, and a high Tm. Therefore, the enzymatic polymerization 
involving itaconic acid resulted in extremely low reaction yields, which is less than 
4 % (Figure 2.6a).  

However, the enzymatic polymerization with the tested dialkyl itaconate esters are 
homogeneous under the enzymatic polymerization conditions. In addition, we 
noticed that dimethyl itaconate dissolved in the reaction mixture at temperatures 
above 60 °C.  

We found that the enzymatic co-polymerization with the tested dialkyl itaconate 
esters resulted in less amount of products at a higher molar feed ratio of itaconate. 
As displayed in Figure 2.6a, for instance, the reaction yield decreased from 83 to 
20 % when the molar feed ratio of dimethyl itaconate was increased from 0 to 25 
%. 

Moreover, for the enzymatic co-polymerizations with dimethyl itaconate, the 
product XI was in good accordance with the molar feed ratio of itaconate; and the 
deviation between the product XI and the corresponding feed ratio of itaconate was 
quite small (Figure 2.6b).  
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However, for the enzymatic co-polymerization with diethyl itaconate, the product 
XI deviates obviously from the corresponding molar feed ratio of itaconate, 
especially when the feed ratio of diethyl itaconate was higher than 10 %.; and the 
highest product XI obtained was 12.7 %, which corresponded to 20 mol % of 
diethyl itaconate fed into the enzymatic co-polymerization (Figure 2.6b). 

Moreover, for the enzymatic co-polymerization with dibutyl itaconate, the highest 
product XI achieved was only 9.9 %. As shown in Figure 2.6b, the product XI 
increased from 0 to 9.9 % as the corresponding molar feed ratio of dibutyl 
itaconate was ascended from 0 to 15 %; then, a plateau value was reached of 
around 10 % when the molar feed ratio of dibutyl itaconate was further increased 
from 15 to 25 %.  

 

Figure 2.6. The effect of itaconate structure on the CALB-catalyzed synthesis of 
PBSI: (a) the reaction yields of the obtained PBSIs as a function of the 
feed ratio of itaconate (FI); and (b) the molar percentage of itaconate in 
the obtained PBSIs (XI) as a function of the molar feed ratio of 
itaconate. The polymerization conditions used were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2 h, N2; and Stage-2: 80 °C, 94 h, 10 – 
20 mmHg. 

In summary, the enzyme polymerizability sequence of itaconate derivatives in 
diphenyl ether is as follows: dimethyl itaconate > diethyl itaconate > dibutyl 
itaconate > itaconic acid. Itaconic acid is not favored by CALB, as it is immiscible 
in solution and inaccessible to the biocatalyst. In the contrast, dimethyl itaconate is 
the most polymerizable itaconate derivative by CALB. This is because the reaction 
byproduct of dimethyl itaconate, methanol, possesses a low boiling temperature 
(bp) of 64.7 °C, compared with that of ethanol (bp = 78.4 °C) and n-butyl alcohol 
(bp = 117.7 °C). Therefore, the removal of methanol under the vacuum is much 
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14.1 %, 1300 to 3900 g/mol, and 56 to 88%, respectively, when the vacuum 
applied was increased from 40 to 2 mmHg. 

A similar trend was observed when the molar feed ratio of dimethyl itaconate was 
25 %. By lowering the reduced pressure from 40 to 2 mmHg, the product XI, ������ 
and reaction yield increased from 15.9 to 23.1 %, 1200 to 2900 g/mol, and 23 to 73 
%, respectively. 

The effect of vacuum on the enzymatic polymerization is quite reasonable. This is 
due to the fact that the residual alcohols and water can be further eliminated from 
the reaction under a higher vacuum, which facilitates the chain growth of 
polyesters. Therefore, the reaction pressure should be regulated to 2 mmHg during 
the second stage for the in vitro enzymatic synthesis of PBSI in diphenyl ether. 

2.3.2 Effect of Itaconate Structure on CALB-Catalyzed Synthesis of PBSI in 
Diphenyl Ether 

Four itaconate derivatives were studied: itaconic acid, dimethyl itaconate, diethyl 
itaconate and dibutyl itaconate. The corresponding byproduct generated during the 
polycondensation is water, methanol, ethanol and n-butyl alcohol, respectively.  

For the enzymatic polymerization with itaconic acid, phase separation was 
observed. This is due to the fact that itaconic acid has a rather low solubility in the 
reaction mixture, and a high Tm. Therefore, the enzymatic polymerization 
involving itaconic acid resulted in extremely low reaction yields, which is less than 
4 % (Figure 2.6a).  

However, the enzymatic polymerization with the tested dialkyl itaconate esters are 
homogeneous under the enzymatic polymerization conditions. In addition, we 
noticed that dimethyl itaconate dissolved in the reaction mixture at temperatures 
above 60 °C.  

We found that the enzymatic co-polymerization with the tested dialkyl itaconate 
esters resulted in less amount of products at a higher molar feed ratio of itaconate. 
As displayed in Figure 2.6a, for instance, the reaction yield decreased from 83 to 
20 % when the molar feed ratio of dimethyl itaconate was increased from 0 to 25 
%. 

Moreover, for the enzymatic co-polymerizations with dimethyl itaconate, the 
product XI was in good accordance with the molar feed ratio of itaconate; and the 
deviation between the product XI and the corresponding feed ratio of itaconate was 
quite small (Figure 2.6b).  
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However, for the enzymatic co-polymerization with diethyl itaconate, the product 
XI deviates obviously from the corresponding molar feed ratio of itaconate, 
especially when the feed ratio of diethyl itaconate was higher than 10 %.; and the 
highest product XI obtained was 12.7 %, which corresponded to 20 mol % of 
diethyl itaconate fed into the enzymatic co-polymerization (Figure 2.6b). 

Moreover, for the enzymatic co-polymerization with dibutyl itaconate, the highest 
product XI achieved was only 9.9 %. As shown in Figure 2.6b, the product XI 
increased from 0 to 9.9 % as the corresponding molar feed ratio of dibutyl 
itaconate was ascended from 0 to 15 %; then, a plateau value was reached of 
around 10 % when the molar feed ratio of dibutyl itaconate was further increased 
from 15 to 25 %.  

 

Figure 2.6. The effect of itaconate structure on the CALB-catalyzed synthesis of 
PBSI: (a) the reaction yields of the obtained PBSIs as a function of the 
feed ratio of itaconate (FI); and (b) the molar percentage of itaconate in 
the obtained PBSIs (XI) as a function of the molar feed ratio of 
itaconate. The polymerization conditions used were: 150 wt % of 
diphenyl ether; Stage-1: 80 °C, 2 h, N2; and Stage-2: 80 °C, 94 h, 10 – 
20 mmHg. 

In summary, the enzyme polymerizability sequence of itaconate derivatives in 
diphenyl ether is as follows: dimethyl itaconate > diethyl itaconate > dibutyl 
itaconate > itaconic acid. Itaconic acid is not favored by CALB, as it is immiscible 
in solution and inaccessible to the biocatalyst. In the contrast, dimethyl itaconate is 
the most polymerizable itaconate derivative by CALB. This is because the reaction 
byproduct of dimethyl itaconate, methanol, possesses a low boiling temperature 
(bp) of 64.7 °C, compared with that of ethanol (bp = 78.4 °C) and n-butyl alcohol 
(bp = 117.7 °C). Therefore, the removal of methanol under the vacuum is much 
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easier removed at the tested reaction temperature (80 °C). Besides, it is well known 
that methyl esters are chemically much more reactive than ethyl and butyl esters. 

To sum up, among the tested itaconate derivatives, dimethyl itaconate is the most 
preferred unsaturated monomer for the in vitro synthesis of PBSI in diphenyl ether. 

Combining the results from Sections 2.3.1 - 2.3.2, we can draw the conclusion that 
the optimal polymerization conditions for the CALB-catalyzed co-polymerization 
of diethyl succinate, itaconate and 1,4-butanediol are as follows: 

(1) using 150 wt % of diphenyl ether as the solvent; 

(2) applying 2 h of oligomerization time during the first stage;  

(3) regulating the reduce pressure to 2 mmHg during the second stage; and  

(4) using dimethyl itaconate as the unsaturated monomer. 

2.3.3 CALB-Catalyzed Synthesis of PBSI Using the Optimal Polymerization 
Conditions 

Diethyl succinate, dimethyl itaconate and 1,4-butanediol were enzymatically co-
polymerized in the presence of CALB, using the optimal conditions. A series of 
polyesters was produced by altering the molar feed ratio of dimethyl itaconate from 
0 to 30 % (see Table 2.4). However, no polymers were obtained if the molar feed 
ratio of dimethyl itaconate was further increased to 35 and 50 %. In addition, for 
the two control reactions without CALB, no polymers were obtained after 
purification. 

As shown in Table 2,4 and plotted in Figure 2.7, PBS and PBSIs with tunable 
compositions and satisfying reaction yields were produced by adjusting the molar 
feed ratio of dimethyl itaconate from 0 to 25 %: the molar percentage of itaconate 
in the obtained PBSIs were controllable from 0 to 23.5 %. Meanwhile, the 
corresponding reaction yields were quite good, higher than 75 %. 

All carbon-carbon double bonds were well preserved in the unsaturated co-
polyesters, as confirmed by 1H-NMR. As shown in Figure 2.8, no resonances can 
be assigned to the deterioration of the carbon-carbon double bonds. Moreover, the 
ratio between the integration values of the two separated peaks assigned to the 
protons of the carbon-carbon double bonds (6.32 ppm and 5.72 ppm, respectively) 
and the peak assigned to the protons of the methylene group of itaconate (3.33 
ppm) is close to 1:1:2, which is exactly the same as that of dimethyl itaconate. 
Besides, the final products are white semicrystalline powders without 
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discoloration. These indicated that no side reaction occurred during the enzymatic 
co-polymerizations. 

Table 2.4. Result summary: the CALB-catalyzed synthesis of PBS and PBSIs in 
diphenyl ether, using the optimal polymerization conditions 

Polyester 

Molar composition     Molecular weight 

Feed (%) a PBSI (%) b  DSC d TGA e NMR f SEC g 

FS FI FB XS XI XB Yield c Tg Tm
 Td

 ������ ������ ������� Đ 

PBS 50 0 50 50.5 0.0 49.5 86 -36 113 406 4500 6000 11500 1.9 

PB50S40I10 40 10 50 39.7 10.4 49.9 85 -39 95 402 4700 10100 19200 1.9 

PB50S35I15 35 15 50 35.0 15.7 49.3 90 -37 80 411 6500 13300 22600 1.7 

PB50S30I20 30 20 50 30.9 20.1 49.0 75 -38 71 405 5700 8400 11900 1.4 

PB50S25I25 25 25 50 27.2 23.5 49.3 87 -38 57 408 4600 11100 16600 1.5 

PBSI 20 30 50 36.4 15.6 48.0 21 -50 70 397 1000 1900 2200 1.2 

NA h 15 35 50 - - - - - - - - - - - 

NA h 0 50 50 - - - - - - - - - - - 

Control-1 i 50 0 50 - - - - - - - - - - - 

Control-2 i 25 25 50 - - - - - - - - - - - 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; c Isolated yield (%); d The glass-transition temperature (Tg, oC) was determined by 
differential scanning calorimetry (DSC) using a quench method; The melting temperature (Tm, oC) was determined 
by the first DSC heating scan; e The temperature of the maximal rate of decomposition (Td, oC) was determined by 
thermal gravimetric analysis (TGA); f The number average molecular weight (������, g/mol) was determined by 1H-
NMR; g The number average molecular weight (������, g/mol), weight average molecular weight (������, g/mol), and 
dispersity (Đ, ������ ������� ) were determined by SEC in chloroform; h No polymer was obtained after precipitation; i 
Control reactions were performed without CALB. No polymer was obtained after precipitation. 

 

Figure 2.7. The molar percentage of itaconate (XI) and the reaction yield of PBSI 
as a function of the feed ratio of dimethyl itaconate (FI). 
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easier removed at the tested reaction temperature (80 °C). Besides, it is well known 
that methyl esters are chemically much more reactive than ethyl and butyl esters. 

To sum up, among the tested itaconate derivatives, dimethyl itaconate is the most 
preferred unsaturated monomer for the in vitro synthesis of PBSI in diphenyl ether. 

Combining the results from Sections 2.3.1 - 2.3.2, we can draw the conclusion that 
the optimal polymerization conditions for the CALB-catalyzed co-polymerization 
of diethyl succinate, itaconate and 1,4-butanediol are as follows: 

(1) using 150 wt % of diphenyl ether as the solvent; 

(2) applying 2 h of oligomerization time during the first stage;  

(3) regulating the reduce pressure to 2 mmHg during the second stage; and  

(4) using dimethyl itaconate as the unsaturated monomer. 

2.3.3 CALB-Catalyzed Synthesis of PBSI Using the Optimal Polymerization 
Conditions 

Diethyl succinate, dimethyl itaconate and 1,4-butanediol were enzymatically co-
polymerized in the presence of CALB, using the optimal conditions. A series of 
polyesters was produced by altering the molar feed ratio of dimethyl itaconate from 
0 to 30 % (see Table 2.4). However, no polymers were obtained if the molar feed 
ratio of dimethyl itaconate was further increased to 35 and 50 %. In addition, for 
the two control reactions without CALB, no polymers were obtained after 
purification. 

As shown in Table 2,4 and plotted in Figure 2.7, PBS and PBSIs with tunable 
compositions and satisfying reaction yields were produced by adjusting the molar 
feed ratio of dimethyl itaconate from 0 to 25 %: the molar percentage of itaconate 
in the obtained PBSIs were controllable from 0 to 23.5 %. Meanwhile, the 
corresponding reaction yields were quite good, higher than 75 %. 

All carbon-carbon double bonds were well preserved in the unsaturated co-
polyesters, as confirmed by 1H-NMR. As shown in Figure 2.8, no resonances can 
be assigned to the deterioration of the carbon-carbon double bonds. Moreover, the 
ratio between the integration values of the two separated peaks assigned to the 
protons of the carbon-carbon double bonds (6.32 ppm and 5.72 ppm, respectively) 
and the peak assigned to the protons of the methylene group of itaconate (3.33 
ppm) is close to 1:1:2, which is exactly the same as that of dimethyl itaconate. 
Besides, the final products are white semicrystalline powders without 
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discoloration. These indicated that no side reaction occurred during the enzymatic 
co-polymerizations. 

Table 2.4. Result summary: the CALB-catalyzed synthesis of PBS and PBSIs in 
diphenyl ether, using the optimal polymerization conditions 

Polyester 

Molar composition     Molecular weight 

Feed (%) a PBSI (%) b  DSC d TGA e NMR f SEC g 

FS FI FB XS XI XB Yield c Tg Tm
 Td

 ������ ������ ������� Đ 

PBS 50 0 50 50.5 0.0 49.5 86 -36 113 406 4500 6000 11500 1.9 

PB50S40I10 40 10 50 39.7 10.4 49.9 85 -39 95 402 4700 10100 19200 1.9 

PB50S35I15 35 15 50 35.0 15.7 49.3 90 -37 80 411 6500 13300 22600 1.7 

PB50S30I20 30 20 50 30.9 20.1 49.0 75 -38 71 405 5700 8400 11900 1.4 

PB50S25I25 25 25 50 27.2 23.5 49.3 87 -38 57 408 4600 11100 16600 1.5 

PBSI 20 30 50 36.4 15.6 48.0 21 -50 70 397 1000 1900 2200 1.2 

NA h 15 35 50 - - - - - - - - - - - 

NA h 0 50 50 - - - - - - - - - - - 

Control-1 i 50 0 50 - - - - - - - - - - - 

Control-2 i 25 25 50 - - - - - - - - - - - 

a FS, FI, FB represent the molar feed ratio of succinate, itaconate and 1,4-butanediol, respectively; b XS, XI, XB 
represent the molar percentage of succinate, itaconate and butylene units in the tested PBSI, respectively, which 
were determined by 1H-NMR; c Isolated yield (%); d The glass-transition temperature (Tg, oC) was determined by 
differential scanning calorimetry (DSC) using a quench method; The melting temperature (Tm, oC) was determined 
by the first DSC heating scan; e The temperature of the maximal rate of decomposition (Td, oC) was determined by 
thermal gravimetric analysis (TGA); f The number average molecular weight (������, g/mol) was determined by 1H-
NMR; g The number average molecular weight (������, g/mol), weight average molecular weight (������, g/mol), and 
dispersity (Đ, ������ ������� ) were determined by SEC in chloroform; h No polymer was obtained after precipitation; i 
Control reactions were performed without CALB. No polymer was obtained after precipitation. 

 

Figure 2.7. The molar percentage of itaconate (XI) and the reaction yield of PBSI 
as a function of the feed ratio of dimethyl itaconate (FI). 
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Figure 2.8. 1H-NMR spectra of dimethyl itaconate, PBSI containing around 15 mol 

% of itaconate (PB50S35I15) and PBSI containing around 25 mol % of 

itaconate (PB50S25I25). The NMR solvent used was in CDCl3-d1. 

The product ������ calculated from 1H-NMR was around 4000 - 6500 g/mol, when the 
molar feed ratio of dimethyl itaconate was less than or equal to 25 %. In addition, 
the SEC results indicated that the corresponding ������ was around 6000 – 13300 
g/mol, and the dispersity was between 1.4 and 1.9. We found that the molecular 
weights of the obtained saturated polyester PBS were lower than that of the tested 
unsaturated counterparts, and the dispersity was higher. This is due to the fact that 
PBS possesses a relatively higher Tm (around 112 °C) than those of PBSIs. As 
observed, the enzymatic reaction with PBS solidified after 19 h at 80 °C. In this 
case, the chain growth and transesterification of PBS was hindered. In the contrast, 
the reactions with PBSIs proceeded continuously in the liquid state. 

The highest product XI achieved in PBSIs was 23.5 %, when 25 mol % of dimethyl 
itaconate was added into the enzymatic polymerization. If the molar feed ratio of 
dimethyl itaconate was increased to 30 %, the product XI reduced to 15.6 %, and 
the corresponding product ������  and the reaction yield decreased significantly to 
1900 g/mol and 21 %, respectively. Moreover, by further increasing the molar feed 
ratio of dimethyl itaconate to 35 and 50 %, no polymers were obtained after 
precipitation in cold methanol. 

As shown in Figure 2.9, PBSI synthesized from the reaction with 30 % of dimethyl 
itaconate showed two peaks in the SEC elution curve. The first peak is at a 
retention volume of 13.6 - 16.2 mL, similar to that of the obtained polyesters with 
high molecular weights; however, the concentration was much lower. Meanwhile, 
the other major peak is at a retention volume of 16.2 - 18.2 mL. This suggested that 
at such high molar feed ratio of itaconate (30 %), most of the synthesized 
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polyesters possesses quite low molecular weights, and showed two different 
molecular weight distributions. 

 
Figure 2.9. Overlay of SEC elution curves in chloroform. PBS and PBSIs were 

enzymatically synthesized using the optimal conditions. 

The limited incorporation of itaconate in PBSIs could be attributed to the relatively 
low enzyme polymerizability of dimethyl itaconate compared to that of diethyl 
succinate. As shown in Figure 2.10, there are six possible microstructures in PBSIs. 
During the enzymatic polymerization, it is easier to produce the microstructure of 
succinate-butylene-succinate (S-B-S) than that of succinate-butylene-itaconate (S-
B-I) and itaconate-butylene-itaconate (I-B-I); and the formation of these 
microstructures from easy to difficult has the following sequence: S-B-S > S-B-I-1 
> S-B-I-2 > I-B-I-1 > I-B-I-2 > I-B-I-3. While the molar feed ratio of itaconate is 
25 %, the molar ratio between succinate, itaconate and 1,4-butanediol is 1:1:2, and 
the possible dominant microstructures in the obtained PBSI could be -(S-B-I-B)n-. 
However, when the molar feed ratio of itaconate is higher than 25 %, the possible 
structures could be -I-B-(S-B-I-B)n-I-B-. In this case, some extra I-B-I structures 
are formed. However, the formation of the I-B-I microstructure is quite difficult. 
Therefore, the chain growth of the oligomers with itaconate ends is very slow, and 
the interesterification of oligomers rich in I-B-I structures is hindered. 
Consequently, the enzymatic polymerization fed with more than 25 mol % of 
itaconate yielded PBSIs with low molecular weights. The low molecular weight 
PBSIs rich in itaconate units possess a higher solubility in methanol and therefore, 
they are washed away during the purification steps. Thus, the enzymatic 
polymerization in diphenyl ether gave PBSIs with the highest molar percentage of 
itaconate of around 25 %.  

This hypothesis also explains well why the PBSI synthesized from the reaction 
with 30 mol % of dimethyl itaconate possesses lower ������, molar percentage of 
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polyesters possesses quite low molecular weights, and showed two different 
molecular weight distributions. 

 
Figure 2.9. Overlay of SEC elution curves in chloroform. PBS and PBSIs were 

enzymatically synthesized using the optimal conditions. 
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itaconate and reaction yield, as well as, displays two retention volume peaks in the 
SEC curve, as plotted in Figure 2.9. 

 

Figure 2.10. Possible microstructures in PBSI. The formation of these 
microstructures from easy to difficult shows the following 
sequence: S-B-S > S-B-I-1 > S-B-I-2 > I-B-I-1 > I-B-I-2 > I-B-I-3. 

2.3.4 Thermal Properties of the Obtained PBS and PBSIs 

 

Figure 2.11. (a) The Tg and Td of the tested PBS and PBSIs as a function of the 
molar percentage of itaconate (XI); and (b) the Tm of the tested PBS 
and PBSIs as a function of the molar percentage of itaconate (XI). 
The tested PBS and PBSIs were enzymatically synthesized using the 
optimal conditions. 

The glass transition temperature (Tg), melting temperature (Tm) and temperature of 
the maximal rate of decomposition (Td) of the obtained PBS and PBSIs are plotted 
as a function of the molar percentage of itaconate in Figure 2.11. We found that the 
amount of itaconate incorporated into the co-polyesters has no obvious effect on 
the Tg and thermal stability of PBSIs (Figure 2.11a). The Tg of the tested PBS is -
36 °C. It is slightly higher than the Tg’s of the tested unsaturated PBSIs, which are 
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around -36 ~ -38 °C. In addition, the Td of all the tested polyesters is around 400 
°C. 

However, the Tm of the co-polyesters is significantly affected by the amount of 
itaconate. The Tm of the tested saturated PBS is around 113 °C, which is 56 °C 
higher than that of the unsaturated counterpart with 23.5 mol % of itaconate. We 
also found that the Tm of PBSIs decreases almost linearly as a function of the molar 
percentage of itaconate, as shown in Figure 2.11b. 

2.4 Conclusions  

Fully biobased PBS and PBSIs are successfully synthesized by the CALB-
catalyzed enzymatic polymerization of succinate, itaconate and 1,4-butanediol via 
the two-stage method. This is a totally green approach towards biobased saturated 
and unsaturated aliphatic polyesters, as all the building blocks and the enzyme 
catalysts are generated from renewable resources.  

The effect of solvent on the enzymatic co-polymerization was studied. We found 
that diphenyl ether is the most suitable solvent among the tested reaction media: 
the enzymatic polymerization in diphenyl ether resulted in PBSI with the highest 
product ������ and molar percentage of itaconate, as well as, satisfying reaction yield. 
We believe this could be attributed to the higher log P value of diphenyl ether, and 
the better accessibility of reactants to the enzyme CALB and the higher solubility 
of the intermediate and final products in diphenyl ether. 

The study on the effect of diphenyl ether dosage indicated that the preferred 
solvent amount is 150 wt % (in relation to the total amount of monomers). We also 
found that the product ������, molar percentage of itaconate and reaction yield of the 
obtained PBSI increased with increase of diphenyl ether dosage first, and then, 
decreased. We thought that the diffusion of the reactants, the residual byproducts 
amount in the reaction and the polymerization rate are the three factors contributing 
to such an effect. 

The tested oligomerization time during the first stage has no obvious effects on the 
CALB-catalyzed synthesis of PBSI. The 1H-NMR investigation indicated that the 
oligomerization is completed after 30 min reaction at 80 oC. 

We found that the vacuum applied during the second stage has a significant 
influence on the enzymatic polycondensation. The best results are achieved under 
the highest vacuum, as the equilibrium of polycondensation is further shifted to the 
final products by the better removal of the residual water and alcohols. 
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around -36 ~ -38 °C. In addition, the Td of all the tested polyesters is around 400 
°C. 

However, the Tm of the co-polyesters is significantly affected by the amount of 
itaconate. The Tm of the tested saturated PBS is around 113 °C, which is 56 °C 
higher than that of the unsaturated counterpart with 23.5 mol % of itaconate. We 
also found that the Tm of PBSIs decreases almost linearly as a function of the molar 
percentage of itaconate, as shown in Figure 2.11b. 

2.4 Conclusions  

Fully biobased PBS and PBSIs are successfully synthesized by the CALB-
catalyzed enzymatic polymerization of succinate, itaconate and 1,4-butanediol via 
the two-stage method. This is a totally green approach towards biobased saturated 
and unsaturated aliphatic polyesters, as all the building blocks and the enzyme 
catalysts are generated from renewable resources.  

The effect of solvent on the enzymatic co-polymerization was studied. We found 
that diphenyl ether is the most suitable solvent among the tested reaction media: 
the enzymatic polymerization in diphenyl ether resulted in PBSI with the highest 
product ������ and molar percentage of itaconate, as well as, satisfying reaction yield. 
We believe this could be attributed to the higher log P value of diphenyl ether, and 
the better accessibility of reactants to the enzyme CALB and the higher solubility 
of the intermediate and final products in diphenyl ether. 

The study on the effect of diphenyl ether dosage indicated that the preferred 
solvent amount is 150 wt % (in relation to the total amount of monomers). We also 
found that the product ������, molar percentage of itaconate and reaction yield of the 
obtained PBSI increased with increase of diphenyl ether dosage first, and then, 
decreased. We thought that the diffusion of the reactants, the residual byproducts 
amount in the reaction and the polymerization rate are the three factors contributing 
to such an effect. 

The tested oligomerization time during the first stage has no obvious effects on the 
CALB-catalyzed synthesis of PBSI. The 1H-NMR investigation indicated that the 
oligomerization is completed after 30 min reaction at 80 oC. 

We found that the vacuum applied during the second stage has a significant 
influence on the enzymatic polycondensation. The best results are achieved under 
the highest vacuum, as the equilibrium of polycondensation is further shifted to the 
final products by the better removal of the residual water and alcohols. 
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The enzymatic polymerizability sequence of itaconate derivatives in diphenyl ether 
is identified as follows (from high to low): dimethyl itaconate > diethyl itaconate > 
dibutyl itaconate > itaconic acid. The boiling temperature of the reaction 
byproducts and the accessibility of itaconate to the biocatalyst are two major 
reasons attributed to this sequence.  

With the method established here, PBS and a series of PBSIs are successfully 
synthesized with good reaction yields. The amount of itaconate in PBSIs is tunable 
from 0 to around 25 mol %, by adjusting the molar feed ratio of dimethyl itaconate. 
Moreover, the carbon-carbon double bonds are well preserved in the obtained 
PBSIs. Besides, the molecular weights of the obtained PBS are lower than that of 
the unsaturated counterparts, but the dispersity is a bit higher. 

The product ������ , molar percentage of itaconate and reaction yield decrease 
significantly with increase of the molar feed ratio of dimethyl itaconate to 30 %. In 
addition, when the molar feed ratio of dimethyl itaconate is further increased to 35 
%, or even higher, no polyesters are obtained. 

The glass transition temperature of PBS and PBSIs is similar, around -35 ~ -38 °C, 
and the temperature of the maximal rate of decomposition is also similar, around 
400 °C. However, the melting temperature of the obtained co-polyesters decreases 
almost linearly as the molar percentage of itaconate in PBSI is increased. These 
results indicated that the amount of itaconate in the tested PBSIs has no obvious 
effects on the glass-transition temperature and the thermal stability of the tested 
polyesters, but has a significant influence on the melting temperature. 
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3.1 Introduction 

Unsaturated polyesters are one of the most important classes of cross-linkable 
thermoset resins.1 Their global demand amounted to 4.306 million tons in volume 
with the value of $6.54 billion in 2012.2 They have been widely used for the 
manufacture of tanks, pipes, construction, automotive, appliances, and so on.2-4 The 
most common unsaturated polyesters are prepared by polyesterification of 
saturated and unsaturated dicarboxylic acid derivatives, diols, and polyols in the 
presence of metallic catalysts.1 Most of these building blocks are derived from 
depleting petroleum resources. Alternatively, many recently emerging biobased 
monomers are promising candidates for unsaturated polyester synthesis.5-10 They 
are suitable for the preparation of various commodity and novel polyesters since 
abundant functional green chemicals, like carboxylic acid derivatives, diols, and 
polyols, are readily produced from yearly-based biomass feedstocks. By utilizing 
such renewable compounds, the generation of waste and emission will be greatly 
reduced in the polymer industry. This provides an opportunity to achieve future 
sustainability.9-13  

Lipases are versatile enzymes in biocatalytic polyester synthesis.14-20 Among them, 
Candida antarctica lipase b (CALB) immobilized on acrylic resin (commercially 
available as Novozym® 435) is the most favorable biocatalyst since it works well 
with diverse monomer substrates at mild temperatures and even at elevated 
temperatures.21-23 So far most research in this field still focused on the enzymatic 
polymerization of conventional petroleum-based monomers.24, 25 The use of 
biobased monomers in biocatalytic approaches towards polyester materials is an 
appealing topic both in the academic and industrial fields. It has gained increasing 
popularity in recent years.26-35  

In our group, we have successfully prepared many polymers via enzymatic 
polymerizations.36-43 Recently we reported a total green approach for the synthesis 
of unsaturated poly(butylene succinate-co-itaconate)s (PBSIs) by CALB-catalyzed 
copolymerization of biobased diethyl succinate, dimethyl itaconate and 1,4-
butanediol.38 We found that the molar percentage of the unsaturated monomeric 
segments, itaconate units, can be tuned from 0 to 24 mol % by adjusting the molar 
feed ratio of itaconate from 0 to 25 %. However, further increase of the itaconate 
feed ratio up to 30 mol % or more led to a significant reduction in the incorporation 
ratio of itaconate and lower molecular weights. We attributed this to the relatively 
lower enzymatic polymerizability of itaconate which is caused by its short chain 
length and the stereo-hindrance effect of the carbon-carbon double bond suspended 
to the carbonyl group.  

Effects of Different Monomer Substrates and Polymerization Methods 
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In order to synthesize PBSIs with controllable molar compositions and high 
molecular weights, two additional polymerization methods, the two-stage 
enzymatic melt polymerization and the enzymatic azeotropic polymerization in the 
mixture of cyclohexane and toluene, are introduced here, using diethyl succinate, 
dimethyl itaconate and 1,4-butanediol as the starting materials. Among the tested 
polymerization methods, melt polymerization is the most convenient and 
straightforward approach, which has been applied dominantly in the industrial field 
for polyester synthesis.44 Azeotropic polymerization is another popular method 
which is frequently applied in step-growth polycondensations. By azeotropic 
distillation, low molar mass byproducts can be continuously removed and this 
facilitates the chain growth of polymers.31 Azeotropic polymerization has been well 
studied for the production of several biobased polyesters like poly-L-lactide 
(PLLA), isosorbide polyesters, and unsaturated isohexide polyesters.31, 32, 45-47 
Besides, the two-stage enzymatic polymerizations in diphenyl ether always resulted 
in high molecular weight aliphatic polyesters as reported in literature.19, 20, 26, 48 

In addition, compared with alkyl diesters, unactivated dicarboxylic acids like 
succinic acid and itaconic acid, are cheaper and good polyester building blocks.11, 

26, 35, 49 In this work, the CALB-catalyzed dehydration polycondensation of succinic 
acid, itaconic acid and 1,4-butanediol via the aforementioned polymerization 
methods is also studied. Moreover, the microstructures of the synthesized PBSIs 
are investigated by 13C-NMR technique, to reveal the mechanism of enzymatic 
polycondensation in different media; and the crystalline properties of the obtained 
polyesters are characterized by WAXD and DSC. Furthermore, the obtained 
unsaturated polyesters are thermally cross-linked by dicumyl peroxide. The thermal 
and mechanical properties of the cured PBSIs are extensively investigated. 

3.2 Experimental Section 

3.2.1 Chemicals 

Lipase acrylic resin from Candida antarctica lipase b (CALB, in immobilized form 
as Novozym® 435, ≥ 5000 U/g), succinic acid (≥ 99 %), diethyl succinate (99 %), 
itaconic acid (≥ 99 %), dimethyl itaconate (99 %), 1,4-butanediol (≥ 99 %), 
cyclohexane (≥ 99 %, anhydrous), hexane (≥ 99 %), toluene (99.8 %, anhydrous), 
diphenyl ether (99 %), chloroform, and dicumyl peroxide (98 %) were purchased 
from Sigma-Aldrich. 1,4-Benzoquinone (> 98 %) was ordered from TCI Europe. 
CALB was pre-dried in the presence of phosphorus pentoxide in a desiccator at 
room temperature under a high vacuum for 16 h. Diphenyl ether was dried with 
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calcium hydride and distilled under reduced pressure. All other chemicals were 
used as received. 

3.2.2 General Procedure for CALB-Catalyzed Polymerization by Using 
Different Monomer Substrates and Polymerization Methods 

3.2.2.1 General Procedure for CALB-Catalyzed Polycondensation of 
Succinate, Itaconate and 1,4-Butanediol in Bulk via a Two-Stage Method 

We followed the similar procedure as reported in literature to perform a two-stage 
enzymatic polymerization.26, 38 Succinate (10 mmol), itaconate (10 mmol), 1,4-
butanediol (20 mmol), and pre-dried CALB (10 wt % in relation to the total 
amount of monomers) were added into a 25 mL flask. The reactants were 
magnetically stirred at 80 °C in an oil bath for 2 h under the protection of nitrogen. 
After that, the reaction pressure was reduced to 2 mmHg and the reaction 
temperature was maintained at 80 °C. The total polymerization lasted for 96 h. 

Chloroform was introduced to terminate the enzymatic polycondensation. CALB 
was filtered off and washed with a small amount of chloroform three times. The 
solutions were then combined, condensed and poured into cold methanol (or 
hexane) for precipitation. The precipitates were collected and washed with 
methanol (or hexane) three times. Finally, the obtained polyesters were dried in a 
vacuum oven at 20 - 40 °C for 2 - 3 days, and then stored at room temperature in 
vacuo before analysis. 

3.2.2.2 General Procedure for CALB-Catalyzed Polycondensation of 
Succinate, Itaconate and 1,4-Butanediol in Diphenyl Ether via a Two-Stage 
Method 

Succinate (5.55 mmol), itaconate (5.55 mmol), 1,4-butanediol (11.10 mmol) and 
diphenyl ether (150 wt %) were added into a round-bottom flask with pre-dried 
CALB (10 wt %). The remaining procedure was the same as described in 3.2.2.1. 

3.2.2.3 General Procedure for CALB-Catalyzed Azeotropic Polycondensation 
of Succinate, Itaconate and 1,4-Butanediol in the Mixture of Cyclohexane and 
Toluene 

The following procedure was performed for the enzymatic polymerization by 
azeotropic distillation as reported in literature. 31, 32 Succinate (5 mmol), itaconate 
(5 mmol), 1,4-butanediol (10 mmol), cyclohexane (60 mL) and toluene (10 mL) 
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were introduced into a 100 mL three-necked round-bottom flask with pre-dried 
CALB (10 wt %). A Dean-Stark apparatus filled with 5 g of activated 4 Å 
molecular sieves was attached to one neck of the flask. The molecular sieves were 
replaced every 24 h. A tiny nitrogen flow was applied to another neck to promote 
the solvent evaporation. The reactants were magnetically stirred, and the 
polycondensation temperature was set to 80 °C at which the stable azeotropic 
distillation took place. During the polymerization, 5 mL of the mixture of 
cyclohexane and toluene (6:1, v/v) was added into the reaction every 24 h to 
compensate the solvent loss; and insoluble products were formed and adhered to 
the flask after 2 days reaction. The total polymerization time was 168 h. 

CALB was filtered off after the polymerization. Chloroform was introduced to the 
reaction flask to dissolve the products. The flask and the filter paper were washed 
three times by chloroform. Then the solutions were combined and condensed. The 
purification procedure was the same as described in 3.2.2.1. 

3.2.3 Instrumental Methods 

1H-NMR, 13C-NMR, 1H-1H homonuclear (COSY), and 1H-13C heteronuclear single 
quantum coherence (HSQC) spectra were recorded on a Varian VXR spectrometer 
(400 MHz for 1H-NMR and 100 MHz for 13C-NMR analysis). Samples were 
dissolved in CDCl3-d1. The reported chemical shifts were referenced to the 
resonances of CDCl3-d1. The number average molecular weights (������) and the 
molar compositions of the obtained polyesters were determined by 1H-NMR 
according to the method established in our previous report.38  

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra were 
recorded on a Bruker IFS88 FT-IR spectrometer. For each sample, 128 scans were 
performed. 

The number average molecular weights (������), weight average molecular weights 
( ������� ), and dispersity (Đ, ������� ������� ) were measured by Size Exclusion 
Chromatography (SEC) using a Viscotek SEC equipped with a triple detector at 30 
°C. Chloroform (HPLC grade) was used as the eluent at a flow rate of 1.0 mL/min. 
The molecular weights were calculated based on the universal calibration method, 
using the calibration curve generated from narrow dispersity polystyrene standards 
(Agilent and Polymer Laboratories, �������’ s ranging from 645 to 3001000 g/mol). 

The glass transition temperatures (Tg) and melting temperatures (Tm) were 
measured by Differential Scanning Calorimetry (DSC) using a TA-Instruments 
Q1000 DSC. The heating and cooling rate were 10 °C/min. 
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Wide-angle X-ray Diffraction (WAXD) was performed on a Bruker D8 Advance 
diffractometer at room temperature. The degree of crystallinity ( �� ) was 
determined using the method reported in literature.27, 50, 51 

3.2.4 1H- and 13C-NMR Analysis of the Obtained Poly(butylene succinate), 
Poly(butylene succinate-co-itaconate)s, and Oligo(butylene itaconate) 

Poly(butylene succinate) (PBS) 1H-NMR (400 MHz, CDCl3-d1, δ): 4.02 - 4.18 
(m, 4H, -CO-O-CH2-, from 1,4-butanediol), 2.54 - 2.65 (m, 4H, -OC-CH2-, from 
succinate), 1.54 - 1.94 (m, 4H, -CH2-, from 1,4-butanediol); low intensity 
resonances ascribed to the protons from the end groups: 3.60 - 3.68 (m, -CH2-OH, 
from 1,4-butanediol) and 1.20 - 1.27 (m, -OCH2CH3, from succinate). 13C-NMR 
(100 MHz, CDCl3-d1, δ): 172.4 (-CO-, from succinate), 63.5 - 65.0 (-CO-O-CH2-, 
from 1,4-butanediol), 29.0 (-CH2-, from succinate), 25.2 (-CH2-, from 1,4-
butanediol); low intensity signals assigned to the carbons from the end groups: 64.5 
(-CH2CH2CH2CH2OH), 62.2 (-CH2CH2CH2CH2OH), 60.6 (-OCH2CH3), 29.1 (-
CH2CH2CH2CH2OH ), 25.0 (-CH2CH2CH2CH2OH), and 14.2 (-OCH2CH3). 

Poly(butylene succinate-co-itaconate)s (PBSIs) 1H-NMR (400 MHz, CDCl3-d1, 
δ): 6.30 (s, 1H, H-CH=C- from itaconate), 5.70 (s, 1H, H-CH=C-, from itaconate), 
4.06 - 4.21 (m, 4H, -CO-O-CH2-, from 1,4-butanediol), 3.31 (s, 2H, -CH2-CO-, 
from itaconate), 2.50 - 2.70 (m, 4H, -OC-CH2-, from succinate), 1.60 - 1.78 (m, 
4H, -CH2-, from 1,4-butanediol); low intensity resonances ascribed to the protons 
from the end groups: 3.75 (s, -O-CH3, from itaconate), 3.63–3.73 (m, -CH2-OH, 
from 1,4-butanediol) and 1.15 - 1.32 (m, -OCH2CH3, from succinate). 13C-NMR 
(100 MHz, CDCl3-d1, δ): 172.2 (-CO-, from succinate), 170.6 (-CO-, from 
itaconate), 165.9 (-C=C-CO-O-, from itaconate), 133.8 (-C=CH2, from itaconate), 
128.2 (-C=CH2, from itaconate), 62.5 - 65.0 (-CO-O-CH2-, from 1,4-butanediol), 
37.6 (-CH2-, from itaconate), 29.1 (-CH2-, from succinate), 25.1 (-CH2-, from 1,4-
butanediol); low intensity signals assigned to the carbons from the end groups were 
determined at 64.6 - 64.8 (-CH2CH2CH2CH2OH), 62.0 (-CH2CH2CH2CH2OH), 
60.6 (-OCH2CH3), 29.0 (-CH2CH2CH2CH2OH ), 25.0 (-CH2CH2CH2CH2OH), and 
51.7 - 52.1 (-CH3, from itaconate). 

Oligo(butylene itaconate) (OBI) 1H-NMR (400 MHz, CDCl3-d1, δ): 6.30 (s, 1H, 
H-CH=C- from itaconate), 5.70 (s, 1H, H-CH=C-, from itaconate), 3.94 - 4.31 (m, 
4H, -CO-O-CH2-, from 1,4-butanediol), 3.31 (s, 2H, -CH2-CO-, from itaconate), 
1.48 - 2.00 (m, 4H, -CH2-, from 1,4-butanediol); low intensity resonances ascribed 
to the protons from the end groups: 3.75 (s, -O-CH3, from itaconate), and 3.60 - 
3.70 (m, -CH2-OH, from 1,4-butanediol). 13C-NMR (100 MHz, CDCl3-d1, δ): 
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170.6 (-CO-, from itaconate), 165.0 - 167.1 (-C=C-CO-O-, from itaconate), 133.6 
(-C=CH2, from itaconate), 128.4 (-C=CH2, from itaconate), 64.0 - 64.7 (-CO-CH2-, 
from 1,4-butanediol), 37.9 (-CH2-, from itaconate), 25.1 (-CH2-, from 1,4-
butanediol); signals assigned to the carbons from the end groups were determined 
at 64.7 - 65.1 (-CH2CH2CH2CH2OH), 62.2 (-CH2-, from itaconate), 51.8 (-CH3, 
from itaconate), and 29.1 (-CH2CH2CH2CH2OH). 

3.2.5 ATR-FTIR Analysis of Poly(butylene succinate), Poly(butylene 
succinate-co-itaconate)s, and Oligo(butylene itaconate) 

The overlay ATR-FTIR spectra of PBS, PBSIs and OBI are shown in Figure 3.1. 
The IR absorption bands were assigned as follows. 

ATR-FTIR (cm-1): 2800 - 3000 (-CH- stretching vibrations), 1710 (-C=O 
stretching vibrations), 1636 (asymmetric -C=C- stretching vibrations), 1310 - 1470 
(multi-bands, -CH2- deformation vibrations), 1185 (asymmetric -C-O-C- stretching 
vibrations),  1150 (-C-O-C- symmetric stretching vibrations), 998 (=C-H, out-of-
plane deformation vibrations), 926 (-CO-C=CH2 out-of-plane deformation 
vibrations), 805 - 815 (-CH2- rocking vibrations, -C=CH2 twisting vibrations), 740 
- 750 (-(CH2)2- rocking vibrations).  

 

Figure 3.1. ATR-FTIR spectra of poly(butylene succinate), poly(butylene 
succinate-co-itaconate)s and oligo(butylene itaconate). 

3.2.6 Cross-linking of Poly(butylene succinate-co-itaconate)s and their 
Mechanical Properties Characterizations  

PBSI (1 g) was mixed with dicumyl peroxide (25 mg). The mixtures were then 
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Wide-angle X-ray Diffraction (WAXD) was performed on a Bruker D8 Advance 
diffractometer at room temperature. The degree of crystallinity ( �� ) was 
determined using the method reported in literature.27, 50, 51 

3.2.4 1H- and 13C-NMR Analysis of the Obtained Poly(butylene succinate), 
Poly(butylene succinate-co-itaconate)s, and Oligo(butylene itaconate) 
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succinate), 1.54 - 1.94 (m, 4H, -CH2-, from 1,4-butanediol); low intensity 
resonances ascribed to the protons from the end groups: 3.60 - 3.68 (m, -CH2-OH, 
from 1,4-butanediol) and 1.20 - 1.27 (m, -OCH2CH3, from succinate). 13C-NMR 
(100 MHz, CDCl3-d1, δ): 172.4 (-CO-, from succinate), 63.5 - 65.0 (-CO-O-CH2-, 
from 1,4-butanediol), 29.0 (-CH2-, from succinate), 25.2 (-CH2-, from 1,4-
butanediol); low intensity signals assigned to the carbons from the end groups: 64.5 
(-CH2CH2CH2CH2OH), 62.2 (-CH2CH2CH2CH2OH), 60.6 (-OCH2CH3), 29.1 (-
CH2CH2CH2CH2OH ), 25.0 (-CH2CH2CH2CH2OH), and 14.2 (-OCH2CH3). 
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128.2 (-C=CH2, from itaconate), 62.5 - 65.0 (-CO-O-CH2-, from 1,4-butanediol), 
37.6 (-CH2-, from itaconate), 29.1 (-CH2-, from succinate), 25.1 (-CH2-, from 1,4-
butanediol); low intensity signals assigned to the carbons from the end groups were 
determined at 64.6 - 64.8 (-CH2CH2CH2CH2OH), 62.0 (-CH2CH2CH2CH2OH), 
60.6 (-OCH2CH3), 29.0 (-CH2CH2CH2CH2OH ), 25.0 (-CH2CH2CH2CH2OH), and 
51.7 - 52.1 (-CH3, from itaconate). 
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H-CH=C- from itaconate), 5.70 (s, 1H, H-CH=C-, from itaconate), 3.94 - 4.31 (m, 
4H, -CO-O-CH2-, from 1,4-butanediol), 3.31 (s, 2H, -CH2-CO-, from itaconate), 
1.48 - 2.00 (m, 4H, -CH2-, from 1,4-butanediol); low intensity resonances ascribed 
to the protons from the end groups: 3.75 (s, -O-CH3, from itaconate), and 3.60 - 
3.70 (m, -CH2-OH, from 1,4-butanediol). 13C-NMR (100 MHz, CDCl3-d1, δ): 
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30 min by hot-pressing under the pressure of 2.7 MPa. The resulting bars (55mm × 
5.6mm × 0.5mm) were transparent. 

Tensile tests were performed on an Instron 5565 Series Universal Testing 
Instrument at room temperature. The crosshead speed was 10 mm/min. 

3.3 Results and Discussion  

3.3.1 CALB-Catalyzed Dehydration Polycondensation of Succinic Acid, 
Itaconic Acid and 1,4-Butanediol via Different Polymerization Methods 

Succinic acid, itaconic acid and 1,4-butanediol are commercially available 
biobased monomers. They are good and cheap renewable building blocks for 
polyester synthesis. In this study, they were enzymatically polycondensed by 
CALB via different polymerization methods. The results are summarized in Table 
3.1. 

Table 3.1. The CALB-catalyzed dehydration polycondensation of succinic acid, 
itaconic acid and 1,4-butanediol via different polymerization methods 

Polymerization 
method Solvent 

Molar composition  Molecular weight 

Yield e Feed a PBSI b  NMR c SEC d 

FS FI FB XS XI XB  ������ ������ ������� Đ 

Two-stage melt 
polymerization f None 

50 0 50 50 0 50  1.4 2.3 3.0 1.3 78 

25 25 50 31 26 43  0.7 0.8 1.2 1.5 65 

0 50 50 0 62 38  0.4 0.5 0.6 1.1 10 g 

Azeotropic 
polymerization f 

Cyclohexane (6) 
Toluene (1) 

50 0 50 50 0 50  0.9 1.6 2.2 1.4 93 

25 25 50 27 28 45  0.6 1.0 1.5 1.6 89 

0 50 50 0 59 41  0.6 1.0 1.3 1.3 82 h 

Two-stage solution 
polymerization i 

Diphenyl 
ether 

50 0 50 54 0 46  0.5 0.6 1.1 1.8 27 

25 25 50 35 15 50  0.7 0.5 1.2 2.2 15 

0 50 50 0 62 38  0.5 0.4 0.5 1.3 8 

a FS, FI, FB represent the molar feed ratio of succinic acid, itaconic acid, and 1,4-butanediol, respectively; b XS, XI, 
XB represent the molar percentage of succinate, itaconate and butylene segments in the obtained poly(butylene 
succinate-co-itaconate)s (PBSIs), respectively, which were determined by 1H-NMR; c The number average 
molecular weight (������, kg/mol) was calculated from 1H-NMR; d The number average molecular weight (������, 
kg/mol), weight average molecular weight (������, kg/mol), and dispersity (Đ, ������ ������� ) were determined by SEC in 
chloroform; e Isolated yield (%); f The reaction yield and the SEC data were determined by using unpurified 
products; g The reaction gelated during the polycondensation; h The obtained products partially gelated at 40 °C in 
the vacuum oven; i The obtained products were purified in hexane. 

The major problem of using unactivated dicarboxylic acids having short-chain 
lengths in enzymatic polymerization is the phase separation, which is caused by 
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their poor solubility in the reaction media and their relatively high melting 
temperatures (Tm’s).26, 38 In our study, succinic acid and itaconic acid have a rather 
low solubility in 1,4-butanediol and in the tested solvents. Furthermore, their Tm’s, 
which are 184 and 162 - 164 °C, respectively, are much higher than the applied 
reaction temperature (80 °C). Therefore, the enzymatic polymerization with 
succinic acid and itaconic acid were heterogeneous. In this case, the biocatalytic 
efficiency was quite low since the accessibility of the dicarboxylic acids to the 
enzyme CALB was limited. As a result, only low molecular weight products were 
obtained, with the ������’s of around 0.4 - 2.3 kg/mol. 

From Table 3.1 we can also conclude that the two-stage enzymatic melt 
polymerization and the enzymatic azeotropic polymerization are more suitable for 
the dehydration polycondensation of succinic acid, itaconic acid and 1,4-
butanediol. In bulk polymerization, all reactants are confined in a high 
concentration state, in which the collision probability of the reactants with CALB 
increases. Therefore, the dicarboxylic acids gain more chances to access the active 
site of CALB. On the other hand, in the azeotropic polymerization with an excess 
amount of cyclohexane and toluene, the dicarboxylic acids may be slightly better 
dissolved; therefore their reactivity with CALB is enhanced. As a result, oligomers 
are produced with desired molar compositions, longer chains, and better reaction 
yields by using these two methods. 

3.3.2. CALB-Catalyzed Polycondensation of Diethyl Succinate, Dimethyl 
Itaconate and 1,4-Butanediol via Different Polymerization Methods 

Homogeneous reactions were obtained when the unactivated dicarboxylic acids 
were replaced with their alkyl diester derivatives. Besides, we noticed that the 
carbon-carbon double bonds tended to be cross-linked during the melt and 
azeotropic polymerization when the itaconate feed ratio was more than 25 mol %. 
To avoid gelation, 1,4-benzoquinone (0.1 %, w/w) was introduced into the melt 
and azeotropic polymerization when the feed ratio of itaconate was equal to or 
higher than 25 mol %.  

By altering the feed composition and applying different polymerization methods, 
polyesters with different chemical compositions and molecular weights were 
successfully produced, as summarized in Table 3.2. 
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30 min by hot-pressing under the pressure of 2.7 MPa. The resulting bars (55mm × 
5.6mm × 0.5mm) were transparent. 

Tensile tests were performed on an Instron 5565 Series Universal Testing 
Instrument at room temperature. The crosshead speed was 10 mm/min. 

3.3 Results and Discussion  

3.3.1 CALB-Catalyzed Dehydration Polycondensation of Succinic Acid, 
Itaconic Acid and 1,4-Butanediol via Different Polymerization Methods 

Succinic acid, itaconic acid and 1,4-butanediol are commercially available 
biobased monomers. They are good and cheap renewable building blocks for 
polyester synthesis. In this study, they were enzymatically polycondensed by 
CALB via different polymerization methods. The results are summarized in Table 
3.1. 

Table 3.1. The CALB-catalyzed dehydration polycondensation of succinic acid, 
itaconic acid and 1,4-butanediol via different polymerization methods 

Polymerization 
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Molar composition  Molecular weight 
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FS FI FB XS XI XB  ������ ������ ������� Đ 

Two-stage melt 
polymerization f None 

50 0 50 50 0 50  1.4 2.3 3.0 1.3 78 

25 25 50 31 26 43  0.7 0.8 1.2 1.5 65 
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a FS, FI, FB represent the molar feed ratio of succinic acid, itaconic acid, and 1,4-butanediol, respectively; b XS, XI, 
XB represent the molar percentage of succinate, itaconate and butylene segments in the obtained poly(butylene 
succinate-co-itaconate)s (PBSIs), respectively, which were determined by 1H-NMR; c The number average 
molecular weight (������, kg/mol) was calculated from 1H-NMR; d The number average molecular weight (������, 
kg/mol), weight average molecular weight (������, kg/mol), and dispersity (Đ, ������ ������� ) were determined by SEC in 
chloroform; e Isolated yield (%); f The reaction yield and the SEC data were determined by using unpurified 
products; g The reaction gelated during the polycondensation; h The obtained products partially gelated at 40 °C in 
the vacuum oven; i The obtained products were purified in hexane. 

The major problem of using unactivated dicarboxylic acids having short-chain 
lengths in enzymatic polymerization is the phase separation, which is caused by 
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their poor solubility in the reaction media and their relatively high melting 
temperatures (Tm’s).26, 38 In our study, succinic acid and itaconic acid have a rather 
low solubility in 1,4-butanediol and in the tested solvents. Furthermore, their Tm’s, 
which are 184 and 162 - 164 °C, respectively, are much higher than the applied 
reaction temperature (80 °C). Therefore, the enzymatic polymerization with 
succinic acid and itaconic acid were heterogeneous. In this case, the biocatalytic 
efficiency was quite low since the accessibility of the dicarboxylic acids to the 
enzyme CALB was limited. As a result, only low molecular weight products were 
obtained, with the ������’s of around 0.4 - 2.3 kg/mol. 

From Table 3.1 we can also conclude that the two-stage enzymatic melt 
polymerization and the enzymatic azeotropic polymerization are more suitable for 
the dehydration polycondensation of succinic acid, itaconic acid and 1,4-
butanediol. In bulk polymerization, all reactants are confined in a high 
concentration state, in which the collision probability of the reactants with CALB 
increases. Therefore, the dicarboxylic acids gain more chances to access the active 
site of CALB. On the other hand, in the azeotropic polymerization with an excess 
amount of cyclohexane and toluene, the dicarboxylic acids may be slightly better 
dissolved; therefore their reactivity with CALB is enhanced. As a result, oligomers 
are produced with desired molar compositions, longer chains, and better reaction 
yields by using these two methods. 

3.3.2. CALB-Catalyzed Polycondensation of Diethyl Succinate, Dimethyl 
Itaconate and 1,4-Butanediol via Different Polymerization Methods 

Homogeneous reactions were obtained when the unactivated dicarboxylic acids 
were replaced with their alkyl diester derivatives. Besides, we noticed that the 
carbon-carbon double bonds tended to be cross-linked during the melt and 
azeotropic polymerization when the itaconate feed ratio was more than 25 mol %. 
To avoid gelation, 1,4-benzoquinone (0.1 %, w/w) was introduced into the melt 
and azeotropic polymerization when the feed ratio of itaconate was equal to or 
higher than 25 mol %.  

By altering the feed composition and applying different polymerization methods, 
polyesters with different chemical compositions and molecular weights were 
successfully produced, as summarized in Table 3.2. 
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3.3.2.1 Chemical Structures of the Obtained Poly(butylene succinate), 
Poly(butylene succinate-co-itaconate)s and Oligo(butylene itaconate) 

The chemical structures of the obtained polyesters were characterized by NMR and 
ATR-FTIR spectrometry. Both 1H-NMR, 13C-NMR and ATR-FTIR analysis 
confirmed the chemical structures and compositions of PBS, PBSIs and OBI 
(Figures 3.1-3.3). 

Table 3.2. The CALB-catalyzed polycondensation of diethyl succinate, dimethyl 
itaconate and 1,4-butanediol via different polymerization methods 

Polymerization 
method Solvent 

Molar composition  Molecular weight 
Yield e 

 Feed a PBSI b  NMR c SEC d 

FS FI FB XS XI XB  ������ ������ ������� Đ 

Two-stage melt 
polymerization None 

50 0 50 50 0 50  3.7 5.2 8.5 1.6 73 f 
35 15 50 35 15 50  4.7 8.4 12.2 1.5 90 f 
25 25 50 26 25 49  3.7 6.9 10.9 1.6 83 f, j 
15 35 50 16 34 50  2.1 3.4 8.1 2.4 86 g, j 
0 50 50 0 67 33  0.6 0.5 0.6 1.2 93 h, j 

Azeotropic 
polymerization 

Cyclohexane (6) 
Toluene (1) 

50 0 50 51 0 49  2.7 4.2 6.2 1.5 78 f 
35 15 50 35 16 49  4.8 11.4 19.4 1.7 82 f 
25 25 50 25 25 50  4.2 16.2 28.3 1.7 71 f, j 
15 35 50 16 34 50  3.4 6.0 12.2 2.0 73 g, j 
0 50 50 0 53 47  0.6 0.9 1.2 1.3 95 h, j 

Two-stage solution 
polymerization Diphenyl ether 

50 0 50 50 0 50  4.5 6.0 11.5 1.9 86 f 
35 15 50 35 16 49  6.5 13.3 22.6 1.7 90 f 
25 25 50 27 24 49  4.6 11.1 16.6 1.5 87 f 
20 30 50 36 16 48  1.0 1.9 2.2 1.2 21f 
15 35 50 41 15 44  0.2 0.5 0.5 1.1 49 i 
0 50 50 0 68 32  0.2 0.2 0.2 1.0 35 i 

a FS, FI, FB represent the molar feed ratio of succinic acid, itaconic acid, and 1,4-butanediol, respectively; b XS, XI, 
XB represent the molar percentage of succinate, itaconate and butylene segments in the obtained poly(butylene 
succinate-co-itaconate)s (PBSIs), respectively, which were determined by 1H-NMR; c The number average 
molecular weight (������, kg/mol) was calculated from 1H-NMR; d The number average molecular weight (������, 
kg/mol), weight average molecular weight (������, kg/mol), and dispersity (Đ, ������ ������� ) were determined by SEC in 
chloroform; e Isolated yield (%); f The products were precipitated in cold methanol (-20 °C); g The products were 
precipitated in hexane (r.t.); h The unpurified products were dried in a vacuum oven and used for the SEC 
measurement; i No products were obtained by using cold methanol (-20 °C), so the products were precipitated in 
hexane (r.t.); j 1,4-Benzoquinone (0.1 %, w/w, radical inhibitor) was introduced to the polycondensation to prevent 
gelation.  

The presence of the following resonances in the 1H-NMR spectra (Figure 3.2) did 
prove the successfully incorporation of itaconate moieties into the co-polyesters, 
including the two singlet peaks assigned to vinyl protons at around 6.3 ppm and 5.7 
ppm, the resonance belonging to the methylene protons of itaconate at around 3.3 
ppm, and the broad peaks at around 4.2 ppm ascribed to butylene protons that are 
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directly linked to itaconate. Moreover, in the 13C-NMR spectra (Figure 3.3), the 
split of carbonyl signals at around 164 ppm - 173 ppm, the appearance of the vinyl 
carbon peaks at around 134 ppm and 128 ppm, as well as, the rising of the 
resonances ascribed to the methylene carbons from itaconate at around 38 ppm, 
also confirmed the formation of PBSIs. The detailed NMR peak assignments are 
described in Section 3.2.4.26, 35, 38  

 

Figure 3.2. 1H-NMR spectra of the obtained polyesters. 

 

Figure 3.3. 13C-NMR spectra of the obtained polyesters. 
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3.3.2.1 Chemical Structures of the Obtained Poly(butylene succinate), 
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25 25 50 26 25 49  3.7 6.9 10.9 1.6 83 f, j 
15 35 50 16 34 50  2.1 3.4 8.1 2.4 86 g, j 
0 50 50 0 67 33  0.6 0.5 0.6 1.2 93 h, j 

Azeotropic 
polymerization 

Cyclohexane (6) 
Toluene (1) 

50 0 50 51 0 49  2.7 4.2 6.2 1.5 78 f 
35 15 50 35 16 49  4.8 11.4 19.4 1.7 82 f 
25 25 50 25 25 50  4.2 16.2 28.3 1.7 71 f, j 
15 35 50 16 34 50  3.4 6.0 12.2 2.0 73 g, j 
0 50 50 0 53 47  0.6 0.9 1.2 1.3 95 h, j 

Two-stage solution 
polymerization Diphenyl ether 

50 0 50 50 0 50  4.5 6.0 11.5 1.9 86 f 
35 15 50 35 16 49  6.5 13.3 22.6 1.7 90 f 
25 25 50 27 24 49  4.6 11.1 16.6 1.5 87 f 
20 30 50 36 16 48  1.0 1.9 2.2 1.2 21f 
15 35 50 41 15 44  0.2 0.5 0.5 1.1 49 i 
0 50 50 0 68 32  0.2 0.2 0.2 1.0 35 i 

a FS, FI, FB represent the molar feed ratio of succinic acid, itaconic acid, and 1,4-butanediol, respectively; b XS, XI, 
XB represent the molar percentage of succinate, itaconate and butylene segments in the obtained poly(butylene 
succinate-co-itaconate)s (PBSIs), respectively, which were determined by 1H-NMR; c The number average 
molecular weight (������, kg/mol) was calculated from 1H-NMR; d The number average molecular weight (������, 
kg/mol), weight average molecular weight (������, kg/mol), and dispersity (Đ, ������ ������� ) were determined by SEC in 
chloroform; e Isolated yield (%); f The products were precipitated in cold methanol (-20 °C); g The products were 
precipitated in hexane (r.t.); h The unpurified products were dried in a vacuum oven and used for the SEC 
measurement; i No products were obtained by using cold methanol (-20 °C), so the products were precipitated in 
hexane (r.t.); j 1,4-Benzoquinone (0.1 %, w/w, radical inhibitor) was introduced to the polycondensation to prevent 
gelation.  

The presence of the following resonances in the 1H-NMR spectra (Figure 3.2) did 
prove the successfully incorporation of itaconate moieties into the co-polyesters, 
including the two singlet peaks assigned to vinyl protons at around 6.3 ppm and 5.7 
ppm, the resonance belonging to the methylene protons of itaconate at around 3.3 
ppm, and the broad peaks at around 4.2 ppm ascribed to butylene protons that are 
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directly linked to itaconate. Moreover, in the 13C-NMR spectra (Figure 3.3), the 
split of carbonyl signals at around 164 ppm - 173 ppm, the appearance of the vinyl 
carbon peaks at around 134 ppm and 128 ppm, as well as, the rising of the 
resonances ascribed to the methylene carbons from itaconate at around 38 ppm, 
also confirmed the formation of PBSIs. The detailed NMR peak assignments are 
described in Section 3.2.4.26, 35, 38  

 

Figure 3.2. 1H-NMR spectra of the obtained polyesters. 

 

Figure 3.3. 13C-NMR spectra of the obtained polyesters. 

The NMR assignments are further supported by two-dimensional NMR 
spectroscopy, including 1H-1H homonuclear (COSY) and 1H-13C heteronuclear 
single quantum coherence (HSQC) spectroscopy, as illustrated in Figure 3.4 and 
Figure 3.5, respectively. Due to the spatial configuration of the vinyl group 
suspending to the main chain of PBSIs, the vinyl protons, Hd and He, are coupled to 
each other; and correlated to the methylene protons Hf, even though they are three 
carbons apart. Therefore, the presence of the cross peaks Hf/Hd, Hf/He and He/Hd in 
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the COSY spectrum confirmed the existence of itaconate fragments in the tested 
PBSIs. In addition, the protons in the methylene groups that link directly to the 
ester bonds, Hb and Hb’, displayed different resonances in the 1H-NMR spectra 
since their adjacent dicarboxylic segments are different. They are coupled with the 
protons Hc from the same butylene segments. Moreover, the four methylene 
protons from succinate (Ha) do not show off-diagonal peaks since they are identical 
to each other and they are not coupled to the other protons in PBSIs. Therefore, 
their proton signals overlapped at around 2.5 - 2.7 ppm in the 1H-NMR spectra.  

 

Figure 3.4. 1H-1H homonuclear (COSY) spectrum of poly(butylene succinate-co-
itaconate) containing around 35 mol % of itaconate units (PB50S16I34). 

Moreover, the carbon peak at 128 ppm shows two cross peaks (Hd/Cg and He/Cg) 
with the two vinyl proton signals at 6.3 and 5.7 ppm, respectively, as shown in 
Figure 3.5. This confirms the preservation of the vinyl groups in the co-polyester. 
Meanwhile, the carbon peak at 38 ppm (Cf) corresponds to the proton singlet at 3.3 
ppm (Hf). The cross peak Hf/Cf supports the NMR assignments of the methylene 
groups from itaconate. In addition, the carbon peak at 64 ppm (Cb&b’) and the 
proton multiplet at around 4.1 ppm (Hb) and 4.2 ppm (Hb’), as well as, the carbon 
peak at 25 ppm (Cc) and the proton multiplet at around 1.7 ppm (Hc), correspond to 
the methylene groups from the butylene moieties. Moreover, the correlation signal 
Ca/Ha indicates the connectivity of the carbon peak at 29 ppm (Ca) with the broad 
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proton peak at around 2.6 ppm (Ha). They are assigned to the methylene groups 
from succinate.  

The chemical structures of the obtained products were also characterized by ATR-
FTIR spectrometry, as described in Section 3.2.5. The absorption band at around 
1636 cm-1 is due to the asymmetric stretching vibrations of -C=C- groups from 
itaconate. It rises in intensity with increasing amount of itaconate in the unsaturated 
polyesters (see Figure 3.1).  

 
Figure 3.5. 1H-13C heteronuclear single quantum coherence (HSQC) spectrum of 

poly(butylene succinate-co-itaconate) containing around 35 mol % of 
itaconate units (PB50S16I34). 

3.3.2.2 Effect of Enzymatic Polymerization Method on the Molar Percentage 
of Itaconate 

We have already reported that the two-stage enzymatic polymerization of diethyl 
succinate, dimethyl itaconate, and 1,4-butanediol in diphenyl ether yielded PBSIs 
with tunable molar percentage of itaconate from 0 to 24 %, by altering the molar 
feed ratio of itaconate from 0 to 25 %; and PBSIs containing only around 15 - 16 
mol % of itaconate were produced if the molar feed ratio of itaconate was increased 
to 30 and 35 %. However, as shown in Figure 3.6, the enzymatic azeotropic 
polymerization resulted in products with desirable molar compositions by adjusting 
the itaconate feed ratio from 0 to 50 mol %. Meanwhile, the itaconate content in 
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proton peak at around 2.6 ppm (Ha). They are assigned to the methylene groups 
from succinate.  

The chemical structures of the obtained products were also characterized by ATR-
FTIR spectrometry, as described in Section 3.2.5. The absorption band at around 
1636 cm-1 is due to the asymmetric stretching vibrations of -C=C- groups from 
itaconate. It rises in intensity with increasing amount of itaconate in the unsaturated 
polyesters (see Figure 3.1).  
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the unsaturated polyesters can be controlled from 0 to 34 mol % by using the two-
stage enzymatic melt polymerization. In a word, in terms of biocatalytic synthesis 
of itaconate-based polyesters with controllable molar compositions, the azeotropic 
polymerization in the mixture of cyclohexane and toluene is the best choice; and 
the melt polymerization is better than the solution polymerization in diphenyl ether. 
Besides, the two-stage enzymatic polymerization in diphenyl ether resulted in PBSI 
with the least amount of itaconate, when the itaconate feed ratio was 35 mol %. 
This can be explained by the different microstructures formed in PBSI from 
different polymerization methods, as illustrated in our previous report,38 and in 
Section 3.3.3.   

 
Figure 3.6. The molar percentage of itaconate in the obtained polyesters as a 

function of the feed ratio of itaconate (mol %). 

3.3.2.3 Effect of Enzymatic Polymerization Method on Molecular Weights  

Figure 3.7 depicts the product ������  from different polymerization methods as a 
function of the feed ratio of itaconate. In general, first the ������ increased as the 
itaconate feed ratio was increased, and then decreased. This tendency was observed 
in all the tested polymerization methods. The increase of the product ������  with 
increasing amount of the added itaconate was due to the higher solubility of PBSIs 
in the reaction media and its lower melting temperature (Tm). For instance, the ������ 
of the obtained PBS was relatively lower since it precipitated and crystallized fast 
from the reaction media due to its poor solubility and high Tm (around 113 °C).38 
However, the Tm of the synthesized PBSIs decreased significantly with increasing 
amount of itaconate, for example. the Tm of the tested PB50S35I15 was around 80 °C. 
Therefore, the reaction with more than 10 mol % of itaconate maintained always at 
a homogenous state and PBSIs with higher molecular weights could be produced. 
However, the product ������  decreased significantly when the itaconate feed ratio 
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exceeded 25 mol %. We thought that this is due to the relatively low enzymatic 
polymerizability of dimethyl itaconate, as illustrated in our previous report.38 

For the CALB-catalyzed polycondensation of diethyl succinate and 1,4-butanediol, 
the tested polymerization methods had no significant influence on the enzymatic 
polymerization. They yielded low molecular weight PBS with the ������’s of 2.7 - 4.5 
kg/mol. As the itaconate feed ratio reached to 15 and 25 mol %, the enzymatic 
azeotropic polymerization in the mixture of cyclohexane and toluene, as well as, 
the two-stage enzymatic polymerization in diphenyl ether, resulted in high 
molecular weight PBSIs, with the ������’s of around 11.1 - 16.2 kg/mol. However, the 
product ������ from the bulk polymerization with the same feed compositions was 
lower, between 6.9 - 8.4 kg/mol. We attributed this to the higher viscosity of the 
reaction media and the lower diffusion of the reactants in the melt polymerization. 
Moreover, if the itaconate feed ratio was increased to 35 mol %, the product ������ 
from the azeotropic polymerization and the melt polymerization was 6.0 and 3.4 
kg/mol, respectively. These values were clearly higher than that from the solution 
polymerization in diphenyl ether, which was only 0.5 kg/mol. Furthermore, for the 
CALB-catalyzed polycondensation of dimethyl itaconate and 1,4-butanediol, only 
oligomers were prepared, in spite of the different polymerization methods applied. 
The product ������ was less than 1.0 kg/mol.  

 
Figure 3.7. The number average molecular weight of the obtained polyesters (������, 

from SEC) against the feed ratio of itaconate (mol %). 

From Table 3.2, and Figures 3.6 - 3.7, we can draw the conclusion that the 
enzymatic azeotropic polymerization in the mixture of cyclohexane and toluene is 
more reliable for producing high molecular weight polyesters with controllable 
molar compositions and, therefore, it is the best method for the enzymatic synthesis 
of PBSIs. In addition, the two-stage enzymatic polymerization in diphenyl ether is 
suitable for preparing high molecular weight PBSIs with less than or equal to 25 
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the unsaturated polyesters can be controlled from 0 to 34 mol % by using the two-
stage enzymatic melt polymerization. In a word, in terms of biocatalytic synthesis 
of itaconate-based polyesters with controllable molar compositions, the azeotropic 
polymerization in the mixture of cyclohexane and toluene is the best choice; and 
the melt polymerization is better than the solution polymerization in diphenyl ether. 
Besides, the two-stage enzymatic polymerization in diphenyl ether resulted in PBSI 
with the least amount of itaconate, when the itaconate feed ratio was 35 mol %. 
This can be explained by the different microstructures formed in PBSI from 
different polymerization methods, as illustrated in our previous report,38 and in 
Section 3.3.3.   

 
Figure 3.6. The molar percentage of itaconate in the obtained polyesters as a 

function of the feed ratio of itaconate (mol %). 
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exceeded 25 mol %. We thought that this is due to the relatively low enzymatic 
polymerizability of dimethyl itaconate, as illustrated in our previous report.38 

For the CALB-catalyzed polycondensation of diethyl succinate and 1,4-butanediol, 
the tested polymerization methods had no significant influence on the enzymatic 
polymerization. They yielded low molecular weight PBS with the ������’s of 2.7 - 4.5 
kg/mol. As the itaconate feed ratio reached to 15 and 25 mol %, the enzymatic 
azeotropic polymerization in the mixture of cyclohexane and toluene, as well as, 
the two-stage enzymatic polymerization in diphenyl ether, resulted in high 
molecular weight PBSIs, with the ������’s of around 11.1 - 16.2 kg/mol. However, the 
product ������ from the bulk polymerization with the same feed compositions was 
lower, between 6.9 - 8.4 kg/mol. We attributed this to the higher viscosity of the 
reaction media and the lower diffusion of the reactants in the melt polymerization. 
Moreover, if the itaconate feed ratio was increased to 35 mol %, the product ������ 
from the azeotropic polymerization and the melt polymerization was 6.0 and 3.4 
kg/mol, respectively. These values were clearly higher than that from the solution 
polymerization in diphenyl ether, which was only 0.5 kg/mol. Furthermore, for the 
CALB-catalyzed polycondensation of dimethyl itaconate and 1,4-butanediol, only 
oligomers were prepared, in spite of the different polymerization methods applied. 
The product ������ was less than 1.0 kg/mol.  

 
Figure 3.7. The number average molecular weight of the obtained polyesters (������, 

from SEC) against the feed ratio of itaconate (mol %). 
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mol % of itaconate. Moreover, low molecular weight PBSIs with tunable molar 
compositions can be obtained by using the two-stage enzymatic melt 
polymerization.  

The effects of the tested polymerization method on the enzymatic synthesis of 
PBSI can be explained by the different microstructures produced by CALB, as 
illustrated in Section 3.3.3 (see below). 

3.3.3 Microstructures of Poly(butylene succinate-co-itaconate)s from Different 
Polymerization Methods  

As suggested in our previous report, there are six possible microstructures in 
PBSIs, as shown in Figure 3.8.38 These microstructures can be classified into three 
groups according to the distance between the vinyl group and the butylene moiety. 
First, the microstructures of S-B-S, S-B-I-1 and I-B-I-1 are similar since the double 
bonds are at least four atoms away from the butylene carbons marked as C-1, C-2, 
and C-3, respectively. Second, the microstructures of S-B-I-2 and I-B-I-2 are 
comparable, because the butylene carbon marked as C-4 or C-5 is three atoms 
away from the vinyl group. Third, the carbons marked as C-6 in the microstructure 
of I-B-I-3 are unique, as there are two vinyl groups close to the butylene segment.  

 

Figure 3.8. Six possible microstructures in poly(butylene succinate-co-itaconate)s.  

These three kinds of carbons can be distinguished by 13C-NMR.As presented in 
Figure 3.9, the singlet resonance assigned to the microstructures of S-B-S, S-B-I-1 
and I-B-I-1 in PBSIs is at around 64.10 ppm, which is a bit higher than that of PBS 
at 63.81 ppm. Meanwhile, the two single peaks at around 64.30 ppm and 64.40 
ppm are ascribed to the microstructures of S-B-I-2 and I-B-I-2. In addition, the 
broad peaks assigned to the microstructure of I-B-I-3 are between 64.51 ppm to 
64.66 ppm. Besides, the other broad peaks between 64.67 ppm to 64.94 ppm are 
assigned to the methylene carbons from the butylene end groups. 
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Due to the hindrance effects of the two carbon-carbon bonds, the formation of I-B-
I-3 is the most difficult, compared to the other microstructures. However, trimers 
with the I-B-I-3 microstructures are favored by the enzyme CALB, as the 
remaining two ester bonds are no longer hindered by the vinyl groups. Therefore, 
the reactivity of these trimmers can be even higher than that of diethyl succinate 
since they are terminated by two methoxy groups. This is due to the fact that 
methyl esters are normally chemically much more reactive than ethyl esters.38 As a 
result, the production of I-B-I-3 microstructures will facilitate the chain growth of 
PBSIs. However, as shown in Figure 3.9, the I-B-I-3 microstructures were only 
identified in PB50S25I25 produced from the enzymatic azeotropic polymerization in 
the mixture of cyclohexane and toluene; but they were not detected in the tested 
PBSIs produced from the enzymatic polymerization in bulk and in diphenyl ether. 
This explained why the enzymatic azeotropic polymerization in the mixture of 
cyclohexane and toluene yielded PB50S25I25 with the highest molecular weight 
when the molar feed ratio of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was 25:25:50. 

 
Figure 3.9. Microstructures of poly(butylene succinate-co-itaconate)s produced 

from different  polymerization method. For the synthesis of 
poly(butylene succinate-co-itaconate)s containing around 25 mol % 
of itaconate, the molar feed ratio of diethyl succinate, dimethyl 
itaconate and 1,4-butanediol was 25:25:50. 

As the molar feed composition of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was changed to 15:35:50, I-B-I-3 microstructures were present also in 
PB50S16I34 produced from the enzymatic azeotropic polymerization (Figure 3.10), 
and they were also identified in the co-polyesters synthesized from the enzymatic 
melt polymerization but the corresponding carbon resonances possessed a rather 
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Due to the hindrance effects of the two carbon-carbon bonds, the formation of I-B-
I-3 is the most difficult, compared to the other microstructures. However, trimers 
with the I-B-I-3 microstructures are favored by the enzyme CALB, as the 
remaining two ester bonds are no longer hindered by the vinyl groups. Therefore, 
the reactivity of these trimmers can be even higher than that of diethyl succinate 
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This explained why the enzymatic azeotropic polymerization in the mixture of 
cyclohexane and toluene yielded PB50S25I25 with the highest molecular weight 
when the molar feed ratio of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was 25:25:50. 

 
Figure 3.9. Microstructures of poly(butylene succinate-co-itaconate)s produced 

from different  polymerization method. For the synthesis of 
poly(butylene succinate-co-itaconate)s containing around 25 mol % 
of itaconate, the molar feed ratio of diethyl succinate, dimethyl 
itaconate and 1,4-butanediol was 25:25:50. 

As the molar feed composition of diethyl succinate, dimethyl itaconate and 1,4-
butanediol was changed to 15:35:50, I-B-I-3 microstructures were present also in 
PB50S16I34 produced from the enzymatic azeotropic polymerization (Figure 3.10), 
and they were also identified in the co-polyesters synthesized from the enzymatic 
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low intensity. This indicated that only trace amount of I-B-I-3 microstructures were 
produced by CALB in PB50S16I34 using the enzymatic melt polymerization. 
Therefore, the product ������ from the enzymatic melt polymerization was lower than 
that from the enzymatic azeotropic polymerization.  

 
Figure 3.10. Microstructures of poly(butylene succinate-co-itaconate)s from 

different polymerization methods. For the synthesis of 
poly(butylene succinate-co-itaconate)s containing around 35 mol % 
of itaconate, the molar feed ratio of diethyl succinate, dimethyl 
itaconate and 1,4-butanediol was 15:35:50. 

In conclusion, the effects of polymerization methods on the enzymatic 
polycondensation of diethyl succinate, dimethyl itaconate and 1,4-butanediol can 
be explained by the different microstructures formed in the co-polyesters. We 
found that CALB is capable of producing I-B-I-3 microstructures in the mixture of 
cyclohexane and toluene by azeotropic distillation or in bulk under reduced 
pressure. However, this capability is limited in the enzymatic melt polymerization 
since the esterification reactions are insufficient and quite slow. This is due to the 
high viscosity of the reaction media and the low diffusion of the reactants under 
melt conditions. Moreover, the absence of I-B-I-3 microstructures in PBSIs 
synthesized from the two-stage enzymatic polymerization in diphenyl ether is 
probably due to the frequently occurrence of the intermolecular esterifications 
between polyester chains. As a result, the I-B-I-3 microstructures are converted to 
the other easier formed microstructures, like I-B-I-1, I-B-I-2 and S-B-I-1. 
However, during the enzymatic azeotropic polymerization, the intermolecular 
esterification is prevented in the mixture of cyclohexane and toluene since the 
concentration of the reactants is quite low.  
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3.3.4 Crystalline Properties of the Obtained Polyesters 

The amount of itaconate has obvious effects on the WAXD patterns of the obtained 
polyesters. We found that the WAXD pattern of the tested PBSIs changed from 
PBS-based to poly(butylene itaconate) (PBI)-based, when more itaconate is 
incorporated; and this change occurred when the molar percentage of itaconate 
amounted to 25 %. As presented in Figure 3.11, characteristic reflection peaks at 
19.7, 21.8 (shoulder peak), and 22.6 o were observed in the WAXD spectrum of the 
tested PBS, and the WAXD pattern of PB49S35I16 was almost the same as that of 
PBS. However, the tested PB50S16I34 exhibited a totally different WAXD pattern, 
which showed only two sharp reflection peaks at 20.0 and 20.6 o respectively. This 
suggested that new crystal structures are formed due to the ordered chain packing 
of itaconate-butylene-itaconate segments. Meanwhile, five reflection peaks were 
observed in the WAXD spectrum of the obtained PB50S25I25. Three of them can be 
assigned to the WAXD pattern of PBS and the other two are identical to the 
WAXD pattern of the tested PB50S16I34. This indicated that both PBS-based crystal 
structures and PBI-based crystal structures are present in PB50S25I25. Furthermore, a 
broad amorphous halo appeared in the WAXD spectrum of the tested 
oligo(butylene itaconate) (OB47I53) because this oil-like oligomer had a rather low 
molecular weight and no crystallinity. 

 
Figure 3.11. WAXD spectra of the tested poly(butylene succinate), poly(butylene 

succinate-co-itaconate)s and oligo(butylene itaconate).  

The degree of crystallinity (��) and melt enthalpy (���) of the obtained polyesters 
are also affected by the itaconate content. As illustrated in Figure 3.12, the �� of 
the tested PBSI reduced from 69 to 31 % as the molar percentage of itaconate 
increased from 0 to 25 %. This can be explained by the reduction of chain 
regularity by incorporation of different microstructures into the tested PBSI. We 
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thought that the unsaturated polyester chain becomes more irregular with 
increasing amount of S-B-I, I-B-I-1 and I-B-I-2 microstructures; therefore the 
ordered chain packing is greatly hindered and the degree of crystallinity decreases 
accordingly. However, the ��  increased to 63 % when the molar percentage of 
itaconate in the tested PBSI further reached 34 %. In this case, the crystallization is 
dominated by the chain packing of itaconate-butylene-itaconate segments rather 
than by succinate-butylene-succinate or succinate-butylene-itaconate moieties. 
Therefore, the polyester chain becomes more regular and this enhances the 
crystallization ability of the obtained PB50S16I34. Moreover, the ��� showed the 
same trend as the degree of crystallinity. The ��� decreased first from 91 to 30 J/g 
as the molar percentage of itaconate in the tested PBSI was increased from 0 to 25 
%; then, it slightly added up to 38 J/g when the molar percentage of itaconate was 
further increased to 34 %.  

 
Figure 3.12. Degree of crystallinity (��) and melt enthalpy (���) of the obtained 

polyesters as a function of the molar percentage of itaconate. The �� 
values were calculated from WAXD and the ���  values were 
determined from the first DSC heating curves. 

We also noticed that the melting temperature (Tm, from the first DSC heating 
curve) of the tested PBSI with 34 mol % of itaconate is the lowest among all the 
tested polyesters, even though its degree of crystallinity is the second highest. This 
is due to the fact that the close packing capability are greatly decreased by the 
highest amount of the pendant carbon-carbon bonds in PB50S16I34.  

3.3.5 Thermal and Mechanical Properties of the Cross-Linked Poly(butylene 
succinate-co-itaconate)s 

The obtained unsaturated polyesters were thermally cured at 150 °C in the presence 
of dicumyl peroxide. We found that all carbon-carbon double bonds were fully 
consumed. As confirmed by ATR-FTIR (see Figure 3.13), the characteristic 
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absorption band ascribed to the -C=C- stretching vibrations at around 1636 cm-1 

disappeared completely in the ATR-FTIR spectrum of the cured PBSI. 

 
Figure 3.13. Representative ATR-FTIR spectra of poly(butylene succinate-co-

itaconate) containing around 25 mol % of itaconate (PB50S25I25) 
before and after cross-linking. 

The thermal properties of the untreated PBSIs and the cross-linked PBSIs were 
characterized by DSC. As shown in Table 3.3, and Figure 3.14, the untreated 
PBSIs possess similar glass transition temperatures (Tg) at around - 40 °C, which 
can be explained by the highly flexibility and mobility of the linear aliphatic 
polyester chains with or without the side carbon-carbon double bonds. Meanwhile, 
melting peaks were observed in the first heating curves of all the untreated PBSIs. 

Table 3.3. Glass transition temperatures (Tg) and melting temperatures (Tm) of 
poly(butylene succinate) (PB50S50) and poly(butylene succinate-co- 
itaconate)s before and after cross-linking 

Co-polyester 
DSC, first heating  DSC, second heating 

Tg (°C) Tm (°C) 
 Tg (°C) Tm (°C) 

PB50S50 Untreated -35 113  -36 113 

PB50S40I10 
Untreated -39 95  -39 95 

Cross-linked -34 45/72 a  -34 77 

PB49S35I16 
Untreated -37 82  -37 80 

Cross-linked -25 - b  -21 - b 

PB50S25I25 
Untreated -38 36/60 a  -36 - b 

Cross-linked -8 - b  4 - b 

PB50S16I34 
Untreated -43 39  -38 - b 

Cross-linked 42 - b  25 - b 
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Figure 3.14. DSC heating curves of (a) poly(butylene succinate-co-itaconate) 
containing around 10 mol % of itaconate (PB50S40I10) before and 
after cross-linking; and (b) poly(butylene succinate-co-itaconate) 
containing around 35 mol % of itaconate (PB49S35I34) before and 
after cross-linking. 

However, the cross-linked PBSIs displayed different glass transitions and thermal 
transitions. For the tested PB50S40I10, there is a small increase in Tg after cross-
linking, which is only 5 °C. This is due to the low concentration of the cross-
linking moiety. In addition, melting peaks were still observed in the first and 
second DSC heating curves of the cured PB50S40I10; but the corresponding melting 
temperatures (Tm) decreases around 20 °C. This suggested that succinate-butylene-
succinate segments can be partially crystallized in the confined network with a 
lower cross-linking density. Moreover, for the tested cured PBSIs with more than 
10 mol % of itaconate, the Tg increases more than 12 °C and the melting transitions 
disappeared. This indicated that 15 mol % of itaconate is sufficient enough to form 
a fully cross-linked network, in which the crystallization of polyester chains is 
completely prevented. Meanwhile, we found that the more itaconate incorporated 
in PBSIs, the more the Tg increases after curing. This is due to the lower flexibility 
and mobility of the polyester chains which is caused by the higher cross-linking 
density. 

The cured polyesters are brittle polymers. As shown in Table 3.4, the Young’s 
modulus, ultimate tensile stress, and rupture strain of the tested cross-linked PBSIs 
are around 11 - 66 MPa, 3 - 12 MPa, and 26 – 34 % respectively. The Young’s 
modulus and the ultimate tensile stress of the cured PB50S40I10 are higher than that 
of the cured PB49S35I16 since the residual crystals in the tested PB49S35I16 enhanced 
the mechanical properties. As the concentration of the cross-linking moiety 
increases from 15 to 34 mol %, the Young’s modulus and the ultimate tensile stress 
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of the cured PBSIs also increases. This is due to the higher cross-linking density in 
the cured polyesters. In conclusion, general speaking, the mechanical properties of 
the cross-linked PBSIs are in accordance with other cured unsaturated polyesters as 
reported in literature.35 

Table 3.4. Mechanical properties of the cross-linked poly(butylene succinate-co-
itaconate)s 

Co-polyester Young’s modulus (MPa) Ultimate tensile stress (MPa) Rupture strain (%) 

PB50S40I10 66.58 ± 6.96 10.34 ± 1.18 26 ± 4 

PB49S35I16 11.58 ± 1.36 2.85 ± 0.60 34 ± 7 

PB50S25I25 44.70 ± 16.08 6.99 ±3.02 30 ± 9 

PB50S16I34 64.89 ± 13.23 11.73 ± 6.14 28 ± 4 

3.4 Conclusions  

Fully biobased saturated and unsaturated aliphatic polyesters and oligoesters are 
successfully produced by the CALB-catalyzed polycondensation of succinate, 
itaconate and 1,4-butanediol. By varying the feed ratio of itaconate and changing 
the polymerization method, high molecular weight PBSIs with tunable molar 
compositions are produced. 

The enzymatic copolymerization of succinic acid, itaconic acid and 1,4-butanediol 
results in oligomers since the reactions with the unactivated dicarboxylic acids are 
heterogeneous. 

By replacing the unactivated dicarboxylic acids with the alkyl diester derivatives, 
itaconate-based unsaturated polyesters are obtained, with relatively higher 
molecular weights. We found that the applied enzymatic polymerization method 
has significant effects on the molar compositions and molecular weights of the 
obtained polyesters. Among the tested methods, the azeotropic polymerization in 
the mixture of cyclohexane and toluene is the most suitable approach to synthesize 
high molecular weight PBSIs with desirable chemical compositions. In addition, 
the two-stage enzymatic polymerization in diphenyl ether is capable of producing 
high molecular weight PBSIs with less than 30 mol % of itaconate. Moreover, the 
two-stage enzymatic melt polymerization yields low molecular weight PBSIs with 
controllable chemical compositions.  

13C-NMR study confirms that different microstructures are present in PBSIs 
produced by using different polymerization methods. We found that the formation 
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of the cured PBSIs also increases. This is due to the higher cross-linking density in 
the cured polyesters. In conclusion, general speaking, the mechanical properties of 
the cross-linked PBSIs are in accordance with other cured unsaturated polyesters as 
reported in literature.35 

Table 3.4. Mechanical properties of the cross-linked poly(butylene succinate-co-
itaconate)s 

Co-polyester Young’s modulus (MPa) Ultimate tensile stress (MPa) Rupture strain (%) 

PB50S40I10 66.58 ± 6.96 10.34 ± 1.18 26 ± 4 

PB49S35I16 11.58 ± 1.36 2.85 ± 0.60 34 ± 7 
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3.4 Conclusions  
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successfully produced by the CALB-catalyzed polycondensation of succinate, 
itaconate and 1,4-butanediol. By varying the feed ratio of itaconate and changing 
the polymerization method, high molecular weight PBSIs with tunable molar 
compositions are produced. 

The enzymatic copolymerization of succinic acid, itaconic acid and 1,4-butanediol 
results in oligomers since the reactions with the unactivated dicarboxylic acids are 
heterogeneous. 

By replacing the unactivated dicarboxylic acids with the alkyl diester derivatives, 
itaconate-based unsaturated polyesters are obtained, with relatively higher 
molecular weights. We found that the applied enzymatic polymerization method 
has significant effects on the molar compositions and molecular weights of the 
obtained polyesters. Among the tested methods, the azeotropic polymerization in 
the mixture of cyclohexane and toluene is the most suitable approach to synthesize 
high molecular weight PBSIs with desirable chemical compositions. In addition, 
the two-stage enzymatic polymerization in diphenyl ether is capable of producing 
high molecular weight PBSIs with less than 30 mol % of itaconate. Moreover, the 
two-stage enzymatic melt polymerization yields low molecular weight PBSIs with 
controllable chemical compositions.  

13C-NMR study confirms that different microstructures are present in PBSIs 
produced by using different polymerization methods. We found that the formation 
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of I-B-I-3 microstructures ( ) is crucial for producing high 
molecular weight PBSIs with desired chemical compositions. We suggest that the 
occurrence of the intermolecular esterification leads to the absence of this 
microstructure. 

The tested PBS and PBSIs are semi-crystalline polymers. The WAXD pattern, 
degree of crystallinity, and melt enthalpy of the obtained polyesters are greatly 
influenced by the amount of itaconate incorporated in to the polyester chains.  

The itaconate-based unsaturated polyesters are successfully thermally cross-linked 
in the presence of dicumyl peroxide. The Tg of the cured PBSI increases 
significantly with increase of cross-linking density. Moreover, the cured 
unsaturated polyesters are brittle materials, which possesses the Young’s modulus, 
ultimate tensile stress, and rupture strain of 11 - 66 MPa, 3 - 12 MPa, and 26 - 34 
%, respectively. 
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Chapter 4 
Environmentally Benign Synthesis of 
Saturated and Unsaturated Aliphatic 
Polyesters via Enzymatic Polymerization of 
Biobased Monomers  
Abstract: Aliphatic polyesters are of great interest due to their broad potential 
applications and sustainability. Itaconate-based aliphatic polyesters are even more 
appealing in biomedical and pharmaceutical fields, as they are renewable 
functional polymers that can be biodegradable, biocompatible, photo-curable, and 
might be bioresorbable. Herein, various biobased saturated aliphatic polyesters and 
itaconate-based unsaturated aliphatic polyesters are successfully produced via 
Candida antarctica lipase b (CALB)-catalyzed polycondensation of (potentially) 
biobased dimethyl itaconate, 1,4-butanediol and various diacid ethyl esters, using a 
two-stage method in diphenyl ether. The synthetic aliphatic polyesters reach high 
������� (weight average molecular weight) values up to 94 kg/mol. Studies on the 
effect of diacid ethyl esters on the enzymatic polymerization reveal that CALB 
prefers diacid ethyl esters having a chain length of more than 2 (n > 2, n is the 
number of methylene groups between the two carbonyl groups); and CALB shows 
the highest specificity for diethyl adipate among the tested diacid ethyl esters (n = 2 
- 10). Moreover, the structure-properties relationships are discussed by 
investigating the chemical structures, crystalline properties and thermal properties 
of the obtained aliphatic polyesters, as well as, the thermal transitions and 
mechanical properties of the UV cross-linked unsaturated polyesters. 
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4.1 Introduction 

Driven by the increasing demand to reduce greenhouse gas emission, to lower 
energy consumption, and to develop novel materials, biobased materials derived 
from yearly-based biomass feedstocks have attracted much attention both in 
academia and industry.1-6 Among biobased materials that may be considered, 
biobased aliphatic polyesters possess many appealing attributes. One of the most 
important attributes is that they are biodegradable materials which have a low 
environmental impact upon disposal.7 Biobased aliphatic polyesters have found 
broad potential applications in many fields such as in fibers, packing materials, 
agricultural implements, tissue engineering scaffolds and drug delivery systems.8-10 

In fact, most of aliphatic polyesters are renewable materials, as the majority of the 
synthetic building blocks can be derived from various carbohydrate sources, for 
example, succinic acid, itaconic acid, 1,3-propanediol, 1,4-butanediol, 3-
hydroxypropionic acid, α-methylene-γ-butyrolactone, and so on.1 One common 
pathway to synthetic aliphatic polyesters is step-growth polymerization, in which 
aliphatic dicarboxylic acid derivatives and diols are polycondensed by an 
organometallic catalyst at elevated temperatures above 150 °C.8 This approach is 
straightforward but suffers from two major drawbacks: (1) undesirable side-
reactions may occur at high temperatures; and (2) removal of metal residues may 
be difficult. However, these problems can be readily circumvented by replacing the 
metal catalysts with biocatalysts: lipases.11-16 Lipases are non-toxic enzymes 
derived from renewable resources. They catalyze the hydrolysis of lipids in living 
systems, and can also be used reversibly to catalyze the ester synthesis in water and 
some organic solvents.14 Lipases have already been proven to be versatile in 
polyester synthesis at mild conditions.11, 12, 14, 17, 18 In addition, the side-reactions 
can be greatly suppressed in the lipase-catalyzed polymerization, and no harmful 
residues remain in the final products. 

Among lipases, Candida antarctica lipase b (CALB, in immobilized form as 
Novozym® 435) is the working horse in biocatalytic polyester synthesis, as it 
possesses several crucial advantages such as broad substrate specificity, stable 
performance, and commercial availability.14, 18-22  

The lipase-catalyzed synthesis of biobased polyesters is even more appealing since 
both monomers and enzyme catalysts are derived from renewable resources. This is 
an eco-friendly approach towards renewable polymeric materials.5 By using this 
approach, the energy and material consumption can be greatly reduced and the 
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generation of hazardous waste and emission can be remarkable minimized, which 
will greatly benefit future sustainability. 

Currently, many biobased polyesters have already been synthesized via lipase-
catalyzed step-growth polymerization under mild conditions. For example, Gross et 
al. produced high molecular weight poly(butylene succinate) (PBS) via a 
temperature-varied two-stage method using CALB as the catalyst;23 Catalani et al. 
prepared a series of 1,4:3,6-dianhydrohexitol-based polyesters by the CALB-
catalyzed azeotropic polymerization;24, 25 and Kobayashi et al. enzymatically 
synthesized biodegradable epoxide-containing polyesters by using vegetal oils as 
the starting materials.26 Moreover, many other biobased polyesters are produced by 
the lipase-catalyzed polycondensation, for instance, sorbitol-based polyesters,27, 28 
glucose-based polyesters29 and furan-based polyesters.30, 31  

Itaconate-based aliphatic polyesters are interesting biobased functional polymers 
containing carbon-carbon double bonds appended to the polymer main chain.32-36 
These unsaturated aliphatic polyesters are of great interest in biomedical and 
pharmaceutical fields owing to their biodegradability, biocompatibility, photo-
curability and probable bioresorbability.33 Surprisingly, studies on the synthesis of 
itaconate-based aliphatic polyesters are scarce.33, 37-43 We believe this is mainly 
because the vinyl group of itaconate can be easily deteriorated at elevated 
temperatures, and the esterification/transesterification reactivity of itaconate is 
rather low.40  

Recently, we investigated the CALB-catalyzed polycondensation of biobased 
succinate, itaconate and 1,4-butanediol.44, 45 We successfully prepared fully 
biobased PBS, poly(butylene succinate-co-itaconate)s (PBSIs), and oligo(butylene 
itaconate) (OBI) via enzymatic polymerization. However, we found that the two-
stage enzymatic solution polymerization only resulted in PBSIs with a maximum 
molar percentage of itaconate of around 25 %. In addition, the obtained PBS and 
PBSIs showed similar physical and mechanical properties.  

To systematically investigate the two-stage enzymatic polymerization in solution 
and to enrich the library of saturated and unsaturated aliphatic polyesters, we 
perform the CALB-catalyzed polycondensation of dimethyl itaconate and 1,4-
butanediol with diacid ethyl esters differing in chain length. Various saturated and 
unsaturated aliphatic polyesters are successfully synthesized via enzymatic 
polymerization. We investigate the effects of chain length of diacid ethyl ester and 
the feed ratio of itaconate on the enzymatic polymerization. Moreover, we 
characterize the chemical structures, molecular weights, crystalline and thermal 
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4.1 Introduction 

Driven by the increasing demand to reduce greenhouse gas emission, to lower 
energy consumption, and to develop novel materials, biobased materials derived 
from yearly-based biomass feedstocks have attracted much attention both in 
academia and industry.1-6 Among biobased materials that may be considered, 
biobased aliphatic polyesters possess many appealing attributes. One of the most 
important attributes is that they are biodegradable materials which have a low 
environmental impact upon disposal.7 Biobased aliphatic polyesters have found 
broad potential applications in many fields such as in fibers, packing materials, 
agricultural implements, tissue engineering scaffolds and drug delivery systems.8-10 

In fact, most of aliphatic polyesters are renewable materials, as the majority of the 
synthetic building blocks can be derived from various carbohydrate sources, for 
example, succinic acid, itaconic acid, 1,3-propanediol, 1,4-butanediol, 3-
hydroxypropionic acid, α-methylene-γ-butyrolactone, and so on.1 One common 
pathway to synthetic aliphatic polyesters is step-growth polymerization, in which 
aliphatic dicarboxylic acid derivatives and diols are polycondensed by an 
organometallic catalyst at elevated temperatures above 150 °C.8 This approach is 
straightforward but suffers from two major drawbacks: (1) undesirable side-
reactions may occur at high temperatures; and (2) removal of metal residues may 
be difficult. However, these problems can be readily circumvented by replacing the 
metal catalysts with biocatalysts: lipases.11-16 Lipases are non-toxic enzymes 
derived from renewable resources. They catalyze the hydrolysis of lipids in living 
systems, and can also be used reversibly to catalyze the ester synthesis in water and 
some organic solvents.14 Lipases have already been proven to be versatile in 
polyester synthesis at mild conditions.11, 12, 14, 17, 18 In addition, the side-reactions 
can be greatly suppressed in the lipase-catalyzed polymerization, and no harmful 
residues remain in the final products. 

Among lipases, Candida antarctica lipase b (CALB, in immobilized form as 
Novozym® 435) is the working horse in biocatalytic polyester synthesis, as it 
possesses several crucial advantages such as broad substrate specificity, stable 
performance, and commercial availability.14, 18-22  

The lipase-catalyzed synthesis of biobased polyesters is even more appealing since 
both monomers and enzyme catalysts are derived from renewable resources. This is 
an eco-friendly approach towards renewable polymeric materials.5 By using this 
approach, the energy and material consumption can be greatly reduced and the 
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generation of hazardous waste and emission can be remarkable minimized, which 
will greatly benefit future sustainability. 

Currently, many biobased polyesters have already been synthesized via lipase-
catalyzed step-growth polymerization under mild conditions. For example, Gross et 
al. produced high molecular weight poly(butylene succinate) (PBS) via a 
temperature-varied two-stage method using CALB as the catalyst;23 Catalani et al. 
prepared a series of 1,4:3,6-dianhydrohexitol-based polyesters by the CALB-
catalyzed azeotropic polymerization;24, 25 and Kobayashi et al. enzymatically 
synthesized biodegradable epoxide-containing polyesters by using vegetal oils as 
the starting materials.26 Moreover, many other biobased polyesters are produced by 
the lipase-catalyzed polycondensation, for instance, sorbitol-based polyesters,27, 28 
glucose-based polyesters29 and furan-based polyesters.30, 31  

Itaconate-based aliphatic polyesters are interesting biobased functional polymers 
containing carbon-carbon double bonds appended to the polymer main chain.32-36 
These unsaturated aliphatic polyesters are of great interest in biomedical and 
pharmaceutical fields owing to their biodegradability, biocompatibility, photo-
curability and probable bioresorbability.33 Surprisingly, studies on the synthesis of 
itaconate-based aliphatic polyesters are scarce.33, 37-43 We believe this is mainly 
because the vinyl group of itaconate can be easily deteriorated at elevated 
temperatures, and the esterification/transesterification reactivity of itaconate is 
rather low.40  

Recently, we investigated the CALB-catalyzed polycondensation of biobased 
succinate, itaconate and 1,4-butanediol.44, 45 We successfully prepared fully 
biobased PBS, poly(butylene succinate-co-itaconate)s (PBSIs), and oligo(butylene 
itaconate) (OBI) via enzymatic polymerization. However, we found that the two-
stage enzymatic solution polymerization only resulted in PBSIs with a maximum 
molar percentage of itaconate of around 25 %. In addition, the obtained PBS and 
PBSIs showed similar physical and mechanical properties.  

To systematically investigate the two-stage enzymatic polymerization in solution 
and to enrich the library of saturated and unsaturated aliphatic polyesters, we 
perform the CALB-catalyzed polycondensation of dimethyl itaconate and 1,4-
butanediol with diacid ethyl esters differing in chain length. Various saturated and 
unsaturated aliphatic polyesters are successfully synthesized via enzymatic 
polymerization. We investigate the effects of chain length of diacid ethyl ester and 
the feed ratio of itaconate on the enzymatic polymerization. Moreover, we 
characterize the chemical structures, molecular weights, crystalline and thermal 



Chapter 4 

Page | 96 

properties of the obtained aliphatic polyesters, and thermal and mechanical 
properties of the UV cross-linked unsaturated aliphatic polyesters by NMR, ATR-
FTIR, SEC, WAXD, TGA, DSC and tensile tests. Furthermore, we discuss the 
structure-properties relationships for the obtained aliphatic polyesters. 

4.2 Experimental Section 

4.2.1 Materials 

The following chemicals were purchased from Sigma-Aldrich: 1,4-butanediol (99+ 
%); dimethyl itaconate (99 %); diethyl succinate (99 %); diethyl glutarate (99+ %); 
diethyl adipate (99 %); diethyl sebacate (98+ %); chloroform (HPLC grade); 
diphenyl ether (99 %); and lipase b Acrylic Resin from Candida antarctica 
(CALB, in immobilized form as Novozym® 435, 5000+ U/g). Diethyl 
dodecanedioate (95+ %) was purchased from TCI Europe. Diethyl suberate (99 %) 
was ordered from ABCR. The photo initiator Irgacure 184 was kindly provided by 
BASF as a gift.  

CALB and diphenyl ether were pre-dried according to the procedures reported in 
our previous studies.30, 44, 45 The rest of the chemicals were used as received. 

4.2.2 General Procedure for CALB-Catalyzed Synthesis of Biobased Saturated 
and Unsaturated Aliphatic Polyesters via a Two-Stage Method in Diphenyl 
Ether 

The following procedures were applied to the enzymatic polymerization as 
reported in our previous studies.44, 45 At first, diesters (diacid ethyl ester and/or 
dimethyl itaconate, in total 11.10 mmol) and equimolar 1,4-butanediol (1.00 g, 
11.10 mmol) were mixed with diphenyl ether (150 wt %) in a round-bottom flask 
with pre-dried CALB (10 wt %). Then a two-stage method was applied to the 
enzymatic polymerization. The first stage was performed at 80 °C under a nitrogen 
atmosphere for 2 h. After that, the second stage was carried out at 80 °C under 
reduced pressure of 2 mmHg for another 94 h.  

After the enzymatic polymerization, the obtained products were purified and dried 
according to the same procedures as described in our previous studies.44, 45 Finally 
they were stored in vacuo at room temperature before analysis. 

A series of saturated and unsaturated aliphatic polyesters was successfully 
synthesized via the enzymatic polymerization. The following saturated aliphatic 
polyesters were obtained: poly(butylene succinate) (PBS), poly(butylene glutarate) 
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(PBG), poly(butylene adipate) (PBA), poly(butylene suberate) (PBSu), 
poly(butylene sebacate) (PBSe) and poly(butylene dodecanedioate) (PBD). The 
synthetic unsaturated aliphatic polyesters included: poly(butylene succinate-co-
itaconate) (PBSI), poly(butylene glutarate-co-itaconate) (PBGI), poly(butylene 
adipate-co-itaconate) (PBAI), poly(butylene suberate-co-itaconate) (PBSuI), 
poly(butylene sebacate-co-itaconate) (PBSeI) and poly(butylene dodecanedioate-
co-itaconate) (PBDI). The detailed NMR assignments of the obtained aliphatic 
polyesters are shown in Tables 4.1 - 4.2.  

Table 4.1. 1H-NMR assignments of the obtained aliphatic polyesters in CDCl3-d1 

 1H-NMR, chemical shift (δ, ppm) 

 Butanediol units Diacid ethyl ester units Itaconate units 

Polyester -O-CH2- -O-CH2-CH2- -CO-CH2- -CH2- =CH- -CO-CH2- 

PBS 4.11 (m, 4H) 1.70 (m, 4H) 2.62 (m, 4H)    
PBG 4.08 (m, 4H) 1.68 (m, 4H) 2.36 (t, 4H) 1.93 (m, 2H)   
PBA 4.08 (m, 4H) 1.69 (m, 4H) 2.32 (m, 4H) 1.65 (m, 4H)   
PBSu 4.08 (m, 4H) 1.68 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.32 (m, 4H)   
PBSe 4.08 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.29 (m, 8H)   
PBD 4.08 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.60 (m, 4H); 1.27 (m, 12H)   
PBSI 4.05-4.25 (m, 4H) 1.70 (m, 4H) 2.62 (m, 4H)  6.32 (s, 1H); 5.72 (s, 1H) 3.33 (s, 2H) 

PBGI 3.98-4.32 (m, 4H) 1.69 (m, 4H) 2.36 (t, 4H) 1.93 (m, 2H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

PBAI 4.02-4.23 (m, 4H) 1.68 (m, 4H) 2.32 (bs, 4H) 1.64 (m, 4H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

PBSuI 3.98-4.33 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.32 (m, 4H) 6.31 (s, 1H); 5.71 (s, 1H) 3.33 (s, 2H) 

PBSeI 4.01-4.25 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.60 (m, 4H); 1.29 (m, 8H) 6.32 (s, 1H); 5.71 (s, 1H) 3.33 (s, 2H) 

PBDI 3.98-4.26 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.59 (m, 4H); 1.26 (m, 12H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

Table 4.2. 13C-NMR assignments of the obtained aliphatic polyesters in CDCl3-d1 

13C-NMR, Chemical shift (δ, ppm) 

Butanediol units Diacid ethyl ester units Itaconate units 

Polyester -O-CH2- -O-CH2-CH2- -CO- -CO-CH2- -CH2- -CO- =C- -CH2- 

PBS 64.25 25.31 172.36 29.12 

PBG 64.02 25.39 173.00 33.36 20.22 

PBA 63.97 25.43 173.41 33.98 24.50 

PBSu 63.87 25.46 173.80 34.30 28.92; 24.87 

PBSe 63.85 25.47 173.93 34.40 29.23; 25.05 

PBD 63.84 25.48 173.98 34.44 29.54; 29.39; 29.29; 25.10 

PBSI 64.56; 64.43; 64.23 25.30; 25.28 172.32 29.11 170.70; 166.13 133.92; 128.48 37.74 

PBGI 64.62; 64.50; 64.01 25.40; 25.35 173.01 33.37 20.22 170.79; 166.19 133.93; 128.60 37.80 

PBAI 64.64; 64.52; 63.96 25.43; 25.36 173.40 33.97 24.50 170.79; 166.19 133.94; 128.58 37.80 

PBSuI 64.66; 64.54; 63.88 25.46; 25.37 173.80 34.30 28.92; 24.87 170.80; 166.20 133.95; 128.58 37.80 

PBSeI 64.68; 64.55; 63.85 25.47; 25.40 173.92 34.40 29.24; 25.05 170.80; 166.20 134.14; 128.53 37.81 

PBDI 64.67; 64.54; 63.83  25.46; 25.39 173.97 34.42 29.53; 29.38; 29.28; 25.08 170.78; 166.19 133.94; 128.56 37.80 
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properties of the obtained aliphatic polyesters, and thermal and mechanical 
properties of the UV cross-linked unsaturated aliphatic polyesters by NMR, ATR-
FTIR, SEC, WAXD, TGA, DSC and tensile tests. Furthermore, we discuss the 
structure-properties relationships for the obtained aliphatic polyesters. 

4.2 Experimental Section 

4.2.1 Materials 

The following chemicals were purchased from Sigma-Aldrich: 1,4-butanediol (99+ 
%); dimethyl itaconate (99 %); diethyl succinate (99 %); diethyl glutarate (99+ %); 
diethyl adipate (99 %); diethyl sebacate (98+ %); chloroform (HPLC grade); 
diphenyl ether (99 %); and lipase b Acrylic Resin from Candida antarctica 
(CALB, in immobilized form as Novozym® 435, 5000+ U/g). Diethyl 
dodecanedioate (95+ %) was purchased from TCI Europe. Diethyl suberate (99 %) 
was ordered from ABCR. The photo initiator Irgacure 184 was kindly provided by 
BASF as a gift.  

CALB and diphenyl ether were pre-dried according to the procedures reported in 
our previous studies.30, 44, 45 The rest of the chemicals were used as received. 

4.2.2 General Procedure for CALB-Catalyzed Synthesis of Biobased Saturated 
and Unsaturated Aliphatic Polyesters via a Two-Stage Method in Diphenyl 
Ether 

The following procedures were applied to the enzymatic polymerization as 
reported in our previous studies.44, 45 At first, diesters (diacid ethyl ester and/or 
dimethyl itaconate, in total 11.10 mmol) and equimolar 1,4-butanediol (1.00 g, 
11.10 mmol) were mixed with diphenyl ether (150 wt %) in a round-bottom flask 
with pre-dried CALB (10 wt %). Then a two-stage method was applied to the 
enzymatic polymerization. The first stage was performed at 80 °C under a nitrogen 
atmosphere for 2 h. After that, the second stage was carried out at 80 °C under 
reduced pressure of 2 mmHg for another 94 h.  

After the enzymatic polymerization, the obtained products were purified and dried 
according to the same procedures as described in our previous studies.44, 45 Finally 
they were stored in vacuo at room temperature before analysis. 

A series of saturated and unsaturated aliphatic polyesters was successfully 
synthesized via the enzymatic polymerization. The following saturated aliphatic 
polyesters were obtained: poly(butylene succinate) (PBS), poly(butylene glutarate) 
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(PBG), poly(butylene adipate) (PBA), poly(butylene suberate) (PBSu), 
poly(butylene sebacate) (PBSe) and poly(butylene dodecanedioate) (PBD). The 
synthetic unsaturated aliphatic polyesters included: poly(butylene succinate-co-
itaconate) (PBSI), poly(butylene glutarate-co-itaconate) (PBGI), poly(butylene 
adipate-co-itaconate) (PBAI), poly(butylene suberate-co-itaconate) (PBSuI), 
poly(butylene sebacate-co-itaconate) (PBSeI) and poly(butylene dodecanedioate-
co-itaconate) (PBDI). The detailed NMR assignments of the obtained aliphatic 
polyesters are shown in Tables 4.1 - 4.2.  

Table 4.1. 1H-NMR assignments of the obtained aliphatic polyesters in CDCl3-d1 

 1H-NMR, chemical shift (δ, ppm) 

 Butanediol units Diacid ethyl ester units Itaconate units 

Polyester -O-CH2- -O-CH2-CH2- -CO-CH2- -CH2- =CH- -CO-CH2- 

PBS 4.11 (m, 4H) 1.70 (m, 4H) 2.62 (m, 4H)    
PBG 4.08 (m, 4H) 1.68 (m, 4H) 2.36 (t, 4H) 1.93 (m, 2H)   
PBA 4.08 (m, 4H) 1.69 (m, 4H) 2.32 (m, 4H) 1.65 (m, 4H)   
PBSu 4.08 (m, 4H) 1.68 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.32 (m, 4H)   
PBSe 4.08 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.29 (m, 8H)   
PBD 4.08 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.60 (m, 4H); 1.27 (m, 12H)   
PBSI 4.05-4.25 (m, 4H) 1.70 (m, 4H) 2.62 (m, 4H)  6.32 (s, 1H); 5.72 (s, 1H) 3.33 (s, 2H) 

PBGI 3.98-4.32 (m, 4H) 1.69 (m, 4H) 2.36 (t, 4H) 1.93 (m, 2H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

PBAI 4.02-4.23 (m, 4H) 1.68 (m, 4H) 2.32 (bs, 4H) 1.64 (m, 4H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

PBSuI 3.98-4.33 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.61 (m, 4H); 1.32 (m, 4H) 6.31 (s, 1H); 5.71 (s, 1H) 3.33 (s, 2H) 

PBSeI 4.01-4.25 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.60 (m, 4H); 1.29 (m, 8H) 6.32 (s, 1H); 5.71 (s, 1H) 3.33 (s, 2H) 

PBDI 3.98-4.26 (m, 4H) 1.69 (m, 4H) 2.28 (t, 4H) 1.59 (m, 4H); 1.26 (m, 12H) 6.31 (s, 1H); 5.71 (s, 1H) 3.32 (s, 2H) 

Table 4.2. 13C-NMR assignments of the obtained aliphatic polyesters in CDCl3-d1 

13C-NMR, Chemical shift (δ, ppm) 

Butanediol units Diacid ethyl ester units Itaconate units 

Polyester -O-CH2- -O-CH2-CH2- -CO- -CO-CH2- -CH2- -CO- =C- -CH2- 

PBS 64.25 25.31 172.36 29.12 

PBG 64.02 25.39 173.00 33.36 20.22 

PBA 63.97 25.43 173.41 33.98 24.50 

PBSu 63.87 25.46 173.80 34.30 28.92; 24.87 

PBSe 63.85 25.47 173.93 34.40 29.23; 25.05 

PBD 63.84 25.48 173.98 34.44 29.54; 29.39; 29.29; 25.10 

PBSI 64.56; 64.43; 64.23 25.30; 25.28 172.32 29.11 170.70; 166.13 133.92; 128.48 37.74 

PBGI 64.62; 64.50; 64.01 25.40; 25.35 173.01 33.37 20.22 170.79; 166.19 133.93; 128.60 37.80 

PBAI 64.64; 64.52; 63.96 25.43; 25.36 173.40 33.97 24.50 170.79; 166.19 133.94; 128.58 37.80 

PBSuI 64.66; 64.54; 63.88 25.46; 25.37 173.80 34.30 28.92; 24.87 170.80; 166.20 133.95; 128.58 37.80 

PBSeI 64.68; 64.55; 63.85 25.47; 25.40 173.92 34.40 29.24; 25.05 170.80; 166.20 134.14; 128.53 37.81 

PBDI 64.67; 64.54; 63.83  25.46; 25.39 173.97 34.42 29.53; 29.38; 29.28; 25.08 170.78; 166.19 133.94; 128.56 37.80 
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The ATR-FTIR assignments of the obtained aliphatic polyesters are listed below 
(Figure 4.1). 

ATR-FTIR (cm-1): 2800 - 3005 (-CH- stretching vibrations), 1710 - 1727 (-C=O 
stretching vibrations), 1635 - 1640 (asymmetric -C=C- stretching vibrations), 1230 
- 1470 (multi-bands, -CH2- deformation vibrations), 1150 - 1170 (-C-O-C- 
stretching vibrations), 792 - 815 (-CH2- rocking vibrations, -C=CH2 twisting 
vibrations), 710 - 760 (-(CH2)n- rocking vibrations). 

 

Figure 4.1. Representative ATR-FTIR spectra of the obtained aliphatic polyesters: 
(a) saturated aliphatic polyesters; and (b) unsaturated aliphatic 
polyesters containing around 25 mol % of itaconate.  

4.2.3 Solvent Casting of Unsaturated Aliphatic Polyester Films and UV Cross-
Linking 

The unsaturated aliphatic polyester (1.5 g) and Irgacure 184 (0.03 g) were 
dissolved in chloroform (15 mL). Then the solution was poured into a teflon petri 
dish and covered with aluminum foil, after which chloroform was evaporated at 
room temperature overnight. The obtained unsaturated polyester film was then 
placed into a Digital UV/Ozone System (PSD Pro Series, Novascan Technologies, 
Inc., USA) and irradiated with UV light (185 and 254 nm) for 30 min at 40 °C 
under a nitrogen atmosphere. Finally, the UV cured polyester film was cut into 
small strips (25 mm × 5 - 6 mm × 0.2 - 0.4 mm) for tensile testing. 

4.2.4 Instrumental Methods 

A Varian VXR spectrometer (1H-NMR, 400 MHz; 13C-NMR, 100 MHz) was used 
to record spectra of 1H-NMR, 13C-NMR, 1H-1H Homonuclear Correlation (COSY), 
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and 1H-13C Heteronuclear Single Quantum Coherence (HSQC). The samples were 
dissolved in CDCl3-d1. The reported chemical shifts were referenced to the residual 
solvent resonances of CDCl3-d1. The molar compositions of the final products were 
calculated from 1H-NMR according to the method established in our previous 
reports.44, 45  

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra were 
recorded on a Bruker IFS88 FT-IR spectrometer. For each sample, 128 scans were 
performed. 

The number average molecular weights (������), weight average molecular weights 
(�������), and dispersity (Đ, ������� ������� ) were measured at 30 °C on a Viscotek Size 
Exclusion Chromatography (SEC) system. The SEC was equipped with three 
detectors and three columns. The detectors were: a LS detector (Viscotek Ralls 
detector); a VS detector (Viscotek Viscometer Model H502); and a RI detector 
(Shodex RI-71 Refractive Index detector). The columns included an Agilent guard 
column (PLgel 5 µm Guard, 50 mm) and two Agilent columns (PLgel 5 µm 
MIXED-C, 300 mm). The eluent was chloroform (HPLC grade), and the flow rate 
was 1.0 mL/min. The molecular weights were determined by the universal 
calibration method. The universal calibration curve was generated using narrow 
polydispersity polystyrene standards (Agilent and Polymer Laboratories). The ������� 
values of the polystyrene standards ranged from 645 to 3001000 g/mol. 

The thermal transitions of the obtained aliphatic polyesters were measured by 
Differential Scanning Calorimetry (DSC) using a TA-Instruments Q1000. The 
heating and cooling rate were 10 °C/min. The glass transition temperature (Tg) was 
also determined by Temperature Modulated DSC (TMDSC) using the same 
instrument. For the TMDSC tests, samples were heated up from -80 to 180 °C at 2 
°C/min with the temperature modulation of ± 0.50 °C for every 60 seconds. The 
TMDSC test started immediately after the normal DSC measurement.  

The thermal stability of the obtained aliphatic polyesters was characterized by 
Thermal Gravimetric Analysis (TGA) on a Perkin Elmer Thermo Gravimetric 
Analyzer TGA7 under a nitrogen atmosphere. The scan rate was 10 °C/min. 

Wide-Angle X-ray Diffraction (WAXD) spectra were recorded at room 
temperature on a Bruker D8 Advance Diffractometer (Cu Kα1/Kα2, λ = 
1.54184/1.54056 nm). The degree of crystallinity (��) was determined by WAXD 
according to the method established in our previous reports.30, 31, 44 
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The ATR-FTIR assignments of the obtained aliphatic polyesters are listed below 
(Figure 4.1). 

ATR-FTIR (cm-1): 2800 - 3005 (-CH- stretching vibrations), 1710 - 1727 (-C=O 
stretching vibrations), 1635 - 1640 (asymmetric -C=C- stretching vibrations), 1230 
- 1470 (multi-bands, -CH2- deformation vibrations), 1150 - 1170 (-C-O-C- 
stretching vibrations), 792 - 815 (-CH2- rocking vibrations, -C=CH2 twisting 
vibrations), 710 - 760 (-(CH2)n- rocking vibrations). 

 

Figure 4.1. Representative ATR-FTIR spectra of the obtained aliphatic polyesters: 
(a) saturated aliphatic polyesters; and (b) unsaturated aliphatic 
polyesters containing around 25 mol % of itaconate.  

4.2.3 Solvent Casting of Unsaturated Aliphatic Polyester Films and UV Cross-
Linking 

The unsaturated aliphatic polyester (1.5 g) and Irgacure 184 (0.03 g) were 
dissolved in chloroform (15 mL). Then the solution was poured into a teflon petri 
dish and covered with aluminum foil, after which chloroform was evaporated at 
room temperature overnight. The obtained unsaturated polyester film was then 
placed into a Digital UV/Ozone System (PSD Pro Series, Novascan Technologies, 
Inc., USA) and irradiated with UV light (185 and 254 nm) for 30 min at 40 °C 
under a nitrogen atmosphere. Finally, the UV cured polyester film was cut into 
small strips (25 mm × 5 - 6 mm × 0.2 - 0.4 mm) for tensile testing. 

4.2.4 Instrumental Methods 

A Varian VXR spectrometer (1H-NMR, 400 MHz; 13C-NMR, 100 MHz) was used 
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and 1H-13C Heteronuclear Single Quantum Coherence (HSQC). The samples were 
dissolved in CDCl3-d1. The reported chemical shifts were referenced to the residual 
solvent resonances of CDCl3-d1. The molar compositions of the final products were 
calculated from 1H-NMR according to the method established in our previous 
reports.44, 45  

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra were 
recorded on a Bruker IFS88 FT-IR spectrometer. For each sample, 128 scans were 
performed. 

The number average molecular weights (������), weight average molecular weights 
(�������), and dispersity (Đ, ������� ������� ) were measured at 30 °C on a Viscotek Size 
Exclusion Chromatography (SEC) system. The SEC was equipped with three 
detectors and three columns. The detectors were: a LS detector (Viscotek Ralls 
detector); a VS detector (Viscotek Viscometer Model H502); and a RI detector 
(Shodex RI-71 Refractive Index detector). The columns included an Agilent guard 
column (PLgel 5 µm Guard, 50 mm) and two Agilent columns (PLgel 5 µm 
MIXED-C, 300 mm). The eluent was chloroform (HPLC grade), and the flow rate 
was 1.0 mL/min. The molecular weights were determined by the universal 
calibration method. The universal calibration curve was generated using narrow 
polydispersity polystyrene standards (Agilent and Polymer Laboratories). The ������� 
values of the polystyrene standards ranged from 645 to 3001000 g/mol. 

The thermal transitions of the obtained aliphatic polyesters were measured by 
Differential Scanning Calorimetry (DSC) using a TA-Instruments Q1000. The 
heating and cooling rate were 10 °C/min. The glass transition temperature (Tg) was 
also determined by Temperature Modulated DSC (TMDSC) using the same 
instrument. For the TMDSC tests, samples were heated up from -80 to 180 °C at 2 
°C/min with the temperature modulation of ± 0.50 °C for every 60 seconds. The 
TMDSC test started immediately after the normal DSC measurement.  

The thermal stability of the obtained aliphatic polyesters was characterized by 
Thermal Gravimetric Analysis (TGA) on a Perkin Elmer Thermo Gravimetric 
Analyzer TGA7 under a nitrogen atmosphere. The scan rate was 10 °C/min. 

Wide-Angle X-ray Diffraction (WAXD) spectra were recorded at room 
temperature on a Bruker D8 Advance Diffractometer (Cu Kα1/Kα2, λ = 
1.54184/1.54056 nm). The degree of crystallinity (��) was determined by WAXD 
according to the method established in our previous reports.30, 31, 44 
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Tensile tests were performed on an Instron 5565 Series Universal Testing 
Instrument at room temperature. The crosshead speed was 10 mm/min. 

4.3 Results and Discussion 

4.3.1 CALB-Catalyzed Synthesis of Biobased Saturated and Unsaturated 
Aliphatic Polyesters via the Two-Stage Method in Diphenyl Ether  

The two-stage enzymatic polymerization of (potentially) biobased diacid ethyl 
esters, dimethyl itaconate and 1,4-butanediol in diphenyl ether yielded sustainable 
saturated aliphatic polyesters and itaconate-based unsaturated aliphatic polyesters 
with different chemical structures, as shown in Scheme 4.1. The diacid ethyl esters 
used were: diethyl succinate, diethyl glutarate, diethyl adipate, diethyl sebacate, 
diethyl suberate, and diethyl dodecanedioate. The number of methylene units 
between the two carbonyl groups in the tested diacid ethyl esters is 2, 3, 4, 6, 8 and 
10, respectively. This number defines the chain length (n) of the tested diacid ethyl 
esters in this study. 

 

Scheme 4.1. CALB-catalyzed synthesis of biobased saturated and unsaturated 
aliphatic polyesters via a two-stage method in diphenyl ether. 

The chemical structures of the obtained aliphatic polyesters were confirmed by 
NMR and ATR-FTIR (Tables 4.1 - 4.2, and Figures 4.1 - 4.2). All carbon-carbon 
double bonds were well preserved after the enzymatic polymerization. As shown in 
Table 4.1 and Figure 4.2b, the two singlets at around 5.7 and 6.3 ppm were 
ascribed to the two vinyl protons in the itaconate units. No extra proton signal was 
observed, which would have indicated the deterioration of this sensitive group. 
This is in contrast to the conventional polymerization where itaconate could 
deteriorate easily through: (1) cross-linking of the carbon-carbon double bonds at 
elevated temperatures;33 (2) Michael additions to the carbon-carbon double bonds 
with alcohols or water;46 and (3) induced isomerization of itaconate to citraconate 
or mesaconate by elevated temperatures or some catalysts.46, 47 However, these 
side-reactions were successfully prevented during the enzymatic polymerization 
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because of the mild reaction temperature and the high catalytic specificity of the 
enzyme CALB. In conclusion, enzymatic polymerization is a robust approach for 
the production of polyesters containing sensitive groups. 

 

Figure 4.2. Representative 1H-NMR spectra of the obtained aliphatic polyesters: 
(a) saturated aliphatic polyesters; and (b) unsaturated aliphatic 
polyesters containing around 25 mol % of itaconate. 

 

Figure 4.3. The representative 1H-1H Homonuclear Correlation (COSY) spectrum 
of poly(butylene dodecanedioate-co-itaconate) containing around 25 
mol % of itaconate (PBDI-25). 

The NMR assignments of the obtained unsaturated aliphatic polyesters were 
confirmed by 2D NMR: COSY and HSQC. Figure 4.3 depicts the representative 
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double bonds were well preserved after the enzymatic polymerization. As shown in 
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with alcohols or water;46 and (3) induced isomerization of itaconate to citraconate 
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because of the mild reaction temperature and the high catalytic specificity of the 
enzyme CALB. In conclusion, enzymatic polymerization is a robust approach for 
the production of polyesters containing sensitive groups. 
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COSY spectrum of poly(butylene dodecanedioate-co-itaconate) containing around 
25 mol % of itaconate (PBDI-25). The two vinyl proton signals at around 6.3 ppm 
and 5.7 ppm (Hf and Hg) correlated to each other, and they coupled separately to 
the methylene proton resonance at around 3.3 ppm (Hi). Therefore, three cross 
peaks (Hf/Hg, Hi/Hf, and Hi/Hg) appeared in the COSY spectrum, confirming the 
successfully incorporation of the itaconate units in the co-polyesters. Meanwhile, 
the methylene protons Ha and Hc coupled separately to another methylene proton 
Hb from the same dodecanedioate units, showing two off-diagonal peaks Ha/Hb and 
Hb/Hc in the COSY spectrum. This proves the presence of the dodecanedioate units 
in the tested PBDI-25. In addition, the similar methylene protons Hd and Hd’ from 
the butanediol units showed two resonances at around 4.1 and 4.2 ppm in the 1H-
NMR spectra, as they linked to the different acyl groups. The protons Hd were 
assigned to the methylene protons close to the dodecanedioate units, while the 
protons Hd’ were ascribed to the other methylene protons next to the itaconate 
units. Meanwhile, both of them correlated to another methylene proton He within 
the butanediol units, showing two cross peaks He/Hd and He/Hd’. This also suggests 
the formation of co-polyesters. 

 

Figure 4.4. The representative 1H-13C Heteronuclear Single Quantum Coherence 
(HSQC) spectrum of poly(butylene dodecanedioate-co-itaconate) 
containing around 25 mol % of itaconate (PBDI-25). 

Figure 4.4 illustrates the representative HSQC spectrum of the tested PBDI-25. The 
successful preservation of the vinyl groups was confirmed by the two cross peaks 
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Ch/Hf and Ch/Hg, where the vinyl carbon resonance at around 128 ppm (Ch) 
correlated to the two vinyl proton singlets at around 6.3 ppm and 5.7 ppm (Hf and 
Hg). Meanwhile, the carbon resonance at around 38 ppm (Ci) corresponded to the 
methylene proton singlet at around 3.3 ppm (Hi). Therefore, the presence of the 
itaconate units in the co-polyesters was supported by the three cross-peaks Ch/Hf, 
Ch/Hg and Ci/Hi. In addition, the resonances of the methylene carbons overlapped at 
around 25 ppm (Cb and Ce) due to the low resolution of the carbon signals in 2D-
NMR. However, they split clearly in the standard 13C-NMR spectra, and they 
corresponded separately to the methylene proton signals at around 1.6 (Hb) and 1.7 
ppm (He). As shown in Figure 4.4, the off-diagonal peak Ce/He possessed a slightly 
lower position than that of Cb/Hb. According to this, the carbon resonance at 25.08 
ppm was assigned to the methylene carbons Cb from the dodecanedioate units; and 
the other carbon signals at 25.46 and 25.39 ppm were ascribed to the methylene 
carbons Ce from the butanediol units. Thus, the cross-peaks Ca/Ha, Cb/Hb and Cc/Hc 
confirmed the existence of the dodecanedioate units in PBDI; and the off-diagonal 
peaks Cd&d’/Hd, Cd&d’/Hd’ and Ce/He gave the evidence of the butanediol units in the 
co-polyesters. 

Aliphatic polyesters with the desired chemical compositions were produced from 
the enzymatic polymerization involving diacid ethyl esters having a chain length of 
more than 2 (n > 2) (see Table 4.3). The values of the molar percentage were in 
good agreement with their feed ratios. As illustrated in Figure 4.5, the molar 
percentage of itaconate was tunable from 0 to 35 % when using diacid ethyl esters 
having a chain length of more than 2 (n > 2) in the enzymatic polymerization. In 
contrast, the molar percentage of itaconate in PBSI matched with the itaconate feed 
ratios between 0 to 25 % only when using diethyl succinate with the shortest chain 
length (n = 2) among the tested diacid ethyl esters.44 By further increasing the feed 
ratio of itaconate up to 30 and 35 mol %, the molar percentage of itaconate dropped 
significantly to around 15 %. We speculated that this was due to the frequent 
occurrence of intermolecular transesterifications between the succinate units and 
itaconate units, as discussed in our previous report.44 In this case, oligomers rich in 
the itaconate units were produced with low enzymatic reactivity. Thus, the chain 
growth of these oligomers was greatly hindered, which resulted in lower molecular 
weights. Besides, the oligomers rich in the itaconate units possessed better 
solubility in the precipitants (hexane and methanol), and were washed away during 
the purification procedure. As a result, only low molecular weight PBSIs 
containing around 15 mol % of itaconate was obtained from the enzymatic 
polymerization when the feed ratio of itaconate was more than 25 mol %.  
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Ch/Hf and Ch/Hg, where the vinyl carbon resonance at around 128 ppm (Ch) 
correlated to the two vinyl proton singlets at around 6.3 ppm and 5.7 ppm (Hf and 
Hg). Meanwhile, the carbon resonance at around 38 ppm (Ci) corresponded to the 
methylene proton singlet at around 3.3 ppm (Hi). Therefore, the presence of the 
itaconate units in the co-polyesters was supported by the three cross-peaks Ch/Hf, 
Ch/Hg and Ci/Hi. In addition, the resonances of the methylene carbons overlapped at 
around 25 ppm (Cb and Ce) due to the low resolution of the carbon signals in 2D-
NMR. However, they split clearly in the standard 13C-NMR spectra, and they 
corresponded separately to the methylene proton signals at around 1.6 (Hb) and 1.7 
ppm (He). As shown in Figure 4.4, the off-diagonal peak Ce/He possessed a slightly 
lower position than that of Cb/Hb. According to this, the carbon resonance at 25.08 
ppm was assigned to the methylene carbons Cb from the dodecanedioate units; and 
the other carbon signals at 25.46 and 25.39 ppm were ascribed to the methylene 
carbons Ce from the butanediol units. Thus, the cross-peaks Ca/Ha, Cb/Hb and Cc/Hc 
confirmed the existence of the dodecanedioate units in PBDI; and the off-diagonal 
peaks Cd&d’/Hd, Cd&d’/Hd’ and Ce/He gave the evidence of the butanediol units in the 
co-polyesters. 

Aliphatic polyesters with the desired chemical compositions were produced from 
the enzymatic polymerization involving diacid ethyl esters having a chain length of 
more than 2 (n > 2) (see Table 4.3). The values of the molar percentage were in 
good agreement with their feed ratios. As illustrated in Figure 4.5, the molar 
percentage of itaconate was tunable from 0 to 35 % when using diacid ethyl esters 
having a chain length of more than 2 (n > 2) in the enzymatic polymerization. In 
contrast, the molar percentage of itaconate in PBSI matched with the itaconate feed 
ratios between 0 to 25 % only when using diethyl succinate with the shortest chain 
length (n = 2) among the tested diacid ethyl esters.44 By further increasing the feed 
ratio of itaconate up to 30 and 35 mol %, the molar percentage of itaconate dropped 
significantly to around 15 %. We speculated that this was due to the frequent 
occurrence of intermolecular transesterifications between the succinate units and 
itaconate units, as discussed in our previous report.44 In this case, oligomers rich in 
the itaconate units were produced with low enzymatic reactivity. Thus, the chain 
growth of these oligomers was greatly hindered, which resulted in lower molecular 
weights. Besides, the oligomers rich in the itaconate units possessed better 
solubility in the precipitants (hexane and methanol), and were washed away during 
the purification procedure. As a result, only low molecular weight PBSIs 
containing around 15 mol % of itaconate was obtained from the enzymatic 
polymerization when the feed ratio of itaconate was more than 25 mol %.  
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Table 4.3. Result summary: aliphatic polyesters from the CALB-catalyzed two-
stage polycondensation  

 Molar composition (%)  Molecular weight  
 Feed a  Co-polyester b  SEC c  

Polyester FD FI FB  XD XI XB  ������ (kg/mol) ������� (kg/mol) Đ (������� ������� ) Yield (%) 

PBS 50 0 50  50 0 50  6.0 11.5 1.92 86 d 
PBSI-15 35 15 50  35 16 49  13.3 22.6 1.70 90 d 
PBSI-25 25 25 50  27 24 49  11.1 16.6 1.50 87 d 
PBSI-15 20 30 50  36 16 48  1.9 2.2 1.16 21 e 
PBSI-15 15 35 50  41 15 44  0.5 0.5 1.00 49 e 
PBI 0 50 50  0 68 32  0.2 0.2 1.00 35 e 
PBG 50 0 50  49 0 51  18.0 39.1 2.17 85 d 
PBGI-15 35 15 50  36 14 50  20.7 39.8 1.92 84 d 
PBGI-25 25 25 50  26 24 50  19.8 37.2 1.88 82 d 
PBGI-30 20 30 50  21 29 50  13.7 24.6 1.80 76 d 
PBGI-35 15 35 50  16 34 50  11.8 23.5 1.99 70 d 
PBA 50 0 50  50 0 50  46.8 94.0 2.01 89 d 
PBAI-15 35 15 50  36 15 50  24.6 57.9 2.35 84 d 
PBAI-25 25 25 50  26 25 49  30.0 55.3 1.84 86 d 
PBAI-30 20 30 50  21 30 49  20.1 33.7 1.68 78 d 
PBAI-35 15 35 50  17 33 50  15.6 30.3 1.94 68 d 
PBSu 50 0 50  50 0 50  18.0 37.6 2.09 87 d 

PBSuI-15 35 15 50  36 14 50  19.4 38.7 1.99 84 d 
PBSuI-25 25 25 50  26 24 50  20.2 34.3 1.70 87 d 
PBSuI-30 20 30 50  22 28 50  23.2 46.9 2.02 77 d 
PBSuI-35 15 35 50  16 34 50  15.8 25.4 1.61 70 d 
PBSe 50 0 50  50 0 50  21.5 39.5 1.84 94 d 
PBSeI-15 35 15 50  34 18 48  21.1 38.0 1.80 84 d 
PBSeI-25 25 25 50  26 24 50  22.5 41.6 1.85 81 d 
PBSeI-30 20 30 50  20 31 49  18.7 30.1 1.61 79 d 
PBSeI-35 15 35 50  17 34 49  11.3 29.1 2.58 66 d 
PBD 50 0 50  49 0 51  12.4 26.3 2.12 88 d 
PBDI-15 35 15 50  34 18 48  17.3 39.2 2.27 87 d 
PBDI-25 25 25 50  26 25 49  20.3 34.6 1.70 80 d 
PBDI-30 20 30 50  22 28 50  21.9 47.6 2.17 82 d 
PBDI-35 15 35 50  17 33 50  24.2 49.5 2.05 82 d 

a FD, FI, FB represent the molar percentage of diacid ethyl ester, dimethyl itaconate, and 1,4-butanediol fed into the 
enzymatic polymerization, respectively; b XD, XI, XB represent the molar percentage of diacid ethyl ester units, 
itaconate units and butanediol units in the obtained aliphatic polyesters, respectively, which were calculated from 
1H-NMR; c The number average molecular weight (������), weight average molecular weight (������), and dispersity 
(Đ, ������ ������� ) were determined by SEC in chloroform; d Isolated yield. The final products were precipitated in cold 
methanol (-20 °C); e Isolated yield. The final products were precipitated in hexane (r.t.).  

However, the intermolecular transesterifications between the diacid ethyl ester 
units and the itaconate units were greatly suppressed in the enzymatic 
polymerization involving diacid ethyl esters having a chain length of more than 2 
(n > 2), as these diacid ethyl ester units do not match in size with the itaconate units 
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(n = 2). Therefore, the intermolecular transesterifications might have only occurred 
between the diacid ethyl ester units, which led to the formation of polyester chains 
with similar enzymatic reactivity. As a result, unsaturated aliphatic polyesters 
containing the diacid ethyl ester units having a chain length of more than 2 (n > 2) 
can reach high molecular weights (see Figure 4.6), and can be easily isolated 
during the purification steps. In other words, all monomer units were completely 
incorporated into the polyester chains during the enzymatic polymerization and 
they were well presented in the purified products. To sum up, the enzymatic 
polymerization of dimethyl itaconate and 1,4-butanediol with diacid ethyl esters 
having a chain length of more than 2 (n > 2) yielded aliphatic polyesters with the 
desirable molar compositions; and the molar percentage of itaconate in the final 
products can be tuned from 0 to 35 % by adjusting the molar feed ratio of itaconate 
from 0 to 35 %. 

 

Figure 4.5. Molar percentage of itaconate (calculated from 1H-NMR) in the final 
products versus the feed ratio of itaconate. 

The chain length of the tested diacid ethyl esters had a significant influence on the 
molecular weights of the obtained aliphatic polyesters from the enzymatic 
polymerization. As shown in Figure 4.6, the enzymatic polymerization with diethyl 
succinate having the shortest chain length (n = 2) among the tested diacid ethyl 
esters gave the lowest molecular weights. This is in good agreement with previous 
studies reported in literature,24, 48, 49 which proven that the enzymatic 
polymerization with succinate also gave the lowest molecular weights compared to 
those involving diacid derivatives having a chain length of more than 2 (n > 2). 
This may be due to mainly two reasons. First, the enzymatic reactivity of succinate 
is quite low, which is caused by its short chain length. Second, succinate-based 
aliphatic polyesters normally possess higher crystallization ability, a higher Tm, and 
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Table 4.3. Result summary: aliphatic polyesters from the CALB-catalyzed two-
stage polycondensation  

 Molar composition (%)  Molecular weight  
 Feed a  Co-polyester b  SEC c  

Polyester FD FI FB  XD XI XB  ������ (kg/mol) ������� (kg/mol) Đ (������� ������� ) Yield (%) 

PBS 50 0 50  50 0 50  6.0 11.5 1.92 86 d 
PBSI-15 35 15 50  35 16 49  13.3 22.6 1.70 90 d 
PBSI-25 25 25 50  27 24 49  11.1 16.6 1.50 87 d 
PBSI-15 20 30 50  36 16 48  1.9 2.2 1.16 21 e 
PBSI-15 15 35 50  41 15 44  0.5 0.5 1.00 49 e 
PBI 0 50 50  0 68 32  0.2 0.2 1.00 35 e 
PBG 50 0 50  49 0 51  18.0 39.1 2.17 85 d 
PBGI-15 35 15 50  36 14 50  20.7 39.8 1.92 84 d 
PBGI-25 25 25 50  26 24 50  19.8 37.2 1.88 82 d 
PBGI-30 20 30 50  21 29 50  13.7 24.6 1.80 76 d 
PBGI-35 15 35 50  16 34 50  11.8 23.5 1.99 70 d 
PBA 50 0 50  50 0 50  46.8 94.0 2.01 89 d 
PBAI-15 35 15 50  36 15 50  24.6 57.9 2.35 84 d 
PBAI-25 25 25 50  26 25 49  30.0 55.3 1.84 86 d 
PBAI-30 20 30 50  21 30 49  20.1 33.7 1.68 78 d 
PBAI-35 15 35 50  17 33 50  15.6 30.3 1.94 68 d 
PBSu 50 0 50  50 0 50  18.0 37.6 2.09 87 d 

PBSuI-15 35 15 50  36 14 50  19.4 38.7 1.99 84 d 
PBSuI-25 25 25 50  26 24 50  20.2 34.3 1.70 87 d 
PBSuI-30 20 30 50  22 28 50  23.2 46.9 2.02 77 d 
PBSuI-35 15 35 50  16 34 50  15.8 25.4 1.61 70 d 
PBSe 50 0 50  50 0 50  21.5 39.5 1.84 94 d 
PBSeI-15 35 15 50  34 18 48  21.1 38.0 1.80 84 d 
PBSeI-25 25 25 50  26 24 50  22.5 41.6 1.85 81 d 
PBSeI-30 20 30 50  20 31 49  18.7 30.1 1.61 79 d 
PBSeI-35 15 35 50  17 34 49  11.3 29.1 2.58 66 d 
PBD 50 0 50  49 0 51  12.4 26.3 2.12 88 d 
PBDI-15 35 15 50  34 18 48  17.3 39.2 2.27 87 d 
PBDI-25 25 25 50  26 25 49  20.3 34.6 1.70 80 d 
PBDI-30 20 30 50  22 28 50  21.9 47.6 2.17 82 d 
PBDI-35 15 35 50  17 33 50  24.2 49.5 2.05 82 d 

a FD, FI, FB represent the molar percentage of diacid ethyl ester, dimethyl itaconate, and 1,4-butanediol fed into the 
enzymatic polymerization, respectively; b XD, XI, XB represent the molar percentage of diacid ethyl ester units, 
itaconate units and butanediol units in the obtained aliphatic polyesters, respectively, which were calculated from 
1H-NMR; c The number average molecular weight (������), weight average molecular weight (������), and dispersity 
(Đ, ������ ������� ) were determined by SEC in chloroform; d Isolated yield. The final products were precipitated in cold 
methanol (-20 °C); e Isolated yield. The final products were precipitated in hexane (r.t.).  

However, the intermolecular transesterifications between the diacid ethyl ester 
units and the itaconate units were greatly suppressed in the enzymatic 
polymerization involving diacid ethyl esters having a chain length of more than 2 
(n > 2), as these diacid ethyl ester units do not match in size with the itaconate units 
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(n = 2). Therefore, the intermolecular transesterifications might have only occurred 
between the diacid ethyl ester units, which led to the formation of polyester chains 
with similar enzymatic reactivity. As a result, unsaturated aliphatic polyesters 
containing the diacid ethyl ester units having a chain length of more than 2 (n > 2) 
can reach high molecular weights (see Figure 4.6), and can be easily isolated 
during the purification steps. In other words, all monomer units were completely 
incorporated into the polyester chains during the enzymatic polymerization and 
they were well presented in the purified products. To sum up, the enzymatic 
polymerization of dimethyl itaconate and 1,4-butanediol with diacid ethyl esters 
having a chain length of more than 2 (n > 2) yielded aliphatic polyesters with the 
desirable molar compositions; and the molar percentage of itaconate in the final 
products can be tuned from 0 to 35 % by adjusting the molar feed ratio of itaconate 
from 0 to 35 %. 

 

Figure 4.5. Molar percentage of itaconate (calculated from 1H-NMR) in the final 
products versus the feed ratio of itaconate. 

The chain length of the tested diacid ethyl esters had a significant influence on the 
molecular weights of the obtained aliphatic polyesters from the enzymatic 
polymerization. As shown in Figure 4.6, the enzymatic polymerization with diethyl 
succinate having the shortest chain length (n = 2) among the tested diacid ethyl 
esters gave the lowest molecular weights. This is in good agreement with previous 
studies reported in literature,24, 48, 49 which proven that the enzymatic 
polymerization with succinate also gave the lowest molecular weights compared to 
those involving diacid derivatives having a chain length of more than 2 (n > 2). 
This may be due to mainly two reasons. First, the enzymatic reactivity of succinate 
is quite low, which is caused by its short chain length. Second, succinate-based 
aliphatic polyesters normally possess higher crystallization ability, a higher Tm, and 
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a lower solubility in the reaction media, compared to the counterparts containing 
dicarboxylate units having a chain length of more than 2 (n > 2). 

 

Figure 4.6. Molecular weights of the obtained aliphatic polyesters from enzymatic 
polymerization: (a) number average molecular weight (������); and (b) 
weight average molecular weight (�������). 

On the other hand, the molecular weights of the obtained aliphatic polyesters 
containing 0 - 25 mol % of itaconate showed the following trend against the chain 
length of the tested diacid ethyl esters. The molecular weights increased first with 
increasing chain length of the diacid ethyl esters from 2 to 4. However, further 
increase of the chain length from 4 to 6, 8 and 10 resulted in lower molecular 
weights. We found that the enzymatic polymerization of diethyl adipate (n = 4) and 
1,4-butanediol with 0 - 25 mol % of dimethyl itaconate gave the highest molecular 
weights. Similar results were reported by Catalani el al.24 and Papaspyrides et al.50 
on the effect of the chain length of diacid ethyl esters/dicarboxylic acids on 
enzymatic polymerization. Catalani el al. studied the CALB-catalyzed azeotropic 
polymerization of diacid ethyl esters with isosorbide in a mixture of cyclohexane 
and toluene. They found that the ������� of the obtained isosorbide-based polyesters 
increased significantly from 3000 to 21000 g/mol with increasing chain length of 
the diacid ethyl esters from 2 to 4; however, when the chain length were further 
increased to 6 and 8 the ������� decreased to around 9000 - 10000 g/mol. Papaspyrides 
et al. investigated the CALB-catalyzed polymerization of dicarboxylic acids with 
1,8-octanediol in diphenyl ether. They found that the product ������ (determined by 
1H-NMR) decreased from 8020 to 5360 g/mol when the chain length of 
dicarboxylic acids increased from 8 to 12. However, they did not give an 
explanation for these results. We believe this is because CALB shows variable 
specificity for diacid ethyl esters differing in chain length. As reported by Gotor et 
al.,51 the CALB specificity constant Vmax/Km for the ethyl esters first increased with 
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increasing acyl chain length (the total carbon number in the acryl group) from 2 to 
6; then, it decreased similarly when the acyl chain length increased to 8, 10 and 12. 
They also found that ethyl caproate, which has the same carbon number in the acryl 
group as diethyl adipate, possessed the highest Vmax/Km value. They attributed this 
to the tighter binding of ethyl caproate to the enzyme CALB. Moreover, Taylor et 
al.52 investigated the acyl-binding site of CALB. They found that adipic acid was 
the most preferred substrate among the tested dicarboxylic acids. They attributed 
this to the significantly less entropic component of enantio-selectivity (�����) of 
adipic acid compared to the other tested substrates.  

However, it should be noted that enzymatic polymerization is not only affected by 
the enzyme specificity for the monomers. Many other factors may have influences 
on enzymatic polymerization, for example, the solubility of the monomers, the 
solubility of the resulting products, the Tm and the crystallization ability of the final 
products, the remaining water in the enzymes, and the purity of the monomers. 
Therefore, we should draw conclusions carefully with respect to the effect of a 
single factor on enzymatic polymerization. However, given the fact that the 
polymerization conditions were consistent and the physical properties of the tested 
diacid ethyl esters and the final products are comparable, we believe that in our 
case the enzymatic specificity for the tested diacid ethyl esters was the major 
reason affecting the enzymatic polymerization. 

The enzymatic polymerization involving a higher feed ratio of itaconate generally 
gave lower molecular weights. For instance, the molecular weights of PBAI 
decreased significantly with increasing feed ratio of itaconate from 0 to 35 mol %: 
the ������ and ������� decreased from 46.8 and 94.0 kg/mol to 15.6 and 30.3 kg/mol, 
respectively. This is due to the fact that dimethyl itaconate possesses lower 
enzymatic reactivity compared to all the tested diacid ethyl esters. Therefore, the 
production of the enzymatic polymerization was dominated by the enzymatic 
reactivity of dimethyl itaconate. However, the enzymatic polymerization involving 
diethyl succinate yielded PBS with much lower molecular weights compared to 
PBSI-15. This can be explained by the higher crystallinity and Tm of PBS, and its 
lower solubility in the reaction media, as we discussed in our previous studies.44, 45 
Moreover, the enzymatic polymerization involving diethyl glutarate/diethyl 
suberate/diethyl sebacate resulted in PBGI/PBSuI/PBSeI with similar molecular 
weights when the feed ratio of itaconate ranged from 0 to 25 mol %. The 
explanations for this phenomena is discussed below. First, phase separation did not 
occur during the enzymatic polymerization involving diethyl glutarate/diethyl 
suberate/diethyl sebacate. Second, the intermolecular transesterification between 
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a lower solubility in the reaction media, compared to the counterparts containing 
dicarboxylate units having a chain length of more than 2 (n > 2). 
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increasing acyl chain length (the total carbon number in the acryl group) from 2 to 
6; then, it decreased similarly when the acyl chain length increased to 8, 10 and 12. 
They also found that ethyl caproate, which has the same carbon number in the acryl 
group as diethyl adipate, possessed the highest Vmax/Km value. They attributed this 
to the tighter binding of ethyl caproate to the enzyme CALB. Moreover, Taylor et 
al.52 investigated the acyl-binding site of CALB. They found that adipic acid was 
the most preferred substrate among the tested dicarboxylic acids. They attributed 
this to the significantly less entropic component of enantio-selectivity (�����) of 
adipic acid compared to the other tested substrates.  

However, it should be noted that enzymatic polymerization is not only affected by 
the enzyme specificity for the monomers. Many other factors may have influences 
on enzymatic polymerization, for example, the solubility of the monomers, the 
solubility of the resulting products, the Tm and the crystallization ability of the final 
products, the remaining water in the enzymes, and the purity of the monomers. 
Therefore, we should draw conclusions carefully with respect to the effect of a 
single factor on enzymatic polymerization. However, given the fact that the 
polymerization conditions were consistent and the physical properties of the tested 
diacid ethyl esters and the final products are comparable, we believe that in our 
case the enzymatic specificity for the tested diacid ethyl esters was the major 
reason affecting the enzymatic polymerization. 

The enzymatic polymerization involving a higher feed ratio of itaconate generally 
gave lower molecular weights. For instance, the molecular weights of PBAI 
decreased significantly with increasing feed ratio of itaconate from 0 to 35 mol %: 
the ������ and ������� decreased from 46.8 and 94.0 kg/mol to 15.6 and 30.3 kg/mol, 
respectively. This is due to the fact that dimethyl itaconate possesses lower 
enzymatic reactivity compared to all the tested diacid ethyl esters. Therefore, the 
production of the enzymatic polymerization was dominated by the enzymatic 
reactivity of dimethyl itaconate. However, the enzymatic polymerization involving 
diethyl succinate yielded PBS with much lower molecular weights compared to 
PBSI-15. This can be explained by the higher crystallinity and Tm of PBS, and its 
lower solubility in the reaction media, as we discussed in our previous studies.44, 45 
Moreover, the enzymatic polymerization involving diethyl glutarate/diethyl 
suberate/diethyl sebacate resulted in PBGI/PBSuI/PBSeI with similar molecular 
weights when the feed ratio of itaconate ranged from 0 to 25 mol %. The 
explanations for this phenomena is discussed below. First, phase separation did not 
occur during the enzymatic polymerization involving diethyl glutarate/diethyl 
suberate/diethyl sebacate. Second, the intermolecular transesterification between 
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the diacid ethyl ester units and the itaconate units was highly suppressed since the 
glutarate/suberate/sebacate units (n = 3, 6 and 8) do not match in size with the 
itaconate units; and they are longer than the itaconate units (n = 2). Third, CALB 
may show similar specificity for diethyl glutarate, diethyl suberate and diethyl 
sebacate.  

However, the feed ratio of itaconate showed an opposite effect on the enzymatic 
polymerization involving diethyl dodecanedioate. The molecular weights of PBDI 
increased steadily when the feed ratio of itaconate varied from 0 to 35 mol %: the 
������  and �������  increased from 12.4 and 26.3 kg/mol to 24.2 and 49.5 kg/mol, 
respectively. This could be explained by two reasons. On the one hand, the 
solubility of PBDI increased with increasing amount of itaconate incorporated into 
the polyester main chain. Therefore, the phase separation was delayed as more 
itaconate was incorporated into the polyester main chain. On the other hand, the 
intermolecular transesterifications between the dodecanedioate units and the 
itaconate units were extremely suppressed since the dodecanedioate units are 3 
times longer than the itaconate units. Therefore, the enzymatic polymerization 
involving higher ratio of itaconate still gave PBDI with higher molecular weights, 
although the enzymatic reactivity of all the monomers decreased with increasing 
feed ratio of itaconate. However, the enzymatic polymerization yielded PBD with 
much lower molecular weights than that of PBG/PBA/PBSu/PBSe. This can be 
attributed to the lower solubility and higher crystallization ability of PBD (see the 
WAXD results later). 

Besides, it should be pointed out that the starting building blocks for the enzymatic 
polymerization are potentially biobased. In this study, their petroleum-based 
counterparts with high purities were used. However, biobased chemicals usually 
suffer from inherent impurities, for example, biobased succinic acid might contain 
some impurities such as formic acid and acetic acid;53, 54 and the impurities in the 
biobased monomers can alter the quality of the resultant polymers, as well as, the 
efficiency of enzymatic polymerization. Therefore, extra purification steps should 
be employed if those biobased monomers are applied in enzymatic polymerization. 

4.3.2 Crystalline Properties of the Biobased Saturated and Unsaturated 
Aliphatic Polyesters 

All the tested saturated aliphatic polyesters were semicrystalline materials, showing 
the same crystal structures as reported in literature.55-57 First, the tested PBS 
crystallized into a monoclinic α-form crystal. It displayed five major diffraction 
peaks at 2 θ of 19.7 (d = 4.50 Å, α (020/��11)), 21.8 (d = 4.07 Å, α (021)), 22.6 (d = 
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3.93 Å, α (110)), 26.1 (d = 3.41 Å, α (��21)) and 29.0 o (d = 3.08 Å, α (111)) (see 
Figure 4.7a). Second, two kinds of crystals were present in the tested PBG and 
PBA: an orthorhombic β-form (dominant), and a monoclinic α-form (small 
amount). The tested PBG showed four major diffraction peaks at 2 θ of 21.6 (d = 
4.11 Å, β (110)), 23.6 (d = 3.77 Å, α (021)), 24.3 (d = 3.66 Å, β (020)) and 30.0 o (d 
= 2.98 Å, β (120)); and The tested PBA showed four major reflection peaks at 2 θ 
of 21.4 (d = 4.15 Å, β (110)), 22.6 (d = 3.93 Å, α (020)), 24.4 (d = 3.65 Å, β (020)) 
and 30.3 o (d = 2.95 Å, β (120)). Third, the tested PBSu, PBSe and PBD all 
possessed the same orthorhombic crystal structure. They exhibited three 
characteristic reflection peaks at 2 θ of 21.2 - 21.4 o (d = 4.15 - 4.19 Å, (120)), 24.2 
- 24.5 o (d = 3.63 - 3.67 Å, (040)), and 30.1 - 30.3 o (d = 2.95 - 2.97 Å, (140)).  

From the WAXD results mentioned above, we can draw the conclusion that 
aliphatic polyesters containing more methylene groups in the diacid ethyl ester 
units prefer to form the orthorhombic crystal structure. This can be explained by 
the “polyethylene effect”: the aliphatic polyester chain approaches that of 
polyethylene as more methylene units are incorporated into the main chain. 
Therefore, the crystallization behavior of aliphatic polyesters with more methylene 
units is similar to that of polyethylene which crystallizes into the same 
orthorhombic base-centered structure.58 

 

Figure 4.7. Wide-Angle X-ray Diffraction (WAXD) spectra of the obtained 
aliphatic polyesters: (a) saturated polyesters; and (b) unsaturated 
polyesters containing around 15 mol % of itaconate. 

The tested PBGI-15 was amorphous at room temperature, showing a broad 
amorphous halo in its WAXD spectrum (Figure 4.7b). The other tested unsaturated 
aliphatic polyesters containing around 15 mol % of itaconate were semicrystalline 
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the diacid ethyl ester units and the itaconate units was highly suppressed since the 
glutarate/suberate/sebacate units (n = 3, 6 and 8) do not match in size with the 
itaconate units; and they are longer than the itaconate units (n = 2). Third, CALB 
may show similar specificity for diethyl glutarate, diethyl suberate and diethyl 
sebacate.  

However, the feed ratio of itaconate showed an opposite effect on the enzymatic 
polymerization involving diethyl dodecanedioate. The molecular weights of PBDI 
increased steadily when the feed ratio of itaconate varied from 0 to 35 mol %: the 
������  and �������  increased from 12.4 and 26.3 kg/mol to 24.2 and 49.5 kg/mol, 
respectively. This could be explained by two reasons. On the one hand, the 
solubility of PBDI increased with increasing amount of itaconate incorporated into 
the polyester main chain. Therefore, the phase separation was delayed as more 
itaconate was incorporated into the polyester main chain. On the other hand, the 
intermolecular transesterifications between the dodecanedioate units and the 
itaconate units were extremely suppressed since the dodecanedioate units are 3 
times longer than the itaconate units. Therefore, the enzymatic polymerization 
involving higher ratio of itaconate still gave PBDI with higher molecular weights, 
although the enzymatic reactivity of all the monomers decreased with increasing 
feed ratio of itaconate. However, the enzymatic polymerization yielded PBD with 
much lower molecular weights than that of PBG/PBA/PBSu/PBSe. This can be 
attributed to the lower solubility and higher crystallization ability of PBD (see the 
WAXD results later). 

Besides, it should be pointed out that the starting building blocks for the enzymatic 
polymerization are potentially biobased. In this study, their petroleum-based 
counterparts with high purities were used. However, biobased chemicals usually 
suffer from inherent impurities, for example, biobased succinic acid might contain 
some impurities such as formic acid and acetic acid;53, 54 and the impurities in the 
biobased monomers can alter the quality of the resultant polymers, as well as, the 
efficiency of enzymatic polymerization. Therefore, extra purification steps should 
be employed if those biobased monomers are applied in enzymatic polymerization. 

4.3.2 Crystalline Properties of the Biobased Saturated and Unsaturated 
Aliphatic Polyesters 

All the tested saturated aliphatic polyesters were semicrystalline materials, showing 
the same crystal structures as reported in literature.55-57 First, the tested PBS 
crystallized into a monoclinic α-form crystal. It displayed five major diffraction 
peaks at 2 θ of 19.7 (d = 4.50 Å, α (020/��11)), 21.8 (d = 4.07 Å, α (021)), 22.6 (d = 
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3.93 Å, α (110)), 26.1 (d = 3.41 Å, α (��21)) and 29.0 o (d = 3.08 Å, α (111)) (see 
Figure 4.7a). Second, two kinds of crystals were present in the tested PBG and 
PBA: an orthorhombic β-form (dominant), and a monoclinic α-form (small 
amount). The tested PBG showed four major diffraction peaks at 2 θ of 21.6 (d = 
4.11 Å, β (110)), 23.6 (d = 3.77 Å, α (021)), 24.3 (d = 3.66 Å, β (020)) and 30.0 o (d 
= 2.98 Å, β (120)); and The tested PBA showed four major reflection peaks at 2 θ 
of 21.4 (d = 4.15 Å, β (110)), 22.6 (d = 3.93 Å, α (020)), 24.4 (d = 3.65 Å, β (020)) 
and 30.3 o (d = 2.95 Å, β (120)). Third, the tested PBSu, PBSe and PBD all 
possessed the same orthorhombic crystal structure. They exhibited three 
characteristic reflection peaks at 2 θ of 21.2 - 21.4 o (d = 4.15 - 4.19 Å, (120)), 24.2 
- 24.5 o (d = 3.63 - 3.67 Å, (040)), and 30.1 - 30.3 o (d = 2.95 - 2.97 Å, (140)).  

From the WAXD results mentioned above, we can draw the conclusion that 
aliphatic polyesters containing more methylene groups in the diacid ethyl ester 
units prefer to form the orthorhombic crystal structure. This can be explained by 
the “polyethylene effect”: the aliphatic polyester chain approaches that of 
polyethylene as more methylene units are incorporated into the main chain. 
Therefore, the crystallization behavior of aliphatic polyesters with more methylene 
units is similar to that of polyethylene which crystallizes into the same 
orthorhombic base-centered structure.58 
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materials at the same temperature, which adapted the same crystal structures as 
their saturated aliphatic polyester counterparts.  

Among the tested unsaturated aliphatic polyesters containing more than 15 mol % 
of itaconate, PBGI, PBAI, PBSuI and PBSeI-35 were amorphous at room 
temperature. The others were semicrystalline materials, including PBSI-25/30/35, 
PBSeI-25/30 and PBDI-25/30/35. PBSeI-25/30 and PBDI-25/30/35 showed the 
same crystal structures as their saturated aliphatic polyester counterparts. However, 
the crystal structure of PBSI changed from the monoclinic α-form to the 
monoclinic β-form when more than 25 mol % of itaconate was incorporated into 
the polymer main chain. PBSI containing less than 25 mol % of itaconate 
crystallized into the monoclinic α-form crystal, while PBSI containing more than 
25 mol % of itaconate formed the monoclinic β-form crystal structure. Meanwhile, 
both of the two crystal structures were identified in PBSI-25. We suspected that the 
monoclinic α-form crystal was formed by the ordered chain packing between the 
succinate-butylene-succinate segments which are dominant in PBSI containing less 
than 25 mol % of itaconate; while the monoclinic β-form crystal was formed by the 
ordered chain packing between the itaconate-butylene-itaconate segments which 
are the most abundant microstructures in PBSI containing more than 25 mol % of 
itaconate. Regarding to PBSI-25, both of these two segments were equally 
presented. 

The degree of crystallinity (��) of the obtained aliphatic polyesters was calculated 
from WAXD according to the method established in our previous reports.30, 31, 44 
The results are summarized in Table 4.4. We found that the chain length of the 
diacid ethyl ester units had a significant effect on the ��  of the tested aliphatic 
polyesters. The �� value first decreased with increasing chain length of the diacid 
ethyl ester units and then increased with increasing chain length after a threshold 
(see Figure 4.8). For example, the ��  of the tested saturated polyesters dropped 
from 69 to 47 % when the chain length increased from 2 to 3. This is because PBS 
(n = 2) has a higher chain regularity than PBG (n = 3): both the succinate units and 
the diol units in PBS have the same carbon number (4), but the glutarate units (5) 
in PBG are longer. However, when the chain length increased from 3 to 10, the �� 
value of the saturated aliphatic polyesters increased from 47 to 71 %.  

This trend, in which the ��  increases with increasing chain length of the diacid 
ethyl ester units in the polyester main chain, is in good agreement with previous 
results reported in literature.59 Aliphatic polyesters have been found to have 
increased �� values when increasing the methylene numbers in the diester or diol 
units. We think that this can be attributed to the similar “polyethylene effect” as we 
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discussed above: aliphatic polyesters with more methylene units are similar to 
polyethylene, which can reach a high degree of crystallinity of around 80 - 90 %.  

Table 4.4. Thermal and crystalline properties of the obtained aliphatic polyesters  

Polyester a 

 DSC b       

First heating Cooling Second heating TMDSC c  TGA d  WAXD 

Tg Tcc Tm ��� Tc ��� Tg Tcc Tm ��� Tg Td-5% Td-10% Td-max �� e 

PBS -28 80 98, 113 f 91 68 71 -30 88 99, 111 f 83 -29 339 360 406 69 

PBSI-15 -37 39 82 59 / / -36 40 80 16 -29 358 374 411 49 

PBSI-25 -38 / 36, 60 f 30 / / -36 / / 0 -37 327 365 406 31 

PBSI-30 -39 / 42 35 / / -36 / / 0 -37 274 342 398 57 

PBSI-35 -43 / 39 38 / / -38 / / 0 -38 279 344 399 63 

PBG -58 / 53 58 / / -59 -23 26, 38 f 38 -58 381 390 422 47 

PBGI-15 -54 / / / / / -52 / / 0 -51 352 382 419 0 

PBGI-25 -49 / / / / / -45 / / 0 -44 365 381 418 0 

PBGI-30 -47 / / / / / -43 / / 0 -43 356 374 415 0 

PBGI-35 -43 / / / / / -36 / / 0 -33 368 385 425 0 

PBA -55 / 61, 66 f 78 29 36 -59 / 54 33 -59 377 387 418 59 

PBAI-15 -53 / 26 31 / / -53 -10 18 25 -54 366 385 423 16 

PBAI-25 -51 / / / / / -48 / / 0 -48 363 385 430 0 

PBAI-30 -48 / / / / / -45 / / 0 -43 363 380 422 0 

PBAI-35 -45 / / / / / -44 / / 0 -40 357 379 419 0 

PBSu -56 / 59 102 36 74 -59 / 57 78 -62 384 393 420 63 

PBSuI-15 -56 / 31, 40 f 42 / / -54 / 18 4 -57 369 391 421 31 

PBSuI-25 -57 / / / / / -55 / / 0 -55 326 371 414 0 

PBSuI-30 -53 / / / / / -51 / / 0 -51 361 381 422 0 

PBSuI-35 -47 / / / / / -46 / / 0 -46 354 376 418 0 

PBSe -55 / 65 101 48 73 -55 / 67 81 -54 382 391 420 62 

PBSeI-15 -55 / 48 60 20 46 -55 / 39 52 -52 384 394 426 46 

PBSeI-25 -55 -43 23 32 / / -59 -36 7 21 -51 352 383 429 14 

PBSeI-30 -54 -24 7 22 / / -55 -18 5 13 -54 351 380 428 5 

PBSeI-35 -49 / / / / / -52 / / 0 -48 364 382 424 0 

PBD -44 / 59, 73 f 121 56 88 -46 / 56, 72 f 96 -46 384 394 421 75 

PBDI-15 -48 / 54 78 31 50 -49 / 51 59 -47 384 396 429 60 

PBDI-25 -48 / 45 65 16 33 -48 / 32, 39 f 40 -45 378 390 430 37 

PBDI-30 -48 / 23, 45 f 26 5 29 -48 / 27, 36f 30 -46 365 382 426 14 

PBDI-35 -49 0 15 18 -24 16 -50 -1 12 13 -45 366 385 428 5 

a PBSI-25, PBSI-30 and PBSI-35 were obtained from the CALB-catalyzed azeotropic polymerization in the mixture of 
cyclohexane and toluene;44 The other aliphatic polyesters were produced from the CALB-catalyzed two-stage polymerization in 
diphenyl ether; b Tg = glass transition temperature, Tcc = cold crystallization temperature upon heating, Tm = melting temperature, 
��� = enthalpy of transition, Tc = crystallization temperature, / = not detected at the tested time scale; c TMDSC = Temperature 
Modulated Differential Scanning Calorimetry; d Td-5% = decomposition temperature at 5 % weight loss, Td-10% = decomposition 
temperature at 10 % weight loss, Td-max = temperature at maximum rate of decomposition; e The degree of crystallinity (��) was 
calculated from WAXD; f Multiple melting temperatures were observed. 
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materials at the same temperature, which adapted the same crystal structures as 
their saturated aliphatic polyester counterparts.  

Among the tested unsaturated aliphatic polyesters containing more than 15 mol % 
of itaconate, PBGI, PBAI, PBSuI and PBSeI-35 were amorphous at room 
temperature. The others were semicrystalline materials, including PBSI-25/30/35, 
PBSeI-25/30 and PBDI-25/30/35. PBSeI-25/30 and PBDI-25/30/35 showed the 
same crystal structures as their saturated aliphatic polyester counterparts. However, 
the crystal structure of PBSI changed from the monoclinic α-form to the 
monoclinic β-form when more than 25 mol % of itaconate was incorporated into 
the polymer main chain. PBSI containing less than 25 mol % of itaconate 
crystallized into the monoclinic α-form crystal, while PBSI containing more than 
25 mol % of itaconate formed the monoclinic β-form crystal structure. Meanwhile, 
both of the two crystal structures were identified in PBSI-25. We suspected that the 
monoclinic α-form crystal was formed by the ordered chain packing between the 
succinate-butylene-succinate segments which are dominant in PBSI containing less 
than 25 mol % of itaconate; while the monoclinic β-form crystal was formed by the 
ordered chain packing between the itaconate-butylene-itaconate segments which 
are the most abundant microstructures in PBSI containing more than 25 mol % of 
itaconate. Regarding to PBSI-25, both of these two segments were equally 
presented. 

The degree of crystallinity (��) of the obtained aliphatic polyesters was calculated 
from WAXD according to the method established in our previous reports.30, 31, 44 
The results are summarized in Table 4.4. We found that the chain length of the 
diacid ethyl ester units had a significant effect on the ��  of the tested aliphatic 
polyesters. The �� value first decreased with increasing chain length of the diacid 
ethyl ester units and then increased with increasing chain length after a threshold 
(see Figure 4.8). For example, the ��  of the tested saturated polyesters dropped 
from 69 to 47 % when the chain length increased from 2 to 3. This is because PBS 
(n = 2) has a higher chain regularity than PBG (n = 3): both the succinate units and 
the diol units in PBS have the same carbon number (4), but the glutarate units (5) 
in PBG are longer. However, when the chain length increased from 3 to 10, the �� 
value of the saturated aliphatic polyesters increased from 47 to 71 %.  

This trend, in which the ��  increases with increasing chain length of the diacid 
ethyl ester units in the polyester main chain, is in good agreement with previous 
results reported in literature.59 Aliphatic polyesters have been found to have 
increased �� values when increasing the methylene numbers in the diester or diol 
units. We think that this can be attributed to the similar “polyethylene effect” as we 

Saturated and Unsaturated Aliphatic Polyesters 

Page | 111 

discussed above: aliphatic polyesters with more methylene units are similar to 
polyethylene, which can reach a high degree of crystallinity of around 80 - 90 %.  

Table 4.4. Thermal and crystalline properties of the obtained aliphatic polyesters  

Polyester a 

 DSC b       

First heating Cooling Second heating TMDSC c  TGA d  WAXD 

Tg Tcc Tm ��� Tc ��� Tg Tcc Tm ��� Tg Td-5% Td-10% Td-max �� e 

PBS -28 80 98, 113 f 91 68 71 -30 88 99, 111 f 83 -29 339 360 406 69 

PBSI-15 -37 39 82 59 / / -36 40 80 16 -29 358 374 411 49 

PBSI-25 -38 / 36, 60 f 30 / / -36 / / 0 -37 327 365 406 31 

PBSI-30 -39 / 42 35 / / -36 / / 0 -37 274 342 398 57 

PBSI-35 -43 / 39 38 / / -38 / / 0 -38 279 344 399 63 

PBG -58 / 53 58 / / -59 -23 26, 38 f 38 -58 381 390 422 47 

PBGI-15 -54 / / / / / -52 / / 0 -51 352 382 419 0 

PBGI-25 -49 / / / / / -45 / / 0 -44 365 381 418 0 

PBGI-30 -47 / / / / / -43 / / 0 -43 356 374 415 0 

PBGI-35 -43 / / / / / -36 / / 0 -33 368 385 425 0 

PBA -55 / 61, 66 f 78 29 36 -59 / 54 33 -59 377 387 418 59 

PBAI-15 -53 / 26 31 / / -53 -10 18 25 -54 366 385 423 16 

PBAI-25 -51 / / / / / -48 / / 0 -48 363 385 430 0 

PBAI-30 -48 / / / / / -45 / / 0 -43 363 380 422 0 

PBAI-35 -45 / / / / / -44 / / 0 -40 357 379 419 0 

PBSu -56 / 59 102 36 74 -59 / 57 78 -62 384 393 420 63 

PBSuI-15 -56 / 31, 40 f 42 / / -54 / 18 4 -57 369 391 421 31 

PBSuI-25 -57 / / / / / -55 / / 0 -55 326 371 414 0 

PBSuI-30 -53 / / / / / -51 / / 0 -51 361 381 422 0 

PBSuI-35 -47 / / / / / -46 / / 0 -46 354 376 418 0 

PBSe -55 / 65 101 48 73 -55 / 67 81 -54 382 391 420 62 

PBSeI-15 -55 / 48 60 20 46 -55 / 39 52 -52 384 394 426 46 

PBSeI-25 -55 -43 23 32 / / -59 -36 7 21 -51 352 383 429 14 

PBSeI-30 -54 -24 7 22 / / -55 -18 5 13 -54 351 380 428 5 

PBSeI-35 -49 / / / / / -52 / / 0 -48 364 382 424 0 

PBD -44 / 59, 73 f 121 56 88 -46 / 56, 72 f 96 -46 384 394 421 75 

PBDI-15 -48 / 54 78 31 50 -49 / 51 59 -47 384 396 429 60 

PBDI-25 -48 / 45 65 16 33 -48 / 32, 39 f 40 -45 378 390 430 37 

PBDI-30 -48 / 23, 45 f 26 5 29 -48 / 27, 36f 30 -46 365 382 426 14 

PBDI-35 -49 0 15 18 -24 16 -50 -1 12 13 -45 366 385 428 5 

a PBSI-25, PBSI-30 and PBSI-35 were obtained from the CALB-catalyzed azeotropic polymerization in the mixture of 
cyclohexane and toluene;44 The other aliphatic polyesters were produced from the CALB-catalyzed two-stage polymerization in 
diphenyl ether; b Tg = glass transition temperature, Tcc = cold crystallization temperature upon heating, Tm = melting temperature, 
��� = enthalpy of transition, Tc = crystallization temperature, / = not detected at the tested time scale; c TMDSC = Temperature 
Modulated Differential Scanning Calorimetry; d Td-5% = decomposition temperature at 5 % weight loss, Td-10% = decomposition 
temperature at 10 % weight loss, Td-max = temperature at maximum rate of decomposition; e The degree of crystallinity (��) was 
calculated from WAXD; f Multiple melting temperatures were observed. 
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The ��  of the tested unsaturated polyesters containing diacid ethyl ester units 
having a chain length of more than 2 (n > 2) decreased significantly with increasing 
amount of itaconate incorporated into the polyester chain. This can be explained by 
two reasons: (1) the decrease of chain regularity caused by the chain length 
difference between the diacid ethyl ester units and the itaconate units; and (2) the 
hindered effect of the extra appending vinyl groups. However, the ��  of PBSI 
decreased first with increasing molar percentage of itaconate from 0 to 25 %. Then, 
it increased when the molar percentage of itaconate further increased from 25 to 35 
%.44 This is because PBSI containing more than 25 mol % of itaconate formed a 
different crystal structure due to the ordered chain packing between the itaconate-
butylene-itaconate segments, as we discussed above. Thus, the chain regularity of 
PBSI actually increases when more than 25 mol % of itaconate was incorporated 
into the main chain.  

 

Figure 4.8. The degree of crystallinity (��) of the obtained aliphatic polyesters 
against the chain length of the diacid ethyl ester units (n) and the 
molar percentage of itaconate in the co-polyesters. 

In conclusion, the crystallization of aliphatic polyesters is significantly affected by 
the amount of methylene and itaconate units incorporated into the main chain at the 
tested temperatures and time scales. Generally speaking, aliphatic polyesters 
(except PBS and PBSI) containing more methylene units or less itaconate units 
possess higher crystallization ability. 
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4.3.3 Thermal Properties of the Biobased Saturated and Unsaturated 
Aliphatic Polyesters 

The thermal properties of the obtained aliphatic polyesters were characterized by 
TGA and DSC. The results are summarized in Table 4.4. 

 

Figure 4.9. TGA traces of the obtained aliphatic polyesters: (a) saturated aliphatic 
polyesters; and (b) unsaturated aliphatic polyesters containing around 
35 mol % of itaconate. 

Figure 4.9 depict the representative TGA traces of the tested saturated aliphatic 
polyesters and unsaturated aliphatic polyesters containing around 35 mol % of 
itaconate. We found that the tested PBS and PBSI possessed relatively lower 
thermal stability compared to the other tested polyesters. Their decomposition 
temperature at 5 % weight loss (Td-5%), decomposition temperature at 10 % weight 
loss (Td-10%), and temperature at maximum rate of decomposition (Td-max) ranged 
from 274 to 358 °C, 342 to 374 °C, and 398 to 411 °C, respectively. This might be 
due to the relatively low molecular weights of PBS and PBSI. The other tested 
aliphatic polyesters displayed Td-5%, Td-10%, and Td-max at around 350 - 384 °C, 371 - 
391 °C, and 414 - 430 °C, respectively. According to the TGA results, we can draw 
the conclusion that all the tested aliphatic polyesters possess a very broad 
processing window since they showed high Td values. 

The glass transition temperatures (Tg) of the obtained polyesters were determined 
by DSC and TMDSC (see Table 4.4). All the tested polyesters showed low Tg 
values ranging from -65 to -25 °C, owing to the high flexibility of the aliphatic 
chains. We also noticed that the Tg of the tested aliphatic polyesters showed a 
similar trend with respect to the chain length of the diacid ethyl ester units. As 
shown in Figure 4.10, the Tg decreased first with increasing chain length of the 
diacid ethyl ester units from 2 to 6 or 8; then, it increased again when the chain 
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The ��  of the tested unsaturated polyesters containing diacid ethyl ester units 
having a chain length of more than 2 (n > 2) decreased significantly with increasing 
amount of itaconate incorporated into the polyester chain. This can be explained by 
two reasons: (1) the decrease of chain regularity caused by the chain length 
difference between the diacid ethyl ester units and the itaconate units; and (2) the 
hindered effect of the extra appending vinyl groups. However, the ��  of PBSI 
decreased first with increasing molar percentage of itaconate from 0 to 25 %. Then, 
it increased when the molar percentage of itaconate further increased from 25 to 35 
%.44 This is because PBSI containing more than 25 mol % of itaconate formed a 
different crystal structure due to the ordered chain packing between the itaconate-
butylene-itaconate segments, as we discussed above. Thus, the chain regularity of 
PBSI actually increases when more than 25 mol % of itaconate was incorporated 
into the main chain.  

 

Figure 4.8. The degree of crystallinity (��) of the obtained aliphatic polyesters 
against the chain length of the diacid ethyl ester units (n) and the 
molar percentage of itaconate in the co-polyesters. 

In conclusion, the crystallization of aliphatic polyesters is significantly affected by 
the amount of methylene and itaconate units incorporated into the main chain at the 
tested temperatures and time scales. Generally speaking, aliphatic polyesters 
(except PBS and PBSI) containing more methylene units or less itaconate units 
possess higher crystallization ability. 
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4.3.3 Thermal Properties of the Biobased Saturated and Unsaturated 
Aliphatic Polyesters 

The thermal properties of the obtained aliphatic polyesters were characterized by 
TGA and DSC. The results are summarized in Table 4.4. 

 

Figure 4.9. TGA traces of the obtained aliphatic polyesters: (a) saturated aliphatic 
polyesters; and (b) unsaturated aliphatic polyesters containing around 
35 mol % of itaconate. 

Figure 4.9 depict the representative TGA traces of the tested saturated aliphatic 
polyesters and unsaturated aliphatic polyesters containing around 35 mol % of 
itaconate. We found that the tested PBS and PBSI possessed relatively lower 
thermal stability compared to the other tested polyesters. Their decomposition 
temperature at 5 % weight loss (Td-5%), decomposition temperature at 10 % weight 
loss (Td-10%), and temperature at maximum rate of decomposition (Td-max) ranged 
from 274 to 358 °C, 342 to 374 °C, and 398 to 411 °C, respectively. This might be 
due to the relatively low molecular weights of PBS and PBSI. The other tested 
aliphatic polyesters displayed Td-5%, Td-10%, and Td-max at around 350 - 384 °C, 371 - 
391 °C, and 414 - 430 °C, respectively. According to the TGA results, we can draw 
the conclusion that all the tested aliphatic polyesters possess a very broad 
processing window since they showed high Td values. 

The glass transition temperatures (Tg) of the obtained polyesters were determined 
by DSC and TMDSC (see Table 4.4). All the tested polyesters showed low Tg 
values ranging from -65 to -25 °C, owing to the high flexibility of the aliphatic 
chains. We also noticed that the Tg of the tested aliphatic polyesters showed a 
similar trend with respect to the chain length of the diacid ethyl ester units. As 
shown in Figure 4.10, the Tg decreased first with increasing chain length of the 
diacid ethyl ester units from 2 to 6 or 8; then, it increased again when the chain 

100 200 300 400 500 600 700 800

0

20

40

60

80

100 a

W
ei

gh
t (

%
)

Temperature (oC)

 n = 2, PBS
 n = 3, PBG
 n = 4, PBA 
 n = 6, PBSu
 n = 8, PBSe
 n = 10, PBD

100 200 300 400 500 600 700 800

0

20

40

60

80

100

W
ei

gh
t (

%
)

Temperature (oC)

b
 n = 2, PBSI-35
 n = 3, PBGI-35
 n = 4, PBAI-35 
 n = 6, PBSuI-35
 n = 8, PBSeI-35
 n = 10, PBDI-35



Chapter 4 

Page | 114 

length further increased to 10. We believe this could be explained by the 
synergistic effects between the flexibility of the polymer main chain and the degree 
of crystallinity. On one hand, the stiffness of the tested aliphatic polyesters 
decreases with increasing chain length of the diacid ethyl ester units. This is the 
major reason attributing to the decrease of Tg with increasing chain length of the 
diacid ethyl ester units from 2 to 6 or 8. On the other hand, the Tg of the 
semicrystalline polymers often increases with increasing crystallinity. As discussed 
above, the degree of crystallinity of the tested aliphatic polyesters increased 
significantly when the chain length of the diacid ethyl ester units increased to 10. 

 

Figure 4.10. The glass transition temperatures (Tg) of the obtained aliphatic 
polyesters against the chain length of the diacid ethyl ester units. All 
Tg values were determined by TMDSC (Temperature Modulated 
Differential Scanning Calorimetry). PBX represents the tested 
saturated aliphatic polyesters. PBXI represents the tested 
unsaturated aliphatic polyesters. The number 15/25/30/35 indicates 
the approximate molar percentage of itaconate in the co-polyesters. 

Figure 4.11 depicts the melting temperature (Tm) and enthalpy of fusion (���) of 
the tested aliphatic polyesters against the chain length of the diacid ethyl ester units 
and the molar percentage of itaconate in the final products. The Tm and ��� 
showed the following trend with respect to the chain length of the diacid ethyl ester 
units. They decreased significantly as the chain length of diacid ethyl ester units 
increased from 2 to 3. However, upon further increasing the chain length from 3 to 
10, the Tm and ��� increased steadily again. Meanwhile, the Tm and ��� of the 
tested aliphatic polyesters containing diacid ethyl ester units having chain lengths 
of more than 2 (n > 2) showed the following trend with respect to the amount of the 
itaconate units incorporated in the final products. They generally decreased greatly 
with increasing molar percentage of itaconate in the unsaturated polyesters. Again, 
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the effects of the chain length of diacid ethyl ester units and the molar percentage 
of itaconate on the thermal transitions of the tested aliphatic polyesters can be 
explained by the same line of reasoning used in the discussion on crystalline 
properties. 

It should be noted that the Tm, ���, �� of the tested aliphatic polyesters showed 
the same trend with respect to the chain length of the diacid ethyl ester units and 
the molar percentage of itaconate (see Figure 4.8 and Figure 4.11). This suggests 
that the WAXD results are in accordance with the DSC results. 

 

Figure 4.11. (a) The melting temperatures (Tm, from the first DSC heating scan) 
and (b) the enthalpies of fusion (���, from the first DSC heating 
scan) of the obtained aliphatic polyesters against the chain length of 
diacid ethyl ester units and the molar percentage of itaconate. For the 
tested aliphatic polyesters having multi-melting peaks, the highest Tm 
is presented here. The symbol N.D. means no melting behavior was 
detected during the tested time scale. 

4.3.4 Thermal and Mechanical Properties of the UV Cross-Linked 
Unsaturated Aliphatic Polyesters 

Solvent casting of the synthetic unsaturated aliphatic polyesters in the presence of 
UV initiator Irgacure 184 gave uniform and transparent films, except PBSI-15 and 
PBDI-15 (Figure 4.12). The PBSI-15 and PBDI-15 films were opaque since they 
crystallized during solvent casting. Moreover, the PBSI-15 film cracked after 
solvent casting, due to the high chain stiffness and crystallization. 

The unsaturated aliphatic polyester films were cross-linked by UV light. The 
carbon-carbon double bonds were consumed after UV radiation. As confirmed by 
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length further increased to 10. We believe this could be explained by the 
synergistic effects between the flexibility of the polymer main chain and the degree 
of crystallinity. On one hand, the stiffness of the tested aliphatic polyesters 
decreases with increasing chain length of the diacid ethyl ester units. This is the 
major reason attributing to the decrease of Tg with increasing chain length of the 
diacid ethyl ester units from 2 to 6 or 8. On the other hand, the Tg of the 
semicrystalline polymers often increases with increasing crystallinity. As discussed 
above, the degree of crystallinity of the tested aliphatic polyesters increased 
significantly when the chain length of the diacid ethyl ester units increased to 10. 

 

Figure 4.10. The glass transition temperatures (Tg) of the obtained aliphatic 
polyesters against the chain length of the diacid ethyl ester units. All 
Tg values were determined by TMDSC (Temperature Modulated 
Differential Scanning Calorimetry). PBX represents the tested 
saturated aliphatic polyesters. PBXI represents the tested 
unsaturated aliphatic polyesters. The number 15/25/30/35 indicates 
the approximate molar percentage of itaconate in the co-polyesters. 

Figure 4.11 depicts the melting temperature (Tm) and enthalpy of fusion (���) of 
the tested aliphatic polyesters against the chain length of the diacid ethyl ester units 
and the molar percentage of itaconate in the final products. The Tm and ��� 
showed the following trend with respect to the chain length of the diacid ethyl ester 
units. They decreased significantly as the chain length of diacid ethyl ester units 
increased from 2 to 3. However, upon further increasing the chain length from 3 to 
10, the Tm and ��� increased steadily again. Meanwhile, the Tm and ��� of the 
tested aliphatic polyesters containing diacid ethyl ester units having chain lengths 
of more than 2 (n > 2) showed the following trend with respect to the amount of the 
itaconate units incorporated in the final products. They generally decreased greatly 
with increasing molar percentage of itaconate in the unsaturated polyesters. Again, 
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the effects of the chain length of diacid ethyl ester units and the molar percentage 
of itaconate on the thermal transitions of the tested aliphatic polyesters can be 
explained by the same line of reasoning used in the discussion on crystalline 
properties. 

It should be noted that the Tm, ���, �� of the tested aliphatic polyesters showed 
the same trend with respect to the chain length of the diacid ethyl ester units and 
the molar percentage of itaconate (see Figure 4.8 and Figure 4.11). This suggests 
that the WAXD results are in accordance with the DSC results. 

 

Figure 4.11. (a) The melting temperatures (Tm, from the first DSC heating scan) 
and (b) the enthalpies of fusion (���, from the first DSC heating 
scan) of the obtained aliphatic polyesters against the chain length of 
diacid ethyl ester units and the molar percentage of itaconate. For the 
tested aliphatic polyesters having multi-melting peaks, the highest Tm 
is presented here. The symbol N.D. means no melting behavior was 
detected during the tested time scale. 

4.3.4 Thermal and Mechanical Properties of the UV Cross-Linked 
Unsaturated Aliphatic Polyesters 

Solvent casting of the synthetic unsaturated aliphatic polyesters in the presence of 
UV initiator Irgacure 184 gave uniform and transparent films, except PBSI-15 and 
PBDI-15 (Figure 4.12). The PBSI-15 and PBDI-15 films were opaque since they 
crystallized during solvent casting. Moreover, the PBSI-15 film cracked after 
solvent casting, due to the high chain stiffness and crystallization. 

The unsaturated aliphatic polyester films were cross-linked by UV light. The 
carbon-carbon double bonds were consumed after UV radiation. As confirmed by 
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the ATR-FTIR (Figure 4.13), the characteristic absorption band ascribed to the 
carbon-carbon double bonds at 1638 cm-1 disappeared after UV cross-linking.  

 

Figure 4.12. Representative UV-cured unsaturated aliphatic polyester films. 

 

Figure 4.13. Representative ATR-FTIR spectra of poly(butylene dodecanedioate-
co-itaconate) containing around 25 mol % of itaconate (PBDI-25) 
before and after UV cross-linking. 

The thermal properties of the UV cured aliphatic polyester films were 
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%. This is reasonable because the cross-linking density increases as more itaconate 
is incorporated into the cured unsaturated polyesters. 

Table 4.5. Thermal and mechanical properties of the unsaturated aliphatic  
polyesters before and after UV cross-linking 

Polymer a 

Before cross-linking  After cross-linking 

DSC b  DSC b  Tensile test c 

Tm ��� Tg  Tm ��� Tg  YM (MPa) UTS (MPa) RS (%) 

PBSI-15 82 59 -29  91 58 -29  106.3 ± 34.7 3.3 ± 2.2 5.8 ± 4.1 

PBSI-25 36, 57 d 41 -38  60, 85 31 -32  87.8 ± 17.5 3.7 ± 0.7 5.8 ± 1.9 

PBGI-15 / / -51  / / -39  27.5 ± 4.7 3.0 ± 1.5 12.9 ± 4.9 

PBAI-15 26 31 -54  / / -39  33.8 ± 2.6 5.8 ± 0.8 19.1 ± 1.9 

PBSuI-15 31, 40 d 42 -57  / / -49  20.4 ± 2.1 3.5 ± 0.5 19.0 ± 3.3 

PBSuI-25 / / -55  / / -34  74.1 ± 7.4 5.6 ± 1.3 11.9 ± 6.8 

PBSuI-35 / / -46  / / -29  139.1 ± 16.8 4.5 ± 1.7 3.9 ± 1.3 

PBSeI-15 48 60 -52  / / -45  21.5 ± 1.4 4.9 ± 0.8 24.9 ± 3.5 

PBDI-15 54 78 -47  61 30 -29  40.5 ± 18.0 4.5 ± 1.1 18.5 ± 4.0 

PBDI-25 45 65 -45  / / -33  71.2 ± 11.5 5.6 ± 1.7 10.3 ± 4.4 

PBDI-35 15 18 -45  / / -23  213.1 ± 55.7 4.4 ± 2.8 3.1 ± 2.5 

a All the tested aliphatic polyesters were produced via the two-stage enzymatic polymerization in diphenyl ether; 
Uniform films were obtained except PBSI-15; b Tm (°C) = melting temperature, determined from the first DSC 
heating scan; ��� (J/g) = enthalpy of heat fusion, determined from the first DSC heating scan; Tg (°C) = glass 
transition temperature, determined from TMDSC (Temperature Modulated Differential Scanning Calorimetry); / = 
not detected at the tested time scale; c The crosshead speed was 10 mm/min; YM = Young's modulus; UTS = 
Ultimate tensile Stress; RS = Rupture strain; d Multiple melting temperatures were observed. 

The UV cured PBSI-15, PBSuI-35 and PBDI-35 films were very brittle materials. 
They possessed values of the Young's modulus and rupture strain of around 106 - 
213 MPa and 3 - 6 %, respectively. The rest of the UV cured unsaturated aliphatic 
polyester films were more flexible. They showed values of Young's modulus and 
rupture strain of around 20 - 80 MPa and 10 - 20 %, respectively. In addition, all 
the tested UV cured aliphatic polyester films showed similar ultimate tensile stress 
values around 3 - 6 MPa.  

We also found that the UV cross-linked aliphatic polyester films became more 
brittle as the concentration of the cross-linking moiety increased. This is in good 
agreement with previous results reported by Yousaf et al..33 As shown in Table 4.5, 
the Young's modulus of the UV cured PBDI increased significantly from around 40 
to 213 MPa when the molar percentage of itaconate in PBDI increased from 15 to 
35 %. Correspondingly, the rupture strain decreased greatly from around 19 to 3 %. 



4

Chapter 4 

Page | 116 

the ATR-FTIR (Figure 4.13), the characteristic absorption band ascribed to the 
carbon-carbon double bonds at 1638 cm-1 disappeared after UV cross-linking.  

 

Figure 4.12. Representative UV-cured unsaturated aliphatic polyester films. 

 

Figure 4.13. Representative ATR-FTIR spectra of poly(butylene dodecanedioate-
co-itaconate) containing around 25 mol % of itaconate (PBDI-25) 
before and after UV cross-linking. 

The thermal properties of the UV cured aliphatic polyester films were 
characterized by DSC, as summarized in Table 4.5. We found that the Tg of the 
unsaturated films increased significantly after UV cross-linking, except PBSI-15 
which showed the same Tg value before and after UV radiation. This is due to the 
fact that the PBSI-15 polyester chains were highly restricted by the crystallites 
before cross-linking; and they were highly confined by the cross-linked networks 
after UV curing. We also noticed that the Tg of the cured PBDI-15 was -29 °C, 
much higher than that of the cured PBSeI-15 (-45 °C), although the polymer chain 
of PBDI-15 is more flexible. This can be explained by the higher crystallinity of 
the cured PBDI-15. Moreover, the Tg of the UV cured unsaturated polyester films 
increased greatly with increasing concentration of the cross-linking moiety in the 
polymer chains. For instance, the Tg of the cured PBSuI increased significantly 
from -49 to -29 °C when the molar percentage of itaconate increased from 15 to 35 

3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

PBDI-25, UV cross-linked

PBDI-25, untreated

-C=C-

Saturated and Unsaturated Aliphatic Polyesters 

Page | 117 

%. This is reasonable because the cross-linking density increases as more itaconate 
is incorporated into the cured unsaturated polyesters. 

Table 4.5. Thermal and mechanical properties of the unsaturated aliphatic  
polyesters before and after UV cross-linking 

Polymer a 

Before cross-linking  After cross-linking 

DSC b  DSC b  Tensile test c 

Tm ��� Tg  Tm ��� Tg  YM (MPa) UTS (MPa) RS (%) 

PBSI-15 82 59 -29  91 58 -29  106.3 ± 34.7 3.3 ± 2.2 5.8 ± 4.1 

PBSI-25 36, 57 d 41 -38  60, 85 31 -32  87.8 ± 17.5 3.7 ± 0.7 5.8 ± 1.9 

PBGI-15 / / -51  / / -39  27.5 ± 4.7 3.0 ± 1.5 12.9 ± 4.9 

PBAI-15 26 31 -54  / / -39  33.8 ± 2.6 5.8 ± 0.8 19.1 ± 1.9 

PBSuI-15 31, 40 d 42 -57  / / -49  20.4 ± 2.1 3.5 ± 0.5 19.0 ± 3.3 

PBSuI-25 / / -55  / / -34  74.1 ± 7.4 5.6 ± 1.3 11.9 ± 6.8 

PBSuI-35 / / -46  / / -29  139.1 ± 16.8 4.5 ± 1.7 3.9 ± 1.3 

PBSeI-15 48 60 -52  / / -45  21.5 ± 1.4 4.9 ± 0.8 24.9 ± 3.5 

PBDI-15 54 78 -47  61 30 -29  40.5 ± 18.0 4.5 ± 1.1 18.5 ± 4.0 

PBDI-25 45 65 -45  / / -33  71.2 ± 11.5 5.6 ± 1.7 10.3 ± 4.4 

PBDI-35 15 18 -45  / / -23  213.1 ± 55.7 4.4 ± 2.8 3.1 ± 2.5 

a All the tested aliphatic polyesters were produced via the two-stage enzymatic polymerization in diphenyl ether; 
Uniform films were obtained except PBSI-15; b Tm (°C) = melting temperature, determined from the first DSC 
heating scan; ��� (J/g) = enthalpy of heat fusion, determined from the first DSC heating scan; Tg (°C) = glass 
transition temperature, determined from TMDSC (Temperature Modulated Differential Scanning Calorimetry); / = 
not detected at the tested time scale; c The crosshead speed was 10 mm/min; YM = Young's modulus; UTS = 
Ultimate tensile Stress; RS = Rupture strain; d Multiple melting temperatures were observed. 

The UV cured PBSI-15, PBSuI-35 and PBDI-35 films were very brittle materials. 
They possessed values of the Young's modulus and rupture strain of around 106 - 
213 MPa and 3 - 6 %, respectively. The rest of the UV cured unsaturated aliphatic 
polyester films were more flexible. They showed values of Young's modulus and 
rupture strain of around 20 - 80 MPa and 10 - 20 %, respectively. In addition, all 
the tested UV cured aliphatic polyester films showed similar ultimate tensile stress 
values around 3 - 6 MPa.  

We also found that the UV cross-linked aliphatic polyester films became more 
brittle as the concentration of the cross-linking moiety increased. This is in good 
agreement with previous results reported by Yousaf et al..33 As shown in Table 4.5, 
the Young's modulus of the UV cured PBDI increased significantly from around 40 
to 213 MPa when the molar percentage of itaconate in PBDI increased from 15 to 
35 %. Correspondingly, the rupture strain decreased greatly from around 19 to 3 %. 



Chapter 4 

Page | 118 

Again, this can be explained by the increase of cross-linking density with 
increasing molar percentage of itaconate in the polyesters. 

4.4 Conclusions 

Herein we present an environmental-friendly approach for the production of 
sustainable saturated and unsaturated aliphatic polyesters. In this approach, 
(potentially) biobased dimethyl itaconate, 1,4-buatnediol and various diacid ethyl 
esters are used as the building blocks, and CALB is applied as the biocatalyst. We 
have successfully produced a series of saturated and unsaturated aliphatic 
polyesters via the two-stage enzymatic polymerization in diphenyl ether. The 
synthetic aliphatic polyesters reach very high ������� values up to 94 kg/mol. They can 
be used as commodity polymers, thermosetting resins, tissue engineering scaffolds, 
drug delivery systems, and so on. 

The enzymatic polymerization involving diacid ethyl esters having a chain length 
of more than 2 (n > 2) yields high molecular weight polyesters with desirable molar 
compositions. The molar percentage of itaconate in the unsaturated aliphatic 
polyesters containing the diacid ethyl ester units having a chain length of more than 
2 (n > 2) can be tuned from 0 to 35 % by adjusting the feed ratio of itaconate in the 
enzymatic polymerization. Our results reveal that CALB prefers diacid ethyl esters 
having a chain length of more than 2 (n > 2); and CALB shows the highest 
specificity for diethyl adipate (n = 4) among the tested diacid ethyl esters (n = 2 - 
10). 

Studies on the effects of the chain length of diacid ethyl units on crystalline 
properties indicates that aliphatic polyesters with the diacid ethyl ester units having 
a chain length of more than 2 (n > 2) crystallize into the orthorhombic crystal 
structure. In addition, the unsaturated aliphatic polyesters normally crystallize into 
the same crystal structure as their saturated aliphatic polyester counterparts.  

All obtained aliphatic polyesters possess low Tg values around -60 to -25 °C. The 
Tg of the synthetic aliphatic polyesters first decreases with increasing chain length 
of the diacid ethyl ester units from 2 to 6 or 8, then increases when the chain length 
further increases to 10.  

The Tm, ��� and �� of the synthetic aliphatic polyesters show the same trend with 
respect to the chain length of the diacid ethyl ester units. They first decrease with 
increasing chain length of the diacid ethyl ester units from 2 to 3. However, these 
values increase when the chain length further increases from 3 to 10.  
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The molar percentage of itaconate in the unsaturated polyesters has the same effect 
on the Tm, ��� and �� of the synthetic aliphatic polyesters. The obtained aliphatic 
polyesters containing the diacid ethyl ester units having a chain length of more than 
2 (n > 2) steadily decrease in Tm, ��� and �� with increasing amount of itaconate 
incorporated into the polyester main chain. 

The thermal and mechanical properties of the UV cured itaconate-based polyesters 
can be controlled by adjusting the chain length of the diacid ethyl ester units and 
the amount of itaconate units incorporated into the main chain. 
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rigid diol resembling aromatic monomers in polyester synthesis. In this work, 
BHMF is enzymatically polymerized with various diacid ethyl esters by Candida 
antarctica lipase b (CALB) via a two-stage, three-step method. A series of novel 
biobased furan polyesters are successfully produced, with number average 
molecular weights (������) of around 2000 g/mol. 1H-NMR and MALDI-ToF MS 
analysis indicate that etherification side reactions occur during the enzymatic 
polymerization, which lead to the formation of low molecular weight products. 
Moreover, the chemical structures, microstructures and end groups, and crystalline 
and thermal properties of the synthetic BHMF-based polyesters are extensively 
investigated. Furthermore, the effects of the number of the methylene units in the 
dicarboxylic segments on the physical properties of the obtained furan polyesters 
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5.1 Introduction 

Polyesters are widely used commodity polymers in our daily life. They are 
frequently applied in many areas such as in food containers, fibers, and packing 
and coating materials.1, 2 Normally polyesters are synthesized from petroleum-
based diacids and diols using metallic alkoxides as catalysts.3, 4 As concerns on 
energy shortage and environmental pollution increase in recent years, seeking 
alternative biobased polyesters has attracted enormous attention both in academic 
and industrial fields.5-7 Benefiting from solar energy, various functional monomers 
produced from renewable biomass feedstocks are promising candidates for green 
polyester synthesis.6-14 These biobased monomers provide a great opportunity for 
achieving future sustainability.  

Candida antarctica lipase b (CALB) is the most extensively studied enzyme in 
biocatalytic polyester synthesis.2, 4, 15-27 CALB shows broad substrate adaptability 
and stable catalytic performance in different chemical environments.4, 28-30 
Compared to many conventional catalysts, CALB is capable to produce novel 
polyesters containing sensitive structures without toxic residuals; therefore the 
products have found promising applications in biomedical and pharmaceutical 
fields. 

Currently CALB-catalyzed synthesis of biobased polyesters from renewable 
resources has gained increasing popularity. Many biobased monomers have been 
studied,31-41 for example, succinate, fatty acids from vegetable oils, isohexides 
derived from sugars, 1,4-butanediol, glycerol, and so on. 

2,5-Bis(hydroxymethyl)furan (BHMF) is a highly valuable green building block 
adequate for polyester synthesis.42 It can be converted easily from 5-
hydroxymethylfurfural that is derived from various carbohydrates.11, 43-46 This diol 
has a rigid furan structure, rendering polyesters with higher glass transition 
temperatures and better mechanical properties.13, 42 Surprisingly, BHMF has not 
been well studied for polyester synthesis yet. Among the reported studies related to 
BHMF-based polyesters, Hatanak et al.47 investigated the polycondensation of 
BHMF with succinate, fumarate, or maleate derivatives without catalyst or using 
N,N'-dicyclohexylcarbodiimide as a condensing reagent; and recently, Yoshie et 
al.48, 49 prepared biobased furan polymers with self-healing ability from succinic 
acid, 1,4-butanediol and BHMF by N,N’-diisopropylcarbodiimide; and Habeych N. 
studied the lipase-catalyzed polymerization with BHMF which only yielded a 
mixture of linear and cyclic furan oligomers.50 To the best of our knowledge, the 
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enzyme-catalyzed synthesis of BHMF-based polyesters with high molecular 
weights has not been studied up until now. 

We present here a total eco-friendly synthesis approach towards furan polyesters. 
In this approach, BHMF and various diacid ethyl esters differing in chain length 
are enzymatically polymerized via a two-stage, three-step method in the presence 
of CALB; and BHMF-based polyesters with different structures are successfully 
prepared. Moreover, the molecular weights, chemical structures, microstructures 
and end groups, crystalline properties, and thermal properties of the synthesized 
BHMF-based polyesters are carefully investigated.  

5.2 Experimental Methods 

5.2.1 Materials 

Lipase acrylic resin from Candida antarctica lipase b (CALB, in immobilized form 
as Novozym® 435, 5000+ U/g), diethyl succinate (99 %), diethyl glutarate (99+ %), 
diethyl adipate (99 %), diethyl sebacate (98+ %), chloroform (HPLC grade) and 
diphenyl ether (99 %) were purchased from Sigma-Aldrich. Diethyl 
dodecanedioate (95+ %) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99+ %) 
were purchased from TCI Europe. Diethyl suberate (99 %) was purchased from 
ABCR. 2,5-Bis(hydroxymethyl)furan (BHMF, 98+ %) was purchased from Apollo 
Scientific. Diphenyl ether was vacuum distilled and stored with 4 Å molecular 
sieves before use. The other chemicals were used as received. 

5.2.2 General Procedure for CALB-Catalyzed Polycondensation of Diacid 
Ethyl Esters and BHMF in Diphenyl Ether via a Two-Stage, Three-Step 
Method 

CALB (0.1 g) was fed into a 25 mL flask and stored in a desiccator with 
phosphorus pentoxide at room temperature under a high vacuum for 16 h. Then 
diacid ethyl ester (3.9 mmol), BHMF (3.9 mmol), and diphenyl ether (2 g) were 
added into the flask. We performed the enzymatic polymerization according to the 
following procedure as reported in literature:31 (1) maintaining the reaction at 80 
°C for 2 h under an atmospheric pressure with a tiny nitrogen flow, (2) regulating 
the reaction pressure to 350 mmHg while maintaining the reaction at 80 °C for 4 h, 
(3) reducing the reaction pressure to 2 mmHg while maintaining the reaction at the 
same temperature for 66 h. 
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Chloroform (20 mL) was introduced to terminate the enzymatic polymerization. 
CALB was filtered off and washed with chloroform (20 mL) three times. The 
solutions were then combined and concentrated by rotary evaporation at 40 °C 
under a vacuum of 300 mmHg. Then the condensed solution was added dropwise 
into excess of cold methanol (-20 °C) for precipitation. After that, the methanol 
solution with the precipitates was stored still at -20 °C for 24 h. Then, the 
precipitates were collected by vacuum filtration and washed with methanol (15 
mL) three times. Finally, the products were dried in a vacuum oven at room 
temperature for 2 - 3 days before analysis. The obtained BHMF-based polyesters 
were pale yellow semicrystalline powders. 

Poly(2,5-furandimethylene succinate) (PFMS) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.03 (4H, s, -CO-O-CH2-), 2.65 (4H, m, -O-CO-
CH2-, succinate), 4.45 (s, -CH2OH, end group from BHMF), 4.11 (m, -OCH2CH3, 
end group from diethyl succinate), 1.22 (t, -OCH2CH3, end group from diethyl 
succinate); 13C-NMR (100 MHz, CDCl3-d1, ppm): 171.71 (-C=O), 150.23 (=C(C)-
O-, furan), 111.27 (=C-, furan), 58.44 (-CO-O-CH2-), 28.98 (-O-CO-CH2-), 63.67 
(-CH2OH, end group), 63.47 (-OCH2CH3, end group), 13.81 (-OCH2CH3, end 
group). 

Poly(2,5-furandimethylene glutarate) (PFMG) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.39 (4H, m, -O-CO-
CH2-, glutarate), 1.96 (2H, m, -CH2-, glutarate), 4.45 (s, -CH2OH, end group from 
BHMF), 4.12 (m, -OCH2CH3, end group from diethyl glutarate), 1.23 (t, -
OCH2CH3, end group from diethyl glutarate); 13C-NMR (100 MHz, CDCl3-d1, 
ppm): 172.46 (-C=O), 150.21 (=C(C)-O-, furan), 111.29 (=C-, furan), 58.24 (-CO-
O-CH2-), 33.26 (-O-CO-CH2-), 19.87 (-CH2-), 63.51 (-CH2OH, end group), 60.23 
(-OCH2CH3, end group), 14.07 (-OCH2CH3, end group). 

Poly(2,5-furandimethylene adipate) (PFMA) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.34 (4H, m, -O-CO-
CH2-, adipate), 1.64 (4H, m, -CH2-, adipate), 4.46 (s, -CH2OH, end group from 
BHMF), 4.10 (m, -OCH2CH3, end group from diethyl adipate), 1.23 (t, -OCH2CH3, 
end group from diethyl adipate); 13C-NMR (100 MHz, CDCl3-d1, ppm): 172.67 (-
C=O), 150.14 (=C(C)-O-, furan), 111.07 (=C-, furan), 58.03 (-CO-O-CH2-), 34.05 
(-O-CO-CH2-), 24.44 (-CH2-), 63.50 (-CH2OH, end group), 60.30 (-OCH2CH3, end 
group), 14.29 (-OCH2CH3, end group). 

Poly(2,5-furandimethylene suberate) (PFMSu) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.34 (2H, s, -CH=, furan), 5.01 (4H, s, -CO-O-CH2-), 2.30 (4H, m, -O-CO-
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CH2-, suberate), 1.60 (4H, m, -CH2-, suberate), 1.30 (4H, m, -CH2-, suberate), 4.45 
(s, -CH2OH, end group from BHMF), 4.09 (m, -OCH2CH3, end group from diethyl 
suberate), 1.23 (t, -OCH2CH3, end group from diethyl suberate); 13C-NMR (100 
MHz, CDCl3-d1, ppm): 173.17 (-C=O), 149.81 (=C(C)-O-, furan), 111.26 (=C-, 
furan), 57.86 (-CO-O-CH2-), 33.95 (-O-CO-CH2-), 28.97 (-CH2-), 24.59 (-CH2-), 
63.70 (-CH2OH, end group), 60.32 (-OCH2CH3, end group), 14.00 (-OCH2CH3, 
end group). 

Poly(2,5-furandimethylene sebacate) (PFMSe) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.34 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.32 (4H, m, -O-CO-
CH2-, sebacate), 1.59 (4H, m, -CH2-, sebacate), 1.26 (8H, m, -CH2-, sebacate), 
4.46 (s, -CH2OH, end group from BHMF), 4.11 (m, -OCH2CH3, end group from 
diethyl sebacate), 1.23 (m, -OCH2CH3, end group from diethyl sebacate); 13C-
NMR (100 MHz, CDCl3-d1, ppm): 173.28 (-C=O), 150.23 (=C(C)-O-, furan), 
111.26 (=C-, furan), 57.86 (-CO-O-CH2-), 34.46 (-O-CO-CH2-), 28.99 (-CH2-), 
24.63 (-CH2-), 63.50 (-CH2OH, end group), 60.34 (-OCH2CH3, end group), 14.72 
(-OCH2CH3, end group). 

Poly(2,5-furandimethylene dodecanedioate) (PFMD) 1H-NMR (400 MHz, 
CDCl3-d1, ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.31 (4H, 
m, -O-CO-CH2-, dodecanedioate), 1.58 (4H, m, -CH2-, dodecanedioate), 1.24 
(12H, m, -CH2-, dodecanedioate), 4.46 (s, -CH2OH, end group from BHMF), 4.11 
(m, -OCH2CH3, end group from diethyl dodecanedioate); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 173.14 (-C=O), 150.43 (=C(C)-O-, furan), 111.49 (=C-, furan), 
57.61 (-CO-O-CH2-), 34.25 (-O-CO-CH2-), 29.17 (-CH2-), 24.80 (-CH2-), 59.97 (-
OCH2CH3, end group), 14.29 (-OCH2CH3, end group). 

5.2.3 Control Reactions  

Diacid ethyl esters and BHMF were polymerized without CALB according to the 
same procedure as described in Section 5.2.2. After the reaction, no polyester was 
obtained in all the control reactions after precipitation in cold methanol (-20 °C). 
However, a small amount of yellow products adhered to the bottle surface after the 
reaction. They were insoluble in chloroform but dissolved in HFIP. Therefore, the 
reaction bottle was washed with HFIP three times. The combined solutions were 
concentrated and then added dropwise into cold methanol (-20 °C). After that, a 
tiny amount of dark yellow products were obtained by centrifugation. 
Subsequently, the remaining methanol solution was concentrated and then added 
dropwise into cold diethyl ether (5 °C). After that, a tiny amount of yellow 
products were obtained by centrifugation. The obtained products were dried in a 



5

Chapter 5 

Page | 126 

Chloroform (20 mL) was introduced to terminate the enzymatic polymerization. 
CALB was filtered off and washed with chloroform (20 mL) three times. The 
solutions were then combined and concentrated by rotary evaporation at 40 °C 
under a vacuum of 300 mmHg. Then the condensed solution was added dropwise 
into excess of cold methanol (-20 °C) for precipitation. After that, the methanol 
solution with the precipitates was stored still at -20 °C for 24 h. Then, the 
precipitates were collected by vacuum filtration and washed with methanol (15 
mL) three times. Finally, the products were dried in a vacuum oven at room 
temperature for 2 - 3 days before analysis. The obtained BHMF-based polyesters 
were pale yellow semicrystalline powders. 

Poly(2,5-furandimethylene succinate) (PFMS) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.03 (4H, s, -CO-O-CH2-), 2.65 (4H, m, -O-CO-
CH2-, succinate), 4.45 (s, -CH2OH, end group from BHMF), 4.11 (m, -OCH2CH3, 
end group from diethyl succinate), 1.22 (t, -OCH2CH3, end group from diethyl 
succinate); 13C-NMR (100 MHz, CDCl3-d1, ppm): 171.71 (-C=O), 150.23 (=C(C)-
O-, furan), 111.27 (=C-, furan), 58.44 (-CO-O-CH2-), 28.98 (-O-CO-CH2-), 63.67 
(-CH2OH, end group), 63.47 (-OCH2CH3, end group), 13.81 (-OCH2CH3, end 
group). 

Poly(2,5-furandimethylene glutarate) (PFMG) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.39 (4H, m, -O-CO-
CH2-, glutarate), 1.96 (2H, m, -CH2-, glutarate), 4.45 (s, -CH2OH, end group from 
BHMF), 4.12 (m, -OCH2CH3, end group from diethyl glutarate), 1.23 (t, -
OCH2CH3, end group from diethyl glutarate); 13C-NMR (100 MHz, CDCl3-d1, 
ppm): 172.46 (-C=O), 150.21 (=C(C)-O-, furan), 111.29 (=C-, furan), 58.24 (-CO-
O-CH2-), 33.26 (-O-CO-CH2-), 19.87 (-CH2-), 63.51 (-CH2OH, end group), 60.23 
(-OCH2CH3, end group), 14.07 (-OCH2CH3, end group). 

Poly(2,5-furandimethylene adipate) (PFMA) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.34 (4H, m, -O-CO-
CH2-, adipate), 1.64 (4H, m, -CH2-, adipate), 4.46 (s, -CH2OH, end group from 
BHMF), 4.10 (m, -OCH2CH3, end group from diethyl adipate), 1.23 (t, -OCH2CH3, 
end group from diethyl adipate); 13C-NMR (100 MHz, CDCl3-d1, ppm): 172.67 (-
C=O), 150.14 (=C(C)-O-, furan), 111.07 (=C-, furan), 58.03 (-CO-O-CH2-), 34.05 
(-O-CO-CH2-), 24.44 (-CH2-), 63.50 (-CH2OH, end group), 60.30 (-OCH2CH3, end 
group), 14.29 (-OCH2CH3, end group). 

Poly(2,5-furandimethylene suberate) (PFMSu) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.34 (2H, s, -CH=, furan), 5.01 (4H, s, -CO-O-CH2-), 2.30 (4H, m, -O-CO-
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CH2-, suberate), 1.60 (4H, m, -CH2-, suberate), 1.30 (4H, m, -CH2-, suberate), 4.45 
(s, -CH2OH, end group from BHMF), 4.09 (m, -OCH2CH3, end group from diethyl 
suberate), 1.23 (t, -OCH2CH3, end group from diethyl suberate); 13C-NMR (100 
MHz, CDCl3-d1, ppm): 173.17 (-C=O), 149.81 (=C(C)-O-, furan), 111.26 (=C-, 
furan), 57.86 (-CO-O-CH2-), 33.95 (-O-CO-CH2-), 28.97 (-CH2-), 24.59 (-CH2-), 
63.70 (-CH2OH, end group), 60.32 (-OCH2CH3, end group), 14.00 (-OCH2CH3, 
end group). 

Poly(2,5-furandimethylene sebacate) (PFMSe) 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 6.34 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.32 (4H, m, -O-CO-
CH2-, sebacate), 1.59 (4H, m, -CH2-, sebacate), 1.26 (8H, m, -CH2-, sebacate), 
4.46 (s, -CH2OH, end group from BHMF), 4.11 (m, -OCH2CH3, end group from 
diethyl sebacate), 1.23 (m, -OCH2CH3, end group from diethyl sebacate); 13C-
NMR (100 MHz, CDCl3-d1, ppm): 173.28 (-C=O), 150.23 (=C(C)-O-, furan), 
111.26 (=C-, furan), 57.86 (-CO-O-CH2-), 34.46 (-O-CO-CH2-), 28.99 (-CH2-), 
24.63 (-CH2-), 63.50 (-CH2OH, end group), 60.34 (-OCH2CH3, end group), 14.72 
(-OCH2CH3, end group). 

Poly(2,5-furandimethylene dodecanedioate) (PFMD) 1H-NMR (400 MHz, 
CDCl3-d1, ppm): 6.35 (2H, s, -CH=, furan), 5.02 (4H, s, -CO-O-CH2-), 2.31 (4H, 
m, -O-CO-CH2-, dodecanedioate), 1.58 (4H, m, -CH2-, dodecanedioate), 1.24 
(12H, m, -CH2-, dodecanedioate), 4.46 (s, -CH2OH, end group from BHMF), 4.11 
(m, -OCH2CH3, end group from diethyl dodecanedioate); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 173.14 (-C=O), 150.43 (=C(C)-O-, furan), 111.49 (=C-, furan), 
57.61 (-CO-O-CH2-), 34.25 (-O-CO-CH2-), 29.17 (-CH2-), 24.80 (-CH2-), 59.97 (-
OCH2CH3, end group), 14.29 (-OCH2CH3, end group). 

5.2.3 Control Reactions  

Diacid ethyl esters and BHMF were polymerized without CALB according to the 
same procedure as described in Section 5.2.2. After the reaction, no polyester was 
obtained in all the control reactions after precipitation in cold methanol (-20 °C). 
However, a small amount of yellow products adhered to the bottle surface after the 
reaction. They were insoluble in chloroform but dissolved in HFIP. Therefore, the 
reaction bottle was washed with HFIP three times. The combined solutions were 
concentrated and then added dropwise into cold methanol (-20 °C). After that, a 
tiny amount of dark yellow products were obtained by centrifugation. 
Subsequently, the remaining methanol solution was concentrated and then added 
dropwise into cold diethyl ether (5 °C). After that, a tiny amount of yellow 
products were obtained by centrifugation. The obtained products were dried in a 
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vacuum oven at room temperature for 3 days. The dark yellow product precipitated 
in methanol was insoluble in DMSO-d6 and CDCl3-d1, while the yellow product 
precipitated in diethyl ether was dissolved in DMSO-d6 for 1H-NMR analysis.  

BHMF(3.9 mmol) and ethanol (7.8 mmol) were reacted with or without CALB in 
diphenyl ether via the two-stage, three-step method. At pre-selected time intervals, 
about 20 mg of the solution was withdrawn from the reaction. They were added 
directly into a NMR tube containing 1 g of DMSO-d6 for 1H-NMR analysis. After 
the reaction, HFIP was used to dissolve the yellow products that adhered to the 
bottle surface. The obtained solutions were then concentrated and precipitated in 
cold methanol (-20 °C). After that, the precipitates were collected by 
centrifugation. Finally, the obtained yellow products were dried in a vacuum oven 
at room temperature for 3 days before 1H-NMR analysis.  

BHMF was mixed with or without CALB in diphenyl ether under the same 
polymerization conditions. After 24 h reaction, the insoluble yellow products were 
taken away from the bottle surface. They were dissolved in DMSO-d6 for 1H-NMR 
analysis. 

5.2.4 1H-NMR Investigation of CALB-Catalyzed Polycondensation of BHMF 
and Diacid Ethyl Esters in Diphenyl Ether via the Two-Stage, Three-Step 
Method 

Diacid ethyl ester (3.9 mmol, diethyl succinate/diethyl suberate/diethyl 
dodecanedioate), BHMF (3.9 mmol), and diphenyl ether (2 g) were added into a 
flask with or without pre-dried CALB (0.1 g). The two-stage, three-step method 
was applied to all the reactions according to the same procedures as described in 
Section 5.2.2.  

At pre-selected time intervals, about 20 mg of the solution was withdrawn from the 
reaction. They were added directly into a NMR tube containing 1 g of CDCl3-d1 for 
1H-NMR analysis. 

5.2.5 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
for 1H-NMR and 100 MHz for 13C-NMR analysis), using CDCl3-d1 as the solvent. 
The chemical shifts reported were referenced to the resonances of tetramethylsilane 
(TMS) or the solvent. The number average molecular weight (������) was calculated 
from 1H-NMR using the following equation, ������ � ���� � �� � ���

� � �������� �
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������ � �����
� �� � ��, where �� is the integral intensity of the singlet assigned to 

the BHMF methylene protons (-CO-O-CH2-) at around 5.0 ppm,  ��� is the integral 
intensity of the broad peaks ascribed to the methylene protons (-O-CO-CH2-) from 
the dicarboxylic segments at around 2.3 - 2.7 ppm, ���� is the integral intensity of 
the singlet assigned to the BHMF methylene end groups at around 4.5 ppm, ����� 
is the integral intensity of the broad peaks belonging to the ester end groups at 
around 4.1 ppm, �� is the molecular mass of the furanic repeating unit, ��� is the 
molecular mass of the dicarboxylic repeating unit, �� is the molecular mass of the 
end groups. Here we assumed that all furan polyester was terminated with OH/ester 
groups.  

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 
measurements were carried out on a Bruker IFS88 FT-IR spectrometer.  

The molecular weights (����� and �������) and dispersity (Đ, �������/�����) were measured by 
Size Exclusion Chromatography (SEC) at 30 °C using a Viscotek SEC equipped 
with a triple detector. Chloroform of HPLC grade was used as the eluent at a flow 
rate of 1.0 mL/min. The molecular weight calculations were performed based on 
the universal calibration. Narrow dispersity polystyrene standards (Agilent and 
Polymer Laboratories), with ������� values ranging from 645 to 3001000 g/mol, were 
used to generate the universal calibration curve.  

The glass transition temperature (Tg) and melting temperature (Tm) were measured 
by Differential Scanning Calorimetry (DSC) using a TA-Instruments Q1000 DSC. 
The heating and cooling rate were 10 °C/min.  

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured at the scan rate of 10 °C/min 
under a nitrogen environment.  

Wide-angle X-ray diffraction (WAXD) was performed using a Bruker D8 Advance 
diffractometer in the angular range of 10 - 30o (2θ). The degree of crystallinity (
	) 
was calculated from WAXD32, 46 using the following equation, 
	���� �
��� � � � �	 ��	 � ���� , where k is the relative scattering factor between the crystal 
part and the amorphous part of a polymer (normally k = 1 since it is difficult to 
figure out), �	  are the integral intensities of the crystal peaks; ��  is the integral 
intensity of the amorphous halo. �	 and �� values were determined with the Peak 
Analyzer-Fit Peaks (pro) tool of OriginPro 9.1 software (OriginLab Corporation).  

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
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vacuum oven at room temperature for 3 days. The dark yellow product precipitated 
in methanol was insoluble in DMSO-d6 and CDCl3-d1, while the yellow product 
precipitated in diethyl ether was dissolved in DMSO-d6 for 1H-NMR analysis.  

BHMF(3.9 mmol) and ethanol (7.8 mmol) were reacted with or without CALB in 
diphenyl ether via the two-stage, three-step method. At pre-selected time intervals, 
about 20 mg of the solution was withdrawn from the reaction. They were added 
directly into a NMR tube containing 1 g of DMSO-d6 for 1H-NMR analysis. After 
the reaction, HFIP was used to dissolve the yellow products that adhered to the 
bottle surface. The obtained solutions were then concentrated and precipitated in 
cold methanol (-20 °C). After that, the precipitates were collected by 
centrifugation. Finally, the obtained yellow products were dried in a vacuum oven 
at room temperature for 3 days before 1H-NMR analysis.  

BHMF was mixed with or without CALB in diphenyl ether under the same 
polymerization conditions. After 24 h reaction, the insoluble yellow products were 
taken away from the bottle surface. They were dissolved in DMSO-d6 for 1H-NMR 
analysis. 

5.2.4 1H-NMR Investigation of CALB-Catalyzed Polycondensation of BHMF 
and Diacid Ethyl Esters in Diphenyl Ether via the Two-Stage, Three-Step 
Method 

Diacid ethyl ester (3.9 mmol, diethyl succinate/diethyl suberate/diethyl 
dodecanedioate), BHMF (3.9 mmol), and diphenyl ether (2 g) were added into a 
flask with or without pre-dried CALB (0.1 g). The two-stage, three-step method 
was applied to all the reactions according to the same procedures as described in 
Section 5.2.2.  

At pre-selected time intervals, about 20 mg of the solution was withdrawn from the 
reaction. They were added directly into a NMR tube containing 1 g of CDCl3-d1 for 
1H-NMR analysis. 

5.2.5 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
for 1H-NMR and 100 MHz for 13C-NMR analysis), using CDCl3-d1 as the solvent. 
The chemical shifts reported were referenced to the resonances of tetramethylsilane 
(TMS) or the solvent. The number average molecular weight (������) was calculated 
from 1H-NMR using the following equation, ������ � ���� � �� � ���

� � �������� �
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������ � �����
� �� � ��, where �� is the integral intensity of the singlet assigned to 

the BHMF methylene protons (-CO-O-CH2-) at around 5.0 ppm,  ��� is the integral 
intensity of the broad peaks ascribed to the methylene protons (-O-CO-CH2-) from 
the dicarboxylic segments at around 2.3 - 2.7 ppm, ���� is the integral intensity of 
the singlet assigned to the BHMF methylene end groups at around 4.5 ppm, ����� 
is the integral intensity of the broad peaks belonging to the ester end groups at 
around 4.1 ppm, �� is the molecular mass of the furanic repeating unit, ��� is the 
molecular mass of the dicarboxylic repeating unit, �� is the molecular mass of the 
end groups. Here we assumed that all furan polyester was terminated with OH/ester 
groups.  

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 
measurements were carried out on a Bruker IFS88 FT-IR spectrometer.  

The molecular weights (����� and �������) and dispersity (Đ, �������/�����) were measured by 
Size Exclusion Chromatography (SEC) at 30 °C using a Viscotek SEC equipped 
with a triple detector. Chloroform of HPLC grade was used as the eluent at a flow 
rate of 1.0 mL/min. The molecular weight calculations were performed based on 
the universal calibration. Narrow dispersity polystyrene standards (Agilent and 
Polymer Laboratories), with ������� values ranging from 645 to 3001000 g/mol, were 
used to generate the universal calibration curve.  

The glass transition temperature (Tg) and melting temperature (Tm) were measured 
by Differential Scanning Calorimetry (DSC) using a TA-Instruments Q1000 DSC. 
The heating and cooling rate were 10 °C/min.  

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured at the scan rate of 10 °C/min 
under a nitrogen environment.  

Wide-angle X-ray diffraction (WAXD) was performed using a Bruker D8 Advance 
diffractometer in the angular range of 10 - 30o (2θ). The degree of crystallinity (
	) 
was calculated from WAXD32, 46 using the following equation, 
	���� �
��� � � � �	 ��	 � ���� , where k is the relative scattering factor between the crystal 
part and the amorphous part of a polymer (normally k = 1 since it is difficult to 
figure out), �	  are the integral intensities of the crystal peaks; ��  is the integral 
intensity of the amorphous halo. �	 and �� values were determined with the Peak 
Analyzer-Fit Peaks (pro) tool of OriginPro 9.1 software (OriginLab Corporation).  

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
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PRO spectrometer. The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB). First, DCTB (40 mg/mL), potassium 
trifluoroacetate (5 mg/mL) and the polyester sample (1 - 2 mg/mL) in HFIP were 
premixed in a ratio of 5:1:5. The mixture was then subsequently hand-spotted on a 
stainless steel plate and left to dry. After that, the mass spectra were recorded in 
positive and linear mode. 

5.3 Results and Discussion 

BHMF and diacid ethyl esters were polycondensed in the presence of CALB; and a 
series of novel biobased furan polyesters with different chemical structures were 
produced (Scheme 5.1). The diacid ethyl esters used included (potentially) 
biobased diethyl succinate, diethyl glutarate, diethyl adipate, diethyl suberate, 
diethyl sebacate, and diethyl dodecanedioate. The number of the methylene units 
(n) in the dicarboxylic segments is 2, 3, 4, 6, 8, and 10 respectively. 

 

Scheme 5.1. The CALB-catalyzed synthesis of BHMF-based polyesters using the 
two-stage, three-step method.  

5.3.1 CALB-Catalyzed Polycondensation of BHMF with Various Diacid Ethyl 
Esters in Diphenyl Ether 

A two-stage, three-step method31, 41, 51, 52 was applied for the enzymatic synthesis of 
BHMF-based polyesters. At the first stage, BHMF and diacid ethyl esters were 
oligomerized by CALB under an atmospheric pressure during the first step and 
then under a low vacuum during the second step. At the second stage (the third 
step), oligomers were further polycondensed to produce polyesters under a high 
vacuum. During the enzymatic polymerization, we observed that continuous 
bubbles emerged from the reaction media immediately after applying a high 
vacuum; and alcohol byproducts were gradually congealed in the cold trap. These 
suggested the occurrence of polyesterification with generation of alcohols. 

The chemical structures of the obtained BHMF-based polyesters were confirmed 
by 1H- and 13C-NMR spectra (see Figure 5.1). Here the NMR spectra of PFMS are 
discussed as an example. The single peak at around 6.35 ppm was ascribed to the 
furanic protons and the other peak at around 5.03 ppm was assigned to the 
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methylene protons linked to the furan rings, due to the symmetry of BHMF; and 
these two characteristic peaks appeared in the 1H-NMR spectra of all the tested 
BHMF-based polyesters (Figure 5.1a). In addition, the broad peak at 2.65 ppm was 
assigned to the residue methylene protons from succinate, and the low intensity 
resonances at 4.45, 4.11 and 1.22 ppm were the proton signals from the end groups. 
Furthermore, in the 13C-NMR spectrum of PFMS (see Figure 5.1b), the 
characteristic peaks at 150.23, 111.27 and 58.44 ppm were ascribed to the carbons 
from BHMF; the peak at 171.71 ppm was assigned to the carbon from the newly 
formed carboxyl groups; the resonance at 28.09 ppm belonged to the methylene 
carbons from succinate; and the low intensity peaks at 63.67, 63.47 and 13.81 were 
carbon signals from the end groups.  

 

Figure 5.1. (a) 1H-; and (b) 13C-NMR spectra of the obtained BHMF-based 
polyesters. 

The chemical structures of the synthetic BHMF-based polyesters were further 
characterized by ATR-FTIR spectroscopy, as plotted in Figure 5.2. The following 
characteristic bands were assigned to the furan ring,53 including the C-H stretching 
vibrations at 3135 cm-1, the C=C ring stretching vibrations at 1560 cm-1, the ring 
vibrations of the =C-O-C= groups at 980 - 1045 and 1150 cm-1, as well as, the out-
of-plane deformation vibrations of the C-H groups at 900 - 976, 760 - 840, and 700 
- 760 cm-1. In addition, the two bands at 2910 - 2960 and 2864 - 2848 cm-1 were 
ascribed to the asymmetric and symmetric stretching vibrations of the CH2 groups 
respectively; the strong band at 1730 cm-1 was due to the C=O stretching 
vibrations; and the multi-bands at 1435 - 1470 and 1385 - 1420 cm-1 were ascribed 
to the deformation and wagging vibrations of the CH2 groups respectively. 
Moreover, the bands at 1200 - 1260 and 1150 cm-1 were assigned to the 
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PRO spectrometer. The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB). First, DCTB (40 mg/mL), potassium 
trifluoroacetate (5 mg/mL) and the polyester sample (1 - 2 mg/mL) in HFIP were 
premixed in a ratio of 5:1:5. The mixture was then subsequently hand-spotted on a 
stainless steel plate and left to dry. After that, the mass spectra were recorded in 
positive and linear mode. 

5.3 Results and Discussion 

BHMF and diacid ethyl esters were polycondensed in the presence of CALB; and a 
series of novel biobased furan polyesters with different chemical structures were 
produced (Scheme 5.1). The diacid ethyl esters used included (potentially) 
biobased diethyl succinate, diethyl glutarate, diethyl adipate, diethyl suberate, 
diethyl sebacate, and diethyl dodecanedioate. The number of the methylene units 
(n) in the dicarboxylic segments is 2, 3, 4, 6, 8, and 10 respectively. 

 

Scheme 5.1. The CALB-catalyzed synthesis of BHMF-based polyesters using the 
two-stage, three-step method.  

5.3.1 CALB-Catalyzed Polycondensation of BHMF with Various Diacid Ethyl 
Esters in Diphenyl Ether 

A two-stage, three-step method31, 41, 51, 52 was applied for the enzymatic synthesis of 
BHMF-based polyesters. At the first stage, BHMF and diacid ethyl esters were 
oligomerized by CALB under an atmospheric pressure during the first step and 
then under a low vacuum during the second step. At the second stage (the third 
step), oligomers were further polycondensed to produce polyesters under a high 
vacuum. During the enzymatic polymerization, we observed that continuous 
bubbles emerged from the reaction media immediately after applying a high 
vacuum; and alcohol byproducts were gradually congealed in the cold trap. These 
suggested the occurrence of polyesterification with generation of alcohols. 

The chemical structures of the obtained BHMF-based polyesters were confirmed 
by 1H- and 13C-NMR spectra (see Figure 5.1). Here the NMR spectra of PFMS are 
discussed as an example. The single peak at around 6.35 ppm was ascribed to the 
furanic protons and the other peak at around 5.03 ppm was assigned to the 
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methylene protons linked to the furan rings, due to the symmetry of BHMF; and 
these two characteristic peaks appeared in the 1H-NMR spectra of all the tested 
BHMF-based polyesters (Figure 5.1a). In addition, the broad peak at 2.65 ppm was 
assigned to the residue methylene protons from succinate, and the low intensity 
resonances at 4.45, 4.11 and 1.22 ppm were the proton signals from the end groups. 
Furthermore, in the 13C-NMR spectrum of PFMS (see Figure 5.1b), the 
characteristic peaks at 150.23, 111.27 and 58.44 ppm were ascribed to the carbons 
from BHMF; the peak at 171.71 ppm was assigned to the carbon from the newly 
formed carboxyl groups; the resonance at 28.09 ppm belonged to the methylene 
carbons from succinate; and the low intensity peaks at 63.67, 63.47 and 13.81 were 
carbon signals from the end groups.  

 

Figure 5.1. (a) 1H-; and (b) 13C-NMR spectra of the obtained BHMF-based 
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respectively; the strong band at 1730 cm-1 was due to the C=O stretching 
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asymmetric and symmetric stretching vibrations of the ester C-O-C groups, 
respectively. 

 

Figure 5.2. ATR-FTIR spectra of the tested BHMF-based polyesters. 

Table 5.1. Result summary: CALB-catalyzed polycondensation of BHMF with 
various diacid ethyl esters in diphenyl ether, using the two-stage, three-
step method 

Polyester n a 
NMR b  SEC c  MALD-ToF MS d 

Yield e 
������  ������ ������� Đ  ������ ������� Đ 

PFMS 2 1500  2100 2700 1.29  1600 1800 1.13 60 

PFMG 3 1900  2100 3600 1.71  1700 1900 1.12 61 

PFMA 4 2400  2200 3400 1.55  2100 2400 1.14 64 

PFMSu 6 1800  2400 3300 1.38  2100 2400 1.14 67 

PFMSe 8 1900  2200 3600 1.64  1800 2200 1.22 62 

PFMD 10 1900  2200 3900 1.77  2400 2900 1.21 74 

a The number of the methylene units in the dicarboxylic segments; b Calculated from 1H-NMR; c Determined by 
SEC in chloroform using the universal calibration method; ������ = the number average molecular weight (g/mol), 
������  = the weight average molecular weight (g/mol); Đ = ������ /������ (dispersity); d ������ � � ��������� �� ; ������ �
� ���������� �������; ��  is the integration intensity of the mass peak i from the MALDI-ToF MS spectra; ����� is the 
molecular mass of the peak i; e Isolated yield (%) after precipitation in cold methanol. 

The molecular weights of the synthesized BHMF-based polyesters were 
determined by SEC. All the obtained polyesters possessed a similar retention 
volume ranging from 14.5 to 18.5 mL. This suggested that the enzymatic 
polycondensation yielded low molecular weight products. As listed in Table 5.1, 
the ������ values of all the obtained BHMF-based polyesters were low and similar, 
around 2100 - 2400 g/mol. However, the dispersity (Đ) was quite good, around 
1.29 - 1.77. This was due to the fact that the conversion of the diacid ethyl esters 
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and the OH groups of BHMF was very low. Moreover, the reaction yield is a bit 
low, between 60 – 74 %. 

We also calculated the molecular weights from 1H-NMR and MALDI-ToF MS, 
which gave ������  values of around 1500 - 2400 g/mol and 1600 - 2400 g/mol, 
respectively. These values are quite in consistence with the SEC results. 

The CALB-catalyzed polycondensation was studied by 1H-NMR (Figure 5.3a). 
BHMF was enzymatically polymerized with three diacid ethyl esters, including 
diethyl succinate (n = 2), diethyl suberate (n = 6), and diethyl dodecanedioate (n = 
10); and the corresponding product ������  at different polymerization time was 
determined by 1H-NMR, as presented in Figure 5.4.  

 

Figure 5.3. (a) 1H-NMR spectra of the solution mixtures from the CALB-catalyzed 
polycondensation of BHMF and diethyl succinate via the two-stage, 
three-step method; and (b) 1H-NMR spectra of the solution mixtures 
from the control reaction of BHMF and diethyl succinate in the 
absence of CALB via the two-stage, three-step method. The spectra 
were recorded in CDCl3-d1 and normalized by the peak at around 5.0 
ppm.  

BHMF-based oligomers were produced in the reaction at 80 °C for 0.25 h as 
proven by 1H-NMR, including the appearance of the new peak assigned to the 
methylene protons of BHMF at around 5.0 ppm, the shift of the furanic proton 
signals from 6.2 to 6.3 ppm, and the presence of the methylene proton peaks from 
the ethanol byproduct at around 3.7 ppm. The product ������ calculated from 1H-
NMR was around 200 - 300 g/mol, which suggested that only dimers were 
produced. As the polymerization time was increased from 0.25 to 2 h at the first 
step under an atmospheric pressure, the ethanol byproduct and the OH groups of 
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asymmetric and symmetric stretching vibrations of the ester C-O-C groups, 
respectively. 

 

Figure 5.2. ATR-FTIR spectra of the tested BHMF-based polyesters. 

Table 5.1. Result summary: CALB-catalyzed polycondensation of BHMF with 
various diacid ethyl esters in diphenyl ether, using the two-stage, three-
step method 

Polyester n a 
NMR b  SEC c  MALD-ToF MS d 

Yield e 
������  ������ ������� Đ  ������ ������� Đ 

PFMS 2 1500  2100 2700 1.29  1600 1800 1.13 60 

PFMG 3 1900  2100 3600 1.71  1700 1900 1.12 61 

PFMA 4 2400  2200 3400 1.55  2100 2400 1.14 64 

PFMSu 6 1800  2400 3300 1.38  2100 2400 1.14 67 

PFMSe 8 1900  2200 3600 1.64  1800 2200 1.22 62 

PFMD 10 1900  2200 3900 1.77  2400 2900 1.21 74 

a The number of the methylene units in the dicarboxylic segments; b Calculated from 1H-NMR; c Determined by 
SEC in chloroform using the universal calibration method; ������ = the number average molecular weight (g/mol), 
������  = the weight average molecular weight (g/mol); Đ = ������ /������ (dispersity); d ������ � � ��������� �� ; ������ �
� ���������� �������; ��  is the integration intensity of the mass peak i from the MALDI-ToF MS spectra; ����� is the 
molecular mass of the peak i; e Isolated yield (%) after precipitation in cold methanol. 
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volume ranging from 14.5 to 18.5 mL. This suggested that the enzymatic 
polycondensation yielded low molecular weight products. As listed in Table 5.1, 
the ������ values of all the obtained BHMF-based polyesters were low and similar, 
around 2100 - 2400 g/mol. However, the dispersity (Đ) was quite good, around 
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and the OH groups of BHMF was very low. Moreover, the reaction yield is a bit 
low, between 60 – 74 %. 

We also calculated the molecular weights from 1H-NMR and MALDI-ToF MS, 
which gave ������  values of around 1500 - 2400 g/mol and 1600 - 2400 g/mol, 
respectively. These values are quite in consistence with the SEC results. 

The CALB-catalyzed polycondensation was studied by 1H-NMR (Figure 5.3a). 
BHMF was enzymatically polymerized with three diacid ethyl esters, including 
diethyl succinate (n = 2), diethyl suberate (n = 6), and diethyl dodecanedioate (n = 
10); and the corresponding product ������  at different polymerization time was 
determined by 1H-NMR, as presented in Figure 5.4.  

 

Figure 5.3. (a) 1H-NMR spectra of the solution mixtures from the CALB-catalyzed 
polycondensation of BHMF and diethyl succinate via the two-stage, 
three-step method; and (b) 1H-NMR spectra of the solution mixtures 
from the control reaction of BHMF and diethyl succinate in the 
absence of CALB via the two-stage, three-step method. The spectra 
were recorded in CDCl3-d1 and normalized by the peak at around 5.0 
ppm.  

BHMF-based oligomers were produced in the reaction at 80 °C for 0.25 h as 
proven by 1H-NMR, including the appearance of the new peak assigned to the 
methylene protons of BHMF at around 5.0 ppm, the shift of the furanic proton 
signals from 6.2 to 6.3 ppm, and the presence of the methylene proton peaks from 
the ethanol byproduct at around 3.7 ppm. The product ������ calculated from 1H-
NMR was around 200 - 300 g/mol, which suggested that only dimers were 
produced. As the polymerization time was increased from 0.25 to 2 h at the first 
step under an atmospheric pressure, the ethanol byproduct and the OH groups of 
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BHMF were still observed. Meanwhile, the intensity of the ester end group signals 
at around 4.1 ppm decreased slightly, while the intensity of the furanic proton 
resonances at 6.3 ppm increased. However, the product ������  remained almost 
unchanged (around 200 - 300 g/mol), suggesting that more dimers were produced. 
In addition, the peak intensity of the furanic proton resonance assigned to BHMF at 
around 6.2 ppm remained almost the same. This clearly showed that the 
concentration of BHMF in the reaction mixture was constant at the first step since 
BHMF has a low solubility in the tested media. 

 

Figure 5.4. Plot of the number average molecular weight (������ ) against the 
polymerization time. The ������values were calculated from the 1H-
NMR spectra of the solution mixtures withdrawn from the CALB-
catalyzed polycondensation of BHMF and diacid ethyl esters.  

As the polymerization time was extended from 2 to 6 h under a low vacuum of 350 
mmHg, the intensity of the following peaks obviously decreased, including the 
furanic proton signals assigned to BHMF, the methylene proton resonances from 
the ethanol byproduct, and the peaks ascribed to the ester end groups. This 
suggested that more monomers were converted to oligomers by CALB. 
Meanwhile, the product ������ increased slightly, similar to that of the dimers and 
trimers. This indicated that the low vacuum applied at the second step did not help 
much for the chain growth of BHMF oligomers but facilitated the monomer 
conversion. 

After applying the high vacuum (2 mmHg) at the third step, the peaks assigned to 
the ethanol byproduct disappeared, indicating that all the ethanol generated during 
the polycondensation was eliminated from the reaction. Moreover, the furanic 
proton resonances at around 6.2 ppm disappeared completely after 22 h reaction, 
which suggested that all BHMF was converted to oligoesters or polyesters. As 
presented in Figure 5.4, the product ������ increased significantly from around 300 to 
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1200 - 1400 g/mol with increasing the reaction time from 6 h to 31 h. After that, it 
reached a plateau value at around 1300 - 1500 g/mol.  

We also investigated the control reactions of BHMF and diacid ethyl esters (diethyl 
succinate, diethyl suberate and diethyl dodecanedioate) without CALB. As the 
representative 1H-NMR spectra shown in Figure 5.3b, no resonance can be 
assigned to the BHMF-based oligoesters or polyesters. This confirmed that the 
polyesterification was indeed catalyzed by the enzyme CALB. 

It is surprising that diacid ethyl esters with different chain length had no significant 
influence on the molecular weights of BHMF-based polyesters synthesized from 
the CALB-catalyzed polymerization. This was not in accordance with previous 
results reported in literature.2, 36, 54 It was found that the enzymatic polymerization 
of aliphatic diols and α,ω-linear aliphatic diacids with six or more carbons usually 
yielded polyesters with much higher molecular weights. In this work, the 
independence between the enzymatic polymerization and diacid ethyl esters with 
different chain length was due to the formation of ethers. This is because the OH 
groups of BHMF are very reactive. They can dehydrate together to form BHMF 
ethers on one hand and react with the ethanol byproduct to produce ether end 
groups on the other hand. This was confirmed by the 1H-NMR study (see Figure 
5.3b) and the MALDI-ToF MS analysis (see Section 5.3.2), respectively.  

As shown in Figure 5.3b, the formation of BHMF ethers by the self-dehydration 
between the OH groups of BHMF was proven by the appearance of a small 
resonance at around 4.40 ppm, and BHMF ethers were already produced after 0.25 
h reaction. This is due to the fact that BHMF has a low solubility in the tested 
media. It melted at around 74 - 77 °C but cannot disperse in the tested media 
during the temperature rise period at the beginning. Therefore, the active OH 
groups of BHMF dehydrated to form BHMF ethers which are insoluble in the 
tested media and adhered to the flask surface. This agreed well with our 
observation that a tiny amount of yellow products stuck to the bottle surface after 
the enzymatic polymerization. Furthermore, the BHMF ethers were identified in 
the isolated yellow products, as confirmed by 1H-NMR. 

The BHMF-based oligoesters and polyesters are soluble in the tested media. In this 
case the etherification between the OH groups of BHMF was suppressed during the 
enzymatic polymerization since the CALB-catalyzed polyesterification is much 
faster. This explained well why the peak intensity of the ether resonance was rather 
low and did not increase with increasing polymerization time (see Figure 5.3a). 
Besides this, in the control reactions without CALB, more BHMF ethers were 
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BHMF were still observed. Meanwhile, the intensity of the ester end group signals 
at around 4.1 ppm decreased slightly, while the intensity of the furanic proton 
resonances at 6.3 ppm increased. However, the product ������  remained almost 
unchanged (around 200 - 300 g/mol), suggesting that more dimers were produced. 
In addition, the peak intensity of the furanic proton resonance assigned to BHMF at 
around 6.2 ppm remained almost the same. This clearly showed that the 
concentration of BHMF in the reaction mixture was constant at the first step since 
BHMF has a low solubility in the tested media. 

 

Figure 5.4. Plot of the number average molecular weight (������ ) against the 
polymerization time. The ������values were calculated from the 1H-
NMR spectra of the solution mixtures withdrawn from the CALB-
catalyzed polycondensation of BHMF and diacid ethyl esters.  
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the ethanol byproduct, and the peaks ascribed to the ester end groups. This 
suggested that more monomers were converted to oligomers by CALB. 
Meanwhile, the product ������ increased slightly, similar to that of the dimers and 
trimers. This indicated that the low vacuum applied at the second step did not help 
much for the chain growth of BHMF oligomers but facilitated the monomer 
conversion. 

After applying the high vacuum (2 mmHg) at the third step, the peaks assigned to 
the ethanol byproduct disappeared, indicating that all the ethanol generated during 
the polycondensation was eliminated from the reaction. Moreover, the furanic 
proton resonances at around 6.2 ppm disappeared completely after 22 h reaction, 
which suggested that all BHMF was converted to oligoesters or polyesters. As 
presented in Figure 5.4, the product ������ increased significantly from around 300 to 
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1200 - 1400 g/mol with increasing the reaction time from 6 h to 31 h. After that, it 
reached a plateau value at around 1300 - 1500 g/mol.  

We also investigated the control reactions of BHMF and diacid ethyl esters (diethyl 
succinate, diethyl suberate and diethyl dodecanedioate) without CALB. As the 
representative 1H-NMR spectra shown in Figure 5.3b, no resonance can be 
assigned to the BHMF-based oligoesters or polyesters. This confirmed that the 
polyesterification was indeed catalyzed by the enzyme CALB. 

It is surprising that diacid ethyl esters with different chain length had no significant 
influence on the molecular weights of BHMF-based polyesters synthesized from 
the CALB-catalyzed polymerization. This was not in accordance with previous 
results reported in literature.2, 36, 54 It was found that the enzymatic polymerization 
of aliphatic diols and α,ω-linear aliphatic diacids with six or more carbons usually 
yielded polyesters with much higher molecular weights. In this work, the 
independence between the enzymatic polymerization and diacid ethyl esters with 
different chain length was due to the formation of ethers. This is because the OH 
groups of BHMF are very reactive. They can dehydrate together to form BHMF 
ethers on one hand and react with the ethanol byproduct to produce ether end 
groups on the other hand. This was confirmed by the 1H-NMR study (see Figure 
5.3b) and the MALDI-ToF MS analysis (see Section 5.3.2), respectively.  

As shown in Figure 5.3b, the formation of BHMF ethers by the self-dehydration 
between the OH groups of BHMF was proven by the appearance of a small 
resonance at around 4.40 ppm, and BHMF ethers were already produced after 0.25 
h reaction. This is due to the fact that BHMF has a low solubility in the tested 
media. It melted at around 74 - 77 °C but cannot disperse in the tested media 
during the temperature rise period at the beginning. Therefore, the active OH 
groups of BHMF dehydrated to form BHMF ethers which are insoluble in the 
tested media and adhered to the flask surface. This agreed well with our 
observation that a tiny amount of yellow products stuck to the bottle surface after 
the enzymatic polymerization. Furthermore, the BHMF ethers were identified in 
the isolated yellow products, as confirmed by 1H-NMR. 

The BHMF-based oligoesters and polyesters are soluble in the tested media. In this 
case the etherification between the OH groups of BHMF was suppressed during the 
enzymatic polymerization since the CALB-catalyzed polyesterification is much 
faster. This explained well why the peak intensity of the ether resonance was rather 
low and did not increase with increasing polymerization time (see Figure 5.3a). 
Besides this, in the control reactions without CALB, more BHMF ethers were 
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formed by the dehydration between the OH groups of BHMF. As shown in Figure 
5.3b, the peak intensity of the resonances assigned to protons in BHMF ethers 
increased significantly with polymerization time at the third step. Moreover, the 
yellow sticky products from the control reactions were purified by precipitation in 
methanol and in diethyl ether. Their 1H-NMR spectra clearly proven that BHMF 
ethers were produced from the control reaction without CALB. 

To further confirm the etherification between the OH groups of BHMF, BHMF 
was reacted with itself in diphenyl ether using the same two-stage, three-step 
method. As proven by the 1H-NMR, such etherification occurred in both reactions 
with or without CALB. We also found that the etherification between the OH 
groups of BHMF was inhibited in the presence of CALB since less BHMF ethers 
were produced in the control reaction with CALB. This is reasonable because 
BHMF could enter into the active site of CALB and, therefore, the OH groups of 
BHMF were protected.  

As suggested by MALDI-ToF MS analysis (see 5.3.2), ether end groups could be 
produced by the reaction between OH groups of BHMF and ethanol byproduct. To 
verify this, BHMF and ethanol were reacted in diphenyl ether with or without 
CALB via the same two-stage, three-step method. It seemed that only a tiny 
amount of the OH groups of BHMF reacted with ethanol in the presence of CALB 
and this probably occurred during the first and the second step. This was further 
confirmed by the 1H-NMR study since the resonances assigned to the ether end 
groups that were formed by reaction between ethanol and OH groups of BHMF 
were not identified (see Figure 5.3b). Moreover, the etherification between ethanol 
and the OH groups of BHMF did not occur in the control reaction without CALB. 

In conclusion, etherification side reactions occurred during the enzymatic 
polymerization in this study. As a consequence, BHMF ethers were formed by the 
dehydration between the OH groups of BHMF, and ether end groups were 
produced by the reaction between the OH groups of BHMF and ethanol byproduct. 
These explained well why the enzymatic polymerization did not change with diacid 
ethyl esters having different chain length. On the one hand, the etherification side 
reaction changed the stoichiometric ratio between the OH groups and ethyl ester 
groups. One the other hand, the ether end groups hindered the chain growth of 
polyesters at one end. Therefore, only low molecular weight BHMF-based 
polyesters were produced in this study. However, the occurrence of etherification 
side reactions during the enzymatic polymerization could be prevented in the future 
by reducing the reaction temperature, shortening the reaction time at the first and 
second step, or using other solvents which are miscible with BHMF. 
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5.3.2 MALDI-ToF MS Analysis of the Obtained BHMF-Based Polyesters: 
Microstructures with Different End Groups  

Figure 5.5a depicts the overlay MALDI-ToF MS spectra of the obtained furan 
polyesters. We observed similar mass peak patterns for all the tested polyesters in a 
m/z region of 500 - 6000 g/mol.  

The microstructures of the obtained BHMF-based polyesters were determined by 
equation 5.1:  

� � ���������� � �� � �������������� � ��
         (Equation 5.1) 

where � is the molecular mass of a polymer, ���������� is the molecular mass of 
the end group; n is the number of the repeating unit, �������������  is the 
molecular mass of the repeating unit, and ��
 is the molecular mass of potassium. 

 

Figure 5.5. MALDI-ToF MS spectra of BHMF-based polyesters: (a) overlay 
curves; and (b) the representative mass spectrum of poly(2,5-
furandimethylene succinate) (PFMS) with peak interpretations. 

Four microstructures are present in all the tested BHMF-based polyesters, as listed 
in Table 5.2. They are terminated with ester/ester, ether/ester, and hydroxyl/ester 
end groups, respectively, as well as, cyclic without end groups. Figure 5.5b 
illustrates the representative mass spectrum of PFMS with peak interpretations. 
The dominant peak series represented furan polyesters terminated with ester/ester 
groups. The other significant peak series with the intensity of around 8 % were 
assigned to furan polyesters with ether/ester end groups. A possible explanation for 
this observation is that the ether end groups were produced by the highly reactive 
hydroxyl groups of BHMF with the ethanol byproduct generated from the 
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formed by the dehydration between the OH groups of BHMF. As shown in Figure 
5.3b, the peak intensity of the resonances assigned to protons in BHMF ethers 
increased significantly with polymerization time at the third step. Moreover, the 
yellow sticky products from the control reactions were purified by precipitation in 
methanol and in diethyl ether. Their 1H-NMR spectra clearly proven that BHMF 
ethers were produced from the control reaction without CALB. 

To further confirm the etherification between the OH groups of BHMF, BHMF 
was reacted with itself in diphenyl ether using the same two-stage, three-step 
method. As proven by the 1H-NMR, such etherification occurred in both reactions 
with or without CALB. We also found that the etherification between the OH 
groups of BHMF was inhibited in the presence of CALB since less BHMF ethers 
were produced in the control reaction with CALB. This is reasonable because 
BHMF could enter into the active site of CALB and, therefore, the OH groups of 
BHMF were protected.  

As suggested by MALDI-ToF MS analysis (see 5.3.2), ether end groups could be 
produced by the reaction between OH groups of BHMF and ethanol byproduct. To 
verify this, BHMF and ethanol were reacted in diphenyl ether with or without 
CALB via the same two-stage, three-step method. It seemed that only a tiny 
amount of the OH groups of BHMF reacted with ethanol in the presence of CALB 
and this probably occurred during the first and the second step. This was further 
confirmed by the 1H-NMR study since the resonances assigned to the ether end 
groups that were formed by reaction between ethanol and OH groups of BHMF 
were not identified (see Figure 5.3b). Moreover, the etherification between ethanol 
and the OH groups of BHMF did not occur in the control reaction without CALB. 

In conclusion, etherification side reactions occurred during the enzymatic 
polymerization in this study. As a consequence, BHMF ethers were formed by the 
dehydration between the OH groups of BHMF, and ether end groups were 
produced by the reaction between the OH groups of BHMF and ethanol byproduct. 
These explained well why the enzymatic polymerization did not change with diacid 
ethyl esters having different chain length. On the one hand, the etherification side 
reaction changed the stoichiometric ratio between the OH groups and ethyl ester 
groups. One the other hand, the ether end groups hindered the chain growth of 
polyesters at one end. Therefore, only low molecular weight BHMF-based 
polyesters were produced in this study. However, the occurrence of etherification 
side reactions during the enzymatic polymerization could be prevented in the future 
by reducing the reaction temperature, shortening the reaction time at the first and 
second step, or using other solvents which are miscible with BHMF. 
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5.3.2 MALDI-ToF MS Analysis of the Obtained BHMF-Based Polyesters: 
Microstructures with Different End Groups  

Figure 5.5a depicts the overlay MALDI-ToF MS spectra of the obtained furan 
polyesters. We observed similar mass peak patterns for all the tested polyesters in a 
m/z region of 500 - 6000 g/mol.  

The microstructures of the obtained BHMF-based polyesters were determined by 
equation 5.1:  

� � ���������� � �� � �������������� � ��
         (Equation 5.1) 

where � is the molecular mass of a polymer, ���������� is the molecular mass of 
the end group; n is the number of the repeating unit, �������������  is the 
molecular mass of the repeating unit, and ��
 is the molecular mass of potassium. 

 

Figure 5.5. MALDI-ToF MS spectra of BHMF-based polyesters: (a) overlay 
curves; and (b) the representative mass spectrum of poly(2,5-
furandimethylene succinate) (PFMS) with peak interpretations. 
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groups. The other significant peak series with the intensity of around 8 % were 
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enzymatic polycondensation. In addition, cyclic furan polyesters and furan 
polyesters having hydroxyl/ester end groups were also identified. The peak series 
attributed to them showed a rather low intensity, below 5 %.  

From the peak intensities we can conclude that the most abundant furan polyesters 
were terminated with ester/ester groups; small amount of the obtained polyesters 
had ether/ester end groups; and only trace amount of furan polyesters were cyclic 
or ended with hydroxyl/ester groups. However, this conclusion shall be taken with 
care since MALDI is not a quantitative technique. It is known that polymer chains 
could be more or less easily ionized depending on the chain-ends and low molar 
mass polymer chains are generally overestimated compared to its higher molecular 
weight counterparts. 

Table 5.2. Microstructures and end groups of the tested BHMF-based polyesters 

Name Symbol Structure/Microstructure 
Mass of the repeating units and end groups (amu) 

PFMS PFMG PFMA PFMSu PFMSe PFMD 

Repeating unit   210.2 224.2 238.2 266.3 294.4 322.4 

Ester/Ester ●  174.2 188.2 202.3 230.3 258.4 286.4 

Ether/Ester ■  74.1 

-OH/Ester ♦  46.1 

Cyclic ▼ 
 0 

Furthermore, no peak series could be assigned to the BHMF ethers that were 
produced by the dehydration between the OH groups of BHMF or polyesters with 
such BHMF ether groups. It is possible that all BHMF ethers were filtered off 
during the purification steps since they are not dissolved in chloroform. Moreover, 
the absence of mass peaks assigned to the polyesters having such BHMF ether 
groups in the MALDI-ToF MS spectra could be probably due to the fact that they 
had a rather low concentration in the final products.  

5.3.3 Crystalline Properties of the Obtained BHMF-Based Polyesters 

The obtained BHMF-based polyesters are pale yellow semicrystalline powders. 
Among them, PFMA, PFMSu, PFMSe and PFMD displayed similar WAXD 
patterns which exhibited six reflection peaks at 2θ of around 13.5 - 13.7 o, 17.3 - 
17.4 o, 20.1 - 20.6 o, 21.5 - 21.7 o, 22.7 - 22.9 o, and 23.4 o - 23.8 o, as shown in 
Figure 5.6a. This suggested that they possessed the same crystal structures. 
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Moreover, PFMS showed similar six diffraction peaks at these positions and it also 
had two extra reflection peaks at 18.8 and 19.9 o. This indicated that different 
crystal structures were formed in PFMS.  

 

Figure 5.6. WAXD spectra of the obtained BHMF-based polyesters: (a) overlay 
curves; and (b) representative multi-peak fitting of WAXD spectrum 
of poly(2,5-furandimethylene succinate) (PFMS). 

Moreover, PFMG showed reflection peaks at 16.6, 17.6, 19.9, 21.3, 23.4, and 24.5 
o. Among these peaks, the two peaks at 16.6 and 17.6 o are close to the reflection 
peaks at around 17.3 - 17.4 o in the WAXD spectra of the other tested furan 
polyesters but they split up into two peaks; and the diffraction peaks at 19.9, 21.3, 
23.4, and 24.5 o are quite close to those reflection peaks at around 20.1 - 20.6 o, 
21.5 - 21.7 o, 22.7 - 22.9 o, and 23.4 - 23.8 o in the WAXD spectra of the other tested 
furan polyesters, but they are quite broad and shift a bit. Moreover, the small 
diffraction signal at 13.5 - 13.7 o disappeared in the WAXD spectrum of PFMG. In 
conclusion, it is possible that the WAXD pattern of the tested PFMG was close to 
that of PFMA, PFMSu, PFMSe and PFMD but the crystallite size of the tested 
PFMG could be much smaller than the other tested furan polyesters; or it is 
possible that the tested PFMG possessed different crystal structures. 

The representative multi-peak fitting of the WAXD spectrum is shown in Figure 
5.6b; and a plot of the degree of crystallinity (��) and the enthalpy (���) of the 
obtained BHMF-based polyesters against the number of the methylene units in the 
dicarboxylic segments is shown in Figure 5.7. In general, the degree of crystallinity 
showed the same trend as the ���  values. They both increased with increasing 
amount of methylene units in the dicarboxylic segments. As shown in Figure 5.7, 
by changing the number of the methylene units from 2 to 10, the degree of 
crystallinity increased from 34 to 65 %, while the enthalpy value determined from 
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enzymatic polycondensation. In addition, cyclic furan polyesters and furan 
polyesters having hydroxyl/ester end groups were also identified. The peak series 
attributed to them showed a rather low intensity, below 5 %.  

From the peak intensities we can conclude that the most abundant furan polyesters 
were terminated with ester/ester groups; small amount of the obtained polyesters 
had ether/ester end groups; and only trace amount of furan polyesters were cyclic 
or ended with hydroxyl/ester groups. However, this conclusion shall be taken with 
care since MALDI is not a quantitative technique. It is known that polymer chains 
could be more or less easily ionized depending on the chain-ends and low molar 
mass polymer chains are generally overestimated compared to its higher molecular 
weight counterparts. 

Table 5.2. Microstructures and end groups of the tested BHMF-based polyesters 

Name Symbol Structure/Microstructure 
Mass of the repeating units and end groups (amu) 

PFMS PFMG PFMA PFMSu PFMSe PFMD 

Repeating unit   210.2 224.2 238.2 266.3 294.4 322.4 

Ester/Ester ●  174.2 188.2 202.3 230.3 258.4 286.4 

Ether/Ester ■  74.1 

-OH/Ester ♦  46.1 

Cyclic ▼ 
 0 

Furthermore, no peak series could be assigned to the BHMF ethers that were 
produced by the dehydration between the OH groups of BHMF or polyesters with 
such BHMF ether groups. It is possible that all BHMF ethers were filtered off 
during the purification steps since they are not dissolved in chloroform. Moreover, 
the absence of mass peaks assigned to the polyesters having such BHMF ether 
groups in the MALDI-ToF MS spectra could be probably due to the fact that they 
had a rather low concentration in the final products.  

5.3.3 Crystalline Properties of the Obtained BHMF-Based Polyesters 

The obtained BHMF-based polyesters are pale yellow semicrystalline powders. 
Among them, PFMA, PFMSu, PFMSe and PFMD displayed similar WAXD 
patterns which exhibited six reflection peaks at 2θ of around 13.5 - 13.7 o, 17.3 - 
17.4 o, 20.1 - 20.6 o, 21.5 - 21.7 o, 22.7 - 22.9 o, and 23.4 o - 23.8 o, as shown in 
Figure 5.6a. This suggested that they possessed the same crystal structures. 
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Moreover, PFMS showed similar six diffraction peaks at these positions and it also 
had two extra reflection peaks at 18.8 and 19.9 o. This indicated that different 
crystal structures were formed in PFMS.  

 

Figure 5.6. WAXD spectra of the obtained BHMF-based polyesters: (a) overlay 
curves; and (b) representative multi-peak fitting of WAXD spectrum 
of poly(2,5-furandimethylene succinate) (PFMS). 
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23.4, and 24.5 o are quite close to those reflection peaks at around 20.1 - 20.6 o, 
21.5 - 21.7 o, 22.7 - 22.9 o, and 23.4 - 23.8 o in the WAXD spectra of the other tested 
furan polyesters, but they are quite broad and shift a bit. Moreover, the small 
diffraction signal at 13.5 - 13.7 o disappeared in the WAXD spectrum of PFMG. In 
conclusion, it is possible that the WAXD pattern of the tested PFMG was close to 
that of PFMA, PFMSu, PFMSe and PFMD but the crystallite size of the tested 
PFMG could be much smaller than the other tested furan polyesters; or it is 
possible that the tested PFMG possessed different crystal structures. 

The representative multi-peak fitting of the WAXD spectrum is shown in Figure 
5.6b; and a plot of the degree of crystallinity (��) and the enthalpy (���) of the 
obtained BHMF-based polyesters against the number of the methylene units in the 
dicarboxylic segments is shown in Figure 5.7. In general, the degree of crystallinity 
showed the same trend as the ���  values. They both increased with increasing 
amount of methylene units in the dicarboxylic segments. As shown in Figure 5.7, 
by changing the number of the methylene units from 2 to 10, the degree of 
crystallinity increased from 34 to 65 %, while the enthalpy value determined from 
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the first DSC heating curve increased from 37 to 85 J/g. This is because that the 
accumulation of methylene units enhanced the chain flexibility and facilitated 
chain packing, and therefore furan polyesters with longer methylene chains in the 
dicarboxylic moieties give rise to higher crystallinities. In addition, we noticed that 
the tested PFMG possessed a higher degree of crystallinity than the obtained PFMS 
and PFMA. This could be attributed to the peak simulation error caused by the 
broad diffraction signals. Actually the highest crystal peak of the tested PFMG at 
21 o from the peak simulations is quite broad. It is possible that this artificial crystal 
peak still contains some amorphous scattering signals. Therefore, the degree of 
crystallinity of the tested PFMG determined by WAXD would be higher than its 
real value. Besides, as we discussed before, the crystal structures of the tested 
PFMG could be different. This could also lead to a higher degree of crystallinity. 

 

Figure 5.7. The degree of crystallinity (��) and enthalpy (���) as a function of 
the number of the methylene units in the dicarboxylic segments. The 
��  values were calculated from WAXD and the ���  values were 
determined from the first DSC heating curves.  

5.3.4 Thermal Properties of the Obtained BHMF-Based Polyesters 

The thermal stability of the synthesized BHMF-based polyesters was determined 
by TGA. Figure 5.8 shows the TGA traces of BHMF-based polyesters. As 
presented in Table 5.3, the temperature at 5 % weight loss of all the tested 
polyesters (T5%) was around 253 - 300 °C, and two decomposition steps were 
observed in the TGA curves, with the temperatures of maximal rate of 
decomposition (Td-max1 and Td-max2) ranging from 276 - 332 °C and 436 - 453 °C, 
respectively. We also found that the weight losses were about 75 – 80 % and 11 – 
16 % of the initial weight during the each step. Moreover, there was still around 8 – 
11 % of the initial weights remained at 850 °C.  
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We also noticed that the T5% and Td-max1 of the tested polyesters increased with 
increasing number of methylene units in the dicarboxylic segments, which means 
the tested furan polyesters with longer methylene chains are more thermal stable. 
This is due to the fact that there are fewer amounts of C-O groups in the furan 
polyesters having similar molecular weights. 

 

Figure 5.8. TGA traces of the tested BHMF-based polyesters: (a) weight (%) as a 
function of temperature (°C); and (b) derivative weight (%/°C) versus 
temperature (°C). 

Table 5.3. Thermal and crystalline properties of the tested BHMF-based polyesters  

Polyester 

TGAa 
DSCb 

WAXD c 
First heating Cooling  Second heating  

T5% Td-max Tg Tm ��� Tc ��� Tg Tcc ���� Tm ��� �� 
PFMS 253 276/443 10 68/83 37 × × 4 × × × × 34 

PFMG 290 290/436 -18 43/ 55 41 × × -17 × × × × 51 

PFMA 270 300/446 -14 51/ 60 52 × × -19 × × × × 43 

PFMSu 285 319/453 -27 47/54/67d 66 × × -38 8/38e 40/7e 51/66d 54 55 

PFMSe 292 327/452 -32 69/79d 71 28 55 -29 51 10 69/79d 70 55 

PFMD 300 332/452 -23 61/81/86d 85 46 71 -8 62 14 80/85d
 82 65 

a T5% (°C) = the temperature of 5 % mass loss; Td-max (°C) = the temperature of maximal rate of decomposition; b Tg 
(°C) = the glass transition temperature; Tm (°C) = the melting temperature; �� (J/g) = the enthalpy of transition; Tc 
(°C) = the crystallization temperature; Tcc (°C) = the cold crystallization temperature upon heating; × = not 
detected; c �� (%) = the degree of crystallinity determined by WAXD; d Multiple melting temperatures observed; e 

Multiple cold crystallization temperatures and the corresponding enthalpy upon heating.  

The thermal transitions of the obtained BHMF-based polyesters were investigated 
by DSC, as plotted in Figure 5.9 and Figure 5.10. For all the tested polyesters, 
broad and multiple melting peaks appeared in the first heating curves, with the Tm 
values ranging from 43 - 86 °C. Figure 5.11a shows the plot of Tm as a function of 
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the first DSC heating curve increased from 37 to 85 J/g. This is because that the 
accumulation of methylene units enhanced the chain flexibility and facilitated 
chain packing, and therefore furan polyesters with longer methylene chains in the 
dicarboxylic moieties give rise to higher crystallinities. In addition, we noticed that 
the tested PFMG possessed a higher degree of crystallinity than the obtained PFMS 
and PFMA. This could be attributed to the peak simulation error caused by the 
broad diffraction signals. Actually the highest crystal peak of the tested PFMG at 
21 o from the peak simulations is quite broad. It is possible that this artificial crystal 
peak still contains some amorphous scattering signals. Therefore, the degree of 
crystallinity of the tested PFMG determined by WAXD would be higher than its 
real value. Besides, as we discussed before, the crystal structures of the tested 
PFMG could be different. This could also lead to a higher degree of crystallinity. 

 

Figure 5.7. The degree of crystallinity (��) and enthalpy (���) as a function of 
the number of the methylene units in the dicarboxylic segments. The 
��  values were calculated from WAXD and the ���  values were 
determined from the first DSC heating curves.  
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We also noticed that the T5% and Td-max1 of the tested polyesters increased with 
increasing number of methylene units in the dicarboxylic segments, which means 
the tested furan polyesters with longer methylene chains are more thermal stable. 
This is due to the fact that there are fewer amounts of C-O groups in the furan 
polyesters having similar molecular weights. 

 

Figure 5.8. TGA traces of the tested BHMF-based polyesters: (a) weight (%) as a 
function of temperature (°C); and (b) derivative weight (%/°C) versus 
temperature (°C). 
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T5% Td-max Tg Tm ��� Tc ��� Tg Tcc ���� Tm ��� �� 
PFMS 253 276/443 10 68/83 37 × × 4 × × × × 34 

PFMG 290 290/436 -18 43/ 55 41 × × -17 × × × × 51 

PFMA 270 300/446 -14 51/ 60 52 × × -19 × × × × 43 

PFMSu 285 319/453 -27 47/54/67d 66 × × -38 8/38e 40/7e 51/66d 54 55 

PFMSe 292 327/452 -32 69/79d 71 28 55 -29 51 10 69/79d 70 55 

PFMD 300 332/452 -23 61/81/86d 85 46 71 -8 62 14 80/85d
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a T5% (°C) = the temperature of 5 % mass loss; Td-max (°C) = the temperature of maximal rate of decomposition; b Tg 
(°C) = the glass transition temperature; Tm (°C) = the melting temperature; �� (J/g) = the enthalpy of transition; Tc 
(°C) = the crystallization temperature; Tcc (°C) = the cold crystallization temperature upon heating; × = not 
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Multiple cold crystallization temperatures and the corresponding enthalpy upon heating.  
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the number of the methylene units in the dicarboxylic segments. Generally 
speaking, the Tm increases linearly as the methylene number varied from 3 to 10. 
This could be explained by the better packing capability of the polymer chains. We 
also noticed that the Tm of the tested PFMS observed from the first heating was 
surprisingly higher, which is close to that of the tested PFMD. This could be 
attributed to the different crystal structure of the tested PFMS and the relatively 
higher rigidity of 2,5-furandimethylene succinate units which is the shortest among 
the tested repeating units. Besides, the Tg of the tested PFMS is also relatively 
high, which also points to the relatively high chain rigidity.  

 

Figure 5.9. DSC curves of the tested BHMF-based polyesters measured from -80 
°C to 100 °C at the heating rate of 10 °C/min: (a) first heating curves; 
and (b) second heating curves. 

Melting peaks disappeared in the second heating scans of the tested PFMS, PFMG 
and PFMA, while they were still observed in that of the tested PFMSu, PFMSe and 
PFMD. For the tested PFMS, PFMG and PFMA, no melting peak in the second 
heating is due to the fact that they crystallize very slowly. However, melting peaks 
appeared again in the second heating curve of the tested PFMS and PFMA if they 
stayed at 20 - 35 °C for extra 70 h during the cooling step. As for the tested 
PFMSu, PFMSe and PFMD, the Tm observed from the second heating curves was 
almost the same as that from the first heating curves. Meanwhile, we noticed that 
the corresponding ��� alters in the same trend as the Tm values when the number 
of the methylene units in the dicarboxylic segments increases from 3 to 10, as 
shown in Figure 5.11. This is in good agreement with the previous results as 
reported for isohexide-based polyesters.55 In other words, our results revealed that 
the crystallization rate and degree of crystallinity of the tested BHMF-based 
polyester are boosted by the enhancement of the number of methylene units in the 
polyester main chain.  
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Cold crystallization upon heating only occurred in the second heating of PFMSu 
(Figure 5.9b); and the crystallization peaks only appeared in the cooling curves of 
PFMSe and PFMD with longer methylene chains in the dicarboxylic moieties 
(Figure 5.10). The corresponding crystallization temperatures (Tc) were 28 and 46 
°C, respectively. This further confirmed that the synthesized BHMF-based 
polyesters containing longer methylene chains crystallize faster. 

 

Figure 5.10. DSC cooling curves of the obtained BHMF-based polyesters.  

 

Figure 5.11. (a) Melting temperatures (Tm, maximum value) of the tested BHMF-
based polyesters versus the number of the methylene units in the 
dicarboxylic segments, and (b) ���  of the tested BHMF-based 
polyesters as a function of the number of the methylene units in the 
dicarboxylic segments. 
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the number of the methylene units in the dicarboxylic segments. Generally 
speaking, the Tm increases linearly as the methylene number varied from 3 to 10. 
This could be explained by the better packing capability of the polymer chains. We 
also noticed that the Tm of the tested PFMS observed from the first heating was 
surprisingly higher, which is close to that of the tested PFMD. This could be 
attributed to the different crystal structure of the tested PFMS and the relatively 
higher rigidity of 2,5-furandimethylene succinate units which is the shortest among 
the tested repeating units. Besides, the Tg of the tested PFMS is also relatively 
high, which also points to the relatively high chain rigidity.  

 

Figure 5.9. DSC curves of the tested BHMF-based polyesters measured from -80 
°C to 100 °C at the heating rate of 10 °C/min: (a) first heating curves; 
and (b) second heating curves. 
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Cold crystallization upon heating only occurred in the second heating of PFMSu 
(Figure 5.9b); and the crystallization peaks only appeared in the cooling curves of 
PFMSe and PFMD with longer methylene chains in the dicarboxylic moieties 
(Figure 5.10). The corresponding crystallization temperatures (Tc) were 28 and 46 
°C, respectively. This further confirmed that the synthesized BHMF-based 
polyesters containing longer methylene chains crystallize faster. 

 

Figure 5.10. DSC cooling curves of the obtained BHMF-based polyesters.  
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methylene chains incorporated into the furan polyester chain. By further varying 
the methylene number from 6 to 10, the Tg however increased from -38 to -8 °C, 
which was due to the higher degree of crystallinity. This is due to the fact that the 
Tg of the semicrystalline polymers is often increased in temperature by the 
restricting of the molecular-motion through the crystallites.56 

 

Figure 5.12. Plot of glass transition temperatures (Tg, second heating) of the tested 
BHMF-based polyesters against the number of the methylene units in 
the dicarboxylic segments.  

Furthermore, we found that the Tg of the tested BHMF-based polyesters increased 
more than 24 °C compared to that of the aliphatic polyesters with a higher ������ 
synthesized from the same diacid ethyl ester with 1,4-butanediol. It is well known 
that the Tg is highly dependent on the ������ , especially for polymers with low 
molecular weights. According to the Flory-Fox equation, the Tg increases with 
increasing the ������ . Therefore the Tg of the low molecular weight aliphatic 
polyesters shall be much lower if their ������ is similar to the tested furan polyesters. 
In other words, the increase in Tg shall be much higher if the tested furan polyesters 
are compared to their low molecular weight aliphatic counterparts. Therefore, the 
huge rise in the Tg is due to the highly rigid furan rings in the polyester chains. 

5.4 Conclusions 

We have successfully synthesized and characterized novel BHMF-based polyesters 
by the CALB-catalyzed solution polycondensation of BHMF with various diacid 
ethyl esters. These biobased furan polyesters can have diverse applications in many 
areas such as in self-healing materials, biomedical materials, degradable materials 
and functional materials. 
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We found that etherification side reaction occur during the enzymatic 
polymerization; hence only low ������ products of around 2000 g/mol are obtained. 
To synthesize high molecular weight BHMF-based polyesters via enzymatic 
polymerization, the occurrence of etherification side reactions should be prevented, 
for example, by reducing the reaction temperature, shortening the reaction time at 
the first and second step, or using other suitable solvent.  

The tested BHMF-based polyesters are semicrystalline. The degree of crystallinity 
ranges from 34 to 65 %, and the Tm is around 43 - 86 °C. In addition, the tested 
furan polyesters are thermally stable up to 250 °C, showing two decomposition 
steps; and the Td-max at the major degradation step is around 276 - 332 °C. 
Moreover, the Tg of the obtained BHMF-based polyesters are around -38 - 4 °C, 
which is significantly higher than that of the aliphatic counterparts. 

The amount of methylene units in the dicarboxylic segments has significant 
influence on the crystalline and thermal properties of the tested BHMF-based-
polyesters. The degree of crystallinity, crystallization rate, Tm, ���, and thermal 
stability are enhanced by increasing amount of methylene units incorporated into 
the polyester chains. Besides, the Tg of the obtained polyesters decreases first as the 
amount of the methylene units in the dicarboxylic segments varies from 2 to 6. 
Then, the Tg however, increases again as the methylene units in the dicarboxylic 
segments further changes from 6 to 10.  
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We found that etherification side reaction occur during the enzymatic 
polymerization; hence only low ������ products of around 2000 g/mol are obtained. 
To synthesize high molecular weight BHMF-based polyesters via enzymatic 
polymerization, the occurrence of etherification side reactions should be prevented, 
for example, by reducing the reaction temperature, shortening the reaction time at 
the first and second step, or using other suitable solvent.  

The tested BHMF-based polyesters are semicrystalline. The degree of crystallinity 
ranges from 34 to 65 %, and the Tm is around 43 - 86 °C. In addition, the tested 
furan polyesters are thermally stable up to 250 °C, showing two decomposition 
steps; and the Td-max at the major degradation step is around 276 - 332 °C. 
Moreover, the Tg of the obtained BHMF-based polyesters are around -38 - 4 °C, 
which is significantly higher than that of the aliphatic counterparts. 

The amount of methylene units in the dicarboxylic segments has significant 
influence on the crystalline and thermal properties of the tested BHMF-based-
polyesters. The degree of crystallinity, crystallization rate, Tm, ���, and thermal 
stability are enhanced by increasing amount of methylene units incorporated into 
the polyester chains. Besides, the Tg of the obtained polyesters decreases first as the 
amount of the methylene units in the dicarboxylic segments varies from 2 to 6. 
Then, the Tg however, increases again as the methylene units in the dicarboxylic 
segments further changes from 6 to 10.  
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6.1 Introduction 

As concerns on energy shortage and greenhouse gas emissions increase in recent 
years, the research on sustainable materials based on yearly-based biomass 
feedstocks has become a hot appealing topic both in academic and industrial 
fields.1-6 Currently, much attention in this research is paid to 2,5-furandicarboxylic 
acid (FDCA) and FDCA-based polymers.2, 4, 5, 7 FDCA is a biobased monomer 
derived from 5-(hydroxymethyl)furfural (HMF) that is produced from various 
sources of carbohydrates.7, 8 It is an interesting rigid compound with the furan ring, 
resembling the benzene ring in petroleum-based terephthalic acid (TPA). 
Nowadays, technology pathways to biobased TPA are still under development with 
big challenges in the academic field,9 but FDCA is readily produced from 
renewable resources. Therefore, FDCA and its derivatives are advocated to replace 
TPA or other aromatic monomers in polymer synthesis in the near future;1, 4, 5 and 
the rigid furan rings render FDCA-based materials with similar and even better 
thermal and mechanical properties than those of their TPA-based counterparts.10-14 

Among FDCA-based polymers, furanic-aliphatic polyesters derived from FDCA 
and aliphatic diols are of great interest. They are promising sustainable analogues 
of aromatic-aliphatic polyesters that are widely used as commodity thermoplastic 
engineering polymers such as poly(ethylene terephthalate) (PET), poly(propylene 
terephthalate) (PPT), and poly(butylene terephthalate) (PBT), and so on. The 
ground-breaking work in this field was done by Moore and Kelly in the late 
1970s.15, 16 They synthesized poly(hexamethylene furanoate) (PHF) by melt 
polymerization of dimethyl 2,5-furandicarboxylate (DMFDCA) and 1,6-hexanediol 
(1,6-HDO). Later, in 2009, Gandini et al. prepared high molecular weight 
poly(ethylene furanoate) (PEF) by polytransesterification of ethylene glycol with a 
FDCA-based diester diol.17 Subsequently, various furanic-aliphatic polyesters have 
been prepared,10, 11, 14, 18-21 for example, PEF, poly(propylene furanoate) (PPF), 
poly(butylene furanoate) (PBF), poly(2,3-butylene furanoate) (P23BF),  PHF, 
1,4:3,6-dianhydrohexitols-based FDCA polyesters, and so on. Novel high 
molecular weight co-polyesters containing FDCA units are also produced.22, 23 
Moreover, the chemical, thermal, crystalline, and mechanical properties of these 
FDCA-based polyesters are earnestly investigated.10-12, 20, 24 

However, elevated temperatures above 200 °C and conventional metal catalysts are 
commonly applied in the aforementioned synthesis approach. This will accelerate 
the consumption of the finite fossil feedstocks along with increasing the generation 
of hazardous waste and pollution emissions. Moreover, undesirable side reactions 
like decomposition and discoloration may occur at such high temperatures.11 
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Besides, the metal residues from the catalysts may be harmful to the environment. 
Therefore, it is necessary to develop an eco-friendly pathway for the production of 
furanic-aliphatic polyesters. 

Enzymatic polymerization is an emerging alternative approach towards polymeric 
materials, which can compete with conventional techniques.25-31 It involves mild 
reaction conditions and renewable non-toxic enzyme catalysts, providing a great 
opportunity to achieve future sustainability in the polymer industry.32 Currently, 
many kinds of polymers have already been synthesized via enzymatic 
polymerization; and polyesters are the most intensively studied.30, 33-36 In recent 
years, enzymatic synthesis of sustainable polyesters from biobased monomers has 
attracted much attention.5, 32 Plenty of biobased polyesters have been readily 
prepared via enzymatic polymerization, for example, succinate-based aliphatic 
polyesters,37-39 1,4:3,6-dianhydrohexitol-based polyesters,40, 41 vegetal oil-based 
polyesters,42 sugar derived diol-based polyesters,43, 44 and so on. Recently we 
successfully synthesized a series of renewable 2,5-bis(hydroxymethyl)furan-based 
polyesters by the two-stage enzymatic polycondensation in diphenyl ether.45 In 
addition, Boeriu et al. prepared biobased furanic-aliphatic oligoesters via the one-
stage enzymatic polymerization in an anhydrous reaction medium (70 wt % toluene 
and 30 wt % tert-butanol).46 They found that the maximum degree of 
polymerization (�������������) of these oligoesters was only 6. However, as far as we 
know, the enzyme-catalyzed synthesis of high molecular weight FDCA-based 
furanic-aliphatic polyesters has not been studied yet. 

In this study, we present a green pathway to sustainable furanic-aliphatic 
polyesters. They are enzymatically polymerized from biobased DMFDCA and 
(potentially) renewable aliphatic diols via a two-stage method in diphenyl ether. 
DMFDCA is preferred to FDCA since DMFDCA possesses a better solubility in 
the reaction media under mild conditions and a lower melting temperature (Tm). 
Meanwhile, lipase b Acrylic Resin from Candida antarctica (CALB, in 
immobilized form as Novozym® 435) is applied as the biocatalyst since CALB has 
broad substrate specificity and stable performance.47 It is the most favorable 
enzyme catalyst in biocatalytic polyester synthesis. Moreover, the immobilized 
CALB functions even at elevated temperatures up to 150 °C and tolerates some 
other extreme conditions.48-51  

Our research starts with investigating the effect of the diol structure on the 
enzymatic polymerization of FDCA-based furanic-aliphatic polyesters. Then we 
optimize the enzymatic polymerization conditions to achieve higher molecular 
weights. Moreover, we characterize the molecular weights, chemical structures, 
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microstructures and end groups, crystalline properties, and thermal behavior of the 
obtained furanic-aliphatic polyesters by SEC, NMR, ATR-FTIR, MALDI-ToF MS, 
WAXD, TGA and DSC. Furthermore, we discuss the effect of chemical structures 
on the crystalline and thermal properties of the obtained furanic-aliphatic 
polyesters. 

6.2 Experimental Methods 

6.2.1 Materials 

The following chemicals were purchased from Sigma-Aldrich: 1,3-propanediol 
(1,3-PDO, 98 %), 1,4-butanediol (1,4-BDO, 99 %), 1,6-hexanediol (1,6-HDO, 99 
%), 1,8-octanediol (1,8-ODO, 98 %), 1,10-decanediol (1,10-DDO, 98 %), 2,3-
butanediol (2,3-BDO, 98 %), diethylene glycol (DEG, 99+ %), isosorbide (98 %), 
D-sorbitol (98+ %), glycerol (99+ %), chloroform (HPLC grade), diphenyl ether 
(99 %), and lipase b Acrylic Resin from Candida antarctica (CALB, in 
immobilized form as Novozym® 435, 5000+ U/g). Dimethyl 2,5-furandicarboxylate 
(DMFDCA, 97 %) was ordered from Fluorochem. The solvent 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, 99+ %) was purchased from TCI Europe. CALB 
was pre-dried overnight in the presence of phosphorus pentoxide (P2O5) at room 
temperature under a high vacuum. Diphenyl ether was dried by calcium hydride 
(CaH2), vacuum distilled, and stored with 4 Å molecular sieves under nitrogen 
environment. The rest of the chemicals were used as received. 

6.2.2 General Procedure for CALB-Catalyzed Polycondensation of DMFDCA 
and Aliphatic Diols in Diphenyl Ether via a Two-Stage Method 

DMFDCA (5.4304 mmol), an aliphatic diol (5.4304 mmol), and diphenyl ether (6 
g) were added into a 25 mL round-bottom flask with pre-dried CALB (0.4 g). The 
reaction was magnetically stirred in an oil bath. A two-stage method was applied to 
the enzymatic polymerization. In this method, the reactants were reacted at 80 °C 
for 2 h under an atmospheric nitrogen environment at the first stage. Then at the 
second stage, polycondensation was performed at 80 °C under reduced pressure of 
2 mmHg for the other 72 h.  

After the polymerization, chloroform (20 mL) was added into the reaction flask to 
dissolve the final products. CALB was filtered off by normal filtration and then 
washed three times with chloroform (15 mL). All solutions were then combined, 
concentrated, and added dropwise into excess of methanol (or hexane). The 
methanol (or hexane) solution with the precipitated products was firstly stirred at 
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room temperature for several hours and then stored overnight at - 20 °C. After that, 
the precipitated products were collected by vacuum filtration and washed three 
times with methanol (or hexane). Finally, the products were dried in a vacuum 
oven at room temperature for 2 - 3 days before analysis. 

6.2.3 General Procedure for CALB-Catalyzed Polycondensation of DMFDCA 
and Aliphatic Linear Diols in Diphenyl Ether via a Temperature-Varied Two-
Stage Method 

DMFDCA (5.4304 mmol), an aliphatic linear diol (5.4304 mmol), and diphenyl 
ether (6 g) were added into a 25 mL round-bottom flask with pre-dried CALB (0.4 
g). A temperature-varied two-stage method was applied to the enzymatic 
polymerization. In this method, the first stage was performed at 80 °C for 2 h under 
a nitrogen atmosphere. Then at the second stage, the pressure was reduced to 2 
mmHg while maintaining the reaction temperature at 80 °C for the first 24 h, where 
after the reaction temperature was increased to 95 °C for another 24 h. Finally, the 
reaction temperature was regulated at 95, 120 or 140 °C for the last 24 h.  

After the polymerization, furanic-aliphatic polyesters were obtained via the same 
purification and drying procedures as described in Section 6.2.2.  

Furthermore, CALB was recycled from the enzymatic polymerization according to 
the following procedures. The used CALB was collected in a beaker after filtration. 
Then chloroform (20 mL) was added, and the solution with CALB was 
magnetically stirred for 30 minutes. After that, CALB was filtered off, washed with 
chloroform (10 mL) twice and collected in a beaker again. Then methanol (20 mL) 
was added and the solution with CALB was magnetically stirred for 30 minutes. 
Subsequently, CALB was filtered off, washed with methanol (10 mL) twice and 
collected in a beaker again. Then deionized water (20 mL) was added and the 
solution with CALB was magnetically stirred for 30 minutes. After that, CALB 
was filtered off, washed with deionized water (10 mL) twice and collected in a 
beaker. Finally, the recycled CALB was stored in a refrigerator at 0 - 8 °C before 
use. 

6.2.4 Control Reactions 

DMFDCA and alkane-α,ω-aliphatic linear diols (1,4-BDO, 1,6-HDO, 1,8-ODO, or 
1,10-DDO) were reacted without CALB via the same two-stage method as 
described before. After the reaction, no polyester was obtained after precipitation 
in methanol. 
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solution with CALB was magnetically stirred for 30 minutes. After that, CALB 
was filtered off, washed with deionized water (10 mL) twice and collected in a 
beaker. Finally, the recycled CALB was stored in a refrigerator at 0 - 8 °C before 
use. 

6.2.4 Control Reactions 

DMFDCA and alkane-α,ω-aliphatic linear diols (1,4-BDO, 1,6-HDO, 1,8-ODO, or 
1,10-DDO) were reacted without CALB via the same two-stage method as 
described before. After the reaction, no polyester was obtained after precipitation 
in methanol. 
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In addition, DMFDCA and 1,10-DDO were reacted without CALB according to 
the temperature-varied two-stage method. The reaction temperature was set to 140 
°C at the last 24 h. After the reaction, no polyester was obtained after precipitation 
in methanol.  

Moreover, enzymatic ring-opening polymerization of ε-caprolactone (CL) was 
performed to verify the enzymatic catalytic reactivity of the recycled CALB. At 
first, CL, 4 Å molecular sieves, anhydrous toluene and pre-dried CALB (fresh or 
used) were mixed and sealed in a 25 mL round-bottom flask. Then the reactants 
were stirred at 70 °C for 24 h under a nitrogen environment. After the 
polymerization, chloroform (20 mL) was added into the reaction flask to dissolve 
the final products. CALB was filtered off by normal filtration and washed with 
chloroform (15 mL) three times. All the obtained solutions were then combined, 
concentrated, and added dropwise into excess of hexane. The hexane solution with 
the precipitated polycaprolactone (PCL) was stirred at room temperature for 
several hours and then stored at -20 °C overnight. Then the PCL was isolated by 
centrifugation and washed with hexane three times. Finally, it was dried in a 
vacuum oven at 40 °C for 2 - 3 days before analysis.  

Furthermore, we testified the enzymatic catalytic reactivity of the used CALB that 
had the same thermal treatment as those applied in the temperature-varied two-
stage polymerization at 120/140 °C. First, pre-dried CALB (fresh) and diphenyl 
ether were added into a 25 mL round-bottom flask filled with nitrogen. Then the 
reaction flask was sealed and heated up at: (1) 80 °C for the first 26 h; (2) 95 °C for 
another 24 h; and (3) 120 or 140 °C for the final 24 h. After cooling down to room 
temperature, CL and 4 Å molecular sieves were added into the flask immediately. 
Then the ring-opening polymerization of CL was performed at 70 °C for 24 h. 
After the reaction, PCL was obtained via the same purification and drying 
procedures as described above.   

6.2.5 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
for 1H-NMR and 100 MHz for 13C-NMR analysis), using CDCl3-d1 or DMSO-d6 as 
the solvent. The chemical shifts reported were referenced to the resonances of 
tetramethylsilane (TMS) or the solvent. The number average molecular weight 
(������ ) was calculated from 1H-NMR using the following equation: ������ � ���� �
�� � ��
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	�� � �
	�
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intensity of the broad resonances ascribed to the methylene protons from the diol 
units (-CO-O-CH2-, around 4.4 ppm), ���� is the integral intensity of the singlet 
assigned to the methoxyl end groups (-O-CH3, around 3.9 ppm), ����  is the 
integral intensity of the broad peaks belonging to the methylene protons of the 
hydroxymethyl end groups (-CH2-OH around 3.7 ppm), ��  is the molecular 
mass of the FDCA units, ��  is the molecular mass of the diol units. Here we 
assumed that all the tested polyesters were terminated with the methoxyl and 
hydroxymethyl groups. 

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra were 
recorded on a Bruker IFS88 FT-IR spectrometer. 128 scans were performed for 
each sample. 

The molecular weights (������ and �������) and dispersity (Đ, �������/������) were measured at 
30 °C by a Viscotek SEC (Size Exclusion Chromatography) equipped with three 
detectors (a LS detector: Viscotek Ralls detector; a VS detector: Viscotek 
Viscometer Model H502; and a RI detector: Shodex RI-71 Refractive Index 
detector), using a guard column (PLgel 5 µm Guard, 50 mm) and two columns 
(PLgel 5 µm MIXED-C, 300 mm, Agilent Technologies). Chloroform of HPLC 
grade was used as the eluent, with the flow rate of 1.0 mL/min. The molecular 
weight calculations were performed based on the universal calibration method 
using the universal calibration curve generated by narrow polydispersity 
polystyrene standards (Agilent and Polymer Laboratories) with the �������  values 
ranging from 645 to 3001000 g/mol.  

Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
PRO spectrometer. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 
malononitrile (DCTB) was used as the matrix. The following procedure was 
performed. First, the polyester sample (0.5 - 1.0 mg/mL) was dissolved in HFIP 
with DCTB (18.18 mg/mL) and potassium trifluoroacetate (0.46 mg/mL). Then the 
mixture was subsequently hand-spotted on a stainless steel plate and left to dry. 
After that, the mass spectra were recorded in the positive and linear mode. The 
masses of polyesters (�� ) correspond to the following equation: �� � ��� �
�� � ��� � ���
	��, where ���  is the molecular mass of the end groups, n is 
the number of the repeating unit, ��� is the molecular mass of the repeating unit, 
and ���
	�� is the molecular mass of the potassium or sodium cation. 

The thermal transitions were characterized by a TA-Instruments Q1000 
Differential Scanning Calorimetry (DSC). The heating and cooling rate were 10 
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In addition, DMFDCA and 1,10-DDO were reacted without CALB according to 
the temperature-varied two-stage method. The reaction temperature was set to 140 
°C at the last 24 h. After the reaction, no polyester was obtained after precipitation 
in methanol.  

Moreover, enzymatic ring-opening polymerization of ε-caprolactone (CL) was 
performed to verify the enzymatic catalytic reactivity of the recycled CALB. At 
first, CL, 4 Å molecular sieves, anhydrous toluene and pre-dried CALB (fresh or 
used) were mixed and sealed in a 25 mL round-bottom flask. Then the reactants 
were stirred at 70 °C for 24 h under a nitrogen environment. After the 
polymerization, chloroform (20 mL) was added into the reaction flask to dissolve 
the final products. CALB was filtered off by normal filtration and washed with 
chloroform (15 mL) three times. All the obtained solutions were then combined, 
concentrated, and added dropwise into excess of hexane. The hexane solution with 
the precipitated polycaprolactone (PCL) was stirred at room temperature for 
several hours and then stored at -20 °C overnight. Then the PCL was isolated by 
centrifugation and washed with hexane three times. Finally, it was dried in a 
vacuum oven at 40 °C for 2 - 3 days before analysis.  

Furthermore, we testified the enzymatic catalytic reactivity of the used CALB that 
had the same thermal treatment as those applied in the temperature-varied two-
stage polymerization at 120/140 °C. First, pre-dried CALB (fresh) and diphenyl 
ether were added into a 25 mL round-bottom flask filled with nitrogen. Then the 
reaction flask was sealed and heated up at: (1) 80 °C for the first 26 h; (2) 95 °C for 
another 24 h; and (3) 120 or 140 °C for the final 24 h. After cooling down to room 
temperature, CL and 4 Å molecular sieves were added into the flask immediately. 
Then the ring-opening polymerization of CL was performed at 70 °C for 24 h. 
After the reaction, PCL was obtained via the same purification and drying 
procedures as described above.   

6.2.5 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
for 1H-NMR and 100 MHz for 13C-NMR analysis), using CDCl3-d1 or DMSO-d6 as 
the solvent. The chemical shifts reported were referenced to the resonances of 
tetramethylsilane (TMS) or the solvent. The number average molecular weight 
(������ ) was calculated from 1H-NMR using the following equation: ������ � ���� �
�� � ��
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intensity of the broad resonances ascribed to the methylene protons from the diol 
units (-CO-O-CH2-, around 4.4 ppm), ���� is the integral intensity of the singlet 
assigned to the methoxyl end groups (-O-CH3, around 3.9 ppm), ����  is the 
integral intensity of the broad peaks belonging to the methylene protons of the 
hydroxymethyl end groups (-CH2-OH around 3.7 ppm), ��  is the molecular 
mass of the FDCA units, ��  is the molecular mass of the diol units. Here we 
assumed that all the tested polyesters were terminated with the methoxyl and 
hydroxymethyl groups. 

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra were 
recorded on a Bruker IFS88 FT-IR spectrometer. 128 scans were performed for 
each sample. 

The molecular weights (������ and �������) and dispersity (Đ, �������/������) were measured at 
30 °C by a Viscotek SEC (Size Exclusion Chromatography) equipped with three 
detectors (a LS detector: Viscotek Ralls detector; a VS detector: Viscotek 
Viscometer Model H502; and a RI detector: Shodex RI-71 Refractive Index 
detector), using a guard column (PLgel 5 µm Guard, 50 mm) and two columns 
(PLgel 5 µm MIXED-C, 300 mm, Agilent Technologies). Chloroform of HPLC 
grade was used as the eluent, with the flow rate of 1.0 mL/min. The molecular 
weight calculations were performed based on the universal calibration method 
using the universal calibration curve generated by narrow polydispersity 
polystyrene standards (Agilent and Polymer Laboratories) with the �������  values 
ranging from 645 to 3001000 g/mol.  

Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
PRO spectrometer. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 
malononitrile (DCTB) was used as the matrix. The following procedure was 
performed. First, the polyester sample (0.5 - 1.0 mg/mL) was dissolved in HFIP 
with DCTB (18.18 mg/mL) and potassium trifluoroacetate (0.46 mg/mL). Then the 
mixture was subsequently hand-spotted on a stainless steel plate and left to dry. 
After that, the mass spectra were recorded in the positive and linear mode. The 
masses of polyesters (�� ) correspond to the following equation: �� � ��� �
�� � ��� � ���
	��, where ���  is the molecular mass of the end groups, n is 
the number of the repeating unit, ��� is the molecular mass of the repeating unit, 
and ���
	�� is the molecular mass of the potassium or sodium cation. 

The thermal transitions were characterized by a TA-Instruments Q1000 
Differential Scanning Calorimetry (DSC). The heating and cooling rate were 10 



Chapter 6 

Page | 156 

°C/min. The glass transition temperature (Tg) was also determined by Temperature 
Modulated Differential Scanning Calorimetry (TMDSC). For the TMDSC test, the 
heating rate was 2 °C/min, with the temperature modulated at +/- 0.50 °C for every 
60 seconds. The TMDSC test started immediately after the second heating of the 
normal DSC measurement.  

Thermal Gravimetric Analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured at 10 °C/min under a 
nitrogen environment.  

Wide-Angle X-ray Diffraction (WAXD) measurements were performed at room 
temperature using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 
0.1542 nm) in the angular range of 5 - 50 o (2θ). The degree of crystallinity (��) 
was determined by WAXD according to the method established in our previous 
reports.39, 45 

6.2.6 NMR Analysis of the Obtained Furanic-Aliphatic Polyesters  

Figure 6.1 depicts the 1H- and 13C-NMR spectra of the obtained furanic-aliphatic 
polyesters. The detailed NMR assignments are as follows. 

 

Figure 6.1. (a) 1H-NMR, and (b) 13C-NMR spectra of the obtained furanic-
aliphatic polyesters. 

Poly(butylene furanoate) (PBF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 7.19 (2H, 
s, -CH=, furan), 4.38 (4H, m, -CO-O-CH2-, from 1,4-BDO), 1.90 (4H, m, -CO-O-
CH2-CH2-, from 1,4-BDO), 3.91 (s, -O-CH3, end group from DMFDCA), 3.70 (t, -
CH2-OH, end group from 1,4-BDO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 
157.79 (-C=O), 146.72 (=C(C)-O-, furan), 118.45 (=C-, furan), 64.76 (-CO-O-CH2-
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), 25.31 (-CO-O-CH2-CH2-), 62.19 (-CH2-OH, end group), 52.36 (-O-CH3, end 
group of DMFDCA), 29.01 (-CH2-CH2-OH, end group). 

Poly(hexamethylene furanoate) (PHF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.18 (2H, s, -CH=, furan), 4.32 (4H, m, -CO-O-CH2-, from 1,6-HDO), 1.77 (4H, 
m, -CO-O-CH2-CH2-, from 1,6-HDO), 1.47 (4H, m, -CO-O-CH2-CH2-CH2-, from 
1,6-HDO), 3.91 (s, -O-CH3, end group from DMFDCA), 3.64 (t, -CH2-OH, end 
group from 1,6-HDO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 157.95 (-C=O), 
146.50 (=C(C)-O-, furan), 118.26 (=C-, furan), 65.38 (-CO-O-CH2-), 28.45 (-CO-
O-CH2-CH2-), 25.50 (-CO-O-CH2-CH2-CH2-), 62.71 (-CH2-OH, end group), 52.34 
(-O-CH3, end group of DMFDCA), 32.52 (-CH2-CH2-OH, end group). 

Poly(octamethylene furanoate) (POF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.16 (2H, s, -CH=, furan), 4.30 (4H, m, -CO-O-CH2-, from 1,8-ODO), 1.74 (4H, 
m, -CO-O-CH2-CH2-, from 1,8-ODO), 1.36 (8H, m, -CH2-, from 1,8-ODO), 3.90 
(s, -O-CH3, end group from DMFDCA), 3.62 (t, -CH2-OH, end group from 1,8-
ODO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 158.11 (-C=O), 146.74 (=C(C)-O-, 
furan), 118.06 (=C-, furan), 65.31 (-CO-O-CH2-), 29.04 (-CH2-), 28.53 (-CH2-), 
25.43 (-CH2-), 62.93 (-CH2-OH, end group), 52.33 (-O-CH3, end group of 
DMFDCA), 32.70 (-CH2-CH2-OH, end group). 

Poly(decamethylene furanoate) (PDF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.17 (2H, s, -CH=, furan), 4.28 (4H, m, -CO-O-CH2-, from 1,10-DDO), 1.73 (4H, 
m, -CO-O-CH2-CH2-, from 1,10-DDO), 1.38 (4H, m, -CH2-, from 1,10-DDO), 
1.29 (8H, m, -CH2-, from 1,10-DDO), 3.91 (s, -O-CH3, end group from 
DMFDCA), 3.63 (t, -CH2-OH, end group from 1,10-DDO); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 158.12 (-C=O), 146.91 (=C(C)-O-, furan), 118.16 (=C-, furan), 
65.63 (-CO-O-CH2-), 29.36 (-CH2-), 29.15 (-CH2-), 28.56 (-CH2-), 25.78 (-CH2-), 
62.99 (-CH2-OH, end group), 32.75 (-CH2-CH2-OH, end group). 

Poly(diethylene glycol furanoate) (PDEGF): 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 7.18 (2H, s, -CH=, furan), 4.47 (4H, t, -CO-O-CH2-, from DEG), 3.83 (4H, 
t, -CH2-O-CH2-, from DEG), 3.91 (s, -OCH3, end group from DMFDCA), 3.74 (m, 
-CO-O-CH2-CH2-OH, end group from DEG), 3.64 (m, -O-CH2-CH2-OH, end 
group from DEG), 2.43 (m, -OH, end group from DEG); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 157.79 (-C=O), 146.57 (=C(C)-O-, furan), 118.68 (=C-, furan), 
68.82 (-CH2-O-CH2-), 64.27 (-CO-O-CH2-), 72.47 (-O-CH2-CH2-OH, end group), 
61.67 (-O-CH2-CH2-OH, end group), 52.39 (-O-CH3, end group from DMFDCA). 

Poly(2,3-butylene furanoate) (P23BF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.15 (2H, s, -CH=, furan), 5.31 (2H, m, -CO-O-CH(CH3)-, from 2,3-BDO), 1.39 
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°C/min. The glass transition temperature (Tg) was also determined by Temperature 
Modulated Differential Scanning Calorimetry (TMDSC). For the TMDSC test, the 
heating rate was 2 °C/min, with the temperature modulated at +/- 0.50 °C for every 
60 seconds. The TMDSC test started immediately after the second heating of the 
normal DSC measurement.  

Thermal Gravimetric Analysis (TGA) was performed on a Perkin Elmer Thermo 
Gravimetric Analyzer TGA7. Samples were measured at 10 °C/min under a 
nitrogen environment.  

Wide-Angle X-ray Diffraction (WAXD) measurements were performed at room 
temperature using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 
0.1542 nm) in the angular range of 5 - 50 o (2θ). The degree of crystallinity (��) 
was determined by WAXD according to the method established in our previous 
reports.39, 45 

6.2.6 NMR Analysis of the Obtained Furanic-Aliphatic Polyesters  

Figure 6.1 depicts the 1H- and 13C-NMR spectra of the obtained furanic-aliphatic 
polyesters. The detailed NMR assignments are as follows. 

 

Figure 6.1. (a) 1H-NMR, and (b) 13C-NMR spectra of the obtained furanic-
aliphatic polyesters. 

Poly(butylene furanoate) (PBF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 7.19 (2H, 
s, -CH=, furan), 4.38 (4H, m, -CO-O-CH2-, from 1,4-BDO), 1.90 (4H, m, -CO-O-
CH2-CH2-, from 1,4-BDO), 3.91 (s, -O-CH3, end group from DMFDCA), 3.70 (t, -
CH2-OH, end group from 1,4-BDO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 
157.79 (-C=O), 146.72 (=C(C)-O-, furan), 118.45 (=C-, furan), 64.76 (-CO-O-CH2-
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), 25.31 (-CO-O-CH2-CH2-), 62.19 (-CH2-OH, end group), 52.36 (-O-CH3, end 
group of DMFDCA), 29.01 (-CH2-CH2-OH, end group). 

Poly(hexamethylene furanoate) (PHF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.18 (2H, s, -CH=, furan), 4.32 (4H, m, -CO-O-CH2-, from 1,6-HDO), 1.77 (4H, 
m, -CO-O-CH2-CH2-, from 1,6-HDO), 1.47 (4H, m, -CO-O-CH2-CH2-CH2-, from 
1,6-HDO), 3.91 (s, -O-CH3, end group from DMFDCA), 3.64 (t, -CH2-OH, end 
group from 1,6-HDO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 157.95 (-C=O), 
146.50 (=C(C)-O-, furan), 118.26 (=C-, furan), 65.38 (-CO-O-CH2-), 28.45 (-CO-
O-CH2-CH2-), 25.50 (-CO-O-CH2-CH2-CH2-), 62.71 (-CH2-OH, end group), 52.34 
(-O-CH3, end group of DMFDCA), 32.52 (-CH2-CH2-OH, end group). 

Poly(octamethylene furanoate) (POF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.16 (2H, s, -CH=, furan), 4.30 (4H, m, -CO-O-CH2-, from 1,8-ODO), 1.74 (4H, 
m, -CO-O-CH2-CH2-, from 1,8-ODO), 1.36 (8H, m, -CH2-, from 1,8-ODO), 3.90 
(s, -O-CH3, end group from DMFDCA), 3.62 (t, -CH2-OH, end group from 1,8-
ODO); 13C-NMR (100 MHz, CDCl3-d1, ppm): 158.11 (-C=O), 146.74 (=C(C)-O-, 
furan), 118.06 (=C-, furan), 65.31 (-CO-O-CH2-), 29.04 (-CH2-), 28.53 (-CH2-), 
25.43 (-CH2-), 62.93 (-CH2-OH, end group), 52.33 (-O-CH3, end group of 
DMFDCA), 32.70 (-CH2-CH2-OH, end group). 

Poly(decamethylene furanoate) (PDF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.17 (2H, s, -CH=, furan), 4.28 (4H, m, -CO-O-CH2-, from 1,10-DDO), 1.73 (4H, 
m, -CO-O-CH2-CH2-, from 1,10-DDO), 1.38 (4H, m, -CH2-, from 1,10-DDO), 
1.29 (8H, m, -CH2-, from 1,10-DDO), 3.91 (s, -O-CH3, end group from 
DMFDCA), 3.63 (t, -CH2-OH, end group from 1,10-DDO); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 158.12 (-C=O), 146.91 (=C(C)-O-, furan), 118.16 (=C-, furan), 
65.63 (-CO-O-CH2-), 29.36 (-CH2-), 29.15 (-CH2-), 28.56 (-CH2-), 25.78 (-CH2-), 
62.99 (-CH2-OH, end group), 32.75 (-CH2-CH2-OH, end group). 

Poly(diethylene glycol furanoate) (PDEGF): 1H-NMR (400 MHz, CDCl3-d1, 
ppm): 7.18 (2H, s, -CH=, furan), 4.47 (4H, t, -CO-O-CH2-, from DEG), 3.83 (4H, 
t, -CH2-O-CH2-, from DEG), 3.91 (s, -OCH3, end group from DMFDCA), 3.74 (m, 
-CO-O-CH2-CH2-OH, end group from DEG), 3.64 (m, -O-CH2-CH2-OH, end 
group from DEG), 2.43 (m, -OH, end group from DEG); 13C-NMR (100 MHz, 
CDCl3-d1, ppm): 157.79 (-C=O), 146.57 (=C(C)-O-, furan), 118.68 (=C-, furan), 
68.82 (-CH2-O-CH2-), 64.27 (-CO-O-CH2-), 72.47 (-O-CH2-CH2-OH, end group), 
61.67 (-O-CH2-CH2-OH, end group), 52.39 (-O-CH3, end group from DMFDCA). 

Poly(2,3-butylene furanoate) (P23BF): 1H-NMR (400 MHz, CDCl3-d1, ppm): 
7.15 (2H, s, -CH=, furan), 5.31 (2H, m, -CO-O-CH(CH3)-, from 2,3-BDO), 1.39 
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(6H, m, -CH(CH3)-, from 2,3-BDO), 4.63 (-CO-O-CH(CH3)-, end group from 2,3-
BDO), 4.03 (-CO-O-CH(CH3)-CH(CH3)-OH, end group from 2,3-BDO), 3.90 (s, -
O-CH3, end group from DMFDCA),  2.99 (-OH); 13C-NMR (100 MHz, CDCl3-d1, 
ppm): 158.39 and 157.14 (-C=O), 146.74 (=C(C)-O-, furan), 118.62 (=C-, furan), 
72.66 (-CH-), 15.21 (-CH3), 52.33 (-O-CH3, end group of DMFDCA), 16.17 (-CH3, 
end group of 2,3-BDO). 

6.2.7 ATR-FTIR Analysis of the Obtained Furanic-Aliphatic Polyesters 

The ATR-FTIR spectra of the obtained furanic-aliphatic polyesters are illustrated 
in Figure 6.2. The characteristic absorption bands of the obtained furanic-aliphatic 
polyesters are assigned as follows: 

Furanic-aliphatic polyesters ATR-FTIR (cm-1):  3057 - 3200 (=C-H stretching 
vibrations of furan ring), 2780 - 3021 (C-H stretching vibrations), 1718 (C=O 
stretching vibrations), 1574, 1506 (C=C ring stretching vibrations of the furan 
rings), 1501, 1469, 1328 - 1414 (-CH- deformation and wagging vibrations), 1268 
and 1140 (asymmetric and symmetric stretching vibrations of the ester C-O-C 
groups), 1010 and 1223 (=C-O-C= ring vibrations of the furan ring), 967, 819, 768 
(C-H out-of-plane deformation vibrations of the furan ring). 

 

Figure 6.2. ATR-FTIR spectra of the obtained furanic-aliphatic polyesters. 

6.3 Results and Discussion 

The two-stage enzymatic polycondensation of DMFDCA with aliphatic diols 
yielded sustainable furanic-aliphatic polyesters/oligoesters with different chemical 
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HDO, 1,8-ODO and 1,10-DDO); diols with two secondary hydroxyl groups (2,3-
BDO and isosorbide); and polyols with more than two hydroxyl groups (glycerol 
and D-sorbitol). The number of carbon and oxygen atoms between the two 
hydroxyl groups in the tested α,ω-aliphatic linear diols is 3, 4, 5, 6, 8 and 10, 
respectively. This number defines the diol chain length (n) in this study. 
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Gross et al.,52 Linko et al.,53 and Morrow,54 in which they also found that the 
enzymatic polymerization involving alkane-α,ω-aliphatic linear diols with longer 
alkylene chains gave higher values of �������  or ������  (average degree of 
polymerization). As shown in Table 6.1, only oligomer (������ < 500 g/mol) was 
obtained from the enzymatic polymerization of DMFDCA with 1,3-PDO with the 
shortest chain length (n = 3), even if the reaction time was extended to 194 h. 
Changing to 1,4-BDO/1,6-HDO/1,8-ODO with relatively longer chain lengths (n = 
4, 6, 8, respectively) resulted in a steadily increase in molecular weights. The ������ 
and �������  value increased from 1200 and 1700 g/mol to 3300 and 4800 g/mol, 
respectively, when the chain length of the alkane-α,ω-aliphatic linear diol increased 
from 4 to 8. Upon further increasing the chain length up to 10 (1,10-DDO), the ������ 
and ������� value increased significantly to 23700 and 48700 g/mol, respectively. The 
possible reasons to this phenomenon are discussed below. On the one hand, alkane-
α,ω-aliphatic linear diols with longer alkylene chains possess higher enzymatic 
reactivity; therefore, polyesters with higher ������ can be produced.52 One the other 
hand, the solubility of the obtained furanic-aliphatic polyesters showed the 
following trend in the reaction media: PDF > POF ≈ PHF > PBF. Furthermore, the 
Tm of the obtained PBF/POF/PHF (around 145 °C) was much higher than that of 
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(6H, m, -CH(CH3)-, from 2,3-BDO), 4.63 (-CO-O-CH(CH3)-, end group from 2,3-
BDO), 4.03 (-CO-O-CH(CH3)-CH(CH3)-OH, end group from 2,3-BDO), 3.90 (s, -
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PDF (Tm around 111 °C) and the enzymatic polymerization temperature (80 °C). 
As a result, for the enzymatic polymerization of DMFDCA with 1,4-BDO/1,6-
HDO/1,8-ODO, as we observed, low molecular weight products already 
precipitated from the reaction media after 26 h reaction because of their high Tm 
and low solubility. In this case, the accessibility of CALB to the polymers was 
hindered, which led to low polymerization efficiency. In contrast, the enzymatic 
polymerization of DMFDCA with 1,10-DDO remained consistently in the 
homogeneous state, where CALB functioned continuously to produce high 
molecular weight products. Therefore, the molecular weights of furanic-aliphatic 
polyesters from the enzymatic polymerization of DMFDCA with alkane-α,ω-
aliphatic linear diols increased steadily with diol chain length because of the 
reasons mentioned above.   

Table 6.1. Molecular weights of the obtained furanic-aliphatic polyesters from the 
CALB-catalyzed two-stage polymerization of dimethyl 2,5-
furandicarboxylate (DMFDCA) with aliphatic diols via the two-stage 
method at 80 °C 

Diol a Structure 
NMR b   SEC  

Yield 
������  ������ ������� Đ 

1,3-PDO c  200  < 500 e / / 62 g 

1,4-BDO d  1100  1200 f 1700 1.42 77 h 

1,6-HDO d  2200  2500 f 3800 1.52 93 h 

1,8-ODO d  2400  3300 f 4800 1.45 88 h 

1,10-DDO d  10100  23700 f 48700 2.05 94 h 

DEG d  900  1000 f 1100 1.10 53 h 

2,3-BDO c  500  700 f 800 1.14 97 g 

Isosorbide c 
 

/  < 500 f / / 58 g 

Glycerol c  /  < 500 f / / 30 g 

D-sorbitol c 
 

/  < 500 e / / 44 g 

a 1,3-PDO = 1,3-propanediol, 1,4-BDO = 1,4-butanediol, 1,6-HDO = 1,6-hexanediol, 1,8-ODO = 1,8-octanediol, 
1,10-DDO = 1,10-decanediol, DEG = diethylene glycol, 2,3-BDO = 2,3-butanediol; b The number average 
molecular weight (������, g/mol) was determined by 1H-NMR; c The polymerization was performed for 74 h and 194 
h, respectively; d The polymerization was performed for 74 h; e The number average molecular weight (������, 
g/mol), weight average molecular weight (������, g/mol), and dispersity (Đ, ������ ������� ) were measured by SEC in 
DMSO with LiBr; f The molecular weights and dispersity were determined by SEC in CHCl3; g Isolation yield (%). 
The product was purified by hexane; h Isolation yield (%). The product was purified by methanol. 
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However, Boeriu et al.46 studied the CALB-catalyzed polymerization of DMFDCA 
with alkane-α,ω-aliphatic linear diols differing in chain length from 2 to 12. 
Furanic-aliphatic oligoesters with ������������� of 6 were obtained after 24 h reaction. 
They also found that the production showed the following trend with respect to the 
diol chain length: 2 < 12 < 10 < 3 < 8 < 4 < 6. This was not in agreement with our 
results. It should be noted they applied different enzymatic polymerization 
conditions: (1) different solvent (70 wt % toluene and 30 wt % tert-butanol), (2) 
shorter reaction time (24 h), and (3) one-stage method at an atmospheric pressure. 
We suspected this could be the reason. First, the reactivity of alkane-α,ω-aliphatic 
linear diols to CALB could be varied in diphenyl ether and the mixture of toluene 
and tert-butanol; and the solubility of the tested diols and the final products could 
be different. Second, the reaction time we applied was 3 times longer. Finally, the 
polycondensation efficiency is much higher by using the two-stage method under a 
high vacuum.  

Moreover, the enzymatic polymerization of DMFDCA with 2,3-BDO/isosorbide 
resulted in low molecular weight products since the secondary hydroxyl group is 
not favored by CALB. Regarding to isosorbide, this may be also due to the fact that 
the hydroxyl groups of isosorbide can be self-condensed by CALB to form ethers 
as reported by Catalani et al..40   

Besides, the enzymatic polymerization of DMFDCA with the tested polyols gave 
oligomers due to the low solubility of glycerol and D-sorbitol in the reaction 
media. This obstacle might be overcome by performing the enzymatic 
polycondensation in bulk. As reported by Gross et al.,55 high molecular weight 
polyol-based aliphatic polyesters were successfully prepared by the CALB-
catalyzed solvent-free polycondensation. However, more experiments should be 
performed to study the enzymatic melt polymerization of DMFDCA with polyols 
since the monomers might be immiscible at mild temperatures. 

6.3.2 CALB-Catalyzed Synthesis of Furanic-Aliphatic Polyesters from 
DMFDCA and α,ω-Aliphatic Linear Diols via the Temperature-Varied Two-
Stage Method 

As discussed above, the major obstacle for enzymatic synthesis of furanic-aliphatic 
polyesters at mild temperatures is the phase separation caused by the high Tm and 
the low solubility of the final products. This problem could be circumvented by 
performing the enzymatic polymerization at higher reaction temperatures. 
However, generally speaking, the enzyme catalysts possess the highest catalytic 
reactivity at temperatures below 100 °C. Nevertheless, the immobilized CALB can 
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PDF (Tm around 111 °C) and the enzymatic polymerization temperature (80 °C). 
As a result, for the enzymatic polymerization of DMFDCA with 1,4-BDO/1,6-
HDO/1,8-ODO, as we observed, low molecular weight products already 
precipitated from the reaction media after 26 h reaction because of their high Tm 
and low solubility. In this case, the accessibility of CALB to the polymers was 
hindered, which led to low polymerization efficiency. In contrast, the enzymatic 
polymerization of DMFDCA with 1,10-DDO remained consistently in the 
homogeneous state, where CALB functioned continuously to produce high 
molecular weight products. Therefore, the molecular weights of furanic-aliphatic 
polyesters from the enzymatic polymerization of DMFDCA with alkane-α,ω-
aliphatic linear diols increased steadily with diol chain length because of the 
reasons mentioned above.   
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method at 80 °C 
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a 1,3-PDO = 1,3-propanediol, 1,4-BDO = 1,4-butanediol, 1,6-HDO = 1,6-hexanediol, 1,8-ODO = 1,8-octanediol, 
1,10-DDO = 1,10-decanediol, DEG = diethylene glycol, 2,3-BDO = 2,3-butanediol; b The number average 
molecular weight (������, g/mol) was determined by 1H-NMR; c The polymerization was performed for 74 h and 194 
h, respectively; d The polymerization was performed for 74 h; e The number average molecular weight (������, 
g/mol), weight average molecular weight (������, g/mol), and dispersity (Đ, ������ ������� ) were measured by SEC in 
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However, Boeriu et al.46 studied the CALB-catalyzed polymerization of DMFDCA 
with alkane-α,ω-aliphatic linear diols differing in chain length from 2 to 12. 
Furanic-aliphatic oligoesters with ������������� of 6 were obtained after 24 h reaction. 
They also found that the production showed the following trend with respect to the 
diol chain length: 2 < 12 < 10 < 3 < 8 < 4 < 6. This was not in agreement with our 
results. It should be noted they applied different enzymatic polymerization 
conditions: (1) different solvent (70 wt % toluene and 30 wt % tert-butanol), (2) 
shorter reaction time (24 h), and (3) one-stage method at an atmospheric pressure. 
We suspected this could be the reason. First, the reactivity of alkane-α,ω-aliphatic 
linear diols to CALB could be varied in diphenyl ether and the mixture of toluene 
and tert-butanol; and the solubility of the tested diols and the final products could 
be different. Second, the reaction time we applied was 3 times longer. Finally, the 
polycondensation efficiency is much higher by using the two-stage method under a 
high vacuum.  

Moreover, the enzymatic polymerization of DMFDCA with 2,3-BDO/isosorbide 
resulted in low molecular weight products since the secondary hydroxyl group is 
not favored by CALB. Regarding to isosorbide, this may be also due to the fact that 
the hydroxyl groups of isosorbide can be self-condensed by CALB to form ethers 
as reported by Catalani et al..40   

Besides, the enzymatic polymerization of DMFDCA with the tested polyols gave 
oligomers due to the low solubility of glycerol and D-sorbitol in the reaction 
media. This obstacle might be overcome by performing the enzymatic 
polycondensation in bulk. As reported by Gross et al.,55 high molecular weight 
polyol-based aliphatic polyesters were successfully prepared by the CALB-
catalyzed solvent-free polycondensation. However, more experiments should be 
performed to study the enzymatic melt polymerization of DMFDCA with polyols 
since the monomers might be immiscible at mild temperatures. 

6.3.2 CALB-Catalyzed Synthesis of Furanic-Aliphatic Polyesters from 
DMFDCA and α,ω-Aliphatic Linear Diols via the Temperature-Varied Two-
Stage Method 

As discussed above, the major obstacle for enzymatic synthesis of furanic-aliphatic 
polyesters at mild temperatures is the phase separation caused by the high Tm and 
the low solubility of the final products. This problem could be circumvented by 
performing the enzymatic polymerization at higher reaction temperatures. 
However, generally speaking, the enzyme catalysts possess the highest catalytic 
reactivity at temperatures below 100 °C. Nevertheless, the immobilized CALB can 
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also function at elevated temperatures up to 150 °C as reported by Zelisko et al.,50 
Landfester et al.,49 and Iborra et al..48 Inspired by this, we performed the enzymatic 
polymerization at temperatures ranging from 80 to 140 °C, using a modified two-
stage method with varied temperatures. In this method, the polymerization 
conditions were maintained the same as the normal two-stage method at the first 
stage. Then at the second stage, the reaction pressure was regulated at 2 mmHg, 
also the same as the normal two-stage method. But the reaction temperature was 
gradually increased as follows: (1) 80 °C for the first 24 h; (2) 95 °C for another 24 
h; (3) 95, 120, or 140 °C for the final 24 h. In the following discussion of the 
temperature-varied two-stage enzymatic polymerization, the reaction temperature 
we mentioned is the temperature during the last 24 h reaction.  

Moreover, polyesterification is generally boosted at elevated temperatures since the 
reactivity of the reactants and the reaction speed normally increase with reaction 
temperature. 

 

Figure 6.3. Representative SEC retention curves of (a) poly(butylene furanoate) 
(PBF) and (b) poly(hexamethylene furanoate) (PHF) from the 
temperature-varied two-stage enzymatic polymerization. The 
temperature indicated here is the reaction temperature during the last 
24 h reaction. 

The enzymatic polymerization at higher reaction temperatures gave higher 
molecular weight products (Figures 6.3 - 6.4). As the representative SEC traces 
depicted in Figures 6.3, furanic-aliphatic polyester produced at higher reaction 
temperature had a lower retention volume, for example, the retention volume of the 
obtained PBF decreased from 15.0 - 19.2 to 13.5 - 19.2 mL when the reaction 
temperature was increased from 80 to 140 °C. The corresponding ������  and ������� 
value increased from 1200 and 1700 g/mol to 1600 and 5500 g/mol, respectively. 
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The increase of molecular weights with reaction temperature can be explained by 
three reasons. The first reason is that the phase separation was delayed at higher 
reaction temperatures. The second reason is that the elimination of alcohol 
byproducts and the residual water from the enzymatic polymerization become 
much easier at higher temperatures, especially when the reaction media are 
extremely viscous because of the high molecular weight polyesters produced. 
Therefore, the efficiency of enzymatic polycondensation was improved. The third 
reason is that the mobility of the amorphous phase of furanic-aliphatic polyesters is 
enhanced at higher temperatures, which facilitates the CALB-catalyzed solid-state 
polymerization. 

 

Figure 6.4. (a) The number average molecular weight (������ ); and (b) weight 
average molecular weight (������� ) of the obtained furanic-aliphatic 
polyesters from the temperature-varied two-stage enzymatic 
polymerization. The temperature indicated here is the reaction 
temperature during the last 24 h reaction. 

We noticed that the molecular weights of PBF/PDF did not increase too much 
when the reaction temperature was increased from 80 to 140 °C, but those of 
PHF/POF increased significantly at the same time. We observed that the phase 
separation still occurred during the enzymatic polymerization of DMFDCA with 
1,4-BDO, although it was delayed a bit at higher reaction temperatures. As the 
DSC results shown later in Section 6.3.6, the Tm of the final product PBF increased 
significantly from 145 to 168 °C when its ������� value increased from 1700 g/mol to 
5500 g/mol. Therefore, the chain growth of PBF was extremely limited at the 
tested temperatures. This is the reason why the molecular weights of the obtained 
PBF increased with reaction temperature, but cannot reach to higher values. 
Meanwhile, the enzymatic polymerization of DMFDCA with 1,10-DDO remained 
always monophasic at the tested temperatures as discussed before. Hence, the 
tested reaction temperature had no significantly influences on the molecular 
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also function at elevated temperatures up to 150 °C as reported by Zelisko et al.,50 
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polymerization at temperatures ranging from 80 to 140 °C, using a modified two-
stage method with varied temperatures. In this method, the polymerization 
conditions were maintained the same as the normal two-stage method at the first 
stage. Then at the second stage, the reaction pressure was regulated at 2 mmHg, 
also the same as the normal two-stage method. But the reaction temperature was 
gradually increased as follows: (1) 80 °C for the first 24 h; (2) 95 °C for another 24 
h; (3) 95, 120, or 140 °C for the final 24 h. In the following discussion of the 
temperature-varied two-stage enzymatic polymerization, the reaction temperature 
we mentioned is the temperature during the last 24 h reaction.  

Moreover, polyesterification is generally boosted at elevated temperatures since the 
reactivity of the reactants and the reaction speed normally increase with reaction 
temperature. 
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three reasons. The first reason is that the phase separation was delayed at higher 
reaction temperatures. The second reason is that the elimination of alcohol 
byproducts and the residual water from the enzymatic polymerization become 
much easier at higher temperatures, especially when the reaction media are 
extremely viscous because of the high molecular weight polyesters produced. 
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weights of the obtained PDF. However, the phase separation was circumvented at 
higher reaction temperatures during the enzymatic polymerization of DMFDCA 
with 1,6-HDO/1,8-ODO. Thus, the enzymatic polymerization yielded significantly 
higher molecular weight PHF/POF at higher temperatures above 80 °C. 

We also found that some oligomers, oligo(butylene furanoate) (OBF), were clearly 
present in the tested PBF. The proportion of OBF in the final products increased 
with reaction temperature from 80 to 140 °C. As shown in Figure 6.3, two peaks 
appeared in the SEC traces of the tested PBF. The dominant peak ranged from 13.2 
to 18.3 mL, which was ascribed to PBF with relatively higher ������� values of more 
than 1000 g/mol. The other peak with a rather low integral intensity was between 
18.3 to 19.2 mL. This was attributed to the small amount of OBF with the ������� 
value of around 500 g/mol. As the cumulative weight fractions calculated from 
SEC, the proportion of OBF in the final products increased from 2.3 to 10.0 % 
when the reaction temperature was increased from 80 to 140 °C. This phenomenon 
is attributed to three reasons: (1) the highly crystalline ability of OBF; (2) the lower 
catalytic reactivity of CALB at elevated temperatures above 90 °C;56 and (3) the 
lower conversion of short OBF chains to long PBF chains at higher reaction 
temperatures. As the WAXD results shown later in Section 6.3.4, the degree of 
crystallinity of the tested PBF decreased with increase of molecular weight. 
According to this, we can expect that OBF can reach a higher degree of 
crystallinity of more than 56 %. During the enzymatic polymerization, OBF 
crystallized and isolated from the reaction media at the first stage. Therefore, the 
enzymatic polymerization was dominated by the solid-state polymerization 
mechanism at the tested temperatures; and the chain growth was limited in the 
amorphous phase. Meanwhile, the catalytic reactivity of CALB decreased because 
of the occurrence of protein denaturation and deactivation at elevated temperatures 
above 90 °C. Therefore, the polymerization efficiency decreased at higher reaction 
temperature, although OBF melted easily at the same time. Moreover, the 
conversion of short OBF chains to long PBF chains became lower at higher 
reaction temperatures due to the excessive evaporation of the diphenyl ether 
solvent under the high vacuum. 

One may argue that dehydration of diols and β-scission of polyesters could occur at 
elevated temperatures, which also lead to low molecular weights. We thought that 
the tested temperatures were not high enough to induce such side reactions. Also as 
suggested by the MALDI-ToF MS analysis shown later in Section 6.3.3, no acid 
and alkene end groups were observed in the obtained PBF. However, there is no 
clear proof that the dehydration of diols did not occur during the enzymatic 
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polymerization. More study should be performed to investigate the enzymatic 
polymerization at elevated temperatures. 

We found that DEG behaved differently in the enzymatic polymerization compared 
to the tested alkane-α,ω-aliphatic linear diols (1,4-BDO, 16-HDO, 18-ODO, and 
1,10-DDO). As shown in Table 6.1, the two-stage enzymatic polymerization at 80 
°C yielded PDEGF with a ������� value of 1100 g/mol, lower than that of PBF (������� = 
1700 g/mol) synthesized under the same reaction conditions. This was unexpected 
since DEG has a longer chain length (n = 5) than 1,4-BDO (n = 4). We suspected 
that the esterification/transesterification reactivity of the hydroxyl groups of DEG 
is much lower at such temperature because the electropositivity of the carbon chain 
is reduced by the oxygen atom within the middle of DEG. However, PDEGF with 
significantly higher molecular weights than PBF was obtained at temperatures 
above 80 °C. This could be attributed to two reasons. First, the 
esterification/transesterification reactivity of the hydroxyl groups of DEG is 
significantly enhanced at higher temperatures. Second, the enzymatic 
polymerization with PDEGF were monophasic since PDEGF has a better solubility 
in diphenyl ether and a low Tm or even no Tm (see DSC results below). As a results, 
the enzymatic polymerization of DMFDCA with DEG gave high molecular weight 
products at temperatures above 80 °C. 

 

Figure 6.5. (a) The SEC retention curves; and (b) the molecular weights of 
poly(diethylene glycol furanoate) (PDEGF) from the temperature-
varied two-stage enzymatic polymerization at 95 °C. The reaction 
time started to count after keeping the reaction at 80 oC for 26 h. 

Meanwhile, changing the reaction temperature from 95 to 140 °C had no 
significant influence on the molecular weights of PDEGF (Figure 6.4). The ������ and 
�������  value slightly increased from 9500 and 18300 g/mol to 10600 and 23300 
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weights of the obtained PDF. However, the phase separation was circumvented at 
higher reaction temperatures during the enzymatic polymerization of DMFDCA 
with 1,6-HDO/1,8-ODO. Thus, the enzymatic polymerization yielded significantly 
higher molecular weight PHF/POF at higher temperatures above 80 °C. 

We also found that some oligomers, oligo(butylene furanoate) (OBF), were clearly 
present in the tested PBF. The proportion of OBF in the final products increased 
with reaction temperature from 80 to 140 °C. As shown in Figure 6.3, two peaks 
appeared in the SEC traces of the tested PBF. The dominant peak ranged from 13.2 
to 18.3 mL, which was ascribed to PBF with relatively higher ������� values of more 
than 1000 g/mol. The other peak with a rather low integral intensity was between 
18.3 to 19.2 mL. This was attributed to the small amount of OBF with the ������� 
value of around 500 g/mol. As the cumulative weight fractions calculated from 
SEC, the proportion of OBF in the final products increased from 2.3 to 10.0 % 
when the reaction temperature was increased from 80 to 140 °C. This phenomenon 
is attributed to three reasons: (1) the highly crystalline ability of OBF; (2) the lower 
catalytic reactivity of CALB at elevated temperatures above 90 °C;56 and (3) the 
lower conversion of short OBF chains to long PBF chains at higher reaction 
temperatures. As the WAXD results shown later in Section 6.3.4, the degree of 
crystallinity of the tested PBF decreased with increase of molecular weight. 
According to this, we can expect that OBF can reach a higher degree of 
crystallinity of more than 56 %. During the enzymatic polymerization, OBF 
crystallized and isolated from the reaction media at the first stage. Therefore, the 
enzymatic polymerization was dominated by the solid-state polymerization 
mechanism at the tested temperatures; and the chain growth was limited in the 
amorphous phase. Meanwhile, the catalytic reactivity of CALB decreased because 
of the occurrence of protein denaturation and deactivation at elevated temperatures 
above 90 °C. Therefore, the polymerization efficiency decreased at higher reaction 
temperature, although OBF melted easily at the same time. Moreover, the 
conversion of short OBF chains to long PBF chains became lower at higher 
reaction temperatures due to the excessive evaporation of the diphenyl ether 
solvent under the high vacuum. 

One may argue that dehydration of diols and β-scission of polyesters could occur at 
elevated temperatures, which also lead to low molecular weights. We thought that 
the tested temperatures were not high enough to induce such side reactions. Also as 
suggested by the MALDI-ToF MS analysis shown later in Section 6.3.3, no acid 
and alkene end groups were observed in the obtained PBF. However, there is no 
clear proof that the dehydration of diols did not occur during the enzymatic 
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polymerization. More study should be performed to investigate the enzymatic 
polymerization at elevated temperatures. 

We found that DEG behaved differently in the enzymatic polymerization compared 
to the tested alkane-α,ω-aliphatic linear diols (1,4-BDO, 16-HDO, 18-ODO, and 
1,10-DDO). As shown in Table 6.1, the two-stage enzymatic polymerization at 80 
°C yielded PDEGF with a ������� value of 1100 g/mol, lower than that of PBF (������� = 
1700 g/mol) synthesized under the same reaction conditions. This was unexpected 
since DEG has a longer chain length (n = 5) than 1,4-BDO (n = 4). We suspected 
that the esterification/transesterification reactivity of the hydroxyl groups of DEG 
is much lower at such temperature because the electropositivity of the carbon chain 
is reduced by the oxygen atom within the middle of DEG. However, PDEGF with 
significantly higher molecular weights than PBF was obtained at temperatures 
above 80 °C. This could be attributed to two reasons. First, the 
esterification/transesterification reactivity of the hydroxyl groups of DEG is 
significantly enhanced at higher temperatures. Second, the enzymatic 
polymerization with PDEGF were monophasic since PDEGF has a better solubility 
in diphenyl ether and a low Tm or even no Tm (see DSC results below). As a results, 
the enzymatic polymerization of DMFDCA with DEG gave high molecular weight 
products at temperatures above 80 °C. 

 

Figure 6.5. (a) The SEC retention curves; and (b) the molecular weights of 
poly(diethylene glycol furanoate) (PDEGF) from the temperature-
varied two-stage enzymatic polymerization at 95 °C. The reaction 
time started to count after keeping the reaction at 80 oC for 26 h. 

Meanwhile, changing the reaction temperature from 95 to 140 °C had no 
significant influence on the molecular weights of PDEGF (Figure 6.4). The ������ and 
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g/mol, respectively. This is because the esterification/transesterification reactivity 
of DEG increased with reaction temperature, but the catalytic reactivity of CALB 
decreased at the same time.  

Furthermore, the polymerization time had a significant influence on the enzymatic 
polymerization of PDEGF. As shown in Figure 6.5, the ������  and �������  value 
increased significantly from 9500 and 18300 g/mol to 31400 and 69400 g/mol, 
respectively, by extending the reaction time from 48 to 172 h while maintaining the 
reaction temperature at 95 °C. This is reasonable because the immobilized CALB 
is very stable at mild temperatures below 100 °C. At such temperatures it can 
function well for a very long time without losing too much catalytic reactivity. 

One disadvantage was identified for the two-stage solution enzymatic 
polymerization at the elevated reaction temperatures (120/140 oC): the reaction 
media boiled and evaporated excessively under such conditions. This could lead to 
higher dispersities of the polymers.  

Control reactions suggested that the catalytic reactivity of the used CALB still 
retained but decreased. The used CALB tested included: (1) the recycled CALB 
from the enzymatic polymerization at 120/140 oC; and (2) the CALB treated with 
the same conditions as those applied in the temperature-varied two-stage enzymatic 
polymerization at 120/140 oC. It should be noted that the decrease of catalytic 
reactivity of CALB at elevated temperatures is due to the unfolding and/or 
inactivating of enzymes. In recently years, many approaches are developed to 
address this problem57-60, such as genetically engineering, chemical modifications, 
improving immobilization methods, employing nanomaterials as enzyme 
supporters, and so on. Our group also did a lot of studies on immobilization of 
CALB to improve its stability and catalytic reactivity.61-68 However, the 
denaturation and deactivation of CALB seem to be inevitable at temperature above 
100 oC, although the thermal stability of CALB at mild temperatures can be 
improved by many methods like using magnetic nanoparticles,60 double 
immobilization,69 hierarchical interfacial assembly,70 and co-immobilization with 
ionic liquids.57, 71 Therefore, developing immobilized CALB working fully at 
elevated temperatures is still challenging and demanding. However, elevated 
temperatures is not necessary required if enzymatic polymerization is homogenous 
at mild temperatures using good solvents for both of monomers and polymers, for 
example, ionic liquids.57 ionic liquids are considered as eco-friendly solvents since 
they are non-volatile. However, it is also challenging to design suitable ionic 
liquids for enzymatic polymerization. 
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respectively, by extending the reaction time from 48 to 172 h while maintaining the 
reaction temperature at 95 °C. This is reasonable because the immobilized CALB 
is very stable at mild temperatures below 100 °C. At such temperatures it can 
function well for a very long time without losing too much catalytic reactivity. 
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polymerization at the elevated reaction temperatures (120/140 oC): the reaction 
media boiled and evaporated excessively under such conditions. This could lead to 
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improved by many methods like using magnetic nanoparticles,60 double 
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temperatures is not necessary required if enzymatic polymerization is homogenous 
at mild temperatures using good solvents for both of monomers and polymers, for 
example, ionic liquids.57 ionic liquids are considered as eco-friendly solvents since 
they are non-volatile. However, it is also challenging to design suitable ionic 
liquids for enzymatic polymerization. 
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The MALDI-ToF MS pattern of all the tested low molecular weight furanic-
aliphatic polyesters (normally �������  < 25000 g/mol) was similar, as the 
representative mass spectrum shown in Figure 6.6a. All the identified 
microstructures were normally present, which might differ in the abundance. We 
observed that furanic-aliphatic polyesters with the ester/-OH and ester/ester end 
groups were generally the most dominant species if we assume that all polyesters 
with different end groups and molecular weights behave the same in MALDI. 
However, this conclusion is not necessary true since MALDI is not a quantitative 
technique. The ionization of polymer chains highly depends on their end groups, 
and polymer chains with low molecular weights are normally overestimated 
compared to those with higher molecular weights.45, 72 

However, the MALDI-ToF MS pattern of the tested high molecular weight furanic-
aliphatic polyesters (normally ������� > 25000 g/mol) was different from those of their 
low molecular weight counterparts. As the representative mass spectrum depicted 
in Figure 6.6b, cyclic polyesters became the most dominant species; but the other 
four species were rarely observed. However, this was not in agreement with the 
NMR results in that the methoxyl and hydroxymethyl end groups were clearly 
observed. We thought this is because the cyclic polyesters had much lower 
molecular weights. Therefore, the ionized cyclic polyester chains flied easily and 
they were well detected by MALDI. In contrast, the flight of the other ionized 
polyester species was extremely limited because of their significantly higher 
molecular weights. This is the reason why they were absent in the mass spectra. 

Table 6.2. Microstructures of the obtained furanic-aliphatic polyesters with 
different end groups 

Symbol Microstructures End groups Remaining mass (amu) 

A 
 

Ester/-OH 32.04 

B 
 

Ester/Ester 184.15 

C 
 

-OH/-OH 

R = -(CH2)4-/-CH(CH3)-CH(CH3)-: 90.12 
R = -(CH2)6-: 118.18 
R = -(CH2)8-: 146.23 

R = -(CH2)10-: 174.28 
R = -(CH2)2-O-(CH2)2-: 106.12 

D 
 

Cyclic 0 

E 
 

Ester/Aldehyde 154.12 
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6.3.4 Crystalline Properties of the Obtained Furanic-Aliphatic Polyesters 

The tested PBF is a semicrystalline material. It crystallized into a triclinic α-form 
crystal, similar to PBT. As the WAXD spectra shown in Figure 6.7 and Table 6.3, 
the powder diffraction pattern of the tested PBF was characterized by two strong 
reflection peaks at 17.80 (d = 4.98 Å, α(010)) and 25.03 o (d = 3.55 Å, α(100)), one 
less intense diffraction peak at 22.47 o (d = 3.95 Å, α(��10)), and a low intensity 
peak at 10.66 o (d = 8.29 Å, α(001)). This was in good agreement with the previous 
results reported in the literature.11, 20 We also noticed that several low intensity 
peaks appeared at 12.04, 13.02, 15.38, 19.57, 20.78, 22.56, 26.87, and 30.65 o. One 
possible explanation is that these peaks belong to other crystal structures which 
were formed by the OBF. Besides, the WAXD results showed that the intensity of 
these peaks increased with �������, indicating that there was more OBF in proportion 
of the tested PBF synthesized at higher reaction temperatures. This agreed well 
with the SEC results discussed above in Section 6.3.2. 

Table 6.3. WAXD analysis of the obtained furanic-aliphatic polyesters 

Polyester Crystal type 2θ (o) a d-Spacing (Å) b Lattice plane 

PBF 

Triclinic α-form 

10.66 (w) 8.29 α(001) 

17.80 (s) 4.98 α(010) 

22.47 (m) 3.95 α(��10) 

25.03 (s) 3.55 α(100) 

PHF 

Triclinic β-form 

13.46 - 13.66 (w) 6.48 - 6.57 β(002) 

16.91 - 16.96 (s) 5.22 - 5.24 β(0��1) 

24.59 - 24.74 (s) 3.60 - 3.62 β(100) 

POF 

Triclinic β-form 

12.93 - 13.02 (w) 6.79 - 6.84 β(002) 

16.62 - 16.76 (s) 5.29 - 5.33 β(0��1) 

24.05 - 24.10 (s) 3.69 - 3.70 β(100) 

PDF 

Triclinic β-form 

11.65 - 11.69 (w) 7.56 - 7.59 β(002) 

16.81 - 16.86 (s) 5.25 - 5.27 β(0��1) 

23.80 - 23. 84 (s) 3.73 - 3.74 β(100) 

a w = weak, s = strong, m = medium; b d-spacing: spacing between the planes in the atomic lattice. 

The tested PHF/POF/PDF showed a similar WAXD pattern (Figure 6.7) that was 
different from that of the tested PBF. All the tested PHF showed three diffraction 
peaks. A low intense peak was shown at 2θ of 13.46 - 13.66 o (d = 6.48 - 6.57 Å). 
The other two strong peaks were at 16.91 -16.96 o (d = 5.22 -5.24 Å) and 24.59 - 
24.74 o (d = 3.60 - 3.62 Å). All the tested POF displayed three similar reflection 
peaks at 12.93 - 13.02 o (d = 6.79 - 6.84 Å), 16.62 - 16.76 o (d = 5.29 - 5.33 Å), and 
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representative mass spectrum shown in Figure 6.6a. All the identified 
microstructures were normally present, which might differ in the abundance. We 
observed that furanic-aliphatic polyesters with the ester/-OH and ester/ester end 
groups were generally the most dominant species if we assume that all polyesters 
with different end groups and molecular weights behave the same in MALDI. 
However, this conclusion is not necessary true since MALDI is not a quantitative 
technique. The ionization of polymer chains highly depends on their end groups, 
and polymer chains with low molecular weights are normally overestimated 
compared to those with higher molecular weights.45, 72 

However, the MALDI-ToF MS pattern of the tested high molecular weight furanic-
aliphatic polyesters (normally ������� > 25000 g/mol) was different from those of their 
low molecular weight counterparts. As the representative mass spectrum depicted 
in Figure 6.6b, cyclic polyesters became the most dominant species; but the other 
four species were rarely observed. However, this was not in agreement with the 
NMR results in that the methoxyl and hydroxymethyl end groups were clearly 
observed. We thought this is because the cyclic polyesters had much lower 
molecular weights. Therefore, the ionized cyclic polyester chains flied easily and 
they were well detected by MALDI. In contrast, the flight of the other ionized 
polyester species was extremely limited because of their significantly higher 
molecular weights. This is the reason why they were absent in the mass spectra. 
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6.3.4 Crystalline Properties of the Obtained Furanic-Aliphatic Polyesters 

The tested PBF is a semicrystalline material. It crystallized into a triclinic α-form 
crystal, similar to PBT. As the WAXD spectra shown in Figure 6.7 and Table 6.3, 
the powder diffraction pattern of the tested PBF was characterized by two strong 
reflection peaks at 17.80 (d = 4.98 Å, α(010)) and 25.03 o (d = 3.55 Å, α(100)), one 
less intense diffraction peak at 22.47 o (d = 3.95 Å, α(��10)), and a low intensity 
peak at 10.66 o (d = 8.29 Å, α(001)). This was in good agreement with the previous 
results reported in the literature.11, 20 We also noticed that several low intensity 
peaks appeared at 12.04, 13.02, 15.38, 19.57, 20.78, 22.56, 26.87, and 30.65 o. One 
possible explanation is that these peaks belong to other crystal structures which 
were formed by the OBF. Besides, the WAXD results showed that the intensity of 
these peaks increased with �������, indicating that there was more OBF in proportion 
of the tested PBF synthesized at higher reaction temperatures. This agreed well 
with the SEC results discussed above in Section 6.3.2. 

Table 6.3. WAXD analysis of the obtained furanic-aliphatic polyesters 

Polyester Crystal type 2θ (o) a d-Spacing (Å) b Lattice plane 

PBF 

Triclinic α-form 

10.66 (w) 8.29 α(001) 

17.80 (s) 4.98 α(010) 

22.47 (m) 3.95 α(��10) 

25.03 (s) 3.55 α(100) 

PHF 

Triclinic β-form 

13.46 - 13.66 (w) 6.48 - 6.57 β(002) 

16.91 - 16.96 (s) 5.22 - 5.24 β(0��1) 

24.59 - 24.74 (s) 3.60 - 3.62 β(100) 

POF 

Triclinic β-form 

12.93 - 13.02 (w) 6.79 - 6.84 β(002) 

16.62 - 16.76 (s) 5.29 - 5.33 β(0��1) 

24.05 - 24.10 (s) 3.69 - 3.70 β(100) 

PDF 

Triclinic β-form 

11.65 - 11.69 (w) 7.56 - 7.59 β(002) 

16.81 - 16.86 (s) 5.25 - 5.27 β(0��1) 

23.80 - 23. 84 (s) 3.73 - 3.74 β(100) 

a w = weak, s = strong, m = medium; b d-spacing: spacing between the planes in the atomic lattice. 

The tested PHF/POF/PDF showed a similar WAXD pattern (Figure 6.7) that was 
different from that of the tested PBF. All the tested PHF showed three diffraction 
peaks. A low intense peak was shown at 2θ of 13.46 - 13.66 o (d = 6.48 - 6.57 Å). 
The other two strong peaks were at 16.91 -16.96 o (d = 5.22 -5.24 Å) and 24.59 - 
24.74 o (d = 3.60 - 3.62 Å). All the tested POF displayed three similar reflection 
peaks at 12.93 - 13.02 o (d = 6.79 - 6.84 Å), 16.62 - 16.76 o (d = 5.29 - 5.33 Å), and 
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24.05 - 24.10 o (d = 3.69 - 3.70 Å).In addition, the tested PDF had similar reflection 
peaks at 11.65 - 11.69 o (d = 7.56 -7.59 Å), 16.81 - 16.86 o (d = 5.25 -5.27 Å), and 
23.80 - 23. 84 o (d = 3.73 - 3.74 Å). We suspected that the tested PHF/POF/PDF 
might crystallize into a triclinic β-form crystal, similar to those of the aromatic-
aliphatic polyesters with long methylene chains in the diol units (n = 6, 8, 10, 
20);73, 74 and the three reflection peaks might be indexed as the lattice plane of 
β(002), β(0 �� 1) and β(100), respectively. Unfortunately, the unit cells of 
PHF/POF/PDF have not been reported yet, which require detailed studies in the 
future. Moreover, we noticed that the diffraction peaks shifted to lower values 
when the chain length of the diol units in PHF/POF/PDF increased, and the 
corresponding spacing between the planes in the atomic lattice (d) increased at the 
same time. This is reasonable because more space is required to form the same 
crystal lattices if the alkylene chain of the diol units is longer. 

 

Figure 6.7. WAXD spectra of the obtained furanic-aliphatic polyesters. 

The tested low molecular weight PDEGF (������� = 1100 g/mol) is a semicrystalline 
material. It had eight diffraction peaks at 15.09, 17.70, 18.40, 20.26, 22.18, 25.00, 
26.96, and 30.79 o, similar to the WAXD pattern of poly(diethylene glycol 
terephthalate).75 However, all the tested high molecular weight PDEGF are 
amorphous materials at room temperature. They showed a broad amorphous halo in 
the WAXD spectra. This could be due to the fact that these high molecular weight 
PDEGF possess a rather slow crystallization rate. In this case, the crystallization 
was not visible at the tested time and temperature scales. The slow crystallization 
rate of PDEGF could be explained by two reasons. The first reason is that the 
repeating unit (diethylene glycol furanoate) of PDEGF is more structural irregular 
among those in the tested furanic-aliphatic polyesters. This is due to the odd chain 
length of the DEG units. The second reason is that the two skeletal CH2-CH2 bonds 
in the DEG unit prefer the gauche conformation to the trans; but only the trans 
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conformation may be present in the crystal as reported in the literature.75 And the 
change from the gauche conformation to the trans may be slow in the solid state. 
Moreover, it should be noted that the tested PDEGF has a similar crystallization 
behavior to the aromatic-aliphatic polyesters containing the same odd chain length 
in the diol units. The crystallization rates of these polyester were also quite slow.75, 

76  

Moreover, the tested P23BF is an amorphous material, showing a broad diffraction 
halo in its WAXD spectrum (Figure 6.7). This can be explained by the strong 
stereo-hindrance effect caused by the appending methyl groups in the polymer 
main chain. 

The degree of crystallinity (��) and the enthalpy of fusion (���) of the obtained 
furanic-aliphatic polyesters were calculated from WAXD and DSC, respectively. 
As shown in Figure 6.8, the �� and ��� value in general decreased significantly 
with increasing the ������� value from around 2000 to around 40000 g/mol. This is 
because the mobility of polymer chains reduces fast with ������� , and the 
entanglement of polymer chains enhances rapidly at the same time. However, the 
�� and ��� reached constant values when the ������� value further increased. This is 
due to the fact that the mobility and entanglement of the polymer chains are almost 
the same when the ������� value reaches a critical value. 

 

Figure 6.8. The degree of crystallinity (�� ) and enthalpy of fusion (��� , 
determined from the first DSC heating scan) of poly(hexamethylene 
furanoate) (PHF) as a function of the weight average molecular 
weight (�������).  

The �� values of the obtained furanic-aliphatic polyesters are plotted as a function 
of the chain length of the alkane-α,ω-aliphatic linear diol units in Figure 6.9. For 
the tested furanic-aliphatic polyesters with high �������  values of around 100000 
g/mol, the ��  value decreased from 37 to 21 % when the diol chain length 
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24.05 - 24.10 o (d = 3.69 - 3.70 Å).In addition, the tested PDF had similar reflection 
peaks at 11.65 - 11.69 o (d = 7.56 -7.59 Å), 16.81 - 16.86 o (d = 5.25 -5.27 Å), and 
23.80 - 23. 84 o (d = 3.73 - 3.74 Å). We suspected that the tested PHF/POF/PDF 
might crystallize into a triclinic β-form crystal, similar to those of the aromatic-
aliphatic polyesters with long methylene chains in the diol units (n = 6, 8, 10, 
20);73, 74 and the three reflection peaks might be indexed as the lattice plane of 
β(002), β(0 �� 1) and β(100), respectively. Unfortunately, the unit cells of 
PHF/POF/PDF have not been reported yet, which require detailed studies in the 
future. Moreover, we noticed that the diffraction peaks shifted to lower values 
when the chain length of the diol units in PHF/POF/PDF increased, and the 
corresponding spacing between the planes in the atomic lattice (d) increased at the 
same time. This is reasonable because more space is required to form the same 
crystal lattices if the alkylene chain of the diol units is longer. 

 

Figure 6.7. WAXD spectra of the obtained furanic-aliphatic polyesters. 
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conformation may be present in the crystal as reported in the literature.75 And the 
change from the gauche conformation to the trans may be slow in the solid state. 
Moreover, it should be noted that the tested PDEGF has a similar crystallization 
behavior to the aromatic-aliphatic polyesters containing the same odd chain length 
in the diol units. The crystallization rates of these polyester were also quite slow.75, 

76  

Moreover, the tested P23BF is an amorphous material, showing a broad diffraction 
halo in its WAXD spectrum (Figure 6.7). This can be explained by the strong 
stereo-hindrance effect caused by the appending methyl groups in the polymer 
main chain. 

The degree of crystallinity (��) and the enthalpy of fusion (���) of the obtained 
furanic-aliphatic polyesters were calculated from WAXD and DSC, respectively. 
As shown in Figure 6.8, the �� and ��� value in general decreased significantly 
with increasing the ������� value from around 2000 to around 40000 g/mol. This is 
because the mobility of polymer chains reduces fast with ������� , and the 
entanglement of polymer chains enhances rapidly at the same time. However, the 
�� and ��� reached constant values when the ������� value further increased. This is 
due to the fact that the mobility and entanglement of the polymer chains are almost 
the same when the ������� value reaches a critical value. 

 

Figure 6.8. The degree of crystallinity (�� ) and enthalpy of fusion (��� , 
determined from the first DSC heating scan) of poly(hexamethylene 
furanoate) (PHF) as a function of the weight average molecular 
weight (�������).  

The �� values of the obtained furanic-aliphatic polyesters are plotted as a function 
of the chain length of the alkane-α,ω-aliphatic linear diol units in Figure 6.9. For 
the tested furanic-aliphatic polyesters with high �������  values of around 100000 
g/mol, the ��  value decreased from 37 to 21 % when the diol chain length 
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increased from 6 to 10. This is due to the fact that the chain regularity decreases 
with increase of chain length in the diol units. In addition, we expect that the �� 
value of PBF with the similar high �������  could be much higher than those of 
PHF/POF/PDF, although we did not obtain high molecular weight PBF. This is 
because the chain regularity of the repeating unit (butylene furanoate) of PBF is the 
highest among those in the tested furanic-aliphatic polyesters. In conclusion, the �� 
value of furanic-aliphatic polyesters with similar high molecular weights decreased 
with increasing the chain length of the alkane-α,ω-aliphatic linear diol units. In 
other words, the crystalline ability of high molecular weight furanic-aliphatic 
polyesters decreases with increasing the chain length of the alkane-α,ω-aliphatic 
linear diol units. 

 

Figure 6.9. The degree of crystallinity (�� ) of furanic-aliphatic polyesters as a 
function of the chain length of the alkane-α,ω-aliphatic linear diol 
units. The tested furanic-aliphatic polyesters have similar ������� (weight 
average molecular weight) values of around 100000 g/mol. 

 

Figure 6.10. The enthalpy of fusion (���� , at 100 % degree of crystallization) of 
the furanic-aliphatic polyester as a function of the chain length of the 
diol units. 
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Furthermore, we calculated the ����  of the furanic-aliphatic polyesters with 
alkane-α,ω-aliphatic linear diol units by linear fit of ��� as a function of �� and 
then extrapolation to 100 % crystallinity. We found that the ����  value increased 
with increasing chain length of the diol units (Figure 6.10). Moreover, the ����  of 
PBF was 123 J/g according to our calculation. This is in good agreement with the 
previous value reported in the literature, which was 129 J/g.13 

6.3.5 Thermal Stability of the Obtained Furanic-Aliphatic Polyesters 

The thermal stability of the obtained furanic-aliphatic polyesters were 
characterized by TGA. As shown in Figure 6.11, the tested P23BF and PBF were 
less thermal stable than the other tested furanic-aliphatic polyesters. They 
displayed an extra decomposition step before 350 °C. This can be ascribed to the 
decomposition of the oligomers consisting in the tested PBF/P23BF due to their 
low molecular weights (������� ≤ 5500 g/mol). 

 

Figure 6.11. Representative TGA traces of the obtained furanic-aliphatic 
polyesters: (a) weight (%) as a function of temperature (°C); and 
(b) derivative weight (%/°C) versus temperature (°C). 

The thermal stability of the tested PHF, POF and PDF with high ������� values was 
similar. The decomposition temperature at 5 % weight loss (Td-5%), decomposition 
temperature at 10 % weight loss (Td-10%), and temperature at maximum rate of 
decomposition (Td-max) of these furanic-aliphatic polyesters ranged from 361 to 
369, 370 to 378, and 397 to 402 °C, respectively.  

High molecular weight PDEGF had higher values of Td-10% and Td-max than the 
other tested furanic-aliphatic polyesters. This may be attributed to the ether 
linkages in PDEGF which enhance its thermal stability. 
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increased from 6 to 10. This is due to the fact that the chain regularity decreases 
with increase of chain length in the diol units. In addition, we expect that the �� 
value of PBF with the similar high �������  could be much higher than those of 
PHF/POF/PDF, although we did not obtain high molecular weight PBF. This is 
because the chain regularity of the repeating unit (butylene furanoate) of PBF is the 
highest among those in the tested furanic-aliphatic polyesters. In conclusion, the �� 
value of furanic-aliphatic polyesters with similar high molecular weights decreased 
with increasing the chain length of the alkane-α,ω-aliphatic linear diol units. In 
other words, the crystalline ability of high molecular weight furanic-aliphatic 
polyesters decreases with increasing the chain length of the alkane-α,ω-aliphatic 
linear diol units. 

 

Figure 6.9. The degree of crystallinity (�� ) of furanic-aliphatic polyesters as a 
function of the chain length of the alkane-α,ω-aliphatic linear diol 
units. The tested furanic-aliphatic polyesters have similar ������� (weight 
average molecular weight) values of around 100000 g/mol. 

 

Figure 6.10. The enthalpy of fusion (���� , at 100 % degree of crystallization) of 
the furanic-aliphatic polyester as a function of the chain length of the 
diol units. 
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Furthermore, we calculated the ����  of the furanic-aliphatic polyesters with 
alkane-α,ω-aliphatic linear diol units by linear fit of ��� as a function of �� and 
then extrapolation to 100 % crystallinity. We found that the ����  value increased 
with increasing chain length of the diol units (Figure 6.10). Moreover, the ����  of 
PBF was 123 J/g according to our calculation. This is in good agreement with the 
previous value reported in the literature, which was 129 J/g.13 

6.3.5 Thermal Stability of the Obtained Furanic-Aliphatic Polyesters 

The thermal stability of the obtained furanic-aliphatic polyesters were 
characterized by TGA. As shown in Figure 6.11, the tested P23BF and PBF were 
less thermal stable than the other tested furanic-aliphatic polyesters. They 
displayed an extra decomposition step before 350 °C. This can be ascribed to the 
decomposition of the oligomers consisting in the tested PBF/P23BF due to their 
low molecular weights (������� ≤ 5500 g/mol). 

 

Figure 6.11. Representative TGA traces of the obtained furanic-aliphatic 
polyesters: (a) weight (%) as a function of temperature (°C); and 
(b) derivative weight (%/°C) versus temperature (°C). 
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similar. The decomposition temperature at 5 % weight loss (Td-5%), decomposition 
temperature at 10 % weight loss (Td-10%), and temperature at maximum rate of 
decomposition (Td-max) of these furanic-aliphatic polyesters ranged from 361 to 
369, 370 to 378, and 397 to 402 °C, respectively.  

High molecular weight PDEGF had higher values of Td-10% and Td-max than the 
other tested furanic-aliphatic polyesters. This may be attributed to the ether 
linkages in PDEGF which enhance its thermal stability. 
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To sum up, all the tested high molecular weight furanic-aliphatic polyesters are 
thermal stable up to 360 °C, indicating that they possess a very broad processing 
window. 

6.3.6 Thermal Transitions of the Obtained Furanic-Aliphatic Polyesters    

The thermal transitions of the obtained furanic-aliphatic polyesters were measured 
by DSC. As shown in Figure 6.12, no melting peak appeared in the DSC heating 
curves of the tested P23BF and high molecular weight PDEGF. This confirmed 
that they are amorphous materials. However, the tested low molecular weight 
PDEGF (������� = 1100 g/mol) showed two small melting peaks in the first heating 
scan. This suggested that the short PDEGF chains were able to crystalize, which 
can be attributed to their highly chain flexibility. However, this low molecular 
weight PDEGF showed no crystallization peak (Tc) in the cooling step and no 
melting peak in the second heating scan. This indicated that the crystallization rate 
of these PDEGF chains was quite slow at the tested time scale. Moreover, the 
PDEGF chains were still able to crystallize after long-time annealing at 
temperatures above the Tg. As confirmed by DSC, the high molecular weight 
PDEGF (������� = 18300 g/mol) showed a small melting peak after stored at 38.5 oC 
for 60 h, indicating that there were tiny amount of PDEGF crystals formed. 
Furthermore, the crystallization of PDEGF could also be induced by the solvent. 

We found that the Tm of the tested furanic-aliphatic polyesters with similar high 
molecular weights decreased with increasing the chain length of the alkane-α,ω-
aliphatic linear diol units. As shown in Figure 6.12a, the Tm of the tested PBF with 
the ������� value of 5500 g/mol was 169 oC, much higher than those of PHF, POF and 
PDF having significantly higher ������� values. It should be mentioned that the Tm of 
the high molecular weight PBF (������� = 16000 - 65000 g/mol) is around 173 oC as 
reported in the literature.11, 14 Meanwhile, the Tm of the tested PHF and POF was 
similar, around 140 - 146 oC. In addition, the Tm of the tested PDF with the longest 
alkylene chains was the lowest, around 106 - 111 oC.  

This trend, the Tm of the tested furanic-aliphatic polyesters with similar high 
molecular weights decreased with increasing chain length of the alkane-α,ω-
aliphatic linear diol units, agreed well with the previous study reported by 
Noordover et al..72 They investigated the thermal properties of the isoidide 
dicarboxylic acid-based aliphatic polyesters that consist of the rigid isoidide units 
and alkane-α,ω-aliphatic linear diol units. These polyesters are similar to the tested 
furanic-aliphatic polyesters with respect to the rigid-soft structure pattern in the 
repeating units. It was found that the Tm of the isoidide dicarboxylic acid-based 
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aliphatic polyesters showed a continuous decrease with increasing chain length of 
the alkane-α,ω-aliphatic linear diol units from 2 to 10. They thought this is caused 
by the “polyethylene effect” since the thermal properties of polyesters approach 
those of polyethylene with increasing number of the methylene units incorporated 
into the polyester main chain. 

 

Figure 6.12. DSC curves of the obtained furanic-aliphatic polyesters. The heating 
and cooling rate were 10 °C/min.  

Figure 6.12c illustrates the DSC cooling curves of the obtained furanic-aliphatic 
polyesters. No crystallization occurred in the case of all the tested P23BF and 
PDEGF, indicating that these polymers had very low rates of crystallization at the 
tested time scale. Meanwhile, the other tested furanic-aliphatic polyesters 
crystallized at the cooling step. The tested PBF, PHF, POF and PDF with the 
highest molecular weights among their kind displayed a crystallization temperature 
(Tc) at 140, 83, 99, and 66 °C, respectively.  

It is difficult to determine the Tg of PBF/PHF/POF/PDF directly by DSC due to the 
strong influence of crystallinity on the glass transition. We performed TMDSC to 
solve this problem. This technique is more sensitive to the glass transition. As 
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To sum up, all the tested high molecular weight furanic-aliphatic polyesters are 
thermal stable up to 360 °C, indicating that they possess a very broad processing 
window. 

6.3.6 Thermal Transitions of the Obtained Furanic-Aliphatic Polyesters    

The thermal transitions of the obtained furanic-aliphatic polyesters were measured 
by DSC. As shown in Figure 6.12, no melting peak appeared in the DSC heating 
curves of the tested P23BF and high molecular weight PDEGF. This confirmed 
that they are amorphous materials. However, the tested low molecular weight 
PDEGF (������� = 1100 g/mol) showed two small melting peaks in the first heating 
scan. This suggested that the short PDEGF chains were able to crystalize, which 
can be attributed to their highly chain flexibility. However, this low molecular 
weight PDEGF showed no crystallization peak (Tc) in the cooling step and no 
melting peak in the second heating scan. This indicated that the crystallization rate 
of these PDEGF chains was quite slow at the tested time scale. Moreover, the 
PDEGF chains were still able to crystallize after long-time annealing at 
temperatures above the Tg. As confirmed by DSC, the high molecular weight 
PDEGF (������� = 18300 g/mol) showed a small melting peak after stored at 38.5 oC 
for 60 h, indicating that there were tiny amount of PDEGF crystals formed. 
Furthermore, the crystallization of PDEGF could also be induced by the solvent. 

We found that the Tm of the tested furanic-aliphatic polyesters with similar high 
molecular weights decreased with increasing the chain length of the alkane-α,ω-
aliphatic linear diol units. As shown in Figure 6.12a, the Tm of the tested PBF with 
the ������� value of 5500 g/mol was 169 oC, much higher than those of PHF, POF and 
PDF having significantly higher ������� values. It should be mentioned that the Tm of 
the high molecular weight PBF (������� = 16000 - 65000 g/mol) is around 173 oC as 
reported in the literature.11, 14 Meanwhile, the Tm of the tested PHF and POF was 
similar, around 140 - 146 oC. In addition, the Tm of the tested PDF with the longest 
alkylene chains was the lowest, around 106 - 111 oC.  

This trend, the Tm of the tested furanic-aliphatic polyesters with similar high 
molecular weights decreased with increasing chain length of the alkane-α,ω-
aliphatic linear diol units, agreed well with the previous study reported by 
Noordover et al..72 They investigated the thermal properties of the isoidide 
dicarboxylic acid-based aliphatic polyesters that consist of the rigid isoidide units 
and alkane-α,ω-aliphatic linear diol units. These polyesters are similar to the tested 
furanic-aliphatic polyesters with respect to the rigid-soft structure pattern in the 
repeating units. It was found that the Tm of the isoidide dicarboxylic acid-based 
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aliphatic polyesters showed a continuous decrease with increasing chain length of 
the alkane-α,ω-aliphatic linear diol units from 2 to 10. They thought this is caused 
by the “polyethylene effect” since the thermal properties of polyesters approach 
those of polyethylene with increasing number of the methylene units incorporated 
into the polyester main chain. 

 

Figure 6.12. DSC curves of the obtained furanic-aliphatic polyesters. The heating 
and cooling rate were 10 °C/min.  
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strong influence of crystallinity on the glass transition. We performed TMDSC to 
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shown in Figure 6.13, the tested P23BF displayed the highest Tg at 47 oC although 
its ������� value was the lowest among all the tested furanic-aliphatic polyesters. This 
is due to the fact that the repeating unit 2,3-butylene furanoate is the most rigid 
among the tested ones because of the shortest chain length and the two appending 
methyl groups. In addition, the Tg of the tested PDEGF was quite high, around 41 
oC. This can also be explained by the highly stiffness of the repeating unit 
diethylene glycol furanoate caused by its short chain length.  

 

Figure 6.13. TMDSC (Temperature Modulated Differential Scanning Calorimetry) 
curves of furanic-aliphatic polyesters. The heating rate was 2 °C/min, 
with the temperature modulated at +/- 0.50 °C for every 60 seconds. 

 

Figure 6.14. Structure-properties relationships of the obtained furanic-aliphatic 
polyesters containing alkane-α,ω-aliphatic linear diol units. The 
properties of the high molecular weight PBF are obtained from 
literature.14 

We found that the Tg of the high molecular weight furanic-aliphatic polyesters 
showed a continuous decrease with increasing chain length of the alkane-α,ω-
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aliphatic linear diol units. The Tg decreased from 38 to -5 oC when the diol chain 
length increased from 4 to 10 (Figure 6.14). Again this agreed well with the 
previous results reported in literature.72 It was found that the Tg of polyadipates, 
polygalactarates, and isoidide dicarboxylic acid-based aliphatic polyesters steadily 
decreased with increasing chain length of the aliphatic diol units. This can be 
explained by the similar “polyethylene effect” as discussed above. 

6.4 Conclusions 

In the present study, we prove that enzymatic polymerization is a robust approach 
for the synthesis of biobased furanic-aliphatic polyesters. P23BF, PBF, PDEGF, 
and PHF/POF/PDF are successfully prepared via the CALB-catalyzed 
polymerization, with the �������  value of 1100, 5500, 69400, and around 100000 
g/mol, respectively. These furanic-aliphatic polyesters are promising sustainable 
alternatives to the petroleum-based aromatic-aliphatic polyesters, which can be 
used as commodity plastics and thermal engineering plastics. 

Higher molecular weight furanic-aliphatic polyesters are produced from the 
enzymatic polymerization of DMFDCA with longer-chain alkane-α,ω-aliphatic 
linear diols. However, only oligomers are obtained from the enzymatic 
polymerization of DMFDCA with 2,3-BDO/isosorbide/glycerol/D-sorbitol. These 
results reveal that CALB prefers longer-chain alkane-α,ω-aliphatic linear diols. 

Moreover, enzymatic polymerization is significantly boosted at elevated 
temperatures up to 140 °C. We found that the molecular weights of the furanic-
aliphatic polyesters produced from the enzymatic polymerization increase steadily 
with increasing reaction temperature from 80 to 140 °C. 

In addition, five polyester species with different end groups are identified by 
MALDI-TOF MS. They are terminated with the ester/-OH, ester/ester, -OH/-OH, 
no end groups (cyclic), and ester/aldehyde groups, respectively. These five 
polyester species are well present in the mass spectra of the tested low molecular 
weight products (normally ������� < 25000 g/mol). However, cyclic polyesters are the 
most dominated microstructures in the mass spectra of the tested high molecular 
weight products (normally ������� > 25000 g/mol).  

Furthermore, the crystalline and thermal properties of high molecular weight 
furanic-aliphatic polyesters with alkane-α,ω-aliphatic linear diol units are 
significantly influenced by the chain length of the diol units. The ��, Tm, and Tg of 
furanic-aliphatic polyesters decrease steadily with increasing chain length of the 
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shown in Figure 6.13, the tested P23BF displayed the highest Tg at 47 oC although 
its ������� value was the lowest among all the tested furanic-aliphatic polyesters. This 
is due to the fact that the repeating unit 2,3-butylene furanoate is the most rigid 
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aliphatic linear diol units. The Tg decreased from 38 to -5 oC when the diol chain 
length increased from 4 to 10 (Figure 6.14). Again this agreed well with the 
previous results reported in literature.72 It was found that the Tg of polyadipates, 
polygalactarates, and isoidide dicarboxylic acid-based aliphatic polyesters steadily 
decreased with increasing chain length of the aliphatic diol units. This can be 
explained by the similar “polyethylene effect” as discussed above. 

6.4 Conclusions 

In the present study, we prove that enzymatic polymerization is a robust approach 
for the synthesis of biobased furanic-aliphatic polyesters. P23BF, PBF, PDEGF, 
and PHF/POF/PDF are successfully prepared via the CALB-catalyzed 
polymerization, with the �������  value of 1100, 5500, 69400, and around 100000 
g/mol, respectively. These furanic-aliphatic polyesters are promising sustainable 
alternatives to the petroleum-based aromatic-aliphatic polyesters, which can be 
used as commodity plastics and thermal engineering plastics. 

Higher molecular weight furanic-aliphatic polyesters are produced from the 
enzymatic polymerization of DMFDCA with longer-chain alkane-α,ω-aliphatic 
linear diols. However, only oligomers are obtained from the enzymatic 
polymerization of DMFDCA with 2,3-BDO/isosorbide/glycerol/D-sorbitol. These 
results reveal that CALB prefers longer-chain alkane-α,ω-aliphatic linear diols. 

Moreover, enzymatic polymerization is significantly boosted at elevated 
temperatures up to 140 °C. We found that the molecular weights of the furanic-
aliphatic polyesters produced from the enzymatic polymerization increase steadily 
with increasing reaction temperature from 80 to 140 °C. 

In addition, five polyester species with different end groups are identified by 
MALDI-TOF MS. They are terminated with the ester/-OH, ester/ester, -OH/-OH, 
no end groups (cyclic), and ester/aldehyde groups, respectively. These five 
polyester species are well present in the mass spectra of the tested low molecular 
weight products (normally ������� < 25000 g/mol). However, cyclic polyesters are the 
most dominated microstructures in the mass spectra of the tested high molecular 
weight products (normally ������� > 25000 g/mol).  

Furthermore, the crystalline and thermal properties of high molecular weight 
furanic-aliphatic polyesters with alkane-α,ω-aliphatic linear diol units are 
significantly influenced by the chain length of the diol units. The ��, Tm, and Tg of 
furanic-aliphatic polyesters decrease steadily with increasing chain length of the 
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alkane-α,ω-aliphatic linear diol units, supposing they possess similar high 
molecular weights.  
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Chapter 7 
Enzymatic Polymerization of 2,5-
Furandicarboxylic Acid-Based Furanic-
Aliphatic Polyamides as Sustainable 
Alternatives to Polyphthalamides 
Abstract: 2,5-Furandicarboxylic acid (FDCA)-based furanic-aliphatic polyamides 
can be used as promising sustainable alternatives to polyphthalamides (semi-
aromatic polyamides) and be applied as thermal engineering plastics and high 
performance materials with great commercial interest. In this study, 
poly(octamethylene furanamide) (PA 8,F), an analog to poly(octamethylene 
terephthalamide) (PA 8,T), is successfully produced via Novozym® 435 (N435, an 
immobilized form of Candida antarctica lipase b (CALB))-catalyzed 
polymerization, using a one-stage method in toluene and a temperature-varied two-
stage method in diphenyl ether, respectively. The enzymatic polymerization results 
in PA 8,F with a high weight average molecular weight (�������) up to 54000 g/mol. 
Studies on the one-stage enzymatic polymerization in toluene indicate that the 
molecular weights of PA 8,F increase significantly with the concentration of N435; 
with an optimal reaction temperature of 90 °C. The temperature varied two-stage 
enzymatic polymerization in diphenyl ether yields PA 8,F with higher molecular 
weights, as compared to the one-stage procedure, at higher reaction temperatures. 
MALDI-ToF MS analysis suggests that eight end groups are present in the 
obtained PA 8,F: ester/amine, ester/ester, amine/amine, acid/amine, ester/acid, 
acid/acid, ester/amide, and no end groups (cyclic). Compared to PA 8,T, the 
obtained PA 8,F possesses a similar Tg and similar crystal structures, a comparable 
Td, but a lower Tm. 

 

This chapter was published in: Biomacromolecules 2015, 16, (11), 3674-3685.
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7.1 Introduction 

Polyphthalamides (semi-aromatic polyamides) can be used as thermal engineering 
plastics and high performance materials with many merits such as high 
heat/chemical/corrosion resistance, good dimensional stability, excellent 
mechanical properties and superior processing characteristics.1-3 They are widely 
applied in marine, automotive industry, oil industry, electronics, machinery, 
domestic appliances, medical devices, personal care, and so on. The conventional 
polyphthalamide synthesis entails petrol-based aromatic diacids (terephthalic acid 
(TPA) and/or isophthalic acid (IPA)), aliphatic diamines and elevated temperatures 
above 200 °C. This approach suffers from some significant drawbacks. On the one 
hand, the use of petrol-based chemicals accelerates the consumption of depleting 
fossil feedstocks along with an increased generation of hazardous waste and 
emission. One the other hand, polymerization under elevated temperatures requires 
excessive energy input, which should be avoided due to the plausible energy crisis 
in the future. Besides, undesirable side reactions may occur at elevated 
temperatures,4, 5 for example, branching, decomposition and discoloration. 
Therefore, it is appealing to develop an eco-friendly route for the production of 
sustainable polyphthalamides. 

Sustainable polyphthalamides can be produced from biobased building blocks 
derived from renewable resources6 and current, promising technology pathways to 
biobased aliphatic diamines are developed in the academic fields.6-10 Some 
aliphatic diamines such as 1,4-butanediamine, 1,5-pentanediamine, 1,6-
hexanediamine, and 1,10-decanediamine are readily produced from biomass 
feedstocks;11 and other aliphatic diamines are potentially biobased building blocks, 
for example, 1,8-octanediamine (1,8-ODA) could be produced by amination of 
suberic acid that was first produced by nitric acid oxidation of cork materials and 
then from castor oils.12 However, the production of biobased TPA/IPA still remains 
a big challenge.13 One promising solution to address this problem is to replace 
TPA/IPA with 2,5-furandicarboxylic acid (FDCA). FDCA is a renewable rigid 
compound that is generated from biomass-derived 5-(hydroxymethyl)furfural (5-
HMF) and is already commercially available.9, 14-18 It was shown that FDCA-based 
polymers possess similar or even better thermal and mechanical properties than 
those of TPA/IPA-based polymers.18 Therefore, FDCA-based furanic-aliphatic 
polyamides are promising sustainable alternatives to polyphthalamides that can be 
applied as thermal engineering materials and high performance materials with great 
commercial interest. However, so far most of the research focused on FDCA-based 
polyesters. Only few studies referred to the synthesis of FDCA-based 
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polyamides.18-21 For example, Hopff and Krieger synthesized poly(hexamethylene 
furanamide) (PA 6,F), poly(octamethylene furanamide) (PA 8,F), and 
poly(decamethylene furanamide) (PA 10,F) via melt and interfacial 
polycondensation;19 Heertjes and Kok produced poly(butylene furanamide) (PA 
4,F), PA 6,F and PA 8,F via melt, solution and interfacial polycondensation;20 and 
Grosshardt et al. prepared PA 6,F, PA 8,F, PA 10,F and poly(dodecamethylene 
furanamide) (PA 12,F) via melt polycondensation using organometallic catalysts.18 
However, the molecular weights of the FDCA-based polyamides obtained were 
quite low: the number average molecular weights (������) were around 6000 - 10000 
g/mol. It was also found that decarboxylation of FDCA took place at around 195 
°C and extensive N-methylation of (poly)amides occurred at elevated 
temperatures.18-20, 22 Recently Duursma et al.23, 24 developed a new strategy to 
produce FDCA-based polyamides by coupling oligoamide precursors with 
bifunctional linkers. They claimed that the N-methylation of (poly)amides can be 
significantly prevented by using this strategy and, therefore, high molecular weight 
polyamides can be successfully produced. Surprisingly, all of the studies mainly 
focused on the synthesis feasibility of FDCA-based polyamides; however, their 
thermal/crystallinity/mechanical properties were rarely documented. Therefore, it 
is of great interest and importance to perform further research to systematically 
study the synthesis and properties of these novel polyamides. 

Enzymatic polymerization is an emerging field with remarkable interest for the 
production of commodity and novel polymeric materials in a sustainable manner,25-

27 as it involves non-toxic biocatalysts and mild synthetic conditions. Many 
polymer classes have been produced via this green approach,25, 26, 28 such as vinyl 
polymers, polysaccharides, polyesters and polyamides. Currently, hydrolase-
catalyzed polymerization is the most extensively studied enzymatic 
polymerization. The pioneer works in this field were done by Okumura et al.,29 
Kobayashi et al.,30 and Gross et al.,31 and they contributed greatly in the hydrolase-
catalyzed polymerization of polyesters.25, 26  

On the other hand, hydrolases such as proteases, lipases and esterases can also 
catalyze the amide formation; therefore, they are good biocatalysts for polyamide 
synthesis.32 Due to the broad substrate specificity, lipases and proteases are the 
most frequently studied enzymes in biocatalytic polyamide synthesis. In contrast to 
the enzymatic polymerization of polyesters which has received numerous attention, 
the enzyme-catalyzed synthesis of polyamides has not been extensively studied up 
until now.32, 33 Only few synthetic polyamides are successfully prepared via 
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enzymatic polymerization.34-37 This is mainly due to the high melting temperatures 
(Tm) and low solubility of polyamides.33 

In our laboratory the hydrolase-catalyzed polymerization is actively investigated 
and, therefore, various polyesters and polyamides are successfully produced via 
enzymatic polymerization, for example, saturated and unsaturated aliphatic 
polyesters,38-40 glucose-based polyesters,41 furan-based polyesters,42, 43 semi-
aromatic oligoamides,44 oligo(amino acid)s,45 aliphatic polyamides46-48 and 
poly(amide-co-ester)s.49 The previous studies reported by our laboratory revealed 
that Novozym® 435 (N435), which is an immobilized form of Candida antarctica 
lipase b (CALB) on acrylic resin, is a robust biocatalyst for polyester and 
polyamide synthesis; and N435 works well with FDCA derivatives in biocatalytic 
polyester synthesis.42, 43 Based on these results, we are confident that N435 is also 
capable of catalyzing the polymerization of FDCA derivatives and aliphatic 
diamines. To the best of our knowledge, the enzyme-catalyzed polymerization of 
furanic-aliphatic polyamides has not been studied up till now. In addition, 
decarboxylation of FDCA and N-methylation of (poly)amides can be circumvented 
in enzymatic polymerization due to the mild synthetic conditions and the high 
catalytic specificity of the enzyme catalysts. As confirmed by our recent study,43 
FDCA units are well preserved after enzymatic polymerization, and FDCA-based 
polyesters with weight average molecular weights (�������) up to 100000 g/mol are 
successfully produced in the presence of N435. According to this, we expect that 
high molecular weight FDCA-based polyamides can be also prepared via the 
N435-catalyzed polymerization.  

In this contribution, we apply the well-established methodology from the lipase-
catalyzed polymerization of polyesters to synthesize novel sustainable FDCA-
based polyamides that are sustainable analogs to polyphthalamides (semi-aromatic 
polyamides) and have not been well studied up to now. Dimethyl 2,5-
furandicarboxylate (DMFDCA) and 1,8-ODA are used as starting building blocks, 
and N435 is applied as the biocatalyst. DMFDCA is chosen over FDCA since 
DMFDCA possesses a better solubility and a lower Tm than FDCA, while 1,8-ODA 
is preferred over other aliphatic diamines since lipases exhibit high selectivity and 
catalytic activity towards aliphatic diamines with longer chains48 and FDCA-based 
furanic-aliphatic polyamides containing longer chain aliphatic diamine units 
possess a better solubility and a lower Tm. In addition, the choose of N435 over 
other lipases is due to the fact that N435 shows broader substrate specificity, stable 
performance, and high catalytic reactivity to DMFDCA43, as well as, it is 
commercially available.   
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Herein, PA 8,F, an sustainable analog to poly(octamethylene terephthalamide) (PA 
8,T), is enzymatically synthesized via N435-catalyzed polycondensation of 
(potentially) biobased DMFDCA and 1,8-ODA, using a one-stage method in 
toluene and a temperature varied two-stage method in diphenyl ether, respectively. 
To achieve high molecular weights, the enzyme concentration and reaction 
temperature are optimized. Moreover, the chemical structures and end groups of 
the obtained PA 8,F are characterized; and the crystallinity and thermal properties 
are investigated.  

7.2 Experimental Section 

7.2.1 Chemicals 

The following chemicals were purchased from Sigma-Aldrich: 2,5-
furandicarboxylic acid (FDCA, 97 %), 1,8-octanediamine (1,8-ODA, 98 %), 
dimethyl sulfoxide (DMSO, HPLC grade), diphenyl ether (99 %), toluene 
(anhydrous, 99.8 %), formic acid (puriss, 98+ %), 1,4-dioxane (99+ %), molecular 
sieves (4 Å), and Novozym® 435 (N435, an immobilized form of Candida 
antarctica lipase b (CALB) on acrylic resin, 5000+ U/g). Dimethyl 2,5-
furandicarboxylate (DMFDCA, 97 %) was ordered from Fluorochem UK. The 
solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99+ %) was obtained from TCI 
Europe.  

N435 and diphenyl ether were pre-dried according to the procedure described in 
our previous studies.38-40, 42, 43 The diamine 1.8-ODA was purified by sublimation at 
45 - 49 °C under the vacuum (0.5 - 1.0 mmHg). The molecular sieves were pre-
activated at 200 °C in vacuo. All other chemicals were used as received. 

7.2.2 General Procedure for N435-Catalyzed Polymerization of PA 8,F  

DMFDCA and 1,8-ODA were enzymatically polymerized by N435 using two 
methods, respectively: a one-stage method in toluene and a temperature varied two-
stage method in diphenyl ether.   

7.2.2.1 One-Stage Method in Toluene  

Pre-dried N435 (0 - 0.18 g, 0 - 20 wt % in relation to the total amount of 
monomers) and pre-activated molecular sieves (1.78 g, 200 wt %) were added into 
a round-bottom flask (25 mL) filled with nitrogen. Then DMFDCA (0.5000 g, 
2.715 mmol), 1,8-ODA (0.3917 g, 2.715 mmol) and anhydrous toluene (4.46 g, 
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enzymatic polymerization.34-37 This is mainly due to the high melting temperatures 
(Tm) and low solubility of polyamides.33 

In our laboratory the hydrolase-catalyzed polymerization is actively investigated 
and, therefore, various polyesters and polyamides are successfully produced via 
enzymatic polymerization, for example, saturated and unsaturated aliphatic 
polyesters,38-40 glucose-based polyesters,41 furan-based polyesters,42, 43 semi-
aromatic oligoamides,44 oligo(amino acid)s,45 aliphatic polyamides46-48 and 
poly(amide-co-ester)s.49 The previous studies reported by our laboratory revealed 
that Novozym® 435 (N435), which is an immobilized form of Candida antarctica 
lipase b (CALB) on acrylic resin, is a robust biocatalyst for polyester and 
polyamide synthesis; and N435 works well with FDCA derivatives in biocatalytic 
polyester synthesis.42, 43 Based on these results, we are confident that N435 is also 
capable of catalyzing the polymerization of FDCA derivatives and aliphatic 
diamines. To the best of our knowledge, the enzyme-catalyzed polymerization of 
furanic-aliphatic polyamides has not been studied up till now. In addition, 
decarboxylation of FDCA and N-methylation of (poly)amides can be circumvented 
in enzymatic polymerization due to the mild synthetic conditions and the high 
catalytic specificity of the enzyme catalysts. As confirmed by our recent study,43 
FDCA units are well preserved after enzymatic polymerization, and FDCA-based 
polyesters with weight average molecular weights (�������) up to 100000 g/mol are 
successfully produced in the presence of N435. According to this, we expect that 
high molecular weight FDCA-based polyamides can be also prepared via the 
N435-catalyzed polymerization.  

In this contribution, we apply the well-established methodology from the lipase-
catalyzed polymerization of polyesters to synthesize novel sustainable FDCA-
based polyamides that are sustainable analogs to polyphthalamides (semi-aromatic 
polyamides) and have not been well studied up to now. Dimethyl 2,5-
furandicarboxylate (DMFDCA) and 1,8-ODA are used as starting building blocks, 
and N435 is applied as the biocatalyst. DMFDCA is chosen over FDCA since 
DMFDCA possesses a better solubility and a lower Tm than FDCA, while 1,8-ODA 
is preferred over other aliphatic diamines since lipases exhibit high selectivity and 
catalytic activity towards aliphatic diamines with longer chains48 and FDCA-based 
furanic-aliphatic polyamides containing longer chain aliphatic diamine units 
possess a better solubility and a lower Tm. In addition, the choose of N435 over 
other lipases is due to the fact that N435 shows broader substrate specificity, stable 
performance, and high catalytic reactivity to DMFDCA43, as well as, it is 
commercially available.   
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Herein, PA 8,F, an sustainable analog to poly(octamethylene terephthalamide) (PA 
8,T), is enzymatically synthesized via N435-catalyzed polycondensation of 
(potentially) biobased DMFDCA and 1,8-ODA, using a one-stage method in 
toluene and a temperature varied two-stage method in diphenyl ether, respectively. 
To achieve high molecular weights, the enzyme concentration and reaction 
temperature are optimized. Moreover, the chemical structures and end groups of 
the obtained PA 8,F are characterized; and the crystallinity and thermal properties 
are investigated.  

7.2 Experimental Section 

7.2.1 Chemicals 

The following chemicals were purchased from Sigma-Aldrich: 2,5-
furandicarboxylic acid (FDCA, 97 %), 1,8-octanediamine (1,8-ODA, 98 %), 
dimethyl sulfoxide (DMSO, HPLC grade), diphenyl ether (99 %), toluene 
(anhydrous, 99.8 %), formic acid (puriss, 98+ %), 1,4-dioxane (99+ %), molecular 
sieves (4 Å), and Novozym® 435 (N435, an immobilized form of Candida 
antarctica lipase b (CALB) on acrylic resin, 5000+ U/g). Dimethyl 2,5-
furandicarboxylate (DMFDCA, 97 %) was ordered from Fluorochem UK. The 
solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99+ %) was obtained from TCI 
Europe.  

N435 and diphenyl ether were pre-dried according to the procedure described in 
our previous studies.38-40, 42, 43 The diamine 1.8-ODA was purified by sublimation at 
45 - 49 °C under the vacuum (0.5 - 1.0 mmHg). The molecular sieves were pre-
activated at 200 °C in vacuo. All other chemicals were used as received. 

7.2.2 General Procedure for N435-Catalyzed Polymerization of PA 8,F  

DMFDCA and 1,8-ODA were enzymatically polymerized by N435 using two 
methods, respectively: a one-stage method in toluene and a temperature varied two-
stage method in diphenyl ether.   

7.2.2.1 One-Stage Method in Toluene  

Pre-dried N435 (0 - 0.18 g, 0 - 20 wt % in relation to the total amount of 
monomers) and pre-activated molecular sieves (1.78 g, 200 wt %) were added into 
a round-bottom flask (25 mL) filled with nitrogen. Then DMFDCA (0.5000 g, 
2.715 mmol), 1,8-ODA (0.3917 g, 2.715 mmol) and anhydrous toluene (4.46 g, 
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500 wt %) were fed into the flask, after which the flask was sealed. Subsequently, 
the reactants were magnetically stirred at the tested temperatures (60 - 100 °C) for 
72 h. Then toluene was removed at room temperature by air-blowing. After that, 
formic acid (15 mL) was added into the flask to dissolve the products. Then N435 
and the molecular sieves were filtered off by normal filtration using filter paper. 
After that, N435, the molecular sieves and the used filter paper were washed three 
times with formic acid (10 mL). All solutions obtained were combined and 
concentrated by rotary evaporation at 40 °C under reduced pressure of 20 - 40 
mbar. The concentrated solution was added dropwise into excess of 1,4-dioxane. 
The crude products were collected by decantation (room temperature) and 
centrifugation (30 min, 4500 rpm, 12 °C), and then dissolved again by formic acid 
(10 mL). Subsequently the obtained formic acid solution was added dropwise into 
excess of methanol. The methanol solution with the precipitates was stored at - 20 
°C for several hours. After that, the precipitated products were collected by 
centrifugation (30 min, 4500 rpm, 0 °C), and then dried in vacuuo at 40 °C for 3 
days. Finally, they were stored in vacuuo at room temperature before analysis. 

7.2.2.2 Temperature-Varied Two-Stage Method  

Pre-dried N435 (0.18 g, 20 wt %) and pre-activated molecular sieves (1.78 g, 200 
wt %) were added into a round-bottom flask (25 mL) filled with nitrogen. Then 
DMFDCA (0.5000 g, 2.715 mmol), 1,8-ODA (0.3917 g, 2.715 mmol) and pre-
dried diphenyl ether (4.46 g, 500 wt %) were fed into the flask. The temperature 
varied two-stage enzymatic polymerization was performed according to the 
following conditions: (1) 80 °C for 8 h under an atmospheric nitrogen environment 
(stage-1); (2) pressure reduced to 450 mmHg while maintaining the reaction at 80 
°C for 16 h (stage-1); (3) reaction temperature maintained at 80 °C, or immediately 
increased from 80 to 90 °C for 36 h while reducing the reaction pressure to 100 
mmHg (stage-2); and (4) reaction temperature maintained at 80 °C, or immediately 
increased from 90 to 95, 120 or 140 °C for 12 h while maintaining the reaction 
pressure at 100 mmHg (stage-2). After the polymerization, formic acid (15 mL) 
was added into the reaction flask to dissolve the products. The rest of the 
purification steps were the same as described in the one-stage method. 

PA 8,F 1H-NMR (400 MHz, DMSO-d6, δ, ppm): 8.46 (1H, m, -NH-CO-, from 
1,8-ODA), 7.09 (2H, s, =CH-, furan), 3.22 (4H, m, -NH-CH2-, from 1,8-ODA), 
1.48 (4H, m, -NH-CH2-CH2-, from 1,8-ODA), 1.25 (8H, m, -NH-CH2-CH2-CH2-
CH2-, from 1,8-ODA), 3.83 (s, -OCH3, end groups from DMFDCA), 2.75 (t, -CH2-
NH2, end groups from 1,8-ODA).  
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13C-NMR (100 MHz, DMSO-d6, δ, ppm): 157.07 (-CO-NH-, from DMFDCA), 
148.15 (-NH-CO-C(O)=CH-, furan), 114.18 (=CH-, furan), 38.47 (-CO-NH-CH2-, 
from 1,8-ODA), 29.27 (-CO-NH-CH2-CH2-, from 1,8-ODA), 28.67 (-CO-NH-
CH2-CH2-CH2-CH2-, from 1,8-ODA), 26.41 (-CO-NH-CH2-CH2-CH2-, from 1,8-
ODA), 52.10 (-OCH3, end groups from DMFDCA). 

ATR-FTIR (ν, cm-1): 3294 (N-H stretching vibrations); 3116 (=C-H stretching 
vibrations of the furan ring); 2925, 2852 (asymmetric and symmetric C-H 
stretching vibrations); 1642 (C=O stretching vibrations); 1573 (aromatic C=C 
bending vibrations), 1528 (N-H bending vibrations); 1469, 1437 (C-H deformation 
and wagging vibrations); 1360 (C-H rocking vibrations); 1291, 1274 (C-N 
stretching vibrations); 1167, 1013 (=C-O-C= ring vibrations of the furan ring), 968, 
816, 758 (=C-H out-of-plane deformation vibrations of the furan ring), 717 (-
(CH2)n-, rocking vibrations), 671 (C-H bending vibrations), 649 (N–H wagging 
vibrations) 

7.2.3 Control Reactions  

DMFDCA and 1,8-ODA were reacted in the absence of N435 using the one-stage 
method in toluene. The reaction temperature was maintained at 70 and 100 °C, 
respectively. After the reaction, small amount of products were obtained using the 
same purification procedure as described in Section 7.2.2.1. The reaction yield was 
less than 15 %. 

In addition, DMFDCA and 1,8-ODA were reacted in the absence of N435 using 
the temperature varied two-stage method in diphenyl ether. The reaction 
temperature was regulated to 140 °C at the last 12 h. After the reaction, small 
amount of products were obtained uisng the same purification procedure as 
described in Section 7.2.2.1. The reaction yield was less than 10 %. 

7.2.4 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
or 300 MHz), using DMSO-d6 as the solvent. The reported chemical shifts were 
referenced to the resonances of the residual solvent or tetramethylsilane (TMS).  

The number average molecular weight ( ������ ) was determined by 1H-NMR 
according to the following equation: ������ � ���� � �� � ����

� � ������
	� �
������ � ������

� ��, where ��  is the integral intensity of the singlet assigned to the 

furanic protons (=CH-, around 7.09 ppm),  ����  is the integral intensity of the 
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formic acid (15 mL) was added into the flask to dissolve the products. Then N435 
and the molecular sieves were filtered off by normal filtration using filter paper. 
After that, N435, the molecular sieves and the used filter paper were washed three 
times with formic acid (10 mL). All solutions obtained were combined and 
concentrated by rotary evaporation at 40 °C under reduced pressure of 20 - 40 
mbar. The concentrated solution was added dropwise into excess of 1,4-dioxane. 
The crude products were collected by decantation (room temperature) and 
centrifugation (30 min, 4500 rpm, 12 °C), and then dissolved again by formic acid 
(10 mL). Subsequently the obtained formic acid solution was added dropwise into 
excess of methanol. The methanol solution with the precipitates was stored at - 20 
°C for several hours. After that, the precipitated products were collected by 
centrifugation (30 min, 4500 rpm, 0 °C), and then dried in vacuuo at 40 °C for 3 
days. Finally, they were stored in vacuuo at room temperature before analysis. 

7.2.2.2 Temperature-Varied Two-Stage Method  

Pre-dried N435 (0.18 g, 20 wt %) and pre-activated molecular sieves (1.78 g, 200 
wt %) were added into a round-bottom flask (25 mL) filled with nitrogen. Then 
DMFDCA (0.5000 g, 2.715 mmol), 1,8-ODA (0.3917 g, 2.715 mmol) and pre-
dried diphenyl ether (4.46 g, 500 wt %) were fed into the flask. The temperature 
varied two-stage enzymatic polymerization was performed according to the 
following conditions: (1) 80 °C for 8 h under an atmospheric nitrogen environment 
(stage-1); (2) pressure reduced to 450 mmHg while maintaining the reaction at 80 
°C for 16 h (stage-1); (3) reaction temperature maintained at 80 °C, or immediately 
increased from 80 to 90 °C for 36 h while reducing the reaction pressure to 100 
mmHg (stage-2); and (4) reaction temperature maintained at 80 °C, or immediately 
increased from 90 to 95, 120 or 140 °C for 12 h while maintaining the reaction 
pressure at 100 mmHg (stage-2). After the polymerization, formic acid (15 mL) 
was added into the reaction flask to dissolve the products. The rest of the 
purification steps were the same as described in the one-stage method. 

PA 8,F 1H-NMR (400 MHz, DMSO-d6, δ, ppm): 8.46 (1H, m, -NH-CO-, from 
1,8-ODA), 7.09 (2H, s, =CH-, furan), 3.22 (4H, m, -NH-CH2-, from 1,8-ODA), 
1.48 (4H, m, -NH-CH2-CH2-, from 1,8-ODA), 1.25 (8H, m, -NH-CH2-CH2-CH2-
CH2-, from 1,8-ODA), 3.83 (s, -OCH3, end groups from DMFDCA), 2.75 (t, -CH2-
NH2, end groups from 1,8-ODA).  
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816, 758 (=C-H out-of-plane deformation vibrations of the furan ring), 717 (-
(CH2)n-, rocking vibrations), 671 (C-H bending vibrations), 649 (N–H wagging 
vibrations) 

7.2.3 Control Reactions  

DMFDCA and 1,8-ODA were reacted in the absence of N435 using the one-stage 
method in toluene. The reaction temperature was maintained at 70 and 100 °C, 
respectively. After the reaction, small amount of products were obtained using the 
same purification procedure as described in Section 7.2.2.1. The reaction yield was 
less than 15 %. 

In addition, DMFDCA and 1,8-ODA were reacted in the absence of N435 using 
the temperature varied two-stage method in diphenyl ether. The reaction 
temperature was regulated to 140 °C at the last 12 h. After the reaction, small 
amount of products were obtained uisng the same purification procedure as 
described in Section 7.2.2.1. The reaction yield was less than 10 %. 

7.2.4 Instrumental Methods 

1H- and 13C-NMR spectra were recorded on a Varian VXR spectrometer (400 MHz 
or 300 MHz), using DMSO-d6 as the solvent. The reported chemical shifts were 
referenced to the resonances of the residual solvent or tetramethylsilane (TMS).  

The number average molecular weight ( ������ ) was determined by 1H-NMR 
according to the following equation: ������ � ���� � �� � ����
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broad resonances ascribed to the methylene protons from the diamine units (-NH-
CH2-CH2-, around 1.48 ppm), ���� is the integral intensity of the singlet assigned 
to the methoxyl end groups (-O-CH3, around 3.83 ppm), ������  is the integral 
intensity of the triplet ascribed to the methylene protons of the amino methyl end 
groups (-CH2-NH2, around 2.75 ppm), ��  is the molecular mass of the furanic 
units (112.08 g/mol), ����  is the molecular mass of the diamine units (142.25 
g/mol). Here we assumed that all the obtained polyamides were terminated with the 
methoxyl and amino methyl groups. 

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 
measurements were characterized by a Bruker IFS88 FT-IR spectrometer. For each 
sample, 128 scans were performed. 

The number average molecular weight (������), weight average molecular weight 
(�������), and dispersity (Đ, ������� ������� ) were measured at 80 °C using a Agilent Size 
Exclusion Chromatography (SEC) system (Agilent Technologies 1260 Infinity) 
from PSS (Mainz, Germany). The SEC was equipped with three detectors and four 
columns. The detectors included a refractive index detector G1362A 1260 RID 
(Agilent), a viscometer detector ETA-2010 (PSS), and a MALLS detector SLD 
7000 (PSS). They were kept at 45 °C, 60 °C and room temperature, respectively. 
The columns included a PFG guard-column and three PFG SEC columns 100, 300 
and 4000 Å. DMSO (HPLC grade) with LiBr (0.05 M) was used as the eluent. The 
flow rate was 0.5 mL/min. The molecular weights were determined by the 
universal calibration method. The universal calibration curve was generated using 
pullulan standards (PSS), with the ������� values ranging from 342 to 805000 g/mol. 

Thermal transitions of the obtained polyamides were measured by Differential 
Scanning Calorimetry (DSC) on a TA-Instruments Q1000. The heating and cooling 
rate were 10 °C/min. To remove the remaining water and solvents in the polymer, 
the tested sample was first heated up to 100 oC at 10 °C/min, maintained at this 
temperature for 5 minutes, and then cooled down to room temperature before the 
standard DSC measurement. 

Thermal stability of the obtained polyamides was characterized by Thermal 
Gravimetric Analysis (TGA) on a Perkin Elmer Thermo Gravimetric Analyzer 
TGA7 under a nitrogen environment. The scan rate was 10 °C/min. To remove the 
remaining water and solvents in the polymer, the tested sample was first heated up 
to 100 oC and then maintained at this temperature for 0.5 h before the standard 
TGA measurement.  
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Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
PRO spectrometer. The matrix used was dithranol, and the solvent was HFIP. At 
first, dithranol (20 mg/mL), potassium trifluoroacetate (5 mg/mL) and the polymer 
sample (1-2 mg/mL) were premixed in a ratio of 5:1:5. Subsequently, the mixture 
was hand-spotted on a stainless steel plate and left to dry. Then the mass spectra 
were recorded in the positive and linear mode. The following equation was used to 
determine polymer species having different end groups: �� � ��� �
�� � ���� � ���, where �� is the molecular masses of a polymer specie, ���  is 
the molecular mass of the end groups, n is the number of the repeating units, ��� 
is the molecular mass of the repeating units, and ��� is the molecular mass of the 
potassium cation. 

Wide-Angle X-ray Diffraction (WAXD) spectra were recorded at room 
temperature using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 
0.1542 nm) in the angular range of 5 - 50 o (2θ). The degree of crystallinity (��) 
was determined by WAXD according to the method established in our previous 
studies.39, 40, 42, 43 

7.3 Results and Discussion 

7.3.1 Substrate Selection 

FDCA and 1,8-ODA were reacted at 80 °C in the presence of N435, using the one-
stage method in toluene and the two-stage method in diphenyl ether, respectively 
(see Scheme 7.1). We found that FDCA is immiscible with the other reactants 
under the conditions used: it neither dissolved nor melted. Therefore, no polymer 
was obtained after 72 h reaction.  

 

Scheme 7.1. N435-catalyzed polymerization of sustainable PA 8,F from 
FDCA/DMFDCA and 1,8-ODA using the one-stage method in 
toluene and the two-stage method in diphenyl ether, respectively. 
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from PSS (Mainz, Germany). The SEC was equipped with three detectors and four 
columns. The detectors included a refractive index detector G1362A 1260 RID 
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The columns included a PFG guard-column and three PFG SEC columns 100, 300 
and 4000 Å. DMSO (HPLC grade) with LiBr (0.05 M) was used as the eluent. The 
flow rate was 0.5 mL/min. The molecular weights were determined by the 
universal calibration method. The universal calibration curve was generated using 
pullulan standards (PSS), with the ������� values ranging from 342 to 805000 g/mol. 

Thermal transitions of the obtained polyamides were measured by Differential 
Scanning Calorimetry (DSC) on a TA-Instruments Q1000. The heating and cooling 
rate were 10 °C/min. To remove the remaining water and solvents in the polymer, 
the tested sample was first heated up to 100 oC at 10 °C/min, maintained at this 
temperature for 5 minutes, and then cooled down to room temperature before the 
standard DSC measurement. 

Thermal stability of the obtained polyamides was characterized by Thermal 
Gravimetric Analysis (TGA) on a Perkin Elmer Thermo Gravimetric Analyzer 
TGA7 under a nitrogen environment. The scan rate was 10 °C/min. To remove the 
remaining water and solvents in the polymer, the tested sample was first heated up 
to 100 oC and then maintained at this temperature for 0.5 h before the standard 
TGA measurement.  
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Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry 
(MALDI-ToF MS) measurements were performed on a Biosystems Voyager-DE 
PRO spectrometer. The matrix used was dithranol, and the solvent was HFIP. At 
first, dithranol (20 mg/mL), potassium trifluoroacetate (5 mg/mL) and the polymer 
sample (1-2 mg/mL) were premixed in a ratio of 5:1:5. Subsequently, the mixture 
was hand-spotted on a stainless steel plate and left to dry. Then the mass spectra 
were recorded in the positive and linear mode. The following equation was used to 
determine polymer species having different end groups: �� � ��� �
�� � ���� � ���, where �� is the molecular masses of a polymer specie, ���  is 
the molecular mass of the end groups, n is the number of the repeating units, ��� 
is the molecular mass of the repeating units, and ��� is the molecular mass of the 
potassium cation. 

Wide-Angle X-ray Diffraction (WAXD) spectra were recorded at room 
temperature using a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 
0.1542 nm) in the angular range of 5 - 50 o (2θ). The degree of crystallinity (��) 
was determined by WAXD according to the method established in our previous 
studies.39, 40, 42, 43 

7.3 Results and Discussion 

7.3.1 Substrate Selection 

FDCA and 1,8-ODA were reacted at 80 °C in the presence of N435, using the one-
stage method in toluene and the two-stage method in diphenyl ether, respectively 
(see Scheme 7.1). We found that FDCA is immiscible with the other reactants 
under the conditions used: it neither dissolved nor melted. Therefore, no polymer 
was obtained after 72 h reaction.  

 

Scheme 7.1. N435-catalyzed polymerization of sustainable PA 8,F from 
FDCA/DMFDCA and 1,8-ODA using the one-stage method in 
toluene and the two-stage method in diphenyl ether, respectively. 
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By replacing FDCA with DMFDCA (see Scheme 7.1) having a better solubility 
and a lower Tm, monophasic reactions were obtained after heating up to 
temperatures above 60 °C. However, phase separation still occurred after several 
hours of reaction, as the resulting polymer PA 8,F has a low solubility in 
toluene/diphenyl ether. Nevertheless, the N435-catalyzed polymerization of 
(potentially) biobased DMFDCA and 1,8-ODA yielded PA 8,F with satisfied high 
������� up to 54000 g/mol. 

The chemical structures of the obtained PA 8,F were confirmed by NMR and ATR-
FTIR (see Figures 7.1 - 7.2). 

 

Figure 7.1. (a) 1H- and (b) 13C-NMR spectrum of PA 8,F produced via the 
enzymatic polymerization.  

 

Figure 7.2. ATR-FTIR spectrum of PA 8,F produced via the enzymatic 
polymerization.  
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7.3.2 N435-Catalyzed Polymerization of PA 8,F via the One-Stage Method in 
Toluene 

7.3.2.1 Effect of Catalyst Concentration 

Table 7.1. Results summary: enzymatic synthesis of PA 8,F from DMFDCA and 
1,8-ODA using the one-stage method in toluene 

Temperature 
(oC) N435 a 

NMR b  SEC c  DSC e  TGA f 

������  ������ ������� Đ Yield d Tm ��� Tg  Td-max 

60 20 5700  9700 21300 2.20 50 147 16 116  466 

70 0 4000  7200 11800 1.64 14 155 39 123  461 

70 5 5500  8100 14700 1.81 39 154 41 124  459 

70 10 5500  8400 14900 1.77 45 151 43 123  459 

70 20 6600  13300 31600 2.38 49 147 9 120  470 

80 20 6800  13100 34500 2.63 49 160 8 120  464 

90 20 7800  13400 48300 3.60 53 160 10 118  464 

100 20 5800  10000 30000 3.00 53 161 15 121  462 

100 0 4100  7600 12300 1.62 11 - g - g - g  - g 

a Weight percentage of N435 (wt %, in relation to the total amount of monomers) in the polymerization; b ������ 
(number average molecular weight, g/mol) was calculated from 1H-NMR; c ������, ������ (weight average molecular 
weight, g/mol), and Đ (dispersity, ������ ������� ) were determined by SEC using DMSO/LiBr as the eluent; d Isolated 
yield (%); e Tm (melting temperature, oC) and ��� (enthalpy of fusion, J/g) were measured from the first DSC 
heating scan; Tg (glass transition temperature, oC) was measured from the second DSC heating scan; f Td-max 
(temperature at the maximum rate of decomposition, oC) was determined by TGA; g The sample was not tested. 

DMFDCA and 1,8-ODA were enzymatically polymerized by N435 at 70 °C in 
toluene. The catalyst (N435) concentration investigated was 0, 5, 10 and 20 wt % 
(in relation to the total amount of monomers) (see Table 7.1 and Figure 7.3). We 
found that DMFDCA can react with 1,8-ODA even in the absence of N435, but the 
reaction yield was very low. However, the polymerization was greatly boosted in 
the presence of N435, which gave significantly higher molecular weights and better 
reaction yields. This suggested that the polymerization was insufficient without 
catalyst and that the enzymatic polymerization is indeed catalyzed by the 
biocatalyst. As shown in Figure 7.3, the retention volume of the obtained PA 8,F 
shifted to lower values with increase of the N435 concentration, indicating that 
higher molecular weight PA 8,F was produced at higher catalyst concentrations. In 
comparison, the effect of N435 concentration on the enzymatic polycondensation 
of polyesters was studied by Gross et al..50, 51 They also found that the product ������ 
increased with the N435 concentration. This was due to the fact that the reaction 
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By replacing FDCA with DMFDCA (see Scheme 7.1) having a better solubility 
and a lower Tm, monophasic reactions were obtained after heating up to 
temperatures above 60 °C. However, phase separation still occurred after several 
hours of reaction, as the resulting polymer PA 8,F has a low solubility in 
toluene/diphenyl ether. Nevertheless, the N435-catalyzed polymerization of 
(potentially) biobased DMFDCA and 1,8-ODA yielded PA 8,F with satisfied high 
������� up to 54000 g/mol. 

The chemical structures of the obtained PA 8,F were confirmed by NMR and ATR-
FTIR (see Figures 7.1 - 7.2). 

 

Figure 7.1. (a) 1H- and (b) 13C-NMR spectrum of PA 8,F produced via the 
enzymatic polymerization.  

 

Figure 7.2. ATR-FTIR spectrum of PA 8,F produced via the enzymatic 
polymerization.  
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7.3.2 N435-Catalyzed Polymerization of PA 8,F via the One-Stage Method in 
Toluene 

7.3.2.1 Effect of Catalyst Concentration 

Table 7.1. Results summary: enzymatic synthesis of PA 8,F from DMFDCA and 
1,8-ODA using the one-stage method in toluene 

Temperature 
(oC) N435 a 

NMR b  SEC c  DSC e  TGA f 

������  ������ ������� Đ Yield d Tm ��� Tg  Td-max 

60 20 5700  9700 21300 2.20 50 147 16 116  466 

70 0 4000  7200 11800 1.64 14 155 39 123  461 

70 5 5500  8100 14700 1.81 39 154 41 124  459 

70 10 5500  8400 14900 1.77 45 151 43 123  459 

70 20 6600  13300 31600 2.38 49 147 9 120  470 

80 20 6800  13100 34500 2.63 49 160 8 120  464 

90 20 7800  13400 48300 3.60 53 160 10 118  464 

100 20 5800  10000 30000 3.00 53 161 15 121  462 

100 0 4100  7600 12300 1.62 11 - g - g - g  - g 

a Weight percentage of N435 (wt %, in relation to the total amount of monomers) in the polymerization; b ������ 
(number average molecular weight, g/mol) was calculated from 1H-NMR; c ������, ������ (weight average molecular 
weight, g/mol), and Đ (dispersity, ������ ������� ) were determined by SEC using DMSO/LiBr as the eluent; d Isolated 
yield (%); e Tm (melting temperature, oC) and ��� (enthalpy of fusion, J/g) were measured from the first DSC 
heating scan; Tg (glass transition temperature, oC) was measured from the second DSC heating scan; f Td-max 
(temperature at the maximum rate of decomposition, oC) was determined by TGA; g The sample was not tested. 

DMFDCA and 1,8-ODA were enzymatically polymerized by N435 at 70 °C in 
toluene. The catalyst (N435) concentration investigated was 0, 5, 10 and 20 wt % 
(in relation to the total amount of monomers) (see Table 7.1 and Figure 7.3). We 
found that DMFDCA can react with 1,8-ODA even in the absence of N435, but the 
reaction yield was very low. However, the polymerization was greatly boosted in 
the presence of N435, which gave significantly higher molecular weights and better 
reaction yields. This suggested that the polymerization was insufficient without 
catalyst and that the enzymatic polymerization is indeed catalyzed by the 
biocatalyst. As shown in Figure 7.3, the retention volume of the obtained PA 8,F 
shifted to lower values with increase of the N435 concentration, indicating that 
higher molecular weight PA 8,F was produced at higher catalyst concentrations. In 
comparison, the effect of N435 concentration on the enzymatic polycondensation 
of polyesters was studied by Gross et al..50, 51 They also found that the product ������ 
increased with the N435 concentration. This was due to the fact that the reaction 



Chapter 7

Page | 194 

speed is significantly boosted by the increased amount of enzymes in the 
polymerization. 

It shall be noted that N435 consists of 10 wt % of the pure enzyme CALB and 90 
wt % of Lewatit beads.50 In terms of 20 wt % of N435 used in the enzymatic 
polymerization, the corresponding CALB concentration is 2 wt %, which is, 
however, still much higher than the catalytic amount of organometallic catalysts 
employed in conventional synthesis approaches. The requirement of high enzyme 
concentrations in the enzymatic polymerization is mainly due to two reasons: (1) 
the slow reaction speed of amidation/transamidation catalyzed by CALB; and (2) 
the poor solubility and high Tm of PA 8,F. However, the immobilized CALB can 
be recycled from the enzymatic polymerization and then reused for several 
cycles.52-54 Moreover, N435 recycled from the enzymatic polymerization at 
120/140 °C or after thermal treatment at 120/140 °C still showed sufficient 
catalytic reactivity, as demonstrated in our previous study.43 Therefore, the high 
loading of N435 would not be a significant problem for the enzymatic 
polymerization of FDCA-based polyamides.  

Figure 7.3. SEC retention curves of PA 8,F produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 70 °C with 
different N435 concentrations. 

7.3.2.2 Effect of Reaction Temperature  

The enzymatic polymerization of DMFDCA and 1,8-ODA was catalyzed by 20 wt 
% of N435 at 60, 70, 80, 90 and 100 °C, respectively. We found that PA 8,F with 
the highest molecular weights was produced at 90 °C. As depicted in Figure 7.4, 
the retention volume of the obtained PA 8,F shifted gradually to lower values when 
the reaction temperature was increased from 60 to 90 °C, indicating higher 
molecular weight PA 8,F was produced at higher reaction temperatures. However, 
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upon further increasing the reaction temperature to 100 °C, the product ������ and ������� 
decreased obviously. Meanwhile, the reaction yield did not change with the 
reaction temperature.  

From Table 7.1 and Figure 7.4 we can draw the conclusion that 90 °C is the 
optimal reaction temperature for the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA in toluene. This agreed well with the previous study 
reported by Gross et al..55 They investigated the effect of the reaction temperature 
on the N435-catalyzed ring-opening polymerization of ε-caprolactone (ε-CL) in 
toluene and found that the apparent propagation rate constant (kapp) of the 
enzymatic polymerization and the conversion of ε-CL to polymer increased 
significantly when the reaction temperature was increased from 60 to 90 °C. 
However, the kapp and monomer conversion decreased when the reaction 
temperature was further increased to 105 °C, as the enzyme is denatured and 
deactivated at elevated temperatures above 100 °C. In terms of the enzymatic 
polycondensation of DMFDCA and 1,8-ODA, the higher kapp and better monomer 
conversion lead to higher molecular weights. In addition, the solubility of PA 8,F 
may increase with reaction temperature, which also results in higher molecular 
weights. 

 

Figure 7.4. SEC retention curves of PA 8,F produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at different 
temperatures. For all reactions the N435 concentration was 20 wt %. 

We noticed that PA 8,F with a broader dispersity (Đ) was obtained at higher N435 
concentrations and at higher reaction temperatures. The explanations of this 
phenomena are discussed below. The resulting polymer PA 8,F has a rather low 
solubility; especially the acidic PA 8,F has a poorer solubility in low polarity 
solvents (toluene and diphenyl ether). As suggested by MALDI-ToF MS analysis 
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speed is significantly boosted by the increased amount of enzymes in the 
polymerization. 

It shall be noted that N435 consists of 10 wt % of the pure enzyme CALB and 90 
wt % of Lewatit beads.50 In terms of 20 wt % of N435 used in the enzymatic 
polymerization, the corresponding CALB concentration is 2 wt %, which is, 
however, still much higher than the catalytic amount of organometallic catalysts 
employed in conventional synthesis approaches. The requirement of high enzyme 
concentrations in the enzymatic polymerization is mainly due to two reasons: (1) 
the slow reaction speed of amidation/transamidation catalyzed by CALB; and (2) 
the poor solubility and high Tm of PA 8,F. However, the immobilized CALB can 
be recycled from the enzymatic polymerization and then reused for several 
cycles.52-54 Moreover, N435 recycled from the enzymatic polymerization at 
120/140 °C or after thermal treatment at 120/140 °C still showed sufficient 
catalytic reactivity, as demonstrated in our previous study.43 Therefore, the high 
loading of N435 would not be a significant problem for the enzymatic 
polymerization of FDCA-based polyamides.  

Figure 7.3. SEC retention curves of PA 8,F produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 70 °C with 
different N435 concentrations. 
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% of N435 at 60, 70, 80, 90 and 100 °C, respectively. We found that PA 8,F with 
the highest molecular weights was produced at 90 °C. As depicted in Figure 7.4, 
the retention volume of the obtained PA 8,F shifted gradually to lower values when 
the reaction temperature was increased from 60 to 90 °C, indicating higher 
molecular weight PA 8,F was produced at higher reaction temperatures. However, 
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upon further increasing the reaction temperature to 100 °C, the product ������ and ������� 
decreased obviously. Meanwhile, the reaction yield did not change with the 
reaction temperature.  

From Table 7.1 and Figure 7.4 we can draw the conclusion that 90 °C is the 
optimal reaction temperature for the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA in toluene. This agreed well with the previous study 
reported by Gross et al..55 They investigated the effect of the reaction temperature 
on the N435-catalyzed ring-opening polymerization of ε-caprolactone (ε-CL) in 
toluene and found that the apparent propagation rate constant (kapp) of the 
enzymatic polymerization and the conversion of ε-CL to polymer increased 
significantly when the reaction temperature was increased from 60 to 90 °C. 
However, the kapp and monomer conversion decreased when the reaction 
temperature was further increased to 105 °C, as the enzyme is denatured and 
deactivated at elevated temperatures above 100 °C. In terms of the enzymatic 
polycondensation of DMFDCA and 1,8-ODA, the higher kapp and better monomer 
conversion lead to higher molecular weights. In addition, the solubility of PA 8,F 
may increase with reaction temperature, which also results in higher molecular 
weights. 

 

Figure 7.4. SEC retention curves of PA 8,F produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at different 
temperatures. For all reactions the N435 concentration was 20 wt %. 
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solubility; especially the acidic PA 8,F has a poorer solubility in low polarity 
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(see Section 7.3.3), acid end groups were generated during the enzymatic 
polymerization. As a result, even with short chain length, PA 8,F precipitated 
quickly from the reaction media. The chain growth of the isolated PA 8,F was 
extremely hindered since the reaction temperatures were below the Tg (116 to 126 
°C). Therefore, a large proportion of low molecular weight PA 8,F was produced 
and remained in the final products, although more PA 8,F with higher molecular 
weights was synthesized at higher N435 concentrations and at higher reaction 
temperatures. On the other hand, the lipase-catalyzed transamidation is enhanced at 
higher N435 concentrations and at higher reaction temperatures. As reported by 
Khmelnitsky et al.,56 only the lipase from Candida antarctica was capable of 
catalyzing the transamidation of non-activated amides (R1CON(R2)R3) in organic 
solvents; and increase in the chain length of R1 resulted in a significant lower 
conversion even after 6 days reaction at 45 °C. Based on this, we suspected that the 
N435-catalyzed interchain transamidation of PA 8,F is highly suppressed at low 
reaction temperatures and at low catalyst concentrations. In this case, the chain 
growth of PA 8,F mainly depended on the reaction between ester and amine 
terminal groups, which resulted in PA 8,F having a narrow dispersity. However, 
the interchain transamidation is greatly boosted at higher reaction temperatures and 
at higher enzyme concentrations, which however results in PA 8,F with a broader 
dispersity. As reported by Binns et al.57 and Gross et al.,58 aliphatic polyesters with 
broader dispersities were produced from the lipase-catalyzed enzymatic 
polymerization in solution due to the increased probability of interchain 
transesterification. Considering the similarity of the reaction mechanism between 
transamidation and transesterification, we believe that the increased occurrence of 
the interchain transamidation of PA 8,F at higher N435 concentrations and at 
higher temperatures is the other reason attributing to the broader dispersity of the 
final products. However, polymerization kinetics should be studied to confirm this 
hypothesis.  

In addition, we found that the reaction yield is always below 50 % in the one-stage 
enzymatic polymerization processes. This can be explained by the insufficient 
absorption of byproduct methanol and water by molecular sieves. As a matter of 
fact, molecular sieves cannot eliminate all methanol/water remaining in the 
reaction mixture, especially when they were covered with PA 8,F isolated from the 
polymerization. Therefore, the enzymatic polycondensation with some remaining 
methanol/water reached an equilibrium state. In this case, the chain growth was 
stopped. Therefore, a significant amount of short chain oligomers were produced 
during the one-stage enzymatic polymerization and they have a higher solubility in 
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the precipitants (1,4-dioxan and methanol). They were removed during the 
purification steps, which resulted in low yields.  

In order to increase the reaction yield, other methods should be applied to improve 
the efficiency of removal of methanol/water, for example, azeotropic distillation. 
As previous reported, high molecular weights polyesters were successfully 
produced in high yields (70+ %) via the enzymatic polycondensation in the mixture 
of toluene and cyclohexane by azeotropic distillation.39, 59, 60 In addition, the 
enzyme-catalyzed polycondensation of polyamides by azeotropic distillation has 
not been studied yet.  

7.3.2.3 MALDI-ToF MS Analysis 

The end groups of PA 8,F produced via the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA in toluene were determined by MALDI-ToF MS. Eight 
polyamide species were identified, which might differ in abundance (see Table 7.2 
and Figure 7.5). They were terminated by ester/amine, ester/ester, amine/amine, 
acid/amine, ester/acid, acid/acid, and ester/amide, as well as, cyclic without end 
groups. We found that cyclic polyamides are mainly present at low molecular 
weights and all the other polyamide species are almost present for all molar 
masses. 

Table 7.2. MALDI-ToF MS analysis: end groups of PA 8,F synthesized via the 
enzymatic polymerization of DMFDCA and 1,8-ODA in 
toluene/diphenyl ether 

Entry Polymer species End groups Remaining mass (amu) 

A 
 

Ester/Amine 32.03 

B 
 

Ester/Ester 184.15 

C 
 

Amine/Amine 144.26 

D 
 

Cyclic 0 

E 
 

Acid/Amine 18.02 

F 
 

Ester/Acid 170.12 

G 
 

Acid/Acid 156.09 

H 
 

Ester/Amide 60.05 
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(see Section 7.3.3), acid end groups were generated during the enzymatic 
polymerization. As a result, even with short chain length, PA 8,F precipitated 
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°C). Therefore, a large proportion of low molecular weight PA 8,F was produced 
and remained in the final products, although more PA 8,F with higher molecular 
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growth of PA 8,F mainly depended on the reaction between ester and amine 
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transamidation and transesterification, we believe that the increased occurrence of 
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higher temperatures is the other reason attributing to the broader dispersity of the 
final products. However, polymerization kinetics should be studied to confirm this 
hypothesis.  

In addition, we found that the reaction yield is always below 50 % in the one-stage 
enzymatic polymerization processes. This can be explained by the insufficient 
absorption of byproduct methanol and water by molecular sieves. As a matter of 
fact, molecular sieves cannot eliminate all methanol/water remaining in the 
reaction mixture, especially when they were covered with PA 8,F isolated from the 
polymerization. Therefore, the enzymatic polycondensation with some remaining 
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the precipitants (1,4-dioxan and methanol). They were removed during the 
purification steps, which resulted in low yields.  

In order to increase the reaction yield, other methods should be applied to improve 
the efficiency of removal of methanol/water, for example, azeotropic distillation. 
As previous reported, high molecular weights polyesters were successfully 
produced in high yields (70+ %) via the enzymatic polycondensation in the mixture 
of toluene and cyclohexane by azeotropic distillation.39, 59, 60 In addition, the 
enzyme-catalyzed polycondensation of polyamides by azeotropic distillation has 
not been studied yet.  

7.3.2.3 MALDI-ToF MS Analysis 

The end groups of PA 8,F produced via the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA in toluene were determined by MALDI-ToF MS. Eight 
polyamide species were identified, which might differ in abundance (see Table 7.2 
and Figure 7.5). They were terminated by ester/amine, ester/ester, amine/amine, 
acid/amine, ester/acid, acid/acid, and ester/amide, as well as, cyclic without end 
groups. We found that cyclic polyamides are mainly present at low molecular 
weights and all the other polyamide species are almost present for all molar 
masses. 
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The formation of acid end groups is due to the hydrolysis of esters catalyzed by 
N435 during the enzymatic polymerization. However, acid groups could also be 
generated during the purification steps, as esters may react with formic acid or the 
residual water in the precipitants (methanol and 1,4-dioxane). However, previous 
studies reported by our laboratory confirmed that esters were hydrolyzed by N435 
during the enzymatic polymerization of polyamides,44 and no acid end groups were 
present in the oligoamides/furan-based polyesters after purification.42-44 In addition, 
acid end groups were clearly present in PA 8,F which was purified in the absence 
of formic acid.   

The amide end groups were formed by the reaction between the amine groups and 
formic acid.44, 61   

 

Figure 7.5. Representative MALDI-ToF MS spectrum of PA 8,F with detailed 
peak interpretation. PA 8,F (������ = 13100 g/mol, ������� = 34500 g/mol) 
was produced via the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA  in toluene at 80 °C with 20 wt % of N435. 

7.3.3 N435-Catalyzed Polymerization of PA 8,F via the Temperature Varied 
Two-Stage Method in Diphenyl Ether 

The major problem for the enzymatic polymerization of DMFDCA and 1,8-ODA 
at mild conditions is the low solubility and the high Tm (around 150 °C) of the 
resulting polymer PA 8,F. To circumvent this problem, the enzymatic 
polymerization was performed in diphenyl ether at temperatures up to 140 °C, 
using a temperature varied two-stage method. This method has been proven to be 
effective to produce high molecular weight FDCA-based polyesters,43 nylons and 
poly(amide-co-ester)s,37 as previously reported in literature. In this study, the 
temperature varied two-stage enzymatic polymerization was performed according 
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to the following conditions. At the first stage, the enzymatic polymerization was 
initially carried out at 80 °C under an atmospheric pressure for 8 h, and then under 
reduced pressure of 450 mmHg for another 16 h. At the second stage, the reaction 
pressure was reduced to 100 mmHg, and the reaction temperature was maintained 
at 80 °C or immediately increased from 80 to 90 °C for 36 h. Subsequently, the 
reaction temperature was maintained at 80 °C or immediately increased from 90 to 
95/120/140 °C for 12 h while maintaining the reaction pressure at 100 mmHg (the 
reaction temperature mentioned in the discussion below is the temperature of the 
final 12h of reaction). 

The reaction pressure was not reduced to 2 mmHg as we did for the enzymatic 
polymerization of polyesters,38-43 considering the low reaction speed of enzymatic 
amidation/transamidation and the excessive evaporation of the diphenyl ether 
solvent under the high vacuum at temperatures above 90 °C. On the one hand, the 
low reaction speed of enzymatic amidation/transamidation can result in the 
removal of 1,8-ODA, which will lead to low molecular weights. Landfester et al.37 
investigated the N435-catalyzed enzymatic polymerization of diethyl sebacate and 
1,8-ODA in diphenyl ether via a temperature-varied two-stage method. They found 
that the monomer conversion was only 30 % after 20 h reaction at 60 °C using 10 
wt % of N435 and 50 wt % of molecular sieves. They found that 19 mol % of 1,8-
ODA was removed by vacuum (100 mmHg) at the second stage. In this study, to 
increase the monomer conversion at the first stage, we employed higher 
concentrations of N435 (20 wt %) and molecular sieves (200 wt %), a higher 
reaction temperature (80 °C), and longer reaction times (24 h). On the other hand, 
the evaporation of the solvent diphenyl ether could also lead to low molecular 
weights. This is due to the fact that short chain PA 8,F with larger quantities will 
isolate faster from the polymerization having less solvent.  

The temperature varied two-stage polymerization resulted in higher molecular 
weight products at higher reaction temperatures (see Table 7.3 and Figure 7.6). 
This agreed well with our previous study on the enzymatic polymerization of 
FDCA-based furanic-aliphatic polyesters using a similar two-stage method.43 We 
found that the molecular weights of the FDCA-based polyesters also increased 
significantly with increasing the reaction temperature from 80 to 140 °C. This can 
be mainly explained by three reasons. First, the solubility of FDCA-based 
polymers increases with reaction temperature while second the removal of the 
byproduct methanol and the residual water is more efficient at higher reaction 
temperatures. The third reason is that the chain mobility of the precipitated FDCA-
based polymers is enhanced when the reaction temperature is above the Tg. In this 
case, the chain growth of the molten polymer chains is significantly enhanced at 
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The formation of acid end groups is due to the hydrolysis of esters catalyzed by 
N435 during the enzymatic polymerization. However, acid groups could also be 
generated during the purification steps, as esters may react with formic acid or the 
residual water in the precipitants (methanol and 1,4-dioxane). However, previous 
studies reported by our laboratory confirmed that esters were hydrolyzed by N435 
during the enzymatic polymerization of polyamides,44 and no acid end groups were 
present in the oligoamides/furan-based polyesters after purification.42-44 In addition, 
acid end groups were clearly present in PA 8,F which was purified in the absence 
of formic acid.   

The amide end groups were formed by the reaction between the amine groups and 
formic acid.44, 61   

 

Figure 7.5. Representative MALDI-ToF MS spectrum of PA 8,F with detailed 
peak interpretation. PA 8,F (������ = 13100 g/mol, ������� = 34500 g/mol) 
was produced via the one-stage enzymatic polymerization of 
DMFDCA and 1,8-ODA  in toluene at 80 °C with 20 wt % of N435. 

7.3.3 N435-Catalyzed Polymerization of PA 8,F via the Temperature Varied 
Two-Stage Method in Diphenyl Ether 

The major problem for the enzymatic polymerization of DMFDCA and 1,8-ODA 
at mild conditions is the low solubility and the high Tm (around 150 °C) of the 
resulting polymer PA 8,F. To circumvent this problem, the enzymatic 
polymerization was performed in diphenyl ether at temperatures up to 140 °C, 
using a temperature varied two-stage method. This method has been proven to be 
effective to produce high molecular weight FDCA-based polyesters,43 nylons and 
poly(amide-co-ester)s,37 as previously reported in literature. In this study, the 
temperature varied two-stage enzymatic polymerization was performed according 
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to the following conditions. At the first stage, the enzymatic polymerization was 
initially carried out at 80 °C under an atmospheric pressure for 8 h, and then under 
reduced pressure of 450 mmHg for another 16 h. At the second stage, the reaction 
pressure was reduced to 100 mmHg, and the reaction temperature was maintained 
at 80 °C or immediately increased from 80 to 90 °C for 36 h. Subsequently, the 
reaction temperature was maintained at 80 °C or immediately increased from 90 to 
95/120/140 °C for 12 h while maintaining the reaction pressure at 100 mmHg (the 
reaction temperature mentioned in the discussion below is the temperature of the 
final 12h of reaction). 

The reaction pressure was not reduced to 2 mmHg as we did for the enzymatic 
polymerization of polyesters,38-43 considering the low reaction speed of enzymatic 
amidation/transamidation and the excessive evaporation of the diphenyl ether 
solvent under the high vacuum at temperatures above 90 °C. On the one hand, the 
low reaction speed of enzymatic amidation/transamidation can result in the 
removal of 1,8-ODA, which will lead to low molecular weights. Landfester et al.37 
investigated the N435-catalyzed enzymatic polymerization of diethyl sebacate and 
1,8-ODA in diphenyl ether via a temperature-varied two-stage method. They found 
that the monomer conversion was only 30 % after 20 h reaction at 60 °C using 10 
wt % of N435 and 50 wt % of molecular sieves. They found that 19 mol % of 1,8-
ODA was removed by vacuum (100 mmHg) at the second stage. In this study, to 
increase the monomer conversion at the first stage, we employed higher 
concentrations of N435 (20 wt %) and molecular sieves (200 wt %), a higher 
reaction temperature (80 °C), and longer reaction times (24 h). On the other hand, 
the evaporation of the solvent diphenyl ether could also lead to low molecular 
weights. This is due to the fact that short chain PA 8,F with larger quantities will 
isolate faster from the polymerization having less solvent.  

The temperature varied two-stage polymerization resulted in higher molecular 
weight products at higher reaction temperatures (see Table 7.3 and Figure 7.6). 
This agreed well with our previous study on the enzymatic polymerization of 
FDCA-based furanic-aliphatic polyesters using a similar two-stage method.43 We 
found that the molecular weights of the FDCA-based polyesters also increased 
significantly with increasing the reaction temperature from 80 to 140 °C. This can 
be mainly explained by three reasons. First, the solubility of FDCA-based 
polymers increases with reaction temperature while second the removal of the 
byproduct methanol and the residual water is more efficient at higher reaction 
temperatures. The third reason is that the chain mobility of the precipitated FDCA-
based polymers is enhanced when the reaction temperature is above the Tg. In this 
case, the chain growth of the molten polymer chains is significantly enhanced at 
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120/140 °C. As previously reported in literature,37, 43, 62, 63 N435 can still function at 
elevated temperatures up to 140 °C. Therefore, the temperature varied two-stage 
enzymatic polymerization resulted in higher molecular weights at higher reaction 
temperatures, although the catalytic reactivity of N435 decreases at temperatures 
above 100 °C.43, 55 In addition, the reaction yield increased significantly from 47 to 
70 % with increase of the reaction temperature from 80 to 140 °C. This suggested 
that the two-stage enzymatic polymerization is more efficient at higher reaction 
temperatures. 

Table 7.3. Results summary: enzymatic synthesis of PA 8,F from DMFDCA and 
1,8-ODA via the temperature varied two-stage method in diphenyl 
ether 

Temperature a N435 b 
NMR c SEC d DSC f TGA g 

������ ������ ������� Đ Yield e Tm ��� Tg Td-max 

80 20 5600 7300 17700 2.42 47 160 16 122 458 

95 20 5800 7600 18900 2.50 47 163 10 126 451 

120 20 6500 8800 25600 2.91 67 162 19 126 460 

140 20 7600 11100 54000 4.86 70 160 6 125 461 

140 0 4200 5700 10500 1.86 7 - h - h - h - h 

a Temperature (oC) during the last 12 h reaction; b Weight percentage of N435 (wt %, in relation to the total 
amount of monomers) in the polymerization; c ������ (number average molecular weight, g/mol) was calculated from 
1H-NMR; d ������, ������ (weight average molecular weight, g/mol), and Đ (dispersity, ������ ������� ) were determined by 
SEC using DMSO/LiBr as the eluent; e Isolated yield (%); f Tm (melting temperature, oC) and ��� (enthalpy of 
fusion, J/g) were measured from the first DSC heating scan; Tg (glass transition temperature, oC) was measured 
from the second DSC heating scan; g Td-max (temperature at the maximum rate of decomposition, oC) was 
determined by TGA; h The sample was not tested. 

 

Figure 7.6. SEC retention curves of PA 8,F produced via the temperature varied 
two-stage enzymatic polymerization of DMFDCA and 1,8-ODA in 
diphenyl ether. The temperature indicating here is the reaction 
temperature during the last 12 h reaction. 
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The dispersity of PA 8,F produced from the temperature-varied two-stage method 
increased greatly with increasing the reaction temperature, similar to that of PA 8,F 
synthesized from the one-stage method (See Table 7.1 and Table 7.3). This can be 
explained by the same line of reasoning used in the discussion above for the 
dispersities of PA 8,F synthesized via the one-stage enzymatic polymerization in 
toluene.  

The temperature varied two-stage enzymatic polymerization in diphenyl ether 
yielded PA 8,F with relatively lower molecular weights compared to those obtained 
from the one-stage method in toluene using similar reaction temperatures (≤ 120 
°C). This might be due to the fact that some 1,8-ODA was removed under the 
vacuum. 

We found that the N435-catalyzed polymerization yielded PA 8,F with 
significantly higher molecular weights compared to those synthesized via melt 
polycondensation at elevated temperatures (see Table 7.4). This is due to the fact 
that the side-reaction, N-methylation of (poly)amides, is prevented during the 
enzymatic polymerization, as confirmed by MALDI-ToF MS analysis (see below). 

Previously in our laboratory the N435/cutinase-catalyzed polymerization of 
dimethyl terephthalate (DMTPA) and 1,8-ODA was studied, using the one-stage 
method in toluene and a two-stage method in diphenyl ether.44 However, only 
oligo(octamethylene terephthalamide) was obtained, with a �������������  (maximum 
degree of polymerization) of around 12. We suspected that the conjugated system 
of carboxylate group and benzene ring in DMTPA may hinder the formation of the 
acyl-enzyme intermediates. However, in this study, PA 8,F with ���������  (weight 
average degree of polymerization) up to 409 was successfully prepared by 
replacing the DMTPA with DMFDCA in the enzymatic polymerization. This may 
suggest that CALB prefers FDCA over TPA since the furan ring is less bulky. 
However, it is also possible that the FDCA-based polyamides possess a higher 
solubility than the TPA-based counterparts. 

Control reactions showed that DMFDCA can react with 1,8-ODA in the absence of 
N435 via the one-stage method in toluene and the two-stage method in diphenyl 
ether, which however gave significantly lower molecular weights (������� ≤ 12300 
g/mol) and less amount of products (yield ≤ 15 %). This confirmed that the high 
molecular weight PA 8,F is indeed enzymatically produced by N435. 

It should be noted that toluene and diphenyl ether are not green solvents. 
Considering the high Tm of DMFDCA (112 °C) and easy sublimation of 1,8-ODA, 
solvent free processes might not be suitable for the enzymatic polymerization of 
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120/140 °C. As previously reported in literature,37, 43, 62, 63 N435 can still function at 
elevated temperatures up to 140 °C. Therefore, the temperature varied two-stage 
enzymatic polymerization resulted in higher molecular weights at higher reaction 
temperatures, although the catalytic reactivity of N435 decreases at temperatures 
above 100 °C.43, 55 In addition, the reaction yield increased significantly from 47 to 
70 % with increase of the reaction temperature from 80 to 140 °C. This suggested 
that the two-stage enzymatic polymerization is more efficient at higher reaction 
temperatures. 

Table 7.3. Results summary: enzymatic synthesis of PA 8,F from DMFDCA and 
1,8-ODA via the temperature varied two-stage method in diphenyl 
ether 

Temperature a N435 b 
NMR c SEC d DSC f TGA g 

������ ������ ������� Đ Yield e Tm ��� Tg Td-max 

80 20 5600 7300 17700 2.42 47 160 16 122 458 

95 20 5800 7600 18900 2.50 47 163 10 126 451 

120 20 6500 8800 25600 2.91 67 162 19 126 460 

140 20 7600 11100 54000 4.86 70 160 6 125 461 

140 0 4200 5700 10500 1.86 7 - h - h - h - h 

a Temperature (oC) during the last 12 h reaction; b Weight percentage of N435 (wt %, in relation to the total 
amount of monomers) in the polymerization; c ������ (number average molecular weight, g/mol) was calculated from 
1H-NMR; d ������, ������ (weight average molecular weight, g/mol), and Đ (dispersity, ������ ������� ) were determined by 
SEC using DMSO/LiBr as the eluent; e Isolated yield (%); f Tm (melting temperature, oC) and ��� (enthalpy of 
fusion, J/g) were measured from the first DSC heating scan; Tg (glass transition temperature, oC) was measured 
from the second DSC heating scan; g Td-max (temperature at the maximum rate of decomposition, oC) was 
determined by TGA; h The sample was not tested. 

 

Figure 7.6. SEC retention curves of PA 8,F produced via the temperature varied 
two-stage enzymatic polymerization of DMFDCA and 1,8-ODA in 
diphenyl ether. The temperature indicating here is the reaction 
temperature during the last 12 h reaction. 
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The dispersity of PA 8,F produced from the temperature-varied two-stage method 
increased greatly with increasing the reaction temperature, similar to that of PA 8,F 
synthesized from the one-stage method (See Table 7.1 and Table 7.3). This can be 
explained by the same line of reasoning used in the discussion above for the 
dispersities of PA 8,F synthesized via the one-stage enzymatic polymerization in 
toluene.  

The temperature varied two-stage enzymatic polymerization in diphenyl ether 
yielded PA 8,F with relatively lower molecular weights compared to those obtained 
from the one-stage method in toluene using similar reaction temperatures (≤ 120 
°C). This might be due to the fact that some 1,8-ODA was removed under the 
vacuum. 

We found that the N435-catalyzed polymerization yielded PA 8,F with 
significantly higher molecular weights compared to those synthesized via melt 
polycondensation at elevated temperatures (see Table 7.4). This is due to the fact 
that the side-reaction, N-methylation of (poly)amides, is prevented during the 
enzymatic polymerization, as confirmed by MALDI-ToF MS analysis (see below). 

Previously in our laboratory the N435/cutinase-catalyzed polymerization of 
dimethyl terephthalate (DMTPA) and 1,8-ODA was studied, using the one-stage 
method in toluene and a two-stage method in diphenyl ether.44 However, only 
oligo(octamethylene terephthalamide) was obtained, with a �������������  (maximum 
degree of polymerization) of around 12. We suspected that the conjugated system 
of carboxylate group and benzene ring in DMTPA may hinder the formation of the 
acyl-enzyme intermediates. However, in this study, PA 8,F with ���������  (weight 
average degree of polymerization) up to 409 was successfully prepared by 
replacing the DMTPA with DMFDCA in the enzymatic polymerization. This may 
suggest that CALB prefers FDCA over TPA since the furan ring is less bulky. 
However, it is also possible that the FDCA-based polyamides possess a higher 
solubility than the TPA-based counterparts. 

Control reactions showed that DMFDCA can react with 1,8-ODA in the absence of 
N435 via the one-stage method in toluene and the two-stage method in diphenyl 
ether, which however gave significantly lower molecular weights (������� ≤ 12300 
g/mol) and less amount of products (yield ≤ 15 %). This confirmed that the high 
molecular weight PA 8,F is indeed enzymatically produced by N435. 

It should be noted that toluene and diphenyl ether are not green solvents. 
Considering the high Tm of DMFDCA (112 °C) and easy sublimation of 1,8-ODA, 
solvent free processes might not be suitable for the enzymatic polymerization of 
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FDCA-based polyamides. However, this problem could be addressed by using 
FDCA-based oligomers as precursors. In addition, ionic liquids would be the best 
green solvent for the enzymatic polymerization of FDCA-based polyamides, as 
enzymes function well in these VOC-free solvents.64, 65 Besides, FDCA-based 
polyamides may dissolve better in some ionic liquids.  

MALDI-ToF MS analysis indicated that the temperature varied two-stage 
enzymatic polymerization resulted in the same polyamide species as those 
produced from the one-stage enzymatic polymerization (see Figure 7.7).  

 

Figure 7.7. Representative MALDI-ToF MS spectrum of PA 8,F with detailed 
peak interpretation. PA 8,F (������ = 7300 g/mol, ������� = 17700 g/mol) 
was synthesized from the temperature varied two-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in diphenyl ether at 80 °C 
with 20 wt % of N435. 

7.3.4 Crystallinity and Thermal Properties of the Obtained P8AF 

The tested PA 8,F is a semi-crystalline material with white or yellow color. In 
WAXD studies, it displayed three weak reflection peaks at 2θ of 18.9 (d = 4.69 Å) , 
21.6 (d = 4.11 Å) and 24.1 o(d = 3.69 Å) (see Figure 7.8). We found that the tested 
PA 8,F exhibited similar WAXD patterns to the TPA-based counterpart, PA 8,T. 
As reported in literature,66, 67 the crystalline peaks of PA 8,T were at 2θ of 19.0 (d = 
4.67 Å), 21.0 (d = 4.23 Å) and 22.5 o (d = 3.95 Å) (see Table 7.4). This is in good 
agreement with our previous study on the crystallinity properties of FDCA-based 
polyesters.43 We found that FDCA-based polyesters showed the same crystal 
structures compared to their TPA-based counterparts. However, the unit cells of 
semi-aromatic polyamides and FDCA-based furanic-aliphatic polyamides have not 
been investigated yet, which require further studies in the future. 
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We found that the tested PA 8,F had a low degree of crystallinity (��) of around 15 
%, which is comparable to PA 8,T that possessed a low or medium ��.66, 67 This is 
mainly due to the huge chain dissimilarity between the FDCA/TPA units and the 
diamine units and the reduced hydrogen bonding density in PA 8,F/PA 8,T because 
of the rigid furan/benzene ring.  

Table 7.4. Crystallinity and thermal properties of PA 8,F and PA 8,T 

Entry Synthesis 
approach 

 DSC h TGA i WAXD j 

������ Tm Tg Td-5% Td-max 2θ �� 
PA 8,F Enzymatic a 7300 - 13400 f 147 - 163 116 - 126 370 - 411 451 - 470 18.9, 21.6, 24.1 ~ 15 % 

PA 8,F 20 Melt b 6000 - 10000 g 125 - e - e - e - e - e 

PA 8,F 21 Melt c 4300 f 125 83 - e 350 - 450 - e - e 

PA 8,T 66 Interfacial d - e 335 123 - e - e 21.0 Medium k 

PA 8,T 67 - e - e 338 - e 402 - e 19.0, 22.5 Low k 

a PA 8,F was synthesized via the N435-catalyzed polymerization of DMFDCA and 1,8-ODA in toluene/diphenyl 
ether; b PA 8,F was produced via the melt polycondensation of FDCA and 1,8-ODA; c PA 8,F was synthesized via 
the organometal-catalyzed melt polycondensation of DMFDCA and 1,8-ODA; d PA 8,T was prepared via the 
interfacial polymerization of terephthaloyl chloride and 1,8-ODA; e Not mentioned in the literature; f ������ (number 
average molecular weight, g/mol) was determined by SEC using DMSO/LiBr as the eluent; g ������ (g/mol) was 
determined by end group titration; h Tm (melting temperature, °C) was obtained from the first DSC heating scan; 
Tg (glass transition temperature, °C) was obtained from the second or third DSC heating scans; i Td-5% 
(decomposition temperature at 5% weight loss, °C) and Td-max (temperature at maximum rate of decomposition, 
°C) were determined by TGA; j The diffraction peaks (2θ, o) and degree of crystallinity (��, %) were determined 
by WAXD; k The degree of crystallinity (��, %) was estimated by visual examination.  

 

Figure 7.8. Representative WAXD spectrum of PA 8,F with multi-peak fitting. PA 
8,F (������ = 8400 g/mol, ������� = 14900 g/mol) was synthesized via the 
one-stage enzymatic polymerization of DMFDCA and 1,8-ODA in 
toluene at 70 °C with 10 wt % of N435. 

The thermal transitions of the tested PA 8,F were characterized by DSC (Table 7.3, 
Table 7.4 and Figure 7.9). The tested PA 8,F displayed a melting peak ranging 
from 147 to 163 °C in the first DSC heating scan. The small deviations of Tm 
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FDCA-based polyamides. However, this problem could be addressed by using 
FDCA-based oligomers as precursors. In addition, ionic liquids would be the best 
green solvent for the enzymatic polymerization of FDCA-based polyamides, as 
enzymes function well in these VOC-free solvents.64, 65 Besides, FDCA-based 
polyamides may dissolve better in some ionic liquids.  

MALDI-ToF MS analysis indicated that the temperature varied two-stage 
enzymatic polymerization resulted in the same polyamide species as those 
produced from the one-stage enzymatic polymerization (see Figure 7.7).  

 

Figure 7.7. Representative MALDI-ToF MS spectrum of PA 8,F with detailed 
peak interpretation. PA 8,F (������ = 7300 g/mol, ������� = 17700 g/mol) 
was synthesized from the temperature varied two-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in diphenyl ether at 80 °C 
with 20 wt % of N435. 

7.3.4 Crystallinity and Thermal Properties of the Obtained P8AF 

The tested PA 8,F is a semi-crystalline material with white or yellow color. In 
WAXD studies, it displayed three weak reflection peaks at 2θ of 18.9 (d = 4.69 Å) , 
21.6 (d = 4.11 Å) and 24.1 o(d = 3.69 Å) (see Figure 7.8). We found that the tested 
PA 8,F exhibited similar WAXD patterns to the TPA-based counterpart, PA 8,T. 
As reported in literature,66, 67 the crystalline peaks of PA 8,T were at 2θ of 19.0 (d = 
4.67 Å), 21.0 (d = 4.23 Å) and 22.5 o (d = 3.95 Å) (see Table 7.4). This is in good 
agreement with our previous study on the crystallinity properties of FDCA-based 
polyesters.43 We found that FDCA-based polyesters showed the same crystal 
structures compared to their TPA-based counterparts. However, the unit cells of 
semi-aromatic polyamides and FDCA-based furanic-aliphatic polyamides have not 
been investigated yet, which require further studies in the future. 
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We found that the tested PA 8,F had a low degree of crystallinity (��) of around 15 
%, which is comparable to PA 8,T that possessed a low or medium ��.66, 67 This is 
mainly due to the huge chain dissimilarity between the FDCA/TPA units and the 
diamine units and the reduced hydrogen bonding density in PA 8,F/PA 8,T because 
of the rigid furan/benzene ring.  

Table 7.4. Crystallinity and thermal properties of PA 8,F and PA 8,T 

Entry Synthesis 
approach 

 DSC h TGA i WAXD j 

������ Tm Tg Td-5% Td-max 2θ �� 
PA 8,F Enzymatic a 7300 - 13400 f 147 - 163 116 - 126 370 - 411 451 - 470 18.9, 21.6, 24.1 ~ 15 % 

PA 8,F 20 Melt b 6000 - 10000 g 125 - e - e - e - e - e 

PA 8,F 21 Melt c 4300 f 125 83 - e 350 - 450 - e - e 

PA 8,T 66 Interfacial d - e 335 123 - e - e 21.0 Medium k 

PA 8,T 67 - e - e 338 - e 402 - e 19.0, 22.5 Low k 

a PA 8,F was synthesized via the N435-catalyzed polymerization of DMFDCA and 1,8-ODA in toluene/diphenyl 
ether; b PA 8,F was produced via the melt polycondensation of FDCA and 1,8-ODA; c PA 8,F was synthesized via 
the organometal-catalyzed melt polycondensation of DMFDCA and 1,8-ODA; d PA 8,T was prepared via the 
interfacial polymerization of terephthaloyl chloride and 1,8-ODA; e Not mentioned in the literature; f ������ (number 
average molecular weight, g/mol) was determined by SEC using DMSO/LiBr as the eluent; g ������ (g/mol) was 
determined by end group titration; h Tm (melting temperature, °C) was obtained from the first DSC heating scan; 
Tg (glass transition temperature, °C) was obtained from the second or third DSC heating scans; i Td-5% 
(decomposition temperature at 5% weight loss, °C) and Td-max (temperature at maximum rate of decomposition, 
°C) were determined by TGA; j The diffraction peaks (2θ, o) and degree of crystallinity (��, %) were determined 
by WAXD; k The degree of crystallinity (��, %) was estimated by visual examination.  

 

Figure 7.8. Representative WAXD spectrum of PA 8,F with multi-peak fitting. PA 
8,F (������ = 8400 g/mol, ������� = 14900 g/mol) was synthesized via the 
one-stage enzymatic polymerization of DMFDCA and 1,8-ODA in 
toluene at 70 °C with 10 wt % of N435. 

The thermal transitions of the tested PA 8,F were characterized by DSC (Table 7.3, 
Table 7.4 and Figure 7.9). The tested PA 8,F displayed a melting peak ranging 
from 147 to 163 °C in the first DSC heating scan. The small deviations of Tm 
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between the tested PA 8,F could be attributed to the different molecular weights, 
varied compositions of end groups and different crystallinities. We also found that 
the tested PA 8,F possessed a significantly higher Tm compared to those 
synthesized from the conventional approaches (Tm = 125 °C).18, 20, 21 This can be 
explained by the higher molecular weights and the increased chain regularity of PA 
8,F synthesized from the enzymatic polymerization. The latter is due to the fact 
that side-reactions like oxidation, decarboxylation and branching are prevented 
during the enzymatic polymerization. 

However, the Tm of the obtained PA 8,F is much lower compared to PA 8,T 
(335/338 °C).66, 67 This is in accordance with the previous study reported by 
Rastogi et al..68 They found that the FDCA-based poly(ester amide) possessed a 
substantially lower Tm compared to its TPA-based counterpart. They attributed this 
to the occurrence of additional interactions between the amide groups and the 
oxygen heteroatoms of FDCA units. These additional interactions decreased the 
formation of intermolecular hydrogen bonds and hindered the crystallization of 
FDCA-based polymers, which led to the formation of defected crystals, as well as, 
a concomitant suppression of Tm. 

 

Figure 7.9. Representative DSC curves of PA 8,F. PA 8,F (������ = 8400 g/mol, ������� 
= 14900 g/mol) was produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 70 °C with 10 
wt % of N435. 

No crystallization was observed in the DSC cooling scan of the obtained PA 8,F, 
and no melting peak appeared in the second DSC heating scan (Figure 7.9). This 
indicated that the obtained PA 8,F cannot crystallize in bulk during the DSC 
measurement. In addition, the amorphous PA 8,F also cannot crystallize in bulk at 
temperatures above Tg and below Tm. As confirmed by the DSC measurements, no 
melting was observed in the first DSC scan of the tested PA 8,F after storage at 
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130/135°C for one week. This suggested that the crystallization of PA 8,F is 
extremely slow in bulk at the tested temperatures and time scales. We suspect that 
the crystallization of PA 8,F might be only induced by the solvent. It is generally 
acknowledged that the sorption and diffusion of solvents into the amorphous part 
of polymers result in an increase of free volume, and enhance the mobility of the 
polymeric segments by interrupting the intersegmental forces.69 Especially, in our 
case, the additional interactions between the amide groups and the oxygen 
heteroatoms of FDCA units can be significantly reduced in solution. Therefore, the 
polymer chains of PA 8,F can rearrange into a more thermodynamically lower 
energy state, generally the crystal state, at temperatures well below the 
crystallization transition temperature. However, in the melt state without solvents, 
the crystallization of PA 8,F may be greatly limited because of those additional 
interactions and the reduced chain mobility due to the high density of the random 
hydrogen bondings and π-π stackings of furan rings. 

The Tg of the tested PA 8,F is slightly different, ranging from 116 to 126 °C. This 
can be explained by the synthetic effects caused by the different molecular weights 
and the varied compositions of end groups of the tested PA 8,T. We also noticed 
that the Tg of tested PA 8,F is significantly higher than that of PA 8,F obtained 
from the organometal-catalyzed melt polymerization (83 °C).21 This is due to the 
fact that the molecular weights of the tested PA 8,F produced via the enzymatic 
polymerization are much higher. In addition, PA 8,F shows a similar Tg to PA 8,T 
(123 °C).66  

 

Figure 7.10. Representative TGA curves of PA 8,F. PA 8,F (������ = 13400 g/mol, 
�������  = 48300 g/mol) was synthesized via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 90 °C with 
20 wt % of N435. 

The thermal stability of the obtained PA 8,F was determined by TGA (see Table 
7.1, Table 7.3, and Figure 7.10). The tested PA 8,T possessed a decomposition 
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between the tested PA 8,F could be attributed to the different molecular weights, 
varied compositions of end groups and different crystallinities. We also found that 
the tested PA 8,F possessed a significantly higher Tm compared to those 
synthesized from the conventional approaches (Tm = 125 °C).18, 20, 21 This can be 
explained by the higher molecular weights and the increased chain regularity of PA 
8,F synthesized from the enzymatic polymerization. The latter is due to the fact 
that side-reactions like oxidation, decarboxylation and branching are prevented 
during the enzymatic polymerization. 

However, the Tm of the obtained PA 8,F is much lower compared to PA 8,T 
(335/338 °C).66, 67 This is in accordance with the previous study reported by 
Rastogi et al..68 They found that the FDCA-based poly(ester amide) possessed a 
substantially lower Tm compared to its TPA-based counterpart. They attributed this 
to the occurrence of additional interactions between the amide groups and the 
oxygen heteroatoms of FDCA units. These additional interactions decreased the 
formation of intermolecular hydrogen bonds and hindered the crystallization of 
FDCA-based polymers, which led to the formation of defected crystals, as well as, 
a concomitant suppression of Tm. 

 

Figure 7.9. Representative DSC curves of PA 8,F. PA 8,F (������ = 8400 g/mol, ������� 
= 14900 g/mol) was produced via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 70 °C with 10 
wt % of N435. 

No crystallization was observed in the DSC cooling scan of the obtained PA 8,F, 
and no melting peak appeared in the second DSC heating scan (Figure 7.9). This 
indicated that the obtained PA 8,F cannot crystallize in bulk during the DSC 
measurement. In addition, the amorphous PA 8,F also cannot crystallize in bulk at 
temperatures above Tg and below Tm. As confirmed by the DSC measurements, no 
melting was observed in the first DSC scan of the tested PA 8,F after storage at 
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130/135°C for one week. This suggested that the crystallization of PA 8,F is 
extremely slow in bulk at the tested temperatures and time scales. We suspect that 
the crystallization of PA 8,F might be only induced by the solvent. It is generally 
acknowledged that the sorption and diffusion of solvents into the amorphous part 
of polymers result in an increase of free volume, and enhance the mobility of the 
polymeric segments by interrupting the intersegmental forces.69 Especially, in our 
case, the additional interactions between the amide groups and the oxygen 
heteroatoms of FDCA units can be significantly reduced in solution. Therefore, the 
polymer chains of PA 8,F can rearrange into a more thermodynamically lower 
energy state, generally the crystal state, at temperatures well below the 
crystallization transition temperature. However, in the melt state without solvents, 
the crystallization of PA 8,F may be greatly limited because of those additional 
interactions and the reduced chain mobility due to the high density of the random 
hydrogen bondings and π-π stackings of furan rings. 

The Tg of the tested PA 8,F is slightly different, ranging from 116 to 126 °C. This 
can be explained by the synthetic effects caused by the different molecular weights 
and the varied compositions of end groups of the tested PA 8,T. We also noticed 
that the Tg of tested PA 8,F is significantly higher than that of PA 8,F obtained 
from the organometal-catalyzed melt polymerization (83 °C).21 This is due to the 
fact that the molecular weights of the tested PA 8,F produced via the enzymatic 
polymerization are much higher. In addition, PA 8,F shows a similar Tg to PA 8,T 
(123 °C).66  

 

Figure 7.10. Representative TGA curves of PA 8,F. PA 8,F (������ = 13400 g/mol, 
�������  = 48300 g/mol) was synthesized via the one-stage enzymatic 
polymerization of DMFDCA and 1,8-ODA in toluene at 90 °C with 
20 wt % of N435. 

The thermal stability of the obtained PA 8,F was determined by TGA (see Table 
7.1, Table 7.3, and Figure 7.10). The tested PA 8,T possessed a decomposition 
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temperature at 5 % weight loss (Td-5%), and a temperature at maximum rate of 
decomposition (Td-max) at around 370 - 411 and 451 - 470 °C, respectively. This 
suggested that the thermal stability of PA 8,F was comparable to PA 8,T which 
showed Td-5% at 402 °C.67 Meanwhile, a small amount of the tested PA 8,F 
degraded at around 327 °C (Figure 7.10). This is also similar to the conventional 
semi-aromatic polyamides which displayed a small decomposition step at around 
340 - 350 °C.67  

7.4 Conclusions 

For the first time PA 8,F is successfully synthesized via the N435-catalyzed 
polymerization, with a high ������� up to 54000 g/mol, much higher compared to those 
synthesized via the melt polycondensation at elevated temperatures. We found that 
the one-stage method in toluene yields the highest molecular weight PA 8,F at 90 
°C by using 20 wt % of N435; and the temperature varied two-stage method in 
diphenyl ether results in PA 8,F with the highest molecular weights at 140 °C by 
using 20 wt % of N435. We also found that eight polyamides species are present in 
the tested PA 8,F, which are terminated by ester/amine, ester/ester, amine/amine, 
acid/amine, ester/acid, acid/acid, and ester/amide, as well as, cyclic without end 
groups, respectively. The obtained PA 8,F is a promising sustainable analog to PA 
8,T with great commercial interest as thermal engineering materials and high 
performance materials. Compared to PA 8,T, the tested PA 8,F shows a similar Tg 
and similar crystal structures, a comparable Td, but a lower Tm. 

In the future, we will study the reaction kinetics of the enzymatic polycondensation 
of FDCA-based polyamides. We also plan to expand the work to other biobased 
aliphatic diamines and eco-friendly solvents.  
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Summary 
Nowadays "green" is a hot topic almost everywhere, from retailers to universities to 
industries; and achieving green has become a universal perspective. However, 
polymers are commonly considered not to be “green”, being associated with massive 
energy consumption and severe pollution problems (e.g. the “Plastic Soup”) as a 
public stereotype. To achieve green polymers, three elements should be entailed:  

(1)  green raw materials, catalysts and solvents;  

(2)  eco-friendly synthesis processes; and  

(3)  sustainable polymers with a low carbon footprint, for example, (bio)degradable 
polymers or polymers which can be recycled or have a low environmental 
impact upon disposal.  

By utilizing biobased monomers in enzymatic polymerizations, many advantageous 
green aspects can be fulfilled (Scheme 1). For example, biobased monomers and 
enzyme catalysts are renewable materials which are derived from biomass 
feedstocks; enzymatic polymerizations are clean and energy saving processes; and 
no toxic residuals contaminate the final products. Therefore, synthesis of renewable 
polymers via enzymatic polymerizations of biobased monomers provides an 
opportunity for achieving green polymers and a future sustainable polymer industry, 
which will eventually play an essential role for realizing and maintaining a green and 
sustainable society.  

In this research, we investigated the enzymatic polymerization of different 
combinations of (potential) biobased monomers under mild conditions, using 
Novozym® 435 (an immobilized form of Candida antarctica lipase b (CALB)) as 
the biocatalyst. The monomers used were aliphatic diacids and diesters, aliphatic 
diols and polyols, furan monomers and aliphatic diamines. Novozym® 435 was 
chosen over other lipases, as it possesses a broad substrate specificity, stable 
performance and tolerates diverse conditions. We succeeded in preparing various 
biobased polymers including saturated aliphatic polyesters, unsaturated aliphatic 
polyesters, furan polyesters and furan polyamides. 
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Scheme 1. Polymers go even greener: synthesis of biobased polyesters and 
polyamides via a biocatalytic approach - enzymatic polymerization of 
biobased monomers derived from renewable resources.  

Aliphatic polyesters are (potential) biobased polymers which present many attractive 
attributes such as (bio)degradability, biocompatibility and possibly bioresorbability. 
We successfully synthesized a series of saturated aliphatic polyesters, poly(butylene 
dicarboxylate)s, via the enzymatic polymerization of 1,4-butanediol and diacid ethyl 
esters differing in chain length (n = 2, 3, 4, 6, 8 and 10 - number of methylene units 
in the diacid fragment), using a two-stage method in diphenyl ether at 80 oC (see 
Chapter 4). High molecular weight poly(butylene dicarboxylate)s were obtained, 
with �������’s of up to 94000 g/mol. We found that increasing the chain length of diacid 
ethyl ester from 2 to 4 resulted in poly(butylene dicarboxylate)s of significant higher 
molecular weights; however, upon further increasing the chain length from 4 to 10, 
poly(butylene dicarboxylate)s with lower molecular weights were obtained. 
Meanwhile, the enzymatic polymerization with diethyl succinate (n = 2) gave the 
lowest molecular weight products. This suggested that CALB prefers diacid ethyl 
esters having a chain length of more than 2 (n > 2); and CALB shows the highest 
specificity for diethyl adipate (n = 4) among the tested diacid ethyl esters. 

Itaconate-based aliphatic polyesters are interesting biobased photo-curable polymers 
containing C=C bonds appended to the polymer main chain. Normally it is quite a 
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challenge to synthesize itaconate-based polyesters via conventional approaches, due 
to the low reactivity of itaconate and the occurrence of isomerization or cross-linking 
of the C=C bonds at elevated temperatures or by metal catalysts. However, we 
successfully prepared various high molecular weight itaconate-based unsaturated 
polyesters, poly(butylene dicarboxylate-co-itaconate)s, via the enzymatic 
polymerization of 1,4-buatnediol, dimethyl itaconate and diacid ethyl esters varying 
in chain length (Chapters 2 - 4).  

We firstly investigated the effects of polymerization conditions on the two-stage 
enzymatic polymerization of diethyl succinate, itaconate and 1,4-butanediol in 
solution (Chapter 2). With the established method, poly(butylene succinate-co-
itaconate)s (PBSIs) with ������� ’s of up to 22600 g/mol were produced via the 
enzymatic polymerization; however, a maximum of ~ 25 mol % of itaconate can be 
incorporated into the final products.  

Subsequently we investigated the enzymatic synthesis of PBSI by using different 
monomer substrates, as well as, by applying different polymerization methods 
(Chapter 3). We found that the enzymatic polycondensation of succinic acid, 
itaconic acid, and 1,4-butanediol only yielded oligomers, with �������’s of around 500 - 
1500 g/mol, despite different polymerization methods were used. By replacing the 
unactivated dicarboxylic acids with alkyl diesters, PBSIs with various molar 
compositions and significant higher molecular weights were obtained, with �������’s of 
up to 28300 g/mol. In addition, we found that the azeotropic polymerization in the 
mixture of cyclohexane and toluene is the most suitable approach for the synthesis 
of high molecular weight PBSIs with desirable chemical compositions; the two-stage 
enzymatic polymerization in diphenyl ether is capable of producing high molecular 
weight PBSIs with less than 30 mol % of itaconate; and the two-stage enzymatic 
melt polymerization gives PBSIs with controllable chemical compositions but low 
molecular weights. Moreover, the 13C-NMR study revealed that different 
microstructures are present in PBSIs obtained from different polymerization 

methods. The formation of I-B-I-3 microstructures ( ) is 
crucial for synthesizing high molecular weight PBSIs with desired chemical 
compositions; and CALB is capable of producing more I-B-I-3 microstructures in 
the mixture of cyclohexane and toluene by azeotropic distillation.  

However, by replacing diethyl succinate (n = 2) with the other diacid ethyl esters 
with relatively longer chain length (n = 3 ~ 10), the two-stage enzymatic 
polymerization in diphenyl ether resulted in a series of unsaturated aliphatic 
polyesters with desired molar compositions and high �������’s of up to 57900 g/mol 
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unactivated dicarboxylic acids with alkyl diesters, PBSIs with various molar 
compositions and significant higher molecular weights were obtained, with �������’s of 
up to 28300 g/mol. In addition, we found that the azeotropic polymerization in the 
mixture of cyclohexane and toluene is the most suitable approach for the synthesis 
of high molecular weight PBSIs with desirable chemical compositions; the two-stage 
enzymatic polymerization in diphenyl ether is capable of producing high molecular 
weight PBSIs with less than 30 mol % of itaconate; and the two-stage enzymatic 
melt polymerization gives PBSIs with controllable chemical compositions but low 
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methods. The formation of I-B-I-3 microstructures ( ) is 
crucial for synthesizing high molecular weight PBSIs with desired chemical 
compositions; and CALB is capable of producing more I-B-I-3 microstructures in 
the mixture of cyclohexane and toluene by azeotropic distillation.  

However, by replacing diethyl succinate (n = 2) with the other diacid ethyl esters 
with relatively longer chain length (n = 3 ~ 10), the two-stage enzymatic 
polymerization in diphenyl ether resulted in a series of unsaturated aliphatic 
polyesters with desired molar compositions and high �������’s of up to 57900 g/mol 



Summary 

Page | 214 

(Chapter 4). The molar percentage of itaconate in the unsaturated polyesters can be 
tailored from 0 ~ 35 % by adjusting the feed ratio of itaconate; and all C=C bonds 
were well preserved in the resulting polyesters. We found that the enzymatic 
polymerization involving a higher feed ratio of itaconate generally gave lower 
molecular weight products; however, with diethyl dodecanedioate having the longest 
chain length (n = 10) among the tested diacid ethyl esters, higher molecular weight 
products were obtained at higher feed ratios of itaconate. Moreover, the obtained 
itaconate-based polyesters can be thermally cross-linked (Chapter 3) or photo-cured 
(Chapter 4). We found that the thermal and mechanical properties of the cross-
linked polyesters can be controlled by adjusting the chain length of diacid ethyl ester 
units and the amount of itaconate units incorporated into the main chain. 

From Chapters 2 - 4 we can draw the conclusion that enzymatic polymerization is 
a versatile and powerful approach for the production of aliphatic polyesters and 
unsaturated aliphatic polyesters. However, the obtained aliphatic polymers possess 
low values of Tg (≤  - 30 oC) and Tm (≤  115 oC). For applications needing polymers 
with higher Tg and Tm, we developed a robust biocatalytic approach towards semi-
aromatic polymer analogues, furan polyesters and furan polyamides, with Tg of up 
to 120 oC and Tm of up to 160 oC. (Chapters 5 - 7). 

We studied the enzymatic polymerization of 2,5-bis(hydroxymethyl)furan (BHMF) 
and various diacid ethyl esters, using the two-stage method in diphenyl ether at 80 
oC (Chapter 5). BHMF-based polyesters with low molecular weights were produced 
(�������’s of around 1800 - 2900 g/mol). The polymerization kinetic study and MALDI-
ToF MS analysis revealed that ether end groups were formed during the enzymatic 
polymerization, which led to the low molecular weights. 

However, 2,5-furandicarboxylic acid (FDCA)-based furanic-aliphatic polyesters 
were successfully produced via the enzymatic polymerization of dimethyl FDCA 
with various aliphatic diols, using a temperature-varied two-stage method in 
diphenyl ether at 80 - 140 oC (Chapter 6). These FDCA-based furanic-aliphatic 
polyesters are sustainable alternatives to semi-aromatic polyesters and have great 
commercial interest as commodity polymers and thermoplastic engineering 
polymers. The obtained FDCA-based furanic-aliphatic polyesters reached a very 
high ������� of up to 100000 g/mol, which is normally hard to achieve by enzymatic 
polymerization. For the first time we demonstrated that enzymatic polymerizations 
are capable of producing high molecular weight FDCA-based polyesters, which have 
been primarily synthesized via step-growth polymerization using organometallic 
catalysts at elevated temperatures at around 150 - 280 oC. Moreover, we found that 
CALB prefers long-chain alkane-α,ω-aliphatic linear diols containing more than 3 
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carbons. Furthermore, the FDCA-based furanic-aliphatic polyesters possess similar 
crystalline and thermal properties compared to their petrol-based counterparts, semi-
aromatic polyesters. 

It is even more exciting that we successfully synthesized high molecular weight 
FDCA-based furanic-aliphatic polyamides from the enzymatic polymerization of 
dimethyl FDCA and 1,8-octanediamine, using a one-stage method in toluene at 60 - 
100 oC or a temperature-varied two-stage method in diphenyl ether at 80 - 140 oC 
(Chapter 7). The FDCA-based furanic-aliphatic polyamides can be used as a 
promising sustainable alternatives to petrol-based polyphthalamides (semi-aromatic 
polyamides) and be applied as thermoplastic engineering polymers and high 
performance materials. The enzymatic polymerization resulted in 
poly(octamethylene furanamide) (PA 8,F) with a very high �������  of up to 54000 
g/mol. This is the first time that FDCA-based polyamides are successfully produced 
via enzymatic polymerization; and the molecular weights of the obtained PA 8,F are 
much higher than those produced via melt-polycondensation, the primarily synthesis 
approach for semi-aromatic polyamides, at elevated temperatures usually above 
200 oC. Moreover, the obtained PA 8,F possesses a similar Tg and similar crystal 
structures, a comparable Td, but a lower Tm, compared to its petrol-based counterpart, 
poly(octamethylene terephthalamide) (PA 8,T). 

In addition, we established structure-properties relationships for the (novel) biobased 
polyesters by comparing crystalline/thermal properties of a series of relevant 
polymers. We found that the degree of crystallinity and Tm of the obtained aliphatic 
polyesters and BHMF-based polyesters generally increase with an increasing 
amount of methylene units incorporated into the polyester chains. This indicated that 
aliphatic polyesters and BHMF-based polyesters containing more methylene units 
possess higher crystallization ability. However, an opposite trend was observed for 
the synthesized FDCA-based furanic-aliphatic polyesters. Moreover, the Tg of the 
tested aliphatic polyesters and BHMF-based polyesters showed a parabolic trend 
towards the amount of methylene units in the polymer chains: the Tg firstly decreases 
with increasing amount of methylene units in the polyester chains; however, after 
the amount of methylene units reach a critical value, the Tg increases again. 
Regarding to the tested FDCA-based furanic-aliphatic polyesters, the Tg decreases 
with increasing amount of methylene units in the polymer chains. Furthermore, the 
amount of methylene units in the polyester chains showed no significant influence 
on the thermal stability of the tested polyesters with similar structures. 

The synthesized biobased polyesters are promising sustainable alternatives to their 
petrol-based counterparts, which have broad potential applications (Table 1).  
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possess higher crystallization ability. However, an opposite trend was observed for 
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towards the amount of methylene units in the polymer chains: the Tg firstly decreases 
with increasing amount of methylene units in the polyester chains; however, after 
the amount of methylene units reach a critical value, the Tg increases again. 
Regarding to the tested FDCA-based furanic-aliphatic polyesters, the Tg decreases 
with increasing amount of methylene units in the polymer chains. Furthermore, the 
amount of methylene units in the polyester chains showed no significant influence 
on the thermal stability of the tested polyesters with similar structures. 

The synthesized biobased polyesters are promising sustainable alternatives to their 
petrol-based counterparts, which have broad potential applications (Table 1).  
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Table 1.  Biobased polymers synthesized via enzymatic polymerizations in this 
research and their potential applications 

Synthesized biobased polymers Type of polymers Target polymers to be replaced Potential applications 

A series of poly(butylene dicarboxylate)s 

including poly(butylene succinate) 

Saturated aliphatic 

polyesters 

Petrol-based aliphatic polyesters 

including poly(butylene succinate) 

Commodity polymers 

Fibers  

Biomedical applications 

Series of poly(butylene dicarboxylate-co-

itaconate)s 

Unsaturated 

aliphatic polyesters 

Unsaturated aliphatic polyesters based on 

petrol-based unsaturated diacids 

Thermosetting resins  

Biomedical applications 

Pharmaceutical applications 

Poly(butylene furanoate) 

Semi-aromatic 

polyester analogues 

Poly(butylene terephthalate) 

Commodity polymers  

Thermal engineering plastics 

Poly(2,3-butylene furanoate) Poly(2,3-butylene terephthalate) 

Poly(hexamethylene furanoate) Poly(hexamethylene terephthalate) 

Poly(octamethylene furanoate) Poly(octamethylene terephthalate) 

Poly(decamethylene furanoate) Poly(decamethylene terephthalate) 

Poly(diethylene glycol furanoate) Poly(diethylene glycol terephthalate) 

Poly(octamethylene furanamide) Semi-aromatic 

polyamide 

Poly(octamethylene terephthalamide) 
Thermal engineering plastics 

High performance materials 

The obtained saturated aliphatic polyesters can be used as commodity polymers and 
fibers, also in biomedical applications. For example, the synthesized fully biobased 
poly(butylene succinate) (PBS) can replace the current petrol-based PBS and 
partially biobased PBS, which is used as packaging material, mulch films, fiber and 
textile material, a matrix polymer or a modifier for composite materials, 
biodegradable drug encapsulation systems, and so on.  

The obtained itaconate-based unsaturated polyesters can be used as replacement for 
other unsaturated polyesters based on petrol-based unsaturated diacids such as 
maleic, fumaric and glutaconic acids. These biobased unsaturated aliphatic 
polyesters can be applied as thermosetting resins for the manufacture of reinforced 
plastics and coatings, and have potential biomedical and pharmaceutical applications 
such as in sutures, bone screws, tissue engineering scaffolds and drug delivery 
systems. 
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The FDCA-based furanic-aliphatic polyesters can be used as sustainable substitutes 
to the current terephthalic acid (TPA) and isophthalic acid (IPA)-based semi-
aromatic polyesters, which can be used as commodity polymers and thermal 
engineering plastics. For example, the obtained poly(butylene furanoate) (PBF) is a 
biobased alternative to poly(butylene terephthalate) (PBT), which has found broad 
applications in automotive industry (automotive exterior and interior parts, and auto 
electrical system components), electrical and electronics industries (for both signal 
and power uses), consumer goods (small handheld appliances and tools), cosmetics 
applications (leave-on, rinse-off and bath products), and so on. 

The synthesized FDCA-based furanic-aliphatic polyamide, PA 8,F, is a green 
analogue to petrol-based PA 8,T, which can be applied as thermal engineering 
plastics and high performance materials in many industrial areas such as in 
automotive industry (add-on engine parts and in plastic-rubber composites), 
machinery and appliances industries (heavy metal replacement), electronic industry 
(LEDs and cable/wire protection), oil industry (gas pipes and supply lines), and so 
on. 

Although we demonstrated in this research that enzymatic polymerizations are a 
powerful and green approach for the production of various biobased polyesters and 
polyamides, this approach also possesses some limitations and disadvantages: 

(1)  the atom efficiency is low as  diesters were used at this stage of the research; 

(2)  non-ecofriendly solvents including diphenyl ether and toluene are used;  

(3)  long polymerization times are required for achieving high molecular weights; 

(4)  high reaction temperatures at around 100 - 140 oC were applied for enzymatic 
synthesis of polymers having a high Tm and low solubility; and the catalytic 
reactivity of enzymes decreases significantly at such elevated temperatures;  

(5)  the price of enzyme catalysts is still quite high; 

(6)  enzymatic polymerizations involving monomers with short chain length like 
1,3-propanediol, monomers with secondary hydroxyl groups such as isosorbide 
and 2,3-butanediol, and polyols, result in low molecular weight products;  

(7)  the purify and price of biobased monomers remain a concern; 

(8)  last but certainly not least, only limited variety of biobased monomers are 
currently commercially available. 
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Therefore, more efforts are required to address these problems. For example, diacids 
can be used to improve the atom efficiency, green solvents such as ionic liquids and 
supercritical CO2 can be employed as the reaction media, more robust and thermal 
stable enzymes should be developed for enzymatic polymerizations, improved and 
optimal processes should be explored for the production of diverse biobased 
monomers with high purity and low price, and so on. 

At present, enzymatic polymerizations have already been poised for use in 
commercial process to prepare polymers targeted for cosmetic and medical 
applications. However, polymers including biobased polymers are still 
predominately produced via conventional approaches; and biobased polymers only 
represent a 2 % share of polymer production in 2013. However, due to the fast 
development of biotechnologies and enzymatic polymerization techniques, and the 
increased realization of the great benefits that enzymatic polymerizations and 
biobased monomers have to offer, there will be more highly value-added specialty 
biobased polymers produced commercially via biocatalytic approach in the near 
future. However, for the production of biobased commodity polymers, engineering 
plastics and high performance polymers, the commercial enzymatic process is 
promising but still has a long way to go, considering the high efficiency and low cost 
of the current pathways to the petrol-based counterparts. 

 

Samenvatting 
“Groen” is tegenwoordig bijna overal een hot topic, van retail, tot universiteiten, en 
industrie. Het bereiken van groen is een algemene doelstelling geworden. Echter, 
veel polymeren worden doorgaans niet als “groen” beschouwd. Integendeel, ze 
worden vaak geassocieerd met enorme energieconsumptie en flinke 
vervuilingsproblemen (zie bijv. de “plasticsoep”). Drie verschillende elementen 
spelen een rol bij het bereiken van groene polymeren: 

(1)  het gebruik van groene ruwe materialen, katalysatoren en oplosmiddelen, 

(2)  productieprocessen moeten milieuvriendelijk zijn, en 

(3)  duurzame polymeren met een lage carbon footprint, via bijvoorbeeld biologisch 
afbreekbare polymeren, polymeren die kunnen worden gerecycled of een kleine 
invloed hebben op het milieu bij afvoer. 

Door gebruik te maken van biobased monomeren in enzymatische polymerisaties, 
kan er aan veel van deze voordelige groene aspecten worden voldaan (Schema 1). 
Een voorbeeld hiervan is het gebruik van zowel monomeren als enzymatische 
katalysatoren die zijn afgeleid van biomassa. Daarnaast zijn enzymatische 
polymerisaties schoon en energiebesparend en het eindproduct zal niet door giftige 
afvalstoffen worden vervuild. Daarom is de synthese van hernieuwbare polymeren 
via enzymatische polymerisatie van biobased monomeren een mogelijkheid voor het 
bereiken van groene polymeren en een toekomstige, duurzame kunststofindustrie, 
welke uiteindelijk een belangrijke rol zal spelen bij het realiseren en behouden van 
een groene en duurzame maatschappij. 

In dit onderzoek hebben we de enzymatische polymerisatie van verschillende 
combinaties van (potentiële) biobased monomeren onder milde condities 
onderzocht, gebruik makend van Novozym® 435 als biokatalysator (een 
geïmmobiliseerde variant van Candida antarctica lipase b, ook wel CALB). De 
gebruikte monomeren waren alifatische dizuren, diesters, diolen en polyolen, 
furaanmonomeren en alifatische diamines. Novozym® 435 werd verkozen boven 
andere lipasen, omdat het een breed scala aan substraten kan accepteren, een stabiele 
werking heeft en diverse reactiecondities tolereert. Wij zijn erin geslaagd 
verschillende biobased polymeren te synthetiseren, waaronder verzadigde alifatische 
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polyesters, onverzadigde alifatische polyesters, furaan-houdende polyesters en 
furaan-houdende polyamides. 

 

Schema 1. Polymeren gaan nog groener: synthese van biobased polyesters en 
polyamides via een biokatalytische benadering - enzymatische 
polymerisatie van biobased monomeren welke van hernieuwbare 
bronnen zijn afgeleid. 

Alifatische polyesters zijn (potentiële) biobased polymeren met diverse 
aantrekkelijke eigenschappen, zoals biologische afbreekbaarheid, biocompatibiliteit 
en mogelijk bioresorbabiliteit. We hebben succesvol een aantal verzadigde 
alifatische polyesters gemaakt: polybutyleendicarboxylaten via de enzymatische 
polymerisatie van 1,4-butaandiol en enkele dizuurethylesters met verschillende 
ketenlengtes (n = 2, 3, 4, 6, 8 en 10; het aantal methyleeneenheden in het 
dizuurfragment), door gebruik te maken van een tweetraps methode in difenylether 
bij 80 °C (zie Hoofdstuk 4). Polybutyleendicarboxylaten met hoge 
molecuulgewichten werden verkregen, �������’s variërend tot 94000 g/mol. We hebben 
gevonden dat een toename in de ketenlengte van n = 2 tot 4 tot 
polybutyleendicarboxylaten met significant hogere molecuulgewichten leidde, 
hoewel bij het verder verhogen van de ketenlengte (n = 4 tot 10) het molecuulgewicht 
van de gevormde polybutyleendicarboxylaten  afnam. Daarbij gaf enzymatische 
polymerisatie met diethylsuccinaat (n = 2) eindproducten met het laagste 
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molecuulgewicht. Dit resultaat suggereert dat CALB de voorkeur geeft aan 
dizuurethylesters met ketenlengtes groter dan 2 (n > 2) en dat onder de geteste groep 
dizuurethylesters CALB de hoogste specificiteit heeft voor diethyladipaat (n = 4). 

Itaconaat-gebaseerde alifatische polyesters zijn interessante biobased polymeren, 
omdat de hoofdketen C=C bindingen bevat welke onder invloed van licht kunnen 
worden vernet. Door de lage reactiviteit van itaconaat en het voorkomen van 
vernetting van de C=C bindingen bij verhoogde temperaturen of door 
metaalkatalysatoren, is het normaal gesproken een behoorlijke uitdaging om 
itaconaat-gebaseerde polyesters via de gebruikelijke methoden te synthetiseren. 
Door gebruik te maken van enzymatische polymerisatie zijn we er toch in geslaagd 
om verscheidene itaconaat-bevattende onverzadigde polyesters te maken: 
poly(butyleendicarboxylaat-co-itaconaat) via 1,4-butaandiol, dimethylitaconaat en 
dizuurethylesters van verschillende ketenlengtes (Hoofdstukken 2 - 4). 

Eerst hebben we de effecten van de polymerisatiecondities op de tweetraps 
enzymatische polymerisatie van diethylsuccinaat, itaconaat en 1,4-butaandiol in 
oplossing bestudeerd (Hoofdstuk 2). Met de vastgestelde route kon 
poly(butyleensuccinaat-co-itaconaat) (PBSI) met ������� ’s tot 22600 g/mol worden 
gemaakt. Hierbij kon echter een maximum van ~ 25 mol % itaconaat in de 
eindproducten worden opgenomen. 

Vervolgens hebben we de enzymatische synthese van PBSI bekeken door zowel 
gebruik te maken van verschillende monomeersubstraten als het toepassen van 
verschillende polymerisatiemethoden (Hoofdstuk 3). Ondanks het variëren van de 
methode leverde de enzymatische polycondensatie van barnsteenzuur, itaconzuur en 
1,4-butaandiol slechts oligomeren met �������’s van ongeveer 500 - 1500 g/mol op. 
Door de ongeactiveerde dizuren te vervangen door alkyldiesters werd het mogelijk 
om PBSI’s met verscheidene molaire composities en significant hogere 
molecuulgewichten (tot 28300 g/mol) te maken. Bovendien hebben we gevonden dat 
azeotropische polymerisatie in een mengsel van cyclohexaan en tolueen het 
geschiktste medium was voor de synthese van hoogmoleculaire PBSIs met gewenste 
samenstelling. De tweetraps enzymatische polymerisatie in difenylether leverde 
hoogmoleculaire PBSIs, maar met minder dan 30 mol % itaconaat. Aan de andere 
kant leverde tweetraps enzymatische polymerisatie in de smelt PBSI’s met chemisch 
controleerbare samenstelling, maar lage molecuulgewichten. Daarnaast liet 13C-
NMR zien dat afhankelijk van de polymerisatiemethode verschillende 
microstructuren in het eindproduct aanwezig waren. De vorming van I-B-I-3 
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polyesters, onverzadigde alifatische polyesters, furaan-houdende polyesters en 
furaan-houdende polyamides. 

 

Schema 1. Polymeren gaan nog groener: synthese van biobased polyesters en 
polyamides via een biokatalytische benadering - enzymatische 
polymerisatie van biobased monomeren welke van hernieuwbare 
bronnen zijn afgeleid. 

Alifatische polyesters zijn (potentiële) biobased polymeren met diverse 
aantrekkelijke eigenschappen, zoals biologische afbreekbaarheid, biocompatibiliteit 
en mogelijk bioresorbabiliteit. We hebben succesvol een aantal verzadigde 
alifatische polyesters gemaakt: polybutyleendicarboxylaten via de enzymatische 
polymerisatie van 1,4-butaandiol en enkele dizuurethylesters met verschillende 
ketenlengtes (n = 2, 3, 4, 6, 8 en 10; het aantal methyleeneenheden in het 
dizuurfragment), door gebruik te maken van een tweetraps methode in difenylether 
bij 80 °C (zie Hoofdstuk 4). Polybutyleendicarboxylaten met hoge 
molecuulgewichten werden verkregen, �������’s variërend tot 94000 g/mol. We hebben 
gevonden dat een toename in de ketenlengte van n = 2 tot 4 tot 
polybutyleendicarboxylaten met significant hogere molecuulgewichten leidde, 
hoewel bij het verder verhogen van de ketenlengte (n = 4 tot 10) het molecuulgewicht 
van de gevormde polybutyleendicarboxylaten  afnam. Daarbij gaf enzymatische 
polymerisatie met diethylsuccinaat (n = 2) eindproducten met het laagste 
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molecuulgewicht. Dit resultaat suggereert dat CALB de voorkeur geeft aan 
dizuurethylesters met ketenlengtes groter dan 2 (n > 2) en dat onder de geteste groep 
dizuurethylesters CALB de hoogste specificiteit heeft voor diethyladipaat (n = 4). 

Itaconaat-gebaseerde alifatische polyesters zijn interessante biobased polymeren, 
omdat de hoofdketen C=C bindingen bevat welke onder invloed van licht kunnen 
worden vernet. Door de lage reactiviteit van itaconaat en het voorkomen van 
vernetting van de C=C bindingen bij verhoogde temperaturen of door 
metaalkatalysatoren, is het normaal gesproken een behoorlijke uitdaging om 
itaconaat-gebaseerde polyesters via de gebruikelijke methoden te synthetiseren. 
Door gebruik te maken van enzymatische polymerisatie zijn we er toch in geslaagd 
om verscheidene itaconaat-bevattende onverzadigde polyesters te maken: 
poly(butyleendicarboxylaat-co-itaconaat) via 1,4-butaandiol, dimethylitaconaat en 
dizuurethylesters van verschillende ketenlengtes (Hoofdstukken 2 - 4). 

Eerst hebben we de effecten van de polymerisatiecondities op de tweetraps 
enzymatische polymerisatie van diethylsuccinaat, itaconaat en 1,4-butaandiol in 
oplossing bestudeerd (Hoofdstuk 2). Met de vastgestelde route kon 
poly(butyleensuccinaat-co-itaconaat) (PBSI) met ������� ’s tot 22600 g/mol worden 
gemaakt. Hierbij kon echter een maximum van ~ 25 mol % itaconaat in de 
eindproducten worden opgenomen. 

Vervolgens hebben we de enzymatische synthese van PBSI bekeken door zowel 
gebruik te maken van verschillende monomeersubstraten als het toepassen van 
verschillende polymerisatiemethoden (Hoofdstuk 3). Ondanks het variëren van de 
methode leverde de enzymatische polycondensatie van barnsteenzuur, itaconzuur en 
1,4-butaandiol slechts oligomeren met �������’s van ongeveer 500 - 1500 g/mol op. 
Door de ongeactiveerde dizuren te vervangen door alkyldiesters werd het mogelijk 
om PBSI’s met verscheidene molaire composities en significant hogere 
molecuulgewichten (tot 28300 g/mol) te maken. Bovendien hebben we gevonden dat 
azeotropische polymerisatie in een mengsel van cyclohexaan en tolueen het 
geschiktste medium was voor de synthese van hoogmoleculaire PBSIs met gewenste 
samenstelling. De tweetraps enzymatische polymerisatie in difenylether leverde 
hoogmoleculaire PBSIs, maar met minder dan 30 mol % itaconaat. Aan de andere 
kant leverde tweetraps enzymatische polymerisatie in de smelt PBSI’s met chemisch 
controleerbare samenstelling, maar lage molecuulgewichten. Daarnaast liet 13C-
NMR zien dat afhankelijk van de polymerisatiemethode verschillende 
microstructuren in het eindproduct aanwezig waren. De vorming van I-B-I-3 
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hoogmoleculaire materialen met gewenste compositie mogelijk te maken. CALB is 
blijkbaar in staat om meer I-B-I-3 microstucturen te vormen in een door 
azeotropische destillatie verkregen mengsel van cyclohexaan en tolueen. 

Na vervanging van diethylsuccinaat (n = 2) door andere dizuurethylesters met 
relatief langere ketenlengtes (n = 3 - 10) resulteerde tweetraps enzymatische 
polymerisatie echter in een serie van onverzadigde alifatische polyesters met 
gewenste samenstelling en hoge �������’s tot 57900 g/mol (Hoofdstuk 4). Het molaire 
percentage itaconaat in de onverzadige polyesters kon worden gevarieerd van 0 tot 
35 % door de voedingsverhouding monomeer aan te passen. Alle C=C bindingen 
werden behouden in de gesynthetiseerde polyesters. Een hogere voedingsverhouding 
itaconaat gaf over het algemeen lagere molecuulgewichten; toch gaf 
diethyldodecaandioaat, het comonomeer met de langste koolstofketen (n = 10) onder 
de geteste dizuurethylesters, eindproducten met hogere molecuulgewichten bij 
verhoging van de verhouding itaconaat. Daarbij konden de verkregen 
itaconaathoudende polyesters onder invloed van warmte (Hoofdstuk 3) of licht 
(Hoofdstuk 4) worden vernet. 

Op basis van Hoofdstukken 2 – 4 kan worden geconcludeerd dat enzymatische 
polymerisatie een veelzijdige en krachtige benadering is voor de productie van zowel 
verzadigde als onverzadigde alifatische polyesters. De verkregen alifatische 
polyesters bevatten echter lage waarden voor de Tg (≤ -30 °C) en Tm (≤ 115 °C). 
Voor toepassingen die een hogere Tm en Tg vergen hebben we een robuuste 
biokatalytische methode ontwikkeld voor de bereiding van semi-aromatische 
polymeeranalogen. De verkregen furaan polyesters en polyamides hebben Tg’s tot 
120 °C en Tm’s tot 160 °C (Hoofdstukken 5 – 7). 

We hebben de enzymatische polymerisatie van 2,5-bis(hydroxymethyl)furaan 
(BHMF) en verschillende dizuurethylesters bestudeerd, gebruik makend van de 
tweetraps methode in difenylether bij 80 °C (Hoofdstuk 5). Laagmoleculaire 
BHMF-houdende polyesters (������� ’s van ongeveer 1800 - 2900 g/mol) werden 
hiermee geproduceerd. Een kinetische studie in combinatie met MALDI-ToF MS 
liet zien dat gedurende de polymerisatie ether eindgroepen werden gevormd, welke 
verantwoordelijk zijn voor de lage polymerisatiegraad. 

Verder konden 2,5-furaandicarbonzuur-gebaseerde (FDCA) furaan-alifatische 
polyesters succesvol worden gemaakt via de enzymatische polymerisatie van 
dimethyl FDCA en verschillende alifatische diolen, met behulp van een 
temperatuurgevarieerde tweetraps methode in difenylether bij 80 - 140 °C 
(Hoofdstuk 6). Deze FDCA-gebaseerde furaan-alifatische polyesters zijn duurzame 
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alternatieven voor semi-aromatische polyesters en kunnen commercieel erg 
interessant zijn als vervanging voor commodity plastics en engineering 
thermoplasten. Hoogmoleculaire FDCA-gebaseerde polyesters werden verkregen 
(�������’s tot 100000 g/mol), wat gewoonlijk lastig is te behalen via enzymgebaseerde 
processen. Niet eerder is er gerapporteerd dat dusdanig hoge molecuulgewichten 
kunnen worden behaald via enzymatische polymerisatietechnieken, hoewel dit 
gangbare waarden zijn bij stapgroeipolymerisaties wanneer er gebruik wordt 
gemaakt van organometaalkatalysatoren en hoge temperaturen (150 - 280 °C). 
Bovendien hebben we gevonden dat CALB de voorkeur geeft aan lange, lineaire 
alkaan-α,ω-alifatische diolen (n > 3). Uiteindelijk komen de kristallisatie en 
thermische eigenschappen van de FDCA-gebaseerde furaan-alifatische polyesters 
goed overeen met hun op oil-based equivalenten. 

Nog indrukwekkender is het feit dat we succesvol hoogmoleculaire FDCA-
gebaseerde furaan-alifatische polyamides hebben kunnen synthetiseren via 
enzymatische polymerisatie van dimethyl FDCA en 1,8-octaandiamine, gebruik 
makend van een eentraps methode in tolueen bij 60 – 100 °C of een 
temperatuurgevarieerde tweetraps methode in difenylether bij 80 – 140 °C 
(Hoofdstuk 7). De FDCA-gebaseerde furaan-alifatische polyamides kunnen worden 
toegepast als veelbelovende duurzame alternatieven voor oil-based polyftalamides 
(semi-aromatische polyamides), engineering thermoplasten en high performance 
kunststoffen. De enzymatische polymerisatie gaf poly(octamethyleenfuraanamide) 
(PA 8,F) met een erg hoge ������� tot 54000 g/mol. Dit is de eerste keer dat FDCA-
gebaseerde polyamides succesvol zijn bereid via een enzymatisch proces, en 
daarnaast zijn de behaalde molecuulgewichten een veelvoud hoger dan die behaald 
via smeltpolycondensatie, de belangrijkste route voor de synthese van dergelijke 
materialen waarbij hoge temperaturen van boven 200 °C gebruikelijk zijn. 
Vergeleken met zijn oil-based equivalent, poly(octamethyleentereftalamide) (PA 
8,T),  heeft het verkregen FA 8,F bovendien een vergelijkbare Tg en Td, een 
vergelijkbare kristalstructuur, maar een lagere Tm. 

Daarnaast hebben we structuur-eigenschap relaties vastgesteld voor deze nieuwe 
biobased polyesters door de thermische en kristaleigenschappen met een serie 
relevante polymeren te vergelijken. We hebben kunnen aantonen dat de kristalliniteit 
en de Tm van de gesynthetiseerde alifatische polyesters en BHMF-gebaseerde 
polyesters over het algemeen toenemen bij een toename van het in de hoofdketen 
ingebouwde aantal methyleeneenheden. Dit betekent dat de alifatische polyesters en 
BHMF-gebaseerde polyesters met een groter aantal methyleeneenheden beter 
kunnen kristalliseren. Hier staat echter tegenover dat een tegenovergestelde trend 
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hoogmoleculaire materialen met gewenste compositie mogelijk te maken. CALB is 
blijkbaar in staat om meer I-B-I-3 microstucturen te vormen in een door 
azeotropische destillatie verkregen mengsel van cyclohexaan en tolueen. 

Na vervanging van diethylsuccinaat (n = 2) door andere dizuurethylesters met 
relatief langere ketenlengtes (n = 3 - 10) resulteerde tweetraps enzymatische 
polymerisatie echter in een serie van onverzadigde alifatische polyesters met 
gewenste samenstelling en hoge �������’s tot 57900 g/mol (Hoofdstuk 4). Het molaire 
percentage itaconaat in de onverzadige polyesters kon worden gevarieerd van 0 tot 
35 % door de voedingsverhouding monomeer aan te passen. Alle C=C bindingen 
werden behouden in de gesynthetiseerde polyesters. Een hogere voedingsverhouding 
itaconaat gaf over het algemeen lagere molecuulgewichten; toch gaf 
diethyldodecaandioaat, het comonomeer met de langste koolstofketen (n = 10) onder 
de geteste dizuurethylesters, eindproducten met hogere molecuulgewichten bij 
verhoging van de verhouding itaconaat. Daarbij konden de verkregen 
itaconaathoudende polyesters onder invloed van warmte (Hoofdstuk 3) of licht 
(Hoofdstuk 4) worden vernet. 

Op basis van Hoofdstukken 2 – 4 kan worden geconcludeerd dat enzymatische 
polymerisatie een veelzijdige en krachtige benadering is voor de productie van zowel 
verzadigde als onverzadigde alifatische polyesters. De verkregen alifatische 
polyesters bevatten echter lage waarden voor de Tg (≤ -30 °C) en Tm (≤ 115 °C). 
Voor toepassingen die een hogere Tm en Tg vergen hebben we een robuuste 
biokatalytische methode ontwikkeld voor de bereiding van semi-aromatische 
polymeeranalogen. De verkregen furaan polyesters en polyamides hebben Tg’s tot 
120 °C en Tm’s tot 160 °C (Hoofdstukken 5 – 7). 

We hebben de enzymatische polymerisatie van 2,5-bis(hydroxymethyl)furaan 
(BHMF) en verschillende dizuurethylesters bestudeerd, gebruik makend van de 
tweetraps methode in difenylether bij 80 °C (Hoofdstuk 5). Laagmoleculaire 
BHMF-houdende polyesters (������� ’s van ongeveer 1800 - 2900 g/mol) werden 
hiermee geproduceerd. Een kinetische studie in combinatie met MALDI-ToF MS 
liet zien dat gedurende de polymerisatie ether eindgroepen werden gevormd, welke 
verantwoordelijk zijn voor de lage polymerisatiegraad. 

Verder konden 2,5-furaandicarbonzuur-gebaseerde (FDCA) furaan-alifatische 
polyesters succesvol worden gemaakt via de enzymatische polymerisatie van 
dimethyl FDCA en verschillende alifatische diolen, met behulp van een 
temperatuurgevarieerde tweetraps methode in difenylether bij 80 - 140 °C 
(Hoofdstuk 6). Deze FDCA-gebaseerde furaan-alifatische polyesters zijn duurzame 
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alternatieven voor semi-aromatische polyesters en kunnen commercieel erg 
interessant zijn als vervanging voor commodity plastics en engineering 
thermoplasten. Hoogmoleculaire FDCA-gebaseerde polyesters werden verkregen 
(�������’s tot 100000 g/mol), wat gewoonlijk lastig is te behalen via enzymgebaseerde 
processen. Niet eerder is er gerapporteerd dat dusdanig hoge molecuulgewichten 
kunnen worden behaald via enzymatische polymerisatietechnieken, hoewel dit 
gangbare waarden zijn bij stapgroeipolymerisaties wanneer er gebruik wordt 
gemaakt van organometaalkatalysatoren en hoge temperaturen (150 - 280 °C). 
Bovendien hebben we gevonden dat CALB de voorkeur geeft aan lange, lineaire 
alkaan-α,ω-alifatische diolen (n > 3). Uiteindelijk komen de kristallisatie en 
thermische eigenschappen van de FDCA-gebaseerde furaan-alifatische polyesters 
goed overeen met hun op oil-based equivalenten. 

Nog indrukwekkender is het feit dat we succesvol hoogmoleculaire FDCA-
gebaseerde furaan-alifatische polyamides hebben kunnen synthetiseren via 
enzymatische polymerisatie van dimethyl FDCA en 1,8-octaandiamine, gebruik 
makend van een eentraps methode in tolueen bij 60 – 100 °C of een 
temperatuurgevarieerde tweetraps methode in difenylether bij 80 – 140 °C 
(Hoofdstuk 7). De FDCA-gebaseerde furaan-alifatische polyamides kunnen worden 
toegepast als veelbelovende duurzame alternatieven voor oil-based polyftalamides 
(semi-aromatische polyamides), engineering thermoplasten en high performance 
kunststoffen. De enzymatische polymerisatie gaf poly(octamethyleenfuraanamide) 
(PA 8,F) met een erg hoge ������� tot 54000 g/mol. Dit is de eerste keer dat FDCA-
gebaseerde polyamides succesvol zijn bereid via een enzymatisch proces, en 
daarnaast zijn de behaalde molecuulgewichten een veelvoud hoger dan die behaald 
via smeltpolycondensatie, de belangrijkste route voor de synthese van dergelijke 
materialen waarbij hoge temperaturen van boven 200 °C gebruikelijk zijn. 
Vergeleken met zijn oil-based equivalent, poly(octamethyleentereftalamide) (PA 
8,T),  heeft het verkregen FA 8,F bovendien een vergelijkbare Tg en Td, een 
vergelijkbare kristalstructuur, maar een lagere Tm. 

Daarnaast hebben we structuur-eigenschap relaties vastgesteld voor deze nieuwe 
biobased polyesters door de thermische en kristaleigenschappen met een serie 
relevante polymeren te vergelijken. We hebben kunnen aantonen dat de kristalliniteit 
en de Tm van de gesynthetiseerde alifatische polyesters en BHMF-gebaseerde 
polyesters over het algemeen toenemen bij een toename van het in de hoofdketen 
ingebouwde aantal methyleeneenheden. Dit betekent dat de alifatische polyesters en 
BHMF-gebaseerde polyesters met een groter aantal methyleeneenheden beter 
kunnen kristalliseren. Hier staat echter tegenover dat een tegenovergestelde trend 
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werd gevonden in de gesynthetiseerde FDCA-gebaseerde furaan-alifatische 
polyesters. De Tg van de geteste alifatische polyesters en BHMF-gebaseerde 
polyesters liet een parabolische trend als functie van het aantal methyleeneenheden 
zien: eerst nam de Tg af bij toename van het aantal methyleeneenheden, terwijl na 
een bepaalde hoeveelheid een kritiek punt werd bereikt, waarna de Tg weer toenam. 
Bij de geteste FDCA-gebaseerde furaan-alifatische polyesters werd slechts een 
afname van de Tg met toenemend aantal methyleeneenheden gevonden. Overigens 
had het aantal methyleeneenheden in de polyesterketens geen significante invloed 
op hun thermische stabiliteit. 

De gesynthetiseerde biobased polyesters zijn veelbelovende alternatieven voor hun 
op oil-based equivalenten, welke ieder op hun beurt allemaal een grote diversiteit 
aan toepassingen bieden (Tabel 1).  

De verkregen verzadigde alifatische polyesters kunnen worden gebruikt als 
commodity plastics en vezels, ook in biomedische toepassingen. Het in dit 
proefschrift beschreven volledig biobased polybutyleensuccinaat (PBS) zou 
bijvoorbeeld het huidige oil-based PBS en gedeeltelijk biobased PBS kunnen 
vervangen, welke beide worden toegepast als verpakkingsmateriaal, 
bodembedekking, vezels, textiel, polymeermatrices, composieten, bio-afbreekbare 
medicijnomhulsels, enz. 

De itaconaat-gebaseerde onverzadigde polyesters kunnen hun weg bijvoorbeeld 
vinden als vervangers voor andere onverzadigde polyesters afgeleid van oil-based 
onverzadigde dizuren, zoals maleïnezuur, fumaarzuur en glutaconzuur. Deze 
biobased onverzadigde alifatische polyesters kunnen worden toegepast als 
thermoharders voor de vervaardiging van versterkte kunststoffen en coatings, en 
hebben mogelijk biomedische en farmaceutische toepassing in bijvoorbeeld 
hechtdraad, botschroeven, platformen voor weefselkweek en systemen voor 
medicijnafgifte. 

De FDCA-gebaseerde furaan-alifatische polyesters kunnen worden ingezet als 
duurzame vervangers voor de huidige tereftaalzuur- (TPA) en isoftaalzuur- (IPA) 
gebaseerde semi-aromatische polyesters, twee veelvuldig toegepaste commodity en 
engineering plastics. Polybutyleenfuranoaat (PBF) is bijvoorbeeld een biobased 
alternatief voor polybutyleentereftalaat (PBT), een vaak gebruikt materiaal in de 
auto-industrie (onderdelen voor elektronische componenten, in- en exterieur), 
elektronica-industrie, consumentenproducten (elektronische handapparaten en 
gereedschap), in cosmetica, etc. 
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Het gesynthetiseerde FDCA-gebaseerde furaan-alifatische polyamide, PA 8,F, is een 
groen polymeer analoog aan het op oil-based PA 8,T, wat kan worden gebruikt als 
engineering plastic en high performance materiaal in diverse industriële gebieden, 
zoals in de auto-industrie (motoronderdelen en plastic-rubber composieten), 
machinerie en apparatenindustrie (vervanging van zware metalen), elektronica-
industrie (LED’s en kabelomhulsels), olie-industrie (gaspijpen en aanvoerlijnen), 
enz. 

Tabel 1.  De in dit onderzoek via enzymatische polymerisatie gesynthetiseerde 
biobased polymeren en hun mogelijke toepassingen 

Gesynthetiseerd, biobased polymeer Type polymeer Te vervangen polymeer Mogelijke toepassingen 

Een serie polybutyleendicarboxylaten, 

met inbegrip van polybutyleensuccinaat 

Verzadigde 

alifatische polyesters 

Oil-based alifatische polyesters, met 

inbegrip van polybutyleensuccinaat 

Commodity plastics 

Vezels 

Biomedische toepassingen 

Een serie van poly(butyleendicarboxylaat-

co-itaconaat) copolymeren 

Onverzadige 

alifatische polyesters 

Onverzadigde alifatische polyesters 

gebaseerd op oil-based onverzadigde 

dizuren 

Thermohardende harsen 

Biomedische toepassingen 

Farmaceutische toepassingen 

Polybutyleenfuranoaat 

Semi-aromatische 

polyester analogen 

Polybutyleentereftalaat 

Commodity plastics 

Thermische engineering 
kunststoffen 

Poly(2,3-butyleenfuranoaat) Poly(2,3-butyleentereftalaat) 

Polyhexamethyleenfuranoaat Polyhexamethyleentereftalaat 

Polyoctamethyleenfuranoaat Polyoctamethyleentereftalaat 

Polydecamethyleenfuranoaat Polydecamethyleentereftalaat 

Polydiethyleenglycolfuranoaat Polydiethyleenglycoltereftalaat 

Polyoctamethyleenfuraanamide 
Semi-aromatische 

polyamide analogen 
Polyoctamethyleentereftalamide 

Thermische engineering 
kunststoffen 

High performance materialen 

Hoewel we in dit onderzoek hebben laten zien dat enzymatische polymerisatie een 
krachtige en groene benadering is voor de productie van verscheidene biobased 
polyesters en polyamides, heeft deze aanpak ook een aantal beperkingen en nadelen: 

(1)  de atoomefficiëntie is laag, omdat tijdens dit onderzoeksstadium diësters 
werden gebruikt; 
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(2)  er werden milieuonvriendelijke oplosmiddelen gebruikt, o.a. difenylether en 
tolueen;  

(3)  om hoogmoleculaire massa’s te behalen waren lange reactietijden benodigd; 

(4)  hoge reactietemperaturen werden gebruikt voor de enzymatische synthese van 
polymeren met een hoge Tm en lage oplosbaarheid; de katalytische activiteit 
van enzymen neemt drastisch af bij dergelijke hoge temperaturen; 

(5)  de prijs van enzymkatalysatoren is nog steeds behoorlijk hoog; 

(6)  enzymatische polymerisaties van monomeren met korte ketenlengtes zoals 1,3-
propaandiol, monomeren met secundaire hydroxylgroepen zoals isosorbide, 
2,3-butaandiol en polyolen, resulteren in laagmoleculaire producten;  

(7)  de zuiverheid en prijs van biobased monomeren blijft een probleem; 

(8)  tenslotte is op dit moment slechts een beperkte variatie aan biobased 
monomeren commercieel verkrijgbaar. 

Om deze problemen op te kunnen lossen, is meer inspanning absoluut noodzakelijk. 
Dizuren zouden bijvoorbeeld kunnen worden ingezet om de atoomefficiëntie te 
verbeteren, groene oplosmiddelen zoals ionische vloeistoffen of superkritisch CO2 
zouden kunnen worden gebruikt als reactiemedium, robuustere en thermisch 
stabielere enzymen zouden moeten worden ontwikkeld voor enzymatische 
polymerisaties, verbeterde en geoptimaliseerde processen zouden moeten worden 
verkend voor de productie van diverse biobased monomeren van hoge zuiverheid en 
voor een lage prijs, enzovoort. 

Op het moment van schrijven worden enzymatische polymerisaties al overwogen 
voor de bereiding van polymeren bedoeld voor de cosmetische en medische 
industrie. Biobased polymeren worden echter nog steeds voornamelijk 
gesynthetiseerd via de gebruikelijke methodes, en daarnaast beslaan ze slechts een 
aandeel van 2 % van de totale polymeerproductie in 2013. Door snelle ontwikkeling 
van zowel de biotechnologie als enzymatische polymerisatietechnieken, en de 
toegenomen erkenning van de grote voordelen die enzymatische polymerisatie en 
biobased monomeren te bieden hebben, zullen er naar verwachting in de nabije 
toekomst meer biobased polymeren via biokatalytische processen worden 
geproduceerd. Ondanks dat een commercieel enzymatisch proces voor de productie 
van de biobased commodity plastics, engineering plastics en high performance 
kunststoffen veelbelovend is, heeft het nog een lange weg te gaan, voornamelijk door 
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de hoge efficiëntie en lage kosten van de huidige processen die leiden tot hun oil-
based equivalenten. 
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de hoge efficiëntie en lage kosten van de huidige processen die leiden tot hun oil-
based equivalenten. 
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“

 (the day flows away through the sink when I wash my hands, 
wears off in the bowl when I eat my meal, and passes away before my day-dreaming 
gaze as reflect in silence. I can feel his haste now, so I reach out my hands to hold 

him back, but he keeps flowing past my withholding hands).” 

 

Fugit hora - carpe diem (The hour flees - seize the day). 

Yi Jiang   

 

January 2016, Groningen 




