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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 

2,5-Furandicarboxylic Acid -Based Polyamides  

Page | 185 

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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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: ������ � ���� � �� � ����
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(10 mL). Subsequently the obtained formic acid solution was added dropwise into 
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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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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 
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TGA measurement.  
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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 
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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. 



Chapter 7 

Page | 192 

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 
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(oC) N435 a 
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60 20 5700  9700 21300 2.20 50 147 16 116  466 
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70 10 5500  8400 14900 1.77 45 151 43 123  459 
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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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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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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 
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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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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. 
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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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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 



Chapter 7 

Page | 198 

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. 
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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 
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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 
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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. 
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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. 
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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 
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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. 




