
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Synthesis of rigid biobased polyesters
Overcoming the low reactivity of secondary diols in polyester synthesis
Weinland, D.H.

Publication date
2022
Document Version
Final published version

Link to publication

Citation for published version (APA):
Weinland, D. H. (2022). Synthesis of rigid biobased polyesters: Overcoming the low reactivity
of secondary diols in polyester synthesis. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/synthesis-of-rigid-biobased-polyesters(a55f270d-cf96-4438-b82a-f62d4dfddfd8).html


SYN
TH

ESIS O
F RIGID

 BIO
BASED

 PO
LYESTERS 

D
aniel H

. W
einland

SYNTHESIS OF RIGID
BIOBASED POLYESTERS

Overcoming the low reactivity of secondary diols in polyester synthesis

Daniel H. Weinland



 

 
 

 

 

 

 

 

Synthesis of rigid biobased polyesters: 

Overcoming the low reactivity of secondary diols 

in polyester synthesis 

 

 

 

Daniel H. Weinland  



 
 

Copyright 2022, Daniel H. Weinland 

Contact: daniel.weinland1@gmail.com 

 

Synthesis of rigid biobased polyesters: Overcoming the low reactivity of 

secondary diols in polyesters synthesis 

 

Van’t Hoff Institute of Molecular Sciences, University of Amsterdam 

 

 

Printed and bound by Ipskamp 

 

ISBN: 978-94-6421-852-7  



 

 
 

Synthesis of rigid biobased polyesters: 

Overcoming the low reactivity of secondary diols 

in polyester synthesis 

 

 

ACADEMISCH PROEFSCHRIFT 

Ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus 

prof. dr. ir. P.P.C.C. Verbeek 

ten overstaan van een door het College voor Promoties ingestelde commissie, 

in het openbaar te verdedigen in de Agnietenkapel 

op donderdag 27 oktober 2022, te 13.00 uur 

 

 

 

door 

 

Daniel Herbert Weinland 

geboren te Regensburg 

  



 
 

Promotiecommissie 

Promotor  prof. dr. G.J.M Gruter         Universiteit van Amsterdam 

Co-Promotor  dr. R.J. van Putten         Avantium 

 

Overige leden  prof. dr. J.H. van Maarseveen        Universiteit van Amsterdam 

   prof. dr. ir. P.J. Schoenmakers        Universiteit van Amsterdam 

   dr. J.C. Slootweg         Universiteit van Amsterdam 

   prof. dr. R. Duchateau         Rijksuniversiteit Groningen 

   prof. dr. ir. R.V.A. Orrù         Universiteit Maastricht 

   dr. R. Dam          Avantium 

 

Faculteit der Natuurwetenschappen, Wiskunde en Informatica 

 

 

 

 

 

 

 

 

The research presented in this dissertation was carried out within the 

Industrial Sustainable Chemistry group at the Van ‘t Hoff Institute of Molecular 

Sciences at the University of Amsterdam. The work was financially supported 

by Avantium Chemical B.V., LEGO SYSTEM A/S and the Netherlands 

Organisation for Scientific Research (NWO) [grant number 731.017.203]. 



 

 
 

 

 

 

 

 

 

 

 

 

 

‘[The real voyage of discovery consists not in seeking new landscapes,  

but in having new eyes]’ 

 

- Marcel Proust



 

 
 

Contents 

1. Evaluating the commercial application potential of polyesters with 1,4:3,6-

dianhydrohexitols (isosorbide, isomannide and isoidide) by reviewing the synthetic 

challenges in step growth polymerization ...................................................................... 1 

1.1 INTRODUCTION ........................................................................................................ 2 
1.2 POLYESTERS WITH 1,4:3,6-DIANHYDROHEXITOLS AS THE MAIN DIOL .................................. 5 

1.2.1 Aromatic polyesters with 1,4:3,6-dianhydrohexitols ...................................... 5 
1.2.2 Aliphatic polyesters with 1,4:3,6-dianhydrohexitols .................................... 11 

1.2.2.1 Chemically catalyzed polymerizations .............................................................. 11 
1.2.2.2 Enzymatically catalyzed polymerizations .......................................................... 27 

1.3 POLYESTERS WITH 1,4:3,6-DIANHYDROHEXITOLS AS A COMONOMER ............................... 29 
1.3.1 Aromatic polyesters with 1,4:3,6-dianhydrohexitol comonomers ............... 29 

1.3.1.1 Polyterephthalates ........................................................................................... 29 
1.3.1.2 Polyfuranoates .................................................................................................. 49 

1.3.2 Aliphatic saturated polyesters with 1,4:3,6-dianhydrohexitol comonomers 61 
1.3.3 Aliphatic unsaturated polyesters with isosorbide ........................................ 71 
1.3.4 Polyesters with hydroxy acids and isosorbide .............................................. 77 

1.4 OVERVIEW OF MECHANICAL PROPERTIES OF POLYESTERS WITH ISOSORBIDE AS COMONOMER 83 
1.5 CONCLUSION ......................................................................................................... 85 
1.6 SCOPE OF THIS THESIS ............................................................................................. 87 
1.7 ABBREVIATIONS ..................................................................................................... 88 
1.8 REFERENCES .......................................................................................................... 89 

2. Synthesis of poly(1,4-butylene-co-isosorbide oxalate) from oxalic acid with a two-

step synthetic strategy ............................................................................................... 100 

2.1 INTRODUCTION .................................................................................................... 101 
2.2 RESULTS AND DISCUSSION ..................................................................................... 103 

2.2.1 Macromonomer synthesis .......................................................................... 103 
2.2.2 Polyester synthesis ..................................................................................... 106 
2.2.3 Polyester characterization .......................................................................... 109 

2.3 CONCLUSION ....................................................................................................... 110 
2.4 REFERENCES ........................................................................................................ 111 
2.5 APPENDIX ........................................................................................................... 112 

2.5.1 Experimental Section .................................................................................. 112 
2.5.1 Additional product characterization ........................................................... 114 

3. Overcoming the low reactivity of biobased secondary diols in polyester synthesis

 …………………………………………………………………………………………………………………………116 

3.1 INTRODUCTION .................................................................................................... 117 
3.2 RESULTS AND DISCUSSION ..................................................................................... 118 

3.2.1 Synthesis of poly(isosorbide succinate) ...................................................... 118 



 

 
 

3.2.1.1 Effect of aryl alcohols on esterification and polycondensation ...................... 120 
3.2.1.2 Optimization of reaction conditions ............................................................... 125 
3.2.1.3 Recycling of aryl alcohol ................................................................................. 132 
3.2.1.4 Scale-up in 2 L autoclave ................................................................................ 134 
3.2.1.5 Application in 3D printing ............................................................................... 140 

3.2.2 Synthesis of other isosorbide-based polyesters with aryl alcohols............. 141 
3.2.2.1 Synthesis of poly(isosorbide glutarate) .......................................................... 142 
3.2.2.2 Synthesis of poly(isosorbide adipate) ............................................................. 143 
3.2.2.3 Synthesis of poly(isosorbide-1,4-cyclohexanedicarboxylate) ......................... 146 
3.2.2.4 Synthesis of poly(isosorbide diglycolate) ....................................................... 148 
3.2.2.5 Synthesis of poly(isosorbide thiodiglycolate) ................................................. 149 
3.2.2.6 Synthesis of poly(1,4-cyclohexanedimethanol-co-isosorbide terephthalate) 150 

3.2.3 Synthesis of isomannide-based polyesters with aryl alcohols .................... 153 
3.2.3.1 Synthesis of poly(isomannide succinate) ........................................................ 154 
3.2.3.2 Synthesis of poly(isomannide glutarate) ........................................................ 155 
3.2.3.3 Synthesis of poly(isomannide adipate) ........................................................... 156 
3.2.3.4 Synthesis of poly(isomannide-1,4-cyclohexanedicarboxylate) ....................... 157 
3.2.3.5 Synthesis of poly(isomannide diglycolate) ..................................................... 158 

3.2.4 Thermal properties of isosorbide-and isomannide-based polyesters ........ 159 
3.2.5 Barrier-and mechanical properties of synthesized polyesters .................... 161 

3.3 CONCLUSION ....................................................................................................... 165 
3.4 REFERENCES ........................................................................................................ 167 
3.5 APPENDIX ........................................................................................................... 170 

3.5.1 Experimental section ................................................................................... 170 
3.5.2 Supplementary Tables ................................................................................. 177 

4. Depolymerization of poly(ethylene terephthalate) with aryl alcohols and diphenyl 

carbonate .................................................................................................................. 180 

4.1 INTRODUCTION .................................................................................................... 181 
4.2 RESULTS AND DISCUSSION ...................................................................................... 183 

4.2.1 Catalytic depolymerization of poly(ethylene terephthalate) with 4-

methoxyphenol ........................................................................................................ 183 
4.2.2 Depolymerization of PET with diphenyl carbonate ..................................... 188 

4.3 CONCLUSION ....................................................................................................... 192 
4.4 REFERENCES ........................................................................................................ 192 
4.5 APPENDIX ........................................................................................................... 193 

4.5.1 Experimental section ................................................................................... 193 

Summary ................................................................................................................... 195 

Samenvatting ............................................................................................................ 198 

Publications and patents ............................................................................................ 202 

Acknowledgements ................................................................................................... 205 



 

 
 

  



 

 
 

 

 





Literature review 

1 

 

1. Evaluating the commercial application 

potential of polyesters with 1,4:3,6-

dianhydrohexitols (isosorbide, isomannide 

and isoidide) by reviewing the synthetic 

challenges in step growth polymerization 
 

Abstract: Plastic materials play a pivotal role in modern society. Finding sustainable 

alternatives to established fossil-based polymers is an important part of the effort 

to reduce the environmental impact of the materials sector. 1,4:3,6-

dianhydrohexitols (isosorbide, isomannide and isoidide) are a group of biobased 

diol monomers that are promising for the synthesis of sustainable polyesters. Their 

rigid molecular structure imparts favourable material properties to polymers. 

Isosorbide is especially interesting due to its current commercial availability and 

synthesis from glucose. This potential is reflected in the large number of 

publications on polyesters with isosorbide in the past decade. Despite this, high 

molecular weight polyesters with high molar percentages of 1,4:3,6-

dianhydrohexitols remain elusive due to the low reactivity of 1,4:3,6-

dianhydrohexitols in (trans)esterification reactions. This chapter compares the 

efforts on the synthesis of polyesters with 1,4:3,6-dianhydrohexitols from both the 

academic and patent literature and puts them into perspective regarding industrial 

viability. Interesting synthesis strategies and possible future developments are 

highlighted together with material properties.  

 

This chapter has been published as: Weinland, D. H., van Putten, R.-J. & Gruter, G.-

J. M,  Evaluating the commercial application potential of polyesters with 1,4:3,6-

dianhydrohexitols (isosorbide, isomannide and isoidide) by reviewing the synthetic 

challenges in step growth polymerization, European Polymer Journal 164, 110964 

(2022). 
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1.1  Introduction 

Plastic materials play an essential role in modern society due to their tremendous 

array of applications.  This is reflected by the projected increase in the total 

worldwide plastic production volume from around 311 Mt/a in 2014 to up to 1124 

Mt/a in 20501. Greenhouse gas emissions of the plastics sector could reach 15% of 

our global carbon budget by 2050 if these predictions are accurate1. One way to 

mitigate emissions of the material sector is the shift from fossil-based resources to 

biobased resources2. While the largest decrease in emissions from the material 

sector can be achieved by decarbonization of the energy sector, obtaining 

monomers from sustainable, second generation biobased feedstocks like 

agricultural waste, would decrease the sector’s dependence on fossil fuels and 

curb emissions2. While many monomers used in today’s fossil-based plastics can 

likely be synthesized from biobased feedstocks in the future3,4, the true potential 

of these feedstocks lies within new monomers for improved material properties5. 

One prominent example of this is 2,5-furandicarboxylic acid (FDCA), which has 

been identified as a biobased alternative to terephthalic acid (TPA). The fully 

biobased poly(ethylene-2,5-furanoate) (PEF) shows superior thermal and 

mechanical properties compared to fossil-based PET6. 

1,4:3,6-Dianhydrohexitols are a class of rigid diol monomers derived from D-

glucose, D-mannose or D-idose. The monomers can be obtained after reduction of 

the respective sugar and two subsequent intramolecular dehydration reactions 

(Figure 1.1).  

 

Figure 1.1. Synthesis route of isosorbide starting from D-glucose. 

Isosorbide is the most widely available 1,4:3,6-dianhydrohexitol due to it being 

derived from sorbitol. It is synthesized by acid catalyzed dehydration of sorbitol 

and its total global market in 2018 was 396.4 million USD7. The current main 

producer of isosorbide is Roquette Frères with an annual production capacity of 

20 kt/a.  A very recent review by Saxon et al. provides an overview of current 

trends in the production of isosorbide and developments around improving its 

reactivity in polymer synthesis8. Examples of polyesters are limited in that review, 

despite the fact that they are currently the main outlet for isosorbide (measured 
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by their market size), followed by polycarbonates and polyurethanes7. These 

polymers do not require chemical modification of the isosorbide backbone, which 

is probably one of the reasons for their current industrial deployment. This chapter 

will focus on polyester synthesis with 1,4:3,6-dianhydrohexitols, as the recent 

advances in the synthesis of polycarbonates, polyurethanes and polyolefins based 

on isosorbide have already been reviewed by Saxon et al.8.  

The other two known 1,4:3,6-dianhydrohexitols, isomannide and isoidide (Figure 

1.2), can be synthesized by dehydration of the respective sugar alcohols D-

mannitol and D-iditol. 

 

Figure 1.2. Structures of isosorbide, isomannide and isoidide. 

The corresponding sugars are relatively rare in nature, which hampers the large 

scale production of isomannide and especially isoidide. Recent advancements on 

the epimerization of isosorbide to isoidide9 and on the 

hydrogenation/epimerization of D-glucose to D-iditol enriched hexose mixtures10 

could increase the availability of isoidide and lead to further applications in 

polymer synthesis in the future.  

Due to the rigidity of their bicyclic structure and subsequent polymer properties, 

the potential of isosorbide (and other 1,4:3,6-dianhydrohexitols once they become 

more widely available) for polyester production is enormous, as a large variety of 

diacids, both fossil-and biobased, are readily available. As will be shown in this 

chapter, many works from academia and industry report the synthesis of 

polyesters containing isosorbide by melt polymerization with diacids or diesters. 

Most of them however fail to produce reasonably high molecular weight materials 

with high contents of isosorbide (> 50 mol% isosorbide as percentage of total diol). 

This is mainly due to the unreactive secondary alcohol groups of isosorbide. 

Common polyester diols like ethylene glycol, 1,4-butanediol and 1,4-

cyclohexanedimethanol are primary alcohols. Secondary diols have rarely been 

used in commercial polyester applications. The main representative of a 

commercial polyester with a secondary diol is Eastman’s Tritan®, which contains 

up to 41 mol% of the fossil-based 2,2,4,4-tetramethyl-1,3-cyclobutanediol (Figure 
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1.3). Further information on the differences between this monomer and 1,4:3,6-

dianhydrohexitols will be given in paragraph 1.2.2.111.  

 

Figure 1.3. Structure of 2,2,4,4-tetramethyl-1,3-cyclobutanediol, the main secondary diol monomer 
used in large scale polyester applications. 

Attempts to employ 1,4:3,6-dianhydrohexitols in melt polyesterification reactions 

with dicarboxylic acids or esters face several challenges connected to the low 

reactivity of the secondary alcohol groups. They are much less reactive in 

(trans)esterification reactions than the typically used primary diols. This leads to 

low incorporation rates of 1,4:3,6-dianhydrohexitols in copolyesters with primary 

alcohols, as the higher reactivity of the latter usually favors removal of excess diols 

in the form of 1,4:3,6-dianhydrohexitols. This often results in low 1,4:3,6-

dianhydrohexitols incorporation ratios (compared to the feed ratios) and thus 

makes it difficult to predict diol ratios in the final product. 

The V-shape of the molecule additionally results in a difference in the steric and 

electronic environment between the two hydroxyl groups.  In the case of 

isosorbide, the endo-OH group points inside the fused bicycle, which results in 

steric shielding and lowered reactivity, whereas the exo-OH is positioned outside 

the bicycle and is thus less influenced by steric hindrance (see Figure 1.2). Although 

the nucleophilicity of the endo-OH is increased by intramolecular hydrogen 

bonding with the oxygen atom fusing the opposite ring, the steric effect dominates 

and overall decreases its reactivity in esterification compared to the exo-OH. The 

stereochemistry of the hydroxyl groups also influences the thermal stability of the 

bicyclic structure with exo-OH being more thermally stable than endo-OH12,13. 

Isomannide has an endo-endo configuration of hydroxyl groups, which results in a 

generally lower reactivity in (trans)esterification reactions compared to isosorbide. 

Isoidide, with its exo-exo-OH configuration (Figure 1.2) usually shows the highest 

reactivity in (trans)esterifications of the three 1,4:3,6-dianhydrohexitols. Due to 

the limited availability of the latter two, most examples in this chapter will cover 

isosorbide-based polyesters. 
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1.2  Polyesters with 1,4:3,6-dianhydrohexitols as the main 

diol  

Early research on the synthesis of polyesters with 1,4:3,6-dianhydrohexitols mostly 

relied on the use of aliphatic and aromatic dicarboxylic acid chlorides in solution 

polycondensations. The highly reactive nature of acid chlorides facilitates 

transesterification and thus enables the synthesis of high molecular weight 

polyesters. This method is however not very attractive for the industrial synthesis 

of polyesters, due to the use of organic solvents, the wasteful synthesis of the 

respective acid chlorides and the need for HCl acceptors like pyridine14. Next to the 

polymer, stoichiometric amounts of salts are produced as waste, which apart from 

the cost is also highly unfavorable from a sustainability perspective. For a review 

of many of these examples on the acid chloride synthesis of aliphatic and aromatic 

polyesters with 1,4:3,6-dianhydrohexitols, we refer to the excellent overview given 

by Fennouillot et al.15. Since the publication of that review, only a few studies used 

acid chlorides for the synthesis of 1,4:3,6-dianhydrohexitol-based polyesters16–20. 

Some recent examples that use solution polymerization as part of their strategy, 

for example in combination with pre-synthesized oligo(isosorbide lactate) units, 

will be covered in this chapter. In addition to polyesters, a few examples of 

poly(ester carbonates) will be presented, as incorporation of carbonate units was 

shown to improve molecular weights of poly(ester carbonates) compared to 

similar polyesters. 

1.2.1 Aromatic polyesters with 1,4:3,6-dianhydrohexitols 

Aromatic polyesters with 1,4:3,6-dianhydrohexitols, obtained  by solution 

polymerization with diacid chlorides, such as poly(isosorbide terephthalate) and 

poly(isosorbide 2,5-furanoate) exhibit very high Tg values of 205 °C and 194 °C 

respectively21,22. To obtain the same polyesters by melt polymerization is no easy 

task as this chapter will show, because the melt viscosity of these polyesters at 

typical polyesterification temperatures (up to 330 °C) is very high. As a rule of 

thumb for high Tg, amorphous materials, roughly twice the expected Tg of a 

polyester is required as the reaction temperature to reach melt viscosities low 

enough to obtain a stirrable polymer melt during polycondensation. This is not 

compatible with the limited thermal stability of 1,4:3,6-dianhydrohexitols at 

temperatures higher than 270 °C23.  
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Figure 1.4. Structure of poly(isosorbide terephthalate) (PIT). 

Early attempts to synthesize poly(isosorbide terephthalate) (PIT, Figure 1.4) by 

conventional bulk polymerization with dimethyl  terephthalate, using a Ti(OiPr)4 

catalyst at 250 °C, were unsuccessful24. The intrinsic viscosity after the reaction 

only reached 0.11 dL/g, which indicates a very low molecular weight polymer. The 

addition of varying amounts of succinic acid as a comonomer did not yield higher 

molecular weights25. A patent by Toyobo Co. Ltd. describes the synthesis of PIT 

from terephthalic acid or dimethyl terephthalate and isosorbide using a Ti(OBu)4 

catalyst at elevated temperatures up to 300 °C26. The reduced viscosity of the 

polyester was 0.4 dl/g with a Tg of 186 °C, which was increased upon crosslinking 

of the free carboxylic acid groups with 5-10 wt% of a crosslinking agent to 0.67 dl/g 

and a Tg of 197 °C. The authors did not mention the colour of the final polymer, 

although other publications describe heavy colouration of isosorbide-containing 

polyesters obtained in high temperature processes. Sablong et al. investigated the 

melt polycondensation between dimethyl terephthalate and isosorbide27. The 

authors conducted the transesterification reaction with Ti(OiPr)4 at 180-220 °C 

under an argon atmosphere for 6 h, and the polycondensation for 16 h at 1 mbar. 

The prolonged reaction times produced PIT with a Mn value of 11,600 g/mol, a 

polydispersity of 2.4 and a Tg of 186 °C. The polymer exhibited a deep brown colour 

after the reaction. 

An innovative strategy to overcome the low reactivity of isosorbide by using 

ethylene carbonate units as temporary chain linkers between the monomers was 

explored by Feng et al. (Scheme 1.1)28. While not a polyester, the carbonate 

linkages in the final poly(ester carbonate) are structurally similar to ester linkages, 

which is why this example is relevant within the scope of this chapter. 

 

Scheme 1.1. Synthetic strategy to obtain poly(isosorbide carbonate-co¬-terephthalate) (PICaT) by 
thermally eliminating the cyclic ethylene carbonate (EC) from the intermediate poly(isosorbide 
carbonate-co-ethylene terephthalate) (not shown). 
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Table 1.1. Characteristics of poly(isosorbide carbonate-co-isosorbide terephthalate) with different 
IS/TPA ratios. Catalyst: Sb(HOCH2CH2OH). Polycondensation conducted at 190 °C for 1.5 h under 
vacuum, then at 190-240 °C for 4 h at 0.1 mbar. 

Polyester a IS/TPA b 
Mn 

c 

[g/mol] 
PDI Tg 

d [°C] 

PICa 100/0 28,800 1.51 167 

PI90CaT10 89/11 25,300 1.50 171 

PI80CaT20 77/23 25,700 1.59 177 

PI70CaT30 67/33 24,100 1.55 182 

PI60CaT40 56/44 22,700 1.50 193 

a sample codes denote the feed ratio of IS to TPA. b composition ratio determined by 1H NMR. c Mn 

determined by GPC. d Tg determined by DSC. Unless otherwise noted, the values in upcoming tables 

were determined by the same methods. 

The authors synthesized oligo(isosorbide carbonate) and oligo(ethylene 

terephthalate) in two separate steps. Upon polycondensation, labile ethylene 

carbonate units were formed in the polymer chain, which underwent cyclization at 

elevated temperatures. The volatile ethylene carbonate was removed under the 

vacuum conditions during polycondensation, leading to the final polymer 

poly(isosorbide carbonate-co-isosorbide terephthalate). Although the polymer still 

contains carbonate linkages, its properties are close to pure PIT. As can be seen in 

Table 1.1, the obtained Mn values ranged from 22,700 to 28,500 g/mol and 

decreased at higher TPA loadings, as the increasing melt viscosity during the 

polycondensation impeded the removal of condensation products. The higher 

concentration of primary-OH groups at high TPA content also facilitated the 

transesterification at oligo(isosorbide carbonate) repeat units. The incorporation 

of the monomers into the polymer largely coincided with the feed ratios. The Tg 

values and decomposition temperatures increased at higher TPA-loadings. All 

polyesters were amorphous due to the high isosorbide content. Although the 

achieved molecular weights are very high compared to other publications on PIT, 

the formation of stoichiometric amounts of ethylene carbonate, a low value 

chemical that has to be recycled in a separate step is the main drawback of this 

methodology. The influence of residual carbonate repeat units on the mechanical 

properties and (bio)degradability is not clear, although neither terephthalic acid-

based polyesters nor aliphatic polycarbonates29 are usually (bio)degradable. 
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Figure 1.5. Structure of poly(isosorbide-2,5-furanoate) (PIF). 

Terzopoulou et al. investigated the synthesis of poly(isosorbide-2,5-furanoate) 

(PIF, Figure 1.5) from isosorbide and dimethyl-2,5-furandicarboxylate using 

Ti(OBu)4 (400 ppm) as a catalyst30. The transesterification was conducted with a 2:1 

diol:diester ratio for 4 hours at 150-170 °C under an argon atmosphere. For the 

polycondensation step the authors used a modified procedure to obtain high 

molecular weight polyesters with low volatility long chain diols31. The method 

involved the addition of another 1.05 equivalents of dimethyl-2,5-

furandicarboxylate after the first reaction step is complete. The reactants were 

transesterified for 5 hours at 150-170 °C under an argon atmosphere, while 

methanol was removed. The polycondensation was conducted at 210-230 °C for 3 

hours under vacuum (0.05 mbar). This procedure enabled the researchers to 

obtain high molecular weight polymers at moderate temperatures. The conditions 

necessary to remove long chain diols typically involve temperatures between 240 

and 270 °C, which can cause decomposition. The obtained polymers showed 

intrinsic viscosity values of 0.39 dL/g. Unfortunately the authors did not determine 

the molecular weights. The polyesters were amorphous and had a Tg of 157 °C, 

which is significantly lower than the values of the same polymer obtained by 

solution polymerization (194 °C with an Mn of 25,000 g/mol21). For other examples 

on the synthesis of PIF copolyesters with primary diols using the synthetic 

procedure as described above, see paragraph 1.3.1.2. 

Wang et al. synthesized poly(isosorbide 2,5-furanoate) by melt polymerization 

with dimethyl-2,5-furandicarboxylate (COOMe/OH 1:1.6) using a dibutyltin oxide 

catalyst (0.15 mol% relative to dimethyl-2,5-FDCA)32. After complete esterification, 

the polycondensation was conducted for 6 h at 0.1 mbar. The polyester exhibited 

an intrinsic viscosity of 0.27 dl/g and a Tg of 162 °C. For other examples from the 

same work with 1,4-butanediol as a comonomer, see paragraph 1.3.1.2. 

A patent by PepsiCo contains entries on the polymerization of isosorbide and 2,5-

furandicarboxylic acid (FDCA) with an Sb2O3 catalyst33. The authors conducted the 

esterification at 220-260 °C for 20 h under atmospheric pressure. After the melt 

became viscous, vacuum was applied to remove water. The polymer was dissolved 

in DMSO and stirred for 3-4 h at 180 °C. The Tg was 137 °C after precipitation in 

methanol. No molecular weight was given. 
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Figure 1.6. Structure of poly(isoidide-2,5-furanoate) (PIiF). 

A recent patent filed by Wageningen University and Research describes the 

synthesis of poly(isoidide 2,5-furanoate) (PIiF, Figure 1.6) by melt polymerization 

of isoidide and dimethyl 2,5-furandicarboxylate34. The esterification was 

conducted at 165-240 °C for 20 h, the polycondensation at 240 °C for 3 h at 0.1 

mbar. The obtained polyester exhibited a Mn value of 21,000 g/mol with a PDI of 

1.7. The authors compared the number-average molecular weight (analyzed by 

GPC) of the polymer after precipitation in methanol and noticed an almost two-

fold increase, as low-molecular weight oligomers were dissolved. The Tg and Tm of 

the unprecipitated polyester were 113 °C and 235 °C respectively, although neither 

Tg nor Tm were observed after precipitation. While some papers and patents report 

purification of their polyesters by precipitation, it is not a technique that can be 

employed on an industrial scale due to the low solubility of most polyesters and 

the large volumes of toxic solvents (often a DCM/MeOH mixture is used to 

dissolve/precipitate the polymers) that would thus be required. A comparative 

example employing isosorbide yielded polymers with similar molecular weights, a 

slightly decreased Tg (101 °C) and an amorphous structure.  

The Tg values of both isoidide and isosorbide based polyesters obtained via melt 

polymerization reported here are lower than values obtained via solution 

polymerization. Under those synthesis conditions, the Tg of poly(isosorbide 2,5-

furanoate) reached 180 °C (Mn = 13,750 g/mol)35 or 194 °C (Mn = 25,000 g/mol)21 

and the Tg of poly(isoidide 2,5-furanoate) reached 140 °C (5,670 g/mol) with no 

detectable Tm
35. This large difference in reported Tg values cannot be easily 

explained considering the similar Mn values reported for the same polyesters 

synthesized by melt polymerization.  

 

Figure 1.7. Structure of polyesters based on isosorbide or isomannide and 1,1-Bis(5-
(methoxycarbonyl)-2-furyl)methane or 1,1-Bis(5-(methoxycarbonyl)-2-furyl)ethane. 
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Okada et al. explored 1,1-Bis(5-(methoxycarbonyl)-2-furyl)methane (Figure 1.7; R 

= H) and 1,1-Bis(5-(methoxycarbonyl)-2-furyl)ethane (Figure 1.7; R = Me) as 

comonomers in polymerizations with isosorbide and isomannide (Figure 1.7)36. The 

reactions were conducted at 230 °C with a Ti(OiPr)4 catalyst. The obtained number-

average molecular weights were quite low (4,800 g/mol after 24 h overall reaction 

time), although prolonged reaction times of 48 h did result in a higher Mn of 9,300 

g/mol. This lower reactivity was attributed partially to the aromatic diester units 

employed. In a subsequent publication the researchers partially replaced 1,1-Bis(5-

(methoxycarbonyl)-2-furyl)ethane units with a range of aliphatic diesters, which 

resulted in higher molecular weight polymers37. Number average molecular 

weights of up to 16,100 g/mol were reached when 76% of the diacid moiety was 

dimethyl adipate. Interestingly, the use of the difuranic dichlorides under solution 

polymerization conditions did not result in higher molecular weights. The 

enzymatic degradability of the copolyesters containing difuranic moieties was 

evaluated. The degradability was determined by measuring the total organic 

carbon content (TOC) after 24 h of incubation with P. pancreas lipase in aqueous 

phosphate buffer solutions. It was found that polyesters with a higher content of 

aliphatic diacid units generally yielded higher TOC values, which indicates more 

enzymatic degradation. 

To summarize, the Tg values of the presented examples of aromatic polyesters with 

1,4:3,6-dianhydrohexitols obtained by melt polymerization are significantly lower 

than those of the same polymers obtained by solution polymerization from 

reactive diacid dichlorides. Solution polymerization typically leads to higher 

molecular weights. The Tg is generally known to increase with molecular weight, 

until a plateau value is reached38, which explains the difference in the Tg.  

Interestingly, more examples explore FDCA-based polyesters than TPA-based 

polyesters. This could be due to the lower melt viscosities of furanoate polyesters 

compared to terephthalate polyesters and the practically easier melt 

polymerization resulting from it. Another reason for this could be the increased 

interest of the research community in the fully biobased FDCA compared to fossil-

based TPA. It is apparent that high molecular weight aromatic polyesters with 

1,4:3,6-dianhydrohexitols are difficult to synthesize by conventional melt 

polymerization methods. The low reactivity of the secondary alcohols and the high 

viscosity during melt polymerization are the main causes for this. The material 

properties of these polyesters were elucidated in preceding publications in which 

solution polymerizations were used to obtain polyesters with higher molecular 

weights21,35. Their properties rival those of common engineering plastics. 
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1.2.2 Aliphatic polyesters with 1,4:3,6-dianhydrohexitols 

1.2.2.1 Chemically catalyzed polymerizations 

Most polyesters of aliphatic diacids with common diols like ethylene glycol and 1,4-

butanediol exhibit undesirable thermal properties, often with Tg values way below 

room temperature. This limits the applicability of these polyesters in areas like 

plastic packaging or injection molded parts due to the low structural integrity of 

polyester materials with Tg values below room temperature. The combination of 

these aliphatic diacids with rigid 1,4:3,6-dianhydrohexitols  can lead to rigid 

biobased materials. Especially succinic acid shows high potential as the shortest 

aliphatic diacid with good thermal stability (oxalic acid and malonic acid undergo 

decarboxylation at typical polyesterification temperatures). Poly(isosorbide 

succinate) (PIsSu) synthesized by solution polycondensation with succinyl chloride 

exhibits a Tg value of 78 °C16, which is higher than most biobased materials on the 

market and in the same range as PET.  

An overview of the results on polyesters synthesized with 1,4:3,6-

dianhydrohexitols and a range of aliphatic diacids/diesters is shown in Table 1.2. 

Noordover et al. presented one of the first syntheses of PIsSu by melt 

polymerization between succinic acid and isosorbide (Table 1.2, entry 7)39. The 

esterification was conducted for 4 h at 180-250 °C using Ti(OiPr)4 (0.02 mol% 

relative to succinic acid). The polycondensation was conducted for 4 h at 230-250 

°C at 1-5 mbar. The obtained number average molecular weights Mn ranged 

between 2,000 and 3,100 g/mol and depended strongly on the molar ratio of the 

reactants (SA/IS 1:1.1 yielded the highest molecular weight). The authors noted 

that colouration of the product could be avoided by using high purity isosorbide (≥ 

98.5%) and an inert gas atmosphere. Monomer purity is an important factor in 

polyester synthesis in general. Low monomer purity can have several negative 

effects on polyester synthesis40. Firstly an offset in the diol to diacid ratio hampers 

polycondensation, especially with high boiling diols such as 1,4:3,6-

dianhydrohexitols that cannot easily be removed under vacuum. If either 

monomer is only 98% pure, the resulting, theoretical degree of polymerization is 

limited to 33 (assuming the excess of the other monomer cannot be removed)40. 

For a polymer such as PIsSu this corresponds to a Mn around 8,000 g/mol. Apart 

from offsetting the diol to diacid ratio, undesired compounds can also be 

introduced into the reaction by using low purity monomers. Depending on the 

impurity, effects can range from a decrease in molecular weight (if the impurity is 

monofunctional and thus removes a reactive end group) to discolouration due to 
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sidereactions or deactivation of the catalyst. Many publications discussed in this 

review therefore use monomers with a purity of ≥99%. In the case of isosorbide, 

this is achieved by either recrystallization from acetone prior to polyester 

synthesis, or the use of commercially available isosorbide with a purity of > 99.5% 

(in the form of Roquette’s Polysorb Isosorbide). To achieve these very high purities, 

a series of purification steps must be undertaken as outlined in Roquette’s patents 

on isosorbide purification41. 

End-group analysis of PIsSu synthesized by Noordover et al. by 1H NMR revealed 

that a majority of end groups were hydroxyl groups with endo orientation, which 

is in line with the difference in reactivity between isosorbide’s two hydroxyl 

groups. Titrations revealed that only 2-3% of end groups were carboxylic acid, an 

excess of succinic acid did not affect this ratio. MALDI-TOF confirmed the presence 

of cyclic oligomers. To obtain higher molecular weights, and therefore possibly 

higher Tg values, the authors partly replaced up to 40 mol% isosorbide with 

aliphatic diols (2,3-butanediol, 1,3-propanediol and neopentyl glycol). The 

resulting copolyesters did exhibit higher molecular weights (Mn = 2,700-4,600 

g/mol), but also much lower glass transition temperatures (20.6-50.6 °C). The 

authors also described poly(isoidide succinate) in a patent utilizing the same 

synthetic procedure as for the isosorbide analogue. These polymers exhibited 

higher molecular weights and Tg values, as well as partial crystallinity42. Isoidide-

based copolyesters with aliphatic diols unsurprisingly showed higher Mn values 

(2,200-6,700 g/mol) and glass transition temperatures (39.8 - 63.4 °C) than their 

isosorbide counterparts (Table 1.2, entries 7-10)43.  

Despite the different reactivity between the primary diols and isosorbide, neither 
1H NMR nor 13C NMR indicated a block-type distribution of the monomers in 

isosorbide-based polyesters. The authors attributed this to the efficiency of 

Ti(OBu)4 in transesterifications. In fact, most works that will be presented in 

chapter 1 show a random distribution of monomers in the polymer chain. This is 

not surprising, as isosorbide incorporation into polyesters usually requires long 

reaction times at elevated temperatures to achieve satisfactory molecular weights. 

Theoretically envisioned by Flory in 194044, past studies on the occurrence of 

transesterification reactions in the middle of growing polyester chains during the 

synthesis of PET found that these transesterification reactions always occur during 

melt polymerization. Their rate depends on the reaction temperature45, and these 

transesterification reactions occur in all polyester melts, sometimes well below the 

melting temperature46. Given the long reaction times of isosorbide containing 
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polyesters, a randomization of the monomer distribution during melt 

polymerization is therefore not surprising. 

In order to increase the acid number of the final material, poly(isosorbide 

succinate) synthesized by Noordover et al. was reacted with citric acid (1.05 equiv.) 

for 5 h in the melt after the polycondensation. Preliminary experiments indicated 

that 75-80% of citric acid molecules will only react once with the free OH groups, 

which was confirmed by only slight branching of citric acid (Figure 1.8) modified 

polyesters.  

 

Figure 1.8. Structure of citric acid. 

These polymers exhibited a dramatic increase in free acid groups which enabled 

efficient curing with common commercial reagents. Thermal degradation of the 

modified polyesters started at around 210 °C, which still allows curing of the 

powder coatings. The mechanical and chemical properties, as well as the 

weathering resistance of these coatings were comparable to terephthalic acid-

based formulations. A follow-up publication investigated the mechanism of the OH 

functionalization of the polyesters with citric acid47. It was found that anhydrides 

formed from citric acid under thermal conditions were the active species in the 

functionalization of the OH groups. Unlike common trifunctional cross-linking 

agents like trimellitic anhydride, citric acid could not be employed during 

esterification/polycondensation of the initial polyester due to limited thermal 

stability at T> 180 °C.  

The synthesis of poly(isosorbide succinate) (PIsSu) was investigated in another 

publication25. The authors employed a similar reaction procedure (1 wt% Ti(OiPr)4), 

although shorter reaction times (4 h) led to lower molecular weights (Mn 522-1,200 

g/mol). The addition of adipic acid or dimethyl terephthalate as a comonomer 

slightly increased the molecular weights and Tg values (Table 1.2, entries 12 and 

13). The latter is remarkable for the adipic acid copolyester, as longer chain diacids 

typically result in decreased glass-transition temperatures. The higher Mn values 

can explain this observation. 

Park et al. investigated isosorbide polyesters with succinic, adipic and sebacic acid 

using Ti(OiPr)4 catalysis48. The polycondensation was carried out without prior 

esterification at 180 °C for 24 h under reduced pressure. The obtained number-
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average molecular weights ranged from 2,889 g/mol (succinic acid) to 19,218 

g/mol (sebacic acid) and increased with diacid chain length (Table 1.2, entries 11, 

20, 28). 

 

Figure 1.9. Structures of several aliphatic polyesters with isosorbide from Table 1.2. 
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Table 1.2. Molecular weights and thermal properties of polyesters based on 1,4:3,6-
dianhydrohexitols and several aliphatic diacids. For structures of the discussed polyesters, see Fig 1.9. 
All examples were obtained by melt polymerization. a

 IS = isosorbide, II = isoidide. 1,4-BDO = 1,4-
butanediol. 2,3-BDO = 2,3-butanediol. 1,6-HDO = 1,6-hexanediol. 

Entry Diol a Diacid/diester Mn [g/mol] PDI 
Tg 

[°C] 

Tm 

[°C] 
Ref. 

1 IS Diphenyl oxalate / / 172 / 49 

2 IS Diphenyl oxalate 12,900 2.05 165 / 50 

3 
IS/1,4-BDO 

(0.73/0.27) 
Diphenyl oxalate 12,800 1.89 105 / 50 

4 
IS/1,6-HDO 

(0.8/0.2) 
Diphenyl oxalate 20,287 2.07 114 / 50 

5 IS 
Diphenyl oxalate/di(4-

methylphenyl) adipate (81/19) 
9,900 2.10 124 / 51 

6 IS 
Diphenyl oxalate/divinyl adipate 

(62/38) 
4,100 2.02 85 / 51 

7 IS Succinic acid 3,100 1.6 67.7 / 39 

8 
IS/2,3-

BDO(0.6/0.4) 
Succinic acid 4,600 1.6 46.8 / 39 

9 II Succinic acid 4,200 1.9 73.4 / 47 

10 
II/2,3-

BDO(0.6/0.4) 
Succinic acid 6,700 2 57.9 / 43 

11 IS Succinic acid 2,889 1.3 73.2 145 48 

12 IS Succinic acid 1,200 2.5 59.3 / 25 

13 IS Succinic acid/adipic acid (85/15) 1,800 1.65 60.1 / 25 

14 IS Succinic acid 2,400 1.6 66.4 / 52 

15 IS Succinic acid/azelaic acid (85/15) 4,700 2.4 52.8 / 52 

16 IS Succinic acid 7,500  / / / 53 

17 IS Succinic acid 7,300 1.7 65 / 54 

18 IS Dimethyl succinate 13,400 1.6 56.4 / 55 

19 IS Succinic anhydride 2,900 1.73 73.8 / 56 

20 IS Adipic acid 8,764 1.8 34.5 84 48 

21 IS Dimethyl adipate 10,100 2.7 20 / 57 

22 IS Di(4-methylphenyl) adipate 8,650 2.0 25 / 51 

23 IS Divinyl adipate 3,800 2.39 26 / 51 

24 IS 
1,4-Cyclohexanedicarboxylic 

acid/dimethyl ester 
/   / 18 

25 IS 1,4-Cyclohexanedicarboxylic acid 
18,300 (with 

crosslinking) 
4.6 128 / 58 

26 IS Dimethyl subarate 16,900 2.3 18 / 57 

27 IS Sebacic acid 2,800 1.89 -5 / 59 

28 IS Sebacic acid 19,218 2.4 6.4 50 48 

29 IS Dimethyl sebacate 13,000 2.6 5 52 57 

30 IS Dimerized fatty acid 10,518 2.6 -18.2 / 60 



Chapter 1 

16 

 

The authors argue that the lower thermal stability of shorter diacids under the 

employed reaction conditions caused this discrepancy. The surface properties of 

the polyesters were evaluated by contact angle measurements. They revealed that 

the surface of all three polymers was largely hydrophobic. TGA analysis revealed a 

higher thermal stability of long-chain acid polyesters, as 5 % weight loss for PIsSu 

occurred at 193 °C, whereas the same weight loss occurred at 344 °C for PISe. The 

cytocompatibility for biomedical application of the synthesized polyesters was also 

investigated. It was concluded that PIsSu would be best suited for these 

applications due to its favorable mechanical strength and cytocompatibility. The 

biodegradability was influenced by a number of factors, including the surface 

properties, porosity and the chemical structure. In vitro degradation tests found 

that PIsSu degraded slower than the other materials, and the increased 

hydrophobicity was suggested as one reason.  

Qi et al. also synthesized poly(isosorbide succinate)54. The esterification was 

conducted with a 3 mol% excess of isosorbide for 8.5 h at 160 °C, the 

polycondensation for 7 h at 210 °C (Table 1.2, entry 17). The authors obtained the 

material with a Mn of 7,300 g/mol and a Tg of 65 °C. They also utilized 1,4-

butanediol as a comonomer, for further discussion of these copolymers, see 

chapter 1.3.2.  

Smiga-Matuszowicz et al. reported the synthesis of PIsSu by reaction of isosorbide 

with an equimolar amount of succinic anhydride56. The authors used the 

commercially available heterogeneous Brønsted acid Amberlyst 15 (5 wt%) and 

conducted the polymerization with a Dean Stark attachment in refluxing toluene 

for seven days (see Table 1.2, entry 19). After removal of the catalyst by filtration, 

the material was investigated for the application as in situ forming implants with 

slow release of an antibacterial drug. Despite the low molecular weight of 2,900 

g/mol, the Tg of 73.8 °C is the highest reported for poly(isosorbide succinate) 

obtained by non-acid chloride routes (compare entries 7-19 in Table 1.2). This 

value is however still below the materials real Tg value, as glass transition 

temperatures of up to 78 °C were found for PIsSu synthesized from succinyl 

chloride (Mn = 8,600 g/mol)16. 

The large variations of Tg’s of PIsSu obtained by different synthetic routes shows 

that molecular weights obtained by melt polymerizations are usually too low to 

approach the maximum Tg plateau value of high molecular weight PIsSu. It also 

shows that the molecular weight determination by GPC can be misleading for 
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polyester materials, as the standards used for calibrations are either polystyrene 

or poly(methyl methacrylate) which are very different in terms of polarity.  

A copolyester containing isosorbide, succinic acid and azelaic acid was presented 

in a patent for printing toner applications52. The incorporation of azelaic acid (up 

to 15 mol% of total monomers) resulted in an increase in molecular weights and a 

decrease in Tg values (see Table 1.2, entries 14, 15). The resulting polymers were 

emulsified and showed a satisfactory performance in the respective application. 

One solution to overcome the difficulty of obtaining high molecular weight 

poly(isosorbide succinate) within reasonable reaction times was suggested in a 

patent filed by China Petroleum & Chemical53. The authors employed methyl 

isobutyl ketone or diisobutyl ketone as azeotropic water removal reagents in a 

weight ratio dialkylketone:total monomers of 1:1 – 0.5:1. Using a Ti(OBu)4 catalyst 

and total reaction times of up to 8 h at 180-200 °C, polyesters with a Mn value of 

up to 7,500 g/mol were obtained. In the last 2-4 h of reaction, a mild vacuum (10-

20 mbar) was applied. The comparatively low reaction temperatures and short 

reaction times prevent the decomposition and volatilization of isosorbide 

commonly encountered in these type of polymerizations. These results show the 

influence of the removal rate of the esterification byproducts in polymerizations, 

although the molecular weights were still quite low. 

The low molecular weights obtained in some examples described above could be 

traced back to the sensitivity of Ti-alkoxides towards hydrolysis. Some authors use 

either Ti(OBu)4 or Ti(OiPr)4 in the esterification step without compensating for an 

eventual loss of active catalyst25,39,48. The catalysts, usually present at 0.02 – 1 wt%, 

can form condensed species and agglomerates, which generally exhibit lower 

solubility and therefore reduced catalytic activity61. Evtushenko et al. hypothesized 

that Ti-alkoxides form poorly soluble titanium carboxylates with dicarboxylic acids 

after observing the evolution of the IR spectra in time of a mixture of Ti(OBu)4 and 

benzoic acid62.  

The effect of catalyst addition before and after the esterification step on the 

transesterification rate between succinic acid and 1,4-butanediol  was investigated 

in detail by Jacquel et al.63.  The rate of transesterification was found to be severely 

accelerated when the catalyst was added after the esterification. Although the 

investigated polymer poly(1,4-butylene succinate) does not include 1,4:3.6-

dianhydrohexitols, the phenomenon of catalyst deactivation by the condensation 

product H2O could be applied to isosorbide-containing polyesters synthesized from 

dicarboxylic acids. Yang et al. synthesized a Ti-catalyst bearing chelating 
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ethanolamine ligands and compared its performance with common Ti-alkoxide 

catalysts in the polymerization of terephthalic acid with ethylene glycol64. The 

intrinsic viscosity of PET reached higher values in shorter times with these chelated 

catalysts, which could be due to less pronounced deactivation by H2O formed 

during esterification and polycondensation. 

Tan et al. used dimethyl succinate in the polycondensation reaction with 

isosorbide (see Table 1.2, entry 18)55. The authors added Ti(OBu)4 in two portions, 

before and after esterification step and conducted the reaction for 9.5 h at 180-

230 °C. After polycondensation, the reaction products were precipitated from 

CHCl3/MeOH. The obtained Mn was 13,400 g/mol, with a yield of only 56.3% and a 

Tg value of 56.4 °C. The very low Td,5% of 129.8 °C indicates that the polymer product 

is not representative of an ideal high molecular weight sample of poly(isosorbide 

succinate). The same author also investigated copolyesters with 1,4-butanediol 

(see paragraph 1.3.2). 

Consuming 12% of the overall isosorbide demand in 2015, poly(isosorbide 

succinate) currently mainly finds application as a thermosetting powder coating65. 

This application does not require high molecular weights as a curing step (e.g. with 

hexamethylene diisocyanate) is usually performed after applying the coating42
. 

A recent study by Zakharova et al. used dimethyl esters of the aliphatic diacids 

adipic acid, suberic acid and sebacic acid with isosorbide using dibutyltin oxide as 

a catalyst (Table 1.2, entries 21, 26, 29)57. The transesterification was conducted at 

180-200 °C for 3-5 h at 1 bar N2, while the polycondensation was carried out at 

200-220 °C at 0.03-0.06 mbar for 6-8 hours. The number-average molecular 

weights reached 10,100 to 16,900 g/mol with polydispersities between 2.3 and 2.7. 

The glass-transition temperatures of the obtained polyesters ranged between 5 

and 20 °C and solely the sebacic acid based polyester exhibited crystallinity and a 

measurable melting temperature of 52 °C.  

The same study replaced isosorbide with bicyclic diacetalized hexitols derived from 

D-mannitol and D-glucitol (Figure 1.10).  
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Figure 1.10. Structure and molecular weights of polyesters obtained by polymerization of aliphatic 
diacids with diacetalized D-mannitol (top) and D-glucitol (bottom). 

These primary diols have been shown to increase the thermal and mechanical 

properties of polyesters66. The obtained molecular weights were slightly higher (Mn 

between 10,400 g/mol and 20,900 g/mol) than with isosorbide, while the Tg values 

were significantly higher (22 – 72 °C), showcasing the effectiveness of these diols 

to restrict chain mobility. The main drawback of these monomers is their current 

commercial unavailability and their costly purification by chromatography67. 

In a recent publication, Liu et al. investigated several polyesters of isosorbide or 

isomannide with aliphatic diacids for potential applications as food packaging 

materials20. The authors synthesized the materials from the diacid chlorides of the 

respective acids without the use of a solvent. Despite long polycondensation times  

(0.1 mbar for 15 h at 160 °C), polyesters with succinic and adipic acid were brittle 

due to too low molecular weights (Mn between 4,300 g/mol and 15,500 g/mol, not 

shown in Table 1.2). This further showcases the difficulty of obtaining non-brittle 

materials of 1,4:3,6-dianhydrohexitols and aliphatic diacids, even when employing 

highly reactive diacid dichlorides. For that reason, the authors only reported the 

barrier and mechanical properties of sebacic acid-based polyesters. It was found 

that poly(isosorbide sebacate) was the more interesting polyester composition 

due to a more favorable chain alignment compared to the isomannide-based 

polyester. The barrier properties with respect to CO2, O2 and H2O of that polyester 

were better than those of PLA and PE but not as good as those of PET and PEF. The 

main problem with poly(isosorbide sebacate) as a packaging material is the 

materials low glass transition temperature (Tg = 2 °C) and low melting range 

(Tm = 35 – 72 °C). The uneconomical synthesis from diacid dichlorides is another 

unfavorable factor. 

Okada et al. investigated the biodegradability of aliphatic polyesters based on 

1,4:3,6-dianhydrohexitols in a series of publications68–70. The polyesters were 

synthesized from the respective diacid dichlorides (C4-C12) and biodegradability 
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was determined via enzymatic degradation in aqueous solutions, soil burial 

degradation and degradation in activated sludge.  It was found that polyesters 

PIsSu, PIsAd and PISe described in this chapter are biodegradable in activated 

sludge and after prolonged soil burial68,69. The lowest degradability was found for 

poly(isomannide succinate) (not described in this chapter due to no reported 

synthesis from diacids or diesters), which is likely due to its semicrystalline 

structure. Studies on the degradability in different aqueous enzymatic solutions 

revealed a correlation between diacid length and degradability70. An intermediate 

diacid chain length (PISe) favored enzymatic degradability, whereas short diacids 

(PIsSu) or crystallinity hindered it. 

One example of polycondensation reactions of isosorbide with large diacids (Figure 

1.11) was investigated by Vendamme et al., who employed dimerized fatty acids 

containing a double bond, to obtain materials for pressure sensitive adhesion 

applications (see Table 1.2, entry 30)60,71. 

 

Figure 1.11. Dimerized fatty diacid used in the polymerization with isosorbide by Vendamme et al. 

The esterification was carried out at 180 °C for 12 h under a N2-atmosphere, 

afterwards, the temperature was increased to 200 °C and a vacuum of 2-4 mbar 

was applied. The catalyst Ti(OBu)4 (0.04 mol% of carboxylic acid functions) was 

introduced dissolved in xylene, and the reaction was continued at 220-250 °C for 6 

h. The obtained molecular weights depended heavily on the ratio of diol to diacid, 

as the ratios diol:diacid of 0.95 and 0.91 yielded Mn values 10,505 g/mol and 5,440 

g/mol respectively, with polydispersities of 2.57 and 2.61. In the same study 

isosorbide was replaced with 1,4-butanediol, the molecular weights however were 

in the same range. As the polyesters were modified further through epoxidation 

and subsequent gelation with free –COOH groups, the end-group concentration 

was an important parameter. Titrations revealed that isosorbide-based polyesters 



Literature review 

21 

 

possessed a significant amount of free –OH groups compared to 1,4-butanediol-

based polymers. The authors report that even prolonged reaction times at 250 °C 

did not increase the carboxylic acid end-group concentration. The Tg values of 

polyesters based on 1,4-butanediol and isosorbide were -46.5 and -18.2 

respectively. The researchers concluded, that the influence of isosorbide on the 

pressure sensitive adhesion properties of the novel materials is very complex and 

needs further elucidation. 

Attempts to copolymerize isosorbide with either 1,4-cyclohexanedicarboxylic acid 

(Sm(OTf)3 catalyst) or its dimethyl ester derivative (Ti(OBu)4 catalyst) failed to 

produce high molecular weight poly(isosorbide-1,4-cyclohexanedicarboxylate) 

(PIsCyc) (see Fig. 1.9 for PIsCyc structure)18. Only the solution polymerization with 

the respective diacid dichloride derivative produced polyesters with an intrinsic 

viscosity of 0.4 dl/g and a Tg of 145 °C (for comparison, poly(isosorbide 

terephthalate) with the same intrinsic viscosity had a Tg of 186 °C, see paragraph 

1.2.1)26. 

An interesting approach to increase the reactivity of isosorbide for the synthesis of 

PIsCyc was taken by Yoon et al. who modified the isosorbide structure during the 

esterification step by in-situ acetylation with acetic anhydride (Ac2O) (Scheme 

1.2)58. The authors employed 1,4-cyclohexandicarboxylic acid as the diacid-

monomer with a GeO2/dibutyltin oxide (200 ppm/150 ppm) catalytic system. Ac2O 

was added in amounts of 0-75 mol% relative to isosorbide. The esterification was 

conducted at 120-250 °C for 3 h under a nitrogen atmosphere. The 

polycondensation was conducted at 265 °C at 0.4 mbar.  
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Scheme 1.2. Activation of isosorbide by in-situ acetylation with acetic anhydride during the 
polymerization with 1,4-cyclohexanedicarboxylic acid. The acid catalyzed ring opening hydration of 
isosorbide to 1,4-sorbitan is also depicted. 

The obtained results clearly show increased reactivity upon addition of Ac2O, 

although the high acidity catalyzed the ring-opening of isosorbide, forming up to 

28 mol% of 1,4-sorbitan relative to isosorbide. The polyesters showed Mn values 

between 11,600 and 18,300 g/mol with high polydispersities (PDI ≥ 4.6) at Ac2O 

concentrations > 1 mol% (Table 1.2, entry 25). This is a result from the 

incorporation of 1,4-sorbitan, which led to uncontrolled cross-linking in the 

polyester. The Tg values ranged between 116 and 131 °C, again decreasing at Ac2O 

loadings >15 mol% due to incorporation of the less rigid 1,4-sorbitan.  The authors 

conclude that the presented method could be viable in industrial applications, as 

small amounts of Ac2O can have significant effects on the polymerization 

efficiency. A follow-up publication showed the effects of isosorbide ring opening 

on the deformation behavior of PIsCyc in water at 100 °C72. It was found that PIsCyc 

with 1,4-sorbitan in the polymer chain deformed to an unexpectedly large extent 

through a mechanism similar to solvent-induced crystallization.  

The described synthesis strategy was applied to the commercial copolyester 

poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene terephthalate) 

(marketed as Ecozen® by SK chemicals) in a subsequent study. Addition of Ac2O to 

the polymerization did not improve the polymerization outcome for this 

copolyester (see paragraph 1.3.1.1 for more information on the synthesis of 

Ecozen®)73.  

Another rigid, biobased polyester based on isosorbide was reported in a recent 

work by Nsengiyumva et al.74. The authors synthesized copolyesters of various 
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aliphatic diols with camphoric acid using a melt polymerization protocol with the 

strong Brønsted acid p-toluenesulfonic acid as a catalyst. 

 

Figure 1.12. Poly(isosorbide camphorate) synthesized by Nsengiyumva et al. 

After prolonged reaction times (12 h under vacuum at up to 230 °C), 

poly(isosorbide camphorate) (Figure 1.12) was synthesized with an 

Mn = 6,900 g/mol and a PDI = 6.1. This high polydispersity was likely caused by the 

ring opening reaction of isosorbide to 1,4-sorbitan under Brønsted  acidic 

conditions and subsequent cross-linking reactions. A Tg of 125 °C and a high 

thermal stability (T5%d = 355 °C) was reported for this material, although values for 

the same material with a higher molecular weight and lower polydispersity could 

be different. 

The effect of the ester leaving group on the molecular weights of polyesters is 

showcased in a patent by Ube Industries on the synthesis of poly(isosorbide 

oxalate)49. The authors employed diphenyl oxalate in their procedure and obtained 

polyesters with intrinsic viscosities of up to 0.87 dl/g (see Table 1.2, entry 1). This 

value indicates a high molecular weight material.  The excellent leaving group 

properties of phenol apparently outweigh the low reactivity of isosorbide. The 

polyester had a Tg of 172 °C and exhibited good barrier properties towards O2. 

Two recent patents by Avantium explore the synthesis of copolyesters of 

poly(isosorbide oxalate) using the same synthesis strategy (Figure 1.13). In the first 

patent, the authors replaced up to 50 mol% of isosorbide with linear diols (such as 

1,4-butanediol and 1,6-hexanediol), which significantly reduces the Tg compared 

to poly(isosorbide oxalate) (e.g. replacement of 20 mol% isosorbide with 1,6-

hexanediol decreased the Tg from 165 °C to 114 °C, see also Table 1.2, entries 2-

4)50. Mn values of up to 20,287 g/mol were reported, depending on the linear diol 

and its amount in the copolyester. In the second patent, up to 50 mol% of diphenyl 

oxalate were replaced by reactive esters of adipic acid, namely di(4-methylphenyl) 

adipate or divinyl adipate51. Incorporation of adipate units into poly(isosorbide 

oxalate) resulted in more flexible materials with lower molecular weights and 

lower Tg values (Mn = 9,900 g/mol, Tg = 124 °C with 19 mol% adipate units, see also 

Table 1.2, entries 5-6). Reactive esters of adipic acid exhibited a lower reactivity 

than diphenyl oxalate, although diphenyl adipate was not tested for a direct 
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comparison. Poly(isosorbide adipate) synthesized with either di(4-methylphenyl) 

adipate or divinyl adipate yielded low molecular weight polyesters (Mn = 8,650 

g/mol with di(4-methylphenyl)adipate, see Table 1.2, entries 22-23), confirming 

their low reactivity. 

 

Figure 1.13. Copolyesters of poly(isosorbide oxalate) with linear diols or adipic acid esters described 
in Avantium’s patents. 

Comparison experiments reported in both patents on the synthesis of 

poly(isosorbide oxalate) replacing diphenyl oxalate with either diethyl oxalate or 

oxalic acid resulted in very low molecular weight products (Mn up to 1,700 g/mol 

starting from diethyl oxalate, even lower starting from oxalic acid, not shown in 

Table 1.2). This further shows the potential of using good leaving groups for the 

synthesis of high molecular weight polyesters, although it must be noted that 

oxalic acid has a low thermal stability and its short chain alkyl esters have relatively 

low boiling points, which limit their applicability in polyester synthesis in the first 

place. Other oxalate-based copolyesters of 1,4:3,6-dianhydrohexitols with linear 

diols (1,6-hexanediol and 1,8-octanediol) have been reported by Rajput et al. using 

a synthetic strategy that involves purification of pre-synthesized macromonomers 

by column chromatography (not shown)75. 

A recent patent by Covestro also utilized reactive phenyl esters to synthesize the 

poly(ester carbonate) poly(isosorbide-1,4-cyclohexanedicarboxylate-co-

carbonate) (PICCC, Figure 1.14)76. 

 

Figure 1.14. Poly(isosorbide-1,4-cyclohexanedicarboxylate-co-carbonate) (PICCC) shown in a patent 
by Covestro. 

The authors synthesized diphenyl-1,4-cyclohexanedicarboxylate by 

transphenylation of  1,4-cyclohexanedicarboxylic acid with an excess of diphenyl 

carbonate (5.2 equivalents versus 1,4-cyclohexanedicarboxylic acid) using various 

Brønsted bases as catalysts. The product was purified by distilling off excess 
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diphenyl carbonate. Subsequently, diphenyl-1,4-cyclohexanedicarboxylate was 

combined with excess diphenyl carbonate (61 mol% of  Diphenyl-1,4-

cyclohexanedicarboxylate), isosorbide and the Brønsted bases Cs2CO3 and NaOH 

(50 ppm each). A slight excess of phenyl esters of 1.02 equivalents relative to 

isosorbide was used. The authors obtained products with a Mn of up to 

11,000 g/mol (after precipitation in MeOH) within 80 minutes of total reaction 

time at 210 °C, during which the pressure was slowly reduced to 2 mbar. The Tg of 

the products was as high as 141 °C.  

The use of phenyl esters for the synthesis of high molecular weight polyesters with 

the unreactive secondary diol 2,2,4,4-tetramethyl-1,3-cyclobutanediol (see Figure 

1.3) has been reported as early as 1967 by Eastman77.  

Today, the commercial synthesis of high molecular weight polyesters with up to 

41 mol% of 2,2,4,4-tetramethyl-1,3-cyclobutanediol (known as Eastman’s Tritan®) 

is conducted with dimethyl terephthalate (diol comonomers include ethylene 

glycol, neopentyl glycol and 1,4-cyclohexanedimethanol)78,79. The procedures 

reported in these patents by Eastman typically employ a large excess of diols 

between 1.38 and 2 equivalents compared to diester. Nonetheless, Mn values of 

up to 55,000 g/mol are reached within 3 hours of polycondensation time at 275 °C. 

This is likely due to the significantly lower boiling point of 2,2,4,4-tetramethyl-1,3-

cyclobutanediol (b.p. 220 °C) compared to 1,4:3,6-dianhydrohexitols like 

isosorbide (b.p. 372 °C). This enables the removal of excess diols during 

polycondensation.  

While being more reactive in (trans)esterifications than aliphatic diesters or 

diacids, diphenyl esters are typically synthesized from diacid chlorides. Some 

works, as seen in the patent described above on poly(isosorbide-1,4-

cyclohexanedicarboxylate-co-carbonate), utilize the transphenylation between 

dicarboxylic acids or esters and diphenyl carbonate80,81 or phenylacetate82. Both 

synthesis routes produce stoichiometric amounts of byproducts, which is not 

desirable from a sustainability point of view. There have been some recent efforts 

to synthesize phenyl esters of carboxylic acids or esters by direct esterification83,84. 

In this case, phenol could be reused after polymerization of the diphenyl esters 

with diols. This is a promising strategy to obtain high molecular weight polyesters 

with 1,4:3,6-dianhydrohexitols, as it has already been shown to yield good results 

with diphenyl oxalate and diphenyl-1,4-cyclohexanedicarboxylate/diphenyl 

carbonate.  Phenol is a significantly better leaving group than H2O and MeOH. 

Condensation reactions with diphenyl esters do not require solvents or 
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stoichiometric amounts of base as do reactions with acid chlorides. This way they 

combine the high reactivity of acid chlorides with the simple reaction procedures 

of diacids and diesters. The potential of using the phenol leaving group in 

polycondensations can also be seen in the synthesis of poly(isosorbide carbonate), 

a sustainable and health-concern-free alternative to poly(bisphenol A 

carbonate)85,86. A number of recent examples investigated the melt polymerization 

of isosorbide with diphenyl carbonate and Mn values of 61,700 g/mol can currently 

be reached using imidazolium-based ionic liquids87. Poly(isosorbide carbonate) has 

already found commercial application as a replacement for poly(bisphenol A 

carbonate). It is marketed as DURABIOTM by the Mitsubishi Chemical Corporation. 

The wide range of possible applications due to the materials favorable mechanical 

properties combined with its resistance to chemicals and UV light resulted in 

patent applications from other major plastic producers such as Teijin Limited and 

Sabic Innovative Plastics88,89. 

To summarize, polyesters with 1,4:3,6-dianhydrohexitols synthesized by melt 

polymerization with aliphatic diacids or diesters are usually obtained with low 

molecular weights. The impact of this on the thermal properties can be seen by 

the large variations of Tg values for the same material (see Table 1.2). Mechanical 

properties of low molecular weight materials are usually inferior compared to high 

molecular weight counterparts of the same chemical composition38, which means 

that the potential of some aliphatic polyesters from this chapter is not yet fully 

clear. Especially the rigid poly(isosorbide succinate) with a Tg of around 78 °C 

(determined after synthesis with succinyl chloride  by solution polymerization16) 

bears a large unexplored potential, as amorphous biobased materials with a Tg> 

60 °C are highly sought after for commercial applications such as plastic 

packaging90. 

Most works focus on the use of isosorbide, which is currently the most widely 

available 1,4:3,6-dianhydrohexitol. While additives like Ac2O were shown to 

increase the chain lengths of the final polymers, side reactions and subsequent 

crosslinking exacerbate their application on larger scales. The use of phenyl esters, 

which has not been reported for polyester synthesis in the academic literature 

until the time this chapter was written, could prove to be useful to synthesize high 

molecular weight polyesters with unreactive secondary diols by melt 

polymerization. 
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1.2.2.2 Enzymatically catalyzed polymerizations 

A few recent studies used the enzyme Lipase B from Candida Antarctica 

immobilized on a macroporous resin to catalyze the polycondensation between 

1,4:3,6-dianhydrohexitols and several aliphatic diacids.   

Initial investigations employed isosorbide with diethyl esters of several aliphatic 

diacids in solvent systems allowing for the azeotropic distillation of EtOH91. The 

best results were obtained with a cyclohexane:benzene 6:1 mixture, a catalyst 

loading of 10 wt% with respect to the diethyl ester monomer and reaction times 

of 168 h at 85 °C. The esterification was conducted at atmospheric pressure, 

whereas polycondensation was conducted at 0.6 mbar. The obtained Mn values 

ranged from 4,300 to 47,000 g/mol (see Table 1.3). The low solubility of polyesters 

based on short chain diacids in the reaction solvent limited their molecular 

weights, as substrate diffusion and contact with the heterogeneous catalyst was 

limited. Accordingly, the efficiency of the polymerization increased with higher 

dilutions. 

Table 1.3. Selected examples from the biocatalytic polymerization of 1,4:3,6-dianhydrohexitols 
(isosorbide and isomannide) with several aliphatic diethyl esters. 

Diol Diethyl ester Mn [g/mol] PDI Tg [°C] Ref. 

IS Succinate a 2,047 2.1 56 91 

IM Succinate b 5,200 1.3 43 92 

IS Itaconate b 450 1.5 / 93 

IS Adipate a 16,818 2.2 35 91 

IS Adipate/fumarate b (0.95/0.05) 10,600 1.5 31 93 

IM Adipate/fumarate b (0.95/0.05) 3,777 1.8 21 93 

IS Suberate a 18,181 2.2 16 91 

IS Sebacate a 21,363 2.2 -2 91 

IS Sebacate a 15,524 1.4 2.1 94 

a Reaction conducted in 6:1 cyclohexane:benzene. b Reaction conducted in 6:1 cyclohexane:toluene. 

The authors noted temperatures higher than 90 °C should be avoided to prevent 

denaturation of the enzymes. A comparison of Tg values of polyesters produced by 

enzymatic or chemical catalysis reveals similar glass transition temperatures 

(compare Table 1.2 and Table 1.3). Poly(isosorbide adipate) for example exhibits 
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very similar Tg values of 34.5 °C (Mn = 8,764 g/mol) and 35.0 °C (Mn = 16,818 g/mol) 

synthesized by chemical48 or enzymatic catalysis91 respectively.  

A subsequent publication compared the reactivity of 1,4:3,6-dianhydrohexitols 

with succinic acid in biocatalyzed polycondensations95. The order of reactivity 

observed was isomannide > isosorbide >> isoidide, which is due to preferential 

docking of the enzyme’s active site to endo-OH groups. This was confirmed by 

substrate-imprinted docking-analysis. Product analysis by MALDI TOF revealed 

that initial polycondensates were predominantly cyclic (60 % after 8 h). Prolonged 

reaction times favored the formation of linear polyesters, with a product 

distribution of linear:cyclic of 65:35 after 24 h. Previous works on chemically 

catalyzed melt polymerizations do not explicitly mention the formation of cyclic 

reaction products. 

Naves et al. investigated the biocatalytic synthesis of partly unsaturated polyesters 

based on isosorbide and diethyl adipate93. Complete replacement of diethyl 

adipate with unsaturated diesters resulted in very low molecular weights 

(Mw< 1,100 g/mol).  The authors were able to introduce 5 mol% of unsaturated 

monomers like diethyl itaconate or diethyl fumarate into the polyester without a 

significant loss of reactivity, although cross-linking during polymerization 

decreased the molecular weights noticeably (Table 1.3). The authors concluded 

that the incorporation of up to 5 mol% of unsaturated diester monomers into 

poly(isosorbide adipate) can be viable to introduce double bonds into 1,4:3,6-

dianhydrohexitol-based polyesters. Other monomers, such as isomannide 

(replacing isosorbide) or the free acids itaconic and fumaric acid (replacing diethyl 

fumarate) did not lead to sufficiently high molecular weight products. 

One potential application of poly(isosorbide sebacate) obtained by enzymatic 

polymerization was presented by Smiga-Matuszowicz et al.94. They applied 

conditions reported by Juais et al. and obtained slightly lower molecular weights 

(see Table 1.3). The authors investigated potential applications of the polyester 

and its copolymers with 1,2-propylene glycol as a parental (non-oral) drug delivery 

system. It was found that these polymers can function both as antibiotic carriers 

and as promotors of new bone tissue formation. 

Enzymatically catalyzed polycondensations show some promising results with 

regard to molecular weights and substrate range. The heterogeneous catalytic 

system allows for easy separation from the reaction medium. One advantage over 

traditional polycondensation methods is the absence of residual Lewis acid 

catalysts in the final polymer product. The reaction conditions necessary for 
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biocatalytic polyesterifications however are still far from industrially applicable. 

This is due to use of organic solvents, high catalyst loadings (10 wt% with respect 

to monomer) and long reaction times of up to 165 h. 

1.3  Polyesters with 1,4:3,6-dianhydrohexitols as a 

comonomer 

The commercial interest to incorporate isosorbide as an comonomer (≤50 mol%) 

into both aliphatic and aromatic polyesters is considerable, as isosorbide content 

as low as 2 mol% can enhance the thermal properties of polyesters. This is shown 

by the fact that in 2018, 35% of the total isosorbide market (worth 396.4 million $) 

was used for the production of poly(ethylene-co-isosorbide terephthalate) or 

PEIT7. Combined with the previously described inherent difficulty to incorporate 

isosorbide into polyesters in larger molar percentages, the use as a property-

enhancing comonomer is currently more manageable from a synthetic point of 

view. One important difference to examples with high isosorbide content from the 

previous chapter is that incorporation of isosorbide as a minor constituent of diols 

usually results in materials with a semicrystalline structure. These polyesters can 

be subjected to solid state polymerization (SSP) to further increase their molecular 

weight, whereas previous examples are mostly amorphous polymers. The 

molecular weights of amorphous polyesters can’t be increased by SSP, which 

means that molecular weights high enough for the desired application must be 

reached during melt polycondensation or via reactive extrusion with so called 

chain extenders. 

1.3.1 Aromatic polyesters with 1,4:3,6-dianhydrohexitol 

comonomers 

1.3.1.1 Polyterephthalates 

A large portion of the efforts to copolymerize isosorbide with aromatic monomers 

revolves around the production of poly(ethylene-co-isosorbide terephthalate) 

(PEIT, Figure 1.15). Depending on the molar percentage of isosorbide in the 

copolymer, the properties can allow a variety of possible applications of the 

resulting polyesters. While smaller amounts of isosorbide (2-6 mol% of total diol) 

enable hot-filling of bottles due to a Tg of 83-86 °C, larger amounts of >20 mol% 

result in hard, amorphous copolymers with Tg values higher than 120 °C (not shown 

in Table 1.4)96.  
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Table 1.4 summarizes the synthetic conditions and product characteristics of PEIT 

polyesters obtained in several works (author names from the text are referred to 

in the table in the same order that they are discussed in the text). A patent by Du 

Pont from 2003 describes early, large scale efforts (39 kg, 240 mol of terephthalic 

acid) on the synthesis of PEIT copolyesters containing up to 5.4 mol% of isosorbide 

using a GeO2 catalyst97. The authors conducted the experiments in steel reactors 

which allowed them to pressurize the reaction mixture during esterification. 

In a later publication the mechanical and thermal properties of PEIT synthesized in 

the previously described patent were investigated98. The material exhibited 

desirable thermal properties for hot-bottle filling with a Tg of 86 °C and a 

semicrystalline structure. The mechanical properties were however not 

satisfactory for solid state film drawing or stretch blowing, as strain softening 

occurred upon isosorbide incorporation. This phenomenon typically leads to 

difficulties to obtain end-use materials with high mechanical and dimensional 

stability. The authors did to some extent solve this issue by adding a nucleating 

agent, the low molecular weight ionomer Sodium Aclyn 285®, which improved the 

mechanical properties under stress. 

 

Figure 1.15. Structure of poly(ethylene-co-isosorbide terephthalate) (PEIT). 
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Table 1.4. Synthetic conditions and properties of PEIT with varying amounts of isosorbide. If no 
reaction times are given, the authors ended the process when a certain torque value of the stirrer 
was reached. Est. = Esterification. Poly. = Polycondensation. 
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PEI5.4T 

Est.: 2.75 bar 
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°C 

Poly.: 0.7 

mbar, 265 °C, 

2.3 h 

GeO2   0.58  / 1.8 86 86.6 / 0.9 Du Pont 97 
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270 °C, 1.5 h 
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17.
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PEI7.8T Est.: 2 bar N2, 

230-250 °C; 

diacid:diol 

1:1.3 
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275 °C, 2 h 

Ti-Mg 5 0,70 12.1 2.3 / / / / 

Li et al.102 

PEI15.4T Ti-Mg 5 0.67 11.1 2.3 90 / / / 

PEI15.4T Sb2O3 230 0.70 / / / / / / 

PEI23T Ti-Mg 5 0.58 8.4 2.2 / / / / 

PEI6.5T Est.: 5 bar N2, 
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0.7 mbar, 
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min 
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sulfonic acid 
1 mol% 0.58 24.3 2.1 80 / / / 

Sb2O3 250 1.03 34.4 2.1 91 / / / 

a Isosorbide amounts are given with respect to total molar amount of diols. b Molar Sb: M (M = Li, Al) ratio. c Polyester was 

synthesized with isomannide (Im). 
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Although the aforementioned patent did obtain satisfactory isosorbide 

incorporation and yields, purely Ge-based catalysts are not optimal for large scale 

industrial processes due to the high price of pure GeO2
105. Attempts to incorporate 

larger amounts of isosorbide in PEIT suffer from two main problems. Firstly the low 

reactivity of isosorbide requires higher temperatures and longer residence times, 

leading to thermo-oxidation which results in undesirable coloured byproducts. 

Secondly, common Sb-based catalysts for PET production are deactivated at higher 

isosorbide loadings96. 

One attempt by Bersot et al. to increase the catalytic efficiency of the common 

polycondensation catalyst Sb2O3 for PEIT synthesis involves the addition of a 

second metal species known to form bimetallic complexes (M = Li+, Mg2+, Al3+)96. 

Addition of these metal-ions as organic salts (Li(OAc)x2H2O, Mg(OAc)2x4H2O, 

Al(OEt)3) at molar ratios of 1:0.25 to 1:1 Sb:M, did indeed facilitate the 

transesterification during PEIT (20 mol% isosorbide of total diols) synthesis, as 

indicated by measurements of the torque-variation during the reaction. In the case 

of Al, the authors were able to reduce Sb-loadings to 50% of the initial 

concentration (280 ppm Sb to 140 ppm Sb) and obtained slightly increased 

molecular weights. The final product did show less colouring for some added 

metals.   

A more recent study by Stanley et al. also investigated bimetallic catalytic systems 

for PEIT polymerization99. The authors tested combinations of the common 

commercial PET polymerization catalysts Sb2O3, GeO2 and Ti(OiPr)4 for the synthesis 

of PEIT containing around 9 mol% isosorbide. The reaction rate and colouration of 

the resulting polymer was found to depend heavily on the catalytic system. While 

purely Sb-based catalysts did lead to a higher isosorbide incorporation (around 1% 

higher than Ti- and Ge-catalysts), with acceptable colouration mainly due to Sb-

metal formation, the overall reactivity was lower than in other systems. Ti-based 

systems showed the highest reaction rates with the highest colouration, while 

GeO2-catalysis produced the lowest colouration with a slightly better reaction rate 

than Sb2O3. The authors concluded that depending on the desired properties and 

target applications, an ideal catalytic system can be found. No catalyst combination 

achieved high isosorbide incorporation, high reaction rates and low colouration. 

A patent by Roquette Frères from 2016 focused on the impact of GeO2/Al(OEt)3 

catalysis on the colouration properties of PEIT100. It was found that an increased 

catalyst concentration did improve the pale yellow colouration slightly, without 

impacting the molecular weight of the final polyester (the reduced viscosities did 
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not decrease significantly).  Addition of Co(OAc) x 4H2O (30 ppm Co) to the original 

catalytic system eliminated the yellow colouration and yielded a grey polymer. 

A recent study by Zhang et al. investigating the optical properties of PEIT utilized 

an ethylene glycol antimony/γ-AlOOH catalytic system (Sb:Al mass ratio 6:4)101. 

The resulting copolyesters showed improved optical properties compared to PET 

at 10 mol% isosorbide incorporation, allowing for applications that require high-

transmittance materials. Similar copolyesters synthesized from isomannide 

exhibited superior properties with regard to changes in colour and rate of 

crystallization, which turned out to be slower, thus resulting in more favorable 

optical properties. 

An environmentally more benign Ti-Mg bimetallic catalyst was explored by Li et 

al.102. Loadings of only 5 ppm of this sustainable catalyst yielded similar polyester 

products as 230 ppm of Sb2O3. Thermal and mechanical properties of the polyester 

products are in line with previous reports. The colouration of the polymers was not 

mentioned except for the fact that loadings of 30 ppm of the Ti-Mg catalyst led to 

brown polyester products. 

In a very recent study, Descamps et al. investigated the crystallization kinetics of 

PEIT containing up to 20.8 mol% of isosorbide104. The catalyst used for the reaction 

was not described, but fairly high inherent viscosities (up to 0.56 dl/g with 

20.8 mol% isosorbide) and a favorable colouration of the polymer products was 

reported. The findings on the effect of isosorbide on the crystallinity of the 

polyesters coincide with previous reports on different polyester compositions, as 

isosorbide incorporation increased the crystallization halftime while decreasing 

overall crystallinity. XRD studies revealed that crystallization occurs exclusively at 

ethylene terephthalate moieties. With respect to potential applications the 

authors concluded that PEIT with an isosorbide content of >15 mol% are 

challenging and time consuming to crystallize. Polyesters with a lower isosorbide 

content can therefore be used for applications that require fast crystallization like 

injection stretch blow molding (hot bottle filling). Materials with a higher 

isosorbide content are interesting for applications that require high Tg, transparent 

materials in optical or food contact applications. 

While organic catalysts are fairly common in ring-opening polymerizations, their 

use in step growth polyesterifications is rarely reported. One recent example by 

Stanley et al. compares the performance of several organic catalysts in the 

preparation of PEIT with 13 mol% isosorbide103. PEIT oligomers, synthesized 

without a catalyst in a separate step, were used to study the performance of 
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several metal-free catalysts during polycondensation (40 g of oligomers from 

esterification used). While the highest molecular weights were obtained with 

Triazabicyclodecene (Mn = 23,000 g/mol) and p-toluenesulfonic acid (24,300 

g/mol), they resulted in strongly coloured products and the latter in a high DEG 

content (10 %). The best overall results were obtained with 1,8-

Diazabicyclo(5.4.0)undec-7-ene (DBU), although it is inferior to Sb2O3 (Mn(DBU) = 

17,700 g/mol; Mn(Sb2O3) = 34,400 g/mol). The authors conducted mechanistic 

studies on some of the organic catalysts and showed that the mechanism of action 

is different from traditional Lewis acid catalysts. 

It is important to note that the performance of a catalytic system in a given 

polyesterification reaction is known to depend on many factors. This was shown in 

a series of publications by Otton et al. on the intricacies of PET polymerization106–

109. Among others, these include the specific monomers employed, their ratios, the 

reaction temperatures and end-group concentration. This is especially true when 

strongly coordinating bidentate diols, like ethylene glycol, are used. A direct 

comparison of the performance of different catalytic systems for different 

polyesterification systems is therefore only possible to a limited extent.  

The majority of the efforts to introduce other 1,4:3,6-dianhydrohexitols into PET 

by melt polymerization are reported in the patent literature. A direct comparison 

of the incorporation ratios of isoidide (98% incorporated compared to feed) and 

isosorbide (83% incorporated compared to feed) during PET copolymer synthesis 

in a recent patent by Roquette Frères showed that the former reacts more readily 

during polyesterification110. This is in line with previous reports that show that 

isoidide is the most reactive 1,4:3,6-dianhydrohexitol in (trans)esterification 

reactions. 

The authors of a recent patent by Ester Industries Limited attempted the 

challenging incorporation of isosorbide into PEIT by performing the 

copolymerization of TPA and EG with preformed poly(isosorbide isophthalate) (not 

shown in Table 1.4)111. The poly(isosorbide isophthalate) prepolymer was obtained 

by melt esterification of the respective monomers using butylstannoic acid 

catalysis at 240-250 °C. Terpolyesters with isosorbide contents between 1 and 20 

wt% were synthesized by melt polycondensation of terephthalic acid, ethylene 

glycol and the poly(isosorbide isophthalate) prepolymer using a 

GeO2/Sb2O3/Co(OAc)3 catalyst mixture. After extrusion and chipping, the reaction 

product exhibited an amorphous structure as both isophthalate and isosorbide 

disrupt the alignment of polymer chains. The polymer was dried and pre-
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crystallized and solid-state postcondensation was employed to improve the final 

molecular weight of the polymer (intrinsic viscosity from 0.62 dl/g before SSP to 

0.84 dl/g after SSP). 

For applications that require both structural toughness and high Tg values, the 

polyester poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene 

terephthalate) (PEICT) is an interesting option (Figure 1.16). It is commercially 

produced and distributed by SK Chemicals as Ecozen® and finds application in food 

and beverage containers, construction materials and more. 

Yoon et al. employed a standard two-step synthetic protocol using GeO2/dibutyltin 

oxide catalysis to synthesize PEICT with an isosorbide content of up to 55 mol% 

(see Table 1.5)73.  

 

Figure 1.16. Structure of poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene terephthalate) 
(PEICT). 

Table 1.5. Properties and reaction times for poly(ethylene-co-1,4-cyclohexanedimethylene-co-
isosorbide terephthalate). Reaction conditions: GeO2/dibutyltin oxide catalyst (150 ppm metal each). 
COOH/OH ratio 1:1.2. Esterification at 255 °C for 2 h. Polycondensation conducted at 255-270 °C at 
0.4 mbar for the indicated time. 

Polyester 

Feed ratio 
Composition 

ratio PC time a 

[min] 

Mn 

[g/mol] 
PDI 

Tg 

[°C] EG/IS/ 

/CHDM 
EG/IS/CHDM 

PEI9CT 45/9/46 48.5/7.5/42.9 90 25,400 2.6 92 

PEI22CT 45/22/33 47.2/22.7/29.8 165 22,400  2.3 113 

PEI40CT 45/40/15 46/41.9/12.1 290 19,700  2.4 131 

PEI54CT 30/54/16 30.5/54.6/15.1 330 19,100 2.5 143 

a Polycondensation time necessary to reach 30 Nm torque. 

Increasing isosorbide content resulted in lower molecular weights, although the 

decrease was limited compared to previous studies with similarly high isosorbide 

loadings. A detailed experimental and theoretical investigation on the reactivity of 
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the different diols was conducted. The results indicate that ethylene glycol plays a 

crucial role in achieving high molecular weights and a random monomer 

distribution. Firstly, the high reactivity of EG’s primary OH groups and low steric 

hindrance compared to the other diols favored the transesterification at both 

chain ends and middle segments. The former were constituted largely by 

isosorbide’s less reactive endo-OH groups after esterification, which shows the 

tendency of a block-type monomer distribution in this terpolyester. It was also 

found that chain scission in the polymer’s middle segments occurred more 

favorably at carbonyl groups adjacent to ethylene glycol linkers. This resulted in 

additional scrambling of the monomer distribution. The high volatility of EG 

compared to the other diols enabled its removal under vacuum if 

transesterification occurred at the chain ends. Calculations revealed the minimum 

amount of ethylene glycol necessary to accelerate the reaction and randomize the 

sequential distribution to be around 5 mol% with respect to total diol content. 

The PEICT terpolyesters exhibited Tg values as high as 143 °C at 55 mol% isosorbide 

content. This value exceeds the Tg of poly(ethylene naphthalate) or PEN (Tg = 120 

°C), a polyester used for high-demand applications for which PET is unsuitable. 

Subsequent publications on PEICT explored additional thermal properties112 and 

possible nanofiber applications113. 

The incorporation of isosorbide into polyesters usually results in a decrease of the 

melting temperature compared to the parent polymer, as isosorbide’s bent 

structure weakens interactions between polymer chains. The polyester poly(1,4-

cyclohexanedimethylene terephthalate) or PCT, for example, already possesses 

excellent mechanical properties due to its rigid structure. The main drawback, 

however, is the high melting temperature range of 278-318 °C, which is close to 

the polymer’s decomposition temperature. This results in difficult processing of 

the polyester, as thermal degradation can result in brittleness of the final material. 

One way to decrease the Tm of PCT is the incorporation of isosorbide. Two recent 

publications investigate the synthesis of poly(1,4-cyclohexanedimethylene-co-

isosorbide terephthalate) (PCIT, Figure 1.17 and Table 1.6)114,115. 

 

Figure 1.17. Structure of poly(1,4-cyclohexanedimethylene-co-isosorbide terephthalate) (PCIT). 
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Table 1.6. Properties and reaction times of poly(isosorbide-co-1,4-cyclohexanedimethylene 
terephthalate). Reaction conditions Koo et al.: Dibutyltin oxide/GeO2 catalyst (150 ppm metal each). 
COOH:OH ratio 1:1.2. Esterification conducted for 4 h at 280 °C. Polycondensation conducted at 290 
°C (300 °C for PCT). The reactions were conducted on a 9.5 mol TPA scale in a 7.5 l autoclave. Reaction 
conditions Legrand et al.: Dimethyltin oxide catalyst (200-350 ppm). COOH/OH ratio 1:1.1. 
Esterification at 270 °C at 5 bar. Polycondensation at 280 °C at 1 mbar for indicated times. The 
reactions were conducted on a 126.7 mol TPA scale in a 100 l autoclave.  

Polyester 

Feed 

ratio 

Composition 

ratio 
PC 

time  

[min] 

Mn 

[g/mol] 
PDI 

Tg 

[°C] 

Tm 

[°C] 
Ref. 

IS/CHDM IS/CHDM 

PCT 0/100 0/100 220 21,343 2.1 83 285 

Koo et 

al.114 

PCI5T 5/95 5.8/94.2 255 21,300 2.3 89 274 

PCI12T 12/88 11.1/88.9 275 19,800 2.4 95 266 

PCI17T 17/83 16.7/83.3 300 20,100 2.2 98 259 

PCI25T 25/75 25.4/74.6 325 19,100 2.2 110 / 

PCI16T 21.8/78.2 15.7/84.3 158 14,400 2.1 109 266 

Legrand 

et al.115 

PCI20T a 26.6/73.4 21.3/78.7 337 12,640 2.2 111 260 

PCI25T 31.4/68.6 24.7/75.3 199 12,350 2.2 117 253 

PCI39T 45.9/55.1 39.2/60.8 311 16,250 2.1 133 / 

PCI61T 65.1/34.9 60.8/39.2 280 10,000 2.8 149 / 

a GeO2 was added as a cocatalyst (200 ppm). 

One striking difference between the two publications is the different incorporation 

ratios of isosorbide. Legrand et al. used a 1.1 molar excess of diols and it was found 

that all excess diol was distilled off in the form of isosorbide, whereas Koo et al. 

used 1.2 molar excess of diols and almost no isosorbide loss was observed. The 

main difference between the two synthetic procedures is the use of pressure 

during esterification. Koo et al. conducted the initial esterification under 

atmospheric pressure which could result in distillation of 1,4-

cyclohexanedimethanol (b.p. 284 °C), whereas Legrand et al. applied a pressure of 

5 bar which does not allow for distillation of the diols. Due to the higher reactivity 

of 1,4-cyclohexanedimethanol compared to isosorbide, the unreacted diol excess 



Literature review 

39 

 

after esterification was constituted entirely of isosorbide, which was shown by 

both experimental results and theoretical calculations. Legrand et al. thus obtained 

a clean isosorbide fraction after polycondensation. 

Koo et al. conducted detailed investigations on the structure and crystallinity of 

PCIT polyesters. Solid-state NMR revealed that isosorbide was completely 

excluded from the crystalline regions of the semicrystalline polyesters, which was 

also found for PEIT104. The monomer distribution was found to be random for both 

PEIT and PCIT. This seems counterintuitive, but it was shown in previous studies 

that the dominant monomer in a statistically random copolyester can either in- or 

exclude other comonomers present in lower quantities during crystallization116. 

Increasing isosorbide content decreased the crystallization rate of the polyesters. 

The authors conclude that incorporation of isosorbide into PCIT is only viable at 

low isosorbide content due to its large influence on the overall polymer structure 

and its low reactivity resulting in prolonged reaction times and lower molecular 

weights. It was also found that an isosorbide content above 40 mol% led to the 

formation of significant amounts of 1,4-sorbitan by acidolysis during esterification. 

Despite higher molecular weights reported by Koo et al, Tg values of similar 

polyester compositions are between 7 and 10 °C lower than values reported by 

Legrand et al. 

Unlike examples by Koo et al., the polyesters obtained by Legrand et al. exhibited 

a semicrystalline structure up to an isosorbide content of 25 mol%. The latter 

authors successfully increased the molecular weight of these materials by SSP and 

their mechanical properties were compared before and after SSP. Some properties 

like Notched impact strength, elongation at break and tensile stress at break were 

enhanced while others like flexural modulus and tensile modulus slightly 

decreased. This shows that the relatively low molecular weights obtained 

negatively influence the properties of these polyesters. Despite this, the 

mechanical properties of PCIT polyesters were found to be comparable to 

commercial poly(bisphenol A carbonate) replacements such as Eastman’s Tritan© 

TX 1001. 

A similarly rigid material was reported in a recent publication by Legrand et al.117. 

The authors synthesized a copolyester containing terephthalic acid, isosorbide and 

tricyclodecanedimethanol (TCDDM), a rigid, primary diol monomer already used 

for commercial polyester synthesis (Figure 1.18). 
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Figure 1.18. Structure of poly(isosorbide-co-tricyclodecanedimethylene terephthalate) (PITT). 

Table 1.7. Characteristics of poly(isosorbide-co-tricyclodecanedimethylene terephthalate). 
Dimethyltinoxide catalyst (200-400 ppm). COOH/OH ratio 1:1.1. Esterification conducted for 270 °C 
until the amount of theoretical distillate was collected. Polycondensation conducted at 280 °C until 
a desired torque value was reached. The reactions were conducted on a 9.64 mol TPA scale in a 7.5 
L autoclave. 

Polyester 

Feed ratio 
Composition 

ratio 
PC 

time  

[min] 

Catalyst 

ppm 

Mn 

[g/mol] 
PDI 

Tg 

[°C] 
IS/TCDDM IS/TCDDM 

PTT 0/100 0/100 270 200 10,300 1.9 116 

PI9TT 16/84 9.4/90.6 190 200 13,200 2.0 123 

PI40TT 50/50 40.3/59.7 210 400 16,900 2.0 142 

PI68TT 75/25 68.3/31.7 240 400 15,100 2.1 163 

 

The molecular weights of the polyester compositions are shown in Table 1.7. 

Interestingly, larger amounts of isosorbide resulted in polyesters with higher 

molecular weights, a trend which is counterintuitive when considering the lower 

reactivity of isosorbide’s secondary alcohol groups. It was found that higher 

isosorbide contents lead to a slower esterification, an overall lower conversion of 

the monomers (62% with 67 mol% isosorbide) and shorter oligomers before 

polycondensation. Nonetheless, the authors reached higher final molecular 

weights for polyester compositions with high isosorbide content, which was 

hypothesized to be due to the bulky and hydrophobic nature of 

tricyclodecanedimethanol. This could favor the chain-growth reactions of 

isosorbide chain ends over tricyclodecanedimethanol chain ends, especially when 

considering the hydrophilic nature of ester linkages. The materials exhibited high 

Tg values. The mechanical properties were investigated and proved to be 

promising, but larger amounts of isosorbide (>40 mol%) led to brittle fracture of 
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samples, indicating that molecular weights were too low to reach a fully ductile 

material. 

Ahn et al. investigated poly(ethylene-co-isosorbide succinate-co-terephthalate) 

(PEIST) as a terpolyester containing biobased succinic acid (Figure 1.19) 118. 

 

Figure 1.19. Structure of poly(ethylene-co-isosorbide succinate-co-terephthalate) (PEIST). Gioia et al. 
added 5 mol% of glycerol to induce crosslinking (see Table 1.9). 

Table 1.8. Characteristics of poly(ethylene-co-isosorbide succinate-co-terephthalate). Reaction 
conditions: Esterification conducted at 200 °C. Polycondensation conducted at 250 °C, < 1.3 mbar. No 
reaction scale was given.  

Polyester   
Feed ratio a 

Composition 

ratio Mn 

[g/mol] 
PDI Tg [°C] 

EG/IS EG/IS 

PEST70 / / 36,000 2.3 35.6 

PEI15ST70 170/30 89/11 28,000 2.8 58.2 

PEI30ST70 140/60 78/22 28,000 2.3 74.2 

PEI30ST50 / / 29,000 2.5 50 

PEC30ST70 b / / 35,000 2.5 47.3 

a Feed ratio with respect to OH:COOH ratio of 2:1. b C = 1,4-cyclohexanedimethanol. 

The terpolyesters contained 15 or 30 mol% isosorbide with regard to the total diol 

content and a varying ratio of succinic acid and dimethyl terephthalate (50:50 to 

30:70, Table 1.8). In order to obtain higher molecular weights, ethylene glycol was 

added twice during transesterification, as the reaction temperature of 200 °C led 

to EG volatilization. A higher succinic acid content decreased the Tg without 

noticeably affecting the reactivity. The incorporation of isosorbide into the 

polyesters is low compared to previous examples on PCIT. The polyesters exhibited 

good biodegradability under composting conditions (58 °C), as 40% of PEI30ST70 

degraded within 50 days compared to 70% degradation of poly(1,4-butylene 

adipate-co-terephthalate). The polyesters also showed similar or superior light 
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transmittance (PEI30ST70 69.7% transmittance) in the range from 380 to 780 nm 

compared to other biodegradable polyesters such as PLA (87.5% transmittance) 

and poly(1,4-butylene adipate-co-terephthalate) (44.9% transmittance). 

A different approach towards a similar polymer composition was taken in a study 

where recycled PET-flakes were first depolymerized with isosorbide and a metal 

catalyst and subsequently repolymerized with succinic acid and glycerol to obtain 

crosslinked terpolyesters for powder coating applications119. The ideal metal 

catalyst for the depolymerization step was obtained by screening common 

polyesterification catalysts in the transesterification between dimethyl 

terephthalate and isosorbide. Out of those, Ti(OBu)4 and butyltin oxide hydroxide 

achieved satisfactory conversions (62-63%) and only the latter yielded a product 

with low colouration. In order to obtain a sufficient amount of free COOH groups 

for the hardening process, the authors used 65 mol% isosorbide and 80 mol% 

succinic acid with respect to the PET repeating unit. The depolymerization was 

conducted at 230 °C for 1 h under nitrogen, after which no more solid PET flakes 

were visible. The oligomers showed a Mn value of 428 g/mol with a PDI of 2.1 and 

an exo/endo ratio of the free isosorbide OH groups of 37/63, confirming the higher 

exo-OH reactivity. After addition of succinic acid and glycerol, the 

transesterification was performed under N2 at 230 °C for 3.5 h. The 

polycondensation was conducted at the same temperature at 70 mbar for 6.5 h to 

reach Mw and Tg values of 6,300 g/mol (no Mn value given) and 59.5 °C, 

respectively. The final properties of the uncured polyester were similar to a 

commercially available non-biobased powder coating polyester (see Table 1.9). 

The cured coating showed superior properties with regard to blooming and ageing 

resistance. 
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Table 1.9. Comparison of the properties of an uncured resin obtained from recycled PET flakes and a 
commercially available product (Crylcoat 1771-3 from Allnex Industries). The values have been 
determined by Gioia et al. 

Polyester   

COOH-end-

groups 

[mequiv./g of 

resin] 

Melt viscosity 

at 200 °C 

[mPa s] 

Mw 

[g/mol] 

Tg 

[°C] 

Colour (b 

index) 

Polyester from 

recycled PET, 

isosorbide, succinic 

acid and glycerol 

0.6 5,500 6,300 59.5 14 

Crylcoat 1771-3 0.57 4,900 / 56.0 9 

 

A different terephthalic acid based polyester, the properties of which can be 

significantly improved upon isosorbide incorporation, is poly(butylene 

terephthalate) (PBT). It has a less rigid structure than PET and can therefore 

additionally benefit from the isosorbide-induced rigidity. The past years saw a few 

publications on the melt polymerization of poly(1,4-butylene-co-isosorbide 

terephthalate) (PBIT). One important difference to PEIT, from a synthetic point of 

view, is the use of dimethyl terephthalate instead of terephthalic acid. The 

following studies do not mention the reasoning behind this, which is remarkable 

since terephthalic acid should be a more reactive and cheaper monomer to use. It 

is possible that the acidity of terephthalic acid leads to a more significant 

dehydration reaction of 1,4-butanediol to tetrahydrofuran or to ring opening of 

isosorbide to sorbitans at the elevated reaction temperatures. 

Two recent studies report the synthesis of poly(1,4-butylene-co-isosorbide 
terephthalate) (PBIT, Figure 1.20) with very different results (Table 1.10)120,121. 

 

Figure 1.20. Structure of poly(1,4-butylene-co-isosorbide terephthalate) (PBIT). 
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Table 1.10. Characteristics of PBIT with increasing amounts of isosorbide. Reaction conditions Lavilla 
et al.: Dibutyltin oxide catalyst (0.6 mol% with respect to total monomers). COOMe/OH 1:1.05 (Except 
PBT 1:1.6). Transesterification conducted for 3 h at 180 °C. Polycondensation conducted for 2-4 h at 
210-240 °C at 0.03-0.06 mbar. Reaction conditions Chen et al.: Ti(OBu)4 (0.6 mol% with respect to 
diester). COOMe/OH 1:1.8-2.2. Transesterification conducted for 4-5 h at 180-190 °C (depending on 
isosorbide content). Polycondensation conducted for 2.5-3.5 h at 220-260 °C (depending on 
isosorbide content) at 0.3-1 mbar. 

Polyester   

Feed 

ratio 

Composition 

ratio Mn 

[g/mol] 
PDI 

Tg 

[°C] 

Tm 

[°C] 
Ref. 

1,4-

BDO/IS 
1,4-BDO/IS 

PBT 100/0 100/0 17,100 2.4 31 223 

Lavilla et 

al. 120 

PBI6T 90/10 93.9/6.1 6,800 2.3 34 206 

PBI15T 80/20 85.0/15.0 6,500 2.3 54 189 

PBI25T 70/30 74.6/25.4 7,200 2.4 67 174 

PBI32T 60/40 67.7/32.3 7,300 2.5 78 158 

PBI44T 50/50 55.9/44.1 8,400 2.4 98 / 

PBT 100/0 100/0 31,600 2.1 31 212 

Chen et 

al. 121 

PBI4T 90/10 96/4 27,000 2.1 35 203 

PBI14T 80/20 86/14 24,800 1.9 60 192 

PBI25T 70/30 75/25 28,700 2.3 67 190 

PBI36T 60/40 64/36 25,100 2.2 79 165 

PBI41T 50/50 59/41 22,400 2.4 91 / 

 

The molecular weights reported by Chen et al. are significantly higher than those 

reported by Lavilla et al. for similar polyester compositions. The synthetic 

conditions of both works mainly differ with regards to the Diester/Diol ratio and 

the catalyst used (see caption of Table 1.10). Despite using a large diol excess of 

up to 2.2 equivalents relative to the diester (compared to 1.05 equivalents used by 

Lavilla et al.), the total loss of isosorbide is lower for Chen et al. The Tg and Tm values 

followed the typical trend in both cases. Combined with higher decomposition 

temperatures at higher isosorbide content, melt processing of PBIT becomes easier 

compared to PBT, as the window between Tm and decomposition is increasing with 

higher isosorbide content. The copolyesters were semicrystalline until an 
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isosorbide content of 36 mol% was reached. Degradation studies conducted by 

Chen et al. revealed that hydrolytic degradation under acidic conditions proceeds 

rapidly in the amorphous regions of the polyester. This degradation was found to 

slow down when it reached semicrystalline polyester layers. No significant 

degradation was observed under neutral hydrolytic or enzymatic conditions, 

regardless of isosorbide incorporation. The mechanism of degradation is mainly 

ester bond hydrolysis, the ether linkages in the isosorbide repeat units were found 

to stay intact. 

Lavilla et al. compared polymerization results with isosorbide to two other rigid, 

primary diols, the diacetalized hexitols Manx and Galx (for examples on the 

polymerization of these monomers with aliphatic diacids, see chapter 1.2.2.1). 

 

Figure 1.21. Structure and molecular weight of poly(1,4-butylene terephthalate) copolymers with the 
diacetalized derivatives of D-Mannitol (Manx) and D-Galactol (Galx). 

Under the same reaction conditions as reported for PBIT, double the molecular 

weight was obtained (Figure 1.21) and no rigid diol was lost with these two 

polyesters.  These results confirm the significantly lower reactivity of the secondary 

OH groups of isosorbide, especially when compared to the primary hydroxyl groups 

of diacetalized hexitols. The influences of Galx and Manx on the polyester 

properties were comparable to isosorbide. The chemical stability of these 

(monomeric) diacetalized hexitols under polyesterification conditions was not 

discussed by the authors. The high molecular weights obtained suggest sufficiently 

high stability under the experimental conditions. Once Galx and Manx are bound 

in the polymer, the thermal stability of polyesters containing these diacetalized 

hexitols is comparable to those containing isosorbide. 
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An earlier publication on the synthesis of PBIT used a Ti(OBu)4 catalyst and slightly 

elevated temperatures (250 °C) but the results largely coincide with Lavilla et al.24. 

The molecular weights obtained in the melt polymerization were so low that no 

thermal characterization was conducted. Even a large excess of diols (dimethyl 

terephthalate:diols 1:2, molar ratio of isosorbide:1,4-butanediol 1:1) did not 

improve the obtained molecular weight as it did for Chen et al. The incorporation 

of isosorbide in that case was only 50% compared to the feed ratio. The authors 

continued their investigation with terephthaloyl chloride. A patent published in 

2000 by HNA Holdings presented similar results about the difficulty to incorporate 

>10 mol% of isosorbide into PBIT and other aromatic polyesters122.  The authors 

also employed Ti(OBu)4 as a catalyst. Most of the unreacted isosorbide, which, 

together with the second diol moiety was used in at least 1.5-fold excess, was 

collected in the distillate. Even examples where the esterification was conducted 

in steel reactors at a pressure of 5 bar resulted in an isosorbide incorporation of 

less than 50%. These results suggest that even complete incorporation of 

isosorbide into oligomers after transesterification does not prevent volatilization 

of isosorbide due to the equilibrium nature of these reactions. Chain-scission and 

subsequent re-release of free isosorbide or short chain oligomers into the reaction 

mixture during polycondensation could therefore be one reason for the 

challenging incorporation of isosorbide into aromatic polyesters. The present 

examples on PBIT synthesis also showcase the importance of catalyst choice, as 

examples that use Ti(OBu)4 exhibit lower molecular weights than those that use 

dibutyltin oxide. It is important to note that the present examples proceed via a 

transesterification mechanism. Unlike examples from chapter 1.2.2.1, where 

Ti(OBu)4 showed a decreased activity, possibly after reaction with H2O, no 

deactivation of Ti(OBu)4 by the condensation product MeOH is known. 

A different approach to the synthesis of PBIT was taken by Sablong et al.27. The 

authors used solid-state polymerization in an attempt to achieve higher molecular 

weights and isosorbide incorporation. Initial trials to directly incorporate 15 wt% 

of isosorbide into presynthesized PBT were not successful as isosorbide was too 

volatile under SSP conditions. The authors subsequently synthesized a less volatile 

macromonomer (Figure 1.22) by stepwise addition of isosorbide and 1,4-

butanediol to terephthaloyl chloride followed by purification by recrystallization. 
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Figure 1.22. Macromonomer synthesized by Sablong et al. to enable incorporation of isosorbide into 
PBIT by SSP. 

Before starting SSP, the macromonomer and PBT were mixed by dissolution in 

1,1,1,3,3,3-hexafluoro-2-isopropanol and subsequent evaporation of the solvent. 

Solid-state polymerization was conducted at 180-195 °C under argon for 48-422 h 

(see Table 1.11). Monitoring of Mn throughout the reaction revealed that the 

molecular weight of the PBT decreased significantly in the beginning of SSP. The 

amorphous phase of PBT was initially subjected to transesterification initiated by 

free hydroxyl groups of the macromonomer. 1H NMR analysis during the reaction 

also revealed free endo- and exo-OH groups of isosorbide, a result of 

transesterification of the reaction primary alcohols of 1,4-butanediol with 

isosorbide-terephthalate esters. After the initial chain-scission-phase, the 

molecular weight of the polyester compositions increased. High isosorbide-

loadings required extended reaction times to obtain satisfactory molecular 

weights (Table 1.11). 

Table 1.11. Characteristics of PBIT polyesters obtained by solid-state polymerization of 
macromonomer shown in Figure 1.22 and poly(1,4-butylene terephthalate). 

Polyester   
Feed ratio 

Composition 

ratio SSP time 

[h] 

Mn
 

[g/mol] 
PDI 

Tg 

[°C] 

Tm 

[°C] 
1,4-BDO/IS 1,4-BDO/IS 

PBT 100/0 100/0 48 93,300 2.4 43 
220-

211 

PBI11T 86/14 89/11 95 85,200 2.4 59 207 

PBI17T 80/20 83/17 116 92,700 2.4 69 199 

PBI25T 72/28 75/25 422 142,600 2.6 78 194 

 

The obtained Mn values ranged between 85,200 and 142,600 g/mol with little 

discolouration of the products. The polyesters exhibited crystallinity up to an 

isosorbide content of 25 mol%. This is a result of the block-like structure of the final 
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polymer, as the macromonomer was only incorporated into the amorphous 

regions of PBT. This was indicated by Tm peak that occurred in the first heating runs 

of DSC analysis, regardless of isosorbide content. To draw a comparison to classical 

polymerization methodology, the authors additionally synthesized PBIT 

copolyesters with varying amounts of isosorbide by melt polymerization.  Low Mn 

values (8 400 - 11 600 g/mol) and strong colouration of the products after 24 h 

reaction time confirmed the superiority of SSP with regard to molecular weights 

and discolouration. A downside of the SSP approach is the use of terephthaloyl 

chloride for the synthesis of the PBIT macromonomer and the required purification 

of the same, which makes this synthesis method less interesting from an industrial 

point of view. 

A patent by Du Pont describes a similar approach123. Two separately synthesized 

prepolymers, poly(butylene terephthalate) (PBT, inherent viscosity (IV)  = 1.3 dL/g) 

and poly(isosorbide terephthalate) (PIT, IV = 0.26 dL/g), were submitted to 

transesterification and subsequent polycondensation in a molten blend. The 

resulting polyester showed an inherent viscosity of 0.53 dL/g with a Tg of 108.7 °C. 

The incorporation of isosorbide was satisfactory (55.2 mol% of total diols) as 92% 

were incorporated relative to the feed ratio (60 mol% of total diols). One example 

in the same patent on the synthesis of PEIT reported the same synthetic procedure 

with similar results. The polyester had an IV of 0.57 dL/g and a Tg of 139 °C, with 

very similar isosorbide incorporation compared to the feed ratio. 

An entirely different approach was taken by Wang et al.124. The authors 

investigated the polycondensation-coupling ring opening polymerization of cyclic 

PBT oligomers with isosorbide (Scheme 1.3). 

 

Scheme 1.3. PBIT synthesis by ring opening polymerization of cyclic oligo(1,4-butylene terephthalate) 
units. 

With isosorbide loadings between 5 and 20 mol%, Mn values of 9 000 - 10 000 

g/mol were obtained within three hours of polymerization at 250 °C using a 

Ti(OBu)4 catalyst (0.2 wt%). Considering the low molecular weights and the 
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expensive cyclic PBT oligomers required, this polymerization method is inferior to 

regular melt polyesterifications. Results from the thermal and structural analysis 

of the polyesters largely coincide with previous reports. 

Several examples of copolyesters with isophthalic acid derivatives, isosorbide and 

lactic acid are covered in chapter 1.3.4. 

1.3.1.2 Polyfuranoates 

2,5-furandicarboxylic acid (FDCA) is a promising biobased alternative to 

terephthalic acid. The novel biobased polyester poly(ethylene-2,5-furanoate) 

(PEF), which has improved thermal, mechanical and barrier properties compared 

to PET125, was targeted for isosorbide incorporation. The resulting poly(ethylene-

co-isosorbide-2,5-furanoate) (PEIF, Figure 1.23) has, similar to PEIT, increased Tg 

values and other enhanced physical properties compared to PEF. Surprisingly, all 

PEIF examples are found in the patent literature.  

One recent patent by Avantium and Roquette Frères describes the synthesis of 

PEIF with an isosorbide content up to 19.8 mol%126. The authors conducted their 

experiments in both a 200 mL glass reactor and a 2 L stainless steel reactor (see 

Table 1.12).  

 

Figure 1.23. Structure of poly(ethylene-co-isosorbide-2,5-furanoate) (PEIF). 

Table 1.12. Characteristics of poly(ethylene-co-isosorbide-2,5-furanoate) synthesized by melt 
polymerization with different diester to diol ratios and reactor systems. Ti(OBu)4 was used as a 
catalyst. 

Mol% of 

isosorbide 

in feed  

Mol% of 

isosorbide in 

polymer 

Reactor COOMe/OH 
Mn 

[g/mol] 
PDI 

Tg 

[°C] 

20.4 19.8 200 mL 1:2 9,600 3.5 94 

19.5 16.4 200 mL 1:1.5 4,600 3.5 87 

15.5 13.2 2 L 1:2 37,300 1.6 99 

 

Under similar reaction conditions, the latter yielded polymers with molecular 

weights more than three times as high, with Mn values up to 37,300 g/mol and 



Chapter 1 

50 

 

much lower PDI values. One reason might be the ability to pressurize the reaction 

mixture in the steel reactor, thus resulting in less volatilization of the monomers 

during initial transesterification. It was found that a large excess of diols increases 

both molecular weights and isosorbide incorporation ratios. Some experiments 

with up to 55 mol% of isosorbide were conducted on small scale in a film reactor 

with a butyltin(IV)tris octoanoate catalyst (for description of film reactor, see 127) 

The Mn values obtained were low with 6,750 g/mol and a Tg of 126 °C at 55 mol% 

isosorbide. A patent by Dow Global Technologies describes the high gas barrier 

properties of PEIF films, which allows for transparent packaging as no metal foil or 

metalized polymer film layers are necessary to decrease gas- and moisture 

permeability to an acceptable level128. 

Lomeli-Rodriguez et al. investigated biomass-derived polyester coatings of 

isosorbide, 1,5-pentanediol or 1,3-propanediol, FDCA and succinic acid (Figure 

1.24)129. The polycondensation was performed for 5 h under atmospheric pressure, 

using 3 wt% xylene to azeotropically remove water and the initial diacid:diol ratio 

was 1:1.5. The properties of the low molecular weight polyesters with 1,5-

pentanediol as the second alcohol monomer are shown in Table 1.13. 

 

Figure 1.24. Structure of terpolyester based on, 2,5-furandicarboxylate,  isosorbide, succinic acid and 
1,3-propanediol or 1,5-pentanediol. 

Table 1.13. Molecular weights and thermal properties of terpolyesters based on 1,5-pentanediol (Pe), 
2,5-furandicarboxylate (F), isosorbide (I) and succinic acid (S). 

Polyester  Mn [g/mol] PDI Tg [°C] Tm[°C] 

PPeF15I10S85 1,500 2.1 -43 / 

PPeF15I70S85 700 1.7 35 117 

PPeF30I50S70 900 1.9 0.7 139 

PPeF85I30S15 1,300 2.1 20 101 

Large amounts of FDCA (>70%) resulted in unprocessable polyesters at isosorbide 

content higher than 50% of the total diols. A decrease in molecular weight was 

observed with increasing isosorbide content, independent of the other 
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comonomers. The ideal isosorbide content to reach Mw values suitable for coating 

applications (2,000 - 6,000 g/mol) was found to be between 10 and 30 mol% of 

diols. Thermal decomposition of the polyesters was found to increase at higher 

isosorbide content for 1,5-pentanediol based polyesters, while Td was largely 

independent of the isosorbide content for 1,3-propanediol polyesters. The 

evaluation of coating properties revealed the highest performing polyester to 

contain 30% isosorbide (see above, otherwise limitation by low molecular weights) 

and 85% FDCA, as lower FDCA content resulted in brittle coatings. 

Poly(1,4-butylene-co-isosorbide-2,5-furanoate) (PBIF, Figure 1.25) was recently 

synthesized by conventional melt polymerization (Table 1.14)32. 

 

Figure 1.25. Structure of poly(1,4-butylene-co-isosorbide-2,5-furanoate) (PBIF). 



Chapter 1 

52 

 

Table 1.14. Characteristics of selected samples of poly(1,4-butylene-co-isosorbide-2,5-furanoate) 
with varying isosorbide contents. Reaction conditions32: Dibutyltin oxide catalyst (0.15 mol% of 
dimethyl-2,5-FDCA). COOMe:OH ratio 1:1.6. Transesterification for 3 h at 200-210 °C. 
Polycondensation for 6 h at 250 °C (3 h for PBF) at 1 mbar. Reaction conditions130: Ti(OBu)4 catalyst. 
COOMe:OH ratio 1:1.8 to 1:2. Transesterification for 3-4 h at 150-160 °C. Polycondensation for 0.5-3 
h at 180-220 °C at 0.3-1 mbar. 

Polyester   
Feed ratio 

Composition 

ratio [η] 

[dL/g] 

Mn 

[g/mol] 
PDI 

Tg 

[°C] 
Ref. 

1,4-BDO/IS 1,4-BDO/IS 

PBF 100/0 100/0 1.23 / / 42.3 32 

PBI20F 80/20 84.1/15.9 0.83 19,100 1.96 55.3 32 

PBI40F 60/40 62.5/37.5 0.74 15,900 2.04 87.2 32 

PBI60F 40/60 46.7/55.3 0.58 9,300 1.98 110.4 32 

PBI80F 20/80 23.7/76.3 0.45 / / 150.6 32 

PIF 0/100 0/100 0.27 / / 162.7 32 

PBI17F 80/20 83/17 0.72 31,000 2.5 54 130 

PBI27F 70/30 73/27 0.72 31,000 2.8 71 130 

PBI51F 60/40 49/51 0.56 24,400 2.8 84 130 

PBI63F 50/50 37/63 0.56 24,000 2.5 105 130 

 

As seen in previous works, the authors reported decreasing molecular weights at 

increasing isosorbide contents. Copolyesters with isosorbide contents between 20 

and 50 mol% were found to have good mechanical properties with a tensile 

modulus of about 1,400 MPa, tensile strength at break >53 MPa and elongation at 

break >46%. Materials with higher isosorbide contents were synthesized in too low 

molecular weights for representative measurements of their mechanical 

properties. Chen et al. also describe the synthesis of PBIF in a more recent 

publication (Table 1.14)130. Molecular weights and polydispersity of the products 

are slightly higher, while Tg values are lower. The authors additionally investigated 

the hydrolytic and enzymatic degradability of PBIF. Similar to the results on PBIT 

degradability, it was found that isosorbide incorporation enhances the hydrolytic 

degradability under acidic (pH 2.4, 80 °C) conditions. The biodegradability (under 

neutral aqueous conditions at 37 °C) of PBIF copolyesters was found to be 

dependent on the enzyme used for the experiment. Experiments conducted with 
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Porcine pancreatic lipase enzymes showed an improvement in biodegradation 

upon isosorbide incorporation. Degradation experiments performed with cutinase 

enzymes (Novozym 51032) revealed the opposite effect, as only PBF degraded to 

a significant extent under these conditions. The authors attribute this to the vastly 

different crystallinities and Tg values of PBIF copolyesters and different 

biodegradation mechanisms of the respective enzymes. 

Ouyang et al. recently reported a synthetic strategy to circumvent the low 

reactivity of isosorbide’s secondary hydroxyl groups for the synthesis of poly(1,4-

butylene-co-isosorbide carbonate-co-2,5-furanoate) (PBICF, Scheme 1.4)131. The 

authors pre-synthesized the macromonomer oligo(isosorbide carbonate) by 

reaction of isosorbide with a large excess of dimethyl carbonate (7.5 equivalents 

of isosorbide) using a LiOH catalyst (0.2 wt% relative to isosorbide) and 

triphenylphosphite as an additive (0.02 wt% relative to all chemicals). After 

distilling off the excess dimethyl carbonate, the macromonomers were combined 

with bis(hydroxy-1,4-butanediol)-2,5-furandicarboxylate or bis(hydroxy-1,4-

butanediol)-succinate in various ratios (see Scheme 1.4 and Table 1.15).  

 

Scheme 1.4. Synthetic approach for the synthesis of poly(1,4-butylene-co-isosorbide carbonate-co-
2,5-furanoate) (PBICF). 
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Table 1.15. Characteristics of poly(1,4-butylene-co-isosorbide carbonate-co-2,5-furanoate) (PBICF) 
and poly(1,4-butylene-co-isosorbide carbonate-co-2,5-furanoate-co-succinate) (PBICFS). 
Polycondensation was conducted for 6-10 h at 240 °C at 0.1 mbar.  

Polyester   
Feed ratio Composition ratio 

[η] [dL/g] Mn [g/mol] PDI Tg [°C] 
1,4-BDO/IS 1,4-BDO/IS 

PBI20CF 80/20 90/10 1.16 48,232 1.81 43.3 

PBI40CF 60/40 70/15 1.02 39,597 1.74 66.2 

PBI80CF 20/80 24/76 0.50 27,516 1.53 122.2 

PBI80CFS a 20/80 36/64 0.77 35,937 1.6 97.6 

a contains 10 mol% succinate, 10 mol% furanoate and 80 mol% carbonate in the repeat unit. 

At similar isosorbide content as reported by Wang et al., the resulting poly(ester 

carbonates) exhibited higher molecular weights with similar isosorbide losses 

(compare Table 1.14 and Table 1.15). Higher molecular weights were obtained 

when succinic acid was added in the form of bis(4-hydroxy-butyl)-succinate prior 

to polycondensation. This was attributed to the lower melt viscosity which allowed 

for easier removal of condensation byproducts, although much lower isosorbide 

incorporation was achieved with succinate poly(ester carbonates). Gas barrier 

measurements of the polymer films showed that the barrier properties of the 

reported poly(ester carbonates) were inferior to PBF but better than other 

biobased polyesters like PLA. The biodegradation was found to be enhanced at 

higher isosorbide contents. No cyclic carbonates were found to leave the reaction, 

unlike the example shown in chapter 1.2.1 on the synthesis of high molecular 

weight poly(isosorbide terephthalate-co-carbonate) where ethylene carbonate 

was distilled out during polycondensation. This is likely due to the unfavorable 

eight-membered ring structure of 1,4-butylene carbonate. 

While the molecular weights obtained are higher with the method presented 

above, one should consider the difficulty of chemically recycling polyesters with 

five different monomers. It is important from a sustainability point of view that 

future materials are designed in a way that allows for efficient recycling132. 

The terpolyester poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene-

2,5-furanoate) (PEICF, Figure 1.26) is, similar to PEICT presented in chapter 1.3.1.1, 

interesting due to the enhanced mechanical properties provided by 1,4-

cyclohexanedimethanol. Kim et al. reported the synthesis of PEICF using dimethyl-

2,5-furandicarboxylate (see Figure 1.26 and Table 1.16)133. 
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Figure 1.26. Structure of poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene-2,5-
furanoate) (PEICF). 

Table 1.16. Characteristics of poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene-2,5-
furanoate) at different isosorbide content. Reaction conditions: Ti(OBu)4 catalyst (0.8 wt% of FDCA). 
COOH:OH ratio 1:1.2 – 1:2.3. Esterification was conducted at 230 °C. Polycondensation (PC) was 
conducted at 250-260 °C. 

Polyester   
Feed ratio 

Composition 

ratio PC time 

[h] 

Mn 

[g/mol] 
PDI 

Tg 

[°C] 
EG/IS/CHDM EG/IS/CHDM 

PECF 50/0/50 49/0/51 3 19,300 2.1 80.9 

PEI10CF 50/10/40 46/12/42 8 18,700 2.3 90.3 

PEI20CF 50/20/30 44/23/33 11.5 19,600 2.6 102.4 

PEI30CF 50/30/20 43/49/19 12.5 16,400 2.7 119.0 

 

The esterification was conducted in a non-pressurized system at 230 °C, which 

resulted in volatilization of EG and thus a decreased availability compared to the 

other diols. This led to the preferential placement of EG at the chain ends of the 

oligomers, which in turn facilitated polycondensation due to the easier 

displacement of ethylene glycol. At first glance, these results contradict the 

previous observations on PEICT by Yoon et al. (see chapter 1.3.1.1), where the 

oligomer chain-ends mainly constituted isosorbide. In that case, however, 

esterification was conducted at 255 °C, under pressure, preventing volatilization of 

EG and thus increasing its availability and placing it preferentially in the middle of 

the oligomers. This showcases the impact of reaction design on the overall 

polymerization process. The observation that the EG block length decreased with 

increasing isosorbide content is found in both publications. This is an indicator for 

the aforementioned higher volatility of EG under polyesterification conditions, as 

a shorter block length means less incorporation into the polymer chain despite a 

constant EG feed ratio. This effect becomes obvious when comparing the 

incorporation ratio of EG with the feed ratio at increasing isosorbide content (see 

Table 1.16). Polycondensation times to reach similar molecular weights are 
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significantly longer for PEICF than for PEICT, despite the end groups of the former 

being predominantly ethylene glycol.  This could be due to the deactivation of 

Ti(OBu)4 by hydrolysis as the authors added the catalyst before esterification and 

Ti(OBu)4 is known to be susceptible to hydrolysis63, unlike dibutyltin oxide/GeO2 

used in the PEICT synthesis. The viscoelasticity of PCEIF polymers increased linearly 

with higher isosorbide loadings, although polyesters without isosorbide exhibited 

Newtonian behavior, while higher isosorbide incorporation resulted in increased 

shear-thinning behavior. 

Similar molecular weights and incorporation ratios were reported in a recent 

patent by Avantium and Roquette Frères on PEICF polyesters where both dimethyl-

2,5-furandicarboxylate and FDCA were used as monomers134. 

It is becoming apparent that a large excess of diols is necessary for a successful 

melt polymerization of polyester compositions with isosorbide starting from 

dimethyl-2,5-furandicarboxylate. The reason for this large excess, which hampers 

large scale applicability of the polyester synthesis due to the recovery of a mixture 

of diols after polycondensation, is not clear. A large excess of diols furthermore 

leads to mass transfer limitations on larger reaction scales, as the removal of bulky, 

high-boiling diols like 1,6-hexanediol or isosorbide from a viscous polymer melt is 

unfavorable.  

A strategy that was originally developed for the synthesis of furanoate based 

polyesters with long chain diols31 was used for the synthesis of poly(1,4-

cyclohexanedimethylene-co-isosorbide-2,5-furanoate) (PCIF, Figure 1.27)135. The 

authors synthesized the macromonomers bis(hydroxyisosorbide)-2,5-

furandicarboxylate and bis(hydroxyl-1,4-cyclohexanedimethanol)-2,5-

furandicarboxylate from dimethyl-2,5-furandicarboxylate. To initiate 

transesterification, they added an equimolar amount (corresponding to total diols 

present in macromonomers) of dimethyl-2,5-furandicarboxylate (Scheme 1.5). 
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Scheme 1.5. Synthetic strategy used for the synthesis of polyesters PCIF, PHIF and PDIF with dimethyl-
2,5-furandicarboxylate, isosorbide and different aliphatic diols. 

This way no excess of diols is present in the reaction mixture and the volatilization 

of isosorbide was partially prevented, as shown by the incorporation ratios (see 

Table 1.17) 

 
Figure 1.27. Structure of poly(1,4-cyclohexanedimethylene-co-isosorbide-2,5-furanoate) (PCIF). For 
synthesis strategy, see Scheme 1.5. 

Table 1.17. Properties of selected PCIF samples after melt polymerization using a macromonomer 
approach described in Scheme 1.5 using Ti(OiPr)4 catalyst (400 ppm, added during macromonomer 
synthesis). Transesterification was conducted for 4.5 h at 190 °C. Polycondensation was conducted 
for 2.5 h at 240-270 °C.  

Polyester  
Feed ratio Composition ratio 

[η] [dL/g] R a Tg [°C] Tm[°C] 
CHDM/IS CHDM/IS 

PCF 100/0 100/0 0.44 - 76.8 264.5 

PCI10F 90/10 88.7/12.3 0.41 0.804 82.6 249.5 

PCI20F 80/20 82.2/17.8 0.43 0.85 90.0 234.8 

PCI30F 70/30 74.7/25.3 0.49 0.904 97.8 219.7 

a degree of randomness; a value of 0 indicates block copolymers while 1 indicates a completely 

random distribution of the monomers 

 

The molecular weights were only indirectly determined in the form of intrinsic 

viscosities. There was however no decrease in molecular weights at higher 

isosorbide content observable. The analysis of the sequence distribution of the 

monomers revealed that the degree of randomness increased with increasing 

isosorbide content. Accordingly, the homopolyester poly(isosorbide-2,5-

furandicarboxylate) (PIF) undergoes transesterification much more easily than 
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poly(1,4-cyclohexanedimethanol-2,5-furandicarboxylate) (PCF). This result 

confirms the observation made by Rajput et al. that isosorbide is rapidly liberated 

from preformed macromonomers under transesterification conditions75. 

Investigation of the thermal properties of the polyesters revealed that increasing 

isosorbide content increased the Tg values and decreased Tm values (see Table 

1.17). The crystallization of polyesters was inhibited by increasing isosorbide 

content, as spherulite growth rates were shown to be retarded upon isosorbide 

incorporation. 

The same authors recently reported the synthesis and characterization of poly(1,6-

hexamethylene-co-isosorbide-2,5-furanoate) (PHIF, Figure 1.28)136. The same 

macromonomer approach as described above was used. 

 

Figure 1.28. Structure of poly(1,6-hexamethylene-co-isosorbide-2,5-furanoate) (PHIF)  and poly(1,10-
decamethylene-co-isosorbide-2,5-furanoate) (PDIF). For synthesis strategy, see Scheme 1.5. 

Table 1.18. Properties of selected PHIF examples after melt polymerization. Ti(OiPr)4 catalyst (400 
ppm, added during macromonomer synthesis). Transesterification was conducted for 4.5 h at 190 °C. 
Polycondensation conducted for 3.5 h at 220-250 °C.  

Polyester  
Feed ratio Composition ratio 

[η] [dL/g] R a Tg [°C] Tm[°C] 
1,6-HDO/IS 1,6-HDO/IS 

PHF 100/0 100/0 0.4 / 7 146.1 

PHI10F 90/10 87.2/12.8 0.58 0.74 20 132.3 

PHI20F 80/20 80.8/19.2 0.53 0.76 27 / 

PHI30F 70/30 72.3/27.7 0.37 0.78 34 / 

PHI50F 50/50 52.1/47.9 0.27 0.87 58 / 

PHI70F 30/70 33/67 0.32 0.99 101 / 

The same trends regarding lower intrinsic viscosities and higher degrees of 

randomness with increasing isosorbide content were observed (Table 1.18). Tg 
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values are significantly lower due to the increased flexibility of 1,6-hexanediol 

compared to 1,4-cyclohexanedimethanol. The crystallinity of PHIF is decreased 

compared to PCIF, as samples with >10 mol% isosorbide were amorphous. 

Important information missing from both works discussed above is the scale at 

which the reactions were conducted.  

The same synthetic approach was reported for the synthesis of poly(1,10-

decamethylene-co-isosorbide-2,5-furanoate) (PDIF, Figure 1.28)137. 

Table 1.19. Properties of selected poly(1,10-decamethylene-co-isosorbide-2,5-furanoate) (PDIF) 
examples after melt polymerization of macromonomers. Transesterification conducted for 4.5 h at 
160-190 °C. Polycondensation conducted for 2 h at 220-250 °C. 

Polyester  

Feed ratio 
Composition 

ratio Mn 

[g/mol] 
PDI Ra 

Tg 

[°C] 
Tm[°C] 

1,10-

DDO/IS 
1,10-DDO/IS 

PDI10F 90/10 88/12 21,500 3.34 0.64 -0.1 108.2 

PDI20F 80/20 81/19 15,900 3.48 0.86 6.3 99.5 

PDI30F 70/30 72/28 11,500 5.37 0.90 9.7 91.5 

PDI40F 60/40 61/39 17,200 4.15 0.90 20.6 64.3 

The authors reported relatively high PDI values, especially at higher isosorbide 

content (Table 1.19). The polyesters were random at higher isosorbide content. As 

in the previous examples using the same macromonomer approach, -COOH end 

groups were found in the final polymer products. This was attributed to thermal 

degradation of ester end groups during polycondensation. The products exhibited 

a very favorable processing window due to high melting temperatures and thermal 

stability up to 405 °C. Incorporation of isosorbide improved the mechanical 

properties with regard to elongation at break (205% to 265.9% compared to 135% 

for poly(1,10-decamethylene-2,5-furanoate) (PDF)) and tensile strength (16.66 to 

20.53 MPa compared to 11.4 MPa for PDF). The polyesters were semicrystalline, 

which is in accordance with results obtained by solution polymerization of 

isosorbide with long aliphatic diacids16. Degradation studies in soil revealed that 

the enzymatic degradation rate decreased with increasing isosorbide content, 

which is contrary to most previous results. This could be due to the already facile 

biodegradation of 1,10-decanediol-based polyesters due to the large space 

between ester groups, which allows for easy access of the active sites of enzymes. 
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A different approach at synthesizing macromonomers of unreactive 1,4:3,6-

dianhydrohexitols was taken by Morales-Huerta et al.138. The authors attempted 

to synthesize high molecular weight poly(1,4-butylene-co-isomannide-2,5-

furanoate) (PBImF) by conducting the ring-opening polymerization of two pre-

synthesized cyclic oligomers (Scheme 1.6). The two oligomers, oligo(1,4-

butanediol-2,5-furanoate) and oligo(isomannide-2,5-furanoate), were obtained by 

high-dilution solution condensation of 2,5-furandicarboxylic acid chloride and the 

respective diol. The cyclic oligomers were separated from their linear analogues by 

flash chromatography. Both oligomers were then subjected to ring-opening 

polymerization for 6 h at 220 °C, catalyzed by Sn(Oct)2 (0.5 mol%). Polyesters with 

an isomannide content of 5-50 mol% with respect to the total diol content were 

obtained (Table 1.20).  

 

Scheme 1.6. Synthesis of poly(1,4-butylene-co-isomannide-2,5-furanoate) (PBImF)  by ring opening 
polymerization of cyclic oligo(1,4-butanediol-2,5-furanoate) and oligo(isomannide-2,5-furanoate). 

Table 1.20. Properties of poly(1,4-butylene-co-isomannide-2,5-furanoate) obtained by ring-opening 
copolymerization. 

Polyester Yield [%] Mn [g/mol] PDI Tg [°C] Tm [°C] 

PBF 95 36,111 1.8 42 172 

PB95Im5F 93 39,375 1.6 45 / 

PB70Im30F 85 28,666 1.5 66 / 

PB50Im50F 82 19,500 2.0 97 / 

PImF 80 14,737 1.9 189 / 

 

Both the yields and molecular weights of the resulting polyesters decreased at 

higher isomannide-loadings: overall they were higher than PBIT polyester obtained 

by ring opening polymerizations of cyclic PBT oligomers with isosorbide (see 

chapter 1.3.1.1). 13C NMR studies revealed that larger amounts of isomannide (≥40 

mol% respective total diols) additionally resulted in a block-type sequence 

distribution.  Only polyesters with an isomannide content below 10 mol% were 
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semicrystalline. Their crystal structure and crystallization mechanism were similar 

to PBF, although the kinetics of crystallization was inhibited. Incorporation of 

isomannide coincided largely with the feed ratio, which can be attributed to the 

different mechanism of ROP, as isomannide usually exhibits the lowest reactivity 

of 1,4-3,6-dianhydrohexitols in polycondensations. Degradation tests in pH 7.4 

phosphate buffer solutions revealed significant hydrolysis at increasing 

isomannide content compared to the largely water resistant poly(1,4-butylene-

2,5-furanoate). The polyester poly(isomannide-2,5-furanoate) exhibited 20% 

degradation after 30 days in the buffer solution, and 50% degradation in the 

presence of porcine pancreas lipase. These results showcase the strong influence 

of 1,4:3,6-dianhydrohexitols on polymer degradation characteristics. According to 

the authors, cyclic oligomers from isosorbide were not obtainable by the described 

method. Molecular simulations confirmed the lower stability of those species 

compared to isomannide-based cyclic oligomers.  

The presented examples on melt polymerization of aromatic diacids or diesters 

with 1,4:3,6-dianhydrohexitols show that the main monomer used in most current 

examples is isosorbide. Especially PEIT with up to 20 mol% of isosorbide received 

a lot of attention from both the academic and industrial research community. 

Extensive catalyst screening revealed some active catalytic systems, which can be 

more sustainable than traditional Sb2O3 catalysts for PET synthesis. Sufficiently 

high molecular weights however still require long polycondensation times. Some 

examples of other aromatic copolyesters explore unconventional 

polyesterification methods like formation of macromonomers, use of ethylene 

carbonate as a temporary chain linker or ring opening polymerizations of cyclic 

precursors. The thermal and mechanical properties of the provided examples 

showcase the large potential of 1,4:3,6-dianhydrohexitol containing aromatic 

polyesters. Incorporation of 1,4:3,6-dianhydrohexitols typically increases the 

polyesters biodegradability and facilitates melt processing by reducing Tm and 

increasing Td. 

1.3.2 Aliphatic saturated polyesters with 1,4:3,6-

dianhydrohexitol comonomers 

Poly(butylene succinate) is a promising candidate for fully bioderived and 

biodegradable polyesters, as the monomer succinic acid can be produced from 

lignocellulosic biomass139 or glucose140 and 1,4-butanediol can be obtained via the 

reduction of succinic acid141. The properties of PBS are unsuitable for many 

applications, as the highly crystalline polymer exhibits a Tg of -32 °C and a Tm of 114 
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°C142. The high crystallinity, resulting from the linear chains, renders PBS 

inapplicable in film-drawing applications, as rapid crystallization results in opaque 

materials143. The incorporation of isosorbide into PBS can lead to fully biobased 

copolyesters with tunable, application-oriented properties. 

Table 1.21 compares the results of several publications on the synthesis of 

poly(1,4-butylene-co-isosorbide succinate) (PBIS, Figure 1.29). The synthetic 

conditions are given together with the molecular weights obtained. The obtained 

Mn values of the polyesters with the same isosorbide feed ratios varies vastly 

between publications. This can be explained by several factors that determine the 

outcome of a polymerization, especially when an excess of low-reactivity, high 

boiling diols like isosorbide are used. The scale at which the reaction is conducted, 

together with parameters like stirrer geometry and the general reaction setup, can 

have a large influence on the reaction times necessary for polycondensation, as 

mass transfer will depend on the factors stated above144. If mass transfer is 

unfavorable in a reaction setup, high molecular weights will be difficult to obtain.  

 

Figure 1.29. Structure of poly(1,4-butylene-co-isosorbide succinate) (PBIS). 

Table 1.21. Characteristics of selected PBIS polyesters with varying amounts of isosorbide. Est. = 
Esterification. Poly. = Polycondensation. 

Conditions  Polyester 

Feed 

ratio 

Composition 

ratio Mn 

[g/mol] 
PDI 

Tg 

[°C] 

Tm 

[°C] 
Ref. 

1,4-

BDO/IS 
1,4-BDO/IS 

Est.: 1 bar N2, 180 °C 

(no cat.), 4 h 

Poly.: 0.2-1 mbar, 220-

230 °C, 6-7.5 h, 

Ti(OBu)4 (0.1 wt% with 

respect to total 

reactants) 

Diacid:Diol 1:1.06 

PBS 100/0 100/0 69,500 2.9 -34 113 

Duan et 

al.145 

PBI11S 90/10 89.2/10.8 83,000 2.0 -21 100 

PBI21S 80/20 79.3/20.7 31,600  1.9 -19 88 

PBI28S 70/30 71.9/28.1 15,600 1.4 -13 83 

Est.: 2 bar N2, no T 

given, no catalyst, 100 

min. 

Poly.: 0.7 mbar, 230-

250 °C, 2.5-5.5 h, 

Zr(OBu)4 (0.18 mol% 

with respect to diacid) 

Diacid:Diol 1:1.05 

PBS 100/0 100/0 59,000 1.9 -30 115 

Jacquel 

et.146 

PBI5S 95/5 97.2/2.8 51,800 1.9 -28 109 

PBI10S 90/10 93.0/7.0 53,500 2.0 -24 103 

PBI20S 80/20 85.8/14.2 45,700 2.0 -11 89 
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Conditions  Polyester 

Feed 

ratio 

Composition 

ratio Mn 

[g/mol] 
PDI 

Tg 

[°C] 

Tm 

[°C] 
Ref. 

1,4-

BDO/IS 
1,4-BDO/IS 

Est.: 1 bar N2, 160-180 

°C, 4-7.5 h. 

Ti(OBu)4 (0.05 mol% of 

total reactants) 

Poly.: 0.5-0.1 mbar, 

210-230 °C, 3-5 h 

Diacid:Diol 1:1.03 – 

1:1.10 

 

PBS 100/0 100/0 38,700 1.8 -37 113 

Qi et al.54 

PBI10S 90/10 91/9 31,600 1.9 -24 106 

PBI20S 80/20 80/20 29,100 1.8 -19 92 

PBI50S 50/50 48/52 15,400 1.8 9 / 

PBI80S 80/20 22/78 7,600 2.0 43 / 

Est.: 3.5 bar N2, 220 °C, 

no time given 

TsOH x H2O (0.5wt% 

based on total 

reactants) 

Poly.: 0.2-1 mbar, 245 

°C, no time given 

Sb2O3 (0.05 wt% based 

on total reactants) 

Diacid:Diol 1:1.2 

PBS 100/0 100/0 88,400 2.4 -28 114 

Qu et 

al.147 

PBI10S 90/10 91/9 94,500 2.1 -24 112 

PBI20S 80/20 82/18 85,600 1.9 -18 103 

PBI50S 50/50 52/48 72,100 1.5 27 / 

PBI80S 20/80 24/76 63,600 1.3 53 / 

Est.: 1 bar N2, 160 °C, ca 

.4 h. 

Sb2O3 (amount not 

given) 

Poly.: < 0.9 mbar, 220 

°C, 6 h, Y(acac)3 (0.1 

wt%) 

Diacid:Diol 1:1.03 – 

1:1.10 

 

PBI10S 90/10 Not given 49,000 2.1 -27 110 

China 

Pet&Chem 

patent148 

Transest.: 1 bar N2,  180 

°C, 2 h 

Ti(OBu)4 (0.05 mol% of 

total reactants) 

Pre-Poly.: 1 bar N2, 230 

°C, 3h, Ti(OBu)4 (0.05 

mol% of total 

reactants) 

Poly.: 0.5 mbar, 230°C, 

4 h 

Diacid:Diol 1:1.2 

PBS 100/0 100/0 88,000 1.5 
-

26.7 
112.9 

Tan et 

al.55 

PBI14S 80/20 85.9/14.1 18,500 1.7 37.5 96.1 

PBI89S 20/80 10.6/89.4 13,700 1.6 45.3 / 

Poly.: 80 °C, 80 h, 

Novozym-435 (10 wt%) 

in cyclohexane/toluene 

(6:1, v:v) 

PBI9S 90/10 91/9 16,600 1.9 -25 107 

Wu et al.92 

PBI29S 70/30 71/29 14,800 1.8 -11 85 

PBI46S 50/50 54/46 12,700 1.8 7 / 

PBI66S 30/70 34/66 7,400 1.5 23 / 
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In general, the crystallinity and crystallization rate decreased with higher 

isosorbide content, as the bent structure of isosorbide disrupts the linear 

alignment of the polymer chains, while the glass-transition temperatures 

increased as expected. The elongation at break improved with increasing 

isosorbide contents, which is favorable for film applications. 

Duan et al. obtained slightly higher molecular weights compared to Jacquel et 

al.146, which is likely due to longer polycondensation times145. Interestingly, the 

polydispersity of the polymer products decreased noticeably upon isosorbide 

incorporation from 2.93 for PBS to 1.35-2.03 for PBIS (both after precipitation in 

CHCl3/MeOH). The number-average molecular weights upon isosorbide 

incorporation did not follow the typical near-linear trend, but showed an intriguing 

spike at an isosorbide content of 10 mol% regarding diols, with a fast decline at 

higher isosorbide loadings. The incorporation into the polymer was more efficient 

than in the other studies, as feed and incorporation ratio were mostly identical. 

The PBIS polyesters were shown to have a completely random monomer 

sequence, as indicated by 13C-NMR spectroscopy. The findings on thermal and 

mechanical properties are similar to the study by Jacquel et al., while additional 

experiments on the oxygen barrier properties of the copolyesters were conducted. 

The oxygen permeability increased up to a content of 10 mol% isosorbide with 

respect to the total diol content, then sharply decreased at higher isosorbide 

content. The authors argue that the increased chain stiffness initially leads to 

weaker relaxation and shifts of the polymer chains, thus decreasing the ability of 

oxygen to permeate. At higher isosorbide content, the increasingly amorphous 

structure dominates the overall polymer morphology and allows for higher O2-

diffusion. A similar trend was observed for the elongation at break and tensile 

strength, which increased significantly at isosorbide-loadings of 5 mol% and 11 

mol%, but decreased at loadings ≥21 mol%. The lower molecular weights and 

reduced crystallinity can explain this observation. Incorporation of isosorbide also 

increased the hydrophilicity of PBIS compared to PBS.  

Qi et al. modified their synthetic procedures with increasing isosorbide feed ratios. 

The molar excess of diols was decreased for higher isosorbide contents due to the 

difficult removal of excess isosorbide during polycondensation54. Additionally, the 

reaction temperatures were decreased due to more significantly coloured polymer 

products at high isosorbide contents. 13C NMR showed that all polymers exhibited 

a random monomer sequence. Thermal decomposition studies revealed that 

polyesters with higher isosorbide contents have an increased resistance towards 

thermal degradation (29 °C higher Td,5% for > 50 mol% isosorbide contents). This is 
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contrary to Duan et al.’s findings, where isosorbide incorporation was found to 

have no significant effect on Td,5%
145. Products with an isosorbide content ≥50 mol% 

were amorphous. Interestingly, wide-angle X-ray diffraction studies revealed that 

materials with an isosorbide content between 30-50 mol% showed the same 

diffraction patterns as semicrystalline samples with a lower isosorbide content. 

These materials did not show any crystallization peaks during DSC, which indicates 

that materials with 30 and 50 mol% isosorbide are indeed semicrystalline, albeit 

with a very slow crystallization rate.  Water contact angle measurements showed 

that PBIS polyesters become more hydrophilic with higher isosorbide content, 

which positively influences hydrolytic and enzymatic degradation. It was shown 

that increasing isosorbide content led to faster degradation in both cases. The rate-

enhancing effect of isosorbide was explained by two factors: Firstly isosorbide 

decreases the crystallinity in polyesters, thus enhancing the chain mobility during 

degradation; secondly isosorbide-succinate esters were found to be much more 

prone to degradation than butylene-succinate units. 

Qu et al. investigated PBIS with a wide range of isosorbide content for potential 

applications as hot-melt adhesives147. There are several striking differences with 

the work by Qi et al. The molecular weights of the polyesters appear to be much 

higher than those obtained by Qi et al. for similar polymer compositions, while PDI 

values are lower for polymers with high isosorbide content. The Tg values obtained 

by Qu et al. are also higher due to higher molecular weights, especially for 

polyester compositions with large molar percentages of isosorbide. One important 

difference between the two publications is the choice of polycondensation 

catalyst. Upon comparison of three common polycondensation catalysts (Ti(OBu)4, 

Sb2O3, Sb(OCH2CH2O)3) Qu et al. found Sb2O3 to be the most active. The authors 

argue, while considering some molecular simulations (gauss 09) of the polymer 

chain fragments, this is mainly due to the low steric hindrance of that catalyst, as 

the bent structure of isosorbide creates sterically crowded carbonyl regions in the 

growing polymer chains. Coordination to these carbonyl groups is essential for the 

catalyst’s activity. Thermal analysis of the copolyesters indicates results similar to 

those observed by Qi et al. Some shear strength measurements were performed 

to evaluate possible applications as hot-melt adhesives. It was found that the shear 

strength reaches a maximum at an isosorbide content of 80 mol%. The 

biodegradability of an adhesive film with an isosorbide content of 10 mol% was 

tested: it was found to be biodegradable in a natural environment. 

A recent patent by China Petroleum & Chemical Corporation describes the efficient 

incorporation of ≤10 mol% isosorbide with respect to the total diol content into 
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PBIS, by employing two different catalysts for esterification and polycondensation 

(only one example given in Table 1.21; for examples with lower isosorbide content 

please refer to the source)148. The thermal and mechanical properties of the 

copolyesters largely coincided with the previously cited studies on PBIT.  

Tan et al. replaced succinic acid with dimethyl succinate in the synthesis of PBIS55. 

Despite similar synthetic conditions and addition of the catalyst in two portions, 

the resulting Mn value of 18,500 g/mol at 14 mol% isosorbide with respect to total 

diol content is significantly lower than in the previous examples. On the other 

hand, the reported Tg value of 37.5 °C at 14 mol% isosorbide is much higher than 

the previously reported Tg values of PBIS at 11 mol% isosorbide (between -24 and 

-22 °C)145,146. This large discrepancy, regardless of the much higher molecular 

weights previously reported, cannot be explained, as no structural analysis of the 

polyesters are given. The use of diester or diacid should not cause this difference, 

as all mentioned publications started the polycondensation after complete 

distillation of the (trans)esterification byproduct. 

Wu et al. described the use of enzymatic catalysis in a recent publication on the 

synthesis of PBIS92. Similar to previous reports on the synthesis of aliphatic 

polyesters with isosorbide by Juais et al. (see chapter 1.2.2.2), the authors used 

lipase enzymes from Candida Antarctica immobilized on a polymer network. 

Molecular weights of the PBIS copolymers were relatively low despite long reaction 

times of 80 h at 80 °C (see Table 1.21). It was found that PBIS copolymer 

synthesized with enzymatic catalysis showed an increased thermal stability 

compared to the same compositions synthesized with common Lewis acid 

catalysts. T5%d values were found to be between 20 °C and 40 °C higher for the 

former polymers. The authors also described the synthesis of the previously 

unreported copolyester poly(1,4-butylene-co-isomannide succinate) (PBImS) via 

the same synthesis method. It was found that slightly higher molecular weights 

could be obtained when isomannide was used (Mn(PBIm68S) = 9,700 g/mol 

compared to Mn(PBI66S) = 7,400 g/mol), which is due to the more favorable 

hydrogen bonding with isomannide’s two endo-OH groups within the active sites 

of enzyme catalyst.  

A copolyester that received much less attention than the previously mentioned 

PBIT is poly(ethylene-co-isosorbide succinate) (PEIS, Figure 1.30). It was recently 

synthesized and characterized by Dezhi et al.149. 
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Figure 1.30. Structure of poly(ethylene-co-isosorbide succinate) (PEIS). 

Table 1.22. Characteristics of poly(ethylene-co-isosorbide succinate).  Ti(OBu)4 catalyst 0.05 wt% of 
total reactants, (added at the end of esterification). Diacid:diol ratio 1:1.2. Esterification was 
conducted for 4 h at 190 °C and 3.5 bar. Polycondensation For 6 h at 230 °C at 0.05-0.1 mbar. 

Polyester 

Feed ratio Composition ratio 

Mn [g/mol] PDI Tg [°C] Tm [°C] 

EG/IS EG/IS 

PES 100/0 100/0 45,400 1.44 -8.6 102.1 

PEI4S 96/4 96/4 39,800 1.36 -4.7 97.6 

PEI8S 92/8 91/9 37,800 1.31 -3.1 95.4 

PEI12S 88/12 89/11 35,500 1.27 -1.9 92.2 

PEI16S 84/16 86/12 31,600 1.49 0.6 87.0 

PEI20S 80/20 82/18 30,500 1.51 1.8 / 

 

A characteristic decrease in molecular weights was observed with higher 

isosorbide loadings (Table 1.22). The elongation at break of the polyesters peaked 

at 674% at an isosorbide content of 12 mol%. It was observed that the hydrolysis 

rate (at pH 14) increases with increasing isosorbide content, which is in line with 

previous results with PBIT. The hydrolytic degradation was found to follow a 

surface erosion mechanism. 

 

Figure 1.31. Structure of cross-linked poly(isosorbide-co-glycerol succinate). 

The cross-linked polyester poly(isosorbide-co-glycerol succinate) (Figure 1.31) was 

explored by Wilbon et al.150. The authors synthesized the diacid-derivative of 

isosorbide by microwave assisted ring opening of succinic anhydride with 

isosorbide using Sn(Oct)2 (1 mol%) as a catalyst. The reaction was conducted at 
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100-140 °C for 5 min under N2. Previous attempts to achieve this transformation 

under thermal conditions suffered from long reaction times of 24 h at 120 °C, which 

led to coloured products151. The monomer was polymerized with glycerol (67 mol% 

respective the isosorbide-succinate monomer synthesized in the first step) at 100-

150 °C for 5 h under a nitrogen atmosphere to obtain cross-linked thermosets, 

which were annealed for an additional 12 h at 160 °C. The authors utilized the 

remaining Sn(Oct)2 catalyst from the previous reaction step. Note that the only 

indication of the molecular weights of the polymers was given as the molar mass 

between crosslinks, a value derived from the storage modulus E’. The obtained 

polyesters were very rigid and densely cross-linked, which led the researchers to 

introduce oligomeric poly(ethylene oxide) (PEO) in the polycondensation step, as 

to obtain more desirable material properties. This led to an increase in the molar 

mass between crosslinks from 1,590 g/mol without PEO to up to 3,240 g/mol with 

23 wt% PEO. The Tg value decreased from 55 °C to 7 °C upon incorporation of 23 

wt% PEO. The obtained copolymers showed good mechanical and thermal 

properties and were proven to undergo hydrolysis under acidic, basic (hydrolysis 

in under 5 h) and neutral (hydrolysis within a month) conditions. The hydrolysis 

products were shown to undergo subsequent repolymerization, although with 

noticeable changes in colour and tensile properties. 

The polymerization results of isosorbide with sebacic acid and two different linear 

diols, 1,3-propanediol152 and 1,10-decanediol59, are shown in Table 1.23 (see 

Figure 1.32 for structures of the polyester products). Both publications use similar 

reaction conditions and obtain similar molecular weights. 

 

Figure 1.32. Structures of poly(1,3-propylene-co-isosorbide sebacate) (PPISe) and poly(1,10-
decamethylene-co-isosorbide sebacate) (PDISe). 
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Table 1.23. Molecular weights and thermal properties of poly(isosorbide sebacate) polyesters with 
1,3-propanediol and 1,10-decanediol as comonomers. Both publications use Sn(Oct)2 as a catalyst 
(amount not specified) and a diacid:diol ratio of 1:1.05. Other reaction conditions Zhou et al.: 

Esterification for 2-3 h at 160 °C. Polycondensation for 3-4 h at 1 mbar at 210 °C. Reaction conditions 
Wei et al.: Esterification for 3-4 h at 180 °C. Polycondensation for 2-3 h at 1mbar at 230 °C. In both 
cases reaction products were purified by precipitation from CHCl3/Ethanol, which explains PDI values 
lower than 2. 

Diol 

comonomer 
Polyester 

Feed ratio 
Composition 

ratio Mn 

[g/mol] 
PDI 

Tg 

[°C] 

Tc 

[°C] 

Tm 

[°C] 
Ref. 

Comonomer/IS Comonomer/IS 

1,3-

propanediol 

PPSe 100/0 100/0 19,531 1.3 n.d. 22.8 54.7 

Zhou 

et 

al.152 

PPI11.7Se 90/10 89.3/11.7 7,731 1.9 n.d. 19.2 52.4 

PPI19.1Se 80/20 81.9/19.1 8,000 1.5 n.d. 11.5 50.2 

PPI27.9Se 70/30 72.1/27.9 9,933 1.5 n.d. -0.5 46.6 

PPI38.2Se 60/40 61.8/38.2 6,172 1.6 n.d. -14 31.9 

PPI52.9Se 50/50 47.1/52.9 3,719 1.2 n.d. -39 15.9 

1,10-

decanediol 

PDSe 100/0 100/0 17,600 1.6 n.d. 62.3 75.8 

Wei 

et 

al.59 

PDI5.3Se 90/10 94.7/5.3 15,300 1.6 n.d. 60.2 74.1 

PDI16.7Se 80/20 83.3/16.7 14,300 1.7 n.d. 55.6 71.4 

PDI25.4Se 70/30 74.6/25.4 17,000 1.7 n.d. 50.5 66.9 

PDI43.9Se 60/40 56.1/43.9 8,900 1.6 -26 39.9 54.2 

PDI66.2Se 30/70 33.8/66.2 8,600 1.6 -18 9.1 
30.4, 

38.5 

PISe 0/100 0/100 2,800 1.9 -5 n.a. n.a. 

 

The molecular weights obtained in both studies are relatively low compared to Mn 

values obtained in the PBIS synthesis with similar isosorbide contents (see Table 

1.21). The main difference with the works on PBIS is the use of Sn(Oct)2 catalyst, 

which is not a very common step growth polyesterification catalyst. It is mainly 

used for the ring opening polymerization of cyclic monomers like lactide and ε-

caprolactone. A recent study comparing different transesterification catalysts for 

the synthesis of poly(ethylene-2,5-furanoate) found that Sn(Oct)2 is less active 

than other common catalysts such as Ti(OBu)4 or dibutyltin oxide153. 
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Both works reported detailed studies on the crystallization behavior of PPISe and 

PDISe copolymers. Similar to previous reports on the effect of isosorbide on 

crystallization in polyesters, it was found that isosorbide incorporation retards 

crystallization rates without affecting the crystallization mechanism.  

Wei et al. state that the sequence distribution of the monomers in PDISe could not 

be resolved by NMR spectroscopy, as no additional signals for the copolyester, 

compared to both parent polyesters, arose. A single Tg value for the copolyesters 

suggests a random sequence distribution (see Table 1.23). DSC studies on the 

crystallization behavior of the PDISe copolyesters revealed that even large 

amounts of isosorbide (66.9% of total diols) did not suppress crystallization. It did, 

however, shift the crystallization peak temperature to a lower value, decreased 

crystallization rate, overall crystallinity and the corresponding ΔHc. The 

homopolymer poly(isosorbide sebacate) did not show a crystallization exotherm. 

A singular melting peak, which indicates perfect crystals, occurred even at an 

isosorbide content of 25.4 mol%. This was not the case for PIPSe polymers, where 

isosorbide incorporation resulted in the appearance of several melting peaks152. 

Wide-angle X-ray diffraction measurements showed that the crystal structure of 

the PDISe did not change upon isosorbide incorporation compared to pure 

poly(isosorbide sebacate). The glass-transition temperatures of PDISe were not 

detectable at isosorbide loadings below 30%. This led the authors to the hypothesis 

that the chain irregularity caused by isosorbide could act as a nucleus for crystallite 

growth. From the two publications discussed above it is not clear whether the 

observed crystallization properties would change if molecular weights were 

increased. It would be interesting to see if different results would be obtained with 

a more active esterification catalyst, like Ti(OBu)4, or higher molecular weight 

samples, for example after exposing them to solid state polycondensation. 

The examples in this paragraph exclusively use isosorbide as the 1,4:3,6-

dianhydrohexitol comonomer. It is apparent from the presented examples that 

higher molecular weights can be reached with aliphatic diacids compared to 

aromatic diacids covered in chapter 1.3.1. This is probably due to the lower melt 

viscosities during polycondensation with more flexible aliphatic diacids, which 

facilitates the removal of excess isosorbide. On the other hand, larger amounts of 

isosorbide are required to elevate the Tg values of copolyesters with aliphatic 

diacids to values that exceed room temperature. Unusual synthetic strategies as 

seen in chapter 1.3.1 are not reported, as all presented works on aliphatic 

polyesters with isosorbide employ standard polyester synthesis protocols and 

catalysts. The copolyesters show similar trends with regard to increased 
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degradability upon incorporation of isosorbide. Due to the higher chain flexibility 

with aliphatic diacids and long chain diol comonomers, aliphatic polyesters with 

isosorbide exhibit semicrystallinity with isosorbide loadings up to 66 mol%.  

1.3.3 Aliphatic unsaturated polyesters with isosorbide 

All work on unsaturated polyesters with 1,4:3,6-dianhydrohexitols exclusively 

involves isosorbide. Target applications usually are thermosets and powder 

coatings, as the double bonds in the polymer can be crosslinked in a second 

reaction step. A popular strategy to reach high molecular weight crosslinked 

materials is the synthesis of isosorbide-containing macromonomers with double 

bonds and their subsequent chain growth polymerization154–156. These examples 

will not be covered in this chapter, as many of them were covered in the review by 

Saxon et al.8.  

Please note, that all presented polymerizations with unsaturated substrates 

involve the addition of small amounts of antioxidants, such as hydroquinone. 

These additives will not be mentioned for every example. One common monomer 

to synthesize these unsaturated polyesters is maleic anhydride, which could be 

obtained by oxidation of bioderived 5-hydroxymethylfurfural (currently not 

produced on large scale)157. 

 

Figure 1.33. Structure of terpolyester based on isosorbide, maleic anhydride, ethylene glycol and 
aliphatic diacids158.  

One study by Sadler et al. describes the synthesis of terpolyesters containing 

isosorbide, maleic anhydride, ethylene glycol and aliphatic diacids (adipic, suberic 

and sebacic acid, Figure 1.33), which were specifically included to increase the 

solubility of the otherwise too polar polymer in common apolar solvents used for 

the curing process (crosslinking)158. The reactants were suspended in xylenes and 

refluxed using p-toluenesulfonic acid (5 wt%) as the catalyst, until the desired acid 

number was reached. Subsequently, the reaction pressure was reduced for 

another 2.5 h until the polymerization was complete. The Mn values ranged 

between 1,500 and 3,000 g/mol before the curing process. Even though the 

obtained properties of the cured resins were promising, it was not possible to 
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reach the necessary properties for high-performance resin applications, as the 

prepolymers with a high isosorbide content were too insoluble in the reactive 

solvents needed for curing.  

 

Figure 1.34. Structure of terpolyester based on isosorbide, maleic anhydride, diethylene glycol and 
phthalic anhydride159. 

These challenges were addressed in a follow-up publication by the same group159. 

Based on their previous observations, they employed isosorbide, diethylene glycol, 

maleic anhydride and phthalic anhydride (Figure 1.34), with the same synthetic 

procedure as described above. The molecular weights are similar to those obtained 

previously, with decreasing Mn values with increasing isosorbide content, even at 

reaction times of 96 h for 25 mol% isosorbide regarding the total reactants. These 

high isosorbide loadings were necessary to reach the thermal and rheological 

properties of commercial resins, which in turn renders the reaction conditions 

unsuitable for larger scale operations. 

 

Figure 1.35. Structure of poly(isosorbide maleate-co-succinate). 

A different approach was taken by Jasinska et al., as they used isosorbide as the 

sole diol moiety in a polycondensation with maleic anhydride and succinic acid 

under Ti(BuO)4 catalysis (Figure 1.35)160. The esterification was conducted at 190-

230 °C for 3.5 h under an argon atmosphere. The polycondensation proceeded at 

230 °C at 3-5 mbar for an additional 3.5 h. The obtained Mn values ranged between 

2,400 and 3,370 g/mol with high PDI values between 2.1 and 3.7, due to cross-

linking of the unsaturated moieties. As can be expected, larger amounts of maleic 

anhydride led to a decrease in molecular weights due to more side reactions, and 

it was shown that around 20% of the unsaturated C=C bonds disappeared in the 

polyesters before curing. 2D NMR experiments revealed that the end groups of the 

polymers were predominantly hydroxyl groups from isosorbide. The Tg values of 
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the pre-curing polyesters ranged between 50 and 75 °C with decomposition 

temperatures above 270 °C.  

 

Figure 1.36. Structure of a waterborne polyester based on isosorbide, poly(ethylene glycol) (PEG600 
and PEG200) and maleic anhydride161. 

Other work by the same authors was aimed at synthesizing water-soluble 

polyesters for coating applications containing isosorbide, poly(ethylene glycol) 

(PEG600 and PEG200 were used) and maleic anhydride (Figure 1.36)161. The reaction 

was conducted under similar conditions (slightly lower T at 210 °C) and led to 

slightly cross-linked products through the Michael addition of double bonds and 

PEG-OH groups, as observed by 2D NMR experiments. The polyethyleneglycol was 

incorporated without bond cleavage, creating a block type polyester with high 

water solubility. An increase in polyethyleneglycol content did result in more cross-

linking during polycondensation, as the primary -OH groups are more reactive. The 

Tg values ranged between -22 and 45 °C, increasing with higher isosorbide loadings. 

The decomposition temperatures were above 260 °C. The authors concluded that 

this type of bioderived polyester can be applied industrially. 

 

Figure 1.37. Structure of poly(isosorbide fumarate). 

A patent by the Nanjing University of Technology directly utilized fumaric acid in 

the polymerization with isosorbide162. The authors used a p-toluenesulfonic acid 

catalyst at temperatures below 150 °C, which yielded a slightly yellow product 

(Figure 1.37). After precipitation in DCM/methanol, the polyester exhibited a 

Mn value of 3,750 g/mol with a PDI of 2.4. The same reaction with a Ti(OBu)4 

catalyst yielded slightly lower molecular weights. Biodegradation tests in an 

enzyme/phosphate buffer solution revealed a good degradability under 

physiological conditions, which allows for possible applications in drug 

encapsulation. Cross-linking with benzoyl peroxide yielded a tougher material for 

tissue engineering applications. 
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Itaconic acid is another bifunctional unsaturated monomer with promising 

potential applications. It is already manufactured from biomass at an industrial 

scale of 80 kt/a by fermentation of carbohydrate biomass using filamentous fungus 

strains such as Aspergillus terreus163. The highest yields are obtained when glucose 

or sucrose is used in the fermentation, however non-food-competitive materials 

like wood can also be used164. 

 

Figure 1.38. Structure of poly(isosorbide itaconate) synthesized by Nakayama et al. 

Nakayama et al. investigated the polycondensation between itaconic acid and 

isosorbide with different catalysts (Figure 1.38)165. The authors conducted the 

esterification and polycondensation for 24 h each, at 140 °C and 120 °C 

respectively. The common polyesterification catalysts Ti(OiPr)4 and Sb2O3 did not 

yield a polymer product. TsOH and HfCl4 yielded polymers with Mn values of 3,400 

g/mol (PDI 3.8) and 1,600 g/mol (PDI 1.7), respectively. The higher polydispersity 

with TsOH is likely caused by increased cross-linking. Different radical inhibitors 

present at 0.1 wt%, were also investigated, and it was shown that the free 

galvinoxyl radical was the most effective at preventing cross-linking during the 

polymerization. It was the only inhibitor that produced fully THF-soluble polymers. 

The Tg values reached 83.9 °C and heavily depended on the reaction temperatures, 

while the Tm values were not detectable by DSC. Higher reaction temperatures led 

to improved molecular weights but also a higher cross-linking. 

 

Figure 1.39. Structure of poly(isosorbide itaconate-co-succinate). 

Goerz et al. combined three bioderived monomers (isosorbide, succinic acid, 

itaconic acid) in an unsaturated polyester (Figure 1.39)166. The authors used a one-

step, H2SO4-catalyzed (0.005 mol%) esterification/polycondensation protocol 

under microwave irradiation in toluene. The reported yields increased drastically 

with increasing succinic acid content and the Mw values ranged between 1,200 and 

3,500 g/mol. The amorphous copolyesters were successfully cross-linked with 

dimethyl itaconate and the free radical initiator V-65, and showed a shape-

memory effect at itaconic acid content higher than 50 mol% of total diacid content. 
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Figure 1.40. Monomers used for the synthesis of bio-elastomers by Kang et al.167,168. 

Another study by Kang et al. employed five different bio-based monomers (1,3-

propanediol, 1,4-butanediol, isosorbide, itaconic acid, sebacic acid) in the synthesis 

of bio-elastomers (Figure 1.40)167. Isosorbide was incorporated to reduce the 

crystallinity of the polymer chains, as it is known to induce amorphism at high 

content. The esterification was conducted without a catalyst at 180 °C for 2 h, after 

which Ti(OBu)4 (0.05 mol% of total reactants) was added. The polycondensation 

was conducted at 220 °C for 3-6 h until the product began to exhibit a phenomenon 

called the “Weissenberg effect” (reaction mixture starts climbing up the stirrer due 

to increasing viscosity). The obtained copolyesters exhibited Mn values between 

21,350 and 32,840 g/mol with PDIs between 4.2 and 4.8. As reported in previous 

examples, the content of incorporated isosorbide units in the polyester was 

significantly lower than the feed ratio and the Tg values increased with increasing 

isosorbide content. Isosorbide was incorporated up to a maximum of 30 mol% of 

the total diol content, as the obtained molecular weights were too low at higher 

amounts. Longer reaction times did not increase the reactivity, but led to more 

side reactions. The authors additionally investigated composites of the synthesized 

bio-elastomer with nanosilica (SiO2), which significantly improved the mechanical 

properties compared to the unmodified polyester. 

A subsequent publication by the same authors explored similar polyesters 

containing four bio-derived monomers (1,4-butanediol, isosorbide, itaconic acid, 

sebacic acid, Figure 1.40), utilizing a similar synthetic procedure with longer 

reaction times in the polycondensation stage (4-10 h)168. The findings concerning 

molecular weights, polydispersity and isosorbide incorporation were comparable 

with the author’s previous work, as were thermal properties and crystallinity. The 

cross-linked polyesters exhibited excellent shape recovery, with variable switching 

temperatures depending on the isosorbide content and curing times. The 

biocompatibility of the cured polyesters combined with the possibility to obtain 

switching temperatures close to the human body temperature, allows for 

biomedical applications. 
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Figure 1.41. Monomers used in DSM's patent on isosorbide based unsaturated polyester resins. 

A patent using various combinations of the aforementioned unsaturated 

monomers (itaconic acid, maleic anhydride, phthalic anhydride) with 1,2-

propylene glycol and isosorbide (Figure 1.41) was filed by DSM169. Mn values of the 

polyesters ranged between 700 and 5,000 g/mol and were obtained without the 

use of a catalyst for the esterification/polycondensation step. Tg values ranged 

between -12 °C and 8 °C and all resins were cured using styrene as a reactive 

diluent. The authors noticed an unexpected synergistic effect that occurred when 

incorporating itaconic acid and isosorbide in the resins. Both the thermal stability 

and mechanical properties were improved when the two monomers were used 

together, an effect that did not occur when the monomers were incorporated 

separately. The mechanical properties of the cured resins depended on the 

monomer ratios, with values for the tensile modulus ranging between 3,500 MPa 

and 4,200 MPa (at maximum isosorbide content; see Resins A and B in Table 1.24, 

chapter 1.4 for examples with their exact composition), tensile strengths between 

72 MPa and 75 MPa and elongation at break values up to 3%, which indicate 

strong, stiff materials. 

The presented examples show that the polycondensation of unsaturated aliphatic 

monomers with isosorbide and other comonomers has to be tuned carefully, as 

side reactions can occur easily. A dilemma arises when incorporating low-reactivity 

monomers like isosorbide into unsaturated polyesters, as higher temperatures and 

more active Lewis and Brønsted acid catalysts also facilitate side reactions such as 

the Michael addition, which in turn leads to unwanted crosslinking during 

polycondensation. Catalysts that operate under milder conditions, such as Candida 

Antarctica Lipase B could enable the synthesis of higher molecular weight 

polymers without preemptive crosslinking. This catalyst was already shown to be 

as efficient as Ti(OBu)4 in the synthesis of unsaturated polyesters with itaconic acid 

and 1,4-butanediol170, although work presented in chapter 1.2.2.2 indicated 

difficulties in synthesizing unsaturated polyesters containing 1,4:3,6-
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dianhydrohexitols with Candida Antarctica Lipase B. On the other hand, high 

molecular weights are not as important as for the examples in previous chapters, 

as the subsequent chain growth polymerizations yield cross-linked polymer 

networks. The properties of the final materials are promising, although the low 

solubility of polyesters containing larger amounts of isosorbide in typical reactive 

solvents is problematic. 

1.3.4 Polyesters with hydroxy acids and isosorbide 

Lactic acid is undoubtedly one of the most investigated bioderived monomers for 

the production of sustainable polyesters. The lactic acid dimer lactide is usually 

employed in Lewis or Brønsted acid catalyzed ring-opening polymerizations. There 

have been several attempts to incorporate lactic acid into polyesters with 

isosorbide. 

 

Scheme 1.7. Isosorbide-initiated chain-growth polymerization of lactide171,172. 

Ristic et al. investigated the isosorbide-initiated chain-growth polymerization of 

lactide (Scheme 1.7) using different catalytic systems (Sn(Oct)2, 

trifluoromethanesulfonic acid and a catalyst-free microwave-assisted approach171. 

The reaction times necessary to obtain certain molecular weights were measured 

to evaluate the efficiency of the different catalytic systems. The results show that 

said efficiency varied widely, from up to 96 h (Sn(Oct)2 for 60 kg/mol) to 0.5 h with 

microwave heating for the same molecular weight. Isosorbide was employed in 

very low quantities of 0.23-0.71 mol%, as only one molecule was incorporated in 

the middle of each poly(L-lactic acid) chain. This was confirmed by 1H NMR studies 

and thermal analysis of the resulting polyesters revealed an increase of Tg values 

of 2-3 °C. In some cases, the crystallinity of isosorbide-containing polyesters 

increased compared to pure PLA. The authors conclude that isosorbide 

participation in the polymerization of PLA can allow for the fine-tuning of 

properties. 

A patent filed by the Council of Scientific and Industrial Research (India) followed 

a similar approach but managed to incorporate up to 15 wt% of isosorbide into the 

polymer172. The authors charged a glass ampoule with the reactants and Sn(Oct)2 

catalyst in toluene and dried the mixture at 0.01 mbar for 2 h. After, they flushed 

the reaction vessel with N2, sealed it and conducted the polymerization at 200 °C 
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for 1 h. The Mn values reached 37,200 - 45,400 g/mol, with an increase in molecular 

weight at higher isosorbide loadings (5-15 wt%), and a polydispersity of around 

1.6. This enhanced reactivity at higher isosorbide concentrations showcases the 

fundamental difference of the chain-growth mechanism that underlies this ring-

opening polymerization compared to the polycondensations in most other 

presented works of chapter 1.  The Tg and Tm values increased by 13 °C and 43 °C, 

respectively, compared to unmodified PLA. The large deviation from the previously 

reported results with regard to obtained molecular weights in a shorter timeframe, 

could be due to the higher reaction temperature and pressure. The provided 1H 

NMR spectra do hint towards a complete incorporation of isosorbide into the 

polyester, although only one molecule per polymer chain can theoretically be 

inserted. The authors did not work up the reaction after the polycondensation, 

which could lead to misinterpretation of unreacted isosorbide in the 1H NMR 

spectra. This however does not explain the significantly enhanced Tg values 

obtained upon isosorbide incorporation. Another method to synthesize 

copolyesters of isosorbide and lactic acid was presented in the same patent. A 

prepolymer of PLA (IV = 1.6 dl/g) was copolymerized with isosorbide in a melt 

phase- and solution-disproportionation reaction. The reagents and catalyst 

Ti(OiPr)4 were subjected to the same synthetic procedure as described before. 

After, the resulting copolymer was subjected to solid-state postcondensation at 

100-155 °C for 10 h, which produced polyesters with similar properties to those 

mentioned before. These products additionally showed high degrees of 

crystallinity (the authors do not mention crystallinity for the example before). Both 

methods achieved isosorbide incorporation in the final polyester greater than 90% 

compared to the feed value and colourless final polymers. 

 

Figure 1.42. Copolyester based on isosorbide, lactic acid and succinic acid reported by173,174. 

Inkinen et al. reported the direct polycondensation of lactic acid, isosorbide and 

succinic acid (Figure 1.42) using Ti(OBu)4 as an esterification catalyst173. The 

obtained Mn values of 600 - 1,800 g/mol were very low, even after prolonged 

reaction times of 54 h at 1-5 mbar. 

A different approach was taken by Casarano et al., who used either succinic 

anhydride or separately synthesized prepolymers to synthesize copolyesters from 

lactide, isosorbide and succinic anhydride (Figure 1.42)175. The authors used 
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Sn(Oct)2 as a catalyst for the copolymerization, as it is a catalyst capable of both 

ring-opening polymerization and polycondensation. The direct polymerization of 

the three monomers resulted in a random polyester, whereas the 

transesterification of preformed poly(L-lactic acid) with isosorbide and succinic 

anhydride resulted in the formation of block copolymers. Similarly, employing 

preformed poly(isosorbide succinate) with lactide (without catalyst) and 

copolymerizing poly(isosorbide succinate) with poly(L-lactic acid) resulted in block 

polymers. The reaction conditions for the first example involved esterification for 

10 h at 1 atm and polycondensation for 24 h at 1.3 mbar, both at 150 °C. The latter 

examples were conducted at atmospheric pressure at 120-150 °C for 16.5-36 h. 

The obtained Mn values ranged between 1,800 and 2,700 g/mol with 

polydispersities between 1.2 and 1.9, and yields between 40 and 58%. 

Interestingly, the random copolyester was completely amorphous, whereas the 

polymers with a block-type monomer distribution showed various degrees of 

crystallinity. The molecular weights of the polymer products were not much higher 

than examples reported by Inkinen et al. 

Another study by the same authors applied the most promising reaction 

conditions, that is the polymerization of preformed poly(isosorbide succinate) (Mn 

2,700 g/mol) with lactide and Sn(Oct)2 as the catalyst, in a more application-

oriented publication174. The reactants were weighed in an ampoule, which was 

sealed under a vacuum of 1.3 mbar, and stirred at 120-130 °C for 165 h. The 

incorporation ratios in the final polymer were closely related to the feed 

composition. The obtained Mn values ranged between 8,200 and 28,000 g/mol, 

with a considerable decrease in molecular weight at higher isosorbide content. 

This hints at an initiation of the ring-opening polymerization by the hydroxyl end-

groups of the poly(isosorbide succinate) prepolymer. Further investigations on 

crystallinity, thermal properties and electrospinning of fibers were conducted after 

chain extension with hexamethylene diisocyanate, which produced molecular 

weights 2-6 times greater. The resulting poly(ester urethanes), however, are out 

of the scope of this review. The chain-extended copolymers were recently studied 

as bioactive membranes for periodontal regeneration176.  

 

Scheme 1.8. Synthesis strategy using presynthesized poly((R)-3-hydroxybutyrate-co-isosorbide) and 
lactide by Casarano et al.177. 
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Another study by Casarano et al. shows the copolymerization of presynthesized 

poly((R)-3-hydroxybutyrate-co-isosorbide) (Mn 7,100 g/mol)  with lactide using 

Sn(Oct)2 as the catalyst (Scheme 1.8)177. The prepolymer end-groups consisted of 

hydroxyl groups of the hydroxybutyrate moiety and contained only one isosorbide 

molecule per polymer chain. The final polyester showed the same structural 

features, only with the end-groups being constituted of lactic acid chains, plus 

some chains without isosorbide, resulting from transesterification. The thermal 

analysis of the reaction product was inconclusive as to whether isosorbide 

incorporation enhanced the thermal properties of the material. 

 

Figure 1.43. Copolymer synthesized in a patent by the Toray Fiber Institute178. 

The direct polycondensation of lactide, isosorbide and isophthalic acid was 

described in a recent patent by the Toray Fiber Institute (Figure 1.43)178. A variety 

of both Lewis and Brønsted acid catalysts was used under vacuum conditions with 

reaction times varying between 6 and 72 h. The obtained Mw values ranged 

between 52,000 and 205,000 g/mol, depending on the polymerization time. No 

PDI values were given. 

 

Figure 1.44. Synthesis of a range of polyesters by solution polymerization with acid chlorides starting 
from oligomers formed by ring opening of isosorbide with lactide (see Scheme 1.7).  

A series of publications describes the formation of bifunctional macromonomers 

containing isosorbide and lactic acid prior to polycondensation, a strategy first 

described by Vogt et al.179. The ring-opening oligomerization between isosorbide 

and lactide was conducted with Lewis acid catalysts (SnCl2, ZnCl2) in a closed 

system at 130-150 °C for 1-2 h in bulk or in an organic solvent (chlorobenzene, 
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xylene). Reaction monitoring showed an equilibrium conversion of 96% after 4 h 

and around 80-90% after 2 h. The resulting mixture of oligomers with varying 

hydroxyl end groups from both lactic acid and isosorbide was then subjected to 

polycondensation with various diacid chlorides (Figure 1.44). These include 

terephthaloyl chloride180,181, isophthaloyl chloride181,182, 5-tert-buty-isophthaloyl 

chloride181 and fumaroyl chloride183. This type of solution polymerization is, as 

previously mentioned, not suitable for industrial applications, but provides useful 

insights in the possible material properties. The resulting copolyesters were 

predominantly cyclic, as indicated by MALDI-TOF experiments. Isophthalic acid-

based polyesters were more prone towards cyclization and therefore yielded lower 

molecular weights. All polymers showed a random sequence of the monomers 

with a complete incorporation, indicated by matching molar ratios in the final 

polymer and the initial feed. The presence of polyesters containing odd numbers 

of lactate units indicates the occurrence of transesterification reactions during the 

ring-opening-oligomerization180. The authors found that molecular weights were 

mainly limited by cyclization182. A control experiment employing preformed poly(L-

lactic acid) resulted in the formation of a block-type polyester182. 

The Mn values for isophthalic acid based polyesters ranged between 11,000 and 

21,000 g/mol, while phthalic acid based polyesters exhibited Mn values between 

17,000 and 46,000 g/mol. This discrepancy is due to a higher inclination of 

isophthalic acid to form cyclic polyesters. Polyesters with a fumaric acid repeat unit 

were prone to crosslinking under the described reaction conditions, which, 

combined with cyclization, resulted in relatively low Mn values (6,000-10,500 

g/mol). All polyesters showed polydispersities between 4 and 6, which is due to 

the formation of low molecular mass species as a result of cyclizations.  

ε-Caprolactone is a long chain a,b-type monomer which was once an important 

precursor to caprolactam. Poly(ε-caprolactone), one of the first synthetic aliphatic 

polyesters, obtained by ring opening polymerization of ε-caprolactone,  is currently 

being investigated as a constituent of tunable biomaterials for drug release and 

other biomedical applications. 

Several researchers attempted the copolymerization of ε-caprolactone with 

isosorbide and a diacid.  One approach was reported by Chatti et al., where ε-

caproplactone was copolymerized with pre-polymerized cyclic poly(isosorbide 

suberate) (CPIS) (ηinh = 0.33 dL/g) (Scheme 1.9)184. 
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Scheme 1.9. Copolymerization of cyclic poly(isosorbide suberate) and ε-caproplactone. 

The cyclic pre-polymer was synthesized in a dilute solution using suberoyl chloride, 

as previous studies showed that these conditions favor the formation of cyclic 

structures185. The subsequent copolymerization was conducted in bulk with a 

CPIS:ε-caprolactone ratio of 1:2. The authors tested a variety of catalysts, which 

showed fundamentally different reactivity. Sn(Oct)2 with a benzoyl alcohol initiator 

only proved successful at high temperatures (200 °C), as transesterification was 

too slow otherwise. 2,2-Dimethyl-2-stanna-1,3-dioxepane, a cyclic tin alkoxide, 

proved much more efficient in transesterifications, as it catalyzed the partial 

degradation of the pre-polymer by back-biting more effectively. This allowed for 

the composition ratios in the polymer to approach the feed ratios. The rare-earth 

metal alkoxides Y(OiPr)3 and La(OiPr)3 proved to be inefficient in 

transesterification, although they were the best initiators for the ring-opening 

polymerization. Unfortunately, only the intrinsic viscosity of the resulting 

copolyesters was determined as an indicator of the degree of polymerization. The 

values varied between 0.15 and 0.46 dL/g, with Tg values between -48 and +5 °C. 

Wang et al. explored a more rigid copolyester by using 2,5-furandicarboxylic acid 

as the diacid monomer in a recent study (Scheme 1.10)186.  

 

Scheme 1.10. Ring opening polymerization of oligomeric poly(isosorbide-2,5-furanoate) and ε-
caprolactone to poly(isosorbide-2,5-furandicarboxylate-co-ε-caprolactone) (PIFCL). 

In the first step, OH-functionalized poly(isosorbide-2,5-furanoate) oligomers were 

synthesized by melt esterification (3 h at 210 °C) between isosorbide and 2,5-

furandicarboxylic acid (2 equiv. isosorbide) using Ti(OBu)4 catalysis (0.2 mol% of 

FDCA). In the next step, varying amounts of ε-caprolactone (50-90 mol% of total 

FDCA) were added together with another portion of Ti(OBu)4 catalyst (0.2 wt% of 

ε-caprolactone) and after transesterification for 3 h at 220 °C, a vacuum of 0.1 

mbar was applied for 3 h at 250 °C to conduct polycondensation (Scheme 1.10). 

The authors reported Mn values ranging from 13,800 to 54,300 g/mol with PDI 

values between 2.3 and 2.4, with increasing molecular weights at higher ε-

caprolactone loadings. It was observed that around 20 mol% of ε-caprolactone was 
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lost during polycondensation, so incorporation ratios were always significantly 

lower than feed ratios. The products had Tg values between -9.9 and 132.1 °C; no 

melting temperatures were observed by DSC. For an overview of the mechanical 

properties of the copolyesters, see Table 1.24. An increase in FDCA content was 

found to improve the tensile modulus and tensile strength while decreasing the 

elongation at break of the respective materials.  

The presented studies on lactic acid copolyesters with isosorbide show that various 

synthetic strategies have already been explored. The most promising approach to 

generate high molecular weights appears to be the generation of isosorbide-lactic 

acid oligomers which undergo subsequent polycondensation with diacid chlorides. 

This limits the potential for larger scale applications of these copolyesters due to 

the drawbacks of polycondensations with acid chlorides discussed earlier. The 

potential problems encountered if diacids or diesters were to be used for a more 

scalable process, can be seen in a recent publication on the incorporation of PLA 

into PET by melt copolymerization187. It was found that temperatures ≥200 °C 

result in significant decomposition of PLA units during polycondensation. These 

temperatures, however, are necessary for efficient transesterification of 

isosorbide containing polyesters, as reaction rates of the secondary alcohols of 

isosorbide at T≤200 °C are usually low. This makes the synthesis of lactic acid 

containing isosorbide polyesters by melt polymerization challenging. The resulting 

polyesters would likely have different final properties, as the commonly observed 

cyclization during solution polymerization does not occur readily in melt 

polycondensations. Thermally more stable a,b monomers like ε-caprolactone were 

shown to yield copolyesters with isosorbide and FDCA by melt polymerization.  

1.4  Overview of mechanical properties of polyesters with 

isosorbide as comonomer 

Table 1.24 shows an overview of the mechanical properties of isosorbide 

copolyesters. Note that the mechanical properties of neither isosorbide 

homopolyesters (with isosorbide as the only diol) nor polyesters based on 

isomannide or isoidide have been characterized at the time this chapter was 

written.  
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Table 1.24. Mechanical properties of isosorbide copolyesters discussed in this review. The bottom 
entries show reference values of established materials as determined in the indicated publication.  

Polymer 
Tg 

[°C] 

Tensile 

Modulus [MPa] 

Tensile 

strength [MPa] 

Elongation at 

break [%] 

Notched impact 

strength 
Ref. 

PEI7.8T / 2,150 54.4 253 n.d. 102 

PEI15.4T 90 2,440 56.5 219 n.d. 102 

PEI23T / 2,300 45.5 4.1 n.d. 102 

PI7TT 122 2,460 30 39 n.d. 117 

PI16TT 127 2,585 37 51 n.d. 117 

PI40TT 142 2,620 43 38 n.d. 117 

PI68TT 163 2,750 / 5 n.d. 117 

PCI16T 109 1,730 60 122 107 115 

PCI20T 111 1,780 57 109 99 115 

PCI25T 117 1,840 57 99 95 115 

PCI39T 133 2,030 44 37 42 115 

PCI61T 149 2,140 50 19 13 115 

PBI20F 55.3 1,464 53 435 n.d. 32 

PBI40F 87.2 1,408 59 173 n.d. 32 

PBI60F 110.4 1,590 134 32 n.d. 32 

PBI80F 150.6 1,900 77 15 n.d. 32 

PDI10F -0.1 268 20.5 205 n.d. 137 

PDI20F 6.3 165 12.5 192 n.d. 137 

PDI30F 9.7 13.8 0.75 268 n.d. 137 

PDI40F 20.6 88.5 7.1 275 n.d. 137 

PBI11S -21 289 47.5 925 n.d. 145 

PBI21S -19 235 23.5 740 n.d. 145 

PEI12S -1.9 n.d. 36 674 n.d. 149 

PEI20S 1.8 n.d. 12.4 89 n.d. 149 

PIFCL50 132.1 1,649 73 23 n.d. 186 
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Polymer 
Tg 

[°C] 

Tensile 

Modulus [MPa] 

Tensile 

strength [MPa] 

Elongation at 

break [%] 

Notched impact 

strength 
Ref. 

PIFCL60 104.7 1,429 62 34 n.d. 186 

PIFCL70 79.3 1,134 54 52 n.d. 186 

PIFCL80 72.4 858 44 480 n.d. 186 

Resin A a 8* 4,200 75 1.9 n.d. 169 

Resin B b -12* 3,500 72 2.9 n.d. 169 

PBS -34 339 40.6 382 n.d. 145 

PET ~76 1,840 48.6 354 n.d. 102 

Tritan Tx 

1001 
110 1,845 54 92 92 115 

a composition before curing: 18.0 wt% itaconic acid, 41.6 wt% phthalic anhydride, 30.1 wt% 1,2-propylene glycol, 10.2 wt% 

isosorbide. b composition before curing: 59.3 wt% itaconic acid, 34.2 wt% 1,2-propylene glycol, 6.5 wt% isosorbide. * Tg of 

polycondensate before curing. 

The mechanical properties of isosorbide copolyesters depend on the comonomers 

in the respective material. Copolyesters with aromatic diacids and rigid diols (PEIT, 

PCIT, PITT) are relatively stiff, whereas materials with aliphatic diacids and long 

chain diol comonomers are more flexible (PBIS, PEIS). Isosorbide incorporation 

typically increases tensile modulus and tensile strength (compare PET and PEIT), 

although these trends are not always clear due to lower molecular weights at 

higher isosorbide contents (see PEI23T). Isosorbide incorporation also increases the 

materials processing window due to a lowering of melting temperatures and an 

increase in thermal decomposition temperatures. 

1.5  Conclusion 

Polyesters containing 1,4:3,6-dianhydrohexitols, specifically isosorbide, bear a 

tremendous potential for future large scale applications in packaging and 

thermoplastics. This is due to their favorable thermal and mechanical properties 

induced by the rigid bicyclic structure of 1,4:3,6-dianhydrohexitols.  

The influence of 1,4:3,6-dianhydrohexitol moieties in polyesters on hydrolysis and 

biodegradability vary depending on the polyester composition. For the former it 

was found that 1,4:3,6-dianhydrohexitol incorporation into copolyesters, both 

aromatic and aliphatic, generally improves hydrolytic degradability. 

Biodegradability on the other hand depends on many factors such as polyester 

structure (aliphatic vs. aromatic), rigidity, (semi)crystallinity and the conditions 

(enzymes, temperature, polymer morphology) used to study biodegradation. 
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Different observations have been reported depending on the use of aliphatic or 

aromatic diacids and the chain length of diol comonomers, which means a general 

trend cannot easily be identified.  

Considering the (bio)degradability of new, biobased materials is an important 

aspect considering the low degradability of many established fossil-based 

polymers in natural environments, which leads to their bioaccumulation. Most 

recent publications focus on the synthesis and characterization of polyesters with 

isosorbide. Increasing availability of isomannide and isoidide by epimerization of 

isosorbide will hopefully result in more research on the melt polymerization of 

these monomers 

Despite many recent efforts to synthesize isosorbide based polyesters by melt 

polymerization, high molecular weights can only be reached after prolonged 

polycondensation times. This is due to the unreactive secondary alcohols of 

isosorbide. Some authors explore new polymerization techniques in the form of 

stoichiometric additives with some success. Recent results report higher molecular 

weights than initial studies from the 2000s, but novel catalytic systems tailored to 

the polyesterification of unreactive secondary alcohols cannot be found in the 

academic literature. Most publications rely on catalysts established in the 

framework of PET synthesis. Some promising examples using diphenyl esters to 

compensate for the low reactivity of isosorbide during polyesterification are 

scattered throughout the patent literature.  

Polyester compositions with isosorbide as a property-enhancing comonomer, such 

as PEIT, can already be obtained with high molecular weights by melt 

polymerization on large scales. Some promising polyesters like poly(isosorbide 

succinate) however have not yet been synthesized with sufficiently high molecular 

weights. This also means that past reports on the properties of these polyesters 

usually underestimate their thermal and mechanical properties, which can be seen 

by some large variations of these values between publications using different 

synthetic methods. The negative influence of low molecular weights on the 

thermal and mechanical properties of polymers is widely known38 but often not 

reflected in publications. This also means that the thermal and mechanical 

properties of many 1,4:3,6-dianhydrohexitol-containing polyesters presented here 

are not the “true” values of the same material with higher molecular weights. The 

true potential of many polyesters with 1,4:3,6-dianhydrohexitols is therefore not 

yet discovered due to the lack of adequate synthetic methods.  
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There is currently only a limited amount of rigid (Tg > 60 °C), biobased polyesters 

commercially available. Especially amorphous materials with a high Tg are in 

demand for applications that do not allow the use of semicrystalline materials (e.g. 

transparent packaging)90. 1,4:3,6-dianhydrohexitols have a rigid molecular 

structure which enables the synthesis of polyesters with Tg values higher than most 

other biobased polyesters while their bent structures usually disrupt chain 

alignment which leads to an amorphous material at higher 1,4:3,6-

dianhydrohexitol loadings. To reach Tg values higher than 60 °C, varying amounts 

of 1,4:3,6-dianhydrohexitols are necessary depending on the corresponding diacid 

used. With aromatic diacids, up to 30 mol% of 1,4:3,6-dianhydrohexitols are 

sufficient to obtain rigid materials. With aliphatic diacids it is often necessary to 

use 1,4:3,6-dianhydrohexitols as the sole diol moiety to obtain a material with a 

high Tg, which makes the synthesis of these materials more challenging. 

1.6  Scope of this thesis 

The goal of the research discussed in this thesis was the synthesis of polyesters 

based on the unreactive secondary diol isosorbide. The potential of this glucose-

derived monomer in polymer synthesis has been known since the 1960s. It has a 

rigid molecular structure that imparts favorable material properties. 

In Chapter 1 the challenges associated with using isosorbide in polyester synthesis 

are discussed in the form of a published review article. Despite decades of research 

on isosorbide in (co)polyester synthesis, its use is currently limited to that of a 

minor constituent in copolyesters due to the low reactivity of isosorbides 

secondary diol groups. 

Chapter 2 presents a two-step synthesis strategy to circumvent this low reactivity. 

The synthesis of a copolyester with abundant and biobased oxalic acid and 1,4-

butanediol is discussed. A two-step synthesis strategy was developed to utilize the 

high reactivity of oxalic acid in esterification reactions. The  method enables the 

synthesis of poly(1,4-butanediol-co-isosorbide oxalate) with relatively high 

molecular weights. The thermal lability of oxalic acid under polyester synthesis 

conditions was the main challenge encountered here. 

Chapter 3 is arguably the most interesting part of the thesis, as a simple yet 

innovative synthesis strategy to overcome the low reactivity of isosorbide in 

polyester synthesis is discussed. Addition of an aryl alcohol to diol and diacid during 

esterification is shown to significantly improve molecular weights of the resulting 

polyesters. The reaction conditions were optimized and the monomer scope of the 
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method is presented. The synthesis method is broadly applicable to different 

diacids and it enables the synthesis of fully isosorbide- and isomannide-based 

polyesters with molecular weights magnitudes higher than previously reported in 

literature, resulting in higher glass transition temperatures and better physical 

properties than were previously attainable for these polymers. A number of novel 

isosorbide- and isomannide based polyesters were also synthesized. The 

mechanical and barrier properties of these materials were characterized for the 

first time in literature as well.  

Chapter 4 is thematically separated as it discusses the depolymerization of 

poly(ethylene terephthalate) with aryl alcohols to reactive diaryl ester monomers. 

These reactive monomers can be used for the synthesis of rigid polyester or as 

chain extenders to facilitate chain growth. The main challenge encountered in this 

chapter is the large difference in reactivity between aryl alcohols and ethylene 

glycol, which hinders a complete  shift of the reaction equilibrium to the described 

reactive diaryl esters. 

1.7  Abbreviations 

PIT, Poly(isosorbide terephthalate); Ti(OBu)4, Titanium(IV) butoxide; Ti(OiPr)4, 

Titanium(IV) isopropoxide; PICaT, Poly(isosorbide carbonate-co-terephthalate); 

PIF, Poly(isosorbide-2,5-furanoate); PIiF, Poly(isoidide-2,5-furanoate); PIO, 

Poly(isosorbide oxalate); PIsSu, Poly(isosorbide succinate); IS, Isosorbide; II, 

Isoidide; IM, Isomannide; PIsAd, Poly(isosorbide adipate); PISu, Poly(isosorbide 

subarate); PISe, Poly(isosorbide sebacate); PIiS, Poly(isoidide succinate); Sm(OTf)3, 

Samarium(III) trifluoromethanesulfonate; PIsCyc, Poly(isosorbide-1,4-

cyclohexanedicarboxylate); PICCC, Poly(isosorbide-1,4-cyclohexanedicarboxylate-

co-carbonate); PEICT,  Poly(ethylene-co-isosorbide-co-1,4-

cyclohexanedimethylene terephthalate); PEN, Poly(ethylene naphthalate); PCT, 

Poly(1,4-cyclohexanedimethylene terephthalate); PCIT, Poly(1,4-

cyclohexanedimethylene-co-isosorbide terephthalate); TCDDM, 

Tricyclodecanedimethanol; PITT, Poly(isosorbide-co-tricyclodecanedimethylene 

terephthalate); PEIST, Poly(ethylene-co-isosorbide succinate-co-terephthalate); 

PBIT, Poly(1,4-butylene-co-isosorbide terephthalate); PEIF, Poly(ethylene-co-

isosorbide-2,5-furanoate); PBIF, Poly(1,4-butylene-co-isosorbide-2,5-furanoate); 

PBICF, Poly(1,4-butylene-co-isosorbide carbonate-co-2,5-furanoate); PBICFS, 

Poly(1,4-butylene-co-isosorbide carbonate-co-2,5-furanoate-co-succinate); PEICF, 

Poly(ethylene-co-isosorbide-co-1,4-cyclohexanedimethylene-2,5-furanoate); 

BHIF, Bis(hydroxyisosorbide)-2,5-furandicarboxylate; BHCF, Bis(hydroxyl-1,4-
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cyclohexanedimethanol)-2,5-furandicarboxylate; PCIF, Poly(1,4-

cyclohexanedimethylene-co-isosorbide-2,5-furanoate); PHIF, Poly(1,6-

hexamethylene-co-isosorbide-2,5-furanoate); PDIF, Poly(1,10-decamethylene-co-

isosorbide-2,5-furanoate); PDF, Poly(1,10-decamethylene-2,5-furanoate); 

Sn(Oct)2, Tin(II) 2-ethylhexanoate; PBImF, Poly(1,4-butylene-co-isomannide-2,5-

furanoate); PBIS, Poly(1,4-butylene-co-isosorbide succinate); PEIS, Poly(ethylene-

co-isosorbide succinate); PPISe, Poly(1,3-propylene-co-isosorbide sebacate); 

PDISe, Poly(1,10-decamethylene-co-isosorbide sebacate); PIFCL, poly(isosorbide-

2,5-furandicarboxylate-co-ε-caprolactone) . 
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2. Synthesis of poly(1,4-butylene-co-isosorbide 

oxalate) from oxalic acid with a two-step 

synthetic strategy 
 

Abstract: In this chapter the synthesis of a rigid polyesters based on oxalic acid 

(OA), isosorbide (IS) and 1,4-butanediol (1,4-BDO) is discussed. As oxalic acid is 

known to thermally decarboxylate above temperatures of 130-140 °C, a two-step 

approach was used to incorporate a high molar percentages (>60 mol% of diols) of 

isosorbide while achieving number-average molecular weights of up to 

17.4 kg/mol. In the first step, macromonomers containing oxalic acid and 

isosorbide were synthesized. These macromonomers were then used without 

purification in the second step, where the linear butanediol was added and 

polycondensation yielded a polyester material. Different transesterification 

catalysts were tested in the polycondensation step and the thermal properties of 

the resulting poly(1,4-butylene-co-isosorbide oxalate) were evaluated. The main 

challenge encountered was the thermal instability of both oxalic acid and oxalic 

acid monoesters.  

 

 

 

 

 

 

 

Parts of this work have been filed as a patent: 

Bing, W., Gruter, G.-J. M., van Putten, R.-J. & Weinland, D. H. Process for the production of 

one or more polyester copolymers, method for the preparation of one or more oligomers, 

oligomer composition and polyester copolymer. WO2020106144A1 (2020). 

  



Synthesis of poly(1,4-butylene-co-isosorbide oxalate) from oxalic acid 

101 

 

2.1  Introduction 

The search for new materials based on sustainable resources is currently an 

important topic in the chemical literature, as efforts are increasing to divert the 

feedstock for plastic materials away from fossil fuels. Because of the variety of 

potential applications, rigid (Tg> 55 °C), amorphous polyesters are a sought after 

class of materials1.  

There is a range of potential monomers available to synthesize this class of 

materials1. Isosorbide, a glucose-derived rigid diol monomer, is one of these and it 

has been explored as a monomer for many types of polymers2, especially in 

polyester synthesis (see also Chapter 1). The most common problem encountered 

when using isosorbide for the synthesis of polyesters, is the low reactivity of its 

secondary alcohol groups, which at higher isosorbide incorporation often results 

in low molecular weight polyesters. 

Another interesting biobased monomer is oxalic acid, the shortest, and thus one 

of the most rigid, aliphatic diacid monomers. Its use in polyester synthesis has been 

described scarcely due to the low thermal stability of oxalic acid3 and the low 

reactivity of oxalic acid alkyl esters, such as dimethyl oxalate, combined with their 

relatively low boiling point4. Polyesters with the oxalate moiety incorporated in the 

main chain exhibit facile hydrolytic degradability5.  

The polyester poly(isosorbide oxalate) (PISOX) has been described as a 

comparative example in a recent patent on PISOX-based copolyesters by 

Avantium6. A reactive diphenyl oxalate was used to synthesize a relatively high 

molecular weight (Mn = 12.9 kg/mol) material with a Tg of 165 °C. The high Tg of the 

material can lead to difficulties during processing of the material. A common 

strategy to decrease a material’s rigidity is the partial replacement of rigid 

monomers, like isosorbide and oxalic acid, by more flexible longer chain 

monomers. This strategy was applied in the same patent, where up to 50 mol% of 

isosorbide was replaced by linear diols such as 1,4-butanediol and 1,6-hexanediol 

(see Scheme 2.1a) to synthesize PISOX-diol copolyesters with various 

compositions. For poly(1,4-butylene-co-isosorbide oxalate) (PISOX-BDO), number 

average molecular weights of up to 17.9 kg/mol were reached with a 1,4-

butanediol content of 19 mol% (respective total diol units). While the molecular 

weights described are relatively high for polyesters with a large molar percentage 

of isosorbide, there are several drawbacks when using diphenyl oxalate as a 

monomer. Firstly, its synthesis requires a separate reaction and purification step, 
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which is unfavorable on an industrial scale. Diphenyl oxalate can be synthesized 

from the reaction of phenol with either oxalyl chloride or diethyl oxalate7, although 

the latter route is more favorable regarding energy input and atom economy. 

Scheme 2.1. Synthesis routes to isosorbide-based polyoxalates (PISOX-diols) described in the 
literature. a. Synthesis of poly(1,4-butylene-co-isosorbide oxalate) starting from diphenyl oxalate as 
described in Avantium’s patents. b. Synthesis approach reported by Rajput et al.5, where isosorbide-
di(methyloxalate) macromonomers were synthesized in a first, separate reaction step. 

Rajput et al.5 described the synthesis of poly(isosorbide oxalate) containing linear 

diols (C6 to C12) via transesterification of pre-synthesized isosorbide 

di(methyloxalate) macromonomers with the respective diols (see Scheme 2.1b). 

The resulting materials were found to be semi-crystalline, likely due to a high 

content of flexible diol monomers (isosorbide content roughly 33 mol% of total 

diols) and no Tg values were given. Hydrolysis experiments revealed a rapid 

degradation caused by the presence of oxalate units. 

The goal of this chapter was to establish whether the fully biobased polyester 

poly(1,4-butylene-co-isosorbide oxalate) with a high isosorbide content (> 50 mol% 

respective total diols) could be synthesized directly from widely available oxalic 

acid in order to avoid the use of costly reactive monomers (diphenyl oxalate) or 

stoichiometric reagents. To this end a two-step synthetic approach taking 

advantage of the high reactivity of oxalic acid in esterification reactions to 

compensate for isosorbides low reactivity was envisioned.  Parts of this work were 

patented in 20208.  
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2.2  Results and Discussion 

2.2.1 Macromonomer synthesis 

Scheme 2.2. Synthesis of poly(1,4-butylene-co-isosorbide oxalate) from oxalic acid via a two-step 
synthetic approach. 

As previously discussed in Chapter 1, the secondary alcohol groups of isosorbide 

result in a low reactivity in esterification reactions. When combining isosorbide 

with primary diols such as 1,4-butanediol in an esterification reaction with a diacid 

such as oxalic acid, the more reactive primary alcohol typically reacts faster in the 

initial stages of esterification. This leads to the preferential placement of the less 

reactive isosorbide at the chain ends of oligomers after esterification, which in turn 

contributes to the slow chain growth during polycondensation and hence the low 

molecular weights obtained with high molar percentages of isosorbide (see 

Chapter 1 for a more in depth discussion).  

For that reason, a two-step synthesis approach for the preparation of poly(1,4-

butylene-co-isosorbide oxalate) was envisioned (Scheme 2.2). The first step 

consisted of the synthesis of oligo(isosorbide oxalate) from oxalic acid and 

isosorbide. Contrary to Rajput et al., who synthesized isosorbide-dioxalate from 

the reactive methyl 2-chloro-2-oxoacetate and n-butyl lithium (n-BuLi) with a 

subsequent column chromatography step (Scheme 2.1b), the goal in this chapter 

was to avoid the use of hazardous and expensive chemicals and intermediate 

purification steps. 

As the target of this work was a rigid, high Tg polyester, the molar ratio between 

oxalic acid and isosorbide was fixed at n(OA)/n(IS) = 1.2. This stoichiometry was 

expected to yield short chain oligomers (Scheme 2.2) containing mostly carboxylic 

acid end groups.  A larger excess of oxalic acid requires the addition of more 1,4-

butanediol in the second reaction step in order to keep close to an overall 1:1 ratio 

of diol:diacid, a prerequisite in step growth polymerizations to obtain high 

molecular weights, especially with high boiling diols like isosorbide9. Due to the 

high chain flexibility of 1,4-butanediol the rigidity of the copolyester decreases 

rapidly with addition of 1,4-butanediol6. It was also found in preliminary 

experiments that oxalic acid-isosorbide macromonomers are prone to 

transesterification upon addition of 1,4-butanediol. At n(OA)/n(IS) ratios > 1.2, the 

transesterification reaction becomes so significant that large amounts of 
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isosorbide are re-liberated, thus decreasing the rigidity of the resulting polyester 

even further. 

The melt esterification between oxalic acid and isosorbide was initially conducted 

without a catalyst at temperatures between 110 °C and 140 °C under a constant 

N2 flow to remove H2O, which resulted in rapid reaction of isosorbide, which was 

mostly converted within 2.5 h. 

 

Figure 2.1. 1H NMR spectrum of reaction mixture after low temperature esterification between 
isosorbide and oxalic acid. The highlighted region between 8.2 and 8.4 ppm indicates the presence 
of isosorbide formate esters. The lower spectrum of the highlighted region is from a reaction 
conducted at high temperature. The duplett shape of the peak can be explained by the presence of 
endo-and exo-isosorbide formate esters. 

Analysis of the 1H NMR spectrum of the product revealed some undesired peaks 

with low field chemical shifts (Figure 2.1). A literature search on possible side 

reactions revealed the high propensity of oxalic acid towards thermal 

decarboxylation to formic acid and CO2 (Scheme 2.3)10. 
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Scheme 2.3. Thermal decarboxylation of oxalic acid to formic acid and CO2.  

With this knowledge, the undesired peaks in the product NMR were identified as 

the formic acid esters of isosorbide. In a control experiment, isosorbide was heated 

with formic acid under the same conditions as described for the previous reaction 

and the same side product peaks were observed in 1H NMR. With this knowledge 

the next experiment was conducted at lower temperatures to prevent the 

decomposition of oxalic acid (12.5 h at 90-120 °C). The temperature was only 

increased when the viscosity of the reaction melt was too high for efficient stirring 

by the overhead stirrer. After a longer reaction time a similar conversion of 

isosorbide as seen in the initial experiment was obtained. Figure 2.1 shows that 

the isosorbide-formate by-product is formed in smaller amounts when the 

reaction is conducted at a lower temperature. 
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Figure 2.2. 13C NMR spectrum of reaction mixture after low temperature esterification between 
isosorbide and oxalic acid. The assignment of carbonyl region peaks between 156 and 162 ppm to 
free oxalic acid, oxalic acid monoesters and oxalate repeat units is shown. Some small intensity, 
unknown peaks between 156 and 159.5 ppm are also present and highlighted with *. The 
connectivity of these peaks has not been established. 

Analysis of the product by 13C NMR revealed a complex mixture of oligomers with 

different end groups and chain length and some free oxalic acid (Figure 2.2). 

Attempts to remove free oxalic acid from the macromonomer mixture by 

sublimation under high vacuum were unsuccessful due to the high melt viscosity 

of the macromonomer mixture.  

2.2.2 Polyester synthesis 

After the macromonomers were obtained, their copolymerization with 1,4-

butanediol was investigated. Even though no external catalyst was added up to this 

point, addition of 1,4-butanediol in one portion to the macromonomers at 135 °C 

(at this temperature the macromonomers softened enough to be stirred by a 

mechanical overhead stirrer) resulted in extensive transesterification at oxalic 

acid-isosorbide units, thus liberating large amounts of isosorbide. This can be 

explained by several factors. Oxalic acid is a very strong Brønsted acid (pKa1 = 1.25), 

which can catalyze transesterifications. Additionally, 1,4-butanediol is a primary 
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alcohol with a higher reactivity than isosorbide. To prevent the liberation of 

isosorbide, 1,4-butanediol was added slowly via a syringe pump, as a solution in 

THF, to a melt of macromonomers. This limited the amount of liberated isosorbide.  

When the reaction temperature was increased to facilitate chain growth prior to 

polycondensation, and to decrease melt viscosity, the decomposition of free oxalic 

acid and oxalic acid end groups to formic acid and formic acid end groups, 

respectively, was observed. These formic acid esters are attached to hydroxy end 

groups of the growing polymer chain and thus act as a chain capping moiety that 

hinders further chain growth. 

Nonetheless, polycondensation at 180-210 °C with the common polyesterification 

catalyst Ti(OBu)4 yielded a polyester with a moderately high molecular weight of 

14.8 kg/mol (Table 2.1). The catalyst was added after complete addition of 1,4-

butanediol to minimize transesterification reactions at isosorbide-oxalate ester 

bonds. 

Table 2.1. Effect of different catalysts on the molecular weight of poly(1,4-butylene-co-isosorbide 
oxalate). 

Catalyst 
BDO/IS after 

reaction a 
Tg [°C] b Mn (NMR) [kg/mol] 

Mn (GPC) 

[kg/mol] 
PDI 

Ti(OBu)4 34.4/65.6 89.3 11.8 14.8 2.1 

Zn(OAc)2 34.2/65.8 n.d.c 2.8 n.d.c n.d. 

Sn(Oct)2 34.6/65.4 91.3 12.4 17.0 2.1 

BuSnOOH 34.8/65.2 92.7 12.7 16.4 1.9 

TBD 36.0/64.0 87.0 13.5 17.5 1.8 

a Molar ratio of 1,4-butanediol (BDO) to isosorbide (IS) after polycondensation. BDO/IS ratio before 

reaction: 28.6/71.4. b determined during the second heating cycle in the DSC. c n.d. = not determined. 

GPC measurements were not performed due to the low molecular weight of the reaction product. 

The effect of several transesterification catalysts was investigated and the results 

are presented in Table 2.1. Zn(OAc)2 yielded a polymer with a low molecular 

weight, which could be due to the lower solubility compared to other catalysts. 

Solid catalyst particles were seen in the reaction mixture at temperatures up to 

180 °C. Tin 2-ethylhexanoate (Sn(Oct)2), a catalyst typically used for the ring 

opening polymerization of cyclic anhydride monomers, and butyltin hydroxide 

oxide (BuSnOOH), a common (trans)esterification catalyst in polyester synthesis, 

yielded very similar results. Triazabicyclodecene (TBD) yielded surprisingly high 
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molecular weights and the narrowest polydispersity (1.8). TBD is a 

transesterification catalyst with a very different mode of action compared to the 

previously discussed Lewis acid catalysts, as previous studies have shown that it 

can act as both a Brønsted base and nucleophilic catalyst11. This result is rather 

surprising because Brønsted bases are typically not able to catalyze esterification 

reactions due the facile salt formation between acid substrate and basic catalyst. 

The reason for the good performance of TBD in this polyesterification reaction 

could be the degradation of oxalic acid and its monoesters at elevated 

temperatures. This way, the chain growth reaction during polycondensation 

proceeds through transesterification reactions (Scheme 2.4) instead of 

esterifications. 

Scheme 2.4. Chain-growing transesterification reactions of isosorbide end groups occurring during 
polycondensation of poly(1,4-butylene-co-isosorbide oxalate). Depicted are only reactions of 
isosorbide end groups that result in an elongation of the polymer chain. a. shows the displacement 
of isosorbide. b. shows the displacement of isosorbide-formate. 

Scheme 2.4 shows the transesterification reactions that are occurring during 

polycondensation for the polyester chain to grow. It is assumed that most chain 

ends are constituted of either isosorbide-OH end groups (a.) or oxalic acid 

monoesters (b.) and that these monoesters undergo thermal decomposition to 

formate end groups under polycondensation conditions. Both reactions require 

the removal of high boiling by-products (free isosorbide (a.) and isosorbide-

formate (b.)) to prevent a backward reaction. During polycondensation a 

colourless liquid was removed from the reaction melt. A 1H NMR sample of that 

liquid revealed the presence of mostly free isosorbide and isosorbide-formate, 

which confirms that chain growth during polycondensation mainly proceeds via 

transesterification reactions indicated in Scheme 2.4.  

Attempts to scale up the reaction failed due to mass transfer limitations on larger 

scales and the resulting difficult removal of the high boiling transesterification by-

products. This resulted in low molecular weight polyester products even after 

prolonged polycondensation times. This limitation of the reaction rate by mass 
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transfer could also explain the similar molecular weights obtained with different 

(trans)esterification catalysts seen in Table 2.1. Overall molecular weights were 

similar to previous literature values, although the upscaling of the present 

synthesis protocol is not possible under the investigated synthesis conditions. Due 

to the irreversible decomposition of carboxylic acid end groups into chain capping 

formic acid esters at T> 135 °C a different synthesis route to obtain poly(1,4-

butylene-co-isosorbide oxalate) on larger scales is required. 

2.2.3 Polyester characterization 

Analysis of the reaction products by 1H NMR revealed the presence of small 

amounts of formate ester end groups. The only other end groups visible by 1H NMR 

were endo-and exo-OH groups of isosorbide. 13C NMR revealed no significant 

quantities of oxalic acid end groups, which is in line with their high reactivity and 

low thermal stability. 

The synthesized polyesters exhibited Tg values between 86.9 and 92.7 °C (see Table 

2.1) and no crystallinity (see Figure 2.3 for a typical DSC trace).  

 

Figure 2.3. DSC trace of poly(1,4-butylene-co-isosorbide oxalate) with BDO/IS = 34/66. 

These results differ from those reported by Rajput et al.5, as most polyester 

compositions reported there were (semi)crystalline. This can be explained by the 

different synthesis conditions and linear diol chain lengths used by the authors. 

Compared to the present work, the polyester products were more flexible, which 

typically increases their crystallinity and decreases their Tg (no values reported by 

Rajput et al.). The fast hydrolysis of oxalate-based polyesters is known in the 
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literature12 and similar trends were observed with our reaction products. After 1.5 

years of storage in a closed glass container, the powdered polymers were sticky 

and showed a decreased molecular weight (Mn = 2.2 kg/mol after 1.5 years 

compared to Mn = 13.5 kg/mol directly after synthesis, values determined by 

NMR). Interestingly, hydrolytic degradation occurred preferentially at isosorbide-

oxalate ester bonds. This was indicated by a larger molar percentage of 1,4-

butanediol in the polymer chain after 1.5 years of storage  (1,4-butanediol 

constituted 46 mol% of total diols in the polymer repeat unit after 1.5 years 

compared to 36 mol% directly after synthesis). This is further confirmed by the 

presence of larger quantities of free isosorbide than 1,4-butanediol in the 

hydrolyzed polymer. 

The thermal stability of the reaction product was tested using TGA (Figure 2.4). 

Weight loss takes place in one step and a T5%d value of 303 °C was found, which is 

very close to the decomposition range reported for several polyesters reported by 

Rajput et al. (onset of decomposition at T> 300 °C).  

 

Figure 2.4. TGA trace of poly(1,4-butylene-co-isosorbide oxalate) measured under N2 atmosphere. 

This suggests that the thermal stability of oxalate polyesters is dictated mainly by 

the presence of oxalate units, as the nature of the linear diol comonomer does not 

seem to have a significant effect on the thermal stability of the final polyester. 

2.3  Conclusion 

By using a two-step synthesis approach rigid polyesters from isosorbide and 

thermally labile oxalic acid were synthesized at relatively high molecular weights 

compared to literature, given that no stoichiometric reagents or reactive diesters 
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were applied. The high reactivity of oxalic acid in esterification reactions enabled 

the low temperature synthesis of oligo(isosorbide oxalate) macromonomers, 

which were subjected to polycondensation with 1,4-butanediol in a second 

reaction step. Molecular weights of up to 17.5 kg/mol were obtained and the 

thermal properties of the material were evaluated. The polymer was found to be 

sensitive towards hydrolysis in air, with the isosorbide-oxalate bond being more 

prone to undergo hydrolysis than the 1,4-butanediol-oxalate bond. The main 

challenge encountered in this work was the low thermal stability of oxalic acid, 

which ultimately limits further upscaling of this polyester composition by this 

synthetic route. Better synthetic approaches to PISOX-diol copolyesters are 

discussed in thesis of Kevin van der Maas from the Industrial Sustainable Chemistry 

group. 
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2.5  Appendix 

2.5.1 Experimental Section 

Materials and methods 

Isosorbide was obtained from Roquette Frères (POLYSORB grade, ≥99.5%). Oxalic 

acid (>99%), titanium(IV) butoxide (97%), tin 2-ethylhexanoate (95%), butyltin 

hydroxide oxide hydrate (97%), zinc(II) acetate (>99%) and Triazabicyclodecene 

(98%) were obtained from Sigma Aldrich and used as received. Tetrahydrofuran 

was obtained from VWR. 

Analysis 

1H and 13C NMR spectra were recorded on a Bruker AMX 400. Spectra were 

referenced to the residual solvent signal. 

Molecular weights were measured using size exclusion chromatography (SEC) on a 

Shimadzu LC-20AD system with two PLgel 5μm MIXED-C columns (Polymer 

Laboratories) in series and a Shimadzu RID-10A refractive index detector, using 

dichloromethane as mobile phase with a flow of 1 mL/min and T = 35 °C. 

Polystyrene standards in the range of 760-1,880,000 g/mol (Sigma Aldrich) were 

used for calibration.  

Differential scanning calorimetry (DSC) measurements of polymers were carried 

out on a DSC 3+ STARe system from Mettler Toledo. The polymer sample (3-5 mg) 

was sealed in an aluminium pan (40 μm) and subjected to two subsequent heating-

and cooling cycles (heating/cooling rate 10 K/min) from -40 °C to 300 °C under a 

constant nitrogen flow (50 mL/min). Data reported was taken from the second 

heating cycle. 

Thermogravimetric analysis (TGA) measurements were carried out on a TGA/DSC 

3+ STARe system from Mettler Toledo. The polymer sample (20-25 mg) was sealed 

in an aluminium pan (40 μm). The sample was then heated from 25 °C to 500 °C at 

10 K/min under a constant nitrogen flow (50 mL/min). 
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Synthesis of oligo(isosorbide oxalate) 

Isosorbide (10.000 g, 68.43 mmol, 1 equiv.) and oxalic acid (7.393 g, 82.11 mmol, 

1.2 equiv.) were weighed into a 100 ml three-neck round-bottom flask. The flask 

was equipped with a nitrogen inlet, a mechanical overhead stirrer and a short 

distillation bridge with a receiving flask. The reactor was heated to 110 °C under a 

constant nitrogen flow. After 45 min at 110 °C, the temperature was increased to 

140 °C and held for another 60 min. The viscous oligomer was manually removed 

from the reactor with a spatula under a positive nitrogen flow and, after cooling to 

room temperature, crushed to a fine powder. The low temperature synthesis was 

conducted at the following temperatures: 8 h 20 min at 90 °C, 1 h at 96 °C, 1 h at 

103 °C, 1 h at 110 °C and 1 h 10 min at 120 °C. 

Synthesis of poly(1,4-butylene-co-isosorbide oxalate)  

2 g of oligo(isosorbide oxalate) were weighed into a 100 ml three neck flask and 

the flask was equipped with a nitrogen inlet and a mechanical overhead stirrer. 

The reactor was heated to 135 °C under a constant nitrogen flow. Meanwhile, 1,4-

butanediol (0.326 g, 3.61 mmol, 0.4 equiv. respective isosorbide) was dissolved in 

12 ml tetrahydrofuran. When the oil temperature reached 135 °C, the oligomers 

softened enough to be stirred by the mechanical overhead stirrer. Stirring was 

initiated at 100 rpm and the 1,4-butanediol solution in THF was added slowly to 

the molten oligomers with a syringe pump. Addition was complete after 130 

minutes and a short distillation bridge with a receiving flask was fitted to the 

reactor. 20 minutes after complete addition of 1,4-butanediol, the oil bath 

temperature was increased to 160 °C and titanium(IV) butoxide (3.7 mg, 0.011 

mmol) was added in 0.37 ml toluene. After 30 minutes, the oil bath temperature 

was increased to 180 °C. After 40 minutes, a vacuum of 0.3-0.9 mbar was applied 

and the reaction temperature of 180 °C held for another 1.5 h. Afterwards, the 

temperature was increased to 210 °C and held for 2 h. The reactor was opened 

under a positive nitrogen flow and the viscous polymer was removed manually 

from the reaction flask. 
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Synthesis of discrete isosorbide-2,5-bis(2-oxoacetic acid) units 

 

The synthesis of a defined isosorbide-dioxalate monomer was attempted to 

ascertain the assignment of 1H NMR chemical shifts and to confirm the thermal 

stability of oxalic acid monoesters. Isosorbide (2.192 g, 15.0 mmol, 1.0 equiv.) was 

dissolved in 80 ml dichloromethane (DCM) and added to an addition funnel. A 

round bottom flask was charged with oxalyl chloride (7.616 g, 60.0 mmol, 4.0 

equiv.) and cooled to 0 °C. The isosorbide solution was added to oxalyl chloride 

over one hour, at a dropping speed slow enough to keep the temperature at 0 °C. 

After complete addition, the reaction was stirred for 18 h as the temperature 

gradually increased to room temperature. The reaction mixture was then cooled 

again to 0 °C and 40 ml H2O was added within 15 minutes under vigorous stirring. 

After another 15 min, the layers were separated and the aqueous layer was 

extracted with DCM. The combined organic layers were washed with brine and 

dried over Na2SO4. After evaporation of the solvent, a sticky, off-white solid was 

obtained (0.408 g, 9.3%). A faint HCl smell still persisted in the product. To remove 

residual HCl two procedures were attempted: Firstly, the reaction product was 

dried at 50-90 °C at 5 mbar for 6 h, although discolouration to grey was observed 

at T> 80 °C. HCl was not completely removed this way. Another attempt to remove 

HCl was conducted using toluene as an azeotropic distillation reagent to distill 

H2O/HCl left in the reaction product. After several distillation cycles, HCl was still 

present in the reaction product. 1H and 13C NMR characterization of the final 

product was conducted with the reaction product after partial HCl removal in 

vacuo. No TGA studies were conducted due to residual HCl, which can cause 

corrosion in the instrument.  

2.5.1 Additional product characterization 

 

1H NMR (400 MHz, DMSO-d6, ppm): 5.38 – 5.16 (m, 2H, H5,2), 4.92 (s, 1H, H3), 4.52 (s, 1H, 

H4), 4.28 (d, 2H, H7), 4.06 – 3.78 (m, 4H, H1,1’,6,6’), 1.75 (s, 2H, H8). 

13C NMR (126 MHz, DMSO-d6, ppm): 157.71-156.21 (m, C9), 85.51 (C4), 81.06 (C3), 80.21 

(d, C5), 76.79 (d, C2), 72.50 (C6), 70.42 (C1), 66.69 (t, C7), 24.72 (C8). 
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1H NMR (400 MHz, DMSO-d6, ppm): 5.28 (s, 1H, H5), 5.15 (s, 1H, H2), 4.91 (t, 1H, H3), 4.50 

(d, 1H, H4), 4.08 – 3.75 (m, 4H, H1,1’,6,6’). 

13C NMR (126 MHz, DMSO-d6, ppm): 159.16 (C7/9), 158.84 (C7/9), 158.46 (C8), 85.60 (C4), 

81.01 (C3), 79.65 (C5), 76.06 (C2), 72.58 (C6), 70.85 (C1). 
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3. Overcoming the low reactivity of biobased 

secondary diols in polyester synthesis  
 

Abstract: Arguably one of the most interesting biobased monomers for polyester 

synthesis is glucose-derived isosorbide. As shown in Chapter 1, it is already 

available on a kiloton scale and has received considerable attention by the polymer 

research community due to its rigid molecular structure1. Nonetheless, 

commercial applications in polyester synthesis have been limited to copolyesters 

with primary diols due to isosorbide’s low reactivity in (trans)esterification 

reactions2. Here we report a synthesis strategy to overcome the inherently low 

reactivity of secondary diols in polyester synthesis. It enables the synthesis of fully 

biobased poly(isosorbide succinate) with unprecedentedly high molecular weights. 

The addition of an aryl alcohol to diol and diacid monomers was shown to lead to 

the formation of reactive aryl esters during esterification, which facilitates chain 

growth during polycondensation to obtain high molecular weight polyesters. This 

synthesis method is broadly applicable to aliphatic polyesters based on  isosorbide 

and isomannide. These materials were previously not obtainable with high 

molecular weights under standard polyester synthesis conditions. For the first time 

barrier and mechanical properties of poly(isosorbide succinate) and other fully 

isosorbide-based polyesters were reported. The application of poly(isosorbide 

succinate) in fused filament 3D printing was demonstrated. The presented 

synthesis method could be an important step towards commercial production of 

fully biobased, rigid polyesters. 

 

Parts of this work have been submitted for publication:  

Weinland, D. H., van der Maas, K., Wang, Y., Bottega Pergher, B., Wang, B., van Putten, R.-

J. & Gruter, G.-J. M.,  Overcoming the low reactivity biobased secondary diols in polyester 

synthesis, submitted. 

Parts of this work have been filed as patents: 

Wang, B., Gruter, G.-J. M., van Putten, R.-J., Weinland, D. H., Bottega Pergher, B. Process 

for the production of polyester (co)polymers. EP21217721 (filed Dec 2021). 

Wang, B., Gruter, G.-J. M., van Putten, R.-J., Weinland, D. H., Bottega Pergher, B. Process 

for the production of polyester copolymers. EP21217722 (filed Dec 2021). 
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3.1  Introduction 

Plastic materials are an essential part of modern life. It has been generally accepted 

that a switch from fossil-based materials to biobased materials is an important step 

for a more sustainable plastic industry3. One way to facilitate this transition is the 

development of biobased materials with superior properties compared to 

traditional, fossil-based materials3,4. Zhu et al. identified carbohydrates as the most 

abundant and easily processed source of sustainable monomers3. As indicated in 

previous chapters, isosorbide is a prime example of a promising glucose-derived 

monomer. It has a rigid molecular structure and high oxygen content, which 

induces favourable material properties. Unlike many other early-stage biobased 

monomers, it is already available on a commercial scale. The low reactivity of 

isosorbide in (trans)esterifications, induced by its secondary alcohol groups, has 

been discussed extensively in Chapter 1. This limits its application in polyester 

synthesis to copolyesters mostly constituted of established primary diols (>60 

mol%)  such as ethylene glycol or 1,4-cyclohexanedimethanol. Up to now the 

material properties of fully isosorbide-based polyesters remain largely unexplored. 

One strategy to improve molecular weights of polyesters based on unreactive diols 

was pioneered in the 1960s and it involves the use of diaryl esters as reactive 

monomers5. These esters have an increased reactivity in (trans)esterifications 

compared to carboxylic acids or alkyl esters due to the better leaving group ability 

of phenol derivatives and a less favourable backreaction6. Some recent patents 

make use of this strategy for the synthesis of polyesters based on thermally labile 

oxalic acid, isosorbide and a linear diol comonomer7. Traditionally, these aryl esters 

are synthesized in a separate reaction step from dicarboxylic acid chlorides6 or 

dicarboxylic acids8, and require separate purification steps prior to polyester 

synthesis. As pointed out in Chapter 1, high purity monomers (≥99%) are essential 

for the synthesis of high molecular weight polyesters. The synthesis and 

purification of diaryl esters can be laborious and wasteful, especially when 

considering large industrial scales. This also makes the strategy economically 

unfavourable, unless the materials are used in low volume, high value applications. 

Aryl alcohols are typically considered to be chain-stopping moieties in step growth 

polymers9  due to their monofunctionality. We were interested to see if the 

addition of an aryl alcohol to a diol and diacid monomer could lead to the in situ 

formation of reactive aryl esters during esterification. The high reactivity of these 

esters could then lead to high molecular weight polyesters during 

polycondensation. 
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3.2  Results and Discussion 

3.2.1 Synthesis of poly(isosorbide succinate) 

The goal of this chapter was to overcome the low reactivity of isosorbide in 

polyester synthesis with a broadly applicable synthesis strategy. Initial 

investigations focussed on the synthesis of the fully biobased poly(isosorbide 

succinate) (PIsSu). Both succinic acid and isosorbide can be obtained from glucose 

(Figure 3.1), and PIsSu has been known for several decades in the chemical 

literature. 

 

Figure 3.1. Synthesis of isosorbide and succinic acid from glucose and subsequent synthesis of 
poly(isosorbide succinate). 
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Table 3.1. Molecular weights and Tg values of poly(isosorbide succinate) synthesized from different 
succinic acid derivates reported in the literature with a comparison to results obtained in this 
chapter. 

Succinic acid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Succinic acid 3.1 1.6 67.7 10 

Succinic acid 2.9 1.3 73.2 11 

Succinic acid 1.2 2.5 59.3 12 

Succinic acid 7.3 1.7 65 13 

Dimethyl succinate 13.4 1.6 56.4 14 

Succinic anhydride 2.9 1.7 73.8 15 

Succinyl chloride 8.6 1.9 78 16 

Succinyl chloride 7.7 1.8 36 17 

Succinyl chloride 10.8 2.1 56 18 

Succinyl chloride 7.5 1.4 65 19 

Succinic acid Up to 42.8 2.0 82 This work 

 

The potentially promising material properties, induced by isosorbides rigid 

molecular structure and the relatively short chain length of succinic acid, has 

resulted in significant attention from the research community. PIsSu has been 

synthesized from succinic acid10–13, dimethyl succinate14, succinic anhydride15 or 

succinyl chloride16–19(Table 3.1). High molecular weights however, which are 

necessary for many applications requiring ductile materials, have not been 

reported yet. The highest Tg value for PIsSu was reported by Marubayashi et al. 

(Mn = 8.6 kg/mol, Tg = 78 °C), who synthesized the material from succinyl chloride16. 

Liu et al. recently attempted to synthesize PIsSu from succinyl chloride for food 

packaging applications, but molecular weights were too low to obtain a non-brittle 

film18. Diacid chlorides are undesirable starting materials for the industrial 

synthesis of polyesters due to the energy intensive synthesis of these highly 

reactive moieties and the liberation of HCl during polyester synthesis. The highest 

molecular weights obtained by melt polymerization were reported by Tan et al. 

(Mn = 13.4 kg/mol) although the reported Tg of 56.4 °C is lower than the value 

reported for the acid chloride route above, which indicates a low molecular weight 
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material14. The reason for these low molecular weights is the low reactivity of 

isosorbides secondary alcohol groups in (trans)esterification reactions. This is why 

applications of PIsSu have been mainly limited to powder coatings20, which do not 

require high molecular weight materials, as they are cross-linked upon 

application10. 

3.2.1.1 Effect of aryl alcohols on esterification and polycondensation 

It was hypothesized that the synthesis of aryl esters from succinic acid could be 

combined with the synthesis of isosorbide-succinate oligomers typically conducted 

in the first step of polyester synthesis. Reactive aryl esters could thus be obtained 

in situ without a separate reaction step and subsequent polycondensation would 

be facilitated by the higher reactivity of those esters. This strategy is outlined in 

Figure 3.2. Initial experiments revealed that the addition of p-methyl phenol (p-

cresol, 1.5 equiv. respective diacid) to an equimolar amount of isosorbide and 

succinic acid under esterification conditions (240 °C oil bath temperature, butyltin 

hydroxide oxide (BuSnOOH) catalyst) led to the formation of isosorbide-succinate 

oligomers with p-cresyl succinate ester end groups (Figure 3.2). 

 

Figure 3.2. Synthesis strategy to obtain high molecular weight PIsSu from succinic acid, isosorbide 
and p-cresol. The potential recycling of p-cresol is indicated (for more information, see paragraph 
3.2.1.3). 

During the first step of the reaction, esterification, water is formed as a by-product 

and subsequently removed from the reactor due to the elevated temperature, 

thus shifting the reaction equilibrium to the more reactive aryl esters. Structure 

elucidation of the reaction melt by 1H NMR after 5 h esterification at 240 °C 

revealed a complex reaction mixture and confirmed the presence of p-cresyl 

succinate groups among isosorbide-monoester end groups (Figure 3.3).  
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Figure 3.3. 1H NMR spectrum (3.5 ppm to 7.5 ppm) of the reaction mixture isosorbide, succinic acid 
and p-cresol (1:1:1.5) after 5 h esterification at 240 °C. End groups of oligo(isosorbide succinate) units 
used for the calculation of alcohol to aryl ester end group ratios are highlighted. Additionally, small 
quantities (<2 mol% of total succinate units) of succinic anhydride (2.90 ppm) and bis(p-
cresyl)succinate (2.94 ppm) were detected in the high field region of the 1H NMR spectrum (not 
shown). 

1H NMR spectra recorded with reaction samples taken after different esterification 

times revealed the complete conversion of succinic acid carboxylic acid end groups 

to p-cresyl succinate groups (Figure 3.4a, b). Reaction times longer than 5 h at 240 

°C did not significantly influence the composition of the reaction melt with regard 

to oligomer end group ratios or the amount of unreacted isosorbide (Figure 3.4c), 

which indicates that a steady state equilibrium was reached. The molecular weight 

of isosorbide-succinate oligomers was found to plateau at around 1.6 kg/mol after 

5 h esterification (Figure 3.4d). 
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Figure 3.4. Tin catalyzed esterification between succinic acid, isosorbide and p-cresol. a, 1H NMR 
spectrum showing the disappearance of succinic acids carboxylic acid proton around 12 ppm after 0 
h, 0.5 h, 2 h, 3.5 h and 5 h of esterification at 240 °C. b, 1H NMR spectrum of aromatic region upon 
formation of a clear melt (t = 0) and after 5 h esterification at 240 °C. c, Evolution of the alcohol (exo- 
and endo-OH groups of isosorbide) to ester end group (p-cresyl succinate) ratio during esterification 
with the amount of total unreacted isosorbide (respective total mol% of isosorbide). Determined 
from the 1H NMR spectra taken of the reaction melt after different esterification times. For an 
assignment of the end groups used for the calculations, see Figure 3.3. d, Molecular weight evolution 
of oligo(isosorbide succinate) during esterification determined by GPC. 

The 1H NMR signals of oligomer end groups, highlighted in Figure 3.3, at 4.93 ppm 

(endo monoester), 4.67 ppm (exo monoester) and 7.22 ppm (p-cresyl succinate) 

were used to calculate the ratio of alcohol to aryl ester end groups of isosorbide-

succinate oligomers, plotted in Figure 3.4c, according to the following equation (A 

= area of the respective peak in 1H NMR spectrum): 

����� ���	�ℎ�� �� ���� ��� �� �������

=
���� ��������� �������, 4.67 ���, 1 � + ����� ��������� �������, 4.93 ���, 1 �

0.5 ��	���� ��		���� ���, 7.22 ���, 2 �
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Later experiments on other isosorbide-based polyesters with aliphatic diacids 

showed that this alcohol to aryl ester end group ratio is a reliable indication of the 

esterification conversion (paragraph 3.2.2). At first glance, it is expected that the 

full conversion of succinic acid carboxylic acid groups would lead to a 1:1 ratio of 

alcohol to aryl ester end groups after esterification. It was observed, however, that 

successful polyester syntheses with high molecular weight products exhibited an 

alcohol to aryl ester end group ratio between 0.80 and 0.90 after esterification. 

This means that oligomers after esterification appear to have more aryl ester end 

groups than alcohol end groups, which is not expected with a 1:1 molar ratio of 

isosorbide to succinic acid. This observation can be explained by two factors: 

Firstly, the presence of p-cresol, a chain-capping moiety under esterification 

conditions leads to the formation of small amounts of bis(p-cresyl)succinate after 

esterification. The signal of the p-cresyl ester of succinic acid at 7.22 ppm described 

above to calculate the alcohol to aryl ester end group ratio includes this diaryl 

ester, although it is not incorporated in isosorbide-succinate oligomers. This leads 

to a slight overestimation of the amount of aryl esters in the esterification mixture. 

Secondly, small amounts of isosorbide (typically <2 mol% of total isosorbide units) 

remain unreacted even after prolonged esterification times (Figure 3.4c). This 

results in an underestimation of alcohol end groups, as unreacted isosorbide is not 

included in isosorbide-succinate oligomers and thus not accounted for in the 

equation above. If unreacted isosorbide is included in the equation above, an 

approximate 1:1 ratio of alcohol to ester end groups was observed. It is not 

included in future calculations on said ratio due potential overlap with other peaks 

(see Figure 3.3, peak at 4.09 ppm). On the other hand, no unreacted succinic acid 

can be identified in 1H NMR spectra after 5 h esterification. These factors result in 

an alcohol to aryl ester end group ratio between 0.80-0.90 for successful 

esterifications as calculated by the equation above. The reaction conversion with 

unknown diacids can thus be easily determined from clearly distinguishable peaks 

in the 1H NMR spectrum of the esterification mixtures (see paragraph 3.2.2). 

The significance of the presence of p-cresyl succinate end groups in isosorbide-

succinate oligomers formed during esterification was revealed when the second 

stage of polyester synthesis, polycondensation under vacuum, was initiated at 

220 °C oil bath temperature. During pre-polycondensation, when vacuum is 

gradually applied to the reactor (400-6.5 mbar), unreacted p-cresol was removed 

from the reaction melt. Within one hour at full vacuum (<1 mbar), a highly viscous 

polymer melt was obtained. Molecular weight analysis of the final product 

revealed a number average molecular weight of 40.4 kg/mol, which is an 
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unprecedentedly high value for a polyester containing 100 mol% of isosorbide as 

the diol moiety (highest Mn reported for PIsSu: 13.4 kg/mol, Table 3.1). The final 

product had a Tg of 82.2 °C, which is higher than any previously reported Tg values 

for PIsSu (highest Tg reported for PIsSu: 78 °C after synthesis from succinyl chloride, 

Table 3.1). 

Typically works on fully isosorbide-based polyesters report polycondensation 

times between 4 and 8 hours without reaching Mn values higher than 20 

kg/mol13,14,21. This can be explained by both the decreasing concentration of 

reactive end groups in the concluding stages of polycondensation and the low 

reactivity of isosorbide. It has been shown that monomer conversions >97% during 

synthesis of a step growth polymer are critical to achieve high degrees of 

polymerization (DP) and thus high molecular weights. Due to the lower 

concentration of reactive end groups at high conversions, reaction times from 97% 

conversion (DP = 33.3) to 98% conversion (DP = 50) can take as long as reaction 

times from 0 to 97% conversion, as was shown to be the case for the 

polyesterification between adipic acid and diethylene glycol22. To achieve chain 

propagation is thus increasingly difficult at the last, and most crucial, stages of 

polyester synthesis, which is exacerbated by unreactive monomers such as 

isosorbide. It has been shown that aryl esters, also known as activated esters, can 

improve chain propagation during these crucial last stages of polyester synthesis6. 

The aforementioned very high molecular weight obtained after polycondensation 

of isosorbide-succinate oligomers with p-cresyl succinate end groups corresponds 

to a DP value of around 180. This is unprecedented for isosorbide-based polyesters 

and proves that the in situ formed aryl esters have a significant reactivity-

enhancing effect on the chain propagation reaction during polycondensation. 

To further understand the effect of p-cresol on the synthesis of PIsSu, some control 

experiments were conducted (Figure 3.5). The addition of aryl alcohols to the 

monomers during esterification can potentially have two effects: (1) Reduction of 

melt viscosity, accompanying improved mass transfer and improved removal of 

H2O thus driving the esterification equilibrium forward. (2) Formation of the 

observed p-cresyl succinate end groups with a superior reactivity compared to 

carboxylic acid end groups, which at the same time eliminates water formation and 

the accompanying backward reactions during polycondensation, as water is much 

more reactive than an aryl alcohol. 
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Figure 3.5. Influence of solvent choice on the final molecular weight of PIsSu under comparable 
reaction conditions. For Tg and PDI values of the polymers, see Table 3.4. 

Reactions without any solvent yielded a low molecular weight product which is in 

line with previous work on PIsSu. To rule out (1) we conducted a reaction with the 

non-reactive solvent 1,4-dimethoxybenzene, which has a boiling point similar to p-

cresol. Oligomers with a Mn of 5.0 kg/mol were obtained after 5 h esterification, 

which is significantly higher than in reactions with the reactive solvent p-cresol 

(Mn = 1.6 kg/mol). This is likely due to the non-reactive nature of 1,4-

dimethoxybenzene, which does not inhibit chain growth of oligomers during 

esterification. The final product however had a significantly lower molecular 

weight (Mn = 10.2 kg/mol) compared to a reaction conducted with p-cresol 

(40.4 kg/mol). These results, together with the known high reactivity of aryl esters 

in transesterification reactions6, confirm the importance of p-cresyl succinate ester 

groups for a successful polymerization.  

The molecular weights obtained in the aryl alcohol assisted synthesis of PIsSu  are 

three- to fourfold higher than those obtained in the literature (Table 3.1). 

3.2.1.2 Optimization of reaction conditions 

Encouraged by these results, the reaction conditions that are required for a 

successful polyester synthesis were elucidated. Unless otherwise noted, all 

reactions discussed in this paragraph were conducted under identical reaction 

conditions. Initial observations revealed that a polycondensation temperature of 

220 °C is favourable (Mn = 40.4 kg/mol, PDI = 2.4), whereas a higher 
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polycondensation temperature of 240 °C resulted in a product with a reduced 

molecular weight (Mn = 29.9 kg/mol, PDI = 2.3).  

This is likely related to the thermal lability of succinic acid-based polyesters under 

high vacuum conditions. A study on the synthesis of poly(1,4-butylene succinate) 

revealed that succinic anhydride is liberated during polycondensation at 240-

260 °C23. Similarly, succinic anhydride was identified by 1H NMR spectroscopy in 

the reactor overhead after polycondensation using the presented synthesis 

strategy. This decomposition reaction seems to be facilitated by elevated 

temperatures. The lability of the succinate repeat unit under high vacuum further 

underlines the importance of p-cresyl esters, which do not require high reaction 

temperatures to react with isosorbides unreactive secondary alcohol groups. 

Next, the amount of aryl alcohol required for a successful polyester synthesis was 

investigated (Table 3.2). 

Table 3.2. Influence of the amount of p-cresol on the molecular weight and Tg of PIsSu. 

Equiv. p-cresol a 
M

n
 

[kg/mol] 
PDI T

g
 [°C] 

Unreacted isosorbide 

after esterification [%] b 

0.5 28.1 2.5 81.3 0.8 

0.9 40.3 2.7 82.5 1.2 

1.5 40.4 2.4 82.2 2.0 

2.2 31.6 2.0 81.5 2.9 

a Respective diacid. b Determined by 1H NMR. Respective total isosorbide units. 

It was found that 1.5 equivalents p-cresol are ideal to synthesize a high molecular 

weight product. It was observed that the amount of solvent also had an effect on 

the amount of unreacted isosorbide after esterification. This is due to the alcohol 

functionality of aryl alcohols, which leads to esterification with succinate units, 

which in turn can replace isosorbide. 

A series of common polyesterification catalysts was tested in the aryl alcohol 

assisted synthesis of PIsSu (Table 3.3). 
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Table 3.3. Influence of catalyst on the molecular weight and Tg of PIsSu. 

Catalyst n (catalyst) [mol%] a  
ppm 

(metal) 
M

n
 [kg/mol] PDI T

g
 [°C] 

No catalyst b / / 3.7 2.1 69.8 

BuSnOOH 0.1 520 40.4 2.4 82.2 

BuSnOOH 0.05 260 34.7 2.2 82.4 

Ti(OBu)4 

c
 0.1 210 33.0 2.2 82.6 

Ti(OBu)4 

c
 0.05 105 28.7 2.1 81.4 

Zr(OBu)4 0.1 400 3.7 2.1 79.0 

Zn(OAc)2 

d 0.1 287 1.7 2.1 72.2 

GeO2 

d 0.1 318 1.5 2.0 58.7 

a Mol% respective diacid. b Esterification was conducted for 2 h at 240 °C and for 11 h at 260 °C. c 

Catalyst was added in two portions (before and after esterification) to compensate for the hydrolytic 

lability of titanium alkoxides. d Catalyst was added as a solid to the reaction mixture. 

A reaction conducted without a catalyst yielded a low molecular weight product. 

It was observed that the desired alcohol to aryl ester end group ratio could not be 

reached even after prolonged esterification at elevated temperatures (13 h at 240-

260 °C). A lower catalyst loading with BuSnOOH (0.05 mol%) resulted in a lower 

molecular weight product. Similarly, replacing BuSnOOH with Ti(OBu)4, which is 

less toxic and therefore more desirable, resulted in a reduced molecular weight. 

Upon addition of Ti(OBu)4 to the reaction mixture, the liquid p-cresol immediately 

turned deep red. This colour also persisted in the final product and it is likely 

caused by the formation of titanium(IV) tetra(p-cresolate). Experiments conducted 

with Zr(OBu)4, Zn(OAc)2 and GeO2 all yielded very low molecular weight products. 

For the former esterification proceeded relatively well, while almost no change in 

molecular weight was detected during polycondensation. The latter two catalysts 

did not catalyse esterification efficiently, which was indicated by a low monomer 

conversion after 5 h at 240 °C. Overall, BuSnOOH yielded the best results regarding 

molecular weight and colouration of the final product. 

Next the influence of the choice of aryl alcohol on the molecular weight of PIsSu 

was investigated (Table 3.4). It was found that there are several important factors 

to consider: Firstly, the phenol derivative in question should not be too toxic, which 

precluded the use of halogenated or nitrated aryl alcohols. The solvent should also 

be readily available, which precluded meta substituted phenol derivatives. 
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Secondly, the aryl alcohol should have a sufficiently high ambient pressure boiling 

point to enable esterification at 240 °C, which was found to be required to achieve 

full conversion of succinic acid’s carboxylic acid groups to aryl ester groups within 

reasonable reaction times. Please note that all reactions were conducted at 

atmospheric pressure. A pressurized reactor should enable the use of lower boiling 

aryl alcohols, which would also facilitate their removal during polycondensation. 

Table 3.4. Influence of solvent choice on the molecular weight and Tg of PIsSu. 

Solvent 
Boiling 

point [°C] 
M

n
 [kg/mol] PDI T

g
 [°C] 

No solvent / 8.4 2.4 76.0 

p-Cresol 202 40.4 2.4 82.2 

p-Methoxyphenol 243 28.9 2.1 81.7 

o-Methoxyphenol 205 16.9 2.0 80.2 

1,4-Dimethoxybenzene (unreactive) 213 10.2 2.0 77.6 

Diphenyl ether (unreactive) 258 10.2 2.0 77.6 

 

This limitation prevented the use of phenol, the boiling point of which is too low 

(b.p. 182 °C) to be used under the described reaction conditions. The boiling point 

of the respective aryl alcohol should however not be too high, as this hampers its 

removal during polycondensation, which in turn reduces the final molecular 

weights (as seen for p-methoxyphenol). The substitution pattern on the aromatic 

ring was also considered. Ortho substitution, as seen in o-methoxyphenol 

(guaiacol), was found to significantly reduce the reactivity of the aryl-OH group, 

which led to the presence of free succinic acid carboxylic acid groups even after 

prolonged esterification times of up to 9 hours. This is likely related to the higher 

steric hinderance of the aryl alcohol caused by ortho substitution. Subsequent 

polycondensation yielded a lower molecular weight product than reactions with 

para substituted phenol derivatives. Unreactive solvents with no functional group, 

such as 1,4-dimethoxybenzene and diphenyl ether yielded low molecular weights, 

similar to reactions conducted with no solvent.  

The influence of the monomer purity on the polymer molecular weight was 

investigated next (Table 3.5).  
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Table 3.5. Influence of monomer purity on the molecular weight and Tg of PIsSu. 

Monomer purity M
n
 [kg/mol] PDI T

g
 [°C] 

Regular a 40.4 2.4 82.2 

High b 42.8 2.0 82.0 

a Reaction was conducted with isosorbide from Carbosynth (>98%), after recrystallization from 

acetone and distillation over NaBH4 (see Experimental section), and succinic acid from Acros Organics 

(>99%). b Reaction was conducted with Roquette’s Polysorb isosorbide (≥99.5%) and succinic acid 

from Thermo Scientific (≥99%). The reaction was degassed at 80 °C (4 vacuum/nitrogen cycles) before 

starting esterification. 

Reactions conducted with the commercially available Polysorb isosorbide (by 

Roquette), specifically offered for polymer synthesis, and with a purity ≥99.5%, and 

high purity succinic acid yielded a polymer product with a slightly higher molecular 

weight and a decreased PDI. The reason behind this could be the insufficient 

purification of isosorbide by recrystallization and distillation compared to 

Roquette’s Polysorb grade, which is offered specifically for polymer synthesis and 

purified more thoroughly as indicated in their patents24. 

Finally, the influence of thermal stabilizers on the molecular weight of PIsSu was 

investigated. These additives act as antioxidants and are typically added in 

commercial polyester resins to reduce discolouration and undesired side reactions. 

They can be divided into two categories25: Primary antioxidants and secondar 

antioxidants. Primary antioxidants act as radical scavengers by quenching free 

radicals in the reaction through donation of a labile hydrogen atom. Typically they 

are sterically hindered phenols or aromatic amines. Secondary antioxidants, 

typically containing phosphorus or sulphur, decompose hydroperoxides, which can 

be formed by the reaction of alkyl radicals with oxygen. Common secondary 

antioxidants are phosphites, phosphonates or phosphonites. A synergistic effect 

has been observed when primary and secondary antioxidants are used together, 

as the latter prevents discolouration caused by oxidative decomposition of primary 

phenolic antioxidants. The effect of two common antioxidants 

petraerythritoltetrakis(3-(3,5-di-t-butyl-4-hydroxyphenyl)propionate) (Irganox 

1010, primary antioxidant) and tris(2,4-di-tert-butylphenyl)phosphite (Irgafos 168, 

secondary antioxidant, see Figure 3.6b for chemical structures of stabilizers) on the 

p-cresol assisted synthesis of PIsSu were investigated (Table 3.6). Oxygen was 

removed from the reactants by degassing the reaction mixture before starting 

esterification. Both antioxidants slightly decreased the molecular weight of the 
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final polymer, but only Irgafos 168 improved its colouration from orange to yellow 

(Figure 3.6a). This is likely due to the aforementioned synergistic effect between 

phenols and phosphites, as the present synthesis method involves the addition of 

an excess of a phenol derivative (p-cresol) to the reactants. The typically 

encountered orangish discolouration in all reaction products previously 

synthesized could be caused by oxidative decomposition of p-cresol. On the other 

hand, identifying the cause for discolouration in polyester synthesis is a challenging 

task, as very low concentration of colourants can lead to significant discolouration. 

Additionally, isosorbide has been identified in the past as a common source for 

discolouration during polyester synthesis, which is exacerbated by it being present 

as the sole diol moiety in PIsSu. The complexity of the present reaction, it being a 

non-equilibrium reaction with many intermediate chemical species forming during 

esterification (Figure 3.3), and the potential lability of phosphites, which were 

shown to form phosphoric acid with H2O25, which in turn is released in significant 

quantities during the initial stages of esterification, further exacerbates the 

problem of identifying the cause for the yellow-orange colouration observed in 

PIsSu. 

Table 3.6. Influence of antioxidant additives on the molecular weight of PIsSu synthesized with p-
cresol or o-methoxyphenol. Degassing and high purity monomers (see Table 3.5) were used in all 
reactions. 

Entry Solvent Additive 
Ppm 

(additive) 

M
n
 

[kg/mol] 
PDI 

T
g
 

[°C] 
Colour 

1 p-Cresol / / 42.8 2.0 82.0 Orange 

2 p-Cresol Irganox 1010 499 38.7 2.0 81.5 Orange 

3 p-Cresol Irgafos 168 496 38.9 2.0 81.1 Yellow 

4 Guaiacol 
a
 Irganox 1010 499 32.4 2.0 81.5 

Dark 

brown 

5 Guaiacol 
a
  Irgafos 168 496 32.6 1.9 82.2 

Dark 

brown 
a Esterification was conducted for 9 h. Polycondensation was conducted for 1.5 h . 
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Figure 3.6. a, Colouration of PIsSu synthesized under different reaction conditions (from left to right): 
I) p-cresol and normal monomer purity (Table 3.5) II) guaiacol, high monomer purity and Irgafos 168 
(Table 3.6, entry 5) III) p-cresol and high monomer purity (Table 3.6, entry 1) IV) p-cresol, high 
monomer purity and Irganox 1010 (Table 3.6, entry 2) V) p-cresol, high monomer purity and Irgafos 
168 (Table 3.6, entry 3). b, Structure of Irganox 1010 (left) and Irgafos 168 (right). 

Lastly, it was attempted to improve the molecular weight of PIsSu synthesized with 

guaiacol (Table 3.6, entries 4, 5). The use of guaiacol is more desirable in future 

applications as it is more benign compared to p-cresol and it can be synthesized 

from lignocellulosic biomass26.  

It was found that the molecular weight of the final product in reactions with 

guaiacol could be improved when high purity monomers were used in combination 

with Irgafos 168 and a slightly longer polycondensation time of 1.5 h. The final 

product did however show a more severe discolouration when compared to 

reactions with p-cresol (Figure 3.6a). Strong discolouration occurred in all butyltin 

hydroxide oxide catalyzed reactions after around 5 h esterification with guaiacol, 

regardless of monomer purity and addition of thermal stabilizers. To confirm that 
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no impurity present in guaiacol caused the severe discolouration, an experiment 

was conducted with freshly distilled guaiacol, as well as both Irganox 1010 and 

Irgafos 168 stabilizers and a lower BuSnOOH catalyst loading (not shown). 

Nonetheless, discolouration occurred after approximately 5 h of esterification.  

Due to shorter reaction times and higher molecular weight final products, p-cresol 

was used to explore the scope of this method and to conduct initial upscaling 

experiments.  

3.2.1.3 Recycling of aryl alcohol 

For the present synthesis strategy to be sustainable and in line with the principles 

of Circular Chemistry27, the aryl alcohol must be recyclable after each 

polymerization reaction. This was investigated by collecting p-cresol after 

polymerization and reusing it without further purification in five subsequent 

polymerization reactions (Table 3.7).  

Table 3.7. Influence of reusing p-cresol on the molecular weight and Tg of PIsSu. p-Cresol was 
collected after polycondensation and reused without further purification. 

Solvent reuse cycle M
n
 [kg/mol] PDI T

g
 [°C] 

0 38.3 2.2 81.2 

1 45.3 2.5 82.3 

2 45.4 2.5 81.8 

3 32.8 1 2.2 81.0 

4 39.6 2.4 81.4 

5 37.5 2.4 81.3 

1 A leak occurred in the reactor setup during high vacuum polycondensation, which resulted in a 

lower molecular weight product. 
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Figure 3.7. Reusability of p-cresol. a, 
1
H NMR spectra of fresh p-cresol (top), p-cresol recovered after 

pre-polycondensation (>6.5 mbar, middle) and p-cresol recovered after high vacuum 

polycondensation (<1 mbar, bottom). The 
1
H NMR spectra of recovered p-cresol were measured after 

five reuse cycles. 
 1

H NMR analysis indicated very small amounts of succinic anhydride, which was 
collected during high vacuum polycondensation (< 1 mbar). b, Picture of p-cresol after 5 reuse cycles. 
No change in appearance was visible to p-cresol from the bottle except a water layer that formed 
during esterification. 

p-Cresol was initially collected in two fractions: One after pre-polycondensation (p 

= 400-6.5 mbar) and another after high vacuum polycondensation (p<1 mbar). 

Analysis of the two fractions by 1H NMR (Figure 3.7) revealed that p-cresol can 

indeed be collected with a high purity after the synthesis of PIsSu. The only 

difference was the presence of very small amounts of succinic anhydride in the p-

cresol fraction collected after high vacuum polycondensation (Figure 3.7a, 

bottom). This is due to the aforementioned lability of succinate repeat units under 

high vacuum polycondensation conditions (see paragraph 3.2.1.2). Both fractions 

were combined for subsequent reuse experiments. Reusing p-cresol up to five 

times did not result in a significantly lower molecular weight product. Deviations 

in molecular weight can be explained by the very high melt viscosity of PIsSu during 

polycondensation. This can prevent stirring, which hinders the removal of 

polycondensation by-products from the polymer melt. This can lead to decreased 

molecular weights. 
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3.2.1.4 Scale-up in 2 L autoclave 

To prove the industrial viability of the aryl alcohol assisted synthesis of high 

molecular weight poly(isosorbide succinate), the experiment was scaled up from a 

100 mL glass reactor to a 2 L stainless steel autoclave. Initial experiments yielded 

low molecular weight polymer products due to an unknown side reaction that 

offset the diol to diester end group ratio after esterification. Additionally, an 

unknown peak was identified in the 1H NMR spectra of both esterification samples 

and polymer product (Figure 3.8). 

 

Figure 3.8. Comparison of 1H NMR spectra in DMSO-d6 of PIsSu reaction mixtures after esterification 
in a glass (a) or 2 L autoclave (b) reactor and PIsSu products made in a glass (c) or 2 L autoclave (d) 
reactor.  

A literature search on possible side reaction showed that this peak has been 

described in a previous publication on the synthesis of poly(isosorbide-1,4-

cyclohexanedicarboxylate)28. It has been attributed to the presence of 1,4-sorbitan 

in the polymer chain. 1,4-sorbitan is the main product of the Brønsted acid 

catalyzed ring-opening hydration of isosorbide (Scheme 3.1).  
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Scheme 3.1. Ring-opening hydration of isosorbide to 1,4-sorbitan. 

This enabled the calculation of the amount of 1,4-sorbitan in the reaction mixture 

from 1H NMR spectra. The amount of 1,4-sorbitan, with respect to the total 

amount of isosorbide units, in esterification samples and polymer products was 

calculated after subtraction of overlapping peaks assigned to the exo-isosorbide 

monoester and unreacted isosorbide (see also Figure 3.3 for an assignment of 

those peaks): 

���%�1,4 − ���������

=
0.5��4.22 − 4.27 ���� − ���� )* �������, 4.67 ���� − ������	�� )*, 4.03 ���� ∗ 100

���� )* �������, 4.67 ���� + ����� )* �������, 4.93 ���� + � �)* ���� ����, 4.74 ���� + ������	�� )*, 4.03 ����
 

It was found that most 1,4-sorbitan formed during esterification at 240 °C. While 

some 1,4-sorbitan was found to be present after 4 h esterification at 180-220 °C 

(1.3 mol% respective total isosorbide moieties), most was formed during 

esterification at 240 °C (up to 6.6 mol%). This led to an excess of alcohol groups 

during esterification owing to the tetrafunctionality of 1,4-sorbitan. Due to the low 

polycondensation temperature of Toil = 220 °C, this offset in the alcohol to aryl ester 

end group ratio led to significantly lower molecular weight products (Table 3.8, 

entry 1). 

Table 3.8. Characteristics of PIsSu esterification mixtures and reaction products during the synthesis in the 2 L 
autoclave. The influence of the formation of 1,4-sorbitan on the alcohol to aryl ester end group ratio after 
esterification (est.) and its effect on the molecular weight of the polymer product are shown. Polycond. = 
Polycondensation. 

Entry 

Reaction 

scale [mol 

of diacid] 

1,4-

sorbitan 

after est. 

[mol%] * 

Extra 

succinic 

acid 

added 

[mol%] † 

Alcohol to 

ester end 

group ratio 

before 

polycond. 

1,4-

sorbitan in 

polymer 

[mol%] * 

M
n
 

[kg/mol] 
PDI 

T
g
 

[°C] 

1 1.5 6.6 none 1.17 6.6 10.5 2.0 73.3 

2 1.5 3.3 3.8 0.87 a 4.1 35.7 b 2.9 78.5 

3 c 3.1 1.4 1.5 0.90 d 1.4 35.3 2.2 80.4 

*Respectve total isosorbide units. † Respectve initial amount of diacid. a Alcohol to aryl ester end group ratio 

after 8 h esterification at 180-240 °C (before addition of extra succinic acid): 1.05. b Molecular weight after 

extrusion. A sample taken from the reactor top prior to extrusion showed a molecular weight of Mn = 70.0 kg/mol, 

PDI = 3.0. c High purity monomers (Table 3.5)  and Irgafos 168 (496 ppm) were used. d Alcohol to aryl ester end 

group ratio after 5.5 h esterification at 220-240 °C (before addition of extra succinic acid): 0.96. 
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With this knowledge, the diol to diester end group ratio after esterification was 

adjusted by addition of an excess of succinic acid (Table 3.8, entry 2). 

Polycondensation then proceeded smoothly and high molecular weight PIsSu was 

obtained with an increased PDI (compared to products made in glass reactor) due 

to 1,4-sorbitan-induced crosslinking.  

One issue with the 1,4-sorbitan induced crosslinking during PIsSu synthesis in the 

2 L autoclave was the high melt viscosity after polycondensation. Mn values of up 

to 70.0 kg/mol (PDI = 3.0, with 4.1 mol% 1,4-sorbitan in the polymer chain) were 

determined when a sample was taken from the reactor top prior to extrusion. This 

led to the necessity of high oil temperatures (Toil = 260 °C) to enable the extrusion 

of the extremely viscous material. Nonetheless, polymer batches with high PDI 

values required a residence time of up to 2 h at 260 °C until the material was fully 

extruded. This led to a darkening of the reaction melt and a decrease of the 

molecular weight (35.7 kg/mol, Table 3.8 entry 2). 

To address this challenge, a final experiment was conducted under optimized 

reaction conditions (Table 3.8, entry 3; high purity monomers, full reactor volume, 

addition of Irgafos 168 stabilizer). A relatively low amount of 1,4-sorbitan (1.4 

mol%) was detected after 5.5 h esterification. For reactions conducted in the 2 L 

autoclave the progress of esterification can conveniently be followed by 

determining the amount of volatiles collected in the short-and long path 

distillation columns (Figure 3.9). 
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Figure 3.9. Mass of volatiles collected during esterification between isosorbide, succinic acid and p-
cresol in the 2 L autoclave. Volatiles were collected at the indicated times from both the short path 
receiving flask and the long path receiving flask. Typically a biphasic fraction was collected, consisting 
mainly of H2O and p-cresol. The respective masses were determined after phase separation. At later 
stages of esterification, only p-cresol was collected. The reaction temperature was increased from 
220 °C to 240 °C after 1 h. The plateau value for m(H2O) corresponds to 87.7% of theoretically 
expected H2O. 

After addition of 1.5 mol% succinic acid, and another 1.5 h of esterification, 

polycondensation yielded a high molecular weight material within less than 1.5 h 

at high vacuum.  The torque indicated by the reactor was lower than in previous 

experiments (1,180 Ncm-1; up to 2000 Ncm-1 were recorded for products with a 

high PDI as seen in Table 3.8 entry 2). This resulted in an easier extrusion of the 

material at Toil = 220 °C, which did not lead to any discolouration or reduction in 

molecular weight within 1 hour of extrusion. The evolution of reactor parameters 

(p, T, torque and rpm) after addition of extra succinic acid and subsequent pre-

polycondensation and polycondensation can be seen in Figure 3.10.  
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Figure 3.10. Reactor parameters during the synthesis of poly(isosorbide succinate) in a 2 L autoclave 
under optimized reaction conditions (Table 3.8, entry 3). The reaction after addition of 1.5 mol% 
succinic acid (to compensate for the ring opening reaction of isosorbide to 1,4-sorbitan), pre-
polycondensation and polycondensation is depicted. No significant changes in reactor parameters 
can be seen during the initial esterification. 

It is difficult to determine what factor led to the low amount of 1,4-sorbitan in this 

experiment and thus to the decrease in PDI and the more facile extrusion, as 

several changes were made compared to previous experiments. A more in depth 

study would be required to identify whether the larger reaction volume, addition 

of Irgafos 168 or the use of high purity monomers led to the formation of less 1,4-

sorbitan during esterification. 

The extruded and chipped product (Figure 3.11) was comparable to 

poly(isosorbide succinate) synthesized in a glass reactor regarding thermal, 

mechanical and barrier properties (see Table S3.4 and Table S3.5).   
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Figure 3.11. PIsSu after extrusion from 2 L autoclave and chipping. The product described in Table 
3.8, entry 3 is pictured. 

The formation of 1,4-sorbitan was not observed in polymer products synthesized 

in 100 mL glass reactors. The ring opening of isosorbide was only observed in 

reactions in the 2 L autoclave and it can be explained by a lower surface of 

evaporation, which can cause an increased reflux of water during esterification. An 

improved reactor design, such as a heated lid to reduce reflux of water during 

esterification, could prevent this side reaction.  
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3.2.1.5 Application in 3D printing 

After synthesizing PIsSu on a kilogram scale, possible applications of this new 

material in the field of fused filament fabrication (FFM) 3D printing were 

investigated. A filament of PIsSu was made with the chipped reaction product 

described in the previous paragraph (Figure 3.12). 

 

Figure 3.12. Filament extrusion and 3D printing of PIsSu. a. Filament extrusion. b. Spool of PIsSu 
filament mounted in 3D printer c. 3D print of PIsSu. 

The spool was used to print articles with a 3D printer. Compared to PLA (Tg = 57 °C, 

Tm ~ 150 °C, Tprint = 190-220 °C), the main biobased polyester on the current FFM 

3D printing market, the properties of PIsSu are quite different. PIsSu has a higher 

Tg and a lower Tprint (175 °C), which results in less material deformation upon 

cooling. The mechanical properties of PIsSu are also superior, especially with 

respect to the elongation at break (see paragraph 3.2.5). 
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3.2.2 Synthesis of other isosorbide-based polyesters with aryl 

alcohols 

To prove the broad applicability of the aryl alcohol assisted synthesis of high 

molecular weight polyesters based on unreactive secondary diols, the scope of 

diacids in combination with isosorbide was investigated. Depending on the diacid 

monomer, some adjustments to the synthesis procedure were made based on 

observations during the experiment. These adjustments are discussed in the 

following paragraphs. For all reactions, melt samples were regularly taken from the 

reaction mixture and analysed by 1H NMR spectroscopy to determine the 

monomer conversion. The alcohol to aryl ester end group ratio of the oligomers 

formed during esterification was used to determine if the esterification is 

complete. Typically, an alcohol to aryl ester end group ratio of 0.80-0.90 was 

targeted (see paragraph 3.2.1.1 and Figure 3.4c for a more detailed description on 

the calculation and significance of this ratio). The chemical shift of isosorbide-

monoester and p-cresyl ester signals was influenced only to a small extent by the 

diacid used (Figure 3.13). 

 

Figure 3.13. Comparison of 1H NMR spectra of reaction mixtures of isosorbide with different aliphatic 
diacids after esterification. The highlighted signals indicate endo-and exo-isosorbide monoester 
signals and p-cresyl ester signals used for the calculation of the alcohol to aryl ester end group ratio. 
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All reactions were conducted with 1.5 equiv. p-cresol (respective total moles of 

diacid) unless noted otherwise. Most reactions were conducted on a 180 mmol 

scale (respective diol used in the reaction) unless noted otherwise. No significant 

differences were observed when reactions were conducted on a 60 mmol scale 

(which was the scale of reactions in the previous paragraphs) except slightly 

shorter reaction times due to a better mass transfer.  

3.2.2.1 Synthesis of poly(isosorbide glutarate) 

Glutaric acid is a potentially biobased C5 diacid that can be synthesized from 

glucose29. In the literature, the synthesis of poly(isosorbide glutarate) (PIsGlu) has 

only been reported from the polymerization of glutaryl chloride with 

isosorbide16,17(Table 3.9). 

Table 3.9. Molecular weights reported for poly(isosorbide glutarate) obtained by polymerization 
from glutaryl chloride or glutaric acid (this work). 

Glutaric acid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Glutaryl chloride 13.0 2.9 43 16 

Glutaryl chloride 20.0 1.7 28 17 

Glutaric acid 36.3 2.0 53.1 This work 

 

The aryl alcohol assisted synthesis of PIsGlu (Scheme 3.2) was conducted under 

comparable reaction conditions as used for the synthesis of PIsSu.  

 

Scheme 3.2. Synthesis of poly(isosorbide glutarate) from isosorbide, glutaric acid and p-cresol. 

Esterification proceeded similarly as it did during the synthesis of PIsSu. The 

formation of isosorbide-glutarate oligomers with p-cresyl glutarate end groups was 

observed during esterification. The esterification rate, under comparable 

conditions to those employed for the synthesis of PIsSu, was slightly lower, 

indicated by longer esterification times at 240 °C to reach a steady state 

equilibrium. Esterification between glutaric acid, isosorbide and p-cresol (with 0.1 

mol% BuSnOOH catalyst respective diacid) was initially conducted for 9.5 h at 240 

°C until a steady state was reached. At this point no significant changes in the 
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alcohol to aryl ester end group ratio and the amount of unreacted isosorbide 

(determined by 1H NMR) were observed. A melt sample taken after 6 h 

esterification showed an undesirable alcohol to aryl ester end group ratio of 1.00, 

which usually indicates incomplete esterification (see paragraph 3.2.1.1 for a more 

detailed discussion on the calculation and significance of this ratio). Once a more 

desirable alcohol to aryl ester end group ratio of 0.83 was reached, 

polycondensation was initiated. No significant melt viscosity increase was detected 

during 1.5 h of polycondensation at 220 °C. The final product had a low molecular 

weight (Mn = 17.2 kg/mol, PDI = 1.9, Tg = 50.3 °C) and was brittle. 1H NMR analysis 

revealed the presence of significant amounts of alcohol and ester end groups in 

the polymer. This indicated that the reactivity of end groups during 

polycondensation was not high enough. 

One simple way to improve the conversion of end groups during polycondensation 

is the addition of more catalyst. For the next experiment, the  catalyst loading was 

doubled (0.2 mol% relative to the diacid). Esterification proceeded slightly faster 

than in the initial experiment, as 8 h of esterification at 240 °C were sufficient to 

reach an alcohol to aryl ester end group ratio of 0.87. Subsequent 

polycondensation was successful, as a significant increase in melt viscosity was 

observed and a tough final product was obtained after 140 minutes of 

polycondensation at 220 °C (Mn = 36.3 kg/mol, PDI = 2.0, Tg = 53.1 °C). 

A comparison of the final product to the previous literature shows a significantly 

higher molecular weight and a higher Tg (Table 3.9), despite the use of the highly 

reactive glutaryl chloride in literature. 

3.2.2.2 Synthesis of poly(isosorbide adipate) 

Next the synthesis of poly(isosorbide adipate) (PIsAd) was investigated. Adipic acid 

is a C6 diacid, which can be obtained by biorefining of lignin residue30 or via the 

multi-step catalytic conversion of glucose31. The synthesis of PIsAd has been 

reported from both solution polymerization with adipoyl chloride and melt 

polymerization of adipic acid or dimethyl adipate with isosorbide (Table 3.10). 
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Table 3.10. Molecular weights of PIsAd obtained by polymerization of isosorbide with adipic acid, 
dimethyl adipate or adipoyl chloride. 

Diacid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Adipic acid 8.8 1.8 34.5 11 

Dimethyl adipate 10.1 2.7 20 21 

Adipoyl chloride 7.3 1.9 19 16 

Adipoyl chloride 26.0 1.5 21 17 

Adipoyl chloride 10.6 1.7 28 18 

Adipoyl chloride 13.0 1.9 25 19 

Adipic acid 29.4 2.1 34.6 This work 

 

The initial experiment on the aryl alcohol assisted synthesis of PIsAd was 

conducted under previously established reaction conditions (0.1 mol% BuSnOOH 

catalyst). Similar to the synthesis of PIsGlu, esterification was slower than in 

reactions with succinic acid.  

 

Scheme 3.3. Synthesis of poly(isosorbide adipate) from isosorbide, adipic acid and p-cresol. 

After 9 h esterification at 240 °C, a steady state equilibrium was reached. The 

alcohol to aryl ester end group ratio of 0.91 was slightly higher than in reactions 

with shorter chain diacids. Polycondensation was initiated nonetheless, but no 

significant increase in melt viscosity was observed. Analysis of the final product 

revealed a mediocre molecular weight (Mn = 21.8 kg/mol, PDI = 1.9, Tg = 34.3 °C) 

and, interestingly, no unreacted p-cresyl adipate ester end groups but an excess of 

unreacted alcohol end groups. Additionally, an unknown compound was detected 

in 1H NMR samples taken from the distillation head of the reactor, both after 

esterification and polycondensation. The same compound was also detected in the 

liquid nitrogen trap installed before the vacuum pump (Figure 3.14). A literature 

search on possible side reactions of adipic acid revealed its propensity to thermal 

dehydration and decarboxylation to cyclopentanone (Scheme 3.4).  
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Scheme 3.4. Ketonization of adipic acid to cyclopentanone, carbon dioxide and water. 

 

Figure 3.14. 1H NMR spectrum of colourless liquid collected in the liquid nitrogen trap after 
polycondensation of PIsAd. The structure of cyclopentanone is shown along with the corresponding 
signals. 

With this knowledge cyclopentanone was identified in the samples taken from the 

distillation head. This decomposition reaction can explain the aforementioned 

observations and low molecular weights obtained. 

In the following experiment, an attempt was made to prevent the decomposition 

of adipic acid by slower heating during esterification, as it was hypothesized that it 

occurs mainly with unreacted adipic acid. Previous observations on the 

esterification between isosorbide, aliphatic diacids and aryl alcohols showed that 

isosorbide can react with aliphatic diacids at temperatures as low as 180 °C. 

Therefore, esterification was started at 180 °C and slowly ramped up the 

temperature to 240 °C. The catalyst loading was also doubled (0.2 mol% respective 

diacid) to speed up the esterification. Nonetheless, the alcohol to aryl ester end 
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group ratio of 0.93 after esterification was very similar to the initial reaction. 

Polycondensation subsequently also yielded a similarly mediocre molecular weight 

(Mn = 18.5 kg/mol, PDI = 1.9, Tg = 33.5 °C) and no unreacted p-cresyl adipate esters 

were detected in the final product. This confirmed that adipic acid could also 

decompose after partial esterification. This observation has also been made in 

literature, as dialkyl esters of adipic acid also yielded cyclopentanone upon 

heating32.  

With this knowledge we attempted to compensate for the decomposition of adipic 

acid by addition of a 2 mol% excess of adipic acid in the beginning of esterification. 

A more favourable alcohol to aryl ester end group ratio of 0.89 was obtained after 

esterification and polycondensation yielded a ductile, high molecular weight 

material (Mn = 29.4 kg/mol, PDI = 2.1, Tg = 34.6 °C). 

A comparison of PIsAd molecular weights to previous literature reports shows that 

a higher molecular weight and Tg can be obtained through the aryl alcohol assisted 

synthesis route described here (Table 3.10). 

3.2.2.3 Synthesis of poly(isosorbide-1,4-cyclohexanedicarboxylate) 

1,4-cyclohexanedicarboxylic acid is a rigid diacid that can be obtained by 

hydrogenation of terephthalic acid33. Terephthalic acid is not biobased, it can 

however be obtained from waste poly(ethylene terephthalate)34, one of the most 

abundant polymers in the world, which could make 1,4-cyclohexanedicarboxylic 

acid obtainable from PET waste after chemical recycling. 

Poly(isosorbide-1,4-cyclohexanedicarboxylate) (PIsCyc) is a rigid polyester owing 

to the rigid structures of both diol and diacid. Its synthesis has been reported with 

an innovative approach to circumvent the low reactivity of isosorbide. Yoon et al. 

reported that the addition of acetic anhydride to the monomers has a favourable 

influence on the final molecular weight of the polymer (for more information, see 

paragraph 1.2.2.1)28. Molecular weights of up to 18.3 kg/mol (PDI = 4.6) have been 

reported, although the addition of acetic anhydride reportedly led to the ring 

opening reaction of isosorbide to 1,4-sorbitan (also described in paragraph 

3.2.1.4). This in turn led to crosslinked reaction products, as indicated by PDI values 

as high as 4.6 (Tg = 128 °C). 

The aryl alcohol assisted synthesis of PIsCyc was conducted with p-cresol and a 

high catalyst loading (0.2 mol%) (Scheme 3.5), which was shown to be beneficial 

to speed up esterification and polycondensation in previous paragraphs. 
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Scheme 3.5. Synthesis of PIsCyc from isosorbide, 1,4-cyclohexanedicarboxylic acid and p-cresol. 

Esterification proceeded slowly and overall 12 hours at 240-250 °C were required 

until a steady state equilibrium was reached. An alcohol to aryl ester end group 

ratio of 0.81 was determined for isosorbide-1,4-cyclohexanedicarboxylate 

oligomers after esterification. The low reactivity during esterification can be 

explained by the larger steric hinderance of 1,4-cyclohexanedicarboxylic acid 

compared to the previously investigated linear diacids. It can be caused by the 

presence of secondary carbon atoms adjacent to the carboxylic acid functional 

groups. The effect of the steric environment of carboxylic acids on their reactivity 

in (trans)esterification has been discussed in the literature35,36. It was found that 

steric encumbrance around a carboxylic acid can significantly decrease its 

reactivity in (trans)esterification reactions. In the case of PIsCyc, this is likely 

exacerbated by the additional steric hinderance caused by isosorbides bulky 

structure and secondary diol functional group. 

Nonetheless, polycondensation was initiated at 240 °C, and after removal of most 

of the unreacted p-cresol, a highly viscous melt was obtained. The temperature 

was gradually increased to 260-280 °C to decrease the melt viscosity but stirring 

by overhead stirrer was not possible due to the extremely viscous polymer melt. 

The reaction was therefore only stirred manually approximately every 15 minutes. 

After 2 hours of polycondensation, the reaction was deemed complete as no more 

liquid condensed in the  distillation head of the reactor. 

The final product was very tough and exhibited a higher molecular weight, lower 

PDI and higher Tg (40.1 kg/mol, PDI = 2.2, Tg = 133.4 °C) than the same polymer 

reported by Yoon et al. 1H NMR analysis did not show any 1,4-sorbitan in the 

polymer chain. The product contained 41.8% of cis-1,4-cyclohexanedicarboxylate 

units and 58.2% of trans-1,4-cyclohexanedicarboxylate units. The ratio of cis to 

trans 1,4-cyclohexanedicarboxylic acid was 77.2 to 22.8 before the reaction. The 

isomerization of cis-1,4-cyclohexanedicarboxylate units to trans-1,4-

cyclohexanedicarboxylate units was also reported by Yoon et al. The authors 

reported more than 60% of the more thermodynamically trans-1,4-

cyclohexanedicarboxylate units in all of their reaction products. 
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3.2.2.4 Synthesis of poly(isosorbide diglycolate) 

Diglycolic acid is a C4 dicarboxylic acid that can be synthesized by oxidation of 

diethylene glycol37, which is currently mainly produced by partial hydrolysis of 

ethylene oxide. It has been used as a monomer in polyester synthesis in 

combination with linear diols, such as 1,4-butanediol38, and aromatic diacids, such 

as 2,5-furanedicarboxylic acid39,40. Incorporation of diglycolic acid in polyester was 

reported to improve barrier properties towards O2 and enhance enzymatic 

degradability40. The synthesis of poly(isosorbide diglycolate) (PIsDga) has not been 

reported in the literature until this chapter was written.  

 

Scheme 3.6. Synthesis of poly(isosorbide diglycolate) from isosorbide, diglycolic acid and p-cresol. 

An initial experiment on the aryl alcohol assisted synthesis of PIsDga (Scheme 3.6) 

was conducted with p-cresol and a high catalyst loading (0.2 mol%). Esterification 

was started at 200 °C due to the higher reactivity and suspectedly lower thermal 

stability of diglycolic acid compared to other diacids previously investigated. As 

expected, oligomers with p-cresyl diglycolate end groups were formed, and after 

only 4 h at 200-220 °C, a high monomer conversion was reached, which revealed 

that diglycolic acid has indeed a high reactivity. Esterification was continued for 3 

h at 240 °C, which resulted in a significantly darker melt colouration. An alcohol to 

aryl ester end group ratio of 0.93 was determined before polycondensation was 

initiated. Polycondensation was conducted for 1 h at 220 °C, although this led to 

further discolouration. Although the final product had a relatively high molecular 

weight (Mn = 18.5 kg/mol, PDI = 1.9, Tg = 82.0 °C), the reaction was repeated under 

milder conditions. 

A lower catalyst loading (0.1 mol%), shorter esterification time (6 h at 200-240 °C, 

alcohol to aryl ester end group ratio was 0.91 after esterification) and a longer 

polycondensation at a lower temperature (3 h 20 min at T = 200 °C) yielded a 

material with better colour and a slightly higher molecular weight (22.3 kg/mol, 

PDI = 1.9, Tg = 83.0 °C).  

Diglycolic acid was found to have a higher reactivity during esterification than any 

other diacids investigated in this chapter. This can be explained by the higher 

acidity of diglycolic acid (pKa1 = 2.79, pKa2 = 3.93) compared to succinic acid (pKa1 

= 4.21, pKa2 = 5.64)41. It was then hypothesized that the synthesis of PIsDga  could 
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be conducted without the addition of a catalyst. An experiment conducted without 

any catalyst required extensive esterification times of 13.5 h at 200-240 °C without 

reaching an alcohol to aryl ester end group ratio lower than 1 (alcohol to aryl ester 

end group ratio was 1.03 after esterification). Polycondensation was conducted for 

2 h at 220-240 °C but no significant increase in melt viscosity was observed. The 

final product had a low molecular weight (Mn = 4.3 kg/mol, PDI = 1.9, Tg = 74.1 °C) 

and a significant amount of both alcohol and ester end groups were identified by 
1H NMR spectroscopy. This shows that, despite reaching a significant conversion of 

acid groups to ester end groups during esterification, polycondensation proceeds 

very poorly in the absence of a metal catalyst. The final molecular weight was 

however higher than in a similar experiment conducted for PIsSu (see Table 3.3). 

PIsDga was shown to have surprisingly high Tg on par with PIsSu despite the 

increased chain length of diglycolic acid. This effect has been observed before and 

was attributed to the ether linkage present in diglycolic acid, which increases 

intermolecular chain interactions in aliphatic polyesters42. In comparison, PIsGlu, 

with a similar chain length to PIsDga, exhibits a Tg value of 52 °C. 

3.2.2.5 Synthesis of poly(isosorbide thiodiglycolate) 

Thiodiglycolic acid is a C4 diacid that is structurally very similar to diglycolic acid. It 

contains a thioether bond, which makes it an interesting monomer for polyesters 

that can be modified by post polymerization modification. It has been seldomly 

used in polyester synthesis, only some copolymers with linear diol comonomers 

have been described42,43. 

 

Scheme 3.7. Synthesis of poly(isosorbide thiodiglycolate) from isosorbide, thiodiglycolic acid and p-
cresol. 

An initial experiment on the synthesis of poly(isosorbide thiodiglycolate) (PIsThd) 

conducted with p-cresol and a low catalyst loading (0.1 mol%) (Scheme 3.7) 

showed the formation of oligomers with p-cresyl thiodiglycolate end groups and a 

promising reactivity, as a steady state equilibrium was reached after 6 h 

esterification at 200-240 °C (alcohol to aryl ester end group ratio: 0.96). Similar to 

reactions with diglycolic acid, severe discolouration was observed at T = 240 °C. 

Polycondensation at 200-220 °C proceeded poorly, and a low molecular weight 

product was obtained after 1.2 h (Mn = 5.2 kg/mol, PDI = 2.0, Tg = 53.4 °C). No 
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significant change in melt viscosity was observed during polycondensation. A 

significant amount of both alcohol and ester end groups were detected in the final 

product. This, together with the known propensity of thioethers to form chelating 

metal complexes, which could deactivate the Sn(IV) catalyst during 

polycondensation, led us to attempt the next synthesis with a Ti(OBu)4 catalyst. 

According to the HSAB concept, thioethers are, similar to Sn(IV), relatively soft 

compared to the hard Ti(IV) metal centre. This led us to hypothesize that Sn(IV) 

was deactivated during polycondensation by chelation with thiodiglycolate 

moieties. During esterification the catalyst could still be active due to the presence 

of free p-cresol which can also act as a ligand.  

In the following experiment 0.1 mol% Ti(OBu)4 were used as a catalyst and it was 

added in two portions (before and after esterification) to compensate for the 

hydrolytic sensitivity of titanium alkoxides. Esterification was conducted at a 

maximum temperature of 220 °C, and a steady state equilibrium was reached after 

9 h total esterification time (alcohol to aryl ester end group ratio: 0.96). 

Polycondensation proceeded relatively well, as a significant increase in melt 

viscosity was observed. The final product had a dark colour and a mediocre 

molecular weight (Mn = 17.1 kg/mol, PDI = 1.9, Tg = 57.2 °C), although the material 

was still partly brittle. An excess of alcohol end groups was found in the final 

product. It was hypothesized that thiodiglycolic acid is thermally labile and its 

decomposition could thus offset the alcohol to aryl ester end group ratio. Another 

experiment was conducted with a 0.7 mol% excess of thiodiglycolic acid and a 

lower polycondensation temperature of 200 °C to compensate for any eventual 

decomposition. It yielded a slightly lower molecular weight product (Mn = 16.9 

kg/mol, PDI = 1.8, Tg = 57.8 °C). Further experiments on the synthesis of PIsThd 

were not conducted due to the relatively low thermal stability of the polymer, 

which exacerbates the synthesis of high molecular weights. TGA analysis of PIsThd 

confirmed that it had the lowest thermal stability of all polyesters discussed in this 

chapter (see Figure 3.17, paragraph 3.2.4). Additionally, the unpleasant, burning 

tire-like smell of the polymer dissuaded us from performing more experiments. 

3.2.2.6 Synthesis of poly(1,4-cyclohexanedimethanol-co-isosorbide 

terephthalate) 

Poly(1,4-cyclohexanedimethanol-co-isosorbide terephthalate) (PCIT) is an 

aromatic copolyester that has been previously described in the literature44,45. It is 

not biobased, although both terephthalic acid34 and 1,4-cyclohexanedimethanol46 

can be obtained by recycling poly(ethylene terephthalate). It was shown to have 
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promising mechanical properties, with a high impact strength typically found in 

polyesters containing 1,4-cyclohexanedimethanol, and a high thermal resistance44. 

The synthesis of high molecular weight copolyesters with high molar percentages 

of isosorbide was shown to be challenging due to the low reactivity of isosorbide 

(see paragraph 1.3.1.1). 

The synthesis of PCIT with 50 mol% isosorbide was attempted with the addition of 

aryl alcohols to see if improved molecular weights could be obtained (Scheme 3.8).  

 

Scheme 3.8. Synthesis of poly(1,4-cyclohexanedimethanol-co-isosorbide terephthalate) from 
isosorbide, 1,4-cyclohexanedimethanol, terephthalic acid and p-methoxyphenol. 

Initial experiments (not shown) revealed the necessity of temperatures up to 

260 °C during esterification to achieve full conversion of terephthalic acid groups. 

This led us to choose p-methoxyphenol over p-cresol for the synthesis of PCIT due 

to the higher boiling point of the former. Additionally, a slight excess of diols (1.5 

mol%) and a lower amount of p-methoxyphenol (0.9 equiv. respective diacid) was 

used. The experiment was conducted on a 60 mmol scale (respective terephthalic 

acid). An experiment under the above mentioned conditions led to a clear reaction 

melt after 5.5 h of esterification at 260 °C, which is a good visual indication of the 

overall monomer conversion due to the very low solubility of terephthalic acid 

even in boiling p-methoxyphenol. Subsequent polycondensation yielded a highly 

viscous material (Mn = 19.2 kg/mol, PDI = 2.3, Tg = 142.4 °C) after 40 minutes at 

280 °C. 
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Table 3.11. Comparison of aryl alcohol assisted synthesis of PCIT with the direct synthesis route 
reported by Legrand et al.44

. 

Polymer a 
Isosorbide loss 

vs. feed b 

T (Est.) 

[°C] 

t (Polycond.) 

[min] 
Mn [kg/mol] PDI 

Tg 

[°C] 
Ref. 

PCI48T 6.0 260 c 40 19.2 2.3 142.4 
This 

work 

PCI39T 14.6 270 d 311 16.3 2.1 133 44 

PCI61T 6.6 270 d 280 10.0 2.8 149 44 

Polycondensations were conducted at 280 °C. a The number in PCI48T denotes the amount of isosorbide in the 

final polymer with respect to the total diol content. b Defined by the ratio of isosorbide in the feed and in the final 

polymer. c Esterification was conducted for 5.5 h. d Esterifications were conducted under 5 bar N2 pressure until 

water evolution ceased. 

A comparison of the aryl alcohol assisted synthesis of PCIT to the synthesis 

reported by Legrand et al. can be seen in Table 3.11. It shows a higher isosorbide 

incorporation, shorter polycondensation times and higher molecular weights when 

PCIT is synthesized with an aryl alcohol. It should be noted that the experiments 

by Legrand et al. were performed on a large scale (126.7 mol of terephthalic acid) 

in a 100 l autoclave reactor, which can be difficult to compare the reactions 

conducted in a 100 ml reactor reported here. Further work on the synthesis of PCIT 

was conducted by other members of this group, including detailed reaction 

optimization and characterization of mechanical properties. 
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3.2.3 Synthesis of isomannide-based polyesters with aryl 

alcohols 

Isomannide is a secondary diol that is structurally very similar to isosorbide, the 

only difference being an endo-endo orientation of both hydroxyl groups. This 

results in a slightly lower reactivity in (trans)esterification reactions. To confirm the 

broad applicability of the aryl alcohol assisted synthesis of polyesters based on 

unreactive secondary diols, the synthesis of several isomannide-based polyesters 

was conducted with the described method. Isomannide is currently not produced 

on an industrial scale due to the rarity of D-mannose.  

Similar to previous isosorbide-based polyesters, the progress of esterification was 

monitored by taking samples from the reaction melt and analysing them with 1H 

NMR spectroscopy. Due to the symmetrical structure of isomannide, only one 

isomannide-monoester signal was factored in for the calculation of alcohol to aryl 

ester ratios during esterification. For an overview of 1H NMR spectra of post-

esterification reaction mixtures for the described isomannide polyesters, see 

Figure 3.15. 

 

Figure 3.15. Comparison of 1H NMR spectra of reaction mixtures of isomannide with different 
aliphatic diacids after esterification. The highlighted signals include the isomannide monoester signal 
and p-cresyl ester signals used for the calculation of the alcohol to aryl ester end group ratio. 
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3.2.3.1 Synthesis of poly(isomannide succinate) 

Poly(isomannide succinate) (PImSu) is a semicrystalline polyester that has only 

been synthesized from succinyl chloride in the literature (Table 3.12)16–18,47. It was 

shown to have crystal polymorphism with two distinct crystal structures α (helical) 

and β (non-helical)47. 

Table 3.12. Molecular weights reported for poly(isomannide succinate) synthesized from succinyl 
chloride or succinic acid (this work). 

Succinic acid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Succinyl chloride 9.4 2.1 82 16 

Succinyl chloride 29.0 2.1 82 47 

Succinyl chloride 9.0 1.8 75 17 

Succinyl chloride 4.3 1.8 65 18 

Succinic acid 28.3 2.8 82.3 This work 

 

An initial experiment on the aryl alcohol assisted synthesis of PImSu (Scheme 3.9) 

was conducted under standard reaction conditions established in previous 

chapters. A high catalyst loading (0.2 mol%) was used due to the lower reactivity 

of isomannide compared to isosorbide. 

 

Scheme 3.9. Synthesis of poly(isomannide succinate) from isomannide, succinic acid and p-cresol. 

Esterification at 240 °C proceeded as expected and oligo(isomannide succinate) 

units with no free carboxylic acid groups, and an alcohol to aryl ester end group 

ratio of 0.79, were obtained after 5.5 h. Polycondensation yielded a highly viscous 

polymer after 1.5 h at full vacuum (<1 mbar). The final product had a high 

molecular weight (Mn = 28.3 kg/mol, PDI = 2.8, Tg = 82.3 °C) on par with the highest 

molecular weight reported in the literature by Marubayashi et al., albeit with a 

higher PDI. Additionally, the same crystal polymorphism was observed in the 

reaction product synthesized with p-cresol (Tm1 = 171.8 °C, Tm2 = 184.7 °C, Tc = 130.8 

°C). 
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A comparison of reaction conditions shows that while overall reaction times are 

similar (8.5 h versus 11 h reported by Marubayashi et al.), the reaction scale (180 

mmol versus 8.8 mmol of isomannide) and yield (85% versus 57%) of the aryl 

alcohol assisted synthesis of PImSu are superior compared to the synthesis from 

succinyl chloride.  

Scheme 3.10 shows the full synthesis route of PImSu via the acid chloride synthesis 

route. The synthesis of succinyl chloride from succinic acid and the highly reactive 

and toxic thionyl chloride produces stochiometric amounts of by-products in the 

form of SO2 and HCl. Due to the necessity of high monomer purities in step growth 

polymerizations to achieve high molecular weights (as discussed in Chapter 1), 

succinyl chloride must be purified by distillation prior to use. 

 

Scheme 3.10. Synthesis of succinyl chloride from succinic acid and thionyl chloride and the 
subsequent polymerization with isomannide. 

During the polymer synthesis from succinyl chloride, corrosive HCl is formed as a 

stochiometric condensation product, which further exacerbates the synthesis. 

After the synthesis from diacid chlorides, the polymer is typically purified by 

precipitation from chloroform/methanol, which is also not feasible on an industrial 

scale and can explain the low yields (57%) obtained in the synthesis of PImSu 

mentioned above. 

3.2.3.2 Synthesis of poly(isomannide glutarate) 

Poly(isomannide glutarate) (PImGlu) is an amorphous polyester that has 

reportedly been synthesized from glutaryl chloride (Table 3.13)16,17.  

Table 3.13. Molecular weights reported for poly(isomannide glutarate) synthesized from glutaryl 
chloride or glutaric acid (this work). 

Glutaric acid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Glutaryl chloride 7.4 1.9 43 16 

Glutaryl chloride 11.0 1.6 37 17 

Glutaric acid 40.1 2.7 50.9 This work 
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It was synthesized under comparable reaction conditions as previous polyesters 

(Scheme 3.11), using p-cresol as the aryl alcohol and a high catalyst loading (0.2 

mol%) to compensate for the lower reactivity of isomannide and glutaric acid. 

 

Scheme 3.11. Synthesis of PImGlu from isomannide, glutaric acid and p-cresol. 

After 6 h esterification at 240 °C, a steady state equilibrium was reached, although 

esterification was continued for 2 more hours to confirm this (alcohol to aryl ester 

end group ratio: 0.84). Polycondensation was then conducted for 3.5 h at 220 °C, 

until the torque measured by the top stirrer plateaued. A ductile product with a 

high molecular weight (Mn = 40.1 kg/mol, PDI = 2.7, Tg = 50.9 °C) was obtained. A 

comparison to literature shows that significantly higher molecular weights and a 

higher Tg can be obtained through the aryl alcohol assisted polymerization 

between isomannide and glutaric acid. 

3.2.3.3 Synthesis of poly(isomannide adipate) 

Poly(isomannide adipate) (PImAd) is an amorphous polyester that has reportedly 

been synthesized from adipoyl chloride (Table 3.14)16–19. 

Table 3.14. Molecular weights reported for poly(isomannide adipate) synthesized from adipoyl 
chloride or adipic acid (this work). 

Adipic acid derivative Mn [kg/mol] PDI Tg [°C] Ref. 

Adipoyl chloride 16.0 2.6 36 16 

Adipoyl chloride 20.0 1.5 28 17 

Adipoyl chloride 15.5 2.5 26 18 

Adipoyl chloride 8.8 1.7 30 19 

Adipic acid 30.2 2.2 35.3 This work 

 

The aryl alcohol assisted synthesis of PImAd was conducted under established 

reaction conditions (Scheme 3.12) with a slight excess of adipic acid (1.7 mol% 

respective isomannide) due to the previously observed decomposition of adipate 

units during polyester synthesis (see paragraph 3.2.2.2). 



Overcoming the low reactivity of biobased secondary diols in polyester synthesis 

157 

 

 

Scheme 3.12. Synthesis of PImAd from isomannide, adipic acid and p-cresol. 

After 6 h esterification at 240 °C, a steady state equilibrium was reached and 

polycondensation was initiated. During 3 h of polycondensation, no significant 

torque increase was observed and the reaction appeared to be continuously 

boiling, which typically indicates undesired sidereactions. Indeed, samples taken 

from the distillation head of the reactor after polycondensation revealed the 

presence of cyclopentanone, the decomposition product of adipate units 

previously identified in paragraph 3.2.2.2. The final polymer had a low molecular 

weight (Mn = 13.7 kg/mol, PDI = 1.9, Tg = 35.8 °C). 1H NMR analysis additionally 

revealed the presence of an excess of p-cresyl adipate end groups in the product. 

With this knowledge, the next experiment was conducted with a smaller excess of 

adipic acid (0.7 mol%) to adjust the end group ratio during polycondensation and 

facilitate chain growth. After 7 h esterification, a slightly higher alcohol to aryl ester 

end group ratio was found for the isomannide-adipate oligomers (0.83 versus 0.81 

in the previous experiment). Polycondensation was initiated and a visible torque 

increase was observed within 3 hours. The reaction was stopped and the final 

product was scraped out of the reactor. It was tough, ductile and had a higher 

molecular weight than previous literature reports (Mn = 30.2 kg/mol, PDI = 2.2, 

Tg = 35.3 °C; Table 3.14). 

Interestingly, no unreacted p-cresol was found in the high molecular weight 

product whereas the low molecular weight product still contained detectable 

amounts of free p-cresol. This is surprising due to the lower melt viscosity of the 

latter, which should facilitate removal of unreacted p-cresol during 

polycondensation. This observation further underlines that an excess of p-cresyl 

adipate units during polycondensation could lead to their decomposition, forming 

cyclopentanone and p-cresol in the process, as first hypothesized in paragraph 

3.2.2.2. 

3.2.3.4 Synthesis of poly(isomannide-1,4-cyclohexanedicarboxylate) 

The polyester poly(isomannide-1,4-cyclohexanedicarboxylate) (PImCyc) has not 

been described in the academic or patent literature. Its synthesis (Scheme 3.13) 

was conducted under reaction conditions similar to those used for poly(isosorbide-

1,4-cyclohexanedicarboxylate) (paragraph 3.2.2.3). 
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Scheme 3.13. Synthesis of PImCyc from isomannide, 1,4-cyclohexanedicarboxylic acid and p-cresol. 

Esterification was conducted for 11 h at 240-250 °C to reach a steady state 

equilibrium, although a melt sample taken after 8 h indicated an already 

favourable alcohol to aryl ester end group ratio of 0.85 of the oligomers. 

Polycondensation was then initiated and conducted for 2.5 h at 240-260 °C until 

the reaction melt became too viscous to be stirred. Interestingly, the overall melt 

viscosity was lower compared to the same reaction with isosorbide, a trend that 

has been observed for all isomannide-based polyesters. Consequently, no 

temperature increase to 280 °C was required during the polycondensation of 

PImCyc, whereas the reaction melt of PIsCyc was not stirrable as soon as high 

vacuum (<1 mbar) was reached, even at 280 °C. 

The final product was mostly ductile and had a high molecular weight (Mn = 32.6 

kg/mol, PDI = 2.4, Tg = 133.5 °C). The product contained 39.4% of cis-1,4-

cyclohexanedicarboxylate units and 60.6% of trans-1,4-cyclohexanedicarboxylate 

units, which is very similar to the ratio observed in PIsCyc. The ratio of cis to trans 

1,4-cyclohexanedicarboxylic acid was 77.2 to 22.8 before the reaction. 

3.2.3.5 Synthesis of poly(isomannide diglycolate) 

Lastly, the synthesis of the previously unknown polyester poly(isomannide 

diglycolate) (PImDga) was attempted. 

 

Scheme 3.14. Synthesis of PImDga from isomannide, diglycolic acid and p-cresol. 

The experiment was conducted with consideration of previous observations made 

during the synthesis of poly(isosorbide diglycolate). Due to the high reactivity of 

diglycolic acid, a low catalyst loading (0.1 mol%) was used in combination with a 

slow temperature ramp during esterification, starting at 200 °C. Esterification was 

deemed complete after a steady state equilibrium was reached after 6 h at 200-

240 °C. After another hour at 240 °C, to confirm that no further conversion of the 

small amount of unreacted carboxylic acid groups detected by 1H NMR takes place, 
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polycondensation was initiated at 200 °C. After 3.5 h at 200-240 °C the reaction 

was deemed complete and the polymer product was removed from the reactor. 

The product was ductile and had a high molecular weight (Mn = 20.4 kg/mol, PDI = 

2.0, Tg = 79.8 °C). 

The expected lower reactivity of isomannide compared to isosorbide in 

(trans)esterification reactions can be observed when comparing melt samples 

taken during esterification of PIsDga and PImDga.  Under otherwise identical 

reaction conditions (time, temperature, catalyst), a small but detectable amount 

of carboxylic acid groups was detected by 1H NMR during the synthesis of  PImDga, 

even after continuous esterification for another hour at 240 °C, which was not the 

case for PIsDga. Additionally, slightly more unreacted isomannide was detected 

after PImDga esterification (2.4% respective total isomannide units) than 

unreacted isosorbide after PIsDga esterification (1.6% respective total isosorbide 

units). Finally, a higher polycondensation temperature of up to 240 °C was required 

during PImDga synthesis to remove p-cresol from the reaction mixture, which was 

not necessary during the synthesis of PIsDga. 

3.2.4 Thermal properties of isosorbide-and isomannide-based 

polyesters 

Depending on the diacid comonomer, a wide range of thermal properties can be 

obtained. Figure 3.16 shows the DSC traces of all synthesized polyesters. With the 

same diacid comonomer, isosorbide- and isomannide polyesters generally exhibit 

similar Tg values. Due to the amorphous structures of all polyesters (except PImSu), 

low Tg materials like PIsAd and PImAd are malleable at temperatures close to the 

human body temperature. PImSu is the only polymer with a semicrystalline 

structure, which is in line with previous literature reports. To confirm this 

observation and exclude the possibility of a slow crystallization not detected by 

standard DSC measurements for other materials that could be semicrystalline, the 

DSC traces of PImDga and PImAd were measured after 2 h annealing at 160 °C and 

subsequent rapid cooling (50 K/min). Nonetheless, no changes in the DSC traces 

were observed, which confirms the amorphous structures of those materials. 
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Figure 3.16. DSC traces of the second heating cycle of isosorbide (a) and isomannide (b, c) polyesters. 

The thermal stability of the described polyesters was investigated by 

thermogravimetric analysis (TGA, Figure 3.17). 

 

Polymer 
T5%d 

[°C] 

Poly(isosorbide succinate) (PIsSu) 367 

Poly(isosorbide glutarate) (PIsGlu) 371 

Poly(isosorbide adipate) (PIsAd) 347 

Poly(isosorbide-1,4-

cyclohexanedicarboxylate) (PIsCyc) 
390 

Poly(isosorbide diglycolate) (PIsDga) 363 

Poly(isosorbide thiodiglycolate) (PIsThd) 337 

Poly(isomannide succinate) (PImSu) 371 

Poly(isomannide glutarate) (PImGlu) 388 

Poly(isomannide adipate) (PImAd) 345 

Poly(isomannide-1,4-

cyclohexanedicarboxylate) (PImCyc) 
396 
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Figure 3.17. TGA traces (a) and T5%d values (b) of isosorbide and isomannide polyesters. 
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The described polyesters have a relatively high thermal stability. The lowest 

thermal stability was exhibited by adipic acid-and thiodiglycolic acid-based 

polyesters (PIsAd, PImAd and PIsThd). For the former, the lability of adipate units 

was already observed during polycondensation. For PIsThd, the synthesis of high 

molecular weights was challenging, which could be explained by the low thermal 

stability observed in TGA experiments. The highest thermal stability was exhibited 

by 1,4-cyclohexanedicarboxylic acid-based polyesters (PIsCyc and PImCyc). In 

general, isomannide-based polyester exhibited slightly higher thermal stabilities. 

During melt processing of polymers and their synthesis, it was observed that 

isomannide-based polyesters have a lower melt viscosity when compared to their 

isosorbide counterparts. At the same time, isomannide polyesters seemed more 

brittle at room temperature than their isosorbide counterparts, even though 

similar molecular weights were obtained for both. 

3.2.5 Barrier-and mechanical properties of synthesized 

polyesters 

After the successful synthesis of several fully isosorbide-based polyesters, their 

barrier and mechanical properties were investigated. As mentioned previously, the 

low reactivity of isosorbide under standard polyester synthesis conditions 

prevented the synthesis of ductile materials in the past. Ductility is a prerequisite 

for the characterization of these properties, as brittle materials cannot be 

processed easily and do not reflect the respective materials properties.  

The gas barrier properties of a material are an important characteristic for 

applications in food packaging, where the diffusion of oxygen or water can 

significantly influence the shelf life of a packaged product. Polymer films were 

obtained by compression moulding of the molten polymer (Figure 3.18a, see Table 

S3.1 in Appendix for the exact conditions used for each polymer). 
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Figure 3.18. a. Polymer film obtained by compression moulding. b. Oxygen transmission curves 
recorded for the synthesized polyesters (recorded at 30 °C and 50% humidity). c. Water vapour 
transmission curves recorded for polyesters (recorded at 38 °C and 90% humidity, except for PIsAd 
which was recoded at 30 °C due to the material’s low Tg). d. Oxygen and water vapour permeability 
values determined for isosorbide-based polyesters, PImSu, PImDga and PET. 

As expected, it was found that isosorbide-based polyesters show a strong 

dependency of their O2 and H2O permeability on the respective diacid monomer. 

Figure 3.18b,c shows the raw data graphs recorded during the measurement of 

barrier properties of polymer films. The oxygen permeability (OP) and water 

permeability (WP) shown in Figure 3.18d were obtained by normalizing the 

respective transmission rate with the polymer film thickness (for more details see 

Experimental Section, Characterization and processing techniques). The oxygen 

permeability of PIsSu, PIsDga and PIsGlu was found to be superior compared to 

unstretched poly(ethylene terephthalate) (PET, 10% crystallinity) (Figure 3.18d). In 

industrial applications PET films are typically stretched to induce chain orientation, 

thus improving the barrier properties of the material.  Due to the good OP values 

of PIsDga and PIsSu, the barrier properties of the corresponding isomannide 

polyesters PImSu and PImDga were also investigated. The OP values for PImSu 

were determined with an amorphous film, which was obtained by rapid cooling of 
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the hot polymer film after compression moulding. This can explain the high OP 

values, which in turn can be traced back to an unfavourable alignment of polymer 

chains after rapid cooling. Attempts to obtain a semicrystalline film, which is 

expected to have better barrier properties, by slow cooling after compression 

moulding, failed as the material was too brittle to be measured. PImDga films 

exhibited the best OP values (0.05 mm·cm3/m2·day·bar) of any investigated 

material, which, together with PIsDga (0.24 mm·cm3/m2·day·bar), is comparable to 

high barrier materials, such as recently reported poly(lactic-co-glycolic acid) (PLGA) 

copolymers (OP< 1 mm·cm3/m2·day·bar)48. The long time to reach a plateau value 

for the oxygen transmission rate (OTR) of diglycolic acid-based polyesters seen in 

Figure 3.18b should be noted. The oxygen transmission measurements for PImDga 

were ended prematurely, as variation in the oxygen transmission rate were close 

to the instrument detection limit. A thinner film could have improved the OTR 

measurements, but attempts to obtain films thinner than 90 µm failed, as films 

become increasingly brittle the thinner they are. This made handling of these thin 

films not possible without breaking them. A higher molecular weight polymer 

should enable a more precise characterization of the barrier properties of PImDga, 

however these initial measurements show a high potential. Higher molecular 

weight PImSu could also enable the characterization of the material’s barrier 

properties with a semi crystalline structure. This could be obtained by solid state 

polymerization due to the semicrystalline structure of the polymer. 

The good barrier properties of diglycolic acid-based polyesters are in accordance 

with literature reports where diglycolic acid was found to induce favourable barrier 

properties in copolyesters with 2,5-furandicarboxylic acid and 1,4-butanediol40. 

The water permeability (WP) of all investigated materials (Figure 3.18c,d) was 

somewhat inferior to unstretched PET and PLGA copolymers (WP< 1 

mm·cm3/m2·day·bar), which could be due to the relatively high polarity of 

isosorbide-and isomannide-based polyesters, which in turn can favour water 

adsorption and subsequent diffusion through the polymer film.  

The mechanical properties of the polymers were determined from injection 

moulded tensile bars (Figure 3.19a, see Table S3.2 in Appendix for the conditions 

used for each polymer). The tensile bars were measured on a tensile tester to 

obtain stress-strain curves shown in Figure 3.19b. 
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Figure 3.19. a. Tensile bar during tensile testing. b. Stress-strain graphs obtained for different 
isosorbide-based materials. 

 

Figure 3.20. Mechanical properties of isosorbide-based polyesters. a. Young’s Modulus and ultimate 
tensile strength of synthesized polyesters. Comparison values to established materials, taken from 
the literature49–51, are shown on the right side. b. Elongation at break of polyesters. 

Similar to the barrier properties, the mechanical properties of the synthesized 

polymers depend on the corresponding diacid comonomer (Figure 3.20). The most 

interesting properties were again exhibited by PIsSu and PIsDga. Both materials 

are very rigid (as indicated by the high Young’s Modulus of up to 3,870 MPa) and 
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have a higher ultimate tensile strength than established high Tg polymers such as 

Eastman’s Tritan or the biobased poly(lactic acid) (PLA). A comparison of PIsSu to 

a recently reported, isosorbide-based polysulphone (SUPERBIO)51, designated as a 

super engineering thermoplastic (Tg = 212 °C), reveals comparable (with regard to 

Young’s modulus) or superior properties (ultimate tensile strength and elongation 

at break) of PIsSu. The mechanical properties of isomannide polyester were not 

determined. 

Previous studies have shown that superior material properties of new biobased 

materials can be an important factor towards their industrial adaptation and the 

subsequent replacement of fossil-based materials in the future3. 

3.3  Conclusion 

It was shown in this chapter that the addition of aryl alcohols to diols and diacids 

greatly facilitates the reactivity  of secondary diols in polyester synthesis. This new 

method enables the synthesis of high molecular weight polyesters entirely based 

on biobased diols such as isosorbide and isomannide and a range of diacids. The 

molecular weights obtained with this strategy are significantly higher than all 

previous reports of the same polyester compositions by conventional melt 

polymerization and even polymerizations starting from reactive diacid chlorides. It 

also enables the synthesis of previously uncharacterized materials through a 

simple one-pot synthesis procedure. The molecular weights of the final products 

are typically high enough to obtain ductile materials, which in turn enabled the 

characterization of the barrier and mechanical properties of fully biobased 

materials such as poly(isosorbide succinate). These properties were shown to be 

superior to established fossil-and biobased materials. This, combined with the 

wide availability of monomers and the use of standard polyester synthesis 

equipment, could facilitate the industrial adaption of high performance, biobased 

polyesters, which are currently not available on an industrially significant scale. 

Furthermore it was shown that this synthesis strategy is scalable and that aryl 

alcohols can be recycled without additional purification steps.  

Future research should be conducted on the replacement of p-cresol with the 

more benign and biobased guaiacol. The main challenge currently encountered in 

experiments conducted with guaiacol is the strong discolouration of the final 

reaction product. This could be combined with finding replacements for the 

BuSnOOH catalyst, which is toxic and undesirable in some polymer applications, 

currently used in most reactions. Another aim should be to minimize the amount 
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of aryl alcohol initially added to the monomers, which is important for future scale 

up experiments to make optimal use of reactor volumes and maximize product 

yields.  

It would furthermore be interesting to synthesize polyesters, similar to those 

described in this chapter, with isoidide, the rarest of 1,4:3,6-dianhydrohexitol 

monomers. The stereoregular exo-exo orientation of its hydroxyl groups could 

enable the synthesis of promising polyesters. Recent advancements on the 

epimerization of isosorbide to isoidide52 and on the hydrogenation/epimerization 

of D-glucose to D-iditol enriched hexose mixtures53 could increase the availability 

of isoidide and lead to further applications in polymer synthesis in the future.  

Other polyester compositions combining monomers described in this chapter 

could be explored further, especially polymers combining aromatic diacids with 

aliphatic diacids. The applicability of this strategy could be explored for other, 

unreactive secondary diols as well as its application in the synthesis of other step 

growth polymers, such as polycarbonates and polyamides. 
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3.5  Appendix 

3.5.1 Experimental section 

Materials and methods 

Regular purity Isosorbide was purchased from Carbosynth (>98%) and purified 

further by recrystallization from acetone and subsequent distillation over NaBH4. 

High purity isosorbide was purchased from Roquette Fréres (Polysorb grade, 

≥99.5%). Succinic acid was purchased either from Acros Organics (>99%) or from 

Thermo Scientific (≥99%). Unless otherwise noted the normal purity compounds 

were used for the synthesis of polyesters. Isomannide was purchased from 

Carbosynth (>98%) and purified by recrystallization from acetone. p-Methylphenol 

(>99%), o-methoxyphenol (>99%), adipic acid (>99%), diglycolic acid (>98%), 

thiodiglycolic acid (>98%) and germanium dioxide (99.9%) were purchased from 

Acros Organics. Butyltin hydroxide oxide hydrate (97%), titanium(IV) butoxide 

(>97%), zinc(II) acetate (>99.9%), glutaric acid (>99%), 1,4-cyclohexanedicarboxylic 

acid (>99%), 1,4-dimethoxybenzene (>99%) and diphenyl ether (>99%) were 

purchased from Sigma Aldrich. p-Methoxyphenol (>99%) was purchased from 

Fisher Scientific. Pentaerythritoltetrakis(3-(3,5-di-t-butyl-4-

hydroxyphenyl)propionate) (98%) and Tris(2,4-di-tert-butylphenyl)phosphite 

(98%) were purchased from ABCR. Zirconium(IV) butoxide (80% w/w in 1-butanol) 

was purchased from Alfa Aesar. Acetone and toluene were purchased from VWR. 

DMSO-d6 and DCM-d2 were purchased from Eurisotop.  

Characterization and processing techniques 

1H NMR spectra were recorded on a Bruker AMX 400, 13C NMR and 2D spectra were 

recorded on a Bruker DRX 500. Spectra were referenced to the residual solvent 

signal. 

Molecular weights were measured using size exclusion chromatography (SEC) on a 

Agilent HPLC system (1260 Infinity II) with two PLgel 5μm MIXED-C (300x7.5 mm) 

columns and a refractive Index detector. Dichloromethane was used as mobile 

phase with a flow of 1 mL/min at T = 35 °C. Polystyrene standards (Sigma Aldrich) 

were used for calibration. Calculation of the molecular weights was carried out 

with Agilent GPC/SEC software. 

Differential scanning calorimetry (DSC) measurements of polymers were carried 

out on a DSC 3+ STARe system from Mettler Toledo. The polymer sample (3-5 mg) 
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was sealed in an aluminium pan (40 μm) and subjected to two subsequent heating-

and cooling cycles (heating/cooling rate 10 K/min) from 0 to 300 °C under a 

constant nitrogen flow (50 mL/min). Data reported was taken from the second 

heating cycle. 

Thermogravimetric analysis (TGA) measurements were carried out on a TGA/DSC 

3+ STARe system from Mettler Toledo. The polymer sample (20-25 mg) was sealed 

in an aluminium pan (100 μm). The sample was then heated from 25 °C to 500 °C 

at 10 K/min under a constant nitrogen flow (50 mL/min). 

Tensile bars were obtained with a Thermo Scientific HAAKE Minijet II apparatus 

according to ISO-527-2, sample type A5. The polymer samples were dried 

overnight in a vacuum oven before injection moulding. Around 2 g of polymer 

material were used per tensile bar. An injection pressure of 1,200 bar was used 

and held for 8 seconds after injection. Mould and cylinder temperatures were 

varied depending on the polymer. For the exact conditions for each polymer, 

please refer to Table S3.2.  

The tensile properties were determined on a Instron 5565 machine with a load cell 

(10 kN) and an Instron strain gauge extensometer (2630-106-25 mm). Sample size 

was set to width (4 mm), thickness (1.95 mm), parallel length (20 mm) and test 

speed (5mm/s). The extensometer was removed at an extension of 12 mm and the 

measurement was continued after. All samples were tested until rupture at this 

same speed.  

The filament was made on a Precision 350 filament maker from the company 

3Devo. The following settings were used: Heater 1 (160 °C), heater 2 (170 °C), 

heater 3 (175 °C), heater 4 (160 °C), screw speed (3.5 rpm), fan speed 15% and 

filament diameter 2.85 mm. 

The 3D model was printed on a Ultimaker 3 Extended. The heat plate was prepared 

by coating with a glue stick. The following settings were used: Heating plate (60°C), 

Nozzle (175°C), infill (20%), print speed (50 mm/s), fan speed (50%) and layer 

height (0.2 mm). 

Polymer films were prepared by compression moulding using a thermal press 

(Carver Auto Four/3015-NE,H). Around 2 g of dried polymer was sandwiched 

between two poly(tetrafluoroethylene) (PTFE) films (0.14 mm thickness) and two 

aluminum plates (3 mm thickness). The plates with the polymer were placed upon 

the preheated bottom plate of the thermal press. For the temperatures used for 

each polymer, see Table S3.1. After around one minute, the polymer was softened 
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and a pressure of 0.5 ton was applied. The pressure was held for 15 seconds and 

subsequently increased to 1, 2.5, 5, 10 and 20 tons in 15 second intervals. After 20 

seconds at 20 tons, the pressure was released and the average thickness of the 

polymer film was measured with an electronic micrometer. 

The oxygen and water permeability was determined using a Totalperm (Permtech 

s.r.l) instrument. Calibration of the system was carried out with a standard PET film 

provided by Permtech (Italy), according to the ASTM F1927-14 standard. The 

system reports the oxygen transmission rate (OTR) at the established conditions; 

these values were normalized by the film thickness to determine the oxygen 

permeability. The water vapour permeability was measured using the same 

Totalperm (Permtech s.r.l) instrument calibrated for water vapour according to the 

ASTM E96/E96M-15 standard. The measurements were complete when the 

collected data had reached a tolerance level of 0.5%. Water vapour transmission 

rate values were normalized by the film thickness and divided by the water 

saturation pressure at the indicated temperature and relative humidity (in kPa) to 

obtain water vapour permeability values.  

Polymerization procedure in 100 mL glass reactor 

Isosorbide (8.768 g, 60.0 mmol, 1.0 equiv.), succinic acid (7.085 g, 60.0 mmol, 1.0 

equiv.) and p-cresol (9.732 g, 90.0 mmol, 1.5 equiv.) were weighed into a three-

necked 100 mL round bottom flask. Butyltin hydroxide oxide hydrate (0.013 g, 0.06 

mmol, 0.001 equiv.) was added to the reactor as a suspension in 0.5 mL toluene. 

The flask was equipped with a nitrogen gas inlet, a top stirrer and a distillation head 

with a thermometer and a receiving flask attached to it and the reactor was heated 

to 240 °C in a silicon oil bath under a constant nitrogen flow. Stirring was initiated 

at a speed of 100 rpm when the oil temperature reached 150 °C. After 5 h at 240 

°C a melt sample of the reaction mixture was taken under a positive nitrogen flow 

to check the reaction conversion. The oil was then cooled to 220 °C and a rotary 

vane oil pump was connected to the receiving flask. A vacuum of 400 mbar was 

slowly applied and held for 15 minutes. The pressure in the reactor was halved 

(200, 100, 50, 25, 12.5 and 6.5 mbar) every 15 minutes until a pressure of 0.4-0.8 

mbar was reached. The stirring speed was then reduced to 30 rpm due to the 

viscous polymer melt. Polycondensation was continued for 1 h, when, in successful 

reactions with a sufficiently high molecular weight polymer, stirring of the reaction 

melt became impossible without breaking the vacuum due to the highly viscous 

polymer melt. The reactor was flushed with nitrogen and the polymer product was 

scraped from the reactor with a spatula under a positive nitrogen flow. This 
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synthesis procedure was adjusted depending on the diol and diacid monomers 

used. 

Polymerization procedure in 2 L stainless steel autoclave 

Isosorbide (453.0 g, 3.1 mol, 1.0 equiv.), succinic acid (366.1 g, 3.1 mol, 1.0 equiv.), 

p-cresol (502.8 g, 4.65 mol, 1.5 equiv.), butyltin hydroxide oxide hydrate (0.647 g, 

3.1 mmol, 0.001 equiv.) and tris(2,4-di-tert-butylphenyl)phosphite (0.351 g, 0.5 

mmol, 0.0002 equiv.) were weighed into a 2 L stainless steel autoclave. The reactor 

was closed and heated to 220 °C under a constant nitrogen flow. Stirring was 

initiated at a speed of 100 rpm when the oil temperature reached 150 °C. After 1 h 

at 220 °C, the oil temperature was increased to 240 °C. This temperature was held 

for 5 h until no more water was collected in the receiving flask of the reactor. A 

melt sample of the reaction mixture was taken under a positive nitrogen flow to 

quantify the alcohol to aryl ester end group ratio. Based on that observation, the 

required amount of succinic acid was added to the reaction mixture and stirred for 

another 1.5 h at 240 °C. After, the oil temperature was decreased to 220 °C and 

pre-polycondensation was initiated by slowly applying a vacuum of 400 mbar. The 

pressure in the reactor was halved (200, 100, 50, 25, 12.5 and 6.5 mbar) every 15 

minutes until a pressure of 0.1-0.5 mbar was reached. The reaction was deemed 

complete when a torque of around 1,200 Ncm-1 was reached, which typically took 

between 1 and 1.5 h at 0.05-0.3 mbar. The reactor was then flushed with nitrogen 

and a pressure of 3 bar was applied to the reactor. The polymer product was then 

extruded through the bottom nozzle of the reactor into a water bath and chipped. 

Additional polymer characterization 

All peaks were assigned after structure elucidation by 2D NMR (COSY, HSQC, 

HMBC). 

Poly(isosorbide succinate) (PIsSu) 

 

1H NMR (400 MHz, DMSO-d6, ppm): 5.10 (d, 1H, H2), 5.05 (s, 1H, H5), 4.75 (d, 1H, H3), 4.39 

(d, 1H, H4), 3.94 – 3.77 (m, 3H, H1,6,6’), 3.77 – 3.67 (m, 1H, H1’), 2.70 – 2.53 (m, 4H, H7). 

13C NMR (126 MHz, DMSO-d6, ppm): 171.68 (q, C8), 85.78 (C4), 80.81 (C3), 78.15 (C5), 

74.40 (C2), 72.84 (C6), 70.57 (C1), 29.09 (d, C7). 
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Poly(isosorbide glutarate) (PIsGlu) 

 

1H NMR (400 MHz, CD2Cl2, ppm): 5.17 (d, 2H, H2,5), 4.83 (t, 1H, H3), 4.46 (d, 1H, H4), 4.01 

– 3.88 (m, 3H, H1,6,6’), 3.84 (dd, 1H, H6’), 2.54 – 2.35 (m, 4H), 1.96 (p, 2H). 

13C NMR (126 MHz, CD2Cl2, ppm): 172.03 (q, C9), 86.03 (C4), 80.80 (C3), 78.03 (C5), 73.96 

(C2), 73.13 (C6), 70.61 (C1), 32.95 (d, C7), 19.95 (t, C8). 

Poly(isosorbide adipate) (PIsAd) 

 

1H NMR (400 MHz, CD2Cl2, ppm): 5.17 (d, 2H, H2,5), 4.83 (t, 1H, H3), 4.46 (d, 1H, H4), 4.00 

– 3.87 (m, 3H, H1,6,6’), 3.83 (dd, 1H, H1’), 2.39 (d, 4H, H7), 1.69 (t, 4H, H8). 

13C NMR (126 MHz, ppm): 172.40 (q, C9), 86.05 (C4), 80.82 (C3), 77.93 (C5), 73.86 (C2), 

73.15 (C6), 70.62 (C1), 33.62 (q, C7), 24.17 (d, C8). 

Poly(isosorbide-1,4-cyclohexanedicarboxylate) (PIsCyc) 

 

Signals of cis-and trans-isomers are indicated with c and t respectively. 

1H NMR (500 MHz, CD2Cl2, ppm): 5.23 – 5.05 (m, 2H, H2,5), 4.83 (q, 1H, H3), 4.44 (s, 1H, 

H4), 3.93 (d, 3H, H1,6,6’), 3.84 (d, 1H, H1’), 2.54 (d, 2H, H7c), 2.35 (d, 2H, H7t), 2.06 (s, 4H, 

H8t), 1.90 (d, 4H, H8c), 1.72 (s, 4H, H8’c), 1.56 – 1.27 (m, 4H, H8’t). 

13C NMR (126 MHz, CD2Cl2, ppm): 174.41 (qd, C9), 86.12 (d, C4), 80.75 (C3), 77.80 (C5), 

73.74 (C2), 73.08 (C6), 70.76 (C1), 42.15 (d, C7t), 40.38 (d, C7c), 27.99 (q, C8t), 25.81 (t, 

C8c). 
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Poly(isosorbide diglycolate) (PIsDga) 

 

1H NMR (400 MHz, DMSO-d6, ppm): 5.23 – 5.14 (m, 1H, H2), 5.13 (s, 1H, H5), 4.79 (t, 1H, 

H3), 4.44 (d, 1H, H4), 4.33 – 4.17 (m, 4H, H1,1’,6,’), 3.95 – 3.74 (m, 4H, H7). 

13C NMR (126 MHz, DMSO-d6, ppm): 169.46 (q, C8), 85.76 (C4), 80.92 (C3), 78.17 (C5), 

74.59 (C2), 72.83 (C1), 70.70 (C6), 67.55 (t, C7). 

Poly(isosorbide thiodiglycolate) (PIsThd) 

 

1H NMR (400 MHz, DMSO-d6, ppm): 5.14 (s, 1H, H2), 5.09 (s, 1H, H5), 4.80 (t, 1H, H3), 4.42 

(d, 1H, H4), 3.94 – 3.75 (m, 4H, H1,1’,6,6’), 3.51 (d, 4H, H7). 

13C NMR (126 MHz, DMSO-d6, ppm): 169.40 (d, C8), 85.77 (C4), 80.89 (C3), 78.71 (C5), 

75.07 (C2), 72.82 (C6), 70.77 (C1), 33.39 (dd, C7). 

Poly(isomannide succinate) (PImSu) 

 

1H NMR (400 MHz, CD2Cl2, ppm): 5.11 (d, 2H, H2,5), 4.70 (d, 2H, H3,4), 4.03 (dd, 2H, H1,6), 

3.80 (dd, 2H, H1’,6’), 2.74 (d, 4H, H7). 

13C NMR (126 MHz, CD2Cl2, ppm): 171.51 (C8), 80.34 (C3,4), 73.95 (C2,5), 70.36 (C1,6), 28.22 

(C7). 
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Poly(isomannide glutarate) (PImGlu) 

 

1H NMR (500 MHz, DMSO-d6, ppm): 5.00 (d, 2H, H2,5), 4.62 (d, 2H, H3,4), 3.99 – 3.80 (m, 

2H, H1,6), 3.70 – 3.52 (m, 2H, H1’6’), 2.41 (t, 4H, H7), 1.79 (t, 2H, H8). 

13C NMR (126 MHz, DMSO-d6, ppm): 172.32 (C9), 80.29 (C3,4), 73.89 (C2,5), 70.28 (C1,6), 

32.09 (C7), 20.35 (C8). 

Poly(isomannide adipate) (PImAd) 

 

1H NMR (500 MHz, DMSO-d6, ppm): 4.99 (d, 2H, H2,5), 4.61 (d, 2H, H3,4), 3.99 – 3.81 (m, 

2H, H1,6), 3.64 (dd, 2H, H1’,6’), 2.35 (s, 4H, H7), 1.57 (s, 4H, H8). 

13C NMR (126 MHz, DMSO-d6, ppm): 172.58 (C9), 80.29 (C3,4), 73.83 (C2,5), 70.23 (C1,6), 

33.25 (C7), 24.19 (C8). 

Poly(isomannide-1,4-cyclohexanedicarboxylate) (PImCyc) 

 

1H NMR (500 MHz, CD2Cl2, ppm): 5.07 (s, 2H, H2,5), 4.69 (s, 2H, H3,4), 4.02 (s, 2H, H1,6), 

3.77 (t, 2H, H1’,6’), 2.58 (s, 2H, H7c), 2.39 (s, 2H, H7t), 2.09 (s, 4H, H8t), 1.94 (s, 4H,H8c), 

1.75 (s, 4H, H8’c), 1.51 (s, 4H, H8’t). 

13C NMR (126 MHz, CD2Cl2, ppm): 174.62 (d, C9), 80.31 (d, C3,4), 73.48 (d, C2,5), 70.46 (d, 

C1,6), 42.13 (C7t), 40.35 (C7c), 28.15 (d, C8t), 25.97 (d, C8c). 
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Poly(isomannide diglycolate) (PImDga) 

 

1H NMR (400 MHz, DMSO-d6, ppm): 5.08 (d, 2H, H2,5), 4.65 (s, 2H, H3,4), 4.26 (d, 4H, H7), 

4.02 – 3.87 (m, 2H, H1,6), 3.75 – 3.60 (m, 2H, H1’,6’). 

13C NMR (126 MHz, DMSO-d6, ppm): 169.39 (C8), 80.37 (C3,4), 74.25 (C2,5), 70.30 (C1,6), 

67.42 (C7). 

 

3.5.2 Supplementary Tables 

Table S3.1. Hot press temperatures used to prepare polymer films and average films thicknesses. 

Polymer  T (thermal press) [°C] Average thickness [µm] 

PIsSu glass 190 110 

PIsSu autoclave 190 110 

PIsGlu 160 110 

PIsAd 120 100 

PIsCyc 260 100 

PIsDga 190 100 

PImSu (amorphous) a 210 90 

PImDga 190 90 

PET 270 100 

a Film was cooled rapidly on aluminium plates to obtain an amorphous film. Attempts to obtain 

semicrystalline films by slow cooling failed, as the semicrystalline films were brittle. 
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Table S3.2. Temperatures and resident times used for injection moulding of polymer tensile bars. 

Polymer  
T (cylinder) 

[°C] 

T (mould) 

[°C] 

Residence time in heated cylinder 

[s] 

PIsSu glass 180-190 50 60-90 

PIsSu autoclave 180-190 50 60-90 

PIsGlu 150 35 60-90 

PIsAd 90-100 25 120 

PIsCyc 255 60 180-210 

PIsDga 145-150 50 120-150 

 

Table S3.3. Molecular weight decrease of PIsSu before and after injection moulding. The polymer 
was dried at 40 °C for 24 h prior to injection moulding. Residence time in heated cylinder (Tcylinder = 
185 °C) before injection: 90 seconds. 

Processing stage Mn [g/mol] PDI 

Before inj. moulding 35.3 2.2 

After inj. moulding 32.2 2.2 

 

Table S3.4. Comparison of mechanical properties of PIsSu synthesized in glass reactor and 2 l 
autoclave. The small differences can be explained by the presence of 1.5 mol% 1,4-sorbitan in the 
polymer chain of PIsSu samples synthesized in the 2 L autoclave. 

Reactor type Mn [g/mol] PDI 

Young’s 

Modulus 

[MPa] 

Ultimate tensile 

strength [MPa] 

Elongation at 

break [%] 

Glass 35.7 2.1 3,696 ±169 78.9 ± 5.0 175.3 ± 4.5 

Autoclave 35.3 2.2 3,760 ± 29  88.2 ± 3.3 196.9 ± 19.8 
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Table S3.5. Comparison of barrier properties of PIsSu synthesized in glass reactor and 2 L autoclave. 

Reactor type Mn [g/mol] PDI 

Film 

thickness 

[µm] 

Oxygen permeability 

[mm·cm3/m2·day·bar] 

Water vapour 

permeability  

[mm·cm3/m2·day·bar] 

Glass 38.2 2.4 110 0.79 3.83 

Autoclave 35.3 2.2 110 0.56 3.82 
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4. Depolymerization of poly(ethylene 

terephthalate) with aryl alcohols and 

diphenyl carbonate 
 

Abstract: In this chapter the depolymerization of poly(ethylene terephthalate) 

(PET) with 4-methoxyphenol to bis(4-methoxyphenyl)terephthalate (BMPT) is 

discussed.  BMPT is a diaryl ester of terephthalic acid and is more reactive in 

polyester synthesis than terephthalic acid or its alkyl esters, which facilitates the 

synthesis of polyesters with unreactive secondary diol monomers. With this 

strategy, PET waste could be upcycled to obtain a reactive monomer, which can in 

turn be repolymerized to polyesters with better properties than PET. The influence 

of reaction conditions, catalyst choice and the addition of stochiometric additives 

to aid depolymerization was investigated. It was found that while aryl alcohols like 

4-methoxyphenol are good solvents for PET at elevated temperatures, their low 

reactivity prevents quantitative conversion of PET to reactive diaryl esters of 

terephthalic acid. Addition of stochiometric additives like diphenyl carbonate was 

shown to somewhat shift this unfavorable equilibrium towards these reactive 

esters, although the relatively high cost price of these additives makes their use 

questionable.  
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4.1  Introduction 

Poly(ethylene terephthalate) (PET) is one of the most widely produced polymers in 

the world with an annual production capacity of around 60 Mt in 20181. Its ester 

functionality enables facile chemical recycling, which is an important factor for a 

more sustainable plastic economy. That is why chemical recycling of PET to 

terephthalate monomers is already performed on a commercial scale. The 

chemistry behind it is relatively straight forward and it still receives considerable 

attention from the polymer research community. 

Chemical recycling of PET can be performed in water2, methanol3 or ethylene 

glycol4–8.  

 

Scheme 4.1. Depolymerization of PET with water, methanol and ethylene glycol. The polymer is 
typically heated in a large excess of the indicated solvent. 

Depending on the reaction medium, different terephthalate derivatives are 

obtained as the reaction products (Scheme 4.1). All three reaction products can be 

repolymerized to PET or other terephthalate-based polyesters. 

While PET is a versatile thermoplastic polymer with many applications, there are 

certain material properties that  could be improved to enable a more circular 

plastic economy. One example is the material’s Tg of around 76 °C, which prevents 

the reuse of common items such as PET bottles by hot washing. Hot washing 

enables reuse without the need for a complete chemical depolymerization-
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repolymerization cycle, but the material cannot be washed at T> Tg while 

preserving its structural integrity. One solution, which has been extensively 

discussed in Chapter 1, is the partial replacement of ethylene glycol with the rigid 

diol isosorbide. The resulting poly(ethylene-co-isosorbide terephthalate) (PEIT) 

copolyester can have high Tg values depending on how much ethylene glycol is 

replaced by isosorbide. Poly(isosorbide terephthalate) synthesized by melt 

polymerization was reported to have a Tg of up to 186 °C (paragraph 1.2.1) . One 

major problem with this strategy is the low reactivity of isosorbide in 

(trans)esterification reactions. This significantly reduces molecular weights of PEIT 

with large (>25 mol%) molar percentages of isosorbide,  which in turn leads to 

brittle materials that can not be used in thermoplastic applications. If the amount 

of incorporated isosorbide is limited to <20 mol%, solid state postpolymerization 

(SSP) can be conducted to improve the polymers molecular weights (although 

isosorbide loss (sublimation) may cause problems in conventional SSP equipment), 

but larger amounts of incorporated isosorbide results in an amorphous material 

structure, which cannot undergo SSP.  

Preliminary results from our group have shown that diaryl esters of terephthalic 

acid can be used to obtain high molecular weight polyesters with high molar 

percentages of isosorbide. They can also be used as a chain extender in the final 

stages of polycondensation, typically in the form of diphenyl terephthalate9, when 

the low concentration of reactive end groups leads to low reaction rates, especially 

with unreactive, secondary diols like isosorbide. 

The idea of using aryl alcohols to depolymerize a step growth polymer is not 

completely new. Alberti et al. investigated the depolymerization of poly(bisphenol 

A carbonate) with phenol to diphenyl carbonate and bisphenol A10. The authors 

used alkali metal halides, such as potassium fluoride, as catalysts under microwave 

heating and obtained diphenyl carbonate yields of up to 88%. The main difference 

to the depolymerization of PET is that bisphenol A is an aryl alcohol, which makes 

the depolymerization reaction with phenol more favorable due to similarly low 

reactivities. The diol moiety in PET is ethylene glycol, which has a significantly 

higher reactivity in transesterifications than aryl alcohols. This exacerbates the 

problem of the synthesis of reactive diaryl ester of terephthalic acid in the 

presence of these reactive primary alcohols, as the backward reaction to the glycol 

ester is more favorable than the forward reaction to diaryl esters of terephthalic 

acid. 
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The goal of this research was to establish whether reactive diaryl esters of 

terephthalic acid, like bis(4-methoxyphenyl)terephthalate (BMPT), can be 

synthesized directly from PET. This approach could turn PET waste into a high value 

reactive monomer that can be used for the synthesis of polyesters from biobased 

secondary diols like isosorbide or as chain extenders in other terephthalate-based 

polyesters. 

4.2  Results and Discussion 

4.2.1 Catalytic depolymerization of poly(ethylene 

terephthalate) with 4-methoxyphenol 

Initial experiments revealed that relatively high reaction temperatures (T> 240 °C) 

are necessary to sufficient useful reaction rates in the depolymerization of PET 

with aryl alcohols. Since the aryl alcohol should not be removed during the 

reaction, a boiling point (b.p.) higher than 240 °C is required, as the reactions were 

conducted at atmospheric pressure. Similarly, it was hypothesized that the 

relatively high boiling point of ethylene glycol (b.p. 197 °C), which was to be 

removed from the reaction mixture, will require the use of a relatively high boiling 

aryl alcohol. The following experiments were thus conducted with 4-

methoxyphenol (b.p. 243 °C), using the common transesterification catalyst 

titanium(IV) butoxide (Ti(OBu)4). Indicated temperatures refer to the oil bath 

temperature. 

Heating a reaction mixture of PET, 4-methoxyphenol (20 equiv. respective PET 

repeat unit) and Ti(OBu)4 at 260 °C resulted in rapid dissolution of the ground PET 

pellets. This is due to the strong solvent properties of phenol derivatives at 

elevated temperatures. This is favorable to the depolymerization reaction, as PET 

depolymerizations with water or methanol occur on the surface of PET particles, 

as they are not soluble in the respective reaction medium. 
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Scheme 4.2. Depolymerization of PET with 4-methoxyphenol. The shown reaction products are 
present in equilibrium. 

The depolymerization of PET with 4-methoxyphenol yields a product mixture as 

shown in Scheme 4.2. Ideally, only BMPT should be obtained as the final reaction 

product, but the presence, and insufficient removal, of ethylene glycol under the 

reaction conditions leads to the observed product mixture. Besides BMPT, 

monoarylated terephthalate units in the form of 2-hydroxyethyl (4-

methoxyphenyl) terephthalate (HMPT) and bis(2-hydroxyethyl)terephthalate 

(BHET) were identified in the reaction mixture. Based on peak ratios from the 1H 

NMR spectrum shown in Figure 4.1, no longer chain oligomers of PET were 

observed.  After around 6 h of reaction at 260 °C, a steady state was reached, as 

the molar ratio of components in the reaction mixture did not change significantly 

after this time.  
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Figure 4.1. 1H NMR spectrum of the reaction mixture of the depolymerization of PET with 4-
methyoxphenol after 6 h at 260 °C. Peaks were assigned to the reaction products described in 
Scheme 4.2.  

Figure 4.1 shows a 1H NMR spectrum of the reaction mixture after 6 h at 260 °C. 

The highlighted region between 8.1 and 8.4 ppm was assigned to the terephthalate 

moieties of the reaction products. The clear separation between peaks in that 

region enabled the quantification of the molar ratio of the reaction products by 1H 

NMR directly from melt samples taken from reaction mixtures (see Appendix for 

the equation used for the calculation for each reaction component). Yields in the 

following paragraph are molar percentages with regards to total terephthalate 

units identified from 1H NMR spectra. It is expected that no terephthalate units are 

evaporated from the reaction under the employed conditions. This is due to the 

high boiling point of both hydroxyethyl esters and aryl esters of terephthalic acid. 

Additionally, refluxing 4-methoxyphenol prevents sublimation of terephthalate 

units. Free ethylene glycol, expected as a singlet at 3.76 ppm, could not be 

identified in the reaction mixture due to the overlap with unreacted 4-

methoxyphenol at 3.79 ppm. Unreacted ethylene glycol could theoretically be 

identified by 13C NMR, although this has not been attempted. 

A BMPT yield of 50% was achieved after 6 h reaction time (Table 4.1, entry 1). This 

mediocre yield was surprising considering the large molar excess of 4-
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methoxyphenol (20 equiv. respective PET repeat unit) and the high reaction 

temperatures, which should allow for the removal of ethylene glycol. It was 

assumed that the poor removal of ethylene glycol from the reaction mixture 

prevented higher yields.  A larger excess of 4-methoxyphenol (50 equiv.) did not 

result in a higher yield of BMPT, neither did the use of Zn(OAc)2 instead of Ti(OBu)4 

(Table 4.1, entries 2,3). 

Table 4.1. Influence of reaction conditions on the depolymerization of PET with 4-methoxyphenol. 

Entry 
Equiv. 4-

methoxyphenol* 

Time 

[h] 
Catalyst 

Yield 

(BMPT)† 

Yield 

(HMPT)† 

Yield 

(BHET)† 

1 20 6 Ti(OBu)4 50 41 9 

2 50 10 Ti(OBu)4 53 39 7 

3 50 10 Zn(OAc)2 51 41 8 

4 1 20 13 Ti(OBu)4 46 42 12 

5 2 20 22.5 Ti(OBu)4 49 41 10 

6 3 20 24 Ti(OBu)4 48 45 7 

7 4 20 13 Ti(OBu)4 46 41 12 

8 20 48 5 Ti(OBu)4 49 42 9 

9 50 12 Cs2CO3 58 36 5 

10 50 10 Cs2CO3 
6 68 29 4 

11 50 12 Na2CO3 
6 59 36 5 

Reactions were conducted with 16.29 g 4-methoxyphenol at 240 °C. 5 mol% catalyst (respective 

terephthalate repeat unit) were added unless otherwise indicated. * Respective mmol of PET added. 

† In mol% respective total terephthalate units. 1 Reaction was conducted at 280 °C. 2 Reaction was 

conducted at 450 mbar. 3 10 equiv. of 4-allyl-2-methoxyphenol were added at the start of the 

reaction. 4 10 equiv. of 2-methoxyphenol were added at the start of the reaction. After 4 h and 9 h 

reaction time, another 10 equiv. were added due to the low boiling point of 2-methoxyphenol (205 

°C). 5 An extra 5 mol% of catalyst was added after 24 h reaction time. 6 20 mol% of catalyst were 

added. 

Conducting the depolymerization at an oil bath temperature of 280 °C under 

atmospheric pressure, similarly did not improve the yield of BMPT (Table 4.1, entry 

4). It should be noted that a higher oil bath temperature does not increase the 

temperature in the reaction melt, as it is limited by the boiling point of 4-

methoxyphenol, which is present in excess compared to PET. 4-Methoxyphenol 

was rapidly removed from the reaction mixture at this temperature, which was 
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compensated by the addition of more 4-methoxyphenol (around 8 g each time) 

after 4 and 9 h. Conducting the reaction under reduced pressure to facilitate 

ethylene glycol removal, decreased the reaction rate, likely due to a decrease of 

the reaction temperature caused by decrease of the boiling point of the reaction 

components (Table 4.1, entry 5). In all discussed reactions, no significant amount 

of ethylene glycol was detected in the receiving flask of the reactor. Only 4-

methoxyphenol was collected in the receiving flask, as identified by 1H NMR. The 

overlap of the expected ethylene glycol peak in 1H NMR with unreacted 4-

methoxyphenol prevented the ascertainment of whether any ethylene glycol was 

actually removed from the reaction mixture. If it was possible to remove ethylene 

glycol from the reaction mixture, a shift in the reaction equilibrium towards BMPT 

would be expected, which led to the assumption that ethylene glycol is indeed not 

removed under the used reaction conditions. 

Addition of phenol derivatives that are known to form azeotropes with ethylene 

glycol (4-allyl-2-methoxyphenol, 2-methoxyphenol), which could enhance the 

removal of ethylene glycol, also did not change the yield of BMPT significantly 

(Table 4.1, entries 6,7). Addition of extra Ti(OBu)4 catalyst after a few hours of 

reaction, to compensate for an eventual deactivation of the catalyst under the 

reaction conditions, also did not change the final outcome (Table 4.1, entry 8).  

After it became clear that no significant shift in reaction equilibrium could be 

achieved by the means mentioned above, a different catalytic system was 

investigated. The use of the Brønsted base Cs2CO3 resulted in a improved yield of 

BMPT (Table 4.1, entry 9). 

Using a larger amount of catalyst led to an additional improvement of the yield of 

BMPT (Table 4.1, entry 10). Replacing Cs2CO3 with the more abundant and cheaper 

Na2CO3 led to satisfactory yields of BMPT (Table 4.1, entry 11).  

A search in the literature on why no higher yields of BMPT could be obtained under 

the investigated reaction conditions showed that the present reaction can be 

classified as a reactive distillation11. It is a common process in industry that can be 

used to improve the reaction yields of equilibrium-limited reactions. Typically 

lower boiling by-products are removed (H2O, alcohols) in reactive distillations 

conducted in industry. Even with low boiling by-products, reactive distillations 

require fractionating columns and a careful reactor design to push equilibria to the 

desired product side. Complex vapor-liquid equilibria can further exacerbate this 

type of reaction. In the present case, a high boiling by-product (ethylene glycol) is 

to be removed from a reaction mixture. Additionally, this by-product is 
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difunctional, whereas the reactant to replace ethylene glycol, 4-methyoxyphenol, 

is monofunctional, and has a significantly lower reactivity. The relatively similar 

boiling points of ethylene glycol and 4-methoxyphenol also explains why mainly 4-

methoxyphenol was collected in the receiving flask of the reactor. These factors 

can explain the challenges encountered in the depolymerization of PET with 4-

methoxyphenol. 

No experiments on the repolymerization of the obtained reaction mixture with 

unreactive secondary diols like isosorbide were conducted. The incomplete 

conversion of ethylene glycol-terephthalate esters to BMPT would probably lead 

to the preferential reaction of reactive aryl esters with isosorbide during the initial 

stages of the polymerization (transesterification). The main problem in the 

synthesis of polyesters with unreactive secondary diols occurs during the last 

stages of polycondensation, when a low concentration of reactive end groups 

results in low reaction rates. At that point of the reaction, it is expected that most 

aryl ester groups would have been converted, which in turn would lead to a slow 

polycondensation reaction between isosorbide end groups and ethylene glycol-

terephthalate ester end groups. For the present strategy to be successful, a full 

conversion of PET to BMPT, or the isolation of BMPT, is required. The isolation of 

BMPT from the reaction mixture has not been attempted, although removal of 4-

methoxyphenol from the reaction mixture without simultaneously removing 

ethylene glycol would result in a shift of the reaction equilibrium and thus to re-

polymerization of PET (see Scheme 4.2, backward reaction). 

4.2.2 Depolymerization of PET with diphenyl carbonate 

After no improvement of the BMPT yield could be achieved by catalytic means, the 

influence of stochiometric reagents on the depolymerization of PET with aryl 

alcohols was investigated. As indicated previously, one major problem to shift the 

reaction equilibrium during depolymerization toward the highly reactive BMPT 

was the removal of ethylene glycol from the reaction mixture. This led to a 

maximum BMPT yield of 68 mol% under catalytic depolymerization conditions 

(Table 4.1, entry 10). It was hypothesized that the addition of a carbonate 

functional group, initially in the form of diphenyl carbonate, would lead to the 

reaction of ethylene glycol with said carbonate group to form cyclic ethylene 

carbonate (Scheme 4.3), thus removing it from the reaction equilibrium and driving 

the depolymerization forward.  
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Scheme 4.3. Reaction of ethylene glycol and diphenyl carbonate to form ethylene carbonate. 

A similar reaction has been reported by Baral et al., where diphenyl carbonate was 

used to obtain cyclic carbonates in a base catalyzed transesterification of 1,2-

diols12. Please note that the following experiments were conducted in 8 ml HPLC 

vials in a heated aluminum block (see Methods section) to screen different reaction 

conditions. 

Initial experiments were conducted with a smaller excess of 4-methoxyphenol (2.5 

equiv. respective PET) compared to previous experiments on the catalytic 

depolymerization of PET with 4-methoxyphenol. Additionally, 1.2 equivalents of 

diphenyl carbonate were added to the reaction mixture and three different 

catalysts were tested initially (Table 4.2).  

Table 4.2. Influence of catalyst on the depolymerization of PET with diphenyl carbonate. 

Catalyst 
Yield (Diaryl 

terephthalate)† 

Yield (Monoaryl 

terephthalate)† 

Yield 

(BHET)† 

Ti(OBu)4 70 26 4 

Zn(OAc)2 24 44 33 

Triazabicyclodecene 28 49 23 

Reactions were conducted with 253 mg PET at 190 °C for 4 h 20 min with 5 mol% of the respective 

catalyst. † In mol% respective total terephthalate units. 

Addition of diphenyl carbonate to the depolymerization of PET in the presence of 

4-methoxyphenol led to the formation of a mixture of diaryl terephthalate 

derivatives. BMPT, diphenyl terephthalate and what was assumed to be the mixed 

ester product were observed in 1H NMR samples after the reaction (Figure 4.2). 

This can be explained by the liberation of phenol after reaction of diphenyl 

carbonate with ethylene glycol groups, which in turn can undergo 

transesterification at terephthalate units. Additionally, the transacylation of 

phenyl groups from diphenyl carbonate to ethylene glycol-terephthalate units 

could also be envisioned, similar to the base catalyzed transacylation of carboxylic 

acids with diphenyl carbonate described in literature13. 
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Figure 4.2. 1H NMR spectrum of the Ti(OBu)4 catalysed PET depolymerization reaction with diphenyl 
carbonate and 4-methoxyphenol (top). The region around 8.35 ppm with signals of the terephthalate 
units is shown. The middle spectrum shows neat diphenyl terephthalate (from a commercial sample), 
the bottom spectrum shows the BMPT obtained in catalytic depolymerizations discussed in the 
previous paragraph. 

After 4 h 20 min at 190 °C, a significant yield of diaryl terephthalates was only 

observed in the Ti(OBu)4 catalyzed reaction. Additionally, the 1H NMR spectrum of 

the reaction conducted with Ti(OBu)4 revealed the presence of ethylene carbonate 

in the reaction mixture, which is formed by the mechanism described in Scheme 

4.3. In the same experiment, the evolution of gas bubbles was observed. This 

indicates the reaction of ethylene carbonate with phenols to form CO2, a reaction 

which has mainly been described in the presence of strongly basic catalysts14. The 

final reaction yield of 70 mol% obtained with a Ti(OBu)4 catalyst is very similar to 

the best result obtained for the catalytic depolymerization, although reaction 

times are shorter and the reaction temperature is lower.  

Next the influence of the type aryl alcohol on the depolymerization reaction was 

investigated (Table 4.3). It was found that the substitution pattern on the aromatic 

ring is essential for the depolymerization reaction. 
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Table 4.3. Influence of aryl alcohol on the depolymerization of PET with diphenyl carbonate. 

Entry Aryl alcohol 
Yield (Diaryl 

terephthalate)* 

Yield (Monoaryl 

terephthalate)* 

Yield 

(TPA-EG)† 

1 None n.d. 1 n.d. n.d. 

2 Phenol 69 27 4 

3 2-Methoxyphenol 0 6 94 

4 4-Methoxyphenol 66 29 5 

5 2,6-Dimethoxyphenol 0 0 100 

Reactions were conducted with 253 mg of PET and a molar ratio of aryl alcohol to PET of 2.5:1 for 2 

h at 180 °C using 5 mol% Ti(OBu)4. 1.2 equiv. of diphenyl carbonate were added to the reactions. 

*Due to the presence of different aryl esters with different aryl alcohols (Figure 4.2), the total amount 

of diarylated and monoarylated terephthalate units was determined. In mol% respective total 

terephthalate units. † Refers to the TPA-EG repeat unit in PET. A high yield of TPA-EG therefore 

indicates a low reaction conversion. In mol% respective total terephthalate units. 1 Reaction yield not 

analyzed due to significant amounts of unreacted PET. 

Reactions conducted with phenol or 4-methoxyphenol yielded similar amounts of 

diaryl terephthalate after 2 h reaction at 180 °C. Aryl alcohols with ortho 

substituents on the other hand yielded no diaryl terephthalate after the same 

reaction time, despite the dissolution of PET in 2-methoxyphenol after around 50 

minutes of heating at 180 °C. Reactions conducted with no aryl alcohol solvent 

resulted in no reaction, also indicated by undissolved PET after 2 h at 180 °C (PET 

does not dissolve in diphenyl carbonate at 180 °C). These results indicate that the 

aryl alcohol does participate in the reaction to a significant extent, as the steric 

hinderance caused by ortho substitution prevents the depolymerization reaction. 

This shows that transesterification of aryl-OH groups with ethylene terephthalate 

groups is an essential step in the formation of BMPT. With this information, the 

transacylation of phenol groups from diphenyl carbonate to ethylene glycol-

terephthalate units seem unlikely from a mechanistic point of view, as the reaction 

should still occur with ortho substituted aryl alcohols. 

While shorter reaction times, lower reaction temperatures and a lower excess of 

4-methoxyphenol could be used with the addition of 1.2 equivalents of diphenyl 

carbonate, the use of the latter is problematic from a sustainability perspective. 

Diphenyl carbonate is a monomer for the synthesis of polycarbonates with a 

relatively high reactivity. It is commonly synthesized from either dimethyl 

carbonate or phosgene and is thus a relatively valuable chemical. To use it in 

stochiometric amounts for the synthesis of the similarly reactive BMPT is thus not 
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feasible, as it would balloon the cost of any industrial process. The work in this 

chapter shows, however, that diphenyl carbonate can be used for the rapid 

depolymerization of PET reactive aryl esters of terephthalic acid. 

4.3  Conclusion 

It was shown in this chapter that PET can be depolymerized to a reactive diaryl 

ester of terephthalic acid with 4-methoxyphenol. The unfavorable reaction 

equilibrium caused by the high reactivity of ethylene glycol relative to the aryl 

alcohols prevents the quantitative formation of these reactive esters. The use of a 

Brønsted base catalyst helped to shift this equilibrium, as did the addition of 

diphenyl carbonate.  The use of large quantities of aryl alcohol and harsh reaction 

conditions make the overall usefulness of this strategy questionable, especially 

considering the synthesis strategy to obtain high molecular weight polyesters 

based on unreactive diols presented in Chapter 3. That strategy does not require 

the separate synthesis of reactive diaryl esters presented in the present chapter. 
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4.5  Appendix 

4.5.1 Experimental section 

Materials and methods 

PET was supplied from Equipolymers (S98 resin, IV = 0.84 dl/g, Tg = 78 °C, bottle 

grade). Titanium(IV) butoxide (>97%), zinc(II) acetate (>99%) and 

Triazabicyclodecene (98%) were obtained from Sigma Aldrich. 4-Methoxyphenol 

(>99%) was purchased from Fisher Scientific. All chemicals were used without 

further purification. 

Analysis 

1H nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker 

AMX 400. Samples were dissolved in CDCl3 (Sigma Aldrich).  

The yield of bis(4-methoxyphenyl)terephthalate (BMPT) was calculated from 1H 

NMR spectra as follows. The yield of each reaction component was based on the 

total amount of terephthalate units present in the reaction (A: Area of the 

respective peak in the 1H NMR spectrum): 

,��%�-,./�

=
��-,./, 8.34 ���, 4 �

��-,./, 8.34 ���, 4 � + �� ,./, 8.27 ���, 2 � + ��- 1/, 8.13 ���, 4 �
 

Where A(BMPT, 8.34) is the area of the peak at 8.34 ppm indicating the 

terephthalate region of BMPT, A(HMPT, 8.27 ppm) is the area of the peak at 8.27 

ppm indicating monoarylated terephthalate and A(BHET, 8.13 ppm) is the area of 

the peak at 8.13 ppm indicating BHET or ethylene glycol-terephthalate units with 
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a longer chain length. Integrals were normalized to the number of protons 

indicated. The yields of HMPT and BHET were calculated accordingly. 

Catalytic depolymerization of PET with 4-methoxyphenol 

Poly(ethylene terephthalate) (PET) (1.266 g, 6.56 mmol, 1 equiv.), 4-

methoxyphenol (16.275 g, 131.2 mmol, 20 equiv.) and titanium(IV) butoxide (0.112 

g, 0.33 mmol, 0.05 equiv.) were weighed into a 100 ml three-neck flask. The flask 

was equipped with magnetic stir bar, a nitrogen inlet and a distillation bridge with 

a receiving flask and immersed in a silicon oil bath. The reaction was conducted 

under a constant nitrogen flow (40 ml/min) for 6 h at 240 °C. Reaction samples 

were taken directly from the hot melt and analyzed by 1H NMR. The amount of 4-

methoxyphenol between experiments with a larger excess of 4-methoxyphenol 

was kept constant. Reactions with 50 equiv. of 4-methoxyphenol thus were 

conducted with 0.508 g of PET. 

Depolymerization of PET with diphenyl carbonate 

A 8 ml HPLC vial was charged with PET (252 mg, 1.31 mmol, 1 equiv.), 4-

methoxyphenol (407 mg, 3.28 mmol, 2.5 equiv.) and diphenyl carbonate (337 mg, 

1.58 mmol, 1.2 equiv.). Titanium(IV) butoxide (22.3 mg, 0.066 mmol, 0.05 equiv.) 

was added as a solution in 100 µl toluene. A magnetic stir bar was added and a 

screw cap with a rubber septum was screwed onto the vial. A thin needle was 

punched through the septum to avoid pressure buildup in the vial. The vial was 

placed in an aluminum block and heated to 190 °C for 4 h 20 min. After the 

reaction, a melt sample was taken from the reaction mixture and analyzed by 1H 

NMR.
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Summary 
Plastic materials are ubiquitous in modern life due to their tunable and light weight 

properties. One drawback is that currently more than 90% of plastics are produced 

from fossil based feedstocks. Considering the impending climate crisis and the dire 

need for society to reduce its emission of  greenhouse gases, a shift in how we 

produce (and use) plastic materials is required. It has been shown that a switch 

from fossil-based to biobased resources for plastic production could lead to a 

significant decrease of the carbon footprint of the materials sector. This is 

especially important if the projected strong growth of the plastic sector in the 

coming decades develops as expected. The transition to renewable feedstock also 

provides an opportunity to develop materials with better properties and better 

recyclability.   

There are several potential sources for the production of biobased monomers. 

Carbohydrates are currently the most promising source due to the large available 

quantities of cellulose-based biomass and their manageable chemical complexity. 

The high functionalization of biomass, and derived monomers, can lead to 

materials with new and improved properties compared to established materials. 

Glucose-derived isosorbide is unique among potential biobased monomers for 

polyester synthesis, as it has a very rigid molecular structure and is already 

available on 25 kiloton scale. The use of isosorbide in the synthesis of step- and 

chain growth polymer synthesis has been explored in a large number of 

publications in the past two decades. 

Chapter 1 of this thesis introduces the state of the art of the use of 1,4:3,6-

dianhydrohexitols, a family of rigid diols with different stereochemistry, in 

polyester synthesis. Most examples discuss the use of isosorbide, as it is currently 

the most widely available stereoisomer. It is shown that the main challenge of 

using isosorbide in polyester synthesis is its low reactivity induced by its secondary 

alcohol groups. While materials with a moderate content of isosorbide (<20 mol%) 

can be synthesized with sufficiently high molecular weights, homopolymers with 

isosorbide (e.g. poly(isosorbide succinate)) can typically not be obtained as ductile 

materials. This precludes their use in thermoplastic applications. 

Chapter 2 introduces a strategy to circumvent the low reactivity of isosorbide in 

polyester synthesis. The synthesis of biobased copolymers from isosorbide, 1,4-

butanediol and oxalic acid is described. The high reactivity of oxalic acid was 

utilized in a two-step synthesis strategy, where isosorbide-oxalate oligomers were 
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synthesized in a first reaction step. The low thermal stability of oxalic acid, which 

leads to the irreversible decomposition to formic acid and CO2, required low 

reaction temperatures to avoid offsetting the diol:diacid molar ratio and forming 

chain-capping formic acid. After these oligomers were obtained, the second step 

of the synthesis was conducted by addition of 1,4-butanediol. Poly(1,4-butylene-

co-isosorbide oxalate) with a Mn of up to 17.4 kg/mol was obtained. The low 

thermal stability of oxalic acid prevented further experiments on upscaling of the 

polymer via this synthesis route. 

Chapter 3 presents the main finding of this thesis. A new synthesis strategy to 

significantly improve molecular weights of isosorbide- and isomannide-based 

polyesters is presented. The addition of an aryl alcohol to diol and diacid during 

esterification was shown to lead to the formation of isosorbide-succinate 

oligomers with aryl ester end groups. These aryl esters have a very high reactivity 

and promote the formation of materials with unprecedented molecular weights 

during polycondensation. This method enabled the synthesis of fully biobased 

poly(isosorbide succinate) with a Mn of up to 42.8 kg/mol and a Tg of around 82 °C. 

Other aliphatic polyesters were successfully synthesized, most of them with 

molecular weights high enough to yield ductile materials. In almost all cases, 

molecular weights obtained with the described method were significantly higher 

than those previously reported in literature. The barrier and mechanical properties 

of some of these materials were shown to be highly interesting and superior to 

established, fossil-based materials. The method was found to be scalable from a 

100 mL glass reactor to a 2 L autoclave reactor. 

There are still more steps to be taken until the synthesis method explored in 

Chapter 3 can be applied on a commercial scale. Here are some points that should 

be considered in the future: 

(1) Explore potential applications of the synthesized materials, especially of 

poly(isosorbide succinate), as both isosorbide and succinic acid can already 

be obtained from glucose on a commercial scale. 

(2) Establish the fate of poly(isosorbide succinate) in the environment. Initial 

results show that the material is not biodegradable within a year, although 

it is expected that it is significantly more degradable than materials like 

PET.  

(3) Establish whether the presented synthesis method results in safe 

materials. As the use of aryl alcohols is at the heart of the synthesis 

method, the type of aryl alcohol should be as benign as possible. Residual 
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aryl alcohol in plastic materials is not uncharted territory, as residual 

phenol can be quantified in polycarbonates synthesized from diphenyl 

carbonate. Small quantities of residual p-cresol, or guaiacol, should 

therefore not be too problematic in potential applications of materials like 

poly(isosorbide succinate), as these aryl alcohols are considered more 

benign than phenol. 

(4) Establish if existing reactor systems can be used with the presented 

synthesis strategy. This is also an important factor for the financial viability 

of the aryl alcohol assisted synthesis of biobased polyesters. If completely 

new reactors have to be built to synthesize the described materials, this 

would negatively impact the viability of the described strategy, especially 

considering the massive production scales of established polymer 

materials. As discussed above, the use of aryl alcohols as leaving groups in 

step growth polymer synthesis (polycarbonates) is nothing new and it is 

expected that existing reactor systems are sufficient. 

Chapter 3 has shown the positive effects aryl alcohols have on polymer synthesis, 

especially using secondary diols. It would therefore be interesting to use aryl 

alcohols, instead of water or glycols, in chemical recycling to form a more reactive 

feedstock for polyesters high in secondary diol content. This work is discussed in 

Chapter 4, which deals with the depolymerization of poly(ethylene terephthalate) 

(PET) with aryl alcohols. Reactive diaryl esters of terephthalic acid can thus be 

obtained from waste PET. The selective complete depolymerization reaction 

proved to be challenging, as the large reactivity difference between ethylene glycol 

and aryl alcohols hampered the removal of the former from the reaction mixtures. 

No significant shift of the reaction equilibrium was achieved by variation of 

reaction conditions or catalyst, and a maximum yield of 68 mol% bis(4-

methoxyphenyl)terephthalate was obtained.  

Overall, this thesis presents new approaches to the synthesis of biobased 

polyesters based on rigid diols like isosorbide. The research presented in Chapter 3 

unlocks a new way of synthesizing materials with promising mechanical- and 

barrier properties from abundantly available, carbohydrate-based monomers. The 

synthesis of these materials could therefore offer a chance to, at least partially, 

decouple the production of plastic materials from fossil-fuel use.  
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Samenvatting 
Plastic materialen zijn alomtegenwoordig in het moderne leven dankzij hun 

aanpasbare eigenschappen in combinatie met laag gewicht. Echter wordt 

momenteel meer dan 90% van de kunststoffen geproduceerd op basis van fossiele 

grondstoffen. Gezien de dreigende klimaatcrisis en de dringende noodzaak voor 

de samenleving om de uitstoot van broeikasgassen te verminderen, is een 

verandering nodig in de manier waarop we plastic materialen produceren (en 

gebruiken). Er is aangetoond dat een omschakeling van fossiele grondstoffen naar 

biomassa voor de productie van kunststoffen kan leiden tot een aanzienlijke 

vermindering van de klimaatimpact van de materialensector. Dit is vooral van 

belang als de sterke groei van de kunststoffensector in de komende decennia zich 

ontwikkelt zoals verwacht. De overgang naar hernieuwbare grondstoffen biedt ook 

een kans om materialen te ontwikkelen met betere eigenschappen en een betere 

recyclebaarheid.   

Er zijn verschillende potentiële bronnen voor de productie van monomeren uit 

biomassa. Koolhydraten zijn momenteel de meest veelbelovende bron, vanwege 

de grote beschikbare hoeveelheden biomassa op basis van cellulose en hun 

beheersbare chemische complexiteit. De hoge mate van functionalisering van 

biomassa en daarvan afgeleide monomeren kan leiden tot materialen met nieuwe 

en verbeterde eigenschappen in vergelijking met huidige materialen. Het uit 

glucose geproduceerde isosorbide is uniek onder de potentiële monomeren voor 

polyestersynthese, aangezien het een zeer rigide moleculaire structuur heeft en 

reeds beschikbaar is op 25 kiloton schaal. Het gebruik van isosorbide bij de 

synthese van stap- en ketengroeipolymeren is in de afgelopen twee decennia het 

onderwerp geweest van een groot aantal publicaties. 

Hoofdstuk 1 van dit proefschrift beschrijft de stand van de techniek van het 

gebruik van 1,4:3,6-dianhydrohexitolen, een familie van starre diolen met 

verschillende stereochemie, in polyestersynthese. De meeste voorbeelden 

bespreken het gebruik van isosorbide, omdat dit momenteel de meest beschikbare 

stereo-isomeer is, aangezien deze van glucose kan worden gemaakt en glucose 

verreweg de meest voorkomende suiker is. Aangetoond wordt dat de belangrijkste 

uitdaging bij het gebruik van isosorbide in polyestersynthese de lage reactiviteit is 

die wordt veroorzaakt door de secundaire alcoholgroepen. Hoewel materialen met 

een matig gehalte aan isosorbide (<20 mol%) kunnen worden gesynthetiseerd met 

voldoende hoge molecuulgewichten, kunnen homopolymeren met isosorbide (b.v. 
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poly(isosorbide succinaat)) meestal niet worden verkregen als taaie materialen. Dit 

sluit het gebruik ervan in thermoplastische toepassingen uit. 

Hoofdstuk 2 introduceert een strategie om de lage reactiviteit van isosorbide bij 

polyestersynthese te omzeilen. De synthese van biobased copolymeren uit 

isosorbide, 1,4-butaandiol en oxaalzuur wordt beschreven. De hoge reactiviteit 

van oxaalzuur werd gebruikt in een twee-staps synthese strategie, waarbij 

isosorbide-oxalaat oligomeren werden gesynthetiseerd in een eerste reactie stap. 

De lage thermische stabiliteit van oxaalzuur, die leidt tot de onomkeerbare 

ontleding tot mierenzuur en CO2, vereist lage reactietemperaturen om te 

voorkomen dat de molaire verhouding diol:dizuur uit balans zou raken en er  

mierenzuur-eindgroepen zouden ontstaan die de ketens aftoppen en het 

molecuulgewicht beperken. Nadat deze oligomeren waren verkregen, werd de 

tweede stap van de synthese uitgevoerd door toevoeging van 1,4-butaandiol. 

Poly(1,4-butylene-co-isosorbide oxalate) met een Mn tot 17.4 kg/mol werd 

verkregen. De lage thermische stabiliteit van oxaalzuur verhinderde verdere 

experimenten om het polymeer via deze syntheseroute op te schalen. 

Hoofdstuk 3 presenteert de belangrijkste bevindingen van dit proefschrift: Een 

nieuwe synthesestrategie om het molecuulgewicht van isosorbide- en isomannide-

gebaseerde polyesters aanzienlijk te verbeteren wordt gepresenteerd. De 

toevoeging van een aryl-alcohol aan diol en dizuur tijdens de esterificatie bleek te 

leiden tot de vorming van isosorbide-succinaat oligomeren met aryl ester 

eindgroepen. Deze arylesters hebben een zeer hoge reactiviteit en bevorderen de 

vorming van isosorbide-polymeren met niet eerder gerapporteerde 

molecuulgewichten tijdens de polycondensatie. Deze methode maakte de 

synthese van volledig biobased poly(isosorbide succinaat) met een Mn tot 42.8 

kg/mol en een Tg van ongeveer 82 °C mogelijk. Ook andere alifatische polyesters 

werden met succes gesynthetiseerd, de meeste met molecuulgewichten die hoog 

genoeg zijn om vervormbare materialen te verkrijgen. In bijna alle gevallen waren 

de met de beschreven methode verkregen molecuulgewichten aanzienlijk hoger 

dan welke eerder in de literatuur waren vermeld. De barrière- en mechanische 

eigenschappen van sommige van deze materialen bleken zeer interessant te zijn 

en superieur aan die van gevestigde, op fossiele grondstoffen gebaseerde 

materialen. De methode bleek schaalbaar te zijn van een glazen reactor van 100 

ml tot een autoclaafreactor van 2 liter. 
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Er moeten nog meer stappen worden genomen voordat de in Hoofdstuk 3 

onderzochte synthesemethode op commerciële schaal kan worden toegepast. 

Hier zijn enkele punten die in de toekomst moeten worden overwogen: 

(1) Verken mogelijke toepassingen van de gesynthetiseerde materialen, 

vooral van poly(isosorbide succinaat), aangezien zowel isosorbide als 

barnsteenzuur al op commerciële schaal uit glucose kunnen worden 

verkregen. 

(2) Vaststelling van het lot van poly(isosorbide succinaat) in het milieu. Uit de 

eerste resultaten blijkt dat het materiaal niet binnen een jaar biologisch 

afbreekbaar is, hoewel wordt verwacht dat het aanzienlijk beter 

afbreekbaar is dan materialen als PET. 

(3) Vaststellen of de voorgestelde synthesemethode resulteert in veilige 

materialen. Aangezien het gebruik van arylalcoholen de kern van de 

synthesemethode vormt, moet het type arylalcohol zo goedaardig 

mogelijk zijn. Resterende arylalcoholen in kunststoffen zijn geen onbekend 

terrein, aangezien restfenol kan worden gekwantificeerd in 

polycarbonaten die worden gesynthetiseerd uit difenylcarbonaat. Kleine 

hoeveelheden residueel p-cresol of guaiacol zouden derhalve geen al te 

grote problemen mogen opleveren bij potentiële toepassingen van 

materialen als poly(isosorbide succinaat), aangezien deze arylalcoholen als 

goedaardiger worden beschouwd dan fenol. 

(4) Nagaan of bestaande reactorsystemen kunnen worden gebruikt met de 

voorgestelde synthesestrategie. Dit is ook een belangrijke factor voor de 

financiële levensvatbaarheid van de synthese van polyesters uit biomassa 

met behulp van arylalcoholen. Indien volledig nieuwe reactoren moeten 

worden gebouwd om de beschreven materialen te synthetiseren, zou dit 

een negatieve invloed hebben op de levensvatbaarheid van de beschreven 

strategie, vooral gezien de enorme productieschalen van gevestigde 

polymeermaterialen. Zoals hierboven besproken is het gebruik van 

arylalcoholen als verlatende groepen in stapsgewijze groei polymeer 

synthese (polycarbonaten) niets nieuws en verwacht wordt dat bestaande 

reactorsystemen voldoende zijn. 

In Hoofdstuk 3 is aangetoond welke positieve effecten arylalcoholen hebben op 

de synthese van polymeren, met name bij gebruik van secundaire diolen. Het zou 

daarom interessant zijn om arylalcoholen, in plaats van water of glycolen, te 

gebruiken in chemische recycling om een meer reactieve grondstof te vormen voor 

polyesters met een hoog gehalte aan secundaire diolen. Dit werk wordt besproken 
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in Hoofdstuk 4, dat gaat over de depolymerisatie van poly(ethyleentereftalaat) 

(PET) met arylalcoholen. Reactieve diol-esters van tereftaalzuur kunnen zo uit PET-

afval worden verkregen. De selectieve volledige depolymerisatiereactie bleek een 

uitdaging te zijn, aangezien het grote verschil in reactiviteit tussen ethyleenglycol 

en arylalcoholen de verwijdering van eerstgenoemd product uit de 

reactiemengsels bemoeilijkte. Er werd geen significante verschuiving van het 

reactie-evenwicht bereikt door variatie van de reactiecondities of de katalysator, 

en een maximale opbrengst van 68 mol% bis(4-methoxyfenyl)tereftalaat werd 

verkregen.  

In het algemeen presenteert dit proefschrift nieuwe benaderingen voor de 

synthese van polyesters uit biomassa, gefocust op starre diolen zoals isosorbide. 

Het onderzoek dat in Hoofdstuk 3 wordt gepresenteerd maakt de synthese 

mogelijk van materialen met veelbelovende mechanische- en barrière-

eigenschappen uit overvloedig beschikbare, op koolhydraten gebaseerde 

monomeren. De synthese van deze materialen zou daarom een kans kunnen 

bieden om, tenminste gedeeltelijk, de productie van kunststoffen los te koppelen 

van het gebruik van fossiele brandstoffen.  
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