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Chapter 1 

1.1 From renewable resources to monomers 

1.1.1 Carbohydrates as feedstock for renewable monomers 

The current environmental concerns due to depletion of fossil-based resources and the 

end-of-life disposal of materials based thereon have motivated an overwhelming growth of 

polymers based on renewable resources. The change of feedstock sources from fossil to 

biomass is, however, one of the paramount challenges in current polymer chemistry. While 

the major problem for the petroleum-based chemistry was to functionalize hydrocarbons, 

monomers from biomass present the opposite features requiring chemistry able to control 

and take advantage of the multiple functionalities and unique properties of the new 

feedstock. Hence, new tools are being developed to adapt to the fundamentally different 

nature of the feedstock used.  

The variety of monomers that can be obtained from biomass is expanding.
1,2,3,4

 Based on 

their structure, Yao and Tang
5
 classified bio-based monomers as: i) oxygen-rich monomers, 

e.g. polyols, dianhydrohexitols and carboxylic acids; ii) hydrocarbon-rich monomers, namely 

vegetable oils, fatty acids, resin acids and terpenes; iii) hydrocarbon monomers such as bio-

ethylene, bio-propylene and bio-butene; and iv) non-hydrocarbon monomers including carbon 

monoxide and carbon dioxide. 

Among the various sources of building blocks for polymer synthesis, carbohydrates, 

vegetable oils and lignin stand out as convenient raw materials, since they are inexpensive, 

readily available, non-toxic and present a unique structural diversity. However, since the 

thermal stability of the readily available raw carbohydrates is hampered by their multiple 

functionalities, defunctionalization to obtain e.g. difunctional carbohydrate-derived 

monomers shows to be a valid and desired strategy. These adopted monomer versions can be 

suitable for their direct use in industrial processes furnishing linear polycondensates. Thus, as 

one of the several different technologies nowadays developed, the fermentation of glucose 

gives rise to many difunctional bio-based monomers, a.o. 1,3-propanediol, succinic acid and 

adipic acid.
6,7,8  

Vegetable oils from palms, soybeans, linseed, sunflower, castor oil, and coconuts 

represent another promising source for renewable chemicals. For example, several 

dicarboxylic acids such as suberic and sebacic acid can be obtained via alkaline cleavage of 

castor oil, while its transesterification and hydrogenation yield long diols such as 1,10-

decanediol.
7,9
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Notwithstanding, the new bio-plastic materials need to be competitive with their 

petroleum-based counterparts, and thus they have to provide at least the same or even better 

properties than those displayed by the non-renewable products. The large functional diversity 

of biomass-derived building blocks offers the possibility to synthesize unique materials which 

are not achievable by employing conventional resources.  

1.1.2 Sorbitol and its derivatives as potential platform monomers  

D-Glucitol, also known as sorbitol, is the most widely produced sugar from starch and 

cellulose, thus being a readily available and cheap natural sugar polyol obtained via D-glucose 

hydrogenation.
10

 While initially it was mainly used in the food industry, it is now more and 

more utilized in non-food fields for applications such as textiles, packaging and as a building 

block for commodity chemicals and renewable resins.
11,12

 In 2004, the U.S. Department of 

Energy (DOE) indicated sorbitol as one of the “top twelve” most promising sugar-based 

platforms for building blocks to be industrially used.
1
  

As many other carbohydrate-derived monomers, sorbitol is thermally unstable and prone 

either to dehydrate at high temperature to hexitans (mainly giving 1,4-sorbitan and in minor 

amount 2,5-sorbitan) or, in presence of base- or acid-catalysts at moderate temperature, even 

further to isosorbide (Scheme 1-1).
4
 Thus, as for most of the sugar-derived monomers, the 

protection of the excess of hydroxyl groups, thus retaining only two reactive functional groups, 

has been applied as strategy to synthesize high molecular weight linear polymers.
13

  

Since the direct incorporation of the unprotected hydroxyl-functionalized sorbitol moiety 

into polymers is challenging, sorbitol is mostly used as the precursor of defunctionalized 

compounds such as sorbitan, glycerol, lactic acid and the main commercialized isohexide, 

known as isosorbide (Scheme 1-1).
2 

Isosorbide, along with its two less attainable 1,4:3,6-

dianhydrohexitol stereoisomers isomannide and isoidide, is directly obtained by dehydration 

of sugar alcohols. These isomers form a group of highly interesting renewable secondary rigid 

diols. These three isohexides are formed of two cis-fused tetrahydrofuran rings, with two 

secondary hydroxyl groups at the C2 and C5, positioned either inside (endo) or outside (exo) 

the V-shaped molecule, remaining available for reaction. Because of their fused bicyclic 

structure, the introduction of the rigid isohexide skeleton into common aliphatic and aromatic 

polyesters has been recognized as a useful way to increase their glass-transition temperature 

(Tg).
14

 Nevertheless, the main drawback of the three isohexide isomers is the reduced 

reactivity of their secondary hydroxyl groups. In fact, the different configurations significantly 

influence their physical and thermal properties, including reactivity and thermal stability.
15

   

The synthesis of more reactive isohexide derivatives such as amines
16,17

 or 

isocyanates
18,19

 has been considered as alternative strategy for the easier incorporation of the 

isohexides monomers into polymers. Recently an original strategy has been reported by Wu et 

al.,
20

 regarding the synthesis of a 1-carbon extended isohexide derivative with methyl ester 
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functionality, namely isoidide dimethyl ester (IIDMC). This monomer has been used in this 

Thesis for the synthesis of polyesters with enhanced Tg with respect to linear aliphatic 

polyesters.
21,22
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Scheme 1-1. Schematic synthetic pathway of the production of sorbitol and isohexide monomers from biomass. 

1.2 From monomers to polycondensation polymers 

1.2.1 Step-growth polycondensation 

Aliphatic polyesters represent one of the most relevant groups of polyesters, which are 

commonly obtained via polycondensation reaction of α,ω-alkanediols with alkanedioic acids. 

They are attracting increasing attention, not only to solve “white pollution” concerns caused 

by traditional non-biodegradable polymers, but also for their use as specialty polymers in 

applications that mainly involve the biomedical field.
23

 In particular, carbohydrate-based 

polyesters are able to provide a great variety of chemical structures and exceptional 

properties such as enhanced hydrophilicity, reduced toxicity and higher susceptibility to 

biodegradation.
24

  

Polyesters are typically synthesized by step-growth polycondensation reactions where 

the formation of polymer chains proceeds through the stepwise reaction of di- or multi-

functional monomers, oligomers and polymers. High molecular weights can be obtained only 

at a high conversion of the functional groups, which is enhanced by the efficient removal of 
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the condensates, thereby shifting the polycondensation equilibrium to the right side. For a 

conventional polycondensation reaction, the number average degree of polymerization (���) 

can be predicted by Carothers’ equation:
25

  

��� =
1 + �

1 + � − 2
�
 

Where r is the ratio of the functional groups (<1) used initially in the monomer mixture, 

and p is the extent of the reaction of the functional groups. To prepare linear aliphatic 

polyesters, strictly bifunctional carboxylic acids and alcohols with high purity must be used. 

According to Carothers’ equation, predetermined monomer stoichiometry will determine the 

attainable degree of polymerization and, consequently, the final molecular weight and (end-

group) functionalization (an example of calculation can be found in Appendix A).
26

 

In this Thesis the preparation of linear aliphatic polyesters with pendant, curable 

hydroxyl groups along the polyester backbone has been investigated. Sorbitol, as a renewable 

polyol, is a good candidate to be incorporated as residue into aliphatic polyesters. However, 

sorbitol contains six hydroxyl groups, two of which being primary and the other four being 

secondary. To achieve the introduction of sorbitol along the polyester backbone without 

excessive branching or even cross-linking, a good control over selective ester bond formation 

is required. Using conventional polycondensation catalysts, e.g. tin-based and titanium-based 

catalysts, a relatively high temperature is usually required at which sorbitol may not be 

thermally stable and is converted into side-products such as sorbitan and/or isosorbide, or 

lead to cross-linked and intractable materials.
27

 On the other hand, in the case of low 

temperature polycondensation, acid or base-catalyzed conditions are necessary at which 

sorbitol also showed dehydration to sorbitan and, further, to isosorbide giving a broad 

distribution of different products.
28

 Only appropriate reaction conditions and a selective 

control over ester bond formation involving the sorbitol unit, for example by limiting 

esterification reactions to the two primary hydroxyl groups only and leaving the four 

secondary hydroxyls unaffected, will guarantee the integrity of the sorbitol unit and the 

linearity of the obtained polyesters, leaving pendant (secondary) functional hydroxyl groups 

available for further modifications like e.g. curing reactions.   

Thus, the development of powerful tools permitting the use of raw multi-functional 

carbohydrate-derived monomers for the synthesis of sustainable polymers, especially by 

employing eco-friendly catalytic chemistry, is of extreme importance. 

1.2.2 Candida antarctica lipase B in polymer chemistry 

One of the major challenges in polymer chemistry is the use of monomers from 

renewable resources in a synthetic route avoiding hazardous and toxic substances, favoring 
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more eco-friendly conditions and products. In this regard, enzymatic catalysis is definitely an 

inspiring sustainable approach.  

From an environmental point of view, enzymes are natural and renewable, non-toxic and 

usually metal-free. Hence, enzyme-catalyzed polymerization reactions contribute to 

developing “greener polymer chemistry”.
29

 The chiral nature of the enzymes is responsible for 

their high selectivity toward substrates and yields chemo-, regio- and stereo-chemically 

defined reaction products reducing the formation of undesirable byproducts.
30,31

 To date, in 

vitro enzymatic polymerization utilizes mainly enzymes from the classes oxireductases, 

transferases and hydrolases as catalysts. Belonging to the class of the hydrolases, one of the 

most frequently used types of enzymes in the synthesis of polycondensates are lipases. In 

nature, lipases are responsible for the hydrolysis of fatty esters. In organic media, lipases can 

be active in the reverse reaction and accept alcohols as nucleophiles for the formation of ester 

bonds.
32

 Because of its remarkable enantioselectivity and catalytic activity, broad substrate 

specificity, and thermal stability, Candida antarctica lipase B (CALB) is widely used in many 

industrial applications and in scientific research.
33

 A serine-histidine-aspartate catalytic triad is 

responsible for its catalytic activity; lipase-catalyzed (trans)esterification occurs in a two-step 

mechanism with an acylation and a deacylation steps, separated by a covalent acyl-enzyme 

intermediate as depicted in Scheme 1-2.  

The high specificity related to any enzyme depends on the conformation of the active 

site. In the case of CALB, the active site crevice can be partitioned into two sides, namely an 

acyl-acceptor pocket and an alcohol-acceptor pocket, where the corresponding parts of the 

substrate will be located during catalysis. Besides displaying regio-selectivity for primary over 

secondary hydroxyl groups,
29,30,33

 a limited available space in the active site of the alcohol 

binder pocket makes alkane-aliphatic linear primary alcohols preferred substrates for 

CALB,
34,35

 while secondary alcohols are accepted depending on the size of the substituent, the 

acceptance being higher for short linear chains
36

 than for bulky substituents.
37

 On the other 

hand, the large and quite flexible acyl-acceptor pocket makes the chemo-selectivity of CALB 

for the acyl donor substrate not as strict as for the alcohol group.
30,38,39

 

Although CALB exhibits considerable activity in non-aqueous media, it is rather low 

compared to its activity in water.
40

 A successful strategy to improve the activity in organic 

media is to stabilize the enzyme via an immobilization procedure on a porous carrier.
41,42

 The 

immobilization procedure turned out to provide additional benefits in the enzymatic process, 

allowing not only an increased reactivity and stability toward the adopted reaction conditions 

but also easier removal and possible recycling of the recovered biocatalyst, giving a completely 

new prospective to the enzymatic catalysis.
43 
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Scheme 1-2. Proposed mechanism for lipase-catalyzed transesterification.  

Novozyme 435 is the most common immobilized form of CALB, adsorbed to an acrylic 

resin, but an ever-increasing development of the immobilization techniques is nowadays 

offering several other preparations of supported biocatalyst such as SPRIN S.p.a.
44

 for 

industrial use. In SPRIN liposorb CALB, the enzyme is covalently attached to a divinylbenzene 

cross-linked polymer based on methacrylic esters carrier. In this Thesis, Novozyme 435 and 

SPRIN liposorb CALBs have been used as biocatalysts for polycondensation reactions.  

Enzymatic catalysis offers exceptional possibilities on performing a large variety of 

selective reactions. However, several different factors play a crucial rule when CALB is applied 

to a polycondensation reaction such as reaction temperature,
45,46

 solvent or bulk conditions,
47

 

type of the biocatalyst carrier,
44,48

 type of solvent and related conformation of the immobilized 

enzyme,
49,50

 substrate affinity,
31

 water content in the reaction mixture,
51

 and time of the 

reaction being some of the most important ones (not specifically in this order). 

In this Thesis, the unique ability of lipases to selectively polymerize multifunctional sugar-

derived monomers to obtain hydroxyl-functionalized polyesters is presented, thus offering one 

of the most eco-friendly, selective sustainable approaches available.
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1.3 Application of polycondensates 

The increased commitment to environmentally friendly and sustainable technologies has 

encouraged product developers to use bio-based polymeric materials in an ever-increasing 

number of applications. A new trend to enhance the sustainability is to substitute petroleum-

based starting materials by renewable building blocks from carbohydrate resources,
52,53

 such 

as sugar alcohols.
54

 Within the scope of this Thesis, the targeted hydroxyl-functionalized 

polyesters have been used in a particular class of applications, namely organic coatings. 

A versatile class of tailor-made materials employed as coatings are polyurethanes. Owing 

to their high resistance against chemicals and remarkable mechanical properties,
55

 they are 

used in packaging, metal and wood furniture, automotive and aerospace industries as well as 

in biomedical applications.
56,57,58

 Resins commonly used for the synthesis of polyurethanes for 

coating applications are aliphatic polyester polyols, with molecular weights in the range of 3-6 

kg/mol and well-defined functionality. Ideally, polyester polyols having an average 

functionality equal or higher than two are further cross-linked with an appropriate curing 

agent to obtain a network. In section 1.2 the high preference of CALB for esterifying primary 

alcohols over secondary alcohols was mentioned. Thus, if a monomer with multiple hydroxyl 

groups of different types, such as sorbitol (carrying two primary and four secondary 

hydroxyls), is introduced in a controlled way into the polyester main chain, a linear polyester 

polyol with pendant secondary hydroxyl groups and a functionality much higher than two 

could be achieved.  

Polyisocyanates, traditionally made from fossil feed-stock, are usually employed as curing 

agents for hydroxyl-functionalized polyester polyols. Recently, renewable polyisocyanate 

compounds have been developed from starch, fatty acids and amino acids.
56,59

 Although 

petroleum-based reagents like phosgene are still required in the synthesis of bio-based 

isocyanate cross-linkers, dimer fatty acid-based diisocyanate (DDI, renewable content 91%) 

and the ethyl ester of L-lysine isocyanate (EELDI, renewable content 75%) are examples of 

close to fully bio-based diisocyanates.
60

   

The broad range of characteristics such as functionality, rigidity and 

hydrophobicity/hydrophilicity of the polyester polyols allows tailoring the properties of the 

resulting coatings for a certain type of applications. The final properties and performance of 

the coatings may be affected not only by the amount of a specific building block present or by 

the distribution of these units along the polymer chains, but also by the different structure of 

the curing agent and the adopted curing reaction conditions. 

The thermal properties are another crucial aspect that can be tuned, for example, by 

incorporating rigid building blocks, resulting in a more rigid polymer chain with enhanced glass 

transition temperature (Tg). Monocyclic and bicyclic monomers derived from sugars, such as 

isohexides (obtained by dehydration of the corresponding sugar) and cyclic acetalized 
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monomers (obtained by internal acetylation of the corresponding sugar) are known to 

dramatically enhance the Tg of the obtained polyesters.
16,61,62,63 

 

All the combinations of factors mentioned till now are crucial for the possible 

applications of these fully bio-based aliphatic polyester resins in the coating field, as will be 

demonstrated in this Thesis.  

1.4 Aim and scope of this Thesis 

The main focus of this Thesis is related to the fundamental and applied aspects of 

preparing and evaluating novel polymeric materials from renewable resources by using 

sustainable synthetic technologies. 

The overall objective of this Thesis is to utilize raw multi-functional carbohydrate-derived 

monomers, such as sorbitol, to synthesize predominantly linear, sugar residues-containing 

polyesters by employing an enzymatic copolymerization approach. In fact, taking the 

advantage provided by the eco-friendly enzymatic catalysis, such as regio- and 

enantioselectivity, novel materials can be obtained which are very difficult or even impossible 

to be produced by conventional chemical procedures. To achieve this goal, a deep 

understanding regarding the chemistry and functionality of the different monomers as well as 

reaction conditions in relation to enzymatic catalysis is required. The obtained polyesters, 

having well-defined molecular structures and functionalities, are subjected to detailed 

molecular and thermal characterizations by using several analytical techniques.  

The sugar-based polyesters presented in this Thesis are suitable to be applied in relevant 

technical applications such as coatings. A detailed understanding of the structural-property-

performance relations of the final materials is performed while composition and properties 

are tuned to broaden the possible application range. Besides the eco-friendly approach 

provided by enzymatic polycondensation, for the curing reactions no catalyst has been used, 

avoiding any metal contamination in the resulting sorbitol-based poly(ester urethane) 

coatings. Thus, the strategy presented in this Thesis offers polymers potentially suitable for 

biomedical applications and for any applications where (bio)degradation products are 

introduced in the environment. 

The work presented in this Thesis has been funded by the Seventh Framework 

Programme for Research and Technological Development (FP7) of the European Union within 

the framework of Marie Curie Research Training Program, entitled REnewable FunctIoNal 

matErials (REFINE) and by the Dutch Polymer Institute (DPI – project #796p). The main focus of 

the REFINE network was to develop sustainable routes toward functional materials for various 

polymer/plastic applications. The REFINE scientific and technological research has covered the 

entire green production process: from developing monomers from renewable resources, 

transforming them into functional polymers via eco-friendly synthesis and then integrating 
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those polymers into applications. The interdisciplinary research network has comprised 

experts in polymer and material sciences as well as biotechnology at Dublin City University 

(DCU, Ireland), Kungliga Tekniska Högskolan (KTH Stockholm, Sweden), University of 

Nottingham (UNOTT, UK), University of Natural Resources and Life Sciences (BOKU, Vienna), 

Technische Universiteit Eindhoven (TU/e), Swiss Federal Laboratories for Materials Science 

and Technology (EMPA, Switzerland), Environmental Protection Encouragement Agency (EPEA, 

Germany), DSM Research (the Netherlands), CRODA (UK), SPRIN (Trieste, Italy) and the Dutch 

Polymer Institute (DPI). Moreover, the REFINE network has aimed at training a new generation 

of material researchers capable of integrating sustainability in the (bio)plastic industry. 

1.5  Outline of this Thesis 

This Thesis consists of seven chapters regarding the synthesis of (fully) bio-based 

sorbitol-containing polyesters via enzymatic polycondensation, using two different 

immobilized forms of CALB, viz. Novozyme 435 and SPRIN liposorb CALB. After detailed 

characterization, the obtained OH-functionalized polyester polyols with adequate Mn and 

functionality will be further employed to form poly(ester urethane)s networks by curing with 

either petroleum- or biomass-based polyisocyanates.  

In Chapter 2, an in-depth study of the optimum reaction conditions for the synthesis of 

sorbitol-containing polyesters by solvent–free Novozyme 435-catalyzed polycondensation is 

presented. The polyesters synthesized from sorbitol, 1,10-decanediol and a range of 

dicarboxylic acids are characterized in detail and compared with the related synthesis from the 

corresponding dimethyl esters. Sorbitol is polymerized in a selective manner by CALB, which 

leaves most of the secondary OH groups intact for further modification and/or curing 

purposes. To prove and quantify the actual incorporation of sorbitol in the backbone of the 

mentioned polyesters, several analytical techniques are employed, including potentiometric 

titration, different NMR methods and MALDI-ToF-MS. 

In Chapter 3, two different immobilized forms of CALB, viz. Novozyme 435 and SPRIN 

liposorb CALB, are compared in the synthesis of sorbitol-containing polyesters. 1,10-

decanediol and sorbitol are used as comonomers together with dimethyl adipate. The 

efficiency with which the increasing amounts of sorbitol are built into the polyester backbone 

is studied in detail via 
13

C NMR spectroscopy. An apparent leveling off in the maximum 

achievable final sorbitol content into the polyester chain is reported. Detailed molecular 

characterization studies are performed, which reveal a different distribution of sorbitol units 

along the polymer chains depending on homogeneity or non-homogeneity of the reaction 

mixture.  

The synthesized renewable polyester polyols with enhanced functionalities, i.e. pendant 

hydroxyl groups, described in chapters 2 and 3 are employed for further reactions to afford 

cured networks for coating applications in Chapter 4. Solvent-borne coatings are prepared by 
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cross-linking the functional polyester polyols with polyisocyanate curing agents. The influence 

of the increased functionality in the polyester polyols is correlated to the properties of the 

resulting cured coatings. By employing the bio-based diisocyanate EELDI (ethyl ester L-lysine 

diisocyanate) as curing agent, almost fully renewable coatings with satisfactory mechanical 

properties are obtained. 

In Chapter 5 the performance of the sustainable biocatalyst SPRIN liposorb CALB and the 

organo-base catalyst triazabicyclodecene (TBD) are compared with two metal-based catalysts, 

viz. scandium trifluoromethanesulfonate (ScOTf)3 and dibutyl tin oxide (DBTO) in the synthesis 

of poly(propylene-co-sorbitol adipate)s. For the four catalytic systems, the efficiency and 

selectivity for the incorporation of sorbitol are studied, mainly via 
13

C and 
31

P NMR 

spectroscopy, while side reactions such as ether formation and dehydration of sorbitol are 

evaluated via MALDI-ToF-MS. However, the resulting sorbitol-based aliphatic polyesters show 

low Tg, well below room temperature, limiting the range of applications. 

In Chapter 6, with the aim of enhancing the thermal properties, especially the Tg, of the 

poly(propylene-co-sorbitol adipate)s, two isohexides, i.e. isomannide and IIDMC, are selected 

to be incorporated as rigid sugar-based building blocks. The feasibility of incorporating 

isomannide as a diol compared to isoidide dimethyl ester as acyl-donor via lipase-catalyzed 

polycondensation is investigated. The presence of the isohexide bicyclic unit into the polyester 

chains is capable of inducing rigidity into the polymer chains, indeed resulting in enhanced Tg 

values. Solvent-borne coatings are prepared by cross-linking the sugar-based polyester polyols 

with polyisocyanates. The increased rigidity of the obtained sugar-based polyester polyols 

leads to an enhancement of the hardness of the resulting coatings compared to the fully linear 

aliphatic polyester-based networks described in the earlier chapters. 

The final section in this Thesis, Chapter 7, presents the highlights and conclusions of the 

results obtained within this research. Moreover, in the technology assessment section, the 

contribution of this work in demonstrating the unique capability of enzymatic catalysis for 

more sustainable polymer chemistry and materials is discussed. In the outlook section 

additional suggestions regarding the possible future developments in this area are presented. 
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Chapter 2 

Enzymatic synthesis of sorbitol-based, hydroxyl-functional 

polyesters with controlled molecular weights 

Abstract 

By using a combination of bio-based monomers (sorbitol, 1,10-decanediol and a range of 

dicarboxylic acids), a series of novel sorbitol-based polyesters was prepared by solvent-free 

enzymatic polycondensation using an immobilized form of Candida antarctica lipase B 

(Novozyme 435). The aim was to prepare linear polyesters with pendant, curable hydroxyl 

groups along the polymer backbone. To achieve this, the polyester molecular weight was 

controlled by tuning the reaction time, enzyme loading and reaction stoichiometry. Extensive 

molecular and thermal characterization was performed, showing that the obtained polyesters 

were semi-crystalline materials with a low Tg. The presence of sorbitol in the polyesters was 

confirmed through a qualitative investigation using MALDI-ToF-MS. The quantification of the 

sorbitol content in the polymers was achieved by inverse-gated decoupling 13C NMR spec-

troscopy, while 31P NMR provided information regarding the selectivity of CALB for the primary 

vs. the secondary hydroxyl groups. The obtained hydroxyl-functional polyesters displayed 

suitable properties in terms of their molecular weight, functionality and thermal 

characteristics to be applied as solvent-borne coatings.  

 

 

 

 

 

 

 

 

 

 

 

This work has been published as: Gustini, L.; Noordover, B.A.J.; Gehrels, C.; Dietz C.H.J.T.; Koning, C.E. Eur. Polym. J. 

2015, 67, 459-475. 
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2.1 Introduction 

One of the key areas targeted in the development of biomass conversion technologies 

and related research is the production of new materials from renewable building blocks.1 

Much of the currently ongoing research is focused on utilizing existing building blocks coming 

from the second generation biomass stream (forestry and agricultural waste) for novel 

performance polymers.2 

One of the most studied starch-derived saccharides is D-glucitol, a natural polyhydric 

sugar alcohol, also known as sorbitol, and its derivatives sorbitan and isosorbide.3 As explained 

in the previous Chapter, sorbitol in principle can be directly used in polyester synthesis. 

However, the application of sugar-derived monomers in linear polyesters is challenging due to 

their multifunctional nature. In fact, sorbitol contains both primary and secondary OH-groups. 

It is possible to either convert most (or even all) OH-groups to ester moieties, or to selectively 

convert, e.g. only the primary hydroxyl functionalities. To achieve the introduction of these 

sugar segments along the polymer backbone without excessive branching or even cross-

linking, a good control over selective ester bond formation is required. As a result, residual 

functional groups can be left available for further modification, functionalization or even cross-

linking of the obtained polyester, ideally without the use of tedious protection / de-protection 

chemistry in organic solvents.  

Common metal-based and organic catalysts can provide good efficiency in converting 

alcohol monomers to polyesters even at very low loadings, but the selectivity of such systems 

for either primary or secondary hydroxyl groups is typically moderate. In contrast, it is well 

known that enzymes may provide a relatively high selectivity in esterification reactions. In fact, 

their versatility facilitates their use in several industrial applications, ranging from the food 

industry to pharmaceuticals, as well as in organic solvent-based polymerization processes.4  

The most studied enzyme used in polymer synthesis is Candida antarctica lipase B 

(CALB). As a member of the lipase class, this enzyme is responsible for the hydrolysis of fatty 

esters in nature. In anhydrous media, lipases can be active in the reverse reaction and accept 

water, alcohols and amines as nucleophiles.5,6 For synthetic applications, CALB can be 

physically adsorbed on the macroporous resin Lewatit VPOC 1600, consisting of poly(methyl 

methacrylate-co-butyl methacrylate).7 This immobilized enzyme is also known as Novozyme 

435. Since long chain, less polar alcohols are compounds quite similar to the natural fatty acid 

substrates, it may be expected that long chain aliphatic monomers are more readily 

incorporated than polar sugar derivatives.8  

Many polymers have been prepared via one-pot lipase-catalyzed polycondensation using 

a wide range of bio-based diols and dicarboxylic acids, mainly to synthesize polyester 

polyols.9,10,11 Especially Gross et al.
7,12,13,14 have extensively worked with Novozyme 435 to 

synthesize nearly linear copolyesters of sorbitol with 1,8-octanediol and adipic acid, while 
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Kobayashi et al.
15 have shown the possibility to prepare structure-controlled polyesters of 

sorbitol and divinyl sebacate by using CALB as a transesterification catalyst. The strong 

preference of CALB for the esterification of primary alcohols over the secondary alcohols is the 

reason why non-cross-linked, close to linear polyesters can be obtained with sorbitol as the 

polyol component. 

Polyester polyols are commonly used as starting materials for the synthesis of 

polyurethanes (PU). In recent years, the demand of PU in the automotive sector, construction 

and furniture industries has increased, leading to a rapid growth of polyol production volume 

which is expected to reach 33.1 billion pounds (lbs.) by 2020.16 Thus, the development of bio-

based polyols will be required to respond to the increasingly strict environmental regulations 

aimed at developing more sustainable production technologies and to the demand for 

renewable (polymer) materials on the market. The major polymer-producing companies in 

Europe are indeed driving investments in polyols from natural oils and/or other renewable 

compounds.17   

In this Chapter, the synthesis of hydroxyl-functional polyesters based on sorbitol with 

relatively low molecular weights in a controlled way by employing enzymatic 

polycondensation is presented. Special attention was paid to confirming the presence of 

sorbitol in the polyesters reacted as a ‘pseudo-diol’ (the two primary alcohols of sorbitol 

mainly reacting, leaving the majority of the four secondary alcohols as pendant functionalities 

for post-curing) to obtain mainly linear prepolymers and to quantitatively determine how 

much sorbitol was actually built into the polyester backbone. The resulting polyesters were 

examined with different techniques such as: SEC, TGA, DSC, WAXS, 13C NMR, 31P NMR, 

potentiometric titration, and MALDI-ToF-MS.  

2.2 Experimental section 

2.2.1 Materials 

Sorbitol was obtained as a gift from Roquette (Neosorb P6 Sorbitol, 98%, 0.6% water 

content as determined via Karl Fisher titration). 1,8-octanediol (98%, OD), 1,10-decanediol 

(98%, DD), dimethyl adipate (>99%), sebacic acid (99%), dimethyl sebacate (99%), 

dodecanedioic acid (99%), 4-dimethylaminopyridine (98%, DMAP), chromium (III) 

acetylacetonate (Cr(acac)3, 99.99%), acetic anhydride, N-methyl-2-pyrrolidone (NMP), 2-

chloro-4,4,5,5-tetramethyldioxaphospholane (95%) and 0.1-0.5 N methanolic solution of KOH 

were obtained from Sigma-Aldrich. Adipic acid (99% HPLC, AA) was purchased from Fluka. 

Dimethyl suberate (>98%), dimethyl dodecanedioate (98%), tetradecanedioic acid (98%) and 

dimethyl tetradecanedioate (>96%) were obtained from TCI. Succinic acid (99+%) and suberic 

acid (99%) were purchased from Acros Organic. Dimethyl succinate (98%) and dimethyl 

sebacate (98%) were obtained from SAFC and Alfa Aesar, respectively. Chloroform-d (99.8% 

atom-d), dimethyl sulfoxide-d6 (DMSO, 99.9% atom-d) and pyridine-d5 (99.5% atom-d) were 
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obtained from Cambridge Isotope Laboratories. All solvents were purchased from Biosolve and 

all chemicals were used as received. 

Novozyme 435 (Candida antarctica lipase B immobilized on cross-linked polyacrylate 

beads) was purchased from Novozyme A/S, kept in the fridge at 4°C. According to literature, 

one can distinguish different sources of water with respect to immobilized enzymes.18 A drying 

method should remove most of the free and loosely bound water without depleting the 

crystallization water from the tridimensional structure of the enzyme, which would deactivate 

it.19 Following a literature report, Novozyme 435 was dried under reduced pressure (10 mbar) 

at 25 °C for 24 h.13 

2.2.2 Synthesis of poly(octane-co-sorbitol adipate). 

In a typical reaction, adipic acid or dimethyl adipate (22.5 g or 26.8 g, 0.154 mol), 1,8-

octanediol (20.3 g, 0.139 mol) and sorbitol (2.73 g, 0.015 mol) (diacid : diols = 1:1) were mixed 

at 140 °C in a 300 mL three neck round bottom flask flange reactor with a magnetically 

coupled anchor stirrer. The dicarboxylic acid and the corresponding dimethyl ester reactions 

were conducted in parallel and connected to the same Schlenk line in order to have identical 

reaction conditions in terms of the inert gas flow during the first stage and the reduced 

pressure during the second stage of the synthesis. Each reactor was fitted with a vigreux 

column and a Dean-Stark apparatus to collect the condensate (i.e. either water or methanol). 

Upon obtaining a homogeneous, ternary mixture at around 140 °C, the reaction temperature 

was decreased slowly to 90-95 °C and Novozyme 435 (1-10 wt% with respect to the total 

amount of monomers) was added to the reaction mixture. During the prepolymerization step, 

the mixture was flushed with nitrogen to facilitate the removal of the side products for 2 h at 

which point reduced pressure (from 100 to 53 mbar in 1-2 hours) was applied, then the 

polymerization proceeded at 90 °C at reduced pressure. The reaction was stopped by adding 

chloroform to the mixture and the product mixture was filtered through a glass filter (pore size 

1) to separate the obtained dissolved resin from the supported enzyme beads. The crude 

product was then precipitated in cold methanol, filtered over a glass filter (pore size 4) and 

isolated as a white powder, which was subsequently dried in vacuo at room temperature 

overnight. 

2.2.3 Synthesis of sorbitol-based polyesters from different dicarboxylic acids/diesters. 

The polymerization procedure is based on the method described in section 2.2.2. In this 

series, sorbitol (2.24 g, 0.012 mol) and 1,10-decanediol (19.45 g, 0.110 mol) were chosen as 

diols while the even-numbered acid/dimethyl ester were varied starting from succinic acid to 

tetradecanedioic acid by increasing the number of carbon atoms in the diacid molecule in 

steps of two. To ensure that hydroxyl end-capped polyesters were obtained, the ratio of the 

monomers was chosen such that an excess of diol was present (unless specified differently). 

Upon obtaining a homogeneous ternary mixture (varying the temperature between 185 to  
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140 °C depending on the monomer combination), the reaction temperature was decreased 

slowly to 90-116 °C (unless indicated differently) and Novozyme 435 beads (10 wt% with 

respect to the total monomers amount) was added to the reaction vessel. During the 

prepolymerization step, the mixture was flushed with nitrogen to facilitate the removal of the 

side product for 2 h at which point reduced pressure (from 100 to 53 mbar in 2-4 hours) was 

applied. The polymerization proceeded at 90-116 °C at reduced pressure (except where 

indicated differently) during 2-24 h. The reaction was stopped by adding chloroform to the 

reaction mixture, which was then filtered through a glass filter with pore size 1 to separate the 

obtained resins from the enzyme beads. Then the crude product was precipitated in cold 

methanol, filtered using a glass filter with pore size 4, isolated as a white powder and dried in 

vacuo at room temperature overnight. 

2.2.4 Sample preparation for 31P NMR spectral analysis.  

This analysis was performed according to the procedure reported by Dais et al.
20 A stock 

solution was prepared by weighing exactly 520 mg Cr(acac)3 (30.3 mM) and 150 mg 

cyclohexanol (30 mM) in a 50 mL volumetric flask. These compounds were subsequently 

dissolved in a mixture of pyridine and CDCl3 (2.3:1 volume ratio). The stock solution was 

protected from moisture by using silver foil and 4 Å molecular sieves. Cyclohexanol was used 

as an internal standard for quantification purposes. Around 40-45 mg of the polymer were 

accurately weighed into a vial, 500 µL of stock solution was added and the solution was 

transferred to a 5 mm NMR tube. At that moment, 70 µL of phospholane reagent (2-chloro-

4,4,5,5-tetramethyldioxa phospholane) was added and HCl gas was formed, indicating that the 

phosphorylation reaction took place. The reaction mixture was left to react for about 15 min 

at room temperature. Upon completion of the reaction, the solution was used to obtain the 
31P NMR spectra. Chemical shifts are reported in ppm relative to the residual peak of water-

derivatized phospholane (δ = 132.2 ppm). Data analysis was performed using MestreNova 4 

software. Data afforded by the experiments are expressed in mg KOH/g sample in order to 

easily compare them with the potentiometric titration results. 
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2.2.5 Characterization methods 

Size Exclusion Chromatography (SEC). SEC was used to determine both the molecular weight 

and the molecular weight distribution of the prepolymers. A Waters Alliance set-up equipped 
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with a Waters 2695 separation module, a Waters 2414 differential refractive index detector at 

35 °C and a Waters 2487 dual absorbance detector was used with chloroform as the eluent. 

The injection volume was 50 µL. The eluent flow rate was 1.0 mL/min. Data acquisition and 

processing was performed using Empower software. Before analysis, each sample was filtered 

through a 0.2 µm PTFE filter. The obtained molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp: 580 Da up to Mp= 7.1 x 106 Da). 

Thermogravimetric analysis (TGA). TGA were performed on a TGA Q500 machine and data 

were analyzed using Universal Analysis 2000 software. A sample of 10 mg was heated from 25 

°C to 600 °C at a heating rate of 10 °C/min under a N2 flow. 

Differential Scanning Calorimetry (DSC). The thermal behavior of the polyesters and the 

derived PU networks were studied by using a TA Instruments Q100 DSC. The heating and 

cooling rates of the samples were 20 °C/min under N2 atmosphere. The Universal Analysis 

2000 software was used for data analysis. 

Potentiometric titration. The acid value (AV) was determined by direct potentiometric titration 

with a KOH methanolic solution, and the hydroxyl value (OHV) was determined following the 

standard test methods for hydroxyl group determination (ASTM E222-10).28 The 

measurements were carried out using a Titrino Plus 848 automatic burette equipped with a 

Metrohm 801 stirrer and Metrohm silver-titrode. The AV measurements were carried out by 

accurately weighing approximately 0.5 g of polyester after precipitation in methanol, and 

dissolving the resin in 30 mL of a mixture of THF (or NMP) and 7 mL of methanol (4:1 

volumetric ratio). Then the solution was titrated using a 0.1 N methanolic solution of KOH. The 

acid value (AV) is defined as the number of milligrams of potassium hydroxide (KOH) required 

to neutralize 1 g of polymer resin. 

01 = 1( · 2 · 56.1
3(

 

With AV = acid value (mg KOH/g), Vs = volume of methanolic KOH solution needed to titrate 

the sample (mL), N = normality of KOH solution (mol/L), 56.1 = molar mass of KOH (g/mol) and 

Ws = sample weight (g). 

The hydroxyl value (OHV) is express as the number of milligrams of potassium hydroxide 

equivalent to the hydroxyl groups present in 1 g of material. The polyester hydroxyl end-

groups were acetylated in solution (THF) with acetic anhydride at room temperature (1,4-

dimethylaminopyridine was used as catalyst) for 50 min, followed by titration of the resulting 

acetic acid with a normalized 0.5 N methanolic KOH solution. All titrations were carried out in 

duplicate. 

OHV = AV+ 9V: − V<= · N · 56.1W<
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With OHV = hydroxyl value (mg KOH/g), AV = acid value (mg KOH/g), Vb = volume of 

methanolic KOH solution needed to titrate the blank (mL), Vs = volume of methanolic KOH 

solution needed to titrate the sample (mL), N = normality of KOH solution (mol/L), 56.1 = 

molar mass of KOH (g/mol) and Ws = sample weight (g). 

Matrix assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-ToF-MS). 

MALDO-ToF-MS was performed using a PerSeptive Biosystems Voyager-DE STR MALDI-TOF-

MS spectrometer equipped with 2 m flight tubes for linear mode and 3 m flight tubes for 

reflector mode and a 337 nm nitrogen laser (3 ns pulse). All mass spectra were obtained with 

an accelerating potential of 20 kV in positive ion and reflector mode with delayed extraction. 

Data were processed with Voyager software. Simulations were performed with an in-house 

developed software program. As matrix 2,4,6-trihydroxyacetophenone (THAP) (80 mg/ml THF 

or methanol) was used and diammonium hydrogen citrate (DAC) (5 mg/ ml THF or methanol) 

was added as cationization agent. The polymer sample was dissolved in THF (5 mg/mL), to 

which the matrix material and the ionization agent were added (4:1:4). Subsequently, 0.30 μL 

of this mixture was spotted on the sample plate, and the spots were dried at room 

temperature. 

Carbon nuclear magnetic resonance (
13

C NMR). 13C NMR spectroscopy was performed on a 

Varian spectrometer at a resonance frequency of 100.64 MHz. For the 13C NMR experiments, 

the spectral width was 24,155 Hz, the acquisition time was 1.3005 s, the delay time was 3 s 

and the number of recorded scans was equal to 35,000. Samples were prepared by dissolving 

40-50 mg of the crude polymer in 0.5 mL pyridine-d5 containing a small amount of Cr(acac)3 

(0.025 M)21 as spin relaxation agent. Chemical shifts are reported in ppm relative to the 

residual peak of pyridine-d5 (δ = 123.9 ppm). Data analysis was performed using Mestrec 4 

software. 

Phosphorus nuclear magnetic resonance (31
P NMR). 

31P NMR spectroscopy was performed on a 

Bruker spectrometer at a resonance frequency of 161.9756 MHz. The spectral width of the 

experiments was 53569.79 Hz and the delay time was set at 3 s with a number of recorded 

scans of 128.  

2.3 Results and discussion 

2.3.1 Synthesis of poly(octane-co-sorbitol adipate). 

As is reported in literature, Candida antarctica lipase B (CALB) is known to preferably 

catalyze reactions involving apolar monomers.22 In contrast, the polymerization of polar 

monomers by CALB is reported to be more troublesome, which might make the synthesis of 

(co)polyesters involving sorbitol difficult. Therefore, in order to synthesize polyesters 

containing sorbitol together with more apolar monomers, a reliable procedure needed to be 

developed. To study the possibility of preparing sorbitol-based polymers through CALB 

catalysis in a controlled manner, a series of polymers containing 5 mol% sorbitol (relative to 
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the total amount of monomer, so approx. 10 mol% relative to the total amount of diol), 1,8-

octanediol (OD) and adipic acid (AA) were prepared (Scheme 2-1). 

 

 General reaction scheme of the enzymatic synthesis of sorbitol-based polyesters.  Scheme 2-1.

Table 2-1 shows the effect of the reaction conditions on the molecular weight 

distribution and thermal properties of polyesters prepared using AA or its dimethyl ester. 

Furthermore, the enzyme loading was varied to investigate its effect on the molecular weight 

build-up and the polydispersity index (Đ ) determined by Size Exclusion Chromatography (SEC). 

Blank reactions were performed under similar reaction conditions, indicating that no 

significant conversion was taking place in the absence of biocatalyst.  

As can be seen in Table 2-1, the amount of CALB used during polymerization affects the 

molecular weight build-up in time. For example, as is visible for entries a and c, a molecular 

weight well above 10 kg/mol was obtained within 48 hours of reaction. It should be noted that 

the molecular weight of entry c could not be improved further after 26 hours of 

polymerization due to the high viscosity of the reaction mixture. 

Table 2-1. Properties of 1,8-octanediol and sorbitol-based polyesters synthesized with different loadings of Novozyme 

435. 

Entry X a 
O:S a 
feed 
ratio 

CALB 
(wt%) 

Time 
(h) 

Mn 
b 

(kg/mol) 
Đ b 

Tc 
c 

(°C) 
Tg 

d
 

(°C) 
Tm d 
(°C) 

ΔHm 
d 

(J/g) 

a AA 0.9:0.1 10% 46 14.2 3.3 38 -18 60 80 

b AA 0.9:0.1 1% 48 7.5 2.3 43 - 63 96 

c DMA 0.9:0.1 10% 26 13.3 4.6 43 -18 61 95 

d DMA 0.9:0.1 1% 48 7.4 1.9 45 -26 63 96 
AA = adipic acid; DMA = dimethyl adipate. a

 : X = dicarboxylate moiety; O = 1,8-octanediol; S = sorbitol. b
 : Based on 

SEC measurements on the precipitated polymer in MeOH. c : Based on DSC measurements from the cooling run.          
d
 : Based on DSC measurements, 2nd scan. 
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The polymerizations performed with 1 wt% CALB did not reach such a high molecular 

weight within the same reaction time.23 In addition, the measured Đ values are lower than for 

the reactions using 10 wt% of CALB, indicating a lower conversion, as expected. To ensure that 

the reaction times required to prepare these polymers were not excessively long, all 

subsequent polymerizations were performed using 10 wt% Novozyme 435. 

When entries a and b are compared with entries c and d in Table 2-1, it is clear that there 

is no significant influence of the use of either the diacid or the dimethyl ester analogue of AA 

on the molecular weight and Đ of the synthesized polymers. However, during synthesis it was 

observed that the reactions performed with AA were difficult to control, which is potentially 

due to slow sublimation of AA and/or OD occurring on the reactor wall. Sublimation was not 

observed when using dimethyl adipate. As a result, the yields of the polymerizations of AA, 

sorbitol and OD were generally lower than for the reactions performed with the dimethyl 

adipate.   

To determine whether sorbitol is taken up in the polymer backbone during 

polymerization, a qualitative investigation through Nuclear Magnetic Resonance (NMR) was 

performed. Since with a quantitative 13C NMR the assignment of the peaks related to each 

carbon of the sorbitol unit is not possible, band-selective gradient 2D HSQC (Heteronuclear 

Single Quantum Coherence) NMR spectroscopy was performed on these samples. Through 

this experiment it is possible to observe the correlation between the aliphatic carbon and its 

attached proton (1H and 13C). Figure 2-1 shows the obtained 2D-NMR spectrum of entry b in 

Table 2-1, between 60 to 74 ppm where the carbon resonances of the sorbitol units are 

expected. The spectrum was recorded at 125 MHz to improve sensitivity and resolution. 

Although DMSO-d6 is a favorable solvent, the measurement was performed at 60 °C due to 

poor solubility of the polymer at room temperature. Based on our assignment, the sorbitol 

appears to be incorporated along the polyester polymer backbone, which was in fact a 

benchmark experiment, repeating the work of Gross.12,13,14 Moreover, several resonances 

were detected at chemical shifts comparable to those reported by Dordick24 regarding analysis 

of poly(sorbitol adipate). 

Thermal analysis of these polymers by Differential Scanning Calorimetry (DSC) showed 

that melting and crystallization occurred close to 60 °C and 40 °C, respectively. For the 

polymerization using AA in combination with the low enzyme loading (entry b, Table 2-1), a 

higher crystalline melting temperature and a larger melting enthalpy were observed, 

indicating enhanced crystallization and a better defined crystal structure. Furthermore the 

glass transition temperatures of these polymers lie close to – 20 °C, if detected (note that for 

semi-crystalline polymers, it is often difficult to observe the glass transition in DSC 

measurements). These results are in good agreement with observations in literature for 

comparable polymers.9 
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Figure 2-1. bs-HSQC of poly(octane-co-sorbitol adipate) (entry b, Table 2-1) recorded in DMSO-d6 at 60°C. 

2.3.2 Synthesis of sorbitol-based polyesters from different dicarboxylate residues. 

In the previous section, we have shown that sorbitol was successfully incorporated into a 

polymer along with OD and AA. By using a combination of fully bio-based monomers (sorbitol, 

1,10-decanediol (DD) and different dicarboxylic acids with an increasing number of carbon 

atoms in their structure), a series of novel sorbitol-based polyesters was prepared by 

enzymatic polycondensation (10 wt%). Assuming that the reactive groups present will react 

exclusively through condensation, the Carothers’ equation was used to estimate the number 

average molecular weight (Mn) expected for a certain composition, assuming that sorbitol 

reacts as a diol (i.e. the reactivity of the secondary hydroxyl groups is ignored). Obviously, the 

obtained molecular weight is strongly dependent on the stoichiometric balance of the starting 

monomers. So, in addition to controlling the obtained molecular weight by tuning the reaction 

time and/or the enzyme loading as applied for reactions with equal stoichiometry dicarboxylic 

acids/diesters : diols (entries 1-1a, 2-2a and 6-6a in Tables 2-2 and 2-3), the average chain 

length and type of reactive end-groups can also be controlled by choosing the appropriate 

stoichiometry (entries 3-3a, 4-4a and 5-5a in Tables 2-2 and 2-3). 

In this way, polyesters with targeted Mn values from 4-6 kg/mol were obtained. Targeting 

a (nearly) linear polyester with pendant hydroxyl group along the backbone chain, this is the 

appropriate molecular weight range for coating applications, in terms of the number of 

functional groups present per unit chain length and in terms of the polymer viscosity to assure 

proper film formation toward cured poly(ester urethane)s with suitable properties.  

C2

C1

C3

C4
C5

C6
a

b
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Table 2-2. Properties of 1,10-decanediol and sorbitol-based polyesters from different dicarboxylate residues. 

Entry Diester 

Initial feed 
composition 

X:DD:Sa 

Time 

(h) 

T 

(°C) 

Mn b 

(kg/mol) 
Đ

 b 
Tc 

c
 

(°C) 

Tm 
d
 

(°C) 

∆H m 
d 

(J/g) 

1 C4 1:0.9:0.1 24 90 5.4 2.0 48 67 93 

2 C6 1:0.9:0.1 24 95 6.8 3.4 52 72 100 

3 C8 1: 0.99:0.11 9 101 5.1 2.2 55 75 103 

4 C10 1: 0.99:0.11 21 90 10.2 3.5 52 68 106 

5 C12 1: 0.99:0.11 7 116d 8.6 2.2 54 74 130 

6 C14 1: 0.9:0.1 2 110d 6.1 2.2 63 80 120 
aX = dicarboxylate moiety, DD = 1,10-decanediol, S = sorbitol. b: Based on SEC measurements of the precipitated 

polyester. c: Based on DSC measurements, from the cooling run. d: Based on DSC measurements, 2nd scan. 

Moreover, one sorbitol unit incorporated into the polyester main chain is already 

expected to afford a substantial boost to the chain functionality, further facilitating the 

formation of the PU network when cured with polyisocyanate.  

Based on the combination of monomers, the temperature at which the monomers were 

mixed to form a homogeneous ternary melt was adapted during the solvent-free 

polymerization. Two factors were taken into account: 1) the lowest temperature suitable to 

obtain a homogeneous reaction mixture and 2) the potentially limited sorbitol incorporation 

due to its poor solubility in the apolar reaction system. Initially, the reaction mixture needs to 

be heated to melt all components and thus to obtain a homogeneous mixture, before cooling 

this mixture to a temperature which is optimal for the enzyme to catalyze the polymerization 

(70 - 90 °C).  

As expected, it was observed that the temperature required to obtain a homogeneous 

melt depends on the combination of monomers. Especially for reaction mixtures containing 

relatively high melting, longer chain dicarboxylic acids, e.g. entries 5-5a and 6-6a in Tables 2-2 

and 2-3, the temperature at which the mixture appeared as a homogeneous melt was not 

always optimal for the enzyme. 

In the reactions involving dodecanedioic acid and tetradecanedioic acid and the related 

dimethyl esters (entries 5 and 6-6a in Tables 2-2 and 2-3), the reaction mixture had to be kept 

at 110-116 °C in order to maintain a clear melt, which is in excess of the temperature 

(approximately 110 °C) at which the enzyme is thought to denature, thereby losing its catalytic 

activity.25 The enzyme was added and the temperature was kept the same during the pre-

polymerization step (2 h under N2 flow). For entry 5a in Table 2-3, it was possible to obtain an 

homogeneous mixture only at 130 °C. The polymerization was attempted, anticipating a 

decrease of the enzyme activity due to denaturation at this high reaction temperature. On the 

other hand, specifically for the reaction conditions of entry 5a, this high temperature may 
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favor the thermal polymerization of the dodecanedioic acid (which in addition is self-

catalyzed), the loss in selectivity of CALB for primary alcohols of the sorbitol unit as well as 

formation of cycles.26 These phenomena may limit the control of the polymerization to obtain 

a linear polyester.  

Table 2-3. Properties of 1,10-decanediol and sorbitol-based polyesters from different dicarboxylate residues. 

Entry Diacid 

Initial feed 
composition 

X:DD:Sa 

Time 

(h) 

T 

(°C) 

Mn b 

(kg/mol) 
Đ b 

Tc 
c
 

(°C) 

Tm 
d

 

(°C) 

∆Hm 
d 

(J/g) 

1a C4 1:0.9:0.1 22 97 7.3 3.2 46 68 93 

2a C6 1:0.9:0.1 4 105 7.5 2.8 53 70 100 

3a C8 1:0.99:0.11 8 91 6.2 2.7 55 75 103 

4a C10 1:0.99:0.11 5 93 7.3 3.8 58 76 106 

5a C12 1:0.99:0.11 2 130e 3.4 8.6 54 75 113 

6a C14 1:0.9:0.1 2 110e 7.7 3.0 63 80 120 
aX = dicarboxylate moiety; DD = 1,10-decanediol; S:sorbitol. b: Based on SEC measurements of the precipitated 

polyesters in MeOH. c: Based on DSC measurements, from the cooling run. d: Based on DSC measurements, 2nd scan. 
e:No processing under reduced pressure. 

Moreover, the isolation of the polymer by precipitation in methanol is a step of the 

procedure aimed at solubilizing the low molecular weight chains and unreacted monomers 

from the obtained reaction mixture. Due to the apolarity of the longer dicarboxylic acid 

monomers and the corresponding low molecular weight fraction of the reaction mixture, they 

will be poorly soluble in a polar solvent such as methanol and may therefore precipitate 

together with the polymer, which would potentially lead to a reduced average molecular 

weight. This will therefore also probably affect the final molecular weight distribution 

detected by SEC. To verify this observation, the precipitation was also performed using an 

apolar solvent, namely hexane. After this precipitation from hexane, the molecular weight 

distribution indeed appeared to be more narrow compared to the product obtained after 

precipitation in methanol, as expected.  

Another factor to take into account for this particular series of reactions is related to the 

reduced solubility of sorbitol in the increasingly apolar reaction mixture. It was observed for 

entries 5-5a and 6-6a in Tables 2-2 and 2-3 that, with the decrease of the polarity of the 

aliphatic comonomers, an homogeneous mixture could no longer be obtained and molten 

sorbitol was observed as separate droplets residing at the bottom of the reactor. Even if the 

conditions for these reactions involving apolar comonomers appear quite extreme compared 

to usual lipase-catalyzed systems, the obtained polyesters having Mn and yield values are in 

the same range as for the other reactions. 
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In general, the work up of the reaction mixture upon polymerization is challenging and 

some aspects need to be improved. During the separation of the enzyme from the obtained 

polyesters via filtration, the strong effect of inter-chain hydrogen bonding of the polymer was 

clearly observed. Although the polyester solution in chloroform appeared to be a quite low 

viscous liquid, the filtration was very difficult and could only be marginally improved by 

heating the glass filter during filtration. Apparently, chloroform is not the most suitable 

solvent and the use of a solvent which can limit the hydrogen bonding between chains, such as 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP), will help to improve the procedure. In spite of these 

unfavorable circumstances, the reactions still resulted in a yield between 20 and 70%, which is 

comparable to other reported lipase-catalyzed polycondensation reactions.9  

The observation of a broad Đ in SEC measurements is obviously related to the 

hydrodynamic volume of the chains in the particular eluent used based on the standard 

polymer used for the calibration (in our case polystyrene). As the hydrodynamic volume is 

strongly influenced by the presence of polymer end-groups as well as the sorbitol OH-groups, 

the observed Đ depends on both the mass (i.e. many or few end-groups), the composition (i.e. 

sorbitol present in the chain or not) of the chains in that particular eluent (chloroform) and 

possibly on the presence of cycles in the reaction mixture. Since several factors are involved, 

some discrepancies on the estimation of the molecular weight with other techniques such as 

NMR and titration can be observed, as discussed in the section below. In view of the foregoing 

it is worth to emphasize that the SEC data relative to the used standards merely provides an 

indication of the obtained molecular weights and facilitates the comparison of similar samples. 

2.3.3 Molecular characterization of sorbitol-based polyesters 

The polymerization reactions were followed by SEC analysis and the reactions were 

stopped as soon as they could reach the targeted Mn or at a maximum 48 h reaction. The Đ 

values obtained for the sorbitol-based polyesters in Table 2-2 and 2-3, are mostly close to 2, a 

value expected for linear step-growth polymers at high conversion. Still, in some other cases 

(entries 1, 4 and 6, Table 2-2 and entries 2a and 4a Table 2-3) the Đ values are higher, 

indicating that some branching may have occurred. The Đ of 8.6 detected for entry 5a showed 

to be exceptionally high for which there is no explanation. Note that the reported Đ values are 

measured for purified samples, meaning that the crude, as polymerized samples will have 

broader molecular weight distributions. After all, the dissolution/precipitation method used to 

purify the samples will result in the removal of a certain low molecular weight fraction of the 

product mixture. The presence of cycles is another factor that affects the molecular weight 

distribution: bulk polymerization in the melt typically leads to high reaction mixture viscosities, 

which may favor cyclic formation. These cyclic chains can be formed either by a direct 

esterification of the end-groups of the same chain or through transesterification of an OH-end 

group with an ester group present in the same chain (“back-biting”).26  
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2.3.4 Polymer functionality: determination of the sorbitol content 

Several techniques were used to arrive at a quantitative assessment of the sorbitol 

content of the different polyesters described in this Chapter. 

The detection and quantification of the sorbitol units and their OH-groups present in the 

polyester chains is of great importance. It would facilitate the determination of the amount of 

sorbitol actually built into the polymer backbone, provide information regarding the degree of 

selectivity of CALB for the primary vs. the secondary hydroxyl groups and serve as a 

quantitative determination of the amount of OH-end groups (a value which is of utmost 

importance for curing purposes). Those are important steps on the way to complete the 

molecular characterization with the aim to analyze the content and the position of sorbitol in 

the polymers. 

13C NMR  

Through inverse-gated decoupling 13C NMR (Figure 2-2), the signal related to end-groups 

of the polymer (entry b, Table 2-1) was used to calculate the Mn of the final polyol. 

 
Figure 2-2. Inverse-gated decoupling 13C NMR spectrum of poly(octane-co-sorbitol adipate) (entry b, Table 2-1) 

recorded in pyridine-d5. 
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It appears that the Mn calculated by NMR is around 4.5 kg/mol which is low compared to 

the value determined by SEC (7.5 kg/mol). Also, if cycles would be formed, the Mn calculated 

via NMR would be overestimated (vide infra). Thus, in accordance with this observation 

regarding an overestimation of the molecular weight based on SEC data compared to NMR 

data (which may be very well due to the use of PS standards, having hydrodynamic volumes 

strongly deviating from those of the described polyesters), it was decided to target slightly 

higher molecular weights in terms of the SEC results.  

Moreover, it was possible to calculate the mol% of sorbitol incorporated after 

polymerization. In Table 2-4, the data regarding the sorbitol quantification, comparing the 

initial feed with the actually incorporated amount based on inverse-gated decoupling 13C NMR 

measurements, are summarized. In general, it appears that approximately 5 - 53 mol% of the 

initially present sorbitol is incorporated into the polyester backbone, depending on the 

reaction mixture and conditions.  

Table 2-4. Feed ratio and final composition of sorbitol-containing polyesters, measured by inverse-gated decoupling 
13C NMR spectroscopy. 

Entry Monomers 

Initial feed 
composition 

X:Diol:S a 

Sorbitol  

feed 

 (mol%) 

Sorbitol 

content 

(mol%)  

Sorbitol 

content 

(%) b 

13C NMR SEC 

Mn c 

(kg/mol) 

Mn d 

(kg/mol) 
Đ 

d 

b AA/S/OD 1:0.9:0.1 5.0 2.5 49 5.3 7.5 2.3 

1a SuccA/S/DD 1:0.9:0.1 5.1 1.2 23 5.7 7.3 3.2 

1 DMS/S/DD 1:0.9:0.1 4.7 1.1 23 5.3 6.1 1.6 

2a AA/S/DD 1:0.9:0.1 4.7 2.5 53 4.0 7.5 2.8 

3a SubA/S/DD 1: 0.99:0.11 5.2 0.3 5 4.8 6.2 2.7 

6a TA/S/DD 1:0.9:0.1 5.0 2.0 40 12.0 7.27 3 
a: X = dicarboxylate moiety; S = sorbitol; AA = adipic acid; SuccA = succinic acid; DD = 1,10-decanediol; DMS = dimethyl 

succinate; SubA = suberic acid; TA = tetradecanedioic acid. b: Sorbitol content relative to feed. c: Based on the 13C NMR 

area of diol end-group not reacted present in the polyesters after precipitation in MeOH. d: Based on SEC 

measurements of the precipitated polyesters in MeOH. 

On the other hand, even if polarity differences between the monomers (e.g. entry 6a, 

Table 2-3) appear to be unfavorable for the incorporation of sorbitol, it shows that the 

incorporation was still rather successful, with 40 mol% of the fed sorbitol ending up in the 

purified polymer product. In general, it is observed that not more than 53 mol% (entry 2a, 

Table 2-4) of the feed sorbitol was incorporated into the copolyesters at the applied reaction 

conditions. It should be noted here that, as sorbitol is not the favored substrate for CALB 

compared to the significantly more apolar DD, its incorporation occurs at a lower rate 

throughout the polymerization. This can be quite clearly seen for entry 1 in Table 2-4, where 

the Đ is indicating a conversion around 60-70%. This means that, most likely, a relatively high 

fraction of the sorbitol feed is still present in monomeric or oligomeric form when the 
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polymerization is stopped. In addition, these low molecular weight species may be rather 

soluble in methanol, which may lead to a disproportionate removal of sorbitol and sorbitol-

containing oligomeric species. 

Potentiometric titration 

Due to the presence of vicinal secondary hydroxyl groups on the sorbitol unit, it was 

necessary to verify whether the acetic anhydride-based OH-titration method, which involves 

the acetylation of all OH-groups in a polymer sample, was an accurate technique to determine 

the OH-content of these samples.27 It was found that virtually all OH-groups which should be 

present in a known amount of sorbitol were accounted for, meaning that steric factors did not 

significantly hinder the full acetylation of the sorbitol monomer. The acetylation time for 

compounds bearing primary as well as secondary OH-groups was extended from 15 to 50 min. 

It will ensure that also less reactive, sterically crowded OH-groups are fully acetylated. 

As mentioned before, some polymerizations were conducted using a ratio of dicarboxylic 

acid : diols = 1:1 (considering sorbitol as a diol) meaning that, on average, chains should have 

one hydroxyl and one carboxylic acid end-group, leading to similar acid and hydroxyl values. As 

can be seen in Table 2-5, the hydroxyl values are significantly higher than the acid values, 

which is thought to be a first indication of the presence of the sorbitol in the polyester.  

Table 2-5. Sorbitol-based OH-functional polyesters: potentiometric titration and 31P NMR spectroscopy results. 

Entry Monomers 
SEC Potentiometric titration b 31P NMR c 

Mn a  
(kg/mol) 

Đ
 a 

AV  
(mg KOH/g) 

OHV  
(mg KOH/g) 

AV  
(mg KOH/g) 

OHV  
(mg KOH/g) 

b AA/S/OD 7.5 2.3 11.4 80.3 9.9 64.2 

1a SuccA/S/DD 7.3 3.2 9.8 56.5 8.2 62.5 

1 DMS/S/DD 6.1 1.6 3.6 87.3 2.3 67.6 

2a AA/S/DD 7.5 2.8 5.7 42.4 5.7 57.6 

3a SubA/S/DD 6.2 2.7 n.d.d n.d. 8.5 42.1 

6a TA/S/DD 7.7 3 n.d. 37.5 e  11.2 42.5 
AA = adipic acid; S = sorbitol; DD = 1,10-decandeiol. a: Based on SEC measurements of the precipitated polyesters in 
MeOH. b: Based on potentiometric titration measurements of the precipitated polyesters in MeOH. c: Based on 31P 
NMR measurements of the precipitated polyesters in MeOH. d: Poor solubility of the polyester in THF. e: Titration 
solution was hazy indicating not full dissolution of the sample in THF. 

Other potentiometric titration methods using pyridine as a solvent, which is harmful and 

difficult to dispose in the amount required for the measurements, were not considered.28,29 

Therefore the use of 31P NMR as an alternative analytical method was envisaged. 

The resins reported have different Mn values and they have been synthesized from 

different monomers, which should have an impact on the COOH and OH values detected. This 

is indeed the case: samples for which SEC indicates a high Mn show less end-groups compared 

to their low Mn counterparts, and reactions in which the dimethyl esters were used show low 
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AV compared to the corresponding reaction using the dicarboxylic acid monomer. The low AV 

values, detected when the dimethyl esters were used, indicate that some hydrolysis of the 

methyl ester groups occurs during the polymerization. Since the solubility of the polyesters 

containing dicarboxylic acid units longer than C8 was very poor in THF or NMP, the 

determination of the OHV and AV via potentiometric titration could not be performed. 

31P NMR 

The identification of the different sorbitol-derived products and quantification of e.g. the 

extent of esterification of primary vs. secondary OH-groups was targeted. Here, a short 

description of the method is provided: the phospholane reagent (2-chloro-4,4,5,5-

tetramethyldioxaphospholane) reacts with primary and secondary hydroxyl groups as well as 

with carboxylic acid groups (Scheme 2-2).20  

 

Scheme 2-2. Phosphorylation reaction of hydroxyl and carboxylic acid groups with 2-chloro-4,4,5,5-tetramethyldioxa 

phospholane (I) and the related derived product (II). 

Since the NMR technique is based on differences in electronic environment, similar 

functional groups such as the sorbitol primary and secondary hydroxyl groups after 

phosphorylation appear in the 31P NMR spectrum at a different chemical shift. Thanks to this 

discrimination, more information is accessible to distinguish between primary and secondary 

hydroxyl groups of the different monomers and to give an estimation of their relative degree 

of reaction. An example of a representative 31P NMR spectrum and the related assignment is 

shown in Figure 2-3. They can be identified, giving information concerning the ratio between 

primary and secondary alcohols present in the studied polyesters. In addition, free carboxylic 

acid groups can be identified as well at 134.6 - 135.0 ppm.  

The use of an internal standard, such as cyclohexanol giving a signal at 145.1 ppm, 

facilitates the quantification of the various species through the appropriate integration. The 

presence of a peak at 174.9 ppm, points to unreacted phospholane compound. Although it is 

claimed in literature that all functional groups react with the phospholane compound, we 

cannot be absolutely sure that this is the case with the sterically hindered sorbitol residues 

incorporated in the polymer chains.30,31 We found evidence that all the OH-groups of the 

sorbitol monomer have reacted with the phospholane compound. However, we cannot be 

sure that this is also the case for the sorbitol incorporated into the polyester chains. Another 

characteristic peak is assigned to the product of the phospholane compound upon reaction 

with moisture, normally used as a reference chemical shift at 132.2 ppm. Another peak is 
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detected at 140.6 ppm and is related to a phenol compound which is thought to be present as 

an impurity in sorbitol.  

 

Figure 2-3. 31P NMR spectrum of poly(decane-co-sorbitol suberate)(entry 3a, Table 2-3): a) Schematic representation 

of a typical spectrum including assignment of the most relevant peaks. b) Zoom of the region between 145-150 ppm 

with assignment for primary hydroxyl groups of sorbitol units (prim), secondary hydroxyl-groups of sorbitol units (sec) 

and primary alcohol as end-group from 1,10-decanediol (1,10-DD).  

The assignment of the peaks related to the phospholane compound reacted with primary 

OH groups and secondary OH groups was possible through 1H-coupled measurements. The 

signals related to primary OH-groups appear as triplets while the signals from secondary OH-

groups appear as doublets. For a precise quantification, the integrations were performed using 

the data of decoupled experiments. Based on the assignment from Dais et al., for the regions 

where primary and secondary alcohols are detected, it has been observed that in our case 

those regions are inverted.20  

Compared to the ordinary titration methods, the 31P NMR spectroscopy technique is 

highly attractive for several reasons: the amount of sample required is low (milligrams instead 

of the grams required for titration), the quantification of both carboxylic acid and hydroxyl 

groups is possible with one and the same experiment, and the time required for each 

measurement is shorter compared to potentiometric titration. Moreover, in our case the 

improved solubility of the polymers observed in pyridine-d5 allows the measurement of OHV 
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and AV values by NMR also for samples which are not soluble in the conventional solvents 

used for potentiometric titration. 

The AVs determined by 31P NMR are similar to the potentiometric titration values 

whereas the OHVs determined by NMR are lower than the OHVs derived from potentiometric 

titrations (Table 2-5). Since the phospholane compound used to derivatize the hydroxyl groups 

is quite bulky, full conversion of the different sorbitol OH-groups may not be achieved for 

steric reasons, leading to deviating results. However, the assignment of primary and secondary 

sorbitol OH-groups as well as their potential quantification based on the internal standard was 

achieved. To facilitate comparison with the titration results given in Table 2-5, the OHV and AV 

measured through 31P NMR (Table 2-6) are expressed in mg KOH/g.  

From this analysis, it is possible to observe the ratio between unreacted primary and 

secondary OH-groups of the sorbitol units (Table 2-6). If sorbitol is incorporated as a diol 

residue in the linear polyester chain (i.e. only the two primary OH-groups have reacted), the 

ratio between the two species would be OHSec. : OHPrim. = 4:0 while if the sorbitol would be at 

the end of the chain, the ratio would be 4:1. All the other combinations where sorbitol reacts 

as a polyol (i.e. not only the primary but also part of the secondary OH-groups have been 

esterified) will give a ratio less than 4. 

Table 2-6. Quantitative results of hydroxyl and carboxylic groups distribution in sorbitol-based polyesters via 31P NMR 

spectroscopy. 

Entry Monomers 

OHPrim. 
a 

(mg 
KOH/g) 

OHSec. 
a 

(mg 
KOH/g) 

OHDiol 
b 

(mg 
KOH/g) 

OHTotal 
c 

(mg 
KOH/g) 

AV 

(mg 
KOH/g) 

OHV d 

(mg 
KOH/g) 

Ratio e 

b AA/S/OD 3.2 35.5 15.8 54.4 9.9 64.3 11.1 

1a SuccA/S/DD 1.8 37.6 14.9 54.3 8.2 62.5 20.1 

1 DMS/S/DD 10.6 37.8 16.8 65.3 2.3 67.6 3.6 

2a AA/S/DD 2.5 33.1 16.3 51.9 5.7 57.6 13.2 

3a SubA/S/DD 4.5 15.6 13.5 33.6 8.5 42.1 3.5 

6a TA/S/DD 1.9 20.1 9.2 31.3 11.2 42.5 10.6 

AA = adipic acid; S = sorbitol; DD = 1,10-decanediol. a :OHPrim. (primary hydroxyl groups) and OHSec.(secondary hydroxyl 

groups) from the sorbitol units incorporated in the polyester after precipitation in MeOH. b : OHDiol Primary hydroxyl 

group of the OD or DD. c : OHTotal= OHPrim. + OHSec. + OHDiol. 
d : OHTotal + AV; e : Ratio between secondary vs. primary 

hydroxyl group of the sorbitol unit. 

From Table 2-6, only two cases, viz. entries 1 and 3a, are observed where the ratio is 

below 4, for the other samples this ratio appears higher. It must be highlighted that, even 

when the reaction conditions are quite far from the optimum (for example entry 6a, Table 2-6 

where tetradecanedioic acid was used), still sorbitol appears to be incorporated into the 

polymer chain predominantly as a diol. 
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MALDI-ToF-MS 

MALDI-ToF-MS was used to analyze the distribution of the monomer residues over the 

chains. Although it is known that this technique cannot be used to derive values for Mn or give 

quantitative information concerning the amounts of certain observed species, through this 

analysis it is possible to observe the composition of the single chains. In this way, more 

information becomes available concerning the end-group structure of each polyester sample. 

Furthermore, one can acquire evidence if sorbitol is incorporated into the polymer chains or 

not. An example of a representative MALDI-ToF-MS spectrum is shown in Figure 2-4. 

 
Figure 2-4. Section of the MALDI-ToF-MS spectra of poly(octane-co-sorbitol adipate) (entry b, Table 2-1). End-groups 

belonging to the several distributions are indicated in the figure. 

In the case of poly(octane-co-sorbitol adipate) (entry b, Table 2-1), four main 

distributions were detected. Distributions 1 and 2 were assigned to macromolecules which do 

not contain sorbitol: the most intense distribution (D1) is assigned to chains with an increasing 

number of repeat units of the AA/OD type ranging from 3 to 9, end-capped with an additional 

diol residue, whereas the second one (D2) shows repeat units of AA and OD as well, but with 

equal numbers of AA and OD residues present (resulting in one OH and one COOH end group). 

The other two distributions (D3 and D4) did contain sorbitol and we can distinguish a 

distribution with two OH-end groups (D3) as well as a distribution having a carboxylic acid and 

a hydroxyl end-group (D4). Only in one case a single peak was found related to a composition 

of an acid end-capped chain with a sorbitol unit present (entry 6a, Table 2-3). This means that 

sorbitol most probably is incorporated inside the polymer backbone.  
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The situation appeared quite similar for the polymers when 1,10-decanediol and 

different dimethyl esters were used instead of dicarboxylic acids: the most important 

distributions consist of repeat units of diester/DD (as for D1 and D2 of the previous example). 

In addition to these distributions, distributions were observed where sorbitol was present and 

the chains were either end-capped with a diol or a diester residue (as for D3 and D4 of the 

previous example). In all measured samples, some cyclic structures having between 3 and 5 

repeat units were detected too (e.g. D5 in Figure 2-4). These cyclic structures (without the 

end-groups) could lead to an overestimation of the Mn calculated via 13C NMR. The hydrogen 

bonding between chains caused by the sorbitol units and a hydrodynamic volume in 

chloroform strongly deviating from the polystyrene standard are obviously overruling the 

effect of the cycles present and justify the overestimation observed in SEC measurements with 

respect to the NMR. Overall, the polymer chains appear to be predominantly hydroxyl 

functionalized, even if some carboxylic acid end-groups are also present.  

Hydrolytic cleavage caused by water can strongly affect the control of the polymer 

structure and influence the end-group structure.32,33 In the case diesters are used as acyl 

donors, these competitive reactions caused by water can result in polymer chains with more 

carboxylic acid end-groups than expected.34 This is in accordance with the potentiometric 

titration results which show an AV for some of the reactions where the dimethyl ester was 

used. Additionally, when methanol is the formed condensate, it was observed that it causes a 

deactivation of the enzyme by binding of methanol to the substrate binding site.35 For those 

reasons the concentration of the condensates (water and methanol in our case) needs to be 

reduced as much as possible to favor a controlled polymer synthesis. 

2.3.5 Thermal analysis of the sorbitol-based polyesters 

Differential Scanning Calorimetry (DSC) analysis shows that all samples are semi-

crystalline and this is the reason why the glass transition temperature (Tg) could not always be 

determined. In the few cases where a Tg was observed, it was found to be around -18 °C, as 

generally expected for this type of aliphatic polyesters.4 From Table 2-2 and 2-3 it can be 

clearly see the increase of the melting temperature and the enthalpy following the increase of 

the number of carbons of the dicarboxylic acid residue. 

Thermogravimetric Analysis (TGA) of the copolyesters prepared in this study was 

performed. The study of thermal degradation and thermal stability is of great importance in 

terms of processing, application and more in general for the development of a safe material.36 

The TGA curves depicted in Figure 2-5 show onset of decomposition values of the polymers 

between 350 and 380 °C, indicating thermal stability up to high temperature, certainly 

significantly higher than their melting points. 
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Figure 2-5. TGA thermograms obtained for the synthesized (co)polymers listed in Table 2-3.  

2.4 Conclusions 

In this Chapter, a series of novel sorbitol-based polyesters was prepared from bio-based 

monomers (sorbitol, 1,10-decanediol and several dicarboxylic acids). The synthetic procedure 

was adapted based on the composition of the monomer mixture, especially in terms of the 

initial temperature at which a homogeneous reaction mixture was obtained. Due to the 

combination of decreasing polarity of the aliphatic diols and dicarboxylic acids compared to 

sorbitol, and the different activity of Candida antarctica lipase B (CALB) toward apolar aliphatic 

monomers vs. the very polar sorbitol, the synthesis revealed to be quite challenging. 

Nevertheless, the polymers were successfully synthesized with a final targeted Mn between 4 

and 6 kg/mol and a yield comparable to other lipase-catalyzed polycondensation reactions. 

Indication for the incorporation of sorbitol into the copolyesters was obtained by 

potentiometric titration, showing higher OHV than AV for these polyesters synthesized 

starting with equal diol-dicarboxylate ratio. Furthermore, a qualitative analysis of the sorbitol 

incorporated in the polyesters was obtained through MALDI-ToF-MS, indicating the presence 

of two distributions in which sorbitol was present. Even at the optimal polymerization 

conditions, the maximum amount of the sorbitol incorporated into the polyesters revealed to 

be 53 mol% of the initial feed, as determined by inverse-gated 13C NMR. Through 31P NMR, the 

selectivity of CALB for the primary relative to the secondary alcohol groups of the sorbitol unit 

was investigated. It appears that at the described conditions, CALB shows a preference for the 

primary alcohols, in accordance with early published work. The obtained polyesters show 

suitable properties for the use as solvent-borne coating resins. 
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Chapter 3 

Understanding the limitations of the solvent-free enzymatic 

synthesis of sorbitol-containing polyesters 

 
Abstract 

In this Chapter, a systematic study has been performed on the synthesis of close to linear 

aliphatic polyesters from bio-based, commercially available sorbitol, 1,10-decanediol and 

dimethyl adipate. Polycondensation reactions were carried out in the melt using SPRIN 

liposorb CALB (trade name for the immobilized form of Candida antarctica lipase B) as 

catalyst, targeting a number-average molecular weight between 3 and 6 kg/mol and an 

amount of pendant and terminal hydroxyl groups within the range commonly used for coating 

applications. The efficacy with which the increasing amounts of sorbitol were built into the 

polyester backbone was studied in detail via 13C NMR spectroscopy. In addition, the particular 

selectivity for primary vs. secondary hydroxyl groups of the biocatalyst was confirmed via 31P 

NMR spectroscopy. Extensive structural characterization was carried out via MALDI-ToF-MS 

analysis, which also provided further insights into limitations of the system related to sorbitol 

incorporation. Differential scanning calorimetry and X-ray diffraction analysis revealed that the 

melting temperature and crystallinity of the materials are lower when increased amounts of 

sorbitol are incorporated into the polyesters. 
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3.1 Introduction 

In the previous Chapter, it has been demonstrated the feasible synthesis of a series of 

bio-based polyesters through a solvent-free, enzyme-catalyzed polymerization reaction of 

sorbitol, 1,10-decanediol and a variety of bio-based dicarboxylic acids and dimethyl esters by 

using the immobilized form of Candida antarctica lipase B (CALB) known as Novozyme 435.1 

Initially, a relatively low feed of 5 mol% of sorbitol was selected to minimize the possible 

occurrence of phase separation due to the polarity differences between the monomers, and to 

facilitate the dissolution of sorbitol in a homogeneous reaction mixture. For that series, it was 

observed that the maximum amount of sorbitol incorporated into the final polymer was 53% 

of the initial feed, provided that adipic acid was used as comonomer. Since in Chapter 2 a 

better control of the polycondensation reaction was noted when dimethyl esters were used, 

dimethyl adipate was selected as comonomer. 

In this Chapter, the synthesis and characterization of sorbitol-based polyester resins with 

varying amounts of pendant OH-functionalities along the backbone is presented. These 

polyesters are prepared from potentially bio-based monomers (sorbitol, 1,10-decanediol and 

dimethyl adipate) using immobilized enzymatic catalysts, i.e. Novozyme 435, here used as a 

benchmark, and SPRIN liposorb CALB. Furthermore, it is desired to understand to what extend 

the incorporation of sorbitol is feasible in an ecofriendly, solvent-free approach. Detailed 

characterization of the bio-based polyesters will be carried out by 13C NMR and 31P NMR 

spectroscopy, potentiometric titration, MALDI-ToF-MS, TGA, DSC and WAXS. 

3.2 Experimental section 

3.2.1 Materials  

Sorbitol was obtained as a gift from Roquette (Neosorb P6 Sorbitol, 98%). 1,10-

decanediol (98%, DD), dimethyl adipate (>99%, DMA), acetic anhydride, chromium (III) 

acetylacetonate (Cr(acac)3, 99.99%), 2-chloro-4,4,5,5-tetramethyldioxaphospholane (95%) and 

0.1–0.5 N methanolic solution of KOH were obtained from Sigma-Aldrich. All solvents were 

purchased from Biosolve and all chemicals were used as received. Chloroform-d (99.8% atom-

d) and pyridine-d5 (99.5% atom-d) were obtained from Cambridge Isotope Laboratories. SPRIN 

liposorb CALB (Candida antarctica lipase B immobilized on beads of a DVB cross-linked, 

hydrophobic, macroporous polymer based on methacrylic esters) was purchased from SPRIN 

S.p.a. while Novozyme 435 (Candida antarctica lipase B immobilized on cross-linked 

polyacrylate beads) was purchased from Novozyme A/S. The immobilized enzymes were 

stored in a refrigerator at 4 °C and, together with sorbitol, they were dried before use at room 

temperature under reduced pressure for 24 h following a literature procedure.2 The drying 

was performed to remove the extra free water, while retaining crystallization water and the 

activity of the enzyme, and to ensure that the starting state of the enzyme was comparable in 

all the polymerization reactions.  
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3.2.2 Synthesis of poly(decane-co-sorbitol adipate)s 

In a 300 mL three neck round bottom flask flange reactor with a magnetically coupled 

anchor stirrer, 1,10-decanediol (DD), sorbitol and dimethyl adipate (DMA) were melted at 120 

°C. When a clear reaction mixture was obtained, it was cooled down to 100-105 °C. To this 

mixture, the enzyme, 10 wt% Novozyme 435 or 7 wt% SPRIN liposorb CALB, was added. The 

reaction mixture was stirred at 130 rpm for 2 h under a constant nitrogen flow, aiding the 

produced condensate methanol to pass over a vigreux column and to condensate in a Dean-

Stark apparatus. After the prepolymerization step, the reaction was continued under reduced 

pressure descending from 250 mbar to 60 mbar over 4 h at a temperature between 100-105 

°C, and then continuing at 60 mbar for 24-48 h. After that time, the vessel was cooled down to 

room temperature at atmospheric pressure, and the reaction was quenched by adding approx. 

50 mL of chloroform. The resulting mixture was filtered through a glass filter (pore size 1) to 

separate the crude product solution from the enzyme beads. Further workup included the 

precipitation of the crude resin in cold methanol, followed by filtration over a glass filter (pore 

size 4) and drying under reduced pressure at 40 °C overnight. The final product was isolated as 

a white powder. 

3.2.3 Protocol for enzymatic activity assay 

The enzymatic activities of the immobilized preparations of Novozyme 435 and SPRIN 

liposorb CALB were evaluated by the esterification of lauric acid with 1-propanol in bulk 

(Scheme 3-1).3 One unit of enzyme activity corresponds to the amount of enzyme preparation 

required to produce one micromole of propyl-laurate per minute under standard conditions 

(60 °C). 

 
Scheme 3-1. Esterification of lauric acid with 1-propanol in bulk. 

In a 200 mL beaker, 24.0 g (0.12 mol) of lauric acid and 7.2 g (0.12 mol) of 1-propanol 

were mixed and melted at 60 °C. After taking the reference sample (blank), 200-300 mg of the 

enzyme was added to the mixture. The reaction solution was stirred at 60 °C for 20 min. A 

sample of the reaction mixture (100-180 mg) was taken every 5 min and dissolved in 7 mL of 

ethanol. To this solution, five drops of 0.1 w% phenolphthaleine water/ethanol solution used 

as indicator were added. The decrease of the amount of lauric acid due to its enzymatic 

esterification was monitored via titration of the unreacted lauric acid with a 0.1 M ethanolic 

potassium hydroxide solution. 
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The activity U is calculated as the amount of micromoles propyl laurate formed in one 

minute by one gram of the enzyme, which was previously dried at 120 °C under reduced 

pressure for 24 h.  

U =
n�����		�	��

m�� ∙ �
∙
AV� − AV������

AV�
 

With nlauric acid being the amount in moles of lauric acid used, t the reaction time for a 

certain sample, AV0 the acid value of the blank, and AVsample the acid value of the sample (mg 

KOH/g). The conversion of lauric acid was followed by AV measurements. 

3.2.4 Characterization methods 

Potentiometric titration. The acid value (AV) was determined by direct potentiometric titration 

with a KOH methanolic solution, and the hydroxyl value (OHV) was determined following the 

standard test methods for hydroxyl group determination (ASTM E222-10).4 A precise 

description of the methods to calculate AV and OHV is reported in Chapter 2. 

Size exclusion chromatography (SEC). SEC in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was 

performed on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 

refractive index detector (35 °C), a Waters 2707 auto sampler, and a PSS PFG guard column 

followed by two PFG-linear-XL (7 μm, 8 × 300 mm) columns in series at 40 °C. HFIP with 

potassium trifluoroacetate (3 g/L) was used as eluent at a flow rate of 0.8 mL/min. The 

molecular weights were calculated against poly(methyl methacrylate) standards (Polymer 

Laboratories, Mp = 580 Da up to Mp = 7.1 × 106 Da). 

Elemental analysis. Elemental analysis was performed on a PerkinElmer CHNS/O Elemental 

Analyzer (2400 Series II) coupled with a PerkinElmer AD-4 Autobalance. Inside the system, a 

CHN combustion tube (operational temperature at 925 °C) and a CHN reduction tube 

(operational temperature at 640 °C) was installed. Only C, H and N could be determined. 

Around 1.5 - 2.5 mg of polymer were weighted in a tin capsule on the AD-4 Autobalance and 

then moved into the furnace. The carrier gas used was helium while the combustion gas was 

oxygen. The separation and detection of the combusted gas were performed respectively by 

using a frontal chromatography separation technique coupled with a TCD (Thermal 

Conductivity Detector). 

Carbon nuclear magnetic resonance (
13

C NMR). 13C NMR spectroscopy was performed on a 

Bruker spectrometer at a resonance frequency of 100.62 MHz. For the 13C-NMR experiments 

the spectral width was 24,155 Hz, the acquisition time was 1.3005 s, the delay time was 3 s 

and the number of recorded scans was equal to 16384. Samples were prepared by dissolving 

40-50 mg of the crude polymer in 0.5 mL pyridine-d5 containing a small amount of CDCl3 (used 

as chemical shift reference) and Cr(acac)3 (0.025 M)5 as a spin relaxation agent. Chemical shifts 

are reported in ppm relative to the residual peak of CDCl3 (δ = 77.16 ppm). Data analysis was 

performed using Mestrec 4 software. 
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Phosphorus nuclear magnetic resonance (
31

P NMR). 31P NMR spectroscopy was performed on a 

Varian spectrometer at a resonance frequency of 202.34 MHz. The spectral width of the 

experiments was 53569.79 Hz. The delay time was set at 3 s with a number of recorded scans 

of 1024. Sample preparation was carried out following a literature procedure.6
 A stock solution 

and samples for 31P NMR analysis were prepared as described in Chapter 2. For a proper 

comparison with potentiometric titration results, the quantification of hydroxyl groups 

obtained from the 31P NMR measurements was expressed in mg KOH/g (see Chapter 2 for 

detailed calculations). 

Thermogravimetric analysis (TGA). TGA was performed using a TA Instruments TGA Q500. The 

analysis of the data was performed with the Universal Analysis 2000 software. A sample of 10 

mg was heated from 25 ºC to 600 ºC at a heating rate of 10 ºC/min under nitrogen flow. 

Differential scanning calorimetry (DSC). DSC was performed with a TA Instruments Q100 DSC. 

The heating and cooling rates were 20 °C/min under a nitrogen atmosphere. For the data 

analysis, Universal Analysis 2000 software was used. 

Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-ToF-MS). 

MALDI-ToF-MS measurements were performed with a PerSeptive Biosystems Voyager-DE STR 

MALDI-ToF-MS spectrometer with a 2 m flight tube in linear mode and a 3 m flight tube in 

reflector mode. For the ionization, a 337 nm nitrogen laser with a 3 ns pulse was used. The 

acceleration potential was 20 kV and the data was processed with Voyager software. As matrix 

2,4,6-trihydroxyacetophenon and as cationization agent diammonium hydrogen citrate were 

used. For the measurement, the sample was dissolved in THF (5 mg/mL), and the matrix and 

cationization agent were added (4:1:4). 0.30 μL of this solution was spotted on the sample 

plate and dried at room temperature. 

Wide-angle X-ray scattering (WAXS). WAXS measurements were performed on a Rigaku 

Geigerflex Bragg-Brentano powder diffractometer using Cu Kα radiation (λ = 0.154 nm), at 40 

kV and 30 mA. The scans in the 2Θ range between 10° and 30° were performed with a 0.02 

step in 2Θ and a dwell time of 1 s. Peak fitting was performed after the subtraction of the 

background to determine the percentage of crystallinity. 

3.3 Results and Discussion 

3.3.1 Enzymatic activity  

One of the major advantages of using Candida antarctica lipase B (CALB) is its 

considerable preference for converting primary compared to secondary alcohols into esters, 

making it a very suitable catalyst for the incorporation of sorbitol into the polymer backbone 

to obtain predominantly linear polyesters. One of the shortcomings of using enzyme catalysts 

is the relatively high cost of such compounds. A possible way to minimize these costs is to 

physically immobilize the enzyme on a polymer resin which will allow the easy separation via 

filtration and the potential reuse of the biocatalyst. Moreover, the immobilization appears to 
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stabilize the enzyme, allowing reaction conditions at which the native form would certainly 

degrade. The applied immobilization procedure determines the final efficacy of the enzyme in 

terms of the catalytic activity as well as the overall selectivity.7  

In this study, two different immobilized biocatalysts, namely Novozyme 435 as 

benchmark and SPRIN liposorb CALB, are used. To determine the activity of these two 

physically and covalently immobilized preparations, the conversion of lauric acid with 1-

propanol to propyl laurate was monitored as described in the enzymatic activity assay. The 

activities showed to be 10700 and 16300 U (μmol·g-1·min-1) for Novozyme 435 and SPRIN 

liposorb CALB, respectively. Thus, in order to achieve comparable activity for the 

polymerization of sorbitol, DD and DMA, 10 wt% of Novozyme 435 or 7 wt% of SPRIN liposorb 

CALB were employed. 

When enzymes are used in an organic medium, some water still needs to be available to 

maintain the tridimensional structure responsible for the particular activity of the enzyme. 

However, when unnecessary water is introduced in the reaction medium, it will act as a 

competing nucleophile and promote side reactions that can result in a polymer with carboxylic 

acid end-groups.8 Thus, drying the enzyme before use (under reduced pressure for 24 h at 

room temperature)2 is part of the pre-treatment to achieve good control over the final 

polymer structures.  

To observe a potential leaching of enzymes from the support during the polymerization 

procedure, elemental analysis measurements were performed on all the obtained polyesters 

and no detectable nitrogen content was measured. These results confirmed that no enzyme 

residues, which could be the only source of nitrogen, were present. 

3.3.2 Synthesis of poly(decane-co-sorbitol adipate)s 

In Chapter 2 we have demonstrated a reliable, validated method to prepare sorbitol-

containing polyesters by using Novozyme 435 with initial feed sorbitol contents of 5 mol% 

related to the total amount of monomers. In this Chapter, poly(decane-co-sorbitol adipate)s 

have been synthesized by using SPRIN liposorb CALB, with increased initial feed contents of 

respectively 5 mol%, 10 mol% and 15 mol% of sorbitol related to the total amount of 

monomers (Scheme 3-2). Novozyme 435 was also used as benchmark. Polyols with molecular 

characteristics in a range commonly used for coating applications, with a relatively low 

molecular weight and a controlled type of reactive end-groups, i.e. hydroxyl groups, were 

aimed. By using the Carothers’ equation, based on the stoichiometric imbalance between the 

diols and the dimethyl ester for a certain composition, an estimate for the number-average 

molecular weight was calculated (see Appendix A).  
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Scheme 3-2. Schematic, idealized representation of the enzymatic synthesis of sorbitol-based polyesters.  

Thus, by employing the selectivity for primary vs. secondary alcohol of CALB and by 

governing the polymerization using and excess of diol, we aim to obtain close to linear, 

hydroxyl end-capped renewable polyesters with pendant hydroxyl groups along their 

backbones. 

The reaction temperature was chosen to be 100-105 °C, as low as possible to maintain 

the activity of the enzyme and prevent thermal degradation of sorbitol, while having the 

monomers in the molten state (m.p. sorbitol = 95 °C). Already for 5 mol% of sorbitol in the 

initial feed it was evident that a homogeneous mixture could not be obtained and molten 

sorbitol was observed as a separate phase deposited on the bottom of the reactor. Phase 

separation was even more evident with elevated sorbitol loadings, proving that the maximum 

equilibrium amount of sorbitol which could still be solubilized in the reaction mixture was 

passed. 

Number-average molecular weights (Mn) of the obtained polyesters, determined by NMR 

and SEC, showed to be in the range of 2-7 kg/mol and 5-9 kg/mol, respectively.  

The different catalytic performance between the two biocatalysts can be observed in 

entries a, b, c and d in Table 3-1. In fact, at the same monomer composition and comparable 

final Mn, the reactions show a broadening of the molecular weight distribution when 

Novozyme 435 is employed as a catalyst, leading to a larger polydispersity index (Đ) value 

compared to when SPRIN liposorb CALB is used. From the activity assay and the aforesaid 

polymerization results it can be highlighted that, under these reaction conditions, SPRIN 

liposorb CALB shows a superior activity and selectivity compared to Novozyme 435. For this 

reason, we focused the synthesis and characterization efforts on the sorbitol-containing 

polyesters using SPRIN liposorb CALB.  
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Table 3-1. Feed ratio, final composition and molecular weights of sorbitol-containing polyesters measured by inverse-

gated decoupling 13C NMR spectroscopy. 

Entry Monomers Enzyme 

initial feed 
composition 

 
DMA:DD:sorb. 

sorbitol feed 
composition 

(mol)% 

sorbitol 
incorporated

(mol)%a 

13C NMR SEC 

Mn
 a 

(kg/mol) 
Mn b 

(kg/mol) 
Đ 

b 

a 
DMA/S/DD 

N 1:0.9:0.1 5.3 0.5 4.3 6.8 3.4 

b N 1:0.9:0.2 10.5 0.6 6.2 8.7 4.9 

c 

DMA/S/DD 

S 1:1:0.1 5.3 1.4 4.7 7.0 2.4 

d S 1:0.9:0.2 10.5 3.2 5.7 8.2 3.9 

e S 1:0.8:0.3 15.8 3.1 5.6 8.5 4.2 

f DMA/DD S 1:1.1:0 0 0 2.3 5.2 2.1 

DMA = dimethyl adipate; DD = 1,10-decanediol; Sorb: sorbitol; N = Novozyme 435; S = SPRIN liposorb CALB. a: Based 

on the 13C NMR area of diol end-groups not reacted present in the polyesters after precipitation in MeOH. b: Based on 

SEC measurements of the precipitated polyesters. 

As the initial sorbitol feed increases, an increase of the Đ is observed (entries c, d, and e, 

Table 3-1). This might be due to hydrogen bonding between chains as well as sorbitol OH end-

groups in the SEC solvent that will raise the hydrodynamic volume, leading to a broadening of 

the molecular distribution, indicating an enlarged sorbitol content in these polyesters. 

Moreover, the hydrodynamic volume is sensitive to the type of solvent used as an eluent 

(HFIP), and the calibration is based on poly(methyl methacrylate) standards, which have a 

significantly different hydrodynamic volume compared to the polyester samples. Furthermore 

an increase of sorbitol could lead to an increase of branching which would affect the 

broadening of the molecular weight distribution as well (vide infra). For this reason, the 

observed discrepancies in the Mn data obtained via SEC and via NMR are understood. 

3.3.3 Molecular characterization of sorbitol-based polyesters  

The molecular characterization of the obtained polyesters is of great importance to 

determine the amount of sorbitol actually incorporated in the polyester backbone and to 

confirm the retained degree of CALB selectivity for primary vs. secondary hydroxyl groups. 

13C NMR 

Through inverse-gated decoupling 13C NMR, the molar percentage of sorbitol 

incorporated into the polyester was calculated from the average integral values of all sorbitol 

resonances and the total integral values of all monomers, i.e. both chain end- and repeat-

units. It is assumed that residual monomers have been effectively removed through 

purification by dissolution/precipitation from chloroform/methanol. A representative 13C NMR 

spectrum is shown in Figure 3-1.  
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Figure 3-1. Inverse-gated decoupling 13C NMR spectrum of poly(decane-co–sorbitol adipate) (entry b, Table 3-1) 

recorded in pyridine-d5 with a small amount of CDCl3 as resonance reference. 

In Chapter 2 all the signals at expected resonances for sorbitol incorporated into the 

poly(decane-co-sorbitol adipate) were assigned. If sorbitol would be incorporated solely at the 

end of the chain, six signals from the different carbon atoms are expected. However, sorbitol 

can be incorporated inside of the main chain as a linear diol or even as a branching unit 

through (some) additional esterification of the secondary hydroxyl groups. The latter 

possibility, as well as the hydrogen bonding between the chains, seem to be in accordance 

with a relatively broad molecular weight distribution detected by SEC.  

Variety of ester linkages involving the sorbitol unit in the polymer chain, due to a 

different chemical environment, will result in a more complex NMR spectrum. Thus, in the 

“sorbitol region” between 62.5 ppm and 73 ppm, more than six peaks are observed. It is still 

possible to distinguish between the resonance of the carbons bearing the primary hydroxyl 

group (between 62.5 and 66 ppm) and the carbons connected to the secondary hydroxyl 

groups (between 67 and 73 ppm). The amount of sorbitol incorporated in the polymer chain 

was then calculated by dividing the whole sorbitol region by the total amount of carbons in a 

sorbitol unit. The appearance of a very small peak at 51.7 ppm is assigned to the methoxy end-

group of the adipate unit and the low intensity is indicating that less than 1% of the adipate 

units are at the end of the polymer chain. Thus, a mostly hydroxyl end-capped polymer is 

obtained. In Table 3-1, the data regarding the quantification of the actually incorporated 

amount of sorbitol compared to the initial feed are summarized. 
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For entry c in Table 3-1 an initial feed of 5.3 mol% of sorbitol leads to an incorporated 

amount of about 1.4 mol% sorbitol into the polyester (after precipitation in methanol). In case 

of entries d and e, up to 3 mol% of sorbitol was built into the polyester backbone, regardless 

of the initial feed. This apparent leveling off in the maximum achievable final sorbitol content 

can be correlated either to the non-homogeneous reaction mixture, or to the moderate 

affinity of CALB for sorbitol compared to the less polar DD.  

Based on previous studies by Fu et al.
2 the incorporation of higher amounts of sorbitol 

together with 1,8-octanediol (OD) and adipic acid (AA), simply by increasing the initial feed, 

appears to be possible. However, in that case, a fully homogeneous mixture of the monomers 

was reported. Jiang et al.9 reported low efficacies in enzymatic polycondensation in solution 

when an inhomogeneous mixture was observed. Here we report a similar limitation regarding 

the incorporation of one of the monomers, which is now found for a solvent-free reaction 

mixture. The incorporation of the polar sorbitol into a relatively apolar reaction mixture, 

mainly consisting of DMA and DD, through a solvent-free melt reaction is obviously challenging 

and limited to approx. 3 mol%. Unfortunately these amounts of incorporated sorbitol make a 

mechanistic study as described by Loos et al.9 not possible for our systems. 

Potentiometric titration 

The ability to detect the unreacted functional groups after polymerization is of great 

importance for the final characterization of the polymer and for the overall control and 

validation of the enzymatic polymerization procedure in synthesizing close-to linear 

polyesters. Table 3-2 gathers the acid (AV) and hydroxyl (OHV) values, the latter being 

determined by both potentiometric titration and 31P NMR, for the different polyester 

compositions.  

Table 3-2. Acid (AV) and Hydroxyl (OHV) Values of the synthesized polymers using SPRIN liposorb CALB. 

   Potentiometric titration 31P NMR 

Resin Monomers 
Sorbitol 

incorporated 
(mol%) 

AV a 
(mg KOH/g) 

OHV a 
(mg KOH/g) 

AV b 
(mg KOH/g) 

OHV b
 

(mg KOH/g) 

c 

DMA/S/DD 

1.4 0.0 51.5 1.2 41.8 

d 3.2 0.0 72.5 1.9 67.0 

e 3.1 0.0 83.8 1.5 65.5 

DMA = dimethyl adipate; S = sorbitol; DD = 1,10-decanediol.a: Data obtained by potentiometric titration performed 

after precipitation in MeOH. b: Data obtained by 31P NMR after precipitation in MeOH. 

The fact that no AV was detected by titration indicates that (almost) no carboxylic acid-

terminated polymer chains were obtained, which is expected when starting from dimethyl 

esters rather than free carboxylic acids. It also indicates that hydrolysis of ester bonds does 

not occur to a significant extent. Moreover, the measured high OHVs already indicate the 
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incorporation of sorbitol in the polyester. The OHV varies with the initial feed of sorbitol. For 

entry c in Table 3-2, where an initial feed of 5 mol% sorbitol was used, the lowest OHV of 52 

mg KOH/g of sample was found. Increasing the amount of sorbitol to 10 mol% (d) and 15 mol% 

(e) resulted in an increase of the OHV to 73 mg KOH/g and 84 mg KOH/g, respectively. 

Titration is an established and accurate method, but the information obtained regards the 

overall total amount of hydroxyl groups and acid groups present in the sample. Therefore, this 

method is not suitable to distinguish between different types of carboxylic acids (aromatic or 

aliphatic) and hydroxyl (primary, secondary or tertiary and aromatic or aliphatic) groups. 

31P NMR 

The ability to distinguish primary from secondary unreacted hydroxyl groups of the 

sorbitol unit provides crucial information. As presented in Chapter 2, this kind of distinction 

can be evaluated via 31P NMR spectroscopy, which is based on the different chemical 

environment of the single nuclei.6 The derivatization of the unreacted functional groups of the 

purified sorbitol-based polyesters with 2-chloro-4,4,5,5-tetramethyldioxaphospholane is an 

effective method to evaluate different types of hydroxyl and carboxylic acid groups present in 

the polymer samples. A representative spectrum, including assignment of the most relevant 

peaks after derivatization of the polyester with the phospholane compound, is shown in Figure 

3-2.  

 

Figure 3-2. 31P-NMR of poly(decane-co-sorbitol adipate) (entry c, Table 3-1). Schematic representation of a typical 

spectrum after phosphorylation and a zoom with the assignment of the primary alcohol of sorbitol units (prim), 

secondary alcohol of sorbitol units (sec), 1,10-decanediol end-group (1,10-DD) and the internal standard 

(cyclohexanol). 
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Contrary to the results obtained through potentiometric titration, some carboxylic acid 

groups were detected by 31P NMR, as shown in Table 3.2 and 3-3. This small deviation is, most 

probably, due to the high sensitivity of the spectroscopic technique compared to the 

potentiometric titration. 

Since primary and secondary hydroxyl groups appear with a deviated chemical shift after 

derivatization with the phospholane compound, it is possible to calculate and evaluate the 

ratio between the different unreacted hydroxyl groups of the sorbitol unit. As explained in 

Chapter 2, if the ratio between secondary and primary hydroxyl groups is higher than 4, this 

will refer to a sorbitol unit incorporated on average mainly as a diol. The same evaluation was 

applied to these newly synthesized polyesters, revealing a ratio of secondary to primary 

hydroxyl groups higher than 4 (Table 3-3).  

However, this analysis refers to the average of the observed phosporylated hydroxyl 

groups, meaning that sorbitol can be incorporated in several different ways. Hence, the 

presence of more than six peaks in the 13C NMR measurements can be justified as discussed 

above.  

The valuable conclusion drawn from this study is that the selectivity of CALB for primary 

hydroxyl groups is retained when SPRIN liposorb CALB is used as the polymerization catalyst, 

and that close to linear sorbitol-based polyesters were obtained through this synthetic 

procedure. 

Table 3-3. Quantitative results of the unreacted functional groups derivatized with 2-chloro-4,4,5,5-tetramethyl-

dioxaphospholane (normalized on cyclohexanol peak used as internal standard). 

Resin Monomersa 
Sorbitol 

incorporated 
(mol%) 

OHPrim.
b 

(mg 
KOH/g) 

OHSec.
b 

(mg 
KOH/g) 

OHDD
b 

(mg 
KOH/g) 

OHTotal
c 

(mg 
KOH/g) 

AV 
(mg 

KOH/g) 

OHVd 

(mg 
KOH/g) 

Ratioe  
 

c 

DMA/S/DD 

1.4 2.2 14.7 23.7 40.6 1.2 41.8 6.7 

d 3.2 3.9 34.8 26.4 65.1 1.9 67.0 8.9 

e 3.1 3.7 35.5 24.8 64.0 1.5 65.5 9.6 
a: DMA = dimethyl adipate; DD = 1,10-decanediol. b: OHPrim.= primary hydroxyl groups and OHSec. secondary hydroxyl 

groups of sorbitol units; OHDD: primary hydroxyl groups of 1,10-decanediol. c:OHTotal = OHPrim. + OHSec. + OHDD. d: OHV = 

OHTotal + AV. e: Ratio between secondary and primary hydroxyl group of the sorbitol unit. 

Concerning the OHV, the results show a consistent gap of about 20% between the values 

obtained by 31P NMR compared to the values measured by potentiometric titration, the NMR 

values always being lower. As discussed in Chapter 2, due to the presence of vicinal hydroxyl 

groups in the sorbitol unit, the bulky structure of the phospholane compound may not allow 

full conversion of the unreacted hydroxyl groups in the sorbitol residue. As steric hindrance 

effects secondary alcohols more significantly than primary alcohols, the gap of 20% compared 

to total OHV titration values is thought to be mostly due to unreacted secondary OH groups 
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when using the 31P NMR derivatization technique. If all secondary OH groups were able to 

react with the phospholane compound and therefore be present in the 31P NMR spectra, the 

ratio between secondary vs. primary OH would be even higher, thus supporting the 

considerable selectivity between primary over the secondary hydroxyl groups of sorbitol. A 

relevant advantage of the 31P NMR derivatization technique compared to potentiometric 

titration is the small amount of sample required to obtain both AV and OHV data in a relatively 

short time.  

MALDI-ToF-MS 

MALDI-ToF-MS was used to obtain information about the composition of single polyester 

chains and their end-groups. In this way, it can not only be revealed if sorbitol is present in the 

polyester backbone but also if more than one sorbitol unit is present in a single polyester 

chain. Seven different distributions were observed for the three different polyesters (entries c, 

d and e, Table 3-1) as shown in Figure 3-3.  

 
Figure 3-3. Section of the MALDI-ToF-MS spectrum of poly(decane-co–sorbitol adipate), (entry e, Table 3-1). End-

groups belonging to the several distributions are indicated. 

Three distributions (1, 2 and 3) can be assigned to chain compositions without sorbitol 

(i.e. solely consisting of DD and DMA residues) while the remaining four distributions (4, 5, 6 

and 7) are attributed to macromolecules containing sorbitol. In case of distributions 1, 2 and 3, 

the macromolecules contain AA/DD repeat units with all three end-group possibilities: 
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hydroxyl-hydroxyl (1), methoxy-hydroxyl (2) or methoxy-methoxy (3) residue. Distributions 4, 

5 and 6 can be assigned to macromolecules containing either AA/DD repeat units with one 

sorbitol unit (4 and 5) or containing solely AA/sorbitol as repeat unit (6). The distributions 4 

and 5 have the same composition but different end-groups, i.e. hydroxyl-hydroxyl and 

methoxy-hydroxyl, respectively.  

For the polymers with higher amounts of sorbitol incorporated (d and e), an additional 

distribution (7) was found. This particular distribution is assigned to chains with two 

AA/sorbitol repeat units present, and an increasing number of repeat units of the AA/DD type. 

In this case, the macromolecules are end-capped with one methoxy end-group and one 

hydroxyl end-group which can correspond to linear or branched chains with one methoxy end-

group. Despite the fact that an excess of diols was employed in all the polymerization 

reactions, the synthesized polyesters were not fully hydroxyl end-capped, as elucidated by 13C 

NMR spectroscopy. Furthermore, no signals corresponding to sorbitan or isosorbide side-

products were observed in MALDI-Tof-MS spectra for any of the polyesters, validating that the 

polymerization conditions are sufficiently benign to leave the thermally sensitive sorbitol 

intact. Also these compounds were not present in the methanolic solution containing the low 

molecular weight fraction collected after precipitation, which was analyzed by 13C NMR. 

The MALDI-Tof-MS spectra confirmed the presence of sorbitol in the synthesized 

polymers. From the MALDI-Tof-MS analyses, it appears that some polymer chains are carrying 

one or two sorbitol units. It is surprising and very interesting that distribution 6 contains only 

AA/sorbitol repeat units without any DD present. This might be explained by the phase 

separation of sorbitol and DD/DMA mixture during the reaction and the special ability of CALB 

to work at the interphase region.10  

3.3.4 Thermal analysis of the sorbitol-based polyesters  

To elucidate the effect that increased amounts of sorbitol can have on, e.g. thermal 

stability, melting temperature and crystallinity, several analyses have been conducted on the 

synthesized polyesters. Thermogravimetric analysis (TGA) was performed to assess the 

thermal stability of the obtained polymers. The TGA curves are displayed in Figure 3-4.  

The polymers show a thermal decomposition as a single step with 5% weight loss 

between 340 °C and 356 °C. The maximum degradation rate occurs between 403 and 406 °C 

with a remaining weight of 1% for entry e and zero for entries c, d and f (Table 3-4). Thus, a 

good stability up to elevated temperatures, well above the melting temperature of the 

polyesters, is observed. 
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Figure 3-4. TGA thermograms of poly(decane adipate), entry f, and poly(decane-co-sorbitol adipate), entries c, 

d, e (Table 3-4). 

 Via DSC analysis, thermal transitions of the various sorbitol-containing polyesters were 

determined. A typical DSC curve for the sorbitol-based polyester is shown in Figure 3-5 as 

rappresentative for the all samples. The results of the DSC measurements are summarized in 

Table 3-4, where the corresponding data for poly(decane adipate) (entry f) are given for 

reference.  

Table 3-4. Thermal properties of poly(decane adipate), entry f and poly(decane-co-sorbitol adipate), entries c, d, e. 

    TGA   DSC 

Entry 
Sorbitol 

incorporated 
(mol%) 

T5% 
a
 

(° C) 
Td 

b
 

(° C) 
 W 

c
 

(%)  

Tg 
d
 

(°C) 
Tm 

d
 

(°C) 
ΔHm 

d
 

(J/g) 
Tc 

e
 

(°C) 
ΔHc 

e
 

(J/g) 

c 1.4 356 403 0 
 

-18 71 99 57 110 

d 3.2 350 406 0 
 

-20 67 85 52 93 

e 3.1 340 405 1 
 

-22 65 84 51 91 

f 0 356 407 0 
 

n.d.f 74 115 55 120 
a:Temperature at which 5% weight loss was observed. b: Temperature for maximum degradation rate. c: Remaining 

weight at 600° C. d: Transitions temperatures and melting enthalpies determined from the second heating curve of 

the DSC thermogram at a heating rate of 20 °C/min. e: Transitions temperatures and melting enthalpies determined 

from the cooling run of the DSC thermogram at a heating rate of 20 °C/min; f: n.d. = not determined. 

All synthesized polymers were obtained as semi-crystalline compounds. A heating-

cooling-heating cycle was performed from -50 to 100°C in order to erase the thermal history. 

The Tg is observed as a broad transition around -20 °C, which is generally expected for aliphatic 
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polyesters of the investigated type.2 The Tc, as well as the Tm, appear as sharp transitions. The 

Tc and Tm values and the crystallization and melting enthalpies, ΔHc and ΔHm, decrease with 

increasing sorbitol content. This can be explained by the loss of chain regularity and 

crystallizability by incorporating sorbitol.2 By Wide Angle X-Ray Scattering (WAXS) 

measurements, this can be better elucidated. 

 
Figure 3-5. DSC thermogram of a sorbitol-based polyester (entry c, Table 3-4).  

Via WAXS, the semi-crystalline nature of the polyester was confirmed. The 

measurements were performed on the precipitated polymers, annealed in vacuum for 24h at 

40 °C. To observe the influence of different contents of sorbitol on the crystallinity, the pure 

homopolymer poly(decane adipate), synthetized under the same conditions, was measured as 

a reference. Al2O3 was used as standard to compensate for any offset, for instance sample 

preparation. In general, in semi-crystalline polymers, the distribution of a comonomer unit in 

the crystalline or non–crystalline regions is an important factor. Several possibilities exist: 1) 

comonomer units (in our case represented by the sorbitol-adipate unit) are excluded from the 

crystalline lamellae and are therefore exclusively present in the amorphous phase; or 2) the 

units are compatible in such a way that they are able to co-crystallize in the matrix crystalline 

lattice.11  
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Figure 3-6. X-ray diffraction pattern for poly(decane adipate) (entry f, Table 3-5) and poly(decane-co-sorbitol adipate) 

(entries c, d, e in Table 3-5).  

From the powder WAXS profile represented in Figure 3-6, the most prominent Bragg 

spacings were calculated and listed in Table 3-5. The X-ray diffraction patterns recorded for 

poly(decane adipate) are indexed according to the orthorhombic unit cell with lattice planes of 

(1 1 0) and (0 2 0) reflection at d = 4.2 Å and 3.7 Å, respectively (Table 3-5, entry f).12,13  

Table 3-5. Powder X-ray diffraction data. 

Within experimental error, spacings and intensities determined for the sorbitol-

containing polyesters were similar to the corresponding values for poly(decane adipate), 

which may imply that no sorbitol residues are present in the crystalline phase of the 

polyesters. We admit that this conclusion is not 100% sure, as the incorporated amount may 

Entry 
Sorbitol 

incorporated (mol%) 
d 

a 

(Å) 
X 

b  
(%) 

  

c 1.4 4.2s 3.7m 2.9w 2.5w 60   

d 3.2 4.2s 3.7m 2.9w 2.5w 58   

e 3.1 4.2s 3.7m 2.9w 2.5w 54   

f 0 4.2s 3.7m 2.9w 2.4w 74   

a: Bragg spacing measured in powder diffraction patterns. Intensity visually estimated as follow: s: strong, m: medium, 

w: weak. b: Crystallinity index is calculated using the PeakFit. 
  



Chapter 3 

54 
 

be too low to affect the crystal structure. Peak fitting was performed after the subtraction of 

the background to determine the percentage of crystallinity (X %). The X-ray diffraction data 

indicate that the crystallinity is lower for increased amounts of incorporated sorbitol. Both the 

crystal size and the perfection could also be influenced by the branching. Indeed, sorbitol 

“defects” can be either responsible for a decreased perfection of the crystals, if some sorbitol 

units are present in the crystals, or on the other hand can cause the formation of smaller 

crystals, corroborating the DSC experimental results showing a reduced melting temperature. 

3.4 Conclusions 

Fully bio-based aliphatic sorbitol-containing polyesters were successfully synthesized via 

solvent-free enzymatic polycondensation, by using an immobilized form of Candida antartica 

lipase B (CALB). Novozyme 435 was used as benchmark while the SPRIN liposorb CALB 

biocatalyst showed an enhanced activity by about 53%.  

The maximum amount of sorbitol which could be incorporated into the polyesters, 

otherwise consisting of adipate and 1,10-decanediol, was found to be 3 mol%. This limitation 

was ascribed mainly to the non-homogeneous reaction mixture during the solvent-free 

enzymatic polymerization. Although the amount of incorporated sorbitol is relatively low, this 

is still resulting in a considerable increase of the functionality in the final polymer. 

Furthermore, due to the considerable selectivity of CALB for the primary sorbitol hydroxyl 

groups compared to the secondary hydroxyl groups, the final aliphatic polyesters were mostly 

linear.   

An increased initial loading of the sorbitol monomer showed to have a particular 

influence on the composition of the obtained polyesters. In fact, MALDI-ToF-MS proved the 

strong influence that the inhomogeneity of the reaction mixture exerts on the composition of 

single polymer chains. Moreover, no signals related to sorbitan or isosorbide were observed in 

MALDI spectra, validating that the adopted reaction conditions were sufficiently benign to 

leave the thermally sensitive sorbitol intact. The obtained polyesters were semi-crystalline, as 

corroborated by DSC and WAXS measurements, and were thermally stable up to temperatures 

well above their melting points. 

The synthesized renewable polyols with enhanced functionalities, i.e. pendant hydroxyl 

groups, can be employed for further reactions to afford cured networks for coating 

applications, which we will describe in the next chapter.  
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Chapter 4 

Sustainable coatings from bio-based, enzymatically synthesized 

polyesters with enhanced functionalities 

    
 

Abstract 

The selectivity of CALB for primary vs. secondary hydroxyl groups of the sorbitol units 

allowed for the preparation of close to linear renewable polyester polyols with enhanced 

hydroxyl functionalities, both as pendant groups and end-groups. In some cases, the sorbitol 

units were homogeneously distributed in the polyester polyol chains, whereas changes in the 

comonomers feed used and experimental conditions led to inhomogeneous and unique 

distributions of sorbitol, implying that some polyester polyol chains contained none and others 

contained multiple sorbitol units. Solvent-borne coatings were prepared by cross-linking the 

functional polyester polyols with polyisocyanate curing agents. An increased functionality of 

the polyester polyols led to an enhancement of the properties of the resulting cured coatings. 

Furthermore, when sorbitol units were non-homogeneously distributed, a significant 

improvement on chemical resistance and mechanical properties of the cured poly(ester 

urethane) network was noted. By employing the bio-based diisocyanate EELDI (ethyl ester L-

lysine diisocyanate) as curing agent, almost fully renewable coatings with satisfactory 

mechanical properties were obtained. 
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4.1. Introduction 

A very versatile class of tailor-made materials are polyurethanes. In fact, due to their high 

resistance against chemicals and excellent mechanical properties,
1,2 

they are extensively used 

in packaging, electronics, building constructions, automotive and aerospace industries as well 

as in biomedical applications.
3,4,5,6

  

Aliphatic polyester polyols, with molecular weights in the range of 3-6 kg/mol and well-

defined hydroxyl (end)-group functionality, are resins commonly used for the synthesis of 

polyurethanes for coating applications. These polyester polyols are made to react further with 

hydroxyl-reactive curing reagents, e.g. polyisocyanates, to form cross-linked networks. 

Conventionally, bifunctional monomers are used to prepare the polyester polyols, which 

contain hydroxyl functional groups only as end groups. A relatively low Mn will guarantee the 

required functionality for the subsequent curing and will allow proper flow on the selected 

substrate surface. In order to obtain a properly cured network, the two functional hydroxyl 

groups per chain are duly reacted with a tri- or tetra-functional isocyanate curing agent to 

form cross-linked networks.
7,8

  

On the other hand, if a monomer with multiple hydroxyl groups is introduced in a 

controlled way into the polyester main chain, a linear polyester polyol with pendant hydroxyl 

groups and an OH functionality much higher than two could be achieved. As described in 

chapters 2 and 3, sorbitol is a good candidate to be incorporated as residue into aliphatic 

polyesters to enhance the hydroxyl functionality. These functional hydroxyl groups would be 

available for further reaction with e.g. diisocyanates, and the properties of the resulting 

poly(ester urethane) networks could be enhanced.  

The combination of the polyester polyol resins and the curing agent will determine the 

final coating performance. Hexamethylene diisocyanate (HDI) and toluene diisocyanate (TDI) 

are commonly used isocyanates originating from petroleum feedstock.
9
 Notwithstanding they 

provide excellent properties to the final coatings, their high volatility and reactivity are making 

them highly toxic compounds. In this regard, the major companies involved in polyurethane 

production are committed to providing safer and more eco-friendly solutions. The use of 

trimers of diisocyanates, so called isocyanurates, is a strategy to reduce volatility while 

increasing functionality. An example is the commercially available hexamethylene 

diisocyanate-based polyisocyanate known as Desmodur N3600® from Bayer AG. Furthermore, 

more sustainable renewable-based alternatives have been developed from starch, fatty acids 

and amino acids.
3,10

 Although the synthetic pathways leading to bio-based isocyanate cross-

linkers still require a petroleum-based reagent, i.e. phosgene, dimer fatty acid-based 

isocyanate (DDI, renewable content 91%) and the ethyl ester of L-lysine isocyanate (EELDI, 

renewable content 75%) are examples of close to fully bio-based diisocyanates.
11,12

 In 2015 the 

former Bayer Materials Science company Covestro
13

 announced the launch of a new 



  Chapter 4 

59 
 

polyisocyanate compound, Desmodur ecoN7300®, with 70% of its carbon content originating 

from renewable resources.
14

 The compound will be commercially manufactured in 2016.
15

  

In this chapter is described the preparation of poly(ester urethane) coatings from nearly 

linear sorbitol-derived aliphatic polyesters with enhanced functionalities, i.e. pendant and 

terminal hydroxyl groups, presented in chapters 2 and 3.
16,17

 The polyester polyols will be 

cured using either conventional or almost fully bio-based cross-linkers. The properties of the 

resulting coatings containing variable amounts of sorbitol units will be tested. Moreover, it is 

desired to study the effect of the sorbitol distribution and content within the polyester polyol 

on the final coating performance. 

4.2. Experimental section 

4.2.1. Materials 

Sorbitol was obtained as a gift from Roquette (Neosorb P6 Sorbitol, 98%). 1,8-octanediol 

(98%, OD), 1,10-decanediol (98%, DD), dimethyl adipate (>99%, DMA), acetic anhydride and a 

0.1–0.5 N methanolic solution of KOH were obtained from Sigma-Aldrich. All solvents were 

purchased from Biosolve and all chemicals were used as received. SPRIN liposorb CALB 

(Candida antarctica lipase B immobilized on beads of a DVB cross-linked, hydrophobic, 

macroporous polymer based on methacrylic esters) was purchased from SPRIN S.p.a. The 

immobilized enzyme was stored in a refrigerator at 4 °C and, together with sorbitol, before use 

dried at room temperature under reduced pressure for 24 h following a literature procedure.
18

 

Dimer fatty acid-based diisocyanate (DDI 1410, 92% pure, titration value) was kindly provided 

as a free sample by Cognis (now BASF). Ethyl ester L-lysine diisocyanate (EELDI, 95% pure) was 

supplied by Infine Chemicals Co., Limited, China. The isocyanurate trimer of hexamethylene 

diisocyanate (Desmodur N3600) was a kind gift from Bayer AG. Isophorone diisocyanate (IPDI, 

98%) was purchased from Sigma-Aldrich. All polyisocyanates were kept in the fridge at 4 °C 

under argon.  

4.2.2. Synthesis of sorbitol-based polyester polyols 

Polyester polyols were synthesized via enzymatic melt polycondensation from sorbitol, 

either OD or DD, and either AA or DMA, as described in chapters 2 and 3.  

4.2.3. Preparation of solvent-borne poly(ester urethane) coatings 

The synthesized sorbitol-based polyester polyols presented chapters 2 and chapter 3 

were cured using the following curing agents: a trimer of hexamethylene diisocyanate (trade 

name Desmodur N3600, NCO equivalent weight = 183 g/mol), isophorone diisocyanate (IPDI, 

NCO equivalent weight = 111 g/mol), ethyl ester L-lysine diisocyanate (EELDI, NCO equivalent 

weight = 113 g/mol) and dimer fatty acid-based diisocyanate (DDI, NCO equivalent weight = 

300 g/mol).  
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Between 0.2 and 0.3 g of sorbitol-based polyester polyol were dissolved in 0.2 - 0.3 mL of 

solvent (acetone, chloroform, N,N-dimethyl formamide - DMF, N-methyl-2-pyrrolidone - NMP 

or dimethyl sulfoxide - DMSO). An exact amount of cross-linker, calculated according to the 

hydroxyl value (obtained by potentiometric titration, see further on) of the polyester polyol 

selected and different ratio of NCO:OH groups, was weighed and dissolved in 0.05 – 0.2 mL of 

the same solvent. The polyester polyols dissolved in the selected solvent were mixed together 

with the dissolved curing agent and applied as a wet film onto an aluminum Q-panel (pre-

cleaned with ethanol and acetone) by using a doctor blade, targeting a wet film thickness of 

160 µm. When using DDI as cross-linker and chloroform as solvent, satisfactory appearance of 

the coatings were obtained when mixing and application onto aluminum Q-panel were 

performed at room temperature. For the other cases, due to poor solubility of the polyester 

polyols and cross-linkers at room temperature, a proper dissolution and mixing of the 

components as well as the wet coating application was carried out at 80 °C, which is above the 

melting temperature of the polyester polyols. The resulting films were dried for one hour at 80 

°C under argon and cured at 180 °C under argon flow for 30 minutes.  

The free standing films for Differential Scanning Calorimetry (DSC) measurements were 

prepared by dissolving 0.2 - 0.3 g of sorbitol-based polyester polyol in 0.2 mL of DMF. This 

solution was subsequently added to an exact amount of pure curing agent, calculated 

according to the hydroxyl value (obtained by potentiometric titration, see further on) of the 

polyester polyol selected and different ratio of NCO:OH groups. Via a syringe, the solution 

containing both polyester polyol and curing agent was applied on a Teflon substrate at 80 °C, 

dried for one hour at 80 °C under argon, and cured at 180 °C under argon atmosphere for 30 

min. 

The free standing films for Dynamic Mechanical Thermal Analysis (DMTA) measurements 

were prepared by solubilizing 0.2 g of sorbitol-based polyester polyol in 0.3 mL of chloroform. 

This solution was subsequently added to the pure curing agent to obtain a mixture with 

NCO:OH ratio 1:1. Via a syringe, the solution containing both polyester polyol and curing agent 

was applied on a Petri dish pre-treated with chlorotrimethylsilane, which was used to reduce 

the hydrophilicity of the substrate and facilitate the removal of the film for DMTA analysis. The 

wet films were dried for four hours at 80 °C under argon, and cured at 180 °C under argon 

atmosphere for 30 min. 

4.2.4. Characterization methods 

Potentiometric titration. The acid value (AV) was determined by direct potentiometric titration 

with a KOH methanolic solution, and the hydroxyl value (OHV) was determined following the 

standard test methods for hydroxyl group determination (ASTM E222-10).
19

 A precise 

description of the methods to calculate AV and OHV is reported in Chapter 2. 
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Size exclusion chromatography (SEC). SEC in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was 

performed at 40 °C on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 

2414 refractive index detector (35 °C), a Waters 2707 auto sampler, and a PSS PFG guard 

column followed by two PFG-linear-XL (7 μm, 8 × 300 mm) columns in series. HFIP with 

potassium trifluoroacetate (3 g/L) was used as eluent at a flow rate of 0.8 mL/min. The 

molecular weights were calculated against poly(methyl methacrylate) standards (Polymer 

Laboratories, Mp = 580 Da up to Mp = 7.1 × 10
6
 Da). 

Carbon nuclear magnetic resonance (
13

C NMR). 
13

C NMR spectroscopy was performed on a 

Varian spectrometer at a resonance frequency of 100.64 MHz. For the 
13

C NMR experiments 

the spectral width was 24,155 Hz, the acquisition time was 1.3005 s, the delay time was 3 s 

and the number of recorded scans was equal to 16384. Samples were prepared by dissolving 

40-50 mg of the crude polymer in 0.5 mL pyridine-d5 and Cr(acac)3 (0.025 M)
20

 as a spin 

relaxation agent. Chemical shifts are reported in ppm relative to the residual peak of pyridine-

d5 (δ = 123.9 ppm). Data analysis was performed using Mestrec 4 software. 

Phosphorus nuclear magnetic resonance (
31

P NMR). 
31

P NMR spectroscopy was performed on 

a Varian spectrometer at a resonance frequency of 202.34 MHz. The spectral width of the 

experiments was 53569.79 Hz. The delay time was set at 3 s with a number of recorded scans 

of 1024. Sample preparation was carried out following a literature procedure.
21

 A stock 

solution and samples for 
31

P NMR analysis were prepared as described in Chapter 2. Data 

analysis was performed using Mestrec 4 software. The data are reported in mg KOH/g of 

sample for easy comparison with potentiometric titration values (see Chapter 2 for detailed 

calculations). 

Thermogravimetric analysis (TGA). TGA was performed using a TA Instruments TGA Q500. The 

analysis of the data was performed with the Universal Analysis 2000 software. A sample of 10 

mg was heated from 25 ºC to 600 ºC at a heating rate of 10 ºC/min under nitrogen flow. 

Differential scanning calorimetry (DSC). DSC was performed with a TA Instruments Q100 DSC. 

The heating and cooling rates were 20 °C/min under a nitrogen atmosphere. Glass transition 

temperature (Tg), melting temperature (Tm) and enthalpy (ΔHm) were obtained from the 

second heating run while the crystallization temperature (Tc) was obtained from the cooling 

run. For the data analysis, Universal Analysis 2000 software was used. 

Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-ToF-MS). 

MALDI-ToF-MS measurements were performed with a PerSeptive Biosystems Voyager-DE STR 

MALDI-ToF-MS spectrometer with a 2 m flight tube in linear mode and a 3 m flight tube in 

reflector mode. For the ionization, a 337 nm nitrogen laser with a 3 ns pulse was used. The 

acceleration potential was 20 kV and the data was processed with Voyager software. As matrix 

2,4,6-trihydroxyacetophenon and as cationization agent diammonium hydrogen citrate were 

used. For the measurement, the sample was dissolved in THF (5 mg/mL), and the matrix and 

cationization agent were added (4:1:4). 0.30 μL of this solution was spotted on the sample 

plate and dried at room temperature. 
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Wide-angle X-ray scattering (WAXS). WAXS measurements were performed on a Rigaku 

Geigerflex Bragg-Brentano powder diffractometer using Cu Kα radiation (λ = 0.154 nm), at 40 

kV and 30 mA. The scans in the 2Θ range between 10° and 30° were performed with a 0.02 

step in 2Θ and a dwell time of 1 s. Peak fitting was performed after the subtraction of the 

background to determine the percentage of crystallinity. 

Dynamic mechanical thermal analysis (DMTA). DMTA measurements were performed on a TA 

Instruments DMA Q800. DMTA samples were cut into rectangular shapes of 10 mm x 5 mm x 

0.5 mm. All experiments were performed at a frequency of 1 Hz and at heating rate of 3 

°C/min. The samples were firmly clamped below Tg and the measurements were performed in 

a temperature range of -80 to 150 °C. The Tg values determined via DMTA were obtained by 

taking the maximum value of the tan δ peak.  

Evaluation of the coating performance. Curing reactions were followed using attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR), which was performed on a 

Varian Excalibur 3100 FTIR Spectrometer, equipped with a diamond Specac Golden Gate ATR 

setup, and an Eurotherm 2416 temperature controller. Measurements were performed over a 

spectral range of 4000 to 650 cm
-1

 with a resolution of 2 cm
-1

. The obtained coatings were 

evaluated using several characterization methods. The solvent resistance of the coatings was 

assessed through the acetone rub test, in which the sample is rubbed back and forth with a 

cloth drenched in acetone. If no damage is visible after more than 200 rubs (i.e. 100 ‘double 

rubs’), the coating has good acetone resistance. Resistance against rapid deformation was 

tested using the reverse impact test, performed by dropping a weight of 1 kg on the back side 

of a coated panel from a height of 80 cm (ASTM D2794).
22

 The coating hardness was measured 

using the pencil hardness test, performed by scratching the coating with pencils of increasing 

hardness using a model 291 from the Erichsen GmbH & Co. KG Pencil Hardness Tester. The 

coating thicknesses were measured through magnetic induction using an Elcometer 224 Digital 

Surface Profile Gauge.  

4.3. Results and Discussion 

As demonstrated in chapters 2 and 3, polycondensation reactions catalyzed by enzymes 

offer the opportunity to incorporate multi-functional monomers, like sorbitol, in a selective 

way leading to close-to-linear hydroxyl-functionalized polyesters. Limiting esterification 

reactions to the two primary hydroxyl groups of sorbitol guarantees the linearity of the 

obtained polyesters, leaving pendant (secondary) functional groups available for further 

modifications and/or curing reactions.  

Two series of sorbitol-based aliphatic polyester polyols reported in chapters 2 and 3 are 

compared in this Chapter and further used to prepare solvent-borne coatings. The polyester 

polyols were prepared starting from sorbitol, either adipic acid (AA) or dimethyl adipate 

(DMA), and either 1,8-octanediol (OD) or 1,10-decanediol (DD). They molecular characteristics 
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are summarized in Table 4-1. Molecular weights of the obtained sorbitol-based polyester 

polyols were found to be adequate for coating applications. 

Table 4-1. Properties of sorbitol-based polyesters with enhanced functionalities obtained by enzymatic 

polycondensation. 

Through inverse-gated decoupling 
13

C NMR, the molar percentage of sorbitol 

incorporated into the polyesters was calculated (Table 4-1). Via potentiometric titration, 

information regarding the acid value (AV) and hydroxyl value (OHV) was obtained. A higher AV 

observed for entry a in Table 4-1 compared to the other entries is attributed to the use of AA 

as comonomer instead of the corresponding dimethyl ester, leading to some terminal COOH 

groups. However, the COOH groups were just a minority compared to the OH groups detected. 

As expected, higher OHV values where measured for polyesters with increasing amounts of 

sorbitol incorporated. For all the synthesized polyester polyols, the ratio between secondary 

vs. primary hydroxyl groups of the sorbitol residues detected via 
31

P NMR in the polyester 

backbone was found to be higher than 4 (Table 4-1), supporting the incorporation of sorbitol 

predominantly via its primary hydroxyl groups, as explained in chapters 2 and 3. These results 

indicate that, on average, the obtained polyester polyols are mostly linear. However, neither 

potentiometric titration nor NMR spectroscopic techniques provide information on how the 

sorbitol units are distributed along the polyester polyol chains. 

Via MALDI-ToF-MS analysis, the composition of single polyester chains and their end-

groups were elucidated in chapters 2 and 3.
 
Even if some carboxylic acid or methyl ester end-

groups were present, the polyester chains were mainly hydroxyl-terminated. Regarding the 

poly(octane-co-sorbitol adipate) (entry a), the sorbitol residues appear to be rather 

homogeneously distributed over the polyester polyol chains, i.e. they all contain OD, adipate 

and either none or maximum one sorbitol unit per polymer chain. A similar homogeneous 

Entry Monomers 

Sorbitol feed 

composition 

(mol%) 

Sorbitol 

incorporated 

(mol%) 

13
C NMR  SEC  

Potentiometric 

titration 
 

31
P 

NMR 

Mn 
 a

 

(kg/mol) 
 

Mn 
 b

 

(kg/mol) 
Đ 

b
  

AV
 c
 

(mg 

KOH/g) 

OHV
 c
 

(mg 

KOH/g) 

 
Ratio 

d
 

a AA/S/OD 5.0 2.5 5.3  7.7 1.8  11.4 80.3  11.1 

b 

DMA/S/DD 

5.3 1.4 4.7  7.0 2.4  0.0 51.5  6.7 

c 10.5 3.2 5.7  8.2 3.9  0.0 72.5  9.7 

d 15.8 3.1 5.6  8.5 4.2  0.0 83.8  9.7 
AA = adipic acid; DMA = dimethyl adipate; OD = 1,8-octanediol; DD = 1,10-decanediol; 

a
: Based on the 

13
C NMR area of 

unreacted end-groups present in the polyester polyols after precipitation in MeOH. 
b
: Based on SEC measurements of 

the precipitated polyester polyols, performed in HFIP and using PMMAs as standards. 
c
: Data obtained by 

potentiometric titration performed after precipitation in MeOH. 
d
: Ratio of OHSec (secondary) vs. OHPrim. (primary) 

hydroxyl groups of the sorbitol unit obtained by 
31

P NMR after precipitation in MeOH. 
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distribution was found for the poly(decane-co-sorbitol adipate) containing a low amount of 

sorbitol (entry b). Conversely, in the case of poly(decane-co-sorbitol adipate)s with higher 

amounts of sorbitol incorporated, i.e. entries c and d, an increased initial feed of sorbitol 

resulted in an evident phase separation between apolar monomers such as DD and dimethyl 

adipate (DMA), and the very polar sorbitol. A remarkable effect of this phase separation 

during polymerization was found in the distribution of the sorbitol units over the single 

polyester chains. Regarding entry c, a distribution containing two sorbitol units per chain was 

observed, in addition to distributions bearing either none or one sorbitol unit per chain. The 

phase separation during polymerization was even more evident for entry d, probably because 

of the initial higher sorbitol content of the reacting mixture. In this polymer a distribution 

containing only adipate and sorbitol repeat units, without any DD residue present, was 

detected, besides polyester chains containing solely DD and adipate units, showing a clear 

effect on the functionality per chain (Figure 4-1). This unique effect of the addition of sorbitol 

units to create a wide variety of new polymer structures can be also explained by the ability of 

CALB to work at the interphase region.
23

 

In this Chapter two different aspects of the presented polyester polyol resins are of 

particular interest. The effect of increasing the amount of sorbitol incorporated in the 

polyester polyols on the final properties of the obtained poly(ester urethane) coatings will be 

studied by comparing entries b, c and d. On the other hand, the influence of different 

distributions of the sorbitol units along the polyester polyol chains on the final properties will 

be evaluated. In the case of entries a and d, the two polyester polyols showed similar OHV and 

sorbitol content (Table 1), while being prepared from different diols, namely OD and DD. 

Besides the structural differences of these two comonomers, the main difference between 

them is the distribution of the sorbitol residues and thus of the pendant hydroxyl groups in the 

individual chains.  
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Figure 4-1. Schematic representation of the sorbitol unit distribution for entries a and d (Table 4-1) based on the 

MALDI-ToF-MS analysis. 

4.3.1 Poly(ester urethane) coatings from sorbitol-based polyester polyols 

Polyester polyols are the starting material for the synthesis of poly(ester urethane)s, 

which are typically prepared by chain extension or cross-linking of the hydroxyl groups present 

in the polyester polyol resin with di- or polyisocyanates with higher NCO functionality. The 

final properties and performance of the coatings may be affected not only by the amount of 

sorbitol present but also by the distribution of these units along the polymer chains, which 

together with the terminal OH groups of the polyester polyols give rise to the urethane bonds 

in the poly(ester urethane) coatings. Since also the curing agent is playing a role in the 

properties of the final coatings, four different polyisocyanate compounds were chosen with 

the aim of investigating structure-performance relationships. The chemical structures of the 

selected isocyanate compounds are depicted in Scheme 4-1.  
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Scheme 4-1. Conventional cross-linkers: I = trimer of hexamethylene diisocyanate (trade name Desmodur N3600), 

approximate structure; II = isophorone diisocyanate (IPDI). Cross-linkers from renewable resources: III = dimer fatty 

acid-based diisocyanate (DDI), approximate structure; IV = ethyl ester lysine diisocyanate (EELDI). 

Two of them are conventional petroleum-based isocyanates: a hexamethylene 

diisocyanate (HMDI)-based polyisocyanate known as Desmodur N3600, and isophorone 

diisocyanate (IPDI), both known to boost abrasion resistance and UV-stability.
24

 While the first 

is a trifunctional isocyanate, the latter is a cyclic aliphatic difunctional isocyanate. The other 

two are largely bio-based difunctional isocyanates: dimer fatty acid-based diisocyanate (DDI), 

and ethyl ester L-lysine diisocyanate (EELDI), the latter derived from the amino acid lysine. 

Except for the carbonyl groups of these two isocyanates, which come from fossil feedstock,
11

 

most of their mass comes from renewable resources. The renewable content of DDI and EELDI 

has been calculated to be equal to 91% and 75%, respectively.  

DDI is a bulky, branched cyclohexene moiety with long aliphatic chains. It is a fatty acid-

derived compound, with outstanding flexibility and hydrophobicity, affording good impact and 

water resistance to the final polyurethanes.
25

 However, the high flexibility given by the long 

aliphatic chains of DDI greatly affects the related material properties, leading to low Tg and 

poor modulus.
26

 On the other hand, polyurethanes based on L-lysine diisocyanate (LDI) have 

shown to be biodegradable and display properties adequate for biomedical applications. In 

fact, upon degradation, the formed diamine released in the body is a non-toxic and naturally 

occurring substance.
27

 

A slight reactivity difference between the two NCO groups of EELDI has been previously 

reported.
28

 To ensure full curing between the potentially less reactive diisocyanate EELDI and 

the polyester polyol, the curing of a reaction mixture with NCO:OH ratio 1:1 was monitored by 

FT-IR. By recording the decrease in intensity of the isocyanate absorption peak at 2271 cm
-1

 as 
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a function of time, it was observed that after 30 min at 180 °C all isocyanate moieties had 

reacted (Figure 4-2). Therefore, to guarantee complete curing of all coatings, the curing 

temperature was set at 180 °C for 30 min. At this temperature, polyester polyols showed to be 

stable (decomposition started at 300 °C).
17 

 

It is worth to notice that in this study the use of catalysts, e.g. dibutyltin dilaurate as one 

of the most common, to speed up the reaction between polyester polyols and isocyanates has 

been avoided, to prevent the final poly(ester urethane) coatings from containing any trace of 

metal-contamination. 

 
Figure 4-2. FT-IR section spectra recorded during the curing process of poly(decane-co-sorbitol adipate) (entry c, Table 

4-1) and EELDI at 180 °C under argon flow.  

Poly(ester urethane)s based on sorbitol and 1,8-octanediol 

Solvent-borne coatings were prepared from the partially bio-based poly(octane-co-

sorbitol adipate) resin (entry a, Table 4-1) and exact stoichiometric amounts of cross-linker, 

calculated according to the OHV of the polyester polyol. An overview of the characteristics of 

the solvent-borne coatings is presented in Table 4-2.  

In most cases, to avoid recrystallization of the highly crystalline polyester polyol before 

curing, the two-component mixture, namely polyester polyol with cross-linker, was applied 

from acetone on pre-heated aluminium Q-panels using a doctor blade heated to 80 °C. 

Immediately after application onto the aluminium Q-panel, the obtained homogeneous wet 

coatings were dried and cured according to the selected conditions (i.e. 30 min at 180 °C, vide 

supra), giving a final transparent and colourless or slightly yellowish film. The slightly yellowish 

color can be attributed to the low purity of DDI and EELDI as well as to the curing conditions 

applied.  
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The possibility of reducing the amount of isocyanate for the preparation of poly(ester 

urethane) networks could result in two main positive achievements: a reduced employment of 

insalubrious compounds such as isocyanates as well as a reduction of the amount of petrol-

based component (if the polyisocyanate is not renewable). To investigate the minimum 

amount of polyisocyanate necessary to obtain a well-cured network, different stoichiometric 

ratios of NCO and OH functionalities were tested. As elucidated in Table 4-2, when Desmodur 

N3600 is employed as cross-linker, an NCO:OH ratio equal to or higher than 0.8:1 is necessary 

to afford satisfactory properties in terms of solvent resistance and hardness in combination 

with good impact resistance.  

Table 4-2. Solvent cast coating formulations and related coating properties of poly(ester urethane)s based on sorbitol 

and 1,8-octanediol. 

Entry 

OHV 

(mg 

KOH/g) 

Film 
Curing 

agent 

Renewability 

(wt%) 

Ratio 

NCO:OH 

Acetone 

resistance  

(d.r.100) 
a
 

Impact 

test 
a
 

(1 kg, 

80 cm) 

Av. Film 

thickness 

(µm) 

Pencil 
b 

hardness 

 

a 
80.3 

F1 DES 47 1.1 : 1 + + 31 F 

F2 DES 50 0.8 : 1 + + 23 F 

F3 DES 54 0.5 : 1 - + 33 5B 

F4 IPDI 67 0.8 : 1 + + 31 3B 

F5 DDI 74 0.8 : 1 +/- - 64 5B 

F6 EELDI 64 1.1 : 1 + + 35 5B 
DES = Desmodur N3600; IPDI = isophorone diisocyanate; DDI = dimer fatty acid diisocyanate; EELDI = ethyl ester L-lysine 

diisocyanate. 
a
: + = good, +/-= moderate and - = poor. 

b
: 6H to 2H= very hard to hard; H, F and B = moderately hard; 2B to 

6B= soft to very soft.  

To guarantee full network formation, all the other coatings were formulated using a ratio 

of the isocyanate groups with respect to OH groups equal to or higher than 0.8. At comparable 

stoichiometry, evaluation of the coating characteristics related to the structure of the 

isocyanate component was carried out. For IPDI, an NCO:OH ratio equal to 0.8:1 provided 

satisfactory results for the solvent resistance and in impact tests, showing proper network 

formation and flexibility. The less performing cross-linker was DDI, which besides being the 

less pure polyisocyanate (purity = 92%), has a highly hydrophobic character that can prevent 

proper mixing and interaction with the more polar polyester polyol. Besides, the higher 

thickness of the coating obtained could play a role in the brittleness observed. Regarding 

EELDI, by using a slight excess of curing agent, good performance in terms of chemical and 

mechanical resistance was obtained.  

The relatively soft character of the obtained coatings is related to the aliphatic character 

of the starting polyester polyol. Due to its ter-functionality, Desmodur N3600 afforded good 

network formation with enhanced hardness with respect to the other isocyanates. The 
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hardness trend was followed by the IPDI cross-linker, which is a cyclic and rigid difunctional 

compound. A very soft character was observed for the difunctional DDI, where a cyclic 

aliphatic unit is connected to long aliphatic tails, and for the non-cyclic aliphatic difunctional 

isocyanate EELDI.  

Poly(ester urethane)s based on sorbitol and 1,10-decanediol 

Formulations of the fully bio-based poly(decane-co-sorbitol adipate) resins with four 

different curing agents were prepared from dimethyl formamide (DMF) solution, since it 

provided the most satisfactory appearance of the final films compared to other solvents 

tested, e.g. NMP and DMSO. The properties of the solvent-cast coatings from resins b and d 

have been selected as the most relevant for this discussion and are summarized in Table 4-3, 

while the data for resin c, which showed to follow the same trend will not be discussed in 

detail. 

Although the DD based resin b was synthesized starting with comparable initial feed of 

sorbitol as for the OD based resin a, the amount of sorbitol incorporated was lower for resin b. 

Both resins a and b exhibit a homogeneous distribution of the pendant hydroxyl groups along 

their polyester backbones. It is evident that the low amount of sorbitol incorporated and the 

related low OHV of resin b with respect to resin a hampered the final performance of the 

obtained cured materials based on resin b. Thus, the number of formed urethane bonds 

appeared to be too low to afford a network exhibiting adequate coating properties. In fact, by 

using either the trifunctional isocyanate Desmodur N3600 or the difunctional isocyanate DDI, 

only when employing a 1:1 NCO:OH ratio the resulting coatings showed good solvent 

resistance. However, as soon as the NCO:OH ratio was below one, the network formation was 

not complete, resulting in a decrease in solvent resistance and hardness. When the other, 

difunctional isocyanates were used in the same NCO:OH ratio (1:1), unsatisfactory 

performance in terms of network formation and hardness was observed.  

Conversely, a significantly better performance was achieved when the poly(decane-co-

sorbitol adipate) (resin d) containing a higher amount of incorporated sorbitol (3.1 mol%) and 

higher OHV (83.8 mg KOH/g) was used. The results in Table 4-3 clearly highlight that an 

enhanced functionality of the polyester polyol, i.e. higher amount of pendant OH groups, leads 

to improved coating properties. The significant improvement in solvent resistance with 

respect to resin b is evident for all the films as reported in Table 4-3. Furthermore, the 

breakthrough in the case the trifunctional Desmodur N3600 is the selected polyisocyanate is 

that a good network can even be obtained for resin d with a NCO:OH ratio of 0.5:1. Regarding 

the poly(octane-co-sorbitol adipate), resin a, with similar amount of sorbitol incorporated and 

OHV as resin d, the minimum NCO:OH ratio to afford a proper network using the same curing 

agent was 0.8:1 (vide supra).  
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Table 4-3. Solvent-cast coating formulations and related coating properties of poly(ester urethane)s based on 

dimethyl adipate, sorbitol and 1,10-decanediol. 

Entry 

OHV 

(mg 

KOH/g) 

Film 
Curing 

agent 

Renewability 

(wt%) 

Ratio 

NCO:OH 

Acetone 

resistance
a
 

(d.r. 100) 

Impact 

test 
a
 

(1 kg,  

80 cm) 

Av. Film 

thickness  

(µm) 

Pencil 
b
 

hardness 

 

b 

 
51.5 

F7 DES 86 1:1 + + 19 2B 

F8 DES 88 0.8:1 +/- + 20 3B 

F9 IPDI 91 1:1 +/- + 19 2B 

F10 IPDI 87 0.8:1 +/- + 18 3B 

F11 DDI 98 1:1 + + 23 5B 

F12 DDI 98 0.8:1 +/- + 25 6B 

F13 EELDI 98 1:1 +/- + 23 5B 

c 72.5 

F14 DES 48 1:1 + + 25 3B 

F15 DES 56 0.8:1 + + 22 3B 

F16 DES 68 0.5:1 +/- + 21 6B 

F17 IPDI 68 1:1 + + 16 4B 

F18 IPDI 56 0.8:1 +/- + 23 5B 

F19 DDI 98 1:1 +/- + 26 5B 

F20 EELDI 97 1:1 +/- + 19 5B 

d 

 
83.8 

F21 DES 79 1:1 + + 27 F 

F22 DES 87 0.8:1 + + 18 F 

F23 DES 88 0.5:1 + + 25 3B 

F24 IPDI 86 1:1 + + 20 2B 

F25 IPDI 88 0.8:1 +/- + 16 3B 

F26 DDI 97 1:1 + + 31 B 

F27 EELDI 96 1:1 + + 23 5B 
DES: Desmodur N3600; IPDI: isophorone diisocyanate; DDI: dimer fatty acid diisocyanate; EELDI: ethyl ester L-lysine 

diisocyanate. 
a
: + = good, +/- = moderate and - = poor. 

b
: 6H to 2H= very hard to hard; H, F and B = moderately hard; 2B 

to 6B= soft to very soft.  

MALDI-ToF-MS analysis confirmed that the distribution of the sorbitol units over the 

polyester polyols a and d was different. While in resin a the sorbitol units were 

homogeneously distributed over the individual chains, in resin d some polyester polyol chains 

contain multiple sorbitol residues, whereas other chains contain none and can only cure at the 

OH groups at the chain ends (vide supra). The enhanced functionality of resin d with respect to 

resin b, together with a different distribution of the pendant hydroxyl groups compared to 

resin a, enables this polyester polyol d to provide coatings with a satisfactory performance 
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requiring a lower amount of insalubrious curing agent than required for both resins a and b. In 

fact, resin d based networks result in areas with a high local cross-link density connected by 

long, flexible chain parts predominantly cross-linked at the chain ends of the polyester polyols 

(vide infra), Additionally, for resin d satisfactory results were also obtained when difunctional 

isocyanates were used instead of trifunctional ones, although in these cases higher molar 

amounts of difunctional isocyanate and higher NCO:OH ratios were required to achieve the 

formation of a complete network, which was expected. The aliphatic character of the 

polyester polyols and the curing agents guarantees the outstanding flexibility of the final 

poly(ester urethane)s.  

The bio-based curing agents DDI and EELDI, together with the renewable polyester polyol 

resin d with enhanced functionalities, were able to provide almost fully renewable coatings 

with a relatively soft character and good resistance against solvents and rapid deformations. 

These materials might be suitable for soft touch applications.   

4.3.2. Thermal and mechanical properties of sorbitol-based poly(ester urethane) coatings 

All the sorbitol-based polyester polyols were semi-crystalline as corroborated by DSC and 

WAXS measurements. A decrease in the melting and crystallization temperatures, compared 

to their respective parent homopolyesters, viz. poly(decane adipate) and poly(octane adipate), 

upon incorporation of sorbitol was noticed (Table 4-4 and 4-5).  

Table 4-4. Molecular and thermal properties of the homopolyesters, viz. poly(octane adipate) and poly(decane 

adipate), synthesized via enzymatic polycondensation. 

Entry 
Mn 

a
 

(kg/mol) 

Đ 
a
 OHV 

b
 

(mg KOH/g) 

Tm 
c
 

(°C) 

ΔHm 
c
 

(J/g) 

Tc 
d
 

(°C) 

Poly(octane adipate) 8.7 2.1 19.0 68 98 50 

Poly(decane adipate) 6.3 1.7 30.7 74 115 55 

a
: Based on SEC measurements of the precipitated polyesters, performed in HFIP and using poly(methyl methacrylate) 

as standard. 
b
: Data obtained by potentiometric titration performed after precipitation in MeOH. 

c
: Data obtained via 

DSC from the second heating run. 
d
:Data obtained via DSC from the cooling run.

 

The loss of chain regularity, which is more pronounced when higher amounts of sorbitol 

residues are incorporated into the polyester chains, also resulted in a correspondingly reduced 

crystallizability, which was proven via WAXS analysis. Despite the fact that high crystallinity 

could result in brittleness and affect the flexibility of the final coatings, in this case it appears 

not to be an issue due to the low Tg of the aliphatic starting polyester polyol, being far below 

room temperature.  

DSC measurements on free standing films prepared from the most relevant formulations 

were performed to determine the thermal transitions of the poly(ester urethane)s after 
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curing. The free standing films were obtained by applying the two component mixture, i.e. the 

polyester polyol mixed with the selected amount of isocyanate, in DMF on a Teflon surface, 

followed by the selected curing procedure. Via DSC and WAXS analysis, the Tm and Tc as well as 

the crystallinity were determined for the related poly(ester urethane)s and the corresponding 

data are gathered in Table 4-5.  

Upon curing, an increased amorphous phase and a related decrease in crystallinity is 

expected once the network is formed. In the case of resin a, cured with Desmodur N3600 

(FS1), a decrease of the Tm and a strong decrease in crystallinity after curing were observed. 

However, it must be noticed that this big drop in crystallinity is not entirely due to the reduced 

chain mobility after the curing process. In fact, through dilution, the addition of the curing 

agent will decrease the crystallinity per gram material itself. In the case of FS1, the maximum 

expected crystallinity taking into account the ‘dilution effect’ would be 48%, as indicated in 

Table 4-5. Since a decrease to 25% was observed, the formation of the network is responsible 

for the remaining 23% crystallinity decrease. A decrease in crystallinity due to network 

formation was observed for most of the polyester polyols after curing with the 

polyisocyanates, as shown in Table 4-5. 

The effect of greater cross-link density when a higher amount of polyisocyanate is used 

can be observed for resin b. In fact, the Tc value obtained from the melt of the polyester polyol 

before curing is 57 °C, and the Tc drops to 46 °C when the resin is cured by employing 

Desmodur N3600 with NCO:OH ratio 0.8:1 (FS3), and even further to 40 °C when the NCO:OH 

ratio is 1:1 (FS2). This effect is even more visible when resin d is used as polyester polyol. The 

Tc of the polyester polyol is 51 °C. After curing with Desmodur N3600 with an NCO:OH ratio 

0.8:1 (FS14), the Tc drops to 12 °C. When the NCO:OH ratio is 1:1, the Tc after curing results to 

be -4 °C (FS13).  

When comparing the same curing agent and the same NCO:OH ratio, a polyester polyol 

having higher amounts of sorbitol units incorporated, and consequently more pendant OH 

groups (entry d compared to entry b), gives rise to a higher cross-link density, which hampers 

the crystallization process more significantly.  
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Table 4-5. Thermal properties and crystallinity of the starting sorbitol-based polyester polyols and the related 

poly(ester urethane)s after curing. 

Entry 

OHV 

(mg 

KOH/g) 

 
Before curing   After curing 

 
Tg 

a 

(°C) 

Tm 
a 

(°C) 

ΔHm
a
 

(J/g) 

Tc 
b 

(°C) 

X 
c 

(%) 
 Film 

Curing 

agent 

Ratio 

NCO:OH

Tm 
a 

(°C) 

ΔHm
a

(J/g) 

Tc 
b 

(°C) 

X 
c
 

(%) 

Max 

X 
d
 

(%) 

a 

AA/S/OD 
80.3 

 

n.d.
e
 63 96 43 60 

 

FS1 DES 1.1:1 40 34 -25 25 48 

 

b 

DMA/S/DD 

 

51.5 

 

-18 70 120 57 60 

 FS2 DES 1:1 61 70 40 42 51 

FS3 DES 0.8:1 70 71 46 46 53 

FS4 IPDI 0.8:1 73 95 43 48 55 

FS5 DDI 1:1 63 68 27 36 47 

FS6 EELDI 1:1 69 80  33 41 54 

 

c 

DMA/S/DD 

 

72.5 

 

-20 67 100 52 58  

FS7 DES 1:1 59 70 25 36 47 

FS8 DES 1:0.8 59 71 25 42 49 

FS9 DES 1:0.5 46/65 15 16/43 51 52 

FS10 IPDI 1:0.8 63 58 26 55 52 

FS11 DDI 1:1 51 31 15 31 39 

FS12 EELDI 1:1 54 46 15 39 51 

d 

DMA/S/DD 

 

83.8  -22 65 99 51 54 

 

 FS13 DES 1:1 43 30 -4 46 46 

 

FS14 DES 0.8:1 47 45 12 44 44 

FS15 IPDI 0.8:1 63 64 26 42 48 

FS16 DDI 1:1 54 44 23 31 38 

FS17 EELDI 1:1 54 46 25 39 46 

AA = adipic acid; DMA = dimethyl adipate; S = sorbitol; DD = 1,10-decanediol; DES = Desmodur N3600; IPDI = 

isophorone diisocyanate; DDI = dimer fatty acid diisocyanate; EELDI = ethyl ester L-lysine diisocyanate. 
a
: Data obtained 

via DSC from the second heating run. 
b
:Data obtained via DSC from the cooling run. 

c
: Crystallinity index from X-ray 

diffraction data is calculated using PeakFit. 
d
: Maximum crystallinity calculated as: (Mass polyester*Xpolyester before curing ) / 

(Mass polyester + Mass cross-linker). 
e
: not determined. 

Although via DSC analysis it was not possible to detect the Tg of the obtained sorbitol-

based poly(ester urethane)s after curing, this property is of great importance for the complete 

evaluation of the cured materials. Dynamic mechanic thermal analysis (DMTA) can provide 

valuable information, such as confirmation of the formation of a properly cross-linked network 

as well as the Tg of the obtained poly(ester urethane)s after curing.  



Chapter 4 

74 

 

This study has been performed focusing on the cured materials obtained from resins b 

and d with the petroleum-based Desmodur N3600 and the bio-based EELDI with a ratio 

NCO:OH = 1:1. After optimizing the free standing film preparation procedure by using a low 

boiling point solvent (chloroform instead of DMF) and an extended drying time of the film at 

80 °C on a pre-treated Petri dish instead of on Teflon, it was possible to obtain free standing 

films of a sufficient quality, suitable for DMTA measurements. The ratio of loss modulus (E″) to 

storage modulus (E′) provides the mechanical damping (tan δ). The temperature at which the 

tan δ reaches its maximum value is known as the Tg of the analyzed material. The broadness of 

this transition also provides information regarding the homogeneity of the network. It is of 

great interest to evaluate any actual effect in the final cross-link density induced by the 

presence of the high hydroxyl functionality in the polyester polyol d with respect to polyester 

polyol b. In the case of FSF3 (Table 4-6), the material cured with Desmodur N3600 had only 

one but broad transition temperature, i.e. 28 °C, probably due to a good miscibility of 

Desmodur N3600 and the polyester polyol (Figure 4-3). 

 
Figure 4-3. DMTA traces of the storage and loss moduli (black and blue lines) and the related tan δ (red line) for FSF3 

(polyester polyol d, Desmodur N3600). The Tg is determined as the maximum of the tan δ. 

Conversely, when EELDI is used as curing agent (FSF4, Table 4-6), the tan δ exhibits two 

maxima, i.e. at 10 and 43 °C, as can be seen in Figure 4-4. Thus, when EELDI is employed as 

curing agent, a more inhomogeneous cross-linked, phase-separated network structure is 

obtained. Most probably this can be explained by the poor miscibility of the more polar EELDI 

compound with the less polar polyester polyol. For certain type of applications an 

inhomogeneous cross-link density can be of great advantage, since it provides high flexibility 

under elongation conditions. In fact, with respect to homogeneously cross-linked films, the 
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less densely cross-linked portions in a non-homogeneous network can provide extra flexibility 

under certain strain, extending the loading further before failure.
29

 From the storage modulus 

at the rubbery plateau it is possible to observe if the obtained poly(ester urethane)s are fully 

cured materials. In fact, if the material is properly cross-linked, the storage modulus in the 

rubbery plateau region remains approximately constant or slightly increases as the 

temperature increases further.
30

 This behavior is observed for all cured materials analyzed and 

is visible in Figures 4-3 and 4-4.  

 
Figure 4-4. DMTA traces of the storage and loss moduli (black and blue lines) and the related tan δ (red line) for FSF4 

(polyester polyol d, EELDI). The Tg is determined as the maximum of the tan δ. 

The value of Tg extrapolated via DMTA measurements is based on the response of a 

material to an applied oscillatory strain (or stress), and how that response varies with 

temperature, frequency, or both. The cross-link density was calculated according to the theory 

of rubber elasticity where the equilibrium elastic modulus is given by 

�� �
�′

��			
� 	

	′

3��			
	 

In this equation �� is the cross-link density expressed in mole of elastically effective 

network chains per cubic meter of sample, G’  is the shear storage modulus, E’  is the elastic 

storage modulus, R is the universal gas constant (8.314 J K
−1

 mol
−1

) and T is the absolute 

temperature at which the experimental modulus is performed.31,32 Assuming that the 

samples do not undergo volume change with tensile strain, G’ can be considered equal to        

E ’/ [2(1+ ν)] where ν is the Poisson coefficient with a value of 0.5.  
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As gathered in Table 4-6, the reported cross-link densities showed to be higher when the 

trifunctional isocyanate Desmodur N3600 is used with respect to the difunctional EELDI, when 

comparing films prepared from the same polyester polyol resin having the same NCO:OH ratio. 

Moreover, higher values of cross-link density are obtained when resin d is used with respect to 

resin b (comparing the same curing agent and same NCO:OH ratio) due to the higher hydroxyl 

functionality present along the backbone of the polyester polyol d, and therefore resulting in a 

higher amount of urethane bonds in the resulting poly(ester urethane) film.  

Table 4-6. Experimental data obtained from DMTA measurements of free standing films from sorbitol-based 

poly(ester urethane)s. 

Comparing free standing films FSF3 and FSF4 (both from resin d, 3.1% sorbitol), from 

Desmodur N3600 and EELDI, respectively, a slightly lower cross-link density is observed for the 

latter, i.e. the cross-link density values are 378.5 mol/m
3 

and 304.9 mol/m
3
, respectively. Even 

when using a difunctional isocyanate like EELDI, the formation of a highly cross-linked network 

can be reached, provided that a polyester polyol with enhanced OH functionality is employed. 

Comparing FSF4 (resin d, 3.1% sorbitol, EELDI) with FSF1 (resin b, 1.4% sorbitol, Desmodur 

N3600), a much higher cross-link density can be observed for the former, i.e. the cross-link 

density values are 304.9 mol/
3
 and 110.1 mol/m

3
, respectively. Figure 4-5 illustrates the effect 

of the higher sorbitol content in the cross-link density of the materials.  

The valuable conclusion that can be drawn from this study is that, although the largely 

renewable EELDI is a difunctional isocyanate compound, the curing process with the 

multifunctional polyester polyols could guarantee not only a chain extension reaction (realized 

when only OH groups at the chain ends would react) but a fully cross-linked network 

formation (when the pendant secondary OH functionalities also participate in the curing 

chemistry).  

Entry 
sorbitol incorporated

a 

(mol%) 

OHV
 b

 

(mg KOH/g) 

Free 

Standing Film 

Curing 

agent 

Tg
 c 

(°C) 

��
d
 

(mol/m
3
) 

b 

DMA/S/DD 
1.4 51.5 

FSF1 DES 16 / 43 110.1 

FSF2 EELDI -7 / 29 85.6 

d 

DMA/S/DD 
3.1 83.8 

FSF3 DES 28 378.5 

FSF4 EELDI 10 / 43 304.9 

a
: Based on the 

13
C NMR area of unreacted end-groups present in the polyester polyols after precipitation in MeOH. 

b
:Data obtained by potentiometric titration performed after precipitation in MeOH. 

c
: Data obtained via DSC from the 

second heating run. 
d
:νe is the cross-link density calculated according to the theory of rubber elasticity. 
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Figure 4-5. Effect of the sorbitol units in the cross-link density of the poly(ester urethane) networks, using EELDI as 

curing agent (cross-link points coming from primary (green) and secondary (orange) OH groups). 

Instead of using a highly efficient trifunctional cross-linker like Desmodur N3600, which 

increases the petroleum-based content of the final coating, here a different approach is 

reported. By providing renewable polyester polyols with enhanced functionalities due to 

increased amounts of sorbitol residues, it is possible to use a difunctional bio-based curing 

agent to obtain a network structure with similar properties as achievable with the non-

renewable trifunctional curing agents.  

When fully bio-based poly(decane-co-sorbitol adipate) polyester polyols, with sufficient 

pendant and terminal hydroxyl groups, are employed together with DDI and EELDI for the 

synthesis of poly(ester urethane) networks, the final renewability content is close to 100%, i.e. 

96-97%, as listed in Table 4-3. In fact, except for the carbonyl moiety of the isocyanate 

structure that is coming from fossil feedstock (from phosgene), all the remaining carbon 

content for DDI and EELDI originates from biomass.  

Additionally, several studies have reported on the biodegradability and non-toxicity of 

polyurethanes based on L-lysine diisocyanate.
33,34,35

 Upon degradation, the formation of a 

natural L-lysine diamine as degradation product ensures the safety of this material for 

biomedical applications.
27,36

 Considering the synthetic approach for the sorbitol-based 

polyester polyols, i.e. enzymatic polycondensation, and the fact that no catalyst has been used 

at all to catalyze the curing of the poly(ester urethane)s, the presented strategy prevents any 
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metal-trace contamination, rendering materials potentially suitable for biomedical 

applications and for applications where (bio)degradation products are introduced in the 

environment.  

4.4. Conclusions 

Fully bio-based aliphatic sorbitol-containing polyester polyols have been successfully 

employed for the preparation of solvent-borne coatings by using conventional and close to 

fully renewable polyisocyanates. By employing enzymatic catalysis to prepare the sorbitol-

based polyester polyols, a wide variety of polymer structures could be obtained. Different 

chemical composition distributions of sorbitol units resulted in different coating properties. 

The enhanced functionalities on the polyester polyols, especially in the poly(decane-co-

sorbitol adipate) bearing an inhomogeneous distribution of sorbitol over the polyester chains, 

also due to the phase separation observed during the reactions, allowed the preparation of 

poly(ester urethane) coatings with satisfactory performance employing a lower amount of 

toxic polyisocyanate curing agents.  

By providing a polyester polyol with sufficient pendant hydroxyl groups, it was also 

possible to use a difunctional curing agent and still obtain a fully cross-linked network 

exhibiting excellent physical properties. Also by avoiding the use of metal-based catalyst for 

the formation of the cured networks, no metal traces were present in the final coatings. 

Furthermore, the combination of the renewable polyester polyols, having enhanced 

functionalities and unique polymer structures, with a bio-based curing agent, such as EELDI, 

produced a tangible example of close to fully renewable cured materials. Once introduced into 

our environment these novel, eco-friendly materials will most probably not harm the eco 

systems. 
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Chapter 5 

Green and selective polycondensation methods toward 

linear sorbitol-based polyesters: 

enzymatic versus organic and metal-based catalysis 

Abstract 

Renewable polyesters derived from sorbitol have been prepared by polycondensation 

reactions in a solvent-free approach, targeting an amount of pendant and terminal hydroxyl 

groups and molecular weights within the range commonly used for coating applications. The 

performance of the sustainable catalysts SPRIN liposorb CALB (immobilized form of Candida 

antarctica lipase B) and the organo-base 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD) have been 

compared with two metal-based catalysts: scandium trifluoromethanesulfonate (Sc(OTf)3) and 

dibutyl tin oxide (DBTO). The different catalytic routes were compared in terms of catalytic 

amount used, efficiency and selectivity for the incorporation of the thermally unstable 

multifunctional sorbitol, mainly via 
13

C and 
31

P NMR spectroscopies. In particular, side 

reactions such as ether formation and dehydration of sorbitol have been evaluated with the 

support of MALDI-ToF-MS analysis. Especially SPRIN liposorb CALB succeeded in incorporating 

sorbitol in a selective way without side reactions, leading to close-to-linear polyesters with 

functional pendant hydroxyl groups. The obtained aliphatic sorbitol-based polyesters showed 

to be amorphous materials. Furthermore, using a renewable hydroxyl-reactive curing agent 

based on L-lysine (EELDI), transparent and glossy poly(ester urethane) networks were 

successfully synthesized offering a tangible example of bio-based coatings.   
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5.1. Introduction 

Although sorbitol is mostly used in the food industry or as platform chemical for the 

production of isosorbide and glycols at low cost,
1
 more focus has been given to sorbitol itself 

as a readily available monomer for applications such as textiles, packaging and for the 

synthesis of commodity chemicals and renewable resins.
2,3

  

Polycondensation reactions using classic catalysts usually require relatively high 

temperatures, at which sorbitol may not be thermally stable and is transferred into isosorbide 

and/or sorbitan,
4
 or result in cross-linked and intractable materials. In the case of low 

temperature polycondensation, acid or base-catalyzed conditions are necessary at which 

sorbitol also may dehydrate to sorbitan and, further, to isosorbide giving a broad distribution 

of different products.
5,6

 As elucidated in previous chapters, Candida antarctica lipase B (CALB) 

can offer a good control over selective ester bond formation by limiting esterification 

reactions to the two primary hydroxyl groups of the sorbitol unit and leaving the four 

secondary hydroxyls unaffected for further modifications. As has been noticed in Chapter 3, to 

favor interactions of all the monomers present with CALB in solvent-free conditions, an 

homogeneous reaction mixture is crucial. Moreover, an odd and lower number of carbon 

atoms will reduce the crystallinity observed in chapters 2 and 3, when 1,10-decanediol was 

used as comonomer. Since we aim at synthesizing bio-based polyester polyols, 1,3-

propanediol was selected (as renewable short,
7,8

 more polar and with an odd number of 

carbon atoms) to be used as comonomer with DMA and sorbitol for the synthesis of a new 

series of sorbitol-based polyesters.
 
 

In this Chapter the aim is to compare four different catalysts for the synthesis of close to 

linear, poly(propylene-co-sorbitol adipate)s with molecular characteristics adequate for 

coating applications. The catalyst selection includes two metal-based catalysts: dibutyl tin 

oxide (DBTO) and scandium trifluoromethanesulfonate (also known as scandium triflate, 

Sc(OTf)3). Ti(OR)4 (where R= CnH2n+1), a widely used catalyst in polycondensation reactions, is 

known to be active at high temperatures (i.e. 180-200 °C). As some side reactions have been 

reported to occur by using Ti(OR)4 catalyst during polycondensation involving other sugar-

derived monomers, this catalyst has not been selected in our comparative study.
9
 On the 

other hand, DBTO is known to effectively catalyze polycondensation reactions at temperatures 

around 140-150 °C.
10

 The Lewis acid Sc(OTf)3 has been used for several types of reactions 

including polycondensation/polyesterification at low temperature (60 °C), showing high 

selectivity for primary over secondary hydroxyl groups and low toxicity.
11

  

Two metal-free catalytic systems, known to be active at mild reaction conditions, will also 

be compared for the synthesis of poly(propylene-co-sorbitol adipate)s: an immobilized form of 

CALB, known as SPRIN liposorb CALB, and the organo-base 1,5,7-triazabicyclo[4,4,0]dec-5-ene 

(TBD). In its natural environment, CALB is responsible for the cleavage of the ester bonds in 
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fatty acid-based molecules like triglycerides. However, when in an organic environment, CALB 

shows to promote ester bond formation, displaying high selectivity for primary over secondary 

hydroxyl groups, and it is one of the most eco-friendly catalytic ways with potentiality for 

recycling.
12

 TBD is a strong guanidine base, originally developed as catalyst for the ring-

opening polymerization of lactones,
13

 and it has recently been used in polycondensation 

chemistry to synthesize polyurethanes
14,15

 and polyesters.
16

 As an organo-based catalyst, TBD 

can be considered a suitable metal-free catalyst alternative for the synthesis of polyesters 

which are used in compostable packaging or for biomedical applications.
17

  

The reactions will be performed in an eco-friendly, solvent-free approach. Relevant 

factors in this comparison study will be the amount of sorbitol incorporated into the final 

polyester, the amount of catalyst used, the reaction time necessary to reach the required 

number-average molecular weight for coating applications and the properties of the final 

polyester. Especially the selectivity for the primary over the secondary hydroxyl groups of 

sorbitol and the existence of side reactions are of crucial importance. The molecular 

characteristics of the bio-based polyesters will be studied in detail by a number of 

experimental techniques including 
13

C NMR and 
31

P NMR spectroscopies, potentiometric 

titration and MALDI-ToF-MS. The hydroxyl-functional sorbitol-based polyesters will be cured 

with conventional, petroleum-based and with bio-based hydroxyl-reactive curing agents, and 

the properties of the resulting coatings will be tested. 

5.2. Experimental section 

5.2.1. Materials  

Sorbitol was obtained as a gift from Roquette (Neosorb P6 Sorbitol, 98%). 1,3-

propanediol (1,3-PD, 98%), dimethyl adipate (DMA, >99%), acetic anhydride (>99%), chromium 

(III) acetylacetonate (Cr(acac)3, 99.99%), 2-chloro-4,4,5,5-tetramethyldioxaphospholane (95%), 

scandium trifluoromethanesulfonate (Sc(OTf)3, 99.995%), triazobiciclodecene (TBD, 98%), 

dibutyl tin (IV) oxide (DBTO, 98%), chlorotrimethylsilane (>99%) and an 0.1–0.5 N methanolic 

solution of KOH were obtained from Sigma-Aldrich. All solvents were purchased from Biosolve 

and all chemicals were used as received. Chloroform-d (99.8% atom-d) and pyridine-d5 (99.5% 

atom-d) were obtained from Cambridge Isotope Laboratories. Ethyl ester L-lysine diisocyanate 

(EELDI, 95% pure) was supplied by Infine Chemicals Co., Limited, China. The isocyanurate 

trimer of hexamethylene diisocyanate (Desmodur N3600) was a kind gift from Bayer AG. The 

polyisocyanates were kept in the fridge at 4 °C under argon. SPRIN liposorb CALB (Candida 

antarctica lipase B, immobilized on beads of a divinylbenzene (DVB)-cross-linked, hydrophobic, 

macroporous polymer based on methacrylic esters), was purchased from SPRIN S.p.a. and 

stored in a refrigerator at 4 °C. Like sorbitol, the biocatalyst was dried before use at room 

temperature under reduced pressure for 24 h following a literature procedure.
18
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5.2.2. Synthesis of poly(propylene-co-sorbitol adipate)s 

In a 300 mL three neck round bottom flask flange reactor with a magnetically coupled 

anchor stirrer, 1,3-PD, sorbitol and DMA were melted at 105 °C. When a clear reaction mixture 

was obtained, the catalyst (7 wt% of SPRIN liposorb CALB or 0.5 mol% of Sc(OTf)3, TBD or 

DBTO with respect to the total amount of monomers) was added to the reaction, and the 

temperature was set to a selected value between 60 and 140 °C. The reaction mixture was 

stirred at 130 rpm for 2 h under a constant argon flow, aiding the produced condensate 

methanol to pass over a vigreux column and to condensate in a Dean-Stark apparatus. After 

the prepolymerization step, the reaction was continued under reduced pressure descending 

from 250 mbar to 50 mbar over 4 h, and subsequently was continued at 50 mbar till the end of 

the polymerization. After that time, the vessel was cooled down to room temperature at 

atmospheric pressure and the reaction was quenched by adding approx. 50 mL of chloroform. 

The resulting mixture was filtered through a glass filter (pore size 1) to separate the crude 

product solution from the enzyme beads. Further workup included the precipitation of this 

solution in cold methanol. Entries d and f were not precipitated in methanol due to their low 

molecular weights. In the case of entries a and h (Table 5-1), the white suspension obtained 

after precipitation was filtered over a glass filter (pore size 4) and the product was isolated as 

a white sticky powder and dried under reduced pressure at 25 °C overnight. Concerning 

entries b, c, e and g, the mixture obtained after precipitation into cold methanol appeared to 

be a viscous sticky honey-like material residing at the bottom of the flask. Thus, by 

decantation, the methanol was removed gently and the final sticky product was died under 

reduced pressure for 3 days at 25 °C. Regarding entries b, c and e (Table 5-1), the final 

products appeared to be yellowish sticky honey-like materials or, for entry g (Table 5-1), a 

hard viscous clear material. The yield after precipitation in methanol were as follows: a (64%); 

b (35%); c (23%); e (10%); g (31%). 

5.2.3. Preparation of solvent-borne coatings 

The hydroxyl-functional sorbitol-based polyesters were cured using two different poly- 

and di-isocyanates: i) a trimer of hexamethylene diisocyanate (trifunctional polyisocyanate, 

NCO equivalent weight = 183 g/mol, known as Desmodur N3600), and ii) the ethyl ester of L-

lysine diisocyanate (difunctional polyisocyanate, NCO equivalent weight = 113 g/mol, EELDI). A 

solution of 0.2 g of the sorbitol-based polyester in 0.5 mL of N-methyl-2-pyrrolidone was 

prepared and added to the isocyanate (1:1 equivalent ratio of NCO relative to the amount of 

OH-groups present in the sample as determined by potentiometric titration). The obtained 

two-component mixture was then applied onto an aluminum Q-panel with a wet film 

thickness of 160 μm using an adjustable doctor blade. The films were dried at 80 °C under 

argon, and cured at 180 °C under argon for 30 min. These coatings were tested for hardness, 

reverse impact resistance and solvent resistance. The free standing films for DMTA 

measurements were prepared by solubilizing 0.2 g of sorbitol-based polyester in 0.3 mL of 
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chloroform and subsequently dissolving the curing agent. Via a syringe, the solution was 

applied on a Petri dish pre-treated with chlorotrimethylsilane, which was used to reduce the 

hydrophilicity of the substrate and facilitate the removal of the film. The wet films were dried 

at 80 °C under argon, and cured at 180 °C under argon atmosphere for 30 min. 

5.2.4. Characterization 

Potentiometric titration. The acid value (AV) was determined by direct potentiometric titration 

with a methanolic KOH solution, and the hydroxyl value (OHV) was determined following the 

standard test methods for hydroxyl group determination (ASTM E222-10).
19

 A precise 

description of the methods to calculate AV and OHV is reported in Chapter 2.  

Size exclusion chromatography (SEC). SEC in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was 

performed on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 

refractive index detector (35 °C), a Waters 2707 auto sampler, and a PSS PFG guard column 

followed by two PFG-linear-XL (7 μm, 8 × 300 mm) columns in series at 40 °C. HFIP with 

potassium trifluoroacetate (3 g/L) was used as eluent at a flow rate of 0.8 mL/min. Before SEC 

analysis was performed, the dissolved samples were filtered through a 0.2 µm PTFE filter. The 

molecular weights were calculated against poly(methyl methacrylate) standards (Polymer 

Laboratories, Mp = 580 Da up to Mp = 7.1 × 10
6
 Da). 

Elemental analysis. Elemental analysis was performed on a PerkinElmer CHNS/O Elemental 

Analyzer (2400 Series II) coupled with a PerkinElmer AD-4 Autobalance. Inside the system, a 

CHN combustion tube (operational temperature at 925 °C) and a CHN reduction tube 

(operational temperature at 640 °C) were installed. Only C, H and N could be determined. 

Around 1.5 - 2.5 mg of enzyme beads were weighted in a tin capsule on the AD-4 Autobalance 

and then moved into the furnace. The carrier gas used was helium while the combustion gas 

was oxygen. The separation and detection of the combusted gas were performed respectively 

by using a frontal chromatography separation technique coupled with a TCD (Thermal 

Conductivity Detector). 

Carbon nuclear magnetic resonance (
13

C NMR). Quantitative 
13

C NMR spectroscopy was 

performed on a Bruker AMX-300 spectrometer at 25.0 °C, operating at 75.5 MHz using an 

inverse gated decoupling pulse sequence to avoid nOe enhancement of the 
13

C NMR signals. 

Around 15000 scans were acquired with 64K data points and a relaxation delay of 3 s. The 

spectral width was 22727 Hz and the number of data points for the FID was 32K. Samples were 

prepared by dissolving 40-50 mg of the crude polymer in 0.5 mL pyridine-d5 and adding and 

Cr(acac)3 (0.025 M)
20

 as a spin relaxation agent. Chemical shifts are reported in ppm relative to 

the residual peak of pyridine-d5 (δ = 135.91 ppm). Data analysis was performed using Mestrec 

4 software. 

Phosphorus nuclear magnetic resonance (
31

P NMR). 
31

P NMR spectroscopy was performed on 

a Varian Unity Inova 500 spectrometer at a resonance frequency of 202.34 MHz. The spectral 

width of the experiments was 53569.79 Hz. The delay time was set at 3 s with a number of 
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recorded scans of 1024. Sample preparation was carried out following a literature 

procedure.
21

 A stock solution and samples for 
31

P NMR analysis were prepared as described in 

Chapter 2. Data analysis was performed using Mestrec 4 software. The data are reported in 

mg KOH/g of sample for easy comparison with potentiometric titration values (see Chapter 2 

for detailed calculations). 

Thermogravimetric analysis (TGA). TGA was performed using a TA Instruments TGA Q500. The 

analysis of the data was performed with the Universal Analysis 2000 software. A sample of 10 

mg was heated from 25 ºC to 600 ºC at a heating rate of 10 ºC/min under nitrogen flow. 

Differential scanning calorimetry (DSC). DSC was performed with a TA Instruments Q100 DSC. 

The heating and cooling rates were 10 °C/min under a nitrogen atmosphere. For the data 

analysis, Universal Analysis 2000 software was used. 

Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-ToF-MS). 

MALDI-ToF-MS measurements were performed with a PerSeptive Biosystems Voyager-DE STR 

MALDI-ToF-MS spectrometer with a 2 m flight tube in linear mode and a 3 m flight tube in 

reflector mode. For the ionization, a 337 nm nitrogen laser with a 3 ns pulse was used. The 

acceleration potential was 20 kV and the data was processed with Voyager software. As matrix 

2,4,6-trihydroxyacetophenon and as cationization agent diammonium hydrogen citrate were 

used. For the measurement, the sample was dissolved in THF (5 mg/mL), and the matrix and 

cationization agent were added (4:1:4 weight ratio). 0.30 μL of this solution was spotted on 

the sample plate and dried at room temperature. 

Dynamic mechanical thermal analysis (DMTA). DMTA measurements were performed on a TA 

Instruments DMA Q800. DMTA samples were cut into rectangular shapes of 10 mm x 5 mm x 

0.5 mm. All experiments were performed at a frequency of 1 Hz and at heating rate of 3 

°C/min. The samples were firmly clamped below Tg and the measurements were performed in 

a temperature range of -80 to 100 °C. The Tg values determined via DMTA were obtained by 

taking the maximum value of the tan δ peak. 

Evaluation of the coating performance. The obtained coatings were evaluated using several 

characterization methods. The solvent resistance of the coatings was assessed through the 

acetone rub test, in which the sample is rubbed back and forth with a cloth drenched in 

acetone. If no damage is visible after more than 200 rubs (i.e. 100 ‘double rubs’), the coating 

has good acetone resistance. Resistance against rapid deformation was tested using the 

reverse impact test, performed by dropping a weight of 1 kg on the back of a coated panel 

from a height of 90 cm (ASTM D2794).
22

 The coating hardness was measured using the pencil 

hardness test, performed by scratching the coating with pencils of increasing hardness using 

an Elcometer 501 Pencil Hardness Tester. The coating thicknesses were measured through 

magnetic induction using an Elcometer 224 Digital Surface Profile Gauge. 
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5.3. Results and discussion 

5.3.1. Synthesis of sorbitol-based polyesters using different catalysts 

For this study, the set of monomers has been selected to synthesize potentially fully bio-

based polyesters. In fact, sorbitol and 1,3-propanediol (1,3-PD) are part of the “top twelve” 

building blocks produced from biomass via biological or chemical conversion.
1
 Recently also 

adipic acid has been synthesized from glucose,
8
 making the dimethyl ester derivative close to 

be a potential bio-based monomer as well, provided that bio-methanol is used for making this 

diester.  

Polyester polyols with molecular characteristics in a range commonly used for coating 

applications, with a relatively low molecular weight and a controlled type of reactive end-

groups, i.e. hydroxyl groups, were aimed. By using the Carothers’ equation, based on the 

stoichiometric imbalance between sorbitol, 1,3-PD and dimethyl adipate (DMA), an estimate 

of the number-average molecular weight was calculated (an example of calculation is reported 

in Appendix A). For the synthesis of hydroxyl-terminated polyesters, an excess of hydroxyl with 

respect to the dimethyl ester groups is required. Thus, for the synthesis of poly(propylene-co-

sorbitol adipate)s, the composition of the monomers was chosen as: sorbitol (5 mol%), 1,3-PD 

(46 mol%) and DMA (49 mol%). Benign and eco-friendly conditions such as in absence of 

solvent and low reaction temperature are desired, not only to reduce the energy consumption 

but, most importantly, to extend the possibility of using thermally unstable monomers such as 

sugars and sugar-derivatives. In fact sorbitol is prone either to dehydrate at moderate 

temperature to hexitans (mainly giving 1,4-sorbitan and in minor amount 2,5-sorbitan) or, in 

presence of base- or acid-catalysts, even further to isosorbide (Scheme 5-1).
6
  

 

Scheme 5-1. Dehydration steps of sorbitol to sorbitan and isosorbide. 

Four different catalysts have been selected for this comparative study regarding the 

synthesis of close to linear, hydroxyl-functional sorbitol-based polyesters: SPRIN liposorb CALB 
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(immobilized from of CALB), the organo-base 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD), and 

two metal-based catalysts, viz. scandium trifluoromethanesulfonate (also known as scandium 

triflate, Sc(OTf)3) and dibutyl tin oxide (DBTO) (Figure 5-1).  

In previous studies Sc(OTf)3 and CALB have shown high selectivity for primary over 

secondary hydroxyl groups.
23,24

 However, to the best of our knowledge, for TBD and DBTO no 

selectivity has been reported yet, and only the different kinetics for primary and secondary 

hydroxyl groups will play a role.
25

 It is worth to mention that the use of DBTO as catalyst in the 

polycondensation of glycerol and oleic diacid at 150 °C resulted in the formation of a gel due 

to cross-linking.
10

  

 
Figure 5-1. Chemical structure of CALB, Sc(OTf)3, TBD and DBTO catalysts. 

For Sc(OTf)3, TBD and DBTO, the amount of catalyst chosen was 0.5 mol%, as commonly 

used in literature.
9
 Lipase-catalyzed polycondensation reactions performed using Novozyme 

435 usually employ 10 wt% of immobilized biocatalyst compared to the total amount of 

monomers.
18

 As evaluated in Chapter 3, when SPRIN liposorb CALB, a different immobilized 

form of CALB, is used as biocatalyst, the same catalytic activity as found for 10 wt% Novozyme 

435 is obtained by using 7 wt% instead.
26

 Thus 7 wt% of SPRIN liposorb CALB with respect to 

the total amount of monomers was used in this study. The polymerization reaction conditions 

are depicted in Scheme 5-2. Through elemental analysis it was possible to estimate the mol% 

of real enzyme catalyst that would correspond to 7 wt% of immobilized enzyme. Since the 

carrier does not contain nitrogen, the nitrogen content detected by elemental analysis 

corresponds solely to the enzyme molecules. Taking into account the primary structure of the 

enzyme,
27

 and knowing how much nitrogen contains each amino acid, the amount of nitrogen 

per mole of the enzyme was calculated to be 5,824 g N/mol CALB. Through elemental analysis 

of SPRIN liposorb CALB biocatalyst beads after being dried under vacuum for 24 hours, 0.9 

wt% of nitrogen was detected.  
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Combining those data, it is possible to estimate the mole of active sites of CALB in 1 g of 

biocatalyst beads: 

0.9	g	N

100	g	biocatalysts	beads
·
1	mole	CALB

5824	g	N
·
1	mole	active	sites

1	mole	CALB
= 

= 1.545 · 10� 	
moles	active	sites	CALB

1	g	biocatalyst	beads
 

Since, in the reaction, 2.09 g of SPRIN liposorb CALB biocatalyst were employed: 

2.09	g	biocatalyst	beads ·
1.545 · 10� 	mole	active	sites

1	g	biocatalysts	beads
= 3.20 · 10� 	mole	active	sites 

Considering the total moles of monomers involved in the reaction, it is possible to 

calculate the mole % of CALB equal to: 

3.20 · 10� 	mole	active	sites

0.23	total	moles	monomers
· 100 = 1.4 · 10�$	mol%	CALB 

Thus, from this data, it was possible to determine the mol% of enzyme actually 

corresponding to 7 wt% of biocatalyst used, being equal to 1.4·10
-3

 mol% with respect to the 

total amount of monomers. 

 
Scheme 5-2. Schematic representation of the synthesis of poly(propylene-co-sorbitol adipate)s. 

 It is worth to emphasize that by this calculation it is assumed that all the nitrogen 

detected is coming from an active lipase. But, in fact, the enzymatic activity is not linearly 

related to the amount of enzyme found to be attached to the carrier. The immobilization 

procedure can cause inactivation of the enzyme, leading to a decrease of the final activity.
28
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Thus, even if the entire amount of enzyme attached to the cross-linked beads would be active, 

the mol% of actual enzyme employed is two orders of magnitude lower than the other 

catalysts used. This result is remarkable concerning the high activity that the enzyme exhibits 

in comparison with the other catalysts (vide infra). 

In our comparative study, two different sets of reactions have been carried out. In the 

first set, reactions were performed at the same temperature, aiming at comparing the 

catalysts performance under the same reaction conditions. This reaction temperature was 

selected to be 100 °C, as low as possible to prevent thermal degradation of sorbitol and still 

maintain the activity of the enzyme, while keeping the monomers in the molten state (m.p. 

sorbitol = 95 °C).  

Under these conditions it is known that Sc(OTf)3 is able to catalyze reactions; also good 

performance of this catalyst has been reported for both higher and lower reaction 

temperatures.
23

 Regarding TBD and DBTO, polymerization reactions are usually carried out at 

higher temperatures, and a temperature of 100 °C may be not high enough for adequate 

active performance.
14

 For this reason, in the second set of experiments the reactions were 

performed at temperatures at which the selected catalysts are known to exhibit their 

optimum catalytic activity: 60 °C for Sc(OTf)3,
11

 120 °C for TBD,
16

 and 140 °C for DBTO.
9
  

All polymerizations were performed in duplicate for all reaction conditions, and the 

molecular weights were followed by SEC measurements. Most polymerizations were stopped 

after 48 hours, when the desired molecular weights were reached. While for the majority of 

polymerizations good accordance between the polymer duplicates was obtained, both of 

them having similar appearance and being soluble in chloroform, reactions performed using 

DBTO catalyst at 140 °C led to an insoluble gel in one duplicate experiment. Once this was 

observed, the other duplicate reaction was immediately stopped (reaction time: 26 hours) to 

perform the analysis of this soluble polymer before a gel would be formed (entry g, Table 5-1 

obtained as a soluble hard viscous clear material). With the non-selective DBTO catalyst, 

secondary hydroxyl groups of sorbitol may also be esterified, leading to cross-linking (vide 

infra). The color of the polyesters obtained varied from white to yellowish. When CALB was 

used as catalyst, a sticky white powder was obtained after precipitation (entries a and h). 

Yellowish honey-like products were the result of the polymerizations using Sc(OTf)3 and TBD 

(entries b, c and e, Table 5-1).  

The molecular weight and polydispersity of the final polymers after precipitation were 

analyzed by SEC. The resulting sorbitol-based polyesters displayed number average molecular 

weights (Mn) in the range between 1 and 13 kg/mol, with polydispersities (Đ ) between 1.4 and 

2.7 (Table 5-1). 
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For those reactions carried out at 100 °C in presence of TBD or DBTO, only oligomers 

were formed within 48-72 hours of reaction, as expected. Only CALB showed to be able to 

build up the desired molecular weight at 100 °C within 48 hours of reaction time. Intermediate 

molecular weights were reached by using Sc(OTf)3 catalyst at the same temperature or at 60 

°C. On the other hand, the reactions carried out by employing TBD at 120 °C showed a final Mn 

and Đ close to the values reached by CALB at 100 °C. 

Table 5-1. Feed ratio, final composition and molecular prepared using different catalysts. weights of sorbitol-

containing polyesters   

5.3.2. Molecular characterization of sorbitol-based polyesters 

The molecular characterization of the polyesters is of great importance to evaluate the 

performance and the degree of selectivity of the catalysts for esterification of primary vs. 

secondary hydroxyl groups, the amount of sorbitol actually incorporated into the polyester 

backbone, as well as the occurrence of side reactions.   

13
C NMR 

The obtained polymers were characterized through inverse-gated decoupling 
13

C NMR, 

and the molar percentage of sorbitol incorporated into the polyester was calculated. It is 

assumed that residual monomers have been effectively removed through purification by 

precipitation from chloroform solution into methanol (monomeric sorbitol is well-soluble in 

methanol) and the sorbitol detected is truly incorporated in the polymer chains.  

Entry Monomers Catalysts 
Catalyst 

mol% 

T 

(°C) 

Time 

reaction 

(h) 

Sorb. feed 

composition 

(mol%) 

Sorb.
 a

 

(mol%) 

13
C NMR SEC 

Mn 
 b

  

(kg/mol) 

Mn 
 c
 

(kg/mol) 
Đ 

c
 

a 

DMA + 

sorbitol + 

1,3-PD 

 

CALB 1.4·10
-3

 100 48 4.8 3.4 2.0 12.2 2.6 

b Sc(OTf)3 0.5 100 48 5.2 2.5 2.0 4.8 1.8 

c Sc(OTf)3 0.5 60 103 5.2 1.1 1.7 3.2 1.4 

d TBD 0.5 100 72 5.2 n.d. n.d. 0.8
d
 1.4

d
 

e TBD 0.5 120 72 5.2 5.2 1.6 13.3 2.4 

f DBTO 0.5 100 48 5.1 n.d. n.d. 0.7
d 

1.2
d 

g DBTO 0.5 140 26 5.2 4.0
e
 1.5

e
 10.5

e
 2.7

e
 

h 
DMA+ 

 1,3-PD 
CALB 1.4·10

-3
 100 48 0 0 1.2 5.2 2.1 

DMA = dimethyl adipate; 1,3-PD = 1,3-propanediol; Sorb: sorbitol; n.d. = not determined. 
a
: Determined by 

13
C NMR; 

also including sorbitan, if present. 
b
: Based on the 

13
C NMR area of end groups present in the polyesters after 

precipitation in MeOH. 
c
: Based on SEC measurements of the precipitated polyesters. 

d
: Polyester not precipitated in 

MeOH due to low molecular weight. 
e
: Only the soluble duplicate was analyzed. 



Chapter 5 

92 

 

1,3-PD units at the end of the polymer chain give rise to resonances at 32.8, 58.7 and 

62.3 ppm. The appearance of a low-intensity peak at 51.7 ppm in all spectra is assigned to the 

methoxy end group of the adipate unit, indicating that some adipate units are at the end of 

the polymer chain. For entries b and c the signal attributed to the methoxy end groups is 

comparably more intense than for other entries. On the other hand, the peak at 175 ppm, 

related to a carboxylic acid group, is present only when CALB is used as catalyst (entries a and 

h, Table 5-1), indicating that some hydrolysis of the methyl ester groups occurs during the 

polymerization. However, for entries a, e, g and h, adipic/adipate end-groups were merely the 

minority and mostly hydroxyl end-capped polymers were obtained.  

For entries b and c, both involving Sc(OTf)3 catalyst, the spectra show three peaks at 

29.8, 62.1 and 67.8 ppm, respectively, which are ascribed to dipropylene glycol units (Figure 5-

2). Thus, ether formation has been observed as side reaction for these two synthesis. Ether 

formation by the Lewis acid Sc(OTf)3 has been also reported for polycondensation reactions 

using 1,3-PD and methyl succinic acid at 80 °C.
23

 At 60 °C (entry c), 10% of the 1,3-PD units 

within the polymer chain (excluding end groups) are linked to another 1,3-PD unit by an ether 

linkage. When raising the temperature up to 100 °C, this amount increases to 33% (entry b).  

 
Figure 5-2. Section of inverse-gated decoupling 

13
C NMR spectrum of poly(propylene-co-sorbitol adipate) (entry c, 

Table 5-1) recorded in pyridine-d5. 

From the average integral values of all sorbitol resonances and the total integral values of 

all units, i.e. both chain end- and repeat-units, the molar percentage of sorbitol incorporated 
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into the polyester was calculated. Looking at the region between 62.5 and 74 ppm where the 

peaks of sorbitol arise, for each type of catalyst, a different number of signals is present. In 

case CALB is used as catalyst, only six peaks are present and it is possible to distinguish 

between carbons connected to primary (between 62.5 and 66 ppm) and secondary hydroxyl 

groups (between 67 and 74 ppm). If Sc(OTf)3 is employed as catalyst, more than six peaks are 

present and the region is extended till 80 ppm. In presence of a Lewis acid such as Sc(OTf)3, 

the sorbitol unit can be subjected to dehydration leading to the formation of sorbitan as side 

product. In fact, the resonance at 80 ppm is due to the -CH of the five-membered ring of 

sorbitan. The absence of a signal at 85 ppm excludes the presence of isosorbide.  

Regarding TBD and DBTO, more than six peaks are visible within the region between 62–

75 ppm. A variety of ester linkages involving the sorbitol unit in the polymer chain, due to a 

different chemical environment, will result in a more complex NMR spectrum. The additional 

peaks could be also attributed to branching involving sorbitol residues. The spectra for entries 

a (CALB, 100 °C) and e (TBD, 120 °C) are compared in Figure 5-3. 

 
Figure 5-3. Compared 

13
C NMR inverse-gated decoupling spectra of poly(propylene-co-sorbitol adipate) synthesized by 

using CALB (entry a, Table 5-1) (A) and TBD (entry e, Table 5-1) (B). The * corresponds to remaining MeOH solvent. 
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The data regarding the quantification of the actual incorporated amount of sorbitol (after 

precipitation in methanol) compared to the initial feed for the different catalysts is 

summarized in Table 5-1 and illustrated in Figure 5-4.  

For entry a, when using CALB at 100 °C, an initial feed of 4.8 mol% of sorbitol leads to an 

incorporated amount of 3.4 mol% sorbitol into the polyester. In Chapter 4, the incorporation 

of sorbitol in a relatively apolar polyester system, consisting of DMA and 1,10-decanediol, was 

observed to be quite low.
26

 In fact, starting from 5 mol% initial feed of sorbitol, due to the 

non-homogeneous mixture and lower affinity shown by CALB for sorbitol with respect 1,10-

decanediol, only 1.4 mol% of sorbitol was found to be incorporated into the polyester. The use 

of a more polar diol such as 1,3-PD results in a homogeneous mixture which favors sorbitol 

incorporation into the polyester. 

 
Figure 5-4. Amount of mol% of sorbitol incorporated at different reaction conditions. Initial feed mol% of sorbitol: 4.8 

mol% (entry a) and 5.2 mol% (entries b, c, e, g). 

In presence of Sc(OTf)3, a low amount of sorbitol, i.e. 1.1 mol%, is incorporated at 60 °C 

(entry c, Table 5-1). Although increasing the temperature to 100 °C allowed to incorporate 

more sorbitol into the chains (up to 2.5 mol%, entry b), it was observed that more ether 

linkages were formed as well (vide supra). This catalyst shows to produce mainly poly(ester 

ether)s instead of the desired polyester structure. 

By using TBD as catalyst at 120 °C, almost full incorporation of the initial sorbitol feed 

into the polyester was reached. The trend was followed by DBTO at 140 °C and CALB at 100 °C, 

respectively. In these cases, no ether formation was detected. However the reactions with 

DBTO as catalyst performed at 140 °C only in one case led to an analyzable, soluble material, 

whereas a gel was obtained in the duplicate experiment. We suspect that the reason for such 
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difference between the two duplicates is the lower conversion in the non-gelled case due to 

e.g. differences in the removal of methanol, which allowed to stay below the gelation point 

(detailed calculations in Appendix B). Those conditions appear not to be reproducible for a 

standard protocol of polycondensation reactions involving sorbitol. It is worth to mention at 

this point that only in the case of CALB, six signals were present in the sorbitol 
13

C NMR region, 

whereas additional peaks were found for Sc(OTf)3, TBD and DBTO. These additional peaks 

could be attributed either to sorbitan units or to branching involving sorbitol residues (vide 

supra).  

The number average molecular weight (Mn) was calculated from the obtained NMR 

spectra for all the synthesized polyesters (Table 5-1). An overestimation of the Mn obtained via 

SEC measurements compared with the Mn obtained via 
13

C NMR usually occurs for aliphatic 

polyesters, especially for Mn values lower than 10
4
 g/mol.

29
 Additionally, as explained in 

chapters 2 and 3, the presence of sorbitol in the polymer chains and hydrogen-bonding 

between the chains can lead to higher hydrodynamic volumes (higher Mn SEC values). In fact, 

in the case of the homopolyester where no sorbitol is present (entry h), the Mn values 

obtained via 
13

C NMR and via SEC are more similar than in the case of the copolyesters. 

Moreover, the calibration is based on poly(methyl methacrylate) standards, which have a 

significantly different hydrodynamic volume compared to the polyester samples.  

Potentiometric titration 

By potentiometric titration it was possible to quantify the amount of OH- and COOH- 

groups present in the polyesters. As gathered in Table 5-2, the hydroxyl values (OHV) showed 

to be very high with respect to the acid values (AV). Such a big difference between OHV and 

AV reveals that the polyesters are mainly hydroxyl functionalized and that sorbitol is indeed 

present in the polyesters, confirming the NMR results. It also confirms that higher sorbitol 

content leads to higher OHV, as seen for entries a, e and g in Table 5-2. Regarding the 

reactions where Sc(OTf)3 was used as catalyst (entries b and c, Table 5-2), a discrepancy 

between the OHV detected and the amount of sorbitol quantified via 
13

C NMR is evident. This 

deviation can be related to the presence of ether linkages (thus less terminal hydroxyl groups 

and more methoxy end groups) originating from 1,3-PD units, increasing at higher 

temperature, in agreement with the data observed via NMR spectroscopy. A low AV is 

expected when starting from dimethyl ester rather than from dicarboxylic acid monomer. The 

detection of a certain value of acid is indicating that some hydrolysis occurred during the 

reactions, leading to a minority of COOH-end groups. Although the total amount of hydroxyl 

groups is of great value within this study, this method does not allow to distinguish between 

different types of hydroxyl groups (primary or secondary). 
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31
P NMR 

The selectivity regarding the incorporation of sorbitol into the backbone of the polyesters 

via its primary or secondary hydroxyl groups for the different catalysts was elucidated via  
31

P 

NMR spectroscopy. As explained in detail in Chapter 2, by adding an internal standard, such as 

cyclohexanol, this method allows quantifying the amount of primary with respect to secondary 

hydroxyl groups as well as any carboxylic group present after they have been reacted with 2-

chloro-4,4,5,5-tetramethyldioxaphospholane.
21

 Data afforded by the experiments are 

expressed in mg KOH/g sample in order to easily compare them with the potentiometric 

titration results (Table 5-2). 

Table 5-2. Acid (AV) and hydroxyl (OHV) values of the sorbitol-containing polyesters. 

Entry Monomers Catalyst 
T 

(°C) 

Sorbitol
 a

 

incorporated 

(mol%) 

Potentiometric titration 
 31

P NMR
 

AV
 b

 

(mg KOH/g) 

OHV
 b

 

(mg 

KOH/g) 

 

AV 
c
 

(mg 

KOH/g) 

OHV 
c
 

(mg 

KOH/g) 

Ratio 
c
 

a 

DMA/S/PD 

 

CALB 100 3.4 4.8 123.8  1.5 85.9 5.7 

b Sc(OTf)3 100 2.5 3.1 33.1  1.5 26.5 10.2 

c Sc(OTf)3 60 1.1 1.9 45.4  1.5 35.9 32.0 

e TBD 120 5.2 3.4 140.5  1.4 108.2 7.7 

g DBTO 140 4.0 8.0 137.8  1.0 99.9 5.7 

DMA = dimethyl adipate; S = sorbitol; PD = 1,3-propanediol. 
a
: Data obtained by 

13
C NMR measurement after 

precipitation in MeOH. 
b
: Data obtained by potentiometric titration performed after precipitation in MeOH. 

c
: Ratio of 

OHSec. (secondary hydroxyl groups) vs. OHPrim. (primary hydroxyl groups) of the sorbitol units. Data obtained by 
31

P 

NMR after precipitation in MeOH.  

In Figure 5-5 a representative spectrum is depicted, including assignment of the most 

relevant peaks after derivatization of the polyester with the phospholane compound. It is 

tempting to conclude that the presence of a peak at 174.9 ppm, related to unreacted 

phospholane compound, points to a full derivatization of the hydroxyl and carboxylic end-

groups. However, due to the bulkiness of the derivatizing compound, maybe not all hydroxyl 

and carboxylic acid end-groups are fully converted.  

The possibility in distinguishing between unreacted primary and secondary hydroxyl 

groups due to different chemical shift allowed to evaluate the ratio between them. As 

explained in Chapter 2,
 
if this ratio is higher than 4, sorbitol is mostly incorporated via its 

primary hydroxyl groups corroborating a selective esterification for the primary over the 

secondary hydroxyl groups of the sorbitol unit.
26 

As summarized in Table 5-2, when CALB, TBD 

and DBTO were employed (entries a, e and g), the ratio between secondary vs. primary 

hydroxyl groups showed to be in the same range, i.e. between 5.7 and 7.7, with a slightly 
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higher value for TBD. These results indicate that, on average, the obtained polyesters are 

mostly linear. 

 

Figure 5-5. 
31

P NMR of poly(propylene-co-sorbitol adipate) (entry a, Table 5-1). Schematic representation of a typical 

spectrum after phosphorylation and a zoom with the assignment of the primary alcohol of sorbitol units (prim), 

secondary alcohol of sorbitol units (sec), 1,3-propanediol end-group (1,3-PD) and the internal standard (cyclohexanol). 

However, the discrepancies between the total OHV values determined by 
31

P NMR and 

potentiometric titration suggest that not all hydroxyl groups present in the polyesters were 

fully converted to the phospholane derivative and thus have not been detected via 
31

P NMR. 

Additionally, if sorbitan is present, it will contribute mostly with its three secondary hydroxyl 

groups to the total OHV rather than with the only primary one which most probably will be 

involved in the ester linkage. The comparably pronounced high values for secondary OH vs. 

primary OH ratio observed when employing Sc(OTf)3 as catalyst can be supported by the 
13

C 

NMR measurements where signals associated to ether linkages were observed. Due to the fact 

that 1,3-PD is involved in the formation of ether-linkages, there are much less primary 

hydroxyl end-groups.  

MALDI-ToF-MS 

The copolyesters successfully obtained from the different reaction conditions (entries a, 

b, c, e and g) were studied by MALDI-ToF-MS. With this technique, the composition of 

individual polymer chains can be analyzed. Although this is not a quantitative analysis, it can 

provide relevant information regarding the distribution of the monomer residues over the 

polymer chains and the type of end-groups, and furthermore can elucidate the presence in 
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some polymer chains of sorbitol as such or as its derivatives sorbitan or isosorbide. Two 

representative spectra are compared in Figure 5-6.  

Within this comparison of polycondensation reactions at different conditions, five main 

classes of distributions can be detected. The most intense distribution (distribution 1) is 

assigned to homopolymer chains, i.e. poly(propylene adipate), with no sorbitol present in the 

chain. For this composition, four different end-group possibilities were detected for all 

catalysts used: methoxy-hydroxyl (distribution 1a), methoxy-methoxy (distribution 1b), 

hydroxyl-hydroxyl (distribution 1c) and carboxylic acid-methoxy (distribution 1d). The 

presence of methoxy- or carboxylic acid-end groups confirmed that not fully hydroxyl end-

capped polyesters have been synthesized despite the excess of diol used in the initial feed. 

Methoxy end-groups were minority in most of the 
13

C NMR spectra, except for entries b and c. 

The presence of a carboxylic acid end group (distribution 1d) was in accordance with the 

detection of a certain AV value. Homopolymer cycles (distribution 1e) have also been detected 

for all the polymers, except when TBD was used (entry e, Table 5-1).  

 
Figure 5-6. Section of MALDI-ToF-MS spectra of entries a (A, top) and b (B, bottom), signals cationized with K

+
 or H

+
 

and related assignment of the distributions (AA: adipate; PD: 1,3-propanediol; Sorb: sorbitol). 
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The second main distribution is related to polymer chains that contain sorbitol 

(distribution 2). Chains containing one sorbitol unit and having methoxy-hydroxyl end-groups 

were observed for all the different catalysts (distribution 2a). Also methoxy-methoxy end-

groups (distribution 2b) were detected for entries a and e, for chains containing one sorbitol 

residue. In this case sorbitol must be incorporated inside the polymer backbone. A distribution 

related to hydroxyl-hydroxyl (distribution 2c) terminated chains, containing also one sorbitol 

moiety, was observed for entries a and g. 

The third main distribution corresponds to sorbitan-containing chains (distribution 3), 

and it was observed for most of the polyesters, except when CALB was used as catalyst. Within 

this distribution containing one sorbitan residue, the methoxy-hydroxyl (distribution 3a) end-

group composition has been detected for entries b, c, e and g, with an additional methoxy-

methoxy terminated composition (distribution 3b) when the reaction was catalyzed by TBD at 

120 °C (entry e, Table 5-1). While via 
13

C NMR the presence of sorbitan was only confirmed for 

the polymerizations using Sc(OTf)3, via MALDI-ToF-MS it was shown that also TBD and DBTO 

led to the formation and incorporation of sorbitan, although the quantities may be too small 

to be detected via 
13

C NMR. The presence of isosorbide was not detected for any 

polymerization using any of the four different catalysts. 

Two additional distributions were observed for the polymerizations catalyzed by Sc(OTf)3 

(entries b and c, Table 5-1). MALDI-ToF-MS analysis confirmed the formation of ether linkages 

as side reaction, as observed in the 
13

C NMR spectra. In the first place, poly(ester ether)s 

containing no sorbitol but only 1,3-PD and adipate units (distribution 4) were detected with 

two or three 1,3-PD ether repeat units, having methoxy-hydroxyl (distribution 4a) or methoxy-

methoxy (distribution 4c) end-groups. The last composition detected is related to poly(ester 

ether)s containing one sorbitol unit (distribution 5a), for both entries b and c. In both cases, 

the polyester chains appeared to contain two or three 1,3-PD ether units and were methoxy-

hydroxyl terminated. 

The important conclusion that can be drawn from this study is that sorbitol-containing 

chains are present in all polymers resulting from all the compared reaction conditions using all 

four different catalysts, but CALB is the only catalyst that allows incorporation of pure sorbitol 

and does not cause its degradation into sorbitan. 

5.3.3. Thermal properties of sorbitol-based polyesters 

The thermal properties of the synthesized polyesters were determined by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The thermal 

parameters resulting from these analyses are summarized in Table 5-3. 

The thermal stability was evaluated under an inert atmosphere by TGA. The TGA traces 

of the whole set of poly(propylene-co-sorbitol adipate)s, with the homopolyester 
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poly(propylene adipate) for comparison, are depicted in Figure 5-7. The thermal 

decomposition of the polyesters occurs mostly in a single stage with a maximum 

decomposition rate (Td) between of 330 °C and 410 °C. The lowest thermal stability is 

observed when DBTO was employed as catalyst at 140 °C, and the residual weight left upon 

heating at 600 °C is 6%. For all the other copolyesters, the residual weight is only 0-2%. 

 From this comparative thermogravimetric study it appears that the sorbitol-based 

copolyester synthesized via enzymatic catalysis (entry a, Table 5-3) and the one synthesized 

using TBD (entry e, Table 5-3) show the highest thermal stability with respect to the others, 

being also comparable to the homopolyester synthesized by the enzymatic approach (entry h, 

Table 5-3).  

Table 5-3. Thermal properties of sorbitol-containing polyesters. 

                    TGA DSC 

Entry Monomers Catalyst 
T 

(°C) 
 

T5% 
a 

(° C) 

Td 
b 

(° C) 

W 
c
 

(%) 
 

Tg 
d
 

(°C) 

Tcc 
d 

(°C) 

Tm 
d 

(°C) 

ΔHm 
d
 

(J/g) 

a 

DMA/S/PD 

CALB 100  342 405 1  - 48 - - - 

b Sc(OTf)3 100  303 385 2  - 52 - - - 

c Sc(OTf)3 60  315 374 1  - 57 -1 21/31 16/4 

e TBD 120  298 406 1  - 49 - - - 

g DBTO 140  266 337 6  - 49 - - - 

h DMA/PD CALB 100  327 401 0  - 59 - 21/10 29/38 50/4 

DMA = dimethyl adipate; S = sorbitol; PD = 1,3-propanediol. 
a 

: Temperature at which 5% weight loss was observed. 
b 

: Temperature for maximum degradation rate. 
c 

: Remaining weight at 600° C.  
d 

: Transitions temperatures and 

melting enthalpies determined from the second heating curve of the DSC thermogram at a heating rate of 10 °C/min; 

Tg: glass transition temperature, Tcc: cold crystallization temperature, Tm: melting temperature and ΔHm : melting 

enthalpy. 

DSC data of polyesters are reported in Figure 5-8. A heating-cooling cycle was performed 

from -80 to 120 °C in order to erase the thermal history. The homopolyester poly(propylene 

adipate) (entry h), synthesized using CALB at 100 °C, showed to be a semi-crystalline material 

as reported in literature,
16,30

 with Tg at -59 °C. Although differences in the synthetic protocol 

and molecular weights can preclude a direct comparison, similar thermal transitions are 

observed. 

The poly(ester ether) synthesized by using Sc(OTf)3 at 60 °C (entry c) gives heating traces 

comparable to the homopolyester. Although for the homopolyester two distinct (cold) 

crystallization exotherms were observed at -21 and 10 °C during the second heating run, for 

entry c a single broad peak covering the same region with a lower enthalpy can be observed. 
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The bimodal melting peaks present for the homopolyester are also observed for entry c, 

indicating that two different crystal populations are present in both cases, but with lower 

degree of crystallinity in the case of the poly(ester ether).  

 
Figure 5-7. TGA thermograms obtained for the synthesized polyesters listed in Table 5-1. 

The sorbitol-based copolyesters from entries a, b, e and g are amorphous materials with 

glass transition temperatures (Tg) around -50 °C. From these data, it appears that the 

sorbitol/sorbitan units present in the polymer chains are capable of interfering with the ability 

of polymers to crystallize. Also a slightly increased value of the Tg with respect to the 

homopolyester is observed, most likely due to some hydrogen bond formation involving the 

sorbitol residues.  

 
Figure 5-8. DSC traces from the second heating run of the copolyesters (entries a, b, c, e and g, Table 5-3) and the 

homopolymer (entry h, Table 5-3). The experiments were carried out from -80 to 100 °C at a heating rate of 10 

°C/min. 
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5.3.4. Curing and coating evaluation of sorbitol-based polyesters 

The sorbitol-based amorphous polyester synthesized using CALB (entry a) was further 

used to prepare coatings, since it displayed an Mn and hydroxyl functionality adequate to be 

employed as polyester polyol for the synthesis of a polyester-urethane network. Recent 

studies have reported a range of polyurethanes derived from bio-based L-lysine diisocyanate 

(LDI) to be biodegradable, non-toxic, and suitable to be used in biomedical applications, 

especially in drug delivery.
31

  

In this Chapter, preliminary tests on solvent-cast coatings were carried out after using a 

conventional petroleum-based polyisocyanate curing agent, known as Desmodur N3600 (trade 

name for an isocyanurate trimer of hexamethylene diisocyanate, cross-linker I, Scheme 5-3) 

and after using the bio-based ethyl ester L-lysine diisocyanate (EELDI, cross-linker II, Scheme 5-

3). Since some petroleum-based compounds are inevitable for the synthesis of the isocyanate 

functionality,
32

 the renewable content of EELDI is 75 wt%. 

 

 
Scheme 5-3. Cross-linker I (Desmodur N3600) and cross-linker II (EELDI). 

Table 5-4 lists the properties of the resulting poly(ester urethane) coatings. The amount 

of the curing agent was calculated to have a ratio OH:NCO = 1:1, based on the OH-value 

determined via potentiometric titration. The poly(ester urethane) networks obtained upon 

curing of the polyester polyol/cross-linker mixtures onto the aluminum Q-panel substrates 

resulted in transparent, glossy and slightly yellowish homogeneous films. Both films showed 

good chemical resistance (i.e. acetone resistance test) and moderate mechanical performance 

(i.e. impact resistance and hardness). In fact, small defects such as dewetting of the substrate 

or non-homogeneous thickness of the films showed to affect the ability to resist rapid 

deformations. Both films presented intermediate hardness, F1 being slightly harder due to the 

more rigid structure of the cross-linker employed. 

Free standing films were obtained by mixing the sorbitol-based polyester and the curing 

agent in CHCl3, applying the solution in a Petri-dish, drying it at 80 °C under argon, and curing 

it at 180 °C under argon flow. The Petri-dish was previously treated with chlorotrimethylsilane 

to reduce its hydrophilicity and to facilitate the removal of the film prior to the DMTA 

examination. 
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Table 5-4. Properties of poly(ester urethane)s obtained from sorbitol-based polyester (entry a, Table 1) with cross-

linkers I and II. 

Entry Film 
Curing 

agent 
a
 

Renewability 

(wt%) 

Ratio 

NCO:OH 

Acetone 
b
 

resistance  

(d.r. 100)  

Impact  

test 
b
 

(1 kg, 

90 cm) 

Av. Film 

thickness 

(µm) 

Pencil 
c
 

hardness  

Tg 
d
 

(°C) 

a 
F1 I 71 1:1 + +/- 30 2H 6 

F2 II 95 1:1 + +/- 28 2B -16 

a 
: I = Desmodur N3600; II = EELDI. 

b
 :+ = good, +/- = moderate and - = poor. 

c 
: 6H to 2H= very hard to hard; H to B = 

moderately hard; 2B to 6B= soft to very soft. 
d 

: From DMTA measurement of the cured material. 

The yellowish color of EELDI cross-linker itself, together with the adopted curing 

conditions, led to a yellowish, transparent and glossy film. A colorless, transparent and glossy 

film was obtained when Desmodur N3600 was used (Figure 5-9). 

 

Figure 5-9. Free standing films prepared from sorbitol-based polyester polyol a and Desmodur N3600 (top) and from 

sorbitol-based polyester polyol a and EELDI (bottom). 

Via dynamic mechanical thermal analysis (DMTA), the thermomechanical properties of 

the free standing films were analyzed. The free standing films showed to be fully cross-linked, 

with Tg of 6 °C and -16 °C when cross-linkers I and II were used, respectively (Table 5-4). As 

expected, the Tg of the obtained cross-linked poly(ester urethane)s are higher than the Tg of 

the starting resin. The pronounced difference in Tg between the two cured networks can be 

attributed to the different chemical structure of the curing agents. The more rigid Desmodur 

N3600 leads to higher Tg with respect to the linear EELDI. The DMTA profile for F2 (Figure 5-

10) showed a relatively narrow tan δ which is an indication of a quite homogeneous network. 
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Figure 5-10. DMTA traces of the storage and loss modulus (black and blue lines) and the related tan δ (red line) for F2. 

The Tg is determined as the maximum of the tan δ. The increase of the storage modulus above Tg is an indication of 

efficient cross-linking.  

Furthermore, the increase of the storage modulus above Tg is an indication of efficient 

cross-linking. By combining a cross-linker derived from the natural amino acid L-lysine (its 

ethyl ester EELDI) with the fully bio-based polyester polyol a, it was possible to prepare an 

aliphatic network with 95 wt% renewable content that showed to be suitable for coating 

applications. 

5.4. Conclusions 

Four different catalytic systems were screened toward the implementation of the 

thermally sensitive, multifunctional sorbitol monomer in the synthesis of hydroxyl-functional, 

bio-based polyesters via melt polycondensation.  

DBTO-catalyzed polycondensation at 140 °C proved to have limitations in providing a 

soluble polymer with the targeted molecular weights, while no polymerization was observed 

at milder conditions, i.e. 100 °C. When the reacting mixture at 140 °C was stopped before 

gelation, it was shown that the conditions were also too severe to leave the thermally 

sensitive sorbitol intact, leading to the formation of sorbitan as side reaction product. In the 

case Sc(OTf)3 was used as catalyst, mostly poly(ester ether)s were obtained as final products, 

and the formation of ether linkages was promoted when increasing the temperature from 60 

to 100 °C. Moreover, Sc(OTf)3 also favored the dehydration of sorbitol to sorbitan. When the 

organo-base TBD was employed as catalyst, no polymerization was observed at 100 °C, and a 

minimum temperature of 120°C was needed to provide the targeted molecular weights. 

Although these reaction conditions showed the highest ability of incorporating sorbitol into 
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the polymer chains with respect to the other catalysts, some sorbitol was degraded to 

sorbitan, revealing that this route was also unsuccessful in maintaining the sorbitol unit fully 

intact.  

Despite providing a slightly lower amount of sorbitol incorporated with respect to TBD, 

the use of SPRIN liposorb CALB at 100°C was proven to give the most suitable approach for the 

synthesis of polyesters with preserved sorbitol units. With the use of SPRIN liposorb CALB, side 

reactions such as degradation to sorbitan or ether formation were avoided. Moreover, the 

high efficiency shown by SPRIN liposorb CALB in the synthesis of polyesters, with respect to 

the other catalysts used in this study, is highly remarkable, the catalytic amount being two 

orders of magnitude lower with respect to the three other catalysts. This sustainable synthetic 

route resulted in sorbitol-based, mainly hydroxyl-functionalized amorphous polyesters with 

enhanced functionalities, i.e. pendant hydroxyl groups, adequate for coatings applications.  

When the bio-based hydroxyl-reactive, diisocyanate curing agent EELDI was used, the 

obtained yellow transparent poly(ester urethane) coating displayed homogeneous cross-

linking and satisfactory chemical and mechanical properties.  
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Chapter 6 

Isohexide and sorbitol-derived, enzymatically synthesized 

renewable polyesters with enhanced Tg 

 

Abstract 

Sugar-based polyesters derived from sorbitol and isohexides were obtained via solvent-

free enzymatic catalysis. Pendant hydroxyl groups, coming from the sorbitol units, were 

present along the polyester backbone, whereas the two isohexides, viz. isomannide and 

isoidide dimethyl ester monomers, were selected to introduce rigidity into the polyester 

chains. The feasibility of incorporating isomannide as a diol compared to the isoidide dimethyl 

ester as acyl-donor via lipase-catalyzed polycondensation was investigated. The presence of 

bicyclic units resulted in enhanced Tg with respect to the parent sorbitol-containing polyester 

lacking isohexides. The different capability of the two isohexides to boost the thermal 

properties confirmed the more flexible character provided by the isoidide diester derivative. 

Solvent-borne coatings were prepared by cross-linking the sugar-based polyester polyols with 

polyisocyanates. The increased rigidity of the obtained sugar-based polyester polyols led to an 

enhancement in hardness of the resulting coatings.  

 

 

 

 

 

 

 

 

 

 

This work has been published as: Gustini, L.; Lavilla, C.; Martínez de Ilarduya, A.; Muñoz-Guerra, S.; Koning, C.E. 

Biomacromolecules 2016, DOI: 10.1021/acs.biomac.6b01224.  
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6.1. Introduction 

As shown in the previous chapters, sorbitol appears to be a good candidate to yield 

nearly linear hydroxyl-functionalized aliphatic polyesters. In Chapter 5 it has been 

demonstrated that, compared with conventional catalysts, the use of Candida antarctica 

lipase B (CALB) as biocatalyst leads to the most suitable approach for the synthesis of 

polyesters with preserved sorbitol units.
1
 In fact, when sorbitol is copolymerized together with 

the bio-based 1,3-propanediol (1,3-PD) and potentially bio-based dimethyl adipate (DMA), 

sorbitol is reacting mainly through its primary hydroxyl groups, thus leaving available pendant 

(secondary) hydroxyl groups in the obtained polyesters that have been cured with 

polyisocyanates to obtain poly(ester urethane)s. However, the resulting sorbitol-based 

aliphatic polyesters showed low glass transition temperatures (Tg), well below room 

temperature, limiting their range of applications.  

Monocyclic and bicyclic monomers derived from sugars, such as acetalized sugar-

derivatives
2,3,4

 and dianhydro sugar-derivatives, are known to dramatically enhance the Tg of 

the obtained polyesters while increasing sustainability.
5,6,7 

The dianhydro hexitols, also known 

as isohexides, are a group of highly promising renewable secondary rigid diols, which are 

directly obtained by the dehydration of sugar alcohols, yielding three isohexide isomers: 

isosorbide (1,4:3,6-dianhydro-D-glucitol), isoidide (1,4:3,6-dianhydro-D-iditol) and isomannide 

(1,4:3,6-dianhydro-D-mannitol). Despite the apparent advantages of incorporating rigid 

monomers such as isohexides into the polymer it is known that, under conventional melt 

polymerization conditions, the secondary hydroxyl groups of 1,4:3,6-dianhydrohexitols display 

reduced reactivity hampering so far the large scale industrial applications in the polymer 

field.
8,9

 The synthesis of more reactive isohexide derivatives such as amines
8,10

 or 

isocyanates
11,12

 has been considered as an alternative strategy for the incorporation of the 

isohexide monomers into polycondensation polymers. Recently, a 1-carbon extended 

isohexide derivative with methyl ester functionality, namely isoidide dimethyl ester (IIDMC), 

has been reported as a comonomer for the synthesis of sugar-based polyesters with enhanced 

Tg.
13

 So far, polymerizations involving this monomer were only performed using conventional 

metal-based catalysts.  

In this Chapter the aim is to obtain aliphatic polyesters with enhanced Tg and having 

pendant hydroxyl-functional groups along the polymer chain, via an eco-friendly solvent-free 

enzymatic polycondensation method. The structures of the sugar-derived monomers involved 

in this study are depicted in Scheme 6-1. The feasibility of incorporating isohexides either as 

alcohol donor or acyl donor will be investigated. Additionally, a systematic structure-thermal 

properties study of the obtained polyesters based on mol% of rigid isohexide building block 

incorporated will be conducted. The obtained hydroxyl-functional sugar-based polyesters will 

be cured with conventional petroleum-based and with bio-based hydroxyl-reactive curing 

agents and tested as solvent-borne coatings. 
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Scheme 6-1. Structures of the sugar-derived monomers. 

6.2. Experimental section 

6.2.1. Materials  

Sorbitol was obtained as a gift from Roquette (Neosorb P6 Sorbitol, 98%). 1,3-

propanediol (98%, 1,3-PD), dimethyl adipate (>99%, DMA), isomannide (95%, IM), acetic 

anhydride (>99%), chromium (III) acetylacetonate (Cr(acac)3, 99.99%), 2-chloro-4,4,5,5-

tetramethyldioxaphospholane (95%), chlorotrimethylsilane (>99%) and an 0.1–0.5 N 

methanolic solution of KOH were obtained from Sigma-Aldrich. Isomannide was purified by 

recrystallization from ethanol with final purity >99.5% (
13

C NMR). Solvents were purchased 

from Biosolve and all chemicals were used as received. Chloroform-d (99.8% atom-d) and 

pyridine-d5 (99.5% atom-d) were obtained from Cambridge Isotope Laboratories. Ethyl ester L-

lysine diisocyanate (EELDI, 95% pure) was supplied by Infine Chemicals Co., Limited, China. The 

isocyanurate trimer of hexamethylene diisocyanate (Desmodur N3600) was a kind gift from 

Bayer AG. The polyisocyanates were kept in the fridge at 4 °C under argon. SPRIN liposorb 

CALB (Candida antarctica lipase B, immobilized on beads of a divinylbenzene (DVB)-cross-

linked, hydrophobic, macroporous polymer based on methacrylic esters), was purchased from 

SPRIN S.p.a. and stored in a refrigerator at 4 °C. Like sorbitol and IM, the biocatalyst was dried 

before use at room temperature under reduced pressure for 24 h following a literature 

procedure.
14 

 

6.2.2. Synthesis of (3S,6S)-dimethyl hexahydrofuro[3,2-b]furan-3,6-dicarboxylate (IIDMC) 

According to a reported procedure, isoidide dinitrile (IIDN) was synthesized from 

isomannide.
13 

IIDN was further converted into (3S,6S)-dimethyl hexahydrofuro[3,2-b]furan-

3,6-dicarboxylate (IIDMC). In a 100 mL one-necked round-bottom flask equipped with a 
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magnetic stirrer and a reflux condenser, methanol (20-40 mL), HCl (32%, 20-40 mL), and IIDN 

(1,5-3 g) were sequentially charged. After stirring at reflux for 5 h, the reaction mixture was 

cooled to room temperature and extracted with chloroform (3 x 50-60 mL). The combined 

organic layers were dried over MgSO4 and filtered through a glass filter (pore size 4). The 

resulting solution was evaporated under reduced pressure by rotary evaporation to yield a 

slightly yellowish oil as crude product. Pure IIDMC was obtained as a colorless liquid by flash 

column chromatography (ethyl acetate: petroleum ether = 1:5). Yield: 72% (purity 95%, 
13

C 

NMR). 
13

C NMR (CDCl3): δ (ppm)= 4.92 (s, 2H), 4.10 (m, 2H), 3.73 (s, 6H), 3.20 (t, 2H). 

6.2.3. Synthesis of sugar-based polyesters  

Sugar-based polyesters were obtained from a mixture of sorbitol (5 mol%), 1,3-PD and 

DMA with the selected composition of 0, 5, 10, 26, 38 and 46/49 mol% of the bicyclic 

isohexide substituting either 1,3-PD by IM, or DMA by IIDMC. In a 100 mL three neck round 

bottom flask with a magnetically coupled half-moon stirrer, 1,3-PD, sorbitol, DMA and either 

IM or IIDMC were melted at 105 °C. When a clear reaction mixture was obtained, the 

temperature was set to 98-100 °C and the catalyst (7 wt% of SPRIN liposorb CALB with respect 

to the total amount of monomers) was added to the reaction mixture. The reaction mixture 

was stirred at 120 rpm for 2-16 h (increasing time with increased amount of IM) under a 

constant argon flow, aiding the produced condensate methanol to pass over a vigreux column 

and to condensate in a Dean-Stark apparatus. After the pre-polymerization step, the reaction 

was continued under reduced pressure descending from 300 mbar to 80-50 mbar over 4-16 h, 

and subsequently was continued at 80-50 mbar till the end of the polymerization. Regarding 

the polymerization of IM with IIDMC only, the removal of the side-products was executed 

through a gentle flow of argon without applying reduced pressure. After that time, the flask 

was cooled down to room temperature at atmospheric pressure and the reaction was 

quenched by adding approx. 10 mL of chloroform. The resulting mixture was filtered through a 

glass filter (pore size 1) to separate the crude product solution from the enzyme beads. 

Further workup included the precipitation of this solution in cold methanol. The white-

colorless or yellowish material obtained after precipitation was isolated by decantation as a 

viscous sticky honey-like material residing at the bottom of the flask and dried under reduced 

pressure overnight at 25 °C. 

6.2.4. Preparation of solvent-borne coatings  

The hydroxyl-functional sugar-based polyesters were dried in a vacuum oven at 25 °C at 

least for 24 hours before being cured using two different poly- and di-isocyanates: i) a trimer 

of hexamethylene diisocyanate (trifunctional polyisocyanate, NCO equivalent weight = 183 

g/mol, known as Desmodur N3600), and ii) the ethyl ester of L-lysine diisocyanate (difunctional 

polyisocyanate, NCO equivalent weight = 113 g/mol, EELDI). A solution of 0.15 g of the sugar-

based polyester in 0.2 mL of chloroform was prepared and added to the pure isocyanate (1:1 
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equivalent ratio of NCO relative to the amount of OH-groups present in the sample and 

corrected based on the factor observed between OHV from potentiometric titration and 
31

P 

NMR spectroscopy for entry a, vide infra). The obtained two-component mixture was then 

applied onto a pre-cleaned aluminum Q-panel with a wet film thickness of 160 μm using an 

adjustable doctor blade. The films were dried at room temperature for 30 min followed by one 

hour at 80 °C under argon, and cured for 30 min at 150 °C under argon. The films from 

poly(propylene-co-sorbitol adipate) (entry a) were obtained by using N-methyl-2-pyrrolidone 

(NMP) as solvent, dried at 80 °C under argon and cured for 30 min at 180 °C under argon (see 

Chapter 5). The coatings were tested for hardness, reverse impact resistance and solvent 

resistance. The free standing films for DSC measurements were prepared by solubilizing 0.15 g 

of sorbitol-based polyester in 0.2 mL of chloroform, and subsequently adding it to an exact 

amount of pure curing agent (1:1 ratio between NCO and OH reactive groups). Via a syringe, 

the solution was applied on a Teflon substrate. The wet films were dried at 80 °C under argon, 

and cured for 30 min at 150 °C under argon atmosphere. 

6.2.5. Characterization methods  

Size exclusion chromatography (SEC). SEC in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was 

performed on a system equipped with a Waters 1515 Isocratic HPLC pump, a Waters 2414 

refractive index detector (35 °C), a Waters 2707 auto sampler, and a PSS PFG guard column 

followed by two PFG-linear-XL (7 μm, 8 × 300 mm) columns in series at 40 °C. HFIP with 

potassium trifluoroacetate (3 g/L) was used as eluent at a flow rate of 0.8 mL/min. Before SEC 

analysis was performed, the dissolved samples were filtered through a 0.2 µm PTFE filter. The 

molecular weights were calculated against poly(methyl methacrylate) standards (Polymer 

Laboratories, Mp = 580 Da up to Mp = 7.1 × 10
6
 Da). 

Carbon nuclear magnetic resonance (
13

C NMR). Quantitative 
13

C NMR spectroscopy was 

performed on a Bruker AMX-300 spectrometer at 25.0 °C, operating at 75.5 MHz using an 

inverse gated decoupling pulse sequence to avoid nuclear Overhauser effect (nOe) 

enhancement of the 
13

C NMR signals. Around 15000 scans were acquired with 64K data points 

and a relaxation delay of 3 s. The spectral width was 22727 Hz and the number of data points 

for the FID was 32K. Samples were prepared by dissolving 40-50 mg of the crude polymer in 

0.5 mL pyridine-d5 and adding Cr(acac)3 (0.025 M) as a spin relaxation agent. Chemical shifts 

are reported in ppm relative to the residual peak of pyridine-d5 (δ = 135.91 ppm). Data analysis 

was performed using Mestrec 4 software. 

Phosphorus nuclear magnetic resonance (
31

P NMR). 
31

P NMR spectroscopy was performed on a 

Varian Unity Inova 500 spectrometer at a resonance frequency of 202.34 MHz. The spectral 

width of the experiments was 53569.79 Hz. The delay time was set at 3 s with a number of 

recorded scans of 1024. Sample preparation was carried out following a literature 

procedure.
15

 A stock solution and samples for 
31

P NMR analysis were prepared as described in 

Chapter 2. Data analysis was performed using Mestrec 4 software. Data afforded by the 
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experiments are expressed in mg KOH/g sample in order to simplify the calculation of the 

curing reagents. The OHV is obtained as summa of the AV plus all the values related to the 

hydroxyl groups of the different diols (when present). 

��� = �� + �����	
���	 +	�������������	 +	����,���	��������  

Thermogravimetric analysis (TGA). TGA was performed using a TA Instruments TGA Q500. The 

analysis of the data was performed with the Universal Analysis 2000 software. A sample of 10 

mg was heated from 25 to 600 °C at a heating rate of 10 °C/min under nitrogen flow. 

Differential scanning calorimetry (DSC). DSC was performed with a TA Instruments Q100 DSC. 

The heating and cooling rates were 10 °C/min under a nitrogen atmosphere. For the data 

analysis, Universal Analysis 2000 software was used. 

Evaluation of the coating performance. The obtained coatings were evaluated using several 

characterization methods. The solvent resistance of the coatings was assessed through the 

acetone rub test, in which the sample is rubbed back and forth with a cloth drenched in 

acetone. If no damage is visible after more than 150 rubs (i.e. 75 ‘double rubs’), the coating 

has good acetone resistance. Resistance against rapid deformation was tested using the 

reverse impact test, performed by dropping a weight of 1 kg on the back of a coated panel 

from a height of 80 cm (ASTM D2794).
16

 The coating hardness was measured using the pencil 

hardness test, performed by scratching the coating with pencils of increasing hardness using 

an Elcometer 501 Pencil Hardness Tester. The coating thicknesses were measured through 

magnetic induction using an Elcometer 224 Digital Surface Profile Gauge. 

6.3. Results and discussion 

6.3.1. Substrate specificity of Candida antarctica lipase B (CALB) for isohexide-derived 

monomers  

In the synthesis of polyesters, CALB shows high activity when linear apolar monomers are 

involved in the reaction, due to their structural similarity with its natural substrates, i.e. 

triglycerides. The active site crevice of CALB can be partitioned into two sides, an acyl-acceptor 

pocket and an alcohol-acceptor pocket, where the corresponding parts of the substrate will be 

located during catalysis.
17

  

A limited available space in the active site of the alcohol binder pocket makes α,ω-

aliphatic linear diols excellent substrates for CALB,
18,19

 while secondary alcohols are accepted 

depending on the size of the substituent, the acceptance being higher for short linear chains
20

 

than for bulky substituents.
21

 Thus, the reaction rate for bicyclic monomers with secondary 

alcohols is lower compared with linear monomers with primary alcohols, making unmodified 

isohexides not the favorite diol substrates in a lipase-catalyzed reaction. Besides displaying 

regio-selectivity for primary over secondary hydroxyl groups, CALB exhibits pronounced 
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enantio-selectivity for the R-configuration toward the S-configuration of secondary hydroxyl 

groups.
22,23

 Among the unmodified isohexide isomers, isomannide (IM) is the only one where 

both secondary hydroxyl groups display R-configuration and the endo-hydroxyl groups are in 

the most appropriate direction to form hydrogen bonding in the transition state of CALB.
24 

On 

the other hand, chemo-selectivity of CALB for the acyl donor substrate is not as strict as for the 

alcohol group. In fact, in a study comparing substrate specificity between different lipases,
 

CALB was classified as a lipase with a large acyl binder cleft and narrow alcohol binding cleft, 

this being the reason for its high selectivity for the alcohol substrates with respect to the acyl 

donor group.
25 

The synthetic path provided by Wu et al. for the synthesis of the 1-carbon extended 

isohexide monomer, i.e. isoidide dimethyl ester (IIDMC), starts from IM and modifies the 

secondary hydroxyl-groups to the highly reactive dinitrile derivative with inverted 

configuration of the stereocenters.
13 

Afterwards, the obtained exo-exo isoidide dinitrile (IIDN), 

via methanolysis reaction, is converted into the corresponding dimethyl ester derivative 

IIDMC.
 
The convenience in using the dimethyl ester form of the isoidide-derived monomer 

instead of the corresponding dicarboxylic acid is clearly supported by the requirement of only 

one synthetic step from the isoidide dinitrile intermediate, and the production of methanol 

during the polycondensation reactions as an easily removable condensate instead of water. 

Therefore, IM and IIDMC are the isohexide-based compounds chosen in the present study. 

6.3.2. Enzymatic synthesis of the sorbitol- and isohexide-based polyesters  

Two series of copolyesters containing sorbitol, and either IM or IIDMC as rigid diol or 

rigid dicarboxylate units, respectively, have been synthesized via enzymatic solvent-free 

polycondensation (Scheme 6-2). As mentioned in Chapter 5, the use of a more polar diol as 

1,3-propanediol (1,3-PD) showed to favor obtaining a more homogeneous mixture when used 

in combination with sorbitol and dimethyl adipate and, thus to favor interactions with CALB in 

solvent-free conditions. Consequently, 1,3-PD and dimethyl adipate (DMA) have been used as 

comonomers, since the polarities of these (potentially) bio-based monomers are adequate to 

provide a homogeneous reaction mixture with IM and/or IIDMC. As described in Chapter 3, to 

achieve a comparable activity to 10 wt% of Novozyme 435 with respect to the total amount of 

monomers, 7 wt% of SPRIN liposorb CALB with respect to the total amount of monomers is 

used as biocatalyst instead. With the aim of obtaining polyesters with molecular weights and 

functionalities suitable for coating applications, implying Mn values between 3 and 6 kg/mol, 

the Carothers’ equation was used to estimate the Mn expected for a certain composition, 

assuming that sorbitol would react as a diol (see Appendix A detailed calculations).  
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Scheme 6-2. Schematic representation of the two series of reactions involving IM as diol and IIDMC as dicarboxylic 

methyl ester. 

The polymerizations were performed aiming to obtain hydroxyl end-capped polyesters 

by using an excess of diols. Thus, all the reaction mixtures contained 51 mol% of diols and 49 

mol% of the dimethyl ester comonomers (Table 6-1). In order to obtain polyesters with an 

adequate amount of pendant hydroxyl groups and a suitable hydroxyl value (OHV) for coating 

applications, 5 mol% of sorbitol with respect to the total amount of monomers was 

maintained for all the polymerizations performed in this study, except for the reaction where 

only bicyclic monomers are used as comonomers (entry g, Table 6-1). Poly(propylene-co-

sorbitol adipate) (entry a, Table 6-1) lacking bicyclic units but also containing 5 mol% of 

sorbitol was described in Chapter 5, and listed here for comparison purposes. Regarding the 

first series of polycondensation reactions, 1,3-PD was partially or totally replaced by IM with 

contents ranging from 5 to 46 mol% (entries b to f, Table 6-1). Regarding the second series, 

DMA was partially or totally replaced by IIDMC with contents ranging from 5 to 49 mol% 

(entries B to F, Table 6-1).  
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Table 6-1. Molar composition and molecular weights of sugar-based polyesters. 

    
Monomer incorporated 

13
C NMR SEC 

Entry 

Initial feed 

composition  

(mol%) 
a,b

 

Reaction 

time 

(h) 

Yield 

(%) 

Sorb 
c
 

(mol%) 

IM 
c
 

(mol%) 

IIDMC 
c
 

(mol%) 

Mn 
d
 

(kg/mol)  

Mn 
e
 

((kg/mol) 
Đ 

e
 

 Diesters Diols          

 DMA PD:Sorb:IM          

a 49 46:5:0 24 64 3.4 0 0 5.4  12.2 2.6 

 DMA PD:Sorb:IM          

b 49 41:5:5 48 68 3.5 3.7 0 1.2 
 

13.8 3.0 

c 49 36:5:10 48 62 3.0 3.5 0 1.1 
 

16.6 2.7 

d 49 20:5:26 55 54 4.3 17.8 0 1.1 
 

6.3 4.4 

e 49 8:5:38 124 52 3.7 38.6 0 1.3 
 

7.1 2.1 

f 49 0:5:46 504 20 5.0 42.2 0 1.0 
 

1.4 1.6 

 
IIDMC:DMA PD:Sorb 

       
 

 

B 5:44 4 :5 48 64 3.7 0 5.8 1.1 
 

4.5 3.3 

C 10:39 46:5 72 55 2.7 0 13.0 1.1 
 

6.2 2.6 

D 26:23 46:5 46 72 3.7 0 29.0 1.3 
 

8.9 2.5 

E 39:10 46:5 72 57 3.6 0 45.1 1.8 
 

5.3 2.3 

F 49:0 46:5 168 70 2.1 0 55.7 1.2 
 

4.2 1.8 

 IIDMC IM          

g 45.5 54.5 139 35 0 49 51 0.7  1.3 1.2 

a
: DMA = dimethyl adipate; PD = 1,3-propanediol; Sorb = sorbitol; IM = isomannide; IIDMC = isoidide dimethyl ester.   

b
: Mol% calculated by dividing the amount of monomer by the total amount of comonomers in the feed. 

c
: Molar 

composition in the copolyester as determined by 
13

C NMR analysis. 
d
: Based on the 

13
C NMR area of end-groups 

present in the polyesters after precipitation in MeOH. 
e
: Based on SEC measurements in HFIP of the precipitated 

polyesters. 

To facilitate further comparison between reactions starting with comparable initial molar 

feed composition of bicyclic units, entries have been named in lowercase for the IM-

containing series and uppercase for the analogous compositions in the IIDMC-containing 

series. The only difference in the initial feed composition of bicyclic units is related to entries f 

and F. In entry f, 1,3-PD was fully substituted by IM while sorbitol was maintained at 5 mol% 

with respect to the total amount of monomers. Therefore the maximum mol% of rigid 

monomer in the feed in this series was 46 mol% of IM. Conversely, in entry F dimethyl adipate 

was fully substituted by IIDMC, also maintaining 5 mol% sorbitol, but the mol% of rigid 

monomer was 49% of IIDMC in this case. The relatively polar 1,3-PD compound and sorbitol 

should provide, together with the rather polar IM or IIDMC, a homogeneous phase when 

mixed with DMA.  
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Although two phases were clearly observed with increasing amounts of IM or IIDMC in 

the initial feed, within 15 minutes under stirring conditions at 98-100 °C under argon flow a 

homogeneous mixture was obtained, and then the biocatalyst SPRIN liposorb CALB was added. 

In the first step, transesterification leading to oligomers was accomplished under gentle argon 

flow during 2 to 4 hours. Afterwards, maintaining the same temperature, reduced pressure 

was applied starting from 300 mbar and slowly decreasing to 80 mbar in 16 hours. The 

pressure was then settled to 80 mbar and maintained till the end of the polymerization. Those 

gentle conditions were selected considering an efficient removal of the methanol formed 

during the pre-polymerization step and to favor the formation of products but taking into 

account the high volatility of the isohexides and 1,3-PD.
9
 Blank reactions were performed 

under similar reaction conditions, indicating that no significant conversion was taking place in 

the absence of biocatalyst. 

 All sugar-based polyesters were obtained as honey-like materials, except for entry g 

which resulted in a fine white powder. The recorded yields were ranging from 20 to 72% after 

purification by precipitating the crude product in cold methanol. The molecular weights and 

polydispersities (Đs) of the final polymers after precipitation in methanol were analyzed by 

SEC. The resulting sugar-based polyesters displayed Mn values in the range between 1 and 17 

kg/mol, with Đ between 1.6 and 4.4 (Table 6-1). In general, the Đs of the two series are 

comparable. Due to the low reactivity of IM in the lipase-catalyzed polycondensation reaction, 

longer reaction times were necessary, at which not only IM was easily sublimated but also 1,3-

PD was prone to evaporate as well. The presence of white crystals on the top of reactor 

corresponding to IM-DMA dimers sublimated during the reaction explained the low yield of 

these polymerizations. When 1,3-PD was totally replaced by IM (entry f in Table 6-1), low 

molecular weights were obtained even after 504 hours of reaction, with a yield of only 20%, 

confirming the low reactivity of IM with respect to the other monomers. More satisfactory 

results were obtained when IIDMC was used as rigid monomer. Shorter reaction times showed 

to be sufficient to achieve the desired molecular weights. When DMA was totally replaced by 

IIDMC (entry F), longer reaction times were necessary, although much shorter than in the case 

of the same amount of rigid units totally replacing 1,3-PD (entry f), evidencing the higher 

reactivity of IIDMC as acyl donor with respect to IM as diol. No evidence of sublimation was 

observed in the reactions involving IIDMC. 

Thermogravimetric analysis (TGA) of the pure isohexides, i.e. IM and IIDMC, have been 

carried out to compare their thermal stability. The experiment was conducted equilibrating 

the sample at 100 °C under nitrogen flow and maintaining it at this temperature for 12 hours. 

In the case of IM, all the monomer was sublimed after one hour at 100 °C, while for IIDMC 8 

hours at the same temperature were necessary for complete evaporation. Although the TGA 

experiments are far from mimicking the polymerization reaction conditions, with this 

experiment the lower volatility of IIDMC with respect to IM was proved. The high volatility of 
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IM is also a limiting factor to permit full conversion of this diol into a polyester under solvent-

free enzymatic polycondensation reaction conditions. It has already been reported that melt 

polycondensation provides some limitations regarding the incorporation of unmodified 

isohexides due to distillation occurring during reaction.
9 

 

A successful attempt to enzymatically polymerize the two bulky monomers, viz. IM and 

IIDMC, to obtain fully isohexide-based polyesters was achieved. To avoid any loss caused by 

too severe reaction conditions, no reduced pressure was applied in this case, but only a gentle 

argon flow was used for the removal of the side product. The high viscosity of the reaction 

mixture in the solvent-free approach after 138 hours was the limiting factor for obtaining 

higher Mn. Although this reaction yielded only oligomers, these results are comparable with 

those reported by Wu et al.
26

 who used conventional metal-based catalysts at higher 

temperature. Contrary to isohexide-based polyesters obtained via conventional, high 

temperature metal-based catalysis, via enzymatic catalysis the final products resulted in 

colorless or merely slightly yellow materials. Discoloration of isohexide-based polyesters is a 

typical effect occurring when reactions are performed at high temperature.
26  

It must be highlighted that for the first time IIDMC has been used as acyl-donor in 

enzymatically catalyzed polyesterifications and, due to the relatively flexible conformation for 

the acyl-donor moiety of the CALB active site, IIDMC can be considered to be a promising rigid 

monomer for enzymatic polycondensation reactions. 

6.3.3. Molecular characterization of sugar-based polyesters  

Detailed molecular characterization was performed with the aim to evaluate the 

feasibility and efficiency for the incorporation of the different sugar-based monomers into the 

polyesters via enzymatic polycondensation.  

13
C NMR  

The chemical compositions of the polyesters were determined via inverse-gated decoupling 
13

C NMR spectroscopy. The 
13

C NMR spectra corroborated the chemical structure of the 

polyesters with all signals being assigned to the carbons contained in the repeat unit. 

Representative spectra are depicted in Figures 6-1 and 6-3, corresponding to 

polymerization reactions starting from 26 mol% of the bicyclic monomers IM and IIDMC, 

respectively. Integration of the signals arising from adipate, 1,3-PD, sorbitol, IM and IIDMC 

units led to the quantification of the compositions of the copolyesters after precipitation in 

cold methanol. The mol% of the sugar units, i.e. sorbitol, IM and IIDMC, present in the 

precipitated polyesters are gathered in Table 6-1. The sorbitol content was between 2 and 5 

mol%. Regarding copolyesters synthesized using IM as diol, a clear trend can be observed. In 

general, an increased initial feed of IM led to higher amounts of IM in the final polyester, but 

differing in all cases from the initial feed composition. This discrepancy is more pronounced in 
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the case of low amounts of IM were used. The high selectivity of CALB for primary alcohols 

initially favor the incorporation of 1,3-PD and sorbitol through its primary hydroxyl groups, 

while the less reactive secondary hydroxyl groups of IM are esterified only at high conversion. 

When IM is present as minor comonomer, i.e. its molar percentage in the feed is equal to or 

below 10% (entries b and c), the low concentration combined with the less reactivity of IM 

monomer allow only a minority of the IM to be incorporated into the polyesters. However, 

when reducing the monomer feed of the more reactive 1,3-PD, the less reactive IM is present 

in high concentration and, thus, it is forced to be incorporated into the copolyester. 

Nevertheless, the resulted mol% incorporated in the obtained polyesters appeared to be 

lower than the mol% corresponding to the feed composition, requiring also much longer 

reaction times.  

 
Figure 6-1. Section of inverse-gated decoupling 

13
C NMR spectrum of entry d in Table 6-1 recorded in pyridine-d5. 

Assignment of the peaks for IM bonded into the polymer chain (a), as end-group (b) and as free monomer (c). The * 

corresponds to remaining MeOH solvent. 

Although it is assumed that by dissolution/precipitation from chloroform/methanol the 

residual monomers are removed due to its solubility in a polar solvent such as methanol, 

peaks due to unreacted IM monomer have been detected in the 
13

C NMR spectra, as indicated 

in Figure 6-1. When the polymer product is not a solid, effective removal of monomers is 

challenging and may require successive precipitations which can be a limiting factor in low 

scale reactions. Nevertheless, since the 
13

C NMR signals corresponding to pure IM have been 
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assigned, an accurate calculation of the IM residues effectively incorporated into the polymer 

chains was possible, providing reliable results. The formation of ester bonds involving IM units 

was also evident from signals related to the neighboring units. The signal of the methylene 

group next to the carbonyl group of the adipate unit (at 34 ppm, ∇) appears to be split into 

two peaks, distinguishing the two situations when the adipate unit is either attached to a 1,3-

PD unit (34.2 ppm) or to IM (33.9 ppm). A similar behavior can be also observed for the 

quaternary carbon of the carbonyl group at 173-174 ppm, presenting three distinct signals 

depending on the diol attached to the adipate unit, i.e. sorbitol, 1,3-PD or IM (Figure 6-2).  

 
Figure 6-2. Compared zoom of inverse-gated decoupling 

13
C NMR spectra of entries b-f in Table 6-1 recorded in 

pyridine-d5.  

With regard to the polycondensation reactions involving IIDMC monomer, the 

incorporation of the rigid sugar-based dimethyl ester was very successful in all cases with full 

incorporation of the IIDMC present in the comonomer mixture, as gathered in Table 6-1. A 

slightly higher mol% of IIDMC incorporated with respect to the mol% of IIDMC in the feed can 

be attributed to the volatilization of DMA comonomer during the reaction. 

The different reactivity and related feasibility of incorporating the two rigid bicyclic 

monomers, IM and IIDMC, into the polyesters with respect to the initial comonomer feed 

composition is most probably due to the selectivity on the active site of CALB. In fact, the 

active site of CALB is quite narrow for the diol unit and more accommodating for the acyl-

donor side, in accordance with the observations made by Naik et al.
25 

The 
13

C NMR spectrum 

for entry D (Table 1) is depicted in Figure 6-3.  
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Figure 6-3. Section of inverse-gated decoupling 

13
C NMR spectrum of entry D in Table 6-1 recorded in pyridine-d5. 

Zoom of the region between 50 and 90 ppm and assignment of the peaks for 1,3-PD attached to adipate or to IIDMC 

units. The * corresponds to remaining MeOH solvent. 

For this series, 
13

C NMR spectra showed complex signals for the 1,3-PD unit. The signal of 

the methylene group next to the oxygen of the propylene unit within the polyesters appears 

to be splitted into two peaks, corresponding to 1,3-PD units having an adipate unit as neighbor 

(61.4 ppm), or IIDMC as neighbor (62.3 ppm), with areas varying according to the polyester 

composition. It is also possible to observe the sensitiveness to the chemical environment at 

the quaternary carbon of the carbonyl group at 171-174 ppm, presenting two sets of signals, 

attributed either to the carbonyl of the adipate unit or to the carbonyl of the isoidide unit. 

Each set of peaks includes several signals related to the neighboring units, i.e. 1,3-PD and 

sorbitol (Figure 6-4).  

Through 
13

C NMR analysis, the signals related to all end-groups (OH, methyl ester and 

COOH) of the polymers were used to calculate the Mn of the obtained polyesters. Although 

dimethyl esters were used as acyl-donor moieties, the presence of a small peak related to 

carboxylic acid end-group is an indication that some hydrolysis during the polymerization 

reaction had occurred. From the end-group analysis it appears that, although there are signals 

attributed to methyl ester and carboxylic acid end-groups, the polyesters are mostly hydroxyl 

end-capped.  
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Figure 6-4. Compared zoom of inverse-gated decoupling 

13
C NMR spectra of entry B-F in Table 6-1 recorded in 

pyridine-d5.  

The Mn calculated by NMR shows to be around 1.1 – 1.8 kg/mol, which is lower than the 

values determined by SEC. These discrepancies between the Mn determined via SEC and NMR 

are understood taking into account several factors. First of all, the calibration of SEC is based 

on poly(methyl methacrylate) standards, which have a significantly different hydrodynamic 

volume compared to the polyester samples. Besides, it has been observed in chapters 2 and 3 

that the presence of sorbitol in the polymer chains can lead to hydrogen bonding between 

chains, thereby raising the apparent hydrodynamic volume of the chains in the SEC solvent, 

and also leading to a broadening of the molecular distribution. Moreover, it is known that, 

especially for aliphatic polyesters with Mn values lower than 10
4
 g/mol, an overestimation of 

the Mn obtained via SEC measurements compared with the Mn obtained via 
13

C NMR usually 

occurs.
27

 Thus the main conclusion that can be drawn is that the molecular weights of the 

obtained sugar-based polyesters are appropriate for coating applications.  

31
P NMR 

The evaluation in a quantitative manner of the total amount and different types of 

hydroxyl groups unreacted after polycondensation reactions is of great importance. The total 

amount of hydroxyl and carboxylic acid groups can be determined by potentiometric titration 

analysis.
28

 However, this technique cannot distinguish between the different types of hydroxyl 

groups. Due to the unavailability of the high amounts of sample which are necessary to 

perform the potentiometric titration measurements in an accurate way, this determination 

has not been carried out in this Chapter.  
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Notwithstanding, 
31

P NMR spectroscopy is an effective method for evaluating not only 

the total amount of hydroxyl and carboxylic acid groups, but also at the same time can 

quantify the different types of hydroxyl (primary or secondary) and carboxylic acid groups 

present, whereas the amount of sample required for this technique is a couple of milligrams. 

As it has been explained in detail in Chapter 2, being a spectroscopic technique, it is based on 

the different chemical environments of the observed nuclei after derivatization with a 

phospholane compound. A representative spectrum, including assignment of the most 

relevant peaks after derivatization of the polyester of entry b with the phospholane 

compound, is shown in Figure 6-5 for illustration.  

 
Figure 6-5. 

31
P-NMR of entry b, Table 6-1. Schematic representation of a typical spectrum after phosphorylation and a 

zoom with the assignment of the primary alcohol (prim) of sorbitol unit, secondary alcohol (sec) of the sorbitol unit, 

1,3-propanediol end-group (1,3-PD), isomannide end-group (IM end-group), free isomannide (free IM) and the 

internal standard (cyclohexanol). 

After derivatization with the phospholane compound, different hydroxyl and carboxylic 

acid groups appear with a deviated chemical shift, allowing assignment of the different 

primary hydroxyl end-groups coming from sorbitol and 1,3-PD, the secondary hydroxyl end-

groups coming from IM, the secondary pendant hydroxyl groups from sorbitol, and carboxylic 

acid groups assigned to hydrolyzed IIDMC or adipate end-groups. In Table 6-2, the hydroxyl 
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value (OHV) and acid value (AV) measured through 
31

P NMR are expressed in mg KOH/g to 

facilitate later on the calculation for the curing reactions with polyisocyanates (vide infra). 

Table 6-2. Acid (AV) and hydroxyl (OHV) values of the sugar-based polyesters. 

Entry 

 

Molar composition 
a
 

31
P NMR 

Diester Diol 
AV

 b
 

(mg KOH/g) 

OHsorbitol
 b
 

(mg KOH/g) 

OHIM 
b
 

(mg KOH/g) OH1,3-PD
 b
 

(mg 

KOH/g) 

OHV 
c
 

(mg KOH/g) 
Ratio 

d
 

Ad PD:Sorb Ad IIDMC OHPrim OHSec 
End- 

group 
Free 

a 49.0 47.6:3.4 1.5 0 10.0 57.4 0 0 17.0 85.9 5.7 

 
Ad PD:Sorb:IM 

       

b 58.0 34.8:3.5:3.7 4.6 0 6.8 65.2 7.8 1.1 26.8 112.3 9.6 

c 57.0 36.5:3.0:3.5 4.1 0 8.1 64.2 4.6 0.7 33.0 114.7 7.9 

d 57.8 20.1:4.3:17.8 3.7 0 6.1 74.5 31.7 4.7 15.4 136.1 12.2 

e 49.3 8.4:3.7:38.6 5.8 0 5.1 62.0 22.1 5.6 5.2 105.8 12.2 

f 52.8 0:5.0:42.2 2.5 0 3.2 41.0 38.1 2.8 0 87.6 12.8 

 
IIDMC:Ad PD:Sorb 

       

B 5.8:50.3 40.2:3.7 3.7 0.1 5.7 63.6 0 0 19.7 92.8 11.1 

C 13.0:45.4 38.9:2.7 2.1 0.2 4.0 57.5 0 0 17.4 81.2 14.4 

D 29.0:39.4 27.9:3.7 5.3 2.1 13.3 60.7 0 0 56.1 137.5 4.6 

E 45.1:11.5 39.8:3.6 1.0 1.3 5.1 59.9 0 0 16.1 83.4 11.7 

F 55.7:0 42.2:2.1 0 1.4 4.2 47.9 0 0 19.7 73.2 11.4 

 IIDMC IM          

g 51 49 0 2.6 0 0 31.9 0.7 0 35.2 0 

a
: Ad = adipate; PD = 1,3-propanediol; Sorb = sorbitol; IM = isomannide; IIDMC = isoidide ester; Molar composition in 

the copolyester as determined by 
13

C NMR analysis performed after precipitation in MeOH. 
b
: Data obtained by 

31
P 

NMR after precipitation in MeOH. 
c
: OHV = AV + OHsorbitol + OIM + OH1,3PD. 

d
: Ratio of OHSec. (secondary hydroxyl groups) 

vs. OHPrim. (primary hydroxyl groups) of the sorbitol units.  

As can be seen in Figure 6-5, for the series with IM as rigid unit, two peaks are observed 

at 145.5 and at 145.7 ppm corresponding to IM as free monomer and IM as end-group, 

respectively. 
31

P NMR spectroscopy confirmed the presence of free IM, as detected via 
13

C 

NMR analysis. An increased amount of IM end-group is detected when higher amounts of IM 

are incorporated into the polyester, with a small deviation for entry e, Table 6-2. 

It is worth to mention that, in the case of entry d in Table 6-2, with comparable molar 

ratio between IM and 1,3-PD residues in the polyester chains, the rigid unit appears to be 

present in higher amount as end-group with respect to 1,3-PD. The presence of a double 

amount of hydroxyl end-groups from the IM unit with respect to 1,3-PD end groups is 

indicating that 1,3-PD is mostly incorporated within the polymer backbone, whereas IM is 
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mostly present as end-group. These observed data are supporting the low reactivity of IM with 

respect to 1,3-PD in the lipase-catalyzed reactions. The presence of a peak related to 

carboxylic end groups is in accordance with the 
13

C NMR spectroscopy data. In the case of 

reactions involving IIDMC dimethyl ester as the rigid monomer, in the region typical for 

carboxylic groups reacting with the phospholane compound, two distinctive peaks can be 

observed at 134.8 and 135.2 ppm. These peaks are assigned to hydrolyzed adipate and IIDMC 

end-groups, respectively. 

Comparing the total OHV, it can be observed that for similar sorbitol contents the total 

OHV of the IM-containing series are slightly higher than for the IIDMC-containing series. The 

low reactivity of IM has been ascribed as the main reason for the dominant presence of this 

monomer as end-group, resulting in polyesters that are mostly hydroxyl end-capped. On the 

other hand, in the series involving the more reactive IIDMC as rigid unit, less hydroxyl groups 

are present as end-group.  

Additionally, the ratio between the different unreacted hydroxyl groups of the sorbitol 

unit after polycondensation reactions can be evaluated. Although this analysis refers to the 

average of the observed phosphorylated hydroxyl groups, from Chapter 2 it has been 

mentioned that if the ratio between secondary and primary sorbitol hydroxyl groups is higher 

than 4, this will refer to sorbitol units incorporated on average mainly as a diol, leaving most of 

the secondary hydroxyl groups unreacted. The same assessment has been applied for these 

newly synthesized polyesters, revealing a ratio of secondary to primary hydroxyl groups of the 

sorbitol unit higher than 4 in all cases (Table 6-2), confirming that sorbitol was reacting 

predominantly through its primary hydroxyl groups.  

An extended reaction time for the IM-involving polycondensation reactions and a 

negative deviation of the incorporated amount of IM with respect to its initial molar feed have 

been ascribed to the different reactivity of CALB toward the different diols involved. In fact the 

low reactivity of CALB for bulky monomers bearing secondary hydroxyl groups, as IM, with 

respect to linear monomers, such as 1,3-PD and sorbitol, did not affect the high selectivity for 

primary toward secondary hydroxyl groups of the sorbitol unit. This was supported by the high 

ratio of secondary over primary hydroxyl groups of the sorbitol unit, being higher than 4 for all 

the reactions, and for many polycondensations the ratios were even higher than 10 (Table 6-

2).  

The fact that in the enzyme-catalyzed polycondensation reactions IM is mostly 

incorporated as end-group into the polymer chains, implying that at least one of the secondary 

hydroxyls of IM has been esterified, while the secondary OH groups of sorbitol are remaining 

almost intact could be understood taking into account that the sorbitol unit has two primary 

OH groups which react much faster than any secondary OH. Once the IM monomer starts to 

react, which occurs after an extended time, the sorbitol units may have been mostly 
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incorporated already into the polymer chains, not only as end-groups but even within the 

polyester chains with both reactive primary OH groups esterified. At that point, the steric 

hindrance associated with the secondary OH groups of IM present as free monomer may be 

lower than the steric hindrance associated with the secondary OH groups of the sorbitol units 

within an oligomeric chain already formed. This could explain that the secondary hydroxyls of 

incorporated sorbitol remain unreacted whereas at least one of the secondary hydroxyls of IM 

is esterified.  

With this combination of monomers no other catalyst than a regio-selective enzyme 

would be capable of providing such a fine distinction: esterifying in first instance the primary 

hydroxyls of sorbitol while leaving the secondary OH groups of the sorbitol unit unreacted but 

at the same time involving (at least one of) the secondary hydroxyl groups of the IM unit. 

6.3.4. Thermal properties of sugar-based polyesters 

The configuration of the hydroxyl groups in the isohexide monomers not only has a 

crucial influence on their reactivity but also on the physical properties of the related polymers, 

translated into distinct effects on the glass transition temperature and crystallinity.
12,13

 In 

previous studies related to polymers derived from unmodified OH-functional isohexides, lower 

thermal stability has been observed for the endo-substituted isohexide-containing polymers. 

Isoidide showed to be the most stable isohexide, followed by isosorbide and IM.
26

  

The thermal behavior of the obtained enzymatically synthesized, sugar-based polyesters 

has been comparatively studied by Thermogravimetric Analysis (TGA) and Differential 

Scanning Calorimetry (DSC). TGA curves for the two series measured from 25 to 600 °C under 

nitrogen atmosphere are shown in Figures 6-6 and 6-7, respectively. The thermal parameters 

resulting from these analyses are given in Table 6-3, where the corresponding data for the 

poly(propylene-co-sorbitol adipate) without rigid bicyclic units (entry a) are included for 

comparison.  

The IM-derived polyesters start to decompose at around 200-250 °C with an even lower 

stability for entry f, where 5% of its initial weight is already lost at 174 °C. However, the 

presence of free IM in these samples, detected via 
13

C NMR, may affect the thermal behavior 

and its sublimation is expected to be included in the 5% weight loss. Therefore, the 

comparison between the IM and IIDMC series will be made taking into account the 

temperature at which the degradation rate is maximum (Table 6-3).  
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Table 6-3. Thermal properties of sugar-based polyesters. 

The IM-containing polyesters decomposed mainly in one step, with the temperature for 

maximum degradation rate (Td) being between 400 and 425 °C (except for entry e, Td = 352 

°C), being also comparable to the polyester not containing any bicyclic units (entry a, Td = 405 

°C). For the IIDMC series two major decomposition steps occurred at approximately 350 and 

400 °C, respectively (Figure 6-7).  

In fact, the remaining weight versus temperature plots are clearly showing the weight 

loss for each step based on the different acyl-moiety content, varying in accordance with the 

mol% of the two acyl units. It may be reasonably interpreted that the two decomposition steps 

observed for these copolyesters correspond to a first decomposition of bicyclic isoidide 

moieties followed by the adipate moieties. Also the fully isohexide-based polyester (entry g) 

decomposed in two steps, as previously reported by Wu et al. for the analogous polyester 

synthesized by metal-catalyzed polycondensation.
26

  

Entry  Molar composition 
a
  TGA 

 
DSC 

 
Diester Diol  T5% 

b
  

(°C) 

Td 
c
  

(°C) 

W 
d
  

(%)  

Tg
 e

 

(°C)   Ad PD:Sorb  

a 49 47.6:3.4  342 405 1 
 

-52 

  Ad PD:Sorb:IM  

b 58.0 34.8:3.5:3.7  226 402 1 
 

-50 

c 57.0 36.5:3.0:3.5  217 401 1 
 

-49 

d 57.8 20.1:4.3:17.8  243 410 2 
 

-32 

e 49.3 8.4:3.7:38.6  250 352 4 
 

-11 

f 52.8 0:5.0:42.2  174 425 2 
 

4 

  IIDMC:Ad PD:Sorb    
 

  
 

  

B 5.8:50.3 40.2:3.7  323 345 / 403 1 
 

-42 

C 13.0:45.4 38.9:2.7  264 316 / 387 5 
 

-37 

D 29.0:39.4 27.9:3.7  278 357 / 399 5 
 

-32 

E 45.1:11.5 39.8:3.6  318 360 / 398 8 
 

2 

F 55.7:0 42.2:2.1  255 350 / 392 8 
 

2 

 IIDMC IM       

g 51 49  320 355 / 403 8  28 
a
: PD = 1,3-propanediol; Sorb = sorbitol; IM = isomannide; IIDMC = isoidide dimethyl ester. 

b
: Temperature at which 5% 

weight loss was observed. 
c
: Temperature for maximum degradation rate. 

d
: Residual weight at 600 °C. 

e
: Glass 

transition temperature determined from the second heating curve of the DSC thermogram at a heating rate of 10 

°C/min. 
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Figure 6-6. TGA traces of IM-containing polyesters and comparative derivative curves, recorded from 25 to 600 °C at a 

heating rate of 10°C/min under N2 atmosphere.  

From these data it is shown that the adipate and 1,3-PD moieties decompose at a similar 

temperature as the IM moieties, i.e. with Td around 400 °C, while IIDMC units decompose 

earlier, i.e. with Td around 350 °C. For the differences in thermal stability of IM and IIDMC 

units, not only the different stereochemistry is playing a role, but also the different 

functionality, i.e. hydroxyl vs. acyl groups. 

 
Figure 6-7. TGA traces of IIDMC-containing polyesters and compared derivative curves, recorded from 25 to 600 °C at 

a heating rate of 10°C/min under N2 atmosphere. 
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Studies on hydroxyl and acyl-functional bicyclic moieties derived from acetalized sugars 

revealed the lower thermal stability of the corresponding polyesters when acyl-functional 

bicyclic acetalized units with respect to the hydroxyl-functional analogous were 

incorporated.
29

 A residual weight up to 8% at 600 °C for the IM- and IIDMC-based polyesters is 

attributed to degradation products of the isohexide moieties, since it is known that linear 

poly(alkylene dicarboxylate)s decompose almost completely under the same TGA conditions.
13

  

Thermal transitions were characterized by DSC and the obtained data are summarized in 

Table 6-3, while the second heating traces recorded from all sugar-based polyesters are 

depicted in Figure 6-8. All the precipitated polyesters were amorphous and showed a 

pronounced glass transition. To evaluate the effect of IIDMC incorporation on the glass-

transition temperature with respect to IM, the two sets of polyesters have been compared 

allowing performing structure-thermal properties relations.  

 

Figure 6-8. DSC traces from the second heating run of the sugar-based polyesters. The experiments were carried out 

from -80 °C to 100 °C at a heating rate of 10°C/min. 

Two main structural differences can be observed between these isohexide monomers: 

the ester linkage at the bicyclic unit is reversed (Scheme 6-3), and the stereochemistry of the 

hydroxyl groups in the 2-5 positions is endo-endo for IM and exo-exo for IIDMC. Since the two 

series have comparable Mn, the effect on the Tg will be exclusively related to the amount of 

bicyclic units present in the polyesters without any effect due to different numbers of end-

groups (resulting in different free volumes) or different degrees of entanglement formation. 
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Scheme 6-3. Structure of the compared isohexide moieties incorporated into the polyesters as diol (IM) or as acyl 

donor (IIDMC). The reversed ester linkage at the bicyclic unit is highlighted. 

In both series, the presence of the isohexide unit induces rigidity into the polyester 

chains, resulting in an enhancement of the Tg with respect to the parent aliphatic sorbitol-

containing polyester (entry a) of about 50 °C. This increase of the Tg shows to be correlated to 

two different factors: the different stereochemistry between the isohexides incorporated 

(endo-endo for IM and exo-exo for IIDMC) as indicated by Besset et al.
30

, and to the content of 

the isohexide units. These factors can provide a well-controlled tuning of the thermal 

properties of the sorbitol-based polyesters synthesized by lipase-catalyzed polycondensation. 

A comparable increment has been observed by Wu et al. regarding polyesters synthesized via 

metal-based catalysis with respect to adipic acid analogues.
31

 Within this study, comparable 

results are presented by employing a more eco-friendly strategy such as metal-free, lipase-

catalyzed polycondensation. Moreover, due to the high selectivity provided by CALB, pendant 

secondary hydroxyl groups coming from sorbitol units enhance the final hydroxyl functionality 

of the obtained isohexide-based polyesters, making them suitable for cross-linking and 

accordingly for coating applications. 

When comparing entries d and D, both having equal Tg, it appears that IM can introduce 

a slightly higher rigidity into the polyester main chain with respect to IIDMC, since the same Tg 

can be obtained with a slightly lower content of bicyclic sugar-based units. The observed 

behavior between the two different isohexides confirms the more flexible character of IIDMC 

with respect to IM. It has been previously argued by Wu et al. that ring puckering in the IIDMC 

structure results in a kinked polymer chain that hinders close packing between polymer 

chains,
31 

thereby raising the free volume and reducing the Tg, whereas packing is more tight 

for the IM structure.   

It can be concluded that both selected isohexide monomers, i.e. IM and IIDMC, are 

capable of increasing the Tg of the corresponding polyesters if compared with the parent 

polyester lacking isohexide units, (entry a), the increase being slightly higher for IM than 

IIDMC. However, IIDMC showed to be more easily incorporated into the polyesters, providing 

a molar composition more in accordance with the feed ratio and resulting in shorter required 

reaction times with respect to IM. 
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6.3.5. Curing and coating evaluation of sugar-based polyesters  

The sugar-based polyesters displayed Mn and hydroxyl functionalities adequate to be 

employed as polyester polyols for the synthesis of poly(ester-urethane)s. Their pendant 

hydroxyl groups along the backbone provided by the sorbitol units, as well as their terminal 

hydroxyl groups coming from 1,3-PD, sorbitol and IM units (if present), were made to react 

with polyisocyanates, resulting in cured poly(ester urethane) networks.  

For this preliminary evaluation, polyesters from entries d, e, D and E, having relatively 

high amounts of rigid monomer incorporated and high OHV, were selected, and compared to 

entry a. Due to thermal instability of polyester polyol f (vide supra), and the low OHV for 

entries F and g, those resins were not considered for this evaluation. The selected sugar-based 

polyester polyols were cured using both the petroleum-based isocyanurate trimer of 

hexamethylene diisocyanate, known as Desmodur N3600 (cross-linker I), as well as the bio-

based ethyl ester L-lysine diisocyanate (EELDI, cross-linker II), which is derived from L-lysine 

amino acid. The structures of the curing agents are depicted in Scheme 6-4.  

 
Scheme 6-4. Chemical structures of cross-linker I (Desmodur N3600) and cross-linker II (EELDI). 

While the first curing agent is a cyclic trifunctional isocyanate, the latter is an aliphatic 

difunctional isocyanate. Although the synthetic route for the preparation of the isocyanate 

functionality still requires a petroleum-based compound, namely phosgene,
32

 the carbon mass 

of the L-lysine amino acid-based EELDI is 75% renewable, which combined with fully bio-based 

polyesters provides cured coatings with a large renewable content. Moreover, previous 

studies have reported a variety of polyurethanes derived from bio-based L-lysine diisocyanate 

(LDI) to be biodegradable and non-toxic, and suitable to be used in biomedical applications.
33

  

For the curing of all the polyester polyols, an NCO:OH ratio 1:1 was selected. Due to the 

bulkiness of the phospholane compound, a discrepancy between OHV derived from 
31

P NMR 

measurements and potentiometric titration has been observed already in chapters 3 and 5, 

with OHV being underestimated by the former technique with respect to the latter. For the 

poly(propylene-co-sorbitol adipate) (entry a), the amount of sample available was enough for 

OHV determination by potentiometric titration. The OHVPT was found to be 123.8 mg KOH/g, 
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as reported in Chapter 5, which is 1.4 times higher than the OHVNMR (Table 6-4). To take into 

account this effect, a 1.4 multiplication factor was applied to the OHVNMR, and these estimated 

OHVs were used to calculate the amount of the curing agent required to have a ratio NCO:OH 

= 1:1 in all cases.  

To determine the appropriate curing conditions, the curing of a reaction mixture with 

NCO:OH ratio 1:1 of the potentially less reactive diisocyanate EELDI
34

 with the polyester polyol 

e was monitored by FT-IR. By recording the decrease in intensity of the isocyanate absorption 

peak at 2271 cm
-1

 as a function of time, it was observed that after 10 min at 150 °C the 

isocyanate moiety of EELDI had fully reacted (Figure 6-9).  

 
Figure 6-9. FT-IR section spectra recorded during the curing process of entry e, Table 6-1 and EELDI at 150 °C under 

argon flow. 

Like the other polyester polyols synthesized in this chapter, even the most sensitive one 

being polymer e in view of the presence of high amounts of unreacted monomer, showed to 

be stable (weight loss below 3% after one hour) at this temperature. Thus an extended time of 

30 min was selected to ensure full curing of all hydroxyl groups. To prevent the final poly(ester 

urethane) coatings from containing any trace of metal contamination, the use of catalysts to 

accelerate the reaction, e.g. dibutyltin dilaurate being one of the most common, has been 

avoided.  

Since the sugar-based polyesters appeared to be highly hygroscopic, to preclude the 

isocyanates from reacting with moisture all the resins were kept in a vacuum oven before 

being employed in the preparation of solvent-cast coatings. Several polar solvents with boiling 

points below curing temperature have been tested (viz. acetone, THF, chloroform and 

cyclohexanone), among which chloroform produced the most satisfactory coatings in terms of 

appearance, except for polyester polyol a, where NMP was used as solvent. Upon curing of the 

polyester polyol/cross-linker mixtures onto the aluminum Q-panel substrates, the obtained 

poly(ester urethane) networks resulted in transparent colorless or slightly yellowish 

homogeneous films (Figure 6-10). 
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Figure 6-10. Solvent-borne coating prepared from sugar-based polyester polyol d and EELDI. 

 These coatings were tested for solvent resistance, reverse impact resistance and pencil 

hardness. The coating formulations and their properties are listed in Table 6-4. Although a 

direct comparison between the poly(ester urethane) coatings from polyester polyol a and 

those containing rigid units (entries d, e, D and E) is not possible due to different curing 

conditions, i.e. different solvent and curing temperature (150 °C for entries d, e, D and E, and 

180 °C for entry a), it is still relevant to correlate results obtained for different coatings. The Tg 

values of the poly(ester urethane) materials were determined via DSC measurements. In this 

case, the coatings were prepared from chloroform on a Teflon substrate and cured at 150 °C. 

Upon curing, an increased Tg with respect to the starting polyester is expected once the 

network is formed.  

Polyester polyols a and E present comparable OHVs (thus also comparable number of 

urethane bonds in the poly(ester urethane) coatings) while containing either none or high 

mol% of rigid units (in this case IIDMC). As displayed in Table 6-4, curing of polyester polyols 

from entries a and E resulted in coatings with excellent solvent resistance.  

Through the reverse impact test, data concerning the ability of the material to cope with 

fast deformation are obtained. Some slight cracks were observed for formulation F1 (polyester 

polyol a, Desmodur N3600) and F2 (polyester polyol a, EELDI), mainly due to small defects of 

the coatings which affected the ability to resist rapid deformations. In spite of the higher 

thicknesses, which could lead to brittleness, the positive results of the impact resistance tests 

for F9 (polyester polyol E, Desmodur N3600) and F10 (polyester polyol E, EELDI) demonstrate 

that the obtained poly(ester urethane)s are sufficiently tough to withstand the rapid 

deformation. In general a good behavior is recorded regarding the toughness of these 

coatings, since most of the poly(ester urethane)s obtained were able to withstand the reverse 

impact test.  
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The hardness of the coatings was evaluated by the so-called pencil hardness test. 

Coatings F1 and F2 displayed hardness 2H and 2B, respectively, while a great improvement is 

observed for coatings F9 and F10, which showed much higher values (6H and 4H, respectively), 

reaching the characteristic range for a polyurethane-based coating.
35

 This improvement can 

obviously be correlated to the presence of bicyclic IIDMC units in the polymer chain for entry E 

with respect to entry a, demonstrating the effect of induced rigidity on the final material 

properties. In general an increased hardness is correlated with a higher Tg value, as can be 

observed in Table 6-4.  

Table 6-4. Properties of poly(ester urethane) coatings obtained from the selected sugar-based polyesters. 

Entry 
IM/IIDMC 

(mol%) 

OHVNMR / 

OHVPT 
a

 

(mg KOH/g) 

Tg 
b

 

(°C) 
Film 

Curing 

agent 

Renewable 

(wt%) 

Acetone 

resistance 
c
 

(d.r. 75) 

Impact 

test 
d
 

(1 kg, 

80 cm) 

Av. Film 

thickness 

(µm) 

Pencil 

hardness
e
 

Tg 
f
 

(°C) 

a 0 / 0 85.9 /124 -52 
F1 DES 71 + +/- 30 2H -32 

F2 EELDI 95 + +/- 28 2B -31 

d 17.8 / 0 136.1 /196 -32 
F3 DES 61 + + 41 5H 14 

F4 EELDI 93 + +/- 93 5H 1 

e 38.6 / 0 105.8 /153 -11 
F5 DES 67 + +/- 62 6H 30 

F6 EELDI 94 + + 54 5H 27 

D 0 / 29.0 137.5 /198 -32 
F7 DES 61 + + 54 3H -10 

F8 EELDI 93 +/- + 59 2H -5 

E 0 / 45.1 83.3 /120 2 
F9 DES 72 + + 59 6H 11 

F10 EELDI 95 + + 57 4H 5 

DES = Desmodur N3600; EELDI = ethyl ester L-lysine diisocyanate. 
a
: For entry a, OHVNMR determined by 

31
P NMR and 

OHVPT obtained from potentiometric titration. For entries d, e, D and E, the OHVNMR is measured and the OHVPT is 

estimated based on the factor observed between OHVNMR and OHPT for entry a. 
b
: Glass transition temperature before 

curing obtained via DSC. 
c
:+ = good, +/- = moderate and - = poor. 

d
: + = no damage, +/- =moderate damage, - = 

damaged. 
e
: 6H to 2H= very hard to hard; H, F and B = moderately hard, 2B to 6B= soft to very soft. 

f
: Tg obtained from 

DSC measurements after curing. 

Whereas a and E had comparable and relatively low OHVs, on the other hand, polyester 

polyols d and D exhibited comparable but rather high OHVs and, thus, comparable cross-link 

density. A higher pencil hardness has been recorded for entry d (F3 and F4) than for entry D 

(F7 and F8), in accordance with higher rigidity given by the presence of IM or IIDMC unit in the 

polyester backbone, respectively, confirming a more rigid character of IM with respect to 

IIDMC (Table 6-4).  

When looking at similar mol% of rigid monomer incorporated, the most accurate 

comparison can be made by comparing polyester polyols e and E, with around 40 mol% of 

bicyclic units within the polyester polyols. Although a slightly lower mol% of bicyclic unit is 
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present for entry e with respect to entry E, both cured networks reached a pencil hardness 

value between 4H and 6H, also depending on the curing agent employed. However, a higher Tg 

was obtained for F5 (polyester polyol e, Desmodur N3600) and F6 (polyester e, EELDI) with 

respect to F9 (polyester polyol E, Desmodur N3600) and F10 (polyester polyol E, EELDI), which 

is most probably also due to the higher OHV of entry e with respect to entry E, and therefore 

due to a higher amount of urethane bonds. Regarding the effect of the different cross-linkers 

on the final properties, the more rigid structure of Desmodur N3600 can contribute to a 

further increase of the hardness and the Tg of the cured material with respect to the bio-based 

cross-linker. 

This study shows that successfully cured materials by using renewable polyester polyols 

containing bicyclic sugar-based units can be achieved. Moreover, the profound effect of the 

presence of the rigid bicyclic isohexide units on the final properties of the cured materials has 

been highlighted. Additionally, owing to the fully renewable character of the sugar-based 

polyester polyols used for the formulations, in the case EELDI is employed as curing agent the 

cured network is almost fully renewable. The obtained coatings, exhibiting a relatively hard 

character and good resistance against solvents and rapid deformations, can be suitable for an 

enlarged range of applications with respect to the reference coatings without isohexide units.  

6.4. Conclusions 

A novel series of polyesters based on renewable sorbitol and isohexide building blocks 

have been successfully synthesized for the first time via solvent-free lipase-catalyzed 

polycondensation. The selected isohexide-derived monomers, viz. isomannide (IM) and the 

recently developed isoidide dicarboxylic ester (IIDMC), have been incorporated as a diol or as 

acyl-donor, respectively, into the renewable polyesters. This approach yielded sugar-based 

polyesters with molecular weights and functionalities appropriate for coating applications.  

Despite the bulky character and the secondary OH functionality of the bicyclic IM 

structure, incorporation of this monomer was possible. However, the final mol% of IM 

incorporated was lower than the respective molar feed composition, the incorporation 

required very long reaction times, and IM was mostly incorporated as end-group in the 

polyester chain. Higher reactivity has been observed for IIDMC due to more adaptable acyl-

pocket side of CALB, which allowed its incorporation in accordance with the initial feed and 

requiring shorter reaction times. As dimethyl ester moiety, IIDMC shows to be a powerful 

platform for enzymatic polycondensation of isohexide-derived monomers. Furthermore, CALB 

showed its extraordinary versatile character, polymerizing in a highly selective way the 

multifunctional sorbitol mainly via its primary hydroxyl groups while leaving the secondary 

hydroxyl groups unreacted, but accepting a rigid monomer carrying only secondary hydroxyl 

groups such as IM.  
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In both series, the presence of the isohexide units induced rigidity in the polyester chains, 

resulting in enhancement of the Tg with about 50 °C with respect to the parent sorbitol-based 

polyester lacking isohexide units, with slightly higher Tg values for the IM-derived polyesters.  

The isohexide and sorbitol-based polyesters were successfully utilized as polyester 

polyols in the preparation of poly(ester urethane)s coatings. When bio-based di-isocyanate 

EELDI is employed as curing agent, the obtained poly(ester urethane)s are a pragmatic 

example of close to fully renewable coatings. Since the curing process was carried out without 

the addition of any metal-based catalysts, the obtained coating materials are free from metal 

contamination and suitable to be used in biomedical applications. The increased rigidity of the 

obtained sugar-based polyesters was reflected in an increased hardness of the cured 

materials, thereby enlarging the possible application range of these fully bio-based aliphatic 

polyesters resins, which indeed exhibit some remarkable properties. This eco-friendly catalytic 

approach is a new contribution to make a further step in the development of tools, permitting 

the use of raw multi-functional carbohydrate-derived monomers for the manufacturing of 

sustainable materials. 
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Chapter 7 

Epilogue 

7.1 Highlights 

Despite the various benefits related to utilizing sugar-based monomers as building blocks 

for step-growth polymers, the multifunctional nature of raw carbohydrates is still restricting 

their large industrial application. The main goal of this research was to provide a sustainable 

synthetic route capable of overcoming this drawback while selectively preserving some of the 

functionalities of the starting material. Moreover, extensive effort was devoted to characterize 

the obtained materials, with the scope of investigating the application of the sugar derivatives-

containing polymers in the highly relevant area of organic coatings.  

The main achievements and conclusions are summarized as follows: 

Sorbitol-based hydroxyl-functionalized polyesters were obtained via Novozyme 435-

catalyzed polymerization by using a range of dicarboxylic acids and their corresponding 

dimethyl esters. The Mn of the resulting copolyesters was controlled by tuning the 

stoichiometry of the co-reactive functional groups of the monomers, reaction time, and 

enzyme concentration. Due to the considerable selectivity of CALB toward the primary sorbitol 

hydroxyl groups compared to the secondary hydroxyl groups, the obtained aliphatic polyesters 

were mostly linear and contained high amounts of pendant secondary hydroxyl groups for 

post-functionalization like e.g. curing. Despite starting with a relatively low feed ratio of 

around 5 mol% of sorbitol, only a maximum of 53% of the sorbitol compound present in the 

feed was found to be incorporated into the polyester polyol backbone. 

The copolymerizations of dimethyl adipate and 1,10-decanediol, with an increasing mol% 

of sorbitol in the initial feed, were carried out by using 7 wt% of SPRIN liposorb CALB as 

biocatalyst, which showed to give the same activity as 10 wt% of Novozyme 435. A sorbitol 

content of 3 mol% was found to be the maximum amount of sorbitol incorporated into the 

polyester polyols under the employed reaction conditions. This limitation was ascribed mainly 

to the non-homogeneous reaction mixture during the solvent-free enzymatic polymerization. 

A remarkable effect of this phase separation during polymerization was found on the 

distribution of the sorbitol units over the single polyester chains. Although the amount of 

incorporated sorbitol was relatively low, the obtained semi-crystalline sorbitol-based 

polyesters displayed increased hydroxyl functionality.  

The renewable sorbitol-containing polyester polyols with increased hydroxyl functionality 

displayed suitable properties to afford cured networks for coating applications upon reaction 
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with polyisocyanates. The poly(ester urethane)s obtained by curing sorbitol-based polyester 

polyol with higher amounts of pendant functional hydroxyl groups exhibited enhanced 

properties with respect to those prepared by using lower amounts of sorbitol incorporated. 

For these polyester polyols with high OH functionalities, good coating properties were 

achieved even when relatively low amounts of polyisocyanates were used for the curing, also 

providing fully cross-linked networks by using the difunctional bio-based isocyanate EELDI. The 

obtained poly(ester urethane)s were close to fully bio-based coatings, displaying properties 

possibly suitable for soft touch coating applications. In the case EELDI is the selected curing 

agent, these poly(ester urethane)s can have high potentiality to be employed in the 

biomedical filed since the biodegradation products will be naturally occurring compounds, 

non-toxic for the body and free from metal contamination.  

The use of SPRIN liposorb CALB at 100°C was proven to provide the most suitable 

approach for the synthesis of poly(proplylene-co-sorbitol adipate)s with preserved sorbitol 

residues containing secondary hydroxyls for post-reactions. Other catalysts like dibutyl tin 

oxide (DBTO) and the organo-base triazabicyclodecene (TBD), requiring higher temperatures, 

or scandium trifluoromethanesulfonate (ScOTf)3 at low temperature were evaluated, and side 

reactions such as degradation to sorbitan or ether formation were observed. Moreover, the 

high efficiency shown by SPRIN liposorb CALB in the synthesis of polyesters, with respect to 

the other catalysts used in this study is highly remarkable, even with the catalytic amount 

being two orders of magnitude lower with respect to the other three catalysts. However, the 

resulting sorbitol-based aliphatic polyesters showed low Tg values, well below room 

temperature, limiting their range of applications. Nevertheless, soft touch coating applications 

can be considered as mentioned earlier. 

Polyesters based on renewable sorbitol and isohexide building blocks, viz. isomannide 

(IM) and isoidide dimethyl ester (IIDMC), have been synthesized via solvent-free lipase-

catalyzed polycondensation. IIDMC showed to be a valid monomer as dimethyl ester moiety 

for enzymatic catalysis. IIDMC could easier be incorporated into the polyester polyols, with a 

molar ratio in accordance to the feed and requiring a shorter reaction time, in comparison 

with IM. The rigid isohexide units were capable of enhancing the Tg with about 50 °C 

compared to the sorbitol-based polyester lacking bicyclic units. This increase in Tg shows to be 

dependent on the content of the stiff isohexide units, providing a well-controlled tuning of the 

thermal properties of the final sorbitol- and isohexide-based polyesters. The obtained 

hydroxyl-functional sugar-based polyesters were cured with polyisocyanates and tested as 

solvent-borne coatings. The enhanced Tg of the obtained sugar-based polyesters were 

reflected in an increased hardness of the cured materials, which enlarges their possible range 

of applications of these fully bio-based aliphatic polyesters resins, which indeed exhibit some 

remarkable properties. 
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Enzymatic catalysis has shown to be a successful strategy capable of polymerizing 

multifunctional sugar-derived monomers, such as sorbitol, in a selective way and provide 

close-to-linear polyesters. The remarkable versatility of CALB allowed accepting, although with 

reduced reactivity, isohexide-monomers while maintaining some of the specific functionalities 

of the sorbitol residues, thus tailoring unique chemical structures. This eco-friendly catalytic 

approach is contributing to the development of tools to facilitate the use of raw multi-

functional carbohydrate-derived monomers for the synthesis of sustainable materials with 

useful properties. 

7.2 Technological assessment 

In this thesis fundamental research regarding enzymatic catalysis for the synthesis of 

sugar-based polyester polyols has been applied with focus on a relevant application field, 

namely organic coatings, following a chain-of-knowledge concept.
1
 As promoted by the 

European project REnewable FunctIoNal matErials (REFINE), the obtained results have 

accomplished the main goal of integrating sustainable routes toward the synthesis of 

functional materials.  

Within the coating field, the aliphatic character of these polyester polyols assures good 

UV-resistance properties that, together with high flexibility, can be a good starting point for 

further applications. Furthermore, the lipase-catalyzed polycondensation approach provides 

polymeric material free from any metal contamination and accordingly delivers products 

suitable for compostable packaging, food-packaging or biomedical applications. A step further 

would be to ‘design’ more appealing properties, by fine-tuning the molecular composition of 

the polyester polyols, such as e.g. Tg, toughness, microstructure with different domains, 

defined mechanical properties or specific (post-) functionalizations toward targeted 

applications.  

With regard to the polymerization method, except for the one presented in Chapter 6, all 

the polymers obtained within this work were synthesized on medium scale (30-40 g scale) and 

under solvent-free conditions, both being good starting points for a further (industrial) scaling-

up. In fact, lipase-catalysis offers high selectivity without a particular requirement concerning 

the reaction conditions such as high pressure or high temperature, oxygen-free atmosphere or 

extreme pH conditions. Except for the isoidide dimethyl ester, all the monomers used within 

this research are commercially available on large scale and at relatively low prices. The 

solvents involved in the work-up step can be recycled by distillation, and there is a good 

potential for recycling of the biocatalyst as well, since the enzymes are immobilized on 

removable polymer beads. 

After the previous statements the obvious question to ask is: why then has enzymatic 

catalysis not largely been established itself at an industrial level? 
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Enzymatic catalysis is mostly applied in food industry,
2
 for the production of compounds 

via fermentation
3
 or for manufacturing pharmaceutical ingredients

4
 but has not largely been 

involved in polymer synthesis. Despite all the advantages listed above, enzymatic catalysis 

suffers from a few limitations and further improvement is still needed. First of all, the cost of 

the biocatalyst is still too high for production of commodities and only seems to be affordable 

for specialties.
5
 The high selectivity, one of the great advantages of enzymatic catalysis for 

manufacturing specialty products, constitutes at the same time a limitation for more broad 

applications, and thus it appears to lack versatility to be of high interest for real large scale 

industrial applications.  

The enzymatic synthesis of polyesters is mainly used for the preparation of soluble or 

low-melting point polyesters, mainly aliphatic ones. However, as has been highlighted in this 

thesis, a homogeneous reaction mixture is a crucial factor in order to allow the incorporation 

of all the monomers, sometimes exhibiting strongly different polarities, combined with varying 

mass-transfer efficiencies of substrates to access the active sites of the enzyme, and to obtain 

a homogeneous product.
6
 Thus, to enlarge the applicability of enzymatic catalysis, a solvent-

assisted approach could be adopted and, in order to maintain the sustainable aspect given by 

the enzymatic catalysis, should not be fossil-based in order to remain eco-friendly. Within an 

eco-friendly concept, ionic liquids and super critical CO2 are considered some of the greenest 

solvents, however they are costly and difficult to implement at an industrial level, hampering 

the real transfer to large scale production.
7,8

 The same discussion could be extended to the 

carrier used for the immobilization of the enzyme, which mostly consists of fossil-derived 

polymers such as poly(methyl methacrylate) or divinylbenzene cross-linked polymer based on 

methacrylic esters. However, some attention is being payed to this aspect, and a few new 

carriers based on renewable resources, as rice husks, have been explored to further enhance 

the sustainable character of enzymatic processes.
9
 

The recent developments in the field of biotechnology have facilitated the optimization 

of enzymes, allowing customizing their catalytic properties for specific process conditions. For 

this step, several optimization cycles need to be followed, which are time consuming and not 

always lead to the desired result. However, established chemical companies, such as BASF 

(Germany), DSM (The Netherlands) and Lonza (Switzerland) have begun to implement 

biocatalytic processes in their synthetic procedures.
10

 For an effective application, the 

enzymatic immobilization and optimization steps should run in parallel with process 

development, which certainly will create in-house knowledge and increase the number of 

enzymatically synthesized products in the coming years.  
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7.3 Outlook 

According to the results presented in this thesis, sorbitol-based polyester polyols have 

shown diverse properties, some of which may be promising for certain industrial applications. 

Various remaining aspects are still unexplored, but after further investigation the elucidation 

of these could help in raising the perspectives for this type of renewable and unique materials.  

For example, an in-depth study regarding their (bio)degradability could reveal their level 

of eco-compatibility and non-toxicity, defining if appropriate requirements are met to allow 

the use in certain demanding application areas, e.g. as detergents or adhesives, as fertilizer or 

seed coatings, or even in high performance biomedical applications (vide infra). Moreover, 

with this type of assessment, hydrolysis conditions (chemically and enzymatically) could be 

evaluated. The hydrolysis methods could also be extended for analytical purposes to 

determine the exact molecular composition, i.e. the quantification of the amount of hydrolysis 

products corresponding to certain units which were formerly part of the polyester chains. Thus 

this method could be a complementary technique to quantify the amount of sorbitol present 

in the polyester polyols besides 
13

C NMR spectroscopy. In fact, after hydrolysis, the separation 

of the components can be attained via high performance liquid chromatography (HPLC) as well 

as via gas chromatography (GC), and lead to quantification for each monomer. Besides its use 

for the synthesis of the polyesters, enzymes could be also employed as catalysts for the 

polyester degradation, probably allowing the recycling of the recovered monomers.
11,12

  

An additional study to complete this versatile sustainable approach would be to 

investigate and optimize a recycling procedure of the immobilized enzyme after the 

polycondensation reactions. Preliminary experiments regarding this aspect have been 

conducted during this project for both immobilized forms, viz. Novozyme 435 and SPRIN 

liposorb CALB. After 48 hours of polymerization, under the reaction conditions described in 

this thesis, the activity of the enzyme dropped to around 20% of the initial value, which is 

prohibitive for reusing the same immobilized enzyme directly. The lower activity can be a 

result of possible blocking of the active site by the polymer still trapped in the enzyme, in 

combination with the mass transfer limitation of a high viscous polymer to move through the 

porosity of the beads. Thus, it was clear that a proper washing procedure was needed, and 

two solvents were tested, viz. toluene and chloroform. After washing, higher activity (up to 

70% higher when washed with toluene) was reached. The most important conclusion obtained 

from this preliminary study is the confirmation of the need of a washing step. However, even 

though a proper and further developed washing protocol could be established, which by the 

way would be economically and industrially very unattractive, the possible traces of previous 

polymerization products would be present in the next polymerization step. Thus, depending 

on the type of application of the final product, the enzyme could either be reused within the 

same set of monomers or not. Damage of the carrier while washing with chloroform was 

observed, highlighting the importance of a careful investigation in choosing the solvent for the 



Chapter 7 

142 

 

washing step(s). Moreover, the carrier stability needs to be investigated for more than one 

cycle of reuse under the same reaction conditions. Additionally, storage conditions after 

washing need to be defined, in the case the enzyme will not be immediately employed in a 

new reaction.  

In literature, several poly(ester urethane)s based on EELDI curing agent have been 

already explored for medical uses such as tissue engineering
13

 and drug delivery.
14

 Besides, 

some indication of the biocompatibility of sorbitol-containing polyesters has been already 

proven.
15

 However, appropriate tests within this high performance application field could give 

more insights for real applications regarding the polymers synthesized within the framework 

of this thesis. 

Depending on the envisioned applications, composition and properties need to be tuned. 

Especially in the coating field application, it is known that water-borne formulations are more 

eco-friendly than solvent-borne ones. Therefore, when targeting water-borne polymers, 

pendant carboxylic acid groups may have to be introduced, which can be neutralized to afford 

ionic stabilization. A preliminary investigation has been conducted by employing 3, 5, 7 and 10 

mol% of the petroleum-based monomer 2,2-bis(hydroxymethyl)propionic acid (DMPA) as an 

internal stabilizing agent, incorporated into the polyester polyol, which provided additional 

carboxylic group moieties along the final polyester main chains. After neutralizing the 

carboxylic groups with a tertiary amine and dissolving the neutralized polymers in dioxane 

followed by the addition of water and partially evaporation of the dioxane, aqueous 

dispersions of the final polyesters were obtained. However, the maximum solid content 

affording satisfactory colloidal stability was 2%, which is by far not enough for an appropriate 

industrial application. Therefore, improvements are still required with the aim of increasing 

the solid content and to define and control other important parameters such as particle size 

and stability that could allow preliminary evaluation of the water-borne dispersions as water-

borne coatings.  

Most of the obtained sorbitol-based polyesters showed rather low Tg, which is for sure 

not high enough for applications such as rigid packaging or powder coating resins, where 

stiffness and thermal resistance are priority requisites. To extend the applicability of the 

sorbitol-based polyesters, higher Tg values, at least above room temperature, are desired. 

Although for raising the glass transition temperature several possibilities exist, the most 

common strategy to achieve an increased Tg would be either inserting a rigid unit into the 

polymer chains, or introducing hydrogen bonding between chains via e.g. amide 

functionalities. The results shown in Chapter 6 of this thesis are an example of enhanced Tg by 

introducing rigid compounds as comonomers. Following a similar approach, other bio-based 

bicyclic candidates interesting to be evaluated within enzymatic catalysis would be isoidide-

2,5-dimethanol, recently developed by Wu et al. 
16

, and the bicyclic acetalized sugar 

derivatives
17

 in combination with sorbitol. On the other hand, by using potentially bio-based 
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diamines such as 1,4-diaminobutane or 1,5-diaminopentane as comonomers, the effect of the 

introduction of hydrogen bonding on the thermal properties of the resulting sorbitol-based 

poly(ester-amide)s could be investigated. It is well-known that lipase-catalysis provides good 

results also for the synthesis of polyamides.
18

 In this work only a few reactions toward 

poly(ester-amide)s were attempted by using lipase-catalyzed solvent-free conditions. When 

1,4-diaminobutane was employed as comonomer, the high viscosity reached during the 

polymerization reactions clearly indicated that a solvent-assisted approach would be needed, 

while somewhat better results were obtained with the non-renewable 2-

methylpentamethylenediamine (Dytek-EP). Two of the most frequently used solvents within 

enzymatic catalysis, such as diphenyl ether and bis(2-methoxyethyl)ether (known as diglyme), 

were tested to reduce the viscosity, but insolubility of the monomers or of the oligomers did 

not allow proper polymerization. Further investigation for an appropriate solvent would be 

also needed to evaluate this type of approach. 
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Appendix A 

Supporting Information of Chapter 3 

 

Stoichiometric imbalance calculation between the diols and the dimethyl ester for a certain 

composition. 

For this calculation, sorbitol is considered as a diol, reacting only via its two primary hydroxyl 

groups, leading to linear polyester. For a generic homopolymer, the number average degree of 

polymerization (���) is given as:  

��� =
��

��

 

Where Mn is the number-average molecular weight and M0 is the molecular weight of the 

repeating unit. For a conventional polycondensation reaction, ��� can be predicted by 

Carothers’ equation:
i
  

��� =
1 + 


1 + 
 − 2

 

Where r is the ratio of the functional groups (<1) used initially in the monomer mixture, and p 

is the extent of the reaction. Only by an equimolar stoichiometry of the reactive groups (r = 1) 

and by a high extend of the reaction (p � 1), a high molecular weight can be achieved. 

Considering a full conversion of the functional groups (p = 1), the excess of one monomer to 

achieve a certain degree of polymerization can be obtained: 


 =
��� − 1

��� + 1
 

Hence, for a targeted Mn equal to 4000 g/mol and known M0 of the repeat unit for a given 

combination of monomers, it is possible to calculate a desired excess by calculating the 

corresponding r. 

In case of a poly(decane-co-sorbitol adipate) with 20 mol% of poly(sorbitol adipate) and 80 

mol% of poly(decane adipate) (entries b and d in Table 3-1): 

��=[(�������/����� · 	�������/�����) + (��������� · 	���������) + (����������� · 	����������� )] / 2= 

=[(112.05	·	1) + (180.17	·	0.2) + (172.28	·	0.8)] / 2= 142.92 g/mol 
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Now it is possible to calculate ��� for a targeted Mn: 

��� =
��

��

=
4000

142.92
= 27.98 

By using equation 2, r (the ratio of functional groups of the monomer mixture) is calculated: 


 =
��� − 1

��� + 1
=
26.98

28.98
= 0.93 

Since we aim to synthesize a polyester polyol (hydroxyl end groups), the functional group type 

in excess will be the hydroxyl group, i.e. 1,10-decanediol and sorbitol. Hence, for one mole of 

the dimethyl adipate monomer, the total amount of diol in the monomer mixture will be 1/ 

0.93 = 1.08 moles. The number of moles for the 1,10-decanediol will be 1.08 · 0.8 = 0.9 moles 

while the number of moles for the sorbitol will be 0.2. Therefore, the molar ratio between the 

dimethyl adipate, sorbitol and 1,10-decanediol in the monomer mixture will be 1:0.2:0.9. 

                                                           
Young, R. J.;  Lovell. P.A. Introduction to polymers; CRC Press: Taylor and Francis group, 2011. 
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Appendix B 

Supporting Information of Chapter 5 

 

Gelation point calculation for a reaction with sorbitol, 1,3-propanediol and dimethyl adipate 

when a non-selective catalyst is used for polycondensation.  

If a non-selective catalyst is used, sorbitol could react via its two primary hydroxyl groups and 

its four secondary hydroxyl groups.  

The conversion at which gelation would occur (pc) can be determined using a statistical 

approach: 
i,ii

  

�� =
1

����	
 − 1��	
 − 1���/�
 

Where r is the ratio of the functional groups (<1) used initially in the monomer mixture, pc is 

the critical extend of the reaction, feo is the end-group averaged functionality of the hydroxyl 

group and geo is the end-group averaged functionality of carboxylic ester group.  

feo is calculated as: 

�	
 =
∑���

�
· ���

∑��� · ���
 

geo is calculated as: 

	
 =
∑���

�
· ���

∑��� · ���
 

Since the stoichiometry in the reaction is not balanced (i.e. an excess of diols was used), the 

average functionality fav is calculated using: 

  

��� =
2 ∗ ��� · �� + �� · ���

�� + �� +  ��

 

With N1 and N2 being the number of moles of hydroxyl-functional monomers (i.e. 1,3-

propanediol and sorbitol), and N3 corresponded to the carboxylic ester monomer (i.e. dimethyl 

adipate). 
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Considering the moles of monomers used: 

Monomers  Functionality #moles 

Dimethyl adipate (DMA) 2 0.15 

1,3-Propanediol (1,3PD) 2 0.1418 

Sorbitol 6 0.0158 

And r equal to: 

� =
�� !" #$�!%ℎ'  !"%!�

�� !" ()
=

2 · �� !" *+,

2 · �� !" 1,3/* + 6 · �� !" 1��2$%� 
= 0.7928  

Substituting, it is possible to calculate feo, geo and fav : 

�	
 =
0.0158 · 6� + 0.1418 · 2�

0.0158 · 6 + 0.1418 · 2
= 3 

	
 =
0.015 · 2�

0.015 · 2
= 2 

��� =
2 · ��0.1418 · 2� + �0.0158 · 6��

0.3076
= 2.46 

Gelation occurs when p = pc. 

�� =
1

�0.7928 �3 − 1��2 − 1���/�
= 0.794 

The average degree of polymerization was determined using the following equation: 

:;< =
2

2 − ��� · ����
=  

2

2 − �0.794 · 2.46�
= 43.3 

That allows calculating the Mn at which the gelation would occur: 

+< = :;< ·  += = 43.3 · 98.37 = 4,200 /��  

Gelation would occur at Mn 4,200 g/mol if sorbitol would react not as a diol but also by its four 

secondary OH groups. 

                                                           
i
 D. Duran, C.-M. Bruneau Polymer, 1982, 23, 69. 

ii
 D. Duran, C.-M. Bruneau Br. Polym. J., 1981, 13, 33. 
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Summary 

The breakthrough research on bio-based materials is not only focusing on reducing the 

dependence on fossil feedstock and the environmental impact of petroleum-based waste, but 

also on taking advantage of the large functional diversity of biomass-derived building blocks 

for the synthesis of unique materials which are not achievable by employing conventional 

resources. An ever-increasing growing range of chemicals can be produced from renewable 

resources such as starch, cellulose and vegetable oils. As one of the “top twelve” renewable 

building blocks, sorbitol is a promising starting monomer for novel polymeric materials.  

Already widely used in the food industry as well as being a chemical platform for the 

production of isosorbide, sorbitol appears to be a good candidate to yield hydroxyl-

functionalized aliphatic polyesters. In principle, sorbitol can be directly used in standard 

polyester synthesis, e.g. via polycondensation, but because of its multiple hydroxyl groups, the 

preparation of highly functional, linear polyesters is challenging. To achieve the introduction of 

this multifunctional sugar segment into the polymer backbone without excessive branching or 

even cross-linking, a good control over selective esterification of the two primary OH 

functionalities, leaving the four secondary OH functionalities of sorbitol unaffected, is 

required.  

The feasibility of synthesizing a series of close-to-linear polyesters through a solvent-free, 

enzyme-catalyzed polymerization reaction of sorbitol, 1,10-decanediol and a variety of bio-

based dicarboxylic acids and related dimethyl esters is presented. These polyesters are 

prepared by using an immobilized form of Candida antarctica lipase B (CALB), known as 

Novozyme 435. Initially, a relatively low feed of 5 mole% of sorbitol is selected to minimize the 

possible occurrence of phase separation due to the polarity differences between the chosen 

monomers. However, only a maximum of 53% of the sorbitol compound present in the feed is 

found to be incorporated into the polyester backbone. 

A more in-depth study regarding the limitations of CALB-catalyzed melt 

polycondensation of sorbitol-based polyester resins is provided. Considering the eco-friendly, 

solvent-free approach, it was evaluated to what extent the incorporation of sorbitol is feasible. 

These polyesters are prepared from the potentially bio-based monomers sorbitol, 1,10-

decanediol and dimethyl adipate. The performance of the immobilized catalyst SPRIN liposorb 

CALB is compared with Novozyme 435, showing an enhanced activity of the former by about 

53%. Even with increasing feed contents up to 15 mole% of sorbitol, a limitation to 3 mole% 

incorporated sorbitol in the polyesters is observed, which is ascribed mainly to the non-

homogeneous reaction mixture during enzymatic polymerization. An increased initial loading 
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of the sorbitol monomer shows to have a specific influence on the composition of the 

obtained polyesters.  

For coating applications, aliphatic hydroxyl-terminated polyester polyols with high 

functionality and molecular weights in the range of 3-6 kg/mole are desired. The introduction 

of sorbitol residues, mainly as a di-functional monomer, into aliphatic polyesters results in high 

amounts of pendant unreacted secondary hydroxyl groups which can react with 

polyisocyanates to obtain a poly(ester urethane) network. 

The polyesters with higher amounts of pendant functional hydroxyl groups are capable of 

enhancing the properties of the cured poly(ester urethane)s with respect to those with a 

lower amount of sorbitol incorporated. In fact, a particular distribution of the functionalities in 

the final polymer is observed to enhance the properties in the final coating. For these highly 

hydroxyl-functionalized polyester polyols, good coating properties are achieved even when 

relatively low amounts of polyisocyanates are used, also providing fully cross-linked networks 

by using the difunctional bio-based isocyanate ethyl ester L-lysine diisocyanate EELDI instead 

of the trifunctional, petroleum-based Desmodur N3600. By employing enzymatic catalysis to 

prepare the sorbitol-based polyester polyols, and by avoiding the use of metal-based catalysts 

for the formation of the cured networks, no metal traces are present in the final coatings, 

potentially allowing them to be used in biomedical applications. 

Furthermore, the catalytic performance of an immobilized form of CALB for the synthesis 

of poly(propylene-co-sorbitol adipate)s is compared with three alternative catalysts: the 

organo-base catalyst triazabicyclodecene (TBD), the Lewis acid scandium trifluoro-

methanesulfonate (ScOTf)3, and the metal-based catalyst dibutyl tin oxide (DBTO). The 

outcome of this study allows identifying how the bio-catalytic route can be competitive with 

the established more classic methods, where side reactions such as degradation to sorbitan or 

ether formation are observed. Moreover, the high efficiency shown by SPRIN liposorb CALB in 

the synthesis of polyesters, with respect to the other catalysts used in this study, is highly 

remarkable, with the amount of catalytic species being two orders of magnitude lower with 

respect to the other three catalysts. The use of a more polar renewable diol, as 1,3-

propanediol, to favor a homogeneous reaction mixture proves to increase the amount of 

sorbitol being incorporated into the obtained polyester polyols. However, the resulting 

sorbitol-based aliphatic polyesters exhibit low glass transition temperatures (Tgs), well below 

room temperature, limiting their range of applications. Nevertheless, soft-feel coatings seem 

to be an interesting option.  

Selective enzymatic copolymerization routes with other renewable comonomers, such as 

rigid isohexide building blocks, viz. isomannide and isoidide dimethyl ester, aim at increasing 

the intrinsically low Tg of the linear aliphatic poly(propylene-co-sorbitol adipate) polyesters. 

The isohexide rigid units are capable of enhancing the Tg with about 50 °C compared to the 
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sorbitol-based polyester lacking bicyclic units. This increase in Tg shows to be dependent on 

the incorporated amount of isohexide units, providing a well-controlled tuning of the thermal 

properties of the final sorbitol- and isohexide-based polyesters. The obtained hydroxyl-

functional sugar-based polyesters are cured with poly-isocyanates and tested as solvent-borne 

coatings. The enhanced Tgs of the obtained sugar-based polyesters are reflected in an 

increased hardness of the cured materials, which enlarges the possible range of applications of 

these fully bio-based aliphatic polyesters resins, which indeed show some remarkable 

properties. 

Overall, from the data reported in this Thesis, it is possible to conclude that sorbitol has 

potential as a new platform monomer for the synthesis of highly functionalized polyesters. 

Moreover, this work shows the possibility to combine bio-based raw materials with a 

controlled, eco-friendly synthetic protocol using enzymatic polycondensation, and constitutes 

a step forward toward the development of sustainable materials with outstanding properties. 
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Glossary 

Abbreviations and symbols  

1,3-PD  1,3-propanediol  

OD  1,8-octanediol  

DD 1,10-decanediol 
13

C NMR  carbon-13 Nuclear Magnetic Resonance spectroscopy  
1
H NMR  hydrogen-1 Nuclear Magnetic Resonance spectroscopy  

31
P NMR phosphorus-31 Nuclear Magnetic Resonance spectroscopy 

AA  adipic acid  

Ad adipate 

FT-IR  Fourier-Transform InfraRed spectroscopy  

AV  acid value, determined by titration (mg KOH/g)  

CALB Candida antarctica lipase B 

DAC diammonium hydrogen citrate 

DBTO dibutyltin(VI)oxide 

DDI dimer fatty acid diisocyanate 

DMA dimethyl adipate 

DMAP 4-dimethylaminopyridine 

DMTA  Dynamic Mechanical Thermal Analysis  

DMSO-d6 deuterated dimethyl sulfoxide  

DSC Different Scanning Calorimetry 

Ð molar mass dispersity  

EELDI ethyl ester L-lysine diisocianate 

fav number average functionality  

feo end-group average functionality hydroxyl groups 

geo end-group average functionality carboxylic groups 

E’ storage modulus (Pa)  

E”  loss modulus (Pa)  

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol  

HMDI hexamethylene diisocyanate  

bs-2D HSQC  band selective 2 dimensional Heteronuclear Single Quantum Coherence 

IM  1,4:3,6-dianhydro-D-mannitol (or: isomannide) 

IIDN  isoidide dinitrile 

IIDMC isoidide dimethyl ester 

IPDI isophorone diisocyanate  

LDI  lysine diisocyanate 

MALDI-ToF-MS  Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 

Spectrometry  

m.p. melting point (°C)  

Mn number average molecular weight (g/mol) 

Mw weight average molecular weight (g/mol) 
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n number of repeating units in a polymer chain  

NCO isocyanate group  

NMP N-methyl-2-pyrrolidone  

NMR  Nuclear Magnetic Resonance spectroscopy  

ve concentration of elastically effective network chains (mol/m) 

OHV hydroxyl value, determined by titration (mg KOH/g)  

p extent of the reaction 

pc gelation point 

PMMA  poly(methyl methacrylate)  

PS  polystyrene  

PU polyurethane 

r  ratio of the functional group 

R gas constant (m
3 · 

Pa / K
-1

 · mol
-1

)  

SA  succinic acid  

Sc(OTf)3 scandium trifluoromethanesulfonate (or scandium triflate) 

SEC Size Exclusion Chromatography 

t time (s) 

T temperature (°C)  

Tg glass transition temperature (°C)  

Tm melting temperature (°C) 

TBD 1,5,7-triazabicyclo[4,4,0]dec-5-ene  

TDI  toluene diisocyanate  

TGA ThermoGravimetric Analysis  

THAP 2,4,6-trihydroxyacetophenone  

χn degree of polymerization 

UV ultraviolet  

WAXS Wide-angle X-ray scattering 
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