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ABSTRACT 

The excessive consumption of petrochemicals for energy and materials has 
caused a significant adverse impact on the environment. Using widely non-
renewable fossil-based resources is not sustainable and requires replacement in 
many fields. Plastics belong to the most common petroleum-based products that 
are manufactured on a very large scale. 

Isosorbide is considered as one of the potential biobased compounds that could 
offer alternatives to fossil-based polymer building blocks. It is a rigid bicyclic 
diol which is commercially produced from glucose and has found use mostly in 
medicine and cosmetics. In the present thesis, isosorbide monomethacrylates 
were investigated as monofunctional polymer building blocks, where residual 
hydroxyl groups were functionalized with different saturated aliphatic fatty acids 
or aromatic lignin-related carboxylic acid esters. The monomers were poly-
merized by conventional free-radical polymerization, and the structural influence 
of different functionalities on the polymer characteristics was systematically 
studied.  

A second approach involved the preparation and investigation of thiol-
acrylate copolymers, which were derived from biobased building blocks such as 
citric acid, glycerol and trimethylolpropane. Moreover, the hydrolytic degrada-
tion of corresponding thiol-acrylate polymers was demonstrated to open the path 
for chemical recycling of the copolymers.  

In summary, this thesis focuses on the preparation and investigation of novel 
high-performance biobased polymers that may provide alternatives to non-
renewable fossil-based thermoplastics, and at least partially alleviate the environ-
mental problems caused by today’s plastics. 
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INTRODUCTION 

Plastics play a crucial role in our everyday life. Most essential goods and com-
mercial products are manufactured, or at least packaged, using plastics. Plastics 
are produced by polymerizing monomers and adding different additives, if 
required, which help to enhance corresponding material characteristics.1 This 
makes plastics ultimately very versatile materials, that can be obtained with the 
desired softness, durability, and stability. Today, there are numerous conventio-
nal and high-performance plastic materials that are suitable for casual everyday 
applications, or very harsh and demanding conditions.  

However, plastics production has been growing extensively from 1950 to 
2018 from 1.5 to 358 Mt, respectively, and is predicted to triple by 2060.2–3 The 
rising plastics production has caused serious environmental problems, e.g., 
plastic pollution both in land and marine ecosystems, CO2 emissions, excessive 
usage of non-renewable fossil resources, microplastics in food.4–6 

To improve this situation, a lot stricter rules for single-use plastic should be 
considered to lessen a plastic consumption and thus avoid possible adverse effects 
to the environment. There are many ways to optimize the plastic exploitation and 
possible solutions should be discussed separately for each product category. For 
instance, the current situation may be improved by selling some of products, e.g., 
primary everyday food products (e.g., milk, bread), directly in reusable con-
tainers. Packaging requirements should be discussed depending on the specific 
product to lessen the amount of packaging material used. Many products could 
be placed into more economical packaging or sold without packaging. People 
should be encouraged to think carefully about what they need and save the 
environment by not buying non-essential products. 

In contrast, there are a few efforts that can be made from a chemist’s perspec-
tive. First, many conventional fossil-based plastics can be replaced with renew-
able biobased counterparts. Exploitation of biobased resources can potentially 
reduce CO2 emissions because they are derived mostly from plants, which absorb 
CO2 during photosynthesis.7 However, the development of biobased plastics is 
still challenging. Polymer chemists are actively seeking valuable biobased poly-
mer building blocks to prepare high-performance materials, because many of the 
biobased plastics are either too soft for many applications, or too expensive to 
manufacture in industrial scales due to complicated intermediate production 
steps.8,9 In addition, the research involves the development of feasible and cost-
effective industrial routes to biobased plastics.10 

Second, the new plastics should be designed to be recyclable in order to reduce 
plastic waste in the environment and to be reusable as a source of chemicals for 
the production of new plastics. Currently, only 9% of the plastics are recycled 
globally, while 22% are mismanaged, 49% are landfilled and 19% are in-
cinerated.11 These numbers are surely convincing that the recycling and utiliza-
tion of plastics continuously need continuously new feasible solutions. For 
example, chemical recycling is a potentially useful method for polymers that have 
chemically labile functionalities in the structure, which helps to degrade the 
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polymer back to monomers or to valuable chemicals.12 On the other hand, as 
polymers consist of different chemical entities, research is required to identify 
specific chemical degradation pathways for a given plastic material.  

The focus of the present thesis is on the investigation of novel biobased 
thermoplastic polymers that have competitive thermal properties compared to 
other commercially available biobased plastics (such as, e.g., PLA), and which 
could potentially provide a replacement to fossil-based plastics. For this purpose, 
isosorbide was investigated as a renewable polymer building block. Isosorbide is 
a commercially available rigid bicyclic diol manufactured from starch.13 The first 
approach was to use isosorbide to prepare monofunctional methacrylate mono-
mers, where the residual hydroxyl group was derivatized with various linear 
saturated fatty-acid or lignin-related carboxyl acid esters. The monomers were 
polymerized by conventional free-radical polymerization and the influence of the 
side groups on polymer characteristics was systematically investigated. The main 
goal was to find new biobased alternatives to fossil-based engineering plastics 
such as PMMA, PS and to achieve competitive polymer properties.  

The second approach involved the synthesis and characterization of rigid 
thiol-acrylate copolymers from biobased building blocks, e.g., citric acid, glyce-
rol and trimethylolpropane.14–16 As a last part, biobased copolymers of isosorbide 
dilevulinate and dihydrazides were investigated to seek new alternative plastics. 
 

 
Scheme 1. Outline of the present thesis. Part I–II – preparation and investigation of 
isosorbide polymethacrylates. Part III – preparation and investigation of thiol-acrylate 
polymers. Part IV – investigation of copolymers of isosorbide dilevulinate copolymers 
with and dihydrazides. 
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1. LITERATURE OVERVIEW 

1.1 About plastics 

Since the 20th century, industrial development and the explosive growth of the 
human population initiated the start of the plastic industry.17 Plastics are poly-
meric materials consisting of monomers chemically attached to form long chains. 
There are plenty of additives that can be added to enhance the final properties of 
polymeric materials. Common additives are plasticizers to obtain the proper 
softness, stabilizers to protect from weather and extreme temperatures, flame-
retardants, pigments, odor scavengers, etc.18 The most common plastics (PP, PE, 
PVC) are manufactured from fossil-based resources. They are cheap and readily 
available due to cost-efficient production process and low price of fossil raw 
materials.19  Plastics have vast spectrum of characteristics and are therefore used 
in many different applications and can be manufactured according to specific 
material requirements. 

In general, plastics are characterized by many different parameters, which 
determine their applicability in different applications. Firstly, plastics are divided 
into two main types – thermoplastics and thermosets. Thermoplastics are linear 
or branched polymers that can be either soft or hard, depending on temperature. 
In contrast, a thermoset has crosslinked (network) polymer that cannot be 
softened by heating until it starts to decompose. Secondly, polymers can be 
described by their different thermal characteristics, such as glass-transition 
temperature (Tg), melting point (Tm), and decomposition temperature (Td). The 
glass-transition temperature indicates the temperature when rigid and glassy 
polymer chains become mobile, and the polymer starts to soften. The melting 
point is characteristic to semicrystalline polymers, in which polymer chains are 
partially or fully crystalline. The crystallinity disappears above melting point.20 

 

 
1.2 Plastic recycling 

Since the plastics have become widespread materials, a large amount of plastic 
waste needs to be managed to mitigate plastic pollution. Plastics are, in general, 
landfilled, incinerated, recycled, or simply mismanaged.21,22 However, land-
filling, incineration and mismanagement can cause serious environmental issues. 
This includes general pollution of both marine and land ecosystems, depletion of 
valuable land resources, greenhouse gas contribution from incineration, etc.23 
Hence, plastic management methods employed today are insufficient and more 
efficient solutions are thus needed.  

More sustainable plastic management methods include reuse and recycling, 
which includes reusing plastic materials mostly in three main ways. First, used 
plastics, e.g., plastic containers, are directly reused after cleaning. Second, old 
plastics are reprocessed to similar or lower value products. Third, plastics are 
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chemically recycled. In chemical recycling, the polymers are converted back into 
monomers or other valuable chemicals for further (re)processing.24 Although 
these methods may sound simple and sustainable, there are different issues in-
volved. For example, many plastic products consist of multiple types of polymers 
and should be recycled separately as they have different physical and chemical 
properties.25 Thermoset polymers are particularly difficult to recycle, as they are 
not melt processable.26 Moreover, an industrial-scale plastic management is often 
hindered due to mixed and dirty plastic wastes.27 

In summary, each plastic requires a specific approach. Plastics that are not 
considered recyclable should preferably be incinerated to prevent land or marine 
pollution. However, some of plastics can emit toxic gases during incineration, 
such as dioxins, hydrochloric acid and sulfur dioxide.28 

From a chemist’s perspective, if primary and secondary plastic recycling 
techniques are not applicable, the alternative approach could be to degrade and 
recycle the polymers back to monomers or valuable chemicals (e.g., solvents).29 
However, a suitable chemical degradation pathway is not available for all the 
plastics and depends on the polymer structure. Preferably, the polymers should 
be designed to be recyclable, or to at least have functional groups that can be 
easily cleaved. For instance, ester groups can be hydrolyzed under acidic or basic 
conditions, or by using enzymatic catalysis.30 

 

 
1.3 Biobased plastics 

Biobased plastics are materials, that are fully or partially derived from renewable 
carbon resources.31 The most manufactured biobased plastics are PLA and dif-
ferent starch blends.32 However, the biobased plastic market remains marginal. 
Around 2.1 Mt (less than 1% of the plastic market) of plastics were manufactured 
from biomass in 2018.31 However, there are several driving forces towards the 
production of biobased plastics. First, biomass is renewable.31 Second, biobased 
plastics may reduce CO2 emissions, because CO2 is absorbed during the photo-
synthesis, which would partially compensate the emitted CO2 after possible 
incineration.33,34 On the other hand, fossil-based plastics contribute to overall CO2 
emissions, because there is no CO2 absorbing process during its lifecycle and CO2 
will be emitted during the possible incineration or decomposition (Figure 1). 
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Figure 1. A simplified carbon cycle for biobased and petroleum-based resources. 
 
However, the development of biobased plastics remains challenging. The main 
issues are the higher production costs and difficulties to achieve high-performance 
materials.35,36 Higher cost is caused by several reasons. Firstly, some of the bio-
based polymers have complex manufacturing procedure by having more inter-
mediate production steps.37 Secondly, common commercial biobased plastics 
have poor thermal properties for more demanding applications (e.g., PLA has 
Tg = 55 °C).38,39 Because of the previously mentioned problems, the current 
research in the biobased polymer field focuses to a high degree on materials with 
high thermal stability, scalable and viable production routes.40  
 
 

1.4 Isosorbide as a sustainable building block 

Isosorbide (1,4:3,6-Dianhydro-D-glucitol) is a valuable non-toxic, structurally 
rigid, glucose-derived bicyclic diol.41,42 The interest in this compound has rapidly 
increased over the last decades due to its biobased origin and versatile uses. 
Isosorbide is manufactured from biomass by a multistep synthesis.43 In the first 
step, glucose is derived preferably from starch or cellulose by depolymerization. 
The route from cellulose is more complex due to its poor solubility.44 Although 
an efficient (65% yield) one-pot synthesis from cellulose to isosorbide has been 
proposed, but it is not favored due to the use of mineral acids and complicated 
waste treatment.45,46 After obtaining glucose, a sorbitol is synthesized by hydro-
genation. The final isosorbide product is obtained by twofold dehydration 
(Scheme 2).43 Much effort has been put into the optimization of the isosorbide 
synthesis, which may help to boost its use and lower the production costs.47–49  
 

 
Scheme 2. Isosorbide production from biomass. 
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1.4.1 Properties 

Isosorbide appears as a white crystalline solid at room temperature and is very 
hygroscopic.50 It has a melting point around 61–64 °C and is thermally stable up 
to 270 °C.51 It is soluble in water and in common organic solvents, such as 
ethanol, chloroform, dioxane, and EtOAc.52,53 Isosorbide consists of two fused 
furane rings in a 120° angle, which gives a V-shaped molecule backbone.54 There 
are four chiral centers, which arise from tertiary center carbons and hydroxyl 
groups. Isosorbide has two diastereomers – isomannide (both-OH groups in endo 
configuration) and isoidide (both-OH in exo configuration, Figure 2).55 
Moreover, the stereoisomeric configuration determines the reactivity of the 
hydroxyl groups.43 For isomannide and isoidide, both hydroxyl groups are 
chemically equivalent. Isosorbide has two hydroxyl groups that are chemically 
non-equivalent – the endo hydroxyl group has hydrogen bonding with oxygen 
from the neighboring furane ring, while the exo hydroxyl group does not.  
 

 
Figure 2. Structures of three stereoisomers of dianhydrohexitols. 
 
Isosorbide is the cheapest and the commercially most available stereoisomer 
(production of 20 kT in 2017), while isomannide and isoidide are much less 
frequent. Isomannide is obtained from D-mannitol and is more expensive due to 
lower abundance.41 Isoidide is the most expensive stereoisomer because L-idose 
is rarely found from natural sources, and there is a lack of feasible synthetic 
pathways to isoidide.56 In summary, isosorbide is the only diastereomer under 
extensive investigation. The other diastereomers still remain too expensive for 
large-scale production and further developments.  
 

1.4.2 Applications of isosorbide and its derivates 

Isosorbide has been investigated as a starting material for several pharmaceuticals 
and other useful compounds and as a polymer building block.57 Isosorbide 
nitrates (Figure 3) are well-known drugs for the treatment of heart angina, and 
help to prevent heart failure and improve blood supply.58 Dimethyl isosorbide 
(DMI) has been investigated as a replacement for more toxic solvents such as 
DMSO and DMF.57,59 DMI is also used in cosmetics and pharmaceutical 
applications.59 Isosorbide diesters are used in plasticizers and household chemi-
cals such as detergents.57,60,61 
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Figure 3. Structures of isosorbide nitrates. 
 

1.4.3 The regioselective synthesis of isosorbide 
monomethacrylates 

 
Figure 4. Isosorbide monomethacrylate regioisomers 
 
Isosorbide has been investigated as a difunctional monomer or as a mixture of 
regioisomers of monofunctional monomer for years.62–65 Recently, a regio-
selective method was developed in our group to obtain both clean regioisomers 
of isosorbide monomethacrylate (Figure 4).66 The regioselective modification is 
possible due to the chemically non-equivalent hydroxyl groups. The endo 
hydroxyl group has hydrogen bonding with an oxygen in the furane ring, while 
exo has no hydrogen bonding. Moreover, intramolecular hydrogen bonding makes 
the endo hydroxyl group a stronger nucleophile and more reactive. Regioselective 
synthesis is performed by using Lipozyme RM IM catalyzed esterification, which 
is highly regioselective towards the endo hydroxyl group. This development 
opens a path to use isosorbide as a single regioisomer in a polymer side chain. 
The remaining hydroxyl group of the monomer can be functionalized with a wide 
variety of side groups to obtain polymers with very different characteristics.  
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Scheme 3. Synthesis of both isosorbide monomethacrylate regioisomers 
 
During the regioselective esterification (Scheme 3), the endo hydroxyl group was 
acylated with methacrylic group from the vinyl methacrylate to afford isosorbide-
5-monomethacrylate (5-IMA) as a single detectable regioisomer (endo:exo > 
99:1). Furthermore, the product was isolated with high yield (93%) without using 
chromatographic purifications.  

Another regioisomer, isosorbide-2-methacrylate (2-IMA), was prepared 
using three step procedure as lipases are mainly selective towards the 5-position 
of isosorbide. First, the endo hydroxyl was protected by an easily removable ester 
(e.g., acetate) using Lipozyme RM IM. Similar to 5-IMA, the isosorbide-5-
acetate was obtained with high yield (91%) without using chromatographic 
purification. After that, the methacrylic group was introduced to the exo position 
by using methacrylic anhydride. To obtain the final product (2-IMA), acetate in 
the endo position was regioselectively removed by Novozym 435.66  
 

1.4.4 Isosorbide-containing monomers and polymers 

In addition to isosorbide-based compounds, a lot of effort has also been put into 
the development of isosorbide-containing polymers. Isosorbide has certain 
advantages that have increased the interest towards polymers. This includes most 
notably the V-shaped rigid and chiral structure, which is rare among biobased 
building blocks. Thus, isosorbide has been studied in many types of polymers – 
polyesters, polycarbonates, polyethers, polyurethanes, poly(meth)acrylates, and 
isosorbide thiol-acrylate polymers.62–64,67–69  
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Figure 5. Regioisomers of isosorbide monoacrylates. 
 
Nonque et al. have reported the synthesis of isosorbide monoacrylates (Figure 5) 
and their polymerization by conventional free-radical polymerization.62 The 
monomers were prepared as mixtures of the two isosorbide monoacrylate 
regioisomers. They discovered that the polymerization of monoacrylates is highly 
dependent on the solvent. The polymer prepared from the mixture of the two 
isosorbide regioisomeric acrylates showed relatively high Tg values, reaching up 
to 112 °C. The authors found that polymerization in DMSO provided higher Mn 
values (75.1–78.6 kg/mol) compared to polymerizations in DMF (25.9 kg/mol). 
The corresponding polyacrylate polymer was converted into a thermoset material 
by curing the remaining hydroxyl groups with succinic anhydride at 190 °C. As 
a result, the thermoset was not soluble in any solvent and had somewhat higher 
Tg (116 °C). 
 

 
Figure 6. Structures of isosorbide epoxy monomers and their polymer structure 
 
A method for preparing single regioisomers of methoxyisosorbide polyether has 
also been reported.69 Regioisomers of epoxy-methoxy isosorbide monomers 
(Figure 6) were polymerized separately by anionic polymerization to obtain 
isosorbide polyethers. The resultant polymers showed high thermal stability 
under N2, while a slight polymer decomposition started above 300 °C. However, 
the main mass-loss was observed above 390 °C. Glass transitions were around 
10–15 °C, which is significantly higher compared to common polyethers, such as 
poly(ethylene oxide) at –66 °C and poly(propylene oxide) at –75 °C.70 

Isosorbide has also been employed in an enzymatic transesterification 
copolymerization to obtain isosorbide polyesters with different diester fragments, 
such as succinate, adipate, suberate, sebacate, dodecaonate, etc.65 These copoly-
merizations were performed using Novozym 435 (immobilized lipase B from 
Candida arctica) catalysis, which has shown excellent activity, considering that 
isosorbide is a somewhat hindered diol. Water was removed by azeotropic 
distillation with toluene, benzene and cyclohexane using Dean-Stark apparatus. 
The copolyesters were obtained with Mn-s up to 47 kg/mol but the value varied a 
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lot depending on the diester fragment. Moreover, the structure of diester fragment 
determined the Tg of the final product and Tg drops when the ester fragment 
became longer. The Tg-s of the succinate and dodecanoate copolyesters were 56 
and –7 °C, respectively.63 

 
 

1.5 Lignin 

Figure 7. Main components of lignocellulosic biomass. 
 
Lignin is one of the main components of lignocellulosic biomass, along with 
cellulose and hemicellulose (Figure 7).71 Hence, lignin is the most abundant 
natural source of aromatic compounds.72 Around 18–35% of the wood by weight 
consists of lignin depending on its origin (hard- or softwood).73 Lignin has no 
specific structure and consist of a highly variable crosslinked structure of three 
main aromatic fragments: p-hydroxyphenyl, guaiacyl and syringyl (Figure 8), 
which are combined into the complex aromatic network.74  
 

 
Figure 8. Structures of three main lignin fragments. 
 
Around 50 Mt of lignin is produced annually as a byproduct of the pulp- and 
paper industry, and is mainly used as a low-value fuel.75 However, the lignin 
valorization has been under the spotlight for the past 20 years as the lignin-
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derived aromatics could potentially replace the fossil-based resources. Regarding 
the plastic industry, only a few strategies exist to convert waste lignin into plastic 
materials.  
 

1.5.1 Lignin-related polymeric materials 

First, lignin can be used in blends or composites with different commercial 
polymers.76 Using crude lignin as a source of polymeric materials is challenging 
because lignin has a highly varying chemical composition of subunits and solu-
bility issues.77 Moreover, the high chemical variation also affects the material 
properties, which makes it difficult to obtain materials with reproducible charac-
teristics. Lignin properties can be roughly established by the choice of lignin 
source (hard- or softwood) and the lignin processing technologies.78 The soft-
wood lignin has higher Tg (138–160 °C) than hardwood lignin (110–130 °C).79 In 
addition, there are several lignin chemical separation techniques, such as 
extraction by Kraft, soda, organosolv or acid hydrolysis, that may influence lignin 
properties. For example, Tg of the processed lignin can range from 91 to 174 °C, 
respectively, for organosolv and Kraft lignin.80 

The common examples incorporating lignin in plastics are polyurethane and 
PLA composites.77,81 Lignin is used in polyurethane composites as a replacement 
for fossil-based polyols. Moreover, impressive tensile strength (41.6 MPa) was 
reached with a lignin content up to 47% by mass. These materials can be used as 
coatings which require hardness and solvent resistance.82 Another example 
involves PLA, which is currently one of the most manufactured biobased poly-
mers, but suffers from low ductility and thermal stability.83 Parajo et al. showed 
a significant improvement in ductility of PLA butyl-esterified pine lignin blends 
compared to the neat PLA.84  

In another approach, the lignin has been studied as a biobased source of 
aromatic polymer building blocks. Depolymerizing lignin into pure aromatic 
compounds from lignin is highly challenging due to its poor solubility and 
variable chemical composition.85 Thus, the only commerially produced building 
block from lignin is vanillin from the guaiacyl unit (20 kT annually).86 In sum-
mary, the high interest towards lignin valorization has motivated studies of 
depolymerization and isolation methods to obtain different chemicals, which may 
reach markets soon.  
 

 
Figure 9. Lignin-based polymethacrylates prepared in studies by a) Epps et al. and 
b) Jannasch et al.  
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Lignin-based aromatic building blocks have been investigated in various poly-
mers. Successful polymerizations of lignin-based methacrylates have recently 
been reported (Figure 9). Epps et al. have demonstrated o-, p- substituted lignin-
based benzoyl polymethacrylates that achieved impressive Tg (205 °C).87 
Furthermore, Jannasch et al. have reported the polymerization of lignin-based 
poly(p-cyanobenzoylmethacrylate)s using a strongly polar and rigid cyano group 
to increase the Tg even further. As a result, very high Tg (238 °C) was achieved 
for poly(p-cyano-o-dimethoxybenzoylmethacrylate).88 
 
 

1.6 Polymerization methods 

1.6.1 Radical polymerization 

Radical polymerization is one of the most widely employed polymerization 
methods in industry, comprising approximately 40–55% of all polymerizations.89 
Radical polymerizations are typically initiated by thermal initiators, which 
decompose homolytically into active radicals under certain conditions, most 
commonly by UV-light or elevated temperatures (Scheme 4). Common radical 
initiators are azo- or peroxy-compounds that readily undergo homolysis of spe-
cific unstable chemical bonds, for example, in AIBN and DMPA.90  
 

 
Scheme 4. Homolysis of radical initiator. a) AIBN homolysis at elevated temperatures; 
b) DMPA photolysis under UV light. 
 
The radicals can initiate polymerization of different unsaturated functionalities 
such as (meth)acrylates, styrene, vinyl, chloroprene, acrylonitrile and ethylene.91 
In general, the mechanism of radical polymerization is divided into three main 
steps: initiation, propagation and termination (Scheme 5).92 

During the initiator cleavage under certain conditions, one molecule forms 
two radicals. These radicals will react with specific unsaturated monomer frag-
ments and initiate chain-growth radical polymerization. Eventually, the reactive 
radicals may terminate in two different ways: by a combination of two long-chain 
radicals into one polymer chain, or by disproportionation, where two polymer 
radicals form two separate polymer chains .92 
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Scheme 5. A general mechanism for radical polymerization 
 
In addition to free-radical polymerization, there are several controlled radical 
polymerization methods. The most known methods are RAFT93 (reversible 
addition-fragmentation chain transfer), NMP94 (nnitroxide-mediated polymeri-
zation) and ATRP95 (atom transfer radical polymerization). The main advantages 
of these methods are the narrower MW distribution and more controlled polymer 
composition.96,97  
 

1.6.2 Thiol-acrylate polymerization 

Thiol-acrylate polymerization is a method to copolymerize thiols and acrylates 
by forming C–S bonds. The method is analogous to the extensively investigated 
thiol-ene polymerization.98 The polymerization can be performed using basic or 
radical catalysis (Scheme 6). The chemical pathway involves Michael addition, 
where a (deprotonated) dithiol reacts with a diacrylate, forming polymeric chains 
via new C–S bond. The deprotonation is typically carried out by mild organic N-
bases, such as DBU, Et3N, etc.99 The polymerization can also be performed via a 
radical pathway, where initiated sulfur radicals reacts with acrylate groups. The 
photoinitiated thiol-acrylate has been studied with different mixtures of di-
acrylates, dithiols, and monoacrylates, obtaining linear or cross-linked materials 
depending on specific monomers or monomer ratios used.100  
 

 
Scheme 6. Thiol-acrylate polymerization by a) base-catalyzed Michael addition; 
b) photo-induced polymerization. 
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Thiol-acrylate copolymers have been so far prepared mainly by UV-curing, by 
using different thiol:acrylate equivalents or trifunctional acrylates to obtain cross-
linked network. Crosslinking polymers is a good strategy to improve thermal 
properties compared to linear polymers. The linear thiol-acrylate polymers tend 
to exhibit low Tg-s, most likely due to flexibility of a polymer backbone and 
dithiol structure. Long et al. have studied linear isosorbide-based thiol-acrylate 
polymers, which showed Tg-s from –14 to 15 °C depending on the dithiol struc-
ture. These polymers were studied for bio-medical applications due to their low 
toxicity.101  
 
 

1.7 Polymer characterization techniques used in 
the current thesis 

1.7.1 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry is a method to determine the heat flow required 
to increase or decrease the sample temperature as a function of temperature. In 
that way, important polymer transitions can be determined and quantified.  

For amorphous polymers, the glass transitions can be studied. The Tg indicates 
the temperature where polymer chains become mobile and the material starts to 
soften during heating. The Tg is an important characteristic determining the 
thermal range for use and processing of the polymer. In addition, the solid or 
liquid crystallinity of polymers can be observed by DSC, determining melting 
and isotropization temperatures.102  
 

1.7.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a method used to determine the thermal stability 
of polymers, and thereby their suitable temperature range for using. In this method, 
the sample weight is continuously measured, while increasing the temperature. 
At some point, the sample weight starts to decrease, and the decomposition 
temperature can be determined at a specific mass loss.103  
 

1.7.3 Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis is method to determine polymer viscoelastic 
properties. The analysis is typically performed by applying a sinusoidal stress with 
a certain frequency at increasing temperature. The resulting modulus (stiffness) 
of the material is thus measured as a function of temperature, frequency, or time. 
As a result, the analysis gives an overview about polymer mechanical properties.104  
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1.7.4 Size-exclusion chromatography (SEC) 

Size-exclusion chromatography is a method to determine polymer molecular 
weight and its polydispersity. The method is based on chromatography, where 
porous stationary phase is used to separate polymer molecules with different 
lengths and sizes. After that, the amount of different molecular weight fractions 
is determined by a detector system comparing sample and reference peaks. This 
technique allows to evaluate polymer characteristics depending on molecular 
weight. It is important to obtain polymers with a sufficiently high molecular 
weight to obtain materials with high mechanical strength.105  
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2. AIMS OF THE STUDY 

The main goal of the thesis was to develop and study novel biobased thermo-
plastic polymers that may offer alternatives to conventional fossil-based poly-
mers, such as, e.g., PMMA, PS and thiol-enes, in various fields. To that end, 
isosorbide-based polymethacrylates and thiol-acrylate copolymers from biobased 
building blocks were prepared and investigated. In addition, copolymerizations 
of isosorbide dilevulinate and dihydrazides were studied and evaluated. The 
thesis is divided into four parts:   
 
1) Preparation and characterization of isosorbide monomethacrylate monomers 

and polymers substituted with linear saturated fatty-acid side chains. The 
influence of different regioisomers and side chain length on the polymer 
characteristics was studied. 

 
2) Preparation and characterization of isosorbide-5-methacrylate monomers 

and polymers substituted with different lignin-related aromatic building 
blocks. The most suitable reaction media for the polymerizations were 
determined and the influence of different aromatic substituents on polymer 
characteristics was studied.  

 
3) Preparation of spiro-di(meth)acrylate monomers. Thiol-(meth)acrylate 

copolymerizations were performed via Michael addition reactions. The 
structure-property relationship of the polymers was determined. The hydro-
lytic degradation for polymers was demonstrated.  

 
4) This part discusses some unpublised results on the preparation and in-

vestigation of isosorbide dilevulinate hydrazone copolymers.  
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3. RESULTS AND DISCUSSION 

3.1 Isosorbide polymethacrylates with linear alkanoyl 
side chains (Paper I) 

This paper focuses on isosorbide monomethacrylates synthesized from the pure 
regioisomers 5-IMA and 2-IMA. The disubstituted monomers were obtained by 
the enzymatic or chemical acylation of linear pendant saturated fatty acids to the 
residual hydroxyl groups of the corresponding regioisomer of IMA. The acylated 
linear pendant side chains had chain lengths from acetate (C2) to eicosoanate 
(C20). Alkanoyl isosorbide methacrylate (AIMAx) monomers were polymerized 
by free-radical polymerization under the same conditions to obtain PAIMAx 
polymers, where x indicates the number of carbons in the pendant alkanoyl 
substituent. The polymers were systematically investigated by SEC, NMR, DSC 
and TGA. Polymer structures, thermal properties, and the influence of regio-
chemistry were evaluated.  
 

3.1.1 Preparation of alkanoyl isosorbide monomethacrylate 
(AIMAx) monomers 

The monomers were synthesized by using regioselectively pure (>99%) 5-IMA 
and 2-IMA, obtained by the regioselective esterification using Lipozyme RM IM 
catalysis. Subsequently, the vacant hydroxyl group was acylated with different 
alkanoyl groups by using enzyme Novozym 435 catalysis (method A) or con-
ventional chemical acylation with corresponding alkanoyl chlorides in ACN 
(method B) or DCM (method B1). As a result, AIMAx monomers were obtained 
with moderate to high yields (47–98%) (Scheme 7). The reaction yields were not 
optimized and the choice of acyl donor depended on the availability.  
 

 
Scheme 7. Preparation of AIMA and r-AIMA18 monomers by Novozym 435 catalysis 
(method A) or by chemical acylation in ACN (method B) or DCM (method B1).  
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METHOD A: Novozym 435, vinyl alkylate, ACN, petroleum ether, 40-45 oC, 120h
METHOD B: alkanoyl chloride, TEA, ACN (B) or DCM (B1), rt, 12-24h

Isolated yield (%)
98 (A)
98 (A), 95 (B)
92 (B)
93 (B)
87 (A)
67 (B1)
47 (B1)
82 (A)
79 (A), 77 (B1)
57 (B1)
71 (B1)
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3.1.2 Polymerization of isosorbide monomethacrylates with linear 
pendant fatty acid alkanoyl side chains 

 
Scheme 8. Polymerization of isosorbide polymethacrylates PAIMA2-PAIMA20;  
r-PAIMA18; P(AIMA18-co-r-AIMA18).  
 
After the monomer synthesis, 5-IMA derived monomers (Scheme 8): AIMA2-
AIMA20 and 2-IMA derived r-AIMA18 and two AIMA18 and r-AIMA18 
regioisomers in 1:1 molar ratio were polymerized by the conventional free-
radical polymerization in EtOAc solution (0.1 g/mL) using AIBN (0.5 mol%) as 
a radical source. Before to the reaction, the monomer solution in a pressure tube 
was sparged with argon gas, typically for 30–60 minutes and then placed into the 
pre-heated oven at 63 °C for 24 hours.  

After the reaction, the monomer conversion was determined from 1H NMR 
data by comparing non-overlapping broad polymer signal with an unreacted 
double bond signal of the monomer at 6.15–6.17 ppm. Next, the crude mixture 
was precipitated in MeOH or Et2O. Polymers were obtained with good-to-rela-
tively high molecular weights Mn = 32–81 kg/mol and Ð = 1.8–3.0 (Table 1). The 
molecular weight variation could be explained with the influence of several 
factors. First, elongation of the alkanoyl tail changes the monomer polarity and 
thereby solubility in a polymerization solvent. Second, some of the prepared 
monomers had a large amount of inhibitor dissolved in a solution, which was in 
some cases problematic to remove properly (especially HQMME), and a minor 
amount of inhibitor could be left in the monomer solution. The same problem 
could also affect the polymer conversions, which were relatively high (up to 85%, 
entry 2) but in some cases significantly lower than others (especially for 
PAIMA6, PAIMA10 and r-PAIMA18; entries 4, 6 and 13).  
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Table 1. The results of AIMAx polymerizations. 

entry sample conv. 
(%)a

Mn 
(kg/mol)b

Ð 
(Mw/Mn)b

Td,95% 
(°C)c

Tg 
(°C)d 

Tm 
(°C)d 

Ti 
(°C)d 

1 PAIMA0e (66) 96 n.a n.a 238 167 – – 
2 PAIMA2 85 32 3.0 208 107 – – 
3 PAIMA4 84 60 1.8 190 80 – – 
4 PAIMA6 63 56 2.1 188 57 – – 
5 PAIMA8 76 38 2.2 199 46 – – 
6 PAIMA10 56 47 2.1 201 52 – – 
7 PAIMA11 79 56 2.3 209 56 – – 
8 PAIMA12e (66) 87 43 2.7 226 54 – – 
9 PAIMA13 81 32 2.2 228 – – 75 

10 PAIMA14 82 61 2.2 233 – –4 82 
11 PAIMA16 82 58 2.1 231 76 19 92 
12 PAIMA18 75 62 2.6 254 79 32 97 
13 r-PAIMA18 58 49 2.1 251 – 30 – 
14 P(AIMA18-co-r-AIMA18) 75 81 2.1 247 – 41 69 
15 PAIMA20 81 46 2.6 259 74 55 94 

aDetermined by NMR from a crude mixture. bMeasured by SEC, using THF as eluent and PEG/PEO 
calibration standards for MW determination. cMeasured by TGA under N2 at 5% mass loss. 
dDetermined by DSC. eBrought in for a wider comparison from another publication.66 
 

3.1.3 Inhibitor removal 

The samples contained inhibitors (HQ and HQMME), which were problematic 
to remove. HQ is more polar than HQMME and easier to remove by eluting 
through the short silica or basic aluminium oxide flash column. However, some 
samples contained HQMME, which tends to move at the same speed in a flash 
column as a target monomer. Another solution was to remove inhibitors by con-
verting them into Na-salts by washing the monomer solution with 1% NaOH 
aqueous solution. This method was suitable only for AIMA2–AIMA10. Mono-
mers with longer alkanoyl tails precipitated out shortly after adding 1% NaOH 
solution. Most likely, the alkanoyl tails were hydrolyzed off from the isosorbide 
unit and the remaining AIMA0 partially polymerized instantly. The presence of 
PAIMA0 was assumed by the fact that PAIMA0 was not soluble in common 
solvents such as EtOAc or DCM.66 
 

3.1.4 Solubility of PAIMA polymers 

PAIMAs were immersed in different solvents to evaluate solubility properties. 
Solubility tests were performed in polar hydrogen-bonding solvents such as 
MeOH, n-BuOH and H2O; in ethereal solvents (THF, Et2O); in polar non-
hydrogen bonding solvents DMSO, EtOAc and ACN; and in mid polar CHCl3 or 
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relatively less polar toluene. None of the polymers were soluble in hydrogen-
bonding polar solvents. Thus, MeOH was chosen as a precipitation media be-
cause it could separate polymers from monomer traces after polymerization. 
Interestingly, polymers were not soluble in Et2O but were fully soluble in THF, 
which was also used as an eluent for these polymers in SEC. Mid polar EtOAc 
and CHCl3 or less polar toluene could dissolve all the polymers. Also, 
PAIMA16–PAIMA20 dissolved rapidly in toluene whereas the polymers with 
shorter alkanoyl tails did not. The complete solubility data for the polymers and 
monomers are presented in Supporting Information of Paper I. 
 

3.1.5 Thermal properties of PAIMA polymers 

PAIMAs were investigated by DSC and TGA to assess their thermal properties 
(DSC curves in Figure 10). Polymer PAIMA0 and PAIMA12, having Tg, 167 
and 54 °C, respectively, were brought in for comparison from a previous study. 
PAIMA2 showed lower Tg in the current study compared to our previous results 
(107 vs 129 °C). 66 This is most likely caused by different MW-s of polymers. As 
expected, the Tg-s of the samples decreased from PAIMA2 to PAIMA8 by elon-
gation of the linear alkanoyl tail. Hence, the Tg drops from 107 to 46 °C for 
PAIMA2 and PAIMA8, respectively. PAIMA8 has slightly lower Tg than 
expected, most likely due to a somewhat lower MW compared to the others in 
the series. After PAIMA6, the Tg seems to stabilize around 50–60 °C until 
PAIMA12 (Table 1).  

PAIMA2 and PAIMA4 were additionally investigated by DMA to evaluate 
their mechanical properties. As a result, it was found that PAIMA2 and PAIMA4 
had high mechanical stiffness until Tg, where storage modulus went below 1 GPa 
(graphs are presented in Paper I). 

Figure 10. DSC graphs for a) amorphous AIMA2–AIMA11 b) semicrystalline 
AIMA13-AIMA20, r-PAIMA18, P(AIMA18-co-r-AIMA18) 
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After the alkanoyl tail length increased beyond 13 carbons, DSC showed melting 
transitions as the PAIMA polymers became semicrystalline. PAIMA14 showed 
melting point at –4 °C, which started rise by the elongation of the alkanoyl tail, 
reaching 55 °C for PAIMA20. Similarly, the ΔHm increased from 5.5 to 53 J/g, 
indicating increasing crystallinity. After further heating, PAIMA14–PAIMA20 
samples also showed isotropization transitions, which indicated the presence of a 
liquid crystal mesophase (most likely nematic liquid crystal phase). Unfortuna-
tely, we could not confirm liquid crystallinity with XRD analysis, which could 
be due to small crystallization energies. ΔHi reached up to 2.7 J/g for PAIMA16, 
while ΔHm was more than 10-fold higher, reaching up to 44 J/g for 1:1 copolymer 
P(AIMA18-co-r-AIMA18). Next, PAIMA20 was studied under cross-polarized 
light in a heated microscope to observe material textures at different temperatures 
(Figure 11). Initially, PAIMA20 has a semicrystalline spherulitic texture, which 
disappears after further heating beyond the Tm. Instead, the material show a fine 
grainy texture, indicating the presence of the liquid crystal mesophase. After 
further heating beyond Ti, the grainy texture disappears, indicating no crystalli-
nity in the melt state. 

Figure 11. PAIMA20 under the cross-polarized optical microscope at different tempe-
ratures. a) semicrystalline spherulitic texture at 22.5 °C; b) grainy liquid crystal mesophase 
at 52.2 °C; c) isotropic polymer melt at 113 °C. 
 
Next, r-PAIMA18 was synthesized to assess the influence of the regioisomeric 
configuration of isosorbide unit. As a result, regiosiomeric r-PAIMA18 showed 
a melting transition similarly to PAIMA18 at 30 °C, but no isotropization transi-
tion, which indicated the absence of liquid crystal mesophase. In the same manner, 
1:1 copolymer of [P(AIMA18-co-r-AIMA18)] were investigated. This copoly-
mer showed Tm at 41 °C and a very small isotropization transition at 69 °C (ΔHi 
was only 0.5 J/g). The minor ΔHi can be caused by the AIMA18 monomer 
residues in the polymer sample. However, it is evident that the formation of liquid 
crystal mesophase in PAIMA polymers depends on the regiochemistry of the 
isosorbide unit.  

The thermal stability of the corresponding polymers was determined by TGA 
measurements, where samples were heated under N2 atmosphere to determine the 
Td,95%. PAIMA polymers have Td,95% ranging from 188–259 °C. Non-substituted 
PAIMA0 has Td,95% 238 °C66, after alkanoyl tail substitution, it decreases to 190 
and 188 °C respectively for PAIMA4 and PAIMA6. After PAIMA6, Td,95% rises 
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almost linearly to 259 °C for PAIMA20, most likely due to heat-sensitive iso-
sorbide unit dilution by the pendant alkanoyl tails. 

 
 

3.2 Isosorbide 5-polymethacrylates with lignin-related 
aromatic substituents (Paper II) 

In this paper, different 5-IMA derived monomers were synthesized by chemical 
acylation using various lignin-related aromatic substituents attached to the exo 
hydroxyl group of isosorbide. Some of the aromatic substituents (especially 
vanillic acid derivates) can be derived directly from lignin.106,107 The monomers 
were polymerized by free-radical polymerization and the optimized polymeri-
zation conditions were determined. Next, all monomers were polymerized under 
the same conditions to obtain comparable data (Scheme 9). All polymers were 
systematically studied by SEC, NMR, DSC and TGA. The main goal was to in-
vestigate the influence of aromatic substituents on isosorbide 5-polymetha-
crylates and compare the results with previous linear fatty acid substituted 
isosorbide polymethacrylates (PAIMAs). 
 

3.2.1 Monomer synthesis 

Before the monomer preparation, the corresponding acyl chlorides from aromatic 
acids were synthesized (see procedure 4.1.2 General procedure for chlorination 
of carboxylic acids). After that, 5-IMA di(tri)esters were synthesized by chemical 
acylation using DCM or 2-MeTHF as a solvent (for detailed experimental data, 
see ESI in Paper II). The monomers were named according to their chemical 
composition in the endo side chain of isosorbide: M refers to monomer; B refers 
to benzoate fragment; numbers 3–5 refer to the positions of the methoxy group 
in a benzoate; Cx refers to the length of alkanoate ester at vanillate fragment, CN 
refers to p-cyanobenzoate. 

In most reactions, DCM was used as a solvent because it provided high 
monomer yields (76–98%). As a greener alternative, 2-MeTHF was tested as a 
solvent in a monomer MB synthesis. However, in this case, the conversion 
stopped at 75% and the product was isolated in 68% yield. The lower yield was 
most likely caused by the resultant triethylammonium salt, which blocked the 
stirring of the reaction mixture.  

The monomers MB, M4, MC18 and MCN were solids, while M34, M345, 
MC2 and MC6 were transparent viscous liquids. Solid monomers MB, M4 and 
MCN can be purified by crystallization after the reaction using a 5% EtOAc 
solution in a petroleum ether as a crystallization medium. Products were isolated 
up to 90% yield by crystallization. This was a bit lower compared to the reactions 
with chromatographic purification (yield up to 98%) but should be preferred as a 
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more sustainable method. Also, it is noteworthy that for a successful crystalli-
zation, the stoichiometry of alcohol and acyl chloride during the reaction must be 
kept close to 1:1. 
 

 
Scheme 9. Chemical acylation: 1–1.5 eq. corresponding acyl chloride, 1.2–1.7 eq. Et3N, 
solvent: DCM or 2-MeTHF, 16 h at room temperature. Polymerization: 0.5 mol% AIBN, 
degassing by Ar gas, 63 °C, 24 h, precipitation in MeOH. 
 
As aromatic units we chose vanillic acid derivates substituted with acetate, 
caproate and stearate; p-cyanobenzoate was chosen to study the influence of the 
highly polar cyano group; and (methoxy)benzoates were investigated to assess 
the impact of methoxy groups in p- and o-positions on polymer thermal charac-
teristics.  
 

3.2.2 Polymerizations 

The monomers were polymerized by conventional free-radical polymerization 
using 0.5 mol% AIBN at 63 °C for 24 hours. Prior to the polymerizations in a 
larger gram scale, polymerizations were tested in smaller amounts (100–150 mg) 
in different solvents (EtOAc, GVL, toluene, DMSO, CHCl3, and 2-MeTHF) to 
find the most suitable one. The polymers were named using the same principles 
as for the monomers, except using P instead of M, which refers to a polymer.  

Initial polymerizations (Table 2) were performed in a small scale (100–
150 mg of monomer) to find the most suitable polymerization solvent. EtOAc 
was firstly selected as a solvent, since it showed relatively good results in Paper I 
(Mn = 32–81 kg/mol).108 However, in the present work, EtOAc caused solubility 
issues during the polymerizations. Polymers were obtained with Mn-s up to 
28 kg/mol (entries 3,12), but the polymers precipitated during the polymeri-
zations, which most likely hindered the further polymer chain growth. However, 
the precipitated polymers were soluble in some other solvents, for example in 
DCM.  
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Table 2. Selected polymerizations in a smaller scale performed in various solvents. 

entry sample solvent Mn 
(kg/mol)a

Ð 
(Mw/Mn)

conversion 
(%)b 

1 PB DMSO 52 6.2 90 
2 PB GVL 18 4.4 85 
3 P4 EtOAc 28 1.4 n.d. 
4 P4 DMSO 61 3.4 94 
5 P4 Toluene 14 3.7 n.d. 
6 P34 EtOAc 17 1.7 n.d 
7 P34 Toluene 15 2.2 n.d. 
8 P34 Chloroform 8 1.8 61 
9 P345 DMSO 65 2.1 80 

10 P345 EtOAc 27 1.9 n.d. 
11 P345 GVL 28 3.2 85 
12 PC2 EtOAc 28 1.9 66 
13 PC2 GVL 12 3.1 82 
14 PC2 2-MeTHF 6 2.5 n.d. 
15 PC6 DMSO 38 2.7 86 

Standard conditions: the monomer solution was heated for 24 hours at 63 °C using 0.5 mol% AIBN 
as a radical source. aMeasured in SEC, using THF as eluent and PEO/PEG standards. bConversion 
determined by NMR. 
 
Next, polymerizations were tested in greener solvents like GVL and 2-MeTHF. 
GVL gave Mn up to 28 kg/mol (entry 11), but unfortunately this result was not 
reproducible. 2-MeTHF performed poorly, affording polymers with Mn up to only 
6 kg/mol (entry 14), or without any monomer conversion, which discouraged 
further trials with 2-MeTHF.  

After that, chloroform was selected due to its excellent solubility properties 
for the monomers and polymers. Unfortunately, chloroform showed very poor 
results in the polymerizations, affording polymers with low Mn (only up to 
8 kg/mol) or without any monomer conversion at all.  

Next, toluene was tested as an example of a low-polarity solvent. Paper I 
showed that toluene dissolves polymers with longer alkanoyl tails (C16–C20) 
very rapidly. Despite the excellent solubility properties, toluene performed poorly 
in the current polymerizations (Mn-s up to 15 kg/mol; entry 7).  

Eventually, DMSO was evaluated as a polymerization solvent and polymers 
with significantly higher molecular weights (Mn 38–65 kg/mol, Table 2, entries 
1, 4, 9, 15) were obtained. Also, the monomer conversions in DMSO were higher 
compared to PAIMA-s polymerized in EtOAc in Paper I. Moreover, the poly-
mers (except PB and PC18) did not precipitate during the polymerizations as 
observed in EtOAc. Consequently, DMSO was selected for the larger gram scale 
polymerizations.  
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Table 3. Polymerizations performed in DMSO on a larger gram scale. 

entry sample Mn 
(kg/mol)a 

Ð 
(Mw/Mn) 

conv. 
(%)b 

isol.yield
(%)c 

Tg 

(°C)d 
Td,95% 

(°C)e 
1 PBf 62 4.8 94 71 122 218 
2 P4 90 2.5 93 75 124 225 
3 P34 51 2.9 90 71 132 268 
4 P345 87 2.5 93 74 107 249 
5 PC2 38 3.4 94 72 103 255 
6 PC6 44 3.7 88 49 80 263 
7 PCN 80 3.7 94 90 168 268 

Standard conditions: 24 hours at 63 °C using AIBN as a radical source. aMeasured in SEC, using 
THF as eluent. MW was determined using PEO/PEG standards. bConversion determined by NMR. 
cIsolated yield determined by mass after the polymer was collected and dried. dTg was measured by 
DSC. eTd, 95% was determined by TGA at a 5% mass loss under N2. fDecreased monomer con-
centration (0.068 g/mL). 
 
The results of the larger (gram) scale polymerizations in DMSO are presented in 
Table 3. The Mn range of obtained polymers varied from 38 to 90 kg/mol. The 
vanillic acid derived polymers PC2 and PC6 (entries 5–6) had notably smaller 
molecular weights than the average in the series, which can be caused by the 
structural differences (i.e., an additional carbonyl group). The polydispersity Ð 
varied between 2.5–4.8, being especially broad for polymer PB (Ð= 4.8, entry 1). 
The high conversions (>90%) may explain the increased polydispersity. Potier 
et al. have reported that polydispersity of polymer prepared in DMSO may in-
crease rapidly (up to 10) once the monomer conversion exceeds 90%.109 The 
conversions ranged from 88 to 94%, which is higher than observed for AIMAs 
polymerizations in EtOAc in Paper I (up to 87%). The isolated yields of polymers 
were 49–90%, but most products were isolated in 70–74% yield. Most likely, the 
isolated product yield depended on the material properties, e.g., stickiness or 
packaging, which may influence the material isolation procedure.  

In addition, the monomer concentration was decreased from 0.1 to 0.048 g/mL 
for PB (entry 1) in a polymerization mixture because at higher concentrations it 
tended to form insoluble gel-like product during the reaction.  

 

3.2.3 Polymer PC18 synthesis 

Polymerization of monomer MC18 was investigated separately in more detail 
due to reproducibility issues after the preliminary successful experiment (Table 4, 
entry 1). The main issue was that in most cases MC18 (similarly to MB) tended 
to form an insoluble gel-like product during the polymerization. To overcome 
this issue, the polymerization of MC18 was carried out under different conditions 
to find the conditions where the monomer is reproducibly polymerizable. Thus, 
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different solvents (and solvent ratios), monomer and radical initiator concent-
rations were explored. Mixtures of DMSO with DCM or CHCl3 were tested to 
improve the solubility but maintain the effect of DMSO which generally resulted 
in higher MW polymers. The results of the MC18 polymerizations are presented 
in Table 4. 
 
Table 4. MC18 polymerizations with AIBN in various solvent mixtures 

entry monomer conc. 
(g/ml) 

solvent 
A

solvent 
B

solvent ratio
(A:B)

Mn 
(kg/mol)a 

Ð 
(Mw/Mn) 

1 0.1 DMSO DCM 9:1 145.0 3.09 
2 0.076 DMSO DCM 9:1 insoluble product 
3 0.1 DMSO DCM 9:1 insoluble product 
4 0.1 DMSO toluene 1:3 insoluble product 
5b 0.1 DMSO toluene 1:2 no conversion 
6 0.1 DMSO toluene 1:1 50.1 2.96 
7 0.067 toluene – – no conversion 
8 0.1 toluene – – 13.5 1.55 
9 0.1 chloroform – – no conversion 

10 0.06 DMSO chloroform 6:1 insoluble product 
11 0.038 DMSO chloroform 3:1 insoluble product 
12 0.1 DMSO chloroform 1:1 insoluble product 

AIBN was used as a radical source (typically 0.5 mol%, if not stated otherwise). Polymerizations 
were performed within 24 hours at 63 °C. aMeasured by SEC, using THF as eluent and PEO/PEG 
standards for mass determination. bAIBN concentration was increased to 1 mol%. 
 
The first strategy was to dilute the polymerization mixture. Dilution did not show 
any beneficial results. In DMSO, dilution from 0.1 to 0.076 g/mL (entries 1–3) 
also resulted in an insoluble product after polymerization. Use of pure toluene 
showed a low MW (Mn= 13.5 kg/mol) and did not show any monomer conversion 
after dilution (entries 7–8). The second strategy was to use mixtures of these 
solvents. DMSO and chloroform mixtures (similarly to the DMSO and DCM) 
gave insoluble products in all the monomer concentrations tested (entries 10–12). 
In summary, there were only two successful polymerizations (entries 1, 6), which 
unfortunately were not repeatable. The possible explanation for this phenomenon 
could be that polymers gained too high molecular weights (common in DMSO) 
and bulky monomer structures, which could not dissolve afterward in polymeri-
zation solvent.  
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3.2.4 Polymer thermal characterization 

The thermal stability of the polymers was determined under the N2 atmosphere 
by TGA. The polymers showed a 5% mass loss between 218–288 °C. The 
polymer thermal transitions were determined by DSC (Figure 12–13). As expected, 
all the polymers (except PC18) were amorphous materials with a single glass 
transition. Detailed TGA data are presented in Paper II. 

 
Figure 12. DSC graph for amorphous 5-IMA polymer samples with aromatic side groups. 
 
The polymers were divided into three main groups based on their structural 
similarities. The first group consists of the benzoate polymers: unsubstituted PB 
and methoxy-substituted polymers P4, P34 and P345, where the influence of 
methoxy substitutions were investigated in a row.  

PB and P4 have similar Tg values, 122 and 124 °C, respectively. The Tg of PB 
may be higher due to lower Mn compared to P4, Mn = 62 and 90 kg/mol, 
respectively (Table 3, entries 1–2).  

After the second methoxy substitution to aromatic ring (P34), Tg rises from 
124 to 132 °C (entries 2–3), respectively from P4 to P34, despite P34 had lower 
Mn. The higher Tg of P34 can be caused by additional methoxy substitution, which 
most likely increases the rotational barrier of the aromatic ring.  

After the third methoxy substitution (P345), Tg drops significantly from 132 
to 107 °C (entries 3–4). Possibly, the Tg decreases after m-positions of the aro-
matic ring are substituted with methoxy groups. The same phenomenon was 
described by Epps et al. for poly(dimethoxyphenyl methacrylate)s, where they 
reported that after the m- and p-positions of the aromatic ring were substituted 
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with methoxy groups, the Tg likely dropped due to increased rotational freedom, 
which is caused by distorted arrangement of aromatic rings.110 

The second group consists of polymer PCN, which is compared with un-
substituted PB and p-substituted methoxybenzoate P4. Polymer PCN bears 
strongly polar p-cyano groups in the aromatic rings and this can be expected to 
increase the Tg.111 Indeed, PCN reached the highest determined Tg= 168 °C 
among the isosorbide monomethacrylate polymers (Table 3, entry 7). 

However, the melt processability of PCN can be limited as the decomposition 
starts slowly at 210–220 °C and reaches Td,95% at 268 °C. Furthermore, the in-
fluence of the isosorbide unit on the Tg can be roughly estimated by the 
comparison with analogous p-cyanobenzoyl polymethacrylate, which has Tg at 

150 °C and Td,95% at 302 °C.111 Thus, the rigid isosorbide unit increases Tg, but 
concurrently reduces the thermal stability as isosorbide is one of the thermally 
sensitive fragments in the polymer.  

As the third group of polymers consists of three vanillic acid esters, i.e., 
acetate PC2, caproate PC6 and stearate PC18. The main goal was to determine 
the effect of linear alkanoyl tail on polymer thermal properties and compare them 
with analogous PAIMA2, PAIMA6 and PAIMA18 from Paper I. However, 
polymers PC2 and PC6 are amorphous polymers and, as expected, a longer 
alkanoyl tail acts as an internal plasticizer and reduces Tg from 103 to 80 °C, 
respectively (Table 3, entries 5,6). Similarly, in Paper I, isosorbide-2-acetate-5-
polymethacrylate (PAIMA2) and isosorbide-2-caproate-5-polymethacrylate 
(PAIMA6) showed a Tg decrease from 107 to 57 °C. 
 

 
Figure 13. DSC graph for semicrystalline PC18. 
 
PC18 (Figure 13) was also investigated to evaluate the influence of vanillic acid 
fragment compared to the isosorbide-2-stearate-5-polymethacrylate PAIMA18 
(from Paper I). As expected, PC18 showed semicrystallinity by DSC similarly to 
PAIMA18 by having melting and isotropization transitions. Compared to the 
non-aromatic analog, PC18 showed a notably wider temperature range of liquid 
crystal mesophase, from 18 to 132 °C, while PAIMA18 showed from 32 to 
97 °C. Furthermore, PC18 showed a slightly higher thermal stability by TGA, 
respectively 288 and 259 °C for PC18 and PAIMA18. 
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3.3 Thiol-(meth)acrylate copolymers (Paper III) 

This paper focused on novel thiol-(meth)acrylate polymers. Rigid primary diol 
monomers, derived from biobased citric acid, glycerol and TMP building blocks, 
were converted into di(meth)acrylates and copolymerized via the Michael 
addition reaction using various commercial dithiols. The obtained polymers were 
characterized by NMR spectroscopy and SEC, and the thermal properties were 
determined by DSC and TGA. In addition, the hydrolytic degradation of poly-
mers was demonstrated.  
 

3.3.1 Monomer preparation 

The monomers were prepared by the two-step synthesis involving ketalization of 
diketones B (cis-bicyclo[3.3.0]octane-3,7-dione) and T ([4.3.3]propellane-8,11-
dione) (Scheme 10). Afterward, the terminal hydroxyl groups were esterified 
using (meth)acryloyl chlorides to obtain di(meth)acrylate monomers. In the first 
step, B and T were ketalized with g (glycerol) and t (TMP). The ketalization was 
performed under p-toluenesulfone acid monohydrate catalysis (0.01–0.05 eq). 
The resultant water from the reaction was removed during the refluxing by the 
Dean-Stark apparatus. Toluene was used as a solvent for the ketalization with t, 
whereas for the ketalization with highly polar g, a DMF/cyclohexane 1:12.5 
mixture was used. After the reaction, the crude mixture was concentrated and 
purified by silica-flash chromatography (eluent: 3–5% MeOH in DCM).  
 

 
Scheme 10. Synthesis of spiro monomers. a) the ketalization: TMP (2.2–2.4 eq.) or 
glycerol (2.5 eq) toluene or cyclohexane: DMF (1:12.5), 0.01–0.05 eq. p-TsOH•H2O, 
reflux. b) (meth)acryloyl chloride, Et3N, DCM or 2-MeTHF, RT. 
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Three spirodiols: tB, gB and tT were obtained as final products. The spirodiols 
and monomers were named by the following principles: t and g correspond to 
TMP and glycerol, respectively; B and T correspond to bicyclic or tricyclic 
diketones, respectively; a and ma correspond to acrylate and methacrylate termi-
nal groups, respectively.  

Spirodiol gB was obtained as a mixture of nine diastereomers and one 
regioisomer (six-membered glycerol ring in a ketal group), which was used with-
out separation. Spirodiols tT and tB formed a 1:1 mixture of cis/trans diastereo-
mers, depending on the orientation of the terminal hydroxymethyl group, and 
were similarly used without separation. After obtaining the spirodiols, the termi-
nal hydroxyl groups were converted to (meth)acrylates by chemical acylation 
using (meth)acryloyl chloride. Acylation reactions were performed in DCM or 
biobased 2-MeTHF and the corresponding (meth)acrylates were obtained in 60–
81 or 41–77% yields, respectively. Detailed monomer preparation procedures and 
analytical data is presented in ESI of Paper III and in “4. Material, methods and 
experiments”.  
 

3.3.2 Thiol-(meth)acrylate polymerizations 

Thiol-acrylate polymerizations (Scheme 11) were carried out using spiro-
di(meth)acrylates (tBa, gBa, tTa and tTma) and three commercially available 
dithiols: PDT (1,3-propanedithiol), HDT (1,6-hexanedithiol) and TBBT (4,4’-
thiobisbenzenethiol). The dithiols were selected based on availability and 
structural diversity. Polymerizations were carried out by using 10 mol% DBU as 
a basic catalyst in DCM or 2-MeTHF. After adding the dithiol and spirodiol to 
the solvent in a round bottom flask, the mixture was cooled to 0 °C by ice-bath 
and the DBU was added. The ice-bath was removed, and the polymerization mix-
tures were stirred for 24–48 hours at ambient temperature. After the poly-
merization, the crude polymer was precipitated in MeOH. In the final step, yello-
wish or brownish solid polymers were collected and dried. 

The polymers were obtained with a wide range of Mn= 5–27 kg/mol (Table 5). 
The polydispersity ranged from 1.5 to 3.6 and seems to rise when Mn increased. 
Very low MW (Mn= 5 kg/mol) was observed for poly(gBa-TBBT) (entry 7). 
Attempts to increase the MW unfortunately failed. Such low MW of poly(gBa-
TBBT) might be due to increased steric hindrance between thio-diphenyl and 
glycerol ketal rings. Moreover, poly(tBa-PDT) was polymerized in a biobased 
solvent 2-MeTHF, and the results obtained were comparable to polymerization 
in DCM (entries 2 and 1, respectively).112 The isolated yields of polymers in this 
series were 23–78%. The isolated yields strongly depended on the stickiness and 
the particle sizes of the specific polymer during the precipitation and filtration 
sequence. 
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Scheme 11. Polymerization of thiol-(meth)acrylate polymers via Michael addition. 
Conditions: 1.0 eq of corresponding dithiol, 0.1 eq. DBU, solvent DCM or 2-MeTHF, 
24–48h at RT.  
 
Table 5. Selected spiro-(meth)acrylate polymerizations. 

entry polymer aMn
(kg/mol)

Đ
(Mw/Mn)

isol. yield 
(%)

bTg  
(°C) 

cTd, 95% 
(°C) 

1 poly(tBa-PDT) 26 1.8 77 15 320 
2 poly(tBa-PDT)d 14 1.5 74 n.d n.d. 
3 poly(tBa-HDT) 18 2.1 67 7 321 
4 poly(tBa-TBBT) 19 3.5 67 55 311 
5 poly(gBa-PDT) 15 1.9 70 –7 322 
6 poly(gBa-HDT) 15 2.3 23 –16 324 
7 poly(gBa-TBBT) 5 1.4 n.d n.d n.d. 
8 poly(tTa-PDT) 18 3.6 78 24 323 
9 poly(tTma-PDT) 14 2.6 68 32 315 

10 poly(tTa-HDT) 27 3.6 70 27 320 
11 poly(tTma-HDT) 11 1.5 46 25 314 
12 poly(tTa-TBBT) 22 1.8 77 40 317 
13 poly(tTma-TBBT) 12 2.4 46 46 282 

aMeasured by SEC using CHCl3 as eluent and PEO/PEG standards for mass determination. 
bDetermined by DSC by heating up to 100 °C. cMeasured by TGA, determined temperature at a 5% 
polymer mass loss. dPolymerization performed in 2-MeTHF
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3.3.3 Structural influence on the thermal properties of  
the thiol-(meth)acrylate polymers 

To evaluate the influence of the polymer structure on the thermal properties, the 
Tg was determined by DSC and Td, 95% by TGA at a 5% weight loss. DSC analysis 
was carried out by heating up to only 100 °C as it was observed that heating up 
to 200 °C most likely caused crosslinking via unreacted acrylate end groups that 
increased polymer Tg during the measuring process.  

As expected, tricyclic spiro-acrylate polymers with TMP ketal showed higher 
Tg values than the bicyclic analogs, 24–27 vs. 7–15 °C (Table 5, entries 8, 10 and 
1,3, respectively). This is probably caused by the additional ring in the tTa core, 
which increases the rigidity. As an exception, poly(tTa-TBBT) showed lower Tg 
than its bicyclic analog poly(tBa-TBBT), 40 and 55 °C (entries 12 and 4), 
respectively.  

Polymers with glycerol ketal groups exhibited lower Tg values compared to 
polymers with TMP ketal groups, which hints at greater flexibility of the 
glycerol-derived copolymers, –16, –7, 7 and 15 °C, respectively (entries 5, 6 and 
1, 3). Unfortunately, the tricyclic analogue with glycerol fragment is excluded 
because the ketalization of T with glycerol failed.  

As expected, the elongation of the dithiol (from propyl to hexyl) decreased the 
Tg in all cases due to the additional flexibility of the polymer chain. Also, TBBT 
containing rigid aromatic rings showed higher Tg-s than polymers with aliphatic 
dithiols.  

The choice of acrylate or methacrylate does not influence Tg significantly, as 
the values vary only slightly (see Table 5, entries 8–9; 10–11, 12–13). All poly-
mers showed relatively similar thermal stability and the Td, 95% values were 
around 320 °C, except poly(tTma-TBBT) (Table 5, entry 13).  
 

3.3.4 Thiol-(meth)acrylate polymer end group processing 

During some of the polymerizations, the excess of the (meth)acrylates was ob-
served by 1H NMR in the crude polymer mixture. Unreacted (meth)acrylates can 
react at elevated temperatures and change the properties of corresponding poly-
mers. Additionally, (meth)acrylates are potentially toxic to various organisms. 
Thus, to prevent these possible adverse effects, some thiol-(meth)acrylate copoly-
mers were treated with monofunctional 1-decanethiol to block the (meth)acrylate 
polymer ends. As a result, the MW of polymers surprisingly dropped significantly 
during the monothiol processing. In the worst cases, the polymer lost up to 91% 
of its MW. Most likely, 1-decanethiol caused polymer chain cleavage by nucleo-
philic attack at the carbonyl group, or by nucleophilic substitution of the present 
dithiol in a copolymer.  

Also, a slight dithiol excess was tested to avoid (meth)acrylate polymer chain 
ends. If there is still (meth)acrylate left at the polymer chain ends, a minimal 
amount of additional dithiol (approximately an extra 0.01 eq.) reacts with 
(meth)acrylate end groups and most likely increases the MW of the final poly-
mers by 10–20%.  
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3.3.5 Hydrolytic degradation of thiol-(meth)acrylate copolymers 

Considering that these polymers contain acid sensitive ketal groups, the chemical 
stability of the polymers was evaluated.113 First, polymers were immersed in 
water solution at different pH values (0, 3, 8 and 14) for 14 days at 37 °C. As a 
result, the high stability of polymers in water was confirmed by SEC analysis, 
where MW-s of corresponding polymers remained unchanged. Most likely, the 
surface tension of water is too high to let acidic or basic solution into the samples 
and the possible degradation is prevented.  

Next, the water solution was replaced by an HCl aqueous solution in acetone 
and the experiment was monitored by the NMR. Acetone has much lower surface 
tension and probably dissolves possible decomposition products, simplifying the 
overall procedure. First, polymers were immersed into 0.1 M HCl solution in 
water, mixed with acetone (1:9 volume, HCl solution:acetone) at kept at 50 °C. 
Solid polymer pieces disappeared within 5–8 hours, except poly(tTa-TBBT), 
which had several undissolved pieces left after 8 hours. After 72 hours, the 
solvents were evaporated and polymer residues were analyzed by NMR 
spectroscopy and SEC. SEC analysis showed Mn-s lower than 1.5 kg/mol in every 
case, which confirms an almost complete polymer degradation. NMR data 
showed the formation of diketones B and T, 20 and 10 mol%, respectively. The 
lower hydrolysis rate for T is most likely due to its somewhat lower solubility in 
acetone. However, the polymer degradation in 0.1 M solution was quite slow and 
the HCl solution concentration was increased to 1 M.  

Further experiments were performed in an NMR tube, using 1 M HCl solution 
in water and acetone-d6 (1:9 by volume, HCl solution: acetone-d6). The samples 
were kept at 50 °C and NMR measurements were taken regularly.  

After increasing the HCl concentration to 1 M, the hydrolysis rate of the ketal 
group increased significantly. The sample was visually fully dissolved within 
1.5 hours. After 4 hours, the ketal groups were completely hydrolyzed (Figure 14) 
and the formation of diketone B was confirmed by the 1H NMR data. In summary, 
these spiro-polymers are fully degradable under acidic conditions, and resultant 
diketones could be recovered. Moreover, the spiro-polymers were fully stable in 
the pH range 0–14 at slightly elevated temperatures (37 °C) in aqueous solutions. 
These conditions are inherent to bio-organisms and the materials could thereby 
be suitable for bio-related applications.  
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Figure 14. Poly(gBa-PDT) degradation in 1M HCl in acetone-d6. Blue arrows show 
initial polymer signals (glycerol ring); black arrows – PDT fragment in polymer; green 
arrows – glycerol fragment after degradation; red arrows – the appearance of diketone B.  
 
 

3.4 Isosorbide dilevulinate copolymers with dihydrazides 

In this chapter, unpublished results on isosorbide dilevulinate hydrazone copoly-
mers are discussed. In addition to isosorbide, these polymers also contain levu-
linate fragments, which can be derived from lignocellulosic biomass.114  
 

3.4.1 Preparation of isosorbide dilevulinate 

 
Scheme 12. Preparation of isosorbide dilevulinate. 
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Isosorbide dilevulinate was prepared via an esterification reaction between 
isosorbide and vinyl levulinate using enzymatic catalysis by Novozym 435 
(Scheme 12). The purification of the dilevulinate was performed by a simple 
filtration and short silica-flash chromatography. The pure product was isolated in 
68–70% yield. Alternatively, isosorbide dilevulinate can be prepared using 
levulinic acid chloride. However, the product synthesized via the acid chloride 
path contained acetalized levulinate side product which was difficult to remove 
by chromatography.  
 

3.4.2 Isosorbide dilevulinate copolymerization with dihydrazides 

 
Scheme 13. Isosorbide dilevulinate copolymerization with adipic and malonic acid 
dihydrazides. 
 
The polymerizations were performed in a smaller test scale (approximately 100–
300 mg) to study the polymerizations and products (Scheme 13). The main goal 
was to find conditions, which would facilitate the formation of higher MW 
polymers. For this purpose, different solvent mixtures, levulinate-hydrazide 
ratios and temperatures were evaluated. Detailed results are presented in Table 6. 

Prior to the polymerizations, isosorbide dilevulinate was dissolved in dioxane 
in a polymerization vial, followed by the addition of hydrazide dissolved in either 
H2O, MeOH or AcOH. Based on the results (Table 6), the exact influence of the 
solvent mixtures on the molecular weights remains unclear. However, entries 1 
and 5 show that the influence of methanol was marginal and it is primarily used 
to increase the solubility of dihydrazide. Entries 1–2 show that acetic acid is 
required in a bigger than catalytic amount, because otherwise the polymerization 
proceeds very poorly. Another strategy was to increase the amount of adipic acid 
dihydrazide relative to dilevulinate. However, Mn rose only marginally (from 1.8 
to 2.6 kg/mol, entries 2–4). Polymerization was also evaluated at elevated tem-
peratures (entries 5–7). SEC samples were taken from the same polymerization 
mixture after stirring at different temperatures to investigate possible influences 
on polymer MW-s. The SEC data showed a clear decrease of the Mn values after 
increasing the polymerization temperature until no polymer peak was detected 
after heating at 90 °C.  
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For a comparison, isosorbide dilevulinate was copolymerized with malonic acid 
dihydrazide (entry 8). However, due to RID detector artefacts, in this case the 
SEC data was obtained by using PS standards with UV-detector (instead of 
PEG/PEO standards with RID detector). Also, based on personal experience, PS 
standards typically show molecular weights twice as high for polymers compared 
to PEG/PEO standards. Thus, it is difficult to directly compare the MW-s, but we 
assume they are in the similar range. Additionally, a shorter hexane-2,5-dione 
monomer was used for comparison to assess the effect of long isosorbide 
dilevulinate molecule on copolymerizations. As a result, adipic and malonic acid 
dihydrazides afforded polymers with similar Mn as with isosorbide dilevulinate 
(entries 8–10). The poor solubility of these polymers might have limited the MW 
increase because the polymers typically precipitated out during the reaction. 
Similarly, the preparation of isosorbide dilevulinate copolymer with terephthalic 
acid dihydrazide failed due to poor solubility of the dihydrazide.  

In addition to molecular weights, the isosorbide dilevulinate copolymer with 
adipic acid hydrazide (Table 6, entry 1) was characterized by DCS and TGA. The 
measured Tg and Td,95% values were 73 and 209 °C, respectively (Figure 15).  
 

Table 6. Results of isosorbide dilevulinate copolymerizations with dihydrazides.  

entry monomer 1 monomer 2 
(dihydra-

zide) 

dioxane
(ml) 

H2O 
(ml)

AcOH 
(ml) 

MeOH 
(ml) 

T 
(°C)

time 
(h) 

Mn 
(kg/mol) 

Đ 
(Mw/Mn) 

1 isos.dilev. adipic 3 2 1.3 2 rt 24 4.7 1.34 
2 isos.dilev. adipic 9 6 few 

drops 
– rt 24 1.8 1.22 

3 added extra 10 mg of adipic acid dihydrazide rt 24 2.3 1.39 
4 added more 25 mg of adipic acid dihydrazide rt 24 2.6 1.15 
5 isos.dilev. adipic 3 3 2 – rt 24 3.9 1.28 
6 additional heating 40 24 3.5 1.23 
7 additional heating 90 polymer breakdown 
8 isos.dilev malonic 2 1 0.5 0.5 rt 72 8.5 1.24 
9 hexane-2,5-

dione
adipic 3 1 1.3 1 rt 72 7.9 1.07 

10 hexane-2,5-
dione

malonic 3.5 3.5 0.2 0.2 rt 72 6.4 1.16 

SEC was measured using DMF as an eluent (0.5 mL/min). For entries 1–7 PEG/PEO standards 
(with RID detector) and for entries 8–10 PS standards (with UV-detector) were used. 
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Figure 15. DSC and TGA curves for an isosorbide dilevulinate copolymer with adipic 
acid dihydrazide.  
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4. MATERIALS, METHODS, AND EXPERIMENTAL DETAILS 

The reagents and solvents were obtained from commercial sources if not stated 
otherwise. 2-IMA was prepared by following our previously described regio-
selective enzymatic esterification.66 

The monomers and polymers were characterized by NMR in a chloroform-d 
solutions using a Bruker Avanche II 400 MHz NMR spectrometer. 1H and 13C 
NMR spectra were recorded at 400.1 and 100.6 MHz, respectively. The chemical 
shifts are given in ppm and residual solvent signals were used for calibration 
(for 1H, CDCl3: δ = 7.26 ppm, for 13C, CDCl3: δ = 77.0 ppm). 

Polymer formation in Paper I and II was determined by the decrease of the 
double bond signals (CH2=CH–) in the 1H spectra. Monomer conversions were 
measured by comparing the broad non-overlapping isosorbide polymer signal in 
the range of 4.20–5.50 ppm with the remaining monomer double bond signal 
(trans-H) at 6.15–6.17 ppm. The degradation rate of the thiol-acrylate polymers 
(Paper III) was determined by 1H NMR analysis in 1 M DCl solution 1:9 
acetone-d6 by observing the disappearing polymer signals and increasing 
diketone signals at 2.15 and 2.55 ppm. HRMS measurements were performed 
on Thermo Electron LTQ Orbitrap XL analyzer or on a hybrid instrument con-
sisting of Varian 910 FT-ICR-MS and Varian J-320 3Q mass spectrometers with 
horizontal 7T superconductive magnet and nanoESI source. Varian Omega 
9.1.21 software was used for FT-ICR-MS experimental setup and data 
acquisition. The molecular weights of the polymers were determined by size-
exclusion chromatography (SEC) with THF and CHCl3 as the solvent. A 
Shimadzu Prominence system equipped with three Shodex columns (KF-805, –
804, and –802.5, coupled in series), and a refractive index detector (RID-20A) 
were used. Samples were run at 40 °C with an elution rate of 1 mL min–1. 
Poly(ethylene oxide) standards (Mn = 3 860, 12 600, 49 640, and 96 100 g/mol) 
were used for calibration and the results were analyzed using Shimadzu Lab-
Solution software.  
 
 

4.1 Reactions procedures 

4.1.1 Regioselective preparation of 5-IMA 

Before the reaction, isosorbide was dried by azeotropic distillation using ACN 
(200 mL for 15 g of starting material) and Lipozyme RM IM was vacuumed 
several hours at RT to remove moisture. Dry isosorbide (13.48 g, 92.2 mmol) and 
Lipozyme RM IM (1.6 g) were weighed into the 250 mL round-bottomed flask. 
After that, MTBE (205 mL) as a solvent was added; the flask was flushed with 
Ar and closed with a rubber septum. The reaction mixture was shaken at 60 Hz 
for 72 hours until all the isosorbide was dissolved. The completion of the reaction 
was confirmed by 1H NMR. After the reaction, the enzyme was filtrated using a 
small layer of neutral aluminum oxide on the glass filter. The crude mixture was 
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The combined water layer was also extracted twice with EtOAc (2 × 30 ml). The 
organic layer was collected, dried over MgSO4 and filtrated. The product was 
obtained as a viscous transparent liquid (17.76 g, yield: 89.9%) and stored in 
EtOAc in the presence of a minimal amount (less than 1 mg) of HQ at 2–8 °C.  

1H NMR (400 MHz, CDCl3) δ: 6.11 (d, 2JHH=1.5 Hz, CH, 1H), 5.57 
(d, 2JHH=1.5 Hz, CH, 1H), 5.15 (ddd, 3JHH= 5.8 Hz, 3JHH= 5.7 Hz, 3JHH= 5.0 Hz, 
CH, 1H), 4.85 (dd, 3JHH= 5.7 Hz, 3JHH= 4.7 Hz, CH, 1H), 4.35 (d, 3JHH= 4.7 Hz, 
CH, 1H), 4.26 (d, 3JHH= 3.3 Hz, CH, 1H), 3.88-3.76 (CH2, 4H), 3.13 (bs, OH, 
1H), 1.91 (s, CH3, 3H). 13C NMR (100.6 MHz, CDCl3) δ: 166.71 (CO), 135.52 
(C), 126.25 (CH2), 88.18 (CH), 80.37 (CH), 75.84 (CH), 75.29 (CH2), 74.18 
(CH), 70.47 (CH2), 18.16 (CH3). 
 

4.1.2 General procedure for conversion of carboxylic acids to 
acid chlorides 

The side groups for isosorbide monomethacrylate monomers (Paper I and II) 
were introduced by the conventional chemical acylation using acyl chloride 
unless the enzymatic pathway was used. A typical chlorination of carboxylic acid 
was carried out as follows.  

A corresponding carboxylic acid was weighed into the flask and dissolved 
partially in dry DCM (typical conc. 50 mL/g). Next, the flask was equipped with 
a rubber septum and flushed with argon gas. A catalytic amount of DMF (few 
drops) and oxalyl chloride (1.1–1.3 eq) were added dropwise. A rubber septum 
was equipped with a syringe needle to let out resultant gases from the flask. The 
reaction was let to stir at RT until the bubbling was not observed and all the 
starting material was dissolved (typically up to 5 h). The product was carefully 
concentrated by a rotary evaporator, and the argon gas was used to repressurize 
the flask. The resultant acyl chlorides were used immediately in the following 
reaction without characterization.  
 

4.1.3 General procedure for conventional acylation  
of 5-IMA or 2-IMA 

Some of the isosorbide monomethacrylate monomers in Paper I were prepared 
by the previously described enzymatic esterification of regioselectively pure 
isosorbide monomethacrylate (see detailed information in Paper I).108 The other 
isosorbide monomethacrylates in Paper I and II were prepared by conventional 
acylation using corresponding acyl chlorides (see 4.1.2 General chlorination). A 
typical acylation reaction was performed as follows:  

Regioselectively pure isosorbide monomer was dissolved in dry DCM, ACN 
or 2-MeTHF (typical conc. 100 mg/ml). After that, the reaction flask was equipped 

concentrated by rotary evaporator (water bath temperature: max 37 °C) and dis-
solved in 200 ml of EtOAc. The organic layer was extracted two times with sat. 
NaHCO3 aqueous solution (2 × 30 mL), then two times with brine (2 × 30 mL). 
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with a rubber septum and flushed with argon gas to remove air. Next, freshly 
made corresponding acyl chloride (1.0–1.2 eq) and Et3N (1.1–1.3 eq) were added 
simultaneously dropwise to the reaction mixture. After that, the reaction mixture 
was left to stir overnight at RT. The crude mixture was extracted with saturated 
NaHCO3 aqueous solution (25 mL for 1 g of starting material) and the water layer 
was extracted two times with DCM (3 × 50 mL). The organic layers were 
collected, dried over MgSO4 and concentrated by rotary evaporator. The products 
were purified by silica-flash chromatography using 8–40% EtOAc solution in 
petroleum ether as eluent. The products were typically stored in an EtOAc 
solution at 2–8 °C.  
 

4.1.4 The monomer MC18 preparation 

5-IMA (0.75 g, 3.49 mmol) was concentrated and weighed into the round-bot-
tomed flask. After that, dry DCM (10 ml) was added as a solvent. Then, the flask 
was flushed with argon gas and equipped with a rubber septum. Freshly made  
4-stearoyl-3-methoxybenzoyl chloride in DCM solution (1.46 g, 3.23 mmol, 
0.92 eq in 5 mL of DCM) and Et3N (0.52 ml, 3.77 mmol, 1.08 eq.) were injected 
simultaneously dropwise to the reaction mixture. After that, the reaction was let 
to stir at RT for 18 hours. The crude mixture was extracted with sat. NaHCO3 
aqueous solution (50 mL) and the water layer was washed two times with DCM 
(2 × 50 mL). The organic layers were collected, dried over anhydrous MgSO4 
and concentrated. The product (1.74 g, yield: 88%) as white solids was collected 
and stored in an EtOAc solution at 2–8 °C.  

1H NMR (400 MHz, CDCl3) δ: 7.62 (dd, 3JHH=8.3 Hz, 4JHH=1.8 Hz, CH(B6), 
1H), 7.60 (d, 4JHH=1.8 Hz, CH(B2), 1H), 7.07 (d, 3JHH=8.3 Hz, CH(B5), 1H), 6.17 
(d, 2JHH=1.5 Hz, CH(10E), 1H), 5.63 (d, 2JHH=1.5 Hz, CH(10Z), 1H), 5.45 (dd, 
3JHH= 3.3 Hz, CH(2), 1H), 5.23 (ddd, 3JHH= 5.8 Hz, 3JHH= 5.7 Hz, 3JHH= 5.0 Hz, 
CH(5), 1H), 4.97 (dd, 3JHH= 5.7 Hz, 3JHH= 4.7 Hz, CH(4), 1H), 4.61 (dd, 3JHH= 
4.7 Hz, 3JHH= 2.0 Hz, CH(5), 1H), 4.09 (d, 2JHH= 10.8 Hz, CH2(1n), 1H), 4.08 (dd, 
2JHH= 10.8 Hz, 3JHH= 3.3 Hz, CH2(1x), 1H), 3.98 (dd, 2JHH= 10.0 Hz, 3JHH= 5.8 Hz, 
CH2(6n), 1H), 3.93 (dd, 2JHH= 10.0 Hz, 3JHH= 5.0 Hz, CH2(6x), 1H), 3.85 (s, 
CH3O(12), 3H), 2.57 (t, 3JHH= 7.5 Hz, CH2(A2), 2H), 1.97 (s, CH3(9), 3H), 1.74 (tt, 
3JHH= 7.5 Hz, 3JHH= 7.5 Hz, CH2(A3), 2H), 1.35–1.22 (m, CH2(A4–A17), 28H), 0.86 
(t, 3JHH= 7.0 Hz, CH3(A18), 3H). 13C NMR (100.6 MHz, CDCl3) δ: 171.22 (CO(A1)), 
166.65 (CO(7)), 164.88 (CO(11)), 151.15 (C(B3)), 144.15 (C(B4)), 135.61 (C(8)), 
127.89 (C(B1)), 126.31 (CH2(10)), 122.85 (C(B5)), 122.78 (C(B6)), 113.37 (C(B2)), 
86.02 (C(3)), 80.94 (C(4)), 78.59 (C(2)), 74.14 (C(5)), 73.27 (C(1)), 70.64 (C(6)), 56.01 
(CH3O(B3)), 33.94 (CH2(A2)), 31.15 (CH2(A3)), 29.63–28.97 (CH2(A4–A15)), 24.89 
(CH2(A16)), 22.63 (CH2(A17)), 18.24 (CH3(9)), 14.05 (CH3(A18)). 
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4.1.5 General procedure for free-radical polymerizations 

Isosorbide monomethacrylate monomers were concentrated (if stored in a solu-
tion) and weighted. After that, monomers were dissolved in a selected poly-
merization solvent (typical conc. 0.1 mg/mL) and transferred into the pressure 
tube. AIBN was added in a solution of corresponding polymerization solvent 
(0.5 mol%). Next, the polymerization mixture was sparged typically for 30–60 
minutes with Ar gas to remove dissolved oxygen. The pressure tube was sealed 
and placed into the pre-heated oven at 63 °C for 24 hours. After the polymeri-
zation, the monomer conversion was determined by 1H NMR. The crude polymer 
was precipitated in MeOH (conc. 250–500 mL for 1 g of polymer). The solids 
were filtrated, washed with a small amount of additional MeOH, collected and 
dried for three days under vacuum at 70 °C.  
 

4.1.6 Spirodiol tB synthesis 

Diketone B (2.30 g, 16.65 mmol), TMP (5.36 g, 39.95 mmol, 2.40 eq) and p-
toluenesulfonic acid monohydrate (92 mg, 0.48 mmol, 0.029 eq) were weighted 
into the round-bottomed flask (100 mL). The flask was equipped with Dean-Stark 
apparatus and a condenser. Toluene as a solvent was filled from the top of the 
Dean-Stark apparatus to fill a water trap and reaction flask (80 ml for the reaction 
mixture). After that, the reaction mixture was heated to the reflux temperature 
and left to stir overnight. The crude mixture was allowed to cool and concentrated 
by the rotary evaporator. The product was purified by silica-flash chromato-
graphy using 5% MeOH in DCM as an eluent. A final product was isolated as 
white solid crystals (5.77 g, yield: 93.5%). 

1H NMR (400 MHz, CDCl3) δ: 3.77 (bs, CH2, 2H), 3.74 (bs, CH2, 2H), 3.69 
(dd, 2JHH=11.8 Hz, 4JHH=2.0 Hz, CH2, 4H), 3.55 (dd, 2JHH=11.6 Hz, 3JHH=7.7 Hz, 
CH2, 4H), 2.53 (m, CH, 2H), 2.29 (m, CH2, 2H), 2.08 (m, CH2, 2H), 1.71 (m, 
CH2, 4H), 1.29 (q, 4JHH=7.7 Hz, CH2, 2H), 1.25 (q, 4JHH=7.7 Hz, CH2, 2H), 0.83 
(t, 4JHH=7.7 Hz, CH3, 3H), 0.82 (t, 4JHH=7.7 Hz CH3, 3H). 13C NMR (100.6 MHz, 
CDCl3) δ: 110.3 (C), 67.1 (CH2), 66.3 (CH2), 63.0 (CH2), 43.4 (CH2), 42.9 (CH2), 
38.1 (CH), 36.9 (CH), 36.9 (C), 36.8 (C), 36.7 (CH2), 36.1 (CH2), 35.8 (CH), 23.8 
(CH2), 7.0 (CH3). 

 

4.1.7 Spirodiol gB synthesis 

Diketone B (4.058 g, 29.3 mmol), glycerol (7.1 g, 78.8 mmol, 2.55 eq) and p-
toluenesulfonic acid monohydrate (0.22 g, 0.04 eq) were weighted into the round-
bottomed flask (100 mL). The flask was equipped with Dean-Stark apparatus and 
condenser. DMF (8 mL) and cyclohexane (100 mL) mixture was added as a 
solvent. After that, the reaction was started by heating reaction mixture to the 
reflux temperatures and left stirring for overnight. After the reaction, the crude 
mixture was allowed to cool and the mixture was concentrated by the rotary 
evaporator. The mixture was purified by silica-flash chromatography using 5% 
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MeOH solution in DCM as an eluent. A final product was isolated as viscous 
yellowish liquid (7.60 g, yield: 90.4%). 

1H NMR (400 MHz, CDCl3) δ: 4.15 (CH, 2H, m), 3.94 (CH2, 2H, m), 3.72 
(CH2, 2H, m), 3.68 (CH2, 2H, m), 3.57 (CH2, 2H, m), 2.59 (CH, 2H), 2.30 (OH, 
2H), 1.98 (CH2, 4H), 1.71 (CH2, 4H). 13C NMR (100.6 MHz, CDCl3) δ: 119.3 
(C), 76.3–75.5 (CH), 65.9–62.9 (CH2), 42.2–41.1 (CH2), 37.1–36.5 (CH). 
 

4.1.8 Preparation of spiro-diacrylate tBa 

tB (1.979 g, 5.34 mmol) was weighted into a round-bottomed flask and dissolved 
in a dry DCM (15 mL). The flask was flushed with Ar gas, closed with rubber 
septum and cooled down with an ice-bath. After that, Et3N (2.0 mL) and acryloyl 
chloride (0.99 mL, 2.2) eq were added simultaneously dropwise. Shortly after 
addition, the ice-bath was removed and reaction was left stirring for overnight. 
The completion of the reaction was confirmed by TLC. After the reaction, the 
mixture was quenched with sat. NaHCO3 aqueous solution (50 mL) and thereafter 
extracted three times with DCM (3 × 50 mL). The organic layers were collected, 
dried over MgSO4 and filtered. The resultant mixture was concentrated and 
purified by silica-flash chromatography using 30% EtOAc solution in petroleum 
ether as an eluent. A pure product was obtained as a visqous transparent liquid 
(2.07 g, yield: 81%).  

1H NMR (400 MHz, CDCl3) δ: 6.36 (dd, 3JHH= 17.4 Hz, 2JHH=1.2 Hz, CH2, 
2H), 6.09 (dd, 3JHH= 17.5 Hz, 3JHH=10.4 Hz, CH, 2H), 5.76 (dd, 3JHH= 10.4 Hz, 
2JHH=1.2 Hz, CH2, 2H), 4.29 (bs, CH2, 2H), 4.24 (bs, CH2, 2H), 3.68 (dd, 
2JHH=11.8 Hz, 4JHH=1.3 Hz, CH2, 4H), 3.55 (dd, 2JHH=11.8 Hz, 3JHH=6.0 Hz, CH2, 
4H), 2.51 (m, CH, 2H), 2.23 (m, CH2, 2H), 2.06 (m, CH2, 2H), 1.70 (m, CH2, 
4H), 1.32 (t, 3JHH=7.6 Hz, CH2, 2H), 1.27 (t, 3JHH=7.6 Hz, CH2, 2H), 0.79 (q, 
3JHH=7.6 Hz, CH3, 3H), 0.78 (q, 3JHH=7.6 Hz, CH3, 3H). 13C NMR (100.6 MHz, 
CDCl3) δ: 166.0 (CO), 130.6 (CH2), 128.2 (CH), 110.2 (C), 66.8 (CH2), 66.1 
(CH2), 63.8 (CH2), 43.0 (CH2), 42.2 (CH2), 37.8 (CH), 37.0 (CH2), 36.8 (C), 36.2 
(CH2), 35.9 (CH), 35.8 (C), 23.8 (CH2), 6.8 (CH3). 
 

4.1.9 Preparation of spiro-diacrylate gBa 

gB (3.915 g, 13.67 mmol) was weighted into a round-bottomed flask and dis-
solved in a dry DCM (30 mL). The flask was flushed with Ar gas, closed with 
rubber septum and cooled down with an ice-bath. After that, Et3N (4.7 mL) and 
acryloyl chloride (3.27 mL, 2.2 eq were added simultaneously dropwise. Shortly 
after addition, the ice-bath was removed and reaction was left stirring for over-
night. The completion of the reaction was confirmed by TLC. After the reaction, 
the mixture was quenched with sat. NaHCO3 aqueous solution (50 mL) and 
thereafter extracted three times with DCM (3 × 50 mL). The organic layers were 
collected, dried over MgSO4 and filtered. The resultant mixture was concentrated 
and purified by silica-flash chromatography using 30% EtOAc solution in 
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petroleum ether as an eluent. The pure product was obtained as a viscous 
transparent liquid (3.219 g, yield: 60 %).  

1H NMR (400 MHz, CDCl3) δ: 6.39 (dd, 3JHH= 17.2 Hz, 2JHH=1.3 Hz, CH2, 
2H), 6.10 (dd, 3JHH= 17.2 Hz, 3JHH=10.4 Hz, CH, 2H), 5.82 (dd, 3JHH= 10.4 Hz, 
2JHH=1.3 Hz, CH2, 2H), 3.36–4.20 (CHX, 10H), 2.56 (CH, 2H), 1.94 (CH2, 4H), 
1.68 (CH2, 4H). 13C NMR (100.6 MHz, CDCl3) δ: 165.7 (CO), 131.31 (CH2), 
127.8 (CH), 119.6 (C), 73.4 (CH), 72.8 (CH), 66.5 (CH2), 66.4 (CH2), 65.8 (CH2), 
66.7 (CH2), 64.5 (CH2), 42.2–41.1 (CH2), 37.0–36.6 (CH). 
 

4.1.10 General procedure for thiol-acrylate polymerizations 

Diacrylates was concentrated under vacuum, the content of solvent residues 
(typically DCM or EtOAc) were estimated by 1H NMR and taken into account in 
the calculations. After that, the di(meth)acrylates were dissolved in CHCl3 or  
2-MeTHF (conc. 100 mg/ml). The selected dithiol (1.0 eq) was added to the 
solution. Next, the flask was flushed with Ar gas and cooled in ice-bath. The 
reaction was initiated by adding DBU (0.1 eq) solution in a corresponding poly-
merization solvent (DCM or 2-MeTHF). The ice-bath was removed shortly after 
DBU addition, and the mixture was let to stir for 24–48 hours at RT. The progress 
of polymerizations was monitored by 1H NMR by comparing meth(acrylate)-
group signals with forming polymer signals. After the polymerization, the crude 
polymer was precipitated in MeOH or Et2O (100–250 mL) and left stirring for 
overnight. The sticky polymer residues were isolated by decanting MeOH or Et2O 
solution and washing with a small amount of additional precipitation solvent. The 
final polymer was dried under vacuum at 80 °C and characterized by NMR, SEC, 
DSC and TGA.  
 

4.1.11 Preparation of isosorbide dilevulinate 

Into the flask were weighted pre-dried isosorbide (1.02 g, 6.96 mmol), Novozym 
435 (0.475 g, 10 w%) and vinyl levulinate (3.74 g, 25.7 mmol, 3.7 eq). MTBE 
(13 mL) as solvent was added and reaction mixture was shaked for 48 hours at 
RT (30–32 °C). After the reaction, the crude product mixture was filtrated 
through the small amount of aluminium oxide and washed with EtOAc (15 mL). 
Next, the crude mixture was purified by the short silica-flash chromatography 
using 20% EtOAc solution in petroleum ether as an eluent. The final product was 
obtained as a transparent viscous liquid (1.60 g, 67% yield) and was stored at 2–
8 °C in EtOAc solution. 

1H NMR (400 MHz, CDCl3) δ: 5.17 (m, 1H), 5.12 (m, 1H), 4.79 (m, 1H), 4.45 
(m, 1H), 3.95 (m, 2H), 3.91 (m, 1H), 3.78 (m, 1H), 2.83–2.52 (m, 8H), 2.17 (s, 
3H), 2.16 (s, 3H). 13C NMR (100.6 MHz, CDCl3) δ: 206.31, 172.09, 171.17, 
85.78, 80.69, 78.10, 74.09, 73.18, 70.27, 37.79, 37.74, 29.75, 29.71, 27.85, 27.61.  
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4.1.12 General procedure for isosorbide dilevulinate 
copolymerization with dihydrazides 

Isosorbide dilevulinate (1.0 eq) was dissolved in dioxane (conc. 15 mL/g). After 
that, dihydrazide (1.0 eq) was dissolved in different water and methanol (if used) 
mixtures (approximate conc. 40 mL/g). Solutions were mixed into the reaction 
flask, and acetic acid was added as a catalyst. The mixture was stirred for 1–3 
days at a given temperature (20 to 90 °C). After the reaction, the polymer was 
precipitated in 1:5 i-PrOH/Et2O solution (1.25 L for a gram of theoretical amount 
of product). Solid product was filtrated, washed with a small amount of 
precipitation solution and dried under vacuum. Molecular weights of copolymers 
were determined by SEC using DMF as eluent (0.5 mL/min) and PEO/PEG or 
PS standards.  
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SUMMARY 

The world population is rising rapidly and there is an extremely high demand for 
energy and materials. Exploiting conventional fossil-based fuel is not sustainable 
because it consumes non-renewable resources and causes significant adverse 
effects on the environment. The world has started moving towards the use of 
renewable and carbon free energy resources. Plastics are one of the fields where 
biobased feedstocks could provide a replacement to the fossil-based counterparts. 
In the present thesis, isosorbide and citric acid derived building blocks were 
investigated as an alternative in novel biobased plastics.  

Isosorbide is a biobased diol derived from glucose, and has been extensively 
studied in many applications, including drugs, solvents, and as a precursor for 
different chemicals and polymers. In the context of biobased polymers, isosor-
bide is a versatile building block having a rigid bicyclic structure, which is rather 
rare. Isosorbide has been mainly investigated as a difunctional polymer building 
block in polymer main chains. Recently, a regioselective acylation was developed 
for both exo and endo hydroxyl group of isosorbide, which allows the investi-
gation of isosorbide as a monofunctional polymer building block as a single 
regioisomer.  

The first approach of the present thesis was to investigate regioselectively pure 
isosorbide-5-methacrylates and their regioisomers. Regioselectively pure isosor-
bide-5-methacrylate was first prepared and the remaining free OH group was 
acylated with linear saturated carboxylic acids with the length from acetate (C2) 
to icosanoate (C20). These monomers were polymerized by conventional free-
radical polymerization. Mn values were ranged from 32 to 81 kg/mol and Đ values 
1.8–3.0. Depending on the length of pendant linear side chain, the polymers exhi-
bited amorphous (C2–C12) or semicrystalline (C13–C20) behavior. Amorphous 
polymer with acetate sidegroup showed the highest Tg of 107 °C. When the chain 
length exceeded 14 carbons (C14), both melting and isotropization transitions 
were recorded, which indicated the presence of liquid crystal mesophase.  

The second goal of the thesis was to investigate isosorbide-5-polymetha-
crylates with lignin-related side groups attached to exo position of the isosorbide 
as esters. These substituents involved the following aromatics: non-, mono-, di-, 
trisubstituted m/p-methoxybenzoates; p-cyanobenzoate with strongly polar cyano 
group; vanillic acid esters with acetate, caproate and stearate at p-OH. In some 
cases, the monomers were purified by simple crystallization, thus avoiding chro-
matography. The polymerizations were evaluated in different solvents (EtOAc, 
toluene, GVL, chloroform, 2-MeTHF and DMSO) to find the most suitable for 
these monomers. As a result, DMSO was selected as main solvent for larger-scale 
polymerizations due to higher MW (Mn= 38–90 kg/mol), conversions (88–94%) 
and good solubility in general.  

The thermal properties of the polymers were assessed by DSC and TGA. DSC 
experiments showed that these polymers showed Tg-s over 100 °C in most cases, 
which is quite competitive in the context of biobased polymers. In addition, the 
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polymer with polar cyano groups showed the highest Tg of 168 °C among these 
isosorbide monomethacrylate polymers. The polymer PC18 with long aliphatic 
stearoyl ester also showed a liquid crystallinity, as analogous PAIMA18 without 
vanillic acid fragment, having both melting and isotropization transitions (18 and 
132 °C, respectively), but with wider liquid crystalline temperature range than 
PAIMA18. 

The third part of the thesis involved an investigation of thiol-(meth)acrylate 
copolymers, which were derived from biobased building blocks, such as citric 
acid, glycerol and trimethylolpropane (TMP). The monomers were synthesized 
from the bi- and tricyclic diketones B and T, which were ketalized with glycerol 
or TMP in high yields (up to 93%) to obtain different spiro-diols. The diols were 
converted to the corresponding di(meth)acrylate esters, and were copolymerized 
with dithiols (1,3-PDT, 1,6-HDT and TBBT) via the Michael addition reaction. 
The copolymers were obtained with Mn= 5–27 kg/mol. The thermal properties of 
polymers were investigated by DSC and TGA. DSC showed Tg in the range –7–
55 °C. As expected, copolymers with longer dithiols showed lower Tg-s as longer 
alkyl side chains gave more flexibility to the polymer chains. On the other hand, 
rigid TBBT-based copolymers exhibited higher Tg-s in every polymer structural 
combination. It was also found that polymers with TMP ketal group have higher 
Tg-s than polymers with the glycerol-based ketal group.  

Moreover, as the ketal bonds are acid-sensitive, the hydrolytic degradation of 
thiol-acrylate polymers was demonstrated, which potentially could be reused in 
the chemical recycling of such polymers.  

Additionally, isosorbide dilevulinate copolymers with different hydrazides 
were investigated to develop new polymers from biobased isosorbide and levu-
linic acid. The copolymers were prepared in different solvent mixtures at dif-
ferent temperatures, using different dihydrazides. As a result, the polymers 
showed relatively low molecular weights (Mn < 10 kg/mol) and poor solubility in 
typical solvents. However, the isosorbide dilevulinate copolymer with adipic acid 
dihydrazide showed Tg = 73 °C and Td, 95% = 209 °C at low molecular weights, 
which may be competitive in the biobased plastics field.  

In summary, by having a very broad spectrum of properties, these novel 
biobased polymers might have potential to replace fossil-based counterparts in 
certain fields, especially in thermally demanding applications as thermoplastics. 
In the future, research on the efficient synthesis of biobased building blocks from 
raw materials should be continued to help these (and similar) polymers compete 
with fossil-based polymers.  
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SUMMARY IN ESTONIAN 
Uudsed polümeerid lignotselluloosilisest toormest 

 
Maailma rahvaarvu suurenemise ja inimeste elatustaseme kiire tõusuga on kasva-
nud nõudlus energiale ja materjalidele, mis mõlemad vajavad samuti rohkelt 
ressurssi. Siiani on selleks kasutatud mittetaastuvaid fossiilseid tooraineid, kuid 
paraku on nende intensiivne kasutamine juba avaldanud äärmiselt kahjulikku 
mõju meie keskkonnale. Seetõttu on tänapäeva maailmas võetud kurss taastuvate 
ressursside kasutamise suunas, näiteks mitmete biobaseeruvate toorainete kasuta-
mine erinevate materjalide tootmisel. Plastikute tootmisel on üheks alterna-
tiivseks ehitusplokiks isosorbiid, millest tehtud polümeerid võiksid pakkuda 
konkurentsi fossiilsetele polümeeridele.  

Isosorbiid on glükoosist toodetav diool, mida kasutatakse näiteks farmaatsia-
tööstuses, aga seda on uuritud ka polümeerikeemia kontekstis. Polümeeride val-
las pakub isosorbiid huvi eelkõige oma jäiga bitsüklilise struktuuri tõttu, mis on 
biomassist saadavate ühendite hulgas pigem harv omadus. Jäik struktuur on 
üheks eelduseks, et saadaval polümeeril võiksid olla keskmisest kõrgemad termi-
lised näitajad, näiteks klaasistumistemperatuur (Tg), millest allpool on polümeer 
pigem jäik ning millest ülevalpool pehme ja vormitav. Lisaks on tänu kahele 
hüdroksüülrühmale võimalik isosorbiidi funktsionaliseerida väga erinevatel viisi-
del, kasutades teda nii mono- kui difunktsionaalse monomeerina. Peale selle 
võimaldab regioselektiivne ensümaatiline atsüleerimine isosorbiidi ekso ja endo 
hüdroksüülrühmi selektiivselt modifitseerida. 

Selle doktoritöö esimene osa hõlmab isosorbiid-5-metakrülaatide ja sellest 
saadud polümeeride uurimist. Töö käigus esterdati isosorbiid-5-metakrülaadi 
vaba ekso hüdroksüülrühm kasutades erinevaid lineaarseid küllastunud karbok-
süülhappeid, pikkusega alates atsetaadist (C2) kuni ikosonaadini (C20). Saadud 
monomeerid polümeriseeriti kasutades vabaradikaalpolümerisatsiooni. Polü-
merisatsioonis saadud polümeeride molekulmass varieerus vahemikus Mn= 32–
81 kg/mol ja polüdisperssus Đ= 1.8–3.0. Sõltuvalt lineaarse kõrvalahela pikku-
sest jagunesid polümeerid amorfseteks (C2–C12) ja semikristallseteks (C13–C20). 
Amorfsetest polümeeridest näitas kõrgeimat klaasistumistemperatuuri atsetaat 
(C2) kõrvalahelaga polümeer (Tg= 107 °C). Polümeerid, mille kõrvalahela pikkus 
on 14 ja rohkem süsinikku (s.t. alates C14) omavad nii sulamis- kui isotropi-
satiooniüleminekut, mis omakorda viitab vedelkristallilistele omadustele ehk 
näitab koordineeritud mesofaasi olemasolu vedelas faasis.  

Selle doktoritöö teises osas uuriti isosorbiid-5-polümetakrülaate, kus iso-
sosorbiidi ekso hüdroksüülrühm oli esterdatud erinevate potentsiaalselt ligniinist 
saadavate aromaatsete hapetega. Kõrvalahelatena olid esindatud bensoaat, mono-, 
di-, trimetoksübensoaadid; p-tsüanobensoaat jäiga ja polaarse tsüanorühmaga; 
vaniljehappe estrid atsetaadiga (C2), kaproaadiga (C6) ja stearaadiga (C18). 
Lisaks demonstreeriti tahkete monomeeride puhastamist ümberkristallimise 
meetodi abil, vältimaks kallimat kromatograafia meetodit.  

Järgnevalt testiti monomeeride polümerisatsiooni erinevates lahustites (EtOAc, 
tolueen, GVL, kloroform, 2-MeTHF and DMSO), et leida sobivaim sedatüüpi 
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monomeeridele. Testimise tulemusena valiti polümerisatsiooni solvendiks DMSO, 
sest see andis keskmisest kõrgemaid molekulmasse (Mn= 38–90 kg/mol) ja 
konversioone (88–94%) ning tagas üldjuhul hea monomeeride ja polümeeride 
lahustumise. Peale tingimuste optimeerimist polümeerisiti monomeerid DMSO-s 
suuremas gramm-skaalas ning mõõdeti polümeeride termilisi omadusi kasutades 
kalorimeetrilisi (DSC) ja termogravimeetrilisi (TGA) meetodeid. DSC mõõt-
miste käigus leiti, et saadud polümeeride Tg-d ületasid enamasti 100 °C, mis on 
konkurentsivõimeline tulemus võrreldes teiste biobaseeruvate polümeeridega. 
Sellest seeriast kõrgeimat Tg-d (168 °C) näitas polaarse tsüanogrupiga polümeer, 
mis on ühtlasi ka kõrgeim tulemus taoliste isosorbiid polümetakrülaatide hulgas. 
Lisaks näitas pika C18 kõrvalahelaga polümeer vedelkristalsetele polümeeridele 
omaseid sulamis- ja isotropisatsiooniüleminekuid. 

Selle töö kolmas osa hõlmas tiool-akrülaatide kopolümeeride sünteesi ja 
uuringuid. Need ühendid valmistati kommertsiaalsetest biotoormest toodeta-
vatest kemikaalidest nagu sidrunhape, glütserool ja trimetüloolpropaan (TMP). 
Täpsemalt sünteesiti monomeerid sidrunhappest saadud bi- ja trisüklilistest 
diketoonidest, mis ketaliseeriti kõrge saagisega (kuni 93%) glütserooli või TMP-
ga erinevateks dioolideks. Dioolid konverteeriti di(met)akrülaatideks, mis edasi 
kopolümeriseeriti erinevate ditioolidega (1,3-PDT, 1,6-HDT ja TBBT-ga) kasu-
tades Michael'i liitumisreaktsiooni. Saadud polümeerid näitasid molekulmasse 
vahemikus Mn= 5–27 kg/mol. Kopolümeeride termilisi omadusi uuriti DSC ja 
TGA-ga. DSC-s näitasid kopolümeerid Tg-d vahemikus –7–55 °C. Ootuspäraselt 
näitasid pikemate ja painduvamate alifaatsete ditioolidega kopolümeerid mada-
lamaid Tg-sid ning jäikade aromaatsete TBBT ahelatega polümeerid kõrgemaid 
Tg-sid. Samuti leiti, et TMP ketaalrühmaga kopolümeeride Tg-d on kõrgemad 
võrreldes glütserooli fragmenti sisaldavate analoogidega. Lõpuks demonstreeriti 
polümeeride hüdrolüütilist lagunemist diketooniks, mis avab võimaluse polü-
meeride keemiliseks taaskasutamiseks.  

Töö viimases osas uuriti isosorbiid dilevulinaadi-dihüdrasiidide kopolümeri-
satsioone. Antud uurimuse eesmärk oli leida uusi biobaseeruvaid polümeere 
isosorbiidi ja levuliinhappe baasil. Kopolümeere sünteesiti erinevatel tempera-
tuuridel ja solvendisegudes, et leida sobivamaid tingimusi. Kahjuks näitasid 
kopolümeerid pigem madalaid molekulaarmasse (Mn < 10 kg/mol) ja tagasi-
hoidlikku lahustuvust. Küll aga isosorbiid dilevulinaadi kopolümeer adipaat-
happe dihüdrasiidiga näitas eeskujulikke termilisi omadusi ka madalate masside 
korral (Tg = 73 and Td,95% = 209 °C).  

Kokkuvõtteks sünteesiti ja uuriti antud töös uut tüüp biobaseeruvaid polü-
meere, millel on lai spekter omadusi, mis tulenevad erinevatest asendusrühma-
dest. Uuritud polümeerid võiksid osaliselt asendada fossiilpäritolu plastikuid 
mitmetes termiliselt nõudlikkes rakendustes, näiteks termoplastikutena. Seeläbi 
suudaksid sellised taastuvast toormest saadavad ühendid säästa loodust. Antud 
töö kontekstis tasub tulevikus edasi arendada biopõhiste ehitusplokkide efek-
tiivsemat ja jätkusuutlikumat sünteesiteed, mis aitaksid töös valmistatud (ja 
sarnastel) polümeeridel veelgi paremini konkureerida fossiilpäritolu polü-
meeridega.  
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APPENDIX  

 
Figure A1. 1H NMR spectrum of MC18. 



68 

 
Figure A2. C NMR spectrum of MC1813 . 
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Figure A3. SEC chromatogram for PC18. Eluated in THF (1 ml/min). 
 
 
 

 
Figure A4. SEC chromatogram for thiol-acrylate polymers containing diketone 
B. Eluated in chloroform (1 ml/min). 
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Figure A5. 1H NMR spectrum of isorbide dilevulinate. 
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Figure A6. 13C NMR spectrum of isosorbide dilevulinate. 
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