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I.         Presentation of the project 

I.A.    Additive manufacturing and UV-curing 

Over the last decade, the 3D-printing industry has grown tremendously with an estimated 

Compound Annual Growth Rate (CAGR) of 15% until 2025 according to Frost & Sullivan’s 

“Global additive manufacturing market forecast to 2025”.1 3D-printing, also called additive 

manufacturing, allows for a very efficient material production of a wide range of objects with 

different materials such as polymers, metals or ceramics. These materials can be used for 

numerous applications such as medical (dental, prosthesis), transport (polymeric and metal 

materials), building (construction materials), or microelectronics. The 3D-printing technique 

addressed in this work is the stereolithography (SLA) which consists of the irradiation of a 

curable polymeric resin placed in a bath. The irradiation source will cure the part layer by layer 

while the platform will rise after each curing step to allow the curing of the next layer, as 

illustrated in Figure 1. 

 

Figure 1 Schematic representation of an SLA 3D-printer. 

 This layer-by-layer printing process enables the production of tailor-made objects using 

computer aided design (CAD), even in small scale when using desktop printers. The irradiation 

is brought by a source of UV-light, typically a UV-lamp with mercury (broad 365 or 254 nm 

emission), a LED lamp (narrow tunable +/- 10 nm emission) or a laser (Figure 1). UV-curing 

stereolithography presents several advantages such as high resolution of objects, solvent-free 

process, low energy and space requirements, reduced waste and is overall economically 

advantageous.2 This light induced hardening or crosslinking requires specific materials: UV-

curable formulations and a photoinitiator. Two types of UV-curing materials are used, cationic 
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UV-curable polymers and radically crosslinkable polymers. Their polymerization mechanisms 

are detailed in Figure 2.  

The cationic curing technique uses heterocyclic compounds such as oxiranes (epoxides), 

thiirane, dioxiranes, THF derivates or caprolactone. The UV-induced polymerization requires 

the use of a photoinitiator, typically sulfonium antimonate or iodonium sulfonate salts to initiate 

the chain reaction.3 Cationic polymerization exhibits several advantages over the radically 

induced reactions as they do not suffer from oxygen inhibition and the “dark curing” reaction 

results in high conversion material with low energy consumption. The monomers are also found 

to have lower toxicity and irritation potential than the acrylated UV-curable compounds and the 

curing process usually leads to lower shrinkage. On the other hand, cationic curing is more 

sensible to ambient humidity and exhibits lower polymerization rates in comparison with 

radical UV-curing.4 

In the case of polymers curable through radical polymerization, the crosslinking relies on 

the radical polymerization of carbon-carbon double bonds. As shown on Figure 2, a 

photoinitiator (e.g. Irgacure 1173) is added to the resin and mixed. When placed under a source 

of UV-light, the photoinitiator will be cleaved to form two radicals, initiating the radical 

polymerization. The propagation is the reaction of a radical compound with a carbon-carbon 

double bond of either the acrylic, itaconic or other vinyl derivates. During this crosslinking step, 

the viscosity will increase drastically upon the formation of the rigid three-dimensional 

network. The termination of the radical reaction can be caused by the reaction of two radical 

terminated polymer chains or between a polymer chain and a cleaved part of the photoinitiator. 

It is noteworthy that the amount of photoinitiator will impact the length of radically polymerized 

chains as more small radical compounds are likely to terminate the reaction. After a certain 

point, the viscosity of the material will become too high for the radical polymerization to react 

further. The higher the intrinsic viscosity of the material will be, the sooner the limit viscosity 

will be reached, meaning that the percentage of conversion of the carbon-carbon double bonds 

will be lower. Thus, the intrinsic viscosity of a material is of high importance, as it will impact 

the physical and mechanical characteristics of the end product as well as the potential leaking 

from uncured resin from the printed object. It will also dictate its processability by a 3D-printer 

impacting the resolution of the final object. Also, before the curing process, the material is 

usually formulated to optimize the viscosity, the reactivity and eventually the final properties. 

The 3D-curable polymer is mixed with a photoinitiator and additives such as reactive diluents 

(RDs). RDs are small compounds that are curable under UV-light but do not usually form good 

materials on their own. However, these monomers or oligomers have a low viscosity and 
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usually a good reactivity. When mixed with the polymeric resin, the RDs will decrease the 

viscosity allowing a higher final conversion at the end of the radical polymerization. This higher 

conversion is a direct impact of the reduced viscosity but also the fact that when the network 

has grown to a point where it is more rigid, it is easier for a radical polymer chain to react with 

a small mobile compound such as the RDs as it would with another rigid crosslinked chain. Up 

to 60 wt% of the formulated UV-curable material can be composed of these reactive diluents 

for 3D-printing applications. This means that a UV-curable resin with low viscosity and high 

reactivity would not require a high amount of RD additives and simplify the formulation 

process, making it very interesting for any UV-curing application. 

 

Figure 2 UV-induced curing mechanisms using radical or cationic initiation.3 

In the course of this study, the focus will be placed on the development of radically 

curable materials rather than materials curable through cationic initiation. The emphasis will be 

on the optimization of the materials properties for 3D-printing (viscosity, reactivity, thermal 

and mechanical properties), but these polymers can also be used as UV-curable coatings2 as 

well as printing inks and adhesives.  

Some materials are also designed to cure thermally at higher temperature, which also 

requires a thermally sensible initiator such as AIBN. For example, thermally curable coatings 

can be prepared in various solvents and require a drying through heating to eliminate the solvent 

before initiating the curing. Recently, UV-curable coatings are more often designed as 

waterborne materials as it limits the use of VOCs.5 

The rapid growth of the additive manufacturing sector as well as the wide number of 

possible applications resulted in a very high scientific interest to improve the materials and 

machines used for additive manufacturing. Most materials used for radical UV-curing are based 
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on acrylic or methacrylic acid (Figure 3), petroleum-based compounds that exhibit a very 

reactive carbon-carbon double bond which makes them good candidates for the synthesis of 

UV-curing materials.  

 

Figure 3 Structure of acrylic (A) and methacrylic acid (B). 

UV-curable acrylic acid-based polymers used for additive manufacturing, coating or 

printing inks are often acrylated polyesters but can also be composed of acrylated epoxy resins, 

polyethers, polyurethanes, silicon resins or vegetable oils. Conventional UV-curing materials 

are usually linear or randomly low-branched polymers and the major drawback is their tendency 

to entanglement, which causes the viscosity to increase. However, to meet the requirements for 

additive manufacturing, low viscosity and high reactivity UV-curable materials are needed for 

a good processability and a good resolution of the final object as well as sufficient thermal and 

mechanical properties.  

 

I.B.    Dendrimers and HBP 

To overcome this problem, branching can be used in the structure by designing 

macromolecules such as dendrimers or hyperbranched polymers, which will introduce 

hierarchical relaxation dynamics.6,7,8,9 Dendrimers are ball-shaped macromolecules that have a 

perfectly controlled structure thanks to a thorough step-by-step synthesis process including 

protections and deprotections.10 They are composed of a polyfunctional core (a polyol is often 

used) (Ax with x ≥ 2), elongation units (AA or AB monomers), branching monomers (ABx with 

x ≥ 2) and end-groups. It has been shown that dendrimer-like structures have a lower viscosity 

when compared to their linear counterparts because their ball-shaped structure prevents the 

entanglement.11 Indeed, for the same molecular weight, a dendrimer or an HBP will have a 

lower viscosity than its linear counterpart.12 This effect is caused by the absence of 

entanglement in the HBP, as long as the arms are not too long as they could themselves be 

subject to this effect. According to the Flory-Stockmayer theory13,14, it will occur if the Mw of 

the branch exceeds a certain mass of entanglement (Me) without branching. For this reason, 

HBP are usually restrained to a Mw between 2 and 10 kDa where each branch has a Mw well 

under the Me.15,16 Yan et al. studied the limits of branch length in HBP structures and were able 
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to obtain high Mw poly(acrylated epoxidized soybean oil) (up to 390 kDa) thanks to their 

understanding of the inter- and intramolecular reactions impact on the relaxation processes and 

viscosity, allowing them to avoid crosslinking.17  

Another major advantage of using dendrimer-like structures is the greater number of 

functional groups at the periphery of the structures. Indeed, a dendrimer is composed of many 

arms that are all terminated by a functional group, their number is greater than for a linear 

polymer and more easily accessible as they are at the end of the chains. It is also possible to 

synthesize dendrons separately and bind them in a final step to obtain heterofunctional 

dendrimers (with two types of end groups on each side of the structure) which can lead to even 

more applications (principle used for the self-healing polymers where a cationic end-capped 

and an anionic end-capped dendrons are combined to form a heterofunctional dendrimer) 

(Figure 4). 

 

Figure 4 Representation of the structure of a dendron and homo- or hetero-functional dendrimers. 

Dendrimers can be synthesized using two main approaches: the divergent (core first) or 

the convergent (arm first). For the divergent route, the core is reacted with branching units 

and/or elongation units to build the dendrimer and finally with end groups. For the convergent 

route, dendrons are synthesized from the end groups and are linked to the core in a final step 

(Figure 5). 

However, dendrimers are difficult to synthesize as numerous steps are required making 

their production costly, energy and time consuming, and they also often have a poor atom 

economy as the activation step is often the result of a deprotection. When the target molecule 

does not need to have a very precise structure and a low dispersity in molecular weight, their 

synthesis is too complicated in comparison to more common linear synthesis and the benefits 

in terms of properties is often not worth synthesizing these macromolecules. Thus, the interest 
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has considerably grown towards the synthesis of less well-defined dendrimer-like structures, 

so-called hyperbranched polymers (HBP). HBPs are macromolecules with a ball-like shape 

very close to the dendrimer structure but the synthesis pathway is less precise (no more 

activation or deprotection needed) leading to a higher Mw dispersity and irregular structure but 

it has been shown that their properties are very similar to dendrimers and for most applications, 

the difference is negligible.18 Furthermore, the less thorough production allows for a more 

economical accessibility without impairing the properties much.  

 

Figure 5 Synthesis of dendrimers through divergent or convergent routes. 

The most common branching unit for the synthesis of hyperbranched polyesters is 2,2-

bis(hydroxymethyl)propionic acid or bMPA, an AB2 building block also used for the synthesis 

of the commercial HBPs and dendrimers Boltorn™.18,19  When several branching units are 

added, the layers of branching units are called generations and the term pseudo-generation is 

used for HBP due to the uncontrolled nature of the reaction steps. In the course of this study, 

no dendrimers will be synthesized and the term generation, will be used to talk about pseudo-

generation.   
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Figure 6 a. PFD.G3 dendrimer third generation and b. H30 HBP third generation from Perstorp. 

Dendrimers based on bMPA are usually synthesized step by step to grow the generations 

one by one using bMPA acetonide (protected as a cyclic acetal) which requires the deprotection 

to grow the next generation (referred as activation step in Figure 5). If we compare a dendrimer 

and a HBP that have the same core and the same number of generations (or pseudo-generations 

for HBP), even though the structure is less defined, the properties will be very similar and they 

both have the same number of functional groups at the periphery of the structure (Figure 7).  

 

Figure 7 Shape of dendrimers and HBP with number of functional groups (red). 

Giving the fact that dendrimers and hyperbranched polymers are composed of several 

building blocks, their properties can be widely different depending on the nature of the selected 

monomers, thus allowing their use for a wide range of applications with various desired 

properties.20,21,22 This ability to tune the structure and the final properties made them good 

candidates for scaffolding macromolecules with a difference in lipophilic or lipophobic 

behavior between the internal and external layers of the structure. They can help with the 

transportation and controlled diffusion of drugs23 for a better targeting of active agents for 
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example, thus showing great potential as drug carriers.24 Other end-capping allowed their use 

as membranes or self-assembly macromolecules, self-healing materials25 or even optical 

polymers.26 HBPs usually show better solubility than linear polymers and lower viscosity. For 

UV-curing applications such as additive manufacturing, coating or dental composites when 

biocompatible, they possess a higher reactivity and lower shrinkage.27 This increased reactivity 

is due to the fact that the functional end groups are more accessible and more abundant than in 

a linear chain. The end-groups also have a strong impact on the viscosity: an OH-terminated 

HBP will be more viscous due to the strong inter- and intramolecular H-bonding whereas an 

alkyl substituted HBP will possess a lower viscosity.  

 

I.C.    Acrylated HBP 

In order to study the structure-properties relationship, the goal of this study is to 

synthesize acrylated hyperbranched polymers using different building blocks, through an 

efficient synthesis pathway, as much in accordance with green chemistry principles as possible. 

Materials should have a high reactivity and low viscosity as well as good thermal and 

mechanical properties. In order to reach a high reactivity and low viscosity, the HBP must have 

a high substitution percentage (ideally a 100% substitution), as unreacted OH groups would 

increase the intrinsic viscosity of the material and reduce the amount of curable functional 

groups. However, one of the major challenges associated with the polycondensation of UV-

curing polyesters is the undesired radical crosslinking of acrylic acid, which can eventually lead 

to the gelation of the resin. A gelled polymer can no longer be melted or be dissolved in any 

solvent and is usually difficult to dispose of. This is particularly true when using dendrimers or 

HBP as we saw that these types of structures enhance the reactivity. This undesired outcome is 

more often observed when using acrylic acid than with itaconic acid, due to the higher intrinsic 

reactivity of the double bond. This is particularly problematic when high esterification degrees 

are targeted, as condensation rates slow down during the course of the reaction, longer reaction 

times are needed to reach high conversions. Inhibitors, such as di-tert-butyl-hydroxytoluene 

(BHT) and 4-methoxyphenol (mequinol, MeHQ) are usually added to prevent these side 

reactions, but they are deactivated over time, especially at high reaction temperatures, and thus 

do not always eliminate the gelation risk.  

For example, Tang et al.28 could reach an acrylation of 60% on a hyperbranched 

polyester by condensation with acrylic acid but the material obtained showed a very high 
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viscosity and relatively poor properties because of the partial gelation during the reaction. 

Johansson et al. have reacted a commercial OH-terminated HBP (Boltorn™ H40) with 

methacrylate anhydride (MAA) to overcome the gelation risk when methacrylic acid is used.29 

MAA was reacted with the hyperbranched polyester with the help of pyridine and DMAP for 

12 h at room temperature. The substitution was between 30 and 60% of the total OH groups, 

but even under these mild conditions, gelation occurred when reaching a higher conversion. 

The resins showed good reactivity towards the radical UV-curing with a low amount of residual 

unsaturation at the end of the process. Schmidt et al. used the same method to synthesize smaller 

HBPs with a substitution of 80% to compare the properties of hyperbranched polyesters and 

hyperbranched polyethers.30 A high degree of esterification was achieved, but the viscosity of 

the HB polyester was very high (365 Pa∙s at 25 °C). After curing, both hyperbranched polymers 

reached a conversion of the double bonds between 79 and 83%. Gao et al.31 have reported the 

substitution of Boltorn™ H30, a pseudo-third generation OH-terminated HBP made of an 

ethoxylated pentaerythritol core PP50 (5 EO/PENTA) and bMPA with MAA and various 

aliphatic acid for dental composite use. Aliphatic acids were linked to the HBP structure using 

the respective acid chloride, and methacrylic groups were added using the methacrylic 

anhydride. The viscosities of the products were in a good range, but no information is given 

about the degree of esterification after the reaction, and the synthesis requires an activation step 

using toxic reagents. Viljanen et al. have used commercial methacrylated dendrimers produced 

by Neste®, D12 and D24 that are made of DiPENTA (dimer of pentaerythritol), trimellitic 

anhydride, glycerol, acetic and methacrylic anhydride.32 These dendrimers were very viscous, 

and methyl methacrylate (MeMA) had to be added as reactive diluent, to meet the requirements 

for dental resin application. The ratio of dendrimer to MeMA was optimized to obtain a good 

viscosity without impairing too much the double bond conversion and the final properties. Klee 

et al. used methacryloyl chloride alongside aliphatic acid chloride like butyric acid to synthesize 

HBP for dental composite applications. However, when more than 50% of the OH groups were 

substituted with methacryloyl groups, the viscosity increased up to 364 Pa∙s.33 The resins 

showed low shrinkage and good resistance, but their high viscosity would not fit the 

requirements for additive manufacturing. Huanyu et al. synthesized acrylated HBP based on 

Boltorn™ H20 HBP using acryloyl chloride at room temperature with NEt3. They managed to 

obtain a good substitution of the OH groups, 78% conversion according to 1H NMR and VPO 

(vapor pressure osmometry) measurement. The mechanical properties of the cured resins were 

tested, and the best result were obtained for the pure hyperbranched polymer (no linear polymer 

added) with a tensile strength at 4.13 MPa or N/mm2. 
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To the best of our knowledge, no study has been reported on the synthesis of acrylated 

HBP with a high conversion without the use of activated reagents (acid chloride or anhydride) 

and no study has been made on the impact of the core and the number of branches on the 

physical properties of the final resin. Thus, one of the goals of this research will be to evaluate 

this impact and develop a simple synthesis method to obtain highly substituted acrylated HBP 

for UV-curing application such as material additive manufacturing, coating or printing ink.  

 

I.D.    Introduction to itaconic acid 

Depending on the chemical structure, acrylic acid-based materials can possess a strong 

irritation and allergenic potential.34,35,36,37 In addition, the high volatility of acrylic acid (Figure 

8) and its derivates with low molecular weight can also pose a toxicity problem38,39,40,41 and 

might result in a higher regulatory pressure or even restriction of their use. Furthermore, despite 

considerable efforts from academia as well as industry, acrylic acid is still only commercially 

available from petrochemical feedstock.  

Therefore, alternative bio-based building blocks that are less problematic are of high 

interest to increase the bio-based content. In this context, itaconic acid, or methylene succinic 

acid (IT, C) has the potential to be a promising alternative to acrylic acid as building block in 

UV-curable resins due to its structural similarity (Figure 8).42 Itaconic acid is produced 

biotechnologically from the fermentation of sugar or molasses in the presence of the fungi 

aspergillus terreus and is nowadays produced in large quantities (>80,000 t/a at ≈2 €/kg) with 

a CAGR between 4.7% and 6% depending on the source.43,44,45,46 Acrylic acid-derived building 

blocks can be obtained from renewable resources, mainly using methacrylic anhydride and 

glycidyl methacrylate47,48, derived from epichlorohydrin and a selectively decarboxylated 

itaconic acid.49,50 These tedious methods could be avoided by a direct use of the renewable 

itaconic acid compound. 

 

Figure 8 Structures of acrylic (A), methacrylic (B), itaconic acid (C) and β-monoesters of itaconic acid 

(D). 
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I.E.    Reactivity of the carbon-carbon double bond 

towards radical crosslinking 

Itaconic acid is known to be significantly less reactive than acrylic acid and its derivates 

regarding the intrinsic ability of its carbon-carbon double bond to undergo radical 

crosslinking.51 The reactivity of the double bond is mainly driven by two factors, the steric and 

the electronic environment. For the steric impact, a substitution of acrylic acid with a larger 

group usually leads to a lower intrinsic reactivity towards UV-curing. It is also known that 

methacrylic acid (MA, B) compounds are less reactive than acrylic acid itself with a heat of 

polymerization upon curing around 56 kJ/mol52,53,54 depending on the method of measurement 

or calculation instead of 86.19 kJ/mol for acrylic acid55,56. The value of 86.19 kJ/mol for the 

heat of polymerization of acrylic acid corresponds to the latest theoretical calculation, found to 

be higher than the values obtained by experimental estimation found to be around 

77 kJ/mol57,58,59. Following the same logic, itaconic acid is even less reactive than its 

(meth)acrylic counterparts and its mono (D) and diester should exhibit even lower reactivity. 

The other important factor that affects the reactivity of the double bond is the electronic 

environment. Britner et al.60 have studied the reactivity of different molecules for vinyl 

polymerization. They have shown that methylene lactide is a highly reactive monomer thanks 

to its unique structure. Indeed, the captodative or push-pull monomer present a carbonyl that 

will pull electrons from the double bond and a carbonyl that will push the electron density on 

the double bond (Figure 9).  

 

Figure 9 Captodative structure of methylene lactide. 

The highest impact is found when the electron-dative group (EDG) and the electron-

withdrawing group (EWG) are able to delocalize the radical to stabilize the intermediate 

species. This was demonstrated by Ito et al.61 using ethoxy and cyano groups for the attack of 

a radical thiol addition onto the captodative olefin (Scheme 1). That is why such molecules 

exhibit high reactivity even if they are sterically demanding. This information could be useful 

to improve the reactivity of itaconate monomers for monoester synthesis or even more for the 

replacement of acrylic acid based reactive diluents. 
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Scheme 1 Stabilization of olefin radical polymerization by captodative groups. 

Even though itaconic acid exhibits a lower intrinsic reactivity than acrylated derivates, 

its trifunctional nature can represent a challenge but also an opportunity. Indeed, acrylic acid 

cannot be introduced in the backbone of the polymer whereas itaconic acid is able to, thanks to 

its two carboxylic groups, allowing a periodical distribution of the double bonds in the chain 

(Figure 10). This gives new possibilities in terms of structure and potentially higher double 

bond content.  

 

Figure 10 Repartition of the double bonds A. at the extremity of polymer chains in the case of acrylic 

acid and B. periodically distributed in the structure in the case of itaconic acid. 

Furthermore, both acid groups are not similar as the α carboxylic acid is conjugated 

which is not the case for the β position. Even though this might complexify some reactions, it 

also allows for selective reactions on a specific side of the IT.  

Itaconic acid can be used as a monomer for two different types of polymer synthesis 

(Scheme 2). Firstly, its carbon-carbon double bond can be reacted in a free radical 

polymerization, either as an unsubstituted acid, as a monoester or as a diester to achieve certain 

properties such as crystallinity or elastomer properties in emulsion.62,63,64,65,66 For example, 

Inciarte et al.67 have copolymerized Cn-alkyl chain monoesters of itaconic acid (n=12, 14, 16, 

18, 22) alongside styrene to obtain crystalline comb-like polymers. Baez et al.68 used 

monomethyl itaconate alongside alkyltrimethyl ammonium to obtain crystalline material when 

in solid state. The other way to react itaconic acid is through the two carboxylic acids. A 

polycondensation reaction will affect unselectively both the conjugated and unconjugated 

carboxy groups of the itaconic acid. A lot of different linear unsaturated polyester itaconate 



13 
 

have been developed for UV-curing application, additive manufacturing, coating or printing 

inks.5,51,69,,70,71,72,,73,74,75,76 Some works were also reported with a combination of itaconic and 

acrylic acid. Itaconic acid was introduced in the backbone of the linear polyester and in a second 

step, acrylate/methacrylate groups were fixed to the polymer to further increase the double bond 

content and the reactivity.77,78 Itaconic acid is usually introduced during the polycondensation 

with diols or polyols using a Brønsted acid as a catalyst such as methanesulfonic acid (MSA), 

p-toluenesulfonic acid (p-TSA), H2SO4, or Amberlyst® for example. Some Brønsted bases can 

also be used such as K2CO3. Lewis acids are also efficient catalysts for polycondensation 

reactions using tin octanoate or antimony trioxide, proven to be the most efficient catalyst for 

the block copolymerization of lactic and itaconic acid polymers.79 It is also possible to use 

enzymatic catalysis to produce polyester itaconate.70,80  

 

Scheme 2 Use of itaconic acid as reagent for a. radical polymerization, b. polycondensation. 

 

I.F.    Monoesters of itaconic acid and IESO 

The goal of this study is to develop UV-curing materials based on itaconic acid with a 

high bio-based content. Thanks to the knowledge of the structure-properties relationships 

obtained from the synthesis of acrylated HBPs, the synthesis of the branched polyol is known. 

The next step towards the synthesis of itaconic acid based hyperbranched polymers is the 

substitution of OH-terminated arms of the intermediate branched core. However, due to the fact 

that itaconic acid is a difunctional acid, it cannot be applied in the same manner as acrylic acid. 

For example, the condensation reaction of itaconic acid with epoxidized vegetable oils would 

result in a crosslinked network, rather than a low viscosity acrylated vegetable oil. Furthermore, 

the carbon-carbon double bond of itaconic acid exhibits a lower reactivity in comparison to 

acrylic acid, therefore making the synthesis of itaconic acid-based UV-curing materials with 

satisfying properties a challenging endeavor. 
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One possibility to mimic acrylic acid is the use of β-monoesters of itaconic acid (Figure 

8). However, the synthesis of monoesters is by no means straightforward, as esterification under 

standard conditions leads to a mixture of free acid, α- and β-monoesters and diesters (Scheme 

3). 

 

Scheme 3 Esterification of itaconic acid resulting in the formation of itaconic acid (A), α-monoester of 

itaconic acid (B), β-monoester of itaconic acid (C) and diester of itaconic acid (D). 

Several methods are known to synthesize monoesters of itaconic acid with a higher 

selectivity and are summarized in Table 1. Some of the synthetic methods suffer from the use 

of toxic catalysts, such as NiCl2 and benzoyl chloride. In addition, for most procedures, an 

excess of the alcohol is necessary, resulting in tedious purification of the products, especially 

when more complex alcohols with higher boiling points are used. Therefore, these methods are 

not applicable on an industrial scale due to cumbersome recrystallization and/or purification by 

means of column chromatography.  

The latest example was presented by Li et al.81, where methyl itaconate was reacted with 

ESBO and the resulting IESO was compared with AESO. However, only methyl itaconate was 

used and the synthesis of this monoester relied on the use of a toxic catalyst, an excess of alcohol 

and a subsequent purification. Therefore, this methodology would not be applicable with other 

less volatile alcohols and not suited to be conducted on larger scale.   

Nevertheless, there are some methods where the monoesters are accessible without 

laborious purification of the product and the need of a toxic catalyst. Zhu et al.89 used 

hierarchical mesoporous zeolites and hierarchical nanozeolites that showed high catalytic 

activity and could be recycled up to three times. However, an excess of alcohols was still 

needed, which would not be compatible with alcohols with high boiling points, and the 

preparation of the zeolites required a complex synthesis. 
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Table 1 Overview over reported methods for the synthesis of monoesters of itaconic acid. (IT = itaconic 

acid, DEtI = diethyl itaconate, IA = itaconic anhydride, AcCl = acetyl chloride, LE= large excess). 

Reference Reagent Alcohol (eq) Catalyst Yield 

(%) 

β/α 

ratio 

Purification 

Baker82 IT Methanol (LE) AcCl 84 100/0 Recrystallization 

León83 IT n-Dodecanol (1.1 eq) AcCl 60 100/0 2 Recrystallizations 

Inciarte67 IT n-Alkyl alcohols (LE) 

(C12/14/16/18/22) 

AcCl - 100/0 Recrystallization 

Báez68 IT Methanol (LE) AcCl - 100/0 Recrystallization 

López-

Carrasquero63 

IT Methanol (3 eq) AcCl 82 100/0 Recrystallization 

Dominguez84 IT Alkoxy ethanols, 

Alkoxy propanols  

(3 eq) 

AcCl, 

H2SO4 

50 - 70 100/0 Purification by 

chromatography  

Tsibouklis85 IT Docosan-1-ol (1 eq) H2SO4 60 100/0 2 Recrystallizations 

Ferraboschi86 IT 

DEtI 

Ethanol 

- 

H2SO4 

Enzymatic 

hydrolysis 

78 

75 

100/0 

0/100 

Recrystallization 

Ram87 IT Methanol NiCl2 86 

(mono) 

6 (di) 

100/0 

 

diester 

Purification by 

chromatography  

Kumar88 IT Hexanol, octanol (3 eq) p-TSA - 100/0 Purification by 

chromatography  

Li81 IT Methanol (3 eq) Benzoyl 

chloride 

86 100/0 Recrystallization 

Zhu89 IT Butanol (3 eq) Zeolites  100/0 - 

Matsumoto90 IA Methanol (LE) - 73  - - 

Prabha91 IA n-Alkyl alcohols  

(1.1 eq) 

(C10/12/13/14/15/16) 

- 92 - Recrystallization 

Richard92 IA n- Alkyl alcohols (1 eq) 

(C8/12/16/22) 

- 90-95 Up to 

94/6 

- 
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Another possibility is the reaction of alcohols with itaconic anhydride (IA), as in this 

case no catalyst, excess of alcohol or purification are necessary. Matsumoto et al.90 used this 

method with a large excess of methanol at room temperature and were able to obtain a 73% 

yield after a subsequent chlorination step. Long chain alkyl alcohols were used by Prabha et 

al.91 to obtain monoesters from IA with 92% yield after recrystallisation to be used as micellar 

material with various micelle length. A more optimized method was used by Richard et al.92 by 

reacting stoichiometric amounts of long chain aliphatic alcohols with various anhydrides for 

90 minutes at 110 °C. Overall yields between 90-95% were obtained after a simple filtration 

step with a higher selectivity for the β-monoester up to 94/6. 

However, despite scientific studies for the selective synthesis of monoesters of itaconic 

acid, a comprehensive synthetic method applicable for a broad scope of alcohols is still elusive. 

A straightforward and highly selective method to synthesize various monoesters of itaconic 

acid will be presented, by using inexpensive starting materials and no excess of alcohols. In 

addition, no purification steps are necessary, which could allow for the use of this protocol on 

industrial scale. Subsequently, the monoesters were reacted with epoxidized soybean oil to 

obtain bio-based UV-curable oligomers. The properties as well as reactivities towards UV-

curing of the different addition products were analyzed and compared to acrylated soybean oil 

to understand better the structure-properties relationships and determine which monoesters of 

itaconic acid are the best candidates for UV-curing application.  

 

I.G.    HBP itaconate 

 Itaconic acid and its derivates have been used for the synthesis of UV-curable linear 

polyesters but very little work has been presented on its use for the synthesis of more complex 

structures such as dendrimers or hyperbranched polymers. This is mainly due to its 

bifunctionality and the difficulty to selectively control the condensation reaction. Li et al.81 used 

epoxidized soybean oil to introduce a small degree of branching thanks to the glycerol unit. 

Saleh-Ghadimi et al.93 used a glucose-based core to react with a silylated itaconic acid to obtain 

a star shaped copolymer from itaconic acid. However, in this case, the material could not be 

used for UV-curing application as the carbon-carbon double bond is consumed during the 

copolymerization reaction.  

 The synthesis of a star-shaped polymer from glycerol, itaconic acid and ethanol through 

uncontrolled condensation was presented by Jahandideh et al.94 The authors claimed to 
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synthesize an acid-terminated star-shaped glycerol polyester after a first condensation step. 

However, the selectivity of this esterification is usually not sufficient to allow for a selective 

condensation, leading to a branched polyester as we can see on the NMR (Figure 11) and IR 

spectra provided by the authors. A GPC analysis would be helpful to assess the degree of 

crosslinking obtained after this first step. Then, ethanol was added (30% excess) which lead to 

a transesterification cleaving the ester bonds previously formed resulting in the formation of 

diesters, monoesters and partially star-shaped polymers. This theory is supported by the 

disappearance of the glycerol ester signal and the higher proportion of ethanol signals in 

comparison with itaconic acid as we can see on the proton and carbon NMR, confirming the 

formation of diesters and the cleavage of the first step. These two side reactions when 

performing an uncontrolled condensation were also encountered in the course of our study and 

will be discussed in part III.B. A good way to confirm these hypotheses would be a long range 

NMR, which would show if the itaconic acid is still linked to the glycerol (see III.B for detailed 

explanation) as well as a GPC analysis to see if the targeted molecular weight is achieved.  

 

Figure 11 1H and 13C NMR of Gly_It and Gly_It_Et (document from Jahandideh-2017). 
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 Thus, no successful work on the synthesis of hyperbranched polymers or dendrimers 

from itaconic acid has been presented so far. In the course of this research, several synthetic 

routes to itaconic acid-based hyperbranched polymers will be presented and their properties 

analyzed. Their potential for UV-curing application as UV-curable resin or toughener additives 

will be assessed. 

 

I.H.    RDs of itaconic acid 

As mentioned earlier, UV-curable materials with low viscosities are mandatory for an 

efficient printing process with a detailed final object. During the formulation of the UV-curable 

resin, additives such as reactive diluents are added and can contribute as much as 60 wt% of 

the polymer resin formulation in some cases. These UV-curable monomers with low viscosity 

and high reactivity are widely used during the formulation of UV-curable resins to optimize the 

processability and properties of the final cured object. Those compounds are usually made from 

petroleum resources such as styrene95, acrylic acid or acrylic esters96 and other vinyl compounds 

such as N-vinylcaprolactam, N-vinylimidazole or N-vinylpyrrolidone.97 However, both styrene 

and acrylic acid-based compounds are volatile substances and concerns have grown recently 

especially for the latter. Indeed, acrylic acid derivates are known for their strong irritation and 

allergenic potential36 which is particularly true when using small molecular weight acrylate 

moieties. Tanii et al.37 and Autian et al.38 studied the structure-properties relationship focusing 

mainly on the toxicity and found that acrylated reactive diluents exhibit high oral and skin 

toxicity. It was shown that acrylate compound linked to short alkyl chains such as methyl 

acrylate led to high toxicity and high mortality during the tests on animals while longer alkyl 

chain led to slightly lower toxicity and lethality. Higgins et al.35 examined a case of exposure 

in a working environment using acrylic acid that led to strong allergenic and irritation response, 

which shows that stronger regulation or even restriction will probably be enforced in the near 

future. Researches have been made to reduce the toxicity of acrylated RDs by designing highly 

reactive compound based on morpholine and carbonate acrylate98,99 as the former have been 

proven to exhibit less pungent odor as well as a lower skin irritation potential when compared 

to other acrylic acid compounds34, but still non negligible. Several attempts have been made to 

replace styrene or low molecular weight acrylic compounds using bio-based and less toxic fatty 

acids like lauric acid with methacrylic acid.100,101 Yadav et al.102 recently reviewed the recent 

the advances made in the field of plant-based vinyl reactive diluents from evoked fatty acid 

acrylates to methacrylated plant-based building blocks such as vanillin, cardanol, guaiacol to 
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name but a few. However, the obtention of such compounds still required the use of acrylic acid 

itself; Thus, a complete avoidance in the use of acrylic acid would be of great value in this field. 

Therefore, alternative bio-based radically cross-linkable building block are of high interest. As 

discussed previously, itaconic acid could be a promising bio-based alternative to acrylic acid as 

building block in UV-curable reactive diluents due to its structural similarity. 

Despite its lower intrinsic reactivity towards UV-induced radical polymerization, 

itaconic acid has been successfully used as UV-curable building block to synthesize numerous 

cross-linkable resins for coating, printing inks or additive manufacturing 

applications.5,46,68,69,70,77,103 However, the synthesis of smaller compounds with low viscosity 

and high reactivity is much more challenging than the design of UV-curable polymeric resins. 

Indeed, when used in a linear or hyperbranched polymer, it is possible to increase the reactivity 

of the material by increasing the double bond density, change the components or the 

accessibility of these double bonds. When designing a RD, the possibilities to optimize the 

design of the molecule are much narrower. 

The only examples of itaconic acid based reactive diluent investigate the commercially 

available dimethyl itaconate (DMI) or simple aliphatic diester itaconates. Dai et al.72 used DMI 

as reactive diluent to synthesize fully bio-based unsaturated polyester resins to be reinforced 

with cotton fabrics, and the composites were found to have good properties and processability 

thanks to DMI. Panic et al.71 recently mixed the bio-based poly(1,2-propylene itaconate), with 

various aliphatic diesters, namely dimethyl-, diethyl-, di-isopropyl- and dibutyl-itaconate 

synthesized according to the method developed by Sato et al.104 It was concluded that all 

reactive diluent but DMI had a detrimental impact on the properties of the cured resin, regarding 

modulus, Tg and gel content. However, the addition of DMI was found to have a positive impact 

on the modulus at 25 °C with similar gel content, even though the glass transition temperature 

was greatly reduced (118 °C instead of 153 °C for the standard resin). They investigated more 

recently105 the synthesis of bio-based unsaturated polyester with lower double-bond densities 

using a mix of diacids including itaconic, oxalic, succinic and adipic. These resins were diluted 

in DMI and the reduced viscosity as well as increased double bond density in the formulated 

resins resulted in higher storage modulus, Tg and gel content. These results are very encouraging 

on the use of itaconic acid based reactive diluents as potential alternatives to styrene and acrylic 

acid. However, to this day, no detailed study on the potential of itaconic acid based reactive 

diluent has been carried out.  
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To better understand and optimize the reactivity of such reactive diluents, one could use 

the knowledge acquired on the synthesis of acrylated RDs. Kilambi et al.106, Lu et al.98 and 

Decker et al.99 have developed several acrylic acid-based carbonate and carbamate reactive 

diluents for UV-curing material to optimize the viscosity, reactivity, curing shrinkage of the 

material (main drawback of the triethyleneglycol dimethacrylate – TEGDMA) and water 

absorption. Some of the most reactive compounds developed are shown in Figure 12: some are 

solid at room temperature like the phenyl carbamate ethyl acrylate (PCEA) but is one of the 

most reactive molecules for several reasons. It has been observed that both carbonate and 

carbamate groups are beneficial for the reactivity and the final properties of curing material. 

Moussa et al.107 also witnessed that these types of molecules are very reactive, especially cyclic 

ones and explained the impact of the labile hydrogen on the crosslinking and thus on the 

reactivity. The polarity of the compounds could also be an impacting factor: if the dipole 

moment is higher than 3.5 De, the electronic effect increases the rate of the polymerization 

(linear correlation) as explained by Jansen et al.108  

 

Figure 12 High reactivity reactive diluents. 

These information together with a good understanding of the steric and electronic 

environment (Figure 9 and Scheme 1) could be valuable for the design and synthesis of highly 

reactive RDs. 

 

I.I.    Goals 

In the course of this Ph.D. work, the goal is to develop efficient synthetic routes to 

synthesize UV-curable itaconic acid-based materials with high renewable content, such as 

hyperbranched polymers and UV-curable additives such as reactive diluents. Uncontrolled and 

partially controlled esterification processes will first be envisaged to see if a simple approach 

could lead to suitable materials. In a second step, acrylic acid will be used to develop optimized 

acrylated hyperbranched polymers. Even though these materials have been the focus of several 

scientific publications, no study has been made on the structure-properties relationships 

focusing on the impact of each building block (core, number of arms, number of generations) 
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on the properties of the final material. In a third part, it is envisaged to react the core structure 

of these HBPs with building blocks of itaconic acid to remove acrylic acid form the synthesis. 

To circumvent side-reactions associated to the diacid nature of itaconic acid, the synthesis of 

monoesters of itaconic acid is planned, with different alcohols to obtain a broad range of 

compounds. The impact of such monoesters will be assessed by reaction with epoxidized 

soybean oil (ESBO), focusing on the viscosity, reactivity, and the thermal and mechanical 

properties of the final materials. Depending on the outcome of the synthesis of acrylated HBP 

and monoesters of itaconic acid, the insights will be used to develop novel HBPs from itaconic 

acid; Several different strategies will be investigated. The potential of these novel HBP_Its will 

be assessed for UV-curable material. Using the expertise gathered during the chemical reactions 

on the reactivity of itaconic acid, the synthesis of novel reactive diluents will be explored.  
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II.         Experimental 

II.A.    Material 

 Toluene (technical grade) was used as an azeotropic solvent, purchased from VWR 

international and distilled before use. Acetic anhydride (Ac2O, 100%), acetic acid (99-100%), 

methanol (100%) and ethanol (99.5%), ethyl acetate (EtOAc, 99.8%), diethyl ether (100%) 

were obtained from VWR International. Trimethylolpropane ethoxylate 7/3 EO/OH (TMP.EG, 

Mn≈450), pentaerythritol ethoxylate 15/4 EO/OH (PENTA.EG, Mn≈797 g/mol), di-

trimethylolpropane (DiTMP, 97%), 1-butanol (99%), 2-phenoxyethanol (99%), isoborneol 

(95%), triphenylphosphine (TPP, 99%), 1,2-epoxybutane (99%), undecenoic acid (98%), 

dimethyl formamide (>99%), undecenol (>98%) and (+)-limonene oxide (97%)  were obtained 

from SigmaAldrich (St. Louis, MO, USA). 2,6-Di-tert-butyl-4-methylphenol (BHT, 99%) and 

4-methoxyphenol (MeHQ, 99%), cyclohexanol (98%), benzylalcohol (98%), thionyl chloride 

(>99%), hydrogen peroxide (30% in water), 1-propanol (99%) and sulfuric acid (H2SO4, 95-

97%), were purchased from Fluka analytical. Propionic acid (PA, 99%), acrylic acid (AA, 

99.5% stabilized with 200 ppm MeHQ), 1,6-hexanediol (HDO, 97%), 2-ethyl-2-

(hydroxymethyl)-1,3-propanediol (TMP, 98%) and 2,2-bis(hydroxymethyl)-1,3-propanediol 

(PENTA, 98%), styrene oxide (98%) were received from Alfa Aesar. Methanesulfonic acid 

(MSA, 99.5%) and pyridine (>99%) were purchased from Carl Roth (Karlsruhe, Germany). 

2,2-bis(hydroxymethyl)propionic acid (bMPA, 98%) and cyclohexene oxide (98%) were 

obtained from Acros Organics. Itaconic acid (99%) was obtained from ECEM. Succinic 

anhydride (synthesis grade) and titanium (IV) butoxide (>98%) were purchased from Merck 

KGaA. Dimethyl itaconate (DMI, >98%) was obtained from TGO Tokyo Chemical Industry. 

1,3-propanediol (purum) was obtained from Dupont Tate & Lyle (Loudon, TN, USA) and 

Fascat 4101 ware provided by PMCgroupInc. ESBO was kindly provided by Hobum 

Oleochemicals. All reagents were used without further purification. 

 

II.B.    Curing 

As photoinitiator, Irgacure-1173 was added (5 wt%) to the resin and mixed. The mixture 

was left for one hour at 50 °C to reduce the amount of air trapped in the resin that could lead to 

cracks when the material is cured. The mixture was then poured into a rectangle mold 

(80x10x4 mm) for curing of a test bar or applied on a glass plate to form a 150 μm film. A UV-
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oven, Technigraf 8 Amp equipped with a UV 4/120-2 light (254 nm), was used with a treadmill 

set at 5 m/min. The intensity of the oven was measured before and after curing with an average 

value of 460 mJ/cm2. The reactivity towards radical crosslinking was assessed by photo-DSC. 

 

II.C.    Measurement 

Photo-DSC measurements were made using a Mettler Toledo DSC3+ STARe System 

equipped with a Lightning Cure LC8 lamp at 70% of its intensity using 40 μL crucibles without 

lids. To get the integration of the signal only, two runs were made with a short time between 

the runs to let the resin cool down. The second run was made once the material was fully cured 

and the baseline stable. Then, the second curve was subtracted from the first to obtain the curve 

related to the curing only. Each run is organized as follow: 30 seconds at the set temperature 

(25 °C at atmospheric pressure under air) without the lamp, then the lamp is turned on for 2.5-

9.5 minutes. The break between the runs lasts 30 seconds. 

NMR experiments were conducted on a Bruker Avance III 500 MHz spectrometer 

(Bruker, Billerica, MA, USA). Proton shifts are reported in ppm (δ) downfield from 

tetramethylsilane (TMS) and were determined by reference to the residual solvent peak 

(acetone-d6, 2.05 ppm for hydrogen atoms). 

Infrared spectroscopy was performed on a Thermo Scientific Nicolet iS5 FT-IR 

(Thermo Fischer Scientific, Waltham, MA, USA). 

Determination of the molar mass distribution was performed by size exclusion 

chromatography (SEC or GPC) measurements on a SECcurity GPC system Agilent 

Technologies 1200 series from PSS (Polymer Standard Service) with a variable UV-detector 

(here = 254 nm) and a refractive index detector (Agilent Technologies, Santa Clara, CA, USA). 

A pre-column (SDV 5 μm 8x50 mm S/N 8060422) and three oligomer columns (SDV 1000 A 

5 μm 8x300 mm S/N 9101902, SDV 1000A 5 μm 8x300 mm S/N 61011082, SDV 1000 A 

5 μm 8x300 mm S/N 7011101) were used. THF (HPLC grade) was used as the eluent and was 

distilled and dried over molecular sieve 4Å prior to the measurements. Samples were prepared 

as a 10 mg/mL solution in the same eluent used during the analysis, toluene was added as a 

standard for GPC, and the solution was filtrated through 0.2 μm PTFE filter. Two injections of 

20 μL were analyzed for each sample. Calibration was made with 10 mg/mL solutions of known 

linear polystyrene oligomers (calibration 1: PSS-ps162 + PSS-ps2.5k + PSS-ps25k; calibration 
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2: PSS-ps750 + PSS-ps4.5k + PSS-ps62k; calibration 3: PSS-ps1k + PSS-ps10k). GPC results 

will be given according to the values obtained by the UV-detector. 

Electrospray ionization ion trap mass spectrometry (ESI-IT-MS) was performed by an 

HCT Ultra ETDII (Bruker Daltonics, Bremen, Germany). The spectra were evaluated by Data 

Analysis (Bruker Daltonics, Bremen, Germany). Sample solutions (c = ~ 10-4 M) in LC-MS 

grade MeOH were filtered through PTFE membrane syringe filters with pore size of 0.45 μm. 

The analyte solutions were directly infused to the ESI source at a flow rate of 200 μL/h. 

Nitrogen was used as dry gas (5 L/min, 300 °C) and as nebulizer gas (10 psi). Other 

instrumental parameters were as follow: capillary voltage -3500 V, end plate offset voltage -

500 V, smart target 100,000, target mass 1000 or, in case of TMP.EG_G2, 1500, positive ion 

mode. Each spectrum is an average of 100 scans. 

For liquid chromatography mass spectrometry (LC-MS), the ESI-IT-MS was coupled 

to an Agilent LC system equipped with a binary pump (1100 Series) and a diode array detector 

(DAD) (G1315B). Chromatography was performed using a reversed phase RP-18 column 

(Phenomenex, Kinetex, 2.6 μm, 100 mm × 2.1 mm) with the mobile phases H2O/HOAc (99/1, 

v/v; A) and ACN/HOAc (99/1, v/v; B) in a linear gradient system (0 min, 90 vol% A and 

35 min, 10 vol% A) and a flow rate of 0.2 mL/min. Instrumental parameters were as follow: 

injection volume 10 μL, nitrogen as dry gas (10 L min-1, 365 °C) and as nebulizer gas (50 psi), 

capillary voltage -4500 V, end plate offset voltage -500 V, smart target 100,000, target mass 

1000, positive ion mode. 

Viscosity measurements were performed on a Bohlin CVO 120 Rheometer equipped 

with a PP40 disc (CP 4°, 40 mm). Measures were made with a rotation speed of 50°/s for 10 s. 

Five measures were made for each temperature (25, 37.5, 50, 62.5, 75 °C) and the average value 

was calculated for each temperature. 

DMA (dynamic mechanical analysis) were performed on a Bohlin Tritec 2000 equipped 

with liquid nitrogen tank to regulate the temperature of the furnace. Of all the methods available 

(single or double cantilever, shear, compression, tension and torsion), the tension analysis was 

used where the film is fixed at its ends and pulled at different temperatures (Figure 13).109  
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Figure 13 Different methods of DMA measurements (credits: D. M. Duncan). 

Films of the resins were made using a 150 μm squeegee on a glass plate and cured under 

UV-light. The films were removed from the glass plate and cut into stripes with an 8.0 mm 

width. The exact thickness was measured as the experimental value is usually lower than the 

theoretical 150 μm from the squeegee; the thickness range was 65-85 μm. The furnace was 

cooled to -60-0 °C using liquid nitrogen and the temperature was slowly raised to 110-180 °C 

while applying tension to the film frequently. For the bars, the dual cantilever method was used. 

Tensile strength measurements were performed according to DIN EN 527-3 on a Zwick 

(Zwick/Roell Z100) electromechanical machine equipped with TestXpert® measuring and 

testing software. 8 mm large bands of films (their exact thickness was measured prior to the 

test) were fixed using pneumatic grips and pulled vertically. Ten Samples without damage or 

bubbles were tested, and the values from the 4 most extreme samples (2 lowest and 2 highest) 

were discarded. An average value was then calculated with the remaining 6 values. 

Charpy measurements were performed according to EN ISO 179 on a Zwick pendulum 

machine (Zwick/Roell HIT50P) with rectangle samples (80 long x 10 width x 4 thick mm). 

Pendula of different masses were used depending on the force range measured: 0.5 kg 

corresponding to 0.05 to 0.4 J, 1 kg to 0.1 to 0.8 J and 2 kg to 0.2 to 1.6 J. Ten samples of the 

cured resin, whose measures were taken, were tested and the middle value of the results was 

calculated. It was also noted if the sample did or did not break. 

DSC measurements were made using a Mettler Toledo DSC3+ STARe System with a 

heating rate of 10 K per minute under nitrogen flow of 30 mL per minute. The samples were 

prepared and cured in the 40 μL crucible (using photo-DSC prior the DSC measurement) for 

optimal surface contact. 
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TGA measurements were performed on a TGA/DSC 1 (Mettler Toledo) from 25 to 

1000 °C with a heating rate of 10 K per minute under nitrogen flow of 35 mL per minute using 

40 μL crucibles with holed lids. 

The gel content was measured using a Soxhlet apparatus. The cured sample (1-2 grams) 

was placed in a nylon net itself placed in a fritted glass tube. The exact mass of the sample was 

noted. This tube was inserted in the Soxhlet apparatus, topped with a water condenser. A 

250 mL round bottomed flask was filed with 150 mL of acetone and connected to the Soxhlet 

apparatus and was heated to 100 °C to reach a good ebullition of the acetone. The Soxhlet 

apparatus was let under these conditions for 24 hours. The sample was recovered and dried in 

an oven at 100 °C for 2 hours. The mass of the sample was measured again and when compared 

to the initial weight, the mass loss (ML, given in percentage) and the gel content (100 – ML) 

were then calculated. The mass loss corresponds to the amount of material that was not cured 

and could possibly leak from the cured material. The gel content corresponds to the amount of 

material involved in the radical crosslinking. 

 

II.D.    Synthesis 

Synthesis of acrylated HBP: 

In a three-necked round bottomed flask (500 mL for a 250 g scale) equipped with a 

mechanical stirrer, a thermometer and a graduated Dean-Stark apparatus, the core and bMPA 

(1 equivalent per OH group of the core) were mixed alongside toluene (50 mL) as an azeotropic 

solvent and heated at 90 °C. The catalyst, methane sulfonic acid (MSA) was added (0.4 wt%) 

and the reaction was stirred at 125 °C. The conversion was followed by the amount of water 

produced. Once the final conversion (> 98%) was reached, the mixture was cooled down to 

90 °C, and two inhibitors (butylated hydroxyl toluene or BHT, 0.5 wt% and mequinol or 

MeHQ, 0.25 wt%) were added to prevent the radical crosslinking of the acrylic acid double 

bond, and stirred for 5 minutes. Based on the amount of OH groups, 0.8 equivalent of acrylic 

acid were added alongside the catalyst (MSA, 0.4 wt% of the acrylic acid mass) and the reaction 

was stirred under air (required for the inhibitors activity) at 125 °C. Once the substitution drew 

near 70% (0.7 equivalent of the OH groups), 0.4 equivalent of propionic acid were added and 

reacted at 125 °C until 100% substitution was reached (according to the water produced, the 

conversion often surpasses 100% as some AA and PA are lost during the azeotropic 

distillation). At the end of the reaction, vacuum was applied to remove toluene, water and the 
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excess of AA and PA. The mixture was cooled to 90 °C, and MeHQ (100 ppm) was added for 

stabilization. 

Synthesis of monoesters of itaconic acid: 

Itaconic acid (1 eq) was reacted with acetic anhydride (1 eq) in toluene in the presence 

of a catalytic amount of sulfuric acid (0.08 wt%). After 3 h, the solvent and the formed acetic 

acid were removed under reduced pressure resulting in itaconic anhydride with a purity >99% 

(according to NMR). To avoid undesired hydrolysis, the dried itaconic anhydride was directly 

reacted with the respective alcohol (1 eq) for 20 hours at 50 °C. The solvent was removed under 

reduced pressure and the monoester was used without further purification. 

Synthesis of itaconated (IESO) and acrylated (AESO) soybean oil: 

Acrylic acid (for AESO) or the previously synthesized monoesters (for IESO) were 

reacted with epoxidized soybean oil (ESBO) in the presence of TPP as a catalyst (1 wt%), 

alongside 0.5 wt% BHT as inhibitor, using toluene as a solvent for 20 hours at 110 °C. One 

equivalent of the monoesters or acrylic acid was used based on the amount of epoxide present 

in the ESBO (epoxide content given by Hobum Oleochemicals). The crude product was washed 

with brine and distilled water and extracted with toluene. The organic phase was then dried over 

sodium sulfate, filtrated and evaporated to afford the product with a quantitative yield.  

Synthesis of alkyl-terminated HBP_It using itaconic acid and cyclohexanol: 

TMP (1 eq.) was reacted with bMPA (3 eq.) under standard condensation conditions, 

using MSA (0.4 wt%) at 120 °C for 3 hours. Then, in a second step, itaconic acid (6 eq.) was 

added alongside cyclohexanol (6 eq.) and MSA. The reaction was left for 20 hours and toluene 

was removed under reduced pressure to obtain TMP_bMPA_IT_Cy in 2 steps 

(TMP_bMPA_IT_Cy_2s). 

Synthesis of alkyl-terminated HBP_It using cyclohexyl itaconate: 

TMP (1 eq.) was reacted with bMPA (3 eq.) under standard condensation conditions, 

using MSA (0.4 wt%) at 120 °C for 3 hours. In the meantime, cyclohexyl itaconate was 

prepared in 2 steps according to the conditions exposed above. In a final step, the monoester 

(6 eq) was added alongside 0.4 wt% MSA. The reaction was left for 20 hours and toluene was 

removed under reduced pressure to obtain TMP_bMPA_IT_Cy in 4 steps 

(TMP_bMPA_IT_Cy_4s). 

 



28 
 

Synthesis of alkyl-terminated HBP_It using undecanoic acid: 

TMP (1 eq.) was esterified with bMPA (3 eq.) for 3 hours at 120 °C using 0.4 wt% MSA 

as a catalyst, until the required amount of water was obtained. Then, undecenoic acid (6 eq.) 

was reacted with 0.4 wt% MSA for 3 more hours. Hydrogen peroxide (35 wt% in water) (5 eq. 

per double bond – 30 eq.) was added alongside acetic acid (2 eq. per double bond – 12 eq.) and 

sulfuric acid as a catalyst (0.05 eq. per double bond – 0.3 eq.) and reacted for 20 hours at 60 °C 

to epoxidize the terminal double bond. The epoxy-terminated core was washed with water, 

5 wt% NaHCO3 and brine. The organic layer was separated, dried over Na2SO4, filtrated, and 

evaporated under reduced pressure. In the meantime, a monoester of itaconic acid (6 eq.) was 

prepared according to previously presented conditions. No purification was required other than 

the evaporation of the solvent. The monoester was added to the purified epoxy HBP core and 

reacted alongside 0.1 wt% BHT and 0.5 wt% TPP for 24 hours at 110 °C. The crude mixture 

was dried and dissolved in EtOAc for better separation and washed with1 wt% NaHCO3, dried 

over Na2SO4, filtrated, and evaporated under reduced pressure. Both separations were difficult 

due to the amphiphile nature of the HBP. 

Synthesis of hydroxyalkyl-terminated HBP_It using epoxides: 

The polyol core (Ax with x corresponding to the number of arms), was reacted with 

bMPA (0 eq. if G0, x eq. if G1) using 0.4 wt% MSA as a catalyst until the required amount of 

water was obtained. In the meantime, itaconic anhydride (x eq. if G0, 2x eq. if G1) was prepared 

according to the condition previously described. The azeotropic solvent, toluene was removed 

under reduced pressure at 90 °C. The melted branched core was kept at 90 °C and dissolved in 

acetone. The anhydride was also dissolved in acetone and added to the branched core. The two 

reagents were reacted at 80 °C for 16 hours. Acetone was required as the reaction cannot be 

performed in the melt state, and only acetone dissolves both the core and the anhydride. The 

acetone was previously dried over Na2SO4 and filtrated. The reaction was monitored by IR 

focusing on the disappearance of the alcohol and anhydride signals. The acetone was removed 

under reduced pressure and toluene was reintroduced in the mixture. The epoxide (x eq. if G0, 

2x eq. if G1) was added alongside TPP (0.2 wt%) and BHT (0.1 wt%) and the mixture was 

reacted at 110 °C for 16 hours. Toluene was removed and the crude mixture was dissolved in 

EtOAc for better separation and washed with 1 wt% NaHCO3, dried over Na2SO4, filtrated, and 

evaporated under reduced pressure.  
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Synthesis of diester itaconate RDs: 

Itaconic acid (1 eq.) and the alcohol (2 eq.) were mixed alongside BHT (0.1 wt%) and 

MSA (0.1 wt%) in toluene and stirred at 120 °C for 6 hours and the water was recovered using 

a Dean-Stark apparatus. The reaction was monitored by IR focusing on the disappearance of 

carboxylic acid. The solvent was evaporated, and the crude product was purified by 

chromatography column.  

Synthesis of dihydroxyester itaconate RDs: 

Itaconic acid (1 eq.), the epoxide (2 eq.) and BHT (0.1 wt%) were mixed in toluene and 

TPP (1 wt%) was added under stirring before heating the mixture at 120 °C for 3 hours. The 

reaction was monitored by IR focusing on the disappearance of carboxylic acid. The crude 

product was treated with 1 wt% NaHCO3, separated, dried, filtrated and evaporated.  

Synthesis of hydroxyester ester itaconate RDs: 

Itaconic acid (1 eq.) and acetic anhydride (1 eq.) were placed in a round bottomed flask 

alongside toluene. Sulfuric acid (0.08 wt%) was added under stirring and subsequently the 

mixture was heated at 50 °C for 3 hours. Then, the formed acetic acid was removed under 

reduced pressure. Itaconic anhydride was dried under vacuum and reacted directly after drying 

to avoid hydrolysis. The alcohol (1 eq.) was added alongside toluene (20 mL per 100 g of 

itaconic anhydride) and reacted at 50 °C for 16 hours. The reaction was monitored by IR with 

a focus on the disappearance of the anhydride signals. The epoxide (1 eq.) and BHT (0.1 wt%) 

were added and TPP (1 wt%) was added under stirring before heating the mixture at 120 °C for 

3 hours. The reaction was monitored by IR focusing on the disappearance of carboxylic acid. 

The crude product was treated with 1 wt% NaHCO3, separated, dried, filtrated and evaporated. 

Synthesis of the standard linear polyester: 

The itaconic acid-based standard resin was synthesized by condensation of 1,3-

propanediol (1.25 eq.) and itaconic acid (1 eq.) in the presence of mequinol (0.06 wt%), BHT 

(0.08 wt%) and FasCat 4101 (0.39 wt%) alongside toluene as azeotropic solvent. The mixture 

was heated for 3 hours at 180°C and the water was recovered using a Dean-Stark apparatus. 

The solvent was then removed under reduced pressure and 100 ppm of mequinol was added to 

the cooled resin for stabilization. 
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III.         Results and discussion 

III.A.  Random polyesterification 

As first trial towards hyperbranched polyesters from itaconic acid, an uncontrolled 

polycondensation has been performed. This was done to compare the properties of materials 

obtained by this method with the classical method for linear polyester itaconates. For this, a 

mixture containing a 4-armed core (1 equivalent), an AB2 type branching unit (4 equivalents) 

and two elongation unit (8 equivalent each) with one of them being itaconic acid was reacted. 

The classical polycondensation method requires 0.4 wt% of MSA (methanesulfonic acid) as a 

catalyst and the mixture is heated at 150 °C using toluene as an azeotropic solvent to help the 

elimination of the water produced during the reaction, recovered in a Dean-Stark apparatus. To 

prevent any radical crosslinking of the itaconic acid double bonds, BHT (0.08 wt%) and MeHQ 

(0.06 wt%) were used as inhibitors. The antioxidant properties of these molecules act as traps 

for free radicals that might initiate a radical crosslinking in the resin that would lead to the 

formation of a network of molecules resulting in a much higher viscosity or a gelation of the 

resin. The first try has been made using PENTA (pentaerythritol), a 4-armed core that is often 

used for the synthesis of hyperbranched polyesters. PENTA was reacted for 2 hours with bMPA 

(2,2-bis(hydroxymethyl)propionic acid) as an AB2 type branching unit theoretically leading to 

a molecule with eight terminal hydroxy groups. In the second step, 8 equivalents of itaconic 

acid alongside 8 equivalents of hexanediol were added and reacted for 4 more hours under the 

same conditions (Scheme 4). 

 

Scheme 4 One-pot two-step synthesis of an hyperbranched polyester. 

Two other cores, namely TMP (trimethylolpropane) and ethoxylated PENTA 

(15EO/4OH or 3.75 ethylene glycol units per branch) have been used. The viscosities of the 

final resins have been measured and are presented in Table 2. It is clear that the resin with 

PENTA as a core exhibits the highest viscosity, whereas the ethoxylated PENTA has the lowest, 
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due to the flexibility brought by the long ethylene glycol chains. The resin with the TMP core 

has a lower viscosity than the one with PENTA, due to the lower molecular weight and the 

lower number of arms (3 instead of 4) making the structure less sterically demanding. 

Table 2 Viscosity (η in Pa∙s) of uncontrolled hyperbranched polyesters at different temperatures. 

HBP \ Temperature (°C) 25 37.5 50 62.5 75 

PENTA_bMPA_IT_HDO 90.3 25.8 9.5 4.0 2.0 

TMP_bMPA_IT_HDO 28.8 9.0 3.3 1.4 0.7 

PENTA.EG_bMPA_IT_HDO 19.6 6.9 2.8 1.3 0.7 

However, these viscosity values are too high to be used as UV-curing resins for additive 

manufacturing as they will be difficult to process without adding a large amount of reactive 

diluent. This high viscosity can be explained by the random nature of the synthesis method and 

the probable partial gelation. Indeed, itaconic acid and hexanediol are diacid and diol 

respectively and thus can react on both sides. Moreover, there is no control of the selectivity of 

the condensation and several side reactions occur. Firstly, the bMPA can react with itself during 

the first step leaving some branches of the PENTA unsubstituted leading to a more disperse 

structure. This is not the major problem as this disparity is intrinsic to the hyperbranched 

polymer definition and it is known that for most applications, it does not impair the final 

properties. However, itaconic acid can react with the free OH groups of the PENTA and also 

link two OH-terminated HBP (alcohol groups from PENTA, bMPA or hexanediol) and 

hexanediol can also bind two acid-terminated HBP, leading to a highly crosslinked network 

that has a high viscosity (Figure 14).    

 

Figure 14 Possible side reactions during uncontrolled polycondensation. 
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The hypothesis of side reactions leading to a crosslinked polymer is validated by the 

solubility of the resin and the hydroxyl value. One of the characteristics of gelled resins is their 

inability to be dissolved in solvents (only swelling is observed) and the obtained resins were 

insoluble in most solvents and barely soluble in acetone, which means that gelation occurred to 

a certain degree. The resins were cured using a UV-light (intensity: 450 mJ/cm2) after 

introducing 5 wt% of the photoinitiator Irgacure. All 3 resins cured well and had good resistance 

to break but due to the high viscosity and low control of the reaction, these resins were not of 

high interest. These results lead to the conclusion that random condensation does not lead to 

viable material and the structure needs to be build step by step either using the divergent (core 

first) or convergent (arm first) strategy. 

 

III.B.  Star-shaped polymer 

In order to develop a synthesis pathway for hyperbranched polymers, a simple 

hyperbranched polymer has been synthesized without any branching unit leading to a star-

shaped polymer. The first step was to introduce either succinic acid or itaconic acid using the 

respective anhydride. The use of succinic acid allowed to validate the synthesis pathway to star-

shaped polymers without risking any gelation. The anhydride (5 eq) was mixed with 

pentaerythritol (1 eq) in toluene at 125 °C for 8 hours (Scheme 5). An excess of the anhydride 

was used to obtain the full substitution of the pentaerythritol.  

 

Scheme 5 Reaction of PENTA and succinic anhydride. 

The reaction was monitored using IR, focusing on the disappearance of the alcohol 

signals (3100-3500 cm-1) rather than those of the anhydride as it was used in excess. Once the 

reaction was finished, the obtained product was a hard solid, poorly soluble in organic solvent 

(only barely soluble in acetone). This low solubility is probably due to the very sterically 

demanding structure and the high polarity due to the 4 acids and the strong intra and 

intermolecular interaction (H-bonding), which hinders the accessibility of the solvent in the 
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polymer matrix. This solubility issue makes it difficult to separate the excess of the anhydride 

to obtain a pure product. Thus, the reaction mixture was let to cool down to 50-60 °C and the 

hot toluene was removed from the flask before drying the product under reduced pressure. At 

this temperature, the anhydride is still soluble in the hot solvent and the product (resin) has a 

viscosity high enough to decant the solvent without losing a part of it. The IR spectrum of 

PENTA_SA is presented in Figure 15 where the toluene is removed after cooling to room 

temperature (in red) and removal at 60°C (in orange). The anhydride signals at 1784 and 

1867 cm-1 are found to disappear using the later method that leads to a pure product. It is 

important to notice that the excess of succinic anhydride recovered alongside hot toluene was 

obtained with 100% yield (1 equivalent) giving pure crystals that can be reused for further 

synthesis. The structure was also confirmed by NMR. The same method has been used to 

synthesize PENTA_IT using itaconic anhydride with a quantitative yield, PENTA.EG_SA 

using pentaerythritol ethoxylate 15/4 and TMP_SA. 

 

Figure 15 IR spectrum of PENTA_SA without (red) and with purification (orange). 

 The next step is the introduction of an alcohol by condensation with the acid-terminated 

star-shaped polymer. Hexanediol has been used but led to a highly crosslinked network (gelled 

polymer) for the same reasons as for the uncontrolled polycondensation. A bio-based reagent, 

undecenol has then been used to circumvent the problem of difunctional reagents like 

hexanediol. The strategy was to react undecenol with the acid-terminated star-shaped polymer 

before epoxidizing it, allowing the addition of itaconic acid or a monoester of itaconic acid 

(Scheme 6).  
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Scheme 6 Retrosynthetic pathway to star-shaped polymer. 

For the condensation step, undecenol was reacted using 0.4 wt% methanesulfonic acid 

(MSA) for 6 hours using a Dean-Stark apparatus to obtain PENTA_SA_Und as a yellow resin. 

After drying, both IR and NMR looked promising, but it can be seen on the 1H NMR  (Figure 

16) that the CH2 corresponding to the core (H1) at 4.1 ppm has an integration slightly too low 

(1.52 instead of 2). 

 

Figure 16 1H NMR of PENTA_SA_Und. 

A long range 2D NMR of the product has been made revealing that the succinic unit 

was no longer linked to the core, and the TLC confirmed that the major product was the diester 

of undecenol and succinic acid (45% yield after chromatography column). Thus, it was 

concluded that with primary alcohols, transesterification takes place and destroys the star-

shaped polymer previously made. A test reaction using a bulkier alcohol, 2-ethyl-hexanol has 
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been performed to see if it reduces the transesterification without success, maybe tertiary 

alcohol like t-butanol would work better on star-shaped polymers.  

These results are in accordance with the observation presented on the publication from 

Jahandideh et al.94 where the introduction of the ethanol lead to a cleavage of the previously 

formed star-shaped polymer. To conclude, using alcohols, especially linear ones, is not a viable 

way to synthesize star-shaped or hyperbranched polymers. It was therefore decided not to use 

difunctional monomers or alcohols as even introducing a tertiary alcohol on highly branched 

polymers will probably not reach a good conversion due to the high steric hindrance. As this 

route did not lead to the desired HBP, an alternative had to be developed. 

 

III.C.  Acrylated hyperbranched polymer 

The main goal of this work is to synthesize itaconic acid based hyperbranched polymers 

with a renewable content as high as possible and a synthesis pathway that could be upscaled for 

a potential production on an industrial scale. However, the impact of the UV-curing 

hyperbranched structure on the properties (viscosity, UV-curing reactivity) is not well 

established. Thus, to acquire more knowledge about the structure-reactivity relationships of 

hyperbranched UV-curing polyesters, a series of acrylic acid based hyperbranched polyesters 

was synthesized and the experimental conditions were optimized. 

 

III.C.1. Condition optimization 

The first step was to incorporate branching units on a core to increase the number of 

arms. The most common branching building block for polyesters is 2,2-bis(hydroxymethyl) 

propionic acid, also called bMPA. It is used commercially to produce hyperbranched polyesters 

Boltorn™ when reacted with PP50, an ethoxylated pentaerythritol core. Ethoxylated 

pentaerythritol (PENTA.EG) 15/4 (average of 15 ethylene glycol units distributed on the 4 

branches) was reacted with 4 equivalents of bMPA under standard condensation conditions 

(125 °C in toluene for 6 hours with 0.4 wt% MSA as catalyst). At the end of the reaction, the 

toluene was evaporated to afford the product as a viscous transparent resin (Scheme 7). 



36 
 

 

Scheme 7 Synthesis of PENTA.EG_bMPA. 

The reaction between the core and bMPA worked with quantitative yield and a glass-

like resin was obtained when cooled. If let to cool down, these intermediate products were 

difficult to melt and stir. Thus, upon addition of the acrylic acid with the solid polyol once 

cooled, the acrylic moieties started to homopolymerize before the melting of the core, and the 

product gelled very fast (≈30 minutes). The synthesis method was optimized into a one-pot two-

step process: the core was reacted with bMPA for 3 hours under nitrogen flow with mechanical 

stirring and let to cool down to 90 °C; a temperature at which the core was still liquid. The 

inhibitors were added at 90 °C and stirred for 10 minutes before adding acrylic acid 

(1 equivalent per OH group) and reacted at 125 °C for 6 more hours (Scheme 8). 

 

Scheme 8 One-pot two-steps synthesis of acrylated hyperbranched polymer with PENTA.EG as polyol 

core. 

Using these conditions, PENTA.EG_bMPA_Acr was synthesized with a dropwise 

addition of the acrylic acid at 90 °C. However, the product gelled after 4 hours of reaction, the 

acrylic acid double bond probably reacted through radical crosslinking (Table 3). The scale of 

the reaction was under 10 g and the problem is that if the reaction temperature is set at 125 °C, 

the toluene will evaporate at 110.6 °C starting the reflux but the quantity of the resin is too low 

to increase the temperature of the reaction mixture (the thermometer is not in contact with the 

resin which will lead to a permanent heating to reach the set temperature). The scale of the 

reaction was increased to 50 grams, the amount of inhibitors was doubled (0.16 wt% BHT and 

0.12 wt% MeHQ) and the azeotropic solvent was changed to heptane that has a lower azeotropic 

point with water (79.2 instead of 84.1 °C). However, the reaction mixture also gelled after 

4 hours. The amount of inhibitor was further increased to 0.5 wt% of BHT and 0.25 wt% of 

MeHQ to prevent the radical crosslinking (more BHT because of its better stability at high 
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temperature) without success as it gelled after 5 hours. This can be explained by the polarity of 

the solvent, even though the reaction temperature is lower than with toluene. Indeed, acrylic 

acid and the branched core already have a poor miscibility, and even if acrylic acid is not very 

soluble in toluene, it helps for the reactivity between the two reagents. If heptane is used (dipole 

moment: 0 D instead of 2.38 D for toluene), the acrylic acid will be insoluble in the solvent and 

thus will have more chances to react with itself than with the hyperbranched oligomer. For this 

reason, the same conditions have been tried with toluene, and the product was obtained with 

80.4% yield (some of the acrylic acid polymerized on the walls of the flask lowering the yield) 

as a transparent resin. 

Table 3 Development of a synthetic method for acrylated HBP with an ethoxylated PENTA core. 

Resin reaction 
BHT        

(wt%) 

MeHQ       

(wt%) 
Solvent  Yield 

PENTA.EG_bMPA_Acr < 10 g scale – 2 steps 0.08 0.06 toluene Gelled 

PENTA.EG_bMPA_Acr 50 g scale – 2 steps 0.16 0.12 heptane Gelled 

PENTA.EG_bMPA_Acr 50 g scale – 2 steps 0.5 0.25 heptane Gelled 

PENTA.EG_bMPA_Acr 50 g scale – 2 steps 0.5 0.25 toluene 80.4 

The obtained resin showed moderate viscosity (1760 mPa∙s at 25 °C) but the value is 

not very representative as some toluene remains in the resin: the evaporation had to be stopped 

due to the start of the homopolymerization of the acrylic units. This causes the reaction 

conditions to have a low degree of reproducibility. 

Several tries have been made with both TMP and PENTA to test the reproducibility of 

the method and the consistency of the results. If the reaction was left for too long (more than 5 

hours) or dried extensively to remove the solvent, the resin would gel. This means that the 

reaction was not completed and the structure was not fully substituted and some solvent remains 

in the resin (also observed on the NMR analysis). The same conditions have been used to 

synthesize DLD-like (Dendron-Linear-Dendron) structures with diol playing the role of cores: 

propanediol (PDO) and hexanediol (HDO). It was observed that PDO reacted very fast with 

bMPA and produced more water than expected during the reaction, meaning that PDO 

underwent etherification which is a known side reaction when PDO is used for 

polycondensation.110 The synthesis of HDO_bMPA_Acr on the other hand worked well with a 

rather low viscosity resin: 2120 mPa∙s at 25 °C. All materials cured very fast and were very 
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strong. Sticks were cured with 5 wt% of Irgacure 1173 as photoinitiator. During the curing, 

shrinkage was observed as well as a bending of the stick, which is common for acrylated UV-

curable materials, and materials displayed a good hardness (hard to break). This was 

encouraging but improvement on the method had to be made in order to obtain UV-curable 

material that had consistent properties with a reproducible synthetic method. 

 It is likely that the problem arises from the competition between the rate of the 

condensation, and the rate of the radical homopolymerization. As shown on the hypothetical 

trend of the rates and the conversion depicted in the Figure 17, when the reaction time increases, 

the conversion of the condensation increases and the rate of the condensation should decrease 

as the amount of reagent decreases and the steric hindrance increases. The rate of the side 

reaction should not vary much because both free acrylic acid and reacted acrylic acid remain 

easily accessible as they are either in solution or linked to the structure as end-groups. At some 

point, the rate of the condensation will be lower than the rate of the homopolymerization of the 

acrylic acid, which would lead to crosslinking and ultimately, the gelation of the polymer. 

 

Figure 17 Hypothetical representation of the competition between condensation and 

homopolymerization rates. 

The risk of gelation during the evaporation of the solvent is due to the lack of oxygen 

(reduced pressure), that is needed for the inhibitors to be active. To prevent any risk of 

networking due to side reactions, the reaction conditions must allow a high substitution of the 

OH-groups without reaching the point where the rate of homopolymerization is higher than the 

condensation.  
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 The solution used to overcome this competition was to introduce propionic acid 

alongside acrylic acid. Propionic acid has the same structure as the acrylic acid without the 

double bond, which means it cannot undergo homopolymerization, and it should not 

significantly alter the viscosity. A test reaction with TMP_bMPA has been made to assess the 

reactivity of propionic acid and compare the viscosity that should be close to the ideal viscosity 

of TMP_bMPA_Acr without crosslinking (Scheme 9). 

 

Scheme 9 Synthesis of TMP_bMPA_Prop. 

The reaction required less time to reach a total substitution than with acrylic acid 

because the carboxylic acid is not conjugated which makes it more electrophilic and thus more 

reactive towards the nucleophilic attack of an alcohol. The resin showed a low viscosity: 

1302 mPa∙s at 25 °C and 71 mPa∙s at 75 °C which is far lower than any resin obtained so far. 

Even though the intermolecular interaction between the carbon-carbon double bonds of the 

acrylic acid might increase the viscosity of the resin (5 to 6 kJ/mol typically for alkenes), this 

should not increase the viscosity so drastically. We can conclude that a side reaction is taking 

place when using acrylic acid and the synthesis conditions need to be further optimized, by the 

use of propionic acid. 

In a first step, propionic acid was introduced to substitute 30% of the OH groups of the 

structure on 3 cores: TMP, its dimer, DiTMP (Figure 18) which is a 4-armed core but less 

sterically crowded than PENTA and ethoxylated pentaerythritol. In a second step, 70% acrylic 

acid was added to the mixture and reacted for 5 hours. However, the same problem occurred 

when nearing the total conversion of acrylic acid units into acrylates esters. This resulted in the 

crosslinking and eventually gelation of PENTA.EG_bMPA_Prop30.Acr70, 

TMP_bMPA_Prop30.Acr70 and DiTMP_bMPA_Prop30.Acr70. It was therefore concluded 

that acrylic acid needs to be introduced first and several attempts with different ratios of acrylic 

acid and propionic acid were made (Table 4) and their viscosity measured.  

The conversion was followed by the amount of water produced using a graduated Dean-

Stark apparatus. Propionic acid was added when total conversion of the acrylic acid was 

achieved. TMP_bMPA_Acr70.Prop30 did not gel thanks to the addition of propionic at the end 
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of the reaction but its viscosity is still very high even at higher temperatures: 4 Pa∙s at 75 °C. 

The ratio was changed to 50/50 to reduce the impact of acrylic acid and minimize the risk of 

side reaction with success as the viscosity was significantly reduced.  However, it was still too 

high, especially at room temperature.  

Table 4 Optimization of the acrylic/propionic ratio with their viscosities in Pa∙s. 

Acrylic acid (%) propionic acid (%) Viscosity (25 °C) Viscosity (75 °C) 

70 30 50.1 4.0 

50 50 32.8 0.6 

50 0 > measure limit > measure limit 

0 50 78.0 1.9 

40 60 46.5 3.6 

30 70 9.7 0.6 

Two other experiments were conducted, with only 50% acrylic acid or propionic acid 

respectively. This was done to investigate if the high viscosity of the 50/50 was due to a too 

high steric hindrance of these very dense structures. However, TMP_bMPA_Acr50 had a 

viscosity too high to be measured and TMP_bMPA_Prop50 had a viscosity 13 times higher 

than TMP_bMPA_Prop100 due to the numerous free OH groups leading to strong H-bonding 

increasing the viscosity. The ratio was further reduced in order to optimize the viscosity. It is 

interesting to see that TMP_bMPA_Acr30.Prop70 (entry 6) led to a lower viscosity than the 

50/50 ratio but TMP_bMPA_Acr40.Prop60 has a higher viscosity, even though the higher 

proportion of propionic acid should lower the viscosity. This shows something important: the 

impact of acrylic acid intrinsic viscosity is minor in comparison to the proportion of side 

reaction that occurs (homopolymerization of the double bond of the acrylic acid units). 

Therefore, this method does not allow for a good control of the side reactions and needs to be 

improved. 

In order to further optimize the conversion of the polycondensation and circumvent 

undesired side reactions, it was planned to improve the synthesis by using an excess of reagent. 

Furthermore, the second reagent used was more reactive towards esterification and could not 

undergo radical polymerization, thus allowing to reach a high conversion without risking any 
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crosslinking. The reaction conditions are as follows (Scheme 10). The core and bMPA (1 

equivalent per OH group of the core) were mixed alongside toluene as an azeotropic solvent 

and heated at 90 °C. MSA (0.4 wt%) was added and the reaction was stirred at 125 °C. The 

conversion was followed by the amount of water produced. The mixture was cooled down to 

90 °C, BHT (0.5 wt%) and MeHQ (0.25 wt%) were added. Based on the amount of OH groups, 

0.8 equivalent of acrylic acid were added alongside the catalyst (MSA, 0.4 wt% of the acrylic 

acid mass) and the reaction was stirred at 125 °C. Once the substitution drew near 70% 

(0.7 equivalent of the OH groups), 0.4 equivalent of propionic acid were added and reacted at 

125 °C until 100% substitution was reached (according to the water produced). It is noteworthy 

to mention that the conversion often surpassed 100% as some AA and PA are lost during the 

azeotropic distillation. Vacuum was then applied to remove toluene, water and the excess of 

AA and PA. MeHQ (100 ppm) was added for stabilization at 90 °C. The product was obtained 

as a transparent, colorless or yellowish resin. 

This method leads to the desired HBP by significantly reducing the homopolymerization 

of the acrylic acid at any moment and compensate the loss of reagent. Indeed, during the reflux 

of the azeotropic mixture, both acrylic acid and propionic are partially soluble in water and a 

part of the reagent will be lost in the Dean-Stark. This phenomenon is supported by the 

measurement of the pH of the water recovered in the Dean-Stark apparatus found to be around 

5. The excess of reagent (1.2 equivalent based on the number of free OH groups) will 

compensate this loss.  

The second generation can be obtained by two ways: Firstly, the second generation can 

be added in a two-step process (twice the amount if bMPA used for the first generation) while 

monitoring the conversion the same way (Scheme 10.2.). As a second possibility, one can also 

use a one-pot method by adding three equivalents of bMPA per OH group of the core (such 

HBP will be called HBP’). In both cases, the rest of the synthesis was followed as described for 

the first generation.  
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Scheme 10 Optimized conditions for first (1) and second (2) generation bMPA acrylated HBP. 

 

III.C.2. Choice of the cores 

With this reproducible synthetic procedure in hand, different polyols were examined as 

cores for the HBP. For the synthesis of hyperbranched polymers, a wide variety of cores can be 

considered.111 As the synthesis conditions were optimized, the goal was to identify suitable 

cores for this class of UV-curing polyesters. Preliminary experiments showed that PENTA and 

PENTA.EG 15/4 were less reactive, gave more disperse products and were more prone to 

gelation in comparison to products synthesized from TMP and its derivates. This was in 

accordance with the results presented by Hult et al.112, who studied the kinetics of the reaction 

between bMPA and several polyols like TMP, DiTMP, PENTA and PP50 (PENTA.EG 5/4). 

They have shown that the rate of the reaction as well as the dispersity of the product were 

impacted by the melting temperature of the polyol core and more importantly, the miscibility 

of the bMPA in the melted core. It has been shown that the best polyol was trimethylolpropane, 

whereas PENTA derivatives exhibited lower rates of reaction.18  

To further elucidate the dispersity of the intermediate branched polyols obtained, mass 

measurements (ESI-MS) have been performed. This should also allow to verify that no 

oligomers of bMPA were left unreacted (Table 5) on different cores: TMP, DiTMP, PENTA, 

PENTA.EG, TMP.EG (1 and 2 generations of bMPA) and HDO (1 and 2 generations of 

bMPA). A mass measurement of PENTA.EG has been made to determine the distribution of 

the ethylene glycol units: 8 to 23 units were seen with a maximum intensity at 14 units per 
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molecule of PENTA. Surprisingly, homopolymers of EG were also revealed (7 to 12 units) that 

were not attached to the core and can be observed on Figure 18.  

Table 5 Distribution of bMPA units (G1= first generation, G2= second generation). 

Structure bMPA (theoretical) bMPA (range) bMPA (max intensity) 

PENTA _bMPA.G1 4 2 - 11 5 

PENTA.EG _bMPA.G1 4 0 - 6 1 

TMP _bMPA.G1 3 1 -9 4 

DiTMP _bMPA.G1 4 1 - 10 4 

HDO _bMPA.G1 2 2 - 10 3 

HDO _bMPA.G2 6 2 - 11 6 

TMP.EG _bMPA.G1 3 0 - 6 1 

TMP.EG _bMPA.G2 9 0 - 9 4 

For more consistency and as PENTA derivates do not react as good with bMPA as 

trimethylolpropane derivates, the latter were used for the synthesis of acrylated hyperbranched 

polymers alongside hexanediol that showed promising properties. Thus, four cores were 

selected to assess the impact of their structure and the number of arms on the final properties: 

HDO was used as two-armed polyol, TMP as triol, DiTMP as four-armed polyol and TMP.EG 

7/3 as a flexible bigger three-armed polyol (Figure 18).  

 

Figure 18 Cores chosen for the synthesis of acrylated hyperbranched polymers. 

 

III.C.3. Targeted hyperbranched polymers 

 As explained in III.C.2, HDO and TMP derivates have been chosen as cores for the 

synthesis of acrylated hyperbranched polymers. According to the synthesis procedure described 

above (III.C.1), four first-generation HBP and two second-generation HBP were synthesized, 

the latter from the cores of the least viscous candidates (HDO and TMP.EG). When the 
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conversion slowed down when drawing near 70% (based on water production), 0.4 eq. of the 

more reactive propionic acid were added. This synthetic protocol allows for almost complete 

conversion of the free OH groups without the risk of side reactions and gelation that usually 

occur when full conversion is targeted with acrylic acid without the use of activated reagents 

such as acryloyl chloride. In addition, as free OH groups also contribute to the viscosity of the 

resins through hydrogen bonding, a high overall conversion is also important to obtain 

polyesters with low viscosities. The excess of the acids was removed under reduced pressure at 

the end of the reaction. An overview of the polyesters obtained within this study is shown in 

Figure 19.  

 

Figure 19 Acrylated HBP synthesized in the course of the study. 

As the measured conversions were found to be above 100%, they were normalized on 

the total amount of aqueous phase recovered and are displayed in Table 6. Conversion of the 

TMP_G1 synthesis is shown in Figure 20. The reaction between TMP and bMPA takes 110 

minutes (t=0 represents the start of the reflux after the catalyst is added) to reach the final 

conversion and was stopped as soon as the plateau was reached around 98% (Figure 20.a.). For 

the next step, the calculated conversion is not based on the equiv. of acrylic acid and propionic 

acid added (0.8 eq then 0.4 eq) but on the amount of the OH present (1 eq). In this case, 

propionic acid is added when 65% esterification is reached according to water recovery (Figure 

20.b.). TMP has the lowest reaction time for the first step due to the good miscibility of bMPA 

in the melted TMP followed by DiTMP that is more sterically demanding, and HDO that 

probably has a lower miscibility aptitude but also a lower steric hindrance (only 2 branches). 

Finally, ethoxylated TMP needs up to 160 min to fully react with the bMPA. Interestingly, the 

reaction time decreased for the condensation of the second generation of bMPA for both HBP 4 
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and HBP 6. This might again be related to the higher solubility of bMPA in the material after 

the first condensation step. 

 

Figure 20 Conversion of a. TMP + bMPA and b. TMP_bMPA + AA + PA vs time (based on normalized 

water formation). 

Table 6 Time to reach full conversion for each step (in min) for the 6 targeted acrylated HBP (AA= 

acrylic acid, PA= propionic acid). 

Structure bMPA.G1 bMPA.G2 AA PA 

HBP 1 - TMP_G1 110 - 160 80 

HBP 2 - DiTMP_G1 120 - 175 120 

HBP 3 - HDO_G1 120 - 140 40 

HBP 4 - HDO_G2 120 85 150 55 

HBP 5 - TMP.EG_G1 150 - 145 70 

HBP 6 - TMP.EG_G2 160 150 180 75 

The conversion of the acrylic acid condensation is mainly controlled by the steric 

hindrance of the molecule. This is coherent with the time obtained as the lowest values are 

found for hexanediol (140 min) and ethoxylated TMP first generation (145 min) as the former 

has only 2 branches and the latter has long ethylene glycol chain that reduces the steric bulk. 

TMP is less sterically demanding than its dimer because it has 3 arms instead of 4 which 

matches the time: 160 and 175 minutes respectively. The acrylation reactions of second-

generation polymers are also longer due to stronger steric hindrance (150 min for HDO_G2 and 
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180 min for TMP.EG_G2). The condensation of propionic acid to increase the total substitution 

follows the same trends as the acrylic acid condensation. 

 

III.C.4. Characterization 

Now that the targeted HBP have been synthesized with an optimized and reproducible 

method, a full characterization was conducted to compare the properties of the resins and 

determine which is the most promising candidate as a UV-curable material. The resins were 

characterized by IR, 1H NMR, 13C NMR, 2-dimensional NMR (COSY, HSQC, HMBC), 

viscosity, ESI-MS, tensile strength and impact strength measurements, curing test, Photo-DSC, 

DSC, DMA, TGA and GPC. 

 

• Infrared spectroscopy: 

IR spectra are presented on Figure 21 and all acrylated HBP exhibit relatively similar 

spectra, the only noticeable difference is the higher CH2 intensity for the HBP 5 and 6 with the 

ethoxylated TMP due to the presence of the long ethylene glycol chains.  

 

Figure 21 IR of the six acrylated polymers. 

Typical values for spectrum interpretation are: 3400-3600 cm-1 for OH (unreacted alcohols, 

weak signal), 2941, 2879 cm-1 for CH2 and CH3, 1724 cm-1 for C=O esters, 1634, 1619 cm-1 for 

C=C, 1180, 1116 cm-1 for C-O esters and alcohol. 

 

HBP 1 

HBP 2 

HBP 3 

HBP 4 

HBP 5 

HBP 6 
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• NMR spectroscopy: 

Figure 22 shows the NMR spectrum of the HBP 3, HDO_G1 with the assignation of the 

peaks made in acetone-d6. The deuterated solvent and the inhibitors signals present in the resin 

(BHT and MeHQ) can be seen and are marked in red. Between 5.8 and 6.4 ppm are the typical 

3 signals of acrylic acid and the integration allows to calculate the degree of substitution: 

2.4 units of acrylic acid per core unit which corresponds to 60% esterification of the available 

OH groups with acrylic acid (4 available OHs). Signals at 4.1-4.3 ppm correspond to both CH2 

of the core and the bMPA when substituted. The unsubstituted CH2 of the bMPA are visible at 

3.7 ppm with low integrals (assigned as H7’ and overlaid by the mequinol signal). This was 

expected as a weak OH signal can be observed in infrared spectra. However, no signal for CH2 

of free OH-groups of the HDO can be seen (at 3.4-3.5) meaning that HDO has completely 

reacted with bMPA or acrylic/propionic acid. Propionic acid signals are found at 2.5 ppm for 

the CH2 and 1.05 ppm for CH3 (with 1.19 propionic acid per molecule, which equals to 30% 

substitution). H2 and H3 are found at 1.66 and 1.4 ppm, respectively, and the methyl group of 

the bMPA at 1.27 ppm. At 2.55 and 2.72 ppm, two sets of signals with weak integrals that do 

not belong to the theoretical structure are observed and might reveal the presence of side 

reaction products.  

 

Figure 22 1H NMR of HDO_bMPA.G1_Acr80.Prop40. 

 The detailed discussion of the side product formation is presented below. The overall 

substitution is 90%, which means that only 10% of the end groups are free alcohols that could 

increase the viscosity due to intramolecular hydrogen bonding, even though their low 

accessibility should also make them poor candidates for H-bonding.   
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Figure 23 shows the carbon NMR spectrum of HDO_G1, where the signals match with 

the structure and the proton spectrum. Carbons of the unsubstituted bMPA can be seen at 

60 ppm. The signal at 34 ppm circled with dashes couples with the two sets of signals 

highlighted on the proton spectrum according to the 2D NMR (HSQC: proton-carbon coupling) 

which are in the range of CH2 groups. The signal circled at 170.6 ppm corresponds to a carbonyl 

carbon and couples with these CH2 when observed in long range proton-carbon 2D NMR 

(HMBC). These signals do not fit with the theoretical structure and are likely the result of a side 

reaction, but a mass measurement should help to bring a conclusion to this uncertainty. 

 

Figure 23 13C NMR of HDO_bMPA.G2_Acr80.Prop40.  

The percentage of substitution obtained by integration of the 1H NMR peaks are 

presented in Table 7 (other NMR spectra descriptions are available in the annexes in part IX.A.). 

The amount of bMPA-OH that have been esterified with propionic acid remains around 30% 

for all HBPs while the amount of acrylic varies significantly (from 46 to 66). This difference 

of AA substitution is due to the lower reactivity of the conjugated acid carbonyl towards 

esterification, in comparison with non-conjugated acids, and to the high steric hindrance 

induced by the structure of the hyperbranched polymers. As the more sterically hindered cores 

lead to longer the reaction time, the amount of AA lost during the azeotropic condensation 

increased, leading to a larger gap between the observed 70% conversion (according to the 

aqueous phase recovered) and the real esterification degree that can be as low as 46% of the 

bMPA-OHs (according to NMR integrals). During the last step, the use of propionic acid allows 

to reach a higher total substitution thanks to its higher reactivity. The least sterically demanding 

core is hexanediol for which a high substitution has been achieved (60 and 66% for first and 

second generation giving a total substitution of 90 and 96%). Ethoxylated TMP is slightly more 



49 
 

sterically demanding and 54 and 52% of the OH groups have been reacted with acrylic acid for 

a total conversion of 85 and 84%. TMP and DiTMP are the most sterically hindered candidates: 

46% of acrylic acid has been introduced on TMP_bMPA and 48% on DiTMP_bMPA with a 

total substitution of 77%. These values are in accordance with the structure and are better than 

for acrylated hyperbranched polymers previously reported in the literature. Tang et al.28 could 

reach a substitution higher than 60% but leading to very viscous materials with poor properties 

(partial gelation). Johansson et al.29 have used milder reaction conditions by reacting an HBP 

(commercial Boltorn-40™) with methacrylic anhydride (lower temperature required preventing 

gelation) to obtain methacrylated polymers with a substitution between 30 and 60%. The 

optimized method presented herein allows an increased total substitution while having a 

significant amount of acrylic acid groups to obtain resins with low viscosities and high 

reactivities. In addition, the use of activated species such as acryloylchloride or methacrylic 

anhydride could be avoided. Similar approaches have not been reported yet. Therefore, our 

efficient method could be suited to be applied on larger or even industrial scale to obtain highly 

substituted acrylated HBP structures with different architectures. 

Table 7 Percentage of bMPA-OHs substituted with AA or PA. 

Structure Acrylic acid Propionic acid Total substitution 

HBP 1 - TMP_G1 46 31 77 

HBP 2 - DiTMP_G1 48 29 77 

HBP 3 - HDO_G1 60 30 90 

HBP 4 - HDO_G2 66 30 96 

HBP 4’ - HDO_G2 61 35 96 

HBP 5 - TMP.EG_G1 54 31 85 

HBP 6 - TMP.EG_G2 52 32 84 

    

• Mass measurements (ESI-MS): 

The mass analysis of the intermediate species (core_bMPA first and second generation) 

have already been presented in section III.C.2, focus will then be put on the interpretation of 

the acrylated HBP spectra. All materials and their intermediates were studied by ESI-MS, in 

order to analyze their dispersity with respect to the number and distribution of bMPA, AA and 

PA to the different cores, and to detect side products if indicated. The components of the 
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complex product mixtures were detected as sodium adducts in the positive mode from solution 

in methanol. The product fragments detected in the mass spectra cover a wide m/z range and 

thus intensities cannot be evaluated quantitatively, since chemistry and molar mass have an 

impact on ion yield. To avoid strong bias of higher m/z, all measurements were performed at 

target mass (TM) 1000 or, in case of the higher molecular TMP.EG_G2 at TM 1500. Higher 

TM did not improve the ion yields of the constituents of higher molar mass. Furthermore, at 

lower degree of substitution with bMPA, the chemical differences between various constituents 

are more pronounced than at higher degree. Thus, also in the low m/z range, the signal 

intensities do not reflect the exact composition as explained in part III.C.2. This should be kept 

in mind when evaluating the mass spectra.  

The mass spectra obtained after the first step of esterification of core molecules with 

bMPA did not show a uniform fully protected core molecule, but a distribution of up to 10 

bMPA units as illustrated in Figure 24.a. for HDO_bMPA.G1 and for all the rest core molecules 

in the annexes (IX.A.). Comparison of G1 and G2 clearly shows an increase of bMPA content 

in the second step (IX.A.). In the case of DiTMP_bMPA.G1 with four arms, for instance, the 

most intense peaks are found for n (bMPA) = 3-5, and for HDO_bMPA.G2 at n = 3-6, but as 

mentioned above, an average degree of substitution of the core molecule cannot simply be 

calculated. From the broad distribution visible in the mass spectra, however, it is clear that 

esterification does not selectively take place at the core molecule like it would for a 

dendrimer113,114 but occurs at similar rate at the OH groups of the bMPA, since minor amounts 

of incompletely substituted core and bMPA-arm-extension are observed at the same time. For 

the core DiTMP, the mass is 250 while condensation of 2 bMPA units also gives a molar mass 

of 250. Thus, core molecules with n bMPA cannot be differentiated from (bMPA)n+2 oligomers 

in the mass spectra. However, from those examples where this coincidence of masses does not 

apply, there is no hint on homopolymer formation of bMPA.  

Beside [M+Na]+, signals with higher m/z of +16 are observed which probably can be 

assigned to [M+K]+. However, one must be careful not simply to overlook other possible 

explanations. The bMPA-esterified core TMP.EG_bMPA is more complex since it starts 

already with an EG-distribution on TMP, which is amplified according to the respective range 

of bMPA esterification. The mass spectrum is shown in Figure 24.b. and the assignment of the 

building blocks (core + n(EG) + m(bMPA) + Na) are listed in the annexes (IX.A.). The pattern 

of TMP.EG_bMPA.G1 is dominated by the EG-profiles with n (EG)  = 4-15 for 

m (bMPA) = 0-6 with the most abundant signal in each series for m = 1. For G2, the range form 

is 0-10 with a maximum at m = 4. The maximum for all n-distributions is found for n (EG) = 8. 
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EG-homopolymer as a contamination of the starting material can also be detected. These 

evaluations are based on the assumption that only sodium adducts are observed. Since the 

difference between 3 EG units (132) and the increment for 1 bMPA (116) is 16 and thus the 

same as between sodium and potassium adducts, m/z for TMP.EGnbMPAm + Na and TMP.EGn-

3 bMPAm+1 + K are identical.  

 

Figure 24 ESI-MS of a. HDO_bMPA, b. TMP.EG_bMPA (m/n with m for EG and n for bMPA units). 

It can be argued that in Figure 24, in the annexes (IX.A.) and in the previous MS 

measurements for TMP and PENTA derivates, the maximum intensity (m=3 for HDO_bMPA) 

does not always match the theoretical value (m=2 for HDO_bMPA). This difference is found 

for most measurements and can be explained and expected. Indeed, the ESI-MS works as 

follow: cations (sodium and potassium) form complexes with the molecule enabling it to be 

seen by the detector. The structure has a great impact on the complexation and thus on the 

intensity of the signal measured by the detector. Cations will complex poorly with the core, 

better if carbonyl groups are introduced on the structure (bMPA) and even better if several units 

of bMPA are next to each other (Figure 25). 
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Figure 25 Effect of the bMPA-complexation on the signal intensity. 

When more bMPA units are on the structure, the complexation gets better and the 

maximum intensity matches with the theoretical value (DiTMP and structures with 2 

generations). However, for ethoxylated TMP and PENTA, the maximum intensity is lower than 

the theoretical value, but this can also be explained. The long ethylene glycol chain can position 

all around cations and act in a similar fashion as crown ethers which gives a strong 

complexation and thus a higher intensity (Figure 26). As shown in Figure 24.b. the two 

distributions of ethylene glycol and bMPA are observed. All ESI-MS can be found in the 

annexes (IX.A.). 

 

Figure 26 Effect of the EG chains-complexation on the signal intensity. 

Mass spectra have also been recorded by LC-ESI-MS to have a better understanding of 

the core_bMPAn mass spectra interpretation. ESI-MS with syringe infusion shows, that in the 

first step the core molecules and the OH groups of bMPA are esterified as well, thus not yielding 

to a uniform fully esterified product but a broad distribution including incompletely substituted 

core and tandem products. To further analyze this complexity, HDO_bMPA.G1 was separated 

by LC prior to ESI-MS analysis. Extracted ion chromatograms (EIC) were generated for ion 

traces according to the distinct number of bMPA linked to the core molecule. Figure 27 shows 

the total ion chromatogram (TIC) together with the EIC for n(bMPA)=2-8.   
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Figure 27 Total ion chromatogram (upper row) and extracted ion chromatograms of HDO_G1 measured 

by LC-MS. n indicates the number of bMPA. 

For each ion trace, several isomers are visible. Even at n(bMPA)=3, three separated 

peaks are observed, which is in accordance with the number of possible constitutional isomers. 

The number of isomers increases with n and is 6 for n=4. Five peaks, two minor and three 

bigger ones are obtained, presenting the most probable products. The peak pattern looks similar 

for all n(bMPA), while the number of similar isomers increases which are no longer fully 

resolved. This is not surprising since the main precursors in such a series of consecutive 
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reactions with growing number of bMPA is controlled by the probability of precursor 

formation, which will further grow according to the same rules. 

Based on this knowledge, the mass spectra of HBP 1-6 were evaluated. The distribution 

of acrylic (A) and propionic (P) acid units can be differentiated by Δ m/z = 2 in the individual 

patterns related to core_(bMPA)n(A+P)m. For example Figure 24.a. shows the distribution of 

bMPA (2 ≤ n ≤ 10) on the ESI-MS spectrum of HDO_bMPA.G1 which is a precursor for 

HBP 3 (= HDO_bMPA.G1_Acr80.Prop40); whereas Figure 28.a. demonstrates various 

summations of (A+P)m for each (bMPA)n where n=1-6, on the selected m/z range of ESI-MS 

spectrum of HBP 3. The maximum intensity observed at m/z 591 belongs to the group of 

HDO_(bMPA)2(A+P)4. The embedded extension on Figure 28.b. illustrates the fine structure 

of the components of HBP 3 with n(bMPA)=3 and m=5, fully substituted with 5 units of acrylic 

and/or propionic acid. One can see that the two highest intensities of this profile are at A3P2 and 

A4P1 respectively, which are closest to the theoretical ratio of 70% acrylic and 30% propionic 

(the acrylic proportion is actually lower as we saw above from the NMR interpretation). While 

quantitative evaluation of mass spectra is critical, no bias is expected for the components 

belonging to the same precursor molecule core-bMPAn bearing the same number of (A+P). 

Therefore, the ratio of these to acyl residues can be quantified for the individual components. 

This pattern of distribution is observed for all sets of peaks and the peaks in-between are caused 

by the 13C isotopes.  

Even though these spectra confirm the structures and give valuable information on the 

range of bMPA distribution and acrylic and propionic distribution, there are unexpected peaks 

that have non-negligible intensities. Two examples of such unexpected peaks are shown on the 

selected m/z range of ESI-MS spectrum of HBP 3 (Figure 28.b.). Several side reactions can be 

considered and their probability have been evaluated with regards to NMR and mass analysis 

performed: the potassium adduct, radical crosslinking of the carbon-carbon double bond, an 

Ordelt reaction and the homoesterification of acrylic acid.  

The eventual presence of potassium adducts [M+K]+ related to the sodium adduct 

[M+Na]+ (+ 16 m/z) was excluded as the signal intensity of these unknown peaks did not 

decrease when the same sample was doped with NaCl and analyzed by ESI-MS again. It can 

also be noticed that in Figure 28.b, the set of 4 peaks at 779 m/z has the same shape and peak 

intensity as the set of 4 peaks at 707 m/z. This suggests that the set of peaks at 779 m/z is more 

likely to be a side product issued from the set of peaks at 707 m/z rather than 763 m/z which is 

a set of 5 peaks. The hypothesis of the radical crosslinking would fit with the NMR analysis, as 

CH2 signals were found. However, this would result in the obtention of high Mw polymers 
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issued from the crosslinking of several hyperbranched polymer but no signs of high Mw  

polymer were found in the GPC experiments (see below). The mass analysis ruled out this 

hypothesis as the radical reaction should be terminated either by protons (+74 instead of 

+72 m/z) or trapped by an inhibitor (MeHQ or BHT) and no such signals were observed. A 

common undesired side reaction when using alcohols alongside alkenes such as acrylic acid, is 

the oxa-Michael addition of a free OH on the acrylic acid double bond, called Ordelt reaction 

(Scheme 11).103,115,116 This hypothesis was also discarded as peaks corresponding to side 

products were also observed for fully substituted HBP (no free OH group available). 

 

Figure 28 Mass analysis of the acrylated and propionylated HBP 3 (=HDO_bMPA.G1_Acr80.Prop40). 

a) For each n=1-6, consecutive sums of A and P are shown by m. The zoomed-in extension shows the 

A/P pattern for the group with n(bMPA)=3, m(A+P)=5; b) enlarged view of a section of HBP 3 mass 

spectrum shows the unexpected m/z +72 profiles (small black arches) of the groups with n=3, m=4 and 

n=3, m=5 (larger blue arches). 

 

Scheme 11 Ordelt reaction of the bMPA on the acrylic acid double bond (R=H or hyperbranched 

polymer).  
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The last hypothesis is the attack of the acid part of an acrylic acid unit on the double 

bond of another acrylic acid or acrylate group to form 3-acryloiloxypropionic acid (or ester if 

already linked to the HBP structure) (Scheme 12). This side reaction and its likeliness against 

the other plausible side reactions has been discussed in detail by Ostrowski et al.117 

Esterification experiments between acrylic acid and several alcohols were carried out with 

heterogeneous catalysis using different acidic Amberlyst catalysts. The experimental results 

were compared with Density Functional Theory (DFT) calculations, which revealed that the 

most plausible side reaction was the addition of acrylic acid on an esterified acrylate group.  

 

Scheme 12 Main side reaction occurring during acid-catalyzed esterification. 

Even though the esterification method was different for our system, the relative 

probability for a certain side reaction to occur is still highly relevant. The NMR description as 

well as the ESI-MS interpretation corroborate this hypothesis as we can see small H signals in 

the CH2 range that are seen by the carbonyl carbon of the acrylate (long range 2D) and an 

addition of + 72 m/z in the mass analysis is observed. For further proof of the side reaction, 

acrylic acid was reacted with itself for 24 h under the esterification conditions described above. 

In IR, the product showed new peaks for CH2 at 734 and 700 cm-1, and for C-O ester at 1180 cm-

1. The 1H NMR shows a smaller integration for alkene hydrogens and two distinct triplets at 

4.45 (O-CH2-) and 2.77 (-CH2-C=O) ppm for the two CH2 created. Even though this side 

reaction was not desired and is not controlled during our synthesis, this should not affect the 

final properties of the acrylated HBP as the incorporation of extra acrylic acid units is 

counterbalanced by the excess used during the synthesis, allowing to reach a high conversion 

despite the loss of acrylic acid. Furthermore, the overall number of double bonds per 

hyperbranched polymer remains the same. ESI-MS spectra of HBP 1, 2, 4, 5, 6 can be found in 

the annexes (IX.A.).  

Based on the structural analysis conducted, it is noteworthy to mention that the HBP 

structures synthesized in this study are not perfectly dendritic, but more randomly 
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hyperbranched polymers. This was expected, as the synthesis is not sterically controlled by 

protection group chemistry. However, the HBP presented in this study are still suitable for the 

applications envisaged and the lack of symmetry was accepted to have a convenient synthetic 

protocol that can also be applied on larger scale. 

 

• Gel Permeation Chromatography (GPC): 

To obtain some information about the molecular weight distribution of the HBP, GPC 

measurements were performed using columns set with high resolution in the range of 100-

10000 Da, calibrated with linear polystyrene standards. However, linear and hyperbranched 

polymers have different hydrodynamic radii and thus, the measured values can only give an 

indication towards the real molecular weight. Nevertheless, the data can be used to compare the 

HBP synthesized in this study. The Mw, Mn, and polydispersity determined by GPC analysis 

are presented in Table 8. As a comparison, the theoretical molecular weight is also given, and 

the same trend should be observed for measured Mw. 

Table 8 Results of the GPC analysis for the 6 HBPs (Ð=Dispersity). 

Structure MW (g/mol)  MN (g/mol)  MWtheoritical (g/mol)  Ð 

HBP 1 - TMP_G1 2400 670 812 3.5 

HBP 2 - DiTMP_G1 4300 1300 1150 3.3 

HBP 3 - HDO_G1 860 530 568 1.6 

HBP 4 - HDO_G2 1600 810 1250 2.0 

HBP 4’ - HDO_G2 1600 730 1250 2.2 

HBP 5 - TMP.EG_G1 1300 680 1126 1.9 

HBP 6 - TMP.EG_G2 4600 1000 2150 4.5 

HBP 6’ - TMP.EG_G2 6300 820 2150 7.6 

As expected, less sterically demanding and more reactive cores show a lower 

polydispersity compared to denser cores like DiTMP. Furthermore, bMPA exhibits a lower 

miscibility in ethoxylated TMP, resulting in longer reaction times and thus, more disperse 

materials. Logically, the one-pot addition of the two generations of bMPA resulted in an 

increased dispersity, more pronounced for TMP.EG_G2 as this effect was added to the low 

miscibility. In comparison with the theoretical Mw, GPC values follow the same trend for HBP 
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3 to 6, however, HBP 1 and 2 derived from TMP and DiTMP are found to have too high values. 

This could be attributed to the increased steric demand of the cores that might results in slightly 

higher degree of radical crosslinking reaction compared to the other HBP. This was not 

observed in the MS analysis, as the target mass was too low. 

 

• Viscosity measurements: 

  The viscosities were measured at 25, 37.5, 50, 62.5 and 75 °C for the six HBPs and are 

presented in Table 9 and Figure 29. There is a considerable difference of viscosity between the 

least viscous HBP (HDO first generation) and the most viscous (DiTMP first generation) the 

latter being 185 times more viscous than the former one at 25 °C. The viscosities of HDO_G1 

and TMP.EG_G1 are low due to their low steric hindrance, with the latter being slightly more 

viscous. The introduction of the second generation of bMPA increases the molecular weight 

and the steric hindrance, resulting in a higher viscosity due to higher density of the chains 

leading to lower relaxation dynamics. Finally, TMP_G1 has a high viscosity: 75.4 Pa·s, and 

DiTMP_G1 even more with 128 Pa·s at room temperature due to the very high steric bulk (4 

substituted arms with short chain length between two branching points).  

Table 9 Viscosities of the HBPs in mPa.s (HBP n’ referring to HBP of second generation with a one-

step addition of bMPA). 

Structure 75 °C 62.5 °C 50 °C 37.5 °C 25 °C 

HBP 1 - TMP_G1 1337 2901 7320 20858 75415 

HBP 2 - DiTMP_G1 2397 5128 12574 34309 128970 

HBP 3 - HDO_G1 57 91 160 312 694 

HBP 4 - HDO_G2 362 715 1618 4143 12307 

HBP 4’ - HDO_G2 361 676 1391 3278 8907 

HBP 5 - TMP.EG_G1 131 217 397 820 1973 

HBP 6 - TMP.EG_G2 1241 2478 5701 14985 46491 

HBP 6’ - TMP.EG_G2 2036 3618 7584 17814 48816 

The steric hindrance could also imply a lower degree of esterification as we saw above, 

leaving a part of the OH groups unsubstituted and the resulting H-bonding will impact the 
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viscosity of the resins. However, these OH groups are likely to be sterically hindered preventing 

them to form such bonds. Furthermore, the GPC analysis showed that HBP 1 and 2 had higher 

Mw than expected which should result in an increase of the viscosity. For HBP 4’, the one-step 

synthesis of both generations gives a material with similar viscosity at low temperature but a 

lower viscosity at high temperature. For HBP 6’, the viscosity at low temperature is greater 

while being in the same range at high temperature (poor miscibility of the high amount of bMPA 

added altogether led to a longer reaction time and more viscous material). The viscosity is not 

a linear function of the temperature as it increases exponentially when the temperature is 

lowered, thus the more viscous materials could be used at higher operating temperature. 

 

Figure 29 Viscosity of the acrylated HBPs vs temperature. 

 

• Dynamic Mechanical Analysis and Differential Scanning Calorimetry: 

DMA and DSC experiments were performed to obtain information about the thermal 

and mechanical properties of the cured resins (Table 10). Tension mode was used for the DMA 

analyses where the film was fixed at its ends and set under sinusoidal stress under a changing 

temperature.  

Films of the six resins were made using a 150 μm squeegee on a glass plate and cured 

under UV-light. The films were removed from the glass plate and cut into the stripes with an 

8.0 mm width. The exact thickness was measured before as the experimental value is usually 

lower than the theoretical 150 μm: range of thickness of 65-85 μm. The furnace was cooled to 
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-60 °C using liquid nitrogen and the temperature was slowly raised to 110 °C while applying a 

sinusoidal stress to the film. The only drawback of this measurement method was that the 

sample preparation of the cured films by cutting proved to be challenging. 

DiTMP_bMPA_Acr80.Prop40 for example was the most rigid material and tends to have small 

cracks on the edge where the cut was made. These cracks will cause the film to break earlier 

than it should and it was not possible for this material to obtain a representative value of the Tg 

as measurements were too inconsistent, therefore only the DSC data is given. Figure 30 

represents the DMA analysis of the ethoxylated TMP first generation resin giving a clear Tg at 

7.4 °C. The middle values as well as the standard deviations of the Tg and modulus at 25 °C 

obtained from the DMA measurements are presented in Table 10. 

 

Figure 30 DMA analysis of HBP 5 - TMP.EG_bMPA.G1_Acr80.Prop40. 

Flexibility on a molecular level has a strong impact on the glass transition temperature 

and the higher the flexibility, the lower the Tg will be which explains why TMP.EG_G1 has the 

lowest Tg thanks to the high flexibility of the chains within the structure. HDO is less flexible 

than TMP.EG but more than TMP which is seen in the Tg trend. The resins issued from second 

generation HBPs have higher Tg than those of the first generation due to the stronger polymer 

network. Even though the glass temperature obtained by DSC are lower than the ones given by 

the DMA and the glass transition was very broad, the same trend is observed. 
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Table 10 Results of DMA and DSC measurements: middles values and (standard deviations). 

Structure Thickness (mm) 
Young modulus at 

25°C (MPa) 
TgDMA (°c) TgDSC (°c) 

HBP 1 - TMP_G1 68 507.2 (13) 73.3 (1.8) 54.6 

HBP 2 - DiTMP_G1 - 314.2 (8) - 54.8 

HBP 3 - HDO_G1 70 321.8 (8) 51.0 (5.3) 24.6 

HBP 4 - HDO_G2 70 428.1 (6) 86.0 (4) 77.8 

HBP 5 - TMP.EG_G1 75 44.2 (16) 9.2 (3.3) 2.8 

HBP 6 - TMP.EG_G2 68 552.5 (24) 55.2 (4.7) 30.2 

 

• Thermogravimetric analysis (TGA): 

Thermogravimetric analyses were performed for the six HBP resins between 25 and 

1000 °C to assess their thermostability. All HBPs displayed two degradation steps. The 

temperature limits of the degradations (Ts and Te) as well as the temperature where the highest 

decomposition rate (Tr) was found and the percentage of weight loss (WL) at the end of the 

decomposition step are presented in Figure 31 and Table 11 (detailed curves for each HBP can 

be found is the annexes (Figure A. 6 to Figure A. 10). However, for HBP 1, 2 and 3, the first 

decomposition step was too small to be reported. 

Table 11 Results of TGA measurements for the six acrylated HBPs. 

Structure  Decomposition step 1 Decomposition step 2 

 Ts – Te 

(°C) 

Tr (°C) WL (%)  Ts – Te 

(°C) 

Tr (°C) WL (%)  

HBP 1 - TMP_G1 - - - 50 - 561 443 96.35 

HBP 2 - DiTMP_G1 -  - - 50 - 528 435 97.06 

HBP 3 - HDO_G1 - - - 45 - 498 416 96.58 

HBP 4 - HDO_G2 47 - 282 187 7.71 282 - 506 415 90.10 

HBP 5 - TMP.EG_G1 41 - 258 175 5.37 258 - 514 414 91,52 

HBP 6 - TMP.EG_G2 50 - 269 180 6.69 269 - 508 422 90.86 
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All resins present similar thermal stability behavior with HBP 1, 2 and 3 having a higher 

final weight loss. 

 

Figure 31 TGA curves of the six HBPs (a) (exo up) and DTA (b) between 25 and 1000 °C. 
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• Photo-DSC: 

Photo-DSC is a valuable tool to assess the reactivity towards UV-induced radical curing, 

especially for highly reactive materials displaying short curing time with little difference of 

reactivity regarding the apparent curing behavior (number of runs into the UV-oven). The 

photo-DSC measures the heat produced by the sample during the curing process. The light 

brings energy to the vessel but also to the resin whether it is cured or not yet. This means that a 

positive signal will be seen in comparison to the empty reference vessel. To get the integration 

of the signal only, two runs were made with a short time between the runs to let the resin cool 

down. The second run was made once the material was fully cured and the baseline stable. 

Then, the second curve was subtracted from the first one to obtain the curve related to the curing 

only (Figure 32).  

 

 

Figure 32 Photo-DSC of TMP_bMPA.G1_Acr80.Prop40 (exo up) (in min): a. 2 segments with 2 times 

2.5 minute of light, b. superposition of first and second segment, c. subtraction, integration and 

calculation. 

b)  c)  

a)  
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Photo-DSC measurements allow assessing the reactivity of UV-curable resins by 

measuring the heat produced by the sample during the curing process. The integration of the 

photo-DSC curves allowed to obtain the enthalpy in J/g (Fig. x). Energies obtained by 

integration and the time to maximum are listed in Table 12 (positive values of the energy 

received by the detector even though the radical crosslinking reaction is exothermic). 

Table 12 Results of the photo-DSC measurements. 

Structure ΔH (J/g) Tmax (s) 

HBP 1 - TMP_G1 199.3 3.0 

HBP 2 - DiTMP_G1 186.9 3.2 

HBP 3 - HDO_G1 204.0 3.0 

HBP 4 - HDO_G2 230.7 3.5 

HBP 4’ - HDO_G2 223.4 3.1 

HBP 5 - TMP.EG_G1 210.0 3.3 

HBP 6 - TMP.EG_G2 188.8 3.4 

The enthalpy of the curing process is given per gram of sample, therefore smaller 

structures like HDO have a higher enthalpy because of the higher weight proportion of acrylic 

acid in the corresponding HBP. Furthermore, the less sterically hindered structures should allow 

better curing due the better accessibility of the double bonds. This can be observed here, except 

for HDO second generation, but in this case the high acrylic acid substitution might have 

counterbalanced the other effects. DiTMP is the most sterically hindered candidate with a low 

acrylic acid weight percentage (due to bigger structure and poor substitution) and thus has a 

lower enthalpy, followed by TMP for the same reasons. 

By comparing the calculated theoretical energy that should be liberated during the 

curing process and the experimental value, we can obtain the percentage of double bond 

conversion that underwent radical crosslinking, using 𝛥𝐻𝑒𝑥𝑜 (measured enthalpy released 

during the curing process) and 𝛥𝐻𝑡ℎ𝑒𝑜 (the theoretical energy liberated if all double bonds had 

reacted, with 86.19 kJ/mol being the enthalpy for the radical reaction of a single acrylic acid 

double bond) (Equation 1).118,119,120,121,122 
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Equation 1 Calculation of the conversion and the theoretical energy (F= functionality and M= Mw). 

The theoretical energy is calculated as the enthalpy from the double bond of the acrylic 

acid (86.19 kJ/mol) times the functionality of the molecule (number of double bonds per 

molecule) divided by the molecular weight. The functionality is obtained thanks to the NMR 

integration presented in Table 7, as the number of acrylic acid unit per molecule. The average 

molecular weight is calculated according to equation where Mc is the molecular weight of the 

core, Mb the molecular weight of bMPA (134 g/mol), nb the number of theoretical bMPA units, 

Fa and Fp are the functionality of acrylic and propionic acid respectively and Ma (72 g/mol) and 

Mp  (74 g/mol) are their respective molecular weight (Equation 2). The results are presented in 

Table 13. 

 

Equation 2 Calculation of the molecular weight. 

Table 13 Calculation of the molecular weight. 

Structure  NB FA FP Mw (g/mol) 

HBP 1 - TMP_G1 3 2.76 1.86 735.2 

HBP 2 - DiTMP_G1 4 3.84 2.32 1051.28 

HBP 3 - HDO_G1 2 2.4 1.12 542.32 

HBP 4 - HDO_G2 6 5.28 2.4 1233.52 

HBP 5 – TMP.EG_G1 3 3.24 1.86 1077.12 

HBP 6 - TMP.EG_G2 9 6.24 3.84 2046 

This allows the calculation of the theoretical enthalpy released during the curing 

process, knowing that bigger molecules should have a lower value due to their lower acrylic 

acid weight percentage. The results of the calculation of the theoretical enthalpy alongside the 

conversion of the double bonds are presented in Table 14. The double bond density (DBD) is 

also calculated as the functionality divided by the molecular weight of the molecule. Photo-

DSC curves also allows to determine the rate of the photopolymerization which is the derivate 

function of the conversion, to assess the evolution of the curing speed (Equation 3). The 

𝑀𝑤 =  𝑀𝑐 +  𝑀𝑏 − 18 ∗ 𝑛𝑏 +  𝑀𝑎 − 18 ∗ 𝐹𝑎 +  𝑀𝑝 − 18 ∗ 𝐹𝑝  
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maximum value of this rate of polymerization is a good indicator of the intrinsic reactivity of 

the resin. 

 

Equation 3 Calculation of the rate of photo-polymerization. 

All resins are highly reactive and are completely cured in a few seconds under UV-light 

with polymerization rates at 25 °C up to 0.14 s-1 (Figure 33.b.), higher than known values for 

acrylated HBP without reactive diluents in the literature. The acrylated Boltorn™ H20 

synthesized by Schmidt et al.30 was found to have a rate of polymerization below 0.06 s-1 at 

room temperature for a final conversion of 55%. A higher rate was obtained when the sample 

was cured at 79 °C with a maximum at 0.105 s-1. 

Figure 33 Photo-DSC of the six HBP: conversion (a) and rate of polymerization (b). 

b) 
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Table 14 Calculation of the double bond conversion. 

Structure  DBD (mmol/g) ΔHtheo (J/g) ΔHexo (J/g) C (%) 

HBP 1 - TMP_G1 3.75 323.6 199.3 62 

HBP 2 - DiTMP_G1 3.65 314.8 186.9 59 

HBP 3 - HDO_G1 4.43 381.4 209.8 55 

HBP 4 - HDO_G2 4.28 368.9 230.7 63 

HBP 5 – TMP.EG_G1 3.01 259.3 210.0 81 

HBP 6 - TMP.EG_G2 3.05 262.9 188.8 72 

The double bond density is impacted by the size of the core and the substitution of 

acrylic acid. A small-sized core with high acrylic acid conversion will have a high double bond 

density, which is the case for HDO_bMPA.G1_Acr80.Prop40 (4.43 mmol/g). A large-sized 

core with lower conversion will result in a lower double bond density as we can see for 

TMP.EG_bMPA.G1_Acr80.Prop40 (3.01 mmol/g). The conversion of the double bonds does 

not exceed 81% and the lowest is 55%. After the radical polymerization is started, UV-curable 

polymers will start forming a three-dimensional network that will grow, and this crosslinking 

will cause a drastic increase in viscosity. After a certain point, the viscosity is too high for the 

reacted species to find another double bond to react with and the radical propagation will stop; 

double bond conversions can be as low as 30-40%.123 TMP and DiTMP resins have lower 

double bond density and exhibit higher final conversion. The high double bond conversion of 

TMP.EG based resins is not only due to their lower double bond density (due to their high 

molecular weight core) but also to their higher flexibility. Indeed, the long ethylene glycol 

chains offer a good flexibility that counterbalance the stiffening of the material during the 

curing process allowing more double bonds to react resulting in a higher double bond 

conversion. The remaining carbon-carbon double bonds can be observed on cured resins IRs. 

For example, the intensity of the peaks at 1641 and 814 cm-1 is reduced by a factor 3 for HBP 2 

whereas it has almost disappeared when analyzing a film of HBP 5. The addition of a UV-

curable reactive diluent could help to increase the final conversion as it reduces the viscosity, 

and when the HBP start to form a dense network, these small molecules are more likely to 

propagate the radical reaction than rigid polymers.  



68 
 

It is known that the curing process is less efficient when made in an air atmosphere due 

to the oxygen inhibition. The rate of polymerization, the enthalpy and thus the conversion, 

would be positively impacted if the curing process were to be made under inert atmosphere. A 

higher operating temperature would also be beneficial for the curing process as it will improve 

the flexibility of the polymer allowing it to achieve higher double bond conversion. 

 

• Tensile strength measurement: 

Tensile strength measurements were made by pulling a film of cured polymer and 

measuring the force required to break. For every acrylated HBP, 10 films of similar thickness 

(around 70 μm) and same width (15 mm) were pulled. The two lowest and two highest values 

were eliminated for more precision and the average values are presented in Table 15.  

Table 15 Tensile strength measurements for the six acrylated HBPs. 

Structure 
Thickness 

(μm) 

Width 

(mm) 

Tensile strength 

(N/mm2) 

Elongation at 

break (%) 

HBP 1 - TMP_G1 69.1 15 7.9 0.8 

HBP 2 - DiTMP_G1 71.0 15 11.6 1.0 

HBP 3 - HDO_G1 70.7 15 9.6 1.5 

HBP 4 - HDO_G1 70.9 15 11.5 1.1 

HBP 4’ - HDO_G2 (1 step) 71.6 15 11.2 1.0 

HBP 5 - TMP.EG_G1 70.9 15 3.9 7.5 

HBP 6 - TMP.EG_G2 70.6 15 26.5 10.0 

TMP_G1 and HDO_G1 break in the similar range of force; DiTMP_G1 and HDO_G2 

have slightly higher values due to the stiffer structure. The best resistance to pulling is given by 

TMP.EG_G2 as this material combines both flexibility, which gives some elasticity, and 

stiffness due to the high number of acrylic acid (2 generations of bMPA) as well as a high 

conversion of these double bonds. On the other side, the first generation of TMP.EG gives poor 

resistance results, as the stiffness is too low to be balanced by the elasticity. When compared 

with dental composites synthesized by Klee et al. having a tensile strength of 4.3 N/mm2, all 

resins but HBP 5 have stronger ultimate tensile strength.33 It can also be noticed that no 

difference was observed between the one-step and 2-step addition of the second generation for 
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HBP 4 and 4’ in regard to physical properties, suggesting that the simpler one-step addition 

could be used. 

 

• Impact strength measurement (Charpy): 

Charpy measurements were made for the six HBP to assess the impact strength according 

to the procedure described above and the results are presented in Table 16. Several pendulum 

with different masses were used to fit better with the sample range (0.5 to 2.0 kg) and all sample 

broke on impact (noted B) but HBP_5 that bended to a point where it could pass between the 

two abutments and did not break (NB). It is to be noted that Charpy measurements cannot be 

compared with the results obtained with the tensile strength as they do not assess the same 

properties. Charpy tests allows assessing the ability of a material to absorb the energy of an 

impact. However, a “hard” material in the common sense of the word (hard to break by hand) 

might have a low impact strength. This example is well illustrated with DiTMP_G1, the 

“hardest” material to break once cured, which has the lowest impact strength at 3.55 kJ/m2, 

because of the low ductility or high brittleness of this material.  

Table 16 Results of Charpy measurements for the six acrylated HBPs (B= broken, NB= not broken 

during measurement). 

Structure Width (mm) 
Thickness 

(mm) 
Force (J) 

Impact strength 

(kJ/m2) 

HBP 1 - TMP_G1 9.93 4.23 0.32 7.63 (B) 

HBP 2 - DiTMP_G1 9.95 4.26 0.15 3.55 (B) 

HBP 3 - HDO_G1 9.86 4.13 0.34 8.41 (B) 

HBP 4 - HDO_G1 9.92 4.38 0.25 5.64 (B) 

HBP 5 - TMP.EG_G1 9.89 4.14 0.71 17.36 (NB) 

HBP 6 - TMP.EG_G2 9.97 4.38 0.33 7.50 (B) 

Due to the high flexibility of the TMP.EG core, TMP.EG_G1 did not break and 

displayed the highest impact strength at 17.36 kJ/m2 thanks to its high ability to absorb energy 

on impact. The sample was observed after the analysis and the stick returned to its original 

shape. Thus, we can say that HBP 5 displayed some elastic properties, but the ductile 

(deformation to a point where the material would not return to its original shape) behavior could 



70 
 

not be observed with the Charpy analysis as no permanent deformations were observed in the 

course of this experiment. However, during the tensile strength measurement of HBP 5, the 

elongation at break was the highest and the film displayed permanent deformation before 

breaking. This flexibility allowing a high energy absorption is reduced by the stiffness induced 

by the introduction of the second generation for HBP 6 leading to a lower impact strength 

(7.5 kJ/m2) falling in the same range as HBP 1, 3 and 4. 

With the characterization performed, the best candidate as a UV-curing resin without 

the addition of a reactive diluent seems to be HBP 4, HDO_bMPA.G2_Acr80.Prop40. It was 

shown that these polymers have good properties (viscosity, mechanical strength), better than 

the ones reported in the literature (conversion, tensile strength and rate of polymerization) and 

could be used as UV-curable resins for additive manufacturing (some without the addition of a 

reactive diluent given their viscosity). Furthermore, their simple method of synthesis did not 

require the use of any activated reagent and lead to materials with higher substitutions. They 

could also be used as additives to other resins to act as tougheners thanks to their very reactive 

ball-shape structure to improve the networking during the radical crosslinking of a linear UV-

curable material. The synthesis of acrylated HBPs was optimized allowing to produce highly 

substituted, reactive and resistant UV-curable materials with a simple and scalable synthetic 

route. The structure-properties relationships were also studied allowing the design of better UV-

curable HBPs. However, to use this knowledge for the synthesis of itaconic acid based HBPs, 

building blocks from itaconic acid must be developed first, as the itaconic acid itself cannot be 

reacted in the same manner. 

 

III.D.  Monoesters of itaconic acid and soybean oil 

As shown earlier, introducing an alcohol on an acid-terminated polymer leads to 

transesterification. However, hyperbranched polymers cannot be left with acid groups as end 

groups because the high degree of intermolecular interactions (H-bonding) would lead to a 

highly viscous material. A good way to introduce itaconic acid without risking 

transesterification is to mimic the monoacid structure of acrylic acid by substituting one side of 

itaconic acid selectively (see Figure 8). These monomers are to be used as end capping groups 

to be reacted with the core of the HBP to obtain an alkyl-terminated macrostructure. The core 

is designed using the divergent approach while the monoester follows the convergent strategy. 

This synthesis approach is an alternative known as double exponential growth approach. 
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Indeed, building the branched core and a monoester of itaconic acid before reacting them 

together is a good way to avoid side reactions. To do so, monoesters of itaconic acid need to be 

synthesized. An extensive summary of the existing methods for the synthesis of such building 

blocks was presented earlier, several methods for the synthesis of monoesters of itaconic acid 

have been tried and optimized and a range of different monoesters have been obtained. The goal 

was the implementation of a facile, generally applicable and scalable synthetic strategy to 

monoesters of itaconic acid. To test the reactivity of such monomers, they will be reacted with 

epoxidized soybean oil (ESBO).  

 

III.D.1. Monoesters of itaconic acid 

III.D.1.a. Condition optimization 

The conventional method for synthesizing monoesters of itaconic acid is to react 

itaconic acid with an alcohol using acidic catalysis. This reaction leads to the formation of a 

mixture of the monoester of itaconic acid and diester. To increase the selectivity towards the 

monoesters, nickel chloride (NiCl2) can be used as a catalyst, as it results in good selectivity 

towards the monoester and moderate yields.87 Itaconic acid was reacted with butanol (1.1 eq) 

alongside 2 mol% of the catalyst (Scheme 13). 

 

Scheme 13 Selective monoesterification of itaconic acid. 

 Nickel chloride showed a good selectivity: 70.6% for the monoester and 4.7% for the 

diester on the first try (Table 17). The crude mixture was purified using a chromatography 

column after being washed with brine, extracted, dried and evaporated. However, NiCl2 is a 

toxic catalyst and the avoidance of its use would be preferable. Thus, the same conditions were 

used with p-toluene sulfonic acid (p-TSA) using both itaconic acid and anhydride. The 

anhydride proved to be slightly more selective, but the yield was lower than with nickel 

chloride. The reaction conditions were optimized by lowering the temperature to 125 °C and 

increasing the amount of the alcohol (1.25 equivalents instead of 1.1), yielding to a better yield 

of 61.1% of the monoester alongside 33% of the diester after the chromatography column 

purification. 
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Table 17 Monoesterification by catalyzed condensation (IT=itaconic acid, IA=itaconic anhydride). 

Catalyst reagent Alcohol Monoester Diester 

NiCl2 IT 1.1 eq 70.6 4.7 

p-TSA IT 1.1 eq 50.3 26 

p-TSA IA 1.1 eq 51.3 19.7 

p-TSA IT 1.25 eq 61.1 33 

Lopez-Carrasquero et al. or Dominguez et al. have also used acetyl chloride or sulfuric 

acid as a selective catalyst for monoester of itaconic acid synthesis and were purified by 

crystallization with good yields.62,84 However these methods are not applicable to industrial 

polymer production mainly because of the purification steps (column or crystallization) and the 

yields are still moderate. Thus, further optimization was needed to obtain a pure monoester that 

can be produced on a large scale. 

To simplify the purification and allow at the same time to increase the scale of 

production, the idea was to separate the monoester from the diester by creating a salt of the 

monoester. Sodium hydroxide was dissolved in ethanol to get a saturated solution and added 

dropwise to the crude mixture composed of mono and diester. Phenolphthalein was used as a 

color indicator to prevent the reaction mixture to become too basic, which could lead to an 

isomerization of the itaconic acid double bond. The monoester drops out of the solution as a 

sodium monoester salt and is filtrated and rinsed with the smallest quantity of solvent possible, 

as it is partially soluble, and the diester stays in the filtrate. The solid is then dried thoroughly 

under reduced pressure (Scheme 14). However, the yields were low and did not exceed 36.1% 

yield because of the partial solubility of the monoester salt, thus, this option was abandoned. 

 

Scheme 14 Synthesis of the sodium salt of butyl itaconate. 

An efficient way to avoid the use of any catalyst and excess of alcohol while leading to 

a product pure enough, making the use of a tedious purification obsolete, is the use of itaconic 

anhydride alongside the alcohol. Richard et al.32 recently reported the synthesis of long chain 
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aliphatic monoesters of itaconic acid by reacting itaconic anhydride with long chain aliphatic 

alcohols. Inspired by this methodology, we were intrigued to study the outcome of this reaction 

when short chain aliphatic and cyclic alcohols were used.  As a test reaction, one equivalent 

butanol was reacted with one equivalent of itaconic anhydride without catalyst at room 

temperature for 16h (Scheme 15). The conversion was followed by IR, focusing on the 

anhydride peaks at 1770 and 1850 cm-1. However, the itaconic anhydride was not completely 

consumed and the temperature needed to be raised to 50°C. 

 

Scheme 15 Synthesis of butyl itaconate using itaconic anhydride. 

The reaction mixture was filtrated to separate the itaconic acid from the reaction mixture 

and the filtrate was evaporated to obtain the pure monoester without further work up with 91.6% 

yield. NMR analysis show that the major product is the result of the attack of the alcohol on the 

β-carbonyl group but a part of the reagent attacks on the other side of the anhydride, around 

10% according to the NMR integration (Figure 34, Figure 36 and Table 18). 

 

Figure 34 Products of the ring opening of itaconic anhydride by methanol. 

This method would allow to produce monoesters of itaconic acid on large scale, but the 

price would not be in an interesting range because of the difference of cost between itaconic 

acid ad itaconic anhydride, with the latter being 10 to 15 times more expensive.  

Due to the high price of commercial itaconic anhydride and its susceptibility to partial 

hydrolysis upon storage (up to 10 wt% of IT was find within the IA in commercial samples), 

we further improved the methodology by preparing the anhydride directly from inexpensive 

itaconic acid. The anhydride formation is usually carried out by dehydration of the 

corresponding acid or citric acid in the presence of a catalyst.33 Thomas and co-workers34 

screened numerous catalysts for the dehydration of different dicarboxylic acids, the best being 

magnesium chloride. However, a major drawback of this method is the use of di-tert-butyl 

dicarbonate (Boc2O), a toxic and expensive reagent. We therefore decided to utilize the 
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conditions developed by Shriner124 for the synthesis of diacetylated-d-tartaric anhydride. 

Itaconic acid was reacted with a stoichiometric amount of acetic anhydride in toluene in the 

presence of a catalytic amount of sulfuric acid (Scheme 16). After 3 h, the solvent and the 

formed acetic acid were removed under reduced pressure resulting in itaconic anhydride with a 

purity of >99% according to IR and NMR (Figure A. 20 to Figure A. 28). To avoid undesired 

hydrolysis, the dried itaconic anhydride was directly reacted with the desired alcohol.  

 

Scheme 16 Synthetic pathway to monoesters of itaconic acid. 

This method allows a good yield thanks to the acetic anhydride that reacts with the 

itaconic acid to form the mixed anhydride and acts as good leaving group for the ring closing 

leading to the itaconic anhydride with the mechanism similar to the one when a carbonate like 

Moc2O is used (Scheme 17). The reaction produces 2 equivalents of acetic acid for 1 equivalent 

of anhydride that must be evaporated. The advantages of using acetic anhydride instead of a 

dicarbonate like Boc2O or Moc2O are the lower price and lower toxicity of the acetic anhydride.  

 

Scheme 17 Mechanism of the itaconic anhydride synthesis using acetic anhydride. 

Itaconic anhydride was obtained with 99.9% yield after drying. The anhydride has to be 

used straight after being dried, as the product is prone to hydrolysis. By comparing the itaconic 

anhydride just after drying, one day after drying and the commercial itaconic anhydride, we 

noticed that 5 to 10% of the anhydride was hydrolyzed to the itaconic acid that can be seen in 

NMR and IR in the last two samples. Thus, the anhydride needs to be used straight after drying 

as it is the case for the acetylated tartaric anhydride.121 This method allows the synthesize of 
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itaconic anhydride in large quantity at lower costs with quantitative yield and thus the 

possibility to produce monoesters of itaconic acid.  

 

III.D.1.b. Range of monoesters synthesized 

Following this synthetic protocol, several monoesters were synthesized from in situ 

prepared itaconic anhydride. Simple linear alcohols, as well as more complex cyclic alcohols 

were used. The desired monoesters were obtained without filtration after simple evaporation of 

the solvent in high purity and high selectivity towards the β-ester, which made further 

purifications steps unnecessary (Figure 35). The yields and β/α-selectivity of the successful 

attempts are listed in Table 18. 

 

Figure 35 Structure of monoesters of itaconic acid synthesized in this study a. successful attempts, b. 

unsuccessful attempts.  

 A range of classic alcohols were reacted with the itaconic anhydride with quantitative 

yields over 2 steps (anhydride synthesis and ring opening): methanol, ethanol, propanol and 

butanol. The reaction with more complex and sterically demanding alcohol required a longer 
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reaction time in comparison with primary alcohols, up to 40 hours. All IR and NMR analysis 

shown below (Figure 36 and part IX.B.) support the structure and purity.  

The reaction between tert-butanol and itaconic acid only resulted in a partial hydrolysis 

of the anhydride because of the strong steric hindrance caused by the tertiary alcohol. The low 

reactivity towards a nucleophilic attack of the mequinol (or methoxyphenol) also caused the 

reaction to fail, which was expected and a valuable information given the fact the MeHQ is one 

of the most common compound to be used for its inhibition potential to prevent any crosslinking 

of the carbon-carbon double bond. Furfuryl alcohol was also reacted with the synthetized 

itaconic anhydride without success probably because of the possible side reaction with itself 

(self-polymerization) that leads to a polymer (Scheme 18).125 

 

Scheme 18 Homo-polymerization of furfuryl alcohol. 

Even though isoborneol is a very sterically demanding alcohol, it is currently used for 

acrylated reactive diluent (IBOA: isobornyl acrylate) that has a good reactivity and low 

viscosity. For example, it has been used with acrylated hyperbranched polymers by Tang et al.28 

to optimize the mechanical properties and the network density of the resins. Yildiz et al.96 have 

used IBOA as a reactive diluent for acrylated urethane polymers, compared it with other 

reactive diluents like thiodiethylene glycol diacrylate (TDGDA) and found that IBOA induced 

the best improvement in terms of tensile strength and water absorption. Another good acrylated 

reactive diluent is the ACMO or acryloyl morpholine, which is very reactive and has a toxicity 

lower than other acrylated reactive diluents with an irritation PI ≤ 0.5 (irritation barely 

perceptible) against 3 to 8 (moderate to severe irritation) for typical acrylated monomers.34 

Piperidine and morpholine have been reacted with itaconic anhydride under the same conditions 

to synthetize amide-based substitutes to ACMO or its derivates. However, the products were 

brown and gelled in the case of the morpholine with a small fraction of the itaconic acid that 

underwent an isomerization. Octylamine and morpholine were then reacted at higher 

temperature in ethyl acetate as the greater polarity of the solvent should increase the solubility 

and help for the reactivity of both compounds. However, an exothermic reaction took place 

when reagents were mixed, probably because of the rests of acetic acid, leading to an acid-base 

reaction to form the ammonium and carboxylate salt. Several attempts with butylamine have 

been performed, using toluene as a solvent. However, the poor miscibility of the reagents 
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resulting in almost no reaction, only isomerization of the carbon-carbon double bond was 

observed. Using EtOAc to react butylamine and itaconic anhydride for 20 hours at 50 °C, the 

monoamide was obtained but up to 60% of the product was isomerized. The reaction time was 

reduced to 5 hours where almost no isomerization was found. When reacting for only 2 hours, 

the butyl amide itaconate was obtained with no isomerization. However, some small impurities 

were still observed on the NMR analysis. The same was found when using fatty amines (n=6-

10) and thus, these products would need a purification which were to be avoided in this process 

to allow for a scaling of this method. For these reasons, the synthesis of monoamides was then 

discarded.  

The monoesters synthesized using toluene were obtained in quantitative yields over two 

steps. Only when the sterically very demanding isoborneol was used, the yield was slightly 

lower (92%) with some unreacted IA remaining (< 1%). In most cases, 100% conversion was 

reached after 16 h, while the bulkier alcohols like cyclohexanol, phenoxyethanol and isobornyl 

alcohol required reaction times of 20 and 40 h, respectively. The addition of all alcohols was 

selective towards the formation of the non-conjugated α-ester (up to 99/1), which is in 

accordance with the results obtained by Richard et al.92 It is noteworthy that the less reactive 

and bulkier alcohols, cyclohexanol, phenoxyethanol and isoborneol, led to the highest 

selectivities. To study the influence of the solvent on the outcome of the monoester synthesis, 

besides toluene the more sustainable solvent ethyl acetate was used. The yields and β/α 

selectivity are reported in Table 18, as well as the reaction time required until no anhydride was 

observed in the IR. In all cases no formation of the corresponding diesters was observed. When 

EtOAc was used as solvent, longer reaction times were required to obtain full conversion and 

the yields and selectivities were slightly lower compared to the results obtained when toluene 

was used. 

The FT-IR spectra of these eight monoesters are quite similar with the only difference 

being on the CH, CH2 and CH3 area and extra C=C aromatic signals for Bz-It and PhEt-It (1601 

and 1588 cm-1). A typical spectrum would be 3100 to 2500 cm-1 for CH, CH2, CH3 and acidic 

OH, 1732 to 1717 cm-1 for C=O ester, 1698 to 1678 cm-1 for acidic C=O, 1636 to 1630 cm-1 for 

itaconic C=C, 1205 to 1152 cm-1 for C-O (acid and ester). IR spectrum of methyl itaconate is 

presented in Figure 36.c. and the other spectra can be found in the annexes alongside the DSC 

analysis where melting temperatures were found between 33 and 126 °C (Figure A. 11 to Figure 

A. 19). 
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Table 18 Yield, selectivity and reaction time for the synthesized monoesters. 

Structure 
β-

monoester 

α-

monoester 

Reaction 

time 

Yield 

(%) 

β-

monoester 

α-

monoester 

Reaction 

time 

Yield 

(%) 

 Toluene (50°C) Ethyl acetate (50°C) 

Me-It 90 10 16 h > 99 90 10 30 h 98 

Et-It 87 13 16 h > 99 90 10 30 h >99 

Pr-It 93 7 16 h > 99 90 10 30 h >99 

Bu-It 91 9 16 h > 99 90 10 30 h >99 

Cy-It 94 6 20 h > 99 95 5 3 d >99 

Bz-It 86 14 16 h > 99 43 57 3 d >99 

PhEt-It 99 1 40 h > 99 65 35 5 d >99 

Isob-It 96 4 40 h 92 93 7 5 d 76 

The structures, purity and α/β ratio of monoesters were confirmed by 1H and 13C NMR. 

As an example, the spectra of Me_It are shown in Figure 36.a. and Figure 36.b.; the spectra of 

the other monoesters can be found in the annexes (Figure A. 11 to Figure A. 19). While the 

main signals support the structure of the β-monoester, the α-monoester can be found as the 

secondary product with H3a’ and H3b’ at 6.23 and 5.78 ppm, as well as H6’ at 3.71. In addition, 

in the 13C NMR the signals of the secondary α-ester can be found. No other impurities can be 

detected in the spectra, proving the high selectivity of the synthesis developed for this study. 
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Figure 36 a. 1H NMR, b. 13C NMR of Me-It in acetone-d6 and c. IR of Me-It. 

In order to assess the impact of the itaconic substitution by the different alcohols, the 

structure-properties relationships were studied by reacting them with epoxidized soybean oil. 

A characterization focusing mainly on the viscosity and the reactivity will be presented to 

determine which monoester is the best candidate for UV-curing applications. These monoesters 

could also be used as building blocks for the synthesis of comb-like polymers.67,68 

 

III.D.2. Reaction with ESBO 

With this variety of monoesters of itaconic acid in hand, it was decided to examine their 

suitability as alternative UV-curing building blocks inspired by a study recently reported by Li 

et al.81 However, in our case, the different structures allow for a more comprehensive insight 

into the structure-properties relationship of the different monoesters, such as viscosity and 

reactivity towards UV-light induced radical crosslinking. Therefore, all monoesters were 

reacted with ESBO, which is an interesting bio-based oil because of its rather high double bond 

density. It is composed of 15% saturated fatty acid (4% stearic acid, 11% palmitic acid), 26% 
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monounsaturated fatty acid (oleic acid) and 59% poly unsaturated fatty acid (7% linolenic, 52% 

linoleic) (Figure 37). The epoxide content is around 6.75% which means that there are 

0,0675 grams of epoxide oxygen atoms per gram, thus 4.22 mmol epoxides per gram that can 

be reacted with the monomers, which are good candidates for the reaction with epoxides. 

Indeed, due to the conjugation with the carbon-carbon double bond, the α,β-unsaturated 

carbonyl group of the monoester of itaconic acid is electron-rich, which makes it a poor 

candidate to be attacked by a nucleophile, e.g. during a condensation or anhydride ring-opening 

reaction. This is the reason why the transesterification was the major reaction during the star-

shaped synthesis (see II. B.). On the other hand, this difference in reactivity implies a greater 

reactivity than a non-conjugated acid when acting as a nucleophile group to attack an epoxide. 

 

Figure 37 Composition of soybean oil. 

The previously synthesized monoesters were reacted with epoxidized soybean oil in the 

presence of TPP as a catalyst (1 wt%), alongside 0.5 wt% BHT as inhibitor, using toluene as a 

solvent for 20 hours at 110 °C to obtain itaconated epoxidized soybean oil (IESO, Scheme 19). 

The crude product was washed with brine and distilled water and extracted with toluene. The 

organic phase was then dried over sodium sulfate, filtrated and evaporated to afford the product 

with a quantitative yield. Acrylic acid was also reacted with ESBO under the same conditions 

and the resulting AESO was used as a standard for comparison. Triethylamine was also tested 

as catalyst, but TPP lead to shorter reaction time for the same amount of catalyst loading. All 

IESOs as well as AESO were obtained in good to excellent yields (85-98%), presented in Table 

19. Yields are calculated as followed: a stoichiometric amount of monoester of itaconic acid to 

epoxide was added based on the number of epoxides in the ESBO (epoxide content given by 

Hobum Oleochemicals). Then, the yield was calculated using the experimental mass after work 

up and the theoretical mass (addition of ESBO and monoester mass). As shown in Table 19, 

the more sterically demanding isoborneol resulted in a higher ratio of β to α monoester. As the 

former is more reactive towards epoxide opening, it led to a higher IESO yield. The same 

reaction was carried out with longer aliphatic chains monoesters: octyl itaconate and decyl 
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itaconate. However, the afforded products were no more resins but yellow waxes that could not 

be used as UV-curable resins at room temperature (melting temperature around 40-50 °C). 

 

Scheme 19 Epoxide opening with monoesters of itaconic acid. 

To assess the impact of the monoesters on the viscosity of the final products, the 

viscosity was measured between 25 and 75 °C and the values are presented in Table 19 and 

Figure 38. AESO and Isob-IESO were found to have similar high viscosities at 25°C of 23 and 

24 Pa∙s, respectively. Other IESOs exhibited lower viscosities between 6.0 and 13.5 Pa∙s. All 

IESO and AESO resins are more viscous than neat ESBO due to the presence of the OH-groups 

as a result of the epoxide opening, which results in an increase of intermolecular hydrogen 

bonds. The bio-based content was calculated based on the degree of substitution obtained by 

NMR analysis and are also presented in Table 19. 

 

Figure 38 Viscosity of AESO and IESO in Pa∙s. 
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Table 19 Viscosity of AESO and IESO in Pa∙s, yields and bio-based content of the IESOs synthesized.    

Structure 

Viscosity 

Yield (%) 
Bio-based content 

(%) 25 °C 75 °C 

ESBO 0.46 0.07 - 100 

AESO 23.54 0.8 96 83 

Me-IESO 6.59 0.31 85 100 

Et-IESO 7.05 0.34 85 100 

Pr-IESO 8.90 0.41 85 90 

Bu-IESO 6.05 0.32 85 100 

Cy-IESO 13.52 0.47 86 82 

Bz-IESO 9.45 0.36 89 82 

PhEt-IESO 10.74 0.33 90 77 

Isob-IESO 24.47 0.76 98 100 

The reactions were monitored by IR analysis focusing on the disappearance of acidic 

OH and the appearance of alcoholic OH. The dried samples were also analyzed by IR giving 

similar spectra: 1150 cm-1 for C-O, 1600 cm-1 for aromatic carbon-carbon double bond (only 

for Bz-IESO and PhEt-IESO), 1640 cm-1 for itaconic carbon-carbon double bond (1640 and 

1618 cm-1 for AESO’s C=C), 1740 cm-1 for C=O ester, 2930 and 2860 cm-1 for CH2 and CH3, 

3360 to 3620 cm-1 for alcoholic OH. No traces of epoxides were found neither in IR nor NMR 

spectra.  

The structures were confirmed by 1H and 13C NMR. The 1H NMR of Cy-IESO is 

presented in Figure 39, where no more signal corresponding to the protons of the epoxides can 

be detected around 3 ppm. All the other peak and their respective integration match the 

theoretical structure. The presence of the inhibitor, BHT was also observed at 1.42 ppm. The 

IR spectra can be found alongside NMR spectra description in the annexes (Figure A. 20 to 

Figure A. 28). 
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Figure 39 1H NMR of Cy-IESO in deuterated chloroform. 

Then, the reactivity towards UV-curing was investigated by means of photo-DSC. For 

this, the double bond density needed to be calculated. This was done by determining the grafting 

ratio (number of monoester unit per glycerol unit). The calculation of the grafting ratio of the 

monoesters was done by comparison of the integrals of the end chains of the fatty acids (CH3, 

H19) and the integrals of double bond signals of IT (20a, b). This allows for the calculation of 

the average number of monoester units per glycerol.88 Knowing the percentage of fatty acid in 

the soybean oil, the average molecular weight was calculated. The theoretical enthalpy of 

polymerization was calculated using the obtained double bond density and the heat of 

polymerization of an itaconate unit. It is known that the heat of polymerization of an acrylic or 

itaconic moiety is different if substituted or free.126 Thus, the heat of polymerization of dimethyl 

itaconate (DMI) calculated by differential method by Dainton et al127 was used: 

ΔHDMI=60.67 kJ/mol (ΔHAcr=86.19 kJ/mol was used for AESO as it corresponds to the value 

of acrylic acid). With these values, the theoretical enthalpy that should be produced by the 

samples during the curing process could be calculated. The experimental enthalpy was 

investigated by the means of photo-DSC. The grafting ratio (GC=C), average Mw, double bond 

density (DBD), theoretical and experimental enthalpy, as well as conversion and the rate of 

polymerization are presented in Table 20 and Figure 40. 

IESOs were found to have similar double bond densities between 1.68 and 1.79 mmol/g 

while AESO was at 2.38. The integration of the photo-DSC gave the enthalpy of 

polymerization, found to be higher for AESO as its double bond content was higher and the 

intrinsic heat of polymerization of acrylic acid moieties are higher (86.19 kJ/mol). This allowed 

the calculation of the conversion over time, which was between 53.5 and 76.6% for IESOs and 

reached 72.6% for AESO. This shows that itaconic acid-based materials can reach higher 

conversion during the UV-curing. However, by derivating the conversion curve, the rate of 
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polymerization can be obtained, which is significantly higher for AESO in comparison with 

IESO compounds (Figure 40.b). This result can be expected due to the higher intrinsic reactivity 

of the acrylic acid double bond. IESO resins have similar rate of polymerization with Cy-IESO 

having the highest around 0.013 s-1. 

Table 20 Photo-DSC measurements and calculations (Gc=c = grafting ratio, DBD = double bond density). 

Structure GC=C Mw (g/mol) 
DBD 

(mmol/g) 

ΔHtheo 

(J/g) 

ΔHexp 

(J/g) 

RoP 

(1/s·1000) 

C 

(%) 

AESO 2.58 1082.0 2.38 205.5 149.2 101.0 72.6 

Me-IESO 2.14 1204.4 1.78 107.8 79.77 11.5 74.0 

Et-IESO 2.19 1242.3 1.76 107.0 75.6 11.5 70.7 

Pr-IESO 2.23 1279.8 1.74 105.7 68.87 10.8 65.1 

Bu-IESO 2.19 1303.6 1.68 101.9 73.11 10.8 71.7 

Cy-IESO 2.58 1443.2 1.79 108.5 83.09 13.4 76.6 

Bz-IESO 2.43 1430.8 1.70 103.0 64.68 11.3 62.8 

PhEt-IESO 2.60 1546.2 1.68 102.0 57.81 9.9 56.7 

Isob-IESO 2.71 1617.1 1.68 101.7 54.38 11.9 53.5 
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Figure 40 a. Conversion versus time, b. rate of polymerization versus time, c. zoom RoP. 

The reactivity towards UV-curing was also evaluated by curing 75 μm films in a UV-

oven with a UV-dose of 500 mJ/cm2. The number of curing runs needed to fully cure the sample 

was monitored. When no traces were seen on the film after rubbing a tissue on the film, the 

sample was considered cured. The number of runs needed to cure each sample is listed in Table 

21. The acrylic acid containing material was faster to cure, due to the higher intrinsic reactivity 

of the carbon-carbon double bond. For all itaconic acid-derived materials, longer curing times 
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were necessary to obtain a tack-free film. An example of an AESO and Cy-IESO film is shown 

in Figure 41. 

These UV-studies show that even though monoesters of itaconic acid have a similar 

reactivity when reacted with ESBO, the resulting material is less reactive towards UV-curing 

due to the lower reactivity of the carbon-carbon double bond of the itaconic acid. However, the 

difference in curing runs is not that pronounced, the final conversion can be higher for itaconic 

acid-based materials and the cured material showed high flexibility where the AESO displayed 

a higher brittleness. 

Table 21 Curing behavior of IESO and AESO. 

Sample 75 μm film (nb of runs) 

AESO 1 

Me-IESO 5 

Et-IESO 4 

Pr-IESO 4 

Bu-IESO 4 

Cy-IESO 3 

Bz-IESO 4 

PhEt-IESO 3 

Isob-IESO 3 

 

Figure 41 75 μm film of a. AESO, b. Cy-IESO. 

The cured samples were also analyzed by DSC between -50 and 200 °C to obtain the 

temperature of glass transition (Tg) and are presented in Table 22. All IESO but Isob_IESO 

have similar Tg, between -4 and 7 °C, while Isob_IESO and AESO have a Tg of 20 and 22 °C 

respectively. To corroborate these results, DMA analysis were conducted, and even though the 

results were higher for the DMA, the same overall trend can be observed, with AESO and 

Isob_IESO having the highest Tg at 33 and 35 °C respectively. The modulus at 25 °C obtained 

from the DMA analysis is also given for each sample in Table 22. AESO and Isob_IESO have 

higher modulus than other materials as their Tg is greater than 25 °C. For the standard material, 

AESO, the results are slightly better than the ones found in the literature, reported by Dai et al. 
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for example, giving a Tg of 32.2 °C and a modulus of 33.3 MPa at 25 °C.5 However, they were 

found to be lower than the values found by Li et al.81 who reported a Tg of 47.8 °C and a 

modulus at 25 °C of 547 MPa for the standard AESO, far above the known values. Surprisingly, 

they found the Tg of methyl-IESO at 47.8 °C and its modulus at 575 MPa, when it is expected 

to be lower for itaconated soybean oils. 

The gel content (GC), presented inIn an attempt to increase the reactivity of IESO 

compounds, one of them, the Me-IESO was further reacted with itaconic anhydride (Scheme 

20). This way, the OH groups resulting from the epoxide opening would be substituted with 

itaconic acid. This would double the double bond amount and thus, potentially enhance the 

reactivity. However, the IESO structures were too sterically hindered to obtain a good 

substitution. The AV of the product was found to be very low, while the OHV was very high, 

meaning that a small portion of the anhydride had reacted. This was confirmed by further 

analysis (IR, NMR) and therefore, this approach was not further investigated. 

Table 23, represents the percentage of material that is fully cured and does not get 

extracted from the cured material, and thus would not leak from a cured object. To measure the 

gel content, the sample (≈ 2 g) was placed in a Soxhlet apparatus and acetone was refluxed for 

24 hours. The exact mass was measured giving the percentage of mass lost and then the gel 

content as the percentage that was not lost (GC=100-ML). This means that a low GC implies 

that uncured material can leak from the sample which is not wanted when 3D printing a desired 

object. A low GC also suggest that the material that is not cured is not part of the 3D crosslinked 

network which might lead to inferior mechanical and thermal properties.  

Table 22 DSC and DMA results for AESO and IESOs. 

Sample Tg (DSC) (°C) Tg (DMA) (°C) Modulus (DMA) (MPa) 

AESO 22 35 223.7 

ME-IESO 5 3.8 4.2 

ET-IESO 2 7.4 10.8 

PR-IESO 3 4.7 13.2 

BU-IESO 7 0 15.5 

CY-IESO 6 19 68.1 
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BZ-IESO -4 10 31.4 

PHET-IESO 0 3.8 11.3 

ISOB-IESO 20 33 253.3 

In an attempt to increase the reactivity of IESO compounds, one of them, the Me-IESO 

was further reacted with itaconic anhydride (Scheme 20). This way, the OH groups resulting 

from the epoxide opening would be substituted with itaconic acid. This would double the double 

bond amount and thus, potentially enhance the reactivity. However, the IESO structures were 

too sterically hindered to obtain a good substitution. The AV of the product was found to be 

very low, while the OHV was very high, meaning that a small portion of the anhydride had 

reacted. This was confirmed by further analysis (IR, NMR) and therefore, this approach was 

not further investigated. 

Table 23 Gel content results for AESO and IESOs. 

Sample Weight loss (%) Gel content (%) 

AESO 1.4 98.6 

Me-IESO 31.3 68.7 

Et-IESO 26.4 73.6 

Pr-IESO 33.2 66.8 

Bu-IESO 29.6 70.4 

Cy-IESO 28.1 71.9 

Bz-IESO 33.7 66.3 

PhEt-IESO 36.6 63.4 

Isob-IESO 29.9 70.1 
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Scheme 20 Synthesis Me-IESO_IA. 

To conclude, a new method to synthetize monoesters of itaconic acid from IT, that is 

simple, inexpensive and reproducible on a large scale, has been developed. It allows for the 

synthesis of fully bio-based resins when using itaconic acid and epoxidized vegetable oils, but 

also for the obtention of acrylic acid free hyperbranched polymers or dendrimers. Several 

monomers have been investigated and the best monomers (in terms of viscosity and reactivity) 

will be incorporated on hyperbranched structures. This knowledge about the reactivity of such 

monomers also allows further investigation of acrylic acid free reactive diluent that are to date 

not viable options in terms of reactivity compared to their acrylic counterpart. Furthermore, it 

was observed that IESOs have lower thermal and mechanical properties than AESO, due to the 

lower intrinsic reactivity. However, itaconic acid-based monomers are to be used in optimized 

structure to counterbalance the lower reactivity, such as HBPs. 

 

III.E. Itaconic acid based hyperbranched polymer 

As shown above, the synthesis of itaconic acid-based hyperbranched polymers is 

challenging compared to HBPAcr. This is due to its dicarboxylic acid nature which, as 

demonstrated before, lead to a crosslinked network when condensed without caution. This was 

also the cause of the transesterification during the synthesis of star-shaped polymers. Thus, new 

approaches to synthesize these macromolecules are required. The synthesis of itaconic acid 

based HBPs was studied with several end groups: acid-terminated, alkyl-terminated or 

hydroxyalkyl-terminated, and will be discussed. 
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III.E.1. Acid-terminated hyperbranched polymer 

Firstly, an acid-terminated HBP has been synthesized to evaluate its properties, even 

though the viscosity is expected to be very high due to the strong intermolecular H-bonding 

possibilities (higher than the OH-terminated HBP). PENTA.EG was chosen as core because 

PENTA_bMPA lead to a solid material, where PENTA.EG_bMPA was a viscous resin 

allowing an easy two-step process. PENTA.EG_bMPA was then reacted with itaconic 

anhydride (1 eq) in toluene at 110°C for 6 hours in presence of 0.5 wt% BHT and 0.25 wt% 

MeHQ as inhibitors (Scheme 21). 

 

Scheme 21 Synthesis of acid-terminated HBP. 

The product was obtained with 96% yield as a light pink transparent resin with very 

high viscosity: 4 Pa∙s at 75 °C and 527 Pa∙s at 25 °C. The IR analysis confirmed that no more 

itaconic anhydride was left and the structure was confirmed by 1 and 2D 1H NMR, with the 

unconjugated carboxyl group being linked to the alcohol of the bMPA according to the long 

range 2D NMR (HMBC). The rheology analysis showed that it would be difficult to use this 

resin even at high temperature without the addition of a reactive diluent.  

As this HBP is acid-terminated, it means that it is more susceptive to water degradation 

especially in basic conditions. To evaluate the difference in the stability of acrylated and acid-

terminated HBP, mixed sticks of acrylated and acid-terminated HBP were cured as we can see 

on  Figure 42.a. where the pink-orange resin is the PENTA.EG_bMPA_It. Once cured, they 

were immersed into a 1M solution of both sodium hydroxide (NaOH) and sodium carbonate 

(NaHCO3), a weaker base at room temperature ( Figure 42.b.). In these low concentration basic 

solutions, the acid-terminated degraded slowly needing 2 days to completely degrade in NaOH 

( Figure 42.c.) and 3 days in the case of NaHCO3. The same conditions have been used to try to 

degrade an acid-terminated itaconic-acid based linear polymer without success, meaning the 

HBP structure allows a better contact surface towards basic degradation.  Figure 42.d. shows 

the same acrylic acid based HBP cured resin without any treatment on the left, after the 3 days 

in sodium carbonate in the middle and after 2 days in sodium hydroxide and 1 day in water on 

the right. The rinsing in a water bath was needed after the NaOH bath as the resin turned yellow. 
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We can conclude that the non-acid-terminated resin was not degraded, and the acid-terminated 

resin was degraded selectively.  

The interest of such material, despite their high viscosity, is their potential application 

as support material. When 3D printing an object, any part of manufactured component that has 

an overhang will need a support during the curing process to ensure accurate printing of the 

object. As we can see on Figure 43.a. the model of the bear comports big overhanging parts and 

the design of the 3D model needs to include a structure support in order to print this object 

(Figure 43.b.). 

Once the model has been printed, the support material can be removed but it is not 

always straight forward. If the support material is the same as the object material, the support 

material will have to be removed mechanically. This can be made with a sharp tool like a blade 

and finished with sandpaper or using a drill-like tool. However, this means more processing 

and possible damaging of the printed model. The use of a different support material that can be 

selectively degraded is very useful as it is possible to eliminate it selectively and simply without 

damaging the desired object. The use of a dual-extrusion 3D printer (with 2 printing heads) 

would allow the use of both support and object material at the same time for example. With 

further viscosity optimization, these acid-terminated hyperbranched polymers might be used as 

degradable support material for additive manufacturing. However, it is to be noted that these 

materials could only be used as support material when using multijet or inkjet techniques as 

stereolithography requires the use of a sole material in the bath. 

 

 Figure 42 Selective degradation of acid-terminated HBP in basic conditions. 
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Figure 43 Design of a bear model for 3D printing without a. and with b. support material. 

 

III.E.2. Alkyl-terminated hyperbranched polymer 

Several strategies were investigated to synthesize alkyl-terminated polymers using the 

previously synthesized monoesters of itaconic acid and are presented in Scheme 22. The 

condensation using an alcohol branched core and monoesters of itaconic acid were performed. 

To allow a more selective addition of the monoesters on the alcohol core, these monoesters 

were also to be chlorinated to see the difference with the non-activated monoesters. Finally, as 

seen during the reaction between monoesters of itaconic acid and ESBO, these monomers are 

great candidate for the opening of the epoxide, their reaction on previously prepared epoxy-

terminated cores was studied. 

 

Scheme 22 Possible strategies to bind monoesters of itaconic acid on the HBP structure. 

 

III.E.2.a. Optimized uncontrolled esterification 

Thanks to the structure-properties relationship study of monoester of itaconic acid 

(III.D.2), it was concluded that cyclohexanol was a good candidate for the substitution of the 
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β-position of itaconic acid because of the high reactivity compared to other monoesters. 

Cyclohexanol is a secondary alcohol and thus more sterically demanding than the primary 

alcohols or diols used earlier for uncontrolled condensation steps. The increase in steric 

hindrance should reduce the risk of transesterification because of the lower accessibility of the 

carbonyl group. Also, the use of a mono alcohol prevents the risk of network formation through 

high branching degree in comparison with diols (III.A.). 

Firstly, TMP (1eq.) was reacted with bMPA (3 eq.) under standard condensation 

conditions, using MSA (0.4 wt%) at 120 °C for 3 hours. Then, in a second step, itaconic acid 

(6 eq.) was added alongside cyclohexanol (6 eq.) and MSA. The reaction was left for 20 hours 

and in the end, toluene was removed under reduced pressure to obtain TMP_bMPA_IT_Cy in 

2 steps (TMP_bMPA_IT_Cy_2s) (Scheme 23). 

In a second try, to reduce the likeliness of itaconic acid reacting on both sides with the 

TMP core, which would increase the networking and thus the viscosity, cyclohexyl itaconate 

was synthesized according to conditions described earlier and condensed with the TMP_bMPA 

core (Scheme 23.b.). Using this second method, the obtained material was less viscous due to 

the lower degree of branching thanks to the more controlled nature of the synthesis. Both resins 

where cured in 2 runs but the TMP_bMPA_IT_Cy_4s was more flexible and less brittle due to 

the lower degree of branching.  

 

Scheme 23 Synthesis of alkyl-terminated itaconic acid based HBP TMP_bMPA_It_Cy in a. 2 steps, b. 

4 steps. 

 Proton NMRs of TMP_bMPA_It_Cy_2s (a.) and TMP_bMPA_It_Cy_4s (b.) are shown 

in Figure 44 and in both cases, about 25% of the alcohol group corresponding to bMPA are 

unsubstituted (H8’), probably due to the high steric hindrance of the polyol core. By comparing 

the two similar spectra, the difference stands in the integration of the It_Cy part. In the polymer 

prepared in 2 steps, all itaconic acid protons are accounted for whereas for the cyclohexyl group, 

about 20% are missing meaning that this amount of carboxy group from the itaconic acid has 

probably reacted with bMPA, which would lead to a partial crosslinking of the polymer, which 
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should increase the viscosity significantly. Indeed, for the set of peaks between 5.65 and 

5.85 ppm, the integration gives a value of 0.81 H instead of 1 and 1.5 H are missing in the 

integration of protons 15+16+17. In the polymer prepared in 4 steps, the integration matches 

the theoretical values showing that this more meticulous synthesis pathway leads to a material 

closer to the one desired. Its viscosity should be lower due to the absence of crosslinking. A 

small difference is noticeable when comparing the peaks associated to H14. In the case where 

the monoester was prepared separately (with a α/β ratio of ≈ 10/90), this ratio was found to be 

at 19% in the final material meaning the transesterification occurred to a certain extend. This 

ratio is found to be at 34% in the polymer prepared in 2 steps. This means that the cyclohexyl 

is more prone to react with the β carboxyl group of IT than with the more sterically demanding 

OH-terminated HBP does. The 13C NMR is the same for both products and is presented in 

Figure 44.c. The 13C NMR analysis confirms the structure and we can see the carbons of the 

polyol core with a low intensity due to the lower amount in the sample in comparison with the 

end group (one TMP unit for 6 itaconic acid). 
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Figure 44 1H NMR of TMP_bMPA_It_Cy in a. 2 steps, b. 4 steps and c. 13C NMR of 4 steps. 

Both resins were characterized before and after curing and the results are presented in 

Table 24. As expected, giving the partial crosslinking observed in the NMR analysis, the 

viscosity of the polymer synthesized in 2 steps is higher, by a factor 2 at 25 °C. However, this 

difference is of less importance at higher temperature. As their theoretical structure is identical, 

both materials have a theoretical enthalpy of 219 J/g corresponding to a double bond density of 

3.62 mmol/g. Their reactivity towards UV-curing is very similar regarding their rate of 

polymerization and final conversion. They also both exhibit rapid curing with only 2 runs being 

required for the sticks to be fully cured.  

 

 

 

Table 24 Characterization of TMP_bMPA_IT_Cy synthesized with the 2-step or 4-step process. 

Sample 2 steps 4 steps 

Viscosity 25 °C (Pa∙s) 2634 1234 

Viscosity 75 °C (Pa∙s) 2.8 2.0 

ΔHexp (J/g) 61.85 59.6 

RoP (1/s·1000) 7.85 7.13 

C (%) 28.2 27.2 

Tg (°C) 125 129 

Modulus at 25 °C (MPa) 1207 1410 

Gel content (%) 86 87 
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The high reactivity witnessed empirically does not concord with the low conversion and 

RoP calculated during the photo-DSC analysis. This could be due to the high viscosity of the 

materials or the low accessibility of the double bonds. This disparity between empirical and 

measured reactivity will be discussed in more details in part III.E.3. The thermal properties 

were also similar with a slightly higher Tg and modulus in the case of the 4-step synthesis. Both 

materials also showed a high gel content around 86%. Overall, it can be concluded that the more 

thorough synthesis in 4 step lead to a more controlled structure allowing to reduce the undesired 

crosslinking to obtain a lower viscosity alkyl-terminated HBP with similar or slightly better 

properties.    

Overall, these HBP materials available through simple synthesis pathway showed good 

curing behavior and could be used as UV-curable polymers. However, their high viscosity 

would require the use of a reactive diluent to reach the requirements for 3D-printing processes. 

It is clear that the more controlled synthesis pathway with a previously prepared monoester lead 

to a material closer to the one designed leading to a lower viscosity product with similar 

mechanical and thermal properties. 

 

III.E.2.b. Use of chlorinated monoesters of itaconic acid 

Another possibility to introduce itaconic acid more selectively on the structure would 

be the use of both convergent and divergent strategies. The polyol core would be reacted with 

bMPA to build pseudo generations of HBP and in the meantime, monoesters of itaconic acid 

could be prepared according to previously detailed conditions. These monoesters would then 

be chlorinated to react selectively with the branched core. The chlorination was first performed 

with thionyl chloride; however, impurities were found in the product and the side products and 

unreacted reagents (SOCl2) were difficult to remove. Similar conditions were utilized on methyl 

and butyl itaconate using oxalyl chloride (1 equivalent) alongside pyridine (1 wt%) in dry 

toluene under nitrogen atmosphere for 2 hours at room temperature and 1 hour at 60 °C 

(Scheme 24). Oxalyl chloride (OxCl) was chosen over thionyl chloride due to the safer handling 

of the reagent. Indeed, both liberate gaseous HCl which needs to be trapped during the reaction 

using a NaOH trap. However, oxalyl chloride is a milder reagent, found to be less corrosive 

than thionyl chloride. The reactions lead to chlorinated butyl itaconate (99.3%) and methyl 

itaconate (81%) as oils with light pink color, and even if none were observed in the IR, a few 

impurities could be seen on the NMR analysis. 
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Scheme 24 Chlorination of monoesters of itaconic acid. 

The use of DMF as a catalyst lead to lower impurities and these conditions were used 

in a one-pot synthesis. Butyl itaconate was chlorinated in the presence of oxalyl chloride and 

DMF for 2.5 hours. The rest of oxalyl chloride was removed under reduced pressure and lead 

through a trap filled with aqueous NaOH which decomposes the oxalyl chloride into carbon 

dioxide, monoxide and NaCl + H2O. The chlorinated monoester is to be reacted with TMP.EG 

(7/3) for 1 hour at room temperature and another hour at 70 °C leading to a colorless low 

viscosity resin. According to the IR, no more chlorinated monoester was found, however, when 

mixed with 5 wt% photoinitiator and put under UV-light, the material did not cure. It is 

suspected that the monoester was not fully chlorinated or too much impurities were present. A 

purification of the chlorinated monoester using a Kugelrohr apparatus would be necessary. 

However, the aim is to achieve an efficient synthesis method that is easily scalable. The use of 

the trap to eliminate the side product (HCl) of the chlorination and the tedious purification, plus 

the use of toxic reagents and the production of carbon monoxide that could not be avoided lead 

to the abandonment of the chlorination route. 

 

III.E.2.c. Use of dimethyl itaconate 

Another synthesis pathway has been investigated for the synthesis of alkyl-terminated 

itaconic acid based HBP. Dimethyl itaconate (DMI) was reacted with a polyol core through 

transesterification using a titanium catalyst. The polyol core chosen for the test reaction was 

PENTA.EG as its liquid nature allows for a good mixing of the reagents. The core was reacted 

with 2 equivalents of dimethyl itaconate per OH group of the polyol core. This excess of reagent 

was used to prevent DMI to undergo transesterification reaction on both ester groups, which 

would lead to a cross-linked material. As an already transesterified DMI would be more 

sterically hindered, the excess of reagent should improve the chances of monotransesterification 

(Scheme 25). The first attempt was performed using 0.5 wt% of titanium (IV) butoxide reacted 

at 120 °C for 24 hours. However, the NMR analysis of the material, after removal of the excess 

of DMI by means of distillation, showed a too low integration for the methylitaconate group 

meaning that the transesterification did not reach a high enough conversion. A second attempt 
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with a reaction time of 48 hours yielded to a material with a slightly higher proportion of 

itaconate group to OH branches and a very low integration corresponding to the methyl groups. 

This means that even with a longer reaction time, the substitution of the OH branches cannot 

get high enough before the transesterification of the methyl itaconate occurs leading to a 

crosslinked resin. Thus, this transesterification synthesis pathway was discarded. 

 

Scheme 25 Retrosynthetic pathway for the synthesis of alkyl-terminated HBPs through 

transesterification. 

 

III.E.2.d. Use of undecenoic acid 

Instead of forcing an increased reactivity of the α-carboxylic acid through tedious 

activation using toxic reagents such as oxalyl chloride or thionyl chloride, a more interesting 

strategy would be to use the intrinsic difference of reactivity between the two acid groups. As 

seen in part III.D, the β-position is a better candidate for the attack of a nucleophile group 

whereas the α-position is more prone to act as a nucleophile group such as for the attack on an 

epoxide for example. Thus, using the double exponential growth approach, an itaconic acid 

based hyperbranched polymer was designed. A bio-based material, undecenoic acid was linked 

to the branched structure before being epoxidized to obtain an epoxy-terminated HBP. A 

monoester of itaconic acid was previously prepared and reacted with the epoxy HBP to obtain 

an alkyl-terminated HBP from itaconic and undecanoic acid (Scheme 26). 

As described in the material section, TMP was reacted with bMPA to induce branching 

within the structure. Then, the OH groups were functionalized by reaction with undecenoic 

acid. Hydrogen peroxide (35 wt% in water) was added alongside acetic acid and sulfuric acid 

as a catalyst to epoxidize the terminal double bond. The epoxy-terminated core was purified by 

washing and reacted with a previously prepared monoester of itaconic acid. The crude mixture 

was washed with 1 wt% NaHCO3, dried over Na2SO4, filtrated, and evaporated under reduced 

pressure (Scheme 26). Both separations were difficult due to the amphiphile nature of the HBP. 

The resin was obtained with a 94% yield over 6 steps after a thorough drying, as a yellow low 

viscous oil.  
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Scheme 26 Synthesis of TMP_bMPA_Und_It_Cy. 

The proton and carbon NMR of TMP_bMPA_Und_It_Cy was performed and the 

interpretation is presented in Figure 45. The interpretation of both spectra fit with the theoretical 

structure and has been confirmed by 2D NMR (COSY, HSQC and HMBC). However, on the 

carbon NMR, some of the carbons cannot be observed due to the low amount within the 

molecule: for example, C3 is not observed as there is only one present per molecule against 48 

internal aliphatic carbons of the undecenoic acid group. A greater amount of sample and a 

higher resolution as well as a larger number of scans would allow to see all carbons more 

distinctively.  
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Figure 45 1H (a.) and 13C (b.) NMR of TMP_bMPA_Und_It_Cy in acetone-d6. 

The viscosity at 25 °C was found at 13.4 Pa∙s falling to 0.4 Pa∙s when the temperature 

was increased to 75 °C. Photo-DSC analysis showed that the conversion reached 41.5% with a 

rate of polymerization of 7.6 1/s·1000. However, upon curing, the final material was very 

flexible, due to the long aliphatic chains of the undecanoic acid, too much to be submitted for 

DMA analysis. 

 To conclude, the synthesis of alkyl-terminated HBP from itaconic acid, using 

undecenoic acid and an intermediate epoxide formation, was performed successfully. The final 

material was found to exhibit a good curing behavior. Its flexibility would be too high to be 

used as a main UV-curable material as the printed object would not meet the required physical 

resistance. The synthesis of this HBP_It was also more complex and thus the material would be 

expensive if used as main UV-curable resin. However, the high flexibility brought by this 

polymer could be of great interest to be add as additive during the formulation of 3D-printing 

materials to incorporate flexibility into the matrix of high rigidity polymers. This approach 

would require formulation optimization with standard materials and reactive diluents and would 

be of high interest. 

III.E.3. Hydroxyalkyl-terminated HBP 

Another way to obtain itaconic acid based HBP while using the difference in reactivity 

of the itaconic acid would be to use epoxides as end groups instead of elongation units. To do 

so, the anhydride from itaconic acid was prepared and reacted with the branched core. That 

way, crosslinking is avoided as the anhydride only react once under these mild conditions where 

the acid would need to be condensed, which was proven to be unselective.  

The polyol core was reacted with bMPA and the melted branched core was kept at 90°C 

and dissolved in acetone (dried over Na2SO4). In the meantime, itaconic anhydride was 
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prepared according to the conditions previously described and was also dissolved in acetone. 

The two reagents were reacted at 80 °C for 16 hours. Acetone is required as the reaction cannot 

be performed in the molten state, and only acetone is able dissolve both the core and the 

anhydride. After removal of the acetone, the epoxide was added in toluene alongside TPP and 

BHT and the mixture was reacted at 110 °C for 16 hours (Scheme 27).  

 

Scheme 27 Synthesis of HDO_bMPA_IA_BuO. 

This approach, using polyol cores alongside itaconic anhydride and epoxides as end 

groups, allowed the synthesis of 13 itaconic acid-based polymers with the reaction conditions 

stated above. Firstly, G0 polymers were prepared using the 4 cores HDO, TMP, TMP.EG and 

DiTMP (Table 25). As shown above, compounds with cyclohexyl groups displayed higher 

reactivity towards UV-curing. Thus, a series of G0 itaconic acid-based polymers were 

synthesized. However, even though they showed good reactivity towards UV-curing with 4 

runs being required to fully cure the materials, they were found to have a high viscosity, that 

would prevent their used as 3D-printing material without the use of a RD. To reduce the 

viscosity while keeping a reactivity in the same range, cyclohexene oxide was replaced by 

butylene oxide. In the first try, only 50% of the end groups were replaced by hydroxy butane 

which lead to a viscosity 5 times lower when using DiTMP as a core, with an unchanged 

reactivity. The second series was prepared using only butylene oxide for the synthesis of G0 

itaconated HBP. The viscosity was lowered to 53.6 Pa∙s at 25 °C (in the case of DiTMP), which 

is 15 times lower than with hydroxycyclohexyl, while having similar reactivities (HDO and 

TMP.EG materials required 5 runs to fully cure). 

For the synthesis of the G1 HBPs, at the end of the third step, the addition of the itaconic 

anhydride, anhydride peaks could be seen at 1775 and 1850 cm-1 meaning that the steric 

hindrance prevented a complete substitution of the OH-terminated HBP. After the addition of 
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the epoxide, no more anhydride was found, meaning that it probably reacted on the OH groups 

resulting from the epoxide opening that are more accessible than OH groups from the bMPA. 

This would result in OH (bMPA) and COOH (IT)-terminated branches which should increase 

the viscosity. HBP_It 10 and 11 were left to react longer (3d) for both the addition of the 

anhydride and the epoxide. This did not increase the anhydride substitution on the branched 

core but the reaction mixture got darker and the two materials were proven unable to cure under 

standard conditions. HBP_It 12 and 13 were obtained as yellow resins and cured successfully 

in 8 runs.  

As some of the anhydride reacts on the OH groups from the opened epoxide, the use of 

an excess of epoxide would be beneficial for the viscosity and the reactivity. Unfortunately, 

these improvements were not conducted because of the lack of time. The ideal condition would 

thus be a reaction time of maximum 2 days for both the anhydride and the epoxide addition, 

using and 1.2 eq. excess of the latter. 

The structures of each itaconic acid based HBP was confirmed by proton and carbon 

NMR. The spectra of HBP_It_8 are presented in Figure 46 and the description of all other 

spectra will be presented in the annexes (IX.C.). Both NMR spectra confirm the structure in 

regard to peak assignation and integration, except for H12 and H6’ which have slightly lower 

integration than expected. H6’ protons correspond to the last 2 protons near the ester bonds and 

are found around 4.2. Residual traces of EtOAc are found due to the purification process. The 

remaining H5+6 are found around 3.6 ppm.  

 

 

 

Table 25  Viscosity measurements of itaconated HBPs and curing tries (number of runs required until 

the material was fully cured, N/A = did not cure). 

HBP Structure 
Viscosity       

(25°C) (Pa∙s) 

Viscosity             

(75°C) (Pa∙s) 

Yield 

(%) 

Nb 

runs 

HBP_It_1 HDO_It_CyO 18.6 0.116 91 4 

HBP_It_2 TMP_It_CyO 167.3 0.221 95 4 

HBP_It_3 TMP.EG_It_CyO 8.9 0.115 90 4 
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HBP_It_4 DiTMP_It_CyO 825.8 0.699 94 4 

HBP_It_5 DiTMP_It_BuO.50/CyO.50 156.5 0.39 84 4 

HBP_It_6 HDO_It_BuO 1.4 0.05 87 5 

HBP_It_7 TMP_It_BuO 11.9 0.14 92 4 

HBP_It_8 TMP.EG_It_BuO 6.05 0.14 95 5 

HBP_It_9 DiTMP_It_BuO 53.6 1.93 94 4 

HBP_It_10 HDO_bMPA_It_BuO 64.9 0.6 95 N/A 

HBP_It_11 TMP_bMPA_It_BuO 206.7 1.1 93 N/A 

HBP_It_12 TMP.EG_bMPA_It_BuO 3.6 0.1 99 8 

HBP_It_13 DiTMP_bMPA_It_BuO 11.3 0.2 99 8 

 

 

Figure 46 1H (a.) and 13C (b.) NMR (in ppm) of HBP_It_8, TMP.EG_It_BuO. 

The reactivity towards UV-curing was assessed by photo-DSC. In addition, the Mw, 

double bond density, theoretical and measured enthalpy, the measured rate of polymerization 

and the calculated conversion are presented in Table 26. The results of the photo-DSC analysis 
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for all HBP_It were found to be rather low in terms of enthalpy, rate of polymerization and 

conversion without any reason. 

Table 26 Photo-DSC measurement of HBP_It. 

Structure Mw (g/mol) 
DBD 

(mmol/g) 

ΔHtheo 

(J/g) 
ΔHexp (J/g) 

RoP 

(1/s·1000) 
C (%) 

HBP_It_1 668 2.99 258.1 79.8 10.1 44 

HBP_It_2 764 3.93 238.2 59.9 7.8 25 

HBP_It_3 870 3.45 209.2 73.5 10.3 35 

HBP_It_4 1090 3.67 222.6 31.1 6.0 14 

HBP_It_5 1038 3.85 233.8 64.1 4.2 27 

HBP_It_6 486 4.12 249.7 108.1 13.2 43 

HBP_It_7 686 4.37 265.3 83.8 12.8 32 

HBP_It_8 1002 2.99 181.6 94.4 12.4 52 

HBP_It_9 986 4.06 246.1 49.7 7.5 20 

HBP_It_10 1086 3.68 223.5 48.5 2.9 22 

HBP_It_11 1587 3.78 229.4 51.4 2.7 22 

HBP_It_12 2186 3.66 222.0 68.7 4.0 31 

HBP_It_13 1902 3.15 191.4 75.9 5.7 40 

Gel contents measurements were conducted to support the hypothesis of the higher 

conversion during the UV-curing process and were found between 75 and 90%. The conducted 

experiments confirmed that these materials are highly reactive and form a solid 3D network 

upon UV-irradiation. The low conversion could be the result of the high steric hindrance 

impairing the reactivity of the double bonds during the UV-curing. As these structures exhibits 

several double bonds (at least four per macromolecule), even a low percentage of conversion 

could lead to a crosslinked material, but this would still not explain conversions as low as 14% 

in some cases. The high reactivity observed during curing tries was confirmed by the gel content 

measurements. Even the comparison between these photo-DSC analyses was not described as 

HBP_It_10 and 11, that did not cure, have a higher conversion at 22%, whereas HBP_It_4 

which cures completely in 4 runs showed a conversion as low as 14%. To conclude, the photo-
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DSC analysis for HBP_It cannot be fully trusted as these low results might be caused by a 

decrease in intensity of the UV-lamp during the photo-DSC experiments due to an internal 

damage. To verify this hypothesis, further testing of the UV-lamp would be required. However, 

these tests could not have been performed due to lack of time and restrictions during the Covid-

19 lockdown. 

DMA measurements were conducted for most of the HBP_It (Table 27) and the rest of 

the analysis will be performed in the near future for the same reason exposed earlier. It can be 

noted that hydroxycyclohexyl HBPs were found to have higher Tg but slightly lower modulus 

at 25 °C. TMP_It_CyO was too brittle to perform DMA measurement. 

Overall, the HBP_It are found to be more promising when using butylene oxide as the 

viscosity is in the range of use for 3D-printing material. The G0 series using butylene oxide 

showed good curing behavior despite the low conversion and RoP in the photo-DSC 

experiments. The good reactivity during the curing process was supported by the high gel 

content. The synthesis of the G1 series could be further improved by adjusting the reaction time 

as well as the amount of epoxide, which should improve the viscosity as well as reactivity of 

these resins. These materials could be interesting candidates to be used as UV-curable materials, 

however due to their more complex and thus expensive synthesis, they might be of a better use 

as toughener additives for UV-curing materials. Indeed, their high intrinsic steric hindrance 

might impair the optimal formation of the 3D network. However, their high double bond 

functionality could be beneficial in the formation of a strong 3D crosslinked network when used 

as additives (5 to 20 wt%) alongside itaconic acid based RDs and linear polyesters. A study 

where the best candidate for each type of material would be formulated through a screening 

process to find the optimal materials and ratios would be of high interest and will be conducted 

in the near future. This would be the first example of fully itaconic acid based optimized 

formulations for 3D-printing application. 

Table 27 DMA measurements for the itaconated HBPs (N/A= measure not performed).  

Structure Tg (°C) 
Modulus at 25°C 

(MPa) 
Gel content (%) 

HBP_It_1 100.1 723.3 79 

HBP_It_2 - - 84 

HBP_It_3 40.5 346.9 88 
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HBP_It_4 102.2 753.5 75 

HBP_It_5 95.8 881.3 84 

HBP_It_6 89.6 811.7 90 

HBP_It_7 76.9 832.1 83 

HBP_It_8 N/A N/A 77 

HBP_It_9 69.7 372.4 78 

HBP_It_10 N/A N/A N/A 

HBP_It_11 N/A N/A N/A 

HBP_It_12 N/A N/A 79 

HBP_It_13 N/A N/A 77 

To conclude, three different types of HBP_It have been synthesized using different 

reactions and a summary of all synthetic pathways is presented in Figure 47. The three types of 

HBP_It are acid-terminated, alkyl-terminated and hydroxyalkyl-terminated. The synthetic 

pathways crossed in red mark the unsuccessful attempts. The type of chemical reaction used for 

each synthesis is written in red and the reagents used in black. 

 

Figure 47 Summary of the synthesis of acid-, alkyl- and hydroxyalkyl- terminated HBP from itaconic 

acid. 
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III.F. Itaconic acid based reactive diluents 

III.F.1. Synthesis and characterization of reactive diluents 

As presented earlier, UV-curable reactive diluents for UV-curing radical cross-linking 

applications are so far mostly made from acrylic acid. Thus, these compounds are obtained from 

non-renewable resources and present an irritation and allergenic potential, especially true for 

small molecules. As they can contribute as much as 60 wt% of the polymer resin formulation 

in additive manufacturing in some cases, even if a green, low toxicity resin from itaconic acid 

is produced, it would have to be mixed with a reactive diluent during the formulation process. 

Most of the reactive diluents produced from acrylic acid are toxic or at least exhibit a 

considerable allergenic and irritation potential. Thus, the development of novel acrylic acid free 

reactive diluents would be of high interest. However, it is more challenging to obtain a high 

reactivity and low viscosity material when designing a small structure as less leverage is 

exploitable compared to macromolecules with several building blocks such as hyperbranched 

polymers. As reviewed above (I.), the use of simple diester from itaconic acid as reactive diluent 

was explored by a few authors, but the only promising use reported in one study was with DMI. 

The use of simple monoester is also discarded as most of them are in the solid state at room 

temperature (crystals) except if long fatty alcohols are used, but they do not display a high 

enough reactivity. 

In the course of this study, three types of itaconic acid based reactive diluent were 

designed to synthesize thirteen different RDs and study the structure-properties relationships. 

Diester itaconates (DEI) were prepared by condensation of itaconic acid with two equivalents 

of an alcohol. The obtained products had to be purified by chromatography columns (Scheme 

29, Figure 48, 1 to 3). Hydroxyester ester itaconate (HEI) were prepared using a method 

previously developed (III.D.1.) by reacting self-made itaconic anhydride with various alcohols. 

These monoester itaconates were then reacted with an epoxide to obtain the HEI. This selective 

synthesis pathway was designed using the difference in reactivity of carboxylic acid groups of 

itaconic acid. While the alcohols would react with the β-carboxylic group of the anhydride, the 

α-acid of the resulting monoester will be more nucleophilic and thus exhibit a higher reactivity 

towards a nucleophilic attack of the epoxide group (Scheme 29, Figure 48, 4 to 9). Finally, 

Dihydroxyester itaconates (DHI) were obtained by reacting two equivalents of epoxide with 

itaconic acid (Scheme 29, Figure 48, 10 to 13). Theoretically, DHI and HEI are supposed to be 

more viscous due to the possibility of H-bonding, but also more reactive.128 This property was 
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studied on epoxy acrylates such as bisphenol A epoxy acrylates where abstraction of hydrogen 

atoms was observed in the presence of oxygen and a radical polymer (Scheme 28). This 

phenomenon was studied in more details by Dowbenko et al. showing that such structures 

counter the oxygen inhibition by trapping the oxygen to reinitiate radical polymerizations.129 

 

Scheme 28 Re-initiation of the radical polymerization by abstraction, countering the oxygen inhibition 

during curing mechanism. 

The 3 types of reactive diluents were synthesized according to the conditions described 

in the experimental part (Scheme 29). These monomeric structures were confirmed by NMR 

and IR and no more epoxides or acid groups could be found. The synthesis of the DEI from 

itaconic acid and dimethyl aminopropanol was conducted under the same conditions but 

without success, as isomerization of the double bond was observed in IR and NMR analysis. 

The synthesis of the monoester dimethyl aminopropyl itaconate was also experimented, but the 

same isomerization was witnessed.  
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Scheme 29  Synthesis of 1. diester itaconate, 2. dihydroxy ester itaconate and 3. hydroxyester ester 

itaconate reactive diluents. 

 

Figure 48 Structures of itaconic acid based reactive diluents. 

The structures of the 13 reactive diluents were confirmed by proton and carbon NMR. 

The NMRs of one of the more complex RD, the HEI 5, namely Bu_IT_CyO, are presented in 
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Figure 49. As for monoesters, the beta monoester of itaconic acid is the major product, while 

about 11% of the alpha monoester is found and referred as H x’/Cx’. It is noteworthy to mention 

that no H10’ was observed like for H6’, as H6’ and H10’ would exhibit the same chemical shift. 

The description of all other reactive diluents can be found in the annexes (IX.D.). 

 

 

Figure 49 a. 1H and b. 13C NMR of RD5, Bu_IT_CyO in deuterated chloroform. Hx/Cx corresponds to 

the β-butyl ester, Hx’ corresponds to the α-butyl ester. 

As the role of a reactive diluent is to reduce the viscosity while enhancing the reactivity 

of resins, the viscosity was measured between 25 and 75 °C and are the results are displayed in 

Table 28 alongside yields. For DEIs, the crude product was a mixture of mono- and di-ester, 

separated by column chromatography leading to diester with yields of 72% for the more 

sterically demanding secondary alcohol, cyclohexanol, and 81% and 87% for It_Bu2 and It_Bz2 

respectively. HEIs were obtained with yields between 80 and 92% and the missing 8-20% are 

probably unreacted monoesters and epoxide that have been eliminated during the workup. DHIs 

were obtained with yields between 86 and 92%, as the unreacted acids and epoxides were also 

eliminated during the workup. Overall, the reactive diluents were synthesized with good to 

excellent yields. 
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Table 28 Viscosity of pure reactive diluents at 25 and 75 °C in mPa∙s and yields. 

RD number 

Structure 

Viscosity 25°C 

(mPa∙s) 

Viscosity 75°C 

(mPa∙s) 
Yield (%) 

RD 1. It_Cy2 103 14 72 (diester) / 26 (monoester) 

RD 2. It_Bz2 33 9 87 (diester) / 8 (monoester) 

RD 3. It_Bu2 7 3 81 (diester) / 18 (monoester) 

RD 4. Me_It_CyO 491 24 92 

RD 5. Bu_It_CyO 377 30 90 

RD 6. Cy_It_BuO 522 33 89 

RD 7. PhEt_It_StyO 20522 426 80 

RD 8. Bz_It_StyO 1251 32 88 

RD 9. Cy_It_CyO 4696 75 87 

RD 10. It_(BuO)2 968 39 86 

RD 11. It_(LiO)2 16098 136 99 

RD 12. It_(StyO)2 93317 316 93 

RD 13. It_(CyO)2 82839 220 95 

DEIs are found to have a very low viscosity with the lowest being dibutyl itaconate with 

a viscosity of 7 mPa∙s at 25 °C. However, even though it will reduce the viscosity of the resin 

significantly, these reactive diluents are usually known to have a low reactivity during UV-

curing. DHIs display high viscosity due to the two hydroxyl groups present in the structure, 

except for dihydroxybutyl itaconate with a viscosity of less than 1 Pa∙s at 25 °C. To be sure 

than that no heat-induced radical polymerization of the double bond occurred, a GPC of 

It_CyO2 was performed which did not indicate higher mass entities. Even though It_CyO2 and 

It_StyO2 could not be used as reactive diluents as they are themselves more viscous than the 

resins they should be mixed with, they should have an enhanced reactivity thanks to the 

hydroxyl groups that are known to improve the reactivity towards radical polymerization.127,128 

HEI have a rather low viscosity for smaller structures like Cy_It_BuO, Bu_It_CyO and 

Me_It_CyO whereas Cy_It_CyO, Bz_It_StyO and PhEt_It_StyO have a higher viscosity due 



112 
 

to their cyclic structures and Pi-Pi stacking for aromatic compounds. Thanks to these viscosity 

data, the impact for viscosity reduction can be predicted but the reactivity of these molecules 

needs to be assessed to determine which reactive diluents could be good UV-curing candidates. 

The reactivity towards UV-curing was measured by photo-DSC. The double bond 

density (DBD) is given as the number of moles of itaconic acid double bond per gram which 

allowed the calculation of the theoretical enthalpy of polymerization based on the theoretical 

maximum energy liberated by a mole of substituted itaconate125 (dimethyl itaconate was used 

as a reference: ΔHDMI theo=60,669 kJ/mol).126 This allowed the calculation of the final 

conversion of the double bonds as well as the rate of polymerization (RoP) (Table 29), 

corresponding to the speed of the curing process.56 

Table 29 Photo-DSC analysis of all reactive diluents. 

Structure 
DBD 

(mmol/g) 
ΔHtheo (J/g) ΔHexp (J/g) 

RoP              

(s-1·1000) 
C (%) 

RD 1. It_Cy2 3.4 206 119 6.0 58 

RD 2. It_Bz2 3.2 196 97 5.4 50 

RD 3. It_Bu2 4.1 251 75 4.1 30 

RD 4. Me_It_CyO 4.1 251 118 4.3 47 

RD 5. Bu_It_CyO 3.5 214 130 9.0 61 

RD 6. Cy_It_BuO 3.5 214 135 5.1 63 

RD 7. PhEt_It_StyO 2.7 164 66 10.3 40 

RD 8. Bz_It_StyO 2.9 178 109 6.6 61 

RD 9. Cy_It_CyO 2.9 178 122 17.5 68 

RD 10. It_(BuO)2 3.6 221 145 10.9 65 

RD 11. It_(LiO)2 2.3 140 37 2.8 26 

RD 12. It_(StyO)2 2.7 164 59 4.3 36 

RD 13. It_(CyO)2 3.1 186 108 17.0 58 

To further investigate the structure-properties relationship, four of the synthesized 

reactive diluents were selected to be mixed with a bio-based resin including at least one DEI, 
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one DHI and one HEI (Figure 50). It is to be noted that all reactive diluents with a viscosity 

lower than 600 mPa∙s at 25°C did not form a cured tack-free film during the curing test of 75 μm 

film. This is probably due to the viscosity being too low for the formation of a rigid 3D network. 

The least reactive group are the DEI and the best of them is dicyclohexyl itaconate (1) with a 

final conversion of 58% and a rate of polymerization of 6 s-1·1000. For DHI, 

dihydroxycyclohexyl is very reactive with a rate of polymerization of 17 s-1·1000. The 

conversion however does not exceed 58% because of the very high viscosity which prevent the 

3D network from building any further. Dihydroxybutyl itaconate (10) has a lower reactivity of 

11 s-1·1000 but its lower viscosity allowed to reach 65% final conversion, making it a better 

candidate as reactive diluent. Cy_It_CyO (9) was found to be the best reactive diluent in terms 

of reactivity: 17.5 s-1·1000 and the highest conversion: 68%. Interestingly, whenever 

cyclohexyl or hydroxycyclohexyl groups were present in the molecule, the reactivity was 

enhanced, which is in accordance with the reactivity or the previously prepared IESO. 

Bu_It_CyO (5) was selected for its good reactivity and final conversion. 

 

Figure 50 Selected itaconic acid based reactive diluents to be mixed with linear polyester resin. 

 These candidates were investigated as UV-curable materials but their possible usage as 

thermal curing compounds was briefly studied. RD_1 was left at 150 °C for 24 hours and the 

material was observed after this procedure. The viscosity increased drastically, and the IR 

measurement showed that the intensity of the C=C signal was reduced by a factor 4. This 

indicates that such reactive diluents could be used for thermal curing application, increasing 

their potential as efficient itaconic acid based reactive diluents. Further testing using standard 

thermal curing processes with an adequate thermal initiator such as AIBN or peroxides would 

be required to fully assess their potential as thermo-curable RDs. 
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III.F.2. Characterization of formulated mixtures 

To assess the impact of the obtained reactive diluents, a standard resin was prepared. 

The bio-based standard resin was synthesized according to the condensation descripted in the 

experimental section (Scheme 30). Reactive diluents were mixed with the resin with 10, 30 and 

50 wt%; the standard (PE-It) and the mixed resins were characterized by viscosity (Table 30, 

Figure 51), photo-DSC (Table 31, Figure 52), gel content and DMA (Table 32) to obtain 

information on the processability, reactivity, Tg and the modulus of these materials.  

 

Scheme 30 Synthesis of the linear bio-based polyester. 

Table 30 Viscosity of the standard resin alone and mixed with RD_It at 25 and 75°C in Pa∙s. 

Structure Viscosity 25°C (Pa∙s) Viscosity 75°C (Pa∙s) 

PE-It 25.9 0.86 

PE-It_1-10% 11.5 0.47 

PE-It_1-30% 5.0 0.21 

PE-It_1-50% 1.2 0.10 

PE-It_5-10% 10.7 0.45 

PE-It_5-30% 4.9 0.23 

PE-It_5-50% 2.3 0.11 

PE-It_9-10% 16.9 0.57 

PE-It_9-30% 13.8 0.42 

PE-It_9-50% 11.0 0.26 

PE-It_10-10% 17.0 0.59 

PE-It_10-30% 9.6 0.32 

PE-It_10-50% 5.3 0.21 
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All reactive diluents reduced the viscosity of the resin up to a 20-fold factor for the least 

viscous reactive diluent: dicyclohexyl itaconate (1). This reduced viscosity is of major 

importance as it will dictate the ability of the resin to be used by 3D-printers and facilitate the 

formulation step. It is worth noticing that even though the intrinsic viscosity of RD 10 is four 

times lower than RD 9 at 25 °C, when mixed with the linear polyester resin, the same viscosity 

is observed, probably due to higher hydroxyl group amount which implies stronger H-bonding 

within the mixed resin. 

 

Figure 51 Viscosity of the standard resin with 0 and 30 wt% of the selected reactive diluents. 

The reactivity of all formulated resins as well as the standard resin were studied by 

means of photo-DSC. First of all, it can be noticed that the standard linear polyester, PE-It, has 

a good rate of polymerisation of 26.7 s-1·1000. However, as this resin is very viscous, the radical 

crosslinking rapidly hinders the ability to further react because of the reduced mobility, which 

limits the conversion to 55%. An addition of reactive diluent, if its intrinsic reactivity is high 

enough, should reduce the viscosity while keeping a good reactivity and thus increase the 

conversion. Depending on the type of reactive diluent, three trends can be observed:  

- For DEIs (It_Cy2), a 90/10 ratio allows to increase the final conversion to 61% while keeping 

a reactivity in the same range: 24.6 s-1·1000. However, due to the low intrinsic reactivity of 

IT_Cy2 (Table 30), an increase in the DEI amount to 30 or 50% will result in a lowered 

reactivity and conversion as low as 15.5 s-1·1000 and 51% respectively. Due to the low 

intrinsic viscosity, reducing greatly the viscosity of the formulation even when only 10% of 

DEI is introduced, it is more beneficial to use the 90/10 ratio.  
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- For DHI (It_(BuO)2), we can see that the higher amount of RD, the higher the conversion 

will be, up to 64% for the 50% RD ratio. This is due to the presence of hydroxyl groups that 

help to propagate the radical polymerization. However, the RoP slightly decreases down to 

19.7 s -1·1000. Thus, it is best to use 50% of DHI when mixed with the standard resin for 

optimised conversion and viscosity.  

- In the case of HEI, the trends brought by the ester and the hydroxyester blends. As we can 

see for Cy_It_CyO and Bu_It_CyO, 10 wt% of reactive diluents slightly increases the 

conversion, but is better at 30 wt% with the best conversions of 66 and 65% respectively. 

However, if a higher ratio of 50% RD is introduced, the conversion and the RoP decreases. 

Thus, it is optimal to use the 70/30 ratio for an optimised reactivity and conversion.  

Table 31 Photo-DSC analysis of mixed resin-reactive diluents. 

Structure 
DBD 

(mmol/g) 
ΔHtheo (J/g) ΔHexp (J/g) 

RoP 

(s-1·1000) 

C (%) 

PE-It 4.4 267 147 26.7 55 

PE-It_1-10% 4.3 261 158 24.6 61 

PE-It_1-30% 4.1 249 126 20.1 51 

PE-It_1-50% 4.0 243 127 15.3 52 

PE-It_5-10% 4.3 262 156 25.4 60 

PE-It_5-30% 4.1 251 162 24.0 65 

PE-It_5-50% 4.0 240 124 20.5 52 

PE-It_9-10% 4.3 258 161 22.2 63 

PE-It_9-30% 4.0 240 158 25.8 66 

PE-It_9-50% 3.7 221 132 20.7 60 

PE-It_10-10% 4.3 262 155 25.6 59 

PE-It_10-30% 4.2 252 159 22.5 63 

PE-It_10-50% 4.0 243 154 19.7 64 
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Figure 52 Photo-DSC analysis with 0 and 30 wt% of the selected reactive diluents: a. conversion vs 

time, b. rate of polymerization vs time. 

Overall, the mixed reactive diluents, HEI, are the candidates with the highest 

conversions and a rate of polymerisation in the same range as the standard PE-It as it can be 

seen on Figure 52.a for the conversion and Figure 52.b for the rate of polymerisation. 

Theoritically, this increased conversion should lead to higher performance materials, which will 

be assessed by dynamic mechanical analysis by comparing the Tg and the modulus given at 
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25 °C and the gel content, presented in Table 32. The standard linear polyester was found to 

have a Tg of 105 °C and a modulus at 25 °C of 883 MPa and a gel content of 72%. The 

introduction of any reactive diluent improves the glass transition temperature significantly and 

increased the modulus at 25 °C in most cases as well as increasing the gel content of cured 

samples. For It_Cy2 (RD 1), the best modulus is for the 90/10 ratio which can be explained by 

the higher conversion induced by the lower viscosity of the RD. If more of the RD 1 is 

incorporated, a decrease in storage modulus is observed, probably due to the lowered 

conversion of the 30 and 50 wt% materials, which also translate into a decreasing gel content 

from 87% to 80%. However, a higher amount of RD 1 slightly increases the Tg up to 144 °C, 

which is probably caused by the introduction of cyclic rigid structures within the 3D matrix.  

Table 32 DMA analysis and gel content of mixed resin-reactive diluents. 

Structure Tg (°C) 
Modulus at 25°C 

(MPa) 
Gel content (%) 

PE-It 105 883 72 

PE-It_1-10% 137 1832 87 

PE-It_1-30% 136 1543 82 

PE-It_1-50% 144 1138 80 

PE-It_5-10% 113 1430 90 

PE-It_5-30% 123 780 91 

PE-It_5-50% 127 755 90 

PE-It_9-10% 129 1688 84 

PE-It_9-30% 135 780 93 

PE-It_9-50% 128 905 89 

PE-It_10-10% 133 1286 95 

PE-It_10-30% 110 897 93 

PE-It_10-50% 104 832 94 

Interestingly, the introduction of hydroxy groups in the network brought by the DHIs 

and the HEIs lowers both the Tg and the modulus at 25 °C. These hydroxy groups should 
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increase the rigidity of the network due to the intermolecular H-bondings, but the lower amount 

of cyclic structure (for HBP_5) lead to a lower Tg. Furthermore, it was shown that these 

hydroxyl groups improve the reactivity128 and thus the conversion and thanks to the hydrogen 

bondings, help to create a stronger cured network, which is illustrated by higher gel content for 

HEIs and DHIs. For HEIs, Cy_It_CyO (RD 9) appears to be a better candidate with a maximum 

modulus of 1688 Mpa for PE-It_9-10% and a maximum Tg of 135 °C for PE-It_9-30% 

alongside a high gel content of 93%. This can be valuable for all UV-curing application as a 

higher gel content will reduce the amount of uncured compound that could escape the cured 

object, while improving the thermal and mechanical properties. It_(BuO)2 displayed lower 

properties with the best ratio being 90/10 leading to a Tg of 133 °C and a modulus at 25 °C of 

1286 MPa but the high amount of hydroxy group led to very high gel content up to 95%. It is 

noteworthy to precise that no intensive postcuring was applied. A post curing or optimized 

curing process (under nitrogen or at higher temperature) would improve the gel content as well 

as the thermal and mechanical properties of all sample, however, this simpler method allows to 

see the impact of the reaction better. 

A range of thirteen reactive diluents has been obtained including three types: diesters, di-

hydroxyesters and hydroxyester ester itaconate. After a study of their respective viscosities and 

reactivity towards UV-curing, the 4 best candidates: It_Cy2 (1), Cy_It_CyO (5), Bu_It_CyO (9) 

and It_CyO2 (10), were selected to be mixed with a standard bio-based linear polyester itaconate 

using 10, 30 or 50 wt%. The addition of reactive diluents brought a significant reduce in 

viscosity increasing with the ratio of RD to standard resin, up to a 20 times fold at 25 °C. Even 

though RD 10 had a low viscosity, the viscosity reduction was greater with RD1 and RD5, due 

to the high amount of hydroxyl groups present. The introduction of RDs helped improve the 

final conversion of double bonds in most cases. For DEIs, a 10 wt% addition improves the 

conversion with similar rate of polymerization, but a greater ratio was detrimental on the curing 

process due to low intrinsic reactivity. The opposite trend was observed for DHIs as a greater 

ratio improved the conversion thanks to the positive impact of hydroxyl groups during the 

photopolymerization. For mixed RDs, HEI, the optimal ratio was found to be at 30% with a 

final conversion reaching 66%, comparing to the 55% of the standard polymer. The insertion 

of reactive diluent also improved the thermal and physical properties with a doubled modulus 

at 25 °C and an increase of 40 °C for the Tg in the best case. The reactive diluents also greatly 

improved the gel content up to 95% compared to the 72% of the standard resin. The 

improvement in terms of viscosity, conversion of the double bonds, glass transition temperature 
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and gel content brought by these novel reactive diluents are very valuable for any UV-curing 

application to improve the processability, the reactivity, and the properties but also reduce the 

possibility of uncured resin to leak from the sample.  

These results are even more encouraging as no efficient itaconic acid based reactive 

diluent other than DMI have been developed so far. Depending on the groups attached to the 

itaconic acid, one will be able to tune the reactive diluent to improve specific properties helping 

the formulation, the curing steps and to achieve the desired properties on the final cured object 

while driving the UV-curing industry towards a more sustainable future. 
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IV.     Conclusion 

For an easier understanding of the research axes that have been investigated throughout this 

work, a simplified overview of the different materials designed and synthesized is presented in 

Figure 53.  

 

Figure 53 Overview of the synthetic strategies and products developed in the course of this work. 

(yellow = polymeric materials, green = monomeric materials) 

Over the course of this work, several axes of research have been explored in order to 

gain a deeper understanding of UV-curing acrylated HBPs and various UV-curable monomers 

and polymers from itaconic acid for applications such as additive manufacturing, printing inks 

or coatings. 

Firstly, an optimization of already existing HBPs from non-renewable acrylic acid has 

been investigated. The novel synthetic pathway allowed for an efficient synthesis of HBPs with 

a higher degree of substitution of the OH groups than similar materials previously reported, 

without the use of activated reagents. This method was used to obtain six acrylated HBPs from 

four different cores, with one or two generations of branching unit (bMPA). Propionic acid was 

used to achieve high conversion and low viscosity. These materials were found to exhibit 

excellent mechanical (tensile strength up to 3 times higher than standard materials) and thermal 

properties. In addition, they exhibited a very high reactivity, with a rate of polymerization more 

than twice as high as the highest RoP for similar materials (0.14 s-1 against 0.06 s-1). An 
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extensive characterization was also conducted with an in-depth study of possible side reactions 

and their likeliness. This optimization of HBP structures using acrylic acid allowed a better 

understanding of these macromolecular architectures, to be used for the synthesis of itaconic 

acid based HBPs. 

In a second step, the limits of the classical esterification/condensation of itaconic acid 

were explored. It was proven that an uncontrolled polyesterification led to highly crosslinked 

materials leading to a gelation of the product. A more controlled method was developed using 

a secondary alcohol instead of a diol, which lead to a viscous but not crosslinked material, 

TMP_bMPA_It_Cy. Higher selectivity was obtained by preparing the end groups to be reacted 

with the polyol core. This second synthetic pathway to TMP_bMPA_It_Cy yielded a lower 

viscosity material with almost identical physical and thermal properties. It was also observed 

during the synthesis of star-shaped polymers, that the use of standard esterification conditions 

with primary alcohol on substituted branched polyol cores lead to a transesterification due to 

the higher reactivity of the β-carboxylic acid of itaconic acid and therefore the destruction of 

the architecture obtained before. 

Thus, novel building blocks from itaconic acid were necessary to develop UV-curing 

monomers and branched polymers from itaconic acid. To this end, eight monoesters of itaconic 

acid were synthesized using an efficient and inexpensive method. No excess of alcohol or 

tedious purification steps were required, which were the main drawbacks of known methods. 

This highly selective synthesis was made possible by a reaction of a range of mono-alcohols 

with itaconic anhydride, the latter was obtained by a ring-closing reaction of itaconic acid. 

Simple and more complex alcohols were used: methanol, ethanol, propanol, butanol, 

cyclohexanol, benzyl alcohol, phenoxyethanol and isoborneol, to synthesize the monoesters in 

high purity and good to excellent yields. These monoesters were reacted with epoxidized 

soybean oil to assess the impact of each alkyl group on the viscosity and reactivity of the UV-

curable materials. This structure-properties relationship study showed that all monoesters are 

good candidates as building blocks for UV-curing application, especially It_Cy, proven to be 

the most reactive. Resulting IESOs showed a decreased viscosity compared with the standard 

AESO and an increased conversion in some cases. 

Thanks to the insights obtained during the design and the synthesis of HBPs from acrylic 

acid and monoesters of itaconic acid, several ways to synthesize HBPs from itaconic acid were 

investigated. As shown above, the simple condensation, once optimized, lead to viscous UV-
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curable materials with high reactivity. The synthesis through transesterification using DMI was 

proven to be unsuccessful due to the insufficient difference in reactivity between the two 

carboxyl groups that did not allow for a good control over a selective transesterification. 

Another alkyl-terminated HBP_It was synthesized through a more complex methodology using 

undecenoic acid, to be epoxidized before the reaction with cyclohexyl itaconate. This HBP_It 

was found to be very flexible and might be of interest as additive to be mixed with highly rigid 

UV-curable polymers. An acid-terminated HBP_It was developed and despite the high 

viscosity, the good degradation in basic conditions showed that it might be an interesting 

material as a UV-curable support material. The last type of HBP_It designed was hydroxyalkyl-

terminated HBPs, which seems to be the most promising approach. This simple method uses 

polyol cores with itaconic anhydride and the resulting acid-terminated HBP is then reacted with 

an epoxide. Molecules with four different cores, two epoxides and 0 or 1 generation of bMPA 

were synthesized, yielding thirteen different HBP_It. Materials using cyclohexene oxide were 

found to exhibit a too high viscosity to be used as UV-curable materials, but the ones using 

butylene oxide were suitable for such an application. The synthesis of the first generation of 

HBP_It could not be fully optimized. However, these successful syntheses yielded to promising 

materials that could be further improved.  

Finally, the knowledge acquired during these researches allowed the development of 

novel reactive diluents from itaconic acid. As it is more challenging to obtain a high reactivity 

material when designing a small structure containing itaconic acid, no study on the synthesis of 

itaconic acid based RDs was previously reported. Three types of reactive diluents were 

designed: diester, dihydroxyester and hydroxyester ester itaconates by exploiting the difference 

in reactivity of the two carboxylic acids. These monomers showed good reactivity towards UV-

curing and showed varying viscosities, increasing with the number of hydroxy groups. These 

OH groups also increased the reactivities during UV-curing. The four best candidates were 

mixed with a standard bio-based resin with various amount (10, 30 and 50%) to assess their 

impact as reactive diluents. They were found to be extremely beneficial when formulated with 

the standard polyester, lowering the viscosity up to 20-fold, improving the thermal (increase of 

the Tg up to 40 °C) and mechanical properties significantly (more than doubled modulus at 25 

°C in some cases) and improving the final double bond conversion and gel content (up to 35% 

more), while keeping a similar rate of polymerization. 

To conclude, numerous UV-curable materials were designed and synthesized using either 

improved greener synthetic pathways or novel synthetic routes. These methodologies were 
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designed to be as much in accordance as possible with the principles of green chemistry, while 

trying to keep the synthesis of such materials economically optimal and potentially scalable. 

The original goal of this project: the synthesis of highly branched polymers from itaconic acid, 

was achieved and surpassed as novel building blocks and more challenging compounds such as 

reactive diluents were also developed. More generally, this work gathers valuable knowledge 

on the impact of each building block on the final properties of HBPs, but also on the delicate 

reactivity of itaconic acid both during the synthesis and the UV-curing process.  
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V.     Plans 

Thanks to the very interesting nature of this project, several axes of researche have been 

successfully explored, but there are still numerous directions that would be interesting to 

investigate. Also, ensuing the development of novel synthetic pathways and compounds, this 

yields even more intriguing possibilities of research. The most interesting and promising leads 

will be discussed. 

Firstly, it would be interesting to optimize the synthesis of the first generation 

hydroxyalkyl-terminated HBP_It, which was made impossible due to reduced laboratory work 

time resulting from the global health situation. Then, it would be valuable to assess the potential 

of all synthesized HBP_It as tougheners. Indeed, even if it was proven that most HBP_It could 

be good candidates to be used as UV-curable materials, some of them are only obtained after a 

rather long synthesis pathway, more complex and expensive than linear itaconic acid-based 

polymers. As they contain numerous functional groups, situated at the periphery of the 

structure, they should be very efficient tougheners to link entangled linear molecular chains. As 

several types of HBP_It were produced, the advantages brought by such additives could be 

tailored according to desired properties (flexibility, resistance, viscosity, reactivity). The 

screening of these HBP_It as tougheners additives could be further improved by incorporating 

RD_It into the formulation to optimize the viscosity, reactivity and final properties even more. 

This would be the first example of formulated material fully prepared using bio-based itaconic 

acid-based linear polyester, HBP_It and RD_It, and would be of high interest. Furthermore, as 

exposed earlier, the use carbonate and carbamate groups combined with acrylic acid was proven 

to be greatly beneficial. Thus, further improvement of the already efficient reactive diluents 

could be investigated.  

During the course of this work, the focus was on the curing of polymers and monomers 

using ultraviolet light. However, the thermal curing was briefly investigated through the heating 

of RD 1. Without any thermal initiator, this compound underwent partial curing with a drastic 

increase in viscosity and decrease of the double bond amount. A more detailed study of the 

reactivity towards thermal curing of all itaconic acid-based materials obtained would also be of 

high interest. Furthermore, the UV-curing process used in this work could also be improved. 

Indeed, it is known that the reactivity towards UV-curing is greatly impacted by the temperature 

and the ambient atmosphere. Thus, it would be valuable to know the impact on the reactivity 

and the properties of the final material when the curing process is set at a higher operating 
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temperature and/or in an inert atmosphere. The reduction of the amount of air trapped into the 

resins would also yield to better cured samples allowing a lower dispersity during the analyses 

(DMA, DSC, Charpy, tensile strength). Also, a thermal post curing could be used to further 

cure the remaining uncured material which should beneficially impact the final conversion, gel 

content and the thermal and mechanical properties. Ideally, the cured samples would be 

prepared by a 3D printer for higher reproducibility and lower margin of error. This more exact 

method was planned but not further investigated due to lack of time. The optimization of the 

curing process could also mean the investigation of other photoinitiators to minimize the 

quantity and toxicity of the compounds emitted during the curing process or leaked once the 

object had been printed. 

As presented in the introduction, monomers of itaconic acid such as monoesters and 

diesters, or even hydroxyalkyl substituted itaconic acid like the obtained reactive diluents are 

good reagents to be used for the synthesis of comb-like polymers through radical 

polymerization. It would thus be interesting to assess the potential of the synthesized monomers 

for the synthesis of this class of polymers. 

As discussed above, all syntheses were designed to be as simple to scale up as possible. 

Thus, it would be of high interest to optimize these syntheses to be used on industrial scale. 

This might also be an opportunity to improve the reaction conditions. Indeed, it might be 

possible to develop greener processes by changing the solvent for example, like the azeotropic 

solvent, toluene, used during condensation, which might be eliminated by using a melt 

condensation, usually more efficient on a greater scale.  

Finally, even if UV-cured materials are not designed to be recyclable due to their high 

resistance, it would be highly interesting to explore this possibility. Preliminary works have 

been initiated towards this challenging goal. 

 

 

 

 

 



127 
 

VI.   Abbreviations 

Abbreviation Meaning 

Ac2O Acetic anhydride 

AcCl Acetyl chloride 

ACMO Acrylated morpholine 

Acr/AA Acrylic acid 

AESO Acrylated epoxidized soybean oil 

BHT 2,6-Di-tert-butyl-4-methylphenol 

bMPA 2,2-Bis(hydroxymethyl)propionic acid 

Boc2O Di-tert-butyl dicarbonate 

BuN Butan-1-amine 

BuO 2-hydroxybutyl 

Bu 1-butyl 

Bz Benzyl 

COSY Correlation spectroscopy 

CyO 2-hydroxycyclohexyl 

Cy Cyclohexyl 

ΔH Enthalpy 

Đ Dispersity 

DBD Double bond density 

DEI Diester itaconate 

DFT Density functional theory 

DHI Dihydroxyester itaconate 

DiTMP Di-trimethylolpropane 

DLD Dendron-linear-dendron 

DMA Dynamic mechanical analysis 

DMF Dimethylformamide 

DMI Dimethyl itaconate 

DSC Differential scanning calorimetry 

DTA Differential thermal analysis 

EDG Electron-dative group 

ESBO Epoxidized soybean oil 

ESI-IT-MS Electrospray ion trap mass spectrometry 

Et Ethyl 
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Et2O Diethyl ether 

EtOAc Ethyl acetate 

EWG Electron-withdrawing group 

FAm Fatty amine 

Furf Furfuryl 

GC Gel content 

Gc=c Grafting ration  

GPC Gel permeation chromatography 

HBP Hyperbranched polymer 

HDO 1,6-hexanediol 

HEI Hydroxyester ester itaconate 

HMBC Multiple bond correlation spectroscopy 

H2O2 Hydrogen peroxide 

HPLC High performance liquid chromatography 

H2SO4 Sulfuric acid 

HSQC Heteronuclear single quantum correlation experiment 

IA Itaconic anhydride 

IBOA Isobornyl acrylate 

IESO Itaconated epoxidized soybean oil 

IT Itaconic acid 

IR Infrared (spectroscopy) 

Isob Isobornyl 

LC-MS Liquid chromatography-mass spectrometry 

LE Large excess 

LiO Hydroxy limonene  

MAA Methacrylic acid  

mCPBA Meta-Chloroperoxybenzoic acid 

Me Methyl 

MeHQ Mequinol/4-methoxyphenol 

MeOH Methanol 

MO Morpholine 

MS Mass spectrometry 

MSA Methanesulfonic acid 

Mw Molecular weight 

NaOH Sodium hydroxide 
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N/A Not available 

NaHCO3 Sodium carbonate 

Na2SO4 Sodium sulfate 

Net3 Triethylamine 

NiCl2 Nickel chloride 

NMR Nuclear magnetic resonance 

NOct 1-octylamine 

OxCl Oxalyl chloride 

PA Propionic acid 

PCEA Phenyl carbamate ethylacrylate 

PDO 1,3-propanediol 

PE Polyester 

PENTA Pentaerythritol 

PENTA.EG Ethoxylated pentaerythritol 

Pip Piperidine 

PhEt Phenoxyethyl 

Photo-DSC Photo-differential scanning calorimetry 

PP50 Ethoxylated pentaerythritol (1.25 EO/OH) 

Ppm Parts-per-million 

Pr 1-propyl 

PTFE Polytetrafluoroethylene 

p-TSA Para-Toluene sulfonic acid 

RD Reactive diluent 

RoP Rate of polymerization 

SA Succinic anhydride 

SLA Stereolithography 

SOCl2 Thionyl chloride 

StyO 2-hydroxystyrene  

TDGDA Thiodiethylene glycol diacrylate 

TEGDMA Triethylene glycol dimethacrylate 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Ti(OBu)4 Titanium butoxide 

TM Target mass 

TMP Trimethylolpropane 
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TMP.EG Ethoxylated trimethylolpropane 

TPP Triphenyl phosphine 

Und 1-undecenyl 

UV Ultraviolet 
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VIII.   Annexes 

VIII.A. Acrylated hyperbranched polymers 

Mass spectrometric measurements: 

• ESI-MS [M+Na]+, m/z: TMP_bMPA.G1: 273, TMP_bMPA1; 389, TMP_bMPA2; 505, 

TMP_bMPA3; 621, TMP_bMPA4; 737, TMP_bMPA5; 853, TMP_bMPA6; 969, 

TMP_bMPA7; 1085, TMP_bMPA8; 1201, TMP_bMPA9. Maximum intensity was 

observed for TMP_bMPA4 at m/z 737. The intensity of [M+Na]+ is expected to be 

higher for compounds with at least two bMPA units on the same branch due to the better 

complexation of the sodium ion (Figure A. 1. a.). 

• ESI-MS [M+Na]+, m/z: DiTMP_bMPA.G1: 389, DiTMP_bMPA1; 505, 

DiTMP_bMPA2; 621, DiTMP_bMPA3; 737, DiTMP_bMPA4; 853, DiTMP_bMPA5; 

969, DiTMP_bMPA6; 1085, DiTMP_bMPA7; 1201, DiTMP_bMPA8; 1317, 

DiTMP_bMPA9; 1433, DiTMP_bMPA10. Maximum intensity was observed for 

DiTMP_bMPA4 at 737 m/z (Figure A. 2. a.). 

• ESI-MS [M+Na]+, m/z: HDO_bMPA.G1: 373, HDO_bMPA2; 489, HDO_bMPA3; 

605, HDO_bMPA4; 721, HDO_bMPA5; 837, HDO_bMPA6; 953, HDO_bMPA7; 1069, 

HDO_bMPA8; 1185, HDO_bMPA9; 1301, HDO_bMPA10. Maximum intensity was 

observed for HDO_bMPA3 at 489 m/z (Figure 24. a.). 

• ESI-MS [M+Na]+, m/z: HDO_bMPA.G2: 373, HDO_bMPA2; 489, HDO_bMPA3; 

605, HDO_bMPA4; 721, HDO_bMPA5; 837, HDO_bMPA6; 953, HDO_bMPA7; 1069, 

HDO_bMPA8; 1185, HDO_bMPA9; 1301, HDO_bMPA10, 1417, HDO_bMPA11, 1533, 

HDO_bMPA12. Maximum intensity was observed for HDO_bMPA5 at 721 m/z (Figure 

A. 3). 

• ESI-MS [M+Na]+, m/z: TMP.EG_bMPA.G1: The spectrum is complex as there are 

two distributions. The first distribution is related to the number of ethylene glycol units 

attached to the core (from 5 to 12 units with a maximum intensity at 8). The second is 

related to the number of bMPA reacted with the core (0 to 8 units with maximum 

intensity for 1). The maximum intensity of 1 bMPA is biased by the better complexation 

of long EG chains that act as crown ether. The overall highest intensity was observed at 

m/z 625 for TMP.EG8_bMPA1+Na (Figure A. 4. a.).  

• ESI-MS [M+Na]+, m/z: TMP.EG_bMPA.G2: Like TMP.EG_bMPA.G1, the spectrum 

is complex with similar distribution of EG (5 to 12 with maximum intensity found at 8). 
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Distribution of bMPA is seen from 1 to 10 units with a maximum at 4. The overall 

highest intensity is observed at 973 for TMP.EG8_bMPA4+Na (Figure A. 5. a.). 

• ESI-MS [M+Na]+, m/z: HBP 1 (= TMP_bMPA.G1_Acr80:Prop40): is described as 

follows: m/z given for core_bMPA(number of units) and its distribution of 

(acrylic+propionic)(number of units)(m/z and ratio of Acrylic to propionic at the highest 

intensity). All the distribution of acrylic+propionic are not always seen as full 

substitution of  propionic acid is very less likely to occur (Figure A. 1. b.).   

435-441, TMP_bMPA1_(A+P)3 (437, 2/1); 489-495, TMP_bMPA1_(A+P)4 (491, 3/1); 

551-555, TMP_bMPA2_(A+P)3 (553, 2/1); 605-616, TMP_bMPA2_(A+P)4(607, 3/1); 

659-669, TMP_bMPA2_(A+P)5 (663, 3/2); 721-727, TMP_bMPA3_(A+P)4(723, 3/1); 

775-783, TMP_bMPA3_(A+P)5 (779, 3/2); 829-839, TMP_bMPA3_(A+P)6 (833, 4/2); 

891-899, TMP_bMPA4_(A+P)5 (895, 3/2); 945-955, TMP_bMPA4_(A+P)6 (951, 3/3); 

999-1011, TMP_bMPA4_(A+P)7 (1003, 5/2); 1061-1069, TMP_bMPA5_(A+P)6 (1065, 

4/2); 1115-1127, TMP_bMPA5_(A+P)7 (1121, 4/3); 1169-1181y, 

TMP_bMPA5_(A+P)8 (1175, 5/3); 1233-1241, TMP_bMPA6_(A+P)7 (1237, 4/3); 

1287-1297, TMP_bMPA6_(A+P)8 (1291, 5/3); 1343-1349, TMP_bMPA6_(A+P)9 

(1345, 6/3). The overall highest intensity is found at 833 m/z for TMP 

_bMPA3_Acr4Prop2 +Na.  

• ESI-MS [M+Na]+, m/z: HBP 2 (= DiTMP _bMPA.G1_Acr80:Prop40): 551-557, 

DiTMP_bMPA1_(A+P)3 (553, 2/1); 605-611, DiTMP_bMPA1_(A+P)4 (607, 3/1); 659-

669, DiTMP_bMPA1_(A+P)5 (661, 4/1); 721-527, DiTMP_bMPA2_(A+P)4 (723, 3/1); 

775-785, DiTMP_bMPA2_(A+P)5 (777, 4/1); 829-841, DiTMP_bMPA2_(A+P)6 (833, 

4/2); 891-897, DiTMP_bMPA3_(A+P)5 (893, 4/1); 945-955, DiTMP_bMPA3_(A+P)6 

(949, 4/2); 551-557, DiTMP_bMPA1_(A+P)3 (553, 2/1); 1001-1013, 

DiTMP_bMPA3_(A+P)7 (1003, 5/2); 1061-2071, DiTMP_bMPA4_(A+P)6 (1065, 3/3); 

1115-1127, DiTMP_bMPA4_(A+P)7 (1121, 4/3); 1171-1183, DiTMP_bMPA4_(A+P)8 

(1175, 4/4); 1231-1241, DiTMP_bMPA5_(A+P)7 (1235, 4/3); 1295-1295, 

DiTMP_bMPA5_(A+P)8 (1293, 3/5); 1341-1353, DiTMP_bMPA5_(A+P)9 (1347, 4/5). 

The overall highest intensity is found at 949 m/z for DiTMP _bMPA3_Acr4Prop2 +Na 

(Figure A. 2. b.).   

• ESI-MS [M+Na]+, m/z: HBP 3 (= HDO _bMPA.G1_Acr80:Prop40): 365-367, 

HDO_bMPA1_(A+P)2 (365, 2/0); 419-423, HDO_bMPA1_(A+P)3 (421, 2/10); 535-541, 

HDO_bMPA2_(A+P)3 (537, 2/1); 589-597, HDO_bMPA2_(A+P)4 (591, 3/1); 651-657, 



138 
 

HDO_bMPA3_(A+P)4 (653, 3/1); 705-713, HDO_bMPA3_(A+P)4 (707, 4/1); 759-769, 

HDO_bMPA3_(A+P)5 (763, 4/2); 821-827, HDO_bMPA4_(A+P)4 (825, 2/2); 875-883, 

HDO_bMPA4_(A+P)5 (879, 3/2); 929-941, HDO_bMPA4_(A+P)6 (933, 4/2); 991-999, 

HDO_bMPA5_(A+P)5 (995, 3/2); 1047-1057, HDO_bMPA5_(A+P)6 (1049, 4/2); 1101-

1111, HDO_bMPA5_(A+P)7 (1105, 4/3); 1161-1171, HDO_bMPA6_(A+P)6 (1165, 

3/3); 1217-1229, HDO_bMPA6_(A+P)7 (1221, 4/3); 1273-1283, HDO_bMPA6_(A+P)8 

(1277, 4/4); 1331-1343, HDO_bMPA7_(A+P)7 (1337, 4/3); 1389-1399, 

HDO_bMPA7_(A+P)8 (1393, 4/4); 1441-1455, HDO_bMPA7_(A+P)9 (1447, 5/4). The 

overall highest intensity is observed at 591 m/z for HDO _bMPA2_Acr3Prop1 +Na 

(Figure 28).  

• ESI-MS [M+Na]+, m/z: HBP 4 (= HDO _bMPA.G2_Acr80:Prop40): 535-539, 

HDO_bMPA2_(A+P)3 (537, 2/1); 589-595, HDO_bMPA2_(A+P)4 (591, 3/1); 651-657, 

HDO_bMPA3_(A+P)3 (653, 2/1); 705-711, HDO_bMPA3_(A+P)3 (707, 3/1); 759-767, 

HDO_bMPA3_(A+P)5 (761, 4/1); 821-827, HDO_bMPA4_(A+P)4 (823, 3/1); 875-883, 

HDO_bMPA4_(A+P)5 (877, 4/1); 929-939, HDO_bMPA4_(A+P)4 (933, 4/2); 991-999, 

HDO_bMPA5_(A+P)5 (993, 4/1); 1045-1055, HDO_bMPA5_(A+P)6 (1049, 4/2); 1009-

1111, HDO_bMPA5_(A+P)7 (1103, 5/2); 1161-1169, HDO_bMPA6_(A+P)6 (1165, 

4/2); 1215-1225, HDO_bMPA6_(A+P)7 (1219, 5/2); 1271-1281, HDO_bMPA6_(A+P)8 

(1275, 5/3); 1331-1341, HDO_bMPA7_(A+P)7 (1335, 5/2); 1385-1395, 

HDO_bMPA7_(A+P)8 (1389, 6/2); 1441-1451, HDO_bMPA7_(A+P)9 (1447, 6/3). The 

overall highest intensity is found at 761 m/z for HDO _bMPA3_Acr4Prop1 +Na (Figure 

A. 3. b.).   

• ESI-MS [M+Na]+, m/z: HBP 5 (= TMP.EG _bMPA.G1_Acr80:Prop40): Three levels 

of distributions make this spectrum highly complex, particularly at higher m/z values 

where their influence is more pronounced. The first distribution is related to the number 

of ethylene glycol units attached to the core (from 5 to 12 units with a maximum 

intensity at 8). The second is related to the number of bMPA reacted with the core (0 to 

8 units with maximum intensity for 1). Finally, each peak exhibits a distribution of 

acrylic- and propionic acid depending on the number of available OH groups. The 

overall highest intensity is observed at 671 m/z for TMP.EG8_bMPA0_ Acr3Prop0 +Na 

(Figure A. 4. b.).  

• ESI-MS [M+Na]+, m/z: HBP 6 (= TMP.EG _bMPA.G2_Acr80:Prop40): Similar to 

HBP 5, it has three levels of distributions with even more complex spectrum (because 



139 
 

of the higher Mw range of this product, the MS measurement was made with a target 

mass of 1500 instead of 1000). The first distribution is related to the number of ethylene 

glycol units on the structure (from 5 to 12 units with a maximum intensity at 8). The 

second is related to the number of bMPA reacted with the core (0 to 10 units with 

maximum intensity for 4). Each peak exhibits a distribution of acrylic and propionic 

acid depending on the number of available OH groups. Two peaks stand out with high 

intensity at 671 m/z for TMP.EG8_bMPA0_ Acr3Prop0 and 1317 m/z for 

TMP.EG7_bMPA4_ Acr2Prop5 +Na (Figure A. 5. b.). 

 

Figure A. 1 Mass spectra of a. TMP_G1 and b. HBP 1 (= TMP_G1_Acr80.Prop40). 
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Figure A. 2 Mass spectra of a. DiTMP_G1 and b. HBP 2 (= DiTMP_G1_Acr80.Prop40). 
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Figure A. 3 Mass spectra of a. HDO_G2 and b. HBP 4 (= HDO_G2_Acr80.Prop40). 

 

Figure A. 4 Mass spectra of a. TMP.EG_G1 showing the distribution of bMPA per each EG (to prevent 

overcrowding the figure, only some of the major distribution patterns are shown) and b. HBP 5 (= 

TMP.EG_G1_Acr80.Prop40). 

Figure A. 5 Mass spectra of TMP.EG_G2. 
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NMR Analysis: 

• HBP 1, TMP _bMPA.G1_Acr80.Prop40 

 

1H-NMR (CDCl3 – 500 MHz), ppm : 6.41-6.37 (m, 2.77H, H11a), 6.13-6.06 (m, 2.77H, 

H10), 5.86-5.83 (m, 2.77H, H11b), 4.39-4.05 (m, 16H, H4 + H8), 3.65-3.50 (m, 2H, H8’ 

unsubstituted OH), 2.70 + 2.54 (m + m, 0.5H + 1H, side reaction product), 2.32 (m, 

3.6H, H13), 1.48 (m, 2H, H2), 1.26 (m, 9H, H7), 1.10 (m, 5.6H, H14), 0.89 (m, 3H, H3). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  173.9 + 165.6 (C12 + C9 +C5), 131.7 + 128.0 

(C10 + C11), 66.8-65.5 (C8 +C4), 63.9 (C8’ unsubstituted bMPA), 48.8 (C5’ unsubstituted 

bMPA), 46.7 (C6), 41.1 (C1), 34.8 (CH2 from side reaction product), 27.4 (C13), 23.1 

(C2), 17.5 (C7), 9.1 (C14), 7.4 (C3). 

 

• HBP 2, DiTMP _bMPA.G1_Acr80.Prop40 

 

1H-NMR (Acetone-d6 – 500 MHz), ppm :  6.38-6.35 (m, 3.77H, H11a), 6.16-6.13 (m, 

3.77H, H10), 5.90 (m, 3.77H, H11b), 4.32-4.21 (m, 14H, H8), 4.12-4.04 (m, 8H, H4),  3.70 

(m, 2H, H8’ unsubstituted OH), 3.41 (m, 4H, H4’), 2.76 + 2.58 (m + m, 0.5H + 1H, side 

reaction product), 2.33 (m, 3.6H, H13), 1.51 (m, 4H, H2), 1.31-1.21 (m, 12H, H7), 1.07 

(m, 7.2H, H14), 0.90 (m, 6H, H3). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  173.0 + 171.9 (C12 + C9 +C5), 130.5 + 128.2 

(C10 + C11), 66.7-64.1 (C8 +C4), 59.8 (C8’ unsubstituted bMPA), 48.5 (C6’ unsubstituted 

bMPA), 46.5 (C6), 41.2 (C1), 34.1 (CH2 from side reaction product), 26.8 (C13), 22.9 

(C2), 17.2 (C7), 8.5 (C14), 7.0 (C3). 
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• HBP 3, HDO _bMPA.G1_Acr80.Prop40 

 

1H-NMR (Acetone-d6 – 500 MHz), ppm :  6.38-6.32 (m, 3.41H, H10a), 6.16-6.13 (m, 

3.41H, H9), 5.93-5.82 (m, 3.41H, H10b), 4.34-4.14 (m, 11.5H, H7 + H1),  3.70 (m, 0.5H, 

H7’ unsubstituted OH), 2.72 + 2.58 (m + m, 0.4H + 0.3H, side reaction product), 2.33 

(m, 2.26H, H12), 1.67 (m, 4H, H2), 1.41 (m, 4H, H3), 1.31-1.21 (m, 6H, H6), 1.06 (m, 

3.58H, H13). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  174.0 + 173.4 (C11 + C4), 165.9 (C8), 130.9 

+ 129.7 (C9 + C10), 66.7-64.8 (C7 +C1), 60.9 (C7’ unsubstituted bMPA), 49.2 (C5’ 

unsubstituted bMPA), 47.3 (C5), 34.4 (CH2 from side reaction product), 29.6 (C12), 27.8 

(C2), 26.4 (C3), 18.1 (C6), 9.5 (C13). 

 

• HBP 4, HDO _bMPA.G2_Acr80.Prop40 

 

1H-NMR (Acetone-d6 – 500 MHz), ppm :  6.38-6.32 (m, 5.35H, H11a), 6.18-6.13 (m, 

5.35H, H10), 5.92-5.87 (m, 5.35H, H11b), 4.37-4.28 (m, 23H, H7), 4.27 (m, 4H, H1), 3.68 

(m, 1H, H7’ unsubstituted OH), 2.76 + 2.57 (m + m, 1H + 0.3H, side reaction product), 

2.31 (m, 4.65H, H12), 1.65 (m, 4H, H2), 1.4 (m, 4H, H3), 1.30-1.17 (m, 18H, H6), 1.06 

(m, 7.15H, H13). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  173.8 + 172.7 (C11 + C4), 166.0 (C8), 131.4 

+ 128.8 (C9 + C10), 67.5-64.8 (C7 +C1), 60.6 (C7’ unsubstituted bMPA), 49.3 (C7’ 

unsubstituted bMPA), 47.2 (C5), 34.1 (CH2 from side reaction product), 29.1 (C12), 27.6 

(C2), 26.1 (C3), 17.9 (C6), 9.3 (C13). 
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• HBP 5, TMP.EG _bMPA.G1_Acr80.Prop40 

 

1H-NMR (Acetone-d6 – 500 MHz), ppm :  6.37-6.35 (m, 3.26H, H12a), 6.17-6.14 (m, 

3.26H, H11), 5.93-5.88 (m, 3.26H, H12b), 4.31-4.07 (m, 15H, H5’ + H9), 3.71-3.69 (m, 

3H, H9 unsubstituted OH), 3.57-3.35 (m, 22H, H5), 3.39-3.32 (m, 6H, H4),  2.77 + 2.58 

(m + m, 0.4H + 0.2H, side reaction product), 2.32-3.28 (m, 3.54H, H14), 1.44 (m, 2H, 

H2), 1.31-1.18 (m, 9H, H8), 1.08-1.04 (m, 5.59H, H15), 0.87 (m, 3H, H3). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  175.2 + 173.8 (C13 + C6), 166.2-165.7 

(C10), 131.7 + 128.8 (C11 + C12), 71.6-71.0 (C5), 69.4 (C5’), 66.0-64.2 (C9 +C4), 49.1 + 

47.0 (C7), 43.0 (C1), 30.0 (CH2 from side reaction product), 27.5 (C14), 23.5 (C2), 17.9 

(C8), 9.3 (C15), 7.8 (C3). 

 

• HBP 6, TMP.EG _bMPA.G2_Acr80.Prop40 

 

1H-NMR (Acetone-d6 – 500 MHz), ppm :  6.37-6.35 (m, 6.54H, H12a), 6.17-6.14 (m, 

6.54H, H11), 5.92-5.91 (m, 6.54H, H12b), 4.35-4.2 (m, 38H, H5’ + H9), 3.69 (m, 4H, H9 

unsubstituted OH), 3.54 (m, 22H, H5),  3.39-3.32 (m, 6H, H4),  2.75 + 2.57 (m + m, 

0.8H + 0.8H, side reaction product), 2.32-3.28 (m, 6.92H, H14), 1.44 (m, 2H, H2), 1.30-

1.17 (m, 9H, H8), 1.07-1.05 (m, 11H, H15), 0.87 (m, 3H, H3). 

13C-NMR (Acetone-d6 – 500 MHz), ppm :  175.2 + 172.7 (C13 + C6), 166.9-165.8 

(C10), 131.8 + 128.8 (C11 + C12), 71.7-70.1 (C5), 69.4 (C5’), 66.2-64.3 (C9 +C4), 49.3 + 

46.7 (C7), 44.0 + 43.2 (C1), 34.9-33.7 (CH2 from side reaction product), 27.6 (C14), 

23.6 (C2), 17.9 (C8), 9.4 (C15), 7.9 (C3). 
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TGA Analysis: 

All TGA analysis were performed between 50 and 1000 °C and are presented as exo up curves. 

 

Figure A. 6 TGA analysis of HBP 1, TMP_bMPA.G1_Acr80:Prop40. 

 

Figure A. 7 TGA analysis of HBP 2, DiTMP_bMPA_Acr80:Prop40. 
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Figure A. 8 TGA analysis of HBP 3, HDO_bMPA.G1_Acr80:Prop40. 

 

Figure A. 9 TGA analysis of HBP 5, TMP.EG_bMPA.G1_Acr80:Prop40. 
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Figure A. 10 TGA analysis of HBP 6, TMP.EG_bMPA.G2_Acr80:Prop40. 

 

VIII.B. Monoesters of itaconic acid and soybean oil 

 



148 
 

 

Figure A. 11 a. 1H NMR, b. 13C NMR and c. IR of itaconic anhydride. 

 

Figure A. 12 DSC of methyl itaconate. 
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Figure A. 13 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of ethyl itaconate. 
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Figure A. 14 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of propyl itaconate. 
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Figure A. 15 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of butyl itaconate. 
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Figure A. 16 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of cyclohexyl itaconate. 
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Figure A. 17 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of benzyl itaconate. 
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Figure A. 18 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of phenoxyethyl itaconate. 
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Figure A. 19 a. 1H NMR, b. 13C NMR, c. IR and d. DSC of isobornyl itaconate. 
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NMR of itaconated soybean oil (R-IESO): 

As mentioned previously, carbon NMRs of IESO and AESO are complex and will not 

be presented here. 1H NMR of Cy-IT_ESO was shown and analyzed. As spectra gets complex 

when using monoesters of itaconic acid with more complex alcohols and the peaks 

corresponding to the soybean oil stay the same, only the peaks corresponding to the itaconate 

esters will be detailed below, as well as the terminal CH3 of fatty acids used for grafting ratio 

calculation. 

 

Me-IESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.35, 6.33 (s, 2.14H, H20a), 5.73,5.70 (s, 2.13H, H20b), 3.76 

+ 3.69 (s + s, 0.73H + 5.91, H22’+22), 3.40-3.94 (m, 2.05H, H10+14), 3.56-3.48 (m, 2H, H11+13), 

3.36 + 3.33 (s + s, 4.36H, H21’+21), 0.88-0.86 (m, 9.01H, H19). 

 

Figure A. 20 IR of Me-IESO 
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Et-IESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.40 (s, 2.78H, H20a), 5.77 (s, 2.67H, H20b), 4.20 + 4.18 (s 

+ s, 5.51H, H22’+22), 4.02-4.99 + 3.82-3.81 (m, 2.55H, H10+14), 3.55-3.45 (m, 2.48H, H11+13), 

3.40 + 3.37 (s + s, 5.45H, H21’+21), 0.93-0.92 (m, 11.4H, H19+23). 

 

Figure A. 21 IR of Et-IESO. 

Pr-IESO: 
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1H-NMR (CDCl3-500 MHz), ppm: 6.35 (s, 3.35H, H20a), 5.72 (s, 3.35H, H20b), 4.06 + 4.03 (s 

+ s, 6.02H, H22’+22), 3.96 + 3.76 (m + m, 3.54H, H10+14), 3.56-3.44 (m, 3.48H, H11+13), 3.36 + 

3.32 (s + s, 6.8H, H21’+21), 0.88-0.86 (m, 23.6H, H19+24). H23 cannot be differentiated from 

ESBO’s CH2.  

 

Figure A. 22 IR of Pr-IESO. 

Bu-IESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.38 + 6.34 (s + s, 3.38H, H20a +20a’), 5.72 + 5.69 (s + s, 

3.38H, H20b), 4.10 + 4.07 (s + s, 6.98H, H22’+22), 3.96 + 3.76 (m + m, 3.64H, H10+14), 3.57-3.43 

(m, 3.62H, H11+13), 3.35 + 3.24 (s + s, 6.8H, H21’+21), 0.94-0.87 (m, 24H, H19+25). H23 and H24 

cannot be differentiated from ESBO’s CH2.  
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Figure A. 23 IR of Bu-IESO. 

Cy-IESO: 

 

Figure A. 24 IR of Cy-IESO. 

Bz-IESO: 
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1H-NMR (CDCl3-500 MHz), ppm: 7.37-7.26 (m, 19.1H, H24+25+26), 6.41 + 6.38 (s + s, 3.51H, 

H20a +20a’), 5.77 + 5.2 (s + s, 3.59H, H20b), 5.17 + 5.14 (s + s, 7.8H, H22’+22), 3.95 + 3.76 (m + m, 

3.64H, H10+14), 3.54 + 3.45 (m, 3.49H, H11+13), 3.41 + 3.39 (s + s, 7.59H, H21’+21), 0.89-0.87 (m, 

13H, H19).  

 

Figure A. 25 IR of Bz-IESO. 

 

PhEt-IESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 7.30-7.26 (m, 9.27H, H24+25+26), 6.42 + 6.37 (s + s, 3.82H, 

H20a +20a’), 5.8 + 5.74 (s + s, 2.9H, H20b), 4.29 + 4.1 (s + m, 8.75H, H22’+22+23+10), 3.97 + 3.74 (m 

, 3,65H, H10+14), 3.57 + 3.45 + 3.39 (m + m + s, 7.35H, H11+13 + H21), 0.87 (m, 10H, H19). 
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Figure A. 26 IR of PhEt-IESO. 

Isob-IESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.46 + 6.4 (s + s, 1.61H, H20a +20a’), 5.84 + 5.77 (s + s, 

1.62H, H20b), 4.72 (m, 1.61H, H22’+22), 4.0 + 3.81 (m + m , 1.51H, H10+14), 3.81 + 3.41 + 3.37 

(m + m + s, 1.62H + 3.17H, H11+13 + H21), 1.18-0.87 (m, 19.8H, H19+24+30). 
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Figure A. 27 IR of Isob-IESO. 

AESO: 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.45-6.40 (m, 2.86H, H21a), 6.17-6.09 (m, 2.84H, H20), 

5.87-5.85 (m, 2.89H, H20b), 4.0 + 3.77 (m + m, 3.07H, H10+14), 3.61 + 3.46 (m + m, 2.87H, 

H11+13 + H21), 1.18-0.87 (m, 9.98H, H19). 

 

Figure A. 28 IR of AESO. 
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VIII.C. Itaconic acid based hyperbranched polymer 

HBP_It 1. HDO_It_CyO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.27 (s, 1H, H7a), 5.78 (s, 1H, H7b), 4.62-4.61 (m, 1H, 

H9), 4.14-4.05 (m, 2H, H3), 3.59-3.52 (m, 1H, H10), 3.38 (s, 2H, H5), 1.96-1.91 (m, 2H, H11a), 

1.70-1.63 (m, 4H, H2+11b), 1.39-1.32 (m, 6H, H1+12). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.4 (C4), 166.2 (C8), 135.9 (C6), 128.3 (C7), 78.6 

(C9), 71.6 (C10), 65.2 (C3), 38.2 (C5), 33.4 (C11b), 26.2 (C11a), 24.2 (C2+12), 21.4 (C1). 

 

HBP_It 2. TMP_It_CyO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.25 (s, 1H, H8a), 5.74 (s, 1H, H8b), 4.57 (m, 1H, H10), 

3.98 (m, 2H, H4), 3.55 (m, 1H, H11), 3.38 (s, 2H, H6), 1.75 (m, 2H, H12a), 1.40 (m, 2H, H12b), 

1.13-1.00 (m, 4.7H, H2+13), 0.55 (m, 1H, H3). 

13C-NMR (Acetone-d6-500 MHz), ppm: 170.9 (C5), 166.1 (C9), 135.5 (C7), 128.5 (C8), 78.6 

(C10), 71.5 (C11), 64.8 (C4), 41.6 (C1), 38.0 (C6), 33.4 (C12b), 26.8 (C12a), 23.2 (C2+13), 7.7 (C3). 

 

HBP_It 3. TMP.EG_It_CyO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.25 (s, 1H, H9a), 5.60 (s, 1H, H9b), 4.57 (m, 1H, H11), 

3.94 (m, 2H, H5’), 3.68 (m, 1H, H12),  3.47-3.24 (m, 9.4H, H4+5), 3.12-3.01 (m, 2H, H7), 1.73 

(m, 2H, H13a), 1.40 (m, 2H, H13b), 1.15-1.02 (m, 4.7H, H2+14), 0.59 (m, 1H, H3). 



164 
 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.4 (C6), 166.0 (C10), 134.0 (C8), 128.3 (C9), 79.2 

(C11), 72.5 (C12), 70.6 (C4+5), 64.4 (C5’), 37.9 (C1+7), 32.7 (C13b), 29.9 (C13a), 24.0 (C2+14), 7.6 

(C3). 

 

HBP_It 4. DiTMP_It_CyO 

 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.30 (s, 1H, H8a), 5.79 (s, 1H, H8b), 4.64 (m, 1H, H10), 

4.01 (m, 2H, H4), 3.59 (m, 1H, H11),  3.41 (s, 3H, H4’+6), 1.95 (m, 2H, H12a), 1.67 (m, 2H, H12b), 

1.46-1.34 (m, 5H, H2+13), 0.87 (m, 1.5H, H3). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.2 (C5), 166.3 (C9), 135.7 (C7), 128.5 (C8), 78.7 

(C10), 71.6 (C11), 65.3 (C4), 42.5 (C1), 38.1 (C6), 33.5 (C12b), 27.3 (C12a), 24.2 (C2+13), 7.9 (C3). 

 

HBP_It 5. DiTMP_It_BuO50.CyO50 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.30 (s, 1H, H8a), 5.79 (s, 1H, H8b), 4.88 (m, 0.5H, 

H10), 4.64 (m, 1H, H14), 4.00 (m, 2H, H4), 3.74 (m, 0.5H, H15), 3.62 (m, 0.5H, H11),  3.42 (s, 

3H, H4’+6), 1.98 (m, 1H, H12a), 1.67 (m, 1H, H12b), 1.45 (m, 1H, H16), 1.34 (m, 3H, H2+13), 0.98-

0.86 (m, 3H, H3+17). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.1 (C5), 166.3 (C9), 135.7 (C7), 128.5 (C8), 78.7 

(C10), 71.6 (C11), 70.8 (C15), 69.5 (C14), 65.3 (C4), 42.5 (C1), 38.1 (C6), 33.5 (C12b), 27.2 (C12a),  

24.2 (C2+16+13), 10.2 (C17), 7.9 (C3). 
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HBP_It 6. HDO_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.29 (s, 1H, H7a), 5.78 (s, 1H, H7b), 4.06 (m, 4H, 

H3+9), 3.61-3.73 (m, 1H, H10), 3.33, 3.37 (s, s, 2H, H5+5’), 1.62 (m, 2H, H2), 1.46-1.52 (m, 2H, 

H11), 1.37 (m, 2H, H1), 0.88, 0.90, 0.92, 0.94, 0.96, 0.98-0.86 (t, t, 2H, H12+12’). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.1 (C4), 166.6 (C8), 135.5 (C6), 128.3 (C7), 70.8 

(C10), 69.4 (C9), 65.0 (C3), 38.2 (C5), 27.2 (C2), 26.2 (C11), 24.3 (C1) , 9.9 (C12). 

 

HBP_It 7. TMP_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.31 (s, 1H, H8a), 5.81 (s, 1H, H8b), 4.00-4.09 (m, 4H, 

H4+10), 3.6-3.74 (m, 1H, H11), 3.42 (s, 2H, H6), 1.40-1.63 (m, 2.7H, H2+12), 0.87-0.98 (m, 4H, 

H3+13). 

13C-NMR (Acetone-d6-500 MHz), ppm: 170.8 (C5), 166.6 (C9), 135.3 (C7), 128.8 (C8), 70.8 

(C11), 69.5 (C10), 64.8 (C4), 41.7 (C1), 38.1 (C6), 27.2 (C12), 24.2 (C2), 10.0 (C13), 7.7 (C3). 

 

HBP_It 9. DiTMP_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.31 (s, 1H, H8a), 5.79 (s, 1H, H8b), 4.59 (m, 2H, H10), 

4.00 (m, 2H, H4), 3.71 (m, 1H, H11), 3.40 (s, 3H, H4’+6), 1.46 (m, 2H, H12), 1.29 (m, 1H, H2), 

0.95-0.87 (m, 4.5H, H3+13). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.2 (C5), 166.3 (C9), 135.7 (C7), 128.4 (C8), 70.8 

(C11), 69.5 (C10), 65.3 (C4), 42.6 (C1), 38.1 (C6), 24.3 (C2+12), 10.2 (C13), 7.9 (C3). 
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HBP_It 10. HDO_bMPA_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.26 (s, 1H, H11a), 5.80 (s, 1H, H11b), 4.32-4.21 (m, 

2H, H13), 4.07-4.03 (m, 2H, H6), 3.74-3.36 (m, 2H, H3+14), 3.35 (s, 2H, H9), 1.65-1.61 + 1.28-

1.25 (m+m, 4H, H1+2+15), 1.24-1.12 (m, 1.5H, H7), 0.95-0.86 (m, 3H, H16). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.0 (C8), 167.5 (C12), 135.7 (C10), 128.0 (C11), 70.7 

(C14), 69.2 (C13), 65.7 (m, C3+6), 46.5 (C5), 38.0 (C9), 27.1 (C2), 26.1 (C15), 24.4 (C1), 17.9 (C7), 

10.0 (C16). 

 

HBP_It 11. TMP_bMPA_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.27 (s, 1H, H12a), 5.82 (s, 1H, H12b), 4.22-4.26 (m, 

2H, H14), 3.98-4.11 (m, 2H, H7), 3.55-3.76 (m, 2H, H4+15), 3.37 (s, 2H, H10), 1.52-1.68 (m, 2H, 

H16), 1.13-1.27 (m, 1.9H, H2+8), 0.88-0.95 (m, 3.5H, H3+17). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.1 (C9), 167.5 (C13), 135.6 (C11), 128.0 (C12), 70.7 

(C15), 69.2 (C14), 65.0 (m, C4+7), 46.5 (C6), 42.8 (C1), 38.0 (C10), 27.2 (C16), 24.1 (C2), 18.0 

(C8), 10.0 (C17), 7.9 (C3). 

 

HBP_It 12. TMP.EG_bMPA_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.27 (s, 1H, H13a), 5.80 (s, 1H, H13b), 4.19-4.26 (m, 

2H, H15), 4.13-3.99 (m, 2H, H5’), 3.55-3.68 (m, 6.7H, H4+5+8), 3.34-3.40 (m, 3H, H11+16), 1.40-

1.70 (m, 2.4H, H17), 1.10-1.20 (m, 1.9H, H2+9), 0.95-0.86 (m, 3.5H, H3+18). 
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13C-NMR (Acetone-d6-500 MHz), ppm: 171.0 (C10), 167.6 (C14), 135.6 (C12), 128.4 (C13), 

71.1 (m, C4+5+15+16), 64.5 (m, C5’+8), 46.7 (C7), 42.6 (C1), 37.9 (C11), 27.1 (C17), 24.2 (C2), 18.0 

(C9), 10.0 (C18), 7.7 (C3). 

 

HBP_It 13. DiTMP_bMPA_It_BuO 

 

1H-NMR (Acetone-d6-500 MHz), ppm: 6.28 (s, 1H, H12a), 5.81 (s, 1H, H12b), 4.29-4.26 (m, 

2H, H14), 4.13-4.00 (m, 3H, H4+7), 3.74-3.36 (m, 1.5H, H4’+15), 3.37 (s, 2H, H10), 1.70-1.60 (m, 

0.5H, H2), 1.54-1.42 (m, 2H, H16), 1.21-1.12 (m, 1.5H, H8), 0.96-0.88 (m, 3.75H, H3+17). 

13C-NMR (Acetone-d6-500 MHz), ppm: 171.0 (C9), 167.5 (C13), 135.7 (C11), 128.0 (C12), 70.7 

(C15), 69.2 (C14), 65.0 (m, C4+4’+7), 46.6 (C6), 42.7 (C1), 38.0 (C10), 27.2 (C16), 24.3 (C2), 18.0 

(C8), 10.0 (C17), 7.9 (C3). 

 

VIII.D. Itaconic acid based reactive diluents 

RD 1. IT_Cy2 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.29 (s, 1H, H3a), 5.64 (s, 1H, H3b), 4.86-4.83 (m, 1H, H6), 

4.82-4.74 (m, 1H, H6’), 3.30 (s, 2H, H4), 1.84-1.81 (m, 2H, H7a), 1.71-1.67 (m, 2H, H7b), 1.51-

1.43 (m, 8H, H8), 1.42-1.26 (m, 4H, H9). 

13C-NMR (CDCl3-500 MHz), ppm: 171.7 (C5), 170.1 (C1), 133.8 (C2), 130.4 (C3), 73.4 (C6), 

37.9 (C4), 31.5 (C7), 25.5 (C8), 23.7 (C9). 

 

 

 

 

RD 2. IT_Bz2 
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1H-NMR (CDCl3-500 MHz), ppm: 7.29-7.22 (m, 10H, H8+9+10), 6.31 (s, 1H, H3a), 5.65 (s, 1H, 

H3b), 5.10 (s, 2H, H6), 5.02 (s, 2H, H6’), 3.34 (s, 2H, H4). 

13C-NMR (CDCl3-500 MHz), ppm: 170.6 (C5), 166.0 (C1), 138.9 (C2), 133.8 (C3), 129.0-

128.2 (C7+8+9+10), 66.9 (C6), 37.9 (C4). 

 

RD 3. IT_Bu2 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.04 (s, 1H, H3a), 5.41 (s, 1H, H3b), 3.89 (t, 2H, H6), 3.82 

(t, 2H, H6’), 3.06 (s, 2H, H4), 1.39-1.31 (m, 4H, H7), 1.15-1.06 (m, 4H, H8), 0.68-0.63 (m, 6H, 

H9). 

13C-NMR (CDCl3-500 MHz), ppm: 170.9 (C5), 166.3 (C1), 134.3 (C2), 128.2 (C3), 64.9 (C6), 

37.9 (C4), 30.7 (C7), 19.2 (C8), 13.8 (C9). 

 

RD 5. Bu_IT_CyO 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.34 (s, 1H, H3a), 5.70 (s, 1H, H3b), 4.67-4.65 (m, 1H, H10), 

4.14 (t, 0.17H, H6’), 3.85 (t, 1.83H, H6), 3.57-3.53 (m, 1H, H11), 3.38, 3.24 (s+s, 2H, H4+4’),  

2.04-2.01 (m, 2H, H12a), 1.73-1.69 (m, 2H, H12b), 1.59 (q, 2H, H7), 1.38-1.24 (m, 6H, H8+13), 

0.91 (t, 3H, H9). 

13C-NMR (CDCl3-500 MHz), ppm: 171.6 (C5), 166.1 (C1), 134.1 (C2), 129.0 (C3), 79.2 (C10), 

72.7 (C11), 65.2 (C6), 38.1 (C4), 32.6 (C12b), 30.6 (C7), 29.9 (C12a), 24.0 (C13), 19.2 (C8), 13.8 

(C9). 

 

 

RD 6. Cy_IT_BuO  
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1H-NMR (CDCl3-500 MHz), ppm: 6.34 (s, 1H, H3a), 5.69 (s, 1H, H3b), 4.78-4.73 (m, 1H, H6), 

4.26, 4.25, 4.23, 4.22 (dd, 2H, H10), 3.82-3.72 (m, 1H, H11), 3.32 (s, 2H, H4),  1.83-1.79 (m, 

2H, H7a), 1.70-1.64 (m, 2H, H7b), 1.53-1.49 (m, 2H, H12), 1.41-1.30 (m, 6H, H8+9), 0.99-0.90 

(m, 3H, H13). 

13C-NMR (CDCl3-500 MHz), ppm: 170.7 (C5), 166.2 (C1), 134.0 (C2), 129.0 (C3), 73.6 (C6), 

71.1 (C11), 69.1 (C10), 38.5 (C4), 31.6 (C7), 26.2 (C12), 25.4 (C8), 23.7 (C9), 9.9 (C13). 

 

RD 7. PhEt_IT_StyO 

 

1H-NMR (CDCl3-500 MHz), ppm: 7.17-7.00 (m, 7H, H10+15+16+17), 6.22-6.41 (m, 3H, H9+11), 

6.13 (s, 1H, H3a), 5.48 (s, 1H, H3b), 4.739, 4.731, 4.717, 4.709 (dd, 1H, H13), 4.23-4.19 (m, 2H, 

H6), 4.123, 4.115, 4.094, 4.086 (dd, 1H, H12a), 3.97-3.89 (m, 2H, H7), 3.828, 3.820, 3.713, 3.701 

(dd, 1H, H12b), 3.13 (s, 2H, H4+4’). 

13C-NMR (CDCl3-500 MHz), ppm: 170.8 (C5), 165.7 (C1), 138.1 (C14), 129.7-126.6 

(C2+3+8+10+14+16), 121.3 (C11+17), 114.6 (C9+15), 72.1 (C13), 70.0 (C12), 65.7 (C7), 63.6 (C6), 37.9 

(C4). 

 

RD 8. Bz_IT_StyO 

 

1H-NMR (CDCl3-500 MHz), ppm: 7.44-7.38 (m, 10H, H8+9+10+14+15+16), 6.44 (s, 1H, H3a), 5.79 

(s, 1H, H3b), 5.2 (s, 2H, H6), 4.984, 4.976, 4.963, 4.955 (dd, 1H, H12), 4.418, 4.410, 4.389, 4.381 

(dd, 1H, H11a), 4.266, 4.245, 4.238, 4.216 (dd, 1H, H11b), 3.48, 3.45 (s + s, 2H, H4+4’). 

13C-NMR (CDCl3-500 MHz), ppm: 170.9 (C5), 165.9 (C1), 139.5 (C13), 135.6 (C7), 133.4 (C2), 

128.6-128.5 (C3+9+10+15+16), 126.6 (C8+14), 72.1 (C12), 70.0 (C11), 67.0 (C6), 38.0 (C4). 

 

RD 9. Cy_IT_CyO 
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1H-NMR (CDCl3-500 MHz), ppm: 6.07 (s, 1H, H3a), 5.40 (s, 1H, H3b), 4.52-4.49 (m, 1H, H10), 

4.43-3.38 (m, 1H, H6), 3.38-3.33 (m, 1H, H11), 3.11 (s, 2H, H4), 1.79-1.78 (m, 2H, H12a), 1.56-

1.55 (m, 2H, H7a), 1.44 (m, 4H, H7b+12b), 1.26-0.98 (m, 10H, H8+9+13). 

13C-NMR (CDCl3-500 MHz), ppm: 171.0 (C5), 166.2 (C1), 134.3 (C2), 128.8 (C3), 79.3 (C10), 

73.8 (C6), 72.8 (C11), 38.5 (C4), 32.6 (C12b), 31.6 (C7a+7+12a), 25.45-23.8 (C8+9+13). 

 

RD 10. IT_(BuO)2 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.42 (s, 1H, H3a), 5.79 (s, 1H, H3b), 4.33-4.0, 4.24-4-21 

(m+m, 2H, H6a+6b), 4.13-4.10, 4.08-4.03 (m+m, 2H, H6a’+6b’), 3.86-3.79 (m, 1H, H7), 3.71-3.63 

(m, 1H, H7’), 3.45 (s, 2H, H4), 1.70-1.55 (m, 4H, H8), 1.06-0.94 (m, 6H, H9). 

13C-NMR (CDCl3-500 MHz), ppm: 171.2 (C5), 166.3 (C1), 133.7 (C2), 129.5 (C3), 71.2 (C7), 

69.1 (C6), 38.3 (C4), 26.4 (C8), 9.9 (C9). 

 

RD 11. IT_(LiO)2 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.40 (m, 1H, H3a), 5.80 (m, 1H, H3b), 4.94, 4.87 (d, 1H, 

H6), 4.77, 4.71 (s+s, 4H, H14), 4.16, 4.09 (d, 1H, H6’), 3.38 (m, 2H, H4), 1.85-1.58 (m, 14H, 

H9+10+11), 1.38-1.35 (m, 6H, H13), 1.25-1.21 (m, 6H, H8). 

13C-NMR (CDCl3-500 MHz), ppm: 169.7 (C5), 165.2 (C1), 149.0 (C12), 134.4 (C2), 128.5 (C3), 

109.3 (C14),  83.9 (C6), 70.1 (C7), 38.2 (C11), 37.2 (C4), 34.6 (C9), 27.2 (C10), 26.1 (C8),  21.2 

(C13). 

 

RD 12. IT_(StyO)2 
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1H-NMR (CDCl3-500 MHz), ppm: 7.10-6.91 (m, 10H, H9+10+11), 6.14 (s, 1H, H3a), 5.49 (s, 

1H, H3b), 4.11-3.915 (m, 2H, H7), 3.605-3.431 (m, 4H, H6), 3.173 (s, 2H, H4). 

13C-NMR (CDCl3-500 MHz), ppm: 171.1 (C5), 166.3 (C1), 139.7 (C8), 136.8 (C2), 132.3 (C11), 

129.1 (C10), 129.1 (C3), 128.7 (C9), 72.2 (C7), 69.9 (C6), 38.1 (C4). 

 

RD 13. IT_(CyO)2 

 

1H-NMR (CDCl3-500 MHz), ppm: 6.08 (s, 1H, H3a), 5.45 (s, 1H, H3b), 4.41-4.34 (m, 2H, H6), 

3.34-3.24 (m, 2H, H7), 3.19-3.05 (m, 2H, H4), 1.78-1.74 (m, 4H, H8a), 1.44-1.42 (m, 4H, H8b), 

1.15-0.99 (m, 8H, H9). 

13C-NMR (CDCl3-500 MHz), ppm: 171.2 (C5), 166.4 (C1), 134.2 (C2), 129.1 (C3), 79.3, 79.0 

(s+s, C6+6’), 72.6 (C7), 38.7 (C4), 33.1 (C8b), 30.0 (C8a), 24.0 (C9). 
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