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Summary 
Vitrimers are a new class of polymers, which can react as thermosets and thermoplastics, 

depending on the temperature. In this study, poly(butylene terephthalate) (PBT) was 

crosslinked with pentaerythritol (PEY), by using a protecting group on the PEY to lower the 

melting temperature and simplify the polymerisation process, where the melting temperature 

of PEY is 261 °C. 

In Chapter 3, a protection-deprotection method was used in two different ways. PEY was 

protected by benzaldehyde to form mono-benzal pentaerythritol (BPO) and incorporated in 

the PBT backbone in a two-step mechanism to form linear chains. Firstly, the polymer after 

solid state polymerisation was treated with trifluoroacetic acid, to get rid of the benzaldehyde 

and enhance crosslinking, with the available hydroxyl-groups. The processed polymer 

exhibited vitrimer behaviour, confirmed by rheometry and DMA, as a vitrimer plateau was 

present, instead of a flowing behaviour above Tm, in neat PBT. However, a more easier route 

was discovered in the unpublished work by Yanwu Zhou, by using processing-induced 

deprotection. This holds that the protected polymer was processed by compression moulding 

and deprotected by the acid end-groups present in the material. Hereby, the deprotection of 

the benzylidene acetal group will form free hydroxyl groups, initiating branching and 

ultimately network formation via transesterification in the presence of a Zn(II) catalyst.  After 

these processes, both vitrimers made by the two routes had similar thermal and mechanical 

properties, from which you can tell that both routes are as effective as each other, so the 

processing-induced deprotection can be chosen for economic, environmental and safety 

reasons. 

In Chapter 4, we investigated how to tune the in situ network formation kinetics by altering 

both the advance in catalysis as well as the protection group strategy. For the catalytic effect, 

three different catalyst loadings were studied, namely 0, 0.05 and 0.2 mol% Zn(acac)2. From 

these PBT/BPO vitrimers, the thermal and mechanical properties were tested. The catalyst 

content strongly influenced the polymerisation kinetics of PBT/BPO-based physical mixtures. 

The polymerisation of both lowered catalyst loadings were proven very difficult, where the 

normal molecular weight achieved in solid-state polymerisation (~25 kg/mol) was not 

reached. By increasing the temperature and reaction time, the compositions could be cross-

linked, so the compression moulded samples could be characterised.  

The second part in chapter 4 was changing the protecting group for PEY. Both p-anisaldehyde 

and 2,2-dimethoxy propane were used to protect PEY successfully and form p-

methoxybenzylidene-pentaerythritol (MBPO) and 2,2-dimethyl-1,3-dioxane-5,5-dimethanol 

(APO), respectively. Both caused problems, however, as APO seemed thermally unstable, so 

deprotection was kicking in during SSP and MBPO had a faster deprotection rate then BPO, as 

expected, but also started minor cross-linking during SSP. Here we have shown that using a 

different protecting group alters the in-situ curing kinetics during the procedure. 
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Chapter 1: Introduction 
Poly(butylene terephthalate) vitrimers possess high melt strength and are promised 

candidates for industrial applications, i.e., in electric appliances and electronics, for which 

keeping the integrity of electrical insulation in the case of accidental overheating is essential. 

One of the challenges for PBT vitrimers was to make them processable like neat PBT, e.g., 

injection molding, to maintain their high production rate. In the pioneer work done by Yanwu 

Zhou, where he developed an in situ network formation strategy via the protection-

deprotection chemistry method, PBT is crosslinked by PEY in order to form a network. For 

processability, PEY is chemically protected and incorporated in the molecular chain. 

Afterwards, the PEY is deprotected by either acid-induced deprotection by using tri-fluoro 

acetic acid, or by using processing-induced deprotection.   

This master graduation project aims at studying how to tune the curing kinetics by varying 

catalyst loading and protection group. The molecular structures of the protected PEY 

crosslinkers  are shown in Scheme 1. 

 

Scheme 1: protection of PEY with different protecting groups 
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Chapter 2: Theoretical background 

2.1 An introduction to vitrimers chemistry 

In polymer chemistry, plastics can be characterised as a part of two separate groups, either 

they are thermosets or they are thermoplastics. Both groups of polymers have different 

advantages and disadvantages. Thermosets give hard, thermally and chemically stable 

products, however they can’t be recycled, because they don’t melt upon heating, but rather 

decompose. This is explained because of its microstructure, for thermosets are covalently 

crosslinked polymers. Examples of thermosets are cross-linked polyesters, polyurethanes and 

epoxy resins. Thermoplastics on the other hand are very easily recyclable upon heating, but 

are therefore not very thermally and chemically stable. On a micro scale, the polymer is not 

crosslinked at all. Examples of thermoplastics are for instance polycarbonates, polylactic acid 

or commercial widely used polymers like polyethylene, polypropylene and polystyrene.  

The best way to overcome this problem is by using covalently linked networks that have 

dynamic bond structures that can be activated by using thermal or physical energy. The 

formed network is referred to as a Covalent Adaptable Network (CAN), as discussed by 

Bowman and Kloxin1. In a CAN, bond exchange reactions make sure that bonds are activated 

by a sort of energy and therefore can actively attack other bonds, to reform bonds within the 

network. These CAN’s can be classified into two categories. The first one is a dissociative 

mechanism, where chemical bonds are broken first and then will reform. In this way, the 

network integrity is lost during the process. In the other way, which is the associative 

mechanism, the crosslink is broken by another free link, so the network integrity is maintained 

during the process. This last mechanism can be schematically seen in Figure 1. In this way, the 

network density will remain the same during the reprocessing.  

Figure 1: Schematic of the associative bond exchange reaction (a) before exchange, (b) intermediate state and (c) after 
exchange. 
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A special type of polymers that have these associative CAN’s, called vitrimers, were first found 

by Leibler et al2. Vitrimers are polymers that have the same mechanical integrity as 

thermosets, but can be processed as thermoplastics upon heating. They show a gradual 

viscosity decrease during heating, following the Arrhenius law, which is typical for vitreous 

silica. Therefore, the name vitrimers was given to this polymer class. When thermoplastic 

polymers are discussed, they also melt upon heating, but instead of following the Arrhenius 

law, they have a behaviour described by the Williams-Landel-Ferry model (WLF), in which they 

differ from vitrimers. The special properties of vitrimers can also be found upon processing. 

Vitrimers can be deformed or reshaped at room temperature, heated up and cooled back 

down, so that stresses don’t build up in a material upon reformation and heating because of 

the bond exchange reactions and therefore materials can even by recycled or have self-healing 

properties. Even welding of plastic materials by putting together two plastic plates and sealing 

the plastic upon heating is within the possibilities.       

2.2 Polybutylene terephthalate 

 

In this project, poly(butylene terephthalate) (PBT) is used as the main polymeric component. 

PBT is a widely used thermoplastic engineering polyester with a structure as seen in figure 2. 

PBT is a semi-crystalline polymer and has a melting temperature between 220 and 230 °C. Its 

glass-transition temperature (Tg) lies between 45 and 60 °C. It is widely used in housing 

material and electrical appliances, but also in 

medical technology because of its high wear-

resistance. PBT is widely available and 

manufactured by several different companies. 

When it comes to the processing of PBT, there is 

a problem with melt-dripping at higher 

temperatures. This is an effect common for 

thermoplastics, so this is also a problem with using 

PBT. Preventing melt-dripping at higher temperatures for PBT is also a goal in this project.  

2.3 Transesterification and the effect of catalysts  

Within the vitrimer network structure we will investigate, the free hydroxyl groups will be the 

active unit in the covalent bonding. They will attack the ester bonds in the PBT backbones, and 

through transesterification, a new bond, but also a new free hydroxyl group will form. 

Transesterification reactions have been researched and discussed tremendously3. Generally, 

the reaction that occurs in our vitrimer systems can be generalised in scheme 2: 

 

Scheme 2: General transesterification reaction in PBT vitrimer system 

Figure 2: Structure of Polybutylene terephthalate (PBT) 
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The transesterification reaction works faster and more efficient with a catalyst. All sorts of 

catalysts have been used for that, like Brønsted acids and -bases, as also Lewis acids and -

bases. For our study, we have chosen Zn(acac)2, as it will both catalyse the first polymerisation 

reaction as the transesterification reactions. The Zn2+ will both activate the carboxyl group 

present in the PBT backbone as will it stabilise the formed alkoxyde which is needed for the 

transesterification reaction4. 

2.4 Solid state polymerisation 

 

Solid state polymerisation (SSP)5 is a  modification technique traditionally used as a post 

condensation technique to increase the molecular weight of semi-crystalline 

polycondensates. The reactant is processed as a powder and the reaction temperature is 

between the glass transition and melting temperatures. This way, side reactions are limited 

and also thermal degradation of the polymer is reduced. A disadvantage of using SSP is that 

the reaction rates are limited, which means that the total reaction time will have to be 

increased, to get the same result as for instance melt polymerisation. With condensation 

polymerisation, the condensate is removed by using an inert gas to blow through the reactor.  

Solid-state polymerisation is especially good for polymerising semi-crystalline polymers6, 

because the polymerisation occurs in the amorphous regions, thus keeping the crystallinity of 

the polymer intact, or increasing it. The solid-state reactor used in this project can be seen in 

figure 3.  

 

Figure 3: Solid-state reactor used in PBT/polyol polymerisation reactions 

Three different reactors were used, where the reactors had different sizes. 5, 10 and 30 gram-

scale reactors were used. 
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Chapter 3: Incorporation of Pentaerythritol into PBT via 

solid-state polymerisation directed by protection-

deprotection chemistry 

3.1 Introduction 

In this chapter, we report the incorporation of pentaerythritol into poly (butylene 

terephthalate) (PBT) in the solid state, directed by protection-deprotection chemistry. The 

development and composition of the linear copolyesters with pendant ketals based on PBT 

and 5,5-bis (hydroxymethyl)-2-phenyl-1,3-dioxane (mono-BPO) will be monitored by size 

exclusion chromatograph and 1H NMR spectroscopy, respectively. The network formed by 

Acid-promoted/processing-induced debenzalation methods will be characterised by 

insolubility tests, dynamic mechanical thermal analysis (DMTA) and differential scanning 

calorimetry (DSC).  

3.2 Characterisation techniques 

Different characterisation techniques will be used during my project, which I will explain in 

this section. The characterisation techniques used are key for understanding several 

properties of my material.  

3.2.1 Nuclear Magnetic Resonance (NMR) 
1H NMR was done on a 400 MHz Bruker Avance III spectrometer. Delay time used was 5 s and 

the number of scans was 64, which makes total measuring time about 10 minutes. Sample 

preparation was done by dissolving about 5 mg (non-polymeric materials) or 15 mg (polymers) 

in 1 ml of solvent. The chemical shifts are shown relative to the trimethylsilyl peak at 0 ppm. 

The solvents used were d6-DMSO, d4-TCE and CDCl3/TFA in a 5:1 ratio. After the 

measurements, data analysis was done by using MestReNova software. 

3.2.2 Gel Permeation Chromatography (GPC) 

GPC is a Size Exclusion Chromatography technique where the number averaged molecular 

weight (Mn), molecular weight distribution and polydispersity index (PDI) is measured by 

guiding the molecules through a gel, with 1,1,1,3,3,3-hexafluoro isopropanol (HFIP) as an 

eluent with 3 g/L of trifluoroacetate at a flow rate of 0.8 ml/min.  

3.2.3 Differential Scanning Calorimetry (DSC)  

Both powder samples and samples gained through compression moulding were analysed by 

DSC (DSC Q1000 by TA Instruments). Different procedures were used, where the samples were 

heated from -50 °C to 250 °C and cooled down, with a heating/cooling rate of 10 °C/min under 

a nitrogen flow of 50 ml/min.  
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3.2.4 Dynamic Mechanical Thermal Analysis (DMTA) 

Rectangular samples after compression moulding were measured by DMA (DMA Q800 by TA 

Instruments). In DMTA, the samples undergo a sinusoidal stress and temperature increase, to 

measure the Storage modulus and Loss modulus of the polymer material. This temperature 

sweep was performed from -50 °C to 270 °C at a heating rate of 3 °C/min and a standard 

frequency of 1 Hz.  
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3.3 Experimental section 

3.3.1 Mono-Benzalpentaerythritol 

 

The protection of pentaerythritol with benzaldehyde is done for two reasons: (1) to gain 

control over the polymer architecture and (2) to lower the melting temperature of 

pentaerythritol (261 °C) since the solid-state polymerisation is performed at 180 °C. The 

synthetic method is schematically shown in Scheme 3 by following the literature approach7. 

 

Scheme 3: Reaction scheme for the synthesis of mono-benzalpentaerythritol (BPO) 

This BPO can be polymerised with PBT to form a high molecular linear chain, from which the 

further processes can begin. This process goes in a two-step polymerisation, namely pre-

polymerisation and solid-state polymerisation. Both steps will be explained in this chapter.  

3.3.2 Physical mixture 

 

In a 500 ml round-bottom flask, 1,1,1,3,3,3-hexafluoro isopropanol (HFIP, Figure 4) is used as 

a solvent to solve the following components: polybutylenetherephtalate (PBT), Zinc 

acetylacetonate (Zn(acac)2, Figure 5) and a crosslinker (BPO/MBPO/APO). 

At 55 °C, the mixture is stirred to be able to dissolve overnight, to form a homogeneous 

mixture. Under vacuum, the HFIP was evaporated and captured for recycling, to form a solid 

physical mixture (PM) containing all components. The formed solid was grinded with a 

laboratory grinder to form a powder. This powder was dried at 40 °C under vacuum for 24 

hours, to get rid of all the remaining solvent.  

  

 

 

 

 

  

Figure 5: Structure of zinc (acetylacetonate)2 Figure 4: Structure of 1,1,1,3,3,3-hexafluoroisopropanol 
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3.3.3 Prepolymerisation  

Before the actual polymerisation, a prepolymerisation step was necessary, because of 

volatility issues in solid-state polymerisation, as discovered by Yanwu Zhou8. The reactor used 

is seen in figure 6:  

 

Figure 6: Prepolymerisation reactor, closed system under argon. 

The crosslinker will attack the polymer backbone with a hydroxyl group, to perform a scission 

of the polymer, like is shown in scheme 4: 

 

Scheme 4: Prepolymerisation reaction at 160 °C in a closed system. 

The prepolymerisation is done as described by Zhou’s paper under argon for 6 hours at 160 

°C. Afterwards, NMR and SEC characterisation is performed to assess the newly formed 

structure.  

  



9 
 

3.3.4 Solid state polymerisation 

After the prepolymerisation step, solid state polymerisation under a continuous nitrogen flow 

was performed to get rid of the condensate. The set-up is shown earlier in figure 3. Solid-state 

polymerisation is conducted at 180 °C under a flow of 0.5 L N2/min for 24 hours. During solid-

state polymerisation, the remaining ends of the crosslinker will react with the PBT-backbones 

to form a linear chain. This is shown schematically in scheme 5: 

 

Scheme 5: Reaction in solid-state polymerisation reactor under constant N2 flow at 180 °C. 

In the reactor, the remaining 1,4 butanediol is removed by the nitrogen flow. During solid-

state polymerisation, samples are taken at predetermined time intervals to monitor in the 

evolution of molecular weight during the polymerisation process.  
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3.4 Results and discussion 

3.4.1 PBT/BPO vitrimer synthesis 

First of all, the PBT/BPO vitrimer synthesis will be discussed. The molecular weight during the 

whole polymerisation process (from homogeneous mixture, through prepolymerisation to 

solid-state polymerisation) is measured by size-exclusion chromatography. During solid-state 

polymerisation (SSP), samples are taken at predetermined times to follow the molecular 

weight growth. In prepolymerisation, the high concentration of crosslinker (BPO) will cause a 

chain scission, which is schematically visualised in scheme 6. 

 
Scheme 6: chain-scission reaction during prepolymerisation at 160 °C for 6h in a closed system 

This causes the molecular weight to drop drastically. After this crosslinker incorporation, the 

molecular weight can grow again by chain-extension (scheme 7). The molecular weight shows 

a gradual increase during solid-state polymerisation and can be seen in figure 7. Also the PDI 

shows an increase during the processing. The crosslinker concentration used is 1.2 mol% and 

the catalyst loading is 0.2 mol%. This is abbreviated for convenience to C1.2 (0.2) BPO. Other 

compositions will also be abbreviated in the format C(crosslinker concentration in mol%) 

(catalyst loading in mol%)(Type of crosslinker).  

 

Scheme 7: Chain-extension by solid-state polymerisation at 180 °C for 24h
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Figure 7: Molecular weight distribution in total polymerisation process 
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The compounds were also characterised by using 1H-NMR. Both the physical mixture as the 

solid-state polymerised product were checked for crosslinker incorporation. By integrating the 

peaks, the crosslinker incorporation is confirmed. The 1H-NMR spectrum of C1.2(0.2) BPO PM 

is found in Appendix A1 as an example. For the calculation, I will use C2.4(0.2) BPO as an 

example, because the peaks are more distinct, due to the crosslinker concentration. The 

original NMR spectra of the physical mixture and solid-state product can be seen in Appendix 

A2 and A3, respectively.  

For the calculation, the integrals of the two aromatic rings are used. One in the PBT backbone 

and one in the protecting group of the pentaerythritol. The 1H-NMR spectrum can be seen in 

figure 8. 

 

Figure 8: NMR spectrum of C2.4(0.2) BPO SSP from which incorporation calculations are done 

The formula used is  %𝐵𝑃𝑂 =  
4 × 𝐼𝑏

5×𝐼𝑎 
 × 100% ,where Ia and Ib are the total integrals of 

the peaks seen above in the spectrum. When calculated for C1.2(0.2) BPO and C2.4(0.2) BPO, 

the composition after SSP is 1.0 and 2.0 mol%, respectively, taken relatively to the PBT 

backbone.  
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 3.4.2 Processing induced vs. Acid-promoted deprotection chemistry 

From the unpublished work from Yanwu Zhou, the deprotection of the BPO incorporated in 

the polymer can be done by processing with compression moulding. In the following part, we 

are going to compare the network formed by the processing-induced deprotection method 

with that formed via a common TFA-promoted deprotection method.  

First of all, deprotecting the mono-benzalpentaerythritol is done by using trifluoro acetic acid 

(TFA) to dissolve the polymer material (typically 5 g polymer in 30 ml TFA) and after 2 hours 

of stirring at room temperature, the polymer solution is precipitated in the water. After this, 

extraction with hot methanol is done by a soxhlet apparatus to get rid of the residual acid and 

water in the precipitated product.  

When using an acid in this system, there is a chance that the polymer will undergo scission 

reactions, thus, SEC is employed to check the molecular weight changes before and after 

deprotection., it is clearly shown in figure 9, the deprotected polymer didn’t lose molecular 

weight.  
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Figure 9: Molecular weight distributions of protected (straight) and deprotected (dashed) BPO with a 1.2 mol% composition 
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To be able to see if total deprotection has occurred, 1H-NMR can be used in order to see the 

disappearance of the benzaldehyde as a protecting group. As can be seen in figure 10, the 

benzaldehyde group has been removed from the pentaerythritol crosslinker group, to reveal 

the two remaining hydroxyl groups.   

 

Figure 10: NMR spectra of (top) deprotected PBT/BPO copolyester after treatment with trifluoro acetic acid and (bottom) 
protected copolyester. 

The thermal properties were also assessed by DSC. For comparison, also the spectra of neat 

PBT have been plotted. First of all the Tm, Tc and c by DSC can be found in figure 11 and table 

1. As you can see, in PBT a very distinct Tg can also be measured, but we will use DMA for that 

comparison, because in all copolyesters, this Tg cannot be clearly seen at this heating rate. 

Upon heating, the first peak that is seen around 220 °C is the melting peak, which doesn’t 

really change very much from PBT to pC1.2(0.2) BPO and deC1.2(0.2) BPO, with Tm = 221.6 , Tm 

= 221.5 °C and Tm = 221.6 °C, respectively. Upon cooling, the crystallisation of the material 

starts, where a subtle difference can be seen in the different polymers, with Tc = 193.7 °C ,Tc 

= 193.3 °C and Tc = 191.8 °C, respectively. The degree of crystallinity differs the most from 

PBT, with c = 39.7%, c = 34.7% and c = 35.5%, respectively. The cooling peak in the first 

cooling run was integrated for this result, by using the standard heat of 100% crystalline PBT, 

which is 142 J/g.  
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Figure 11: DSC graphs for PBT (black), protected C1.2(0.2) BPO (red) and deprotected C1.2(0.2) BPO (blue). The second 
heating curve is used so the thermal history is not taken into account.  

In table 1, the samples treated by compression moulding are also shown, to see if the 

processed vitrimers have different properties than the SSP powders that haven’t been cured. 

From the Tm and Tc, you can see that there isn’t a large shift from PBT to the vitrimers, 

however, a slight decrease can be seen in both the Tm and Tc in comparison to the values for 

PBT.  

Table 1: Melting and Crystallisation temperatures and amount of crystallinity for PBT, SSP powders and samples cured by 
compression moulding (CM) 

Material Tm (°C) Tc (°C) c (%) 

 1st cycle 2nd cycle 1st cycle 2nd cycle  
PBT - 221.6 - 193.7 39.7 

pC1.2(0.2) BPO  218.8 221.5 193.2 193.3 34.7 

deC1.2(0.2) BPO 222.8 221.6 190.9 191.8 35.5 

pC1.2(0.2) BPO-CMa - 217.3 - 189.7 39.4 

deC1.2(0.2) BPO-CMa - 218.9 - 189.3 38.0 
a Samples from Compression Moulding have been annealed at 180 °C for 6 hours. 

Curing can further be discussed when samples undergo multiple cycles in the DSC.  These 

can be found in Appendix B1.  
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The storage and loss moduli can be determined as a function of temperature by DMTA. The 

samples used were compression moulded at 250 °C with a total heating time of around 20 

minutes. The rectangular sample for the DMTA test was prepared with a DMTA cutter. In 

DMTA, the Tm and Tg can be determined, as well as the storage modulus of the rubbery 

plateau. In figure 12, you can see the DMTA curve for PBT, pC1.2(0.2) BPO, deC1.2(0.2) BPO and 

pC2.4(0.2) BPO.  

In the curve, one can clearly see the thermoplastic behaviour of PBT, while it flows at the Tm. 

Furthermore, the Tm of the protected and deprotected sample can be verified with the results 

gained from the DSC results, while they are also lower than the Tm of PBT. Also one distinct 

feature in vitrimers can be seen here, for there is a rubbery plateau modulus at T>Tm, which 

is caused by crosslinks in the material. Because of these crosslinks, the material doesn’t 

completely flow at higher temperatures. Also, this vitrimer plateau slightly differs between 

the acid-promoted deprotected sample (higher) and the process-induced deprotected sample 

(lower), while also the incorporation of more crosslinks, like in the pC2.4(0.2) BPO are shown 

to lead to a higher vitrimer plateau. This is in accordance to earlier work done by Yanwu8, 

where even 13 mol% of crosslinker was inserted. 
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Figure 12: DMTA results for PBT, pC1.2(0.2) BPO, deC1.2(0.2) BPO and pC2.4(0.2) BPO  
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Gel fraction testing is another way to assess the crosslink density of a cross-linked material. . 

When a specimen is put in HFIP (on average 0.15 g of material in 3 ml of HFIP), we can see if 

some part of the specimen is still soluble in HFIP, which means a lack of crosslinking, by 

weighing the specimen before and after the gel fraction test. The gel fraction test can be 

summarised in figure 13: 

 

Figure 13: Gel fraction test for C1.2(0.2) BPO and C2.4(0.2) BPO 

The amount of gel fraction for pC1.2(0.2) BPO, deC1.2(0.2) BPO and pC2.4(0.2) BPO was 74, 

76 and 80%. This means that around 75% of the material is crosslinked and also no 

difference can be found between the protected and deprotected samples. 
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Chapter 4: Chemical and catalytic control over the in situ 

network formation kinetics in PBT vitrimers 

4.1 Introduction 

In this chapter we will investigate how to tune the in situ network formation kinetics by 

altering both the advance in catalysis as well as the protection group. 

4.2 Characterisation techniques 

Most of the characterisation techniques used in this study are already discussed in chapter 3.2 

(NMR, GPC, DSC, DMTA), however, more characterisation techniques were needed for proper 

material assessment and the new techniques used are described in this paragraph.  

4.2.1 Thermogravimetric analysis (TGA) 

TGA was performed on a TA instruments Q500 thermogravimetric analyser. It is used to show 

thermal stability in both the polymers as crosslinkers used. A sample is constantly weighed as 

the temperature is increased, to show a drop in mass as the material deteriorates. Two 

different methods were used in this study. Both methods increase the temperature from 25 

°C to 600 °C at a temperature increase of 10 °C/min. The polymers will be measured in air, to 

see the polymer degradation, while the crosslinkers will be measured in N2, to stay closer to 

the polymerisation conditions.   

4.2.2 Tensile testing 

Tensile testing was performed on a Zwick Roell tensile testing machine with a load cell capable 

to cope with forces up to 10 kN. Tensile testing was performed on tensile bars with average 

neck dimensions of 12.5 x 2.1 x 1.0 mm. The results were analysed with the testXpert software. 

Strain and applied force as stress are measured while the machine pulls upon the sample. 

Results include the E-modulus, yield stress, tensile strength, and elongation at break. Strain 

and stress are calculated by using the following formulas:  

For stress: 𝜎 =
𝐹

𝐴
 , where F is the tensile force and A is the surface of the tensile bar.  

For elongation: 𝜀 =  
∆𝐿

𝐿0
 , where ΔL is the difference in initial and final length and L0 is the initial 

length. These measured parameters are plotted in a stress-strain curve. 

4.2.3 Rheometry 

Rheometry was measured on a AR-G2 rheometer by TA Instruments. In rheometry, dynamic 

shear measurements are performed in a rheometer. In our case, 25 mm plate geometries 

were, either as a powder or as a coin-sized disc, with 25 mm wide/1 mm thick specimens. Both 

frequency sweeps as time sweeps experiments were performed to measure storage and loss 

moduli as a function of frequency/time. Experiments were performed at 250 °C. Frequency 

sweeps were done from 0.01 to 500 rad/s.  
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4.3 Experimental section 

4.3.1 Synthesis of p-methoxybenzylidene-pentaerythritol (MBPO) 

MBPO was synthesised (scheme 7), following a literature synthesis approach9. Pentaerythritol 

and hydrochloric acid (32%) were obtained from Sigma-Aldrich, p-anisaldehyde was obtained 

from Acros Organics. MilliQ water was obtained from Elix.  

 

Scheme 8: synthesis of MBPO from PEY and p-anisaldehyde 

25 g of pentaerythritol was dissolved in 180 ml MilliQ water upon dissolving at 60°C. After the 

material was dissolved, the round-bottom flask was cooled down using ice at a rotating speed 

of 500 RPM. Then, 1.0 ml of HCL (32%) was added and the solution was stirred for a few 

minutes. Now, 1.0 ml of p-anisaldehyde was added to the mixture and stirred until 

precipitation. Now, with a dropping funnel, 22.5 ml of p-anisaldehyde was added 1 drop every 

second. In the end, a milky-white liquid is formed.  

Filtration of this liquid was done in a Büchner funnel under vacuum. The residue was washed 

thrice with a Na2CO3 solution and thrice with diethyl ether. A white powder was formed. After 

this, recrystallisation in toluene and afterwards H2O was done for purification of the product. 

Afterwards, the product was dried at 40 °C in a vacuum oven over a drying agent and 

afterwards stored in a dark bottle in the freezer at -18 °C. Starting with MBPO, the NMR 

spectrum is similar to that found in the literature study used for the synthesis procedure. For 

the 1H-NMR spectrum, the chemical shifts (400 MHz, DMSO) in ppm were: δ= 3.2 (t -CH2-OH), 

δ= 3.65 (t -CH2-OH), δ= 3.7 (d -OCH3, C-CH2-O-), δ= 3.9 (d C-CH2-O-), δ= 4,5~4.6 (t -OH), δ= 5.3 

( s O-CH-O), δ= 6.9-7.3 (d -ArH). Spectrum in Appendix A4. 

For the 13C-NMR spectrum, the chemical shifts (400 MHz, DMSO) in ppm were: δ= 55, δ= 60, 

δ= 62, δ= 70, δ= 102, δ=114-128, δ= 132, δ= 160. Spectrum in Appendix A5. 
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4.3.2 Synthesis of 2,2-dimethyl-1,3-dioxane-5,5-dimethanol (APO) 

APO was synthesised (scheme 8), following a literature synthesis approach10. Pentaerythritol 

was obtained fom Sigma-Aldrich and p-toluene sulfonic acid monohydrate and 2,2-

dimethoxypropane were obtained from Acros. 

 

Scheme 9: synthesis of APO by reacting pentaerythritol and 2,2-dimethoxy propane 

 6.25 g of PEY was dissolved in 70 ml of N,N-dimethyl formamide at 80 °C. After this, the 

mixture was cooled slowly to 40 °C and 6.95 ml of 2,2-dimethoxy propane was added. The 

mixture was allowed to react for 24 hours at room temperature. Afterwards, 0.3 ml of 

trimethylamine was added to neutralise the acid.  

The solvent was evaporated using a rotary evaporator. Afterwards, the product was purified 

by soxhlet extraction with n-hexane for 6 hours and diethyl ether for 6 hours. The product was 

dried at 40 °C in a vacuum oven over a drying agent and afterwards stored in a dark bottle in 

the freezer at -18 °C. Also for the APO, the NMR spectrum is similar to that found in the 

literature study used for the synthesis of the crosslinker. For the 1H-NMR spectrum, the 

chemical shifts (400 MHz, DMSO) in ppm were: δ= 1.3 (s -C-(CH3)2), δ= 3.4 (m –C(CH2-OH)2), 

δ=3.6 (s C-(CH2-O-)2), 4.2-4.5 (m -OH). Spectrum in Appendix A6. 

For the 13C-NMR spectrum, the chemical shifts (400 MHz, DMSO) in ppm were: δ= 24, δ= 46, 

δ= 60.9, δ= 61.6, δ=62.1, δ= 97.5. Spectrum in Appendix A7. 
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4.4 Results and discussion 

4.4.1 Preparation of PBT vitrimers 

Both MBPO and APO have been synthesised as crosslinkers in our protection/deprotection 

chemistry vitrimer synthesis to study the influence of the protection group on the curing 

kinetics. Also, different catalyst loadings were introduced to influence these kinetics. During 

the deprotection of the polymer, both a deprotection step occurs to reveil the alcohol groups 

as a transesterification step, to start the network formation. To tune these kineticts, we 

suspect that a different protecting group will influence the first step, while a different catalyst 

loading will influence the second step.  

In this study, the following compositions will be synthesised and processed: 

- C1.2(0) BPO 

- C1.2(0.05) BPO 

- C1.2(0.2) MBPO 

- C1.2(0.2) APO 

First of all, the molecular weight distributions will be shown in figure 14(a) underneath. In this 

figure, one can see the molecular weight distribution of C1.2(0) BPO and the prepolymer of 

C1.2(0.2) BPO as a reference. In this figure, the clear difference in molecular weight between 

C1.2(0) BPO and C1.2(0.2) BPO can be seen after prepolymerisation. Even after 24 hours, the 

one without any catalyst had only reduced in weight to a very small extend when you look at 

the physical mixture. Also in C1.2(0.05) BPO we encounter the same problem. Also, the 

molecular weight after 72 hours of prepolymerisation is shown, as we wanted the same 

starting position, because when SSP is done right after, the volatility of the non-reacted BPO 

is still a problem and only a small part of the BPO will be incorporated in the PBT chains. This 

prepolymer has an even smaller Mn than that of C1.2(0.2) BPO PreP. 
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Figure 14: (a) Molecular weight distribution of C1.2(0) BPO after 24h and 72h prepolymerisation and the molecular weight 
distribution of C1.2(0.2) BPO PreP after 6 hours as a reference. (b) Build up of number averaged molecular weight vs. solid 
state polymerisation time. t=0 (prepolymer) for different catalyst loadings differs. For C1.2(0.2) BPO, C1.2(0) BPO and 
C1.2(0.05) BPO, the prepolymerisation times were 6,72 and 48 hours, respectively.    
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After solid state polymerisation, we have the problem that C1.2(0) BPO didn’t reach the 

normally achieved final Mn of over 20 kg/mol, like figure 14b shows. To be able to compare 

the vitrimer properties, we have to increase the molecular weight of both the C1.2(0) and 

C1.2(0.05) BPO during SSP. For the first composition, this was done by increasing the reaction 

temperature from 180 °C to 200 °C. For the second composition, the reaction time was 

doubled to 48 hours. After these procedures, both SSP powders were insoluble in HFIP, and 

d2-TCE, which indicates that deprotection or branching had already occurred. The higher 

temperature and longer polymerisation time must have caused this deprotection. To see if 

the thermal stability was a problem during solid-state polymerisation, all three different 

crosslinkers were characterised by using TGA in N2 to mimic reaction conditions. The results 

can be seen in figure 15: 
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Figure 15: Thermal stability of three different crosslinkers measured by TGA in N2 

By TGA, it is clearly seen that APO has a very low thermal stability, as it already deprotects at 

just over 100 °C. This can clearly explain why crosslinking occurs during solid-state 

polymerisation, while also a smaller steric hindrance of the protecting group, in contrary to 

the bulky benzene ring increases this crosslinking, as also shown in literature11. At higher 

temperatures, however, BPO is the least thermally stable. This is to be expected, because with 

the PBT/BPO systems, we could deprotect at higher temperatures during compression 

moulding.   
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4.4.2 Overview of the composition, physical properties and thermal stability of the Prepared materials 

In this study, the effect of using a different catalyst or a different catalytic loading on a PBT/crosslinker composition is assessed. First of all, the 

thermal properties and molecular weight will be discussed. Since we are looking at different compositions with the same amount of crosslinker, 

the crosslinking characteristics can be compared very neatly. The thermal properties have been summarised in table 2 below.  

Table 2: Thermal properties of different crosslinker types and catalyst loadings in different entries 

Comment Entry Crosslinker 
incorporation/ 
mol% 

Mn 
(kg/mol) 

Properties  
ssp powder 

Properties  
compression moulded 
sample 

Thermal stability 

feed tssp Tm/°C Tc/°C χc/% Tm Tc χc Tg,DMTA Td
e/°C w%600°C

f 

 PBT 0 - 25 - - - 222 194 40 55 374 6.1 

Different 
catalyst 
loading 

C1.2(0) BPO 1.2 0.9 17c 222 186 38 221 185 38 57 377 6.4 

C1.2(0.05) BPO 1.2 0.9 24d 222 192 42 221 192 42 59 377 6.2 

C1.2(0.2) BPO 1.2 0.9 31 219 193 35 217 190 38 60 375 5.5 

Different 
crosslinker 
type 

C1.2(0.2) BPO 1.2 0.9 31 219 193 35 217 190 38 60 375 5.5 

C1.2 (0.2) MBPO 1.2 0.6a Mn>Mn,sol 216 194 41 220 191 40 59 376 5.7 

C1.2 (0.2) APO 1.2 -b Mn>Mn,sol 216 188 42 219 188 39 64 376 5.8 
a Near-crosslinked sample, incorporation is based on protected crosslinker, which might have decreased due to deprotection. 

b Sample crosslinked after ssp. No dissolution possible. 
c Prepolymerisation time was 72h, solid-state polymerisation time was 24h 
d Prepolymerisation time was 24h, solid-state polymerisation time was 24h 
e Degradation ofset temperature 

f Weight percentage left at 600 °C 
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The DSC characterisation for all samples can be summarised in figure 16. Like in table 2, one 

can see that no major changes are shown in DSC for the Tm. For the Tc, however, we can see 

that the C1.2(0) BPO and C1.2(0.2) APO have a lower crystallisation temperature than the 

other samples. This can be because of the longer crosslinking time in both samples, so 

crystalline regions will have a more pronounced structure. 
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Figure 16: Thermograms obtained during the second heating and first cooling run of the compression moulded sample 

Another thermal property that will be discussed is the thermal stability of the vitrimers after 

compression moulding. These data can also be seen in table 2 above. The thermal degradation 

can say something about the network stability. For the compositions with different crosslinker 

type and the ones for different catalyst loadings, the curves are identical, which can be seen 

in figure 17: 
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Figure 17: Thermal degradation study performed on a thermogravimetric analyser for (a) different crosslinker types and (b) 
different catalyst loadings.  Derivative weight change in blue.  

The curve has two different steps, which can be more clearly seen in the derivative of the 

curve, which is plotted in blue. Around 375 °C, the major polymer degradation takes place, 

however, there is another step, between 400 and 450 °C. This might be because of crosslinking 

within the network. Covalent crosslinks will have a more difficult degradation within the 

polymer. In the samples with a different catalyst loading, you could see that the C1.2(0.05) 
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and C1.2(0) BPO samples have a higher curve between 500 and 600 °C, because of the longer 

curing time, which results in a more distinct polymer network. This is also seen in table 2, 

earlier on. 

For DMTA, the compression moulded sample was taken and cured for 4 hours at 180 °C. As 

expected, the compositions with a decreased catalyst loading had a longer curing time, so 

these needed some extra curing, before DMTA could be done. In the end, the DMTA curves 

had a similar curvature, so they could be plotted together. The DMTA curves of the different 

compositions are summarised in figure 18: 
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Figure 18: Storage Modulus vs. Temperature measured by DMTA for samples made with different catalyst loading (left) and 
different crosslinker types (right). 

On the left in figure 20, you can see that the longer polymerisation and curing time has an 

influence on the rubbery plateau, as the C1.2(0.2) BPO sample is the lowest, while even the 

residual is higher. Longer polymerisation time might cause a more distinct crystalline 

structure, which causes a higher rubbery modulus above Tm.  

The thermal treatment for the different crosslinker samples in figure 20 are similar, so they 

can be compared. The difference in the rubbery plateau can be explained by the point of 

gelation. If the point of gelation is earlier, the total gelation time is longer and so is the amount 

of network formed until the maximum is reached. You can see that the height of the vitrimer 

plateau is in the following arrangement: C1.2(0.2) APO > C1.2(0.2) MBPO > C1.2(0.2) BPO, due 

to this effect. 

Also for these, a last check of the crosslink density has been performed by a gel fraction test, 

like in chapter 3.4.2. In this test, a C3.5(0.2) BPO sample made earlier by Yanwu, which had 

been cured for a long time, was added to the test to see the difference in a higher crosslinked 

material. The results can be seen in figure 19: 
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Figure 19: Gel fraction test of new study. A higher crosslinked material was added as an extra reference (4th from left) 

The gel fraction in weight% of the initial sample is shown in table 3: 

Table 3: Results from second gel fraction test 

Number Sample Gel fraction (%) 

1 C1.2(0) BPO 86 

2 C1.2(0.2) APO 70 

3 C1.2(0.2) MBPO 81 

4 C1.2(0.05) BPO 85 

Here you can see that the gel fractions are again quite high, which can also be seen in the 

picture and like expected, the samples with the longer curing time have the highest gel 

fraction (85/86%).   
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4.4.3 Rheological behaviour 

The frequency and time sweep experiments can tell you a lot about the viscoelastic behaviour 

of a material. First of all, the time sweep experiments will be discussed. These can be found in 

Figure 20. In these oscillatory time sweep experiments, both the elastic modulus (G’) as the 

viscous modulus (G”) are recorded as a function of time at 250 °C, for the powder directly 

obtained after SSP.  
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 Figure 20:(a) Time sweep experiment of samples with different crosslinker type (b) Time sweep for samples with different 

catalyst loading. Both samples were inserted as powders after SSP in a circular geometry. 

In figure 20a, we see the time sweep experiment of C1.2(0.2) BPO as a reference in black 

(squares) at 250 °C. The material initially shows a viscous liquid behaviour, as G”>G’, until the 

storage modulus starts deviating at around 300 s. There, the G’ increases faster than the G” 

and afterwards a cross-over point can be found after about 65 min, where finally a solid-like 

gel material is formed, because G’>G”, as was described by Demongeot et al12. When the other 

crosslinkers are used, a similar shape can be seen in the C1.2(0.2) MBPO sample, however, the 

cross-over point already occurs after several minutes. This means that after a few minutes of 

curing, the material will show the solid-like gel material. In the last sample (C1.2(0.2) APO), 

during the whole time scale, G’ is higher than G”, which states that the material had already 

gelated before it entered the rheometer. These results can be perfectly explained by the SEC 

data we obtained. The C1.2(0.2) BPO had an Mn of about 32 kg/mol, while both the C1.2(0.2) 

MBPO and C1.2(0.2) APO were insoluble in HFIP.  

On the right, the time sweep of the different catalyst loadings show that the gel point for 

C1.2(0.05) BPO (30 minutes) is reached before the gel point of C1.2(0.2) BPO , where we 

normally expect the lower kinetics to enlarge crosslinking time. Both the crosslinked C1.2(0) 

BPO (G’>G”) and the fast cross-over point of C1.2(0.05) BPO can be explained because of the 

longer polymerisation time, as discussed in paragraph 4.4.1.  
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Frequency dependant dynamic mechanical properties of PBT vitrimers are well documented 

in the publication by Zhou et al8, where in the review by Kloxin and Bowman13, they already 

stated that thermosets have a frequency-independent storage modulus. In the publication 

mentioned above, general conclusions can be drawn for a vitrimer. First of all, above the 

average relaxation time (cross-over point), the elastic modulus takes over the viscous modulus 

(G’>G”). Secondly, there is a frequency dependant G’ and a dropoff of G’ at lower frequencies 

(longer time scales). The frequency sweeps of our study can be found in figure 21.  
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Figure 21:(a) Frequency sweep experiment of samples with different crosslinker type (b) Frequency sweep for samples with 

different catalyst loading. Both samples were inserted as coin-sized discs after compression moulding in a circular geometry. 

In both graphs, the frequency independent moduli are shown, which indicates that the 

network formed is dynamic at elevated temperatures. This is a property that all vitrimers 

have and shows that indeed the samples mentioned above have vitrimer properties. In 

Figure 21a, the shear storage modulus of C1.2(0.2) APO > C1.2(0.2) MBPO > C1.2(0.2) BPO.  

In Figure 21b, one can see that C1.2(0.2) BPO and C1.2(0.05) BPO show similar G’ and flow 

behaviour, while in contrast, C1.2(0) BPO shows faster relaxation. Normally, the relaxation 

should be slower without any catalyst, so this material should be further investigated. One 

possible explanation is that the network is not fully cured, where less crosslink density 

induces fast stress relaxation.   
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4.4.4 Healing experiment 

For the healing experiment, we set up an approach where we cut a tensile bar in half and 

put the two pieces back together with a homemade aluminium device to hold everything 

together. A certain temperature is used for healing. The setup can be seen in figure 22: 

 

Figure 22: Schematic set up for healing experiment. Sample is cut in half and placed on the aluminium foil, where the top and 
bottom part and the right part are folded over the specimen, to fix the position 

The samples we had taken, were made from C1.2(0.2) BPO. We put in samples for 5 minutes 

at different temperatures, namely 210, 220, 230, 240 and 250 °C. After the healing 

experiment, a picture was made, so we could tell if the cut was still there or not. In some 

samples, you can see a small cut, while in other samples, no cut could be seen. The test bars 

can be seen in figure 23: 

  

 

 

 

 

 

These tensile bars were tested afterwards with the tensile testing machine, from which the 

stress-strain curves are shown underneath in figure 24. You can see that the best sample was 

the one cured at 250 °C, for this has the highest stress at break. The sample with the longest 

elongation was the one healed at 220 °C, which shows the dynamic network system. The 

samples at 210 and 240  °C broke immediately after clamping, so no data is present. 

 

 

Ref            210 °C             220 °C         230 °C            240 °C         250 °C 

Figure 23: Tensile bars after healing experiments, where almost no cut is visible, cured for 5 minutes 
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Figure 24: Stress-strain curve for different healing temperatures. Reference was treated at 250 °C, as a thermal history 
reference. 
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4.4.5 Mechanical properties 

Mechanical properties are also important for vitrimer applications. These properties have been tested by using tensile testing for different 

compositions. The tensile bars are cut from 1 mm thick sheets, compression moulded from the SSP powder as usual. The tensile bars have also 

been cured for some time. For the further analysis, only the cured samples will be compared. All tensile testing data have been summarised in 

table 4: 

Table 4: Mechanical properties of tested samples with data from tensile testing and DSC data from these tested samples 

a Entries are those of cured CM samples, cut by a mould to fit the tensile testing machine. Curing at 160 °C for several hours.      

  

Entrya Pre-
polymerisation 
time 

SSP time Young’s Modulus 
/MPa 

Yield Stress 
/MPa 

Tensile strength 
/MPa 

Elongation at 
break /% 

Tm 

/°C 
Tc 

/°C 
χc 

/% 

PBT - - 1551.4 ± 86.8 - 62.7 ± 2.2 4.8 ± 0.3 223 195 42 

Different catalyst loading 

C1.2(0) BPO 72 48 1049.0 ± 54.3 60.1 ± 0.8 60.1 ± 0.8 169.7 ± 40.2 221 186 38 

C1.2(0.05) BPO 24 48 1365.9 ± 287.9 64.6 ± 0.7 65.4 ± 1.3 54.0 ± 44.3 222 191 39 

C1.2(0.2) BPO 6 24 1627.4 ± 74.8 - 59.0 ± 3.1 6.8 ± 1.5 221 191 41 

Different crosslinker type 

C1.2(0.2) BPO 6 24 1627.4 ± 74.8 - 59.0 ± 3.1 6.8 ± 1.5 221 191 41 

C1.2 (0.2) MBPO 6 24 1595.8 ± 41.3 - 57.2 ± 2.8 5.6 ± 1.1 220 191 41 

C1.2 (0.2) APO 6 24 1591.7 ± 89.4 - 54.7 ± 4.6 5.1 ± 1.4 220 188 38 
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Here you can see that there is a large difference between the several catalyst loadings. The 

only specimen that show a great elongation are the C1.2(0) BPO and C1.2(0.05) BPO which 

had a longer curing time and therefore a different thermal history than the other samples, 

which can be seen in the first columns. Here you can also see that the overall Young’s modulus 

is higher than that of PBT. The tensile strength, however, is less than that of PBT. 

All the stress-strain curves can be seen underneath in figure 25. 
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Figure 25: Tensile testing results of (a) different catalyst loadings (b) different crosslinker type. Five tensile bars have been 
tested and the sample that was split in half the best, has been selected as the representative curve, seen above. 

In the engineering stress-strain curves of the C1.2(0) and C1.2(0.05) BPO, we can clearly 

indicate a yield point, strain softening and a plateau, after which the sample breaks. This is 

only seen in these representative samples and sometimes in other samples, occasionally (3 

out of 15 samples of C1.2(0.2) BPO/MBPO/APO). In these semi-crystalline polymers, this is 

caused by the crystalline structures, as the C1.2(0) and C1.2(0.05) BPO have had a longer 

polymerisation time. In the previous paragraph, the difference in the BPO/APO/MBPO 

compositions was already explained by the amount of crosslinking and crystalline structure. 

In these mechanical studies, there is a minor dropping trend going from BPO to MBPO to APO, 

for the young’s modulus, tensile strength and elongation. However, the standard deviation 

mostly overlap, so no real substantial trend can be discovered. Therefore, the mechanical 

properties can be seen as similar in all three compositions. 
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Conclusions 
The goal of the project is to tune the in situ network formation kinetics by altering both the 

catalyst loading, as well as the protection group. In the first half of this project I succeeded in 

synthesising vitrimer networks by using different compositions with BPO and afterwards 

deprotecting it by an acid-promoted or processing-induced approach.  

Firstly, we looked at making the vitrimer system. In NMR, we can see that the proper amount 

of crosslinker is incorporated in the polymer backbone, namely 1.0% for the C1.2(0.2) BPO. 

Also the molecular weight distribution is in accordance with the expectations. With 

prepolymerisation, the polymer backbone is cut by the crosslinker, which results in a drop in 

molecular weight. Afterwards, the polymer chain gradually grows during solid-state 

polymerisation to a molecular weight higher than the starting physical mixture.  

Secondly, the processing-induced deprotection was compared to the acid-promoted 

deprotection. The acid-promoted deprotection is time-consuming and more costly, because 

extra (purification) steps have to be taken during processing. Also, working with trifluoro 

acetic acid is not very advisable, due to health risks. With that in mind, it is good that the 

vitrimers that were made by processing-induced deprotection during compression moulding 

in this study are similar to the ones that have been firstly deprotected. DMTA shows only a 

slight change in the last rubbery plateau modulus and also DSC shows that the Tm, Tc and c 

don’t drastically change when the protected polymer chains undergo compression moulding 

in comparison to acid-promoted deprotected samples.  

In the second half of the project, the effect of protecting group for the PEY and also the effect 

of catalyst loading was researched. First of all, when we looked at the catalyst loading, we 

clearly had troubles with the slow kinetic rates at 0 and 0.05 mol% Zn(acac)2. 

Prepolymerisation and polymerisation took place only in small amounts and also compression 

moulding in 10 minutes didn’t result in stable, cured samples. In the short time window during 

compression moulding, the 0.2 mol% catalysed samples gave the best results.  

Looking at different protecting groups was a very useful process, however didn’t turn out to 

be beneficial in our case. Tuning with the protecting group can influence the deprotection 

rate, right before crosslinking and can therefore be useful to shorten processing time. 

However, for both MBPO and APO, we could see that the polymer was already deprotected 

and crosslinking after SSP, shown by both rheometry and GPC. For MBPO, this could be 

explained by the electron donating methoxy-group, while for APO, this can be both a steric 

hindrance effect, as also a thermal stability effect, shown by a TGA experiment in N2. 

Combining this, however with a different catalyst loading, might solve early deprotection 

problems, while still maintaining the benefits of the protection-deprotection chemistry.  
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Appendix 

Appendix A1 
1H-NMR spectrum of C1.2(0.2) BPO PM in d2-TCE. 

 

Appendix A2 
1H-NMR spectrum of C2.4(0.2) BPO PM in d2-TCE. 
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Appendix A3 
1H-NMR spectrum of C2.4(0.2) BPO SSP after 24 hours in d2-TCE. 

 

Appendix A4 
1H-NMR Spectrum of MBPO in d6-DMSO 
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Appendix A5 
13C-NMR Spectrum of MBPO in DMSO. 

 

Appendix A6 
1H-NMR Spectrum of APO in d6-DMSO 
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Appendix A7 
13C-NMR Spectrum of APO in DMSO. 
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Appendix B1 

In the coming cycle analysis, the sample undergoes 12 cycles, which consist of the following 

procedure: 

- Isothermal for 5 minutes at -10.0 °C 

- Ramp 10.0 °C/min to 250.0 °C 

- Isothermal for 5 minutes 

- Ramp 10.0 °C/min to -10.0 °C 

The cycles were then individually assessed to look at Tm , Tc  and c .  
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