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Chapter 1 
 
 
Introduction 
 
 

1.1 Processing of polymers 
 

1.1.1 Problems in polymer processing 
 

In the last decades, polymers have become a viable alternative for traditional construction 

materials such as steel or wood. The main advantages of polymers are their high 

mechanical strength combined with a low specific weight and their ease of 

manufacturing with excellent reproducibility and high speed.  

 

Polymers are long-chain molecules consisting of many chemically linked building blocks, 

which are referred to as monomers. In general, polymers can be divided into two main 

groups with respect to their processing behaviour: Thermosetting and Thermoplastic 

polymers.  

 

Thermosetting polymers are obtained via polymerising low molecular weight, thus low 

viscous, compounds. After the processing step, the resin is polymerised in the mould to a 

high molecular weight polymer to obtain the required strength and stiffness. 

Thermosetting polymers are applied in for instance coatings, adhesives and composites.  

 

Thermoplastic polymers, on the other hand, already possess a high molecular weight 

before processing and, as a result, completely different processing conditions and 

equipment are required. First, a heating step is applied to melt the polymer and to 

decrease the viscosity to be able to shape the material. Second, a cooling step is required 

to solidify the product by crystallisation or vitrification. Because, in general, the 

crystallisation or vitrification times for thermoplastic polymers are relatively short 

compared to the reaction times for thermosetting polymers, thermoplastic polymers can 
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be used to manufacture products with very short cycle times (e.g. injection moulding) or 

in continuous operation (e.g. film blowing).  

 

An important aspect in the processing of thermoplastic polymers is the viscosity of the 

melt. The viscosity is determined by both temperature and molecular weight. To correlate 

the processing temperature and the viscosity, the following equation is often used1: 
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Where C1 and C2 are constants with approximate values of 18 and 50, respectively. Due to 

the sharp decrease of the relative free volume of a system when the glass transition 

temperature (Tg) is approached, the viscosity at Tg (ηTg) is extremely high. The relationship 

between the molecular weight and the viscosity for molten polymers is presented in 

Equation 1.2.  
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A change of the viscosity relation from power 1 to power 3.4 at a certain molecular weight 

Mc can be observed which is caused by the onset of an entanglement network at this 

particular molecular weight2. The molecular weight and temperature dependency of the 

viscosity imposes the limitation that the processing temperature for thermoplastic 

polymers should be approximately 100 to 150°C above the Tg.  

 

The most important thermoplastic polymers in terms of production volume are the so-

called commodity plastics, i.e. poly(ethylene) (PE), poly(propylene) (PP), poly(styrene) 

(PS) and poly(vinyl chloride) (PVC). Due to their low cost price and flexibility in structure, 

they are applied in a wide range of products which are used under moderate conditions in 

terms of temperature and mechanical properties such as packaging and disposables. 

However, there is an increasing tendency to use polymers in applications in which they 

are exposed to more severe conditions such as high temperatures or high-energy 

absorption. Polymers that possess a high glass transition (for high temperature 

resistance) or a high molecular weight (for high wear resistance) can fulfil these 

requirements, but, as explained in the previous paragraph, this implicitly means that 

processing of these polymers is much more complicated. For high temperature resistant 
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polymers, the required high processing temperature can result in degradation of the 

polymer, while the viscosity for the high molecular weight polymers can be too high for 

conventional processing. Therefore, these polymers are considered intractable from a 

processing point of view. 

 

A classical example of such an intractable polymer is poly(2,6-dimethyl-1,4-phenylene 

ether (PPE). This amorphous polymer possesses a Tg of 220°C and excellent mechanical 

properties, but due to this high Tg and its limited thermal and oxidative stability, melt 

processing of this polymer is virtually impossible. As a consequence, this material is 

mainly used in blends with PS3,4. This blend is one of the few examples of two polymers 

that are completely miscible over the whole composition range5. The addition of PS 

lowers the Tg of the blend, as described by the Fox-equation6, and, consequently, 

processing at lower temperatures is possible. However, the technique of blending an 

intractable polymer with a miscible low Tg polymer will be at the expense of the originally 

aimed material properties. To overcome this problem, solvents can be introduced in the 

processing step. 

 

1.1.2 Processing of polymers using solvents 

 

Solvents can be used to reduce the viscosity or the processing temperature of 

thermoplastic polymers. Similar to PS, the solvent will lower the Tg of the system which 

improves the processability. However, in this case the material properties of the polymer 

can be regained via extraction/evaporation of the solvent after the processing step. On the 

other hand, this extraction step is also the major disadvantage of this processing 

technique, as a substantial amount of energy and time is required to remove the generally 

hazardous solvent. Furthermore, this technique is limited to products with a high surface-

to-volume ratio such as coatings and fibres. A typical example is the solution spinning of 

ultra high molecular weight poly(ethylene) (UHMW-PE) fibres7,8. 

 

Another approach to the application of solvents as processing aid is the use of ‘solid’ 

solvents as proposed by Chung9. In this processing technique, no solvent removal is 

necessary as low molecular weight crystalline solvents are applied which dissolve the 

polymer at elevated temperatures. Upon cooling, the solvent crystallises, thus becoming a 

non-solvent, and phase separates from the polymer. This phenomenon is also referred to 

as liquid-solid demixing (L-S demixing) and, since phase separation is initiated via a 
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change in temperature, as thermally induced phase separation (TIPS). Because the 

polymer is regained as the matrix material, the final properties of the blend will resemble 

those of the virgin polymer. The problem encountered in this technique is the residual 

solubility of the solvent in the polymer. This residual solvent content will affect the 

original properties of the polymer. 

 

1.2 Processing of polymers using reactive solvents 

 

1.2.1 General concept 

 

From the previous sections, it is evident that solution processing of high Tg or high 

molecular weight polymers is always a compromise between regaining the intrinsic 

material properties (‘solid’ solvent blends) and ease of manufacturing (removal of volatile 

solvent). A solution to this problem can be found in the use of reactive solvents 

(monomers). At the processing temperature, the reactive solvent should act as a normal 

solvent to obtain a homogeneous solution of polymer and reactive solvent, thus lowering 

the viscosity and/or the processing temperature. However, instead of removing the 

solvent after the shaping step, the reactive solvent is polymerised in-situ. As a result, a 

liquid-liquid (L-L) phase separation is induced resulting in a phase-inverted morphology 

of polymerised ‘solvent’ particles in a polymer matrix. This is referred to as chemically 

induced phase separation (ChIPS). Consequently, the resulting material properties are 

dominated by the thermoplastic polymer without the necessity to remove the solvent. In 

contrast with the solid solvent concept described in Section 1.1.2, virtually no residual 

solvent is in this case present in the matrix phase provided that the solvent is polymerised 

at temperatures above the vitrification curve of the system. This concept of processing 

using reactive solvents is schematically depicted in Figure 1.1. 
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Figure 1.1. Schematic representation of the concept of processing polymers using reactive solvents. 

 

1.2.2 Step-growth and chain-growth polymerising reactive solvent systems 

 

The reactive solvent systems can be classified according to the polymerisation mechanism 

which converts the monomer (reactive solvent) into polymer, i.e. chain-growth or step-

growth polymerisation. Chain-growth polymerisation10 proceeds via the addition of a 

monomer to a propagating polymer chain until termination, hence extending the chain 

by one monomeric unit per propagating step. Because the propagation rate is several 

orders of magnitude higher than the initiation and termination rates11, the system can be 

considered to consist of full-grown polymer chains and non-reacted monomer. On the 

other hand, polymer chains formed via a step-growth mechanism10 are produced by a 

reaction of functional groups at the end of the chain or distributed along the chain, 

resulting in a pseudo mono component system with a rather broadly distributed and 

continuously increasing molecular weight. Consequently, no residual monomer is 

present at high conversion. The inherent difference in number and molecular weight of 

the reacting components for both polymerisation mechanisms has a major impact on the 

applicability of the reactive solvent in the concept of reactive processing. 
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Step-growth polymerising reactive solvents 

 

An important class of step-growth polymerising reactive solvents is epoxy resin. A variety 

of epoxy resins, both aromatic and aliphatic, is available and can be used to dissolve a 

large number of polymers12 such as poly(ether sulphone) (PES)13,14, poly(sulphone) (PSF)15 

and PPE12. 

 

The PPE/epoxy system was extensively studied by Venderbosch12. The binary phase 

diagram determined for this system revealed an upper critical solution temperature 

(UCST) behaviour which is shifted to higher temperatures as the molecular weight 

increases when the epoxy is cured16. This behaviour is schematically depicted in Figure 

1.2-a. The final material consisted of cured epoxy thermoset particles in a matrix of almost 

neat PPE. Due to the low viscosity of this system, it was even possible to apply it as a 

matrix material for high-performance composites17.  
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   (a)      (b) 

 

Figure 1.2. Schematic representation of the development of the phase diagram during polymerisation of the 

reactive solvent for step-growth polymerising solvents with: (a) UCST-behaviour and (b) LCST-

behaviour. 

 

Similar to PPE, epoxy resin has been used to improve the processability for PES13,14 and 

PSF15. However, for these systems a lower critical solution temperature (LCST) type of 

behaviour was observed, which shifts to lower temperatures as the molecular weight 

increases upon curing the epoxy (Figure 1.2-b). Similar to systems containing PPE, an 

epoxy thermoset filled matrix of PES or PSF will be obtained after processing. 
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Chain-growth polymerising reactive solvents 

 

For chain-growth polymerising reactive solvents, monomers such as styrene or 

methacrylates have been used. An important example of this type of reactive solvent 

systems is the poly(ethylene) (PE)/styrene system, described by Goossens18. Instead of 

lowering the processing temperature, the styrene is used to lower the viscosity of the 

system to be able to apply alternative processing techniques such as casting.  

 

Polymer 1 Polymer 2

Solvent

0 1

0

1 0

1

 
 

Figure 1.3. Schematic representation of the phase diagram during polymerisation of the reactive solvent for 

chain-growth polymerising reactive solvents. 

 

In the case of chain-growth polymerising solvents, the system can be described using a 

ternary phase diagram as shown in Figure 1.319,20. The initial composition of the 

homogeneous solution is located on the polymer 1/reactive solvent axis. Upon 

polymerisation of the solvent to polymer 2 at a fixed temperature, the overall composition 

follows the reaction line as indicated in the figure. When the binodal line (solid line in 

Figure 1.3) is crossed, the system becomes meta-stable and may phase separate, finally 

resulting in a binary blend of polymer 1 and dispersed polymer 2. If, on the other hand, 

the spinodal line (dashed line in Figure 1.3) is crossed, the system becomes unstable and 

will phase separate. 
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Comparison of step-growth and chain-growth polymerising reactive solvent systems 

 

When both polymerisation mechanisms are compared, a substantial difference in the 

effect of the conversion of monomer to polymer on the miscibility can be observed. Step-

growth polymerising reactive solvent systems can remain in a homogeneous state to 

relatively high conversions of polymerisation depending on the processing temperature 

relative to the UCST or LCST and the used system. For instance, Park and Kim found a 

conversion of 10% for the system poly(ether imide) (PEI)/epoxy21. For chain-growth 

polymerising systems, the conversion at which phase separation starts is typically only a 

few percent when the two polymers are immiscible, which can be ascribed to the almost 

instantaneous occurrence of full-grown polymers in the system upon polymerisation and 

the relative insensitivity of the phase diagram to temperature. Consequently, the 

miscibility window, thus the processing window, for this kind of systems is much smaller 

compared to step-growth polymerising reactive solvent systems.  

 

1.2.3 Advantages and disadvantages of the conventional reactive solvent systems 

 

Both chain-growth and step-growth polymerising reactive solvents have proven to be 

adequate techniques to overcome processing problems for a large number of polymers. 

Due to the chemically induced phase separation (ChIPS) in these systems, the matrix of 

the material consists of almost virgin polymer, which is in contrast to the systems 

exhibiting thermally induced phase separation (TIPS) (Section 1.1.2) where the polymer 

matrix may contain a substantial amount of residual solvent. The reactive solvent systems 

can even be used to improve the properties of existing polymers by applying rubbery 

reactive solvents22. Further, Jansen showed that via polymerisation of the reactive solvent 

close to the Tg of the system, excellent morphology control can be achieved leading to a 

sub-micron morphology of rubber particles in a brittle amorphous polymer23,24,25. 

Recently, reactive solvent systems have been used to facilitate the dispersing of nano-

sized particles26. 

 

The major drawback of the current systems is that in all cases chemistry is introduced in 

the processing step, which severely complicates the implementation of these processing 

techniques on standard processing equipment such as injection moulding. Furthermore, 

for successful implementation, short cycle times are necessary and, as a consequence, fast 

polymerisation of the reactive solvent is required. To prevent premature polymerisation in 
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the extruding/homogenizing step for these systems, the initiator/curing agent should 

either be added to the mixture just before moulding or be carefully developed to be active 

in a small temperature window. The former requires adaptation of the conventional 

injection moulding equipment, which is a major drawback for end-users. Examples of the 

latter are already known, but the disadvantage for these systems is that post curing steps 

are necessary to obtain sufficiently phase separated systems with high conversion27,28,29. 

 

Therefore, the aim of this thesis is to develop an alternative solution for the above-

mentioned problems, preferably independent of processing configuration or post curing, 

which is based on reversible depolymerisation, as observed for a number of polymers. 

 

1.3 Reactive solvent concept based on reversible depolymerisation 

 

1.3.1 Depolymerisation of polymers 

 

In general, a polymerisation reaction can be considered as an equilibrium reaction 

between monomer and polymer that can be described by the Gibbs free energy (∆Gpol = 

Gpolymer - Gmonomer)
 30: 

 

polpolpol STHG ∆−∆=∆  (1.3) 

 

When both the enthalpy (∆Hpol) and the entropy (∆Spol) of the polymerisation reaction are 

positive, no polymer can be formed below a certain temperature, the so-called floor 

temperature. A well-known example of this phenomenon is exhibited by the 

polymerisation of pure sulphur to S8-rings31. On the other hand, the entropy and enthalpy 

for addition polymerisations are usually both negative which implies that the Gibbs free 

energy becomes positive above a certain temperature. This temperature is referred to as 

the ceiling temperature (Tcl)
30,32. This implies that high molecular weight polymers cannot 

be formed above this temperature. In other words, an already high molecular weight 

polymer will depolymerise to lower molecular weight until equilibrium conditions are 

established again. 

 

From a kinetic point of view, the polymerisation and the depolymerisation rates are equal 

at Tcl
33,34, as graphically depicted in Figure 1.4. At temperatures above Tcl, the rate of 
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depolymerisation is higher than the rate of polymerisation resulting in a 

depolymerisation of the polymer, if active centres are present (e.g. catalyst residues). Step-

growth polymers will randomly break up into smaller fragments upon depolymerisation, 

while chain-growth polymers will successively release monomer units from their chain 

ends upon depolymerisation, a literally unzipping of the chain.  

Tcl

Rpol
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Temperature

Re
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tio
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ra
te

 (m
ol

/l 
s)

 

 

 
Figure 1.4. Schematic representation of the polymerisation (Rpol) and depolymerisation (Rdepol) rates versus 

temperature resulting in the determination of the ceiling temperature Tcl. 

 

Generally, depolymerisation and degradation are considered to be similar, but there are 

some important differences. Depolymerisation is the reverse of the polymerisation 

reaction and results in the retrieval of the building blocks of the system. On the other 

hand, the occurrence of irreversible structures is characteristic for degradation35. All 

polymers possess a ceiling temperature, but for the majority this ceiling temperature is 

situated above the degradation temperature. Polymers which do exhibit an observable 

ceiling temperature are for instance chain-growth polymers such as poly(styrenes)30 and 

poly(methacrylates)36. Also many examples of the depolymerisation of linear polymers to 

cyclic oligomers have been reported37,38,39 as well as polymers depolymerising via 

anionic40,41 or cationic42,43 mechanisms. However, the depolymerisation of polymers via 

the last three mechanisms is in many cases not fully reversible or only possible in 

solution or under extreme temperature and pressure conditions.   

 

An important example of a step-growth polymer possessing a ceiling temperature below 

its degradation temperature is poly(urethane) (PUR). PUR is synthesised via a 
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polyaddition reaction between isocyanates and alcohols44,45. After its discovery by Bayer 

and co-workers in 1937, it was soon observed that PUR suffers from thermal instability 

which depends on the type of constituents46 and since then, the depolymerisation and 

repolymerisation of the urethane bond upon thermal treatment has been reported47-54. 

Recently, a new PUR-based thermoplastic engineering plastic (TPU) has been 

commercialised by DOW Chemical, ISOPLASTTM, which specifically uses this 

depolymerisation behaviour to reduce the viscosity during processing without negatively 

affecting the polymer properties in the solid state55.  

 

1.3.2 Reversible depolymerisation as reactive solvent concept 

 

Replacing the conventional reactive solvent by a depolymerising polymer (‘solvent’) will 

result in a unique reactive solvent approach of which the principle concept is 

schematically shown in Figure 1.5. The (intractable) polymer and the ‘solvent’ are mixed 

in the extrusion step and the temperature is increased to above the ceiling temperature Tcl 

of the ‘solvent’, inducing depolymerisation. The molecular weight of the solvent will 

decrease and at a certain temperature, the molecular weight of the solvent has decreased 

to such an extent that the polymer is able to dissolve in the obtained low molecular weight 

fragments, resulting in a homogeneous solution. Consequently, the processing 

temperature and the viscosity are significantly decreased. Subsequently, via injection into 

a mould with lower temperature, the temperature of the system is decreased to below Tcl 

and repolymerisation of the solvent will occur resulting in an increase of the molecular 

weight of the solvent. At a certain temperature, the molecular weight has increased to 

such an extent again that miscibility is no longer retained and phase separation between 

solvent and polymer will occur, resulting in an polymer matrix with a locked up ‘solvent’ 

dispersed phase. Similar to the conventional reactive solvent systems, the properties of 

the polymer are expected to be almost fully regained.  

 

The occurrence of a homogeneous solution during extrusion is of crucial importance 

because only then a stable and low viscous system is obtained. In this respect, it is 

unfavourable to select a ‘solvent’ which (de)polymerises via a chain-growth mechanism. 

As explained in Section 1.2.2, systems consisting of chain-growth polymerising reactive 

solvents already show phase separation at only a few percent conversion. This implies 

that, in order to obtain homogeneous solutions, depolymerisation of this ‘solvent’ has to 

proceed up to almost 100% conversion. This in contrast with step-growth ‘solvents’ which 
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have to depolymerise to substantially lower conversions to be able to obtain homogeneous 

solutions. Considering this, thermoplastic polyurethane (TPU) is likely to be the best 

potential ‘solvent’ in the reactive solvents concept based on reversible depolymerisation. 
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Figure 1.5. Schematic representation of the use of reactive solvents based on reversible depolymerisation in the 

processing of polymers. 

 

 

1.4 Objective 

 

The main objective of this thesis is to explore the possibilities and limitations for the 

processing of intractable polymers using a reactive solvent concept based on reversible 

depolymerisation in order to be able to use short cycle time applications with no 

dependence on processing configuration or post curing. Poly(2,6-dimethyl-1,4-phenylene 

ether) (PPE)/thermoplastic poly(urethane) (TPU) is used as model system. 



Introduction 13 
 

1.5 Survey 

 

In the reactive solvent concept based on reversible depolymerisation, two features need to 

be thoroughly investigated for successful implementation, i.e. the miscibility of the 

reactive ‘solvent’ with the polymer and the depolymerisation of the reactive ‘solvent’.  

 

In Chapter 2, the synthesis and characterisation of thermoplastic poly(urethanes) (TPUs) 

with varying molecular weights obtained via the addition of different amounts of chain-

terminator are discussed. Two less conventional analysis techniques are used, i.e. triple 

detection size exclusion chromatography (triple SEC) to obtain accurate numbers for the 

molecular weight of TPU and temperature modulated differential scanning calorimetry 

(TM-DSC) for the determination of the physical properties. 

 

In Chapter 3, the miscibility of the constituents of the model TPU, i.e. 4,4’-

methylenediphenyldiisocyanate (MDI), hexanediol (HD), and 1-hexanol (HEX), with 

poly(2,6-dimethyl-1,4-phenylene ether) (PPE) is investigated and phase diagrams are 

constructed. The maximum molecular weight of TPU for miscibility with PPE is 

estimated for both with and without the addition of HEX as chain terminator. 

 

In Chapter 4, the depolymerisation behaviour of TPU is investigated. Two techniques are 

used to monitor this depolymerisation, i.e. TM-DSC and fourier transform infrared 

spectroscopy (FT-IR), to ultimately be able to construct the depolymerisation curve for 

TPU and to determine the ceiling temperature. Furthermore, the effect of starting 

molecular weight on the depolymerisation characteristics is discussed. 

 

Combining the results from Chapter 3 and 4 leads to the selection of end-capped TPU 

with molecular weights ranging from 2 to 10 kg/mol (low Mn TPU) as reactive ‘solvent’ in 

the processing of PPE. The processing characteristics of these PPE/low Mn TPU blends 

are explored in Chapter 5, including the phase separation upon cooling. Additionally, the 

morphology and dynamic mechanical behaviour of these blends are described. 

Furthermore, the effect of composition, molecular weight and cooling rate on the blend 

characteristics is investigated. 

 

Finally, in Chapter 6, different PPE/low Mn TPU blends are injection moulded and 

compared to neat PPE in order to obtain an indication for the mechanical and thermal 
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properties and to determine the opportunities and limitations for these blends produced 

in this way. 

 

This thesis is based on a collection of publications56-58. Furthermore, this research has 

resulted in two industrial patents59,60. 
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Chapter 2 
 
 
Synthesis and characterisation of thermoplastic 
poly(urethanes) of varying molecular weights 
 
 

2.1 Introduction 
 

Poly(urethanes) (PUR) are a versatile class of polymers as they can easily be tuned for the 

required application. Applications can be found in foams, either rigid or flexible, rubbers 

and engineering plastics1,2. The building blocks of poly(urethanes) are isocyanates and 

alcohols and one of the major advantages of poly(urethanes) is their ease of 

manufacturing due to the extremely high reactivity of isocyanate groups towards hydroxyl 

groups. This makes poly(urethanes) for instance extremely suitable for reaction injection 

moulding (RIM) techniques with very short cycle times in the order of seconds3,4. 

 

The most well-known polyurethane type is the segmented PUR consisting of alternating 

soft segments, mainly poly(glycols), and hard segments of isocyanates and alcohols. In 

this way, a unique structure of flexible chains physically cross-linked by clusters of short 

chain blocks can be formed which results in a so-called thermoplastic elastomer5.  

 

Recently, a new type of PUR, which only consists of the hard segment components, has 

become available2. This type of PUR, which is referred to as rigid thermoplastic 

poly(urethane) (TPU), is an injection-mouldable polymer with good chemical resistance 

and impact properties. This TPU, consisting of 4,4'-methylenediphenyldiiscoyanate 

(MDI) and hexanediol (HD) building blocks (see Figure 2.1), will be used as model 

compound for the present study. 
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Figure 2.1. Structural formulas of the used components. 

 

TPU is synthesized via a step-growth polymerisation mechanism. The theoretical value 

for the number average molecular weight (Mn) and the polydispersity (Dp) of a polymer 

consisting of difunctional compounds can be calculated via the Carothers-equation shown 

in Equation 2.1 and 2.26.  

 

monn M
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⋅⋅−+

+=
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(2.1) 

 

pDp += 1  (2.2) 

 

Where p represents the conversion, r is the ratio of hydroxyl to isocyanate groups and 

Mmon is the average molecular weight of the repeating units. From these equations, it can 

be derived that for equimolar concentrations of isocyanate and hydroxyl groups (r=1) the 

conversion should be almost 100% to obtain very high molecular weights and that the 

polydispersity for this high molecular weight polymer is approaching a value of 2.  

 

The molecular weight in step-growth polymerisations can be controlled rather easily. One 

method is to change the ratio of diisocyanate to diol (r in Equation 2.1) and subsequently 

add a mono-functional compound, the so-called chain terminator, to end-cap the 

unreacted groups. Another method is to add this chain terminator to an equimolar 
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composition of isocyanate and alcohol and then the equation to calculate Mn changes to 

Equation 2.3. 

 

monn M
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⋅−

=
1

1
 

 
(2.3) 

 

Where r is then the ratio of the total hydroxyl to isocyanate groups including those of the 

chain terminator. In this study, the former method is used and in view of the building 

blocks of our model TPU, 1-hexanol is applied as chain terminator. 

 

As will be discussed in the next chapters, the addition of 1-hexanol has a major impact on 

both the miscibility of TPU with the intractable polymer poly(2,6-dimethyl-1,4-phenylene 

ether) (PPE) and the depolymerisation curve of TPU. Both modifications result in a 

decrease of the processing temperature for PPE/TPU blends which proves to be essential 

for the application of TPU as reactive ‘solvent’. Therefore, the synthesis and 

characterisation of TPU with different amounts of 1-hexanol as chain terminator are 

described in this chapter. The synthesis of these TPUs is performed on kilogram scale 

using reactive extrusion to be able to investigate the properties of PPE/TPU blends 

prepared via injection moulding in a later stage. 

  

In terms of characterisation, the determination of the absolute molecular weight of TPU 

is one of the most troublesome issues. On the other hand, it is also the most important 

property in view of its application as reactive ‘solvent’ as it substantially influences the 

depolymerisation behaviour7. Therefore, it is important to accurately determine the 

molecular weight. In general, molecular weights can be determined via size exclusion 

chromatography (SEC), a separation technique based on the steric exclusion of polymer 

chains. Conventionally, the molecular weight is determined using a calibration curve 

which has been constructed using well-defined narrow molecular weight polymer 

standards. If the standards consist of the same material as the sample, the molecular 

weight can be directly determined using the concentration of the polymer sample 

detected by the differential refractive index (DRI) method or, if possible, UV-adsorption. 

If the materials are different, the universal calibration method can be used8. This method 

is based on the observation that the product of intrinsic viscosity and molecular weight 

(hydrodynamic volume) is independent of polymer type. Molecular weights can then be 

determined when the intrinsic viscosity of the polymer is measured additionally to the 

concentration9. 
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In order to obtain absolute values for the molecular weight using the methods described 

above, the standards and the sample should, in principle, consist of the same material. 

Unfortunately, well-defined narrow TPU standards are not widely available which implies 

that the molecular weight determination of TPU is generally based on polymers which 

are easily available in the required accuracy such as poly(styrene) (PS) or poly(ethylene 

oxide) (PEO). However, the obtained molecular weight for TPU determined using these 

two standards show a large variation10. Therefore, triple detection SEC was used to obtain 

absolute values for the molecular weight of TPU. Triple detection SEC consists of a 

combination of three detection techniques, i.e. concentration, viscosity and light 

scattering detection. Using the light scattering data and the results from the 

concentration and viscosity detection, a Zimm-plot can be constructed which results in 

the absolute molecular weight of the polymer from the reciprocal value of the intercept on 

the ordinate11,12. In this way, the correct value for the Mw of TPU can be obtained and the 

accuracy and reliability of both the PS and PEO standards in the conventional SEC set-up 

can be determined. 

 

Furthermore, the physical transitions of the TPUs, such as the glass transition 

temperature (Tg) and the melting temperature (Tm), are important for the mechanical 

properties of the PPE/TPU blends. In general, these transitions are determined using 

DSC. However, due to the low molecular weights of the TPUs and the known low 

crystallisation rate of commercial TPU13, it is anticipated that, during heating, the heat 

flow associated with crystallisation and melting are superimposed. Standard DSC is not 

able to separate these phenomena. Therefore, temperature modulated DSC (TM-DSC) 

was used. In TM-DSC, the common temperature program is superimposed with a 

dynamic temperature change (sinusoidal in most cases). The measured heat flow rate is 

usually separated into the underlying or deconvoluted heat flow rate Φdc (comparable to 

the heat flow obtained in conventional DSC) and the dynamic component Φd
14. Using the 

method of Reading and coworkers15, a so-called reversing Φrev and a non-reversing Φnon 

heat flow component can be calculated (not to be confused with reversible and irreversible 

heat flow) from respectively the dynamic component and the difference between Φdc and 

Φrev. In this way, the phenomena of cold crystallisation and melting might be separated 

into the different signals and better determination of the different transitions is possible.  
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2.2 Experimental 

 

2.2.1 TPU synthesis and characterisation 

 

Thermoplastic poly(urethane) (TPU) consisting of alternating 4,4’-

methylenediphenyldiisocyanate (MDI) and 1,6-hexanediol (HD) building blocks was 

supplied by DOW Chemical (ISOPLASTTM 2530 resin)2. This compound will be referred 

to as TPU-0%. Three low molecular weight TPUs containing MDI and HD were 

synthesized at DOW Chemical using 2, 4 and 8 wt.% of 1-hexanol (HEX) as chain 

terminator based on the total weight16. In Figure 2.1, the structural formulas of the three 

components are depicted. The three reactants were simultaneously fed to a Berstorff 

model ZE40X47D 40-mm twin-screw extruder, operated at a screw speed of 454 rpm and 

a temperature of 100°C. The output of the extruder was set to 135 kg/hr and the extrudates 

were chopped under water into small granules. The compounds will be referred to as 

TPU-2%, TPU-4% and TPU-8% depending on the amount of 1-hexanol added.  The 

important parameters for all TPUs are summarized in Table 2.1. All TPU samples 

contained non-reactive compounds such as UV-stabilizers and anti-oxidants and the total 

amount of these compounds in the TPUs was approximately 1 wt.%16. 

 

Table 2.1. Parameters used in the synthesis of the different TPUs. 

Compound r 

([HD]/[MDI]) 

[NCO]0  

(mmol/g) 

TPU-0% 0.994 5.444 

TPU-2% 0.961 5.448 

TPU-4% 0.921 5.455 

TPU-8% 0.845 5.473 

 

The accuracy of the syntheses was verified using proton nuclear magnetic resonance 

spectroscopy (1H-NMR) using a Gemini 300 MHz apparatus for samples dissolved in 

DMSO-d6. 

 

The individual fragments of the TPUs and their end groups were determined using a 

Bruker Biflex-II matrix assisted laser desorption ionisation – time of flight (MALDI-TOF) 

apparatus. The matrix consisted of 40 mg/ml Ditranol in THF containing potassium as 
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counter ion. The detectors were operated in the reflection and the linear mode and the 

accelerating voltage for the time of flight analyser was 20 kV. 

 

Fourier transform infrared (FT-IR) spectroscopy on TPU samples was performed on a 

Biorad Excalibur FTS3000 using a Specac golden gate device with diamond window. 

Spectra were recorded at a resolution of 4 cm-1 and 32 scans.  

 

2.2.2 Temperature modulated differential scanning calorimetry (TM-DSC) 
 

The heat capacity of TPU as a function of temperature was determined using temperature 

modulated differential scanning calorimetry (TM-DSC) on a TA Instruments model 2920 

DSC-apparatus. The underlying heating rate was 4°C·min-1, the amplitude was 0.420°C 

and the period was 40 s (heating only conditions). The heat capacity of the sample as a 

function of temperature is extracted from the reversing heat flow signal. 

 

2.2.3 Size exclusion chromatography (SEC) 
 

Two different set-ups were used to determine the molecular weight and molecular weight 

distribution of the TPUs via size exclusion chromatography.  

The first set-up was a conventional set-up consisting of a Hewlett Packard model 1090M 

liquid chromatograph equipped with a styrene divinylbenzene (S-DVB) column with 10 

µm pores operated at 50°C. The eluted polymer was detected using UV-absorption at 285 

nm. The mobile phase was N,N’-dimethylformamide (DMF) and the flow rate was 0.5 

ml·min-1. The molecular weight calibration was performed using either poly(styrene) (PS) 

or poly(ethylene oxide) (PEO) standards.  

The second set-up was a triple detection set-up consisting of a Waters 150-C ALC/GPC 

liquid chromatograph equipped with a Polymer standard services PGF silanized glass 

bead column with 7 µm pores. The UV-adsorption at 210 nm was detected using a UV-

150 detector from Spectra-Physics, the viscosity of the eluent was recorded using a 

Viscotek Model 250 detector and the light scattering intensity was detected with a RALLS 

detector from Viscotek under an angle of 90°. The samples were dissolved in 

hexafluorisopropanol (HFIP) from Biosolve which was also the mobile phase operated at 

a flow rate of 0.4 ml·min-1. The column temperature was 35°C. To prevent protonation of 

the column or sample, potassium tetrafluoro acetate (KTFAc) was added. Narrow 

poly(styrene) standards in THF were used to determine the machine constants. 
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2.3 Results and discussions 
 

2.3.1 Synthesis and characterisation of low molecular weight TPUs 
 

The three low molecular weight TPUs are synthesized resulting in all cases in clear and 

transparent granules. The structure of the compounds should resemble that shown in 

Figure 2.2. The obtained NMR-data are shown in Figure 2.3. The plots have been 

normalized on the singlet at 3.80 ppm (peak assignment 9) to clearly indicate the 

difference between the TPUs. 
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Figure 2.2. Structure of TPU consisting of MDI and HD and terminated with 1-hexanol. 
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Figure 2.3. 1H-NMR plots for the synthesized TPUs: (—) TPU-8%; (---) TPU-4%; (···) TPU-2%. 

 

Clearly, all the proton assignments according to the structure are present in the 1H-NMR 

plots and even more important, no peak at 4,35 ppm for the protons of the free hydroxyl 

groups of 1-hexanol or hexanediol can be observed. This shows that all hydroxyl groups in 
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the sample are converted and that no free 1-hexanol is present. Furthermore, the peaks 

related to protons 1 and 2 increase going from TPU-2% to 8%, indicating that indeed 

more 1-hexanol is incorporated in the structure. 
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Figure 2.4. MALDI-TOF spectrum of TPU-8%. 

 

To investigate these TPU samples in more detail, MALDI-TOF experiments were 

performed. The results of TPU-8% are depicted in Figure 2.4. Clearly, repeating signals, 

which are continuously separated from each other by a value of 368 g/mol, can be 

distinguished. This value of 368 g/mol matches nicely with the weight of the MDI-HD 

combination, so obviously oligomers which are built up of sequential units of MDI-HD 

are present in the sample. Furthermore, all the oligomers are indeed end-capped with 1-

hexanol as the masses present in the spectrum can only be assigned to fragments which 

possess two hexanol units at the ends. For instance, the 863 g/mol fragment can be 

assigned to be [Hex-MDI-HD-MDI-Hex]-K+. The lowest possible fragment, [Hex-MDI-

Hex]-K+ is almost certainly also present, but cannot be detected as such due to the 

overlapping with fragments obtained from the matrix material. Although an indication of 

the molecular weight distribution can be obtained from this measurement, a true 

distribution cannot be determined due to the high polydispersity of the TPU sample, as 

will be shown in Section 2.3.2. For an accurate determination of the distribution with 
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MALDI-TOF, the polydispersity of the sample should be less than 1.4 in order to prevent 

an underestimation of the higher molecular weight fragments17. Nevertheless, it is clear 

that TPUs end-capped with 1-hexanol have been synthesized correctly and that they 

consist of small oligomers with discrete chain lengths.  

 

2.3.2 Absolute molecular weights of the TPUs 
 

The values for the molecular weight of TPU determined with conventional SEC using PS 

or PEO standards show a large variation as can be seen in Table 2.2. Molecular weights 

determined with PS standards possess a higher value for the molecular weight than the 

theoretical value. This discrepancy can be explained by the large difference in polarity 

between PS and the eluent which has to be highly polar to dissolve TPU. In this case, it is 

expected that the PS standards show adsorption to the (relatively apolar) column and 

consequently lead to an overestimation of the molecular weight values. Therefore, more 

polar poly(ethylene oxide) (PEO) standards can be used which should reduce this 

absorption and the values for Mn determined with PEO standards are indeed much more 

in the line of expectation. However, to be able to determine the absolute molecular weight 

and the agreement of the measurements using PEO standards with this absolute 

molecular weight, triple detection SEC has to be used, as explained in the introduction. 

 

Table 2.2. Mn of different TPUs using conventional SEC with PS or PEO standards.  

Sample Mn PS standard 

(kg/mol) 

Mn PEO standard 

(kg/mol) 

Calculated Mn  

(p=1) (kg/mol) 

TPU-0% 71 30.5 61 

TPU-2% 19.7 6.6 9.3 

TPU-4% 14.3 4.8 4.5 

TPU-8% 9.6 2.3 2.2 

 

In Table 2.3, Mn, Mw and the polydispersity of the samples determined with the triple 

detection set-up are summarized. As can be seen, the values obtained with conventional 

SEC using PEO standards are in reasonable agreement with the values obtained with 

triple SEC. This clearly indicates that the values obtained using PEO standards in 

conventional SEC can be used as a good estimation for the true molecular weight of TPU. 
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Table 2.3. Mn, Mw and Dp of different TPUs using triple detection SEC. 

Sample Mn 

(kg/mol) 

Mw 

(kg/mol) 

Dp 

(-) 

Calculated Mn 

(p=1) (kg/mol) 

TPU-2% 5.3 19.5 3.66 9.3 

TPU-4% 4.5 8.8 1.96 4.5 

TPU-8% 2.1 4.4 2.08 2.2 

  

Also the measured and the theoretical values show good agreement, at least for TPU-4% 

and TPU-8%, indicating once again that these TPUs are properly synthesised. The 

discrepancy between the experimental and theoretical values for TPU-2% is probably not 

caused by an incomplete conversion of the TPU, as no evidence for this can be found by 

NMR. Furthermore, the Dp of this sample is rather high compared to the other two 

samples. A possible explanation could be that the low molecular weight additives present 

in TPU disturb the SEC measurements which can result in a misinterpretation of the 

chromatograms. Compared to the oligomers, additives might contribute more to the 

detector signal, which results in an overestimation of the low molecular weight part of the 

molecular weight distribution.  For the TPU-8% and TPU-4% samples, the effect of the 

additives can be neglected as polymer and additives probably fall in the same molecular 

weight range. However, for TPU-2% the lowest molecular weight oligomer is probably 

higher than that of the additives. If these additives are incorrectly considered as part of 

the molecular weight distribution, the polydispersity will be broadened severely. 

Fortunately, these additives will hardly influence the determination of Mw as Mw is 

situated near the maximum of the curve. Assuming Mw to be correct and adjusting the 

value of Dp to 2.0 – 2.1, which is more in the line of expectation, the Mn of TPU-2% can 

be determined as 9.3 – 9.8, which is in close approximation with the calculated values 

again. 

 

The triple detection set-up can even be used in this case to determine individual TPU 

fragments as can be seen in Figure 2.5. The DRI-detection plots of low Mn TPU depicted 

in this figure clearly show the presence of well-separated fragments on the right hand 

side of the curves. These fragments are more pronounced and more distinct when the 

amount of 1-hexanol present in the TPU is increased, hence when the average molecular 

weight of the TPU is lower. Apparently, very low molecular weight oligomers of a few 

degrees of polymerisation are present in these samples which is in agreement with the 

results from the MALDI-TOF experiment described in Section 2.3.1. These low molecular 
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weight oligomers have a substantial influence on the depolymerising reactive ‘solvent’ 

systems, as will be shown in Chapter 5. 
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Figure 2.5. SEC chromatograms from the DRI-detector for different TPUs in the triple detection set-up. 

  

2.3.3 Physical properties of the TPUs 
 

As explained in the introduction, the Tg and Tm transitions of TPU have to be thoroughly 

investigated as they can play an important role in the mechanical properties of the 

PPE/TPU blends. The transitions for TPU-0% were already studied by Dickie13 and it was 

found that this TPU possessed a very low crystallisation rate. Crystallisation and melting 

only occurred when the sample was annealed at 160°C.   

 

The thermal behaviour of the low Mn TPUs is completely different. A typical heating 

curve obtained via TM-DSC is shown in Figure 2.6 for TPU-8%. In this figure, three 

curves are depicted, i.e. the reversing heat flow, the non-reversing heat flow and the total 

heat flow. The total heat flow clearly indicates the complex behaviour of the material as 

multiple peaks can be distinguished. Probably, the peaks originate from several 

crystallisation and melting processes. The advantage of the modulated signals can now 

clearly be seen; the different processes are separated into the different signals. The non-

reversing part apparently contains all crystallisation phenomena while the reversing part 

contains only the glass transition and multiple melting peaks.  
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Figure 2.6. Second heating run for TPU-8% measured with TM-DSC (endo up): (—) Total heat flow; (---) non-

reversing heat flow; (···) reversing heat flow. 

 

The phenomenon of multiple melting peaks is also observed in poly(ethylene 

terephtalate) (PET) and it was found to be caused by either secondary crystallisation18 or 

the presence of oligomers of varying length19. The effect of secondary crystallisation on 

the multiple melting behaviour increases when among others the molecular weight of the 

polymer increases18. However, from the heat capacity curves for the different TPUs 

depicted in Figure 2.7, it can be the observed that the multiple melting behaviour 

increases upon decreasing the molecular weight which indicates that in our case the 

presence of oligomers is the cause of the phenomena. Moreover, the SEC measurements 

described in Section 2.3.2 and the MALDI-TOF results from Section 2.3.1 clearly show 

that these oligomers are indeed present in the samples. 

 

Two more interesting phenomena can be observed in Figure 2.7, i.e. the absence of a 

crystallisation exotherm upon cooling for all TPUs and the increase in Tg after the first 

run. The absence of crystallisation upon cooling indicates that the crystallisation rate is 

low, even for the low Mn TPUs. Only when the low Mn TPU samples are heated above Tg, 

crystallisation occurs as observed in the non-reversing part of the heat flow. The observed 

low crystallisation rates of these TPUs suggest that in blends with PPE crystallisation of 

TPU will not occur during injection moulding.  
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Figure 2.7. Heat capacity curves measured with TM-DSC for different TPUs: (a) TPU-0%; (b) TPU-2%; (c) 

TPU-4%; (d) TPU-8%; (---) first heating curve; (···) cooling curve; (—) second heating curve. 

 

The shift in Tg after the first heating run remains an open question. The shift is most 

likely not caused by a continuation of the polymerisation reaction as both NMR and SEC 

show that the conversion is nearly 100% for the low Mn TPUs. Also the presence of 

hydrogen bonding in the sample which may become more pronounced due to 

rearrangement of the molecules after heating is probably not the explanation as evidenced 

by infrared spectroscopy. From literature, it is known that carbonyl-groups possess 

adsorption bands at 1730 cm-1 which shift to 1700 cm-1 when these carbonyl groups are 

involved in hydrogen bonding20. In Figure 2.8, infrared spectra of TPU-0%, TPU-4% and 

hexanol-blocked MDI (HEX-MDI-HEX)21 are presented. The blocked MDI obviously 
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shows only hydrogen bonded carbonyl groups, but also TPU-0% and TPU-4% show 

strong hydrogen bonding in addition to free carbonyl groups. The occurrence of strong 

hydrogen bonding in the low Mn TPU could account for the unexpected high Tg in these 

samples. However, the ratio between bonded and non-bonded groups does not seem to 

change after the heat treatment. At this moment, it is believed that the shift originates 

from a change in sample-pan contact after the first heating run. This is further illustrated 

by the fact that for samples measured with different types of pans, a 5°C decrease of the Tg 

after first heating was detected. 
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Figure 2.8. FT-IR spectra for different TPUs: (···) TPU-0% virgin; (---) TPU-0% heated; (—) TPU-4%; (-··) 

HEX-MDI-HEX. 

 

2.4 Conclusions 
 

It was demonstrated that low molecular weight TPUs using 1-hexanol as chain terminator 

could be accurately synthesized via reactive extrusion. The TPUs synthesized in this way 

possessed distinct low molecular weight oligomers and their presence was more 

pronounced when the average molecular weight was lower. The molecular weights 

determined with PEO standards using a conventional SEC set-up proved to be, in contrast 

with PS standards, quite accurate as validated with triple detection SEC. These values are 

used in the depolymerisation studies, described in chapter 4, with the value for TPU-2% 
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corrected for the presence of additives. TM-DSC was successfully applied in unravelling 

the complex thermal behaviour of the low Mn TPUs. Multiple crystallisation and melting 

phenomena were observed in the low Mn TPUs, but only during heating.  
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Chapter 3 
 
 
Miscibility of the poly (2,6-dimethyl-1,4-phenylene 
ether)/thermoplastic poly(urethane) system 
 
 

3.1 Introduction 
 

As described in Chapter 1, the aim of this thesis is to develop a route to process 

(intractable) polymers using reactive solvents based on reversible depolymerisation. One 

of the key requirements of the reactive solvents concept is the formation of a 

homogeneous solution at elevated temperatures. Only under these conditions can the 

advantage of a lower processing viscosity or temperature be obtained. Moreover, 

chemically induced phase separation from completely homogeneous solutions provides 

much better control over the morphology development than dispersive mixing. Using the 

reactive solvent route, blends with nano-sized morphologies are even obtainable1. 

Therefore, knowledge of the phase diagram of polymer and reactive solvent and the 

thermodynamic behaviour upon polymerisation is essential. 

 

The phase diagram of a polymer-reactive solvent system can be constructed using the free 

energy of mixing as described by the Flory-Huggins equation2 (Equation 3.1). 
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(3.1) 

 

Where ϕ represents the volume fraction, N is the relative length of the chain and the 

subscripts 1 and 2 respectively denote the polymer and solvent. The development of the 

phase diagram for step-growth polymerisation of the reactive solvent is rather 

complicated as this type of polymerisation leads to a mixture of oligomers. However, such 

a mixture can be represented in a simplified approach by an average species which can be 

used to describe the polymer and polymerising reactive solvent as a quasi-binary system3. 

When the reactive solvent starts to polymerise, N2 starts to increase. Consequently, ∆Gm 

will rapidly become positive and phase separation will occur. Only when χ is very low or 
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negative, hence when a good interaction between polymer and solvent is present, can the 

system remain miscible up to a few degrees of polymerisation.  

 

The increase in molecular weight of the reactive solvent upon polymerisation can simply 

be described as a shift of the L-L demixing region to higher temperatures for a system 

with an upper critical solution temperature (UCST) and to lower temperatures for a 

system with a lower critical solution temperature (LCST) (see also Figure 1.3). In both 

cases, this results in a decreased miscibility window as the homogeneous region between 

the L-L demixing temperature and the degradation or vitrification temperature becomes 

smaller4-7. Nevertheless, up to a certain degree of polymerisation or molecular weight, 

which will be referred to as the critical molecular weight for dissolution, the mixture 

remains in the homogeneous state. Upon further polymerisation of the reactive solvent 

beyond this critical molecular weight, the mixture will be situated within the miscibility 

gap and phase separation will occur.  

 

This critical molecular weight for dissolution is even more important in the case of 

depolymerising polymers as reactive ‘solvents’. Initially, at low temperatures, the polymer 

and reactive ‘solvent’ are immiscible and only upon increasing the temperature the 

reactive ‘solvent’ can depolymerise to such an extent that the polymer becomes soluble. 

Obviously, this critical molecular weight for dissolving the polymer has to be in the same 

order as the critical molecular weight for phase separation in the reverse process of 

polymerising the reactive solvent from the homogeneous state. Thus in the case of 

depolymerising polymers as reactive ‘solvents’, the reactive ‘solvent’ should depolymerise 

to such an extent that the critical molecular weight is reached.  

 

In the case of the thermoplastic poly(urethanes) (TPU) described in Chapter 2, at least 

two different constituents are already present from the start, i.e. 4,4’-

methylenediphenyldiisocyanate (MDI) and 1,6-hexanediol (HD). Consequently, a ternary 

phase diagram of poly(2,6-dimethyl-1,4-phenylene ether) (PPE), MDI and HD should in 

principle be constructed, but due to the high reactivity of MDI and HD towards each 

other, this is virtually impossible. Furthermore, the most important feature of the 

PPE/TPU system is the critical molecular weight. Therefore, in this chapter, the binary 

phase diagram of PPE with MDI is first constructed and additionally, a built-up of the 

molecular weight is induced via the addition of HD to estimate the critical molecular 

weight. Finally, the effect of 1-hexanol (HEX), a commonly used chain terminator for 
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TPU, on the miscibility of the PPE/TPU system is investigated via the construction of 

phase diagrams of PPE with HEX and the trimer of MDI and HEX. 

 

3.2 Experimental 

 

3.2.1 Materials and sample preparation 

 

Poly(2,6-dimethyl-1,4-phenylene ether) (PPE, see Figure 3.1) with a viscosity average 

molecular weight of 30 kg/mol and a polydispersity of 2.5 was supplied by General 

Electric Plastics. The reactive solvent constituents 4,4’-methylenediphenyldiisocyanate 

(MDI) and 1,6-hexanediol (HD) were supplied by Acros and used without further 

purification. 1-Hexanol (HEX) was supplied by Merck. 

 

O

CH3

CH3

H H

n

    
Figure 3.1. Structural formula of poly(2,6-dimethyl-1,4-phenylene ether). 

 

Solutions of PPE in MDI with a PPE content ≤ 30 wt.% were prepared by dissolving the 

PPE in MDI using a mechanical stirrer at temperatures up to 200°C. Solutions with 

higher PPE concentrations were prepared in a circulating co-rotating twin screw mini-

extruder (volume of 5 cm3) at 200°C and 100 rpm. A mixing time of 5 minutes proved to 

be sufficient to obtain transparent homogeneous solutions. 

 

The quasi-binary solutions of 70 wt.% of PPE with MDI and HD were prepared by 

addition of the three components to the mini-extruder at 200°C and 100 rpm. At this 

temperature, the in-situ obtained polyurethane is expected to be thermally stable8, so no 

depolymerisation occurs. Using Equation 2.1 presented in Chapter 2, different number 

average molecular weights of TPU could be obtained as shown in Table 3.1. A mixing 
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time of 5 minutes proved to be sufficient to complete the reaction between MDI and HD 

in the solution. 

 

Table 3.1. Parameters for synthesized PPE/TPU systems. 

 PPE (g) MDI (g) HD (g) Calculated Mn of TPU  

(Eq. 3.3, p=1) (g/mol) 

PPE/TPU1 3.50 1.47 0.0350 202 

PPE/TPU2 3.51 1.44 0.0790 232 

PPE/TPU3 3.50 1.40 0.114 261 

PPE/TPU4 3.52 1.36 0.174 322 

 

The trimer of MDI and HEX was synthesized at 150°C by adding stoichiometric amounts 

of HEX to MDI in a stirred vessel equipped with a reflux cooler and nitrogen flow. The 

mixture was allowed to react for 30 minutes. The synthesized trimer was mixed with PPE 

in the mini-extruder at 200°C and 100 rpm.  

 

3.2.2 Characterisation 

 

The glass transition temperatures of the PPE mixtures were determined by dynamic 

mechanical thermal analysis (DMTA) (Polymer Laboratories MkII). The samples were 

analysed in the dual cantilever bending mode using a frequency of 1 s-1 and a heating rate 

of 2°C·min-1.  

The crystallisation, melting, and cloud point temperatures were determined with a Pyris-1 

DSC-apparatus (Perkin-Elmer). Indium was used for temperature calibration (Tm= 

156.6°C) and the applied scanning rate was 10°C·min-1 for all PPE solutions, except for 

the PPE/MDI solutions for which a scanning rate of 5°C·min-1 was used because of the 

low crystallisation rate of MDI. The temperature at the end of the endotherm was taken as 

the melting temperature, while the onset of the crystallisation exotherm was used to 

characterise the crystallisation temperature9. For the determination of the cloud point 

temperature, the onset of the exothermic signal upon cooling was taken10,11. 

The viscosity of homogeneous PPE/MDI solutions was studied using a Rheometrics 

RDS-II apparatus. A parallel-plate configuration was used to determine the dynamic 

viscosity in the frequency range of 0.05 - 200 rad·s-1 with a strain of 1% for several 

temperatures. The master curves were constructed by shifting the measured curves to a 

reference temperature of 200°C, according to the time-temperature superposition 
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principle. The solutions used for the annealing experiments were characterised using a 

cooling rate of 5°C·min-1 and a frequency of 10 rad·s-1.  

The morphology of the samples was visualised by both environmental scanning electron 

microscopy (ESEM, Philips ESEM-FEG XL30) and transmission electron microscopy 

(TEM, Jeol TEM 2000 FX). Samples for ESEM were microtomed to obtain smooth 

surfaces and subsequently etched using oxygen plasma or washed for 15 minutes in N,N’-

dimethylformamide (DMF). Samples for TEM were vapour stained after microtoming 

using rutheniumtetraoxide. 

 

3.3 Results and discussion 
 

Prior to investigating the miscibility of the quasi-binary PPE/TPU system, the miscibility 

of the two binary systems PPE/MDI and PPE/HD are studied. PPE proves to be 

immiscible with HD over almost the whole composition range. The results for the 

PPE/MDI system are described below.  

 

3.3.1 Miscibility of PPE/MDI solutions 
 

The combined results of the DMTA and DSC experiments are presented in Figure 3.2. 

Upon addition of MDI, the Tg decreases until a composition of 35 wt.% PPE is reached. 

This depression can be described by the Fox-equation12 using 218 and –13°C for the Tg of 

respectively neat PPE and MDI. The solutions in this composition range will vitrify upon 

cooling before any phase separation can occur, yielding homogeneous systems over the 

entire temperature range. This is confirmed by scanning electron micrographs of these 

materials in which no phase separation can be distinguished.  

 

For solutions containing less than 35 wt.% PPE, melting and, for some compositions, 

crystallisation of MDI can be observed in the DSC experiments. Crystallisation is only 

detected in solutions containing less than 10 wt.% PPE. In solutions containing a higher 

content of PPE, crystallisation is probably too slow to occur upon cooling in the DSC due 

to the high viscosity of the solution. These solutions will then be in the meta-stable state 

after cooling. Only after annealing at room temperature will crystallisation occur and a 

melting endotherm be observed. The melting temperatures (Tm) of the different 

compositions after annealing remain more or less constant up to 30 wt.% PPE, which is 
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expected as the melting temperature depression is limited for low molecular weight 

compounds in the presence of small amounts of polymer2,13. 
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Figure 3.2. Phase diagram of PPE/MDI solutions: ( ) measured Tg , (—) calculated Tg-composition line, ( ) 

measured Tm , (---) melting depression line, ( ) measured Tc . 

 

In contrast with other PPE/solvent systems, such as PPE/epoxy14 or PPE/cyclohexanol-

decaline15, no liquid-liquid (L-L) demixing region can be observed in the PPE/MDI 

system. For solutions containing less than 35 wt.% PPE, a liquid-solid (L-S) transition 

occurs first, resulting in a pure crystalline MDI phase and a PPE/MDI phase consisting of 

approximately 35 wt.% PPE. The L-L demixing region is probably situated either below 

this L-S demixing region or it is absent and is therefore not detectable. 

 

The constructed master curves of PPE/MDI solutions at varying MDI content are shown 

in Figure 3.3. Clearly, these curves show the typical shear thinning behaviour commonly 

observed for concentrated polymer solutions16. The viscosity of the solution decreases 

rapidly with increasing amounts of MDI and a plateau at low frequency starts to appear. 

Figure 3.3 shows that MDI can be applied effectively to improve the processability of PPE.  
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Figure 3.3. Dynamic viscosity versus reduced frequency of PPE/MDI solutions with MDI contents of 20, 30 and 

40 wt.% (reference temperature is 200°C). 

 

The high reactivity of MDI with itself results in an interesting phenomenon in the 

PPE/MDI systems. An unexpected increase in heat resistance and viscosity occurs upon 

annealing homogeneous, concentrated PPE/MDI solutions at room temperature, as can 

be seen in Figure 3.4. Furthermore, transmission electron micrographs of these annealed 

blends, of which a representative example is depicted in Figure 3.5, clearly reveal that 

phase separation has occurred. According to the phase diagram in Figure 3.2, the 

solutions are vitrified at room temperature, which normally reduces the mobility and 

hence reaction or phase separation. However, it is known that MDI possesses high 

reactivity in the solid state (below the melting point). The isocyanate groups can easily 

react with each other to form dimers17,18, as shown in reaction Scheme 3.2. 

 

R N
C

O

N R'
C

O

R N C O + O C N R'

 
 

 

 

(3.2) 

It was proposed that this reaction can proceed in the solid state because of the proper 

alignment of the reacting functional groups in the solid matrix19. Apparently, in the 
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vitrified PPE/MDI solutions the isocyanate groups of MDI are to some extent aligned and 

able to react. When the molecular weight of MDI increases due to this dimerisation 

reaction, a chemically induced phase separation will occur, resulting in a PPE-rich matrix 

with particles of dimerised MDI. In view of the fact that the system is vitrified, the 

observed scale of phase separation is rather surprising. 
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Figure 3.4. Effect of annealing at room temperature of PPE/MDI 60/40 wt.% solutions on: (a) storage modulus 

versus temperature; (b) dynamic viscosity versus temperature. 

 

 

500 nm 

 
 

Figure 3.5. Transmission electron micrograph of a PPE/MDI 60/40 wt.% solution after 2 weeks annealing at 

room temperature. 
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Although intriguing, the phenomena occurring in the PPE/MDI solutions are of no 

practical importance for the reactive solvent concept based on reversible depolymerisation 

as PPE/MDI solutions will not be obtained during processing.  The characteristics of the 

binary system PPE/MDI are only used as the starting point for the more complicated 

quasi-binary PPE/TPU system. The characteristics of this system are described in the next 

section. 

 

3.3.2 Miscibility of PPE/TPU systems: Critical molecular weight of TPU 
 

To determine the miscibility of PPE in TPU, PPE/TPU blends with increasing molecular 

weight of TPU were prepared via extrusion. The number average molecular weight (Mn) 

of a step-growth polymer such as TPU can be easily controlled using the Carothers 

equation already introduced in Chapter 2: 
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(3.3) 

 

In this case, Mmon is the average molecular weight of MDI and HD, 184 g/mol. Both the 

ratio of hydroxyl to isocyanate concentration (r) and the conversion of isocyanate groups 

(p) could be used to change the molecular weight of TPU. However, to be able to use the 

conversion as a parameter to control the molecular weight, the kinetic parameters of the 

reacting system would have to be precisely known and the reaction has to be terminated. 

Therefore, in this study the ratio of the reacting groups is used to control the molecular 

weight of TPU. The conversion of the reactive groups is considered to be 100% in our 

experiments.  

The extruded blends were analysed by DMTA which proved to be the only applicable 

technique for estimation of miscibility in these systems. The general approach of turbidity 

measurements to determine the cloud points was inadequate due to the high reactivity of 

the non-reacted isocyanate groups towards moisture and the thermal instability of the 

urethane bond at high temperatures, which caused non-reproducible results upon 

reheating and slowly cooling of the samples. 
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Figure 3.6. Tan delta versus temperature for PPE/TPU 70/30 wt.% blends with different Mn for TPU. The 

curves for Mn of 184 and 202 are vertically shifted for clarity. 

 

The results of the DMTA measurements are plotted in Figure 3.6. All blends show a peak 

in tan δ at elevated temperatures which shifts to higher temperatures upon increasing 

molecular weight of TPU. Furthermore, a second peak at lower temperatures appears 

beyond a certain molecular weight of TPU due to phase separation which also shifts to 

higher temperatures on increasing molecular weight. The high temperature peak 

corresponds to the Tg of the PPE-rich matrix and the Tg of this phase is determined by the 

Tg and the composition of both compounds according to the Fox-equation12. Because the 

increase in molecular weight of TPU results in a corresponding increase in its Tg
20 and 

the amount of TPU in the PPE-rich matrix will be lower when phase separation occurs, 

the resulting Tg of the matrix will increase upon increasing the molecular weight of TPU. 

The additional peak is appearing beyond a molecular weight of 232 g/mol and is caused 

by the occurrence of a second phase which is confirmed by scanning electron microscopy. 

An electron micrograph of this blend is shown in Figure 3.7. The blends with a Mn of 232 

and 261 g/mol are still visually transparent on exiting the extruder and they only become 

turbid after cooling which is indicative for UCST behaviour. The UCST-curve present in 

these systems is most likely shifted from below the melting curve (see Figure 3.2) to 

higher temperatures due to the increase in molecular weight of the TPU. This results in a 
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phase separated system at room temperature, but at the processing temperature of 

200°C, the system is still situated in the homogenous region. 

 

For the blend with Mn of 322 g/mol, no transparent state is observed on exiting the 

extruder, so probably for this Mn the UCST-curve is already extended to above 200°C. 

This means that no completely homogeneous solutions are obtained for this molecular 

weight at this temperature. However, from the absolute maximum in tan δ for this blend, 

it can be anticipated that this TPU is still partially miscible with PPE. The matrix Tg of 

180°C is much lower than the Tg of neat PPE (218°C), which strongly indicates that a 

substantial amount of TPU is still present in the PPE phase. Although the control of 

morphology is more difficult in the case of partial miscibility, the processability of PPE is 

still improved. 

 
 

Figure 3.7. Environmental scanning electron micrograph of a PPE/TPU 70/30 wt.% blend with Mn of TPU of 

232 g/mol. 

 

From the above, it can be concluded that the critical molecular weight of TPU for 

dissolution of PPE upon addition of 30 wt.% of TPU is around 300 g/mol at 200°C. 

Obviously, using other temperatures or compositions will change this critical molecular 

weight, but as a first estimation this value can be used. The consequence of this relatively 

low critical molecular weight is that TPU has to depolymerise to a large extent. Using 

Equation 3.3 with r now equal to one, the conversion of isocyanate groups p can be 

calculated to be 33%. The depolymerisation of TPU is the opposite process, so in order for 

TPU to be a suitable depolymerising reactive solvent for PPE, it should depolymerise to a 

‘conversion’ of approximately 67%.  
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3.3.3 Miscibility of PPE/TPU systems: Effect of 1-hexanol as chain terminator 
 

From the previous section, it is clear that phase separation between PPE and TPU will 

occur at relatively low molecular weights of TPU. This critical molecular weight can be 

increased by lowering the interaction parameter (more miscible solvent), as discussed in 

the introduction. The use of 1-Hexanol (HEX) as chain terminator to control the 

molecular weight in the synthesis of TPU has this result, as will be shown below. 
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Figure 3.8. Phase diagram of PPE/HEX solutions: ( ) measured Tg , (---) calculated Tg-composition line, (···) 

Tg due to thermo-reversible gelation, ( ) cloud point data, (—) cloud point curve. 

 

First, the miscibility of PPE and HEX is investigated. Mixing PPE with HEX at 200°C 

results in a transparent solution for almost all compositions. The constructed phase 

diagram from the DMTA and DSC experiments for these solutions is depicted in Figure 

3.8. Similar to MDI, the addition of HEX to PPE results in a decrease of the Tg of the 

system, which can be accurately described by the Fox-equation using a Tg for HEX of         

-79°C. However, in this case the depression only continues until ∼30 wt.% of HEX is 

added. For solutions containing more than 30 wt.% of HEX, a L-L demixing occurs upon 

cooling the sample. 
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Figure 3.9. DSC cooling and second heating curve for a PPE/HEX 60/40 wt.% solution. Tcp indicates the 

temperature at which demixing starts. Scanning rate is 10 K·min-1. 

 

The demixing of PPE and HEX can be clearly observed in the DSC experiments. In 

Figure 3.9, an example of such a measurement is presented. Similar to atactic 

polystyrene/decalin10 and atactic poly(methyl methacrylate)/1-butanol or cyclohexanol11 

systems, an exothermic signal upon cooling can be detected which is indicative for the 

presence of UCST-demixing behaviour. Similarly, the presence of LCST-demixing 

behaviour would result in an endothermic signal upon heating21. This exothermic signal 

can be associated with the enthalpic effects of the UCST-demixing process and can 

therefore be regarded as an indication for ∆Hdemix (the shaded area in Figure 3.9). The 

onset of this exothermic signal is taken as data point for the construction of the cloud 

point curve (Tcp). Upon further cooling, a change in slope of the heat flow can be observed 

as the matrix phase starts to vitrify and consequently the demixing process is arrested. 

Heating of the sample results in an endothermic signal due to the homogenisation 

process. At approximately Tcp, the sample is homogeneous again. From Figure 3.10, the 

effect of composition on ∆Hdemix is evident. For the blend containing 30 wt.% of HEX, 

almost instantaneous vitrification occurs after the phase separation has started, resulting 

in a much shorter time for phase separation and consequently a much smaller ∆Hdemix for 

this system. 
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Figure 3.10. DSC cooling curves for PPE/HEX solutions with 30 and 40 wt.% of HEX. Cooling rate is 10 K·min-1. 

 

The resulting L-L demixing curve obtained from these DSC experiments is shown in the 

phase diagram. The invariant value of Tg over the composition range where L-L demixing 

occurs is caused by thermo-reversible gelation11. This effect arises from the fact that the 

phase separation process is arrested as soon as the cloud point curve intersects with the 

Tg-composition line. At this point, which is referred to as the Berghmans point, the PPE-

rich phase will vitrify and all the phase separated solutions will exhibit a Tg of ∼85 °C. 

Furthermore, it can be observed from the DSC experiments that no crystallisation or 

melting peaks for PPE are present, in contrast with other PPE-solvent systems like 

PPE/cyclohexanol or PPE/decalin15. The morphology of these PPE/HEX systems is 

visualised with ESEM after the 1-hexanol phase has been washed away and an example is 

shown in Figure 3.11. Clearly, phase separation has occurred. 

 

From the comparison of the PPE/HEX system with the PPE/HD system, it is obvious that 

1-hexanol is a better solvent for PPE than 1,6-hexanediol. This will result in an increased 

critical molecular weight for dissolution when 1-hexanol is used which in return will lead 

to a favourable lower processing temperature for the processing of PPE using TPU. 
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Figure 3.11. Environmental scanning electron micrograph of a PPE/HEX 60/40 wt.% solution. 

 

To investigate the effect of increasing molecular weight, HEX is added in stoichiometric 

amounts to MDI which results in a so-called TPU-trimer (HEX-MDI-HEX). The 

polydispersity of this TPU-trimer has to be close to one as no distribution of molecular 

weight is possible in this case. The trimer possesses a Mn of 484 g/mol, a single, sharp 

melting peak with a onset temperature of 95°C and a crystallisation temperature of 83°C. 

The phase diagram of PPE and HEX-MDI-HEX is shown in Figure 3.12. The Tg-

depression line can now be described by the Fox-equation using a Tg of –15°C for HEX-

MDI-HEX.  A L-L demixing curve is again observed and the cloud point data can be 

extracted from DSC experiments similar as for the PPE/HEX system. Due to the higher 

molecular weight of HEX-MDI-HEX, the demixing curve is shifted to higher 

temperatures and enlarged compared to the PPE/HEX system. Obviously, the miscibility 

with PPE is decreased for HEX-MDI-HEX compared to HEX. However, homogeneous 

solutions can still be obtained at 200°C for these systems up to 50 wt.% HEX-MDI-HEX. 

Higher amounts of HEX-MDI-HEX result in immiscible blends at 200°C, indicating that 

the cloud points for these solutions are situated above 200°C. Unfortunately, these cloud 

points are experimentally not accessible due to the occurrence of depolymerisation above 

200°C for these compounds (see Chapter 4). Nevertheless, it is clearly demonstrated that 

in this case homogeneous solutions are obtainable for Mn as high as 500 g/mol. This 

increase in critical molecular weight compared to the systems with HD is anticipated to 

be caused by the increased solvent quality, although the decreased polydispersity of the 

trimer could also be important.  
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Figure 3.12. Phase diagram of PPE/HEX-MDI-HEX solutions: ( ) measured Tg , (---) calculated Tg-composition 

line, (···) Tg due to thermo-reversible gelation, ( ) cloud point data, (—) cloud point curve, ( ) 

measured Tm , ( ) measured Tc . 

 

3.4 Conclusions 
 

In this chapter, the miscibility of the different constituents of TPU with PPE was 

investigated. First, the binary system PPE/MDI was studied. Homogeneous solutions 

with significantly lower viscosities than neat PPE were obtained at elevated temperatures 

over the entire composition range. The phase diagram of this system revealed 

homogeneous, vitrified solutions for compositions of 35 wt.% PPE or higher. For 

solutions containing less than 35 wt.% PPE liquid-solid phase separation was observed. 

Via addition of HD, the critical molecular weight for dissolution was obtained for the 70 

wt.% PPE system and was estimated to be 300 g/mol at 200°C. Using 1-hexanol as a 

chain terminator, the miscibility of PPE and TPU was increased, resulting in an increased 

critical molecular weight in the order of 500 g/mol. This results in an essential decrease 

of the processing temperature for PPE/TPU blends, as will be shown in Chapter 5. 
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Chapter 4 
 
 
Depolymerisation of thermoplastic poly(urethanes) 
 
 

4.1 Introduction 
 

The thermal stability of thermoplastic poly(urethanes) (TPUs) has been investigated by 

many authors1-7 and it was found that, in general, TPUs possess a ceiling temperature (Tcl) 

below their degradation temperature. Furthermore, this ceiling temperature can be easily 

altered via a change in the type of constituents, as can be seen in Table 4.11. 

 

Table 4.1. Ceiling temperatures for different types of poly(urethanes). 

Compound Tcl (°C) 

Alkyl-NH-COO-Alkyl 250 

Aryl-NH-COO-Alkyl 200 

Alkyl-NH-COO-Aryl 180 

Aryl-NH-COO-Aryl 120 

 

The equilibrium reaction for the formation of TPU is schematically shown in reaction 

Scheme 4.1. The rate equation for the formation and dissociation of the urethane bond, 

assuming first order kinetics, is given in Equation 4.2. 

 

2121 RNHCOORRHOOCNR
fk

dk
−−−+==−  →

←  
 

(4.1) 

 

]][[][][ OHNCOkNHCOOk
dt

NHCOOd
fd +−=  

 
(4.2) 

 

Where [NHCOO], [NCO] and [OH] are the concentration of the urethane, isocyanate and 

hydroxyl groups, respectively. For every equilibrium reaction, an equilibrium constant (K) 

can be defined using either a kinetic or a thermodynamic approach8. For the step-growth 

reaction described in Scheme 4.1, the kinetic approach leads to Equation 4.3. 

 



52 Chapter 4 

 

)(

][][
][ RT

E

d

p
a

eA
OHNCO

NHCOO
k
k

K ⋅===  
 

(4.3) 

 

This definition of K is more complicated than that for chain-growth polymers, as for these 

polymers the concentration of propagating species (P* and PM*) can be considered to be 

equal on both sides of the equilibrium, represented in reaction Scheme 4.4.  

 

** PMPM →
←+  (4.4) 

 

For high molecular weight chain-growth polymers, K reduces then to Equation 4.59: 

 

][
1
M

K =  
 

(4.5) 

 

Where [M] is the equilibrium monomer concentration.  

 

On the other hand, the thermodynamic definition of K results from: 

 

0ln0 =+∆=∆ KRTGG polpol  (4.6) 

 

Rewriting K yields Equation 4.7, also known as the Van ‘t Hoff equation10: 
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(4.7) 

 

Where ∆H0
pol and ∆S0

pol are the enthalpy and entropy change accompanying 

polymerisation at the standard state when the concentration of monomers is unity. 

According to Equation 4.7, the plot of ln K versus the reciprocal temperature should 

result in a linear relationship provided that ∆H0
pol and ∆S0

pol are independent of 

temperature and no irreversible side reactions occur. The first condition implies that the 

difference in heat capacity (∆Cp) between reactants and products is equal to zero10, which 

is approximately true in a small temperature range and outside the glass transition 

region. The second condition imposes a limit on the experimental temperature for TPU 

to approximately 260°C, as earlier studies have shown that irreversible reactions, such as 

the formation of carbodiimide, can occur above this temperature4,6,11. This limits the 
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temperature range, over which the depolymerisation behaviour of TPU can accurately be 

described, to 120 – 260°C. 

 

The TPU used in this study only consists of short building blocks, i.e. 4,4’-

methylenediphenyldiisocyanate and 1,6-hexanediol. For this system, monitoring of the 

depolymerisation reaction is restricted to in-situ techniques as it is impossible to 

determine the depolymerisation of this type of TPU by rapidly quenching a sample to 

below its Tg followed by size exclusion chromatography (SEC) due to the high rate of 

(re)polymerisation. In attempts to do so, the only noticeable observation is a change in the 

molecular weight distribution; no change in the number average molecular weight is 

observed2,4. Only in the case that poly(glycols) are incorporated in the TPU, as in 

elastomeric TPUs, the repolymerisation is slowed down to such an extent that SEC can be 

used to determine depolymerisation12. For these elastomeric TPUs, the kinetics of the 

decrease in molecular weight can be studied accurately while this is much more difficult 

in our system due to the almost instantaneously obtainment of equilibrium conditions. 

Therefore, the kinetics of the system are not investigated and only equilibrium conditions 

are considered. Fourier transform infrared spectroscopy (FT-IR) can be used to 

quantitatively monitor the depolymerisation of TPU via the absorptions of the isocyanate 

group in the mid-infrared region13. Especially the strong anti-symmetric stretch 

absorption, situated at 2270 cm-1, is suited for quantitative analysis, since no overlap with 

other absorption peaks exists. 

 

Recently, temperature modulated differential scanning calorimetry (TM-DSC) was used to 

determine the depolymerisation of TPU14. The advantages of TM-DSC compared to 

conventional DSC is that the heat capacity (Cp) of TPU can be more accurately measured, 

as described in Chapter 2. The method to determine the depolymerisation of TPU is 

based on the fact that, in general, the heat capacity of a polymer increases linearly with 

temperature above and below Tg
15. At the Tg of the polymer, the Cp shows a step-wise 

increase, referred to as ∆Cp. However, for TPUs as shown by Dickie14, the heat capacity 

deviates from linearity beyond a certain temperature. The measured Cp is higher than 

expected, which is due to the decreasing molecular weight with increasing temperature16. 

As can be derived from Equation 4.817, the Tg of a polymer decreases with decreasing 

molecular weight, which causes the increase in ∆Cp as described in Equation 4.918. 
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In these equations, Tg
∞ represents the limiting value of Tg at infinite molecular weight and 

C1 and C2 are constants. In Dickie’s study, the constants were derived from polystyrene 

standards since accurate TPU standards are not available. Using the data from the 

polystyrene standards to quantitatively construct the depolymerisation curve of TPU is 

questionable, especially when the molecular weight of the TPU is low. For low molecular 

weight TPUs, the contribution of the end groups to the heat capacity is not negligible. 

Although the approach by Dickie is of questionable quantitative value, the results from 

the TM-DSC experiments are expected to be qualitatively valid, and as such, are included 

in this report.  

 

In this chapter, the depolymerisation behaviour of TPU is investigated in order to 

determine the potential of different TPUs as reactive ‘solvent’ for PPE. To combine the 

depolymerisation behaviour with the miscibility results as presented in Chapter 3, TPUs 

containing the same combination of building blocks, i.e. aromatic diisocyanate (MDI) and 

aliphatic diol (HD), are studied. Furthermore, the effect on the depolymerisation 

behaviour by lowering the starting molecular weight via the addition of 1-hexanol as chain 

terminator as described in Chapter 2, is investigated. The potential approach to influence 

the depolymerisation temperature by changing the constituents as described in Table 4.1, 

is not used in this study due to its limited practical applicability. For example, replacing 

the non-miscible aliphatic diol by a miscible aromatic diol would shift the ceiling 

temperature to lower values but would also significantly decrease the thermal stability of 

the PPE/TPU blend since rehomogenisation of the blend will also occur at lower 

temperatures. 
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4.2 Experimental 

 

4.2.1 Materials 

 

The TPUs used for the depolymerisation study, TPU-0%, TPU-2%, TPU-4% and TPU-

8%, have already been described in Chapter 2. The important characteristics of these 

TPUs for the quantification of depolymerisation, i.e. the initial isocyanate group 

concentration, [NCO]0, the ratio of the initial concentrations of hydroxyl to isocyanate, r, 

and the starting Mn are summarized in Table 4.2 .  

 

Table 4.2.  Parameter values used in the depolymerisation studies. 

Compound r 

([OH]/[NCO]) 

[NCO]0  

(mmol/g) 

Starting Mn  

(kg/mol) 

TPU-0% 0.994 5.444 30.5 

TPU-2% 0.993 5.448 9.3 

TPU-4% 0.993 5.455 4.5 

TPU-8% 0.993 5.473 2.1 

 

4.2.2 Fourier transform infrared spectroscopy (FT-IR) 

 

All samples were analysed using a high temperature sample holder equipped with a 3 

mm thick crystal carrier of potassium bromide (KBr). The high molecular weight TPU-

0% was solution cast from N,N'-dimethylformamide (DMF) and the resulting film was 

placed between two thin KBr-pellets while the low molecular weight TPUs were melted 

between two thin KBr-pellets. The temperature of the sample was controlled using a 

thermo-couple mounted on the carrier as close as possible to the sample. Spectra were 

recorded using a Mattson Instruments Polaris at a resolution of 8 cm-1 and 16 scans. For 

each temperature, the sample was allowed to stabilize for at least 10 minutes. 

 

4.2.3 Temperature modulated differential scanning calorimetry (TM-DSC) 

 

The calorimetry experiments were performed using a TA Instruments model 2920 DSC-

apparatus equipped with a liquid nitrogen cooling unit. The DSC-runs of the TPUs were 
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measured over a 50 to 250°C temperature range using an underlying scanning rate of 

4°C/min, an amplitude of 0.420°C and a period of 40 sec (heating only conditions). The 

heat capacity of the sample as a function of temperature is extracted from the reversing 

heat flow signal.  

 

4.3 Results and discussion 
 

4.3.1 Depolymerisation of TPU 
 

As discussed in the introduction, there are two suitable techniques to monitor in-situ the 

equilibrium depolymerisation of TPU at elevated temperatures, i.e. temperature 

modulated differential scanning calorimetry (TM-DSC) and fourier transform infrared 

spectroscopy (FT-IR). In Figure 4.1, the heat capacity (Cp) curves measured with TM-DSC 

for TPU-0% are depicted.  
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Figure 4.1. Heat capacity (Cp) versus temperature for TPU-0% obtained from TM-DSC: (a) cooling curve, and 

(b) second heating curve. The dotted line represents the expected linear increase of Cp for constant 

molecular weight of TPU-0%. 

 

From this figure, two important features of the (de)polymerisation reaction of TPU can be 

observed. First, the heating and cooling curves match each other almost perfectly, 
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indicating that the (de)polymerisation reaction is completely reversible up to the 

maximum temperature of this study of 250°C. Secondly, no reaction exo- or endotherms 

can be observed during the heating and cooling runs. Obviously, the rate of reaction is so 

high that equilibrium reaction conditions are constantly present during the 

measurement. Furthermore, an estimation of Tcl for TPU-0% can be derived. As 

explained in Equations 4.8 and 4.9, ∆Cp increases when the molecular weight of TPU 

decreases due to the depolymerisation. This increase in ∆Cp results in a deviation of Cp 

from linearity, indicated by “D” in the figure. The onset of deviation can be used as 

estimation for Tcl and from Figure 4.1 the Tcl for TPU-0% is determined to be 

approximately 160°C. According to Table 4.1, a Tcl of 200°C would be expected, but more 

recent studies show a close resemblance with our data2,3,12. Therefore, this table should be 

regarded as a guideline and indicative of the trend that will occur when changing 

constituents.  
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Figure 4.2. Infrared spectra for TPU-0% at different temperatures. 

 

The FT-IR spectra collected for TPU-0% at different temperatures are shown in Figure 

4.2. An increase in the isocyanate absorption band at 2270 cm-1 with increasing 

temperature can be observed showing the depolymerisation of the TPU. The complete 

reversibility of the reaction is validated by both the disappearance of the isocyanate 

absorption band after cooling the sample to room temperature and the absence of an 

absorption band at 2137 cm-1 associated with carbodiimide3, which is the product of the 
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irreversible reaction of TPU at elevated temperatures19. In order to compensate for the 

variation in film thickness during the measurement, the phenyl overtone absorption band 

at 1900 cm-1 is used as an internal reference. 

 

From the spectra (see Figure 4.2), the concentration of isocyanate groups at different 

temperatures can be calculated using Equation 4.10. 

 

0
1900

2270 ][1][ NCO
zI

I
NCO T ⋅⋅=  

 
(4.10) 

 

Where [NCO]0 represents the maximum concentration of isocyanate groups at complete 

depolymerisation (Table 4.2), I2270 and I1900 are the peak heights at 2270 and 1900 cm-1 

and z is the ratio between the peak heights at 2270 and 1900 cm-1 for completely 

depolymerised TPU. This ratio z is determined via spectra of pure MDI at room 

temperature at different concentrations and is calculated to be 5.09. The equilibrium 

parameter K can then be determined using Equation 4.3, which can be rewritten as 

Equation 4.11. 
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Where r is the initial ratio of hydroxyl to isocyanate concentrations (Table 4.2). The 

resulting plot of ln K versus the reciprocal temperature is presented in Figure 4.3. The 

relationship is linear confirming that the depolymerisation of TPU is a reversible 

equilibrium reaction for these temperatures. 

 

The obtained relationship of K versus temperature from Figure 4.3 can be used to 

calculate the concentration of the isocyanate groups as a function of temperature 

according to Equation 4.12, which is derived from Equation 4.11. 
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Figure 4.3. Equilibrium parameter K versus the reciprocal temperature for TPU-0% extracted from FT-IR 

experiments. 

 

Next, the conversion of isocyanate groups, p, can be obtained as a function of temperature 

using Equation 4.13, and the results are depicted in Figure 4.4. 
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Figure 4.4. Conversion of isocyanate groups (p) versus temperature for TPU-0% calculated using Equation 4.13. 
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Finally, the number average molecular weight can be calculated using the Carothers 

equation20 shown in Equation 4.14. 

 

monn M
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+=
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(4.14) 

 

Where Mmon is the average molecular weight of the two monomers, 184 g/mol. The 

resulting depolymerisation curve is depicted in Figure 4.5. A large decrease in molecular 

weight at relatively low temperatures can be observed due to the step-growth mechanism 

of the polymerisation, but it can also be seen that relatively high temperatures are 

required to depolymerise the polymer to almost monomer fragments. Due to the 

dependence of the enthalpy and entropy of the reaction on temperature and the 

occurrence of irreversible side reactions, as mentioned in the introduction, the 

depolymerisation curve is only valid in the temperature range from 120 to 260°C. 
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Figure 4.5. Number average molecular weight (Mn) versus temperature for TPU-0% calculated using Equation 

4.14. The experimental points ( ) are derived from the FT-IR experiments. 

 

From the FT-IR experiments, an estimation of the ceiling temperature of this TPU can be 

derived by plotting the natural logarithm of the number average molecular weight relative 

to the starting molecular weight (Mn
rel) versus the reciprocal temperature, which results in 

a linear relationship. The temperature at which ln Mn
rel is equal to zero can be used as an 
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indication of the ceiling temperature. From Figure 4.6, it can be observed that this ceiling 

temperature of approximately 155°C agrees well with the results from the TM-DSC 

experiments on this polymer. 
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Figure 4.6. Determination of the ceiling temperature for TPU-0%. 

 

4.3.2 Effect of starting molecular weight of TPU on the depolymerisation behaviour 
 

While the effect of different constituents on the depolymerisation behaviour of TPU has 

been known for a long time (see Table 4.1), the effect of the starting molecular weight on 

this behaviour has never been taken into account. Nevertheless, a substantial effect is to 

be expected since the concentration of reactive groups will change when the starting 

molecular weight is changed and also the entropic contribution for the break up of small 

molecules will be different from that of large molecules. Therefore, in this section the 

depolymerisation behaviour for the low Mn TPUs terminated with 1-hexanol is discussed. 

 

Multiple melting and crystallisation peaks are present in the TM-DSC heating runs of the 

low Mn TPUs, as shown in Figure 2.7. The effect of the presence of crystals on the 

depolymerisation behaviour is still subject of discussion. Koberstein et al.21 observed that 

crystal formation stabilises the urethane bond and thus increases Tcl, while Yang et al.2 
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found no effect on the depolymerisation. Nevertheless, it does complicate the 

determination of Tcl. Therefore, the cooling curve, in which no crystallisation peaks are 

present, is used for this purpose. In Figure 4.7, the heat capacity curve for TPU 

containing 4 wt.% of 1-hexanol (TPU-4%) is presented. Similar as for TPU-0%, the 

temperature at which the Cp curve starts to deviate from linearity can be regarded as the 

ceiling temperature for this TPU. From Figure 4.7, it can be derived that this Tcl is 

approximately 190°C, substantially higher than was found for TPU-0%.  
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Figure 4.7. Heat capacity (Cp) versus temperature for TPU-4% obtained from TM-DSC (cooling curve). 

 

This change in ceiling temperature upon changing the starting molecular weight of TPU 

via the addition of 1-hexanol can also be observed in the FT-IR experiments. In Figure 4.8, 

the data obtained from these FT-IR experiments are compared to that of the high 

molecular weight TPU. For the low molecular weight samples, a linear relationship 

between ln K and the reciprocal temperature is observed which proves that also these 

polymers depolymerise reversibly. Moreover, the slopes of the curves are increased 

compared to the TPU without 1-hexanol, TPU-0%. This change probably originates both 

from the change in chemical potential of the system due to the addition of 1-hexanol and 

from the change in molecular weight, resulting in a higher decrease of molecular weight 

as a function of temperature for the low starting molecular weight TPUs. This is verified 

in the plot of the conversion of isocyanate groups versus temperature, as depicted in 

Figure 4.9 in which TPU-4% is again compared with the TPU-0% sample. The 
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conversion of low molecular weight TPU starts to decrease at higher temperatures, 

indicating that the ceiling temperature for TPU-4% is higher than that of TPU-0%. On 

the other hand, the decrease in conversion with temperature is much faster for TPU-4% 

than for TPU-0%, which shows that the equilibrium degree of depolymerisation is higher 

for TPU-4%. Consequently, TPU-4% reaches zero conversion of isocyanate groups at 

much lower temperatures than the high molecular weight TPU.  
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Figure 4.8. Equilibrium parameter K versus reciprocal temperature for different TPUs. Symbols represent FT-IR 

measurements, lines indicate the linear fit: ( ) and (---) TPU-8%, ( ) and (-·-) TPU-4%, ( ) and 

(-··) TPU-2%. The linear fit obtained for TPU-0% is indicated with a dotted line for comparison. 
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Figure 4.9. Conversion of isocyanate groups (p) versus temperature for (—) TPU-0% and (---) TPU-4%. 
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From Figure 4.10, the ceiling temperature for the different TPUs can be determined as 

already explained in Section 4.3.1. Clearly, decreasing the starting molecular weight of the 

TPU results in an increase in the ceiling temperature.  For the low Mn TPUs, the ceiling 

temperatures range now from 190 to 197°C and increase upon decreasing the starting 

molecular weight. This effect can be explained via the definition of the ceiling 

temperature as stated in Equation 4.158. 

 

pol

pol
cl S

H
T

∆
∆

=  
 

(4.15) 

 

Both the enthalpy of polymerisation ∆Hpol and the entropy of polymerisation ∆Spol are 

given per mole. The enthalpy of polymerisation will not be influenced by the molecular 

weight of the polymer as the heat release accompanying the formation of a polymer chain 

bond is independent of the length of the chain. On the other hand, the entropy of 

polymerisation will vary significantly with the molecular weight of the polymer formed. 

The entropy loss of a monomer is much larger when it is attached to a large chain 

compared to a short chain. Consequently, ∆Spol is lower for lower molecular weights8, 

resulting in a higher ceiling temperature. 
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Figure 4.10. Determination of the ceiling temperature for ( ) TPU-0%, ( ) TPU-2%, ( ) TPU-4% and ( ) 

TPU-8%. 
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The depolymerisation curves for the different TPUs are depicted in Figure 4.11. As can be 

observed, the desired low molecular weights for miscibility can be reached at lower 

temperatures when lower starting molecular weights of TPU are used. This is of crucial 

importance for the application of TPU as a reactive ‘solvent’, as will be discussed in 

Chapter 5. 
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Figure 4.11. Mn versus temperature for different TPUs. Graph (b) is an enlargement of graph (a). 

 

4.4 Conclusions 
 

The ceiling temperature (Tcl) for a TPU consisting of 4,4’-methylenediphenyldiisocyanate 

(MDI) and hexanediol (HD) and with a molecular weight of 30.5 kg/mol was determined 

to be 160°C using temperature modulated differential scanning calorimetry (TM-DSC). 

Furthermore, the TM-DSC experiments proved that the depolymerisation reaction of TPU 

is completely reversible and equilibrium is attained almost instantaneously. The 

quantitative depolymerisation curve was constructed using fourier transform infrared 

spectroscopy (FT-IR). Using this technique, a Tcl of 155°C was derived for this polymer. 

Furthermore, a rapid decrease in molecular weight at relatively low temperatures proved 

to be present, but highly elevated temperatures were necessary for complete 

depolymerisation to monomers. 

 

Lowering the starting molecular weight of TPU via a chain termination reaction with 1-

hexanol resulted in a significantly higher ceiling temperature compared to the high 

molecular weight TPU. The ceiling temperatures for these compounds ranged from 
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190°C to 197°C depending on the molecular weight with the lowest Mn TPU having the 

highest Tcl. Although the ceiling temperature is higher for TPUs having lower starting 

molecular weights, complete depolymerisation was obtained for these TPUs at lower 

temperatures due to the faster decrease in molecular weight once the depolymerisation 

has started.  
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Chapter 5 
 
 
Low molecular weight thermoplastic poly(urethane) 
as reactive solvent for poly(2,6-dimethyl-1,4-
phenylene ether) 
 
 

5.1 Introduction 
 

As discussed in Chapter 1, obtaining a homogeneous solution is of crucial importance for 

the concept of reactive solvents. Therefore, in order for TPU to function as a reactive 

‘solvent’ for PPE, TPU has to depolymerise to sufficiently low molecular weight 

fragments to be able to dissolve PPE. The critical molecular weight for TPU to dissolve 

PPE was determined in Chapter 3 and a value of 300 g/mol was found for systems 

consisting of only 4,4'-methylenediphenyldiisocyanate (MDI) and hexanediol (HD), 

referred to as TPU-o%. Consequently, TPU-0% would have to depolymerise to below this 

value at the processing temperature. From the depolymerisation curve for TPU-0% 

obtained in Chapter 4, the required processing temperature for this PPE/TPU system can 

be calculated and a value of 280°C was found (see Figure 5.1). Unfortunately, this is above 

the temperature at which isocyanates can undergo irreversible side reactions (Tdegr, 

260°C)1, which makes this TPU unsuitable as a reactive ‘solvent’ for PPE.  

 

The temperature required for homogeneous PPE/TPU solutions can be lowered by 

lowering the molecular weight of the TPU component through the use of 1-hexanol, as 

described in Chapter 2. This has two desirable effects. First, the critical molecular weight 

increases from 300 up to 500 g/mol, depending on the amount of 1-hexanol2. Second, the 

depolymerisation curves for these TPUs are shifted to lower temperatures3. As can be 

extracted from Figure 5.1, the required processing temperature to obtain homogeneous 

solutions is now below the temperature at which irreversible TPU reactions occur. 

Therefore, the low molecular weight TPU compounds are applied as reactive ‘solvent’ for 

PPE. 
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Figure 5.1. Depolymerisation curves for TPUs containing different percentages of 1-hexanol. The dotted lines 

represent the miscibility limits and the arrow and shaded area indicate the required processing 

temperatures for the TPU-0% and TPU-8% respectively. 

 

The processing of polymers using reactive solvents based on the concept of reversible 

depolymerisation possesses three main characteristics:  

1. Decreased viscosity or processing temperature of the system due to the formation 

of a homogeneous polymer/solvent solution. This enables the intractable polymer 

to be processed at acceptable lower temperatures.  

2. Phase separation upon cooling due to repolymerisation of the solvent. This 

enables the system to be used in commercial processes such as injection moulding 

and extrusion. 

3. Formation of a final morphology with a dispersed polymerised reactive solvent 

phase in a matrix of the intractable polymer. This enables the final part properties 

to be dominated by the properties of the intractable polymer and eliminates the 

need for removal of the solvent. 

 

The objective of the concept is to be able to process polymers in short cycle time 

applications without introducing chemistry, as described in Section 1.4. This implies that 

the system should be processable in a (semi-)continuous operation. The processing 

characteristics of the model system consisting of PPE and 20 wt.% of TPU-8% are 
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studied using both a batch and continuous operation. The two modes of operation are 

compared for different compositions and starting molecular weight of TPU.  

 

The phase separation in the PPE/TPU systems is a combination of ChIPS, as a result of 

the repolymerisation, and TIPS, as a result of cooling. Further, since it can interfere with 

vitrification and it is expected that the repolymerisation reaction is extremely fast, the 

morphology development is complex. Therefore, the phase separation and the 

morphology of the PPE and 20 wt.% of TPU-8% model system is explored in detail using 

DSC, DMTA and ESEM. Furthermore, the effect of starting molecular weight of TPU and 

composition is studied. Finally, some methods to reduce the residual fraction of TPU in 

the PPE matrix phase are investigated. 

 

5.2 Experimental 

 

5.2.1 Materials and blend preparation 

 

Poly(2,6-dimethyl-1,4-phenylene ether) (PPE) with a viscosity average molecular weight of 

30 kg/mol was supplied by General Electric Plastics, Bergen op Zoom. The characteristics 

of the low molecular weight TPUs, i.e. TPU-2%, TPU-4% and TPU-8%, are described in 

Chapter 2.  

 

Batch-wise preparation of blends of PPE and low Mn TPU was performed in a circulating 

co-rotating twin screw mini-extruder (volume 5 cm3) at 250°C and 100 rpm. A mixing 

time of 5 minutes proved to be sufficient to obtain transparent homogeneous solutions. 

Blends containing PPE and 20 wt.% of low Mn TPU were also extruded in a continuous 

operation using a Werner & Pfleiderer ZSK-25 extruder with a screw diameter of 25 mm, 

a screw length of 106 cm and a volume of approximately 400 cm3. The screw 

configuration can be described as: 

 

5*t, 3*kt, tneg, 4*t, kt, t, 2*kt, t, 2*kt, t, 2*kt, tneg, t, 2*kt, tneg, 3*t, die 

 

Where t represents a positive transport element, kt is a positive mixing element and tneg is 

a negative transport element, all with their own characteristic standard lengths. TPU was 

added to the extruder as the main stream, while PPE was added via a side stream 
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extruder. The addition of the compounds was controlled using two gravimetric K'tron 

Soder feeders (K-CL-KQX2 single screw for the TPU granules, K-CL-KT20 double screw 

for the PPE powder). The output of the extruder was set to 2 kg/hr and the screw speed 

was 300 rpm. Upon exiting the extruder, the extrudate was cooled with air and chopped 

into small granules. 

 

5.2.2 Characterisation 
 

The glass transition temperatures and the storage moduli of the PPE blends were 

determined using dynamic mechanical thermal analysis (DMTA) (Polymer Laboratories 

MkII). The samples were analysed in the dual cantilever bending mode using a frequency 

of 1 Hz and a heating rate of 2°C·min-1.  

Differential scanning calorimetry (DSC) on a Pyris-1 DSC-apparatus from Perkin-Elmer 

was used to determine the phase separation temperature. Indium was used for 

temperature calibration (Tm= 156.6°C) and the applied scanning rate was 10°C·min-1. For 

the determination of the phase separation temperature, the onset of the exothermic signal 

upon cooling was taken2. 

The dynamic rheological behaviour was characterised using a Rheometrics RDSII 

spectrometer. A parallel-plate test set-up was used to determine the dynamic viscosity at a 

frequency of 10 rad·s-1 and a strain of 1%. The applied scanning rate was 5°C·min-1. 

The morphology of the samples was visualised by Environmental scanning electron 

microscopy (ESEM, Philips ESEM-FEG XL30). Samples for ESEM were fractured at room 

temperature and some samples were subsequently etched for 15 minutes in N,N’-

dimethylformamide (DMF) to remove the TPU phase.  

 

5.3 Results and discussion 
 

First, the three main characteristics of the reactive solvent concept based on reversible 

depolymerisation, i.e. processability, phase separation and morphology, are described 

using the PPE/TPU-8% 80/20 wt.% model system produced on the ZSK-extruder. Next, 

the effects of the starting molecular weight of TPU and the composition on the 

characteristics of the system are discussed, including the comparison between batch and 

continuous operations. Finally, some methods to reduce the residual fraction of TPU in 

the PPE matrix are presented. 
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5.3.1 The PPE/TPU-8% 80/20 wt.% model system 
 

PPE, which can generally not be processed at 250°C due to its very high intrinsic viscosity 

at this temperature, can be easily processed at this temperature using the ZSK-extruder 

upon addition of only 20 wt.% of TPU. The solution obtained is visually transparent and 

shows no sign of so-called ‘black spots’, pieces of degraded PPE, which indicates that PPE 

remains completely intact. Obviously, the first of the three criteria for a successful 

reactive solvent can be met by the PPE/TPU system. 

 

The processability of the system was investigated in more depth using rheometry. 

Unfortunately, the standard approach of determining the viscosity over a large shear rate 

range via the time-temperature superposition principle cannot be used for this system. 

Since the molecular weight of the TPU changes with temperature, the curves cannot be 

shifted accurately. To get some indication of the viscosity at the processing temperatures, 

the dynamic temperature ramp approach was used in which the viscosity is determined at 

different temperatures at a fixed frequency. The resulting plot for the model system is 

depicted in Figure 5.2. Upon cooling, the viscosity increases until at a certain temperature 

an additional increase can be observed which is probably caused by the vitrification of the 

matrix after phase separation. At low temperatures, the viscosity reaches a plateau value, 

which is not a material value, but it is determined by the machine stiffness. Although the 

shear thinning effect cannot be explored in this way, it is anticipated that it will be much 

less than the pronounced shear thinning behaviour of neat PPE. As already observed by 

Venderbosch et al.4, the addition of a solvent to PPE results in a more Newtonian-like 

behaviour of the solution. 

 

After processing and cooling to room temperature, the blend was characterised using 

DMTA. The DMTA result of the PPE/TPU-8% 80/20 wt.% model system is shown in 

Figure 5.3. Clearly, phase separation has occurred as two well-separated Tgs in the plot of 

tan delta are distinguishable. The lower Tg at 74°C can be assigned to the TPU-8% 

dispersed phase while the higher Tg at 207°C is related to the PPE-rich matrix. The fact 

that the PPE-rich phase is the matrix phase is evident from the temperature dependence 

of the E-modulus, which remains almost constant until the Tg of the matrix phase is 

reached at which a large decrease in E-modulus occurs. Furthermore, the electron 

micrograph of the blend, shown in Figure 5.4-a, clearly shows dispersed particles in a 

matrix material. Etching the fracture surface of the blend with DMF, which is a good 
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solvent for TPU, gives further evidence that TPU is indeed the dispersed phase (Figure 

5.4-b). 
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Figure 5.2. Complex viscosity versus temperature at 10 rad·s-1 for the PPE/TPU-8% 80/20 wt.% model system. 
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Figure 5.3. DMTA measurement of the PPE/TPU-8% 80/20 wt.% model system: ( ) Storage modulus E’, and 

( ) tan delta. 
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Figure 5.4. Environmental scanning electron micrographs of the PPE/TPU-8% 80/20 wt.% model system: (a) 

Not-etched, and (b) etched with DMF. 

 

From Figure 5.4, another interesting characteristic can be seen, i.e. the dispersed TPU 

particles show a rather large size distribution with particles ranging from 100 nm to 5 

µm. Due to the fast cooling and the subsequent fast shifting of the demixing curve, the 

quench depth for phase separation is large and spinodal decomposition is anticipated, 

which in general results in more regular structures5. On the other hand, the observed 

large distribution in particle size could indicate the occurrence of binodal decomposition, 

although this may also be explained by the continuously increasing quench depth during 

cooling which could result in spinodal decomposition with different correlation lengths of 

concentration fluctuations6,7. To determine the onset and the type of phase separation 

mechanism, light scattering was used. However, despite the fact that a very sensitive 

detector was used, no appearance of a regular structure could be observed upon cooling. 

Investigating the blend with light microscopy reveals the appearance of black dots at 

150°C which indicates phase separation. However, the depolymerisation curves shown in 

Figure 5.1 give a strong indication that this onset temperature of phase separation should 

be much higher. From literature, it is known that the refractive index of PPE is 1,598,9 and 

that the refractive index of TPU varies between 1,5 and 1,6 depending on the 

constituents8. Since the refractive index of a material is dependent on the molecular 

weight, as was shown for the reacting system of PPE and epoxy10, and temperature, it is 

anticipated that the refractive indices of PPE and TPU are close to each other in the 

temperature region where phase separation occurs. Therefore, light scattering techniques 

cannot be used to determine the onset and the type of phase separation. As an alternative, 

DSC is used to determine the onset temperature of phase separation.  
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Figure 5.5. Cooling curve for the PPE/TPU-8% 80/20 wt.% model system measured with DSC with cooling rate 

of 10°C·min-1. 

 

The onset of thermally induced L-L phase separation can be accurately detected using 

DSC as described in Chapter 3. But also the chemically induced L-L phase separation for 

the PPE/TPU-8% 80/20 wt.% model system is detectable with DSC as can be seen in 

Figure 5.5. In this figure, the exothermic signal at 210°C during cooling from 250°C can 

be assigned to the heat release resulting from L-L phase separation. Apparently, the phase 

separation starts at this temperature, which is much more in the line of expectation from 

Figure 5.1. The phase separation continues until the temperature is lowered to below the 

Tg of the matrix phase and, consequently, the system vitrifies, which can be seen in the 

DSC-curve by the return of the heat flow signal to the baseline similar to the observations 

for the PPE/HEX system shown in Figure 3.8. From Figure 5.5, it is clear that vitrification 

sets in almost immediately after the phase separation has started. This is inevitably the 

result of the fact that TPU repolymerises upon decreasing the temperature. 

 

5.3.2 Effect of composition 
 

For the model system containing 20 wt.% of TPU, both the batch operation using a 

circulating mini-extruder and the continuous operation of the ZSK-extruder result in 
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homogeneous solutions with PPE. However, for TPU contents of 30 wt.% and higher, the 

continuous operation led to inhomogeneous systems, while the concentration of TPU for 

which the system is homogeneous could be extended to 40 wt.% for the batch operation. 

These results are summarized in Table 5.1. 

 

Table 5.1. Processing results for PPE and low Mn TPU solutions at 250°C: (+) homogeneous solutions, (0) not 

available due to practical limitations during feeding, (-) inhomogeneous solutions. 

PPE solutions containing varying 

amounts of TPU (wt.%) 

Mini-extruder ZSK-extruder 

10 + 0 

20 + + 

30 + - 

40 - - 

 

An important practical parameter of the system is the time required for dissolution. The 

most important difference between both processing devices is that the residence time can 

be easily adapted in the batch operation via the circulation time of the mini-extruder while 

for the continuous operation using the ZSK-extruder, a completely different screw 

configuration and throughput is necessary. In most cases, the screw configuration is 

optimised for mixing and throughput is set as high as possible. However, in the case of 

PPE/TPU blends, dissolution is much more important. This means that the residence 

time of the blend in the extruder should be long enough to obtain the required 

homogeneous solution. Therefore, the screw configuration described in Section 5.2.1 was 

used containing a large number of alternating positive mixing and transportation 

elements to make sure the screw is highly filled. Combining this screw configuration 

with a very low extruder output (2 kg/hr) results in the required residence time, which is 

in the order of minutes for the blends containing 20 wt.% of TPU. However, for the 

blends containing 30 wt.% of TPU, the extruded material from the ZSK-extruder was not 

completely homogeneous, while in the mini-extruder homogeneous solutions were 

obtained using a residence time of 5 minutes. This stresses the importance of the 

residence time, which is strongly related to the kinetics of dissolution. This was 

apparently too short in the case of the ZSK-extruder to completely dissolve PPE in TPU. 

Unfortunately, a further extension of the residence time was not possible due to practical 

limitations.  
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From blends containing 40 wt.% of TPU, it is evident that the thermodynamics of mixing 

are also important. These blends are immiscible independent of mixing time due to the 

fact that this composition may already be situated within the miscibility gap at 250°C, as 

is schematically shown in Figure 5.6. Only increasing the temperature may result in a 

miscible blend again, but also irreversible isocyanate reactions are then likely to occur. 
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Figure 5.6. Schematic phase diagram for a PPE/low Mn TPU blend at 250°C. The dots represent different 

compositions indicating: ( ) homogeneous solutions, and ( ) phase separated solutions. 

 

As expected, increasing the amount of TPU in the blend results in a lower complex 

viscosity at high temperatures, as shown in Figure 5.7. Furthermore, the onset 

temperature of vitrification of the system is higher for lower amounts of TPU. On the 

contrary, the DMTA-experiments depicted in Figure 5.8 show a constant Tg of the PPE-

rich phase for different amounts of TPU. This indicates that the composition of the 

matrix phase is virtually independent of the amount of TPU. The difference between the 

two results could be caused by the fact that rheometry probes the structure during 

development, while DMTA probes the structure after it has been developed. Obviously, 

more systematic experiments are required to draw any definite conclusions. 
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Figure 5.7. Complex viscosity versus temperature at 10 rad·s-1 for blends of PPE and ( ) 10 wt.%, ( ) 20 wt.%, 

and ( ) 30 wt.% of TPU-8%. 
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Figure 5.8. DMTA measurements of PPE/TPU-8% blends containing ( ) 10 wt.% TPU, ( ) 20 wt.% TPU, 

and ( ) 30 wt.% TPU. 
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The particle size of the TPU dispersed phase is larger when the amount of TPU is 

increased (see Figure 5.9). However, this is only the case for compositions from 20 to 30 

wt.% of TPU and blends containing TPU-8% or TPU-4%. In the case of blends with TPU-

2%, the morphology seems to have changed from a matrix-dispersion morphology to a 

more or less co-continuous morphology. This may be related to a change in the type of 

phase separation (binodal or spinodal), but as already explained in Section 5.3.1, 

experimental evidence is inaccessible. Increasing the compositions from 30 to 40 wt.%  

TPU results in (partially) immiscible blends due to thermodynamic restrictions. For the 

blends containing 40 wt.% of TPU-2% or TPU-4%, very large domains can be observed, 

suggesting that the TPU phase has not been obtained via phase separation from a 

homogeneous solution. For blends containing 40 wt.% of TPU-8%, additional to the large 

domains, small particles can be distinguished. The presence of these particles may be 

found in the fact that the system was partially miscible during processing. 

 

Wt.% TPU

3020 40

TPU-8%

TPU-4%

TPU-2%

 
Figure 5.9. Environmental scanning electron micrographs of PPE/TPU blends with different compositions and 

types of TPU. The depicted scale bars all represent 10 µm. 
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5.3.3 Effect of starting molecular weight of TPU 
 

The effect of the starting Mn of TPU on the processability of the PPE/TPU system can be 

seen in Figure 5.10. As expected, for a given temperature, the melt viscosity increases on 

increasing starting molecular weight of TPU. This can be explained by the higher 

molecular weights of the depolymerised fragments of TPU at this temperature3. 

Furthermore, the onset temperature of vitrification is shifted to higher temperatures with 

increasing molecular weight of TPU. From DMTA-experiments (see Figure 5.11), an 

increase in Tg of the PPE-rich phase upon increasing the starting Mn of TPU is observed. 

These results are summarized in Table 5.2, in which also the phase separation 

temperatures as derived from the DSC-experiments are given. 
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Figure 5.10. Complex viscosity versus temperature at 10 rad·s-1 for blends of PPE and 20 wt.% of ( ) TPU-2%, 

( ) TPU-4%, and ( ) TPU-8%. 

 

From the results in Table 5.2, it can be concluded that a higher starting molecular weight 

of TPU results in a higher Tg of the PPE-rich phase and in a higher phase separation 

temperature. Due to the higher molecular weights of the depolymerised fragments of 

TPU, the critical molecular weight is reached earlier upon cooling and thus phase 

separation and subsequent vitrification occurs at higher temperatures. The Tg of the PPE 

matrix phase is higher for these blends, because the fraction of TPU fragments 

possessing a Mn below Mcrit is less, reducing the residual solubility. The observed increase 
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in Tg of the TPU phase in the blend is anticipated, because the Tg of the pure low Mn 

TPUs also increases with increasing molecular weight11. 

 

Table 5.2. Phase separation temperatures derived from DSC experiments and Tg of the dispersed and matrix 

phase derived from DMTA experiments for different blends with different TPUs. All blends contain 

20 wt.% of TPU. 

Compound Phase separation 

temperature Tps (°C) 

Tg of the dispersed 

phase (°C) 

Tg of the matrix 

phase (°C) 

PPE - - 218.2 

PPE/TPU-2% 222 79.5 214.5 

PPE/TPU-4% 217 78.3 211.3 

PPE/TPU-8% 210 74.3 207.0 

PPE/PS 50/50 - - 159.5 

PPE/PS/TPU-8% 224 75.0 153.8 
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Figure 5.11. DMTA measurements of PPE/TPU 80/20 wt.% blends containing ( ) TPU-8%, ( ) TPU-4%, 

and ( ) TPU-2%. 
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5.3.4 Residual fraction of TPU in the PPE-rich phase 
 

One of the most important reasons to use reactive solvents is that complete phase 

separation can be obtained, in contrast with the ‘solid solvents’ concept described in 

Section 1.1.2. However, the DMTA-results for our system, as discussed in the previous 

section, showed that there is a residual fraction of TPU present in the PPE phase which 

results in a lower Tg of the PPE-rich phase compared to pure PPE. This is unfavourable in 

view of regaining the intrinsically high heat resistance of PPE (see also Chapter 6). 

Therefore, this residual fraction of TPU in the PPE phase has to be reduced. 
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Figure 5.12 DMTA measurements of PPE/TPU-8% 80/20 wt.% blends ( ) cooled fast, and ( ) cooled slowly. 

 

This residual solubility originates either from fragments of TPU which posses a 

molecular weight (Mn) lower than the critical molecular weight (Mcrit) or from vitrification 

of the not completely phase separated PPE-phase. The residual solubility of TPU in PPE 

can be lowered by increasing the starting molecular weight of TPU, as can be seen in 

Table 5.2 and Figure 5.11. In this way, the fraction of fragments possessing a Mn below 

Mcrit is reduced11 and consequently, the Tg of the PPE-rich phase will be higher. The 

residual fraction of TPU in PPE originating from vitrification can be lowered by either 

decreasing the cooling rate or the Tg of the matrix phase. Both approaches are based on 

postponing the vitrification process after phase separation. The effect of decreasing the 

cooling rate can be seen in Figure 5.12 where the drop of the E-modulus is shifted to 
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higher temperatures when compared to the fast cooled blend. By cooling slowly, the 

system has more time between the onset of phase separation and vitrification, resulting 

in a more complete phase separation.  

 

An unsuccessful attempt was made to investigate the effect of cooling rate on the 

morphology (development) using DSC. As anticipated, due to the fact that the DSC-signal 

is directly proportional to the scanning rate12, it turned out that for low cooling rates phase 

separation is not detectable anymore. However, for high cooling rates, poorly resolved 

signals that are difficult to interpret were obtained, similar to the observations of Van 

Mele and co-workers13,14. Therefore, DSC was not suitable to study the effect of cooling 

rate. 
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Figure 5.13. Cooling curve for PPE/PS/TPU-8% 40/40/20 wt.% measured with DSC with cooling rate of 

10°C·min-1. 

 

The effect of decreasing the Tg of the matrix phase via the addition of a miscible fraction 

of poly(styrene) (PS) to postpone the vitrification is illustrated in Figure 5.13. The 

exothermic signal upon cooling in DSC returns to the baseline at much lower 

temperatures, indicating that phase separation continues over a longer period of time. 

Nevertheless, it can be observed from Table 5.2 that the Tg of the matrix phase is still 

lower than the virgin material. This residual solubility originates again from the 

fragments of TPU-8% which posses a Mn smaller than Mcrit, although Mcrit for TPU in 
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PPE/PS is probably lower due to the high molecular weight of the added PS (130 kg/mol). 

This is confirmed by the higher onset temperature of phase separation for this system 

compared to the PPE/TPU-8% system, as shown in Table 5.2. 

 

5.4 Conclusions 
 

In this chapter, the three main characteristics of the reactive solvent concept based on 

reversible depolymerisation were investigated. From the study using PPE/TPU-8% 80/20 

wt.% as model system, it was observed that PPE could be easily processed at 250°C and 

that upon cooling phase separation between PPE and TPU occurred. The final blend 

consisted of a PPE-rich matrix and dispersed TPU particles. Based on these results, it can 

be concluded that low molecular weight TPUs are suitable reactive ‘solvents’ for PPE. 

 

The starting molecular weight of TPU and the amount of TPU had pronounced effects on 

the phase separation, morphology and viscosity of the blends. The maximum amount of 

TPU which can be added proved to be 30 wt.%; higher levels of TPU resulted in (partly) 

immiscible blends. Furthermore, increasing the amount of TPU resulted in larger TPU 

particles but no effect on the Tg of the PPE-rich matrix was observed. In contrast, 

increasing the starting molecular weight of TPU resulted in higher phase separation 

temperatures and higher Tgs for the PPE-rich matrix. The main drawback of the 

PPE/TPU systems is that there always remains a fraction of TPU in the PPE-matrix. This 

is a result of vitrification during phase separation, which arrest the phase separation 

process, or residual solubility of fragments below the critical molecular weight, which are 

already present in the pure low molecular weight TPU systems. Possibilities for 

diminishing the residual TPU fractions were explored. The interference of vitrification 

with phase separation could be postponed and, consequently, the residual fraction of TPU 

in the PPE phase could be reduced either via an increase in the starting molecular weight 

of TPU or a decrease in cooling rate or Tg of the matrix. 
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Chapter 6 
 
 
Mechanical properties of poly(2,6-dimethyl-1,4-
phenylene ether)/thermoplastic poly(urethane) 
blends 
 
 

6.1 Introduction 
 

The system of PPE and TPU has been discussed in terms of processing viscosity, phase 

separation and morphology in the preceding chapters. However, two important 

characteristics, i.e. the heat resistance and the mechanical properties, that should be 

compared with pure PPE and with the commercial PPE/PS systems are still an open 

question. This is one of the key issues, because the advantage of the concept of reactive 

solvents is that the properties can be regained without removal of the solvent. 

Furthermore, the main reason for implementing reactive solvents based on reversible 

depolymerisation, i.e. to be able to use reactive solvents in short cycle time applications 

such as injection moulding, has not been studied yet.   

 

It is well known that PPE is very difficult to process via injection moulding due to its high 

viscosity and limited resistance to degradation. To avoid degradation, temperatures close 

to the Tg of PPE should be applied, but as already discussed in Section 1.1.1, the viscosity 

at those temperatures is extremely high. Therefore, in order to obtain sufficiently low 

processing viscosities, temperatures above 300°C should be applied which are above the 

degradation temperature of PPE. Consequently, products often contain so-called black 

spots, pieces of degraded PPE, which negatively influence the appearance and properties. 

 

Using TPU as processing aid, it is anticipated that the injection moulding of PPE will be 

much easier. However, two additional problems to the already complicated process of 

injection moulding are expected to occur when PPE/TPU blends are used. The first 

problem is encountered in the rehomogenisation step of the phase separated blend. A 

standard injection moulding machine possesses a single screw configuration which is 

designed for transportation, compaction and melting of polymers instead of mixing and 
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dissolving. However, to rehomogenise the phase separated granules, mixing and 

dissolving is important in our systems1. The second problem is related to the rapid phase 

separation and subsequent vitrification of the system, since the temperature of the melt is 

much closer to the Tg of the matrix phase after phase separation than for normal melt 

processing (see Chapter 1). Therefore, it is anticipated that the injection moulding process 

and the mechanical properties are influenced.  

 

In terms of properties, the major advantage of PPE is its elevated Tg which results in a 

high heat resistance. Therefore, PPE can be used in high temperature applications or in 

products which have to undergo a high temperature treatment such as temperature baths 

for coating applications. Obviously, regaining of this high heat resistance, which is lost 

when poly(styrene) (PS) is used as processing aid, is the most important property which 

the PPE/TPU systems should possess. Also the mechanical properties of the PPE/TPU 

blends should approximately match those of pure PPE, as the matrix of the blends 

consists mainly of PPE. The major difference between pure PPE and PPE/TPU blends is 

the presence of dispersed particles in the latter which could have an impact, positively or 

negatively, on the mechanical properties.  

 

In this chapter, injection moulding of PPE/TPU blends and the aforementioned 

problems are studied and solutions or recommendations to improve the process are 

presented. The heat resistance of PPE/TPU blends is investigated and compared to 

conventional PPE/PS blends. Furthermore, an indicative study on the mechanical 

properties of the PPE/TPU system is presented. Only the effect of starting molecular 

weight on these properties is taken into account as variation in the composition of the 

blend2 or the constituents of TPU3 is (thermodynamically) restricted.  

 

6.2 Experimental 
 

6.2.1 Sample preparation 
 

Tensile bars with dimensions according to the DIN 53 455 protocol and a thickness of 4 

mm were produced via injection moulding on an Arburg 270 M injection moulding 

machine equipped with a single screw configuration. The material for injection moulding 

was extruded on a Werner & Pfleiderer ZSK-25 extruder as described in Chapter 5 and 

dried at 75°C for at least 24 hours. The temperature of the extrusion zones was 250°C 
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while the mould temperature was varied from room temperature t0 90°C. The screw 

speed applied during filling of 38 rpm (diameter of the screw is 25 mm) and the cooling 

time after injection of 150 seconds resulted in an approximate cycle time of 3 minutes. 

The injection pressure was 1860 bar. 

 

Impact bars with dimensions according to the ASTM D-256 protocol were obtained using 

a mini-injection moulding machine. The melt reservoir was set to 250°C while the mould 

was set at room temperature or 175°C. The dried granules from the ZSK extrusion were 

allowed to homogenize in the melt reservoir for at least 5 minutes before being injected 

into the mould using an air pressure of approximately 7 bars.  

 

Samples for testing of the heat resistance were prepared in a mini-extruder at 250°C and 

100 rpm for 5 minutes. Subsequently, they were compression moulded at 250°C and 20 

bars for 5 minutes. 

 

6.2.2 Heat resistance 
 

The heat resistance of the samples was measured by dynamic mechanical thermal 

analysis (DMTA) on a Polymer Laboratories MkII. The samples were analysed in the dual 

cantilever bending mode using a frequency of 1 s-1 and a heating rate of 2 °C·min-1. 

 

6.2.3 Mechanical testing 
 

Tensile tests were performed at room temperature on the injection moulded tensile bars 

using a Zwick 1445 tensile machine equipped with an extensiometer (l0=25 mm). The 

strain rate was 1·10-3 s-1. At least 5 specimens were tested for each blend. 

Compression tests were performed on a MTS 831.10 elastomer test system equipped with 

an extensiometer using a compression rate of 1·10-2 s-1. The samples possessed a 

rectangular shaped surface area and were machined from injection moulded bars for the 

PPE/TPU blends and from pressed plates for PPE. In order to deform the samples 

homogeneously, the samples were compressed between two Teflon tapes covered with a 

liquid soap film in order to minimize end-friction4. 

Impact testing was performed according to the ASTM D-256 protocol on a Zwick Rel SB 

3122 tensile machine using a tensile speed of 1 m·s-1. A sharp V-notch was machined 

prior to testing. The impact energy was calculated by integration of the measured force-
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displacement curve divided by the fracture surface area. At least 5 specimens were tested 

for each blend. 

 

6.3 Results and discussion 
 

First, the injection moulding process to produce the required samples for the mechanical 

testing will be discussed. Then, the heat resistance is presented and finally, the 

mechanical properties in terms of E-modulus and fracture toughness will be treated. 

 

6.3.1 Injection moulding of PPE/TPU blends 
 

In first instance, injection moulding conditions resulting in a typical cycle time of 30 

seconds were applied to injection mould the PPE/TPU blends. As anticipated, this short 

cycle time in combination with the standard screw configuration cannot produce 

rehomogenised PPE/TPU solutions and, consequently, products possessing no 

mechanical strength were obtained. When cycle times of approximately three minutes 

were applied using the conditions described in Section 6.2.1, it was possible to produce 

samples of reasonable quality ranging from 1 to 4 mm in thickness at temperatures as 

low as 250°C and pressures of 1860 bars. Due to this low temperature, the samples show 

no black spots, but it remains doubtful whether homogeneous solutions were really 

obtained. A possible solution may be found in the adaptation of the screw to improve 

mixing5, but screws like these were not readily available. Therefore, mini-injection 

moulding was more successfully used to produce good quality impact bars since the 

residence time could be easily tuned with this machine. Unfortunately, only moulds for 

tensile bars with a thickness of 1 mm were available which could not be filled completely 

due to the rapid vitrification of the blend and the low injection pressure; hence, tensile 

bars could not be manufactured with this set-up.  

 

The rapid phase separation and subsequent vitrification in the mould complicates the 

application of PPE/TPU blends in injection moulding processes. When the temperature 

of the mould is moderate, e.g. 60°C, the PPE/TPU solution immediately phase separates 

and subsequent vitrification occurs of material close to the mould wall due to the small 

difference between the melt temperature and the Tg of the matrix after phase separation. 

This and the fact that the injected blends were probably not completely rehomogenised 
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resulted in injection moulded tensile bars which show delamination upon testing, as can 

be seen in Figure 6.1.  

 

 
 

Figure 6.1. Injection moulded tensile bar of PPE/TPU-8% 80/20 wt.% using a mould at room temperature. 

 

The aforementioned problems can be solved when much higher mould temperatures are 

applied. In this way, the phase separation is slowed down and, consequently, vitrification 

of the sample is postponed. A mould temperature of 175°C in the mini-injection 

moulding process proved to be adequate to produce samples without delamination. 

 

6.3.2 Heat resistance of PPE/TPU blends 
 

In industry, the heat resistance, or softening, of a polymer is determined using the heat 

deflection temperature (HDT) and Vicat softening temperature (VST)6. However, it is 

commonly recognized that the curve of the E-modulus versus temperature provides more 

and better information on the heat resistance of a sample. Therefore, this latter technique 

is used in this study and the polymer is in this respect considered to be heat resistant 

until the modulus starts to drop. In Figure 6.2, the bending E-modulus of PPE, PPE/PS 

and PPE/TPU-8% blends measured with DMTA are shown. As can be seen, PPE 

possesses a high heat resistance of approximately 200°C. Upon addition of PS to the PPE, 

this stability decreases substantially due to the decrease in Tg of the blend. The addition of 

the same amount of TPU to PPE results in a much smaller decrease of the heat resistance 
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since the PPE is almost completely regained as matrix material. Complete regaining is 

prevented by the presence of residual miscible fractions of TPU1. The Tg of the dispersed 

TPU phase has only a minor effect on the heat resistance of the whole blend as is 

evidenced by the minor decrease of the E-modulus present at 75°C due to the softening of 

the TPU phase. 
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Figure 6.2. Storage E-modulus versus temperature for (a) PPE, (b) PPE/TPU-8% 80/20, (c) PPE/PS 80/20, 

and (d) PPE/PS 50/50. 

 

A better evaluation of the advantages of TPU compared to PS as processing aid can be 

made when also the processing viscosity of the blends is taken into account. The viscosity 

of the PPE/PS 80/20 blend is much higher than that of the PPE/TPU 80/20 blend. For 

instance, the PPE/TPU blend could be easily injection moulded at 250°C while the 

PPE/PS 80/20 blend required at least 300°C and maximum pressure to produce good 

samples. The addition of 50 wt.% of PS to PPE results in a viscosity comparable to 

PPE/TPU 80/20 and from Figure 6.2, it is evident that the difference in heat resistance is 

in that case almost 50°C in favour of TPU. 
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6.3.3 Mechanical properties of PPE/TPU blends 
 

As already revealed in Section 6.3.1, most of the samples for the mechanical testing suffer 

from a number of artefacts introduced by the injection moulding process which do not 

represent the intrinsic material properties. An indication of these intrinsic properties of 

PPE/TPU blends can be observed in Figure 6.3, in which extruded strands of a PPE/TPU 

blend are depicted. Clearly, the ductile behaviour of the blend can be seen from the left 

sample while the tendency to form a localised neck during tensile testing can be observed 

in the right sample. However, these samples cannot be used to obtain values for the 

mechanical properties. Therefore, despite the fact that the injection moulding of 

PPE/TPU blends requires a lot of optimisation, some indicative values for the mechanical 

properties of PPE/TPU blends produced via injection moulding are presented here to 

indicate the possibilities and limitations for these systems. 

 

 
 

Figure 6.3. Extruded strands of a PPE/TPU-2% 80/20 wt.% blend. The arrow denotes the neck formation. 

 

In Table 6.1, the most important mechanical properties of the different PPE/TPU blends 

and of pure PPE are presented.  
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Table 6.1. Mechanical properties of PPE/TPU blends containing 20 wt.% of TPU produced via injection 
moulding. The sample standard deviation is given in parenthesis. 

Sample Notched Impact 

(kJ·m-2) 

E-modulus 

(GPa) 

Elongation at break 

(%) 

PPE/TPU-2% 7.04 (0.65) 2.0 (0.15) 2.31 (0.14) 

PPE/TPU-4% 6.04 (0.58) 2.1 (0.16) 1.21 (0.14) 

PPE/TPU-8% 6.97 (0.41) 2.1 (0.20) 1.09 (0.31) 

PPE 3 - 67 2.4 (0.08)7 89 (17)7 

 

As anticipated, the glassy TPU dispersed particles, which seem to be non-adhering to the 

PPE matrix as can be observed in Figure 6.4, do not have a substantial influence on the 

toughness of PPE. For substantial toughening, adhering rubber particles are necessary, as 

is demonstrated by the improved toughness of PPE when rubbery epoxy is used8. The 

differences between the different TPUs are small which is explained by the fact that the 

different TPUs are all glassy in nature and low in molecular weight. 

 

 
 

Figure 6.4 Environmental scanning electron micrograph of a PPE/TPU-4% 80/20 wt.% blend. 

 

The tensile properties of the PPE/TPU blends show almost complete regaining of the E-

modulus compared to pure PPE. The slightly lower value can be explained by the 

presence of residual TPU, which possesses a lower E-modulus, in the PPE matrix phase. 

On the other hand, the elongation at break is dramatically lower for the PPE/TPU blends. 

Most likely, this decrease can be ascribed to the artefacts introduced during injection 

moulding. Especially the delamination of the samples results in a premature rupture 

during tensile testing (see Figure 6.1). 

 

In order to prevent this premature rupture and to obtain an indication of the intrinsic 

mechanical behaviour of the samples, uniaxial compression tests were performed. In 
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Figure 6.5, the compressive behaviour of the different blends is shown. For all blends, an 

intrinsic strain softening behaviour can be observed followed by strain hardening. As 

described by Govaert et al.9, a more pronounced strain softening and a weaker strain 

hardening results in stronger localisation phenomena during uniaxial extension and, 

hence, in a macroscopically more brittle behaviour, as for instance observed for PS. The 

strain softening and strain hardening behaviour present in the PPE/TPU blends is 

comparable to that observed for ductile poly(carbonate) (PC). From this, it can be 

concluded that the PPE/TPU blends should also be ductile and that the elongation at 

break in tensile testing should be comparable to pure PPE if the aforementioned 

problems of rehomogenisation and rapid vitrification are solved.  
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Figure 6.5. Stress-strain curves measured in compression for different PPE/TPU 80/20 wt.% blends: ( ) PPE, 

( ) PPE/TPU-2%, ( ) PPE/TPU-4%, ( ) PPE/TPU-8%. 

 

6.4 Conclusions 
 

It was demonstrated that all PPE/TPU blends could be injection moulded without 

degradation at 250°C when very long cycle times were applied, but incomplete 

rehomogenisation and fast phase separation resulted in delamination. This delamination 

could be reduced by significantly increasing the mould temperature, i.e. delaying the 

vitrification after phase separation. After processing, the matrix consisted of an almost 
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completely regained PPE phase which resulted in a much higher heat resistance 

compared to PPE/PS blends. Furthermore, the impact strength of the blends was 

comparable with neat PPE while the E-modulus was slightly lowered by the presence of 

residual TPU. Only the elongation at break was substantially decreased, but this was 

probably caused by the delamination since compression tests revealed that the PPE/TPU 

blends should be ductile.  
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Technology Assessment 
 
 

The objective of this study was to investigate the processability of intractable polymers 

using the reactive solvent concept based on reversible depolymerisation. The concept of 

reactive solvents is characterised by an improvement of the processability and a regaining 

of the properties of the polymer without the necessity of solvent removal. Instead of 

removing the solvent afterwards, the solvent is polymerised and concomitantly separated 

from the matrix to form a locked up dispersed phase which does not substantially affect 

the properties of the polymer. In the case of short cycle time applications, such as 

injection moulding, fast polymerising reactive solvent systems are required which can 

lead to premature polymerisation during homogenisation at elevated temperatures. To 

circumvent this problem, the reactive solvent concept based on reversible 

depolymerisation can be used. Instead of polymerising the reactive solvent via an increase 

in temperature, the systems containing depolymerising reactive ‘solvents’ are 

polymerised by lowering the temperature below the ceiling temperature of the reactive 

‘solvent’. In this study, this concept has been validated for the intractable polymer 

poly(2,6-dimethyl-1,4-phenylene ether) (PPE) using thermoplastic poly(urethane) (TPU) 

as depolymerising reactive ‘solvent’. 

 

The advantages of this system are evident. As the processing temperature for the system 

is situated above the ceiling temperature of TPU, the risk of premature polymerisation in 

the extrusion step is eliminated; polymerisation of the solvent only starts when the 

temperature is decreased below the ceiling temperature and is not dependent on the 

residence time in the extrusion step. Furthermore, the blend can be supplied as granules 

which can be homogenised and (de)polymerised by the end-converters without additional 

(reactive) compounding. Ideally, standard injection moulding machines can be used to 

process the system, but as has been shown in Chapter 6, two major problems are 

encountered during the injection moulding of PPE/TPU blends, i.e. incomplete 

rehomogenisation and fast vitrification. 

 

The first problem is the complete rehomogenisation of the compounded granules. The 

granules for injection moulding are phase separated at room temperature and have to be 
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rehomogenised in the injection moulding machine. However, screws in conventional 

injection moulding equipment are designed for plasticising and transportation and not 

for solubilisation. To overcome this problem, screws which are more optimised for 

mixing/solubilisation may be used1 or the extrusion and injection moulding step may be 

combined. Obviously, both solutions imply changes to the conventional injection 

moulding machines. The second problem is the rapid vitrification of the blend at the cold 

mould surface, resulting in delamination as shown in figure 6.1. To postpone the 

vitrification at the mould surface, the mould temperature has to be substantially increased 

to temperatures approaching the phase separation temperature of the solution, i.e. 

approximately 175°C. Also this implies that in most cases the conventional equipment has 

to be adapted to be able to obtain these high mould temperatures. 

 

The properties of the PPE/TPU system can be adapted by changing the type of TPU. 

Similar to the PPE/epoxy system2, the impact toughness of the phase separated blend 

could be improved to even above that of the virgin material by using a reactive solvent 

which is converted into a rubber after polymerisation. However, in the case of TPU, this 

would imply the use of aliphatic diisocyanates. The ceiling temperature of a fully aliphatic 

TPU is expected to shift to approximately 50°C higher temperatures and this combined 

with the expected lower miscibility of aliphatic diisocyanates with PPE indicates that the 

required processing temperature is likely to be situated above the degradation 

temperature. The use of MDI combined with poly(glycols) of molecular weights in the 

order of 300-500 g/mol is likely to result in a rubbery TPU and could therefore also be 

suitable to improve the impact properties. In all cases, the adhesion of the TPU particles 

to the PPE matrix has to be improved in order to obtain an improvement in toughening, 

for instance via modification of the phenolic end-groups of PPE into groups which are 

more reactive towards isocyanate or hydroxyl groups.  

 

This study has only dealt with PPE as polymer to be processed, but many other polymers 

could probably be processed with TPU as reactive ‘solvent’. It is expected that most of the 

polymers which are soluble in epoxy, i.e. polar polymers, are also to some extent miscible 

with TPU. Hence, the processability of other intractable polymers such as poly(ether 

imide) (PEI) and poly(ether ether keton) (PEEK) could also be improved using TPU. 

Notice that in this respect, TPU can probably not be used in the processing of polymers 

which showed LCST type of behaviour with epoxy, such as poly(ether sulphone) (PES), as 

in this case the two-phase region is located at the temperature required to depolymerise 

TPU, so homogeneous solutions cannot be obtained.  
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Although the tendency to repolymerise during cooling is expected to be most efficient in 

the case of strong covalent bonds, as present in TPU, other systems which reversibly 

break up in smaller fragments might also have the potential to be used as reactive solvent. 

Possible candidates may be found in the area of ionomers with the ionic functionality in 

the main chain, as the ionic association is reversible with temperature, a feature which is 

for instance used in ionomeric thermoplastic elastomers3. For instance, sulphonated 

poly(styrene), which is immiscible with PPE at room temperature depending on 

composition and amount of sulphonation4, might be used as reactive solvent. Also non-

covalent coordination polymers such as terpyridine functionalised oligomers which show 

complexation with transition metal ions5 might be suitable as the formation of the 

complexes can be reversed by temperature6. In this respect, polymers based on reversible 

hydrogen bonds7 might even be applicable. In all cases, the most important feature to be 

validated is miscibility of the smallest fragments with the polymer to be processed. 
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Summary 
 
 

In the last decades, polymers have been used as an alternative for more traditional 

construction materials such as steel and wood. Especially in applications in which no 

extreme conditions are encountered, polymers are successfully applied. However, there is 

a tendency to use polymers also in applications in which more severe conditions such as 

high heat resistance or high wear resistance are imposed. Polymers possessing 

respectively a high glass transition temperature (Tg) or a high molecular weight can be 

used for these applications, but in most cases the processing temperature required for 

these polymers is situated above the degradation temperature. Consequently, these 

polymers are considered to be intractable. 

 

The processability of these intractable polymers can be improved via the addition of so-

called reactive solvents. The reactive solvent (monomer) forms a homogeneous solution 

with the polymer at elevated temperatures resulting in a decrease of the viscosity and/or 

the processing temperature. However, instead of removing the solvent after the 

processing step, the solvent is polymerised in-situ. Due to the increase of the molecular 

weight of the solvent during polymerisation, the miscibility of the solvent with the 

polymer decreases and, eventually, phase separation between polymer and polymerising 

solvent occurs. The resultant morphology consists of the polymer as matrix, which will 

dominate the properties of the product, and a reactive solvent dispersed phase. 

Unfortunately, a successful implementation of the reactive solvent concept in processes 

with short cycle times, such as injection moulding, is not straightforward since, for fast 

reacting systems, premature polymerisation during homogenisation could occur. 

 

In this thesis, a new type of reactive solvent has been developed to circumvent the above-

mentioned problem. The applied approach is based on the so-called ceiling temperature 

of polymers. Upon increasing the temperature to above this ceiling temperature, a 

polymer depolymerises to smaller fragments and these fragments dissolve the intractable 

polymer. Upon decreasing the temperature to below the ceiling temperature, the 

fragments repolymerise and a built-up of the molecular weight will occur, which 

eventually results in a phase separation between polymer and polymer solvent similar as 
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observed in conventional reactive solvent systems. However, the major advantage is that 

the polymerisation of the solvent is, in this case, thermodynamically initiated, which 

prevents premature polymerisation during homogenisation. 

 

Thermoplastic poly(urethanes) (TPU) are investigated as depolymerising reactive ‘solvent’ 

in the processing of poly(2,6-dimethyl-1,4-phenylene ether) (PPE). TPU is one of the few 

examples of a polymer possessing a ceiling temperature below the degradation 

temperature. The high molecular weight TPU used consists of a diol (hexanediol) and a 

diisocyanate (4,4’-methylenediphenyldiisocyanate (MDI)) without the commonly applied 

poly(glycols) which results in a system with a high rate of depolymerisation and 

repolymerisation as is required in short cycle time applications. Low molecular weight 

TPUs varying in molecular weight are synthesised via addition of different amounts of 1-

hexanol as chain terminator for TPU to the system. 

 

The two key requirements for successful application of TPU as depolymerising reactive 

‘solvent’ for PPE are miscibility of TPU fragments with PPE and reversible 

depolymerisation of TPU to below the critical molecular weight. From the miscibility 

study, the critical molecular weight for dissolution could be estimated which proved to be 

on the order of 300 g/mol for systems consisting of hexanediol and MDI. The addition of 

1-hexanol results in an increase of this critical molecular weight to approximately 500 

g/mol due to better miscibility with PPE. The depolymerisation of TPU appears to be 

completely reversible up to 250°C and the ceiling temperature for the high molecular 

weight TPU is approximately 160°C. In addition to the constituents of TPU, the starting 

molecular weight of TPU influences the ceiling temperature and it was shown that 

decreasing the starting molecular weight results in an increase of the ceiling temperature. 

However, once the depolymerisation has started, the decrease of the molecular weight as 

a function of temperature is higher for lower molecular weights. In this way, the 

depolymerisation behaviour could be easily changed. 

 

The ability to change the depolymerisation behaviour and the critical molecular weight via 

the addition of 1-hexanol proves to be crucial for the successful application of TPU as 

reactive ‘solvent’. From the depolymerisation behaviour and the critical molecular weight, 

the required processing temperature for the high molecular weight TPU can be 

determined and proves to be 280°C. Unfortunately, this temperature is higher than the 

degradation temperature of TPU (approx. 260°C). Therefore, this TPU could not be used 

as reactive ‘solvent’. However, lowering the starting molecular weight of the TPU via the 
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addition of 1-hexanol results in a decrease of the required processing temperature to 

below the degradation temperature and, hence, the low Mn TPUs are suitable as reactive 

‘solvent’. 

 

Using low Mn TPUs, PPE could be easily processed at 250°C. At this temperature, 

homogeneous solutions with a decreased viscosity are obtained which phase separate 

upon cooling. The resulting blend consists of a TPU dispersed phase and a PPE-rich 

matrix.  The Tg of this PPE phase is close to the Tg of pure PPE, indicating that the phase 

separation is almost complete. 

 

The phase separation, final morphology and viscosity are highly dependent on the 

starting molecular weight and the amount of TPU. Homogeneous solutions at 250°C 

cannot be obtained for systems containing more than 30 wt.% TPU due to 

thermodynamic restrictions. Further, the TPU particle size increases upon increasing 

amount of TPU, but the effect on the Tg of the PPE-rich matrix is negligible. This is in 

contrast to the effect of increasing the starting molecular weight of TPU as this results in 

an increase of the Tg of the PPE-phase. Also the temperature at which phase separation 

occurs, as determined by DSC, is higher upon increasing the starting molecular weight of 

TPU. However, the Tg of pure PPE is never obtained due to the fact that a residual 

fraction of TPU remains in the PPE-phase, either by vitrification before phase separation 

is completed or by residual miscibility of TPU fragments of very low molecular weight. 

 

The heat resistance of the PPE/TPU blends is slightly lower than pure PPE due to the 

residual miscibility of TPU, but higher than PPE/PS blends. Depending on the starting 

molecular weight of the TPU, the thermal stability can be approx. 50°C higher since the 

matrix phase consists of almost pure PPE. By slower cooling of the PPE/TPU blend, the 

stability can be further improved. 

 

The concept is applied on the processing of PPE/TPU blends using injection moulding. 

At a relatively low temperature of 250°C, products could be produced without substantial 

degradation with properties comparable to pure PPE. Nevertheless, some practical 

problems are encountered with rehomogenising of the phase separated granules as a 

result of the used standard screw configuration of the injection moulding machine and 

with delamination due to fast vitrification of the blend during mould filling. It is expected 

that the mechanical properties, such as elongation at break, will significantly improve 

when these practical problems have been solved.  
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Samenvatting 
 
 

Polymeren hebben zich in de laatste decennia ontwikkeld tot een volwaardig alternatief 

voor traditionele constructiematerialen zoals staal en hout. Vooral in toepassingen waar 

geen extreme omgevingsinvloeden aanwezig zijn, worden ze met succes gebruikt. De 

laatste jaren is er echter ook een tendens ontstaan polymeren te gebruiken in 

constructietoepassingen waar veel hogere eisen aan het materiaal worden gesteld zoals 

een hoge temperatuurstabiliteit of een hoge taaiheid. Door het gebruik van polymeren 

met respectievelijk een hoge glasovergangstemperatuur (Tg) of een hoog molgewicht kan 

men aan deze eisen voldoen. Dit soort polymeren zijn echter vaak moeilijk te verwerken; 

in veel gevallen is de benodigde verwerkingstemperatuur hoger dan de 

degradatietemperatuur van het polymeer. Vandaar dat deze polymeren als onverwerkbaar 

worden beschouwd in conventionele smeltverwerkingstechnieken, zoals extrusie en 

spuitgieten. 

 

De verwerkbaarheid kan worden verbeterd door het toevoegen van reactieve 

oplosmiddelen. Een reactief oplosmiddel is een monomeer dat (bij verhoogde 

temperaturen) een homogene oplossing vormt met het polymeer waardoor de 

verwerkbaarheid van het polymeer toeneemt als gevolg van de verlaging van de viscositeit 

en/of verwerkingstemperatuur. In plaats van het oplosmiddel te verwijderen na de 

verwerkingsstap wordt het gepolymeriseerd in het product. Vanwege de toename van de 

molmassa tijdens de polymerisatiereactie is op een gegeven moment het oplosmiddel niet 

meer mengbaar met het polymeer en treedt fasescheiding tussen polymeer en 

polymeriserende oplosmiddel, waarbij de laatste veelal als gedispergeerde fase in de 

polymeermatrix achterblijft. Omdat het polymeer de matrixfase vormt, worden de 

eigenschappen van het product gedomineerd door die van het polymeer. Een succesvolle 

implementatie van het reactieve-oplosmiddel-concept in processen met korte cyclustijden, 

zoals bijvoorbeeld spuitgieten, is echter lastig, doordat bij de vereiste snelle reactieve 

oplosmiddelsystemen, de kans op voortijdige polymerisatie tijdens de homogenisatiestap 

toeneemt. 

 



104 Samenvatting 

 

In dit onderzoek is een nieuw soort reactief oplosmiddel ontwikkeld om bovenstaand 

probleem te ondervangen, gebaseerd op de zogenaamde plafondtemperatuur van 

polymeren. Polymeren die tot boven deze plafondtemperatuur verwarmd worden 

depolymeriseren tot fragmenten met een lager molgewicht en tijdens verwerking dienen 

deze fragmenten als oplosmiddel voor het te verwerken polymeer. Als vervolgens de 

temperatuur weer wordt verlaagd tot onder de plafondtemperatuur, treedt repolymerisatie 

op waardoor een fasescheiding wordt geïnduceerd tussen polymeer en oplosmiddel, 

gelijkwaardig aan die in conventionele reactieve oplosmiddelsystemen. Het grote voordeel 

is nu echter dat het polymerisatieproces thermodynamisch gestuurd wordt, zodat 

voortijdige polymerisatie tijdens homogeniseren niet meer kan optreden. 

  

In het onderzoek zijn thermoplastische poly(urethanen) (TPU) onderzocht als 

depolymeriserend reactief ‘oplosmiddel’ voor de verwerking van poly(2,6-dimethyl-1,4-

fenyleen ether) (PPE). TPU is een van de weinige polymeren met een 

plafondtemperatuur onder de degradatietemperatuur. De gebruikte hoog molgewicht 

TPU bestaat uit een diol (hexaandiol) en een diisocyanaat (methyleen difenyldiisocyanaat 

(MDI)) zonder de vaak toegepaste polyolen waardoor de snelheid van depolymerisatie en 

repolymerisatie hoog is, zoals gewenst in processen met een korte cyclustijd. Door 

verschillende hoeveelheden 1-hexanol als ketenstopper voor TPU aan het reactiemengsel 

toe te voegen, zijn verschillende laag molgewicht TPUs gesynthetiseerd. 

 

Twee voorwaarden voor het succesvol toepassen van TPU als depolymeriserend reactief 

‘oplosmiddel’ voor PPE zijn (i) een goede mengbaarheid van TPU met PPE en (ii) 

depolymerisatie van TPU tot onder het kritische molgewicht. Uit een 

mengbaarheidsstudie kon een afschatting van het kritische molgewicht waarbij 

fasescheiding optreedt worden gemaakt en deze bleek in de orde van 300 g/mol te zijn 

voor systemen bestaande uit hexaandiol en MDI. Het toevoegen van 1-hexanol verhoogt 

dit kritische molgewicht tot ongeveer 500 g/mol vanwege een betere mengbaarheid. De 

depolymerisatie van de hoog molgewicht TPU blijkt tot een temperatuur van 250°C 

volledig reversibel te zijn met een plafondtemperatuur van ongeveer 160°C. Het 

depolymerisatiegedrag blijkt echter niet alleen bepaald te worden door de componenten 

van de TPU, maar ook door het initiële molgewicht. Het gebruik van de laag molgewicht 

TPUs resulteert in een verhoging van de plafondtemperatuur, maar ook in een snellere 

afname van het molgewicht met de temperatuur als de depolymerisatie eenmaal gestart 

is. Op deze manier blijkt het depolymerisatiegedrag dus eenvoudig te kunnen worden 

aangepast. 
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Het kunnen aanpassen van het depolymerisatiegedrag via het initiële molgewicht en de 

verhoging van het kritische molgewicht door de toevoeging van 1-hexanol blijkt cruciaal te 

zijn voor de succesvolle toepassing van TPU als reactief ‘oplosmiddel’. Uit het 

combineren van de informatie van de depolymerisatie- en de mengbaarheidsstudies kan 

worden afgeleid dat de benodigde verwerkingstemperatuur voor de hoog molgewicht 

TPU ongeveer 280°C moet zijn. Dit is echter boven de degradatie temperatuur en maakt 

deze TPU ongeschikt als reactief ‘oplosmiddel’. Het verlagen van het molgewicht 

resulteert in een verlaging van de benodigde verwerkingstemperatuur tot onder de 

degradatietemperatuur. De laag molgewicht TPUs kunnen dus wel gebruikt worden als 

reactief ‘oplosmiddel’ voor PPE. 

 

Gebruikmakend van deze laag molgewicht TPUs kon PPE met succes verwerkt worden. 

Homogene oplossingen met een verlaagde viscositeit kunnen worden gevormd bij 250°C 

en tijdens  afkoelen vertonen deze systemen inderdaad een fasescheiding die resulteert in 

een blend bestaande uit TPU gedispergeerd in een PPE-rijke matrix fase. De Tg van deze 

PPE fase ligt zeer dicht bij de Tg van puur PPE, dus de fasescheiding is bijna volledig.  

 

Het initiële molgewicht en de hoeveelheid TPU heeft grote invloed op de resulterende 

morfologie en viscositeit van de blends. Volledig homogene oplossingen boven 30 gew.% 

TPU zijn niet meer mogelijk bij 250°C vanwege thermodynamische restricties. Verder 

neemt de deeltjesgrootte van de TPU disperse fase toe als de hoeveelheid TPU wordt 

verhoogd, maar het effect op de Tg van de PPE-rijke matrix is verwaarloosbaar; dit in 

tegenstelling tot het verhogen van het maximale molgewicht van de TPU, want dat leidt 

tot een verhoging van de Tg van de PPE fase. Ook de temperatuur waarbij fasescheiding 

optreedt, bepaald via DSC, is hoger wanneer het initiële molgewicht hoger is. De Tg van 

puur PPE wordt echter met de huidige systemen niet gehaald vanwege het feit dat een 

restfractie TPU in de PPE fase achterblijft, hetzij door verglazing voordat de fasescheiding 

volledig is, hetzij door restmengbaarheid van TPU fracties van zeer lage molgewicht.  

 

De thermische eigenschappen van de blends zijn vergeleken met puur PPE en met 

blends van PPE en poly(styreen) (PS). De PPE/TPU blends hebben een iets lagere 

verwekingstemperatuur dan PPE vanwege de restmengbaarheid van TPU, maar een 

hogere verwekingstemperatuur vergeleken met PPE/PS blends. Afhankelijk van het 

maximale molgewicht is de stabiliteit ongeveer 50°C hoger vanwege het feit dat de matrix 

fase bestaat uit bijna puur PPE. Door de PPE/TPU blends langzamer af te koelen kan 

deze stabiliteit nog verder verhoogd worden. 
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Het concept is toegepast op het verwerken van PPE/TPU blends via spuitgieten. Bij een 

relatief lage temperatuur van 250°C kunnen producten worden gemaakt zonder 

noemenswaardige degradatie, met eigenschappen die vergelijkbaar zijn met puur PPE. 

Desondanks treden er praktische problemen op met het opnieuw homogeniseren van het 

fasegescheiden granulaat als gevolg van de standaard schroefconfiguratie van de 

spuitgietmachine en met delaminatie vanwege een zeer snelle verglazing van de blend 

tijdens het vullen van de mal. De verwachting is dat de mechanische eigenschappen, 

zoals de rek bij breuk, sterk zullen verbeteren als de genoemde praktische problemen zijn 

opgelost. 
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De meeste mensen lezen altijd als eerste (en enige) het dankwoord van een proefschrift 

en ik kan ze niet eens echt ongelijk geven. Het verhaal van een promotie bestaat namelijk 

altijd uit twee versies: De opgepoetste, wetenschappelijke versie die je waarschijnlijk nog 

niet gelezen hebt, maar die je hopelijk nog wel gaat lezen en het ware verhaal achter de 

wetenschap, waar meestal in het dankwoord een glimp van kan worden opgevangen. 

Want zo gestroomlijnd als het wetenschappelijke verhaal is, zo moeizaam en met vallen 

en opstaan is het echte verhaal tot stand gekomen. En dit verhaal is meestal net zo 

interessant, zo niet interessanter, als het wetenschappelijke verhaal. Alleen de mensen 

die gedurende de ruim vier jaar van de promotie bij het onderzoek betrokken zijn 

geweest, weten hoe het echt is gegaan en deze mensen wil ik dan ook vanaf deze plaats 

bedanken voor hun bijdrage. 

 

Allereerst natuurlijk alle begeleiders en correctors die ervoor gewaakt hebben dat dit 

proefschrift van voldoende wetenschappelijk niveau is geworden. Met name Piet Lemstra, 

die mij de gelegenheid heeft gegeven om dit promotieonderzoek uit te voeren, en Han 

Meijer, die na zijn aanvankelijke scepsis mijn onderzoek enthousiast heeft gevolgd, ben 

ik zeer dankbaar. Ook Han Goossens ben ik veel dank verschuldigd, want als mijn directe 

begeleider werd hij op een gegeven moment waarschijnlijk net zo flauw van het 

doorlezen van de stukken als ikzelf. 

 

Dan de mensen die mede verantwoordelijk zijn geweest voor de resultaten en wendingen 

die het onderzoek heeft voortgebracht. Jenci Kurja, die het idee van de depolymeriserende 

‘oplosmiddelen’ heeft geopperd waarop dit onderzoek is gebaseerd. Hoewel niet zo 

eenvoudig als in eerste instantie voorgesteld, heeft het toch als basis kunnen dienen voor 

deze promotie. Verder alle studenten die ik heb mogen begeleiden, in volgorde van 

opkomst: Paula Alvura en Cláudia Lopes, Marieke Bleijenberg, Marianne Wonder, 

Dominique Willaert, Marco Mekes en Jeroen Schut. Wat al in veel proefschriften 

geschreven staat, is ook hier weer waar: hoewel je misschien weinig resultaten van jezelf 

zult terugvinden in dit proefschrift, is jullie bijdrage in het kader van de begripsvorming 

toch groot geweest. Verder heb ik een groot aantal technieken mogen gebruiken, waarbij 
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ik van veel mensen hulp heb gekregen. Dus Anne, Pauline, Peter, en mijn ‘vrienden van 

W’, Bernard, Harold en Ab, bedankt! Dit onderzoek heeft gelukkig ook veel gebruik 

mogen maken van de kennis en steun van mensen uit de industrie, dus bij deze wil ik 

Brian Dickie, Ed d’Hooghe en Peter de Winde van DOW Benelux, Terneuzen bedanken. 

Special thanks to Paul Moses from DOW Chemical, Freeport for his support and 

discussions during the whole period of my PhD. En ook Bastiaan Hendriks en Paul Cools 

van TNO Zeist hebben waardevol werk voor me gedaan. 

 

Zonder gezelligheid geen resultaat, dus ook een bedankje aan de mensen die zorgen voor 

de goede randvoorwaarden is hier op zijn plaats. Om maar weer in volgorde van opkomst 

te blijven, maar nu gezien over een typische werkdag: Michael, voor het mogen meerijden 

elke dag weer naar Eindhoven en terug, waarbij we alle hoogte- en dieptepunten van ons 

onderzoek en de vakgroep lieten passeren, Emile en Frank, dat jullie me getolereerd 

hebben als kamergenoot, en de ‘vaste’ koffiedrinkers, Ilse, Bert, Hans en, in een alweer 

ver verleden, Rob. Maar natuurlijk ook alle andere collega’s van de vakgroep TPK/SKT, 

die elke dag weer mijn aanwezigheid moesten verduren, bedankt!  

 

En als laatste natuurlijk heel veel dank aan mijn familie; Pa, Ma, Mariska, Piet en Diny 

voor jullie interesse en steun en Myra, voor alles, want zonder jou waren de afgelopen 

vier jaar een stuk minder leuk geweest. 
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behorende bij het proefschrift 
 

Processing of Intractable Polymers using Reactive Solvents 
 

A new reactive solvent concept based on reversible depolymerisation 
 

van 
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1. De door Hentschel et al. bepaalde dispersiegraad van poly(urethaan) met 

behulp van poly(styreen) standaarden in GPC is niet betrouwbaar.   
 Hentschel T. and Münstedt H., Polymer, 2001, 42, 3195 
 Hoofdstuk 2 van dit proefschrift 

 
  
2. De fasescheiding van MDI door dimerisatie uit een verglaasd PPE-systeem 

zou een perfecte oplossing zijn voor het probleem van voortijdige 
polymerisatie in de extruder als tenminste de lange reactietijd geen probleem 
is. 

 Hoofdstuk 3 van dit proefschrift 
 
 
3. In tegenstelling tot de gangbare opvattingen is de plafondtemperatuur van een 

polymeer ook afhankelijk van het initiële molgewicht. 
 Ivin K.J., J. Pol. Sci. Pol. Chem., 2000, 38, 2137 
 Hoofdstuk 4 van dit proefschrift 

 
 
4. Onverwerkbare polymeren bestaan straks niet meer. 

 Dit proefschrift 
 Tervoort T., Visjager J., Graf B. and Smith P., Macromolecules, 33, 2000, p.6460-6465 

 
 

5. Het gebruik van de term ‘complex heat capacity’ door Dickie in dynamische 
calorimetrische bepalingen waarbij de warmteflux wordt gesplitst in een 
‘reversing’ en een ‘non-reversing’ component is strikt genomen onjuist. 

 Dickie B.D., Thermochimica Acta, 1997, 304/305, 347 
 Schawe J.E.K., Thermochimica Acta, 1995, 260, 1 

 
 

6. Een hoge signaalgevoeligheid is niet altijd te prefereren boven een hoge 
signaalstabiliteit. 

 Persoonlijke ervaringen 
 

 



 

 

7. Tijdschriften gevuld met artikelen die slechts geschreven zijn door twee 
auteurs kunnen moeilijk serieus genomen worden. 

 Journal of Polymer Engineering, vol 21, nr. 2-3 
 
 

8. Wetenschappelijk onderzoek kan best ‘sexy’ zijn.  
 ‘Comparative Evaluation of Three PUR-based condoms and a Latex Condom during 

Vaginal Intercourse: Breakage and Slippage’, Callahan M., Mauck C., Taylor D. and 
Frezieres R., Contraception, 2000, 61, 205 

 
 
9. Het feit dat vrouwen op internet heel doelgericht winkelen terwijl winkelen 

samen met een man vaak oneindig lang duurt, betekent dat de man op dit 
gebied nog heel veel kan leren van de computer. 

 Intermediair, 9, 2001 
 
 
10. Het is een gemiste kans dat de eurocheques worden afgeschaft op het 

moment dat de euro zijn intrede doet. 
 
 
11. Wind mee is wind tegen als je de andere kant op wilt. 
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