
 

  

 

 

 

 

 

FACULTY OF PHARMACEUTICAL SCIENCES  

Academic Year 2012-2013 

 

 

Bauwens Eva 

First Master of Drug Development 

 

Promotor 

Dr. ir. B. De Geest 

Co-promotor 

Prof. dr. R. Hoogenboom 

Supervisor 

PhD. V. De la Rosa 

 

Commissioners 

Prof. dr. R. Hoogenboom 

Prof. dr. T. De Beer 

 

 

Hydrolysis of poly-(2-ethyl-2-oxazoline)  



 

 

COPYRIGHT 

“The author and the promotor give the authorization to consult and to copy parts of this thesis 

for personal use only. Any other use is limited by the laws of copyright, especially concerning 

the obligation to refer to the source whenever results from this thesis are cited.” 

           4 June 2013 

 

 

Promotor         Author 

Dr. ir. B. De Geest        Bauwens Eva  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SUMMARY 

        The goal of this thesis was to develop milder conditions for the acidic hydrolysis of 

poly(2-ethyl-2-oxazoline) (PEtOx) into linear poly(ethylene imine) (L-PEI) under microwave 

irradiation in comparison to the currently employed reflux in 6M HClaq. In addition, the effect 

of temperature and acid concentration on the degree of hydrolysis and the effect of the 

hydrolysis process on the polymer structure were explored in a range of different conditions. 

        The growing interest on the development of those L-PEI polymers is a result of a 

possible breakthrough in the treatment of several diseases such as cancer by using non-viral 

vector systems for gene delivery. Viral vectors, despite their superior transfection efficiencies, 

present a variety of disadvantages ranging from their toxicity to their effect on the immune 

system. In this context, the positively charged L-PEI can act as an efficient non-viral vector as 

it forms stable complexes with the poly(nucleic acid)s that store the genetic information. 

        The hydrolysis of PEtOx into L-PEI was carried out with 1M HClaq at different 

temperatures in a microwave synthesizer. The data obtained by size exclusion 

chromatography in hexafluoroisopropanol (HFIP) showed that, as the conversion increased, 

the retention time decreased due to an increase in the percentage of PEI and the higher 

hydrodynamic volume of PEI in HFIP in comparison to PEtOx. At temperatures higher than 

180°C, retention times decreased with the degree of hydrolysis, indicating degradation of the 

polymer backbone and the obtention of shorter oligomers. Therefore, it was concluded that 

180°C was the optimal temperature for further hydrolysis experiments (shorter reaction times, 

while maintaining polymer integrity).  

              Further hydrolysis experiments were carried out at 180°C by lowering the acid 

concentration from 1M to 0,5M and 0,1M. The same trend could be observed for all the 

performed experiments with maximum 1M HClaq., namely the reaction rate decreased with 

time and the degree of hydrolysis did never reach 100%, it always leveled off at a certain 

percentage opening up perspectives to tune the degree of hydrolysis by variation of the acid 

concentration.  

        Out of all the data, the general conclusion was that the hydrolysis of poly(2-ethyl-2-

oxazoline) into linear poly(ethylene imine) can be carried out in less harsh conditions than 

described in previous studies. For example, the hydrolysis conversion of well-defined PEtOx 

3 kDa in 1M HClaq already reached 80% after 180 minutes at 120 °C.  



 

 

SAMENVATTING 

        Het doel van deze thesis bestond erin mildere condities te zoeken voor de zure hydrolyse 

van poly(2-ethyl-2-oxazoline) (PEtOx) in lineair poly(ethyleen imine) (L-PEI) door gebruik te 

maken van microgolfstralen in vergelijking met de reeds uitgevoerde reflux experimenten in 

6M HClaq. Bovendien werd ook het effect van zowel de temperatuur als de zuurtegraad op de 

hydrolysegraad en het effect van het hydrolyse proces op de polymeerstructuur in 

verschillende condities onderzocht. 

        De interesse in het ontwikkelen van zulke polymeren, zoals L-PEI, die kunnen dienen als 

niet virale dragers, blijft groeien. Deze kunnen namelijk een belangrijke doorbraak betekenen 

voor het overbrengen van genetische informatie in het menselijk lichaam voor de behandeling 

van verschillende ziekten zoals kanker. De efficiëntie van de overdracht is jammer genoeg 

niet zo hoog als deze van virale vectoren, maar ze hebben geen invloed op het 

immuunsysteem. L-PEI is in vivo positief geladen en kan daardoor een complex vormen met 

negatief geladen nucleïnezuren die de genetische informatie bevatten.  

        De hydrolyse werd eerst uitgevoerd bij verschillende temperaturen in 1M HClaq met 

behulp van microgolfstralen. Na analyse van de data verkregen met behulp van size exclusion 

chromatography in hexafluoroisopropanol (HFIP) bleek dat de retentietijd daalt naarmate dat 

de hydrolysegraad stijgt. Dit kan verklaard worden doordat het hydrodynamisch volume van 

PEI groter is dan dat van PEtOx. Daarnaast trad er degradatie op van de polymeerketen 

wanneer de temperatuur hoger was dan 180°C, waardoor 180°C de optimale temperatuur 

bleek te zijn voor het uitvoeren van andere hydrolyse experimenten. 

        Vervolgens werden er dus nog enkele hydrolyse experimenten uitgevoerd bij 180°C in 

slechts 0,5M en 0,1M HClaq. Voor al de uitgevoerde experimenten waarin maximaal 1M 

HClaq werd gebruikt kon dezelfde trend waargenomen worden: de reactiesnelheid neemt af in 

functie van de tijd en de hydrolyse was nooit volledig, maar vlakte bij deze lage concentraties 

aan zuur steeds af nadat ongeveer 90 % was omgezet in L-PEI.  

        Algemeen kan besloten worden dat de hydrolyse van poly(2-ethyl-2-oxazoline) in lineair 

poly(ethyleen imine) weldegelijk kan uitgevoerd worden gebruik makende van mildere 

reactie condities. De conversie bedroeg bijvoorbeeld al 80% na 180 minuten bij 120°C in 1M 

HClaq.      
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1. INTRODUCTION 

1.1 GENE DELIVERY 

1.1.1 In general  

Increasing attention is given to gene delivery for the treatment of several diseases. 

Clinical trials are ongoing to investigate their use for the treatment of cancer, cystic fibrosis, 

adenosine deaminase deficiency, acquired immunodeficiency syndrome, pulmonary 

tuberculosis, etcetera. [3, 4]  

Worldwide, cancer is becoming the most common cause of death, especially in 

industrialized countries. Treatment of cancer is still a major challenge for medicine due to its 

complexity. Treatments like surgery, chemotherapy and radiotherapy are still not efficient for 

healing a variety of cancer types, in particular the ones with metastatic character. Therefore, 

new strategies are urgently required. [5, 6] Recent research has clarified the importance of 

genes, like oncogenes and tumor suppressor genes, in the development and growth of tumors. 

[5, 7] This discovery might lead to a breakthrough in the treatment of cancers, because 

researchers can then focus on the source of the cancer and intervene in the early stages of its 

development. [5] 

 

To heal cancer via gene therapy, four major targets have to be addressed: the expression 

of tumor suppressor genes and the immune system must be stimulated while the expression of 

oncogenes and neoangiogenesis has to be inhibited. In former trials, two different ways for 

the treatment of cancer via gene delivery have been proposed. [5]  

 

The first possibility is to directly inject naked, free DNA to the tumor site. This method 

has shown to be ineffective due to the fact that free DNA can be quickly degraded by serum 

nucleases. [5] The naked DNA will for example be degraded only 2 minutes after the 

exposure to DNAse I [3] and, also, the injection of free DNA is only possible on tissues that 

are easily accessible by direct injection. [5, 8]  

 

A second possible method relies on the use of delivery systems that are useful for 

transferring the genes efficiently into the target cells and shielding the genetic information 

from degradation in the blood stream. [9, 10]  



2 

 

Up to now, there has been a lack of convincing therapeutic results due to the fact that 

there is a shortage of sufficient, efficient and safe delivery systems. There are two main 

different classes of vectors that are studied for gene delivery: viral and non-viral. [10, 11]  

 

Viral vectors are genetically manipulated viruses, which are derived from naturally 

occurring viruses and are capable of transferring their genetic information into a host cell. [5] 

Because of this property, viral vectors are very suitable for gene delivery but there are some 

disadvantages such as their toxicity, their influence on the immune system, their limited DNA 

delivery capacity and especially unexpected side-effects. These side-effects arise from the fact 

that viruses do not only invade the target organs, but may also become widely dispersed in the 

human body eventually interacting with healthy tissues. [6, 12] Those disadvantages triggered 

the development of synthetic gene delivery vehicles: non-viral vectors such as cationic lipids 

or cationic polymers such as poly(ethylene imine) (PEI). [5, 11] 

 

Non-viral vectors have a series of advantages compared to the viral ones: they can be 

produced on a large scale, they have a low influence on the immune response, they have a 

higher gene carrying capacity and they can be modified in different ways to tailor specific 

needs, such as tissue-targeting. [5, 10] Nevertheless, they also have to deal with a series of 

obstacles before they can reach their target. Especially the endosomal escape and the nuclear 

localization should be taken into account for the development of those non-viral vector 

systems since these are the two major barriers for gene delivery. [13]  

 

On the other hand, there is still room for improvement regarding their toxicity and their 

transfection efficiency before going to clinical trial. Ligand attachment, protein transduction 

domains, incorporation of nuclear localization signals, increasing the polyplex concentration 

or increasing the positive net charge are proposed methods for improving these properties. [5, 

14]  

 

Therefore, the goal for developing polymeric vectors for gene delivery, and thus for the 

healing of cancer and inherited diseases, is to obtain polyplexes which can deliver genetic 

information into the desired cells as efficiently as viral-vectors, but lacking their side-effects. 

[5] 
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1.1.2 Barriers to gene delivery 

Before the genetic information can reach its target a number of barriers has to be 

overcome as shown in figure 1.1 of which the different steps will be discussed. The best way 

to deliver the genetic information into the cells is by using non-viral vector systems as 

described earlier. Those vectors has to be positively charged at physiological conditions in 

order to form stable complexes with the negatively charged poly(nucleic acid)s, like DNA, via 

electrostatic interactions. [14, 15] The first obstacle for the formed polyplexes is the plasma 

membrane which they conquer via endocytosis by interacting with the negatively charged 

proteoglycans and glycoproteins on the cell surface. After this internalization process the 

polyplex will be transported to the nucleus in an endosomal vesicle out of which the polyplex 

has to be released into the cytoplasm which can be achieved due to the buffering capacity of 

the multicationic polymers. [1, 15] This leads to an increased influx of chloride ions, protons 

and water, causing osmotic swelling and rupture of the endosomal membrane which is known 

as the ‘proton sponge’ phenomenon about which research is still going on. [3, 16-19] 

Afterwards the genetic information has to dissociate from its vector, either in the cytosol or in 

the nucleus, in order to ensure efficient gene expression. [1, 15] 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Barriers to gene delivery—Design requirements for gene delivery systems include the ability to (I) 
complexate therapeutic genes; (II) gain entry into cells; (III) escape the endo-lysosomal pathway; (IV) effect 
DNA/vector release; (V) traffic through the cytoplasm and into the nucleus; (VI) enable gene expression; and 
(VII) remain biocompatible. (Reprinted from ref.[1]). 
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1.2 POLY(ETHYLENE IMINE) AS A NON-VIRAL VECTOR  

Non-viral vector systems have gained increased attention due to some problems with 

the use of viral vectors as described earlier. Recently, several polymeric materials have been 

investigated of which PEI will be discussed below.  [20] 

 HB-PEI and L-PEI are two polymers that 

have frequently been used in gene delivery. The 

hyper branched form (figure 1.2), while yielding 

superior transfection efficiency (it is still regarded 

as the gold standard in gene transfection), exhibits 

a high level of toxicity due to the presence of 

rather basic tertiary amine groups in its structure. 

HB-PEI also has an ill-defined structure and 

consists of a large variety of different chains with 

a broad distribution in chain length, degree of 

branching and ratio of primary, secondary and tertiary amine groups, not desired for 

biomedical applications. Moreover, its high degree of branching is involved in 

haemolysis of erythrocytes. [21, 22] In a study of Krämer et al. the lowest toxicity was 

obtained with a well-defined pseudo dendrimer derived from PEI with a degree of 

branching of 60%. [3, 23] 

 L-PEI (figure 1.3), lacking primary and secondary 

amines; and available with narrow molar mass distribution 

has overcome part of the toxicity issues related with branched 

PEI and has therefore been proposed as an alternative 

polymeric vector. In addition, some studies have found 

enhanced transfection efficiency in L-PEI based vectors 

compared to their HB-PEI counterparts, for example when 

the complexes were generated in salt containing buffer. However, its transfection efficiency 

still cannot meet the highly efficient HB-PEI standards due to the fact that in salt-free 

conditions the transfection efficiency in vitro was low. [9, 24, 25]  

Well-defined PEI can be prepared by the acidic hydrolysis of poly(2-ethyl-2-oxazoline) 

as will be discussed under 1.3.4.  

Figure 1.3 Structure of linear 
poly(ethylene imine)  

Figure 1.2 Structure of branched poly(ethylene imine) 



5 

 

To summarize: it is necessary to gather a detailed knowledge of the polymer structure of 

the non-viral vector to establish structure-activity relationships required to optimize the 

transfection efficiency while minimizing the cytotoxicity. [3]  

1.2.1 Complex formation of poly(ethylene-imine) with the genetic information and its 

transfection efficiency  

The characteristics of the non-viral vector, such as molecular weight, the number and 

the density of charges, or its topology, influence the complexation and condensation behavior 

with the genetic information as discussed below. [3]  

 

PEI is able to form stable complexes with nucleic acids due to its cationic character at 

physiological conditions. Every third atom of the polymer backbone (nitrogen) can be 

protonated, yielding a charge density of around 20-25 micro equivalents per gram. This makes 

PEI capable to interact with the negatively charged DNA or RNA at a ratio of nearly 1:1, 

forming stable polyplexes via electrostatic interactions. [3, 26] Recent studies have confirmed 

this hypothesis of complex formation by electrostatic interactions based on Fourier Transform 

Infrared spectroscopy and also via micro calorimetric measurements. [3, 26, 27] 

 

The formed complexes can then undergo poly ion exchange reactions and substitution 

reactions in vitro as well as in vivo conditions. The binding of DNA with PEI is driven by a 

number of interactions, such as hydrogen bonding, Van der Waals forces, and especially by 

Coulombic interactions. In addition, the polyplex formation is strongly entropically favored, 

due to the release of solvating water molecules and the release of counter ions upon 

complexation. The more counter ions the polycation, depending on its charge density, can 

release, the more stable complexes it can form. Not only the characteristics of the polymer are 

determining the complexation, but it also depends on the DNA tertiary structure. PEI 

preferentially binds with supercoiled DNA rather than with the linear form, retaining the 

helical conformation after the complexation. [3, 27] 

 

A number of efforts have been made to gain more information about the composition 

and the structure of those polyplexes between PEI and DNA with the aid of for example 

standard spectroscopy, gel electrophoreses, dynamic laser light scattering and by measuring 

the zeta potential. [3, 28]  
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Unfortunately, the information is fragmented due to the fact that the methods to 

characterize the structure of polyplexes are not really suitable. [3] The standard emission or 

absorption spectroscopy for example cannot be used for the determination of PEI due to the 

fact that PEI does not possess chromophores. [3, 29] 

On the other hand, UV-vis spectrophotometry, can be used for quantitative analysis of 

PEI by adding copper (II) ions, which form a dark blue cuprammonium complex with PEI. 

[29] However, this method cannot make any distinction between the polymer that is involved 

in the complex, and the free polymer. [3] 

The lower the molecular weight and the charge density, the lower the condensation 

capacity will be. [3, 30] The formed polyplexes are prone to aggregation above a certain 

concentration, leading to accumulation in different tissues which has been reported to happen 

in the lungs, liver and the spleen being able to induce necrosis. [5]  

In an attempt to reduce the cytotoxicity of PEI-based vectors, the polyplexes have been 

purified to remove the excess of uncomplexed PEI. While the purified polyplexes exhibited 

decreased toxicity, the absence of free PEI chains negatively affected the transfection 

efficiency. This has been demonstrated in a study of S. Boeckle et al.; the transfection 

efficiency was significantly higher when the amount of free PEI in solution increased. [3, 31] 

In addition, the elimination of the excess of PEI chains, results in water insoluble neutral 

polyplexes that are able to aggregate, negatively impacting their shelf-life. An excess of PEI 

renders the polyplex surface cationic, greatly enhancing its aqueous solubility. [3] 

 

Furthermore, the excess of cationic charges is also required to facilitate the entrance 

into the cell, or endocytosis, since a positively charged polyplex can interact with the 

negatively charged proteoglycans and glycoproteins, on the cell surface as described earlier. 

[14, 24]  

 

Although the structure of the polyplexes and thus their charge distribution is not yet 

fully understood, the importance of the binding to the cell surface has been demonstrated to 

play an important role for gene delivery of the polyplex. [3, 32]  
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After entering the cell the polyplex will be transported to the nucleus in an endosomal 

vesicle out of which the polyplex can be released into the cytoplasm due to the buffering 

capacity of PEI. [1] PEI contains, depending on its topology (linear or branched), different 

kinds of amine groups. Branched PEI contains 25 % primary, 50 % secondary and 25 % 

tertiary amines, whereas linear PEI only displays secondary amines. [3, 20] The pKa values of 

the different amine groups are above physiological pH(7,4), and thus two-thirds of the amines 

are protonated in biologically relevant environments. [3, 9] The higher the amount of primary 

and secondary amines, the higher the pKa values and the level of polymer protonation or 

charge density. Moreover, the distribution of different amine groups along the polymer chain 

results in a wide range of apparent pKa values, yielding a polymer with a large buffering 

capacity. PEI can thus buffer the acidic environment of the endosomal interior which leads to 

an increased influx of chloride ions, protons and water, causing osmotic swelling which 

eventually leads to endosomal lysis and the release of the polyplex in the cytosol. This 

phenomenon is known as the ‘proton sponge’ effect. [3, 16, 17] However, the proton sponge 

phenomenon alone does not fully reveal the role of PEI as transfection reagent which induces 

the endosomal escape. Further research will be necessary to elucidate the influence of this 

phenomenon on the transfection efficiency.  [3] 

 

1.3 SYNTHESIS AND PROPERTIES OF POLY(ETHYLENE 

IMINE) AND POLY(2-ETHYL-2-OXAZOLINE) 

1.3.1 In general  

Linear poly(ethylene imine) can be obtained in an easy manner by acidic or basic 

hydrolysis of PEtOx. This hydrolysis takes hours to several days in reflux conditions. [33, 34] 

The hydrolysis of PEtOx has been studied in both acid and basic conditions, and in the 

presence of enzymes. [21] It has been demonstrated that the degree of PEtOx hydrolysis plays 

a very important role in the transfection efficiency, as a higher degree of hydrolysis leads to a 

higher transfection efficiency of the resulting polyplex. [35] 

 

The goal of this project is to find milder conditions for the acidic hydrolysis of poly(2-

ethyl-2-oxazoline) into linear poly(ethylene imine) under microwave irradiation (figure 1.4).  

The use of a microwave synthesizer allows for higher temperatures to perform the PEtOx 

hydrolysis, and can sharply reduce the reaction times to a matter of minutes. [35]  

Figure 1.2 
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In addition, the effect of temperature and acid concentration on the degree of 

hydrolysis and the effect of the hydrolysis process on the polymer structure will be explored 

for a range of different conditions.  

 

 

 

 

 

 

 

Before describing some reported hydrolysis experiments to obtain PEI out of PEtOx, 

the properties of PEI and PEtOx and the synthesis of PEtOx will be discussed. 

1.3.2 Properties of poly(2-ethyl-2-oxazoline) and poly(ethylene imine) 

The glass transition temperature (Tg) of PEtOx, an amorphous polymer, is 61,8 °C in 

comparison with a Tg of 29,5 °C for L-PEI, a semi crystalline polymer, with a melting 

temperature (Tm) of 60°C. As described earlier, the interest in PEtOx as a material for 

biomedical applications, like gene delivery, is increasing. Drugs, proteins and drug carriers 

are becoming increasingly conjugated with PEtOx to shield them from the immune system, 

therefore the solubility of PEtOx after partial hydrolysis is playing an important role. [21] The 

solubility of PEtOx-EI copolymers is strongly influenced by the protonation of the secondary 

amine groups, and has been studied by P. C. Van Kuringen et al. The solubility behavior of 

the polymer (5mg/mL) was investigated in acidic (pH = 1), neutral (deionized water) and 

basic (pH = 13) conditions by means of turbidimetry. Full protonation or deprotonation of the 

copolymers was achieved at pH values of respectively 2 and 10. [21, 36] 

 

PEtOx exhibits a lower critical solution temperature (LCST) behavior in water and thus 

precipitates above a certain cloud point temperature (TCP). The cloud point temperature 

changes with the ionic strength of the aqueous medium. In deionized water the TCP amounts 

to ca. 65°C and 57°C in strong acidic or basic conditions. This decrease in temperature can be 

explained by the change in the ionic strength and thus the hydration behavior of the solution 

caused by the presence of hydroxide or hydronium ions. [21] 

 

Figure 1.4 Hydrolysis of poly(2-ethyl-2-oxazoline into linear poly(ethylene imine) 
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L-PEI, unlike PEtOx, does not exhibit LCST but UCST (upper critical solution 

temperature) behavior, being soluble in deionized water at temperatures higher than 60 °C,  

forming insoluble crystalline hydrates below that temperature. [21, 37]  

 

Almost the same behavior was observed in basic solutions, in contrast to acidic 

solutions in which L-PEI is completely soluble as full protonation of the secondary amines 

suppresses crystallization. The solubility of PEtOx increases in water after partial hydrolysis 

and PEtOx-EI copolymers are fully soluble in acidic aqueous media at temperatures between 

20 and 100°C. The degree of hydrolysis of PEtOx has thus an influence on the solubility 

behavior, but it does not interfere with the use of hydrolyzed PEtOx in biomedical 

applications due to the fact that all the phase transition temperatures are above 50°C. [21]  

 

The molecular weight of PEI can vary from < 1 kDa to 1,6 10
3
 kDa, those with a low 

molecular weight between 5 and 23 kDa are, in comparison to other non-viral vectors, one of 

the most suitable because of their superior transfection efficiency in a large number of 

different cells and their relatively low cytotoxicity. [3, 26]  

 

Nevertheless in vivo studies showed high toxicity of PEI polymers due to their high 

amount of positive charges, especially for longer polymers, which are the most efficient in 

gene transfection. The shorter the polymer and thus its residence time in the body, the lower 

the toxicity. To tackle this problem, high molecular weight PEI has been obtained from the 

coupling of low molecular weight PEI chains through biodegradable linkers, such as 

diacrylates. [3, 38] 

 

PEI is not only used in gene delivery as described above, it is for example used in drug 

formulations, for example in the coating of tablets, for which the thermal properties after 

hydrolysis are very important. Therefore some PEtOx-EI copolymers were analyzed by using 

differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA) in a study of 

R. Hoogenboom et al. [21] 

 

The results of the TGA showed that all the (co)polymers are stable up to a temperature 

of at least 306 °C, which means that the polymers are more than efficiently stable for the 

storage of tablets and other biomedical applications. [21] 
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Figure 1.5 Living Cationic Ring Opening Polymerization (LCROP) of 2-oxazolines. Both alpha and omega termini can 
be functionalized by the selection of initiator (tosylate in the scheme) and terminating agent (a nucleophile). 
Reprinted from ref. [2] 

However, the data derived from the TGA revealed that the partially hydrolyzed 

copolymers are more hygroscopic in comparison with PEtOx and the fully dried copolymers 

contained some water. In the article the higher hygroscopicity is explained as follows:  

 

“The increased hygroscopicity of PEtOx upon partial hydrolysis can be ascribed to the 

strong hydrogen bond donating ability of L-PEI in combination with the strong hydrogen 

bond accepting capacity of PEtOx resulting in strong capturing of water.” [21]  

 

1.3.3 Synthesis of poly(2-ethyl-2-oxazoline) 

PEtOx is synthesized by living cationic ring-opening polymerization (LCROP) of 2-

oxazolines which allows the synthesis of well-defined polymers of different architectures as 

shown in figure 1.5. [21, 34, 39] The five-membered heterocyclic monomer, 2-ethyl-2-

oxazoline (EtOx), is either commercially available, or obtainable via few step synthesis from 

carboxylic acids, aldehydes, nitriles or MeOx.  [39] 

 

The polymerization mechanism consist of three major steps. First there is an initiation 

reaction which has to be quantitative and fast to ensure a well-defined end product. For this 

reaction a number of electrophilic initiators can be used such as tosylates, alkyl halides, 

noslyates and triflate-based initiators. [39, 40]  

During initiation the nucleophilic amine groups of the monomer attacks the 

electrophilic group of the initiator forming a reactive cationic oxazolinium species with the 

leaving group of the initiator as anionic counter ion.  
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Then this cationic species can undergo nucleophilic attack from another monomer unit 

during the propagation step leading to ring-opening of the oxazolinium group while the added 

monomer forms a new oxazolinium end-group. 

After the propagation step, a nucleophilic terminating agent is added to the living 

polymer chain. [40, 41] By adding this terminator, a certain functionality can be introduced to 

the polymer in a one-pot fashion. A number of terminating agents can be used such as  OH
- 
, 

leading to a OH-end group.  [41] 

The polymerization reaction can also be performed at temperatures above the solvent’s 

boiling point, by using a microwave. The use of a microwave is receiving significant attention 

in organic as well as in inorganic chemistry, since the higher attainable temperatures sharply 

reduce reaction times as well as side reactions. A standard monomodal microwave system 

heats one vessel at a time. [41, 42]  

 

The microwave synthesizer was operated in temperature control mode in this work, 

meaning that the applied power (maximum 300 W) was automatically adjusted to reach and 

maintain the set temperature. After the programmed reaction time, the vial was actively 

cooled by a pressurized air flow. The temperature of the reaction vial was monitored by an IR 

temperature sensor; pressure was monitored from the bowing of the septum on top of the 

reaction vial. Due to this continuous reaction monitoring, these microwave systems are safer 

than conventional heating and provide also information about the reaction conditions (e.g., 

pressure evolution during the reaction).  [41] 

 

Microwave reactors have a number of advantages in comparison with conventional 

heating. The heating is homogeneous, rapid and higher temperatures are attainable by using 

high-pressure reaction conditions. [41]  

 

1.3.4 Reported hydrolysis experiments to obtain poly(ethylene imine) out of poly(2-

ethyl-2-oxazoline)  

In the first characterization studies of PEtOx, a crystalline linear PEI was obtained by 

hydrolysis under alkaline conditions. The product had a melting temperature of 58,5 °C and 

the glass transition temperature of ca -23,5 °C. [34, 43] More recently, it has been shown that 

basic hydrolysis can lead to degradation of the polymer main chain. [44] 
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Obtaining well-defined PEI from the hydrolysis of biocompatible PEtOx has been 

evaluated by different authors. R. Hoogenboom et al. explored the potential toxicity of 

partially hydrolyzed PEtOx. In this study, the hydrolysis of PEtOx, with an amide 

concentration of 0,48M, was performed in 5.8M HClaqaq at 57, 73, 90 and 100°C (internal 

reaction temperature) and the potential hydrolysis was investigated in the presence of 

digestive enzymes (gastric and intestinal). The ultimate aim of this study was to evaluate the 

occurrence of hydrolysis of PEtOx as the hydrolyzed product could lead to toxicity issues for 

biomedical applications of PEtOx. [21] 

 

To define the degree of hydrolysis that is still acceptable for biomedical applications, 

the properties and cytotoxicity of PEtOx-PEI with a varying degree of hydrolysis were 

examined. For future use of PEtOx as a biomaterial, the control over the degree of hydrolysis, 

through an accurate management of the hydrolysis rate, is very important. [21] 

 

In order to determine the rate constant at physiological temperature an accelerated 

PEtOx-200 kDa hydrolysis experiment was done at 100°C (internal reaction temperature) 

with a concentration of 5.8 M hydrochloric acid. The hydrolysis was almost complete after 

120 minutes, almost the same value observed for shorter PEtOx chains, indicating that the 

length of the chains does not influence the hydrolysis rate. The high influence of temperature 

on the hydrolysis rate was demonstrated by performing the hydrolysis at 90, 73 and 57 °C 

(internal reaction temperatures). After 120 minutes, the conversion ranged from 97% at 100 

°C, 54% at 90 °C, 14% at 73 °C, to only 4% at 57 °C. [21] 

 

In this study the authors were also interested to know the influence on the human body 

of the hydrolysis of PEtOx as well. In order to get an idea about this, the hydrolysis of PEtOx-

200kDa was examined in simulated gastric and intestinal fluid. The results showed that the 

hydrolysis was lower than 0,2% after 6 hours at 37 °C and thus negligible. Out of this was 

concluded that when PEtOx based formulations will be used for in vivo applications there will 

occur almost no hydrolysis in the stomach. [21] 

 

In a different study by H. M. L. Lambermont-Thijs et al., it was shown that the 

concentration of the polymer amide groups in solution do not influence the hydrolysis rate 

constant and the reaction follows thus pseudo-first order kinetics. [34]  
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r = K [A] [H3O
+
] = Kh [A]         (1.1) 

where: r = rate  

 K = rate constant 

[A] = amide concentration 

[H3O
+
] = concentration of hydronium ions  

Kh = pseudo-first order rate constant  

     

Due to the fact that the hydronium ions ([H3O
+
]) are present in excess and act as a 

catalyst, their concentration can be considered to be approximately constant. To test this 

assumption, it was demonstrated that the Ln plot, Ln([A]0/[A]t), i.e. the first order kinetic plot 

versus time, follows a straight line, proving the pseudo-first order kinetics. The pseudo-first 

order rate constant (Kh) was deriverd from the slope of the straight line. [21, 34, 45] 

 

Afterwards, the Ln plot was extrapolated to 37 °C (body temperature) which led to 

some interesting findings: to reach one percent of hydrolysis at 37 °C in a pH of 0,75, the 

reaction time would be 40 hours. This is significantly higher than the residence time in the 

stomach which is maximum 4 hours, and the pH is significantly lower than in the stomach 

(pH = 4-5). [21, 34, 45] 

 

Further analysis of the PEtOx-EI copolymers was done by using SEC with HFIP as 

eluent. The Mn and the dispersity (Ð) amounted to 35,5 kg/mol and 4,2 respectively, and the 

SEC traces showed that PEtOx, Aquazol 200, has a broad bimodal molar mass distribution. 

[21] Due to the fact that the hydrodynamic volume of PEI in HFIP is larger than that of 

PEtOx the measured Mn increased upon hydrolysis. Not only the Mn changed, the PDI 

decreased from 4,2 before hydrolysis to 1,93 after hydrolysis and the SEC trace transformed 

into a monomodal molar mass distribution. [21, 34] 

 

In another study J.H. Jeong et al., the controlled acidic hydrolysis of commercial 50kDa 

PEtOx was investigated by varying the concentration of hydrochloric acid, from 5 to 10 v. % 

HClaqaq. The hydrolysis was carried out during a fixed reaction time of 6 hours under reflux 

conditions. The obtained PEtOx-PEI copolymers were then neutralized with a 5 M sodium 

hydroxide solution. The degree of hydrolysis was determined by 
1
H-NMR spectroscopy in  

D2O. As expected, the higher the amount of HClaq, the higher the degree of hydrolysis.  
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The degree of hydrolysis amounted to 52,6 %, 73,3 % and 88,0 % with HClaq 

concentrations of 5.0 %, 7,5 % and 10,0 % HClaq respectively. These percentages were 

calculated by dividing the relative area of the proton signal derived from the ethylene imine 

backbone units by the relative area of the proton signal derived from the N-propionyl ethylene 

imine unit. [35] 

 

By using higher amounts of HClaq, namely 15 v. %, a water insoluble crystalline phase 

occurred in the aqueous solution, indicating a degree of hydrolysis over 95%, when the PEI 

crystalline structure dominates the copolymer properties. Pure L-PEI exhibits a high level of 

stereo regularity resulting in a crystalline, water insoluble polymer. Therefore, it is desirable 

to keep the PEtOx hydrolysis level below 90-95 %, in order to suppress polymer crystalline 

packing and ensure aqueous polymer solubility in vivo. [35]  

 

Besides the mentioned studies on POx hydrolysis, there is up to date no systematic 

study on the hydrolysis of PEtOx that comprehensively explores different hydrolysis 

conditions and especially their effect on the final polymer integrity. 
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2. OBJECTIVES 

The use of gene delivery for the treatment of several diseases is receiving increasing 

attention in recent years because it can lead to a breakthrough in the treatment of cancer and 

other inherited diseases. The genetic information can be delivered into the body with the aid 

of carriers. However, up to now there are no efficient and safe delivery systems that entered 

the market.  

Viral vectors have some drawbacks ranging from their toxicity to their influence on 

the immune system. Therefore the focus is now on non-viral vector systems, such as Poly(l-

lysine) (PLL) and PEI. Unfortunately their transfection efficiency is not as high as for viral 

vectors. The goal for the development of non-viral vector systems for gene delivery is thus to 

obtain polyplexes which are as efficient as viral victors, but without their side-effects. The 

focus in this project will be on L-PEI and PEtOx-PEI copolymers which are promising 

candidates for their use in gene delivery.  

The main object of this master thesis will be to optimize the hydrolysis of poly(2-

ethyl-2-oxazoline) into linear poly(2-ethylene imine), and study the effect of hydrolysis on the 

polymer integrity. In recent studies the hydrolysis has been carried out under reflux conditions 

or with the aid of a microwave synthesizer under both acidic and basic conditions. The use of 

a microwave synthesizer and acidic conditions decrease the reaction time. However, the 

previously used reaction conditions are very harsh, as the hydrolysis was carried out in highly 

concentrated hydrochloric acid solution (5.8M HClaq.).  

The goal of this thesis is thus to find milder reaction conditions for the acidic 

hydrolysis of PEtOx into L-PEI under microwave irradiation as well as under reflux 

conditions. In addition, the effect of temperature and acid concentration on the degree of 

hydrolysis and the effect of the hydrolysis process on the polymer structure will be explored 

for a range of different conditions. 

Firstly, the hydrolysis will be carried out on a non-well-defined commercial 50kDa 

PEtOx in a microwave synthesizer in 1M HClaq. at different temperatures; the impact of the 

hydrolysis process on the polymer structure will be examined by size-exclusion 

chromatography in hexafluoroisopropanol (HFIP-SEC). Thereafter, the hydrolysis will be 

performed under reflux conditions in 1M HClaq. (100 °C).  
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Afterwards the same hydrolysis experiments will be studied with a well-defined 3 kDa 

PEtOx which contains no ill-defined side products, thus allowing more accurate evaluation of 

the effect of hydrolysis conditions on the potential degradation of the polymers structure. The 

data derived from those experiments lead to an optimal temperature at which the hydrolysis 

can be performed in only 0,5M and 0,1M HClaq.. 

Finally, a multiwave pro (Anton Paar, Austria) will be used in order to see whether the 

hydrolysis can be carried out at near-critical water conditions (T > 270 C) without using any 

acid catalyst.  
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3. MATERIALS AND METHODS 

3.1 USED PRODUCTS 

 Deïonised water was prepared with a resistivity less than 18.2 MΩ x cm using 

an Arium 611 from Sartorius with the Sartopore 2 150 (0.45 + 0.2 µm pore size) 

cartridge filter. 

 Poly(2-ethyl-2-oxazoline) 50 kDa, Sigma Aldrich, Germany  

 Poly(2-ethyl-2-oxazoline) 200 kDa, Sigma Aldrich, Germany 

 HClaq 37 (m/m) %, Acros organics, Geel, Belgium 

 NaOH >97%, Acros Organics, Geel, Belgium 

 1,1,1,3,3,3-hexafluoroisopropan-2-ol, Apollo scientific limited, Manchester 

 Dimethylacetamide >99,5%, Sigma Aldrich, Germany 

 CD3OD 99,8% D, Euriso-top, France 

 Liquid nitrogen, Air liquide, France 

3.2 USED DEVICES  

 SEC-DMA was performed on a Agilent 1260-series HPLC system (Germany) 

equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic 

liquid sampler (ALS), a thermostatted column compartment (TCC) at 50°C 

equipped with two PLgel 5 µm mixed-D columns in series, a 1260 diode array 

detector (DAD) and a 1260 refractive index detector (RID). The used eluent was 

DMA (>99,5%, Sigma Aldrich, Germany)  containing 50mM of LiCl at a flow 

rate of 0.593 ml/min. The spectra were analyzed using the Agilent Chemstation 

software with the GPC add on. Molar mass and Đ values were calculated against 

PMMA standards from polymer labs. 

 SEC-HFIP was performed on a Agilent 1260-series HPLC system (Germany) 

equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic 

liquid sampler (ALS), a thermostatted column compartment (TCC) at 50°C 

equipped with two PL HFIPgel columns (250 x 4.6 mm) in series, a 1260 diode 

array detector (DAD) and a 1260 refractive index detector (RID).  

The eluent used was HFIP (Apollo scientific limited, Manchester) containing 22 

mM of sodium trifluoroacetate (NaTFAc) at a flow rate of 0.3 ml/min. Molar 

mass and Đ values were calculated against PMMA standards from polymer labs.  
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 Proton nuclear magnetic resonance spectra were recorded on a Bruker Avance 

300 MHz spectrometer (Massachusetts).at room temperature. The chemical 

shifts are given relative to TMS. 

 The hydrolysis was performed in a microwave synthesizer 300 (Anton Paar, 

Austria) with a MAS 24 auto sampler. The maximum power amounts 850 W. 

 At near-critical water temperatures the hydrolysis was performed in a multiwave 

pro (Anton Paar, Austria) equipped with two reliable magnetrons of 850 W 

each. 

 pH-values were measured using a Consort C561 equipped with a universal pH 

electrode with build-in temperature probe. 

 Vacuum oven, Heraeus instruments vacutherm, Germany, 50 °C, 2 mBar 

 The samples were dried in a freeze-drier (Thermo electron corporation, 

Connecticut) which is equipped with a vacuum pump (Pfeiffer, Germany) and a 

cooling system (Heto drywinner, Denmark). 

3.3 PREPARATION OF THE USED SOLUTIONS 

3.3.1 Stock solution of poly(2-ethyl-2-oxazoline) 50 kDa 

To prepare this solution, PEtOx with a molecular weight of 50 kDa has been used. A 

solution of 1000 mL with a concentration of amide groups of 0,48M was prepared, as 

reported by Van Kuringen H.P.C. et al. [21] Due to the fact that the molecular weight of one 

repeating unit is 0,99 g/mol 47,52 grams of polymer have to be weighed. The final weight 

was 47,527 grams. The mass of the polymer end-groups is neglected in this calculation as it 

will be very small in comparison to the polymer molar mass.  

0,48 mol in 1000 mL    

             
 

   
         

 

 

 

 

http://en.wikipedia.org/wiki/Billerica,_Massachusetts
http://nl.wikipedia.org/wiki/Connecticut
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The polymer structure was confirmed by 
1
H-NMR spectroscopy that was recorded on 

a 300 MHz Bruker Ultrashield in CDCl3 of which the spectrum is showed in figure 3.1. 

 

 

 

 

 

 

 

 

 

3.3.2 Use of HClaq as a catalyst  

Aqueous hydrochloric acid was used as a catalyst for the hydrolysis of PEtOx. We 

used HClaq with a density of 1,180 g/mL (at 25°C) and the molecular weight of HClaq is 36,5 

g/mol. The solution had thus a concentration of 11,96 M according to the following 

calculations: 

                                          (
 

 
)                                   

   
                      

          
               

 

3.3.3 1M sodium hydroxide solution  

To make a 75 mL solution of 1M, 3 grams of sodium hydroxide with a molecular 

weight of 40 g/mol had to be weighed according to this calculation: 

       
   

       
                                      

 

   
     

The final weight was 3,020 grams of NaOH. 

 

Figure 3.1 
1
H-NMR spectrum of the non-well defined PEtOx 50 kDa in CDCl3 
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3.3.4 4M sodium hydroxide solution 

To prepare a higher concentrated NaOH solution as the one described in section 3.3.3., 

a 300 mL sodium hydroxide solution with a concentration of 4 mol/L was made. The 

molecular weight of sodium hydroxide amounts 40 g/mol so therefore 48 grams of sodium 

hydroxide were needed.  

  
 

   
  

   

 
    

 

 
                                       

We weighed 48,001 grams of sodium hydroxide and dissolved it into 300 mL of H2O.  

3.3.5 Stock solution of poly(2-ethyl-2-oxazoline) 200 kDa 

This solution was made in the same way as the solution described under 3.3.1 since 

the molecular weight of the repeating unit is the same for both polymers independently from 

the molecular weight of the polymers and, as mentioned previously, the mass of the end-

groups is neglected. So to make a stock solution of one liter, 47,52 grams polymer are needed 

and the final weight for this stock solution amounted 47,565 grams.  

3.3.6 A well-defined poly(2-ethyl-2-oxazoline) 3 kDa 

A well-defined PEtOx with a molecular weight of 3 kDa, prepared by Bryn, was 

synthesized as shown in figure 3.2. The solvent was removed from the polymerization 

mixture under reduced pressure, and the residue was subsequently dissolved in 

dichloromethane and precipitated twice by drop wise addition into cold diethyl ether under 

intense stirring. This purification ensured the removal of all unreacted monomer. Finally, the 

polymer was filtered and dried overnight at 50 °C in the vacuum oven.  

 

 

 

 

 

 

 

Figure 3.2 Synthesis of PEtOx. The complete reaction mechanism is explained under 1.3 
(figure 1.6) The conversion was only 31% so the molecular weight is 3kDa instead of the 
theoretical 5kDa  
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The polymer was characterized by Size Exclusion Chromatography in two different 

solvents, namely DMA (Mn = 6000 , Đ = 1,07) and HFIP (Mn = 3300, Đ = 1,55). The 

polymer structure was confirmed by 
1
H-NMR spectroscopy that was recorded on a 300 MHz 

Bruker Ultrashield in CDCl3 of which the spectrum is showed in figure 3.3.  

 

 

 

 

 

 

 

3.3.7 Stock solution of a well-defined poly(2-ethyl-2-oxazoline) 3 kDa 

A polymer stock solution was made with a concentration of amide goups of 0.48M. 

For the further experiments 250 mL of the solution will be needed so a stock solution of 250 

mL was prepared, therefore 11,88 grams of polymer were needed: 

0,48 mol in 1000 mL      0,12 mol in 250 mL 

                                                                    
 

   
         

The final weight amounted 11,883 grams of the well-defined polymer.  

To perform some more hydrolysis experiments at a well-defined optimal temperature 

by using a lower concentration of HClaq a new stock solution of the well-defined polymer was 

made because the previous stock solution had been used for the other hydrolysis experiments. 

Two solutions were made, one of 50 mL and one of 100 mL. 

The molecular weight of the repeating unit is 99 g/mol.  

The first solution of 50 mL:  

0,48 mol in 1000 mL      0,024 mol in 50 mL 

                 
 

   
                  Weighed: 2,378 g 

Figure 3.3 
1
H-NMR spectrum of the well-defined PEtOx 3 kDa in CDCl3 
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The second solution of 100 mL:  

0,48 mol in 1000 mL      0,048 mol in 100 mL 

                 
 

   
                  Weighed: 4,756 g 

3.4 
1
H-NMR AND SEC SAMPLES 

3.4.1 Preparation of 
1
H-NMR and SEC samples of the polymer before hydrolysis  

To prepare the sample for the 
1
H-NMR spectroscopy measurements, 50 mg powder of  

the 50kDa polymer were dissolved into 700 µL methanol-D4 and then the sample was 

measured by 
1
H-NMR spectroscopy.  

Two samples for size exclusion chromatography were prepared, one in 

dimethylacetamide and another one in hexafluoroisopropanol. Both were made by dissolving 

5 mg of the polymer into 1 mL of respectively DMA and HFIP and then the samples were 

analyzed by SEC. 

3.4.2 Preparation of 
1
H-NMR and SEC samples of the polymer after hydrolysis  

After neutralizing the samples by addition of 1 mL NaOH solution until the pH was 

between 8 and 10, one milliliter of each sample was placed in one eppendorf tube. Then the 

samples were frozen in liquid nitrogen and placed in the freeze-drier. The samples were dried 

overnight and dissolved into 700 µL methanol-D4 for measuring by 
1
H-NMR spectroscopy. 

For the SEC-HFIP analyses the content of the eppendorf tube was dissolved in 1 milliliter of 

HFIP.  

3.5 HYDROLYSIS OF POLY(2-ETHYL-2-OXAZOLINE) INTO 

LINEAR POLY(ETHYLENE-IMINE)  

3.5.1 Hydrolysis under reflux conditions  

First the hydrolysis of Poly(2-ethyl-2-oxazoline) into L-PEI was explored under reflux 

conditions in order to find out if the hydrolysis is possible under milder conditions, which 

means that the polymer was hydrolyzed at a temperature of 100°C in a 100 mL round bottom 

flask with a stirring bar and a reflux condenser on the flask.  
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In order to have a mixture of HClaq and the polymer stock solution (50kDa) with a 

total volume of 40 mL, 3,344 mL HClaq 11,96M were needed, as follows this equation: 

     
   

 
             

   

 
                    

Therefore, the needed volume of the polymer stock solution was 36,656 mL.  

3.5.1.1 Reflux hydrolysis with the non-well defined polymer 50kDa  

First we performed the hydrolysis with the commercial 50 kDa PEtOx (3.3.1). A 

sample of 1 mL was taken for each different reaction time, and subsequently neutralized with 

1 mL NaOH 4M solution (see table 3.1). By adding this NaOH, full conversion of the 

released propionic acid into sodium propionate, a non-volatile salt, was ensured. 

Table 3.1 Hydrolysis of the 50 kDa PEtOx under reflux conditions (100°C) 

Sample 

name 

Time 

(min.) 

EB0081 11 

EB0082 20 

EB0083 30 

EB0084 40 

EB0085 60 

EB0086 123 

EB0087 140 

EB0088 160 

EB0089 180 

EB00810 210 

EB00811 240 

EB00812 270 

EB00813 300 

EB00814 330 

EB00815 350 

EB00816 1320 

 

3.5.1.2 Reflux hydrolysis with the well- defined 3 kDa PEtOx 

In order to get some more accurate information about the stability of the polymer 

when it is hydrolyzed under mild reflux conditions, the well-defined polymer has been used. 

By using this polymer, it is assured that there are no unwanted side products in the polymer 

facilitating interpretation of SEC analysis.  
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A solution of 50 mL was made, containing 45,819 grams of the polymer stock solution 

(3.3.7) plus 4,1806 mL HClaq., to get a solution with a concentration of 1M HClaq..  

Before the hydrolysis experiment, 10 mL were taken out to be titrated to determine the 

exact acid concentration. After twelve hours, 10 mL were also taken out of the solution, to be 

titrated in order to calculate the acid concentration and determine whether the PEI-propionic 

acid mixture acts as a pH buffer system. The reaction was followed during twelve hours and 

then started up again in the evening in order to have samples between 12 and 24 hours.  

Like the experiment with the 50 kDa PEtOx, samples were taken at different times, as 

can be seen in table 3.2. A sample of 1 mL was taken and neutralized with 1 mL of a 4M 

NaOH solution (3.3.4) in order to get a pH between 8-10 (full acid deprotonation).    

Table 3.2 Hydrolysis of the well-defined polymer under reflux conditions (100°C) 

Sample 

name 

Time 

(min.) 

EB0331 0 

EB0332 30 

EB0333 60 

EB0334 120 

EB0335 180 

EB0336 240 

EB0337 300 

EB0338 360 

EB0339 420 

EB03310 480 

EB03311 540 

EB03312 600 

EB03313 660 

EB03314 720 

EB03315 780 

EB03316 840 

EB03317 900 

EB03318 960 

EB03319 1020 

EB03320 1080 

EB03321 1140 

EB03322 1200 

EB03323 1260 

EB03324 1320 

EB03325 1380 
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After looking at the results it could be concluded that unfortunately something went 

wrong during the night as shown in table 4.3, as barely any hydrolysis occurred overnight in 

order to get more information about the degree of hydrolysis some longtime experiments were 

also carried out in the microwave synthesizer as shown in table 3.3  

Table 3.3 Hydrolysis of the well-defined polymer in the microwave synthesizer (100°C) 

Sample name 
Temperature 

(°C) 

Time 

(min.) 

EB0341 100 960 

EB0342 100 1200 

EB0343 100 1440 

 

3.5.2 Hydrolysis by using the microwave synthesizer 

3.5.2.1 First hydrolysis tests at different temperatures 

After looking at the results of the 

reflux experiments it could be concluded that 

the hydrolysis of PEtOx into PEI can be 

carried out under milder conditions. 

Therefore some more hydrolysis experiments 

were done at higher temperatures by using a 

microwave synthesizer to accelerate the 

reaction speed. 

 

 The desired total volume in each vial was 3 mL with a concentration of 1M HClaq. 

Therefore 0,251 mL of a 11,96M HClaq  solution was needed according to this equation:  

                           

                 

In order to have a total volume of 3 mL, 2,749 mL of the polymer stock solution with 

a molecular weight of 50kDa and a concentration of amide groups of 0,48M was needed.  

 

Figure 3.4 Monowave 300 Anton Paar (Austria)  



26 

 

Four samples were prepared and heated in the microwave synthesizer as follows:                                            

Table 3.4 First try-out experiments with the microwave synthesizer  

Sample name 
Temperature 

(°C) 

Time 

(min.) 

EB003 160 20 

EB004 180 20 

EB005 200 20 

EB006 220 20 

 

After these reaction times, the samples were neutralized with 1 mL 1M NaOH-

solution (3.3.3) to reach a pH between 8-10 (full acid deprotonation).    

3.5.2.2 Hydrolysis in the monowave at other temperatures and other times  

The same experiment as under 3.5.2.1 has been repeated but with other reaction times 

and other temperatures. Each vial contained now 2,5 mL of the polymer stock solution 50kDa 

plus 0,228 mL HClaq 11,96M to get a solution with a concentration of 1M HClaq.  

1)                                    C1 = 11,96 M with:  V = Volume 

                                                             C2 = 1 M            C = Concentration 

2)                

1 En   2                                

                       ↔             
     

  
       

                       ↔   
  

  
 
      

  
 
  

  
 

                       ↔    
      

  
 
  

  
    

                       ↔   
  

  
   

   

  
 

                       ↔        
  

  
 = 2,5 mL  

 V1 = 0,228 mL HClaq 11,96 M  

 V2 = 2, 728 mL = total volume of each flask  
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The experiments are summarized in the tables below: 

Table 3.5 Hydrolysis in the monowave at 120°C                               Table 3.6 Hydrolysis in the monowave at 140°C                                  

           

Table 3.7 Hydrolysis in the monowave at 160°C                               Table 3.8 Hydrolysis in the monowave at 180°C                                  

  

Table 3.9 Hydrolysis in the monowave at 200°C                               Table 3.10 Hydrolysis in the monowave at 220°C                                  

 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB00910 120 1 second 

EB0098 120 1 

EB0094 120 5 

EB0091 120 10 

EB0092 120 20 

EB0093 120 30 

EB0095 120 45 

EB0096 120 90 

EB0099 120 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0109 140 1 second 

EB0108 140 1 

EB0104 140 5 

EB0101 140 10 

EB0102 140 20 

EB0103 140 30 

EB0105 140 45 

EB0106 140 90 

EB01011 140 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0119 160 1 second 

EB0118 160 1 

EB0114 160 5 

EB0111 160 10 

EB0112 160 20 

EB0113 160 30 

EB0115 160 45 

EB0116 160 90 

EB01111 160 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0129 180 1 second 

EB0128 180 1 

EB0124 180 5 

EB0121 180 10 

EB0122 180 20 

EB0123 180 30 

EB0125 180 45 

EB0126 180 90 

EB01217 180 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.)  

EB0139 200 1 second 

EB0138 200 1 

EB0134 200 5 

EB0131 200 10 

EB0132 200 20 

EB0133 200 30 

EB0135 200 45 

EB0136 200 90 

EB01317 200 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0149 220 1 second 

EB0148 220 1 

EB0144 220 5 

EB0141 220 10 

EB0142 220 20 

EB0143 220 30 

EB0145 220 45 

EB0146 220 90 

EB01417 220 180 
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After each reaction the samples were neutralized with one milliliter of the 4M NaOH-

solution (see 3.3.4) to reach a pH between 8-10 (full acid deprotonation).   

3.5.2.3 Hydrolysis in the monowave with the well-defined poly(2-ethyl-2-oxazoline) 3 kDa 

The same experiment as described under 3.5.2.2 has been repeated but now with the 

well-defined polymer to get better information about the behavior of the polymer during the 

hydrolysis. 2,5 mL of the stock solution (3.3.7) that was made of the well-defined polymer 

plus 0,228 mL 11,96M HClaq were added in each vial. After each reaction, as shown in the 

tables below the samples were neutralized with 1 mL of the 4M NaOH-solution (3.3.4) to 

reach a pH between 8-10 (full acid deprotonation).   

Table 3.11 Hydrolysis of the 3k Da PEtOx at 120°C                        Table 3.12 Hydrolysis of the 3kDa PEtOx at 140°C                                                                                                               

  

Table 3.13 Hydrolysis of the 3kDa PEtOx at 160°C                         Table 3.14 Hydrolysis of the 3kDa PEtOx at 180°C             

 

 

 

Sample 

name 

Temperature 

(°C) 

Time 

(min.)  

EB0231 120 1 second 

EB0232 120 1 

EB0233 120 5 

EB0234 120 10 

EB0235 120 20 

EB0236 120 30 

EB0237 120 45 

EB0238 120 90 

EB0239 120 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.)  

EB0241 140 1 second 

EB0242 140 1 

EB0243 140 5 

EB0244 140 10 

EB0245 140 20 

EB0246 140 30 

EB0247 140 45 

EB0248 140 90 

EB0249 140 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0251 160 1 second 

EB0252 160 1 

EB0253 160 5 

EB0254 160 10 

EB0255 160 20 

EB0256 160 30 

EB0257 160 45 

EB0258 160 90 

EB0259 160 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0271 180 1 second 

EB0272 180 1 

EB0273 180 5 

EB0274 180 10 

EB0275 180 20 

EB0276 180 30 

EB0277 180 45 

EB0278 180 90 

EB0279 180 180 
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Table 3.15 Hydrolysis of the 3kDa PEtOx at 200°C                      Table 3.16 Hydrolysis of the 3kDa PEtOx at 220°C        

3.5.2.4 Hydrolysis in the monowave with the 3 kDa polymer at 180°C  

The same experiment as under 3.5.2.3 has been repeated with different acid 

concentrations at 180°C, which seems to be the optimal temperature after analyzing the 

previous experiments. To see the influence of a lower concentration of HClaq 0,5 and 0,1M 

HClaq were used. Each vial contained now 2,5 mL of the polymer stock solution 3 kDa (3.3.7) 

plus 0,109 mL and 0,0211 mL HClaq 11,96M to get a solution with a concentration of 

respectively 0,5 and 0,1M HClaq.  

Calculations for the 0,5M HClaq solution:  

1)                                    C1 = 11,96 M  with:  V = Volume 

                                                       C2 = 0,5 M             C = Concentration 

2)                

1 en   2                                

                       ↔             
     

  
       

                       ↔   
  

  
 
      

  
 
  

  
 

                       ↔    
      

  
 
  

  
    

                       ↔   
  

  
   

   

  
 

                       ↔        
  

  
 = 2,5 mL  

 V1 = 0,109 mL HClaq 11,96 M  

 V2 = 2,609 mL = total volume of each flask  

Sample 

name 

Temperature 

(°C) 

Time 

(min.)  

EB0281 200 1 second 

EB0282 200 1 

EB0283 200 5 

EB0284 200 10 

EB0285 200 20 

EB0286 200 30 

EB0287 200 45 

EB0288 200 90 

EB0289 200 180 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0291 220 1 second 

EB0292 220 1 

EB0293 220 5 

EB0294 220 10 

EB0295 220 20 

EB0296 220 30 

EB0297 220 45 

EB0298 220 90 

EB0299 220 180 
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Calculations for the 0,1M HClaq solution:  

3)                                    C1 = 11,96 M  with:  V = Volume 

                                                       C2 = 0,1 M            C = Concentration 

4)                

The calculations are the same as for the 0,5M solution  

 V1 = 0,0211 mL HClaq 11,96 M  

 V2 = 2,5211 mL = total volume of each flask  

After each reaction, as shown in the tables below, the samples were neutralized with 1 

mL of the 4M NaOH-solution (3.3.4) to reach a pH between 8-10 (full acid deprotonation).   

                                                      Table 3.17 Hydrolysis of the 3kDa PEtOx with 0,5M HClaq 

 

 

 

 

 

 

  

 

a For safety reasons, the microwave does not allow to perform experiments longer than 240 min. at this 

temperature, so this has been done in two consecutive  experiments, one of 60 minutes and one of 240 minutes  

                                                      Table 3.18 Hydrolysis of the 3kDa PEtOx with 0,1M HClaq
 

 .
 

 

  

 

    

a 
For safety reasons, the microwave does not allow to do perform experiments longer than 240 min. at this 

temperature, so this experiment has  been done in two consecutive  experiments, one of 120 minutes and one of 

240 minutes. 
 

Sample 

name 

Temperature 

(°C) 

Time 

(min.)  

EB0311 180 1 second 

EB0319 

 
180 15 

EB0312 180 30 

EB0313 180 60 

EB0314 180 90 

EB0315 180 120 

EB0318 180 180 

EB0316 180 240 

EB0317
a 

180 300 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 

EB0321 180 1 second 

EB0322 180 60 

EB0323 180 120 

EB0324 180 240 

EB0325
a 

180 360 
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3.6 HYDROLYSIS OF POLY(2-ETHYL-2-OXAZOLINE INTO 

LINEAR POLY(ETHYLE IMINE) IN THE MULTIWAVE PRO  

 One of the goals of the present project is 

to explore different conditions for the 

hydrolysis of poly(2-ethyl-2-oxazoline) into L-

PEI. To reach this goal we proposed to 

hydrolyze the polymer without using HClaq. by 

using only water in the multiwave pro. With 

this device, high temperatures and pressures 

are attainable, so that the polymer hydrolysis 

can be studied under near-critical water 

conditions (T > 270 C).  

At these temperatures, the dielectric constant of water decreases from 78,5 at 100 °C 

to 27,1 and the pKw also decreases from 14,0 to 11,2 which means that the self-ionization 

equilibrium constant of H2O displaces to the right: H2O  H
+ 

+ OH
-
.  

First a test experiment (EB015) was done to see how the multiwave operates. The 

multiwave has places for eight quartz vessels but only four of them were used. In each vessel, 

with a total volume of 80 mL, 30 mL of the polymer stock solution was placed with a 

molecular weight of 200kDa and the concentration of amine groups amounted to 48 mol/L 

(3.3.5). An experiment with a ramping time of 12 minutes up to a temperature of 290°C and 

then a holding time of 20 minutes at that temperature was carried out.  

After this first test experiment it was decided to put only 10 milliliter of the polymer 

stock solution with a molecular weight of 200kDa into each vessel because the minimum 

volume needed in each vessel is 6 milliliter. (EB016)  

Now a new program was set in the microwave with a ramping time of 20 minutes up 

to 295°C and a holding time of 60 minutes at that temperature. With this same stock solution 

some more experiments were done as shown in table 3.19.  
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Table 3.19 Hydrolysis experiments in the multiwave without using HClaq  

Sample 

Name 

Temperature 

(°C) 

Ramping 

time (min.) 

Holding 

time (min.) 

Volume 

(mL) 

Molecular 

weight (kDa) 

EB017 295 20 180 15  200 

EB018 295 20 120 10  200 

EB019 295 20 30 15  200 

 

During these experiments the temperature profiles were not as expected as will be 

further discussed under results. Due to these bad temperature profiles 0,3 mol/L NaCl was 

added in each vessel to make sure that each vessel had the same microwave absorptivity. The 

experiment performed is shown in table 3.20. 

Table 3.20 Hydrolysis experiments in the multiwave with 0,3 mol/L NaCl and without HClaq 

Sample 

Name 

Temperatur

e (°C) 

Ramping 

time (min.) 

Holding 

time (min.) 

Volume 

(mL) 

Molecular 

weight 

(kDa) 

EB020 295 20 30 15 mL 200 
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4. RESULTS AND DISCUSSION 

4.1 HYDROLYSIS OF POLY(2-ETHYL-2-OXAZOLINE) INTO 

LINEAR POLY(ETHYLENE IMINE)  

4.1.1 Characterization of the polymers before hydrolysis by SEC in DMA and HFIP 
 

 

 

 

 

 

    

 

                                                           Table 4.1 Characterization of the polymers by SEC in DMA and HFIP 

 

 

 

 

The SEC-traces show that the well-defined 3 kDa polymer has a monomodal molar 

mass distribution instead of the biomodal molar mass distribution for the non-well-defined 50 

kDa polymer. The molar mass distribution of the 50kDa PEtOx is thus polydisperse and 

consists of a large variety of different chains with a broad distribution in chain length which 

can be determined as well out of the dispersity values. The dispersity of the 3kDa PEtOx 

indicates a monodisperse distribution instead of those for the 50kDa PEtOx. Another 

determination is that the dispersity in HFIP is higher than that one in DMA which can be 

explained by the fact that HFIP broadens the peaks. DMA and HFIP were used as solvents 

because of their strong polar character in which a number of chemical compounds are soluble. 

On top, HFIP possesses strong hydrogen bonding properties making it an interesting solvent 

in which substances that function as hydrogen-bond acceptors, such as amides and ethers, can 

be dissolved.  

Sample Mn Mm Đ 

3 kDa HFIP 3300 5000 1,55 

50 kDa HFIP 17050 100300 5,73 

3 kDa DMA 6000 6400 1,07 

50 kDa DMA 78600 17300 4,53 

Graphic 4.1 Characterization of the polymers by SEC in DMA and HFIP 



34 

 

4.1.2 Hydrolysis under reflux conditions  

4.1.2.1 Reflux hydrolysis with the non-well defined polymer 50kDa  

The degree of hydrolysis or, in other words, the hydrolysis conversion, was calculated 

based on the data determined by analyzing the samples via integration of the 
1
H-NMR 

spectra. There are a few ways to calculate the conversion.  

One way to calculate the conversion is by dividing the relative area of the proton peak 

derived from the ethylene imine unit by the relative area of the proton peak derived from the 

N-propionyl ethylene imine unit plus the relative area of the proton peak derived from the 

ethylene imine unit.  

                             ( )  
            

                           
         (4.1)  

Another possible way which we used to calculate the conversion is by dividing the 

relative area of the proton peak derived from the ethylene imine unit by two times the relative 

area of the proton peak derived from the CH2-group of the polymer backbone plus the relative 

area of the proton peak derived from the ethylene imine unit. 

                    ( )  
            

             (         ) 
                                   (4.2)  

A last way which we used for calculating the conversion was by dividing the relative 

area of the proton peak derived from the CH2-group of the propionic acid by the relative area 

of the proton peak derived from the CH2-group of the polymer backbone plus the relative area 

of the proton peak derived from the CH2-group of the propionic acid. By adding NaOH after 

the hydrolysis process the released propionic acid is completely transformed into sodium 

propionate, a non-volatile salt. This ensures that none of the formed propionic acid can 

evaporate, otherwise the calculated degree of hydrolysis would be distorted.  

                               ( )  
              

                        
                                   (4.3)  

Table 4.2 shows the data from the performed experiments after hydrolysis at reflux 

conditions. Mn, Mm and Đ were obtained after analysis of the SEC-HFIP data and the 

conversion was calculated with the aid of the 
1
H-NMR spectroscopy as described earlier. 

HFIP was found to be the most suitable solvent for the analysis of PEI to suppress column 

interactions.  
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Table 4.2 Data of the hydrolysis with the 50 kDa PEtOx under reflux conditions (100°C) 

Sample   

name 

Time 

(min.) 

Mn Mm Đ Conversion
a
 

(%) 

EB001
b
 0 17050 100300 5,73 0 

EB0081 11 13200 69600 5,26 3,2 

EB0085 60 14700 76700 5,22 12,1 

EB0086 123 13400 93000 6,95 20,0 

EB0089 180 16600 100500 6,07 29,4 

EB00811 240 15000 92400 6,15 38,3 

EB00812 270 14900 92500 6,21 42,6 

EB00813 300 15400 93000 6,02 45,6 

EB00815 350 16800 86400 5,15 51,0 

EB00816 1320 14700 55300 3,76 87,3 
a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

b  
EB001 stands for the sample of the polymer before hydrolysis 

To get a better overview of the data obtained a graph was made which represents the 

percentage of conversion and the Ln of the concentration of amide groups at the start of the 

reaction divided by the concentration of these groups at time t versus time in minutes.  

 

 

 

. 

 

 

 

The point after 24 hours does not follow a straight line in the Ln plot (graphic 4.2). A 

possible explanation for this phenomenon is that there is some loss of acid during the reaction 

time. Therefore it would be interesting to know the behavior of the pH during the experiment. 

 

 

Graphic 4.2 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 50 kDa polymer at 100°C under reflux 
conditions 
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To get a better overview of the influence of the hydrolysis on the molar mass 

distribution of the resulting polymers a stack plot was made with the molar mass distributions 

obtained by SEC-HFIP. The y-axis stands for the normalized refractive index units in function 

of elution time (min.) on the x-axis.  

 

 

 

 

 

 

 

 

 

 

The plot shows that the molar mass distribution is going from bi-modal to mono-

modal when the conversion increases. This might indicate that the high molecular weight 

fraction is composed of shorter linear polymer chains cross-linked by acid-labile linkers. 

Upon hydrolysis, these linkers are broken releasing shorter polymer chains, obtaining a 

monomodal distribution. 

4.1.2.2 Reflux hydrolysis with the well-defined polymer 3 kDa  

After looking at the data of the non-well-defined polymer under reflux conditions, it 

appeared that the sample taken after 1320 minutes does not follow a straight line in the Ln 

plot as described earlier. To find out the reason for this behavior, the reflux experiment was 

repeated with the 3kDa polymer. A possible explanation for this behavior could be that the 

formed acid and secondary amines start behaving as a buffer system, lowering the pH in time 

as the hydrolysis proceeds. So the pH was measured in function of the time with a pH meter 

during the experiment to get a better idea of what happened in the first reflux experiment. 

However, the pH meter was not able to measure the pH in the solution because the pH was 

too low to measure so samples were taken as described under 3.5.1.2. 

Graphic 4.3 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)    
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To compare the results of the well-defined 3 kDa polymer with those of the 50 kDa 

PEtOx, the data of this reflux experiment were plotted as well.  

 

 

 

 

 

 

Table 4.3 shows the data from the performed experiments with the 3 kDa polymer 

after hydrolysis at reflux conditions. 

Table 4.3 Data of the hydrolysis with the well-defined polymer under reflux conditions (100°C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

b  
EB030 stands for the sample of the polymer before hydrolysis 

Sample 

name 

Time 

(min.) 

Mn Mm Đ Conversion
a
 

(%) 

EB030
b
 / 3300 5000 1,55 0 

EB0331 0 4100 5100 1,26 3,3 

EB0332 30 4900 5800 1,19 9,5 

EB0333 60 5500 6300 1,50 14,3 

EB0334 120 5700 6700 1,17 24,2 

EB0335 180 5700 6700 1,18 33,5 

EB0336 240 5900 6800 1,16 42,5 

EB0337 300 5900 6800 1,16 49,1 

EB0338 360 5800 6900 1,19 55,5 

EB0339 420 5800 6900 1,20 62,0 

EB03310 480 5800 6700 1,16 67,5 

EB03311 540 5700 6700 1,18 75,4 

EB03312 600 5800 6700 1,15 78,5 

EB03313 660 5800 6600 1,15 81,7 

EB03314 720 5700 6600 1,15 83,7 

EB03315 780 6600 7700 1,17 17,8 

EB03318 960 5700 6500 1,16 24,2 

EB03322 1200 5900 6700 1,15 34,2 

EB03325 1380 6800 8000 1,17 36,5 

Graphic 4.4 Conversion and Ln([A]0/[A]t) versus time 
(min.) after hydrolysis of the non-well-defined polymer 
at 100°C under reflux conditions. The three last  data 
points are obtained with a monowave (table 4.4)  
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The data show that something went wrong during the night so the pH could not be 

measured by titration as describer under 3.5.1.2 because the results would be distorted. So it 

would be worth knowing the pH in function of the time to explain the leveling off 

phenomenon. What is still not understood is why the reflux experiment failed when it was 

started up again in the evening. After twelve hours at 100°C in 1M HClaq,. the degree of 

hydrolysis went up to 83% in contrast to the new experiment, with the same reaction 

conditions, of which the conversion after thirteen hours amounted only 17,77 %.  

To get more information about the degree of hydrolysis after twelve hours some 

longtime experiments were carried out in the microwave synthesizer at 100°C in 1M HClaq as 

described earlier of which the data are shown in table 4.4 and included in the graphs.  

 Table 4.4 Data of the hydrolysis with the well-defined polymer in the microwave synthesizer (100°C) 

a 
This conversion was obtained by taking the average of the conversions calculated in the three different ways 

The data show that the degree of hydrolysis after 24 hours would be around 90% 

which is in agreement with the last data point (86%) of the reflux experiment with the 50 kDa 

polymer.  

 

 

 

 

 

 

 

 

 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0341 100 960 6400 7700 1,20 86,6 

#DEEL/0! 

26,43722257 

#DEEL/0! 

87,36245215 

88,18417186 

EB0342 100 1200 6800 8100 1,20 87,4 

EB0343 100 1440 6900 8000 1,15 88,2 

Graphic 4.6 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time 
(min.) The last three graphs are obtained by using a 
microwave (table 4.4) 

 

 

Graphic 4.5
 
Stack plot of the data derived with the 

HFIP-SEC. Normalized RIU in function of the time (min.) 
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The only difference between PEtOx and PEI is that PEI does not contain a carbonyl 

group in its side chain, which means that the molecular weight will decrease after hydrolysis 

of PEtOx into PEI. However, the SEC-data show the opposite, as demonstrated in graph and 

4.5 and 4.6, the peak is shifted to the left, which can be explained by the fact that the 

hydrodynamic volume of PEI in HFIP is larger than that one of PEtOx. However, the polymer 

backbone stayed intact which is demonstrated by the fact that the peak shape is not 

significantly changing during the hydrolysis process. This has been reported previously by 

Lambermont-Thijs et al..[34] 

 

The data obtained with the reflux experiments reveal that the hydrolysis can be carried 

out under milder conditions, thus a microwave synthesizer was used to decrease the reaction 

time of the hydrolysis experiments.  

4.1.3 Hydrolysis by using the microwave synthesizer 

4.1.3.1 First experiments with some different temperatures 

Table 4.5 shows the data from the performed experiments after 20 minutes of 

hydrolysis in the microwave synthesizer at different temperatures. The data are obtained as 

descriebed earlier.show that the degree of hydrolysis is already high after only 20 minutes in 

the microwave in 1M HClaq at different temperatures. Out of this can be concluded that the 

reaction time to obtain PEI out of PEtOx decreases by using a microwave synthesizer in 

comparison with the reflux experiment.  

Table 4.5 Data of the first hydrolysis experiments in the microwave synthesizer 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB003 160 20 17300 64300 3,71 
78,3 

EB004 180 20 13500 29200 2,17 
81,8 

EB005 200 20 10000 17900 1,79 
89,5 

EB006 220 20 6700 9900 1,48 
92,6 

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 
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4.1.3.2 Hydrolysis in the monowave with the 50 kDa PEtOx at other temperatures and other 

times  

The tables below show the data from the performed experiments after hydrolysis in the 

microwave synthesizer at different temperatures and different times. Mn, Mm and Đ were 

obtained after analysis of the SEC data and the conversion was calculated with the aid of the 

1
H-NMR spectroscopy as described under 4.1.2.1.  

 Table 4.6 Data of the different hydrolysis experiments in the microwave synthesizer at 120°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different way 

Table 4.7 Data of the different hydrolysis experiments in the microwave synthesizer at 140°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

 

 

 

 

Sample 

name 

Temperatur

e (°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB00910 120 1” 11700 69100 5,90 2,8 

EB0098 120 1 13200 68300 5,17 4,5 

EB0094 120 5 12200 79200 6,49 6,5 

EB0091 120 10 13000 84100 6,44 8,8 

EB0092 120 20 11000 45000 4,07 15,9 

EB0093 120 30 12800 80300 6,27 20,0 

EB0095 120 45 11900 65900 5,53 31,3 

EB0096 120 90 13700 71200 5,19 55,5 

EB0099 120 180 12400 54800 4,41 79,8 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0109 140 1” 11200 72500 6,48 4,0 

EB0108 140 1 11200 62000 5,55 6,6 

EB0104 140 5 13600 79600 5,85 15,2 

EB0101 140 10 12700 80100 6,32 25,1 

EB0102 140 20 13100 75000 5,71 48,6 

EB0103 140 30 13100 80000 6,09 57,7 

EB0105 140 45 10400 52400 5,05 73,8 

EB0106 140 90 12900 87100 6,77 82,5 

EB01011 140 180 14000 43200 3,08 85,5 
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 Table 4.8 Data of the different hydrolysis experiments in the microwave synthesizer at 160°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different  

   

Table 4.9 Data of the different hydrolysis experiments in the microwave synthesizer at 180°C         

Table 4.10 Data of the different hydrolysis experiments in the microwave synthesizer at 200°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0119 160 1” 11900 68600 5,77 7,9 

EB0118 160 1 12700 75300 5,93 13,6 

EB0114 160 5 12500 73400 5,86 37,7 

EB0111 160 10 13100 57900 4,43 69,1 

EB0112 160 20 11200 40600 3,64 78,6 

EB0113 160 30 13000 43500 3,34 81,0 

EB0115 160 45 8900 26400 2,97 81,6 

EB0116 160 90 12000 28500 2,39 86,4 

EB01111 160 180 11800 27200 2,30 89,8 

a
 This conversion was obtained by taking the average of the conversions calculated in the three different  

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0129 180 1” 13000 72800 5,60 7,9 

EB0128 180 1 13900 76000 5,48 25,1 

EB0124 180 5 9900 32700 3,31 73,9 

EB0121 180 10 9300 24500 2,64 80,0 

EB0122 180 20 8600 19500 2,27 82,4 

EB0123 180 30 9200 19600 2,12 85,7 

EB0125 180 45 8500 16300 1,92 87,9 

EB0126 180 90 8700 14400 1,72 91,1 

EB01217 180 180 8500 14700 1,73 94,4 

Sample 

name 

Temperatur

e (°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0139 200 1” 11300 42300 3,74 49,9 

EB0138 200 1 11600 30200 2,61 65,9 

EB0134 200 5 7600 14000 1,85 81,0 

EB0131 200 10 7600 13500 1,77 83,6 

EB0132 200 20 8100 12100 1,50 86,6 

EB0133 200 30 7000 10800 1,55 88,7 

EB0135 200 45 5600 8400 1,52 91,6 

EB0136 200 90 5800 8400 1,44 93,7 

EB01317 220 180 5100 7400 1,45 95,1 
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Table 4.11 Data of the different hydrolysis experiments in the microwave synthesizer at 220°C 

a 
This conversion was obtained by taking the average of the conversions calculated in the three different ways     

b
 For safety reasons, the microwave does not allow to perform the experiment at 220°C for 180 minutes 

To get a better overview of the obtained data, two kind of graphs were made. The left 

graph was made in the same way as described earlier, the right graph shows the Mn and 

dispersity versus the conversion (%). 

 

 

 

 

 

 

 

Sample 

name 

Temperatur

e (°C) 

Time
b 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0149 220 1” 7800 14000 1,81 73,4 

EB0148 220 1 8000 12400 1,55 76,4 

EB0144 220 5 5400 8400 1,53 85,1 

EB0141 220 10 5200 7400 1,43 87,3 

EB0142 220 20 4600 6300 1,37 92,0 

EB0143 220 30 4000 5500 1,38 93,0 

EB0145 220 45 3500 4600 1,30 94,3 

EB0146 220 90 2900 3700 1,27 95,6 

 

Graphic 4.7 Conversion (%) and Ln([A]0/[A]t) versus time 
(min.) after hydrolysis of the 50 kDa polymer at 120 °C in 
the monowave 

 

Graphic 4.8 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 120°C in the monowave 

 

Graphic 4.9 Conversion (%) and Ln([A]0/[A]t) versus time 
(min.) after hydrolysis of the 50 kDa polymer at 140 °C in 
the monowave 

Graphic 4.10 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 140°C in the 
monowave 
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Graphic 4.13 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 50 kDa polymer at 180 °C in the 
monowave 

Graphic 4.14 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 180°C in the monowave 

Graphic 4.15 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 50 kDa polymer at 200 °C in the 
monowave 

Graphic 4.16 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 200°C in the monowave 

Graphic 4.11 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 50 kDa polymer at 160 °C in the 
monowave 

Graphic 4.12 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 160°C in the monowave 
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Out of all the obtained results, it can generally be concluded that the conversion of 

poly(2-ethy-2-oxazoline) into linear poly(ethylene imine) by using maximum 1M HClaq never 

reaches 100%. The degree of hydrolysis always levels off at a certain percentage.  

Some stack plots were made here as well with the data derived from the SEC-HFIP to 

get a better overview of the influence of the hydrolysis on the molar mass distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphic 4.20 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.19 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.18 Mn and dispersity versus time (min.) after 
hydrolysis of the 50 kDa polymer at 220°C in the monowave 

Graphic 4.17 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 50 kDa polymer at 220 °C in the 
monowave 
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  As the conversion proceeds, the SEC retention times increase due to a higher 

percentage of PEI that has a higher hydrodynamic volume as described under 4.1.2.2.  

Graphic 4.21 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.22 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.24 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.23 Stack plot of the data derived with the HFIP-
SEC. Normalized RIU in function of the time (min.) 
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At temperatures higher than 180°C degrees,  degradation of the polymer occurs as 

demonstrated by the fact that the peak is shifted backwards to the right, indicating the 

breaking down of the polymer backbone and the formation of oligomers. More accurate 

conclusions can be made after analyzing the data of the experiments carried out with the well-

defined 3 kDa PEtOx which contains no ill-defined side products, thus allowing more 

accurate evaluation of the effect of hydrolysis conditions on the potential degradation of the 

polymers structure.  

4.1.3.3 Hydrolysis in the monowave with the well-defined poly(2-ethyl-2-oxazoline) 3 kDa 

The tables below show the data obtained for hydrolysis of the well-defined 3 kDa 

polymer (3.3.7) in the microwave synthesizer at different temperatures and different times. 

Mn, Mm and Đ were obtained by SEC-HFIP analysis and the conversion was calculated with 

the aid of the 
1
H-NMR spectra as described under 4.1.2.1.  

Table 4.8 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 120°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Table 4.9 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 140°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0231 120 1” 5800 6900 1,19 2,8 

EB0237 120 1 5700 6900 1,21 4,2 

EB0233 120 5 6000 7200 1,21 7,8 

EB0236 120 10 6300 7600 1,22 12,9 

EB0235 120 20 6400 7900 1,24 21,2 

EB0232 120 30 6500 8100 1,25 25,9 

EB0238 120 45 7300 8800 1,21 42,4 

EB0234 120 90 7800 9400 1,20 65,2 

EB0239 120 180 7300 8900 1,22 79,7 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0271 140 1” 4600 5400 1,19 7,1 

EB0272 140 1 4800 5600 1,18 9,3 

EB0273 140 5 5000 5600 1,19 18,9 

EB0274 140 10 5300 6200 1,18 34,8 

EB0275 140 20 5600 6700 1,20 54,2 

EB0276 140 30 5600 6700 1,21 61,5 

EB0277 140 45 5800 6900 1,19 73,6 

EB0278 140 90 5400 6400 1,18 79,8 

EB0279 140 180 5600 6700 1,20 83,9 



47 

 

Table 4.10 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 160°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Table 4.11 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 180°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Table 4.12 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 200°C  

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0241 160 1” 6400 7800 1,22 12,0 

EB0246 160 1 6600 8300 1,24 24,1 

EB0243 160 5 7700 9300 1,20 48,4 

EB0245 160 10 7500 9200 1,23 71,5 

EB0244 160 20 7400 9000 1,23 77,6 

EB0242 160 30 7700 9200 1,19 79,8 

EB0248 160 45 7600 9200 1,20 80,7 

EB0247 160 90 7400 9000 1,22 80,9 

EB0249 160 180 7500 8800 1,16 84,2 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0281 180 1” 5200 6100 1,19 30,0 

EB0282 180 1 5600 6800 1,20 49,1 

EB0283 180 5 5500 6700 1,22 76,9 

EB0284 180 10 5700 6900 1,21 78,3 

EB0285 180 20 5300 6500 1,21 79,8 

EB0286 180 30 5500 6400 1,17 82,7 

EB0287 180 45 5600 6600 1,17 86,9 

EB0288 180 90 5000 6100 1,20 89,9 

EB0289 180 180 5600 6800 1,23 91,8 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0251 200 1” 7700 9300 1,22 57,8 

EB0256 200 1 7100 8900 1,25 74,9 

EB0253 200 5 7000 8800 1,25 80,0 

EB0255 200 10 7200 8900 1,22 81,6 

EB0254 200 20 6900 8700 1,25 86,3 

EB0252 200 30 6700 8300 1,24 86,9 

EB0258 200 45 6600 8200 1,23 88,8 

EB0257 200 90 6200 7700 1,24 91,5 

EB0259 200 180 4000 5000 1,26 94,2 
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Table 4.13 Data of the different hydrolysis experiments with the well-defined polymer in the monowave at 220°C 

a
 This conversion was obtained by taking the average of the conversions calculated in the three different ways 

b 
For safety reasons the microwave does not allow to put in the experiment for 180 minutes at 220°C. 

To get a better overview of the data obtained, two kind of graphs were made for each 

temperature in the same way as described earlier. 

 

 

 

 

 

 

 

Sample 

name 

Temperature 

(°C) 

Time
b 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0291 220 1” 5000 6200 1,23 76,4 

EB0292 220 1 5100 6300 1,24 80,0 

EB0293 220 5 4800 5900 1,23 84,6 

EB0294 220 10 4800 5700 1,20 88,1 

EB0295 220 20 4500 5400 1,21 92,0 

EB0296 220 30 4200 5200 1,25 93,7 

EB0297 220 45 3200 4100 1,30 95,1 

EB0298 220 90 3100 4000 1,28 95,5 

Graphic 4.25 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 120 °C in the 
monowave 

Graphic 4.26 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 120°C in the monowave 

Graphic 4.27 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 140 °C in the 
monowave 

Graphic 4.28 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 140°C in the monowave 
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Graphic 4.29 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 160 °C in the 
monowave 

Graphic 4.30 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 160°C in the monowave 

Graphic 4.31 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 180 °C in the 
monowave 

Graphic 4.32 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 180°C in the monowave 

Graphic 4.33 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 200 °C in the 
monowave 

Graphic 4.34 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 200°C in the monowave 
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The conversion amounted already 75% after only five minutes of holding time which 

is in conformity with the decrease in reaction time by using a microwave synthesizer. The 

same behavior, the leveling off phenomenon of the hydrolysis degree, could be observed as 

described earlier for the non-well defined polymer. The Ln plots of all the performed 

experiments, both with the 3 kDa as PEtOx as with the 50kDa PEtOx, show that the 

hydrolysis experiments do not follow a straight line but the behavior can be divided into 

several straight lines. This can be attributed to the fact that the reaction rate decreases with 

time, possibly due to a decrease in acidity.  

As expected, the Mn values obtained by SEC-HFIP increase here as well with the 

degree of hydrolysis. The higher the degree of hydrolysis, the higher Mn due to the fact that 

the hydrodynamic volume of L-PEI is higher than the one of PEtOx.  

However, at a temperature higher than 180°C the Mn values decrease, indicating 

partial degradation of the polymer backbone which was already demonstrated in the 

hydrolysis experiments with the 50 kDa PEtOx. These results set a maximum temperature at 

which acid hydrolysis of PEtOx can be performed ensuring polymer integrity. Moreover, the 

SEC traces for each experiment at a certain temperature are transformed into a monomodal 

molar mass distribution which has already been found in previous studies. [21] 

Graphic 4.35 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 220 °C in the 
monowave 

Graphic 4.36 Mn and dispersity versus time (min.) after 
hydrolysis of the 3 kDa polymer at 220°C in the monowave 
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Graphic 4.39 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)  

Graphic 4.40 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)   

Graphic 4.37 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 

Graphic 4.38 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.) 
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4.1.3.4 Hydrolysis in the monowave with the 3 kDa polymer at 180°C  

Tables 4.14 and 4.15 show the data obtained for the hydrolysis in the monowave at 

180°C in a concentration of 0,5M and 0,1M HClaq. The data are obtained in the same way as 

described earlier. 

Table 4.14 Data of the different hydrolysis experiments with the well-defined polymer in 0,5M HClaq  

a 
This conversion was obtained by taking the average of the conversions calculated in the three different ways 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0311 180 1” 4700 5600 1,19 17,5 

EB0319 180 15 5800 6800 1,16 66,1 

EB0312 180 30 5400 6500 1,22 72,8 

EB0313 180 60 5300 6400 1,21 79,1 

EB0314 180 90 5000 6200 1,23 82,2 

EB0315 180 120 5000 6200 1,23 84,9 

EB0318 180 180 4900 5800 1,19 89,4 

EB0316 180 240 4700 5700 1,22 89,9 

EB0317 180 300 4800 5600 1,18 92,4 

Graphic 4.41 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)  

Graphic 4.42 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)  
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 Table 4.15 Data of the different hydrolysis experiments with the well-defined polymer in 0,1M HClaq 

a 
This conversion was obtained by taking the average of the conversions calculated in the three different ways 

To get a better overview of the obtained data, two kind of graphs were made for each 

HClaq concentration in the same way as described earlier. The same trend can be observed for 

all the performed experiments, i.e., the reaction rate decreases with time and the degree of 

hydrolysis always levels off at a certain percentage.  

 

 

 

 

 

 

 

The conversion amounted to around 90% after four hours in the microwave 

synthesizer in 0,5M HClaq.. These results are in agreement with the rate equation, due to the 

fact that the higher the amount of acid, the faster the hydrolysis will be. When the hydrolysis 

is performed in 0,1M HClaq. the degree of hydrolysis does not go beyond 30-40%; this can be 

interesting when this is the desired degree of hydrolysis. In the future there can be done some 

more research about this phenomenon, as the degree of hydrolysis could easily be tuned by 

selecting the acid concentration. 

 

Sample 

name 

Temperature 

(°C) 

Time 

(min.) 
Mn Mm Đ 

Conversion
a
 

(%) 

EB0321 180 1” 4300 5200 1,21 8,0 

EB0322 180 60 4800 5800 1,21 28,7 

EB0323 180 120 5000 6000 1,20 43,6 

EB0324 180 240 5200 6100 1,18 41,6 

EB0325 180 360 5000 5900 1,18 34,1
 

Graphic 4.43 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 180 °C in 0,1M HClaq  

Graphic 4.44 Conversion (%) and Ln([A]0/[A]t) versus time (min.) 
after hydrolysis of the 3 kDa polymer at 180 °C in 0,5M HClaq  
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Graph 4.45 was made to get a better overview of the conversion (%) versus time 

(min.) for the three different acidic concentrations at 180°C.  

 

 

 

 

 

 

 

This graph demonstrates one again that the higher the amount of acid, the faster the 

hydrolysis will be.  

To get a better overview of the influence of the hydrolysis on the molar mass 

distribution stack plots were made with the data derived from the SEC-HFIP in the same way 

as described earlier.  

 

 

 

 

 

 

 

 

The same behavior can be observed as described earlier: the SEC-retention times increase due 

to a higher percentage of PEI. 

Graphic 4.43 Stack plot of the data derived with the HFIP-SEC. 
Normalized RIU in function of the time (min.)   

Graphic 4.44 Stack plot of the data derived with the 
HFIP-SEC. Normalized RIU in function of the time (min.)   

Graphic 4.45 General overview of the conversion (%) versus time 
(min.) for the different acid concentrations 
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4.2 HYDROLYSIS OF POLY(2-ETHYL-2-OXAZOLINE) INTO 

LINEAR POLY(ETHYLENE IMINE) IN THE MULTIWAVE 

PRO  
Firstly, some test experiments were done as described under section 3.4. After 

analyzing these first results, some good data were already obtained. For example, in 

experiment EB016 there was already 75% conversion after 60 minutes at 270°C. However, 

the problem was that the temperature profiles were not homogeneous; this means that the 

temperature in the vial placed in position one of the experiment EB016 was 180°C, while in 

the vial in position 7 the measured temperature was of 270°C.  

Due to these bad temperature profiles, indicative of an unhomogeneous microwave 

absorptivity, 0,3 mol/L NaCl were added to each vessel to ensure that each vessel heated up 

the same as the other ones.  

Because when one vessel is heated up a 

bit more in the beginning of the experiment than 

another one, there will be a higher degree of 

hydrolysis and a difference in the concentration 

of propionic acid molecules. Due to the fact that 

more acidic release leads to more microwave 

absorption which in turn leads to more efficient 

microwave absorption and heating up, 

consequently leading to more acidic release so 

this can be then considered then as an 

uncontrolled positive feedback cycle..  

During the experiment EB020, the multiwave showed that the temperature profiles 

indeed increased reliably during the temperature ramping process; however, a vessel exploded 

in the multiwave during the heating ramp, probably due to the presence of some micro-cracks. 

Therefore, we could not do more experiments with the multiwave as the rotor was 

consequently damaged. 

 

 

 

Figure 4.2 Explosion of a quartz vessel in the multiwave 
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Some data obtained by SEC-HFIP as described earlier are shown in table 4.16.  

Table 4.16 Data of the different hydrolysis experiments in the multiwave with the 200 kDa PEtOx 

 

 

 

 

 

The data show that the Mn values decrease at this high temperatures, indicating partial 

degradation of the polymer backbone. Furthermore, the polymer was totally destroyed in two 

of the performed experiments out of which can be concluded that these temperatures are 

probably too high for the hydrolysis of PEtOx into PEI.  

 

 

 

 

 

 

 

 

 

 

Sample 

name 

Temperature 

(°C)
a
 

Holding time 

(min.) 
Mn Mm Đ 

 EB0153 238 20 4300 2900 1,45 

EB0167
b
 246 60    

EB0173
b
 230 180    

EB0193 235 30 1900 2300 1,18 

EB0195 230 30 3300 4900 1,48 
a The temperatures were measured with by an IR-sensor  

b The polymer was totally destroyed 

b    
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5.    Conclusion  
The general conclusion is that the hydrolysis of poly(2-ethyl-2-oxazoline) into linear 

poly(ethylene imine) can be carried out in less harsh conditions than described in previous 

studies. The hydrolysis of PEtOx by using a microwave synthesizer can be carried out rapidly 

in 1M HClaq.. The conversion of well-defined PEtOx 3 kDa amounted already 80% after 180 

minutes at 120 °C. As expected, the higher the temperature, the faster the hydrolysis process. 

The degree of hydrolysis, for example, was already 75% after one second at 220°C and went 

up to 95,5% after 90 minutes at this temperature.  

With the aid of the data derived from the HFIP-SEC, it could be concluded that 180°C is 

the optimal temperature for the hydrolysis of the 3 kDa PEtOx. At this temperature and with 

this amount of acid, polymer integrity can be assured since no polymer degradation was 

observed. 

The hydrolysis of PEtOx can also be performed in only 0,5M HClaq.; at this low acid 

concentration, the conversion was already 90% after four hours at 180°C. At the same 

temperature,  and an even lower concentration of 0,1M HClaq., the degree of hydrolysis does 

not go higher than 40%, which can be interesting when this degree of hydrolysis is desired 

and may indicate that the degree of hydrolysis could be tuned by simply selecting the acid 

concentration. 

In order to get a useful conclusion in connection with the use of catalyst-free, near-critical 

water conditions for the hydrolysis of PEtOx, more experiments would be needed. However, 

out of the obtained results, already 75% of conversion after 60 minutes at 270°C, it can be 

concluded that the use of near-critical water chemistry might be very interesting for the 

synthesis of PEI in the absence of any acid or base catalyst.  

 

All these findings may lead to the development of non-viral vectors which are less toxic 

than those that already exist, and state the basis for the future preparation of well-defined PEI 

from the hydrolysis of PEtOx. These less toxic non-viral vector systems, along with new 

strategies to increase their transfection efficiency may lead to a great breakthrough in the use 

of gene delivery for the treatment of several diseases, such as cancer. 
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