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Motivation and Objectives 
Motivation and Objectives 

This thesis is divided into two parts that cover different fields related to copolymerization: 

the first part focuses on the in-depth live kinetic investigations of the copolymerization of 

styrene and diene derivates in the presence of different Lewis acids and bases, while the 

second part addresses a synthetic strategy to improve the dissolution behavior of enteric 

drug coatings based on acrylate- and methacrylate copolymers. 

 

I. Copolymerization of styrene and diene derivates 

Human history has often been defined by the materials developed during specific 

periods, stone, bronze and iron. Today, with the discovery and identification of polymers 

by Hermann Staudinger in 1920, we are living in what can be described as the plastic 

age.1,2 This classification is well justified, as plastics have transformed both the surface 

of our planet and every facet of modern life. From densely populated cities to remote 

islands, from mountain peaks to ocean floors, plastics are everywhere. And they are 

integral to nearly every industry, including transportation, medicine, sanitation, 

electronics, construction, packaging and even clothing. 3,4 

One of the first technological applications of polymers was the vulcanization of natural 

rubber by Charles Goodyear in 1839 for tire production.5 Remarkably, this process was 

developed long before Staudinger introduced the concept and understanding of polymers 

and is still used to this day. Over the decades, petroleum based polymer materials such 

as polyethylene, polypropylene, polystyrene, polyvinyl chloride and many more were 

developed and commercialized. But none of these polymers was able to fully reproduce 

the material properties of the biobased caoutchouc homopolymer (cis-1,4-polyisoprene). 

This became an issue in the 20th century due to increased demand for tires and the limited 

scalability of its natural source, the rubber tree hevea brasiliensis, which only thrives in 

specific tropical climates.  

This scarcity of natural rubber prompted the search for synthetic alternatives. A key 

breakthrough came in 1926, when W. Bock and E. Tschunkur developed a styrene-
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butadiene rubber (SBR) called “Buna”, which relies on a random copolymerization of 

butadiene with styrene to improve certain properties of the materials, such as abrasion 

resistance.6 However, the resulting copolymer still requires vulcanization to achieve the 

desired mechanical properties for car tires. Vulcanization introduces irreversible covalent 

crosslinks between polymer chains, hindering reprocessing and recycling, an increasing 

problem in light of the global rubber production volume, which exceeds 29 million tons 

annually.7 In contrast, many elastomeric applications, such as shoe soles or car interiors, 

do not require the same level of abrasion resistance and thermal stability. For these, 

alternatives to chemical crosslinking sought to improve recyclability and enable 

processing via injection molding. 

This alternative, a physical crosslinking, was found with the discovery of the living anionic 

polymerization by Szwarc, followed by the development of organolithium initiators. This 

enabled the synthesis of high cis-1,4 polyisoprene, which is like its natural counterpart a 

viscous, sticky liquid.8–11 However, due to its living chain end, sequential monomer 

additions to synthesize well defined architectures became possible for the first time.12–14 

While the material properties of the previously mentioned homopolymers are mainly 

determined by their molar mass, copolymerization made it possible to combine 

properties that were previously impossible to combine. And already the combination of 

just two monomers opened nearly limitless possibilities for tailoring material properties.15 

By adding styrene to a living, difunctional diene polymer a stable and processable 

thermoplastic material was formed.  

For such materials to exhibit rubber-like behavior, it is essential that the individual 

polymer blocks are thermodynamically immiscible and undergo microphase separation. 

To achieve elastomeric properties, one block (polydiene) must have a glass transition 

temperature (Tg) below the service temperature, while the other (polystyrene) must have 

a Tg above it. The high Tg polystyrene domains serve as physical crosslinking points upon 

cooling and vitrification, in analogy to the sulfur crosslinks in vulcanized rubber. 16 To 

replicate rubber like materials, with the advantage of processibility and recyclability, it is 

necessary to synthesize copolymers with at least two of these crosslinking points (ABA-

triblock structure) to obtain elastomeric properties.17 These materials are called 

thermoplastic elastomers (TPEs) and combine the elastic properties of rubber with the 
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melt processability of thermoplastics, which enables processibility via high speed 

extrusion.18 

However, the stepwise addition of monomers required to synthesize the desired ABA 

structures presents a significant challenge. The highly reactive living anionic chain ends 

are prone to termination reactions.  Additionally, for the resulting materials the strong 

phase separation of the different blocks prepared by sequential monomer addition 

results in a high order-disorder transition temperature (TODT) close to the degradation 

temperature and an increased melt viscosity, which is generally undesirable for melt 

extrusion.18–21 

A solution lies in the statistical copolymerization, leading to the formation of so called 

“tapered” block copolymers. Unlike traditional block copolymers, which feature abrupt 

transitions between blocks, tapered block copolymers exhibit a gradual transition, either 

steep or flat, depending on the reactivity ratios of the monomers. With a steep gradient 

they retain the phase-separated characteristics of block copolymers, but offer multiple 

advantages. Fewer monomer addition steps reduce the risk of termination, and the 

gradient enhances compatibility between blocks. This results in lower T ODT, reduced melt 

viscosity and therefore improved processibility even with higher molar masses. 

Additionally, the material properties can be tailored by adjusting the shape and slope of 

the tapered region.22  

In the statistical copolymerization of dienes with styrene, the diene typically polymerizes 

preferentially, resulting in block-like structures with a tapered transition. This tapered 

transition, however, can be precisely tuned through the addition of so-called modifiers, 

which influence the reactivity ratios of the monomers through different mechanisms. As 

an example, Lewis bases such as ethers (THF) can be utilized to alter reactivity ratios by 

accelerating the styrene polymerization considerably more than the diene. In contrast, 

Lewis acids like lithium alkoxides also alter the reactivity ratios, but by slowing down the 

diene polymerization to a greater extent than styrene, resulting in a preferred styrene 

incorporating as well.23–25 To fully leverage these advantages, precise understanding of 

copolymerization kinetics is essential. Earlier publications investigated the effect of 

different monomer pairs, temperature and solvents, but systematic studies regarding the 

kinetics, microstructures and thermal properties are rare.23,25,26 Therefore, the first part of 
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this thesis is dedicated to the influence of different Lewis acids (different alkoxides) and 

bases (THF and MTBE) on the copolymerization kinetics of styrene and diene derivates,  

as well as their impact on the resulting microstructure of the diene. These kinetics 

information will help to synthesize specialized polymer architectures with specifically 

tailored material properties. 

II.  Improving the pH-responsiveness of enteric drug coatings 

Chapters 4 and 5 explore a different class of copolymers and polymerization techniques 

aimed at developing improved enteric drug coatings. Specifically, these chapters focus 

on copolymers derived from poly(methacrylic acid), synthesized via free radical 

polymerization. 

Stimuli-responsive polymers that respond to triggers such as temperature, 27 mechanical 

force,28 electric/magnetic fields29 and pH30 are widely used in biomedical applications.31–

33 One of the most established uses is in enteric drug coatings for controlled drug release. 

In these systems, the polymer coating of a tablet or capsule acts as a protective barrier, 

shielding the drug from the acidic environment of the stomach, preventing hydrolysis, 

oxidation or deamination of an acid labile drug.34,35 Besides, this coating also protects the 

stomach from potential harmful drugs. 

For this purpose, many different copolymers can be employed, depending on the 

preferred release site (stomach, duodenum and small intestine or colon). Most of these 

coatings are based on poly (meth) acrylates with different pH responsive functionalities 

for immediate, sustained or controlled release.32 Commercially available enteric drug 

coatings known under their trademark Eudragit® (Evonik AG), are based on 

poly(methacrylic acid) copolymerized with different acrylates. Both chapters 4 and 5 

focus on the improvement of these enteric drug coatings. 

To qualify as an enteric drug coating, a polymer must meet two critical requirements: (i) it 

must be stable and insoluble under the acidic conditions of the stomach, and (ii) it must 

dissolve rapidly once the drug passes into the more neutral environment of the small 

intestine. This pose a challenge, as gastric pH typically ranges from 1 to 3, but can 

occasionally even rise to 6,34,36 while the pH of the small intestine typically ranges from 

5.1 to 7.8.37 Therefore, poly(methacrylic acid), with a pKa value of 4.65, is ideally suited for 
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this application. It remains insoluble in the stomach and dissolves at the higher pH of the 

small intestine.38 By copolymerizing with different comonomers such as methyl 

methacrylate or ethyl acrylate in different monomer ratios, the dissolution profile of these 

drug coatings can be tailored. For example, poly(methyl-methacrylic-acid-co-ethyl-

acrylate) (Eudragit® L-100-55) dissolves above a pH level of 5.5, targeting a drug release 

in the duodenum, while poly(methyl-methacrylic-acid-co-methyl-methacrylate) 

(Eudragit® L-100) dissolves above a pH level of 6, targets the small intestine.32 However, 

several in vitro studies have raised concerns whether this dissolution is rapid enough to 

ensure drug release in the duodenum.39,40 This becomes even more concerning 

considering the fact that in vitro experiments often overestimate the in vivo drug release, 

due to incorrect assumptions about the buffer capacity and the liquid volume 

surrounding the tablet.41–43 This delayed drug release can be particularly problematic for 

drugs that are preferably absorbed in the duodenum, such as iron containing drugs. 44,45 If 

the drug cannot be absorbed there, the bioavailability decreases, requiring higher drug 

doses, which is not only economically unfavored but also increases the risk of side 

effects.46  

Thus, the objective of chapter 4 and 5 is to reduce the pKa value of the copolymer to 

improve dissolution and drug release at lower pH levels. This is achieved by esterifying 

Eudragit® L-100 and L-100-55 copolymers with various α-hydroxy acids: glycolic- and 

lactic acid (chapter 4), and mandelic- and malic acid (chapter 5). Here, the electron 

withdrawing (-I) effect of the ester bonds reduces the pKa value of the copolymer. The 

modified copolymers are synthesized either by free radical copolymerization or via post 

polymerization modifications of commercially available Eudragit® copolymers.   

Chapter 4 focuses on the synthesis of glycolic and lactic acid modified copolymers, 

synthesized via free radical polymerization, as well as a scalable post-polymerization 

technique. Cloud point titrations and drug release studies using coated capsules 

confirmed the enhanced dissolution behavior. In addition, the acid stability and uptake 

under gastric conditions were tested. All modified copolymers proved to be stable, but 

the modifications increased acid uptake. Further pharmaceutical evaluation of these 

copolymers can be found in the Appendix. 
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Chapter 5 addresses the synthesis of mandelic and malic acid modified copolymers 

using free radical polymerization. Mandelic acid was chosen to increase the 

hydrophobicity of the copolymer through the phenyl side chain, which resulted in reduced 

acid uptake. We assume that this effect should aid obtaining uniform drug release 

profiles, not only across patient populations, but also for different gastric emptying times. 

Malic acid, with its second acid functionality with a higher pKa value should increase the 

dissolution rate and was investigated with respect to its influence on the dissolution 

behavior. 
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Abstract 
This thesis is divided into two parts, that cover different fields related to copolymerization: 

anionic copolymerization kinetics and enteric drug coatings. The first part focuses on the 

kinetic investigation of the carbanionic copolymerization of styrene and diene derivates 

in the presence of Lewis acids or bases. Near-infrared (NIR) spectroscopy is used for live 

measurements of the copolymerization to calculate reactivity ratios, which are further 

translated into polymer composition diagrams. The synthesized copolymers are further 

characterized in terms of molar mass, dispersity, microstructure, thermal properties and 

blockiness. These data provided additional insight into the reaction mechanisms in 

presence of different Lewis modifiers. Chapter 2, 3 and A1 investigate the effects of 

different Lewis bases (THF and MTBE) and various alkoxides.  

The second part is dedicated to the synthesis and characterization of enteric drug 

coatings based on acrylate- and methacrylate copolymers. Novel copolymers are 

synthesized by either free radical copolymerization or post polymerization modifications. 

To improve the dissolution behavior of the poly(methacrylic acid) based copolymers, they 

are modified with various α-hydroxy acids to lower the pKa and accelerate drug release. 

Cloud point titration as well as further pharmaceutical experiments confirmed this 

concept. Chapter 4 focuses on the modification with glycolic and lactic acid and their 

scalability, while chapter 5 extends the concept to more complex α-hydroxy acids, 

mandelic and malic acid. The appendix chapter A2 addresses further pharmaceutical 

evaluations of the copolymers synthesized in chapter 4.  

Chapter 1 is the introduction into the living carbanionic polymerization and enteric drug 

coatings. The first section covers the theoretical background, copolymerizations, 

reactivity ratios and modifier effects in the carbanionic polymerization. The second 

section introduces the history, applications and current limitations of enteric drug 

coatings. 

Chapter 2 deals with the copolymerization of trimethylsilyl styrene (TMSS) and isoprene 

(I) in cyclohexane with THF as a modifier. The trimethylsilyl group has an electron 

withdrawing and donating effect, which is dominated by the withdrawing effect,  

explaining the increased reactivity of this monomer. This was confirmed for the system 
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TMSS/I in cyclohexane (rI = 2.37; rTMSS = 0.16), resulting in a gradient copolymer, while the 

traditional S/I system (rS = 0.015 rI = 10.03) results in a tapered copolymer. THF was used 

as a modifier to alter the reactivity ratios over the entire range and produce various 

copolymers. Already 0.5 equiv THF are sufficient to alter the reactivity ratios into a random 

copolymerization, compare to 6 equiv necessary for the styrene system. Additionally to 

the kinetic investigations are also thermal properties and the diene microstructure 

analyzed and the copolymers are proposed as potential gas separation membranes.  

Chapter 3 investigates the impact of lithium, sodium and potassium amylates on S/I 

copolymerizations in cyclohexane via NIR spectroscopy. These modifiers have a similar 

impact on the reactivity ratios like previous investigated THF, but do this via a different 

mechanism. While Lewis bases reduce aggregation, the addition of alkoxides changes 

the polymer chain ends counterion. Lithium alkoxides retard the isoprene polymerization 

more than styrene; sodium accelerates both monomer consumptions but favors styrene, 

similar to Lewis bases, and potassium drastically accelerates the styrene polymerization 

while barely affecting isoprene. These very different behaviors can be explained by 

different polymerization mechanisms, which were further confirmed by additional NMR, 

DSC and degradation studies. 

Chapter 4 focuses on the synthesis and characterization of new enteric drug coatings, 

based on established poly(methacrylic acid) copolymers. These are modified with α-

hydroxy acids to reduce the pKa of the copolymers and accelerate drug release. The new 

monomers are synthesized by a Steglich esterification of benzyl protected glycolic- or 

lactic acid with methacrylic acid. After successful copolymerization with methyl 

methacrylate or ethyl acrylate and subsequent deprotection of the acid functionalities, 

the pH responsiveness of the copolymers was investigated via cloud point titrations. All 

modified showed increased solubility at lower pH, while maintaining acid resistance. 

After the proof of concept was given, a scalable post polymerization modification was 

developed to produce high molecular weight copolymers and the drug release and acid 

uptake of these coated capsules was further tested. 

Chapter 5 expands the concept of modifying enteric drug coatings with α-hydroxy acids 

towards mandelic and malic acid. These were specifically chosen due to the results 

obtained in the previous chapter. Since the modification with glycol and lactic acid 
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increased the acid uptake of coated capsules, mandelic acid was used to improve the 

hydrophobicity of the copolymer and therefore reduce the acid uptake. Malic acid was 

chosen as a new monomer due to its second acid functionality, to further improve the 

dissolution at lower pH. Unfortunately, the malic modification reduces the pKa of the 

copolymer too much, so that the copolymer is no longer insoluble at a pH of two. The 

mandelic acid modification on the other hand decrease the acid uptake, while 

maintaining acid stability and improved the dissolution profile compared to the 

unmodified copolymers. 

Chapter A1 investigates the possibility of using MTBE as a more stable and sustainable 

polar solvent in the carbanionic polymerization. The improved stability was confirmed by 

the 50 times longer half-life of n-butyl lithium in MTBE than in THF. MTBE has also the 

advantages of no peroxide formation, compatibility with bifunctional initiators and a 

moderate polarity between cyclohexane and THF. Besides the stability is the 

homopolymerization of different dienes in MTBE investigated, as well as the 

copolymerization of styrene and isoprene. The copolymerization is investigated with NIR-

spectroscopy and reactivity ratios were adjusted over the entire range from tapered 

structures in pure cyclohexane to an inverted gradient (rS = 1.82; rI = 0.55). Compared to 

THF has MTBE a lesser influence on the copolymerization kinetics, but also on the diene 

microstructure. 

Chapter A2 focuses on further pharmaceutical evaluations of the enteric drug coatings 

presented in Chapter 4. The high molar mass copolymers synthesized via post 

polymerization modifications are investigated towards their dissolution properties, long 

term stability and possible cytotoxicity. Further tests confirmed the accelerated 

dissolution and long term stability of these novel copolymers, as well as their non-toxicity. 
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Zusammenfassung 
Diese Arbeit ist in zwei Teile gegliedert, die verschiedene Bereiche der Copolymerisation 

abdecken: (i) die kinetische Untersuchung der carbanionischen Copolymerisation  und 

(ii) der Synthese und Charakterisierung von magensaftresistenten Tablettenüberzügen. 

Der erste Teil konzentriert sich hierbei auf die kinetischen Untersuchungen der 

Copolymerisation verschiedener Styrol und Dien Derivaten in Gegenwart von Lewis 

Säuren oder Basen. Hierfür wird die Nahe-Infrarot Spektroskopie genutzt, die es 

ermöglicht aus den Echtzeit Messungen Konzentrationen zu berechnen und aus diesen 

dann Copolymerisationsparameter. Diese werden anschließend genutzt um die 

Monomer Verteilung innerhalb der Polymerketten darzustellen. Zusätzlich wurden die 

Copolymere in Bezug zu ihrer Molmasse, Dispersität, Mikrostruktur, thermischen 

Eigenschaften und ihrer Blockiness charakterisiert. Kapitel 2 beschäftigt sich mit dem 

Modifier THF, Kapitel 3 mit verschiedenen Alkoxiden und Kapitel A1 mit dem Modifier 

MTBE. 

Der zweite Teil dieser Arbeit widmet sich der Synthese und Charakterisierung von 

Polyacrylat- und Methacrylat Copolymeren für magensaftresistente Tablettenüberzüge. 

Diese werden entweder durch die freie radikalische Polymerisation von neuartigen 

Monomeren oder durch eine Modifikation bereits kommerzialisierter Tablettenüberzüge 

hergestellt. Eine Beschleunigung der Auflösungsgeschwindigkeit wird hierbei durch die 

Modifikation der Poly(Methacrylsäure) mittels einer α-Hydroxysäure erreicht, die den pKs 

Wert des Copolymers senkt. Dieses Konzept konnte durch pH abhängige 

Trübungstitrationen, sowie weitere pharmazeutische Experimente bestätigt werden. 

Kapitel 4 behandelt die Modifikation mittels Glykol- und Milchsäure und deren 

Skalierbarkeit, während Kapitel 5 das Konzept auf komplexere α-Hydroxysäuren, Mandel- 

und Äpfelsäure, erweitert. Das Kapitel A2 im Anhang befasst sich mit weiteren 

pharmazeutischen Untersuchungen der im Kapitel 4 synthetisierten Copolymere.  

Kapitel 1 ist eine Einführung in die lebende Carbanionische Polymerisation sowie in 

magensaftresistente Tablettenüberzüge. Der erste Abschnitt diese Kapitels befasst sich 

mit dem theoretischen Hintergrund, Copolymerisationen, Copolymerisationsparametern 

und den Auswirkungen verschiedener Modifier auf die Copolymerisation. Im zweiten 



 
Zusammenfassung 

 
 30 

Abschnitt wird die Geschichte, Anwendung und die derzeitigen Probleme von 

magensaftresistenten Tablettenüberzügen erörtert.  

Kapitel 2 befasst sich mit der Copolymerisation von Trimethylsilylstyrol (TMSS) und 

Isopren (I) in Cyclohexan in der Gegenwart von THF als Modifier. Die Trimethylsilyl Gruppe 

besitzt sowohl eine elektronenziehende als auch elektronenschiebende Wirkung, wobei 

die elektronenziehende überwiegt, was wiederum die erhöhte Reaktivität dieses 

Monomer erklärt. Dies wurde für das System TMSS/I bestätigt, indem in Cyclohexan ein 

Gradienten Copolymer (rI = 2.37; rTMSS = 0.16) entsteht, während in dem klassischen S/I 

System ein Tapered Copolymer (rS = 0.015 rI = 10.03) gebildet wird. THF wurde als Modifier 

der Copolymerisation untersucht, um die Reaktivitätsverhältnisse über den gesamten 

Bereich zu verändern und unterschiedliche Copolymere herzustellen. Bereits 0.5 

Äquivalente THF, anstatt 6 für S/I, sind hierbei ausreichend um die 

Copolymerisationsparameter anzugleichen. Zusätzlich zu den kinetischen 

Untersuchungen wurde auch die thermischen Eigenschaften und die Mikrostruktur 

untersucht in Bezug zu möglichen Anwendungen als Gas Membranen.  

Kapitel 3 untersucht den Einfluss von Lithium-, Natrium- und Kaliumamylaten auf S/I 

Copolymerisationen in Cyclohexan mittels NIR-Spektroskopie. Diese Modifier haben 

einen ähnlichen Einfluss auf die Copolymerisation wie THF, jedoch deutlich stärker und 

mittels eines anderen Mechanismus. Während Lewis Basen die Aggregation des 

Kettenendes reduzieren, verändert die Zugabe von Alkoxiden das Gegenion am 

Kettenende. Lithiumalkoxide verzögern die Isopren Polymerisation stärker als die Styrol 

Polymerisation; Natriumalkoxide beschleunigt beide Monomere, jedoch Styrol deutlich 

stärker als Isopren und Kaliumalkoxide beschleunigen die Styrol Polymerisation 

drastisch, während Isopren kaum beeinflusst wird. Diese sehr unterschiedlichen 

Ergebnisse lassen sich durch unterschiedliche Reaktionsmechanismen erklären, die 

durch zusätzliche NMR-, DSC- und Abbaustudien bestätigt wurden.  

Kapitel 4 befasst sich mit der Synthese und Charakterisierung neuer 

magensaftresistenter Tablettenüberzügen auf Grundlage von bereits etablierten 

Poly(Methacrylsäure) Copolymeren. Diese wurden mit Glykol- und Milchsäure modifiziert 

um den pKs Wert des Copolymers zu senken und die Wirkstofffreisetzung zu 

beschleunigen. Hierfür wurden die neuen Monomere in einer Steglich Veresterung von 
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Benzyl geschützten α-Hydroxysäuren mit Methacrylsäure hergestellt. Nach erfolgreicher 

Copolymerisation mit Methylmethacrylat oder Ethylacrylat wurde die Säurefunktion 

entschützt und das pH-abhängige Auflösungsvermögen mittels Trübungs-Titration 

untersucht. Alle modifizierten Copolymere zeigten eine erhöhte Löslichkeit bei 

niedrigerem pH Wert als die kommerziell erhältlichen Eudragit® Tablettenüberzüge, wobei 

die Säurebeständigkeit erhalten blieb. Nachdem das Konzept der verbesserten 

Löslichkeit bewiesen wurde, wurde eine skalierbare Modifikation der kommerziell 

erhältlichen Eudragit® Tablettenüberzüge entwickelt. Diese wurde in weiteren 

Experimenten hinsichtlich ihres Auflösungsverhaltens und ihrer Säureaufnahme 

untersucht. 

In Kapitel 5 wird das Konzept der Modifizierung magensaftresistenter Tablettenüberzüge 

auf die α-Hydroxysäuren Mandel- und Äpfelsäure ausgeweitet. Diese wurden speziell 

aufgrund der im vorherigen Kapitel erzielten Ergebnisse ausgewählt. Da die vorherigen 

Modifizierungen die Säureaufnahme der beschichteten Kapseln erhöhte, wurde 

Mandelsäure verwendet um durch die Phenyl Seitenkette die Hydrophobie des 

Copolymers zu erhöhen. Äpfelsäure wurde gewählt um durch die zweiten Säurefunktion 

die Auflösung  zusätzlich zu beschleunigen. Dies war erfolgreich, aber zu Lasten der 

Säurestabilität. Die Äpfelsäure basierte Copolymere waren bereits ab einem pH Wert 

von 2 löslich, wodurch ihre Verwendung als magensaftresistenter Tablettenüberzug 

ausgeschlossen werden kann. Die Mandelsäure Modifikation hingegen ist 

säurebeständig, zeigte ein beschleunigtes Auflösungsverhalten und wie erwartet eine 

verringerte Säureaufnahme. 

Kapitel A1 untersucht Methyl-tert-butylether (MTBE) als stabileres und nachhaltigeres 

polares Lösungsmittel in der carbanionischen Polymerisation. Die erhöhte Stabilität 

wurde durch eine 50 mal längere Halbwertszeit von n-Buthyllithium in MTBE gegenüber 

THF bestätigt. MTBE besitzt außerdem den Vorteil keiner Peroxidbildung und hat eine 

moderaten Polarität zwischen Cyclohexan und THF. Neben der Stabilität wurde der 

Einfluss von MTBE auf die Homopolymerisation verschiedener Diene mittels NMR-

Spektroskopie, sowie MTBE als Modifier in der Copolymerisation von Styrol und Isopren 

mittels NIR-Spektroskopie untersucht. Durch Zugabe unterschiedlicher Äquivalente 

MTBE gelang es den Copolymergradienten über den gesamten Bereich, von tapered 



 
Zusammenfassung 

 
 32 

Strukturen in reinem Cyclohexan bis hin zu umgekehrten Gradienten (rS = 1.82; rI = 0.55) in 

reinem MTBE einzustellen, wobei MTBE einen geringeren Einfluss auf die Dien 

Mikrostruktur als THF hatte. 

Kapitel A2 konzentriert sich auf weitere pharmazeutische Tests der in Kapitel 4 

vorgestellten magensaftresistenten Tablettenüberzügen. Die hochmolekularen 

Copolymere, die durch Modifikation nach der Polymerisation synthetisiert wurden, 

wurden auf ihre Auflösungseigenschaften, Langzeitstabilität und mögliche Zytotoxizität 

untersucht. Weitere Tests bestätigen die beschleunigte Auflösung und Langzeitstabilität 

dieser neuartigen Copolymere sowie ihre Ungiftigkeit.  
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Graphical Abstract 

Chapter 2: 

Effect of THF on the Anionic Copolymerization of 4-Trimethylsilylstyrene 

with Isoprene  

 

 

Chapter 3: 

Dramatic Effect of Alkali Metal Alkoxides on the Anionic 

Copolymerization of Styrene and Isoprene  

 

 

       

          

                

 

              

          

                

 

       

          

K Li 

Styrene rate:
Isoprene rate:
 inyl unsaturation:
 g :

Styrene rate:
Isoprene rate:
 inyl unsaturation:
 g :

  KOAm
0.25 e uiv

  LiOAm
10 e uiv



 
Graphical Abstract 

 
 34 

Chapter 4: 

Enteric drug coatings: Synthesis and copolymerization of novel α-

hydroxy acid monomers to adjust the pH for dissolution 
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Chapter A1: 

Spotlight on Methyl tert-Butyl Ether - Underrated or Overlooked? 

Unveiling Its Role for Living Anionic Polymerization 
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Introduction 

Over a century ago, Herrmann Staudinger introduced the concept of a new class of 

materials: polymers, a term derived from the Greek word meaning “many parts”. 1,2 These 

materials are composed of small repeating units that form large macromolecules. 

However, long before the formal concept of macromolecules emerged, natural and 

synthetic (bio)polymers were already in use. From the rubber balls of ancient 

Mesoamerican ballgames to Goodyear’s vulcanized rubber for tires, and the invention of 

Bakelite, used in countless applications, the history of polymers is deeply intertwined 

with human innovation. These developments marked the beginning of the “age of 

polymers”, an impressive era characterized by inventiveness in which polymer materials 

have become indispensable due to their unique material properties and cost-effective 

synthesis. Today, polymers are found everywhere, from bitumen and footwear to 

automobiles, planes, electronics and medical devices, shaping nearly every aspect of 

modern life. However, their excessive production and consumption has also lead to some 

serious health and environmental problems.3,4 

Polymers can be synthesized or extracted using various techniques. This introduction will 

focus primarily on the anionic polymerization of dienes and styrene derivates, while also 

briefly addressing the use of poly(meth)acrylates in enteric drug coatings. 

Anionic polymerization 

The first successful living anionic polymerization was reported by M. Szwarc in 1956, 

when he polymerized styrene using sodium naphthalene as a bifunctional initiator in 

tetrahydrofuran.5 While this was not revolutionary in itself, given that radical 

(co)polymerization techniques had already been well established for decades, the 

advantages of this new method were unprecedented.6 The key breakthrough separating it 

from the previous polymerization techniques is its living nature: initiation is significantly 

faster than propagation and no termination or chain transfer reactions occur. 7 This 

fundamental distinction sets it apart from conventional and even controlled 

polymerization techniques. This enabled, for the first time, the precise synthesis of 

(block)copolymers with well-defined block lengths and architectures.  
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Despite these benefits, living anionic polymerization comes with significant limitations. 

The highly reactive yet stable polymer chain anions do not tolerate any protic substances, 

many functional groups and often even not polar solvents or monomers, restricting the 

method’s potential use. As a result, monomers are mostly hydrocarbon based, although 

some functionalized monomers, such as methyl methacrylate (MMA) can be tolerated 

under specific reaction conditions.8–14 In contrast, the development of reversible 

deactivation radical polymerization (RDRP) methods such as RAFT, 15–18 ATRP,19–21 and 

NMP22–24 as well as techniques like ring-opening metathesis polymerizations (ROMP)25–30 

and organocatalytic polymerizations27–30 introduced more tolerant “living” systems 

capable of handling functional groups as well as polar and protic solvents and 

monomers. Nonetheless, anionic polymerization remains unmatched in its precision and 

control.31,32 It allows the synthesis of polymers with controllable molar masses, narrow 

dispersities and a wide range of complex polymer architectures, while maintaining a high 

compositional and molecular homogeneity.7,32,33 

Carbanionic polymerization proceeds through three fundamental steps: initiation, 

propagation and termination.7  Initiators (I) are radical anions (e.g. sodium naphthalene) 

or alkali organyl compounds, mostly based on lithium. In the case of radical anions, an 

electron is first transferred from an alkali metal to an electron-deficient aromatic 

hydrocarbon (e.g. naphthalene), forming a radical anion that can be reversibly transfer an 

electro to a monomer.34 This results in another radical anion, which rapidly dimerizes to 

form a bifunctional initiator. During the initiation step, both radical anion-derived and alkyl 

lithium initiators perform a nucleophilic attack on the monomer, generating a new 

carbanion, which propagates the chain by continuously attacking and incorporating new 

monomer units until the monomer is fully consumed.34 Because termination reactions 

are typically absent, unless a termination agent is added, the concentration of living chain 

ends remains equal to the initial initiator ([I0]) concentration, resulting in a first order 

kinetic for monomer ([M]) consumption: 

−
dM

d𝑡
= 𝑘p ∙ [𝑀] ∙ [𝑃−] =  𝑘p ∙ [𝑀] ∙ [𝐼0]          (1) 
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This allows the degree of polymerization (𝐷𝑃̅̅ ̅̅
𝑛) to be calculated directly from the amount 

of monomer consumed; in a complete reaction (conversion (xp) = 1), the monomer 

consumed corresponds to the starting monomer concentration.  

𝐷𝑃̅̅ ̅̅
𝑛 =  

[𝑀0]

[𝐼0 ]
∙ 𝑥𝑝          (2) 

Because all chains initiate nearly simultaneously and grow with the same rate, their molar 

mass distribution follows a Poisson distribution, which narrows with increasing 𝐷𝑃̅̅ ̅̅
𝑛, 

converging the dispersity (Ð) to one. 35,36 

Ð =  
𝑀̅𝑤

𝑀̅𝑛
≈ 1 +

1

𝐷𝑃̅̅̅ ̅𝑛
                (3) 

In Szwarc’s original first anionic polymerization sodium naphthalene in THF served as a 

bifunctional initiator for styrene. However, this system was incompatible to synthesize 

polyisoprene (PI) with a high cis 1,4 content, a key structural requirement for synthetic 

rubber alternatives, due to the requirements of using THF as a polar solvent for the 

formation of the initiator. Despite this limitation, the technique sparked considerable 

industrial and academic interest, leading to numerous patents and publications.37–39 

The problem of the undesired PI microstructure was soon addressed with the introduction 

of butyllithium (BuLi) as an initiator. BuLi, soluble in apolar solvents such as benzene or 

n-heptane, enabled the synthesis of PI with a high cis-1,4-content.40–42 This selectivity is 

attributed to a six-membered transition state between the propagating chain end and the 

incoming monomer, as depicted in Figure 1.43,44 Beyond solvent effects, modifiers and 

counterions also significantly influence the resulting microstructure, topics which will be 

elaborated in the following chapters. 
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Figure 1: Proposed polymerization mechanism of isoprene in polar and apolar solvents with a lithium 
counterion.43 

Once high cis-1,4 diene synthesis became feasible, companies such as Shell and Phillips 

petroleum began developing and patenting ABA-type multiblock copolymers, 

synthesized by sequential monomer additions.39,45,46 These block copolymers gave rise to 

a novel material class: thermoplastic elastomers (TPEs). TPEs combine the elasticity of 

conventional rubbers at service temperature with the processability of thermoplastics 

when heated above their glass transition temperature. Their unique performance 

characteristics led to a production volume nearing 5 million tons in 2022.47 TPEs can 

exhibit a variety of architectures: linear, branched, star-shaped, coupled or crosslinked 

(to different extents) to achieve different material properties. Besides the primary polymer 

architecture block length as well as block sequences can be additionally altered to 

further tune the material properties of the polymer.48 In addition to stepwise monomer 

additions, copolymerization techniques can be employed to create tapered block 

copolymer, which will be discussed in subsequent sections.  

Monomers 

Due to the harsh conditions required for anionic polymerization, the range of suitable 

monomers, solvents and initiators is relatively limited. The previously mentioned sodium 

naphthalene used as a bifunctional initiator requires polar solvents such as THF, a solvent 
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particularly unfavorable for the polymerization of high 1,4-content dienes. This limitation 

was addressed by employing BuLi as a more effective initiator in apolar solvents, enabling 

the synthesis of polymers with very low dispersities (Ð < 1.1).41 However, this 

polymerization technique has still some significant disadvantages, due to the extremely 

high nucleophilicity of sec-BuLi (pKb ≈ -37) and the resulting polymer chain ends, 

compatible solvents and monomers are quite restricted.49 They must be aprotic and only 

limited functional groups are tolerated. The most commonly used monomers are styrene 

and its derivates (S), as well as various dienes (butadiene (B), isoprene (I), myrcene (M) 

and farnesene (F)), but also methyl methacrylate (MMA) is anionic polymerizable.50 

However, MMA having an ester functionality requires special conditions, such as low 

temperature, the use of polar modifiers (e.g. Lewis bases and/or acids) and less 

nucleophilic, sterically hindered initiators, in order to prevent termination via nucleophilic 

attack on the monomer’s ester group.8–14 

Beyond these commercially available monomers, various functionalized styrene 

derivates have also been explored in carbanionic polymerization, broadening the scope 

of this powerful yet demanding technique. However, even slightly acidic functional groups 

can induce termination or chain transfer, limiting the direct use of such derivates. To 

overcome these challenges, protective strategies have been developed, mostly based on 

bulky alkyl silyl functionalities. Hirao et al. demonstrated that functionalities such as 

alcohols, thiols and amines can be effectively protected using various sterically 

demanding groups such as tert. butyl or trialkyl silyl groups, enabling their polymerization 

under living anionic conditions to obtain of well-defined polymers with precise control 

over molar mass and low dispersity .51–54 These polymers can subsequently be hydrolyzed 

and grafted onto inorganic substances such as silica or metal oxides, making them 

valuable precursors for organic-inorganic composite materials.55  

In addition to serving as protective groups, silyl functionalities can also be integrated into 

the polymer backbone, leading to the synthesis of silicon containing polymers.56,57 The 

incorporation of silicon atoms influences several key materials properties, including the 

glass transition temperature (Tg), Flory-Huggins interaction parameter (χ), hydrophobicity, 

etch resistance, and gas permeability and are used in different applications like 

photonics, lithography and gas separation.58–64 Nagasaki et al. investigated a range of silyl-
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functionalized styrene derivates for their gas separation properties. Their findings 

revealed that Si-C bonds significantly enhance oxygen permeability and that increased 

silicon content leads to higher O2 solubility. Additionally, polymers with a higher Tg 

showed greater gas permeability, attributed to an increase in free volume. 65 Using 

positron annihilation spectroscopy, it was shown that trimethylsilyl styrene (TMSS) 

possesses the highest free volume among the polymers studied, approximately 19% 

greater than that of polystyrene (PS).60,66 TMSS also exhibited a Tg of 135°C and the highest 

gas permeability in this study. Beyond its effect on material properties, the TMS group also 

influences the reactivity of the styrene derivate, due to a change in electron density in the 

vinyl group, which can be probed via the 13C β-carbon shift. In general, electron-

withdrawing groups reduce the electron density at the vinyl group, increasing polarity and 

monomer reactivity.67 The TMS group has an +I effect, increasing electron density due to 

the difference in electronegativity between Si and C.68,69 Besides this +I effect has the 

silicon another -M effect, due to the empty 3d orbitals of Si. As it is directly bound to the 

phenyl ring, the π-electrons can undergo a dπ-pπ interaction, drawing π-electrons from the 

ring.70 These competing effects  are analyzed in the downfield shift of the β-carbon from 

113.36 ppm for styrene to 114.14 ppm for TMSS (CDCl3), suggesting an increase in polarity 

and reactivity of the vinyl group.58 This enhanced reactivity has already been investigated 

by Wadgaonkar et al. for the copolymerization of TMSS with I in cyclohexane (rTMSS = 0.152 

and rI = 3.28).58 These study indicate significant potential for tailoring copolymer 

compositions by utilizing polar modifiers to synthesize a variety of polymer compositions 

for potential applications in gas separation membranes. 

In anionic polymerization, apolar solvents such as cyclohexane, benzene or various 

aliphatic hydrocarbons are commonly used. Although toluene is classified as apolar, it is 

unsuitable due to its slightly acidic methyl group, which can undergo chain transfer 

reactions, compromising the living nature of the polymerization.71 Apolar solvents 

typically promote aggregation of the active chain ends. The addition of polar modifiers 

such as ethers or amines, prevents the aggregation by better solvating the cation. 34,72,73 

Among these, tetrahydrofuran (THF) is most common, but the addition of such modifiers 

significantly influences the polymerization kinetics and the microstructure of diene-

based monomers, often leading to a reduction in the desired low Tg 1,4-units in favor of 

less desirable 3,4 and 1,2-vinyl linkages. A further challenge arises from the chemical 
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instability of ethers, which often can undergo decomposition in the presence of alkyl 

lithium initiators or living chain ends, limiting its use in multiblock synthesis and 

polymerizations at elevated temperatures.74 Moreover, the potential formation of 

explosive peroxides limits the use of most ethers in industrial scale synthesis.  

To mitigate these issues, 2-methoxy-2-methylpropane (MTBE) was introduced as a more 

stable alternative solvent/modifier for carbanionic polymerizations.75–79 This linear ether 

has the advantage of not forming peroxides and exhibits greater stability against 

nucleophilic attacks by both initiator and active chain ends. 78,80 Unfortunately, its higher 

polarity compared to cyclohexane also enhances vinyl unsaturation, although to a lesser 

extent than THF.81–83  

In addition to the inherent limitations on monomers and solvents, special reaction 

conditions such as an inert gas atmosphere are essential for successful anionic 

polymerizations. Trace amounts of carbon dioxide or water will result in immediate 

termination of the growing chains, while oxygen couples them, effectively doubling the 

molar mass and terminating further polymerization. However, these termination 

reactions can also be exploited to introduce end-group functionality, as illustrated in 

Figure 2.35,84 

 

Figure 2: Possible termination reactions of the polystyryl anion with carbon dioxide, oxygen, water and 
epoxides. 

The following chapters will focus on the most common monomers in the carbanionic 

polymerization: styrene (S) and isoprene (I), as well as trimethylsilylstyrene (TMSS), which 
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will be copolymerized in cyclohexane using various polar modifiers to investigate their 

influence on reactivity ratios and the resulting material properties.  

 

Glass transition temperature 

Every polymer can exhibit up to two thermal transition temperatures: the melting 

temperature (Tm) and the glass transition temperature (Tg), depending on the crystallinity 

of the polymer.85 These temperatures correspond to transitions in the polymers crystalline 

and amorphous domains, respectively. As a result, semicrystalline polymers typically 

display both Tm and Tg, while totally amorphous polymers do not meet the necessary 

symmetry requirements for crystallization and therefore do not have a melting point. 

However, since the polymers discussed in the following chapters are entirely amorphous, 

we will focus in this chapter on the glass transition temperature. 

The Tg is described as a transition of a polymer from a rigid, glassy state into a soft, viscous 

state. At this temperature the long-range segmental motion of the polymer chain ceases, 

rotational freedom is hindered and the free volume decreases resulting in a noticeable 

change in the heat capacity. Unlike a first-order transition such as melting, the glass 

transition is a gradual transition. Therefore, the Tg is not a fixed point, but has a 

softening/solidification range and depends on the determination method.85 The most 

used method to determine the Tg is the differential scanning calorimetry (DSC), which is 

also used in the following chapters. Other methods include dilatometry, thermal analysis, 

dynamic mechanical analysis and NMR spectroscopy.86 In the DSC experiment the heat 

capacity of the polymer is measured as a function of temperature, with the Tg appearing 

as a step change in heat capacity.85 

The Tg is influenced by molecular symmetry, structural rigidity and secondary attractive 

forces (e.g. van der Waals forces, hydrogen bonding or π-π stacking) of the polymer 

chains. These factors reduce chain mobility and typically result in a higher Tg. Polymers 

with bulky side groups such as phenyl rings in polystyrene or multiple substituents per 

monomer unit such as in poly(methyl methacrylate) (PMMA) exhibit increased rigidity and 

therefore higher Tg’s. Several examples of polymers utilized in the following chapters are 

shown in Figure 3. 
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Figure 3: Structures of various polymers and their corresponding glass transition temperatures.66,85,87 

In addition to molecular structure and intermolecular interactions, the Tg is also 

dependent on molar mass, as described in the Flory-Fox equation.88 Although material 

properties such as viscosity and Young’s modulus change significantly at the Tg the 

chemical structure of the polymer remains unaltered.89 Therefore, the Tg is a critical 

parameter not only in polymer processing and production, but also in determining the 

temperature application window of the material. Above the Tg, polymers exhibit viscous, 

soft, flexible behavior, losing mechanical properties, while below the Tg they become 

glassy, stiff and brittle. 

Another key factor for material properties is the entanglement molar mass, which refers 

to the minimum molar mass at which chain entanglements begin to influence mechanical 

properties.90 As molar mass increases, so does the possibility of mechanical interlocks 

between polymer chains (see Figure 4), leading to an increased melt viscosity and 

enhanced mechanical properties of the polymer.91  

 

Figure 4: Schematic comparison of different polymer states. 

These entanglements are not chemically crosslinked, but rather physical interlocks due 

to the increased chain length. 

Copolymerization 

Besides the previously discussed sequential monomer additions to synthesize block 

copolymers, statistical copolymerizations can also be used to synthesize various 

polymer architectures. When two or more monomers are copolymerized, differences in 

their reactivity often lead to non-random polymer compositions. For a system involving 
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two different monomers, four possible reactions can occur during copolymerization, as 

illustrated in Figure 5, and the monomer consumption can be described by the two 

differential equations (4) + (5).92 

 

Figure 5: Possible copolymerization reactions between monomers A and B.  

−
d𝐴

d𝑡
=  𝑘AA ∙ [𝐴] ∙ [𝐴−] + 𝑘BA ∙ [𝐴] ∙ [𝐵−]            (4) 

−
d𝐵

d𝑡
=  𝑘BB ∙ [𝐵] ∙ [𝐵−] + 𝑘AB ∙ [𝐵] ∙ [𝐴−]         (5) 

Here kAA and kBB represent the homopolymerization rate constants for monomers A and B, 

respectively, while kAB and kBA represent the cross-over rates. [A] and [B] represent the 

concentration of monomer A and B, while [A-] and [B-] the concentration of active polymer chain 

ends with A or B as the last unit. Therefore, the reactivity of each monomer can be characterized 

by its reactivity ratio, defined as: 

𝑘AA

𝑘AB
=  𝑟A  𝑘BB

𝑘BA
= 𝑟B           (6) 

These reactivity ratios provide a description of the monomer preferences during 

copolymerization and can be used to describe the resulting polymer composition: 

Table 1: Polymer composition depending on the reactivity ratios.35 

Typ of copolymer rA rB 

Tapered copolymer >>1 ~0 
Gradient copolymer >1 <1 
Random copolymer 1 1 
Alternating copolymer 0 0 

  

These reactivity ratios can be determined by kinetic experiments or by analyzing the 

resulting polymer at various conversions, and depend on monomers, the polymerization 

technique and the solvent used. Especially in anionic polymerization, the reactivity ratios 

can be altered by introducing so called polar modifiers, as can be seen in the following 
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chapters.34 Significant changes in the reactivity ratios for the same combination of 

monomers can lead to completely different material properties.93,94  

The copolymerization of styrene and dienes in apolar solvents was investigated by several 

groups, which determined strongly varying reactivity ratios: rS = 0.05; rB = 15 and rS = 0.013; 

rI = 10.1 for the S/B95,96 and S/I97 system resulting in strong gradient copolymers.  39,45 These 

differences in reactivity ratio are explained by the favored cross-over from styrene to 

isoprene and the unfavored cross-over reaction from isoprene to styrene (kSI>>kIS), even 

though the homopolymerization of styrene is faster than the of isoprene (kSS>>kII). 93,97,98 

Gradient copolymers are described by a continuous change of the polymer composition 

along the copolymer chain, as shown in the following Fig. 6. Here every continuous 

transition from one monomer to the other is considered a gradient copolymer, while every 

copolymer with a steep transition and a pure endblock, exhibiting block copolymer 

properties, is considered a tapered copolymer.  

 

Figure 6: Overview of different tapered block copolymers, based on the styrene volume incorporation.45,93,99–

102 Reprinted with permission from Steube, M., Johann, T., Hübner, H., Koch, M., Dinh, T., Gallei, M., Floudas,  
G., Frey, H., & Müller, A. H. E. (2020). Macromolecules, 53(13), 5512–5527. Copyright 2020 American 
Chemical Society. 

The presence of tapered regions in copolymers significantly influences their mechanical 

properties, morphology, domain spacing, glass transition temperature and order-disorder 

transition temperature (ODT), despite being composed of the same molar ratio and molar 
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mass. Therefore, the tapered region introduced a new tunable parameter that can be 

controlled either through the copolymerization of two monomers with adjustable 

reactivity ratios or by precisely regulating the monomer feed using automated 

pumps.93,94,100 During the copolymerization of two monomers (i.e. isoprene (I) and styrene 

(S)), with differing reactivity ratios, the more reactive monomer (I) is initially preferred 

incorporated, forming a block that is contaminated with small units of the less reactive 

monomer (S). As the concentration of (I) decreases, the incorporation of (S) increases, 

resulting in the formation of a tapered gradient. Once (I) is fully consumed, (S) 

homopolymerizes forming a pure polystyrene end block.  

When the reactivity ratios are significantly different, the tapered region is short and the 

resulting copolymer closely resembles a traditional block copolymer. However, it benefits 

from a lower ODT, which is beneficial for processing techniques such as extrusion.99 

Hereby, acts the tapered transition between the monomers as a compatibilizer between 

the different blocks, lowering the Flory-Huggins interaction parameter (χ) and therefore 

reducing phase separation. And this compatibilization effect can be finely tuned by 

adjusting length, slope and sequence of the tapered region. 99,103,104 By altering the 

interfacial compatibility, these gradients also influence the thermal behavior of the 

copolymer. In tapered block copolymers the Tg of the more reactive monomer phase is 

altered due to contamination by the other monomer, while the Tg of the latter is only 

slightly affected due to the enhanced compatibility from the tapered region. As the 

volume fraction of the tapered region increases, these effects become more pronounced, 

and in some cases, an inverse tapered transition (regarding the outer blocks; Figure 6b) 

provides greater benefits than a conventional tapered region.  105  

In contrast, when the reactivity ratios are similar, a longer and more gradual gradient is 

formed, resulting in polymers with distinct properties that diverge from their block 

copolymer analogs.94 These random copolymers do not exhibit any phase separation and 

tend to exhibit a single, mixed Tg. 

The following chapters will focus on the manipulation of reactivity ratios and therefore the 

tapered region by different polar modifiers (Lewis bases and acids).  
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Effect of polar modifiers 

Lewis bases 

As already mentioned, the choice of solvent has a great influence on the 

copolymerization kinetics, diene microstructure and ultimately the material properties of 

the resulting polymer. This is largely due to the degree of aggregation of the living polymer 

chain ends, which varies depending on the solvent environment. These different 

aggregated chain ends all exhibit different polymerization kinetics, see Figure 7.92 

 

Figure 7: Equilibrium between the different ion pairs.92 

In apolar solvents such as cyclohexane, the equilibrium is strongly on the side of the 

aggregated ion pairs, which do not participate in the polymerization. Polymerization only 

takes place at the non-aggregated contact ion pairs. With the addition of polar modifiers 

(e.g. ethers or amines), the equilibrium can shift towards solvated free ions, which differ 

in reactivity by several orders of magnitude.  

This was investigated by Bywater and Fetters for the homopolymerization of styrene and 

isoprene using THF as a polar modifier in apolar solvents.106,107 They observed that 

increasing THF content initially accelerates the polymerization rate of both monomers, 

reaching a maximum before further THF additions lead to a decrease in propagation rate. 

This is explained by the following equilibrium of the aggregated chain ends with the 

modifier THF. 

 

Figure 8: Aggregation behavior of polystyryllithium in apolar solvents and the effect of polar modifiers (THF).  

In apolar solvents, polystyryllithium typically exists as an unreactive dimer, in equilibrium 

with a polymerization active unimer. Upon the addition of THF, this dimer is disrupted, 

forming mono- and dietherates, both more reactive than the unimer. However, excess THF 
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leads to a dominance of the dietherate, which is less reactive, thereby slowing the 

polymerization.106,107 A similar aggregation behavior is observed for polydienyl chain ends, 

which form tetrameric and hexameric aggregates, which can be also broken apart by polar 

modifiers, enhancing reactivity.34,72,73,108  

Since the reactivity change is different for every monomer, polar modifiers like THF can be 

used to alter reactivity ratios in a copolymerization. The system styrene/isoprene or 

styrene/myrcene have quite distinct reactivity ratios resulting in almost block like  

structures in cyclohexane rS = 0.013; rI = 10.1; rS = 0.02; rMyr = 40.6, but can be altered over 

the entire range up to rS = 12.6; rI = 0.15; rS = 10.0; rMyr = 0.1 with 2500 equiv of THF.94,97 

Besides this kinetic effect, polar modifiers also influence the microstructure and the Tg of 

the resulting polymer. For instance, polyisoprene synthesized in cyclohexane typically 

consisting of 95% 1,4- and 5% 3,4-units with a Tg of -64°C.59,78,93,109–111 However, with 

2500 equiv of THF, the microstructure shifts to 18% 1,4-; 57% 3,4- and 25% 1,2-units and 

an increased Tg of 2 °C.93 This increase in vinyl content is attributed to a greater ionic 

character of the C-Mt bond in the presence of polar modifiers, due to the solvation of the 

counterion, facilitating π-electron delocalization.34,112–114 Resulting in a different 

polymerization mechanism, see Figure 1. 

Beyond THF, various other Lewis bases have been evaluated as polar modifiers, including 

ethers, amines and particularly bidentate ligands, which have proven highly effective in 

enhancing both polymerization kinetics and vinyl unsaturation. 94,115,116  

Lewis acids 

In addition to the previously discussed ether-based modifiers, which reduce chain-end 

aggregation and thereby accelerate the homo- and copolymerization of styrene and 

dienes, certain Lewis acids, such as various alkali alkoxides, also affect polymerizations, 

but through a different mechanism, since they do not decrease aggregation.117,118 Bywater 

et al. investigated the use of lithium tert-butoxide in the homopolymerization of styrene.117 

Unlike Lewis bases, this modifier does not reduce chain end aggregation; styrene 

consumption still depends on half the potency of active chain ends. Nevertheless, lithium 

alkoxides significantly alter both homo- and copolymerization rates as well as diene 

microstructure, despite the unchanged aggregation. Instead of accelerating like Lewis 
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bases, lithium alkoxides retard both homo- and copolymerization, depending on the 

monomer, modifier concentration and solvent.117,119 Even though the 

homopolymerization of different monomers are slowed down differently, as well as 

retarding the copolymerization monomer incorporation seemed to be unaltered. 120,121 

Moreover, lithium alkoxides increased vinyl unsaturation, an often undesirable feature in 

thermoplastic elastomers, but to which extent is not fully clarified. While Hsieh reported 

only a 10% vinyl unsaturation Makowski observed up to 40%, even under similar 

conditions.120,122 The retardation is attributed to the formation of mixed aggregates, from 

reactive chain ends with lithium alkoxides, (P-Li)x(LiOR)y, reducing the concentration of 

unaggregated polymer chain ends. These mixed aggregates serve as new polymerization 

centers and are responsible for both the reduced polymerization rate and altered 

microstructure.  123,124 

Beyond lithium, researchers have studied alkoxides of heavier alkali metals (Na, K, Rb, 

Cs), as well as those from the alkaline earth and boron group. 114,117,119–121,125,126 However,  

the focus of the following studies will be placed on sodium and potassium alkoxides, 

since rubidium and cesium alkoxides do not offer any performance benefits and are 

commercially not available.  114,121 As a general trend: increasing the modifier amount and 

counterion size accelerates both styrene and diene polymerizations and styrene is being 

more effected than dienes.114,127 This allows tuning of reactivity ratios across the whole 

range. For instance, already 0.2 equiv of a sodium alkoxide leads to an almost ideally 

random copolymerization, whereas the heavier potassium analogue required only 1/30 

equiv. 33,121,128–130 Such behavior contradicts the assumption of homogeneous reaction 

centers typically associated with Lewis bases, as significantly less than one equivalent is 

sufficient to alter reactivity ratios. Given that polymer chains coordinated by potassium 

and lithium exhibit distinctly different reactivities, yet well-defined molar masses and low 

dispersities are achieved in homo- and copolymerizations, it can be assumed that 

counterion exchange must be rapid. Moreover, because the active centers can 

tautomerize the resulting polymers exhibit microsegment characteristics of each of the 

counterions, as can be seen in Figure 9.121,131 

Besides this strong impact on copolymerization kinetics, exceeding the previously 

investigated Lewis bases, alkali alkoxides also affect the diene microstructure.59,78,93,94 
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Unlike lithium, which is typically localized at the α-position of the terminal monomer unit 

(favoring 1,4-addition), heavier alkoxides increase vinyl unsaturation. This phenomenon 

can be explained by two different theories:  

1. Heavier alkoxides are considered as dissociated ion-pairs due to the larger ionic 

radius and the metal ions are π-bonded to the last units, favoring the formation of 

vinyl units. 

2. The metal ion, free or complexed, coordinates the incoming monomer into a 

specific position before the nucleophilic attack, favoring 1,2- and 3,4- 

additions.34,132 

Reports on the influence of different alkoxides on the polybutadiene microstructure vary 

greatly depending on the counterion, solvent and temperature. Especially for sodium 

modifiers vinyl unsaturation varies from 30–70%, depending on the used solvent.125,133 

This high vinyl microstructure corresponds to the microstructure when sodium initiators 

are used, indicating that sodium becomes the dominant polymerization center. 115,125,134 

For potassium alkoxides, results are more consistent: vinyl unsaturation typically ranges 

from 35–50% for various solvents, indicating the high inherent ionic character of the 

potassium-carbon bond.114,115,135 Hsieh used potassium tert-butoxide as a modifier in the 

homo- and copolymerization of butadiene and styrene. He could show that the 

microstructure increased sigmoidal up to 50% vinyl unsaturation, a microstructure that 

corresponds to the same as when metallic or organo potassium initiators were 

used.114,115,136,137 The literature on rubidium- and cesium based alkoxides is limited. 

However, available studies indicate that they behave similarly to potassium alkoxides and 

show no unusual effects.114,121 Compared to the other alkali alkoxides, sodium has the 

strongest influence on the microstructure, making it a preferred modifier for synthesizing 

polymers with high vinyl unsaturation, while potassium has the weakest effect on the 

diene microstructure, but shows the strongest influence on styrene 

propagation.114,115,121,138,139 
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Figure 9: Illustration of the two-state polymerization model, involving a transition state complex, kp’ >> kp.114 

These observations can be explained by two different polymerization mechanisms, the 

associated mixed complex model and the two-state model.  126,131,140 

In the associated mixed complex mechanism has the reaction center not simply the 

chemical properties of a mixture of the components, but of an intermediated type with 

distinct chemical properties.125,126,134,141–143 This mechanism is particularly relevant for 

sodium alkoxides, where the resulting microstructure suggests a predominant sodium 

reaction center, either by a complex or a metal exchange in the two-state equilibrium. 

Combining these findings with the report of Arest-Yakubovich that lithium alkoxides 

added to a sodium alkyl initiator can suppress chain transfer to toluene this supports the 

idea that both metal ions as well as the alkoxide participate in the polymerization by 

forming an associated complex.134 

The other model the two-state polymerization was reported by many authors and is 

mostly considered for potassium modifiers in sub-stoichiometric concentrations, see 

Figure 9.10,114,121,126,131,140 In this model, the different counterions are in an equilibrium and 

the polymerization proceeds at two different types of active centers: potassium (soft, big) 

containing chain ends favoring styrene (soft, delocalized) polymerization and lithium  

(hard, small) containing chain ends favoring diene (hard, localized) polymerization, 

resulting in a lithium dominated 1,4-microstructure. This can be summarized in the hard 

and soft acids and bases (HSAB) concept.144  

The ability to achieve targeted molar mass and low dispersities implies that rapid 

exchange between lithium and the other counterions occurs during 

polymerization.114,126,132,145–148 Despite these insights, the exact polymerization mechanism 

remains under debate. The scientific community is still divided on whether the active 

centers are best described as mixed aggregates or a two-state model.10,143,149    

Methods to follow Polymerization Kinetics 
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In addition to the determination of polymer compositions at different conversions to 

estimate the comonomer sequence,83,96,121,150–152 reactivity ratios (equation 1) can be used 

to fully describe the copolymerization of two different monomers. For this purpose, it is 

important to determine either the individual homo- and cross-over polymerization rates 

or the exact monomer concentrations during the copolymerization.153,154 Highly accurate 

measurements are required for all approaches, as even small errors can lead to strong 

deviations. Since the first method requires several experiments at different conversions 

and/or with different concentrations, the focus will be on the determination of the 

individual monomer concentrations. 

This approach was first introduced by Bywater and Worsfold in 1960 for the 

homopolymerization of styrene. They introduced a real-time monitoring method using 

glass reactors with ultraviolet optical cells to calculate the monomer concentration at any 

given time and therefore all rate constants.155 This technique helped understanding 

carbanionic polymerization kinetics and was further improved and simplified by 

Quinebèche et al. using a mid-infrared (M-IR) probe for the system styrene and 

isoprene.106,111,156–158 In addition to M-IR158–160 spectroscopy, various analytical methods 

such as 1H-NMR-,78,161–166 UV-Vis,158,167,168 and near-infrared (NIR)59,78,93,94,97,169–174 

spectroscopy are also possible for real-time kinetic measurements, which all have their 

different advantages and disadvantages. 1H-NMR spectroscopy is routinely used in most 

chemical institutes and companies, but has the problem of insufficient time resolution of 

~ 1 minute, which is too slow for the investigation of some of the experiments presented 

in the following chapters.97 In addition to the time resolution problem, NMR experiments 

have other disadvantages: the temperature cannot be measured during the 

polymerization and the reaction heat may not be dissipated. As the reaction temperature 

increases, the polymerization rates and reactivity ratios change. 97 Also often reaction 

parameters have to be tailored for the NMR-experiment, such as the use of deuterated 

solvents and adjusted initiator and monomer concentrations, which are mostly not in the 

range of real word polymerizations and might have an unknown influence on 

polymerization kinetics. The limited reaction volume only leads to yields in the milligram 

scale, which makes further investigations of the material properties impossible. 

Furthermore, mixing in the NMR tube is limited to diffusion and no additional stirrer can 

be used. All of these problems can be solved by an in situ probe head for UV-Vis, mid-IR 
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or near infrared (NIR) spectroscopy. Since the reaction can now be performed inside a 

glass flask, the reaction volume is increased and material properties can be investigated 

on the very same batch as the kinetics. Additionally, the time resolution is improved, and 

magnetic stirrers can be used for mixing.  

UV-Vis spectroscopy was introduced by Worsfold et al. in 1960 for the homo- and 

copolymerization of styrene, butadiene and isoprene.106,111,157,158,175,176 Unfortunately, the 

overlapping of the absorption bands of poly butadienyl lithium, styrene and polystyrene 

made it very complicated to determine the individual monomer concentrations.158,175 

Mid-IR spectroscopy solves this problem by tracking the well separated monomer peaks 

(1597 cm-1 (I) and 1630 cm-1 (S)) but has the disadvantage of needing an optic cable made 

out of crystalline AgCl or hollow waveguides, which are expensive, mechanical weak and 

would need a permanent installation.158,177  

Therefore, the following chapters will rely on NIR spectroscopy, which only requires a 

flexible optical fiber cable, has a lower time resolution limit of > 0.1 seconds, uses 

nondeuterated solvents, has a temperature probe, a cryostat, a magnetic stirrer for mixing 

(Figure 10) and is used in a glass flask of 100–1000 ml. This allows the use of realistic 

concentrations to synthesize high molar mass polymers and achieve yields in the range 

of 10–100 grams, enabling us to perform every further experiment with the kinetically 

monitored polymer. However, interpretating NIR spectra is more complex than analyzing 

NMR spectra, where distinct signals provide clear molecular information. In the 

measured NIR region (5900–6250 cm-1), the different monomers and polymers signals are 

broad and overlapping. Therefore, Long et al. used a combination of NIR and UV 

spectroscopy for their kinetic investigations.170 To conduct these investigations solely 

using NIR spectroscopy, a deconvolution of the measured spectra with the calibration 

spectrum (Figure 11) of all individual monomers and resulting polymers must be 

performed. This was first introduced by our group (M. Steube and T. Johann) for the 

copolymerization of styrene and dienes in apolar solvents with the possibility to add polar 

modifiers.93,97 Further improvements were achieved by adding a temperature probe to 

monitor the reaction temperature inside the flask and having a smaller flask to utilize 

monomers with limited availability.59 
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Figure 10: Illustration of the experimental setup: glass flask with temperature and NIR probe head, a cooling 
coil, which is normally immersed in a water bath, and argon inlets to maintain the argon atmosphere.  

To calculate the concentration of all components that are present at any given time, a 

deconvolution of the measured spectra with the calibration spectra must be performed, 

see Figure 11. The spectra for polyisoprene synthesized in cyclohexane and in 

cyclohexane with 0.75 equiv of sodium amylate are quite different due to their different 

microstructure, which is a problem for the following deconvolution. To avoid this problem, 

the polyisoprene spectrum can be calculated by subtracting the polystyrene spectrum 

from the end spectrum. 
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Figure 11: Calibration spectra of styrene (S), isoprene (I), polystyrene (PS), polyisoprene synthesized in 
cyclohexane (PICyH) and polyisoprene synthesized in cyclohexane in the presence of 0.75 equiv of sodium 
amylate. 

After calculating the polyisoprene calibration spectrum, a deconvolution can be 

performed based on the linear equation system in (7)–(10), as described in previous 

publications.97 

𝐴(𝜈) = 𝐴Monomer(𝜈) + 𝐴Polymer(𝜈) = [𝑐I ∙ 𝜀I(𝜈̃) + 𝑐S ∙ 𝜀S(𝜈)] + [𝑐PI ∙ 𝜀PI(𝜈) + 𝑐PS ∙ 𝜀PS(𝜈)]           (7)
     𝑐PI = 𝑐I,0 − 𝑐𝐼             (8)
     𝑐PS = 𝑐S,0 − 𝑐S             (9)
 𝐴(𝜈) − 𝑐S,0 ∙ 𝜀PS(𝜈) − 𝑐I,0 ∙ 𝜀PI(𝜈) =  𝑐S ∙ [𝜀S(𝜈) − 𝜀PS(𝜈)] +  𝑐𝐼 ∙ [𝜀I(𝜈̃) − 𝜀PI(𝜈)]     (10) 

 

𝐴(𝜈) represents the total absorption of monomers and polymers at a certain wavelength,  

which depends on the concentration (c) and the extinction coefficient (ε) of the individual 

components, and since the polymer concentration depends on the initial monomer 

concentration, equation (7) can be simplified to equation (10). This means that only two 

(cI, cS) of the original four parameters (cI, cS, cPI, cPS) are relevant. For the deconvolution, 

184 different equations are solved, which corresponds to a data interval of 1.9 cm -1.  
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Determination of reactivity ratios 

Differential fitting methods 

To determine the reactivity ratios (equation (6)), various models can be used, which can 

be divided into an integral and differential fitting method. The differential method includes 

different models like the Mayo-Lewis-Non-Linear-Least-Square- (Mayo-Lewis NLLS), 

Fineman-Ross- and Kelen-Tüdös-method, which will be presented shortly. These 

methods are based on the comparison of monomer feed with the polymer composition.  

The necessary equations are shown in the following:35 

𝑓1 =  
𝑀1

𝑀1+𝑀2
      (11) 

𝑓2 = 1 − 𝑓1       (12) 

𝐹1 =  
d𝑀1

d(𝑀1+𝑀2)
      (13) 

𝑋 = 1 −  
𝑀1+𝑀2

𝑀1,0+𝑀2,0
= 1 −

𝑀

𝑀0
    (14) 

Where f is the instantaneous monomer molar fraction, F the instantaneous monomer 

incorporation and X the total monomer conversion. 

Since carbanionic polymerization is a living polymerization, characterized by the absence 

of termination and chain transfer reactions, equations (4) and (5) can be used to describe 

the consumption of monomer A and B. Since the concentration of active chain ends 

remains constant and the decrease in monomer concentration corresponds to the 

amount of monomer incorporated, the quotient of equations (4) and (5) can be used to 

calculate the composition of the resulting polymer at any conversion. The Mayo-Lewis-

NLLS method is based on equation (15), where [M] represents the concentration of each 

monomer during the reaction. For the sake of simplicity, molar fractions can be used 

instead of concentrations (equation (16)). The reactivity ratios are determined by plotting 

F against the molar fraction f1, using the least squares method.153 

𝑑[𝑀1]

𝑑[𝑀2]
=  

[𝑀1](𝑟1[𝑀1]+ [𝑀2])

[𝑀2](𝑟2[𝑀2]+ [𝑀1])
       (15) 

𝐹1 =  
𝑟1𝑓1

2+ 𝑓1𝑓2

𝑟1𝑓1
2+ 2𝑓1𝑓2+ 𝑟2𝑓2

2         (16) 

Fineman-Ross used a linearized form of the Mayo-Lewis equation to calculate the 

reactivity ratios (equation 17). G and H must be calculated for every copolymerization, 
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and when they are plotted against each other, a straight line is obtained whose slope 

corresponds to r1 and whose ordinate intercept corresponds to r2.178  

𝐺 = 𝐻 ∙ 𝑟1 − 𝑟2                         (17) 

𝐺 =  
𝑓1∙(2𝐹1−1)

(1−𝑓1)∙𝐹1
          (18) 

𝐻 =  
𝑓1

2∙(1−𝐹1)

(1−𝑓1)2∙𝐹1
          (19) 

This method has the disadvantage that the experimental data are weighted unequally and 

that the calculated reactivity ratios depend on arbitrary factors, e.g. which monomer was 

selected as M1.179 Therefore, Kelen and Tüdös introduced a correction factor α (equation 

(20)), based on the highest and lowest value of H (equation (19)), to eliminate this 

arbitrariness.180,181 

𝛼 = (𝐻𝑚𝑖𝑛 ∙ 𝐻𝑚𝑎𝑥)0.5         (20) 

𝜂 = [𝑟1 +
𝑟2

𝛼
] µ −

𝑟2

𝛼
         (21) 

𝜂 =  
𝐺

𝛼+𝐻
          (22) 

µ =
𝐻

𝛼+𝐻
          (23) 

All the differential fitting methods are based on the Mayo-Lewis equation (16), which is 

only valid for low conversions and assumes a constant monomer feed during the 

polymerization.182 This restriction is only valid for a random copolymerization (r1=r2=1). In 

every non-random copolymerization, the reactivity differences between the monomers 

will cause a compositional drift towards the less reactive monomer as conversion 

increases.85,182,183 By stopping the experiment at low conversions, 𝑑[𝑀1]

𝑑[𝑀2]
 can be 

approximated by the overall consumption 𝛥𝑀1

𝛥𝑀2
 . The initial comonomer feed [M1] and [M2] 

is given by the molar ratio of monomers and 𝛥𝑀1

𝛥𝑀2
 can be determined after the experiment. 

However, these methods require conducting multiple low-conversion copolymerizations 

at different monomer feed ratios, a process that is experimentally intensive and prone to 

experimental errors.184 

Integral fitting methods: 

To overcome these problems, it is mandatory to integrate the Mayo-Lewis equation either 

analytically185 or numerically.184 These integral fitting methods can be divided into two 



 
Chapter 1 

 
 62 

groups, the terminal and non-terminal model. The terminal model includes the direct 

numerical integration method (DNI), the Meyer-Lowry method (Meyer-Lowry) and the 

logarithmic Meyer-Lowry method (Log Meyer-Lowry), while the non-terminal model 

includes the Jaacks method (Jaacks), the Beckingham-Sanoja-Lynd method (BSL) and the 

ideal Meyer-Lowry method (Meyer-Lowry ideal). The non-terminal model assumes an 

chain-end independent copolymerization, resulting in k12 = k22, k21 = k11 and  r1 * r2 = 1. Thus 

polymerizes the M1 chain end as fast M1 as the M2 chain end polymerizes M1 and vice 

versa. While the terminal model assumes a chain-end dependent copolymerization. 

Terminal fitting models: 

The Meyer-Lowry model is based on the analytical integration of the Mayo-Lewis equation 

and allows the determination of reactivity ratios for full conversions. 185 However, it is 

subject to some restrictions: polymerization must be isothermal, isochoric and the 

reactivity ratios must be constant for complete conversion, which is not always the case, 

especially for higher conversions. To describe the issue of composition drift, Meyer-Lowry 

solved the Skeist equation (24) analytically, and used it in the Meyer-Lowry equation 

(25).184,185  

𝑋𝑛 =
𝑓1−𝑓1,0

𝑓1−𝐹̅1
           (24) 

Xn represents molar conversion, f1,0 the molar fraction of monomer 1 at the beginning of 

the copolymerization and 𝐹1  the cumulative copolymer composition. 

   
𝑀

𝑀0
=  (

𝑓1

𝑓1,0
)

𝛼

(
𝑓2

𝑓2,0
)

𝛽

(
𝑓1,0− 𝛿

𝑓1− 𝛿
)

𝛾

          (25) 

with  𝛼 =  
𝑟2

1− 𝑟2
 ;  𝛽 =  

𝑟1

1− 𝑟1
 ;  𝛾 =  

1− 𝑟1𝑟2

(1− 𝑟1)(1− 𝑟2)
 ;  𝛿 =  

1− 𝑟2

2− 𝑟1 − 𝑟2
 

The reactivity ratios are calculated by the method of least squares, by plotting [𝑀]

[𝑀0 ]
 against 

f1.185 This Meyer-Lowry equation (25) can also be written in a logarithmic way.184 

𝑙𝑜𝑔 (
[𝑀2]

[𝑀2,0]
) = 𝑙𝑜𝑔 (

[𝑀2,0][𝑀1]

[𝑀1,0][𝑀2]
) −

1−𝑟1∙𝑟2

(1−𝑟1)∙(1−𝑟2)
∙ 𝑙𝑜𝑔 (

(𝑟1−1)∙
[𝑀1]

[𝑀2]
−𝑟2+1

(𝑟1−1)∙
[𝑀1,0]

[𝑀2,0]
−𝑟2+1

)     (26) 

Obviously, these equations have some restrictions, since they are numerical unstable for 

r1 = 1; r2 = 1; f1 = 0 or 1 and r1 + r2 = 2.184,185 In the case of an ideal copolymerization (r1r2 = 1) 

the equation can be simplified to Walls equation (29). 
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Besides the Meyer-Lowry equation it is also possible to use numerical integration for the 

determination of reactivity ratios, by using and re-expressing the Skeist equation (24). 

𝐹1̅ =
𝑓1,0−𝑓1(1−𝑋𝑛)

𝑋𝑛
        (27) 

During the polymerization, while the molar conversion Xn changes, the mole fraction of 

unreacted monomer f1 is calculated by a numerical solution of the differential equation 

(28), while the instantaneous monomer incorporation F1 is given by Mayo-Lewis.184 

𝑑𝑓1

𝑑𝑋𝑛
=  

𝑓1−𝐹1

1−𝑋𝑛
         (28) 

Comparing the integral and differential fitting methods, the results are comparable for low 

conversions but significantly differ at higher conversions. Therefore, it can be assumed 

that the integral models are more accurate, as more data points are included in the 

determination.184 In addition, the error range of the differential methods is significantly 

larger. Kazemi et al. were able to prove that the Meyer-Lowry method has convergence 

problems at high conversions, making it unsuitable for reliable use under such 

conditions.184 

Non-terminal fitting methods 

The nonterminal model includes the Jaacks, Meyer-Lowry ideal and BSL fitting methods. 

All of these calculate one reactivity ratio and the other from the relationship of an ideal 

copolymerization: 𝑟1 ∙ 𝑟2 = 1. This is based on the Wall model (equation (29)), which 

introduced a time-independent differential equation, that assumes a first-order 

copolymerization using relative rates.186 

𝑑[𝑀1]

𝑑[𝑀2]
= 𝜀

[𝑀1]

[𝑀2]
         (29) 

This equation can be integrated into the following equations:  

[𝑀1]

[𝑀1,0]
= (

[𝑀2]

[𝑀2,0]
)

𝜀

        (20) 

𝑙𝑜𝑔 (
[𝑀1]

[𝑀1,0]
) = 𝜀 ∙ 𝑙𝑜𝑔 (

[𝑀2]

[𝑀2,0]
)         (31) 

Here, ε represents the ratio of the polymerization rates. Jaacks proved that when there is 

a large excess of one monomer, the copolymerization is dominated by this monomer and 

the integrated equation (31) can be used to determine the reactivity ratio by the slope of 



 
Chapter 1 

 
 64 

the fit.187,188 The other reactivity ratio is then measured by an experiment with inverted 

monomer concentrations or calculated assuming an ideal copolymerization (𝑟1 =

 
1

𝑟2
;  𝑘11 =  𝑘21 ; 𝑘22 =  𝑘12). In the non-terminal model, the polymerization is 

independent of the chain end and is controlled only by the monomer reactivity. Therefore, 

an M1 chain end polymerizes M1 as fast as an M2 chain end polymerizes M1. This 

independence of the chain end is typical for ionic polymerizations. 85,189–191 However, this 

method can only be used as long as the data points form a straight line.  

The Meyer-Lowry ideal method (equation (32)) uses an integrated form of the Skeist 

equation for the non-terminal model of Wall. This allows the terminal model to be 

compared with the non-terminal model.186,192  

𝑋 = 1 −  (
𝑓1

𝑓1,0
)

1

𝑟1−1
∙ (

1−𝑓1

1−𝑓1,0
)

𝑟1
1−𝑟1       (32) 

By plotting X 𝑀

𝑀0
 against f1, r1 can be calculated by the method of least squares and r2  

follows due to the ideal copolymerization. Frey et al. investigated the robustness of this 

system, by introducing a systematic error into a simulated copolymerization. 192 The 

terminal Meyer-Lowry fit has an error of 60%, while the non-terminal methods have an 

error of less than 10%. Therefore, non-terminal methods should be preferred if an ideal 

copolymerization can be assumed, and only if it can be excluded to resort to the more 

complex terminal models. 

2015 introduced Beckingham-Sanoja-Lynd (BSL) another method for the non-terminal 

model, which is based on the following equations:191,193 

𝑋 = 1 − 𝑛𝐴 ∙ (1 − 𝑝𝐴) − (1 − 𝑛𝐴) ∙ (1 − 𝑝𝐴)𝑟2      (33) 

𝑋 =  1 − 𝑛𝐴 ∙ (1 − 𝑝𝐵)𝑟1 − (1 − 𝑛𝐴) ∙ (1 − 𝑝𝐵)      (34) 

Here represents X the molar conversion, pA the consumption of monomer A and nA the 

starting mol fraction of monomer A. By plotting the molar conversion X against the 

individual monomer conversion ((1 − 𝑛𝐴 ) ∙ (1 − 𝑝𝐴)𝑟2 ) reactivity ratios can be 

calculated. 

The following chapters will focus on integral fitting methods, as they have a greater 

accuracy, a lower uncertainty in their implementation and require significantly less 



 
Chapter 1 

 
 65 

experimental effort than the traditional linear differential methods. 184,193 The main 

advantage of the integral methods is their ability to calculate reactivity ratios across the 

full range of conversion. We will be focusing on the Jaacks method for the non-terminal 

model and the Meyer-Lowry method for the terminal model. Previous comparisons of the 

two models indicate that the non-terminal model is less error-prone than the terminal 

models.192 Moreover, the Meyer-Lowry method tends to overfitting by adjusting irrelevant 

parameters to the background noise.192,194 In accordance to Ockham’s razor, which states 

that if there are several explanations for one and the same fact, the simplest theory is 

always preferable to the others,195 we will always prefer the non-terminal model when 

ideal copolymerization can be assumed. The more complex terminal model will only be 

applied when experimental data rules out an ideal copolymerization and the Jaacks fit is 

nonlinear.194,196 

Phase separation 

The copolymers formed in the previously discussed chapters often exhibit block-like 

structures to varying degrees. If the reactivity ratios are dissimilar enough, the resulting 

copolymer can be assumed as two distinct homopolymers, covalently linked by a short 

transition region. As a result, the tapered copolymer exhibits a combination of the 

properties of both homopolymers, along with new characteristics arising from their 

covalent bond. 

In block copolymers the different blocks are often immiscible and the system tries to 

minimize the interface between the incompatible phases. This results in the formation of 

various morphologies exhibiting domain spacing of 10 to 100 nm, which is called 

microphase separation.197 That microphase separation occurs the Gibbs free energy of 

mixing (equation 35) must be positive.197  

Δ𝐺m = Δ𝐻m − 𝑇Δ𝑆m        (35) 

ΔGm represents the change in Gibbs free energy, ΔHm the mixing enthalpy and ΔSm the 

mixing entropy. Since mixing is entropically always favored (ΔSm > 0), higher 

temperatures generally favor mixing. However, for polymers the entropy term decreases 

with increasing degree of polymerization, making enthalpic interactions more dominant.  
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The mixing enthalpy describes the interactions of the different blocks and can be 

calculated by the following equation: 

Δ𝐻m = R ∙ 𝑇 ∙ 𝜒 ∙ ϕA ∙ ϕB    (36) 

R represents the ideal gas constant, T the temperature, χ the Flory Huggins parameter and 

ϕA (ϕB) the volume fraction of monomer A (B). Hereby the Flory Huggins parameter 

describes the interactions of A and B monomer units and is defined as: 

𝜒 =  
𝑧

𝑘𝐵𝑇
∙ [𝜀𝐴𝐵 − 0.5 ∙ (𝜀𝐴𝐴 + 𝜀𝐵𝐵)]    (37) 

Z is the number of nearest monomers in a copolymer configuration cell (limited periodic 

space in the copolymer) kB the Boltzmann constant and εAB represents the interaction 

energy of monomers A and B. Therefore, a positive Flory Huggins parameter indicates 

repulsive interactions and favors separation.198 With an increasing temperature χ 

decreases, thus also favoring mixing. As a consequence, most polymers have a 

temperature at which the ordered state changes into a disordered state, which is called 

the order-disorder-transition temperature (TODT). 

Leibler and Bates et al. investigated the phase separation theoretically as well as 

experimentally and proved that phase separation is dependent on the product of the Flory 

Huggins parameter, χ, the degree of polymerization, N, and the volume fraction of the one 

monomer, ϕA.199,200 For a symmetric block copolymer (ϕA = ϕB = 0.5) phase separation 

occurs if the product of χ∙N is ≥ 10.5. This phase separation leads to very different 

morphologies because of three competing effects:201 

- Minimization of the interface of two immiscible blocks 

- Homogeneous phases reduce entropy 

- Localization of the connection points leads to further entropy lost 

These entropic and enthalpic contributions force the system under energy minimizing to 

form a range of microphase separated structures (Fig. 12).202–205 
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Figure 12: Morphologies for P(S-b-B) in dependence of the styrene content: a) PS-spheres in PB matrix; b) PS cylinders 
in PB matrix; c) PS and PB lamella; d) PB cylinders in PS matrix; e) PB spheres in PS matrix.205 Reprinted with permission 
from Schmitt, B. J. (1979). Angewandte Chemie, 91(4), 286–309. Copyright 1979 Wiley & Sons Inc. 

These can be summarized in Leibler’s self-consistent mean-field theory (SCFT) and de 

Gennes random phase approximation, which allow the prediction of phases based on the 

polymer composition, degree of polymerization and the Flory-Huggins parameter.200,206 

Using these parameters Bates et al. determined a phase diagram for the diblock 

copolymer P(S-b-I), Fig. 13.198 

 

Figure 13: Phase diagram of P(S-b-I), depending on the product of χ∙N and the volume fraction of the 
polyisoprene phase (ϕI). Open and filled circles represent the order-order (OOT) and order-disorder (ODT) 
transition. Mean field predictions are shown as dashed-doted lines, and the five experimentally found 
morphologies are shown schematically above the phase diagram. 198 Reprinted with permission from 

Styrene content

 I
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Khandpur, A. K., Förster, S., Bates, F. S., Hamley, I. W., Ryan, A. J., Bras, W., Almdal, K., & Mortensen, K. 
(1995). Macromolecules, 28(26), 8796–8806. Copyright 1995 American Chemical Society.   

The asymmetry in the phase diagram of symmetric block copolymer, arises from 

differences in space-filling characteristics due to the unequal shape and densities of the 

monomers.198,207 As a result, each unique comonomer pair has its own phase diagram, 

with varying boundaries, but same morphologies.  

Since any change in polymer composition directly influences χ, as well as microphase 

separation and mechanical properties of the polymer. This proves as an effective lever to 

tailor the properties of the polymer. The Flory-Huggins parameter can be decreased using 

tapered copolymers, since the gradient increases miscibility between the different blocks 

and reduces χ to an effective Flory-Huggins parameter χeff.208,209  

As a result, phase separation is weakened, mechanical properties are reduced and the 

TODT decreases, which is particularly favorable for industry. A lower TODT leads to lower melt 

viscosity, facilitating high-speed melt processing, such as extrusion.33,210 Modifying χ, 

rather than the degree of polymerization, allows the processing of higher molar mass 

polymers, well above the entanglement molar mass, resulting in mechanically tough 

materials with accessible TODT.87,211 Additionally, the gradient also affects the volume 

fraction, as there is now no longer a discrete transition and the first synthesized A block is 

partially contaminated by B units,201 providing a simple way of customizing mechanical 

properties.212  

Thermoplastic elastomers 

Thermoplastic elastomers (TPE’s) are a unique class of materials that combine previously 

incompatible properties such as thermoplastic and elastomeric properties. At service 

temperature, TPE’s behave like traditional elastomers, while above their Tg, they exhibit 

thermoplastic behavior. This allows TPE’s to be processed by extrusion and injection 

molding, as well as 3D printing.33,213 

TPE’s typically consist of at least three blocks (ABA), where the A block is a high Tg polymer 

phase and the B block a low Tg polymer phase, which phase separate to form 

microdomains, for the same fundamental thermodynamic reasons as AB blocks. 48,214,215 

Hereby it is essential that the multiblock has at least two high Tg domains enabling 
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physical crosslinking between the hard domains, similar to the crosslinking in vulcanized 

rubber, but reversible, making TPE’s recyclable.216  

Most commercial TPE’s are styrene based, with polystyrene as the hard- and dienes like 

butadiene or isoprene as the soft-domain. While the industry still heavily relies on petrol-

based dienes, interest in bio-based alternatives is growing.79,110,217 For example, Amyris 

Inc. and Kuraray Co. Ltd. commercialized a TPE based on farnese. 218,219 Nevertheless,  

petrochemical routes still remain dominant. Styrolux® and Styroflex®, both products of 

BASF, are synthesized by the copolymerization of styrene and butadiene in cyclohexane, 

sometimes in the presence of potassium alkoxides as modifier. 33 Even though these 

materials were already introduced in the 1950s, they are still the subject of research. 33,220–

224 Commercially available are also alternative TPE’s based on (meth)acrylates, which are 

sold by Kuraray, but need specific reaction conditions, which will not be discussed here. 

Styrolux®, a transparent and tough polystyrene is synthesized by sequential anionic 

polymerization. First, a long polystyrene block is synthesized, which is extended by the 

addition of more styrene and BuLi to form additional shorter styrene segments. In the final 

step a styrene butadiene mixture is then added, leading to copolymerization and the 

formation of gradient copolymers with 70–80% styrene content. These long and short 

blocks are subsequently coupled to yield a four-arm star polymer, enhancing 

processability and compatibility with general purpose polystyrene for blending. 33 

Styroflex® is also based on styrene and butadiene but is a linear copolymer with a block 

composition of 15:70:15. The enlarged soft middle block is a random styrene butadiene 

polymer with a Tg of -30 °C, increasing flexibility comparable to plasticized PVC. Despite 

containing nearly 70% styrene, similar to Styrolux®, Styroflex® can achieve much higher 

molar masses (140 kg/mol vs 70 kg/mol) without compromising melt flow or viscosity. 33  

Compared to sequentially synthesized SBS block copolymers (e.g., Kraton D®), the 

gradient offers several advantages. The reduced TODT enables processibility at lower 

temperatures, while the higher styrene content reduces the diene need, beneficial for 

both thermal stability and cost. The gradient also enhances impact resistance and 

functions as a compatibilizer, although it weakens phase separation. 
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Overall copolymerization simplifies the synthesis and improves material properties. 

However, achieving the desired low Tg and thermal stability requires low vinyl unsaturation 

in the soft domain. Therefore, a selective modifier that influences copolymerization 

kinetics without altering the diene microstructure is needed. Chapter 2 will focus on the 

use of THF in the copolymerization of TMSS and I, while chapter 3 will focus on the use of 

different alkoxides as modifiers in the copolymerization of styrene and isoprene. 

Enteric drug coatings for controlled release 

Since this thesis is divided into two parts, the following section is about another class of 

copolymers, stimuli responsive copolymers suitable for enteric drug coatings.  

Medicines can be administered in very different ways, including intravenously, 

pulmonary, orally, nasally or dermally. Regardless of the method, it is crucial that the drug 

is released in a controlled manner and can be absorbed at the right place, to achieve the 

desired therapeutical effect. Therefore, the drug must not only be pharmacologically 

active but must also reach the correct location in the right concentration. 225 

Historically, even without any understanding of pharmacokinetics, early civilizations 

achieved basic forms of drug delivery and controlled release by incorporating medicine 

into fatty substances to create cremes. As pharmaceutical science progressed, the need 

for controlled drug release became increasingly important, not only to enhance 

therapeutic outcomes but also to minimize undesirable side effects. 225 

Amon the various delivery routes, oral administration stands out for its simplicity, 

convenience and practicality, especially for chronic therapy. Tablets are easy to store, 

transport and are produced cost-effectively. They can be self-administered, even by 

children, and dosages can be easily adjusted. 226–228 Therefore, it is not surprising that 

already more than 60% of all marketed drugs are orally admitted. 227 The foundation of 

modern oral drug delivery began in 1867 with the discovery that pills coated with collodion 

could resist dissolution in the stomach. This concept was further improved by Unna in 

1884 with the introduction of keratin coated tablets.225 

With increasing insight into gastrointestinal physiology, it has become clear that certain 

drugs must be protected from the harsh acidic environment of the stomach (pH = 1–3), 

where they are susceptible to hydrolysis, oxidation or deamination. 229,230 While in other 
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cases, it is necessary to protect the stomach from the drug itself, to prevent side effects 

such as nausea, vomiting, loss of appetite or diarrhea. 227,231–234 Enteric coatings offer a 

solution to these challenges by providing a protective barrier that prevents premature 

drug release in the stomach. In addition to this primary function, enteric coatings enable 

targeted drug release in the small intestine (pH = 5.1–7.8), particularly to the duodenum, 

where drug absorption is more effective, improving the drug’s bioavailability.231 This 

targeted delivery allows lower dosages of the active pharmaceutical ingredient to achieve 

therapeutic efficacy, reducing potential side effects and lowering production cost, thus 

making this approach economically favorable. Moreover, enteric coatings improve the 

chemical and physical stability, mask unpleasant tastes, protect against moisture and 

can be used for immediate or delayed drug releases.225 

To achieve these effects, a variety of polymers were synthesized and investigated towards 

their possible applications in drug coatings, illustrated in Figure 14. These polymers must 

meet several requirements:225 

1. Stability and insolubility in the acidic environment of the stomach until gastric 

emptying 

2. Impermeability to both gastric fluids and the drug 

3. Rapid disintegration or dissolution in the more neutral pH of the small intestine 

4. Physical and chemical stability 

5. Nontoxicity 

6. Applicability via scalable methods like spray drying 

7. Cost-effectiveness and scalability for industrial production 
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Figure 14 Illustration of different commercially available enteric drug coatings.225 

To meet these criteria researchers have focused on stimuli-responsive polymers, 

particularly pH-responsive materials, which dissolve at a certain pH. These polymers 

have become central to the development of galenic coatings that enable precise control 

over drug release.235 

Shellac was one of the earliest materials used for enteric drug coatings, with applications 

dating back to 1930. However, its usage was limited due to drawbacks such as stickiness, 

natural origin, poor long-term stability and insolubility at pH levels below 7. 236 This could 

result in shellac coated tablets passing the gastrointestinal tract without releasing their 

payload or a change in the release profile due to side reactions like polycondensations 

during storage. Despite these issues, shellac offers excellent humidity protection and has 

been recommended in combination with Hydroxypropyl methylcellulose phthalate 

(HPMCP) capsules.237  

Cellulose acetate phthalate (CAP), introduced in 1940, is composed of cellulose with 

approximately half of its hydroxyl groups acetylated, a quarter esterified with phthalic 

acid and the remaining as free carboxylic acids. CAP demonstrated superior performance 



 
Chapter 1 

 
 73 

to shellac in various studies, despite disagreements regarding its exact mechanism. 238,239 

CAP is already soluble at a pH of 6, but permeable to water vapor, gastric fluids and some 

ionic substances, which makes it necessary to use an impermeable seal subcoat.  

To further improve and accelerate the drug release poly(vinyl acetate phthalate) (PVAP) 

was introduced as enteric coating, offering solubility at a pH of 5. 225 PVAP is synthesized 

via esterification of partially hydrolyzed poly(vinyl acetate) with phthalic anhydride. While 

its acetyl content remains fixed, the phthalyl content can be modified to achieve the 

desired disintegration. In addition to the improved dissolution, PVAP is significantly less 

permeable to water vapor and gastric fluids than CAP and exhibits greater hydrolytic 

stability.240  

HPMCP, another phthalate based polymer for enteric drug coatings, is synthesized by 

reacting phthalic anhydride with hydroxypropyl methylcellulose. 237  Like other phthalate 

containing enteric coatings, HPMCP is insoluble in acidic environments, but dissolves 

when the pH level increases due to deprotonation of the free carboxylic acid groups. Its 

dissolution characteristics can be tailored via the phthalate content. However, HPMCP 

shares CAP’s permeability to water vapor and gastric fluids, a drawback that can be 

mitigated by combining it with shellac.237 An additional challenge is its tendency to crack 

post-coating, which can be reduced with the right choice of solvent, plasticizer and using 

higher molar masses for improved material strenght.237 

In addition to phthalate-based drug coatings, various amine-containing polymers are also 

utilized for controlled drug release. Poly(vinylpyrrolidone) (PVP) has been successfully 

employed either alone or in combination with HPMC to form solid dispersions that 

significantly enhance drug release.241,242 Other amine base copolymers such as 

poly(dimethylaminoethylmethacrylate-co-butylmethacrylate-co-methylmethacrylate) 

(Eudragit® E100), are used for coatings designed to enable immediate drug release under 

the acidic conditions of the stomach.243 

Currently, the most widely used materials for enteric coatings are methacrylic acid (MA)-

based copolymers, synthesized through radical copolymerization with either methyl 

methacrylate (MMA) or ethyl acrylate (EA).231,244,245 These copolymers are commercially 

available under the trademarks Eudragit® (Evonik AG) and Kollicoat® (BASF), and are 
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available in 1:1 or 1:2 (MA:comonomer) ratios to achieve dissolutions at pH levels ranging 

from 5.5 to 7. Due to their pH-sensitive solubility, polycarboxylates with transition pH 

values between 4 to 6 are considered ideal candidates for enteric drug coatings. 

Moreover, the transition pH and sharpness of the pH response can be finely tuned by 

utilizing different carboxylic acids, adjusting the molar mass or incorporating different 

comonomers.231 

 

Figure 15: Illustration of several commercial Eudragit® structures, designed for immediate, delayed and controlled drug 
release, along with a structural modification aimed at lowering the pKa value to accelerate dissolution. 

Both Eudragit® S and L type polymers are soluble in polar organic solvents such as 

alcohols or acetone and can be processed as aqueous solutions for spray drying 

applications. These polymers are non-toxic, exhibit low permeability to water and gastric 

fluids, maintain long-term stability and are insoluble under acidic conditions.  225,246 

Poly(methacrylic acid) (PMA), the component responsible for the pH responsiveness, has 

a pKa value of approximately 5.5.247,248 Under acidic conditions, PMA forms a collapsed 

polymer coil due to hydrophobic interactions. As the pH increases and the carboxylic acid 

groups are deprotonated, electrostatic repulsion between the negatively charged 

carboxylates causes the polymer to adapt an expanded, soluble conformation.  

According to the manufacturer, Eudragit® L100-55 begins to dissolve at a pH ≥ 5.5; 

Eudragit® L100 at a pH ≥ 6.0 and Eudragit® S100 at a pH ≥ 7.0. Although the delayed 

dissolution of Eudragit® S100 may result in incomplete drug release in the small intestine, 

it is advantageous for targeting drug release in the colon. All Eudragit® structures are 
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neither absorbed nor degraded within the body, are excreted unchanged and are FDA-

approved.225 Therefore, they are ideal candidates for enteric drug coatings.  

Nevertheless, several in vivo and in vitro studies have raised serious concerns about the 

consistency of their release profiles, particularly regarding reliable drug release in the 

duodenum.249–253 Al-Gousous et al. was able to prove that the widespread misconception 

that enteric drug coatings dissolve rapidly after gastric emptying is not true. This is 

explained by an overloading of the buffer capacity in the vicinity of the enteric drug 

coating, which leads to a locally lower pH, resulting in a delay of the pharmacokinetic 

profile.249,253,254 Consequently, in vitro experiments often overestimate the rate of drug 

release compared to in vivo conditions.254  

Both Khan et al. and Cole et al. investigated the release behavior of Eudragit® L100-55 at 

slightly different pH levels.250,251 In their studies, coated tablets were first subjected to an 

acidic stability test by immersion into a 0.1M hydrochloric acid (pH ~ 1) solution for 120 

minutes, simulating the acidic conditions of the stomach. In both studies, the coatings 

remained intact, and no drug release was detected. After 120 minutes, the pH was raised 

using a phosphate buffer. Both studies observed a delay of approximately 20 minutes 

before drug release commenced. In Khan’s study, about 80% of the drug was released 

within one hour at a pH 6.5, whereas Cole’s study (Figure 16) reported only 50 -60% drug 

release at a pH 6.8.  
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Figure 16: Dissolution of paracetamol from HPCM capsules coated with Eudragit® L30 D-55 (an aqueous dispersion of 
Eudragit® L100-55) and Eudragit® FS 30 D (an aqueous dispersion of Eudragit® FS100).251 Reprinted with permission 
from Cole, E. T., Scott, R. A., Connor, A. L., Wilding, I. R., Petereit, H. U., Schminke, C., Beckert, T., & Cadé, D. (2002).. 
International Journal of Pharmaceutics, 231(1), 83–95. Copyright 2002 Elsevier. 

 

Regardless of which study is considered, complete dissolution of the enteric coating 

requires more than one hour, in Cole’s study even more than two hours. Given that the 

typical residence time in the small intestine ranges from 1–3 hours, and considering that 

in vitro experiments often overestimate release rates due to a too high buffer capacity, 

larger fluid volumes and an abrupt pH change compared to the gradual pH transition 

occurring in vivo, it can be reasonably doubted that complete dissolution occurs within 

the small intestine, particularly within the duodenum.225  

The duodenum, the first and shortest segment of the small intestine (approximately 

25 cm in length), is a critical site for drug absorption, especially for iron containing 

preparations, as iron uptake predominantly occurs in this compartment. 255,256 A 

prominent example of the limitations of enteric drug coatings is the low efficiency of 

acetylsalicylic acid in antiplatelet therapy, which is believed to result from delayed 

release and/or poor absorption.257–259 When the bioavailability of the drug is reduced due 

to slow dissolution of its coating, higher doses may be required to achieve therapeutic 

effects, thereby increasing the risk of side effects, an issue that could be alleviated by 

enhancing the rate of dissolution.260 If an enteric coating fails to release their content 
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within the small intestine, dissolution may instead occur in the colon, where absorption 

is significantly less efficient.225 This is particularly problematic for enzyme based drugs 

such as acid labile pancreatin, which must be released promptly upon entry into the 

small intestines to prevent gastrointestinal issues caused by incomplete lipid 

digestion.261 

To address this challenge of a to slow release, it is essential to accelerate the dissolution 

of the enteric coating by lowering its pKa value, while preserving acid resistance, physical 

and chemical stability, non-toxicity, and compatibility with spray-drying processes, all 

while ensuring cost-effectiveness and scalability. Retaining the Eudragit® backbone 

structure helps maintaining these properties, while the pKa can be reduced by introducing 

electron withdrawing groups (-I effect) through esterification of the methacrylic acid with 

α-hydroxy acids, as illustrated in Figure 15. The non-toxicity of the modified polymers is 

ensured by the choice of the α-hydroxy acid, such as glycolic-, lactic-, mandelic- and 

malic acid. Therefore, even if acidic hydrolysis of the ester bonds were to occur, it would 

regenerate the original Eudragit® polymer and release non-toxic α-hydroxy acids. Notably, 

glycolic acid is naturally produced by various edible plants, both lactic and malic acid are 

synthesized by the human body and Mandelic acid was clinically used for the treatment 

of urinary tract infections.262 Chapter 4 will focus on the synthesis and scalability of glycol 

and lactide modified Eudragit® copolymers for an accelerated drug release, while 

Chapter 5 will focus on the synthesis of mandelic- and malic-acid modified Eudragit® 

copolymers, with the goal of further accelerating drug release and minimizing acid 

uptake.  
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Abstract: 

The statistical anionic copolymerization of 4-trimethylsilylstyrene (4TMSS) with isoprene 

(I) in cyclohexane was investigated using in-situ near-infrared (NIR) spectroscopy in the 

presence of various amounts of the polar modifier THF. Polymers with narrow molecular 

weight distribution of 85 - 138 kg/mol and dispersities of 1.09 - 1.22 were obtained. 

Increasing modifier content, the reactivity ratios can be adjusted over a wide range from 

rTMSS < rI to rTMSS >> rI. Compared to the system styrene/isoprene (S/I) only a minute amount 

of modifier (0.5 eq THF relative to lithium) is sufficient to alter the reactivity ratios, 

resulting in a random copolymerization, which validates the higher reactivity of TMSS 

compared to styrene. Using these reactivity ratios, molar and volume composition 

gradients were calculated. Additionally, the glass transition temperature and 

microstructure of the PI units was investigated via DSC and 1H-NMR. The results are 

encouraging for use of these materials in high-end applications like membranes. 
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Introduction 

Since the discovery of living anionic polymerization in 1956, both industry and research 

have been using this technique to produce polymers with tailored properties, in particular 

block copolymers and other high-performance materials.  [1–9] Most frequently, the 

products are based on styrene and diene monomers, which are polymerized under 

specific conditions to obtain nanophase separated multiblock structures, which are 

summarized as thermoplastic elastomers (TPE).  

In the copolymerization of styrene (S) with isoprene (I) in apolar solvents, such as 

cyclohexane, the diene polymerizes first until almost all diene monomer is consumed, as 

can be seen from the disparate reactivity ratios: rS = 0.015 rI = 10.03.[10] This leads to a 

strong comonomer gradient in the chains and has been used to synthesize tapered block 

and multiblock copolymers.[11,12]  By adding only small amounts of polar modifiers (Lewis 

bases) like THF, these reactivity ratios can be drastically changed, leading to randomness 

or even inversion of reactivity ratios (2500 eq THF: rS = 12.58 rI = 0.012).[10,13] The addition 

of polar modifiers such as THF changes the polymerization kinetics, as the chain end is 

solvated differently and Li-related aggregation is reduced. [10,14–16]  

Besides styrene, different modified derivatives can be used as a hard block like 4 -

trimethylsilylstyrene (4TMSS), which not only alters the reactivity ratios but also the gas 

permeation properties of the polymer.[17][18] Yampolskii et al. showed that PTMSS has a 1.4-

fold higher free volume compared to PS and has a significant influence on the higher 

permeability compared to poly(tert-butylstyrene).[19] Nagasaki et al. proved that the C-Si 

linkage exhibits strong affinity towards oxygen molecules which leads to an increase in 

the oxygen solubility coefficient. [20] Previous studies of the copolymerization of TMSS and 

isoprene using in situ 1H-NMR kinetics revealed a less steep gradient structure (rI = 3.28; 

rTMSS = 0.152).[17] The introduction of the TMS group into the styrene monomer significantly 

increases its reactivity, and thus its reactivity ratio. The TMS group has an electron -

donating (+I) and an electron-withdrawing (-M) effect when directly bound to an aromatic 

ring.[21,22] These effects are contractionary and several studies suggest that the -M effect 

dominates, when directly bound to the phenyl ring. Interaction of the empty 3d silicon 

orbitals with the π-orbitals of the phenyl ring leads to a downfield shift of the β-carbon 

and thus to a higher polarity and reactivity of TMSS. [21,23,24] This increased reactivity 
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compared to styrene could possibly be enhanced further by adding increasing amounts 

of THF to cyclohexane, which enables the synthesis of copolymers with various polymer 

compositions. For these studies we used in-situ near-infrared (NIR) spectroscopy, as 

described in our previous studies. [10,14,25] The copolymers of TMSS and isoprene are 

investigated with respect to their polymer composition, microstructure, and thermal 

properties for possible application in gas separation membranes.  

2 Experimental Section 

Materials, instrumentation, monomer synthesis and copolymerization procedures are 

given in the Supporting Information. 

3. Results and Discussion 

3.1 Copolymerisation kinetics 

To investigate the effect of polar modifiers (THF) on the copolymerization of TMSS with 

isoprene, copolymerizations with different modifier content were performed in 

cyclohexane at 20 °C with sec-butyllithium (BuLi) as an initiator, similar to our previous 

studies.[10,14]]  A molar ratio of 70 mol% of isoprene (ρPI = 0.91)[26] and 30 mol% of TMSS 

(ρPTMSS = 0.963)[27] was used for the copolymerization to obtain polymers with 47.3 wt% and 

48.8 vol%  of isoprene, respectively. The SEC elugrams of the copolymers (Figure S1) show 

that we obtained polymers with Mn between 85 and 138 kg/mol with dispersities between 

1.09-1.22 (Table 1). Higher molecular weights can be explained by the approx. 10% 

overestimation of the PI samples when using a PS calibration.(ste) Some elugrams show 

a small peak or shoulder at lower elution volume stemming from oxygen coupling due to 

insufficient degassing of the termination reagent isopropanol. [8] 

During the copolymerization, 13,000 to 20,000 NIR-spectra in the range of 5900 to 6250 

cm-1 were recorded and analyzed by deconvoluting the measured spectra with the 

calibration spectra of all components present (TMSS, PTMSS and isoprene), as shown in 

Figure S2. Since the NIR spectrum of PI depends on its microstructure (given by the THF 

content) it was obtained by subtracting the spectra of the other components from the 

spectrum taken at full conversion. Time-conversion and plots of individual vs total 

conversion are given for 0.25 eq THF in Figure 1 and in the supporting information in 

Figures S3-S4. It is clearly seen that with increasing content of THF the rate of TMSS 
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consumption is strongly increasing, whereas the rate of isoprene conversion is much less 

affected. 

 

Figure 1: A) Time conversion and B) Monomer concentration as function of total 
conversion for [THF]/[Li] = 0.25. 
The reactivity ratios rTMSS and rI were calculated using both the terminal and non-terminal 

models. The non-terminal model assumes an ideal copolymerization (r1·r2 = 1). If the plot 

according to Jaacks[28,29] is linear, this model is assumed to be valid, thus avoiding 

overfitting.  A numerical fit to a plot according to Meyer and Lowry[30] is used to calculate 

r1 and r2 independently is only necessary to fit the copolymerization in pure 

cyclohexane.[31,32] The individual fits of the different methods can be seen in Figures S5-6. 

Our results in pure cyclohexane are in reasonable agreement with values determined by 

Wadgaonkar et al. at room temperature with in situ 1H-NMR (rTMSS = 0.152 and rI = 3.28)[17], 

The slight differences can be explained by different reaction temperature, concentrations, 

deuterated solvents, and slow diffusion in an NMR tube.  

Table 1 and Figure 2 show a strong effect of THF on the reactivity ratios, particularly on 

rTMSS. This is similar to earlier observations in the systems S/I and S/myrcene. Already at a 

ratio THF/Li ≈ 0.4 randomization is observed. In contrast, a ratio THF/Li ≈ 6 is needed to 

reach formation of ideally random copolymers in the S/I system. Thus, TMSS is much 

more sensitive to polar modifiers that styrene. This is explained by the higher reactivity of 

TMSS, caused by the electron withdrawing effect of the trimethylsilyl group, as described 

earlier.[17] 
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 able 1 Effect of THF on the reactivity ratios, molecular weight, dispersity and blockiness 
for P(TMSS0.3-co-I0.7). Initiator and total monomer concentration are 1.75 mmol/L and 1.4 
mol/L, resp.  

[THF]/[Li] ΦTHF, 
%Vol 

εa rTMSS rI rTMSS 

x rI 
blockiness  Mn

b
 

kg/mol 
Ðb 
 

0 0 2.023 0.066 2.37 0.16 27.4  84.6 1.15 
0.25 0.0035 2.023 0.74 1.36 1 6.7  138.4 1.12 

0.5 0.007 2.024 1.09 0.92 1 2.1  99.2 1.22 

2 0.028 2.026 2.04 0.49 1 3.2  122.2 1.09 

20 0.28 2.049 4.52 0.22 1 13.8  121.5 1.11 

200 2.85 2.268 22.9 0.04 1 40.7  121.3 1.14 
adielectric constant of solvent, bSEC calibration with PS standard 

 

 

Figure 2: Reactivity ratios of rTMSS (black squares) and rI (red circles) in dependence of the 

THF modifier content. 

Shape of the gradient 

The obtained reactivity ratios were used to calculate the gradients of comonomer 

compositions, Figure 3A shows the molar fraction of TMSS units, FTMSS, as a function of 

total conversion (i.e., along the polymer chain) and Figure 3B shows the volume 

incorporation, FTMSS,V, along the chain. 
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The copolymerization without modifier yields a tapered copolymer that initially forms an 

isoprene block interspersed with short TMSS segments and, after all isoprene has been 

consumed, a pure PTMSS block is formed. Increasing the modifier content changes the 

composition: As the modifier content increases up to 0.5 eq, the gradient flattens out and 

almost random copolymers are obtained. Increasing the THF content further the gradient 

steepens again, and for ≥ 20 eq., a PTMSS block with short PI segments is formed and only 

after TMSS has been completely consumed is a pure PI block formed.  

 

Figure 3: A) Molar B) volume composition of the P(TMSS0.3-co-I0.7) copolymer as a function 

of the [THF]/[Li] ratio. 

In addition, the so-called “blockiness” was determined by analyzing the 1H-NMR spectra 

of the copolymers in Figure 4. [33–36] The values are presented in Table 1 and confirm the 

kinetically obtained gradients. Details are given in the Supporting Information.  

3.3 Microstructure of isoprene units: 

1H-NMR spectroscopy was used to determine the microstructure of the isoprene 

monomer units. This method differs from the one previously used by us consisting of a 

combination of inverse-gated 13C NMR and 1H NMR.[10] In contrast to the evaluation of the 

S/I system, for our monomer combination there is a significant overlap of the h and n 

signal (see Figure S10 + S15). A comparison of the two methods shows minor differences 

at lower 1,4-contents.[10] 1H-, 13Cig-, COSY, HSQC and HMBC spectra of the copolymers 

and the exact calculation can be found in Figures S7-16. An overview of the 1H-NMR 

spectra is shown in Figure 4, and the PI microstructure is listed in Table 2.  
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Figure 4: Overview of all 1H-NMR spectra (CDCl3, 600MHz) of P(TMSS-co-I) prepared in 

cyclohexane with 0 ≤ [THF]/[Li] ≤ 200.   

When synthesized in pure cyclohexane, the isoprene units consist of 6% 3,4 - and 94% 

1,4-units, which is in good agreement with literature. [10,25,37,38] With increasing modifier 

concentration the 1,4- content decreases, and the 3,4- and 1,2- contents increase. For 

THF/Li ≥ 0.5 1,2-units appear, as shown in the green areas in Figure 4. Taking into account 

the different analytical methods, these results agree well with literature. In addition, 

different concentrations of monomers, chain ends, and an increased polarity by the TMSS 

comonomer may have an impact on the results.  [10,39,40] 
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 able 2: Microstructure of isoprene monomer units in P(TMSS0.3-co-I0.7) determined by 1H-

NMR spectroscopy, the inherent glass transition temperatures (Tg) and the temperature at 

5% wt. loss. 

[THF]/[Li] 1,4-PI 

[%] 

3,4-PI 

[%] 

1,2-PI 

[%] 

Tg 

[°C] 

T5% 

[°C] 

0 93.7 6.3 0 -22 348 

0.25 85 15 0 5 328 

0.5 80.3 18.6 1.1 8 350 

2 69.0 28.6 2.4 16 342 

20 40.8 52.2 7.0 30 345 

200 16.7 66.7 16.6 36 336 

 

 

Figure 5: Microstructure of the isoprene units (1,4- black squares; 3,4- red dots; 1,2 blue 

triangle) as a function of the ratio [THF]/[Li] for the copolymer P(TMSS0.3-co-I0.7). 
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3.5 Thermal properties 

The thermal properties of the copolymers were investigated by DSC, and the results are 

shown in Table 2 and Figures 6. The DSC curves are shown in Figure S17. For all samples, 

only a single glass transition temperature was measured, despite the high molecular 

weights of the materials in the range of 80 kg/mol to 138 kg/mol, indicating that no phase 

separation takes place. In our earlier paper this was also observed for the gradient 

copolymer synthesized in pure cyclohexane. In contrast, the block copolymer P(I0.5-b-

TMSS0.5), synthesized by sequential monomer additions, has two distinct glass transition 

temperatures (-49.9°C and 53.8°C). [17] They strongly differ from the respective 

homopolymers and suggest partial mixing of both phases, which indicates that the Flory 

Huggins parameter, χTMSS/1,4-PI, is very small. Thus, it might be expected that a gradient-

copolymer is not phase-separated, even for a rather strong gradient.  

For 0 eq THF the glass transition was measured at -22°C which is in good agreement with 

literature and is explained by a mixture of both Tg, since both phases a miscible. [17] PI 

synthesized in cyclohexane has Tg = -64 °C[38] and PTMSS has Tg = 135°C.[17][41] 

THF affects the microstructure of the PI units and thus the glass transition temperature of 

the copolymers.[42–45]  As expected, with increasing modifier content, the glass transition 

temperature of this copolymer also increases.  
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Figure 6: Glass transition temperature of the copolymer P(TMSS0.3-co-I0.7), as a function 

of the [THF]/[Li] ratio. The horizontal lines symbolize the glass transition temperature of 

the homopolymers PTMSS and PI synthesized in cyclohexane and THF.  

From the similar system χPS/PI, it is known that the Flory-Huggins parameter differs for the 

different PI microstructures. [46] Using the Hildebrand solubility parameters we estimated 

χTMSS/1,4-PI ≈ 0.01 and χTMSS/3,4-PI ≈ 0.[17] Since 3,4-PI is the predominant microstructure when 

synthesized in the presence of 200 eq THF no phase separation can be expected. All 

mixed-phase polymers form stable films by solvent casting (Figure S18). In addition, all 

samples were analyzed by thermogravimetric analysis (TGA) under nitrogen to investigate 

their thermostability. All samples showed a similar degradation temperature (T5%) of 330-

350°C, at which a loss of 5 wt% occurred (see table 2 and figure S19); this is in the range 

of the homopolymers P(TMSS): 320°C [47] and PI: 393°C.[3] All polymers showed a one-step 

degradation and a complete decomposition at about 500°C.  

4. Conclusions 

The kinetics of the copolymerization of TMSS with isoprene in presence of different THF 

contents was successfully investigated by in-situ NIR spectroscopy. The monomer TMSS 

shows a higher reactivity than styrene; already less than 0.5 equivalents of the polar 

modifier THF relative to Li+ are sufficient to alter the reactivity ratios from a strong gradient 
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into a random copolymerization. With increased modifier content the reactivity ratios are 

inverted leading to obtain almost blocklike structures. The absence of two glass transition 

temperatures indicates the absence of phase separation. These polymers are potential 

candidates for gas separation membranes. The 3,4- and 1,2-monomer units of isoprene 

can be used for potential crosslinking reactions to form a stable 3D network.  
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Supporting Information 

 

Effect of THF on the Anionic Copolymerization of 4-
Trimethylsilylstyrene with Isoprene 

Dominik A. H. Fuchs, XXXXXXXXXXXXXXXXXXXXXX 

 

1. Materials and experimental procedure 

1.1 Materials 

All chemicals were purchased from the following suppliers: Sigma-Aldrich, Thermo Fisher 

Scietific Inc, Acros, VWR International and Deutero GmbH. The monomers were 

chromatographed over basic alumina to remove stabilizers and dried in various ways (see 

ESI) before use. Argon 5.0 was used as an inert gas and purified through three gas wash 

bottles containing sec. BuLi, diphenylethylene and cyclohexane. 

1.2 Instrumentation 

NIR set up and data evaluation has been described in previous publications. [1] SEC was 

performed using an Agilent 1260 Infinity II set up with MZ-Gel SDPlus plus 105/103/100 Å 

columns in THF and an RI detector (MZ-Analysetechnik, Mainz, Germany), the calibration 

was carried out by using PS standards. NMR spectra were obtained using a Bruker Avance 

III 600 spectrometer at 600 MHz for 1H NMR and 151 MHz for 13C NMR. Differential 

scanning calorimetry (DSC) thermal analysis was performed using a TA Instruments DSC 

250 instrument connected to a TA Instruments RCS 90 refrigeration system, both from 

Waters Corporation, USA. Thermogravimetric analysis (TGA) was performed on a Mettler 

Toledo TGA 2 Star System in Alumina 70 µL crucible under 60.0 ml/min N2 atmosphere. 

The sample was annealed at 30°C for 10 minutes, heated to 800°C at a heating rate of 10 

K/min and annealed at 800°C for 20 minutes.  

1.3 Monomer Synthesis 

TMSS was synthesized by a one-step Grignard reaction of 4-chlorostyrene with 

chloro(trimethyl)silan as the electrophile, as previously described by S. P. Wadkaonkar et 

al..[2]  

1.4 Copolymerizations 
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TMSS was copolymerized with isoprene in the presence of various amounts of polar 

modifier THF. The general procedure is described here.  

1.4.1 Purification of materials 

All reactions and drying processes were carried out under Schlenk conditions. The used 

glassware was three times flame dried under high vacuum (10 -3 mbar) prior to use and a 

pressure valve always maintained a constant overpressure of 50 mbar Argon. Isoprene 

was filtered through a column containing basic alumina to remove the stabilizer. Bothe 

monomers TMSS and I were dried over CaH2 for a day, degassed by three freeze thaw 

cycles and cryo-transferred into another flask containing Al(Oct)3 and again stirred for a 

day. The following day the monomer mixture was again cryo-transferred into a graduated 

ampoule, which always showed a loss of less 2 %Vol in respect to the combined volume 

of the monomers. This loss is explained by partial auto polymerization due to heating 

during the cryo-transfer. Cyclohexane was dried under reflux with sodium and 

benzophenone. After a few days the former colorless solution changes to dark blue 

indicating absence of water. The solvent was transferred into the reaction flask (Morton 

flask glass reactor), equipped with a NIR probe, a temperature probe, and an additional 

glass joint. THF was dried with sec. BuLi in a small excess of 1,1-diphenylethylene (DPE), 

to avoid side reactions. After the red color remained, THF was prior to every use cryo-

transferred and diluted with dry cyclohexane.  

1.4.2 Copolymerization in the presence of polar modifiers  

All polymerizations were carried out under the same conditions, solely the amount of 

modifier varies. As an example, the synthesis of P(TMSS0.3-co-I0.7) with a modifier content 

of [THF]/[Li] = 20 is described. After the previous dried monomers (9.42 ml, 0.094 mol 

isoprene and 7.98 ml, 0.04 mol TMSS) were cryo-transferred into an ampoule and 80 ml 

dried cyclohexane and 0.27 ml dried THF were added into the reaction flask. After flame 

drying the joint the NIR baseline was recorded using Omnic and the monomers were 

added. The reaction was initiated via 0.13 ml (0.17 mmol, 1 eq) of a 1.3 molar solution of 

sec. BuLi in cyclohexane/hexane (92:8), which resulted in a color change from colorless 

to dark yellow, indicating the favored carbanionic polymerization of TMSS. After 700 

minutes the intensity of the NIR signal at 6038 cm -1 does not change any further and the 
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copolymerization is completed. The reaction was terminated by the addition of 1 ml 

degassed isopropanol in argon counterflow and the polymer precipitated in 1L of a 

mixture 1:3 isopropanol:methanol. The colorless polymer was dried under reduced 

pressure for several days and stored at -20°C. 

 

To maintain a reaction temperature of around 20 °C was a cryostat used to dissipate the 

reaction heat, which increased with increasing modifier content. For all 

copolymerizations the reaction temperature did not increase further than 10°C. 

However, previous works showed that the effect of temperature on the reactivity ratios is 

significantly less than that caused by the modifier. [1,3] 

2 Molecular weight distributions 
 

 

Figure S1: SEC (THF) traces of P(TMSS0.3-co-I0.7) with different modifier to initiator 
ratios and PS calibration. 

The targeted molecular weight for all copolymerizations was 80 kg/mol. The deviations 

are partly explained by the SEC-calibration with PS standards. PS calibration 

overestimates the molecular weight of a PI sample by about 10%. [3] No literature values 

are known for PTMSS, but due to the higher free volume, it is also expected to be 

overestimated. The SEC traces show a narrow molecular weight distribution, with a small 

shoulder at lower elution volumes (higher molecular weights), which is explained by 

oxygen coupling during the termination.  
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3 Copolymerization kinetics and determination of reactivity ratios:  

The measured molar NIR attenuation coefficients spectra (4TMSS, P(4TMSS) and I) 
are used to calculate the missing PI spectra which depends on the microstructure of 
PI and therefore must be calculated for every reaction. Which works as follows: First 
the concentrations of monomers must be calculated by a deconvolution. Then the 
end spectra is taken and a PS spectra with the previous calculated concentration of 
styrene is subtracted and after multiplying it with the inverse concentration of 
isoprene the PI spectra is generated. 

 

Figure S2: Measured molar NIR attenuation coefficients of all species present in the 
reaction. The PI spectra are calculated.  
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Figure S3: Individual time-conversion plots at various THF contents.  
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Figure S4: Individual monomer concentrations as a function of total conversion for 
different modifier contents. 
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3.1 Determination of reactivity ratios. 

The reactivity ratios rTMSS and rI are calculated using both the terminal (Jaacks plot[4,5]) and 

non-terminal model (Meyer and Lowry[6]). The non-terminal model assumes an ideal 

copolymerization (r1·r2 = 1). If the linear plot according to this model is assumed to be 

valid, this model is preferred compared to the more complex non-terminal model, which 

tends to overfitting problems. [7]  Else, a numerical fit to a plot according to Meyer and 

Lowry[6] is used to calculate r1 and r2 independently.  

The determination of the reactivity ratios was calculated in the linear regime of the 

individual vs total conversion plots, until almost full conversion of the first monomer. The 

last 5 to 10% of the copolymerization was not considered, as these data are more strongly 

influenced by background noise and unstable baselines.  

 able S1: Reactivity ratios determined by different models of P(TMSS0.3-co-I0.7) at various 
[THF]/[Li] ratios. The used values are printed in bold.  

[THF]/[Li] Jaacks Meyer-Lowry 
rTMSS

 ΔrTMSS rI
 ΔrI rTMSS

 ΔrTMSS rI
 ΔrI rTMSSrI 

0 0.29 0.0005 3.40 0.006 0.066 0.001 2.37 0.005 0.16 
0.25 0.74 0.0004 1.36 0.0008 0.19 0.01 0.87 0.008 0.17 
0.5 1.09 0.0004 0.92 0.0004 -a - - - - 
2 2.04 0.001 0.49 0.0003 1.44 0.02 0.40 0.0003 0.58 
20 4.52 0.01 0.22 0.0007 4.0 0.1 0.22 0.0007 0.88 
200 22.9 0.2 0.04 0.003 52 2 0.22 0.01 11.4 

a no fit possible 
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Figure S5: Jaacks fit (red line) of the copolymerization of P(TMSS0.3-co-I0.7) with different 
amounts of modifier.  
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Figure S6: Meyer-Lowry fit (red line) of the copolymerization of P(TMSS0.3-co-I0.7) with 
different amounts of modifier.  
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4 Copolymer Composition 

a.  olume composition profiles 

Diagrams of the molar and volume compositions of the copolymer P(TMSS0.3-co-I0.7) 

are shown in Figure 2. To calculate the volume compositions, both axes are weighted 

by the molecular weight and the density of the homopolymers, ρPI = 0.91 g/ml and 

ρP(TMSS) = 0.963 g/ml.[8] 

b. Blockiness 

As an addition to the NIR based composition diagrams, the so-called blockiness of 

the TMSS units was investigated.  [9–12] This relays on the following effect: the magnetic 

field of the NMR induces a ring current in the phenyl rings, which enhance the applied 

field at the edges of the ring. This effect affects all phenyl protons but especially the 

ortho protons, which are closer to the neighboring rings then the meta ones. In 

consequence the ortho protons are shifted high-field, as can be seen in Figure 3. In a 

block copolymer the ortho signal is between 6.85-6.00 ppm, but in a random 

copolymer the signal is shifted low-field to 7.20-6.85 ppm.[2] Both signals are always 

separated from the meta protons but have significant overlap among themselves.  

To calculate the blockiness the ratio of all aromatic protons 7.60-6.00 ppm (I1; 4 

protons) and 6.85-6.00 ppm (I2; 2 protons) is used:[9,13] 

𝐵 =  
𝐼1/4

𝐼2 /2
 

The results of the blockiness study (Table 1) are in good agreement with the kinetic 

data obtained by NIR (Table 1). The blockiness decreases from 27 to 2% from 0 to 0.5 

eq THF and then increases again to 41% for 200 eq THF. For 0.5 eq THF we have a 

minimum on block structures and an almost ideal statistical copolymerization (rTMSS = 

1.09; rI = 0.92) and with increasing modifier content the blockiness increases again.  
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5 Microstructure of PI monomer units 

The determination of the polyisoprene microstructure is done via 1H-NMR. The 

previous by Steube et al. introduced determination method (13Cig) is not suitable for 

this system since there is an overlap of the aromatic C (h) with the C (n) of the 1,4 -

microstructure triads. Additionally, the 13Cig Method has some flaws: the T1 time was 

not determined and the signal to noise ratio is very low.  

 The 1H-, 13C-, COSY-, HSQC- and HMBC- spectra for 0 and 200 eq THF is shown in the 

following figures: 

 

Figure S7: Assigned 1H-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized with 
0 eq THF. 
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Figure S8: Assigned 13C-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized with 
0 eq THF. 

 

Figure S9: Assigned COSY-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 0 eq THF. 
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Figure S10: Assigned HSQC-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 0 eq THF. 

 

Figure S11: Assigned HMBC-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 0 eq THF. 
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Figure S12: Assigned 1H-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 200 eq THF. 

 

Figure S13: Assigned 13C-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 200 eq THF. 
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Figure S14: Assigned COSY-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 200 eq THF. 

 

Figure S15: Assigned HSQC-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 200 eq THF. 
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Figure S16: Assigned HMBC-NMR spectra of the copolymer P(TMSS0.3-co-I0.7) synthesized 
with 200 eq THF. 

An overview over all 1H-NMR spectra is shown in Figure 3. With increasing modifier 
content, the 1,2- and 3,4- units increase at the expense of 1,4-. For the determination of 
the microstructures the following signals are used: 5.91-5.59 (n’’), 5.30-4.85 (n, o’’) and 
4.85-4.00 (k’) 

For the determination of the 1,2-units the integral of n’’ is used and for the 3,4-units is the 
integral of k’ used. But for the calculation of the 1,4 units the signals of n and o’’ are 
overlapping, but since n’’ is known and I(n’’) = 2*I(o’’) it can be calculated: 

𝐼1,2  =  𝐼(5.91 − 5.59) 

𝐼3,4  =  𝐼(4.85 − 4.00) 

𝐼1,4  =  𝐼(5.30 − 4.85)  −  2 ∗ 𝐼1,2 

𝐶1,2  =  
𝐼1,2

𝐼1,2 + 𝐼3,4 + 𝐼1,4

 

𝐶3,4  =  
𝐼3,4

𝐼1,2 + 𝐼3,4 + 𝐼1,4

 

𝐶1,4  =  
𝐼1,4

𝐼1,2 + 𝐼3,4 + 𝐼1,4

 

C stands for the content of the represented microstructure in the polymer. Due to partially 
overlap of the signals the integral limits depend on the experimenter and the 
microstructure is subject to error. The values are in good agreement with literature, [3] slight 
differences are explained by experimental error, different reaction temperature[1,14], 
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different monomer- and chain end concentrations and an increased polarity by the TMSS 
comonomer.[15–17] 

 

6 Thermal properties 

The following Figure show an overlay of the second heating cycle of the copolymers 
P(TMSS0.3-co-I0.7), at a heating rate of 10K/min. 

 

Figure S17: Overlay of the second heating cycles of P(TMSS0.3-co-I0.7) synthesized with 
various amounts of THF, from -75 to 140°C with a heating rate of 10K/min and an indium 
and octane calibration. 
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7 Polymer film 

To prove the polymers potential use in membranes a stable film was cast from CHCl3. 

 

 

Figure S18: Polymer film of P(TMSS0.3-co-I0.7) synthesized with 0 eq THF, casted from 
CHCl3. 

 

Figure S 19: Thermogravimetric analysis (TGA) of P(TMSS0.3-co-I0.7) synthesized with 
different amounts of THF as randomizer under N2 atmosphere with a heating rate of 10 
K/min. The mass loss between 100 to 200°C for 20 and 200eq THF is attributed to 
residual solvent. 
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ABSTRACT: The effect of lithium-, sodium- and potassium tert-amylates on the kinetics 

of the statistical anionic copolymerization of styrene and isoprene in cyclohexane was 

investigated using in-situ near-infrared (NIR) spectroscopy. The reactivity ratios and the 

related comonomer gradients can be adjusted over the entire range resulting in both 

random and inverted gradient copolymers. Lithium tert-amylate retards the 

polymerization at over-stoichiometric concentrations. In contrast, even at low 

concentrations sodium and potassium tert-amylate increase the rate of styrene 

polymerization due to a counterion exchange. Only 1/30 equivalents potassium tert-

amylate relative to butyllithium are necessary to obtain random copolymers, which 

unexpectedly consist of short blocks. Remarkably, a high content of isoprene 1,4 -units is 

maintained leading a low glass transition temperature of -55 °C of random or inversely 

tapered poly(styrene-co-isoprene). Thus, in contrast to Lewis base modifiers, the diene 

microstructure can be decoupled from reaction kinetics, when potassium alkoxides are 

used. 
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Introduction 

Living anionic polymerization, discovered by Szwarc in 1956, enables the synthesis of a 

wide range of well defined (multi) block copolymers.1 Although this polymerization 

technique places high demands on the purity of both monomers and solvents, it has been 

used for the synthesis of thermoplastic elastomers (TPEs) for a long time.  2–4 These phase-

separated materials consist of at least three different blocks in an ABA structure, where 

polymer A is a block with a high glass transition temperature, Tg, usually styrene (S), and 

the midblock B is a highly flexible polymer with a low Tg, usually a poly(1,3-diene), 

commonly based on butadiene (B) or isoprene (I).5–7 A large variety of products are 

synthesized from the combination of styrene and diene by changing polymer architecture, 

composition, molecular weight and microstructure of the diene. Biobased and 

specialized monomers have also been used to synthesize (block)copolymers with 

tailored properties for high-performance materials.6–14 Here, block copolymers are 

synthesized by a stepwise addition of the individual monomers.  

Very early it was discovered that the statistical copolymerization of styrene and dienes 

initiated by butyllithium (BuLi) in non-polar solvents leads to “tapered” copolymers 

displaying similar properties as block copolymers.  2–4 In these solvents the diene 

polymerizes first and most of the styrene is incorporated after complete consumption of 

the diene. This translates to disparate reactivity ratios rS = 0.05; rB = 15 and rS = 0.013; rI = 

10.1 for the S/B15,16 and S/I17 system, respectively, resulting in strong gradient 

copolymers.2,3 The reason for these strong differences in the reactivity ratios are large 

discrepancies in the crossover rates, kSI >> kIS.18,19  

Scheme 1: Aggregation of polystyryllithium in apolar solvents and the effect of Lewis 

bases (example: THF) on the aggregation e uilibrium.20 

 

In apolar solvents, such as cyclohexane, the living, lithiated polymer chain ends form 

inactive dimers in equilibrium with the non-aggregated chains, acting as polymerization 

centers (Scheme 1).15,16,21–24 The addition of polar additives, so called modifiers, breaks up 
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the aggregates and increases the reactivity of the comonomers to different extents.   

Typical modifiers are Lewis bases like methyl-tert-butylether (MTBE), THF, 2,2-di(2-

tetrahydrofuryl)propane (DTHFP) or amines like tetramethylethylenediamine (TMEDA). 25–

27 By using increasing equivalents (equiv) of these modifiers with respect to the 

butyllithium initiator, the reactivity ratios converge, leading to random copolymers or even 

inverted gradients.20,25,28,29 However, the use of these polar modifiers leads to a strong 

decrease of 1,4- microstructures in the polydiene, thus increasing the glass transition 

temperature, which limits their usage as thermoplastic elastomers. 30–33 

In previous works, several authors have investigated the effects of Lewis acid ligands, and 

specifically alkali alkoxides (Li, Na, K, Rb, Cs), on the homo- and copolymerization of 

styrene and butadiene.34–40 These highly aggregated modifiers form mixed aggregates with 

the polymer chain end, changing reactivity.37,41 Addition of 6 equivalents (equiv) lithium 

tert-butoxide (LiOtBu) relative to butyllithium reduced the homopolymerization rate by a 

factor of 6.25 for butadiene and 2.3 for styrene.36  

The introduction of higher alkali alkoxides does not only increase this aggregation but also 

results in an intermolecular exchange of counterions via mixed aggregates (Scheme 2). 

This equilibrium must be fast, as low dispersities (Ð < 1.1) and the desired molecular 

weights were achieved.  34,40,42–46 However, different authors disagree on the question 

whether the mixed aggregate is active in polymerization. 47–49  As a general trend, 

increasing amounts of these modifiers and increasing counterion size increase the 

homopolymerization rate of both styrene and diene monomers, and styrene is more 

accelerated than the diene.34,50 

Scheme 2: Two-State Model of Polymerization.34 

 

This influence is not limited to kinetics but also determines the microstructure of the 

polydiene and consequently the glass transition temperature.  Literature results on the 

vinyl unsaturation of polybutadiene in the presence of an excess of lithium alkoxides 

scatter widely. Makowski recorded an increase up to 40% vinyl unsaturation while Hsieh 
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only found an increase to 10%.36,51 In contrast, the addition of 1 equiv sodium tert-

butoxide (NaOtBu) already increases the vinyl unsaturation of polybutadiene from 5 % to 

70 %,34,52,53 which is the microstructure obtained with metallic or organosodium initiators.  

39,52,54–56 Overall, sodium alkoxides exert the strongest modifier effect on the 

microstructure.52 

Various groups investigated the effect of potassium alkoxides in sub- and over-

stoichiometric concentrations for the polymerization of butadiene and isoprene on their 

respective microstructure.34,44,50,57 Depending on the modifier concentration a wide range 

of vinyl unsaturations of 20 % to 50 % was observed. Both metallic and organopotassium 

initiators also increased vinyl unsaturation to 50 %.52,55,56,58 Significant differences in the 

vinyl content were observed between butadiene and isoprene at comparable modifier 

concentrations,35,50 which was explained by the PI/KOtBu adduct acting as a Schlosser-

Lochmann base, deprotonating the 2-methyl group.44,50,59–61 The higher alkali alkoxides of 

rubidium and cesium qualitatively had similar effects as potassium. 35 

The statistical copolymerization of styrene and butadiene in the presence of various alkali 

alkoxides was investigated in several studies. In all studies only the rate of total 

comonomer consumption and the fraction of styrene units in the copolymer as a function 

of conversion were determined, the latter being a rough estimate of the comonomer 

gradient along the chain.  35,36,62–64 The addition of up to 6 equiv LiOtBu retarded the reaction 

but had no significant impact on the gradient, which is quite surprising in view of the 

previous results of the homopolymerizations.35,36 

Higher alkali alkoxides had strong effects on the copolymerization rate and on the styrene 

incorporation, which increased from Na << K ~ Rb < Cs.35 Already 0.2 equiv of NaOtBu are 

sufficient to achieve random copolymerization.35 Organosodium initiators were also 

investigated and reactivity ratios determined as rS = 0.42 and rB = 0.3.65 These initiators 

undergo chain transfer to toluene, which can be suppressed by the addition of lithium 

alkoxides.39 It could be assumed that the main reaction center is the polymer anion with 

lithium as the counterion, but the high vinyl content of 70 % is not consistent with this 

assumption.  34,52,53 Therefore, it was concluded that the main reaction center is a 

bimetallic mixed complex (intermediate in Scheme 2), which differs from either of the 

initial compounds.54,66 
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The use of potassium alkoxides in the copolymerization of styrene and butadiene 

drastically changes the comonomer incorporation; already 1/30 equiv is sufficient for a 

random copolymerization, and at higher ratios (up to 1 equiv) inversion of the gradient was 

observed.35,63,64,67,68 Various publications69,70 and patents describe the use of potassium 

alkoxides for the synthesis of random S/B copolymers.71–74 Wofford and Hsieh as well as 

Arest-Yakubovich and coworkers studied the copolymerization of styrene and butadiene 

in cyclohexane at 25°C with an organopotassium initiator and also found an inversion of 

reactivities compared to butyllithium (rS = 3.3 and rB = 0.12).35,62  

The mechanism of the homo- and copolymerization in the presence of sodium and 

potassium alkoxides is not fully understood. Two different mechanisms have been 

proposed,40,75,76 a two-state mechanism35,48 and a single-state mechanism consisting of a 

multicomponent complex, i.e. a mixed aggregate,39,47,54 as the reaction center, as shown 

in Scheme 2. The two-state mechanism assumes a reversible exchange of counterions; a 

mixed aggregate is not considered or is inactive. Each of the two propagating centers, 

when active, leads to its own microstructure.35,42–46,76  

This work presents the first in depth kinetic investigation on the copolymerization of 

styrene and isoprene in the presence of lithium-, sodium- and potassium-alkoxides in 

cyclohexane. Using in-situ near-infrared (NIR) spectroscopy enabled us to independently 

track the conversion of both monomers and thus determine reactivity ratios and 

comonomer gradients along the polymer chain. Investigations on their microstructure, 

blockiness and glass transition temperature enabled a better understanding of the 

polymerization mechanisms with Lewis acid modifiers.  

 

Experimental Section 

Materials, instrumentation and a general description of the copolymerization kinetic 

investigations are described in the Supporting Information.  
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Results and Discussion 

The kinetic effect of alkali metal alkoxides in the copolymerization of styrene and isoprene 

in cyclohexane was investigated using in-situ near-infrared (NIR) spectroscopy at 20-23 

°C. Lithium, sodium and potassium tert-amylates served as modifiers. Deprotonated tert-

amyl alcohol (2-methyl-2-butanolate) was used due to its solubility in cyclohexane, 

commercial availability and industrial application.63,67,72,73 The initiator sec-butyllithium 

(BuLi) was added to a premixed solution of alkoxide and monomers to avoid side 

reactions (see Scheme S1).44 An equimolar monomer feed (fS = fI = 0.5) was used to 

generate a polymer with 60 wt% (57 vol%) of styrene. The targeted molecular weight of 80 

kg/mol and low dispersities, Đ ≤ 1.1, were successfully achieved (Table 1, Figures S5 -S7). 

Higher molecular weights, which in some cases exceed theory, can be partially explained 

by an overestimation of the PS calibration, which is noted to be approximately 10%17, and 

to minor extent by termination reactions during initiation, as the alkoxides used cannot 

be dried further.  

Time-conversion and individual vs total conversion plots for all counterions are given in 

the Supporting Information in Figures S8-S13. The reactivity ratios were calculated 

according to the terminal model (Meyer-Lowry77 fit) or the non-terminal model (Jaacks 78,79 

fit), see Figures S15-S20. As stated in our previous publications9,17,18,25,26, we assume 

validity of the non-terminal model (r1r2 =1) whenever the Jaacks plot is linear, in order to 

avoid overfitting.80 The Meyer-Lowry method was only used when the non-terminal model 

failed, i.e. for the copolymerization in pure cyclohexane18,25,26 and for small amounts of 

modifier, [LiOAm]/[BuLi] ≤ 1; [NaOAm]/[BuLi] ≤ 0.1; [KOAm]/[BuLi] ≤ 0.025.  
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Figure 1: Effect of lithium tert-amylate (LiOAm) on the copolymerization kinetics. (a) time-conversion plots,  

(b) plots of comonomer concentrations versus total conversion, (c) reactivity ratios. Red circles: isoprene,  

black square: styrene. The dashed line indicates rS = rI = 1 and thus (ideal) random copolymerization. Please 

note the double-logarithmic scales. 

Effect of lithium tert-amylate (LiOAm). Lithium tert-amylate was specifically chosen to 

separate the effect of the introduced alkoxide from that of the added counterion. Up to an 

equimolar ratio of LiOAm to BuLi no significant impact on the copolymerization kinetics 

is observed (Table 1, Figures 1, S8-S9); only when the LiOAm content is increased to ≥ 3 

equiv, the reaction is retarded and reactivity ratios change. At 10 equiv of LiOAm the 

reaction slows down sevenfold for isoprene but less for styrene (for estimated half-lives, 

see Fig. S14 a). This is due to the formation of mixed aggregates (P-Li)x(LiOAm)y, 
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decreasing the concentration of non-aggregated chain ends (Scheme 3).81 This effect is 

stronger for isoprene than for styrene. 

 

Scheme 3: Possible aggregates of polystyryllithium in the presence of lithium alkoxides 

 

Figure 1c shows the reactivity ratios vs. modifier concentration, calculated from the plots 

in Figures S15-S16. With increasing amylate content, the reactivity ratios converge and 

intersect at an interpolated ratio of ~ 5.4 equiv, corresponding to a random  

copolymerization. At 10 equiv of LiOAm the gradient is inverted (Table 1 and Figure S21).  

Our results for LiOAm quantitatively confirm literature data but significantly deviate from 

Hsieh’s report on the styrene/butadiene system, who found no change in the comonomer 

gradient.35,36 We tentatively explain these differences by the different diene used 

(butadiene) and by the poorer solubility of LiOtBu in cyclohexane.  
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Table 1: Effect of alkali tert-amylates on the copolymerization of styrene and isoprene. 

Amylate 
e uivalent
s 

Mn
a  

[kg mol] 

Đa rSb rIb rSrI Blockiness
c [%] 

1,4 [%]c 3,4 [%]c 1,2 [%]c Tg [°C]d  olume  
Gradient 

0 83.9 1.05 0.009 9.05 0.081 75 94 6 0 -41/ 101 

 
 

LiOAm 
           

0.05 79.5 1.05 0.013 8.83 0.12 75 94 6 0 -42 / 101 

 
0.25 86.0 1.05 0.009 8.84 0.080 74 94 6 0 -42 / 101 

 
1 98.5 1.04 0.013 7.07 0.092 73 94 6 0 -40 /101 

 
3 91.4 1.10 0.67 1.49 1 56 84 16 0 8 

 
10 127 1.07 2.10 0.48 1 46 67 33 0.4 38 

 
 

NaOAm 
           

0.05 86.6 1.05 0.1 3.64 0.36 64 89 10 0.2 -28 / 87 

 
0.1 86.7 1.06 0.25 1.18 0.30 62 86 14 0.5 6 

 
0.25 88.3 1.05 1.71 0.59 1 52 66 33 1 15 

 

PI

PS

PI

PS

PI

PS

PI

PS

PI

PS

PI

PS

PI

PS

PI

PS

PI

PS
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0.5 90.6 1.07 3.45 0.29 1 65 45 52 3 -13 /58 

 
0.75 91.4 1.10 5.11 0.20 1 78 21 68 11 3/75 

 
 

KOAm 
           

0.025 85.6 1.06 0.23 1.76 0.41 80 91 9 0 -26 / 42 

 
0.033 91.6 1.06 0.88 1.14 1 85 92 8 0 -9 

 
0.05 79.5 1.06 1.35 0.74 1 89 91 9 0 -6 

 
0.1 80.0 1.08 5.72 0.17 1 92 88 11.5 0 -55 / 68 

 
0.25 77.9 1.09 13.8 0.07 1 92 81 18 0.3 -55 / 88 

 
 

aDetermined by SEC with PS calibration. b Calculated by either Jaacks or Meyer-Lowry. c Determined by 1H-NMR spectroscopy (see supporting Information S23-25). Fraction of styrene units 

that have at least one other styrene neighbor. d Measured by DSC, value taken form the second heating cycle. 
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PS
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PS
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Figure 2: Effect of sodium tert-amylate (NaOAm) on the copolymerization kinetics. (a) time-conversion plots, (b) plots 

of comonomer concentrations versus total conversion, (c) reactivity ratios. Red circles: isoprene, black square: styrene. 

The dashed line indicates rS = rI = 1 and thus (ideal) random copolymerization. Please note the double -

logarithmic scales. 

Effect of sodium tert-amylate (NaOAm). As can be seen in the kinetic data (Table 1, 

Figures 2 and S10-S11) NaOAm has a completely different impact on the 

copolymerization compared to LiOAm. Already sub-stoichiometric amounts are 

sufficient to increase the rates of both comonomers (see Fig. S14b for half-lives), whereby 

styrene is more accelerated than isoprene. The calculated reactivity ratios and the 

resulting gradients are listed in Table 1:  and Figure S22. The underlying fits are shown in 

Figures S17-S18. Increasing the modifier content to 0.75 equiv, accelerates the styrene 

polymerization by two orders of magnitude, while the isoprene rate only increases by a 

factor of 5 (Figure S14). This leads to a complete inversion of the reactivity ratios and a 
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rather steep inverted gradient (rS = 5.11 and rI = 0.20). An almost random copolymerization 

is achieved with only 0.17 equiv of NaOAm, similar to the results published by Hsieh et al. 

and comparable to the effect of the bidentate ether modifier 2,2-di(2-

tetrahydrofurfuryl)propane (DTHFP).26,35 Thus, sodium alkoxides are much stronger 

modifiers than the previously investigated THF (random copolymerization at ca. 8 

equiv).18,26  

Our results are consistent with gradients reported by Hsieh and Wofford for the homo- 

and copolymerizations of styrene and butadiene initiated by NaOtBu/n-BuLi, but they 

differ significantly from the reactivity ratios (rS = 0.42, rI = 0.3) reported by Arest-

Yakubovich et al. for a pure sodium initiator.34,35,65 This might indicate that the alkoxide ions 

play a role in the copolymerization by forming mixed complexes with the PI and PS chain 

ends (Scheme 3). The mechanism will be discussed further below in comparison to the 

other modifiers. 
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Figure 3: Effect of potassium tert-amylate (KOAm) on the copolymerization kinetics. (a) time-conversion plots, (b) 

plots of comonomer concentrations versus total conversion, (c) reactivity ratios  vs. concentration. Red circles: 

isoprene, black square: styrene. The dashed line indicates rS = rI = 1 and thus (ideal) random 

copolymerization. Please note the double-logarithmic scales. 

Effect of potassium tert-amylate (KOAm). Already minute amounts of KOAm have a 

dramatic impact on the copolymerization kinetics (Table 1, Figures 3 and S12-S13). As the 

potassium content increases, the rate of styrene consumption increases by two orders of 

magnitude at only 0.25 equiv, while the rate of isoprene consumption and reaction times 

for full conversion remain constant (Figure 3 a).  Hsieh and Wofford found an increase in 

the rate of butadiene homopolymerization only at more than 0.2 equiv of KOtBu. 34 In 

contrast, ethers also affect the polymerization rate of isoprene.18,28 The reactivity ratios 

and gradients are summarized in Table 1, Figures 3c and S23 (for fits, see Figures S19 -

S20). As little as 0.037 equiv of KOAm are necessary to obtain a random copolymerization. 
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A further increase of KOAm concentration leads to complete inversion of the gradient and 

to a tapered, block-like copolymer. Remarkably, the reactivity ratios (rS = 13.8 and rI = 0.07) 

obtained with 0.25 equiv of KOAm are similar to those obtained with 2500 equiv (29 vol-

%) of THF. These results are in good agreement with qualitative and semi-quantitative 

results on the S/B copolymerization published by various authors.  35,63,64,67,68,74,82–85 

However, they significantly differ from results published by Nakhmanovich et al. who 

investigated a pure organopotassium initiator (rS = 3.3; rB = 0.12), indicating that both 

counterions and the alkoxide affect the polymerization mechanism. A comprehensive 

discussion will be given in a later section of this paper.  

 

 

Figure 4: Blockiness of P(S-co-I) synthesized as a function of the MOAm/BuLi ratio. The vertical line represents random 

copolymerization. 

 

Determination of Blockiness. The so-called “blockiness” is defined as the fraction of 

two or more consecutive styrene units in the copolymer, as analyzed by a characteristic 

shift of the ortho protons in 1H-NMR.86,87 The stacked NMR spectra are shown in Figures 

S24-26. The resulting blockiness values as a function of modifier equivalents are given in 

Table 1 and Figure 4. For details regarding determination of the blockiness, see Supporting 

Information, section 4.2.9,18,26 The general trend for Lewis base modifiers is that with 

converging reactivity ratios the blockiness decreases, until a minimum for random 

copolymerization is reached.9,18,26 Steube et al. observed this for THF as a modifier. The 

blockiness decreased from 75% in cyclohexane to 13% for random copolymerization with 

4 to 8 equiv THF (Figure S27).18 For LiOAm and NaOAm we observe a decrease to only 50%, 

indicating a deviation from an ideal randomness. KOAm shows an even more unexpected 
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behavior: the blockiness steadily increases up to 92% at complete gradient inversion. It 

is remarkable that at random copolymerization (0.037 equiv) we observe a higher 

blockiness than in a tapered, blocklike copolymer obtained in pure cyclohexane. This 

indicates the formation of short PS blocks. We explain this with an altered polymerization 

mechanism, which will be discussed in detail in a later section. To confirm this 

assumption a tapered copolymer synthesized in pure cyclohexane and a random one 

synthesized using 0.033 equiv of KOAm were submitted to oxidative degradation.  88,89 SEC 

distributions of the polymers before and after degradation are shown in Fig. S28. NMR 

(Fig. S29) confirmed that all double bonds were successfully degraded. As expected, 

degradation of the tapered copolymer yielded a pure PS block with a molecular weight of 

36 kg/mol and low dispersity, whereas the random copolymer was broken down into 

smaller PS blocks with a molecular weight of ca. 1700 g/mol and a dispersity of 2.3.  

Microstructure of isoprene units. The microstructure of diene polymers is a key feature 

for all application areas.  1H-NMR spectroscopy was used to determine the 

microstructure of the isoprene units. Exemplary 1H-, 13C-, COSY, HSQC and HMBC 

spectra of copolymers synthesized in the presence of 0 eq, 0.75 equiv NaOAm and 0.25 

equiv KOAm are shown in Figures S29-44, and the results are given in Table 1 and Figure 

5. The microstructure of the copolymers synthesized in pure cyclohexane consists of 94% 

1,4- and 6% 3,4-units, which is in good agreement with literature.9,18,19,25,33,90 It is common 

that with increasing amount of modifier the 1,4-content decreases and the 3,4- and 1,2- 

content increases. Similar behavior has been reported for ether- or amine-based 

modifiers. As shown in Fig. 5, the extent to which this microstructure changes, varies 

greatly for the various counterions and is dramatically different for KOAm.  

 

Figure 5: Microstructure of the isoprene units (1,4: black squares; 3,4: red dots; 1,2: blue triangle) obtained in presence 

of tert-amylates, a) lithium, b) sodium and c) potassium.  

a) b) c)
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LiOAm only affects the microstructure in overstoichiometric concentrations, raising the 

vinyl content from 6 to 33%. This is similar to the results of Makowski51 for polybutadiene 

at slightly lower alkoxide concentrations, but contradicts the results of Hsieh 36, where 

LiOtBu had little effect on the polybutadiene microstructure. As discussed above, we 

suspect that LiOtBu was probably not completely dissolved in Hsieh’s experiments.  

Even small amounts of NaOAm have a significant effect on the microstructure, which is 

in good agreement with literature.34,57 Already 0.75 equiv NaOAm are sufficient to alter the 

vinyl content from 6 to 79%, similar to the effect of 2500 equiv of THF. 18 Metallic sodium 

or organosodium initiators lead to similar microstructures. 39,52,54,55 Thus, the 

microstructure of the isoprene units is dominated by the sodium counterion. Overall, 

sodium ions have the highest impact on the microstructure and are used to synthesize 

polymers with high vinyl unsaturation content.  35,52,53,91  

Surprisingly, KOAm, the most efficient modifier in this study, changed the microstructure 

only to a small extent (8% and 18 % vinyl units at random and at full inversion, 

respectively). This renders KOAm highly interesting for the synthesis of S/I or S/B random 

copolymers with high 1,4 microstructure, as documented by a number of patents. 2–4,72,73 

These results are in contradiction to previous results for homo-polybutadiene, where a 

higher vinyl unsaturation of up to 50% was achieved by using potassium alkoxides in sub- 

and over-stoichiometric concentrations.34,44,50,57 However it is in good agreement with the 

results published by Kirchevskaya et al. for polyisoprene.50 We explain the differences 

between butadiene and isoprene units with the additional methyl group, increasing 

sterics, and a change in the microstructure determination method from infrared- to 1H-

NMR spectroscopy, which is more accurate.25,33,92 In pronounced contrast, potassium 

metal and alkylpotassium initiators led to vinyl contents of about 50%.32,52,55,56,93,94 This is 

a strong indication that both lithium, potassium and the alkoxide affect isoprene 

polymerization. 

Comprehensive discussion. Our kinetic and microstructural investigation has shown 

strong differences in the behavior of the three modifiers. Retardation of the 

copolymerization by more than one equiv of LiOAm was explained by the existence of 

various mixed aggregates and a decrease of free, non-aggregated PS-Li and PI-Li. 

However, the only partial decrease of the blockiness and the increased vinyl content of 
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the isoprene units seem to indicate that a part of the active species are mixed complexes, 

e.g. (P-Li)(LiOAm)3, see Scheme 3.  

With sodium and potassium amylate we assume complete metal exchange (Scheme 2), 

but since they are used in deficit, only a fraction of polymer chains can be coordinated 

with sodium or potassium. This fraction depends on the nature of the chain end and the 

alkali metal (Scheme 4). The chain ends with Na+ or K+ counterions are more reactive than 

the lithiated ones (kp,Mt > kp,Li), explaining the observed increase in polymerization rate. The 

species formed in the metal exchange reaction can form mixed aggregates with the 

residual Li, Na, or K alkoxides, similar to Scheme 3 or a two-state equilibrium (Scheme 4). 

The open question is whether these mixed complexes participate in the polymerization.  

 

Scheme 4: Effect of NaOAm and KOAm on the S I copolymerization  

 

This question is difficult to answer for the NaOAm modifier. On the one hand 

microstructures observed in our system are similar to those obtained with metallic 

sodium and organosodium initiators, indicating that the mechanism is dominated by a 

metal exchange in the two-state equilibrium.  39,52,54 On the other hand the reactivity ratios 

in our system significantly differ from those published for pure organosodium initiators, 

indicating participation of a mixed complex (PMt)x(LiOAm)y.65 Furthermore, Arest-

Yakubovich reported that addition of lithium alkoxide to 2-ethylhexylsodium suppresses 

chain transfer to toluene.54 Thus, we conclude that both counterions and the alkoxide are 

relevant for the polymerization.39,40,47,54,65,66 

KOAm has the strongest effect on the kinetics but still polymerizes isoprene in the 

predominant 1,4- microstructure. To the best of our knowledge, this is the only known 

modifier capable of altering reactivity ratios by accelerating styrene polymerization and 
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nevertheless having a negligible effect on isoprene polymerization and its microstructure. 

We explain this by the two-state polymerization mechanism in Schemes 2 and 4, where 

the equilibrium remains left for isoprene but shifts right for styrene.  34,35,40,48,76 According to 

the HSAB (hard and soft acids and bases) concept, 95 the delocalized (soft) polystyryl 

anions predominantly coordinate with soft (potassium) cations, whereas the (hard) 

polydienyl anions prefer the hard lithium cations, explaining the predominant 1,4-units. 

48,72,73 Thus, styrene polymerization is strongly accelerated leading to the observed effect 

of the reactivity ratios. At the same time the microstructure of the isoprene units remains 

unaltered (Table 1, Figure 5) and blockiness increases (Figure 4).  

The unexpected and unprecedented increase of blockiness and the formation of short PS 

blocks, even despite random copolymerization at ca. 1/30 equiv KOAm, needs special 

consideration. We explain this effect with the two-state polymerization mechanism. At 

1/30 equiv of KOAm, there can be a potassium counterion at one of 30 polymer chain 

ends, most probably a PS chain end. Since they are considerably more reactive, the PS-K 

chain ends polymerize as much styrene as the other 29 PS-Li and PI-Li chain ends 

preferably polymerize isoprene, since kSI >> kSS.18 Based on rapid exchange of the 

counterions monomodal polymers are accessible that consist of many short styrene and 

isoprene blocks, which increases the overall blockiness, since only two to three styrene 

units are required for the characteristic NMR shift of the ortho protons.87 This is in contrast 

to previously studied Lewis bases, e.g. ethers, which lead to fully random copolymers.  

9,18,25,26 Therefore, potassium alkoxide as a modifier enables decoupling of the diene 

microstructure from the reaction kinetics. 

 

Thermal properties. The glass transition temperatures, Tg, of the P(S-co-I) copolymers 

were investigated by DSC. The results are presented in Table 1 and Figure 6. The second 

heating cycles are shown in Figures S45-47. 
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Figure 6: Glass transition temperatures of P(S-co-I) obtained in presence of tert-amylates, (a) LiOAm, (b) NaOAm, (c) 

KOAm. Black squares: PS-rich phase, red dots: PI-rich phase, blue triangles: mixed phase. The vertical lines indicate 

random copolymerization. 

As expected, the addition of up to 1 equiv of LiOAm had no effect on the glass transition 

temperature of the resulting phase-separated polymers. The values for the PS-rich phase 

at 100 °C and for the PI-rich phase at about -40 °C are in good agreement with literature.18 

The Tg of the PI-rich phase is almost 20 °C higher than that of 1,4-PI homopolymer,96,97 

because of its contamination by short styrene units. Increasing the modifier content to ≥ 

3 equiv LiOAm shifts the two distinct glass transition temperatures into one mixed phase. 

This is explained by the change in reactivity ratios (Table 1) and the increasing vinyl 

unsaturation of the diene.58 

The glass transition temperature of copolymers polymerized with NaOAm behaves as 

expected from ether-based modifiers.9,18,25,26 At 0.05 and ≥ 0.5 equiv of NaOAm, two 

distinct glass transition temperatures are observed, indicating phase separation due to 

the pronounced tapered structure. For 0.1 and 0.25 equiv NaOAm we again find phase 

mixing, as expected from the reactivity ratios (Table 1). When the phases are separated, 

the Tg of the PS-rich phase is below the Tg of PS homopolymer, since the polymer 

segments exhibit isoprene defects, and in a similar manner the Tg of the PI-rich phase 

increases due to the microstructure change (Figure 5).  

The glass transition temperatures of copolymers polymerized with up to 0.05 equiv of 

KOAm show a similar behavior as with the other amylates. In particular, the copolymers 

formed at 0.033 and 0.05 equiv show a mixed Tg, indicating the absence of phase 

separation in spite of the formation of short blocks. These blocks are too short of undergo 

phase separation. At ≥ 0.1 equiv KOAm, the Tg of the PI-rich phase drops to -55 °C, a value 

a) b) c)
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that is 14 degrees lower than that of a copolymer synthesized in pure cyclohexane. We 

explain this previously unreported phenomenon by the polymer composition. This 

tapered copolymer consists of a PS block contaminated with isoprene units (Tg lowered), 

predominantly grown with K+ counterions.  After the tapered region a pure PI block exists, 

with a high (88 and 81%) 1,4-content due to the preferred isoprene polymerization with 

lithium as a counterion. Since the 1,4-content in pure cyclohexane is still higher (95%), 

but the PI-rich phase has a lower Tg, we assume that the styrene contaminations have a 

stronger impact on the Tg than the increased content of vinyl units. A tapered copolymer 

with a pure PI block can also be obtained in the presence of 2500 equiv. of THF, which 

decreases the 1,4-content to 25% and thus increases the Tg to 5 °C.18  

 

Conclusions 

We have presented the first in-line NIR kinetic investigation of the copolymerization of 

styrene and isoprene initiated by sec-butyllithium (BuLi) in cyclohexane in the presence 

of alkali metal alkoxides as modifiers to calculate reactivity ratios and comonomer 

gradients. Additional information on the underlying mechanisms was obtained from NMR 

spectroscopy, namely the blockiness and the microstructure of the diene units. The glass 

transition temperatures of the gradient copolymers correlate with the copolymer 

microstructure. All investigated amylates affect the rate of polymerization, the reactivity 

ratios, the comonomer gradient and the diene microstructure, but at very different 

concentrations and with different reaction mechanisms. The general trend in modifier 

strength is Li < Na < K. The results show that these Lewis acid (μ-type) ligands act 

completely different to the well-known Lewis base (σ-type) ligands, e.g. ethers or amines. 

LiOAm at over-stoichiometric concentrations decreases the rate of polymerization of 

both monomers to different degrees, affecting the respective reactivity ratios. This is due 

to a decrease in the concentration of active chains by formation of mixed aggregates. The 

only partial decrease of the blockiness and the moderately increased vinyl content of the 

isoprene units suggest that a part of the active species are mixed complexes.  

Sub-stoichiometric addition of NaOAm accelerates styrene propagation but has only a 

minor effect on the rate of isoprene conversion. However, it significantly changes the 
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microstructure of the diene units, similar to metallic or organosodium initiators. Thus, 

exchange of the lithium counterion to sodium leads to the predominantly active species 

(Scheme 4). The reported fact that the addition of LiOtBu to an organosodium initiator 

strongly decreases chain transfer to toluene indicates a contribution of mixed complexes. 

Thus, sodium alkoxides are promising modifiers for the synthesis of high vinyl polydienes 

suitable for post-polymerization modification. 

KOAm selectively accelerates styrene polymerization even at minute concentrations, 

whereas isoprene rate and microstructure are unaffected. An unexpected phenomenon 

is the formation of short blocks in the random copolymer. This is explained the two-state 

polymerization mechanism involving a selective exchange from polystyryllithium to -

potassium, resulting in a very low Tg of -55°C of the isoprene units. This unique feature of 

decoupling the reaction kinetics from the diene microstructure is the most impressive 

capability of potassium tert-amylate, rendering it a perfect choice for the synthesis of 

random copolymers and thermoplastic elastomers with high content of 1,4 -isoprene 

units. 
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1. Materials and experimental procedure: 
1.1 Materials: 

All chemicals were purchased from following suppliers: Sigma-Aldrich, Thermo Fisher Scientific 
Inc, Acros, VWR international and Deutero GmbH. The solution of potassium tert. Amylate was 
kindly provided by Ineos group limited. As inert gas was argon 5.0 used, which was further purified 
by passing it through three gas wash bottles containing sec. BuLi, diphenylethylene and 
cyclohexane. 

1.2 Instrumentation 

A description of the near infrared (NIR) set up and data evaluation can be found in previous 
publications.1,2 NMR spectra were measured using a Bruker Avance III 600 spectrometer at 600 
MHz for 1H- and 151 MHz for 13C-NMR. GPC samples were analyzed on an Agilent 1260 Infinity II 
set up with MZ-Gel SDPlus plus 105/103/100 Å columns from MZ-Analysetechnik, Mainz, 
Germany. All samples were measured at a concentration of 1 mg/ml with toluene as an 
internal standard with a PS calibration. Thermal DSC analysis of the copolymers were 
performed with a TA instruments DSC 250 connected to a TA instrument RCS 90 
refrigeration system from Waters Corporation. Experiments were performed at a heating 
and cooling rate of 10K/min with a two-point calibration of indium and n-ocatane. 

1.3 Copolymerisation 

 

1.3.1 Purification of materials 

The amylates used were not further dried, but their water content was quantified via Karl-Fischer 
titration to below 60 ppm of water and therefore no further drying was considered necessary.  

Every glass flask used was flame dried three times under high vacuum (10-3 mbar) before use and 
all reactions and drying processes were carried out under schlenk conditions. A pressure valve 
maintained a constant overpressure of 50 mbar argon to ensure an inert gas atmosphere. The 
monomers were filtered through basic alumina to remove stabilizers and then dried over CaH2 for 
a day. After degassing through three freeze thaw cycles, the monomers were cryotransferred to 
Al(Oct)3 and further dried for a day. After the drying process, the monomers were cryotransferred 
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into a graduated ampoule, with less than 2 %Vol loss in relation to the total volume of the 
monomers. The solvent cyclohexane was dried under reflux with sodium and benzophenone. 
After the blue color appeared, the solvent was transferred into the Morton flask glass reactor.  

1.3.2 Copolymerization in the presence of different amylates  

All polymerizations were carried out under the same conditions, only the amount of modifier was 
varied. The reaction flask was equipped with the NIR probe, a temperature probe and an 
additional glass joint. To maintain a constant reaction temperature, the flask was placed into a 
water bath that was cooled via a cryostat. In all reactions, the reaction heat was not exceeded by 
more than 10 °C (Figures S2-S4), and previous publications have shown that the effect of this 
temperature increase can be neglected as compared to the modifier effects.1,3 Since mixtures of 
MtOR and BuLi are known as Lochmann-Schlosser superbases,4,5 which have strong 
deprotonating abilities, due to their metal exchange (see Figure 2). These are no longer soluble in 
hydrocarbon solvents and form possible side reactions (Scheme S1).6 Carlotti et al. could prove 
that it is essential for a controlled copolymerization that the initiator system of MtOR/BuLi had no 
preformation time to avoid side reactions and that MtOR had to be used in deficit to avoid 
crosslinking. 5,7–10 Therefore we have the goal of using the alkoxide in deficit and giving the initiator 
no preformation time. 

The synthesis of P(S-co-I) in cyclohexane with 0.25 equiv. of [KOAm] is described here as example. 
First, 600 ml cyclohexane was added into the reaction flask followed by the modifier [KOAm] (0.25 
equiv., 0.79 ml of a 0.33 mol/L solution in cyclohexane) to measure a background N IR spectra 
using Omnic software. An equimolar mixture of the monomers styrene (55.3 ml, 0.483 mol) and 
isoprene (48.35 ml, 0.483 mol) was added, and the polymerization was initiated by the injection 
of 0.8 ml (0.26 mmol, 1eq) of a 1.3 mol/L solution of sec. BuLi in cyclohexane/hexane (92:8). After 
initiation, the colorless solution turned dark red, indicating the preferential polymerization of 
styrene. After 1000 minutes the polymerization was complete and was terminated by adding 2 ml 
of degassed isopropanol in argon counterflow. The synthesized polymer was precipitated in a 1:3 
mixture of isopropanol:methanol. The resulting colorless polymer was dried under reduced 
pressure and stored at -20°C.  

For the kinetic investigation 13,000 to 20,000 NIR-spectra were recorded in the wavelength range 
from 5900 to 6250 cm-1 and analyzed by deconvolution, in analogy to our previous publications.1–

3,11,12 The calibration spectra of isoprene, styrene, polystyrene and polyisoprene are shown in 
Figure S1. The polyisoprene spectrum was calculated by subtracting the polystyrene spectrum 
from the spectrum at full conversion and normalizing it by the isoprene concentration, 
determined by the deconvolution of the starting spectrum. This is necessary because the NIR 
spectrum of PI is dependent on the microstructure, which depends on the modifier used. 

1.4 Oxidative degradation 

The oxidative degradation is performed analog to Corbin et al., with the exception that the polymer 
is not precipitated, but analyzed from the crude solution.13 

To a solution of 1.5 g polymer in 200 mL benzene is 4.0 g meta-chloroperoxybenzoic acid (mCPBA) 
added and the solution stirred for 15 hours at room temperature. After removing the solvent under 
reduced pressure, the residue was dissolved in 150 mL dioxane and a solution of periodic acid 
(3.5 g in 20 mL water) is added. The solution was stirred for 24 hours at room temperature and 
then heated to 65°C for 30 minutes and the solvents removed under reduced pressure. The dried 
residue was washed with diluted NaOH and water. The obtained residual was analyzed via SEC 
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without prior work up. Please note that the PS oligomers carry aldehyde endgroups, which can 
affect the polystyrene calibration. 

Scheme S1: Hypothetic mechanism of the elimination of potassium hydride.6 
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2. Copolymerization kinetics 

2.1 NIR spectra 

The measured (S, I and PS) and calculated (PICyH and PI0.75eq Sodium) are displayed here. The 
microstructure depended PI spectrum is calculated by subtracting the PS spectrum from the final 
spectrum. These spectra are then used to perform a deconvolution to calculate the concentration 
of each component for each time point. 

 

 

Figure S1: Measured molar attenuation coefficients of all in the reaction present reagents (S, I) and products (PS, PI). 
PICyH represents the spectra of polyisoprene synthesized in cyclohexane with the typical microstructure of (94% 1,4-; 
6% 3,4-) and PI0.75 equiv NaOAm the spectra of polyisoprene synthesized in cyclohexane with 0.75 eq uiv of NaOAm and a 
microstructure of (21% 1,4-; 68% 3,4-; and 11% 1,2-;) as determined by NMR spectroscopy. 
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2.2 Temperature profiles 

 

Figure S2: Temperature recordings inside the reaction vessel for various [ LiOAm/BuLi] ratios (light blue: temperature in 
the reaction vessel, drak blue room temperature). 

 

Figure S3: Temperature recordings inside the reaction vessel for various [ NaOAm/BuLi] ratios (light blue: temperature 
in the reaction vessel, drak blue room temperature). 
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Figure S4: Temperature recordings inside the reaction vessel for various [ KOAm/BuLi] ratios (light blue: temperature in 
the reaction vessel, drak blue room temperature). 
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2.3 SEC traces of Copolymers 

 

Figure S5: SEC (THF) traces of P(S-co-I) with different [LiOAm/BuLi] ratios and PS calibration. 

 

Figure S6: SEC (THF) traces of P(S-co-I) with different [NaOAm/BuLi] ratios and PS calibration. 

 

Figure S7: SEC (THF) traces of P(S-co-I) with different [KOAm/BuLi] ratios and PS calibration. 
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2.4 Kinetic Plots 

2.4.1 LiOAm 

 

Figure S8: Individual time-conversion plots at various [LiOAm/BuLi] ratios. 

 

Figure S9: Individual monomer concentrations as a function of total conversion for various [LiOAm/BuLi] ratios. 
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2.4.2 NaOAm 

 

Figure S10: Individual time-conversion plots at various [NaOAm/BuLi] ratios. 

 

Figure S11: Individual monomer concentrations as a function of total conversion for various [ NaOAm/BuLi] ratios. 
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2.4.3 KOAm 

 

Figure S12: Individual time-conversion plots at various [KOAm]/BuLi] ratios. 

 

Figure S13: Individual monomer concentrations as a function of total conversion for various [ KOAm/BuLi] ratios. 
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2.4.4 Half-lives of the copolymerizations 

 

 

Figure S14: Estimated half-lives of isoprene (red circles), styrene (black squares) and both monomers (blue triangles) 
in the presence of different amylates. The half lives were normalized with the half -lives in pure cyclohexane, see Table 
1. 

 

 

3. Determination of reactivity ratios: 

Reactivity ratios (rI and rS) were calculated using the terminal (Jaacks14,15) and the non-terminal 
(Meyer-Lowry16) model, which assumes an ideal copolymerization (r1r2 = 1). Whenever the linear 
terminal plot was valid, this model is preferred to avoid overfitting in the non-terminal model.17  

The reactivity ratios were calculated in the linear range of the individual vs total conversion plots 
up to 85-90% conversion of the monomer polymerizing faster. The last 5-10% were not taken into 
account, as these data points are more influenced by unstable baselines and background noises. 
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3.1 LiOAM 

 

Figure S15: Jaacks fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [LiOAm/BuLi] ratios. 

 

Figure S16: Meyer-Lowry fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [LiOAm/BuLi] ratios. 
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3.2 NaOAm 

 

Figure S17: Jaacks fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [NaOAm/BuLi] ratios. 

 

Figure S18 Meyer-Lowry fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [NaOAm/BuLi] ratios. 
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3.3 KOAM 

 

Figure S19: Jaacks fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [KOAm/BuLi] ratios. 

 

Figure S20: Meyer-Lowry fit (red line) of the copolymerization of P(S0.5-co-I0.5) with different [KOAm/BuLi] ratios. 
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4. Copolymer composition 

4.1 Molar and volume composition profiles 

The molar copolymer composition were calculated using the reactivity ratios according to Wahlen 
et al.18 For the volume based gradients, the monomer molecular weights and densities of the 
homopolymers, ρPI = 0.91 g/ml and ρPS = 1.05 g/ml, were used. 

 

Figure S21: A) Molar B) volume composition profiles of the P(S0.5-co-I0.5) copolymer as a function of the [LiOAm]/[BuLi] 
ratio. 

 

Figure S22: A) Molar B) volume composition profiles of the P(S0.5-co-I0.5) copolymer as a function of the [NaOAm]/[BuLi] 
ratio. 

 

Figure S23: A) Molar B) volume composition profiles of the P(S0.5-co-I0.5) copolymer as a function of the [KOAm]/[BuLi] 
ratio. 
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4.2 Blockiness 

The so-called blockiness of the PS units is defined as the fraction of two to three contiguous 
styrene units in the copolymer. For block styrene are the ortho protons (h) shifted to 6.93-6.25 
ppm in the NMR spectra and with increasing randomness they shift to 7.50-6.93 ppm.19–22 Further 
information about this topic can be found in previous publications.2,3,11,12 

The blockiness was calculated using the integrals of the total aromatic protons: I 1 = 7.50-6.25 ppm 
(5H) and those of the block styrene, I2 = 6.93-6.25 ppm (2H): 

𝐵 =
𝐼2/2

𝐼1/5
 

 

 

Figure S24: Stacked 1H-NMR spectra of P(S-co-I) synthesized with different [LiOAm/BuLi] ratios. 
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Figure S25 Stacked 1H-NMR spectra of P(S-co-I) synthesized with different [NaOAm/BuLi] ratios. 

 

Figure S26 Stacked 1H-NMR spectra of P(S-co-I) synthesized with different [KOAm/BuLi] ratios. 
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Figure S27. Blockiness of P(S-co-I) as a function of the [THF]/[Li] ratio. The vertical line represents random 
copolymerization.3 Reproduced by permit of American Chemical Society. 
 

 
Figure S 28: SEC (THF, PS-calibration) traces of P(S-co-I) (red) synthesized in cyclohexane (top) and in the presence of 
1/30 equiv potassium amylate (bottom) and the oxidative degradation product (black).  
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Figure S29: Assigned 1H-NMR spectra of PS, obtained from degraded P(S-co-I) synthesized in cyclohexane with 
0.033 equiv KOAm. 
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5. Microstructure of PI units 
The microstructure of the PI units was determined via 1H-NMR. With increasing modifier content 
increase the 3,4- and 1,2-units, which are represented by the following signals: 5.80-5.27 ppm 
(n’’), 4.85-4.38 ppm (k’) and 5.30-4.85 ppm (n, o’’).  

𝐼1,2 = 𝐼(5.80 − 5.27) 

𝐼3,4 = 𝐼(4.85 − 4.38) 

𝐼1,4 = 𝐼(5.30 − 4.85) − 2 ∗ 𝐼1,2  

𝐶1,2 =  
𝐼1,2

𝐼1,2 + 𝐼3,4 + 𝐼1,4
 

𝐶3,4 =  
𝐼3,4

𝐼1,2 + 𝐼3,4 + 𝐼1,4
 

𝐶1,4 =  
𝐼1,4

𝐼1,2 + 𝐼3,4 + 𝐼1,4
 

C is the content of the microstructure in the polymer. Partially overlap, especially of the signals k’ 
and n, o’’, limits the accuracy of this method. But the results are in good agreement with literature,1 
slight differences can be explained by this overlap, different reaction temperature and different 
monomer and chain end concentrations.23 

 

 

Figure S30: Assigned 1H-NMR spectra of the copolymer P(S-co-I) synthesized in pure cyclohexane. 
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Figure S31: Assigned 13C-NMR spectra of the copolymer P(S-co-I) synthesized in pure cyclohexane. 

 

Figure S32: Assigned COSY-NMR spectra of the copolymer P(S-co-I) synthesized in pure cyclohexane. 

 

Figure S33: Assigned HSQC-NMR spectra of the copolymer P(S-co-I) synthesized in pure cyclohexane. 
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Figure S34: Assigned HMBC-NMR spectra of the copolymer P(S-co-I) synthesized in pure cyclohexane. 

 

Figure S35: Assigned 1H-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.75 equiv. NaOAm. 

 

Figure S36: Assigned 13C-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.75 equiv. NaOAm.  
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Figure S37: Assigned COSY-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.75 equiv. 
NaOAm. 

 

Figure S38: Assigned HSQC-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.75 equiv. 
NaOAm. 
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Figure S39: Assigned HMBC-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.75 equiv. 
NaOAm. 

 

Figure S40: Assigned 1H-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.25 equiv. KOAm. 

 

Figure S41: Assigned 13C-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.25 equiv. KOAm. 
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Figure S42: Assigned COSY-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.25 equiv. KOAm. 

 

Figure S43: Assigned HSQC-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.25 equiv. KOAm.  

 

Figure S44: Assigned HMBC-NMR spectra of the copolymer P(S-co-I) synthesized in cyclohexane with 0.25 equiv. 
KOAm. 
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6. Glass transition temperatures 

 

Figure S45: Second DSC heating curve of P(S-co-I) synthesized with different amounts of LiOAm, measured with a 
heating rate of 10 K min-1. 

 

Figure S46: Second DSC heating curve of P(S-co-I) synthesized with different amounts of NaOAm, measured with a 
heating rate of 10 K min-1. 
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Figure S47: Second DSC heating curve of P(S-co-I) synthesized with different amounts of KOAm, measured with a 
heating rate of 10 K min-1. 
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Abstract 

Enteric drug coatings are often used to protect orally administered drugs from the acidic 

conditions of the stomach and vice versa. The most commonly used polymers for this 

purpose consist of methacrylic acid copolymerized with (meth)acrylates, better known 

under their trademark Eudragit® or Kollicoat®. We present two novel synthesis routes for 

modification of these copolymers with glycolic and lactid acid and their use for pH-

responsive galenic formulations and coatings. By retaining the established 

poly(meth)acrylate backbone and modifying the acidic function with α-hydroxy-

carboxylic acids, we were able to reduce the pKa value of the copolymers while retaining 

the material properties. This was accomplished by two different synthesis routes: (i) 

copolymerization and (ii) post-polymerization modification. For the copolymerization, 

benzyl protected α-hydroxy-carboxylic acid modified methacrylic esters were employed 

as new monomers, which were copolymerized with various (meth)acrylates. For the post 

polymerization modification, commercially available Eudragit® was used in a 

nucleophilic substitution with benzyl protected α-bromo-carboxylic acid to obtain high 

molecular weight polymers with a degree of  modification of > 99%. The monomers were 

copolymerized both via free radical (FRP) and reversible addition-fragmentation chain-

transfer (RAFT) polymerization with methyl methacrylate and ethyl acrylate to synthesize 

polymers in the molecular weight range of 2,500-20,000 g mol-1.  While copolymers 

synthesized via FRP showed dispersities in the range of 1.5-2.2, RAFT yielded copolymers 

with narrow dispersities (Đ ≤ 1.3) and adjustable molecular weights. Higher molecular 

weights (95-100 kg mol-1) were synthesized by the quantitative post-polymerization 

modification of commercial available Eudragit®. The protective benzyl groups were 

successfully removed via hydrogenation with a palladium/carbon catalyst or hydrolyzed 

with trifluoracetic acid to obtain α-hydroxy-carboxylic acid modified poly(methacrylate). 

The pH responsivity of the modified copolymers was investigated by pH dependent cloud 

point titration, showing significantly improved solubility at pH 5, which should accelerate 

drug release in the duodenum. Further drug release experiments of coated capsules 

showed significantly faster disintegration for the modified copolymer coatings in 

comparison to the well established Eudragit® copolymers. This work provides the basis 
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for enteric formulations with faster drug release than the current state-of-the-art 

materials. 

Introduction 

Stimuli-responsive polymers can undergo extensive, but reversible structur al 

alterations in response to changes in their environment. They play a key role for a 

large variety of established or envisaged applications like adaptive lenses, [1] 

nanofiltration,[2] targeted drug delivery systems [3,4] and tissue engineeri ng 

scaffolds [5]. Stimuli responsive copolymers that dissolve at a predetermined pH 

are already indispensable for pharmaceutical purposes as well as controlled drug 

release and are widely applied in galenic coatings.[6] pH-responsive polymers for 

galenic coatings contain ionizable functional groups that donate or accept protons 

upon pH change. For instance, polycarboxylate structures in aqueous solution 

form collapsed structures at low pH due to hydrophobic interactions,  resulting 

from the protonated acidic function. At higher pH, expanded coil structures are 

favoured due to electrostatic repulsion between the deprotonated, charged 

carboxylate groups. Rick et al. explored local and global structural changes of 

poly(methacrylic acid) via constant pH molecular dynamics computer 

simulations, which is responsible for the overall pH response.[7] Poly(methacry li c 

acid) exhibits pH-responsive properties with a pKa value of around 5.5 and 

dissolves under basic conditions. [8,9] Poly(methacrylic acid-co-met h yl 

methacrylate) offers strongly pH-dependent solubility, which depends on the 

extent of deprotonation.[10,11] The most important polymers for galenic coatings 

are methacrylate-based copolymers, consisting of methacrylic acid 

copolymerized with different (meth)acrylates (Eudragit® and Kollicoat®) [12–14] for 

pH dependent release in the intestines or alkylated amino-functi on al 

(meth)acrylates, for an immediate release in the stomach. The copolymers most 

commonly used for enteric coatings are copolymers based on methacrylic acid 

and ethyl acrylate: P(MA-co-EA) (Eudragit® L100-55) or methyl methacrylate P(MA-

co-MMA) (Eudragit® L100), due to their high stability, resistance to water vapor 

permeation and protection of the cargo against acids due to their insolubility at 

acidic pH.[15,16] By altering the content of ionizable carboxylic acid groups, the 
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dissolution profile can be adjusted. Eudragit® L100 and Eudragit® L100-55 have a 

carboxylic acid/ester ratio of 1:1, respectively 1:2 for Eudragit® S100. 

Consequently Eudragit® L100 dissolves at a lower pH compared to Eudragit® S100. 

For Eudragit L-100 and L-100-55, solubility above a pH of 6 and 5.5, respecti v el y 

has been reported.[17][18] However, in vivo as well as in vitro studies raise serious 

concerns about the effectiveness of the dissolution in the targeted small 

intestines, especially the duodenum, which has a very narrow time window for 

adsorption.[19–22] Discrepancies between in vitro and in vivo experiments can be 

explained by different drug release lag times, which are attributed to the difficulty 

of reproducing realistic in vivo test conditions in in vitro experiments. More 

specifically, the common test media have much higher buffer capacity than the 

intestinal fluid.[23] Therefore, they fail to reflect the fact that the micro -

environmental pH of the dissolving coating is substantially lower than that of the 

bulk intestinal fluid. Consequently, the lag time of drug release in in vivo 

experiments are significantly longer than in in vitro experiments.[24] This is 

particularly problematic for drugs that are mainly absorbed in the duodenum. 

Further therapeutic problems are caused by site-unspecific drug release. For 

example, the enzyme pancreatin is administered to patients with exocrin e 

pancreatic insufficiency. If the acid-labile pancreatin is not released immediat el y 

after the stomach passage, severe intestinal complaints frequently occur,  

because lipids contained in the diet are not completely digested.[25]  

Considering these still insufficient properties of existing coatings, there is a need 

for enteric coatings that dissolve more rapidly after leaving the stomach at the 

considerably higher pH of the small intestines (5.1-7.8) than the materials 

currently available.[26] Ding et al. used hydrazide-modified polymet h yl 

methacrylate as a promising candidate for pH responsive drug deliver y 

systems.[27] 

Despite an increasing number of publications and patents pertaining to Eudragit ®,  

most are dealing with formulations and new applications of such polymers, but 

little has been reported regarding modification of this drug coating to address the 

problem of slow dissolution in the duodenum.[12,13,28] In the current approach 

we preserve the established (meth)acrylate copolymer backbone to retain the 
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material properties, but the carboxylic acid function is modified to obtain a 

polymer with a lower pKa value. The concept relies on esterification with benzyl 

protected α-hydroxy acids (Fig. 1). This type of polymer was introduced by Theato 

et al. who used an active ester modified methacrylic acid to synthesize the 

homopolymer P(MA-Lac) in a transesterification reaction with L-lactide.[29][30]  It 

is hypothesized that the carboxyl group has a negative inductive effect, lowering 

the pKa value of the polymer. The resonance structure shown in Fig. 1 illustrates the 

inductive effect exerted by the partially positive charge at the oxygen atom of the 

carboxyl group.  

Experimental Section 

Materials, instrumentation, general experimental procedures as well as 

characterizations are described in the Supporting Information.  

Results and discussion 

This work aims at the synthesis of α-hydroxy-carboxylic acid modified MA 

structures as novel monomers for galenic coatings. We focus on the modification 

of MA with glycolic acid and L-lactic acid, respectively (Fig. 2A) and also 

demonstrate a novel post-polymerization modification route for commercia ll y 

available Eudragit®, suitable for scale-up (Fig. 2B). Potential hydrolytic cleavage of 

the pendant ester bond would release the biocompatible Eudragit® copolymer and 

glycolic- or lactic acid into the gastrointestinal tract. L-lactic acid is an endogeno us 

substance and is approved as a food additive (E 270)[31], and glycolic acid has a 

very low, physiologically irrelevant toxicity. To the best of our knowledge, we 

present the first successful example of the polymerization of α-hydroxy-carboxy li c 

acid modified methacrylate under FRP and RAFT conditions. Furthermore, a post-

polymerization method for the quantitative functionalization of high molecula r 

weight Eudragit® L100 and Eudragit® L100-55 is presented. The resulting 

copolymers are investigated with respect to their pH-responsivity via cloud-p oi nt 

titration and controlled drug release by encapsulation tests.  
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Figure 1: Resonance structures of poly(methacrylate)/poly(acrylate) copolymers modified with α-hydroxy 

carboxylic acids, resulting in -I-effect of adjacent carboxylic acid.   

Monomer synthesis 

The monomer synthesis is shown in Fig. 2. To modify methacrylic acid (MA) with α-

hydroxy-carboxylic acids, it is crucial to protect the free carboxylic acid group of 

glycolic- or lactic acid. Several synthetic strategies were explored for direct 

modification of methacrylic acid with α-hydroxy-carboxylic acids, however this 

always resulted in the formation of oligomers and side products. Oligomeriza ti on 

occurs due to the bifunctionality of the α-hydroxy-carboxylic acids, leading to 

condensation reactions between hydroxyl-group and free carboxylic acid.  

Therefore, benzyl groups were chosen as protective groups for the carboxylic acid 

function, due to their high stability towards both acidic and basic conditions. After 

copolymerization, deprotection of the benzyl group can be carried out in a facil e 

and selective manner via hydrogenation  [32] or hydrolysis.  [33][34] Using this 

protection strategy, the competitive esterification of the α-hydroxy-carboxy li c 

acids can be completely avoided. The targeted monomers were synthesized in a 

two-step synthesis procedure: (i) protection of the α-hydroxy-carboxylic acids with 

benzyl bromide and (ii) Steglich esterification using N,N‘-diisopropylcarbodi im d e 

(DIPC) as a coupling agent and N,N-dimethylpyridin-4-amine (DMAP) as a catalyst.  

All starting compounds are inexpensive chemicals, widely used and commercia ll y 

available. DIPC was used, because it is more reactive and less allergenic than 

dicyclohexylcarbodiimide (DCC), which is relevant in view of the envisaged 

pharmaceutical application. The undesired urea coupling product was removed 

via column chromatography.[35] The synthesis of benzyl (S)-hydroxypropanoa t e 
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(Lac-Bn) is well-known in literature. Based on this approach, the protection of 

glycolic acid was performed in a similar manner.[36] For this purpose, the 

sterically demanding base diazabicycloundecene (DBU) was used in a 

stoichiometric amount with respect to the α-hydroxy-carboxylic acids to 

synthesize the benzyl ester in a SN-reaction with yields exceeding 80%. Extracti on 

and distillation were performed to isolate the pure benzyl-protected product (Fig.  

2A). Characterization by 1H NMR spectroscopy confirmed the successful synthesis 

of Lac-Bn and Gly-Bn, respectively. 13C- and additional 2D-spectra obtained by 

various NMR techniques are provided in the Supp. Info. (Fig. S1-10). The protect ed 

α-hydroxy-carboxylic acids were subsequently coupled with methacrylic acid (MA) 

in a Steglich esterification to obtain the glycolic- or lactic acid modified MA. The 

pure monomers were obtained in a yield of 70 % after extraction and subsequ ent 

purification via column chromatography. Characterization by 1H NMR 

spectroscopy demonstrated the successful synthesis of MA-Lac-Bn and MA-Gly -

Bn (Fig. 3), which were further characterized by other NMR techniques (Fig. S11-

20). 

 

 

Figure 2: Synthesis overview of α-hydroxy-carboxylic acid modified methacrylic acid monomers and 

respective copolymerization with MMA or EA. A) Monomer route B) Postpolymerization route  
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Figure 3: Stacked 1H NMR spectra (400 MHz, CDCl3) of glycolic acid modified methacrylate (top) and L-

lactic acid modified methacrylate (bottom).  

Copolymerization using free radical polymerization 

The benzyl-protected monomers were copolymerized with methyl methacrylate (MMA) or 

ethyl acrylate (EA) using both free radical and RAFT polymerization to synthesize novel, 

pH-dependent materials suitable as drug coatings. For this purpose, two different 

initiator systems for the free radical polymerization were examined, 2,2-dimethoxy-2-

phenylacetophenone (DMPA) a photoinitiator, which shows high efficiency for the 

polymerization of methacrylate monomers[37] and a thermal initiator, 2,2′-azobis(2-

methylpropionitrile) (AIBN), a standard initiator in industry.[38] To investigate the 

polymerization potential of these new monomers, the initiator and monomer 

concentrations were changed to target different molecular weights from 11 -36 

kg/mol.[39–41] These could be achieved with the thermal initiator AIBN, but not with 

DMPA. The aim of this optimization was the synthesis of polymers with high yield, 

monomodal molecular weight distributions and low dispersity to investigate the intrinsic 

pH dependent properties of these polymers. Higher molecular weights, similar to the 

commercially available Eudragit® polymers (> 100kg/mol) are important for the formation 

of stable freestanding films and could be achieved by scalable postpolymerization 

modification with an α-bromo benzyl propionate (see the following sections). MMA and 
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EA were chosen as comonomers for the modified methacrylates, as they are already 

widely used in various commercially available copolymers for galenic drug coatings 

(Eudragit®). All copolymerizations were carried out in solution to avoid the Trommsdorff 

gelation effect and to obtain monomodal molecular weight distributions.[39] Benzene, a 

common solvent in FRP, was used due to its low radical transfer rate, good solubility of 

the monomers and polymers and its facile removal.[42]  

According to the steady-state equation, the molecular weight is inversely proportional to 

the initiator concentration and increases with the monomer concentration.[39] These 

trends were observed, as expected. Copolymer yields, molecular weights and 

dispersities are listed in Tables S1-4. 

Although the molecular weight decreased with increasing initiator concentration, the 

yield increased, and at least 5 wt.% had to be used for DMPA to achieve quantitative 

monomer conversion. Incomplete photolysis of the photoinitiator is unlikely and can be 

ruled out due to the long reaction times exceeding 14 hours. A possible explanation for 

the incomplete conversion with less than 5 wt% initiator is that the radicals formed by the 

initiator are terminated before polymerization is complete. As we investiga ted different 

monomer concentrations ranging from 1-2 mol/L, we could not observe a significant 

influence on the molecular weight and dispersity, so 1 mol/L was used to prevent a 

possible Trommsdorff effect and precipitation. The optimized conditions for high yields, 

monomodal distribution and low dispersity are therefore 5 wt% initiator at a monomer 

concentration of 1 mol/L (see Fig. S21-22 and Table S1-2). 

This screening was also carried out for the thermal initiator AIBN. Changing the initiator 

system had the advantage of higher yields and molecular weights but also led to 

undesirable higher dispersities and non-monomodal molecular weight distributions. 

Therefore, 4 wt% initiator at a monomer concentration of 2.5 mol/L (see Fig. S23-24 and 

Table S3-4) was used to synthesize uniform copolymers, which were characterized by 

size exclusion chromatography (SEC) and NMR analysis. No low molecular weight 

products or unreacted monomers were detected by 1H NMR spectroscopy after 

precipitation. SEC data were calibrated with a chemically different PEG standard, which 

leads to deviations and an underestimation of the observed molecular weights.  

Comparing the two initiator systems, i.e. polymers synthesized with AIBN as an initiator 

have higher molecular weights and a broader molecular weight distribution (Fig. S37), 
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while polymers synthesized with DMPA showed overall lower molecular weights, but also 

lower dispersities and monomodal SEC curves (Fig. S40). Since this was more favorable 

for the studies on pH-responsive polymer behavior, independent of their molecular 

weight distribution, we focused on DMPA as an initiator. The deprotected low molecular 

weight polymers formed stable films. In addition to these molecular weights, methacrylic 

acid-copolymers were modified in a post-polymerization modification to synthesize 

polymers with at least twice the entanglement molecular weight (PMMA 18 kg/mol), 

which is described in the post-polymerization section.  [43] 

 

MMA copolymers: The monomers MA-Lac-Bn and MA-Gly-Bn were copolymerized with 

MMA using both optimized initiator systems. MMA was chosen as a comonomer for direct 

comparison with the established copolymer (Eudragit® L100), which consists of MA and 

MMA in the molar ratio 1:1. Additionally different molar ratios, in analogy to Eudragit® 

S100 were also synthesized (Table 1). The obtained copolymers were analyzed by 1H-NMR 

(Fig. 4, S27) as well as 2D NMR spectroscopy (S28-36), and no unreacted monomer could 

be detected. The incorporation ratio of the monomers was calculated by 1H-NMR 

spectroscopy by comparing the benzylic protons at 5.06-5.23 ppm and the methyl group 

of the ester at 3.40-3.68 ppm for P(MA-Lac-Bn-co-MMA), as shown in Fig. 4 and in S27 for 

P(MA-Gly-Bn-co-MMA). The determined molar incorporation ratio agrees with the 

monomer feed ratio for all copolymer samples (Table 1). Furthermore, the resulting 

copolymers were analyzed via SEC (see Fig. S25-26). All SEC traces showed monomodal 

weight distributions, but as expected for free-radical polymerizations all polymers 

showed higher dispersities in the range of 1.63 to 1.95 for DMPA as initiator. The 

molecular weight distribution, dispersities and the peak maxima of the SEC traces of the 

copolymers were in the same range for all samples. Tailing of the molecular weight 

distribution to lower or higher molecular weights was not detected. 

 

The thermally initiated copolymers using AIBN as an initiator showed broader 

distributions with dispersities around 2.4 (see Fig. S37). In comparison to the copolymers 

initiated with DMPA, SEC traces of AIBN initiated copolymers showed tailing in the lower 

molecular weight region and no symmetrical distributions. The decomposition of DMPA 

is linear, resulting in a monomodal SEC curve, in contrast to AIBN, which has a half-life of 
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6.1 h at 70 °C in benzene.[44,45] For the copolymerization with AIBN more radicals are 

formed at the beginning of the reaction than at the end. This makes termination reactions 

at the beginning of the polymerization more likely, which may account for the shoulder in 

the low molecular weight range. The high molecular weight shoulder is tentatively 

explained by recombination of two polymer chains. 

 

Table 1: Characterization of the MMA copolymers using DMPA as a photoinitiator.  

Copolymer Ratioa Mn
b / (g/mol) Đb 

P(MA-LacBn0.5-co-MMA0.5) 1:1.03 3020 1.95 

P(MA-LacBn0.33-co-MMA0.66) 1:1.98 3130 1.83 

P(MA-LacBn0.66-co-MMA0.33) 1.96:1 2750 1.63 

P(MA-GlyBn0.5-co-MMA0.5) 1:0.96 2790 1.87 

P(MA-GlyBn0.33-co-MMA0.66) 1:1.87 2680 1.66 

P(MA-GlyBn0.66-co-MMA0.33) 1.77:1 2760 1.77 
a Determined by 1H-NMR (400 MHz, DMSO-d6) modified MA:MMA. b Determined by SEC (eluent: DMF, 

Calibration: PEG). 

 
Figure 4: 1H-NMR (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymer. 
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EA copolymers: Furthermore, the monomers MA-Lac-Bn and MA-Gly-Bn were also 

copolymerized with EA and DMPA as an initiator, according to the criteria defined in the 

previous section to obtain copolymer structures in analogy to Eudragit® L100 -55 with the 

respective α-hydroxy acid in the side chain. 1H-NMR spectra and SEC traces of the 

copolymers are depicted in the Supp. Inf. (Fig. S38-40). No residual monomer can be 

detected, and the MWD is monomodal. The composition of the copolymers can be 

verified by 1H NMR spectroscopy by comparing the integral of the benzyl protons at 5.02-

5.22 ppm with the integral of the methylene protons at 3.80-4.12 ppm. Compared to MMA 

as a comonomer, the copolymers with EA showed almost twice the molecular weight, a 

slightly higher dispersity, but comparable yields. One possible explanation for this is that 

for MMA the stabilizer was not completely removed by flash column chromatography with 

basic aluminum oxide. 

These copolymers were synthesized to compare them with the established structure 

Eudragit® L100-55 in terms of pH-responsive dissolution behavior and targeted drug 

release, as can be seen in the following sections. 

 

Copolymerization using RAFT technique 

 
Figure 5: SEC curves (DMF, PEG calibration) for P(MA-Lac-Bn-co-MMA) and P(MA-Gly-Bn-co-MMA) copolymers using 

RAFT polymerization, see table S5. 
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Reversible addition-fragmentation chain-transfer (RAFT) polymerization has been 

employed to synthesize copolymers with lower dispersity and an adjustable 

molecular weight. RAFT polymerization is a controlled polymerization method. It is 

used as a versatile approach for manifold biomedical polymer applications. [46] 

One of the attractive benefits of RAFT polymerization is its simple setup involving 

radical polymerization, which is mediated by a chain transfer agent (CTA). For this 

purpose, the CTA 2-cyano-2-propyl dodecyl trithiocarbonate was added to the 

reaction mixture. This CTA was chosen because of its good compatibility with 

acrylates and methacrylates, as well as the evaluation of 1H-NMR spectra. The 

methylene group in α-position to the thiocarbonate group at 3.22-3.29 ppm shows 

a slight overlap with the water signal at 3.33 ppm, but is separated from other 

polymer signals and is used to calculate the total number of monomer units and 

the molecular weight of the copolymer. 

As a proof of concept, the different modified methacrylates were copolymeriz ed 

with MMA. The RAFT reaction conditions are stated in the Supporting Information. 

Two different molecular weights of 10 and 20 kg/mol were targeted and 

characterized via SEC and 1H-NMR calculations. 1H-NMR and COSY spectra are 

shown in Fig. S41-43. They confirm successful copolymerization and are 

consistent with the samples synthesized by FRP, with the additional integrabl e 

initiator signal. The molecular weights determined by this method are listed in 

Table S5 and are very close to the targeted molecular weights of 10 and 20 kg/mol.  

The targeted molar ratio of 1:1 (functionalized MA:MMA) was almost reached for 

the 20 kg/mol samples, but the 10 kg/mol samples showed slight deviations from 

the targeted ratio. Not enough MMA was incorporated, which can be explained by 

statistical errors, as the amount of monomer was added to the reaction 

volumetrically by syringe and as only small amounts were synthesized, small 

deviations from the calculated volume have a strong effect on the copolym er 

composition. However, all copolymers were obtained in high yields (> 95 %) after 

precipitation.  

The corresponding SEC traces are shown in Fig. 5. The obtained copolymers had 

moderate dispersities in a range of 1.28 to 1.44 and higher adjustable molecula r 

weights compared to FRP. The comparison of the two methods for determining the 
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molecular weights shows that the NMR results are about twice as high as with SEC. 

It is difficult to judge which of these two methods is more reliable, as the NMR 

signal overlaps slightly, and SEC is based on PEG standard. In general, SEC-res ul ts 

are likely to be underestimated, while the NMR method overestimates the 

molecular weight. 

 

Postpolymerization modification 

Even though synthesis on gram scale by FRP and RAFT polymerization was 

successful, the time-consuming monomer synthesis involving purification via 

column chromatography significantly limits scalability and therefore the potential 

usage of the resulting polymers. Consequently, we also developed a scalable post 

polymerization modification based on the commercially available Eudragit® L-100 

and L-100-55 structures. This simplified reaction is shown in Fig. 2B, and reaction 

conditions are listed in the Supp. Inf.. This approach allows the synthesis of the 

desired polymers on a hundred-gram scale, without the need for special chemica ls 

or column chromatography, which shortens the reaction time considerably.  

In the first step the carboxylate function of Eudragit® reacts in a nucleophi li c 

substitution reaction with the α-bromo-phenyl ester to generate the protect ed 

polymer, which is deprotected in a second step with trifluoracetic acid (TFA) (see 

Fig. 2B). This sequence was carried out for the polymers P(MA-Gly-Bn-co-M M A) 

and P(MA-Lac-Bn-co-EA), since they were the most promising drug coatings in the 

following pharmaceutical tests. By this approach we were able to synthesiz e 

polymers with higher molar masses between 95 kg/mol for P(MA-Lac-Bn-co -E A) 

and 100 kg/mol for P(MA-Gly-Bn-co-MMA) (Fig S44), albeit with larger dispersiti es 

of 3.3-10.6. These higher molecular weight copolymers were produced on a 

hundred-gram scale, the molecular weight as well as dispersity are predefined by 

the Eudragit® L-100 and L-100-55 polymers used for modification. SEC was 

performed in THF with a PEG standard and is shown in Fig. S44. The higher molar 

masses achievable by this technique should improve material properties of the 

copolymers and help with film formation. The corresponding 1H-NMR spectra (Fig.  

S45-46) can be found in the SI. As expected, the NMR spectra of polymers 

synthesized by the different routes are identical. The absence of proton signals 
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corresponding to the free carboxylic acid is evident for the quantitativ e 

functionalization (> 99%) for both copolymers. 

 

Removal of the protective groups by hydrogenation: 

In the final step of the synthesis, the benzyl protection group has to be removed to 

release the free α-hydroxy carboxylic acid groups (Scheme 2). However, other ester 

cleavage must be avoided, which complicates this step. Deprotection was carried 

out for P(MA-Gly-Bn-co-EA) and P(MA-Lac-Bn-co-EA) and the corresponding MMA 

copolymers synthesized by the monomer route using 20 wt% Pd/C as a catalyst for 

the hydrogenation according to a standard literature procedure.[33] The removal 

of the benzyl groups was performed at 40 bar hydrogen pressure and 40°C, for at 

least 4 days using ethyl acetate as a solvent. As depicted in Fig. 6, the exemplar y 
1H-NMR spectrum of the deprotected sample of P(MA-Lac-co-EA) obtained in 

DMSO-d6 shows full disappearance of the aromatic and benzyl proton signals (δ = 

7.28 -7.42 ppm and 5.11 – 5.22 ppm) and the occurrence of the carboxylic acid 

signal at 13.02 ppm. The 1H NMR spectra of the EA and MMA copolymers are shown 

in Fig. S 47-50, verifying the successful quantitative deprotection. Characteriza ti on 

by SEC was performed, but no signal was obtained with the refractive index 

detector and the UV detector, due to interaction of the multiple carboxylic acid 

functions with the column material of the SEC. However, quantitative yields and 

quantitative deprotection were achieved with this synthetic approach. 

Comparison of the copolymers via FTIR spectroscopy before and after 

deprotection confirmed the successful removal of the benzyl groups, by the 

disappearance of the aromatic bands at 700-750 cm-1, the ester band of the 

protected polymer at 1750 cm-1 and the appearance of the carboxylic OH 

stretching vibration at 3300 cm-1 (Fig. 51). Additionally, thermal behavior was 

investigated via DSC, see Fig. S52-53. The copolymer P(MA-Gly-co-MMA) shows a 

glass transition temperature in the range of 121-126 °C, which is significantly lower 

than that of the unmodified copolymer (Eudragit® L-100) Tg = 169°C, which is 

explained by the flexible side chains. The Tg of the ethyl acrylate copolymer P(MA-

Lac-co-EA) at 90°C is almost the same as that of the unmodified Eudragit® L-100-

55 at 83 °C, see Fig. S54.  
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Figure 6: 1H-NMR (400 MHz, DMF-d7; DMSO-d6) of top: P(MA-Lac-Bn-co-EA) and bottom: deprotected P(MA-

Lac-co-EA). 

 

Removal of the protective groups by hydrolysis: 

Hydrogenation proved to be an unsuitable deprotection route for polymers 

synthesized by the post-polymerization modification, since the deprotection was 

incomplete due to the high molecular weights of around 100 kg/mol of the polymer.  

Additionally, the long reaction time of over 4 days, the hydrogen pressure of 

exceeding 40 bar and the amount of 20 wt% catalyst necessary for the reaction is 

too cost intensive for a possible upscaling. Therefore, a different synthesis 

approach had to be investigated and trifluoracetic acid (TFA) proved to be suitable 

for the quantitative hydrolysis of the benzyl protection unit.  [34] 
1H- and 19F-NMR spectra for the polymers for P(MA-Gly-co-MMA) and P(MA-Lac -co -

EA) are shown in Fig. S 54-57. No benzylic protons can be detected, which 

indicates that the deprotection with ≥ 99% was complete, no methyl methacryla t e 

or modified methacrylate was hydrolysed, and the absence of any signal in the 19F-

NMR spectra proves that all TFA was removed successfully. As already mentioned, 

SEC was not possible, but DSC measurements were performed (see Fig. S52-53).  
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All NMR spectra and glass transition temperatures are comparable with the 

polymers synthesized via the monomer route. 

Using this approach we were able to reduce reaction time and the polymer was 

prepared on a hundred-gram scale with a yield exceeding 87%. 

 

Cloud point titration 

To study the pH dependent solubility of the synthesized copolymers in comparison 

to the commercially available galenic coatings Eudragit® L100-55 and L100, pH-

dependent transmission measurements were carried out. All copolymers were 

dissolved under basic conditions at a polymer concentration of 5  mg mL-1. The 

exact procedure is described in the Supp. Inf.. The transmission measurem en ts 

were performed at 37°C to simulate the body temperature at which the galenic 

coating is dissolved in vivo. Titration was performed via subsequent stepwise 

addition of 0.1 molar hydrochloric acid, lowering the pH of the medium. At a certain 

pH level corresponding to the pKa value of the α-hydroxy-carboxylic acid repeating 

units the polymer becomes insoluble, due to protonation of the carboxyla t e 

groups. This was investigated by turbidimetry: as the polymer precipitates, the 

mixture becomes increasingly turbid, and transmissio n decreases abruptly (Fig. 7 

and S 58). 

All of the α-hydroxy-carboxylic acid modified copolymers dissolve at lower pH 

compared to the unmodified copolymers, as their transmission increased earlier.  

The transmission at a pH level of 4.5 of the unmodified copolymers was about 

10 %, whereas the modified copolymers still showed good solubility at this pH, 

indicated by the transmission of > 95%. The commercial Eudragit® L-100 and the 

synthesized copolymer P(MA-co-MMA) showed similar pH response, slight 

differences are explained by the higher molecular weight of the commercia ll y 

available Eudragit® L-100 copolymer (around 125 kg/mol) and a slightly different 

comonomer ratio.[47] For all modified copolymers the results evidence 

dissolution at lower pH than their Eudragit® counterparts. There is no significant 

difference between the lactic and glycol modification and the different molecula r 

weights. 
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The ethyl acrylate copolymers are shown in Fig. S58. All modified copolym ers 

dissolve at lower pH than the commercial Eudragit® L-100-55 and the synthesiz ed 

P(MA-co-EA) samples. At a pH of 5.0, the transmission for the unmodified polymer 

is lower than 10%, while the modified copolymers still exhibit more than 90% 

transmission. Both Eudragit® L-100-55 copolymers showed similar pH response 

behavior, small differences are explained by the different molecular weights and a 

slight variation of the comonomer ratio. The lactide modified copolymers obtained 

by the post polymerization modification dissolve even earlier than the low 

molecular weight polymer. This might be caused by slightly different comonomer 

ratios.  

These results demonstrate the improved solubility of copolymers modified with α-

hydroxy-carboxylic acids at lower pH compared to the unmodified copolym ers.  

Therefore, we conclude that introducing these α-hydroxy-carboxylic acids lowers 

the pKa value of the copolymers. This modification should therefore lead to faster 

drug release in the duodenum. In addition to the improved dissolution, it is crucial 

for a galenic drug coating to have acid resistance to the conditions in the stomach. 

This was also proven by the turbidity measurement, but additional experim en ts 

were carried out with coated capsules to investigate the acid absorption and drug 

release of a coated paracetamol capsule. 

 
Figure 7: pH dependent transmission experiment for Eudragit® L100-type copolymers at 37 °C. 
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Acid uptake 

For galenic drug coatings, it is essential that they are stable, insoluble and do not swell 

more than 10 wt % under the acidic conditions of the stomach.[48] To investigate this 

swelling behavior, the so-called “acid uptake”, we used a standardized procedure 

described in the European Pharmacopoeia, with the slight deviation of a pH of 2 to ensure 

acid stability even in a not fasted state.[49] Hydroxypropyl methylcellulose (HPMC) 

capsules filled with paracetamol were dip coated with the modified polymers until a 

coating density of approximately 10 mg/cm2 was achieved, the determination is 

described in the Supp. Inf.. Since HPMC and paracetamol are water soluble,  we attribute 

any swelling to the polymer coating. These capsules were immersed in a 0.01 M HCl 

solution for one hour to simulate gastric conditions. They were then carefully dried and 

weighed to calculate the acid uptake. This is shown in Fig. 8. The experimental conditions 

and calculations are listed in the Supporting Information. 

All copolymers demonstrated an acid uptake of less than 10 %. As a reference low and 

high molecular weight Eudragit® copolymers were also measured. The low molecular 

weight Eudragit® like polymers showed a slightly higher acid uptake than the commercial 

Eudragit® polymers. This might be due to the lower molecular weight of the polymer. 

However, modification of the methacrylic acid seemed to compensate the lower 

molecular weight and showed improved resistance against acid uptake. The 

postpolymerization modified polymers P(MA-Gly-co-MMA) and P(MA-Lac-co-EA) exhibit 

a slightly higher acid uptake than their low molecular weight counterparts and their 

source Eudragit® material, but are still below the required 10%. For a complete analysis 

of the improved solubility of the new copolymers, the release of the drug paracetamol was 

investigated in dissolution tests of polymer-coated capsules. 
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Figure 8: Acid uptake of the coated capsules after 1 hour in 0.01 M HCl. All copolymers showed an acid 

uptake < 10 % indicating a very good acid resistance. Eudragit® L-100 and analogs (red) and Eudragit® L-100-

55 and analogs (blue). 

Dissolution test of coated capsules 

The drug release of hydroxypropyl methylcellulose (HPMC) capsules filled with 

paracetamol and coated with the new copolymers was investigated using the basket 

method (USP apparatus I) in a 15 mM phosphate buffer to simulate physiological 

conditions.[21] Paracetamol as well as HPMC are soluble in water, and therefore the drug 

release is primarily dependent on the dissolution of the copolymer. First, the capsules 

were tested in 900 ml of 0.01 M HCl for 1 hour followed by 2 hours in 900 ml of a 15 mM 

phosphate buffer at 37 °C. This buffer was described by Al-Gousous et al. for its bio-

predictive representation of the proximal small intestinal conditions.[21] After set time 

points samples were withdrawn manually without replacement, and the paracetamol 

content was quantified with an UV-Vis spectrometer, as described in the experimental 

part. The results after 45 minutes are shown in Fig. 9. All copolymers showed no sign of 

drug release after 1 hour in 0.01 M HCl, indicating good acid resistance. Altogether, all 

modified copolymer showed significant faster drug release compared to the unmodified 

polymers, in accordance with the cloud point titrations, even though the modified 

copolymers exhibited the highest degree of coating. 
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Comparing the Eudragit® structures with its low molecular weight analogue in Figure 9 it 

becomes clear that the molecular weight of the copolymers has an influence on the 

polymer dissolution, as a higher molecular weight results in a slower dissolution of the 

polymer.[50] This result differs from the previous cloud point titration, in which the 

dissolution was independent from the molecular weight, this is especially pronounced in 

the EA copolymers, as can be seen in the comparison of the lactide modification in Fig. 

9. The high molecular weight polymer showed almost no drug release after 45 minutes, 

which might be explained by the kinetically hindered dissolution of the higher molecular 

weights due to entanglements. This was not observed for the copolymer P(MA-Gly-co-

MMA), as it still showed slightly lower drug release than the low molecular weight analog, 

but significantly higher than the established Eudragit® structures. Therefore, the 

enhanced drug release of the glycol modified polymers is largely independent of the 

molecular weight and is higher than that of Eudragit® L-100. Both Gly-copolymers showed 

increased drug release compared to L-100. Therefore, modification with an α-hydroxy-

carboxylic acid, has a significant impact on the release rate, attributed to the  lower pKa-

value of the resulting polymers. With a lower pKa-value, a greater proportion of the 

polymer is ionized, even at the lower microenvironmental pH in the swollen film resulting 

in a faster dissolution.  

 
Figure 9: Drug release [%] at t=45 minutes in the dissolution test. The modified polymer shows a significantly 

faster drug release compared to the commercial Eudragit L100 and the P(MA -co-MMA) with a lower 

molecular weight. Eudragit® L-100 and analogs (red) and Eudragit® L-100-55 and analogs (blue). 
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Conclusions 

We have described different synthetic procedures to obtain enteric Eudragit® like 

structures with lower pKa values, improved pH-response and drug release. In a first step 

we describe the synthesis of novel benzyl protected α-hydroxy-carboxylic acid 

modified methacrylate monomers. Therefore, methacrylic acid monomers,  

esterified with benzyl-protected glycolic acid (MA-Gly-Bn) and L-lactic acid (MA-

Lac-Bn) were synthesized and fully characterized. These functional monomers were 

copolymerized by free radical polymerization with ethyl acrylate (analogous to 

Eudragit® L100-55) as well as methyl methacrylate (analogous to Eudragit® L100).  

Furthermore, the monomers MA-Lac-Bn and MA-Gly-Bn were copolymerized with 

MMA using RAFT polymerization techniques to obtain copolymers with low 

dispersity and adjustable molecular weights. As proof of concept the low molecular 

weight polymers were deprotected and investigated regarding their intrinsic pH-

dependent dissolution properties. The most promising copolymers P(MA-Gly-co-MMA) 

and P(MA-Lac-co-EA) were also synthesized in a scalable post polymerization 

modification, resulting in molecular weights > 100 kg/mol. The benzyl protective group 

could be completely removed by hydrogenation using heterogenous Pd/C catalysis 

or hydrolysis with TFA to release the free carboxylic acid functionality, introducing a pH 

responsive functionality to the copolymer. The dissolution profile of these copolymers 

was investigated using cloud point titration and all copolymers proved solubility at lower 

pH. In addition to dissolution, the acid resistance of all copolymers was tested by drug 

release experiments with polymer coated HPMC capsules containing paracetamol.  All 

copolymers showed excellent acid resistance and an acceptable acid uptake of less than 

10 wt.% after one hour in an acidic environment (0.01 M HCl). By changing the pH to 6.5 

(15 mM phosphate buffer), the modified copolymers demonstrated much faster drug 

release compared to the unmodified copolymers as well as the commercial Eudragit® 

products, which we attribute to a lower pKa-value of the copolymer. This effect is for the 

glycol modification almost independent of the molecular weight. The concept of 

modifying the polymethacrylate backbone with α-hydroxy-carboxylic acids to lower the 

pKa-value of the resulting copolymers, has proven to increase drug release. 

Consequently, the new copolymers with lower pKa-values could help address some 
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product performance issues of enteric coated dosage forms, such as the failure of 

antiplatelet low dose aspirin therapy commonly observed with the enteric-coated 

products. This failure has been attributed to the poor bioavailability of aspirin due to the 

slow dissolution of the enteric coating.[51–53] Therefore, the herein presented post 

polymerization modified commercial Eudragit® copolymers are a promising 

alternative to commercial Eudragit® L-100 and L-100-55, with an improved drug 

release at lower pH. Further studies on cytotoxicity, long term stability and formulation 

will be discussed in a follow-up article. Other α-hydroxy acids such as mandelic and 

malic acid will also be the subject of further investigations. 
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Experimental Part 
Reagents 
Solvents and chemicals were typically purchased from Acros Organics, Thermo  Fischer Scientific Inc., TCI, 
Sigma-Aldrich, Merck, Fluka, VWR International or Carl Roth GmbH and used as received , unless otherwise 
stated. Deuterated solvents were received from Deutero GmbH. The synthesized monomers were subjected  
to flash chromatograph y with neutral aluminium oxide to remove the stabilizer. Technical petrol ether was 
distilled before use. Eudragit® L100-55 and L100 were provided by Evonik Industries AG. Paracetamol was 
obtained from Caesar & Loretz GmbH (Hilden, Germany). The transparent hydroxypropyl methylcellu lo s e 
(HPMC) capsules (ACG Nature Caps Plus) were received as gift from ACG Associated Capsule PvT Ltd  
(Ashagadh, Maharashtra, India). 
 
Instrumentation 
1H NMR (400 MHz) spectra were recorded on a Bruker Avance III HD (400 MHz, 5 mm BBFO -head with z-
gradient and ATM, BACS 60 sample changer) and referenced internally to the proton signal of the deuterated  
solvent (CDCl3, DMSO-d6). 
Size exclusion chromatograph y (SEC)  analysis was performed in dimethylformamid e (DMF) (containing 1 g L −1  
lithium bromide) as an eluent and Polymer Standards Service (PSS) HEMA columns (300/100/40 Å porosity) at  
50 °C, using a RI detector at a flow rate of 1 mL min −1. Molecular weights were determined by a calibration with  
poly(ethylen e oxide) standards in the molecular range of 194-44700 g mol−1 provided by PSS. 
Differential scanning calorimetry (DSC) measurements  were carried out under a nitrogen atmosphere using a 
TA instruments DSC 250 connected to a TA instrument RCS 90 refrigeration system from Waters Corporatio n . 
Experiments were performed in the temperatu re range of −90 °C to 200 °C, with a heating and cooli ng rate of 
10 °K min−1 using a two-point calibration of indium and n-octane. The values of the second heating cycle were 
used for analysis.  
Cloud point measurements were performed on a JASCO V-640 photometer, equipped with a JASCO ETC-717 
Peltier element at 600 nm. It was heated from 30 to 40 °C with a heating rate of 3 K min -1 while stirring. The 
transmission value at 37 °C was used for determinatio n of the transmission at specific pH values.  
FT-IR spectra were recorded using a Thermo Scientific iS10 FT-IR spectrometer, equipped with a diamond AT R 
unit. 
Capsule dissolution experiment s were performed in a USP type I apparatus (PTW S III, Pharma Test, German y) . 
The analysis of the dissolution samples was done spectrophotometrically (UV -1700 PharmaSp ec, Shimad zu , 
Japan). 
The photoinitiated radical copolymeri zation  experiments were performed using a UV lamp (XX-15B) from Ultra-
Violet Products Ltd. The UV lamp was equipped with two UV tubes of the manufacturer Vilber Lourmat 
Deutschland GmbH of different wavelengths: 312 nm (T-15.M) and 365 nm (T-15.L). 
 

Synthesis of benzyl 2-hydroxyacetate (GlyBn) 
GlyBn was prepared similarly to the described procedure in the literature. 23 Glycolic acid (29.98 g, 0.394 mol, 
1.0 eq) was dissolved in 150 mL of methanol in a 500 mL flask. The base 1,8-diazab icyclo(5.4.0) und ec-7- en e 
(59.98 g, 0.394 mol, 1.0 eq) was added dropwise under stirring. After stirring for 1 hour the solvent was 
removed under reduced pressure. The oily liquid was dissolved in 240 mL of dimethylformamid e (DMF) and  
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cooled to 10 °C. At this temperature benzyl bromide (67.54 g, 0.394 mol, 1.0 eq) was added dropwise. The 
reaction mixture was stirred overnight at room temperature. The yellow solution was diluted with 250 mL of 
ethyl acetate and 400 mL of deionized water. The aqueous phase was extracted with 150 mL of ethyl acetate 
for 4 times. The combined organic phase was extracted with 150 mL of water, three times with 150 mL of 
5 wt.% citric acid and two times with 150 mL of brine and dried over sodium sulfate. Ethyl acetate was remo ved  
under reduced pressure to obtain the crude product. The purity was improved by distillation at 98 °C and at  
1*10-3 mbar to obtain the pure product in 82 % yield. 1H NMR (400 MHz, chloroform-d) δ (ppm) = 2.36 (s, 1H , 
CH2 OH), 4.20 (s, 2H, CH2 OH), 5.24 (s, 2H, CH2 C6H5), 7.34-7.40 (m, 5H, CH2 C6H5). 
Benzyl (S)-hydroxypropa noa te (Lac-Bn) and Benzyl-hydroxypropa noa te (DLLacBn)  were prepared  
analogous to Gly-Bn. The purification was performed by distillation at 100 °C and at 1*10-3 mbar to obtain the 
pure product in a yield of 72 %. 1H NMR (400 MHz, chloroform-d) δ (ppm) = 1.46 (d, J = 6.9 Hz, 3H, CH3 CH (OH)), 
2.85 (s, 1H, CH3 CH (OH)), 4.35 (q, J = 6.9 Hz 1H, CH3 CH (OH)), 5.24 (s, 2H, CH2 C6H5), 7.33-7.40 (m, 5H, CH2  
C6H5). 
 
Monomer synthesis 2-(benzyloxy)-2-oxoethyl methacrylate (MA-GlyBn) 
GlyBn (10,00 g, 0.061 mol, 1.0 eq), methacrylic acid (5,70 g, 0.062 mol, 1.1 eq) and N,N-Dimethylpyridin - 4-
amine DMAP (0,74 g, 0.006 mol, 0.1 eq) were dissolved in a brown glass flask in 50 mL of DMF. The solutio n  
was cooled with an ice bath to 0 °C. N,N‘-Diisopropylcarbo diimd e DIPC (11.39 g, 0.09 mol, 1.5 eq) was 
dissolved in 15 mL of DMF and added dropwise to the cooled solution. Additional 10 mL of DMF were added  
to rinse all DIPC. After complete addition of DIPC, the ice bath was removed and the reactio n mixture was 
stirred for 5 days at room temperature. The white solid was filtered. The yellow solution was diluted with  
100 mL of ethyl acetate and 100 mL of deionized water. The aqueous phase was extracted 3 times with 150 mL 
of ethyl acetate. The combined organic phase was extracted with 150 mL of deionized water and 2 times with  
100 mL of brine and dried over magnesium sulfate. A stabilizer 2,6-Di-tert-bu tyl-4-meth ylph en ol (BHT) was 
added and the solvent was removed under reduced pressure to obtain the crude product. The crude product 
was stored at -20 °C to crystallize the remaining urea. The white solid was removed by filtration and wash ed  
with ice cold ethyl acetate. The solvent was removed under reduced pressure. The purification was performed  
by column chromatograp hy with ethyl acetate and petrol ether (1:5) to obtain the pure product in a yield of 
70 %. 1H NMR (400 MHz, chloroform-d) δ (ppm) = 1.99 (m, 3H, CH2 C (CH3)), 4.73 (s, 2H, O CH2 C (O) O), 5.21 
(s, 2H, CH2 C6H5), 5.66-5.75 (m, 1H, CH2 C (CH3)), 6.18-6.27 (m, 1H, CH2 C (CH3)), 7.30-7.44 (m, 5H, CH2 C6H5) . 
(S)-1-(benzyloxy)-1-oxopropa n-2-yl methacrylate (MA-Lac-Bn) and 1-(benzyloxy)-1-oxopropan -2 -yl  
methacrylate (MA-DLLac-Bn) were prepared analogous to MA-Gly-Bn in 59 % yield. 1H NMR (400 MHz, 
chloroform-d) δ (ppm) = 1.55 (d, J = 7.1 Hz 3H, O CH (CH3)), 1.97 (m, 3H, CH2 C (CH3)), 5.08-5.29 (m, 1H, O CH  
(CH3)) and 2H, CH2 C6H5), 5.63 (m, 1H, , CH2 C (CH3)), 6.20 (m, 1H, CH2 C (CH3)), 7.28-7.44 (m, 5H, CH2 C6H5). 
 

Copolymerization of modified MA copolymers 
The synthesis procedure of an exemplary P(MA-GlyBn0.50 -co-MMA0 .50) with a molar ratio of 1:1 was performed  
as follows. The monomers MA-GlyBn (0.800 g, 0.0034 mol, 1.0 eq) and methyl methacrylate (MMA) (0.342 g, 
0.0034 mol, 1.0 eq) were columned over neutral aluminium oxide to remove the stabilizer and transferred to a 
schlenk flask. The monomer mixture was diluted with 6 mL benzene to obtain a monomer concentration of 1 
mol/L. The photoinitiator 2,2-dimetho xy-2-p henylacetoph enon e (DMPA) (57.5 mg, 0.22 mmol, 5 wt.%) was 
dissolved in 0.4 mL of benzene and added to the monomer mixture. The schlenk flask was sealed and t he 
reaction mixture was degassed three times with the freeze-pu mp-th aw technique. Subsequently, the solutio n  
was stirred under irradiation of UV light for 14 hours. The polymer product was precipitated twice in ice cold  
petrol ether and separated by centrifugation. Typical yields were in the range of 90-99 %. 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) = 0.53-1.32 (m, 6H, CH2 C (CH3)), 1.38-2.27 (m, 4H, polymer backbone CH2 C (CH3)), 3.51 
(broad s, 3H, O CH3), 4.68 (s, 2H, O C (O)CH2 O), 5.15 (broad s, 2H, CH2 C6H5), 7.05-7.63 (m, 5H, CH2 C6H5). 
P(MA-Lac-Bn-c o-MMA) and P(MA-DLLac-Bn-c o-MMA) copolymers were prepared analogous to P(MA-
GlyBn0.50-co-M MA 0.50) in yields of approximately 90 %. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.51-1.20 (m, 
6H, CH2 C (CH3)), 1.38 (broad s, 3H, CH (CH3)), 1.57-2.23 (m, 4H, polymer backbone CH2 C (CH3)), 3.51 (broad  
s, 3H, O CH3), 4.95 (broad s, 1H, CH (CH3)), 5.14 (broad s, 2H, CH2 C6H5) 7.03-7.62 (m, 5H, CH2 C6H5). 
P(MA-Lac-Bn-co-E A), P(MA-DLLac-Bn -co-E A) and P(MA-GlyBn-co-EA) were prepared analogous to P(MA-
GlyBn0.50-co-M MA 0.50) as described above. P(MA-Lac-Bn-c o-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.60-
1.02 (m, 3H, CH2 C (CH3)), 1.11 (broad s, 3H, CH3 CH2 O), 1.36 (broad s, 3H, CH (CH3)), 1.46-2.31 (m, 5H , 
polymer backbone CH2 C (CH3) and CH2 CH), 3.97 (broad s, 2H, O CH2 CH3), 4.93 (broad s, 1H, CH (CH3)), 5.12 
(broad s, 2H, CH2 C6H5) 7.03-7.62 (m, 5H, CH2 C6H5). P(MA-GlyBn-co-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm)  
= 0.67-1.03 (m, 3H, CH2 C (CH3)), 1.11 (broad s, 3H, CH3 CH2 O), 1.24-2.38 (m, 5H, polymer backbone CH2 C 
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(CH3) and CH2 CH), 3.97 (broad s, 2H, O CH2CH3), 4.64 (broad s, 2H, O C (O)CH2 O), 5.13 (broad s, 2H, CH2  
C6H5) 7.03-7.65 (m, 5H, CH2 C6H5). 
The thermal initiated copolymerization was performed analogous to the photoinitiated copolymerizatio n. The 
photoinitiator DMPA was substituted with 2,2′ -Azobis( 2-methylpropionitrile) (AIBN) using 4 wt% and a 
monomer concentration of 2.5 mol/L. The copolymerization was performed at 70 °C for 14 hours. The product 
was obatined in 99 % yield after precipitation. 
 
Copolymerization of unmodified MA copolymers 
The synthesis procedure of an exemplary P(MA0.50-co-MMA0.50) was carried out as follows. The monomers MA 
(1.50 g, 17.4 mmol, 1.0 eq) and MMA (1.74 g, 17.4 mmol, 1.0 eq) were columned over neutral aluminium oxid e 
to remove the stabilizer and transferred to a Schlenk flask. The monomer mixture was diluted with 35 mL of 
benzene to obtain a monomer concentration of 1 mol/L. The photoinitiator 2,2-dimethox y - 2-
phenylaceto ph enon e (DMPA) (162.0 mg, 0.63 mmol, 5 wt.%) was added to the monomer mixture. The Schlen k 
flask was sealed and the reaction mixture was degassed three times with the freeze-pump-th aw techniq u e. 
Subsequently, the solution was stirred under irradiation of UV light for 14 hours. The polymer product was 
precipitated in ice cold petrol ether, separated by centrifugation and dissolved 3 times in benzene. The 
copolymer was obtained in a yield of 98 %. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.49-1.27 (m, 6H, polymer 
backbone CH2 C (CH3)), 1.30-2.18 (m, 4H, polymer backboneCH2 C (CH3)), 3.55 (broad s, 3H, O CH3), 12.38 
(broad s, 1H, COOH). The synthesis procedure P(MA0.50-co-EA0 .50) was performed as described for P(MA-co -
MMA). The colorless copolymer was obtained in 96 % yield. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.77-1. 0 8 
(m, 3H, polymer backbone CH2 C (CH3)), 1.09-1.28 (m, 3H, O CH2 CH3), 1.30-2.40 (m, 5H, polymer backb o n e 
CH2 C (CH3) and CH2 C CH), 3.76-4.31 (m, 2H, O CH2 CH3), 12.32 (broad s, 1H, COOH). 
 

RAFT Copolymerization 
In the following the synthesis of P(MA-GlyBn0.50-co -MM A0.5 0) is described, all other copolymers were 
synthesized accordingly. The stabilizer was removed from the monomers MA-GlyBn (0.2000 g, 0.001 mol, 
1.0 eq) and MMA (0.0851 g, 0.001 mol, 1.0 eq) using column chromatograph y with aluminium oxide as packin g 
material. Subsequently the monomers were transferred to a Schlenk flask. The initiator 2,2′-Azobis( 2-
methylpropionitrile (AIBN) (0.2 mg, 0.0014 mmol, cat.) and the RAFT agent 2-Cyano-2-p rop yl dodecyl 
trithiocarbonate (9.7 mg, 0.03 mmol, cat) were dissolved in 1.74 mL of benzene and added to the mono mer 
mixture to obtain a monomer concentration of 1 mol/L. The Schlenk flask was sealed and the reaction mixtu re 
was degassed three times with the freeze-pu mp-th aw technique. Subsequently, the solution was stirred for 
48 h at 70 °C. The polymer product was precipitated twice in ice cold petrol ether and purified by 
centrifugation. Typical yields were in the range of 95-99 %. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.58-1. 3 4 
(m, 9H, CH2 C (CH3) and CH3 (CH2)10 CH2 S; 26H, CH3 (CH2)10 CH2 S and NC C(CH3)2), 1.35-2.23 (m, 4H, polymer 
backbone CH2 C (CH3)), 3.23-3.29 (m, 2H, CH3 (CH2)10 CH2 S), 3.49 (broad s, 3H, O CH3), 4.67 (broad s, 2H, O 
C (O)CH2 O), 5.15 (broad s, 2H, CH2 C6H5) 7.03-7.64 (m, 5H, CH2 C6H5). P(MA-Lac-Bn 0.50 -co-MMA0 . 5 0 )  
copolymer was prepared analogous to the other RAFT copolymers P(MA-GlyBn0.50-co -MM A0. 50) in yields of 
around 94 %. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.51-1.27 (m, 9H, CH2 C (CH3) and CH3 (CH2)10 CH2 S; 
26H, CH3 (CH2)10 CH2 S and NC C(CH3)2), 1.38 (broad s, 3H, CH (CH3)), 1.52-2.26 (m, 4H, polymer backb o n e 
CH2 C (CH3)), 3.21-3.30 (m, 2H, CH3 (CH2)10 CH2 S), 3.50 (broad s, 3H, O CH3), 4.96 (broad s, 1H, CH (CH3)), 
5.14 (s, 2H, CH2 C6H5), 7.01-7.61 (m, 5H, CH2 C6H5) 
Benzyl 2-bromopropianate: 

2-Brompropionic acid (15.29 g, 0.1 mol, 1eq), benzyl alcohol (10.81 g, 0.1 mol, 1eq) and para toluene sulfonic acid 
(0.19 g, 0.1 mmol, 0.01 eq) was dissolved in 50 ml dry toluene and heated at 125 °C for 1 h in a water separator set up 
and then heated at 145°C for 3h. After cooling down to room temperature diethyl ether was added and the solution 
washed with a cold 5 wt% sodium hydroxide solution, water and brine. The organic phase was dried over sodium 
sulfate, filtrated and concentrated under vacuum. The purity was improved by distillation at 75 °C and at 1*10-3 mbar 
to obtain the pure product in 86 % yield.[1] 
1H NMR (400 MHz, CDCl3-d1) δ (ppm) = 1.83-1.85 (d, 3H, CH3), 4.39-4.44 (q, 1H, CH3CHBr), 5.21 (s, 2H, CH2Ph), 7.31-
7.42 (s, 5H, C6H5). 

Postpolymerization modifications: 

The polymer (Eudragit L-100 or L-100-55) (120 g, 1eq) was dissolved slowly in 4.5 L THF, after complete dissolution 
potassium carbonate (613 g, 7 eq) was added and the solution was stirred for 30 minutes and the alpha-Bromo ester 
was added slowly. The solution was stirred and heated at 50°C for 12h. The solid was removed via centrifugation and 
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the solvent under reduced pressure, until only 1.6 L THF were remaining, and the polymer was precipitated in 
pentane. Almost all carboxylic functions were modified (99%) with a yield of 78%. 

P(MA-Gly-Bn-co-MMA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.53-1.32 (m, 6H, CH2C(CH3)), 1.38-2.27 (m, 
4H, polymer backbone CH2 C (CH3)), 3.51 (broad s, 3H, O CH3), 4.68 (s, 2H, O C (O)CH2 O), 5.15 (broad s, 2H , 
CH2 C6H5), 7.05-7.63 (m, 5H, CH2 C6H5). 
P(MA-La-Bn-co-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.60-1.02 (m, 3H, CH2 C (CH3)), 1.11 (broad s, 3H , 
CH3 CH2 O), 1.36 (broad s, 3H, CH (CH3)), 1.46-2.31 (m, 5H, polymer backbone CH2 C (CH3) and CH2 CH), 3.97 
(broad s, 2H, O CH2 CH3), 4.93 (broad s, 1H, CH (CH3)), 5.12 (broad s, 2H, CH2 C6H5) 7.03-7.62 (m, 5H, CH2  
C6H5). 
Hydrogenation: removal of the protective groups 
The copolymer (1.00 g) was dissolved in 100 mL ethyl acetate. In the glovebox 20 wt.% Pd/C-catalyst (0.200 g) 
was added to a vial and transferred into the reactor vessel. The copolymer solution was added carefully to the 
inlay by dropwise addition. The inlay with the suspension was transferred into a reaction vessel and a hydrogen  
pressure of 40 bar was applied. The reaction mixture was stirred and heated at 40 °C for 4 days. The 
suspension was filtered and the solvent was removed under reduced pressure. Th e copolymer was dried in a 
high vacuum at 40 °C overnight to obtain the colourless copolymer in a quantitative yield. 
P(MA-Lac-co-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.78-1.02 (m, 3H, polymer backbone CH 2 C (CH3)), 
1.08-1.28 (m, 3H, CH3 CH2 O), 1.39 (s, 3H, CH (CH3)), 1.46-2.31 (m, 5H, polymer backbone CH2 C (CH3) and  
CH2 CH), 3.76-4.32 (m, 2H, O CH2 CH3), 4.78 (broad s, 1H, CH (CH3)), 12.97 (s, 1H, COOH). 
P(MA-Gly-co-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.71-1.06 (m, 3H, polymer backbone CH 2 C (CH3)), 
1.07-1.24 (m, 3H, CH3 CH2 O), 1.27-2.36 (m, 5H, polymer backbone CH2 C (CH3) and CH2 CH), 3.77-4.24 (m, 
2H, O CH2CH3), 4.50 (broad s, 2H, CH2 COOH), 13.04 (s, 1H, COOH). 
P(MA-Lac-co-MMA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.52-1.12 (m, 6H, CH2 C (CH3)), 1.30-1.58 (m, 3H , 
CH (CH3)), 1.62-2.24 (m, 4H, CH2 C (CH3)), 3.55 (broad s, 3H, O CH3), 4.81 (broad s, 1H, CH (CH3)), 13.00 (s, 
1H, COOH). 
P(MA-Gly-co-MMA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.61-1.28 (m, 6H, CH2 C (CH3)), 1.44-2.23 (m, 4H , 
CH2 C (CH3)), 3.54 (broad s, 3H, O CH3), 4.50 (broad s, 2H, CH2 COOH), 13.03 (broad s, 1H, COOH). 
 
Hydrolysis: removal of the protective groups 
The postpolymerization modified polymers were dissolved in Trifluoracetic acid in a concentration of 0.1g/ml 
at room temperature and heated up to 70°C for 16h. The colourless liquid changes to a beige colour. TFA is 
removed under reduced pressure and can be used again. The remaining polymer is dissolved in ethyl acetate 
and washed at least 5 times against water to remove remaining TFA, until the 19F-NMR has no remaining 
signals. Almost all benzylic protecting units were removed (99%) with a yield of 85%. 

P(MA-Gly-co-MM A)  1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.47-1.10 (m, 6H, CH2C(CH3)), 1.33-2.21 (m, 4H, 
polymer backbone CH2 C (CH3)), 3.54 (s, 3H, OCH3), 4.51 (s, 2H, OCH2COOH), 12.23-13.67 (s, 1H, COOH). 

P(MA-Lac-co-EA) 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 0.64-1.07 (m, 3H, CH2C(CH3)), 1.16 (s, 3H, CH3CH2O), 1.38 
(s, 3H, CH(CH3)), 1.46-2.42 (m, 5H, polymer backbone CH2C(CH3) and CH2CH), 4.01 (s, 2H, OCH2CH3), 4.78 (s, 1H, 
CH(CH3), 12.33-13.25 (s, 1H, COOH). 

Cloud point titration 
The copolymer was dissolved in 0.01 molar NaOH solution to obtain a 5 mg/mL polymer solution. The polymer 
solution was stirred for 1 hour to ensure complete dissolution of the copolymer. The pH value of the copolymer 
solution was determined and the transmission was measured in a temperature range from 30 to 40 °C with a 
heating rate of 3 K min -1 while stirring. The transmission value at 37 °C was used for determination of the 
transmission at specific pH values. The pH value was lowered stepwise by addition  of 0.1 molar hydrochlo ric 
acid (HCl), and the measurement was repeated. 
 
Capsule Coating 
Paracetamo l was filled manually into size zero hydroxypropyl methylcellulose (HPMC) capsules. The emp ty 
shell weighs an average of 98.4 mg (n=100). Each capsule was weighed before and after the coating to 
determine the individual dose and the coating level of each capsule. The copolymer solution was prepared as 
follows. 60 mg of triethyl citrate (TEC) and 300 mg of the polymer were dissolved in 5 g of acetone/eth anol (1:1 
v/v). The capsules were dipped in the copolymer solution for 1-3 seconds and dried at room temperature for 
10-15 minutes. The dipping process was repeated 10 to 13 times until a sufficient amount of coating was 
obtained. After the last immersion, the capsules were dried at room temperature for one hour. Afterwards an y 
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irregularities due to the holding position of the forceps were corrected with a brush and the coating solution . 
The coating level was calculated by the following equation: 

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 =
(𝑚𝑐 − 𝑚𝑢)

5  𝑐𝑚2 × 0.83 

 

where mc is the capsule weight after coating and mu is the capsule weight before coating. The mean coatin g 
level and the standard deviation (SD) of the copolymer coated capsules are 10.16 ± 0.79 mg*cm -2 for Eudragit®  
L100, 9.63 ± 0.19 mg*cm-2 for P(MA0.50-co-MMA0 .50) and 11.70 ± 1.80 mg*cm-2 for P(MA-Gly0.50-co -MM A0. 5 0 ) , 
respectively. 
 
Dissolution testing of coated capsules 
Dissolution testing was performed using the basket method (USP apparatus I) at 100 rpm. First, the capsu les 
were tested in 900 ml of 0.01 M HCl for 1 hour followed by 2 hours in 900 ml of a 15 mM phosphate buffer at  
37 °C. The buffer was described by Al-Gousous et al. and showed to give a fairly bio predictive representatio n  
of the proximal small intestinal conditions.[2] After set time points 5 mL samples were withdrawn manu ally 
without replacemen t. The amount of released paracetamo l was quantified at ʎ=243 nm 
spectrophotometrically.  
 
 
Acid uptake 
For the investigation of the acid uptake the capsules were gently dried after one hour in 0.01 M HCl and  
weighed again and the acid uptake calculated as follows:  

𝐴𝑐𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
(𝑚𝑎 − 𝑚𝑐)

𝑚𝑐
∗ 100 % 

where ma is the capsule weight after the acid stage, mc is the initial capsule weight before the dissolutio n  
testing. 
 

Monomer characterisation:  

 

Figure S1: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid (Gly-Bn). 
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Figure S2: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected glycolic acid (Gly-Bn). 

 

Figure S3: COSY spectrum (400 MHz, CDCl3) of bezyl protected glycolic acid (Gly-Bn). 

 

Figure S4: HSQC spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid (Gly-Bn). 
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Figure S5: HMBC spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid (Gly-Bn). 

 

Figure S6: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid (Lac-Bn). 

 

Figure S7: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected L-lactic acid (Lac-Bn). 
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Figure S8: COSY spectrum (400 MHz, CDCl3) of bezyl protected L-lactic acid (Lac-Bn). 

 

Figure S9: HSQC spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid (Lac-Bn). 

 

Figure S10: HMBC spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid (Lac-Bn). 
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Figure S11: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid modified methacrylic acid (MA-Gly-
Bn). 

 

Figure S12: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected glycolic acid modified methacrylic acid (MA-Gly-
Bn). 

 

Figure S13: COSY spectrum (400 MHz, CDCl3) of bezyl protected glycolic acid modified methacrylic acid (MA-Gly-Bn). 
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Figure S14: HSQC spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid modified methacrylic acid (MA-Gly-
Bn). 

 

Figure S15: HMBC spectrum (400 MHz, CDCl3) of benzyl protected glycolic acid modified methacrylic acid (MA-Gly-
Bn). 

 

  

 
 

 

  
 

 

 

 

 

 

  

 
 

 

 
 

 
 

 

    

 
 



 
Chapter 4 

 
 232 

 

Figure S16: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid modified methacrylic acid (MA-Lac-
Bn). 

 

Figure S17: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected L-lactic acid modified methacrylic acid (MA-Lac-
Bn). 

 

Figure S18: COSY spectrum (400 MHz, CDCl3) of bezyl protected L-lactic acid modified methacrylic acid (MA-Lac-Bn). 
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Figure S19: HSQC spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid modified methacrylic acid (MA-Lac-
Bn). 

 

Figure S20: HMBC spectrum (400 MHz, CDCl3) of benzyl protected L-lactic acid modified methacrylic acid (MA-Lac-
Bn). 

Copolymer characterisation: 
Table S1: Results of the copolymerization of P(MA-Gly-Bn-co-EA) using different amounts of DMPA initiator at a 
monomer concentration of 1.0 mol/L, using a PEG calibration. 

 DMF SEC 
DMPA   
(wt.%) 

Yield   (%) Mn   (103 
g mol) 

Đ 

0.5 39 11.8 1.93 
1.0 65 8.69 2.14 
2.0 78 7.71 1.95 
5.0 92 6.14 2.54 
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Table S2: Results of the copolymerization of P(MA-Gly-Bn-co-EA) using 5 wt% DMPA initiator at different monomer 
concentration, using a PEG calibration  

 DMF SEC 
Monomer 

concentration 
  (mol l) 

Yield   (%) Mn   (103 
g mol) 

Đ 

1.0 82 2.57 1.96 
1.5 89 2.95 1.75 
2.0 99 3.25 1.89 

 

 

 

Table S3: Results of the copolymerization of P(MA-co-EA) using different amounts of AIBN initiator at a monomer 
concentration of 2.5 mol/L, using a PEG calibration. 

 DMF SEC 
AIBN   (wt.%) Yield   (%) Mn   (103 

g mol) 
Đ 

3 99 14.5 2.20 
4 99 34.5 1.35 
5 99 13.5 1.95 
6 99 22.1 1.76 

 

Table S4: Results of the copolymerization of P(MA-co-EA) using 4 wt% AIBN initiator at different monomer 
concentration, using a PEG calibration. 

 DMF SEC 
Monomer 

concentration 
  (mol L) 

Yield   (%) Mn   (103 
g mol) 

Đ 

1.5 75 21.3 1.61 
2.0 64 30.8 1.39 
2.5 99 34.5 1.35 
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Figure S21: SEC curves (DMF, PEG calibration) for P(MA-Lac-Bn-co-MMA) in a ratio 1:1 using 5 wt% DMPA as initiator. 

 

Figure S22: SEC curves (DMF, PEG calibration) for P(MA-Lac-Bn-co-MMA) in a ratio 1:1 in a concentration of 1mol/L 
using different wt% DMPA as initiator. 

 

Figure S23: SEC curves (DMF, PEG calibration) for P(MMA-co-EA) in a ratio 1:1 using 4 wt% AIBN as initiator. 

 

Figure S24: SEC curves (DMF, PEG calibration) for P(MMA-co-EA) in a ratio 1:1 in a concentration of 2.5 mol/L and 
different wt% AIBN as initiator. 
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Figure S25: SEC curves (DMF, PEG calibration) for P(MA-GlyBn-co-MMA) in a ratio 1:1, 1:2 and 2:1 in a concentration of 
1.0 mol/L and 5 wt% DMPA as initiator. 

 

Figure S26: SEC curves (DMF, PEG calibration) for P(MA-Lac-Bn-co-MMA) in a ratio 1:1, 1:2 and 2:1 in a concentration 
of 1.0 mol/L and 5 wt% DMPA as initiator. 

 

Figure S27: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 
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Figure S28: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 

 

Figure S29: COSY spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 

 

Figure S30: HSQC spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 
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Figure S31: HMBC spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 

 

Figure S32: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymer. 

 

Figure S33: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymer. 
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Figure S34: COSY spectrum (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymer. 

 

Figure S35: HSQC spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 

 

Figure S36: HMBC spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer. 
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Figure S37: SEC curves (DMF, PEG calibration) for P(MA-XBn-co-MMA) in a ratio 1:1 in a concentration of 2.5 mol/L and 
4 wt% AIBN as initiator. 

 

Figure S38: 1H-NMR spectrum (400 MHz, DMF-d7) of P(MA-Gly-Bn-co-EA) copolymer. 
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Figure S39: 1H-NMR spectrum (400 MHz, DMF-d7) of P(MA-Lac-Bn-co-EA) copolymer. 

 

Figure S40: SEC curves (DMF, PEG calibration) for P(MA-X-Bn-co-EA) synthesized with 5 wt% DMPA at a concentration 
of 1 mol/L. 

 

Figure S41: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymers using RAFT polymerisation. 
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Figure S42: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymers using RAFT polymerisation. 

 

Figure S43: COSY spectrum (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymers using RAFT polymerisation. 

 

Table S5: Characterization of the MMA copolymers using RAFT polymerisation. 

Copolymer Mn
target  

(g mol) 
Ratioa Mn

a   
(g mol) 

Mn
b   

(g mol) 
Đb 

P(MA-Gly-Bn0.5-co-MMA0.5) 10000 1:0.75 11100 5720 1.35 
P(MA-Gly-Bn0.5-co-MMA0.5) 20000 1:0.92 26700 9610 1.49 
P(MA-Lac-Bn0.5-co-MMA0.5) 10000 1:0.75 8700 4910 1.28 
P(MA-Lac-Bn0.5-co-MMA0.5) 20000 1:0.95 19300 9490 1.44 

a Determined by 1H-NMR (400 MHz, DMSO-d6). b Determined by SEC (eluent: DMF, calibration: PEG). 
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Figure S44: SEC curves (THF, PEG calibration) for P(MA-Gly-Bn-co-MMA) and P(MA-Lac-Bn-co-EA) synthesized by 
postpolymerization modification of Eudragit l-100 and l-100-55. 

 

Figure S45: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Gly-Bn-co-MMA) copolymer, synthesized by a 
postpolymerization modification. 

 

Figure S46: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Lac-Bn-co-MMA) copolymer, synthesized by a 
postpolymerization modification. 
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Figure S47: 1H-NMR spectrum (400 MHz, DMSO-d6) of deprotected P(MA-Gly-co-MMA) copolymer. 

 

Figure S48: 1H-NMR spectrum (400 MHz, DMSO-d6) of deprotected P(MA-Lac-co-MMA) copolymer. 

 

Figure S49: 1H-NMR spectrum (400 MHz, DMSO-d6) of deprotected P(MA-Gly-co-EA) copolymer. 
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Figure S50: 1H-NMR spectrum (400 MHz, DMSO-d6) of deprotected P(MA-Lac-co-EA) copolymer. 

 

Figure S51: IR spectrum of P(MA-Gly-Bn-co-MMA) copolymer (bottom) and P(MA-Gly-co-MMA) copolymer (top). 

 

Figure S52: DSC data of P(MA-Gly-co-MMA) synthesized by post polymerization and monomer route. 
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Figure S53: DSC data of P(MA-Lac-co-EA) synthesized by post polymerization and monomer route. 

 

Figure S54: 1H-NMR spectrum (400 MHz, DMSO-d6) of with TFA deprotected P(MA-Gly-co-MMA) copolymer. 

 

Figure S55: 19F-NMR spectrum (400 MHz, DMSO-d6) of with TFA deprotected P(MA-Gly-co-MMA) copolymer. 
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Figure S56: 1H-NMR spectrum (400 MHz, DMSO-d6) of with TFA deprotected P(MA-Lac-co-EA) copolymer. 

 

Figure S57: 19F-NMR spectrum (400 MHz, DMSO-d6) of with TFA deprotected P(MA-Lac-co-EA) copolymer. 

 

Figure S58: pH dependent transmission experiment for Eudragit® L-100-55 type copolymers at 37°C. 

 

 

 

  

 

 

 

 

 
 

 

 
 
 

 
 
  

 

 

 

 

  
  
 
  
 
 
 

  
 
 
 

4 6 8
0

20

40

60

80

100

T
ra

n
s

m
is

s
io

n
 /

 [
%

]

pH-level

 L-100-55 (commercial)

 P(MA-co-EA)

 P(MA-Gly-co-EA)

 P(MA-Lac-co-EA) low Mw

 P(MA-Lac-co-EA) high Mw



 
Chapter 4 

 
 248 

 

References:  

[1] M. A. Tehfe, S. Schweizer, A. C. Chany, C. Ysacco, J. L. Clément, D. Gigmes, F. Morlet-Savary, J. P. 
Fouassier, M. Neuburger, T. Tschamber, N. Blanchard, J. Lalevée, Chemistry - A European Journal 
2014, 20, 5054–5063. 

[2] J. Al-Gousous, G. L. Amidon, P. Langguth, Mol Pharm 2016, 13, 1927–1936. 

 

  



 
Chapter 5 

 
 249 

 

 

 

 

Chapter 5 

 

 

 

  



 
Chapter 5 

 
 250 

 

  



 
Chapter 5 

 
 251 

Enteric drug coatings: Improving drug release and acid resistance by 
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Abstract: 

Drug coatings serve multiple purposes, with the primary goals being the protection of the 

drug from the acidic conditions of the stomach and the protection of the stomach from 

potentially irritating drug compounds. However, conventional enteric coatings often 

exhibit a too slow dissolution after passing the stomach, to target drug release in the 

duodenum.1,2 To address this issue we presented in our previous paper a synthetic 

strategy to adjust the pH-responsiveness of these copolymers and increase the drug 

release. This was achieved by modifying the pKa value of the copolymer (P(MA-co-X), X = 

MMA or EA) by esterification with an α-hydroxy carboxylic acid, see Fig. 1. Using this 

strategy, in which the polymer backbone is retained, we also hope to preserve the material 

properties and non-toxicity of the copolymers. Since both earlier modifications with 

glycolic and lactic acid were successful and improved the drug release we were keen to 

investigate two additional α-hydroxy carboxylic acids, mandelic and malic acid. Mandelic 

acid was specifically chosen because of its phenyl side chain, which is expected to 

increase the hydrophobicity of the resulting copolymer and reduce acid uptake in the 

stomach. Malic acid was chosen to further enhance dissolution by introducing a second 

acid functionality with a slightly higher pKa2 value. These monomers (MA-Mand-Bn and 

MA-Mal-Bn) were copolymerized with methyl methacrylate (MMA) or ethyl acrylate (EA) 

via free radical polymerization to obtain copolymers with a molar mass of < 10 kg/mol. 

Trifluoracetic acid (TFA) was used to remove the benzylic protection units to obtain pH-

responsive copolymers. This pH-responsiveness was evaluated using cloud point 

titration and all synthesized copolymers showed solubility at lower pH levels than 

commercial Eudragit® polymers. Further acid resistance and drug release profiles were 

investigated using coated paracetamol capsules. Among the tested polymers, only P(MA-

Mand-co-EA) was stable under the acidic conditions. As predicted, this copolymer also 

showed a reduced acid uptake, attributed to the increased hydrophobicity, as well as an 

improved drug release performance, making it a promising candidate for further 

investigations. This work presents an advancement over our previously studied glycol and 

lactic modified coatings by addressing the challenge of increased acid uptake while 

further enhancing the drug release.  
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Introduction 

Drugs can be administered through various routes, with oral delivery being by far the most 

common, accounting for over 60% of all marketed pharmaceuticals. This popularity is 

largely due to its convenience: oral administration typically requires no medical 

personnel, minimal equipment (often just a small cup of water) and are packed in the right 

doses.3 Additionally, tablets are economically favorable due to their scalable, cost-

effective production, as well as their efficient storage and transportation. 3–5 In contrast, 

intravenously administered drugs are often stored in plastic containers that may leach 

potentially harmful chemicals into the drug solution, a particular concerning issue for 

chronic diseases.6,7 Tablets, therefore present a safer an less invasive alternative, 

eliminating the need for needles. 

However, oral drug delivery presents its own challenges. Unlike intravenous 

administration, orally delivered drugs must pass through the digestive system to be 

absorbed into the bloodstream. This means they must survive the harsh, acidic 

environment of the stomach. Some drugs, such as pancreatin,8 are acid labile and can be 

degraded before reaching the intestines, while others may irritate the stomach, leading to 

unwanted side effects. To address these issues, protective drug coatings have been 

developed. These coatings shield the active drug from gastric fluids and dissolves only 

once the drug reaches the more neutral pH environment of the intestines. For this 

purpose pH-responsive polymers are utilized and one of the most common is 

poly(methacrylic-acid-co-methyl-methacrylate) (P(MA-co-MMA))  also known as 

Eudragit® L-100 (Evonik AG). This polymer is insoluble under acidic conditions but 

dissolves at pH above 6, making it suitable for targeting drug release in the small 

intestine.9 The functionality of this polymer is closely related to the pKa value of 

methacrylic acid of 4.65,10 which ensures its insolubility in the stomach. The pH of the 

stomach is between 1-3 in a fasted state but can increase up to 6 if the patient is fed. 11,12 

Eudragit® coatings are widely used and have become a standard in enteric drug coatings. 

In addition to Eudragit® L-100, Eudragit® L-100-55, a copolymer based on MA and ethyl 

acrylate (EA) dissolves at pH 5.5, is commonly used to target drug release in the small 

intestines, specifically the duodenum. Other Eudragit® variants serve different purposes: 
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Eudragit® E100 enables immediate release, Eudragit® RS100 provides sustained release 

and Eudragit® S100 is designed for colon-specific release at a pH of 7.9 

Despite their widespread use, studies have questioned the effectiveness of Eudragit® L-

100-55 coatings to achieve a fast enough drug release to actually target the duodenum. 1,2 

Especially if you consider that most in vitro experiments overestimate the drug release 

compared to in vivo conditions, due to exaggerated assumptions, such as the buffer 

capacity as well as the volume of liquid in the intestines. 13–15 Therefore, under in vivo 

conditions is the pH level in direct contact with the tablet significantly lower than that of 

the intestinal fluid. In both studies, more than one hour was required for the complete 

dissolution at a pH of 6.5, which is problematic given the fact that the normal transit time 

in the small intestines is only 1-3 hours. This is particularly concerning for iron-based 

drugs, which are primarily absorbed in the duodenum, the first and shortest segment of 

the small intestines.16,17 Additionally, enteric drug coatings seem to decrease the 

bioavailability of acetylsalicylic acid, commonly used for antiplatelet therapy, due to the 

prolonged solvation and absorption of the enteric-coated formulation.18,19 One way to 

compensate for the slow dissolution is to increase the drug loading in the tablets, raising 

the local concentration of the drug over the whole intestine. However, this approach 

increases the risk of side effects and is economically unfavored. 20 

To address this issue, we introduced in the previous chapter structural modifications to 

Eudragit® L-100 and L-100-55 using α-hydroxy acids to lower the copolymers pKa value. 

This was successfully achieved with glycolic and lactic acid and is attributed to the 

electron withdrawing effect (-I effect) of the ester group, as illustrated in Fig. 1. 
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These modifications resulted in a faster drug release profile and increased acid uptake. 

Although the glycol-modified copolymer still exhibited less than 10 wt% acidic uptake, 

which is correlated to no drug release or degradation in the acid phase, it still increased 

about 2 % compared to the commercial Eudragit®.21 To reduce this acid uptake, but still 

maintain a faster dissolution it was hypothesized that increasing the hydrophobicity of the 

copolymer would also reduce the acid uptake. Therefore, the α-hydroxy acid mandelic 

acid was chosen due to its phenyl side chain. Additionally, to further enhance the drug 

release, malic acid was introduced to explore the effects of a second acid functionality 

with a different pKa value on the dissolution behavior.  

Experimental Section 

Materials, instrumentation, general experimental procedures as well as 

characterizations are shown in the Supporting Information.  

Results and discussion: 

In the previous chapter, we introduced lactic- and glycolic acid modified methacrylic acid 

(MA) as novel monomers for the synthesis of enteric drug coatings, which are summarized 

as α-hydroxy carboxylic acid modified MA structures. Copolymerizations with 

methyl methacrylate (MMA) or ethyl acrylate (EA) lead to new copolymers suitable 

for enteric drug coatings. Compared to Eudragit® polymers, these new copolym ers 

exhibited accelerated drug release profiles, attributed to their reduced pKa values. 

However, this benefit was accompanied by an increased acid uptake, particula rl y 

pronounced in the glycol acid modification, which is undesirable for enteric 

coatings. To address this problem and further enhance the drug release, we 

explored more structurally complex α-hydroxy carboxylic acids, mandelic and 

malic acid. Both acids were specifically chosen to investigate different effects.  

Mandelic acid was chosen for its phenyl side chain, which we assume increases 

hydrophobicity and therefore reduces the acid uptake of the copolymer. And malic 

acid to investigate the influence of a second acid functionality with a higher pKa  

value on the dissolution of the copolymer. Both acids are non-toxic and 

biocompatible: malic acid is naturally occurring in the citric acid cycle and plays a 

role in the malate-aspartate shuttle.22,23 It is also found in fruits like apples and is 
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widely used as a food additive (E296) for its acidulant and taste enhancer 

properties. 24 Beyond food applications it is also used in personal care products, 2 5  

pharmaceuticals, 26 semiconductor fabrication2 7 as well as in animal feed 

additives28 and was already used in a different drug coating. 29 Mandelic acid, on the 

other hand, is known for its antibacterial properties and is used in treating urinary tract 

infections.30,31 Therefore, potential acid cleavages of the ester bonds will not be an issue, 

since this would result in the formation of already FDA approved Eudragit® structur es 

and α-hydroxy carboxylic acids, which are approved for medical and nutritional 

applications. We also expect that incorporation of mandelic and malic acid will further 

lower the pKa value of the copolymer and thus further enhance the dissolution rate.  

Notably, mandelic acid (pKa = 3.37) and malic acid (pKa1 = 3.24; pKa2 = 4.68) exhibit 

stronger acidity than glycolic (pKa = 3.83) and lactic acid (pKa = 3.90).30,32  

The synthesis of the new monomers follows the strategy previously developed for 

glycolic and lactic acid-modified methacrylic acid, as illustrated in Fig. 2.33 In the 

first step it is crucial to protect the acid functionality of the α-hydroxy carboxyli c 

acids to prevent unwanted oligomerization and side reactions. As in the previous 

chapter 4, benzyl groups are used as protective groups since they have proven 

themselves due to their acid and basic stability, compatibility with the reaction conditions 

and easy cleavage via hydrogenation or hydrolysis.34–36 For the protection were 

stoichiometric amounts of the sterically hindered base diazabicycloundecene (DBU) 

used to deprotonate the α-hydroxy carboxylic acid, which then undergoes a SN-reaction 

with benzyl bromide. After extraction and distillation, the protected esters Mandelic-Bn 

(Mand-Bn) and Malic-Bn (Mal-Bn) were obtained in yields exceeding 80%. Mand-Bn was 

isolated as colorless crystals with a melting point of 92°C and Mal-Bn as a pale yellow 

liquid with a boiling point of 220°C at a pressure of 10 -3 mbar. Both monomers were 

characterized using 1H-NMR spectroscopy, which can be found in the Supporting 

Information (Fig. S1-2). Notably, for Mal-Bn complete protection was achieved without 

any mono benzylated product.  
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Figure 2: Synthesis overview of new monomers and copolymerizations for enteric drug coatings based on 

mandelic and malic acid. 

After the successful protection of all acid functionalities the next step was to introduce a 

polymerizable double bond into the monomer. Therefore, the α-hydroxy carboxylic esters 

were coupled with methacrylic acid (MA) in a Steglich esterification. This was carried out 

using N,N’-diisopropylcarbodiimide (DIPC) as the coupling agent and N.N-

dimethylpyridin-4-amine (DMAP) as the catalyst, similar to our previous synthesis of MA-

Gly-Bn and MA-Lac-Bn. After purification via column chromatography the targeted 

monomers MA-Mand-Bn and MA-Mal-Bn were obtained with yields of 46% and 33% 

respectively.37 While the esterification of Mand-Bn proceeded quantitatively, some 

unreacted Mal-Bn was recovered during the purification and can be reused, to increase 

the yield. Both monomers were analyzed via 1H-NMR in Fig. 3 and with various other NMR 

techniques in Fig. S3-12. 
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Figure 3: Stacked 1H-NMR spectra (400 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn) on the 

top and benzyl protected mandelic acid modified MA (MA-Mand-Bn) on the bottom. 

Homopolymerization 

As an initial proof of concept, the newly synthesized monomers MA-Mal-Bn and MA-

Mand-Bn were homopolymerized via radical polymerization. The homopolymers were 

characterized using SEC and 1H-NMR spectroscopy, as shown in Fig. S13-15. Since the 

goal was to test if polymerizations are possible, reaction conditions were selected to favor 

polymerization rather than optimizing.  

Since in previous studies the thermal initiator AIBN has proven to obtain higher yields 

compared to the photo initiator DMPA, AIBN was chosen as initiator. Benzene was used 

as solvent due to its low radical transfer rate, good solubility for both monomers and 

polymers and its easy removal.38 Additionally, this solvent has proven its compatibility 

with the previous investigated MA-Lac-Bn and MA-Gly-Bn monomers in the previous 

chapter. 

This study represents the first successful synthesis and characterization of the 

homopolymers P(MA-Mand-Bn) and P(MA-Mal-Bn). SEC measurements were performed 

with DMF as eluent and a PMMA calibration. However, the SEC columns had an 

insufficient resolution limit at around 300 kg/mol, which the homopolymers exceeded. 

Therefore the reported molecular weights, 183 kg/mol for P(MA-Mal-Bn) and 52 kg/mol for 
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P(MA-Mand-Bn) are likely underestimated and dispersities are narrower than expected. 

The high molecular weights are attributed to the Trommsdorff effect, where increased 

viscosity reduces termination rates and promotes chain propagation. 39 

Copolymerization 

For the synthesis of new improved drug coatings, methyl methacrylate (MMA) and ethyl 

acrylate (EA) were chosen as comonomers due to their established use in enteric drug 

coatings like Eudragit® and were copolymerized with MA-Mand-Bn and MA-Mal-Bn in a 

free radical polymerization. This technique was chosen for its simplicity, scalability and 

minimal handling requirements. Additionally, narrow dispersities and precise molar mass 

control are not required for enteric drug coatings and the focus of this study lies on 

evaluating the pH-responsive behavior of the new materials. However, for stable film 

formation, it is generally desirable to achieve molar masses at least twice the 

entanglement molecular weight.40 

For the copolymerizations was DMPA used, since photoinitiators generate radicals in a 

more linear and controlled fashion, in contrast to thermal initiators like AIBN, which 

generate radicals exponentially and lead to non-monomodal molar mass 

distributions.41,42 Polymerization conditions were optimized in regard to yields, 

monomodal weight distributions and low dispersities. Achieving a high molar mass, often 

associated with better film building properties, was considered less critical, as the 

intrinsic properties of the copolymers, such as solubility and pH-responsiveness, were 

the focus of this study. Therefore, both monomers were copolymerized with MMA with 

different initiator and monomer concentrations. SEC results for the copolymers are 

presented in Fig. S16-19 and Tables S1-4. Both monomers showed similar 

copolymerization behavior with MMA, yielding polymers with molar masses between 3.5-

5.4 kg/mol and a dispersity between 1.63-1.94. All SEC curves were monomodal and 

calibrated using a PMMA standard. Copolymerizations were carried out in benzene as 

solvent, as in the homopolymerizations, to suppress a possible Trommsdorff effect.  

As expected from free radical polymerizations in which the steady state-equation applies, 

increasing the initiator concentration leads to a decrease in molar mass, while an 
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increase in monomer concentration leads to higher molar mass. These trends were 

consistently observed across all copolymerizations.  

Optimal reaction conditions were identified for both MA-Mand-Bn and MA-Mal-Bn: 1 

mol/L total monomer concentration and 5 wt% DMPA. Under these conditions polymers 

with ≥ 70% yields, molar masses over 4 kg/mol and monomodal SEC curves were 

obtained. For further tests, which require larger polymer quantities and higher molar 

masses, alternative polymerization methods such as emulsion polymerization or post-

polymerization modifications, analog to those discussed in the previous chapter, can be 

utilized. 

MMA copolymers: 

Both monomers MA-Mand-Bn and MA-Mal-Bn were copolymerized in a 1:1 (molar) ratio 

with MMA to obtain copolymers similar to Eudragit® L-100. In addition, MA-Mal-Bn was 

copolymerized  with MMA in a 1:2 (molar) ratio similar to Eudragit® S-100. Unlike the 

previously investigated modified methacrylic acids, MA-Mal-Bn introduces two acid 

functionalities per repeating unit, therefore this ratio was also tested to maintain a 1:1 

ratio of acid functionality to comonomer. This was done, because it was assumed that in 

the 2:1 (functionality) ratio the copolymer could not be stable under the acidic conditions 

of the stomach. 

All synthesized copolymers were analyzed via 1H-, 13C- and various 2D-NMR 

spectroscopy, see Fig. S20-30. No residual monomer signals were detected. CDCl3 was 

used as the NMR solvent instead of DMSO to prevent the overlap between the methyl 

signal of MMA and the water peak at 3.33 ppm. Therefore, the monomer incorporation 

was calculated using the protected copolymers, since the unprotected were no longer 

soluble in CDCl3. 

Monomer incorporation is calculated for mandelic acid by comparing the benzylic proton 

signal (5.34-4.86 ppm, divided by 2) to that of the MMA ester methyl group (3.64-3.34 ppm, 

divided by 3).  And for malic acid based copolymers were the benzylic proton signals 

(5.20-4.75 ppm, divided by 4) compared to the MMA ester methyl group signal (3.78-3.28 

ppm, divided by 3). Table 1 summarizes the incorporation ratios, molar masses and 
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dispersities for all synthesized copolymers. The corresponding SEC curves can be seen 

in Fig. S42 + 43. 

Table 1: Characterization of mandelic and malic acid based copolymers, synthesized using 5 wt% DMPA and 1 mol/L 

monomer concentration. 

Copolymer Ratioa Mn
b   (g mol) Đb 

P(MA-Mand-Bn0.5-co-MMA0.5) 1:0.97 4880 2.17 

P(MA-Mal-Bn0.5-co-MMA0.5) 1:0.96 4410 2.93 

P(MA-Mal-Bn0.33-co-MMA0.66) 1:1.75 3980 1.89 

P(MA-Mand-Bn0.5-co-EA0.5) 1:0.85 8010 2.79 

P(MA-Mal-Bn0.5-co-EA0.5) 1:0.92 8750 4.42 

P(MA-Mal-Bn0.33-co-EA0.66) 1:1.72 8900 2.21 
a Determined by 1H-NMR (400 MHz, CDCl3) spectroscopy, MA:X. b Determined by SEC (DMF, Calibration PMMA)  

All MMA based copolymers were obtained with yields ≥ 80%, molar masses between 4.0-

4.9 kg/mol and dispersities between 1.89-2.93. For all copolymers was the MMA content 

slightly lower than the targeted feed ratio. This can be explained by several reasons: only 

small amounts (< 1 mL) were used, the comonomer could be partially removed during the 

freeze-pump thaw cycles or different reactivity ratios promote the modified MA 

incorporation. 

Interestingly, the observed molar masses of MMA-based copolymers were significantly 

lower than those of the EA-based copolymers, nearly by a factor of two. This discrepancy 

is likely due to incomplete removal of the stabilizer 4-methoxyphenol (MEHQ), which is 

present at higher concentrations in MMA compare to EA. Residual MEHQ acts as a radical 

scavenger, limiting chain growth and lowers molar mass.  

EA copolymers: 

In addition to MMA, both MA-Mand-Bn and MA-Mal-Bn were copolymerized with EA under 

the same conditions. These copolymers were synthesized as structural analogs to 

Eudragit® L-100-55. 1H-, 13C- as well as various 2D-NMR techniques have been used to 

analyze the copolymer and to calculate the monomer incorporation, see Fig. 4 and Fig. 

S31-41. No residual monomer signals were detected. The molar incorporation was 
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calculated using the same equations, as for the MMA-based copolymers, with slight 

alterations due to the different side chain of ethyl acrylate.  

For mandelic acid modified copolymers is the benzylic proton signal (5.20-4.75 ppm, 

divided by 2) compared to the methylene signal of the ethyl ester (4.30-3.75 ppm, divided 

by 2). For malic acid modified copolymers is the calculation similar, only the benzylic 

signal is divided by four to attribute the two protection units per molecule. The molar 

incorporation ratio is shown in Table 1, as well as the SEC results. Similar to the MMA-

based copolymers, the EA content is in all cases consistently lower than the targeted feed 

ratio. 

 

Figure 4: 1H-NMR (400 MHz, CDCl3) spectrum of P(MA-Mand-Bn-co-EA). 

Molar masses and dispersities of the new copolymers were investigated using SEC (DMF, 

PMMA calibration), the mass distributions can be found in Fig. S42 + 43. Molar masses 

range from 8.1-8.9 kg/mol with dispersities between 2.21-4.42. Despite being synthesized 

under identical conditions to their MMA counterparts, the EA-based copolymers exhibit 

significantly higher molar masses, by a factor of two. This is as earlier stated attributed to 

the incomplete removal of MEHQ and the different inhibitor content in MMA and EA. 
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Deprotection 

Following the successful synthesis and characterization of all copolymers, the next step 

was the removal of the benzylic protection groups to obtain the pH-responsive 

copolymer, while maintaining the other ester bonds. For this purpose different synthetic 

routes like hydrogenation35 or hydrolysis by trifluoracetic acid (TFA) have been tested.36 

A first attempt was made using hydrogenation under conditions previously successful for 

glycol and lactic acid-based copolymers (40 bar hydrogen pressure, 40 °C, 4 days). 

However, these conditions were insufficient for a complete deprotection. Increasing the 

hydrogen pressure to almost 80 bar led to a partial cleavage of the ester bonds in MMA. 

Therefore hydrogenation was considered unsuitable for these copolymers and it was 

relayed on hydrolysis with TFA. 

Hydrolysis with TFA was performed analog to the previous chapter and the successfully 

deprotected copolymers were characterized via 1H-, 13C- and different 2D-NMR 

spectroscopy, see Fig. S44-71. The degree of deprotection was calculated by comparing 

the phenyl signal (7.60-6.99 ppm, divided by 5) to the methine signal (5.28-4.73, c) of the 

corresponding α-hydroxyl acid. In contrast to the previously investigated glycolic and 

lactic acid modified copolymers, complete deprotection was not achieved. 

Approximately 10-15 mol % of the acid functionalities remained protected, which is 

attributed to the decreasing solubility of the deprotected copolymers in TFA. Importantly, 

no side reactions or undesired hydrolysis of other ester bonds was observed, indicating 

that both the modified MA and the comonomers are stable under these conditions. 

Attempts to improve the deprotection yield through extended reaction time or modified 

conditions were unsuccessful. Nevertheless, partial deprotection was seen as 

acceptable for the scope of this study, which focusses on investigating the intrinsic pH-

responsiveness of these copolymers. If the copolymers show improved properties 

compared to commercial Eudragit® structures, future work will require the development 

of alternative, scalable synthetic routes for higher molar masses and quantitively 

deprotection. Deprotection yields as well as the degree of deprotection are listed in Table 

S5. Most yields were around 80%, with the exception of malic acid-modified copolymers 

at a 1:1 ratio, which showed significantly lower yields.  
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To ensure complete removal of residual TFA, all deprotected copolymers were washed at 

least three times with slightly acidified water. 19F-NMR analysis of the copolymers 

revealed no detectable fluorine-containing species, confirming the quantitative removal 

of TFA and that the polymer did not undergo any side reactions with TFA.  

Attempts to characterize the deprotected copolymers via SEC using DMF as solvent were 

unsuccessful. No signals were observed in either the refractive index or UV detector, likely 

due to strong interactions between the acidic functionalities of the polymers and the 

column or pre-column material. Besides this, thermal properties were successfully 

investigated using DSC, see Fig. S72+73. All copolymers displayed a single glass 

transition temperature (Tg). 

For the MMA based copolymers, analog to Eudragit® L-100, the Tg decreases due to the 

incorporation of flexible side chains. While the commercial Eudragit® L-100 has a Tg of 

168 °C, mandelic acid modification reduced it to 149 °C and malic acid modifications 

lowered it further to 109 °C (1:1 ratio) and 81 °C (1:2 ratio). Despite this decrease of almost 

90 °C, the resulting Tg is comparable to Eudragit® L-100-55 (Tg = 82°C), indicating this is 

acceptable for an enteric drug coating. For the EA based copolymers, analog to Eudragit® 

L-100-55, the mandelic acid modification increased the Tg to 113 °C. In contrast the malic 

acid modification led to a Tg of 65 °C (1:1 ratio) and 60 °C (1:2 ratio). These Tg’s could be 

an issue since drug coatings are usually mixed with plasticizers, which further decrease 

the Tg. These lower Tg’s could pose challenges in processing and handling of the drug 

coating, as glass transitions are not first order phase transitions, material properties are 

weakened gradually, potentially resulting in sticky or viscous materials unsuitable for 

enteric drug coatings. 

Cloud point titration 

To investigate the altered pH-responsive behavior of the newly synthesized copolymers, 

pH-dependent transmission measurements were performed, with commercially 

available Eudragit® L-100 and L-100-55 as benchmarks. All experiments were carried out 

under identical conditions to those described in the previous chapter to enable direct 

comparison. Each polymer was dissolved in 10 mL of 0.01 M NaOH at a concentration of 

5 mg/mL and measurements were performed at 37 °C to simulate body temperature.  
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Detailed information on the procedure can be found in the Supporting Information. To 

avoid too much dilution, the pH was gradually lowered by the addition of 0.1 M 

hydrochloric acid. As the pH level decreases, carboxylate groups are protonated, leading 

to coil collapse and polymer precipitation, increasing turbidity of the solution and 

reducing laser transmission. The cloud point titration curves are shown in Fig. 5 for MMA 

based copolymers and in Fig. S75 for EA based copolymers.  

 

Figure 5: pH dependent cloud point titrations for Eudragit® L-100 analog copolymers. The black curve represents 

commercial available high molar mass Eudragit® L-100, while the red curve corresponds to self-synthesized P(MA-co-

MMA). 

All modified copolymers demonstrated significantly enhanced solubility at lower pH 

compared to their Eudragit® based polymers, confirming that α-hydroxy acid 

modifications effectively lower the pKa. Interestingly, the dissolution behavior of Eudragit® 

polymers was consistent even with very different molar mass, indicating that the 

dissolution behavior is independent of molar mass. The slight differences can be 

explained by the slightly different monomer ratios. 

The modified Eudragit® L-100 copolymers remain soluble at lower pH than both 

commercial and self-synthesized low molar mass P(MA-co-MMA). For instance, while 

unmodified Eudragit® L-100 reaches only ~10 % transmission at a pH of 4.5, the modified 
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copolymers showed more than 90 % transmission, indicating high solubility at this pH. 

The mandelic acid modified copolymers began precipitating at a pH of 4, suggesting 

improved drug release performance due to earlier solubilization, while retaining stability 

under the typical acidic conditions of the stomach (pH = 1-3).11,12 In contrast malic acid 

modified copolymers were fully soluble even at pH 3, raising concerns about their gastric 

insolubility. Reducing the malic acid content increases the pKa value of the copolymer, 

enabling tunable pH-responsiveness and controlled drug release profiles by altering the 

malic acid content. 

The EA based copolymers, analog to Eudragit® L-100-55 are shown in Fig. S75. As for the 

MMA based copolymers all EA based copolymers show an improved solubility at lower 

pH, indicating their reduced pKa value. The mandelic acid modified copolymers began 

precipitating at a pH of 4.5, slightly higher than the MMA copolymer, suggesting again 

enhanced release characteristics, while maintaining acid stability. In contrast the malic 

acid modified copolymers dissolve completely at a pH of 2-2.5, questioning again their 

insolubility under gastric conditions. As for the MMA copolymers, the malic acid content 

can be used to fine tune the release profile.  

In summary both modifications with mandelic and malic acid have proven to be 

successful in lowering the pKa value of the copolymers. Hereby has malic acid a greater 

influence than mandelic acid, which is explained by the different pKa values of the 

different acids. Mandelic acid has a pKa value of 3.37, which is between the pKa’s of malic 

acid: pKa1 = 3.24 and pKa2 = 4.68.32,43 Interestingly it seems like the dissolution behavior of 

the malic acid based copolymers are only dependent on the first pKa value. However, for 

enteric drug coatings, both rapid dissolution and acid resistance are essential. Since 

gastric acid can vary from pH = 1 in a fasted state to 6 in a fed state, drug coatings have to 

be stable not only at a pH of 1.11 Normally a pH of 1-3 is assumed and regulatory standards 

require the stability of drug coatings at a pH of 1.2 for at least one, preferably for 2 -3 

hours.44 While mandelic acid modified copolymers appear to meet this criteria, malic 

acid modified copolymers may not. To further investigate the acid resistance and drug 

release of these systems, additional studies were conducted using coated paracetamol 

capsules. 
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Acid uptake 

As previously discussed, a critical requirement for enteric drug coatings is their stability 

and insolubility under gastric conditions. In addition they must not absorb significant 

amounts of the surrounding media, as this can negatively impact both material properties 

and dissolution behavior. Generally, an acid uptake below 10 wt% is considered 

acceptable and is correlated to acid resistance.21 To evaluate this, dip coated capsules 

were immersed into a 0.01 M HCl solution for two hours to simulate stomach conditions. 

The experimental setup and calculation are described in the Supporting Information and 

the results are summarized in Fig. 6. 

With the exception of one copolymer P(MA-Mand-co-EA), all coatings failed the acid 

stability test. The other polymers either partially dissolved or swelled excessively and 

ruptured during the transfer from the steel basket (due to being stuck on the metal 

surface) onto the scale, making the determination of the acid uptake impossible. 

Shortening the time frame to one hour for the malic acid based copolymers did not 

improve their performance. This is attributed to their reduced pKa value, which allows 

deprotonation even at such low pH. Due to the lack of acid stability, malic acid modified 

copolymers were no longer considered viable candidates for enteric drug coatings and 

were not further investigated. Therefore P(MA-Mand-co-EA), the only stable copolymer, is 

compared to previously studied glycolic and lactic acid modified copolymers, as well as 

the benchmark Eudragit® L-100-55, see Fig. 6. The mandelic acid modified EA showed 

significant less acid uptake than the others, supporting the hypothesis that increased 

hydrophobicity decreases the acid uptake. In contrast P(MA-Mand-co-MMA) failed the 

test, likely due to its slightly lower pKa value, disqualifying it as a suitable coating material. 

Although only one copolymer passed the acid uptake test, P(MA-Mand-co-EA) 

demonstrated excellent acid resistance and will be further tested in dissolution studies.  
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Figure 6: Acid uptake of coated capsules after 2 hours in a 0.01 M HCl solution. Only P(MA-Mand-co-EA) was stable 

under these conditions.  

Dissolution tests of coated capsules 

To further investigate the drug release performance of P(MA-Mand-co-EA), hydroxypropyl 

methylcellulose (HPMC) capsules filled with paracetamol were coated with the polymer 

and tested using the basket method (USP apparatus I). The coated capsules were initially 

immersed into 900 mL of 0.01 M HCl for two hours (commercial Eudragit® only one hour) 

to simulate gastric conditions and analyze the dissolution properties of the copolymer 

under more realistic conditions. The absorption of gastric fluids changes the 

microenvironmental pH level around the coating and therefore the dissolution. After the 

acid stability of the copolymers had been confirmed, the medium was replaced with 900 

mL of 15 mM phosphate butter (pH = 6.5). This buffer was chosen because of its fairly bio-

predictive representation of the proximal small intestinal conditions.45 Since both HPMC 

capsules and paracetamol are water-soluble, drug release is primarily dependent on the 

polymer dissolution. A detailed experimental procedure is shown in the Supporting 

Information. Since all polymers besides P(MA-Mand-co-EA) failed the acid stability test, 
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P(MA-Mand-co-EA) was again compared to the in the previous chapter investigated 

copolymers, but with an extended acid absorption period of two hours. 

Notably, extending the acid exposure from one to two hours altered dissolution 

outcomes. For example P(MA-Lac-co-EA), which failed to release the drug in previous 

experiments now outperforms commercial Eudragit® copolymers, which were only 

submerged for one hour. In fact, all modified copolymers demonstrated faster drug 

release than the commercial coatings, validating the concept of a lowered pKa via α-

hydroxy acid modification to enhance polymer dissolution. Among these, P(MA-Mand-co-

EA) showed drug release comparable to P(MA-Gly-co-MMA) and significantly faster than 

both lactic modified and unmodified copolymers. A more detailed time dependent 

release profile is shown in Fig. S75. 

These findings support P(MA-Mand-co-EA) as a promising candidate for enteric coatings, 

offering both reduced acid uptake and faster drug release. This reduced acid uptake is 

particularly notable as the release kinetics appear to depend on the duration of prior acid 

exposure. It can be assumed that copolymers with higher acid uptake are more sensitive 

to exposure time, potentially leading to variability in the drug release profiles, depending 

on the gastric emptying. Since gastric emptying times can range from one to six hours,46,47 

a more hydrophobic, acid resistant polymer like P(MA-Mand-co-EA) could help achieve 

more consistent drug release profiles. Additionally, due to the faster release this drug 

coating may also address some limitations of current Eudragit® coatings, such as 

improving bioavailability of iron based drugs or aspirin for antiplatelet therapy.16,17,48–50  

However, before this copolymer can be considered an alternative enteric drug coating, 

several synthetic problems have to be solved and further pharmaceutical tests must be 

performed. The primary synthetic issues are increasing the copolymers molar mass, 

improving scalability and achieving quantitative deprotection. These challenges may be 

overcome through the post-polymerization strategy described in the previous chapter.  
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Figure 7: Drug release [%] after 45 minutes of different modified copolymers and the commercial Eudragit® polymers at 

a pH level of 6.5. 1) was only exposed for one hour to the 0.01 M HCl solution, all other copolymers were for two hours. 

Conclusions 

We successfully synthesized and fully characterized two novel monomers (MA-Mand-Bn 

and MA-Mal-Bn) and polymerized them via free radical polymerization. MA-Mand-Bn was 

specifically designed to lower the pKa value of the copolymer, similar to other α-hydroxy-

carboxylic acids, while also increasing hydrophobicity due to its phenyl side chain, which 

is expected to reduce acid uptake of gastric fluid. Malic acid was selected to examine the 

effect of introducing a second carboxylic acid functionality with a slightly higher pKa value.  

Since this increases the density of acid functions, malic modified copolymers were 

synthesized not only in a 1:1 ratio like the mandelic acid modified copolymers, but also in 

a 1:2 ratio to maintain the 1:1 ratio of acid functionalities to comonomer. 

Both monomers were homo- and copolymerized with MMA and EA to obtain Eudragit® L-

100 and L-100-55 analog structures. The resulting polymers were characterized using 

NMR and SEC to determine the monomer incorporation and molar weight distribution. 

These polymers were deprotected to almost 90% using TFA. These copolymers were then 

investigated towards their intrinsic pH-dependent dissolution properties via cloud point 

titration. All modified polymers exhibited dissolution at lower pH levels than the 

commercially available Eudragit® polymers, confirming a successful decrease of the pKa.  
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Acid stability, uptake and drug release tests were performed using dip-coated 

paracetamol capsules. Unexpectedly only one copolymer P(MA-Mand-co-EA), 

demonstrated sufficient stability at a pH of 2, making it the only candidate for further 

dissolution testing. This copolymer showed significantly lower acid uptake than both 

previously investigated copolymers and commercial Eudragit®, supporting the hypothesis 

that the phenyl side chain enhances hydrophobicity. Moreover, it exhibits a faster drug 

release, further validating the reduced pKa value, see Fig. 1. 

Due to poor acid resistance, the malic based copolymers were excluded from subsequent 

dissolution studies. Overall, P(MA-Mand-co-EA) presents a promising candidate for 

enteric drug coatings, offering improved acid stability and enhanced release properties. 

However, key challenges remain, including the need for higher molar mass, improved 

synthetic scalability and comprehensive pharmaceutical evaluation, such as cytotoxicity, 

long-term stability and formulation development. A potential solution to the synthetic 

limitations may lie in the post-polymerization strategy described in the previous chapter.  
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1.  Materials and experimental procedure 

1.1 Materials 

All chemicals, including solvents and reagents were purchased from Acros Organics, Thermo Fisher Scientific Inc, 
Sigma Aldrich, VWR International, TCI, Fluka or Carl Roth and were used as received, unless otherwise stated. 
Deuterated solvents were purchased from Deutero GmbH. Petrol ether was distilled before use to remove high boiling 
impurities. Stabilizers in the monomers MEHQ (for purchased EA and MMA) and  BHT (for self-synthesized monomers) 
were removed using a flash column filled with neutral aluminium oxide. Eudragit® L-100 and L-100-55 were gifted by 
Evonik Industries AG and Paracetamol was provided by Caesar and Lorentz GmbH. The hydroxypropyl methylcellulose 
(HPMC) capsules were gifted by ACG Associated Capsule PvT Ltd.  

1.2 Instrumentation  

For the copolymerizations using DMPA as photo initiator was an UV lamp ( XX-15B) from Ultra-Violet Products Ltd, 
equipped with two UV tubes with different wavelengths 312 nm ( T-15.M) and 365 nm (T-15.L) used. NMR spectra were 
measured on a Bruker Acance II 400 spectrometer with 400 MHz for 1H and 101 MHz for 13C-measurements with a 5 
mm BBFO probe head with z-gradient and ATM. The spectra are referenced internally to the residual proton signal of the 
deuterated solvents (CDCl3 and DMSO-d6). SEC measurements were performed using an Agilent 1100 series with 
300/100/40 Å HEMA columns and DMF (containing 1 g/L LiBr) as a solvent. The measurement was performed at a flow 
rate of 1 ml/min at 50°C with toluene as an internal standard. Data recording and processing were performed using PSS 
WinGPC UniChrom. DSC measurements were carried out on a TA Instruments DSC 250 equipped with a Recovery 
Cooling System 90 in a temperature range of -90-200°C. All measurements were done under  a dry nitrogen atmosphere 
at a heating and cooling rate of 10K/min using a two-point calibration of indium and n-octane. The second heating cycle 
was used for the analysis of the glass transition temperature. The cloud point measurements were carried out on a 
JASCO V-640 photometer, equipped with a JASCO ETC-717 Peltier element at 600 nm. The measuring cell was stirred 
and heated to 37°C. Capsule dissolution experiments were performed o n an USP type I apparatus (PTW SIII, Pharma 
Test) and the released paracetamol was spectrophotometrically quantified using a UV-1700 PharmaSpec  
spectrometer. 

2. Synthesis 

2.1 Protection groups (Mand-Bn & Mal-Bn) 

Mand-Bn and Mal-Bn were synthesized analog to literature and the previous chapter.1 Mandelic acid (40.0 g; 0.26 mol; 
1 eq) was dissolved in 150 ml methanol and the base 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (40.0 g; 0.26 mol; 1 eq) 
was added dropwise under stirring. After one hour, methanol was removed under reduced pressure and the resulting 
oily liquid was dissolved in 240 ml DMF and cooled to 10 °C. Benzyl bromide (45.0 g; 0.26 mol; 1 eq) was added 
dropwise, and the reaction mixture stirred overnight. After turning yellow the solution was diluted with 250 ml ethyl 
acetate and 400 ml water. The aqueous phase was extracted four times with 150 ml ethyl acetate and the combined 
organic phases were extracted with 150 ml water, three times with 5 wt % citric acid solution and two times with brine. 
The organic phase was dried with sodium sulfate and the solvent was removed under reduced pressure. The c rude 
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products were purified by distillation under reduced pressure (10-3 mbar) at 120°C for Mand-Bn and 220°C for Mal-Bn, 
yielding 93% Mand-Bn and 84% Mal-Bn. 

Mand-Bn: 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.48-7.10 (m, 5H, a), 5.28-5.07 (m, 3H, b), 3.43 (d, 1H, c)  

Mal-Bn: 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.43-7.28 (m, 10H, a), 5.19-5.13 (s, 4H, b), 4.59 (t, 1H, d) 2.91 (m, 2H, e) 

2.2 Steglich esterification (MA-Mand-Bn & MA-Mal-Bn) 

For the Steglich esterification, Mand-Bn (25.0 g; 0.1 mol; 1eq), methacrylic acid (9.8 g; 0.11 mol; 1.1eq) and N,N-
Dimethylpyridin-4-amine (DMAP) (1.26 g; 0.01 mol; 0.1 eq) were dissolved in 70 ml DMF and cooled to 0°C. N,N’-
Diisopropylcarbodiimid (DIPC) (19.5 g; 0.15 mol; 1.5 eq) dissolved in 30 ml DMF was added dropwise to keep the 
reaction temperature below 10 °C. After the addition of DIPC was complete, the cooling bath was removed and the 
reaction mixture was stirred at room temperature for three days. Afterwards were the colorless crystals removed using 
filtration and the yellow solution was diluted with 100 mL of ethyl acetate as well as water. The aqueous phase was 
extracted three times with 150 mL of ethyl acetate and the combined organic phases one time with 150 mL  water and 
twice with 100 mL of brine. The organic phase was dried over magnesium sulfate, and 2,6-Di-tert-butyl-4-methylphenol 
(BHT) was added as a stabilizer. The solvent was removed under reduced pressure. The crude product was stored at 
– 20 °C and purified using column chromatography using a 1:5 mixture of ethyl acetate to petrol ether as eluent. The 
two monomers were obtained in pure form with yields of 45 % for MA-Mand-Bn and 31 % for MA-Mal-Bn, 

MA-Mand-Bn: 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.56-7.13 (m, 10H, a); 6.27 (s, 1H, d); 6.03 (s, 1H, c); 5.67 (s, 1H, d); 
5.17 (m, 2H, b); 2.00 (s, 3H, e)  

MA-Mal-Bn: 1H-NMR (400 Mhz, CDCl3) δ (ppm) =7.42-7.21 (m, 10H, a); 6.12 (s, 1H, d); 5.64-5.52 (s, 1H, d); 5.63-5.53 (m, 
2H, d+c); 5.24-5.04 (m, 4H, b); 2.98 (m, 2H, f); 1.92 (s, 3H, e)  

2.3 Copolymerization 

The copolymerization procedure is illustrated using P(MA-Mand-Bn-co-MMA) as an example. MA-Mand-Bn (3.0 g; 0.01 
mol; 1eq) and methyl methacrylate (0.97 g; 0.01 mol; 1eq) were filtered over neutral aluminum oxide to remove any 
stabilizers. The purified monomers were than transferred into a Schlenk flask. Benzene was used as a solvent, and the 
reaction mixture was diluted with 19.3 mL to achieve a monomer concentration of 1 mol/L. The photoinitiator DMPA 
(0.198 g; 0.7 mmol; 5wt.%) was added and the reaction mixture was degassed by three freeze-pump-thaw cycles. The 
reaction mixture was then irradiated with UV light for 18 hours. After polymerization, unreacted monomers were 
removed by precipitation of the polymer at least three times into ice-cold petroleum ether, followed by centrifugation. 
The typical yield was in the range of 80% and all copolymerizations were carried out following this procedure under 
identical conditions. 

P(MA-Mand-Bn-co-MMA): 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.56-6.99 (10H, a); 6.06-5.57 (1H, b); 5.28-4.85 (2H, c); 
3.77-3.14 (3H, d); 2.30-1.33 (4H, e); 1.19-0.46 (6H, f) 

P(MA-Mand-Bn-co-EA): 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.57-6.95 (10H, a); 6.10-5.47 (1H, b); 5.26-4.73 (2H, c); 
4.23-3.55 (2H, d); 2.69-1.32 (4H, e); 1.31-0.42 (6H, f) 

P(MA-Mal-Bn-co-MMA): 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.40-7.15 (10H, a); 5.45-5.23 (1H, b); 5.21-4.85 (4H, c); 
3.76-3.36 (3H, d); 3.06-2.73 (2H, e); 2.31-1.36 (4H, f); 1.34-0.60 (6H, g) 

P(MA-Mal-Bn-co-EA): 1H-NMR (400 Mhz, CDCl3) δ (ppm) = 7.37-7.12 (10H, a); 5.48-5.21 (1H, b); 5.20-4.79 (4H, c); 4.28-
3.76 (2H, d); 3.10-2.68 (2H, e); 2.62-1.34 (5H, f); 1.34-0.73 (6H, g) 

2.4 Deprotection 

For the deprotection of the acid functionalities the benzylic esters had to be cleaved.  Therefore, the protected 
copolymers were dissolved in trifluoracetic acid (TFA) in a concentration of 0.1 g/mL at room temperature and heated 
up to 70°C for 16h. After successful deprotection, the initial colorless solution turned beige and the polymer 
precipitated. TFA was removed under reduced pressure and collected for reuse. The resulting beige polymer was 
dissolved in EtOAc and washed at least five times with water to remove any residual TFA. This was confirmed by 19F-
NMR spectroscopy. Yields and degrees of deprotection can be found in Table S5. 

P(MA-Mand-co-MMA): 1H-NMR (400 Mhz, DMSO-d6) δ (ppm) = 14.10-11.86 (1H, b); 8.07-6.38 (5H, a); 6.00-5.28 (1H, c); 
3.93-3.01 (4H, ); 2.24-1.22 (3H, d); 1.16-0.27 (6H, f) 
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P(MA-Mand-co-EA): 1H-NMR (400 Mhz, DMSO-d6) δ (ppm) = 14.26-12.1 (1H, b); 7.76-6.52 (5H, a); 5.95-5.29 (1H, c); 4.21-
3.57 (2H, d); 2.43-1.22 (5H, e); 1.21-0.49 (6H, f) 

P(MA-Mal-co-MMA): 1H-NMR (400 Mhz, DMSO-d6) δ (ppm) = 14.07-11.61(2H, a); 5.40-4.79 (1H, b); 3.90-3.08 (3H, d); 
2.93-2.58 (2H, e); 2.22-1.30 (4H, f); 1.12-0.56 (6H, g) 

P(MA-Mal-co-EA): 1H-NMR (400 Mhz, DMSO-d6) δ (ppm) = 13.69-11.99 (2H, a); 5.37-4.83 (1H, b); 4.19-3.75 (3H, d); 2.89-
2.59 (2H, e); 2.46-1.26 (4H, f); 1.24-1.07 (3H, g); 1.06-0.66 (3H, h) 

 

2.5 Cloud point titration  

For cloud point titration, the deprotected copolymer was dissolved in a 0.01 M NaOH solution at a concentration of 5 
mg/mL. If the polymer did not fully dissolve, a few drops of 0.1 M NaOH were added until a clear solution was formed. 
Once dissolution was complete, the pH was measured, as well as the transmission at 37 °C. This measurement was 
then repeated after the addition of 0.1 M HCl solution to gradually lower the pH. 

2.6 Capsule Coating 

Hydroxypropyl methylcellulose (HPMC) capsules (size 0) were filled with paracetamol and coated with different 
copolymers. For each copolymer, four capsules were prepared, and their individual coating levels were calculated. To 
prepare the coating solution 60 mg of triethyl citrate (TEC) and 300 mg of the copolymer were dissolved in 5 g of a (1:1 
v/v) acetone/ethanol mixture. Capsules were immersed into the solution for 1-3 seconds and then dried for 10-15 
minutes, until a target coating density of 10 mg/cm2 was achieved. After the final dipping cycle, capsules were dried for 
an additional hour. Any irregularities in the coating were manually corrected using a brush and the coating solution. The 
coating level was calculated using the following equation, where mc is the capsule weight after coating and mu the 
weight prior to coating. The factor of 0.83 is due to the incorporation of TEC as a plasticizer.  

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 =
(𝑚c − 𝑚u)

5 cm2 ∙ 0.83 

The mean coating level and the standard deviation for P(MA-Mand-co-EA) was 9.22 ± 0.81 mg/cm2 . 

2.7 Acid uptake 

The acid uptake of the different copolymers was calculated using the following equation:  

𝐴𝑐𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
(𝑚a − 𝑚c)

𝑚c
∙ 100% 

Hereby stands ma for the weight of the capsule after the capsule was submerged for two hours in a 0.01 M HCl solution. 

2.8 Dissolution testing 

Dissolution testing was performed using an USP apparatus I with the basket method at 100 rpm and 37 ± 0.5 °C. To 
evaluate the acid resistance and uptake, the coated capsules were first submerged into 900 mL of 0.01 M HCl solution 
for two hours (malic acid modified, as well as the Eudragit® polymers were only submerged for one hour). Afterwards 
the capsules were carefully dried and weighed. The acidic solution was then replaced with 900 mL of 15 mM phosphate 
buffer at a pH of 6.5. At set time points were 5 mL samples withdrawn without replacement to determine the drug 
release. The concentration of paracetamol was spectrophotometrically determined at λ = 243 nm. 
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3. Monomer characterization: 

 

Figure S1: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected mandelic acid (Mand-Bn). 

 

 

Figure S2: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected malic acid (Mal-Bn). 
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Figure S3: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected mandelic acid modified MA (MA-Mand-Bn). 

 

Figure S4: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected mandelic acid modified MA (MA-Mand-Bn). 
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Figure S5: COSY spectrum (400 MHz, CDCl3) of benzyl protected mandelic acid modified MA (MA-Mand-Bn). 

 

Figure S6: HSQC spectrum (400 MHz, CDCl3) of benzyl protected mandelic acid modified MA (MA-Mand-Bn). 
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Figure S7: HMBC spectrum (400 MHz, CDCl3) of benzyl protected mandelic acid modified MA (MA-Mand-Bn). 

 

Figure S8: 1H-NMR spectrum (400 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn). 
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Figure S9: 13C-NMR spectrum (101 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn). 

 

Figure S10: COSY spectrum (400 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn). 
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Figure S11: HSQC spectrum (400 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn). 

 

Figure S12: HMBC spectrum (400 MHz, CDCl3) of benzyl protected malic acid modified MA (MA-Mal-Bn). 
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4. Homopolymer characterization 

 

Figure S13: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn). 

 

Figure S14: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn). 
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Figure S15: SEC curves (DMF, PMMA calibration) for the homopolymers P(MA-Mand-Bn) and P(MA-Mal-Bn).  

5. Copolymer characterization 

 

Figure S16: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mand-Bn-co-MMA) in a 1:1 ratio, synthesized 
with 5 wt% DMPA at different monomer concentrations. 



 
Chapter 5 

 
 287 

 

Figure S17: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mand-Bn-co-MMA) in a 1:1 ratio, synthesized 
at 1 mol/L monomer concentration and varying DMPA concentrations. 

 

Figure S18: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mal-Bn-co-MMA) in a 1:1 ratio, synthesized 
with 5 wt% DMPA at different monomer concentrations. 
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Figure S19: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mal-Bn-co-MMA) in a 1:1 ratio, synthesized 
at 1 mol/L monomer concentration and varying DMPA concentrations. 

 

 

 

Table S1: Results of the copolymerization of P(MA-Mand-Bn-co-MMA) using 5 wt% DMPA initiator at different 
monomer concentration, using a PMMA calibration. 

 DMF SEC 
Monomer 

concentration 
  (mol l) 

Yield   (%) Mn   (103 
g mol) 

Đ 

0.5 60 3.8 1.83 
1 78 4.4 1.67 

1.5 82 4.4 1.77 
 

Table S2: Results of the copolymerization of P(MA-Mand-Bn-co-MMA) using different amounts of DMPA initiator at a 
monomer concentration of 1.0 mol/L, using a PMMA calibration. 

 DMF SEC 
DMPA   
(wt.%) 

Yield   (%) Mn   (103 
g mol) 

Đ 

3 68 5.4 1.69 
5 78 4.4 1.67 
7 82 3.9 1.63 
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Table S3: Results of the copolymerization of P(MA-Mal-Bn-co-MMA) using 5 wt% DMPA initiator at different monomer 
concentration, using a PMMA calibration. 

 DMF SEC 
Monomer 

concentration 
  (mol l) 

Yield   (%) Mn   (103 
g mol) 

Đ 

0.5 58 3.9 1.75 
1 70 4.1 1.78 

1.5 75 4.3 1.78 
 

Table S4: Results of the copolymerization of P(MA-Mal-Bn-co-MMA) using different amounts of DMPA initiator at a 
monomer concentration of 1.0 mol/L, using a PMMA calibration. 

 DMF SEC 
DMPA   
(wt.%) 

Yield   (%) Mn   (103 
g mol) 

Đ 

3 48 4.8 1.94 
5 70 4.1 1.78 
7 74 3.5 1.73 

 

 

Figure S20: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-MMA). 
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Figure S21: 13C-NMR spectrum (101 MHz, CDCl3) of P(MA-Mand-Bn-co-MMA). 

 

Figure S22: : COSY-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-MMA). 
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Figure S23: HSQC- NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-MMA). 

 

 

 

Figure S24: HMBC- NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-MMA). 
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Figure S25: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-MMA). 

 

 

Figure S26: 13C-NMR spectrum (101 MHz, CDCl3) of P(MA-Mal-Bn-co-MMA). 
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Figure S27: COSY-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-MMA). 

 

Figure S28: HSQC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-MMA). 
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Figure S29: HMBC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-MMA). 

 

Figure S30: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-Bn1-co-MMA2). 
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Figure S31: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-EA). 

 

Figure S32: 13C-NMR spectrum (101 MHz, CDCl3) of P(MA-Mand-Bn-co-EA). 
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Figure S33: COSY-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-EA). 

 

Figure S34: HSQC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-EA). 
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Figure S35: HMBC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mand-Bn-co-EA). 

 

Figure S36: 1H-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-EA). 
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Figure S37: 13C-NMR spectrum (101 MHz, CDCl3) of P(MA-Mal-Bn-co-EA). 

 

Figure S38: COSY-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-EA). 
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Figure S39: HSQC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-EA). 

 

Figure S40: HMBC-NMR spectrum (400 MHz, CDCl3) of P(MA-Mal-Bn-co-EA). 
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Figure S41: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-Bn1-co-EA2). 

 

Figure S42: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mand-Bn-co-X) synthesized in a 1:1 ratio 
with 5 wt% DMPA at 1 mol/L monomer concentration. 
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Figure S43: SEC curves (DMF, PMMA calibration) for the copolymer P(MA-Mal-Bn-co-X) synthesized in a 1:1 and 1:2 
ratio with 5 wt% DMPA at 1 mol/L monomer concentration. 

 

 

Figure S44: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 

a

a
a

a

a

b c

a

b

c

d

d

e e

e

f

f

f

D
M

SO
H

2O



 
Chapter 5 

 
 302 

 

Figure S45: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 

 

Figure S46: COSY-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 
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Figure S47: HSQC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 

 

Figure S48: HMBC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 
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Figure S49: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-MMA). 

 

Figure S50: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-EA). 
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Figure S51: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Mand-co-EA). 

 

Figure S52: COSY-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-EA). 
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Figure S53: HSQC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-EA). 

 

Figure S54: HMBC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-EA). 
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Figure S55: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mand-co-EA). 

 

Figure S56: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 
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Figure S57: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 

 

 

Figure S58: COSY-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 
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Figure S59: HSQC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 

 

Figure S60: HMBC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 
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Figure S61: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-MMA). 

 

Figure S62: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal1-co-MMA2). 

D
M

SO

H
2O

a

b

d

hf

e

a

b
e

a

d

f f

g

g



 
Chapter 5 

 
 311 

 

Figure S63: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal1-co-MMA2). 

 

Figure S64: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 
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Figure S65: 13C-NMR spectrum (101 MHz, DMSO-d6) of P(MA-Mal-co-EA). 

 

Figure S66: COSY-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 
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Figure S67: HSQC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 

 

Figure S68: HMBC-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 
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Figure S69: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 

 

Figure S70: 1H-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal1-co-EA2). 
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Figure S71: 19F-NMR spectrum (400 MHz, DMSO-d6) of P(MA-Mal-co-EA). 

Table S6: Summary of yield, degree of deprotection as well as the glass transition temperature for deprotected 
copolymers. 

Copolymer Yield   (%) Degree of deprotection   (%)  g  (°C) 
Eudragit L-100 - - 168 

P(MA-Mand-co-MMA) 87 86.2 140 
P(MA-Mal-co-MMA) 56 84.8 109 

P(MA-Mal1-co-MMA2) 95 86.8 81 
Eudragit L-100-55 - - 82 

P(MA-Mand-co-EA) 84 88.7 113 
P(MA-Mal-co-EA) 47 85.8 65 

P(MA-Mal1-co-EA2) 81 92.1 60 
 

6. Glass transition temperatures 

 

Figure S72: DSC curves of the second heating cycle of Eudragit® L-100, P(MA-Mand-co-MMA) and P(MA-Mal-co-MMA). 
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Figure S73: DSC curves of the second heating cycle of Eudragit® L-100-55, P(MA-Mand-co-EA) and P(MA-Mal-co-EA). 

7. Cloud point titration 

 

Figure S74: pH dependent transmission experiments for Eudragit® L-100-55 type copolymers at 37°C.  
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8. Time dependent drug release profile  

 

Figure S75: Drug release of paracetamol of a HPMC capsule coated with P(MA-Mand-co-EA). For the first two hours at 
a pH of 2, which was changed to a 15 mM phosphate buffer with a pH of 6.5. 
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ABSTRACT: The moderately polar solvent methyl tert-butyl ether (MTBE) was investigated 

as reaction medium for the carbanionic polymerization of the 1,3-dienes isoprene and β-

farnesene. Key characteristics of MTBE, e.g., 50 times longer half-life of n-butyllithium 

compared to tetrahydrofuran and polymerization rate constants were determined. In situ 

1H NMR kinetics showed a polymerization rate in MTBE in between the commonly utilized 

solvents cyclohexane and tetrahydrofuran for diene polymerization. Remarkably, the 

living polydienyllithium chains in MTBE are predominantly present as non-aggregated 

unimers. The copolymerization of styrene and isoprene in cyclohexane with increasing 

MTBE fraction was investigated via in situ near-infrared kinetics. The gradient structure 

successively changes to random monomer incorporation and ultimately yields an 

inverted, yet still almost random incorporation in pure MTBE, reflected by the reactivity 

ratios rS
MTBE = 1.82 and rI

MTBE = 0.55. A spotlight is placed on the great potential of this highly 

available, albeit rarely used solvent for anionic polymerization.  
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INTRODUCTION 

The choice of a solvent is often crucial in determining the success of a given reaction. This 

particularly applies to ionic polymerizations. In the case of carbanionic polymerization, the main 

requirement is a non-protic solvent and the strict absence of all protic impurities. Therefore, for 

the case of non-polar monomers hydrocarbon solvents, e.g., alkanes, toluene or benzene, 

typically have been used,1,2 some of which bear disadvantages. For example, proton transfer 

reactions were reported for toluene.3 Carbanionic ion pairs form aggregates with Li counterions, 

posing a well-known problem for the solubility of bifunctional initiators.4–6 Thus, non-protic ether 

solvents, predominantly tetrahydrofuran (THF), have been used in this case. The better solvation 

of the counterion prevents formation of aggregates. However, the increased polarity affects the 

resulting microstructure, namely regio- and stereostructure, of a poly(1,3-diene) leading to a low 

extent of 1,4-incorporation and consequently an undesired high glass temperature (Tg) for, e.g. 

polybutadiene and polyisoprene. In addition, THF is notorious for its decomposition reactions 

with alkyllithium compounds, limiting its use to low temperatures.7 The half-life of n-butyllithium 

in THF at 20 °C was reported to be just 107 min.8 Finally, ether solvents are also known to form 

peroxides, restricting or even prohibiting their use in large-scale industrial processes. 

Surprisingly, very little research has been published on the use of solvents of intermediate polarity 

for the anionic polymerization. One representative of this class is methyl tert-butyl ether (MTBE). 

One the one hand MTBE shows improved safety due to the absence of peroxide formation.9 

Secondly, one expects higher stability towards alkyllithium compounds due to fewer protons in α-

position as well as significant steric hindrance and moderate polarity, reflected by a dielectric 

constant, εMTBE = 2.6, in between the non-polar cyclohexane (CHx; εCHx = 2.02) and THF, 

εTHF = 7.6.10–12 Despite these advantages, MTBE has received surprisingly little attention, although 

it is readily available on large scale. In a few works MTBE was used as a polar modifier to modify 

the vinyl content of polybutadiene and to randomize the copolymerization of butadiene with 

styrene or divinylbenzene.13–16 The addition of 40 equivalents of MTBE relative to n-BuLi in 

cyclohexane at 50 °C led to an increase of the vinyl content from ~7% to 28%.13,17 This effect is 

much weaker than the ~41% vinyl content reported for 45 equivalents of THF in hexane at 50  °C.18 

Another interesting feature of MTBE is its greater solvating strength for bifunctional initiators 

preventing aggregation.19,20 This is primarily relevant for diene monomers, for which the change in 

the resulting microstructure is not of great concern for their properties. This refers for instance to 

the microstructure-independent low Tg of polyfarnesene (PFar).20,21 Consequently, we recently 

introduced the bifunctional synthesis of fully bio-based thermoplastic elastomers in MTBE.22,23 



 
Chapter A1 

 
 327 

The use of MTBE as a neat solvent for carbanionic polymerization was reported in 1987 in a Czech 

patent, targeting the bifunctional synthesis of SBS rubber.24–27 Surprisingly, this has been almost 

overlooked ever since. 

Increasing awareness for sustainability has resulted in the examination of new bio -based solvents 

in recent years. For instance, Schlaad et al. introduced DL-limonene and 2-methyltetrahydrofuran 

(2-MeTHF) as more sustainable solvents for carbanionic polymerization.28,29 Other examples 

comprise the hydrogenated triterpene squalane, bearing a C30 framework, and cyclopentyl methyl 

ether.30,31 The drawback of these solvents is their limited accessibility, which makes large-scale 

application unlikely. MTBE, which is already available on large scale due to multiple industrial 

applications, e.g., as fuel component, is therefore much more attractive. Even though today’s 

MTBE large-scale production relies on a fossil feedstock, the high demand has resulted in a variety 

of alternative bio-based production pathways. MTBE can be obtained from methanol, that is 

easily available in a sustainable manner, and isobutylene.32 The latter can be synthesized from 

carbon dioxide and green hydrogen in the zirconium oxide catalyzed isosynthesis.33–35 The process 

can also be operated with syngas from biomass or biomass can be used directly to afford 

isobutylene via fermentation.36–39 Despite the many benefits, it is important to also be aware of 

the reported disadvantages of MTBE, such as health concerns linked to endocrine disruption and 

incompatibility with some established metalation reactions, e.g., Grignard reagent formation.40,41 

This work presents the first fundamental examination of MTBE as a solvent for carbanionic 

polymer synthesis. It covers an investigation on the stability towards alkyllithium compounds in 

comparison to the established polar solvent THF. Further, the performance in the anionic 

polymerization is quantified and demonstrated by investigating the kinetics of the 

homopolymerization of isoprene and β-farnesene as well as the copolymerization of isoprene and 

styrene using increasing fractions of MTBE. 

RESULTS AND DISCUSSION 

STABILITY OF THF AND MTBE TOWARDS BUTYLLITHIUM 

To compare the stability of alkyllithium compounds in THF and MTBE, the nucleophile n-

butyllithium (n-BuLi) was chosen. Its more widely used isomer, sec-BuLi, is not feasible for this 

investigation due to its rapid decomposition in THF even at lower temperatures (78  min at 

– 20 °C).8 The reaction was investigated by in situ 1H NMR kinetics at 20 °C by tracking the decrease 

of the methylene signal of n-BuLi at ~ -0.75 ppm, see Figure S1 (Supporting Information). 

Figure 1a shows that the concentration of n-BuLi decreases rapidly. The pseudo-first order plot of 
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ln([BuLi]0/[BuLi]) vs time is linear with a half-life of 44 min. Detailed information on the NMR 

method is given in the Supporting Information. 

 

 

Figure 1. Decrease of n-BuLi concentration at 20 °C (blue), along with the pseudo-first order plot (red); (a) in THF, (b) in 

MTBE. 

In contrast, the decomposition of MTBE is more than 50 times slower than THF, with a half-life of 

~ 2600 min, see Figure 1b and Figure S2. Since neither the pseudo-first order, nor the pseudo-

second order plot (1/[BuLi] vs time, Figure S3) follow a linear trend, the consumption of n-BuLi 

cannot easily be assigned to a specific kinetic order. We assume that a secondary process 

emerges during the decomposition of MTBE. As known in literature, the methoxy group of MTBE 

can be deprotonated under harsh conditions using sec-BuLi and potassium tert-butoxide.42 This 

implies the following proposed reaction shown in Scheme 1. 

 

S heme 1. Proposed decomposition reaction of MTBE in the presence of n-BuLi. 

 

 

As a result, isobutylene and lithium methoxide are produced. Evidence for this can be found in the 

in situ 1H NMR kinetics in Figure S2. While the characteristic n-BuLi signal at ca. -0.75 ppm 

decreases, new signals emerge at 4.7 ppm and 1.8 ppm. They can be attributed to the olefin and 

methyl signal of isobutylene, respectively. Their formation follows the expected integral ratio of 

two and six protons. Simultaneously, lithium methoxide is formed, in which we assume the origin 



 
Chapter A1 

 
 329 

of the deviating pseudo-first order kinetics. Polar structures are known to affect the kinetics of 

carbanionic polymerization.1,43 

The far higher stability of MTBE compared to THF indicates that it is ideally suited as an alternative 

solvent for the carbanionic polymerization, as investigated in the following. 

 

KINETICS OF POLYMERIZATION OF ISOPRENE IN MTBE 

The diene monomers isoprene and β-farnesene (Far) were investigated for their polymerization 

kinetics in MTBE. Isoprene is a commonly utilized monomer of which many data regarding 

polymerization rates, aggregation number, and polymer microstructure in classical solvents are 

known, rendering it highly suitable for comparison. β-Farnesene on the other hand, is much better 

suited for synthesis in polar media for its microstructure-independent low Tg.20  

The polymerization of isoprene was performed at three different temperatures, 23  °C, 30 °C and 

40 °C. Polymerizations were investigated using in situ 1H NMR kinetic experiments following the 

decrease of the methine signal of isoprene at ~ 6.6 ppm, see Figure S4. Figure 2a shows the linear 

pseudo-first order plots indicating living polymerization of isoprene in MTBE.  

 

Figure 2. In situ 1H NMR kinetics results of isoprene polymerization in MTBE using sec-BuLi as initiator; (a) pseudo-first-

order plots at different temperatures at [Ini]0 ≈ 35 mmol L-1; (b) pseudo-first-order plots using different [Ini]0 at 23 °C; (c) 

double logarithmic plot of the apparent rate constants of isoprene at different initiator concentrations at 23  °C. 

The apparent rate constant, kapp, is the slope of the pseudo first-order plot, and E uation 1 

renders the rate constant, kp
MTBE, using the initiator concentration [Ini]0 and the aggregation 

number n, 

kp=
kapp

[Ini]0
1/n (1) 
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These values were compared to previously reported values of isoprene polymerized in 

cyclohexane, see Table 1.44,45 The propagation rate of isoprene in MTBE is about one magnitude 

higher than in cyclohexane. In contrast, the propagation rate in THF is four times higher than in 

MTBE, kp
THF,29 °C = 105∙10-3 M-1 s-1.46 

An important factor that needs to be considered is the degree of aggregation of the active chain 

ends, n, in the respective solvents. Polyisoprenyllithium chains are known to form tetramers in 

cyclohexane at concentrations relevant to polymerization.47 The higher polarity of MTBE suggests 

a change in the aggregation state. E uation 2 was used to determine the aggregation number.  

ln kapp =(1/n) ln[Ini]0     (2) 

The polymerization was performed at three different initiator concentrations, [Ini]0, targeting 

different molar masses of 2.5 kg mol-1, 5 kg mol-1 and 10 kg mol-1, see Figure 2b. The initiator 

concentrations were determined from the number-average molecular weights of the polymers 

determined by 1H NMR (see Table 1). Based on the linear fit (Figure 2c) an aggregation number of 

n ≈ 1 was determined, suggesting the unimeric nature of polyisoprenyllithium chains in MTBE. 

Additional information on the polymerization kinetics, e.g. time-conversion plots, SEC traces and 

NMR spectra, can be found in Figures S5, S6, S10, S12 and S13. 

 able 1. Summary of polymerization rates of isoprene and β-farnesene in MTBE and published values obtained in 

cyclohexane (CHx), assuming n=1 in MTBE and n=4 in cyclohexane. 

Temperature 

(°C) 

[Ini]0 a) 

(mmol L-1) 

kapp
MTBE 

(10-3 s-1) 

kp
MTBE 

(10-3 M-1 s-1) 

kp
CHx 

(10-3 M-1/4 s-1) 

Isoprene     

23 35.5 0.47 13.3 0.6144 b) 

30 36.9 0.89 24.1 1.4745 c) 

40 37.1 2.11 56.9 3.8145 c) 

Farnesene     

23 34.9 0.80 22.9 3.2348 b) 

30 35.7 1.57 44.0 6.3148 b) 

40 34.3 3.69 107.6 23.148 b) 
a) calculated using Mn = MMon∙[M]0∙[Ini]0

-1; [I]0= 1.94 mol L-1, [Far]0= 0.65 mol L-1 
b) determined by in situ 1H NMR kinetics;44,48 c) determined by in situ NIR kinetics.45 



 
Chapter A1 

 
 331 

 

KINETICS OF POLYMERIZATION OF Β-FARNESENE IN MTBE 

The conversion of β-farnesene (Far) can be tracked by in situ 1H NMR kinetics following the 

decrease of the proton at ~ 6.4 ppm. The respective spectra are presented in Figure S7. Following 

the investigation for isoprene we investigated the dependence on temperature and initiator 

concentration. The linearity of the pseudo-first order plots, see Figure 3a and b, proves the living 

behavior, and using E uation 1 the apparent rate constants were converted to the respective rate 

constants of Far in MTBE, kp
MTBE, summarized in Table 1. As evident from Figure 3c, 

polyfarnesenyllithium chains in MTBE form primarily unimers (aggregation number of n ≈ 1), 

similar to polyisoprenyllithium. Additional data are presented in Figures S8, S9, S11, S14 and 

S15. 

 

 

Figure 3. In situ 1H NMR kinetics results of β-farnesene polymerization in MTBE using sec-BuLi as initiator; (a) pseudo-

first-order plots at different temperatures at [Ini]0 ≈ 35 mmol L-1; (b) pseudo-first-order plots using different [Ini]0 at 23 °C; 

(c) double logarithmic plot of the apparent rate constants of isoprene at different initiator concentrations at 23  °C. 

As observed earlier, β-farnesene reacts faster than myrcene and isoprene in cyclohexane. This 

was associated to the bulky chain-ends of the longer homologues of isoprene, decreasing their 

aggregation.48,49 Further it is evident that in MTBE β-farnesene polymerizes about 70% faster than 

isoprene, independent of the temperature. Taking the absence of aggregation into account, this is 

unexpected, considering the bulkiness of the monomer and the chain end. The full set of rate 

constants is analyzed by an Arrhenius plot (E uation 3; Figure 4). 

ln kp = ln A+ EA RT⁄       (3) 

The activation energies, EA, of both β-farnesene and isoprene are much lower in MTBE than in 

cyclohexane. This can be attributed to the fact that the activation energy in cyclohexane also 
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contains the enthalpy of the aggregation/dissociation equilibrium. Further polymer 

characteristics, e.g. microstructure and molar mass determinations via SEC and NMR, are 

summarized in Table S1. 

 

 

Figure 4. Arrhenius plots of isoprene and β-farnesene polymerization in MTBE and cyclohexane. 

Noteworthy, the change in polarity of the solvent influences the resulting microstructure of the 

respective polydienes. For example, β-farnesene polymerized in hydrocarbons leads to ~ 93% of 

1,4-units and ~ 7% 3,4-units, which decreases to approximately 62% 1,4-units and 38% 3,4-units 

when polymerized in MTBE.22 In contrast, the effect on the polyisoprene microstructure is slightly 

stronger, as the amount of vinyl units increases to approx. 49% 3,4-units and 4% 1,2-units, 

whereas the amount of 1,4-units decreases to 47%. In comparison, the higher polarity of THF is 

known to further increase the vinyl content to 62% 3,4-units, 24% 1,2-units and only 14% of 1,4-

units.29 

 

COPOLYMERIZATION OF ISOPRENE AND STYRENE IN 

MTBE/CYCLOHEXANE MIXTURES 

Recently, our group utilized MTBE as a solvent for the bifunctional copolymerization of 

β-farnesene and nopadiene (Nopa), a biobased 1,2-substituded bicyclic 1,3-diene. Herein, the 

change from cyclohexane to MTBE showed only minor variation of the respective reactivity ratios 

of the copolymerization (rFar
CHx = 6.5, rNopa

CHx = 0.156 and rFar
MTBE = 7.23, rNopa

MTBE = 0.138).23 In the 

following section, the copolymerization of styrene (S) and isoprene (I), as an established 



 
Chapter A1 

 
 333 

copolymerization pair in carbanionic polymerization, is investigated in MTBE/cyclohexane 

mixtures. 

The copolymerization in pure cyclohexane leads to a steep comonomer gradient along 

the chain, reflected by the reactivity ratios rI
CHx = 10 and rS

CHx = 0.015, respectively.50 The 

change in the polarity of the reaction medium is known to have a strong impact on the 

copolymerization and the associated reactivity ratios. Polar additives, like THF or 2,2 -

di(2-tetrahydrofurfuryl)propane (DTHFP), are known to entirely invert the comonomer 

gradient, and consequently styrene is preferably incorporated during the 

copolymerization.49,50 The copolymerization of styrene and isoprene with increasing 

MTBE content was therefore investigated using in situ near-infrared (NIR) kinetics. The 

procedure followed the protocol explained in a previous publication. 45  

The ratio [MTBE]/[Li] in cyclohexane was steadily increased until MTBE was present as a 

pure solvent. The reactivity ratios are determined from the individual monomer 

consumptions using the non-terminal (Jaacks)51,52 and terminal model (Meyer and 

Lowry)53. Preferentially, the non-terminal model — assuming an ideal copolymerization 

(r1∙r2=1) — is used, since it is less prone to overfitting compared to the more complex 

terminal model.54 The non-linear Meyer-Lowry fit was only used for the ratios 

[MTBE]/[Li] = 0, 5 and 20, as the data deviated from linearity in the respective Jaacks fit. 53 

Exemplary, the NIR kinetic results in neat MTBE is presented in Figure 5. 

 

Figure 5. In situ NIR kinetics of the copolymerization of styrene and isoprene in neat MTBE at 20 °C, (a) time-conversion 

plot, (b) monomer consumption vs. total consumption, (c) Jaacks-fit of the copolymerization, rI=0.55 and rS=1.82. 

All kinetic results are summarized in Table 2 and additional data is given in the SI 

(Figures S18-25). The effect of the MTBE content on the reactivity ratios is shown in 

Figure 6. 



 
Chapter A1 

 
 334 

 

Figure 6. Effect of the addition of MTBE on the reactivity ratios of the copolymerization of S, red, and I, blue, and the 

amount if vinyl units, green; lines connecting the symbols are a guide to the eye only; measured with in situ NIR kinetics 

at 20 °C. 

It is evident that the reactivity ratios converge and eventually invert, so that finally styrene 

is incorporated first. By interpolation we see that a random copolymer (rS = rI ≈ 1) is 

expected at [MTBE]/[Li] ≈ 166 (3.5 vol%) and no significant change is observed by 

exceeding a [MTBE]/[Li] ratio of 1000 equivalents. Additionally, the reaction half-life, t1/2 

(inverse rate), is decreased by the addition of MTBE up to 1000 eq, whereas further 

addition of MTBE leads to an increase in reaction time again. Eventually, the half-life of 

isoprene even exceeds the t1/2 in pure cyclohexane, see Figure S29. A similar minimum of 

t1/2 was observed with THF as ligand at a THF/Li ratio ≈ 80 already.50 Analogously, 

randomization with THF is already achieved at [THF]/[Li] ≈ 6.50 Significantly, an additional 

in situ NMR kinetic experiment in neat MTBE showed nearly identical results to the one 

obtained via the in situ NIR measurement, proving the comparability of both techniques. 

The reactivity ratios in neat MTBE, determined by either NMR or NIR are in good 

agreement, rS
MTBE = 1.82 (NIR); 1.87 (NMR) and rI

MTBE = 0.55 (NIR); 0.53 (NMR), and reveal a 

weak compositional gradient not very far from an ideal, random incorporation of styrene 

and isoprene. This is also reflected by a the low so-called blockiness of the styrene 

content, see Figure S30. This is in line with results obtained in previous works where the 

addition of polar modifiers, e.g., THF or DTHFP, was used to manipulate the tapered 

structure of diene/styrene copolymers.49,50 Notably, the gradient is much weaker than in 
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pure THF, where rS
THF ≈ 9 and rI

THF ≈ 0.1 was reported.55 Thus, pure MTBE is a suitable 

solvent to synthesize near-random S/I copolymers. 

 able 2. Polymer characteristics of all synthesized S/I copolymers. 

[MTBE]/

[Li] a) 

MTBE 

[vol%] 

Mn
SEC b) 

[kg mol-1] 
Ð b) rI 

c)
 rS 

c) 
1,4- d) 

[%] 

3,4- d) 

[%] 

1,2- d) 

[%] 

Tg e) 

[°C] 

Volume 

Gradient f) 

In situ NIR kinetics       

0 Ref: 50 0 88.2 1.06 10.03 0.015 96 3.8 0.6 -39/83 

 

5 0.1 88.3 1.04 3.13 0.09 75.9 22.6 1.5 -14 

20 0.4 89.6 1.04 1.74 0.31 63.4 34.9 1.7 11 

40 0.9 86.4 1.04 1.52 0.66 54.8 42.3 2.9 24 

240 5.1 90.4 1.04 0.78 1.28 49.0 48.3 2.7 32 

1000 21.3 83.7 1.04 0.61 1.63 39.4 56.5 4.1 33 

2350 50.0 94.6 1.05 0.58 1.72 41.7 53.9 4.4 33 

pure 

MTBE 
100 84.1 1.06 0.55 1.82 46.2 51.3 2.5 29 

In situ 1H NMR kinetics     

pure 

MTBE 
100 4.1 1.11 0.53 1.87 45.7g) 50.4g) 3.9g) NA 

 
a) Equivalents based on the [MTBE]/[Li], b) Determined by SEC (eluent: THF, PS-calibration), 
c) Determined from the Jaacks-Fit or Mayer-Lowry-Fit, d) Determined by 1H NMR,56 e) Glass 

transition determined via DSC using a heat rate of 10 K min-1, f) Volume gradients were determined 

assuming the following densities of the homopolymers:  ρPS=0.97 g∙cm-3, ρPI=0.83 g∙cm-3, 

respectively,57 g) Values taken from PI homopolymerization in pure MTBE, see Table S1. 

 

The increasing polarity of the medium affects the fraction of resulting vinyl units, i.e. 3,4- 

and 1,2-units, as can be seen in Figure 6 and S26 and Table 2. Exceeding 1000 eq of MTBE 

has no further significant impact on the reactivity ratios. This is also evident from thermal 

properties determined by DSC experiments, Figures S27 and S28. The near random S/I-
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copolymers show only one mixed Tg in the range of -14 °C to 33 °C, depending on the 

content of vinyl units. 

 

CONCLUSIONS 

MTBE, produced on megaton scale, offers numerous advantages beyond the absence of peroxide 

formation, making it particularly preferable to other ethers for large-scale processes. The key 

objective of this work was to give a fundamental introduction and overview of the characteristics 

of MTBE as a moderately polar solvent for the carbanionic polymerization. As one key result, the 

study reveals that MTBE shows a more than 50 times higher stability towards alkyllithium 

compounds than THF, the most often used polar solvent. In situ 1H NMR kinetics of isoprene and 

β-farnesene polymerizations show a propagation rate in MTBE in between those in THF and 

cyclohexane. In pronounced contrast to cyclohexane and similar to THF the chain ends are 

present as non-aggregated unimers, leading to higher reaction rates for propagation. In situ NIR 

kinetics revealed that the effect of MTBE on the copolymerization of styrene and isoprene as a 

relevant copolymerization system in cyclohexane is weaker than that of THF, eventually yi elding 

an inverted near-random incorporation of both comonomers in neat MTBE. Due to its higher 

stability, moderate polarity, excellent solubility of bifunctional initiators, and absence of peroxide 

formation, MTBE as a cheap and very abundant chemical has great potential for further 

applications in polymer chemistry. The use of this solvent for polar and heterocyclic monomers is 

subject of future investigations. 
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Supporting Information 
1. EXPERIMENTAL SECTION 

All experiments had to be performed under inert atmosphere in absence of any protic 

impurities. Therefore, the glassware was flame-dried at least three times before usage, 

and high-vacuum (10-3 mbar) techniques were used to transfer monomers and solvents. 

The argon used was treated by passing through cyclohexane/BuLi/diphenylethylene 

solutions to remove any remaining reactive substances.  

1.1. MATERIALS  

All chemicals were used as received from the respective suppliers and all treatments are 

indicated at the point of the procedure. Substances were obtained from the following 

suppliers: Amyris: β-farnesene (95%); Fisher Scientific: THF (99.8%), cyclohexane 

(99.8%), isopropyl alcohol (99.8%); Thermo Fisher: MTBE (99.9%); Thermo Scientific: n-

BuLi (2.5 mol L-1), sec-BuLi (2.5 mol L-1), isoprene (98%), calcium hydride (93%), basic 

aluminum oxide (40-300 μm 60A), Sigma Aldrich: styrene (99%), toluene (99.8%); 

Lanxess: trioctyl aluminum; TCI: diphenyl ethylene (98%); Deutero: cyclohexane-d12 

(99.5%), chloroform-d1 (99.5%). 

1.2. INSTRUMENTS 

Nuclear Magnetic Resonance Spectroscopy (NMR). Measurements were performed 

on different NMR instruments. All 400 MHz spectra were recorded on either Bruker 

Avance II HD 400 MHz (5 mm BBFO-head with z-gradient, ATM and SampleXPress 60 

autosampler) or Bruker Avance III HD 400 MHz (5 mm N2-cooled BBO-cryo-head 

(BB/H+F) with z-gradient, ATM and SampleXPress 60 autosampler). Whereas 500 MHz 

spectra were measured on a Bruker Avance III 500 MHz instrument (5 mm BBFO-Probe 

with z-gradient and ATM, temperature control was done with a  VTU (variable 

temperature unit) with an accuracy of ± 0.1 K). Data processing was done using the 

software MestReNova by Mestrelab Research S.L., Spain. 

Size Exclusion Chromatography (SEC). Samples were prepared at a concentration of 

1 mg mL-1 in THF. They were measured using an Agilent 1260 Infinity II setup using a MZ-
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Gel SDPlus e5/e3/100 column set provided by MZ-Analysetechnik, Mainz, Germany. All 

measured samples were normalized to an internal toluene standard. Samples were 

referenced to either polyisoprene or polystyrene calibration standards obtained from 

Polymer Standard Service, Mainz, Germany. 

Differential Scanning Calorimetry (DSC). Thermal analysis of the copolymers was 

performed using a TA Instruments DSC 250 in combination with a TA Instruments RCS 90 

cooling system from Waters Corporation, United States. Experiments were performed 

using a heating rate of 10 K min-1, and the instrument was calibrated using a two-point 

calibration of indium and n-octane. 

1.3. IN SITU 1H NMR DETERMINATION OF THE HALF-LIFE OF N-BULI 

The solvents MTBE and THF were dried over n-BuLi and diphenylethylene and freshly 

distilled when used. The solvent was inserted into an argon filled glovebox. For the 

measurement of THF, 0.8 mL of THF was added to an NMR tube and sealed with an septa 

cap. It was taken out of the glovebox and cooled in an isopropyl alcohol bath (cooled to 

< -20 °C). Then, 0.2 mL of 2.5 mol L-1 n-BuLi stock solution in hexane/cyclohexane was 

added. The NMR tube was kept at < -20 °C, until it was directly inserted into the NMR 

instrument, which was already set to 20  °C. In situ 1H NMR kinetics were recorded without 

the addition of deuterated solvent. To obtain quantitative proton signals, the delay was 

set to 60 seconds and 1-scan spectra were recorded to yield a data point each minute.  

For MTBE a similar procedure was applied. Again, 0.8  mL of solvent (MTBE) was added to 

an NMR tube with the addition of 0.05  mL of deuterated cyclohexane (C5D12). After 

removal from the glovebox the NMR tube was cooled to < -20 °C in an isopropyl alcohol 

cooling bath and 0.2 mL of 2.5 mol L-1 n-BuLi stock solution in hexane/cyclohexane was 

added. Keeping the NMR tube at <  -20 °C it was moved to the NMR instrument. It was 

inserted to the NMR instrument, already set to 20  °C. As the measurement was carried 

out over a period of over 5 days, the measurement was performed with the addition of a 

deuterated solvent to minimize the drift of the spectra. It was recorded with a relaxation 

delay of 60 seconds and 16 scans per spectra to yield a higher signal-to-noise ratio. 

Thereby, every 16 min a data point is collected.  
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1.4 IN SITU 1H NMR KINETICS OF HOMOPOLYMERIZATION OF 

ISOPRENE 

MTBE was dried over n-BuLi and diphenylethylene and freshly distilled when used. 

Isoprene was first freed from its stabilizer by passing through alkaline aluminum oxide and 

dried for 24 hours over calcium hydride. Hydrogen and other gases were removed via three 

freeze-pump-thaw cycles. A second empty reaction flask was loaded with 10  vol% of 

25 wt% trioctyl aluminum solution in cyclohexane, and cyclohexane was removed under 

vacuum. Then isoprene was transferred from calcium hydride onto trioctyl aluminum and 

stirred for 24 hours. Isoprene was transferred into an empty flask and along with dry MTBE 

inserted into an argon filled glove box. NMR tubes were loaded with 0.1  g (0.489 mmol) of 

isoprene and 0.7 mL MTBE each. The tubes were sealed with a septa cap and removed 

from the glove box. The in situ 1H NMR kinetic was measured without the addition of 

deuterated solvents and initiated with 15.6  μL of 1.3 mol L-1 sec-BuLi solution in 

hexane/cyclohexane. The NMR experiment was performed with a relaxation delay of 

60 seconds, and 1-scan spectra were recorded until no monomer signal remained. The 

kinetics data were measured at 23  °C, 30 °C and 40 °C. The polymerization was 

terminated by the addition of one drop degassed isopropyl alcohol and the product was 

precipitated in pure isopropyl alcohol. 

1.5. IN SITU 1H NMR KINETICS OF HOMOPOLYMERIZATION OF Β-

FARNESENE 

MTBE was dried over n-BuLi and diphenylethylene and freshly distilled when used. 

β-Farnesene was first freed from its stabilizer by passing through alkaline aluminum oxide 

and dried 24 hours over calcium hydride. Hydrogen and other gases were removed by 

vacuum. Then 10 vol% of 25 wt% trioctyl aluminum solution in cyclohexane was added 

and stirred for another 24 hours. Cyclohexane was removed under vacuum. Then 

β-farnesene was distilled, and along with MTBE inserted into an argon filled glove box. 

NMR tubes were loaded with 0.1 g (0.489 mmol) of β-farnesene and 0.7 mL MTBE each. 

The tubes were sealed with a septa cap and removed from the glove box. The in situ 1H 
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NMR kinetics were measured without the addition of deuterated solvents and initiated 

with 15.6 μL of 1.3 mol L-1 sec-BuLi solution in hexane/cyclohexane. NMR experiments 

were performed with a relaxation delay of 60  seconds, and 1-scan spectra were recorded 

until no monomer signal remained. The kinetics were measured at 23  °C, 30 °C and 40 °C. 

The polymerization was terminated by the addition of one drop degassed isopropyl 

alcohol and precipitated in pure isopropyl alcohol.  

1.6. IN SITU 1H NMR KINETICS OF THE COPOLYMERIZATION STYRENE 

AND ISOPRENE 

MTBE was dried over n-BuLi and diphenylethylene and freshly distilled when used. 

Isoprene and styrene were first freed from their stabilizer by passing through alkaline 

aluminum oxide and dried 24 hours over calcium hydride. Hydrogen and other gases were 

removed via three freeze-pump-thaw cycles. A second empty reaction flask was loaded 

with 10 vol% of 25 wt% trioctyl aluminum solution in cyclohexane and cyclohexane was 

removed under vacuum. Then the monomers were transferred from calcium hydride onto 

trioctyl aluminum and stirred for another 24  hours. Isoprene and styrene were transferred 

into an empty flask and along with dry MTBE transferred into an argon filled glove box. An 

NMR tube was loaded with 0.55  mL MTBE, 0.052 g (0.76 mmol) isoprene and 0.078 g 

(0.75 mmol) styrene. The tube was sealed with a septa cap and removed from the glove 

box. The in situ 1H NMR kinetics were measured without the addition of deuterated 

solvents and initiated with 14.5 μL of 1.3 mol L-1 sec-BuLi solution in hexane/cyclohexane. 

The NMR experiment was performed with a relaxation delay of 60  seconds and 1-scan 

spectra were recorded until no monomer signals remained. The kinetics were measured 

at 23 °C. The polymerization was terminated by the addition of one drop degassed 

isopropyl alcohol and the product precipitated in pure isopropyl alcohol.  

1.7. IN SITU NIR KINETICS OF THE COPOLYMERIZATION STYRENE AND 

ISOPRENE 

The NIR set-up and data analysis have been described in previous publications. 1 Solvents 

and monomers were dried as in the other experiments, and they were cryo-transferred 
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into an ampule rather than the glovebox. Cyclohexane was dried under reflux with sodium 

and benzophenone. After drying, indicated by a blue coloration, the solvent was 

transferred into the NIR-reaction flask (Morton flask glass reactor), which was equipped 

with the NIR probe head, the monomer glass ampule, a temperature probe and an 

additional glass joint. All reactions were carried out under the same conditions, only the 

amount of MTBE added varies. The synthesis of P(S0.5-co-I0.5) with [MTBE]/[Li] = 5 is 

described as an example. Both dried monomers (48.35  ml, 0.483 mol) isoprene and 

(55.3 ml, 0.483 ml) styrene were cryo-transferred into an ampule and added to the 

reaction flask, containing 585 ml cyclohexane and 0.62 ml MTBE. The polymerization was 

initiated with 0.8 ml (1.04 mmol; 1 eq) of a 1.3 M sec-BuLi solution. The addition of the 

initiator resulted in a color change from colorless to pale yellow at the beginning of the 

reaction, indicating the preferred isoprene polymerization, to red at the end of the 

polymerization, indicating the preferred styrene incorporation at this point. After a 

reaction time of 600 minutes and no further decrease of the NIR signal at 6138  cm-1, the 

reaction was completed and terminated by adding 2  ml of degassed isopropanol under 

argon counterflow. The resulting colorless polymer was precipitated in a 3:1 mixture of 

methanol:isopropanol, dried under reduced pressure and stored at -20 °C.  

The reaction temperature was monitored with a temperature probe, and a cryostat was 

used to maintain a reaction temperature of 20  °C. In all copolymerizations the measured 

reaction temperature increase did not exceed 10  °C. Previous works demonstrated that 

the effect of temperature is negligible compared to the effect the modifiers have on the 

reactivity ratios.1,2 

  



 
Chapter A1 

 
 348 

2.Kinetics of n-BuLi decomposition in THF and MTBE 
The kinetics of n-BuLi decomposition in THF was tracked via in situ 1H NMR kinetics, using 

the methylene signal at ~ -0.75 ppm. A delay of 60 s between each data point was 

selected to ensure a full relaxation of the proton signal and 1-scan spectra were recorded. 

The decrease in the proton integral can be seen in Figure S1: 

 

 

Figure S1. 1H NMR kinetic of n-BuLi in THF, 1-scan spectra recorded with a delay of 60 s without deuterated solvent at 

400 MHz, proton signals assigned to THF and n-BuLi, every 5th spectrum is shown. 

A similar procedure was performed for n-BuLi in MTBE. However, as the process is much 

slower, 16-scan spectra with a delay of 60  s in between each pulse were recorded, 

yielding an even better signal-to-noise ratio, see Figure S2. 
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Figure S2. 1H NMR kinetics of n-BuLi in MTBE, 16-scan spectra recorded with a delay of 60 s without deuterated solvent 

at 500 MHz, proton signals assigned to MTBE, n-BuLi and isobutylene, every 10th spectrum is shown. 

 

Figure S3. Plot of n-BuLi in MTBE shown as 1/[BuLi] vs time, corresponding to a second order plot.  
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3. HOMOPOLYMERIZATION OF ISOPRENE AND Β-FARNESENE IN MTBE 

Homopolymerizations of isoprene were performed in MTBE at 23  °C, 30 °C and 40 °C. In 

situ 1H NMR kinetics were measured, and the consumption of isoprene was tracked by 

following the decrease of the proton integral of the conjugated diene at ~  6.6 ppm. The 

respective spectra are presented in Figure S4 for the polymerization at 23 °C.  

 

Figure S4. In situ 1H NMR kinetics of isoprene in MTBE, 1-scan spectra recorded with a delay of 60 s without deuterated 

solvent at 400 MHz. The characteristic diene proton signal at 6.6 ppm was used to determine the consumption of 

isoprene, every 5th spectrum is shown. 

Olefin signals in the range of 4.5  ppm to 5.3 ppm represent the methylene protons of the 

diene structure. The signals change from sharp signals originating from the monomer to 

broad signals assigned to the olefinic protons of the polymer backbone. The time-

conversion plot for each polymerization is presented in Figure S5, indicating faster 

consumption of isoprene at higher temperatures.  
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Figure S5. Time-conversion plots of the homopolymerization of isoprene in MTBE carried out at 23 °C, 30 °C and 40 °C. 

Additionally, the homopolymerization of isoprene in MTBE was investigated at three 

different initiator concentrations to determine the degree of aggregation. The time-

conversion plots of the respective in situ 1H NMR kinetics are shown in the following 

Figure S6: 

 

Figure S6. Time-conversion plots of the homopolymerizations of isoprene in MTBE targeting a molar mass of 2.5  kg mol-

1, 5 kg mol-1 and 10 kg mol-1, respectively. 

The homopolymerization was likewise performed for β-farnesene in MTBE. Figure S7 

exemplarily shows the in situ 1H NMR kinetics of β-farnesene polymerized in MTBE at 

23 °C. The time-conversion plots of the polymerizations performed at three different 
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temperatures, 23 °C, 30 °C, and 40 °C, are presented in Figure S8. The results of the 

homopolymerizations targeting different molar masses can be followed in Figure S9. 

 

Figure S7. In situ 1H NMR kinetics of β-farnesene in MTBE, 1-scan spectra recorded with a delay of 60 s without 

deuterated solvent at 400 MHz. The characteristic diene proton signal at ~ 6.4 ppm was used to determine the 

consumption of β-farnesene, every 5th spectrum is shown. 

 

Figure S8. Time-conversion plots of the homopolymerization of β-farnesene in MTBE carried out at 23 °C, 30 °C and 

40 °C. 
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Figure S9. Time-conversion plots of the homopolymerizations of β-farnesene in MTBE at 23 °C targeting a molar mass 

of 2.5 kg mol-1, 5 kg mol-1 and 10 kg mol-1, respectively. 

For all kinetics samples polymer characteristics, e.g., the initiator concentration [Ini] 0, 

molar mass by SEC (Mn
SEC) and by NMR (Mn

NMR) as well as their respective microstructure 

are summarized in the following Table S1: 

Table S1. Summary of all collected data of polymer samples obtained in the in situ 1H NMR kinetics of isoprene, [I]0 = 

1.94 mol L-1, and β-farnesene, [Far]0 = 0.65 mol L-1, polymerized in MTBE. 

Mn
theo. 

[kg mol-1] 
Temp. 

[°C] 
[Ini]0 a) 

[mmol L-1] 
Mn

SEC b) 
[kg mol-1] 

Ð b) 
Mn

NMR c) 
[kg mol-1] 

1,4- c) 
[%] 

3,4- c) 
[%] 

1,2- c) 
[%] 

Isoprene        
5.0 23 35.5 5.6 1.11 3.7 45.7 50.4 3.9 
5.0 30 36.9 5.8 1.11 3.6 47.3 49.0 3.7 
5.0 40 37.1 5.5 1.11 3.6 48.5 48.3 3.1 
2.5 23 68.6 2.7 1.06 1.9 46.2 49.1 4.7 

10.0 23 17.3 15.7 1.05 7.7 47.3 49.1 3.6 
Farnesene        

5.0 23 34.9 4.2 1.15 3.8 60.9 39.1 0.0 
5.0 30 35.7 4.1 1.16 3.7 59.7 40.3 0.0 
5.0 40 34.3 4.1 1.16 3.9 63.0 37.0 0.0 
2.5 23 60.7 2.2 1.10 2.2 64.4 35.6 0.0 

10.0 23 18.4 9.7 1.04 7.2 60.0 40.0 0.0 
a) Calculated using the absolute molecular weight Mn

NMR and total volume of the reaction 
mixture. b) Determined by SEC (eluent: THF, PI-calibration). c) Determined by 1H NMR.3,4 
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4. NMR SPECTRA OF HOMOPOLYMERS 

 

Figure S10. 1H NMR spectra of all PI samples and their proton integrals assigned to the respective characteristic 

microstructure, measured in CDCl3 at 400 MHz. 
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Figure S11. 1H NMR spectra of all PFar samples and their proton integrals assigned to the respective characteristic 

microstructure, measured in CDCl3 at 400 MHz. 
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5. SEC Results 

 

 

Figure S12. SEC traces of in situ 1H NMR kinetics PI-samples of polymerizations performed at different temperatures, 

measured in THF using a PI-calibration. For Mn and dispersity, see Table S1. 

 

 

Figure S13. SEC traces of in situ 1H NMR kinetics PI-samples targeting 2.5 kg mol-1 and 10 kg mol-1, measured in THF 

using a PI-calibration. For Mn and dispersity, see Table S1. 
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Figure S14. SEC traces of in situ 1H NMR kinetics PFar-samples of polymerizations performed at different 

temperatures, measured in THF using a PI-calibration. For Mn and dispersity, see Table S1. 

 

 

Figure S15. SEC traces of in situ 1H NMR kinetics PFar-samples targeting 2.5 kg mol-1 and 10 kg mol-1, measured in THF 

using a PI-calibration. For Mn and dispersity, see Table S1.  
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Figure S16. SEC trace of in situ 1H NMR kinetics sample of the copolymerization of isoprene and styrene in MTBE at 

23 °C, measured in THF with a PS-calibration. 

 

 

Figure S17. SEC trace of in situ NIR kinetic samples of the copolymerization of isoprene and styrene in cyclohexane 

with different equivalents of MTBE at 20 °C, measured in THF with a PS-calibration. 
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6. Copolymerization of Isoprene and Styrene 

6.1 In situ 1H NMR Kinetics 

The copolymerization of isoprene and styrene was investigated both via in situ 1H NMR 

kinetics and in situ NIR kinetics. First, neat MTBE was used as a solvent in the NMR 

experiment, see Figure S18. The individual monomer consumption is plotted versus time 

and total conversion and the Jaacks equation,5 E uation S1, is used to determine the 

reactivity ratios, rI and rS. All three plots are illustrated in Figure S19, and the results is 

summarized in Table 2. 

ln
[𝑀1]0

[𝑀1]𝑡
= 𝑟1 ln

[𝑀2]0

[𝑀2]𝑡
;       𝑟2 = 1/𝑟1   (E uation S1) 

 

 

Figure S18. In situ 1H NMR spectra of the copolymerization of styrene and isoprene in neat MTBE, measured in non -

deuterated MTBE at 23 °C and 400 MHz. 
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Figure S19. In situ 1H NMR kinetics of the copolymerization of styrene and isoprene in MTBE at 23  °C, (a) time-

conversion plot, (b) monomer consumption vs. total consumption, (c) Jaacks -fit of the copolymerization; rI=0.53 and 

rS=1.87. 

 

 

6.2 In Situ NIR Kinetics 

For the determination of the influence of an increasing amount of MTBE added to the 

copolymerization in cyclohexane, in situ NIR kinetics experiments were performed. The 

equivalents of [MTBE]/[Li] were steadily increased from 5 to 20, 40, 240, 1000, 2350 to 

4700 equivalents, respectively. Pure MTBE was achieved by 4700 equivalents. In the 

following, the time-conversion and monomer-total conversion-plots and the respective 

fits for the determination of the reactivity ratios are given, see Figure S20-S25. 

 

 

Figure S20. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 5 eq MTBE at 20 °C, (a) time-

conversion plot, (b) monomer consumption vs. total consumption, (c) Meyer Lowry-fit of the copolymerization, rI=3.13 

and rS=0.09. 
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Figure S21. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 20 eq MTBE at 20 °C, (a) 

time-conversion plot, (b) monomer consumption vs. total consumption, (c) Meyer Lowry-fit of the copolymerization, 

rI=1.74 and rS=0.31. 

 

Figure S22. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 40 eq MTBE at 20 °C, (a) 

time-conversion plot, (b) monomer consumption vs. total consumption, (c) Jaacks -fit of the copolymerization, rI=1.52 

and rS=0.66. 

 

 

Figure S23. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 240 eq MTBE at 20 °C, (a) 

time-conversion plot, (b) monomer consumption vs. total consumption, (c) Jaacks -fit of the copolymerization, rI=0.78 

and rS=1.28. 
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Figure S24. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 1000  eq MTBE at 20 °C, (a) 

time-conversion plot, (b) monomer consumption vs. total consumption, (c) Jaacks -fit of the copolymerization, rI=0.61 

and rS=1.63. 

 

 

Figure S25. In situ NIR kinetics of the copolymerization of styrene and isoprene in CHx and 2350  eq MTBE at 20 °C, (a) 

time-conversion plot, (b) monomer consumption vs. total consumption, (c) Jaacks -fit of the copolymerization, rI=0.58 

and rS=1.72. 
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Figure S26. 1H NMR results of all synthesized in situ NIR PS-co-PI copolymers indicating signals of the respective PI 

microstructure, measured in CDCl3 and 600 MHz. 
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Figure S27. Second DSC heating curve of all synthesized PS-co-PI copolymers, measured with a heating rate of 

10 K min-1. 

 

Figure S28. Glass transition temperature versus [MTBE]/[Li] ratio of all PS-co-PI copolymers. 
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Figure S29. Half-lives of styrene and isoprene with increasing ratio [MTBE]/[Li] normalized to values in cyclohexane 

(t1/2
S,CHx= 614 min,  t1/2

I,CHx= 96 min), lines connecting the symbols are a guide to the eye only. 

6.3 Blockiness Study 

The so-called blockiness of a PS-co-PI copolymer can be described by the ratio of SSS-

triads in relation to all triads (ISS, ISI, SSS). The triads have slightly different shifts in the 

respective 1H NMR spectra and can be used to quantify the SSS-triads. This can be used 

to get a rough estimate on the parameter “blockiness” that corresponds to the block-like 

PS-domains of at least 3 repeating units.2,6–8 The results for all PS-co-PI copolymer 

samples of this work is summarized in Figure S30. 

 

Figure S30. Blockiness of PS content of all PS-co-PI copolymers with increasing ratio 

[MTBE]/[Li], value in pure cyclohexane taken from ref2. 
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Abstract 

Enteric-coated dosage forms often suffer from sluggish post-gastric emptying drug release. 

Addressing this issue, this work focuses on developing novel enteric polymers as an approach to 

overcome this problem. The well-known polymer structures of Eudragit® L and L55 were esterified 

with the α-hydroxycarboxylic acids L- and D,L-lactic and glycolic acid. A resulting partial positive 

charge arises within the ester linkage, reducing the pKa value of the polymer. This translates to 

more facile deprotonation of the carboxylic acid moieties, which enables more rapid polymer 

dissolution and consequently faster drug release. The dissolution pH threshold was reduced from 

pH 5.5 for the established Eudragit® L 55 to around 5, while the valuable acid-resistant properties 

of the polymethacrylates were preserved. Capsules filled with paracetamol were coated with the 

modified polymers as well as with the commercially available materials Eudragit ® L and L55. In 

0.01 M hydrochloric acid all coated capsules remained intact without any significant drug release. 

However, the drug release in 15 mM phosphate buffer (pH  6.5) from the formulations based on the 

novel polymers was significantly enhanced compared to formulations with Eudragit® L and L55. 

The increased release rate was connected to the faster dissolution of the modified polymers. This 

novel series of enteric polymers could help to overcome clinical problems associated with the 

currently used enteric Eudragit® polymers. 
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Introduction 
Enteric coatings are frequently used in the formulation of oral dosage forms to delay drug 

release until the dosage form is emptied from the stomach and reaches the small 

intestine. [1] The rationale behind the use of pH-dependent coatings is e.g., to protect the 

drug from degradation in the stomach or to protect the stomach from irritation by drugs 

[1]. Usually, enteric coatings consist of acidic polymers that are protonated in the gastric 

fluid and therefore insoluble. When the coated dosage form reaches the small intestine 

with an increased pH-environment the polymer gets deprotonated and thus soluble. As a 

result, the enteric coating begins to dissolve and the active pharmaceutical ingredient 

(API) is released from the dosage form and can be absorbed from the proximal small 

intestine. The most frequently used enteric polymer is the methacrylic acid-ethyl acrylate 

1:1 copolymer (P[MA-co-EA]) with the trade name Eudragit® L30-D55/Eudragit® L100-55 or 

Kollicoat® MAE [2]. The manufacturer states that the polymer has a dissolution pH 

threshold of 5.5 and therefore targets the drug release in the duodenum [3]. 

However, recent studies indicate too slow post-gastric disintegration of enteric-coated 

dosage forms and consequently drug release in a lower part of the small intestine, missing 

their targeted release destination [4]. A slow in vivo release of the API can sometimes lead 

to serious bioavailability problems of drugs with a major absorption site in the duodenum. 

Rudinskas et al. reported cases where poor bioavailability of iron sulfate from enteric-

coated formulations is due to drug release taking place after the dosage form has passed 

the duodenum and jejunum, the preferential absorption site of iron salts [5]. Mössner and 

Keim proposed that the insufficient treatment of gastrointestinal distress symptoms 

associated with an exocrine pancreatic insufficiency is related to the delayed onset of 

pancreatin release from enteric-coated dosage forms [6]. A more recent study showed 

that low-doses of enteric-coated aspirin have no benefit in lowering the risk of 

cardiovascular diseases towards placebo [7]. On the other hand, it is well known that low-

dose aspirin decreases the risk of cardiovascular events [8]. The studies indicates that 

the failure of enteric-coated low-dose aspirin is related to a dissolution failure of the 

enteric coating. Cox et al. performed a bioequivalence study on five different aspirin 

preparations (three 75 mg enteric-coated (EC) dosage forms, one 75 mg dispersible form 

and one combination of 25 mg immediate release (IR) aspirin/200 mg modified release 

dipyridamole). They found that the EC aspirin showed a lower bioavailability compared to 
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the IR formulation and concluded that the lower absorption from the EC dosage form is 

due to the enteric coating [9]. The authors proposed that an increase in the dose of the EC 

formulation could overcome the clinical failure of the EC products [9]. However, Cox et al. 

also stated that this could increase the risk for bleeding events [9,10]. Consequently, 

there is a need for novel formulation strategies to enhance the drug release from EC 

formulations, thus overcoming the low bioavailability and treatment failure of these 

products. 

There has been progress in the development of EC dosage forms with enhanced post 

gastric dissolution rates. Liu et al. introduced a double-coating approach of pellets. Their 

coat consists of two different coating layers, namely an inner coat with partially 

neutralized Eudragit® L30 D-55 with addition of a buffering agent (e.g., citric acid or adipic 

acid) and an outer coat with a standard Eudragit® L30D-55 formulation. Through the high 

local buffer concentrations, they could show a strongly improved release of the API even 

at a decreased bulk pH of 5.6 [11,12]. However, this approach includes two coating steps 

and is therefore more time consuming and maybe costlier in comparison to a single coat 

approach. In addition, even this approach could benefit from improved polymers. For an 

even greater improvement can be achieved by using inherently faster dissolving polymers 

in the described double coat. 

In this study, we propose a novel strategy to enhance the post gastric disintegration and 

dissolution using modified methacrylic polymers In our patent application 

(DE 10 2018 129 419) the successful synthesis of a novel type of methacrylic acid-based 

polymers is described  in chapter 4.[13] In brief, the well-known and established structure 

of P[MA-co-EA] and methacrylic acid-methyl methacrylate 1:1 copolymer P[MA-co-MMA] 

(corresponding the Eudragit® L55 and Eudragit® L polymer, respectively) were modified by 

esterification of the functional carboxylic group with the α-hydroxycarboxylic acids lactic 

acid (D,L-Lac or L-Lac) and glycolic acid (Gly) (Figure 1). 
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Figure 1. Modification of methacrylic acid-ethyl acrylate (R' =H; R''= COOEt) by esterifying the free acid group with the 

hydroxy group of lactic acid (R''' = Me) or glycolic acid (R''' = H) and the resonance structures of the modified polymers. 

The partial positive charge at the oxygen atom reduces the pKa of the carboxylic group. 

The novel structure exhibits resonance creating a partial positive charge at the oxygen 

atom in the ester bond. The resulting strong electron withdrawing effect lowers the pKa of 

the carboxylic acid group. As described in literature, the pKa of carboxylic acid groups has 

a strong effect on the dissolution rate, and with a lower pKa value of the dissolving acid the 

dissolution rate is usually enhanced [14–16]. Consequently, the drug release after gastric 

emptying from enteric coated dosage forms with the proposed polymer should be more 

rapid compared to the commercially available polymers (P[MA-co-EA] and P[MA-co-

MMA]), while maintaining acid stability. An in silico prediction of the effect of the 

modification on the pKa and intrinsic solubility of the repeating monomer unit was 

performed using the ADMET Predictor 8.0 (Simulations Plus, Inc., Lancaster, CA, USA) 

(Table 1). It is self-evident that the polymers have different value, but the general trend will 

be reflected in the polymers as well, supporting this hypothesis.  

Table 1. Predictions made by ADMET Predictor concerning the physico -chemical properties of the repeating monomer 

blocks of the original and proposed polymers. 

Property Input structure pKa 

Intrinsic 

solubility 

(mg/ml) 

Ionized form 

solubility 

(mg/ml) 

Methacrylic 

acid-ethyl 

acrylate 

repeating 

monomer 
 

4.81 7.358 112.772 
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Glycolic acid 

ester 

 

3.49 5.105 113.235 

Lactic acid ester 

 

3.66 3.113 95.143 

 

The aim of this work was to evaluate the newly synthesized polymers regarding their dissolution 

behavior and suitability for enteric coatings. 

Materials and methods 

Materials 

Size 0 hydroxypropyl methylcellulose (HPMC) capsules (ACG Nature Caps Plus) were 

received from ACG Associated Capsules Pvt Ltd (Ashagadh, Maharashtra, India). 

Paracetamol was brought from Caesar & Loretz GmbH (Hilden, Germany) and triethyl 

citrate (TEC) from Merck Schuchardt OHG (Hohenbrunn, Germany) Manniltol, fumed 

silica and talcum were pharmacopeial quality and bought from Fagron GmbH (Glinde, 

Germany). 3-(4,5-di methyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

dimethyl sulfoxide (DMSO) and sodium dodecyl sulfate (SDS) were bought form Thermo 

Fischer Scientific(Waltham, USA), Eudragit® L100 and L100-55 were received as free 

samples from Evonik Röhm GmbH (Darmstadt, Germany). The modified polymers were 

synthesized in-house. For the detailed synthesis the reader is referred to the patent 

application (DE 10 2018 129 419) or chapter 4 [13]. All other reagents used were of 

analytical grade and bought from CarlRoth or VWR.  

Dissolution pH-threshold 

The solubility of the tested polymers was assessed at different pH values (pH 2 to pH 7 in 

increments of 1). In vials the polymers were dispersed in buffer at a concentration of 5 

mg/ml at room-temperature. The turbidity of the dispersion was visually assessed. 
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Preparation of enteric-coated capsules 

The size zero HPMC capsules were filled manually (aponorm Kapselfüllgerät, WEPA 

Apothekenbedarf GmbH & Co. KG, Germany) with paracetamol. Paracetamol and 

hydroxypropyl methylcellulose (HPMC) were chosen because of their high solubility in 

aqueous medium. To determine the dose of each capsule, 100 empty capsule shells were 

weighed, and the average weight was determined and subtracted from the mass of the 

filled capsules. While for the dip-coating pure paracetamol was enough, for the capsules 

coated with Mini-Coater a mass-based filling with a mixture of paracetamol, fumed silica 

and mannitol was chosen. This was necessary since tracking of the individual capsule 

mass through the coating is impossible and the coating level could only be determined 

on average. The capsules made this way had a dose of 100  mg paracetamol and passed 

the test for uniformity of mass (2.9.5), uniformity of dose (2.9.6) and uniformity of single 

dose dosage forms (2.9.40) of the European Pharmacopoeia [17]. 

Dip-Coating 

The capsules were coated with a dip-coating procedure. The coating solution was 

prepared by dissolving 300 mg of the polymer with 20 % (based on polymer weight) of TEC 

in 5 g of an acetone-ethanol-mixture (1:1 v/v). Forceps were used to hold the capsules 

and completely submerge them into the coating solution. Next, the capsules were raised 

out of the solution and dried at room temperature. A sufficient coating level was achieved 

after ten to 14 dip cycles. Any irregularities in the coating owing to the holding position of 

the forceps were corrected by applying the coating solution with a brush.  

 The coating level is calculated with the following equation:  

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 =  
(𝑚𝑐 − 𝑚𝑢)

5 𝑐𝑚2
× 0.83 

(1) 

where mc is the weight of the coated capsule and mu the weight of the capsule before 

coating. The coating level is based on the dry polymer weight. To eliminate the TEC 

fraction in the calculation, the factor 0.83 is used. Table 2 summarizes the coating levels 

of the capsules. 

Mini-Coater 

The coating was performed with a Labotec Mini-Coater at an air presser of 1.5 bar and a 

tube length of 7.1 cm. The coating solution was prepared by dissolving 3.6  g of the 
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polymer with 20 % (based on polymer weight) of TEC in 150  g of an acetone. Afterwards 

50 % (based on polymer weight) of talcum was added and fully dispersed. The dispersion 

was kept under constant stirring to prevent sedimentation. The coating was performed 

with 30 capsules, which were weighed before and after the coating to determine the 

coating level. The pump rate was set to 4  apm which led to a flow rate of 1 g/min for the 

dispersion. The capsules were coated for 125  minutes while the flow rate was constantly 

checked. After that they were kept for five minutes in the coater and overnight under a 

funnel at room temperature. 

 The coating level is calculated with the following equation:  

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 =  
(𝑚𝑐𝑡 − 𝑚𝑢𝑡)

5 𝑐𝑚2
× 0.588 

(2) 

where mct is the weight of the coated capsules and mut the weight of the capsules before 

coating. The coating level is based on the dry polymer weight. To eliminate the TEC and 

talcum fraction in the calculation, the factor 0.588 is used. Table 2 summarizes the 

coating levels of the capsules. 

Table 2. Coating level of enteric-coated HPMC capsules based on dry polymer mass. 

Polymer 

Number of 
capsules 

in 
dissolution 

test 

Experimental 
setup (Table 

3) 

Mean ± 
Standard 
deviation 
(mg×cm-2) 

Approx. 
molecular 

weight (Da) 

P[MA-co-MMA]  
Eudragit® L100 

n = 4 1 8.13 ± 0.63 125 000* 

P[MA-co-MMA]  
short chain analog 

n = 3 1 7.70 ± 0.15 § 

P[MA- D,L-Lac-co-
MMA] 

n = 4 1 11.39 ± 0.22 36 875 $# 

P[MA- L -Lac-co-MMA] n = 4 1 8.48 ± 0.50 35 042 $# 
P[MA-Gly-co-MMA] n = 4 1 9.36 ± 1.44 25 778 $# 

P[MA-Gly-co-MMA] 
high molecular weight 

n = 3 1 10.75 ± 0.74 
>125 000# n = 3 2 12.20 ± 0.29 

n = 3 each 3,4,5,6 5.02 

P[MA-co-EA]  
Eudragit® L100-55 

n = 4 1 9.26 ± 0.27 
320 000* n = 6 2 10.14 ± 1.65 

n = 3 each 3,4,5 5.15 
P[MA-co-EA]  

short chain analog 
n = 3 1 9.32 ± 0.09 § 

P[MA- D,L -Lac-co-EA] n = 4 1 10.63 ± 0.72 12 750 $# 
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P[MA- L -Lac-co-EA] n = 3 1 8.94 ± 0.51 18 400 $# 
P[MA-Gly-co-EA] n = 3 1 8.25 ± 0.94 10 670 $# 
P[MA-Lac-co-EA]  

high molecular weight 
n = 3 1 9.50 ± 0.34 

>320 000# 
n = 3 2 10.26 ± 0.07 

*[3] 
§ Polymerization was done under similar conditions as with the modified polymers. Therefore, the 
molecular weight should be comparable to the modified polymers. 
$  [13] 
#  Due to the poly-anionic nature of the polymer, only the molecular weight of the polymer with protective 

group (benzyl-group) could be determined. 

Dissolution test 

For dissolution testing a USP type I apparatus (PTW S III, Pharma Test, Germany) was used 

at 100 rpm and 900 mL of dissolution medium at 37  ± 0.5 °C. 5 mL samples were 

withdrawn at predefined time points without volume replacement. The deionized water 

used for the media was degassed for two hours at 30  °C with an automatic degasser (PT-

DDS, Pharma Test, Germany) and let cool down over night to room temperature before 

use. All capsules were first tested in 0.01  M HCl for one or two hours (see Table 3). 

Afterwards the medium for the dip coated capsules was changed to 15  mM phosphate 

buffer pH 6.5 ± 0.05, that promotes enteric coat dissolution similar to physiological 

conditions [18]. The ionic strength of the phosphate buffer was adjusted to 139  mM with 

NaCl and the pH adjustet with 1 M NaOH and HCl For the capsules from the Mini-Coater 

different media were used for the post gastric stage, as can be seen in Table 3. For the 

bicarbonate media the media were sparged constantly with an CO 2/air mixture to keep 

the pH stable. The pH was measured constantly, and the dissolution was only started, if 

it was stable for half an hour. The dissolved amount of paracetamol was determined 

spectrophotometrically (UV-1700 PharmaSpec, Shimadzu, Japan) at ʎ=243 nm. 

After one hour in the acidic medium the capsules were gently dried using a paper towel. 

The capsules were weighed, and the % acid uptake was calculated using the following 

formula: 

% 𝑎𝑐𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 =  
(𝑚𝑎 − 𝑚𝑐 )

𝑚𝑐
× 100 % (3) 

where ma is the weight of the capsule after acid treatment and mc the weight of the coated 

capsule. 
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Table 3:  Dissolution setup 

Setup Experiment 1st Stage 
Media 

2nd Stage 
Media 

Filling Coating 

1 Polymer 
screening 

0.01M HCl 
for 1 h 

15 mM 
phosphate 

buffer pH 6.5 
Pure paracetamol Dip-coating 

2 
Polymer 
testing 

0.01M HCl 
for 2 h 

15 mM 
phosphate 

buffer pH 6.5 
Pure paracetamol Dip-coating 

3 
Polymer 
testing 

0.01M HCl 
for 2 h 

15 mM 
phosphate 

buffer pH 6.5 

100 mg 
paracetamol 
Fumed silica 

Mannitol 

Mini-
Coater 

4 
Polymer 
testing 

0.01M HCl 
for 2 h 

8 mM 
bicarbonate 
buffer pH 6.5 

100 mg 
paracetamol 
Fumed silica 

Mannitol 

Mini-
Coater 

5 Polymer 
testing 

0.01M HCl 
for 2 h 

2 mM 
bicarbonate 
buffer pH 5.5 

100 mg 
paracetamol 
Fumed silica 

Mannitol 

Mini-
Coater 

6 
Stability 
testing 

0.01M HCl 
for 2 h 

15mM 
phosphate 

buffer pH 6.5 

100 mg 
paracetamol 
Fumed silica 

Mannitol 

Mini-
Coater 

 

Stability testing 

The stability of the coating of the capsules coated with P[MA-Gly-co-MMA] was tested by 

performing a dissolution experiment (see Table 3) right after the coating and then after six 

and twelve months. During the time the capsules were kept at standard conditions 25  °C 

temperature and 65 % relative humidity [19] in a KBF-S 240 controlled climate chamber 

manufactured by BINDER GmbH (Tuttlingen, Germany).  

MTT-Test 

The essay was performed in 96-well tissue culture plates. The human embryo kidney 

(HEKut) cells used in this experiment were seeded with a cell density of 5000 cells per 

well and let incubate for 24 hours in 100  µL cell culture medium. Higher cell counts and 

incubation time would oversaturate the essay. As medium a modified Dulbecco-Eagle 

medium, with 10% heat-inactivated fetal bovine serum, 50 units/mL 
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penicillin/streptomycin solution added, was used. The wells were pretreated with 

0.2 mg/mL polylysin for 20 minutes, washed twice with sterile pure water and dried 

afterwards. The 12 mM MTT stock solution was prepared by dissolving 5  mg of MTT in 

1.0 mL of sterile PBS buffer in a vial and vortexing the mixture until fully dissolved. 10 µL 

of the stock were used per well. For the treatment 100  µL of test solution was added to 

the medium for a final volume of 200  µL. As the median concentration in the well 50  mg 

in 250 mL was chosen, representing the coating of one capsule in a glass of water.  

Additionally, since Eudragit® L100 contains 0.3 % SDS it was added to P[MA-Gly-co-MMA] 

as well in the respective concentrations. All tested conditions can be found in the 

supporting information (Table S 1).  

At the start of the actual essay, the medium in each well was removed and replaced with 

100 µL of fresh cell culture. The MTT stock was added to all wells including the blank (only 

containing medium and MTT) and gently mixed with the medium. The plates were 

incubated for four hours at 37 °C in an incubator. Afterwards all medium but 25  µL were 

removed and 200 µL DMSO were added to dissolve the formed formazane. The wells were 

homogenized by pipetting up and down and the absorbance was measured at 570  nm 

using a Flex station 3 plate reader (Molecular Devices, San Jose, USA). To subtract the 

background an additional measurement at 630  nm was performed, leading to normalized 

absorbance values. 

 

Statistical Analysis 

Student’s t-tests were performed using the build-in formular of Microsoft Excel. Syntax 

=TTEST(Array1; Array2;1;3) was used and p-values < 0.05 were assumed to be significant. 

For the analysis of the MTT-Essay one-way ANOVAs were performed using GraphPad 

Prism 10.4.2 (633) and p-values < 0.05 were assumed to be significant.  

Results and discussion 

Dissolution pH-threshold 

For an initial examination the polymers were dispersed in buffer solutions at room -

temperature. At low pH values none of the polymers dissolved. Low solubility at acidic pH 

is important for enteric polymers, since a release in gastric medium (median pH in fasted 
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stomach 1.7 [20]) is not desired. The modification of our polymers with L-Lac or Gly did 

not adversely affect the solubility in acidic pH (and thus the acid resistance (see also 

Section 3.2)). A striking difference in solubility between the modified polymers and 

Eudragit® L55 was observed at pH 5 (Table 4). Both modifications of P[MA-co-EA] with D,L-

Lac and Gly formed a clear solution, while Eudragit® L55 was insoluble at this pH. The 

lower dissolution pH threshold should increase the dissolution rate of the polymers 

compared to the commercial product at similar pH. Of course, a more detailed analysis 

with smaller pH increments is crucial for a final determination of the dissolution pH 

threshold. Yet, these results already indicate that the modification of the Eudragit 

backbone with α-hydroxycarboxylic acid decreases the average pKa of the polymer and 

thus the dissolution pH threshold. Consequently, faster drug release is expected from 

formulations using α-hydroxycarboxylic acid modified polymers. 

Table 4. Solubility of the tested polymers at different pH values. (-) indicating a turbid dispersion and (+) a clear solution. 

Polymer pH 3 pH 4 pH 5 pH 5.5 pH 6 pH 7 
MA-Gly-co-MMA - - ± + + + 
MA-Lac-co-MMA - - ± + + + 

MA-co-MMA - - - - - + 
Eudragit® L-100 - - - - - + 
MA-Gly-co-EA - - ± + + + 
MA-Lac-co-EA - - ± + + + 

MA-co-EA - - - - + + 
Eudragit® L-100-55 - - - ± + + 

MA-Gly-co-MMA 
High MW 

- - + + + + 

 

Capsule dissolution and acid uptake 

After one hour of testing in 0.01 M HCl medium all capsules remained intact and 

paracetamol release was < 0.5% in all capsules. For effective acid protection of acid labile 

drugs Missaghi et al. proposed a maximum uptake of 10% [21]. The % acid uptake values 

are depicted in Figure 1A. All polymers tested resulted in adequate resistance to medium 

uptake, although the unmodified in-house synthesized P[MA-co-EA] had an average 

uptake of 9.05 ± 2.87%. A likely explanation for the higher values of both in-house made 

polymers (P[MA-co-EA] and P[MA-co-MMA]) is the lower molecular weight compared to 



 
Chapter A2 

 
 381 

the commercial products, although more experiments are required to verify this 

hypothesis. 
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Figure 1. A % Acid uptake of enteric-coated capsules (Setup 1) with different coating based on P[MA-co-EA] (blue) and 
P[MA-co-MMA] (orange) after one hour in 0.01 M HCl. B % Acid uptake of enteric-coated capsules (Setup 1,2) after one 
(blue) and two (orange) hours in 0.01 M HCl. C % Acid uptake of enteric-coated capsules (Setup 3,4,5) comparing 
Eudragit® L100-55 (blue) with P(MA-Gly-co-MMA) high MW (orange) after two hours in 0.01 M HCl. Given are mean values 
+ SD of n=3 or 4 (see Table). 1) Data already published in chapter 4. 

 

The acid uptake results are also in line with the theoretical predictions made for the 

monomers (Table 1). The modification with lactic acid resulted in reduced acid uptake 

values compared to the unmodified polymers.  

In Figure 2 the paracetamol release after 45 min in phosphate buffer is depicted. The  

P[MA-co-EA] (-based) polymers released the drug faster than the P[MA-co-MMA] (-based) 

polymers due to the dissolution pH thresholds of Eudragit® L55 and Eudragit® L being 5.5 

and 6.0, respectively. Nevertheless, from the Eudragit® L55 and L-coated formulations 

only 15.60 ± 16.74% and 4.77 ± 7.5% drug release was achieved, respectively. 

Consequently, the majority of the drug release will probably occur in the more distal parts 
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of the small intestine. For drugs with an absorption window in the proximal small intestine 

the bioavailability would be reduced (e.g. iron supplements [5]), thus raising the risk for 

treatment failure of the enteric-coated dosage form. 
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Figure 2. Paracetamol release from enteric-coated capsules at t=45 min after medium change to 15 mM phosphate 
buffer pH 6.5. Blue and red bars represent the P[MA-co-EA]-based and P[MA-co-MMA]-based polymers, respectively. 
Given are mean values + SD of n  = 3 1) Data already published in chapter 4. 

The faster release from the in-house synthesized short-chain P[MA-co-EA] and P[MA-co-

MMA] compared to the commercial product can be explained by the lower molecular 

weight [22]. In addition, the fluid uptake of these capsules was the highest. Consequently, 

the polymer was already swollen when exposed to the buffered media for the first time 

which decreases the dissolution time. However, the paracetamol release after 45 min was 

still incomplete. In contrast, the modification of the P[MA-co-EA] and P[MA-co-MMA] with 

lactic and glycolic acid resulted in significant increase in the % drug released after 45 min 

compared to the release form capsules coated with Eudragit® (p-values < 0.05). Since the 

release is also faster than from capsules coated with the short chain P[MA-co-EA] and 

P[MA-co-MMA], this behavior is attributed to the decreased pKa values of the modified 

polymers. 

Based on these results P[MA-Lac-co-EA] and P[MA-Gly-co-MMA] were chosen for further 

development and Eudragit® L100-55 was used a functional comparator.  The scale-up has 

been described in chapter 4 and succeeded for P[MA-Gly-co-MMA] by modifying 

commercially available Eudragit® L100. To bridge the gap between the screening method 

(Setup 1) and the later test methods (Setup 3,4,5) additional experiments with dip coated 

capsules were performed, which showed an increase in acid uptake between one and two 
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hours in the acid stage (Figure 1B). Additionally, all tested polymers (both commercial and 

novel) showed a faster drug release after being two hours in acid medium. This could be 

due to increased swelling and wear at the capsule junction.  

The synthesis P[MA-Lac-co-EA] based on Eudragit® L100-55 showed technical difficulties, 

despite being a promising candidate after the screening. The high molecular weight 

version of the polymer showed great acid resistance as can be seen in Figure 1B, although 

the drug release lagged behind its comparators. (See Figure S 3).  

As a next step both P[MA-Gly-co-MMA] and Eudragit® L100-55 were tested according to 

setup 3. The new Polymer showed an acid uptake 8.92  ± 0.45 g after two hours in 0.01 M 

HCl while commercially Eudragit® L100-55 showed one of 8.07 ± 2.30 g, which makes 

them practically indistinguishable (Figure 1C). As for the drug release P[MA-Gly-co-MMA] 

showed a release of 97.63 ± 6.37% while Eudragit® L100-55 showed one of 8.75 ± 15.31% 

after 45 minutes as can be seen in Figure 3. 

20 40 60 80 100 120

0

50

100

Time post acid stage [min]

D
ru

g
 r

e
le

a
s

e
 [

%
]

Eudragit® L100-55

P[MA-Gly-co-MMA]

 

Figure 3 Dissolution profiles of Eudragit® L100-55 (blue) and P(MA-Gly-co-MMA) with high molecular weight (orange) 
after two hours in 0.01 M HCl in 15 mM phosphate buffer pH 6.5 (Setup 3) Given are mean values + SD of n  = 3 

Release in physiological bicarbonate buffer 

To further confirm the in vivo relevance of those findings, the test conditions were 

switched from phosphate to bicarbonate buffer, which is the in vivo intestinal buffer 

(Setup 4). Again the novel P[MA-Gly-co-MMA] polymer showed a faster release profile 

(Figure 4A).  

As a final step the conditions were switched again (Setup 5) to further look into 

gastrointestinal conditions of people with low buffer capacity in their proximal small 
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intestine. For this purpose, a bicarbonate molarity of 2 mM was selected, for it represents 

approximately 1.25 standard deviations from the average jejunal bicarbonate molarity 

(roughly 10th percentile) as reported by Banwell et al. [23]  While Eudragit®  L100-55 

showed no signs of disintegration and almost no release for 2 hours post, the new polymer 

showed only slight delay compared to 8 mM bicarbonate a practically complete 

(97.57±1.35%) release at 45 minutes. This is of profound importance, for it shows that the 

new polymer is capable of achieving much greater robustness vis-à-vis variability in 

intestinal human composition.  
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Figure 4 Dissolution profiles of Eudragit® L100-55 (blue) and P(MA-Gly-co-MMA) with high molecular weight (orange) 
after two hours in 0.01 M HCl in 8 mM bicarbonate buffer pH 6.5 (A) and 2 mM bicarbonate buffer pH 5.5 (B). (Setup 4 
and 5) Given are mean values + SD of n  = 3 

Stability testing 

The newly synthesized P(MA-Gly-co-MMA) showed similar release profiles over the span 

of twelve months (Figure 5). A slower release would have indicated hydrolysis of the ester 

modification, returning the polymer back to P(MA-co-MMA). 



 
Chapter A2 

 
 385 

 

20 40 60

0

50

100

Time post acid stage [min]

D
ru

g
 r

e
le

a
s

e
 [

%
]

P[MA-Gly-co-MMA]

P[MA-Gly-co-MMA]
6 months
P[MA-Gly-co-MMA]
12 months

 

Figure 5 Dissolution profiles of with high molecular weight P(MA-Gly-co-MMA) coated capsules after two hours in 0.01 
M HCl in 15 mM phosphate buffer pH 6.5 (Setup 6) Given are mean values + SD of n  = 3 

 

 

 

MTT-essay 

Different concentrations of P(MA-Gly-co-MMA) showed no difference in cell activity, 

measured by the reduction of MTT into formazane, compared to commercial P(MA-co-

MMA) (one-way ANOVA, each group against PBS,  p-value 0.8248). Also incubating the 

HEK cells for 1, 2 or 4 hours showed no significant differences (one-way ANOVA, each 

group against each group, p-value 0.0606). This was expected, since both Eudragit® L100 

and glycolic acid are safe excipients. 
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Figure 6 (A) MTT reduction [%] of cells treated with different concentrations of P(MA-Gly-co-MMA) and Eudragit® L100 
compared to PBS buffer after two hours of treatment (n  = 5) (B) MTT reduction [%] of cells treated with the same 
concentrations of P(MA-Gly-co-MMA) and Eudragit® L100 compared to PBS buffer after 1, 2 or 4 hours of treatment 
(n = 5/5/6) 

Conclusion 

Drugs from enteric-coated formulations often suffer from poor bioavailability due to slow 

polymer dissolution. We have shown that a modification of known P[MA-co-EA] and 

P[MA-co-MMA] copolymer backbones with α-hydroxycarboxylic acid modified side 

chains significantly increases the drug release rate, while retaining good acid resistance 

for the passage through the stomach. This work offers a good starting point for the 

solution of clinical problems like aspirin treatment failure related to enteric coatings and 

offers promise for a large variety of drugs, particularly those exhibiting GI-segment 

dependent bioavailability. 
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Figure S 1 Paracetamol release profiles form enteric-coated capsules coated with modified P[MA-co-
MMA] after medium change to 15 mM phosphate buffer pH 6.5. Given are mean values + SD of n = 3 
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Figure S 2 Paracetamol release profiles form enteric-coated capsules coated with modified P[MA-co-
EA] after medium change to 15 mM phosphate buffer pH 6.5. Given are mean values + SD of n = 3 

 

 

Figure S 3 Paracetamol release profiles form enteric-coated capsules coated with modified polymers 
after medium change to 15 mM phosphate buffer pH 6.5. Given are mean values + SD of n = 3  
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Table S 1 Treatment conditions of the MTT essay 

Group Treatment composition  

Concentration 

of the 

polymer  

[mg / mL] 

CC5 

1. Eudragit® L100 
2. SDS at 0.3% dry polymer weight 

3. Phosphate buffer pH 7.4 

0.02 

CC4 0.063 

CC3 0.2 

CC2 0.63 

CC1 1.5 

CE 10 

TC5 

1. P(MA-Gly-co-MMA) UMz1b.9 
2. SDS at 0.3% dry polymer weight 

3. Phosphate buffer pH 7.4 

0.02 

TC4 0.063 

TC3 0.2 

TC2 0.63 

TC1 1.5 

TE 10 

TC35 P(MA-Gly-co-MMA) UMz1b.5 0.2 

TC36 P(MA-Gly-co-MMA) UMz1b.6 0.2 

TC37 P(MA-Gly-co-MMA) UMz1b.7 0.2 

TC38 P(MA-Gly-co-MMA) UMz1b.8 0.2 

TC39b P(MA-Gly-co-MMA) UMz1b.9b 0.2 

Control PBS buffer - 

Buffer Phosphate buffer pH 7.4 - 

SDS + 
PBS 

1. PBS buffer 
2. SDS at 0.3% dry polymer weight  

- 

SDS + 

buffer 

1. Phosphate buffer pH 7.4 

2. SDS at 0.3% dry polymer weight  
- 

H2O2 
Water 
H2O2 

- 
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Figure S 4 Absorption of the wells with different treatments during the MTT essay after one hour 
treatment. (n = 5) 
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Figure S 5 Absorption of the wells with different treatments during the MTT essay after two hours 
treatment. (n = 5) 
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Figure S 6 Absorption of the wells with different treatments during the MTT essay after four hours 
treatment. (n = 6) 
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Figure S 7 MTT reduction [%] of cells treated with different concentrations of P(MA-Gly-co-MMA) 
and Eudragit® L100 compared to PBS buffer after one hour of treatment (n  = 5) 
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Figure S 8 MTT reduction [%] of cells treated with different concentrations of P(MA-Gly-co-MMA) 
and Eudragit® L100 compared to PBS buffer after four hours of treatment (n  = 5) 
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Table 2. Enteric polymers used in drug products on the German market [1,2]. 

Drug Product Manufacturer Enteric polymer 

Acetylsalicylic acid 

Aspirin protect Bayer 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

ASS AbZ protect AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

ASS-ratiopharm® ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Aescin Reparil®-Dragees Viatris Healthcare 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

4-Aminosalicylic acid GRANUPAS 
Eurocept 
International 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Bisacodyl 

Laxans-
ratiopharm® 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

DulcoLax® 
Dragees 

Sanofi 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-methyl 
methacrylate 1:2 copolymer 

Bromelain 

Bromelain-POS® 
URSAPHARM 
Arzneimittel 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer,  
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Bromelain-
tabletten hysan® 

Phlogenzym® MUCOS Pharma 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 

Traumanase® Cassell-med 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 

Bromelain, Trypsin, 
Rutoside 

Wobenzym® MUCOS Pharma 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 
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Drug Product Manufacturer Enteric polymer 

Budesonide 
Budenofalk® Dr. Falk Pharma 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-methyl 
methacrylate 1:2 copolymer, 
Ammonium methacrylate copolymer 
type A, Ammonium methacrylate 
copolymer type B 

Entocort Tillotts Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Calcium amino-ethyle 
phosphate 

Calcium-EAP® Köhler Pharma 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 

Diclofenac 
Diclofenac AbZ AbZ Pharma 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Diclofenac-
ratiopharm® 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Dimethyl fumarate 

Dimethylfumarat
-ratiopharm  

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Skilarence Almirall Hermal 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Tecfidera™ Biogen 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Dimethyl fumarate, 
ethyl hydrogen-
fumarate 

Fumaderm® 
initial, 
Fumaderm® 

Biogen 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Diroximel fumarate Vumerity™ Biogen 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Doxylamine, 
Pyridoxine 

XONVEA Exeltis 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Duloxetine 

Cymbalta®, 
YENTREVE® 

Lilly Hypromellose acetate succinate 

Duloxalta® 
TAD Pahrma Hypromellose phthalate 

Duloxetin TAD® 

Duloxetin AbZ AbZ Pharma Hypromellose phthalate 

Duloxetin 
Henning 

Henning 
Arzneimittel 

Hypromellose acetate succinate 

Duloxetin Mylan Viatris Healthcare Hypromellose phthalate 

Duloxetin-
neuraxpharm® 

neuraxpharm 
Arzneimittel 

Hypromellose phthalate 

Duloxetin-
ratiopharm 

ratiopharm Hypromellose phthalate 

Escherichia coli 
Mutaflor®, 
Mutaflor® mite 

Ardeypharm 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 

Esomeprazole 

Esomeprazol 
AbZ, 
Esomeprazol-CT 

AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Esomeprazol-
ratiopharm® 

ratiopharm Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Esomeprazol 
TAD 

TAD Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 
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Drug Product Manufacturer Enteric polymer 

Nexium® mups 

Grünenthal 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Nexium® 

granulate 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Herbal medicines 

Buscomint® 
A. Nattermann & 
Cie. 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Eviprostat N 
 
Pharmazeutische 
Fabrik Evers 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

femiLoges® Dr. Loges 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 

GeloMyrtol® 

forte, Myrtol® 
G. Pohl-Boskamp Hypromellose acetate succinate 

Sinolpan 
Engelhard 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Iron-(II)-salt 
ferro sanol® 
duodenal 

UCB pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Lansoprazol 

Agopton® Takeda 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Lansoprazol AbZ  AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Lansoprazol-
ratiopharm® 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Magnesium citrate, 
Magnesium 
hydrogenglutamate 

Magnesium 
Verla® N 
Dragées 

Verla-Pharm 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Mercaptamine PROCYSBI® Chiesi 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Mesalazine 

Asacol® Tillotts Pharma 
Methacrylic acid-methyl 
methacrylate 1:2 copolymer, 

Claversal® Recordati Pharma 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-methyl 
methacrylate 1:2 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Mezavant Takeda 

Methacrylic acid-methyl 
methacrylate 1:2 copolymer, 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer 

Salofalk® Dr. Falk Pharma 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-methyl 
methacrylate 1:2 copolymer, Butyl 
methacrylate-(2-
dimethylaminoethyl) methacrylate-
methyl methacrylate 1:2.1 
copolymer 

Mycophenolic acid Myfortic® Novartis Pharma Hypromellose phthalate 

Omeprazole 
Antra MUPS® 

CHEPLAPHARM 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Omeprazol AbZ, 
Omeprazol-CT 

AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 
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Drug Product Manufacturer Enteric polymer 

Omeprazol dura 
S®, Omeprazol 
Mylan 

Viatris Healthcare 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Omeprazol-
ratiopharm® NT 

ratiopharm 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Omeprazol-
ratiopharm® SK 

Hypromellose phthalate 

Pancreatic enzymes 

Pankreatan® Nordmark Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pankreatin 
Laves® 

Laves Arzneimittel 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pankreatin 
Mikro-
ratiopharm®  

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Ozym Trommsdorff 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Kreon® Viatris Healthcare Hypromellose phthalate 

Pantoprazole 

Pantoprazol 
AAA 

AAA-Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pantoprazol AbZ AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pantoprazol 
auxino 

axunio Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Pantoprazol-CT AbZ Pharma 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Pantoprazol dura Mylan 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pantoprazol 
elac® 

Mibe Arzneimittel 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Pantoprazol 
Hennig® 

Henning 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Pantoprazol 
NYC®, Pantozol® 

Takeda 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Pantoprazol-
ratiopharm® 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

PANTOZOL 
control® 

DR. KADE 
Pharmazeutische 
Fabrik 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Rifun® Takeda 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Pantoprazole, 
Amoxicillin, 
Clarithromycin 

ZacPac® Takeda 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Penicillamine Metalcaptase® 
Heyl Chem.-
pharm. Fabrik 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Posaconazole 

Noxafil® 
MSD Sharp & 
Dohme 

Hypromellose acetate succinate 

Posaconazol 
Abdi 

Abdi Farma Hypromellose acetate succinate 

Posaconazol-
ratiopharm 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer type B 
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Drug Product Manufacturer Enteric polymer 

Risedronic acid Actonel Theramex 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Rabeprazole 
Pariet® Eisai Hypromellose phthalate 

Rabeprazol-
ratiopharm® 

ratiopharm Hypromellose phthalate 

Sodium bicarbonate 
bicaNorm®   

Nephrotrans® 
MEDICE 
Arzneimittel Pütter 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Sodium 
bituminosulfonate 

Ichthraletten® 

ICHTHYOL-
GESELLSCHAFT 
Cordes, Hermanni 
& Co. 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Sulfasalazine 

Azulfidine® 
PFIZER 
PHARMA 

Cellulose acetate phthalate 

Sulfasalazin-
Heyl® 

Heyl Chemisch-
pharmazeutische 
Fabrik 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Typhoid vaccine Typhoral® L Pharmore Hypromellose phthalate 

Valproate 

Ergenyl Sanofi-Aventis 
Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Cellulose acetate phthalate 

Orfiril 
Desitin 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Valproinsäure-
ratiopharm® 

ratiopharm 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Valproat-
neuraxpharm® 

neuraxpharm 
Arzneimittel 

Methacrylic acid-ethyl acrylate 1:1 
copolymer 

Zink bishydrogen-
aspartate 

Unizink® 50 Köhler Pharma 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 

Zink orotate Zinkorotat-POS® 
URSAPHARM 
Arzneimittel 

Methacrylic acid-methyl 
methacrylate 1:1 copolymer, 
Methacrylic acid-ethyl acrylate 1:1 
copolymer 30 % dispersion 
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