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Abstract  

Nature on planet earth is dominated by poly(phosphoester)s (PPEs). They structure and 

determine life in the form of deoxy- & ribonucleic acid (DNA & RNA), and, as pyrophosphates, 

they store up chemical energy in organisms. Polymer chemistry, however, is dominated by the 

non-degradable polyolefins and degradable polycarboxylic esters (PCEs) that are produced on a 

large scale today. Recent work has illustrated the potential of PPEs for future applications 

beyond flame-retardancy -the main application of PPEs today-, and provided a coherent vision to 

implement this classic biopolymer in modern applications that demand biocompatibility and 

degradability as well as the possibility to adjust the properties to individual needs.  

Chapter 1 describes the preparation of in-chain poly(phosphonate)s via acyclic diene metathesis 

polymerization of three different monomers. Novel unsaturated phosphonate monomers with 

asymmetric structure have been developed, that are accessible via a three-step synthesis. The 

prepared poly(phosphonate)s exhibit the stable carbon-phosphorus linkage in the polymer 

backbone, which changes the nature of the degradation products compared to other 

poly(phosphoester)s. Polymers with molecular weights up to 28 000 g mol
-1 

were prpared and 

have been characterized in detail by NMR spectroscopy, size exclusion chromatography, 

thermogravimetry, and differential scanning calorimetry. They have been also compared to 

structural analogues polyphosphates with respect to crystallization (SAXS, WAXS) and their 

rheological behavior. Also solution grown crystals were analyzed rendering some of prepared 

poly(phosphonate)s as interesting defect poly(ethylene)-like structures. 

Chapter 2 focuses on the evaluation of the six-membered cyclic 2-alkyl-1,3,2-

dioxaphosphinane-2-oxides as novel monomers for the preparation of poly(phosphoester)s with 

altered backbone structure by ring-opening polymerization. As representative 2-alkyl-1,3,2-

dioxaphosphinane-2-oxides (MPPn) was prepared, which showed increased stability compared 

to its five-membered analogon facilitating the preparation and further handling. MPPn was 

attempted to polymerize with standard catalysts, that are well-established for the polymerization 

of five-membered cyclic phosphoesters. For all applied catalysts no polymerization was 

observed, which can probably be attributed to the low ring-strain of six-membered cyclic 

phosphoesters.  

Chapter 3 focuses on the introduction of phostones, i.e. 2-alkoxy-2-oxo-1,3-oxaphospholanes, 

as novel monomer class for the preparation of linear PPEs by ring-opening polymerization. 

Phostones have the stable P-C-bond within the cycle, which leads to a dramatic increase of the 
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monomer stability towards hydrolysis and long shelf-lives. Two phostone-monomers containing 

ethoxy or butoxy pendant chains were prepared in a single step synthesis from inexpensive 

starting materials avoiding the usage of SOCl2 or POCl3. Polymers with ethoxy side chains are 

water-soluble without a lower critical solution temperature, non-toxic against murine 

macrophages, and hydrolytically degradable under basic conditions. The polymerization kinetics 

for different catalyst systems were evaluated for both monomers in order to identify optimal 

polymerization conditions, resulting in poly(phosphonate)s with molecular weights between 

3000 and 25100 g mol
-1

 with reasonable molecular weight dispersities (<1.6). 

Chapter 4 focuses on the preparation of PPE-based surfactants for the non-covalent and 

straightforward surface modification of nanocarriers. For nanocarriers long blood circulation 

times are crucial for efficient drug delivery. A critical parameter for the circulation time is the 

so-called protein ‘corona’, which forms upon exposure to biological fluids by physical 

adsorption of proteins. An unspecific adsorption of proteins leads to an enhanced recognition by 

cells of the immune system and to decreased blood circulation times. The typical approach to 

meet this problem is the decoration of the nanocarrier surface with polymer chains. Recently, 

hydrophilic PPEs were identified to induce a similar stealth effect like poly (ethylene glycol). In 

this chapter, the non-covalent adsorption of structurally diverse PPE-surfactants to prepare 

stealth nanocarriers is exploited. The prepared surfactants were evaluated in detail concerning 

their toxicity, degradation behavior and interaction with proteins. All considered surfactant-

coated nanocarriers showed increased blood circulation times and it was found that the variation 

of the PPE-structure can influence the protein corona composition formed around polystyrene 

nanoparticles. 

Chapter 5. focuses on the further development of PPE-based surfactants for the modification of 

nanocarriers. In this chapter functional mannose-moieties were included in the surfactant 

structure allowing targeting of mannose-receptor presenting cells. PPE-surfactants with altered 

amount and location of mannose moieties were prepared. The surfactant synthesis was 

conducted in a two-step protocol starting with the ring-opening polymerization of cyclic 

phosphoester monomers and subsequent mannosylation by thiol-Michael addition. 

Subsequently, the surfactants were assembled on the surface of nanocarriers consisting of 

different materials and the cellular uptake towards mannose-receptor presenting macrophages 

and dendritic cells was evaluated. Enhanced cellular uptake was observed for nanocarriers 

coated with PPE-surfactants containing a high amount and density of mannose moieties. 
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 Chapter 6 focuses on the detailed investigation of the hydrolytic degradation of three different 

PPE-classes, i.e. poly(phosphate)s, in-chain and side-chain poly(phosphonate)s, exhibiting 

different binding patterns around the central phosphorus atom The degradation studies were 

conducted in aqueous media under acidic and basic conditions and the degradation process was 

followed by NMR spectroscopy. Under acidic conditions no degradation was observed while 

under basic conditions degradation was observed for all considered polymers with distinct 

different degradation profiles. Detailed NMR spectroscopic investigation indicated a degradation 

mechanism proceeding by backbiting of the terminal alcohol group similar to the mechanism 

proposed for the degradation of poly(lactic acid) (PLA) is most likely. Moreover, it was found 

that the aggregation behavior in aqueous media play a key role in the hydrolytic degradation of 

the considered polymers. 
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Zusammenfassung 

Der Einsatz von Polymeren als Biomaterialien hat wesentlich zum Fortschritt der modernen 

Medizin beigetragen. Insbesondere abbaubare Polymere sind von besonderem Interesse für 

biomedizinische Anwendungen, da sie aus dem Körper ausgeschieden werden können, nachdem 

sie ihre Aufgabe erfüllt haben. Für Biomaterialien ist es entscheidend, die chemischen und 

physikalischen Eigenschaften sowie das Abbauverhalten präzise einstellen zu können, um sie 

den jeweiligen Anforderungen anzupassen  

Aufgrund ihrer potentiellen Bioabbaubarkeit und -kompatibilität sind Polyphosphoester (PPEs) 

in besonderem Maße relevant für den Einsatz als Biomaterialien. Außerdem erlaubt die 

Pentavalenz des Phosphors eine Vielzahl an Möglichkeiten, um gewünschte Eigenschaften 

präzise einzustellen: Die Art der organischen „Spacer“ im Polymerrückgrat erlaubt eine 

Variation der Polarität und ist entscheidend für das Kristallisationsverhalten von PPEs, während 

das Bindungsmotiv um das zentrale Phosphoratom entscheidend ist, um ihr Abbauprofil zu 

beeinflussen. Zusätzlich kann die Seitenkette zur Einführung von funktionellen Gruppen 

verwendet werden.  

Im Zuge dieser Arbeit wurden verschiedene Monomere entwickelt, die durch gezielte 

Strukturveränderungen, die Synthese von PPEs mit variablen Eigenschaften bzgl. Löslichkeit, 

Abbauverhalten und Stabilität ermöglichen und vereinfachen.  

Weiterhin wurden PPEs mit unterschiedlichen Bindungsmotiven hinsichtlich ihrer kürzlich 

entdeckten „Stealth“-Eigenschaften untersucht, indem PPE-basierte Tenside synthetisiert und 

zur Oberflächenmodifikation von Nanopartikeln unterschiedlicher Materialien eingesetzt und 

bezüglich ihrer Blutzirkulationszeiten untersucht wurden. Im nächsten Schritt wurden PPE-

Tenside zusätzlich mit Mannose-Einheiten modifiziert, die einen gezielte Adressierung von 

Zellen des Immunsystems erlauben. Es konnte gezeigt werden, dass die 

Oberflächenmodifikation von Nanopartikeln mit PPE-Tensiden bei geringem synthetischen 

Aufwand sowohl zu verlängerten Blutzirkulationszeiten als auch zur zielgerichteten 

Adressierung bestimmter Zellen geeignet ist. Zum Abschluss wurden PPEs mit 

unterschiedlichen Bindungsmotiven hinsichtlich ihrer Abbaubarkeit unter basischen 

Bedingungen untersucht, wobei gezeigt werden konnte, dass schon kleine strukturelle 

Variationen zu signifikant veränderten Abbauprofilen führen.  
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Motivation 

Application of polymers as biomaterials has greatly impacted the progress of modern medicine. 

Especially, polymers capable of being degraded, provide the tremendous advantage of being 

removed from the body after fulfilling their intended task. Biodegradable polymers are used in a 

wide range of applications such as, tissue engineering, protheses or drug delivery. To fulfill 

functional demands, materials with desired physical, chemical and degradation properties must 

be designed. One polymer class that is especially appealing for the application as biomaterials 

are the poly(phosphoester)s (PPEs). They exhibit good biocompatibility and offer several 

working points for precise adjustment of the desired properties.  

 

 

Figure M1. working points for adjusting the properties of poly(phosphoester)s. 

The nature of the spacers in the polymer backbone allow a variation of the polarity and is crucial 

for their crystallization behavior. The binding motif around the central phosphorus atom of each 

repeating unit is a key parameter to affect their degradation profile. Additionally, the pendant 

chain can be used for introduction of functional groups. The objective of the following thesis is 

the preparation and detailed investigation of PPEs from novel monomer types facilitating the 

PPE synthesis and providing polymers with altered characteristics and degradation profiles. 

Development of novel phosphoester monomers (Chapter 1-3) 

The implementation of new monomer classes will give access to PPE-based materials with 

precisely adjustable properties. Therefore, one aim of the current thesis is the development of 

new monomers for the preparation of PPEs by ring-opening polymerization (ROP) and 

acyclic diene metathesis (ADMET) polymerization.  
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Figure M2. Monomers for the preparation of PPEs by ADMET (left) and ROP (right). The newly 

established monomers are shaded in yellow. 

In chapter 1 a new monomer class suitable for the ADMET polymerization is introduced. The 

presented monomers exhibit a stable P-C-bond which is located in the backbone of the 

respective polymer (Figure M2, top). The aim of this study was the variation of degradation 

products by altering the binding motif. The introduced polymers reduce the amount of 

hydrophobic degradation products compared to the corresponding phosphates.  

Chapters 2 & 3 are dedicated to the development of new monomer classes for the ring opening 

polymerization of cyclic phosphoester monomers. Beside the beginnings of PPE-synthesis by 

ROP, PPEs are predominantly prepared by ROP of five-membered cyclic phosphoesters (PEs). 

These monomers are mainly modified by variation of the side chain, while the backbone remains 

the same. However, the backbone can crucially influence the polymer properties such as the 

polarity and thus the objective of Chapter 2 & 3 was the development of new cyclic PE 

monomers for PPE-preparation by ROP allowing an alteration of the backbone of the 

respective polymers. 
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Six-membered cyclic monomers exhibit reduced ring-strain compared to their five-membered 

counterparts, which facilitates their preparation and handling and additionally allow the 

synthesis of PPEs with altered backbone structure. However, six-membered phosphate are 

known to be poorly polymerizable. Due to the reduced ring strain, cyclic end groups are 

preferentially formed accompanied by side chain elimination. In Chapter 2, a six-membered 

cyclic phosphonate, exhibiting the stable P-C-bond in the pendant chain, was prepared. The 

objective of this monomer structure was the suppression of side chain elimination and thus 

facilitating the controlled ring-opening polymerization of six-membered monomers leading 

to polymers with altered backbone structure. 

In chapter 3 a new five-membered monomer class is introduced, namely the phostones, where 

one of the inner cyclic ester linkages is replaced by a stable P-C-bond. Beside the possibility of 

backbone alteration, using phostones as monomers for the ROP of cyclic PEs entails distinct 

advantages: (i) monomers are accessible by a one-step synthesis from trialkyl phosphites (ii) 

avoiding toxic POCl5 or SOCl2 respectively and (iii) the monomers show enhanced stability in 

air and water easing handling and preparation. Additionally, the potential release of toxic 

ethylene glycol is avoided upon degradation. 

PPEs in biomedical applications (Chapter 4 & 5) 

Recently, the PPEs were identified to induce a similar stealth effect as PEG, while preventing 

bioaccumulation due to eventual degradation. Stealth polymers are usually covalently attached to 

the nanocarrier. Covalent attachment requires certain functionalities on the nanocarrier surface 

as working point for polymer-attachment as well as several synthesis step. The objective of 

chapter 4 was the non-covalent adsorption of a library of structurally diverse degradable 

PPE-surfactants to facilitate the preparation of stealth nanocarriers. Importantly, this 

strategy should allow the camouflage of basically any nanocarrier, which was evaluated with 

PS, PMMA, and HSA as the carrier materials. The approach of nanocarrier modification by 

adsorption of PPE-surfactants was advanced in the following chapter 5. Herein, PPE-

surfactants containing mannose moieties were prepared as a straightforward technique for 

functional surface modification of any kind of particle for targeted drug delivery to 

dendritic cells. The applicability of the surfactants wasevaluated for PS-, PMMA- and HES-

based nanocarriers as representative model nanocarriers. 

https://www.dict.cc/englisch-deutsch/preferential.html
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Hydrolytic Degradation (Chapter 6) 

PPEs are often mentioned as promising biodegradable polymer class due to the inherent 

cleavable ester linkages along the polymer chain. Although praised in the majority of 

publications, there are only a few ones dealing with a more detailed investigation of PPE-

degradation. Especially in biomedical applications a detailed knowledge about the degradation 

behavior is crucial for a precise adjustment of degradation time and products and up to now the 

mode of degradation of PPEs is not yet clarified. As first step towards better understanding 

of what effects their degradation, four PPEs exhibiting different binding motifs were 

evaluated in aqueous media under acidic and basic conditions concerning degradation time 

and products. The degradation was constantly followed by NMR spectroscopy and revealed 

new insights in the degradation behavior of PPEs. 
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Introduction 
 

Main-chain poly(phosphoester)s: History, Syntheses, Degradation, 
Bio-and Flame-Retardant Applications  
 

Foreword 

The following introduction is based on the publication “Main-chain Poly(phosphoester)s: 

History, Syntheses, Degradation, Bio- and Flame-Retardant Applications” and is reproduced 

with permission from Progress in Polymer Science 2017, vol 73. pp.61-122 (Copyright 2017 

Elsevier). 

 

The introduction is further based on “Polyphosphoesters: An old biopolymer in a new light.” In: 

“Polymers for Biomedicine: Synthesis, Characterization and Applications”, Editor C. Scholz 

reproduced with permission from John Wiley and Sons Copyright 2017. 

 

Abstract 

Nature on planet earth is dominated by poly(phosphoester)s (PPEs). They structure and 

determine life in the form of deoxy- & ribonucleic acid (DNA & RNA), and, as pyrophosphates, 

they store up chemical energy in organisms. Polymer chemistry, however, is dominated by the 

non-degradable polyolefins and degradable polycarboxylic esters (PCEs) that are produced on a 

large scale today. Recent work has illustrated the potential of PPEs for future applications 

beyond flame-retardancy -the main application of PPEs today-, and provided a coherent vision to 

implement this classic biopolymer in modern applications that demand biocompatibility and 

degradability as well as the possibility to adjust the properties to individual needs. This 

comprehensive review summarizes synthetic protocols to PPEs, their applications in 

biomedicine, e.g. as biodegradable drug carrier or in tissue engineering, and their flame retardant 

properties. We highlighted recent developments that may make phosphorus-based polymers 

attractive materials for various future applications. 
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1. Introduction 

Poly(phosphoester)s (PPEs), i.e. polyesters based on phosphoric acid derivatives, are 

omnipresent in nature and all living cells. All life relies on the ability of the C-O-P bond to be 

stable for a long time but eventually being degradable on demand.1 The energy-rich phosphorus 

anhydrides are natures’ universal energy storage in the form of adenosine triphosphate (ATP). 

Controlled cleavage of this bond provides energy for most biochemical reactions. This structure 

was conserved throughout evolution in all prokaryotes and eukaryotes. Structurally similar but 

essential for redox-driven bioprocesses, the nicotinamide adenine dinucleotide (NAD+/NADH + 

H+) redox system also carries a diphosphate (Figure 1). Here, a diphosphate is used to link two 

functionally different parts of a larger molecule together to form a functional unity used in 

electron transfer processes. Also inorganic polyphosphates play an important role in blood 

coagulation, inflammation, and bone regeneration.2-3 Inorganic polyphosphate is structurally 

very simple, consisting of linear polymers of orthophosphate linked by high-energy 

phosphoanhydrides bonds (Figure 1). At physiological pH, each internal phosphate unit carries a 

monovalent negative charge. It is ubiquitous in biology and can vary in polymer length from just 

a few phosphates to several thousand phosphate units long, depending on the organism and the 

tissue in which it is synthesized.4 

PPEs differ from these inorganic polyanhydrides by the organic linker between the phosphorus 

centers; PPEs can be trivalent, i.e. not charged, or divalent (poly(phosphordiester)s) with a 

negative charge (see below). The most prominent and by far most important examples are the 

ribonucleic acids and their polymeric forms, DNA and RNA. These macromolecules, as PPEs, 

encode the genetic information of life and are essential for higher and lower life forms. Both 

RNA and DNA are PPEs build up from phosphoric acid and derivatives of the carbohydrates 

ribose or desoxyribose (with the additional nucleobases attached to the anomeric centre), 

respectively (Figure 1). 
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Figure 1. Chemical structures of important phosphorus-containing biomolecules: DNA and RNA 

sequences, nicotinamide adenine dinucleotide (NADH/NAD+) redox pair containing a diphosphate; 

adenosine tri/di phosphate (ATP and ADP), essential for the energetic flow in living systems; 

poly(phosphoanhydride) or inorganic polyphosphate, which is found in platelets. 

The negatively charged phosphorus diester in DNA (in combination with the helical double 

stranded structure) provides long term stability as nucleophilic attacks are unlikely to the anionic 

charge of the backbone. As natural motif different enzymes are capable of building or degrading 

phosphoesters. In contrast to DNA, RNA is hydrolyzes much faster, due to the proximity of the 

additional OH-group on ribose, catalyzing the rapid depolymerization of RNA. The negative 

charge on the phosphate moiety further allows for interactions with positively charged proteins, 

the most well-known being histone proteins. These are used for storage and stability purposes.5 

A reduction in positive charge of these proteins plays an important role in the exposing of DNA 

for other protein-like transcription or translation factors.5 

Phosphorylation is a general pathway to regulate enzyme activity in cells and hence a multitude 

of enzymes, the phosphatases, are known with the sole purpose of cleaving several differently 

substituted phosphoesters.5 Also synthetic phosphoesters are expected to be enzymatically 

degraded inside a living system in addition to the intrinsic susceptibility of ester bonds towards 

(acidic or basic) hydrolysis. Besides phosphates (i.e. with the structural element PO4
3-), also 

phosphonates (carrying one stable P-C bond, i.e. PRO3
2-, (Figure 4) are important structural 

elements in nature. Phosphonic acid derivatives have been identified in various plants, fungi, 

bacteria, and in some animals.6 Recent 31P NMR spectroscopic studies proved that up to 30% of 
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the maritime phosphorous reserve is bound in phosphonic acid derivatives.7 Also many 

herbicides, such as the currently heavily discussed glyphosate, are based on phosphonates. 

The omnipresence and immense biological importance of phosphoric acid esters makes synthetic 

PPEs a very promising object of research. These polymers are expected to show a high 

compatibility with biological systems and potentially low toxicity. Compared to the polyesters 

based on carboxylic acid esters, phosphorus, in phosphoric acid, can form three stable and 

divergent bonds in addition to the P=O double bond. This makes not only poly(phosphoester)s, 

but also and the respective amides, a versatile platform for main- and side-chain modification of 

synthetic polymers, a distinct advantage over carboxylic acid esters, for example (Figure 2).8 

Attachment of side-chain functionalities and labels and therefore modification of material 

properties is possible in a straightforward way via the pendant group. This avoids main-chain 

functionalization which has to be conducted for other polycarboxylic acid esters or amides, e.g. 

in functional lactones or lactams. Also the intrinsic biodegradability of PPEs can be adjusted via 

side-chain (and main-chain) modifications.9  

 

 

Figure 2. The synthetic platform of poly(phosphoester)s highlighting the handles for the design of 

future materials. 

Polymer chemists have been always taking motifs from nature to synthetics (Figure 3). 

Polyolefins made it to a commodity material for the modern society with highly efficient 

catalysts producing polyethylene and polypropylene, for example, on the million ton scale. 10 

Also polyesters and polyamides have made it to commodities in many applications in today’s 

world. Research on these materials11 is still ongoing with several thousand papers per year 

covering their synthesis, modification and application in various areas.12 On the other hand, 

PPEs - which are the basis for the living world - remain a niche material on industrial scale and 
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only few research groups are currently interested in these materials.13-16 To date, only flame 

retardant plastics or additives are produced industrially (see sections below). The full potential of 

synthetic PPEs is only touched in academics. This review summarizes the history of the 

synthetic achievements towards PPEs based on different monomer types and polymerization 

mechanisms. We will highlight some - rather forgotten - pathways and summarize the recent 

trends in PPE-chemistry and applications on academic level. The interested reader is also 

referred to other reviews and books about PPEs including industrial applications.8, 17-21  

 

 

Figure 3. Comparison between the structural motifs of natural occurring polymers (left), and 

synthetic polymers produced industrially with prominent examples (right)
8
 (Reprinted with 

permission from John Wiley & Sons Inc, Copyright 2015.)  

All materials (PPEs) discussed in the actual review carry the phosphorus atoms along the 

polymer backbone and are separated by organic groups. Polymers with phosphorus in the side-

chains, e.g. prepared by the polymerization of vinyl phosphonic acid, will not be touched by this 

review, however, other recent reviews cover the aspects of those materials.22 In PPEs, the 

phosphorus atoms in the polymer backbone are typically in a pentavalent state. , i.e. P(V). Also 

polymers with trivalent phosphorus, P(III), have been reported and some interesting candidates 

will be mentioned throughout this review. 

In contrast to their carbon analogues, the polycarboxylic acid esters (PCE), the pentavalency of 

phosphorus provides an additional linkage per repeating unit, which allows the formation of 

branched structures or the introduction of functional or solubilizing groups. Depending on the 

nature of this side group which is connected to the phosphorus atom, PPEs are categorized into 

different subclasses (Figure 4), namely in polyphosphites (or alkylene H-phosphonates), 
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polyphosphonates, polyphosphates, and polyphosphoramidates with two phosphoesters (P-O-R) 

building the main chain and P-H, P-C, P-O, or P-N linkages to the side chain, respectively. Only 

in a very few studies also the linkage motif along the backbone has been altered, for example to 

generate branched polyphosphoamidates23 and linear poly(phosphonate)s with the P-C-bonds in 

the main chain.24  

 

 

Figure 4. Subclasses of main-chain poly(phosphoester)s. 

2. PPEs: Synthesis 

PPEs can be prepared by various synthetic routes: step-growth or chain growth polymerization 

can be chosen. Classical polycondensation of phosphoric acid chlorides and diols or 

transesterification of phosphoesters with diols is applicable. Also polyaddition and acyclic diene 

metathesis polycondensation have been reported. In addition, for chain-growth strategies, 

typically ring-opening polymerization of five- or six-membered cyclic phosphoesters is applied 

(Scheme 1). The polymers prepared by such methods may carry functional (pendant) groups, 

which allow further postpolymerization modification by different techniques, which will be 

discussed in this review. By these techniques, PPEs are accessible ranging from very 

hydrophobic materials to water-soluble polymers or highly crystalline to amorphous materials 

with variable molecular weights.25-26 PPEs with different architectures and polymerization 

patterns have been prepared, ranging from linear to hyperbranched27-30 or cyclic31 

homopolymers, copolymers,32-35 brush copolymers,36-37 star polymers,38-40 and segments in block 

copolymers,40-45 or sequenced polymers.46  
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Scheme 1. Overview on the synthetic pathways to PPEs (Z=O-alkyl, O-aryl, alkyl, Cl, H; R= alkyl, 

aryl).
8
 Reprinted with permission from John Wiley & Sons Inc, Copyright 2015.) 

1.1 Polycondensation 

In 1936 James Arvin reported for the first time the synthesis of aromatic polyphosphates by the 

polycondensation of phosphorus oxychloride with bisphenol-A.47 Since then hundreds of reports, 

especially in the patent literature, on the synthesis of PPEs including polyphosphates,32, 48 -

phosphites, -phosphoramidates,23, 49 and -phosphonates50-55 by polycondensation have been 

published (only a few representative examples are listed here). Also branched and cross-linked 

materials have been prepared by the use of multifunctional nucleophiles or POCl3.
28, 56 Beside 

the traditional melt and solution polycondensation the interfacial 50, 52 and the phase-transfer 

catalyzed51, 57 polycondensation setups are common techniques.  

 

 

Scheme 2. General protocol for the polycondensation of phosphoric acid dichlorides with diols. 

The interfacial polycondensation can also be used to produce PPE- based nanoparticles. 

Alexandrino et al. reported the successful preparation of PPE nanoparticles by interfacial 

polycondensation of bisphenol A and dichlorophenylphosphate in miniemulsiom (Figure 5)57. 
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Figure 5: A) Schematic representation of the interfacial polycondensation in inverse miniemulsion 

applied for the synthesis of PPE colloids. B) Possible side reactions (Routes 2 and 3) that occur 

during the interfacial polycondensation (Route 1). SEM images of the PPE-articles after 

redispersion in water/SDS (0.6 wt%): C) KOH or D) NaOH as the osmotic and deprotonation agent. 

(Reprinted with permission from reference 57. Copryright 2016 Wiley) 

The prepared PPE colloids show diameters of 700 - 900 nm and higher molecular weights than 

PPEs prepared by classical polycondensation reactions. The particles consist of a well-known 

flame-retardant and are potentially applicable as additives for flame resistant improvement of 

other polymers compositions. 

Although polycondensation is by far the most widely used approach to PPEs, its application is 

limited due to several side reactions.19 They  restrict the synthesis of high molecular weight 

polymers (Scheme 3) and the incorporation of functional groups is challenging.48 Besides the 

main reactions between monomers or macromolecules (Scheme 3 Pathway 1.1 and 1.2), which 

lead to the formation of polyesters, various unwanted side reactions take place resulting in the 

reduction of yield and molecular weight of the polymer. The reaction between the diol and HCl, 

which evolves within the polycondensation, leads to the deactivation of the diol and to the 

cessation of the polyester growth. The hydrolysis of acid chloride groups by traces of water 

results in the formation of acidic groups, which are not able to participate in the polymerization 

process anymore. Also cyclic (poly)phosphoesters have been observed, depending on the 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-Retardant 

Applications 

 

 
13 

 
 

structure of the diol. In case of pendant ester linkages, transesterification reactions can take place 

leading to branched polymers. 
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Scheme 3. Reactions during polycondensation of phosphorus dichlorides with diols.
48
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The polycondensation to PPEs also includes the polytransesterification of phosphoric acid 

diesters with diols (Scheme 4). This strategy is mostly applied for the synthesis of poly(H-

phosphonate)s and -(phosphonate)s.  

 

 

Scheme 4. General scheme of the polytransesterification.
58

 

Polytransesterification is not suitable for the direct synthesis of poly(phosphate)s, due to 

branching., i.e. transesterification with the pendant esters. Nevertheless, poly(phosphates) are 

also accessible via this method by post polymerization modification of the corresponding 

poly(H-phosphonate)s.58-59 The P-H bond is interesting, as it is inert to the polycondensation 

conditions, however, allows easy access to functional materials by several post polymerization 

modifications (Scheme 5).  

 

 

Scheme 5. Post-polymerization modification of poly(H-phosphonate)s.
59-60

 

The hydrolytic instability of the poly(H-phosphonate)s allows an easy transformation of the P-H-

bond either by oxidation with N2O4 or by chlorination with gaseous chlorine or under milder 

conditions with trichloroiscyanuric acid60. The products can then be transferred into further 

derivatives (Scheme 5).61-62 Also amphiphilic graft copolymers are accessible via the post-

polymerization of the poly(H-phosphonate)s (Scheme 6). 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-

Retardant Applications 

 

 
16 
 
 

 

 

Scheme 6. Synthesis of amphiphilic graft copolymers (PPE-g-PEO). 

The addition of ethylene oxide proceeds quantitatively to the PEO grafted PPEs (rather short 

oligomers are grafted under these conditions). Without the addition of an external acid, the 

reaction stops when all acidic groups are consumed. Longer PEO-chains can be introduced by 

usage of an external acid.59, 63 Another efficient post-polymerization modification was achieved 

by the application of the Atherton-Todd reaction to poly(H-phosphonate)s (Scheme 7).64-66 

Initially, the Atherton-Todd reaction was applied for the synthesis of phosphoamidates by 

reaction of dialkyl phosphonate with primary amines in the presence of carbon tetrachloride, but 

was subsequently extended to different nucleophiles throughout the past years.67 

 

 

Scheme 7. General scheme of the Atherton-Todd reaction. 

Bogomilova et al., for example, used the Atherton-Todd reaction to bind the anticancer drug 

mephalan to a water-soluble polymer resulting in a reduced toxicity of the cytostatic while 

maintaining the therapeutic efficacy (Scheme 8).68 

 

Scheme 8. Reaction pathway for the immobilization of mephalan onto poly(oxyethylene 

phosphonate) under Atherton-Todd conditions (from Ref 26). 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-Retardant 

Applications 

 

 
17 

 
 

However, the polytransesterification of diesters with diols is plagued with side reactions thus 

leading to polymers with limited molecular weights. In 1973 Vogt et al. reported exhaustively 

about the side reactions of the polytransesterification of diethyl phosphonate with various diols.69 

Similarly to the side reactions, occurring within the polycondensation reaction between 

phosphorus dichlorides and diols, the formation of cyclic phosphoesters proceeds also within the 

polytransesterification process. The reaction of ethylene glycol and dimethyl phosphonate, for 

example, leads to the formation of oligomers and 2-hydro-2-oxo-1,3,2-dioxaphospholane.70 

Also, the reaction between propylene glycol and dimethyl phosphonate results almost 

exclusively in the formation of the 2-hydro-2-oxo-1,3,2-dioxaphosphorinane.71 Beside the 

formation of cyclic phosphoesters, the formation of cyclic ethers can also be observed within the 

polytransesterification (Scheme 9).19, 69 

 

 

Scheme 9. Formation of tetrahydrofuran during the polytransesterification of phosphorus dialkyls 

with 1,4-butanediol.
19

 

Cyclic ethers are formed by intramolecular cyclization initiated by the nucleophilic attack of the 

terminal hydroxyl group on the α-carbon. In the course of this ether formation the ester function 

is transferred into an acidic P-OH-bond, which cannot undergo further condensation reactions. 

The amount of the ether formation depends on the diol; in case of 1,4-butanediol the 

corresponding cyclic ether, i.e. tetrahydrofuran, was formed with a yield of 80%, whereas the 

usage of 1,5-pentanediol leads to the formation of tetrahydropyrane with only 30% yield.69 

Another side reaction of the polytransesterification is the dealkylation (Scheme 10). 
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Scheme 10. Dealkylation during the polytransesterification process. 

The main side reaction during the polytransesterification is the dealkylation of the phosphorus 

diester. Dealkylation occurs due to the nucleophilic attack of the oxygen atom on the α-carbon 

atom, which represents, beside the phosphorus atom, the second electrophilic center within the 

phosphoric acid esters. Within this reaction one of the ester functionalities is transformed into an 

acidic P-OH group, which is not able to participate in the polymerization process anymore and 

thus limiting the molecular weight of the polymer. To date many approaches have been 

published to eliminate or to reduce the side reactions during the polytransesterification. Petrula 

et al. reported about several modified polytransesterification approaches leading to high 

molecular weight polyphosphoesters.58-59, 72-73  

In 1990 they published a two stage protocol providing poly(H-phosphonate)s with molecular 

weights up to 3.3 x 104 g mol-1
 (determined by VPO) by the polycondensation of dimethyl 

phosphonate with various diols (Scheme 11).74  

 

 

Scheme 11. Synthesis of high molecular weight poly(H-phosphonate)s by a two stage process.
74

 

The first stage is conducted with an excess of the dimethyl phosphonate in a temperature range 

from 120 to 140 °C allowing a complete reaction of the hydroxyl groups with the phosphorus 
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dimethyl ester. In the first step only oligomers with methyl ester end groups are formed and 

methanol as side product, which is continuously removed from the reaction mixture by 

distillation. By this step the side reactions involving hydroxyl groups can be suppressed. After 

90% of the theoretical amount of methanol is removed, the temperature is increased to 160- 180 

°C. In the second step, high molecular weight polymers are formed by transesterification 

reactions between the oligomers accompanied by elimination of dialkyl phosphonate.  

In 1997 the same group reported about the polycondensation of diphenyl phosphonate with diols 

such as 1,10-decanediol or tetra(oxyethylene) glycol, leading to high molecular weight poly(H-

phosphonate)s with molecular weights up to Mn = 3 x 104 g mol-1 (determined by membrane 

osmometry, Scheme 12).58 

 

 

Scheme 12. Polytransesterification of diphenyl phosphonate with diols. 

The usage of aromatic esters reduces the dealkylation of the phosphors to a minimum due to the 

replacement of the sp3 by a sp2 carbon that eliminates the possibility of SN2 reactions at this 

position. Furthermore, diphenyl phosphonate reacts almost irreversibly with alcohols.75 

Therefore the removal of phenol, evolving during the polycondensation process, is not necessary 

for the synthesis of medium-molecular-mass polymers.  

Pretula et al. also demonstrated that PPEs can be obtained by the polycondensation of 

phosphoric acid and a diol, avoiding toxic solvents, catalysts or the use of phosphorus 

oxychloride.76-78 Unfortunately, the prepared oligomeric phosphoesters by polycondensation of 

phosphoric acid and ethylene glycol (Pn= 11 determined by MALDI-ToF MS and NMR 

spectroscopy) were rather ill-defined and exhibited poor mechanical properties (Scheme 13). 

However, this strategy is promising and may be optimized to produce PPEs directly from 

inorganic phosphates or phosphoric acid.  

 

 

Scheme 13. Direct polycondensation of phosphoric acid with ethylene glycol. 
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1.2 Polyaddition 

Typical approaches to PPEs by polyaddition are reactions of phosphoric acid dichlorides with 

bisepoxides79  or bisoxetans80 using onium salts as catalysts. Poly(phosphates) and -

(phosphonates) with reactive pendant chloromethyl groups have been synthesized by Nishikubo 

et al. by polyaddition of aromatic and aliphatic bisepoxides with phosphoric and phosphonic 

acid dichlorides.81 Polymers with molecular weights up to 23,000 g mol-1 and molecular weight 

dispersities ranging from Mw/Mn=1.24 to 1.59 were obtained (Scheme 14).  

 

 

Scheme 14. Synthesis of PPEs by polyaddition of bisepoxides with phosphoric and phosphonic acid 

dichlorides. 

Penczek and co-workers investigated in a series of publications the polyaddition reaction 

between phosphoric acid and bisepoxides and the associated side reactions 82-85. The carefully 

selection of the reactants, namely of 3,4-epoxycyclohexylmethyl-3,4-

epoxycyclohexanecarboxylate (ERL) and ethylphosphoric acid allowed the elimination of side 

reactions and the successful synthesis of PPEs with high molecular weights up to     104 g mol-1 

(determined by VPO, Scheme 15). However, due to the limitation of the starting materials 

needed for polyadditions, this approach is only of minor relevance. The use of phosphoric acid 

derivatives is still an attractive idea to omit high-energy intermediates, such as POCl3, and might 

change the field of PPEs, if new catalysts or synthetic routes are investigated.  

 

Scheme 15. Synthesis of PPEs by polyaddition of ERL with ethylphosphoric acid. 
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1.3 Ring-opening polymerization (ROP) 

Probably the most versatile approach to PPEs is provided by the ring-opening polymerization 

(ROP) of cyclic phosphoester monomers (CPM, Scheme 16). The polarity of the polymers 

obtained by this technique, range from merely water-soluble86 to very hydrophobic87-88 

depending on the character of the pendant group. Furthermore, due to more recent developments 

towards controlled (or living) polymerization mechanisms for CPMs, linear,89-92  branched,93 and 

hyperbranched,27 grafted14, 94 or cross-linked95 PPEs have been realized by this protocol. 

The ROP can proceed via an anionic, cationic or metal-catalyzed insertion mechanism. In 

general, to date, the anionic polymerization is by far more relevant than the cationic ROP.  

 

 

Scheme 16. Ring-opening polymerization of cyclic phosphoesters. 

Independent from the mechanism, the ideal candidates for the ROP are strained cyclic 

phosphoesters, with both the phosphorus being tri- or pentavalent. The monomers containing 

trivalent phosphorus, such as cyclic phosphonates and deoxphostones with variable ring sizes 

have been intensively studied by Kobayashi et al.96-98 In contrast to the pentavalent monomers, 

the trivalent phosphorus monomers are exclusively polymerizable by a cationic mechansim.98 

For example the cationic polymerization of 2-phenyl-1,3,2-dioxaphosphephane with methyl 

iodide as initiator leads to the corresponding poly(phosphonite) with moderate molecular 

weights (Mn= 3,000 g mol-1, determined by VPO), whereas polymerization under anionic 

conditions does not proceed at all.97 The obtained polymers exhibit a wax-like texture and are 

soluble in polar organic solvents. The monomers based on P(III) have never gained as much 

attention as their pentavalent counterparts. Nowadays, the interest is focused on the highly 

strained pentavalent six-membered 2-alkoxy-2-oxo-1,3,2-dioxaphosphorinanes and particularly 

on the five-membered 2-alkoxy-2-oxo-1,3,2-dioxaphospholanes (see below).99-100 

The five- and six-membered cyclic phosphates are accessible by the direct condensation of the 

appropriate diol with phosphorus oxy chloride and subsequent esterification to introduce a side 
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chain of choice. In practice, this route (pathway 1 in Scheme 17) is only of minor relevance due 

to low yields and impure monomers, probably by polycondensation as side reaction. In contrast, 

the three-step protocol (pathway 2 in Scheme 17) starting with the ring closure by condensation 

of phosphorus trichloride with a suitable diol, followed by the oxidation of the trivalent 

phosphorus with oxygen and subsequent esterification is the favored method in most literature 

reports. The third pathway in Scheme 17 for the synthesis of CPMs is the transesterification of 

dialkylphosphates with diols, which was used for monomers, in which the pendant group is a 

hydrogen atom.71, 101 Of course, this approach is not suitable for the synthesis of cyclic 

phosphates due to unwanted transesterifications and the formation of branched structures. 

 

 

Scheme 17. Different synthetic pathways to cyclic phosphoester monomers. 

1.3.1 ROP of Six-Membered Cyclic Phosphates 

In the 1960s and 1970s the ROP of six-membered cyclic phosphoesters has been the center of 

interest.102-105 Due to their lower ring strain (2.6 kcal/mol106 for methoxy-2-oxo-1,3,2-

dioxaphosphorinane) compared with the five-membered phosphates (6.7 kcal/mol for methoxy-

2-oxo-1,3,2-dioxaphospholane 106) their synthesis is more robust and the monomers are easier to 

handle but still reactive enough to be polymerized. First attempts to polymerize 2-ethoxy-2-oxo-

1.3.2-dioxaphosphorinane have been made by Munoz et al.;105 the polymerization was conducted 

thermally at 110-120 °C in the presence of water over several weeks. The polymerization led to 

viscous polymers with acidic groups soluble in polar solvents such as water or alcohols but 
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insoluble in diethyl ether or benzene. In the 1970s, the polymerization of cyclic phosphorus-

containing compounds has been resumed by Penczek and co-workers, who made intensive 

progress on elucidating the polymerization mechanism, the thermodynamics and the properties 

of the final polymers.107 Two kinds of six-membered cyclic compounds have been investigated 

in detail, 2-alkoxy- and 2-hydro-2-oxo-1,3,2-dioxaphosphorinanes.92, 108 The 2-alkoxy-2-oxo-

1.3.2-dioxaphosphorinanes can be polymerized either by cationic or anionic ring-opening 

polymerization.103-104 The cationic polymerization can be conducted in bulk as well as in solution 

above 100 °C using typical cationic initiators such as triphenylcarbenium salts (e.g. Ph3CAsF6 or 

Ph3CSbF6). The cationic polymerization leads to polymers with low molecular weights with Mn 

≤ 1,200 g mol-1 (determined by VPO). 109 

Intensive investigations on the mechanism of the cationic polymerization have been made by 

Penczek et al. (Scheme 18).103, 109 The initial step is the nucleophilic attack of the P=O-bond of 

the monomer at the electrophilic (cationic) initiator and generates a R-O-P-bond leading to a 

cyclic tetraalkoxy phosphonium cation as the propagating species. In this tetraalkoxy 

phosphonium cation the C4- and C6-atoms are partially positive charged and thus electrophilic 

enough to be attacked by the oxygen atom of another monomer (Scheme 18). 

 

 

Scheme 18. Mechanism of the cationic polymerization of 2-methoxy-2-oxo-1,3,2-

dioxaphosphorinane. 

In the propagating step the nucleophilic attack on the partially positive charged carbon atoms 

results in a transition state that can either lead to a chain growth or to a chain transfer. Chain 

growth occurs, when an endocyclic CH2-O-bond is broken (Scheme 19). On the other hand the 
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passing of the transition state can lead to a chain transfer. In this case an exocyclic O-CH3-bond 

is broken resulting in the formation of a macromolecule with a cyclic end group and a new 

tetraalkoxy phosphonium cation, which can reinitiate the polymerization. According to the 

proposed mechanism in the 1H NMR spectra signals at 4.5 ppm (Figure 6) can be observed, that 

are typical for cyclic structures. 

 

Scheme 19. Proposed mechanism for the propagation and chain transfer step within cationic 

polymerization of six-membered cyclic phosphoesters. 
103, 109

 (Adapted with permission from 
103

. 

Copyright 1977 American Chemical Society.) 

 

 

 

Figure 6. 
1
H NMR spectrum of poly(2-methoxy-1,3,2-dioxaphosphorinane) showing the presence of 

some cyclic structures in the macromolecules (the arrows show the region of the contribution of 

cyclic structures in the linear macromolecule). (Reprinted with permission from reference 109, 

Copyright 1974 American Chemical Society.) 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-Retardant 

Applications 

 

 
25 

 
 

Besides the chain growth, chain termination can take place: in case of the termination the 

growing species reacts with a polymer segment, where a non-strained, acyclic 

teraalkoxyphosphoniumion is built, that cannot initiate further polymerization thus terminating 

the chain growth (Scheme 20). 

 

 

Scheme 20. Branching during the cationic polymerization of 2-methoxy-2-oxo-1.2.3-

dioxaphosphorinane. 

The only indication of the reaction proposed above comes from the study of the reaction kinetics 

and from the fact that the measured kt does not depend on the structure of the anion attached to 

the growing species.109 It has to be noted that in most of the older literature molecular weights 

were determined by VPO, giving no insight in the molar-mass distribution. For many of those 

systems a modern revival could be possible with detailed SEC or MALDI-TOF analyses. 

However, PPEs are sometimes not easy to measure on standard GPCs due to interaction with the 

column material, thus VPO may still be an alternative. 

Beside the cationic polymerization, six-membered phosphates can also be polymerized using 

anionic initiators (e.g. nBuLi, tBuOK, etc.). The mechanism of the anionic polymerization has 

also been investigated in detail by Penczek’s group based on the polymerization of 2-methoxy-2-

oxo-1.3.2-dioxaphosphorinane. Here again the formation of macromolecules with cyclic end 

groups can be detected preventing the synthesis of high molecular mass polymers (Scheme 

21).104 
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Scheme 21. Proposed mechanism of the anionic polymerization of six-membered cyclic 

phosphoesters. 

The initial reaction is the nucleophilic attack of the initiator at the phosphorus atom, thus leading 

to a transition state with the geometry of a trigonal bipyramide (Scheme 21). In this transition 

state the six-membered cycle is still intact and preferably occupies the axial-equatorial 

position.11 Although every P-O-bond could be cleaved it is the axial, which is primarily broken 

resulting in a new alkoxide anion propagating polymerization. 

Similar to the cationic polymerization, within the anionic polymerization a terminating chain 

transfer can occur. This is possible due to the pseudo rotation of the phosphorus compound. It 

allows a migration of the pendant alkoxy group to the axial position, in which the P-O-bond is 

preferably cleaved. By this process an alkoxide anion is eliminated, which can again act as 

initiator, thus leading to macromolecules with cyclic end groups and low molecular mass (Mn < 

103 g mol-1 determined by VPO). 104 

The six-membered 2-hydro-2-oxo-1,3,2-dioxaphosphorinane polymerizes readily to molecular 

masses up to Mn = 105  g mol-1 (determined by high-speed membrane osmometry) in a 

temperature range from 45 °C down to -80 °C using common anionic initiators such as tBuOK, 
nBuLi and iPr3Al.92 The obtained polymers show an enhanced susceptibility to hydrolysis, but 

also allow an easy post-polymerization modification. By replacing the pendant P-H-bond by a P-

C or P-N-bond the hydrolytic stability can be altered as described in the previous paragraph for 

the post-polymerization modification of poly(H-phosphonate)s obtained by polycondensation 

reactions. In contrast, the cationic polymerization of the 2-hydro-2-oxo-1,3,2-

dioxaphosphorinanes was not reported to date.92  Today the interest in six-membered phosphates 

has faded due to the efficient polymerization strategies developed for the five-membered 
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monomers. However, also the 6-membered rings may find a revival with modern polymerization 

catalysts as one could expect different hydrophilicity, crystallinity, and hydrolysis kinetics with 

the backbone based on propylene glycol (compared to the backbone based on ethylene glycol for 

the 5-membered monomers). 

 

Table 1. Six-membered cyclic phosphoesters used for ring-opening polymerization 

Monomer bp [°C] 
(mbar) 

Mp  
[°C] 

Monomer 
Yield [%] 

Polymerization 
technique 

Mn,max  
[g  mol-1] 

Ref 

 

 
 

97-9871 
(3.3) 

- 79 A,C  104 

 

 
 

67 
(0.01) 

- 40 A,C 1.2 x 105 104, 

110 

 

 
 

111 
(0.9) 

- - A,C 5 x 104 103 

 

 

 

137 

(0.7) 
- - A,C 3.5 x 104 103 

 

103 
(0,01) 

- - A,C  103 

 

111 
(0.03) 

- - A,C 5.4 x 103 103 
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 59 - A,C 1.5 x 104 103 

 

 73 - A,C  103 

 

112 
(1.5) 

- - A,C  103 

 

148 
(0.07) 

- - A,C 5.3 x 104 103 

 

120 
(0.4) 

- - A,C  103 

 

104 
(0.07) 

- - A,C  103 

A = anionic polymerization, initiators: tBuOK, nBuLi and iPr3Al, T  

C = Cationic polymerization, initiators: Ph3CAsF6 or Ph3CSbF6 

 

1.4 Ring-opening polymerization of five-membered cyclic phosphates 

The usage of the five-membered dioxaphospholanes as monomers for the PPE-synthesis by ROP 

also started in the 1960 with the first attempts made by Munoz et al. leading to brown, viscous 

oils with undefined molecular masses.111  

As time went on, the dioxaphospholanes have almost completely displaced the six-membered 

dioxaphosphorinanes as monomers for ROP and are now the monomers of choice for the 
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preparation of PPEs. Their cationic polymerization leads to colored, oily oligomers.86 In 

contrast, the anionic ROP with alkoxides as initiators proceeds readily within hours at low 

temperatures to high molecular mass polymers.112 The mechanistic details of the anionic 

polymerization have been studied in detail by Penczek and co-workers using the example of 2-

methoxy-2-oxo-1,3,2-dioxaphospholane.99 Thereby, it was revealed that the polymerization of 

the five-membered phosphates follows a coordination insertion mechanism similar to that 

proposed by Teyssié et al. for the polymerization of L-lactide and ε-caprolactone.113-114 The 

initial step is the nucleophilic attack of the P=O oxygen of the phosphate monomer on the 

aluminum atom of the initiator (Scheme 22). This results in the transfer of an isopropoxy group 

onto the phosphorus atom and the ring opening of the monomer. Propagation proceeds via a 

pseudoanionic mechanism by insertion of another monomer into the O-Al-bond. Termination is 

achieved by the addition of an acidic hydrogen (acidic acid). 

 

 

Scheme 22. Mechanism of the anionic ring-opening polymerization of 2-methoxy-2-oxo-1,3,2-

dioxaphospholane initiated by aluminum triisopropanolate. 

The main difference to the above-mentioned mechanism for the 6-membered analogues is the 

direct ring-opening after the initiator attack, due to the higher ring strain of the monomer. The 

high ring-strain of the five-membered monomers suppresses the possible elimination of the side 

chain attached to the phosphorus atom. Therefore the anionic polymerization of the five-

membered in contrast to the six-membered monomers can be conducted under the conditions of 

a living polymerization, i.e. with absence of transfer and termination reactions. The living nature 
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of the anionic ROP of the five-membered phosphates was proven by chain extension, i.e. 

subsequent addition of monomer leading to a restart of the polymerization.99 

With the anionic ROP established, it was possible to prepare homopolymers of a variety of 

cyclic phosphoesters with reasonable polymer weights62, 115-116 and also copolymers leading to 

materials with altered properties compared to the homopolymers concerning solubility, 

biodegradability etc.33-34, 117-119 Furthermore, more sophisticated structures such as block 

copolymers consisting of PPEs and poly(ε-caprolactone)120 and block copolymers with a brush-

like structure121 containing PEGylated PPE-segments and poly(ε-caprolactone)-blocks. 

Iwasaki et al. reported about the synthesis of a copolymer consisting of poly(2-ethoxy-1,3,2-

dioxaphospholane) (PEEP) and poly(2-isopropoxy-1,3,2-dioxaphospholane) (PIPP) by anionic 

ROP using triisobutylaluminum as the initiator.122 Molecular masses up to 1.2 to 1.5 x 104 g mol-

1 with molecular mass distributions of Ð < 1.3 (determined by GPC) were achieved. The 

copolymers with a composition of 24 % PIPP and 74% PEEP exhibit lower critical solution 

temperature around 31°C. 

 

 

Scheme 23. Synthesis of the thermoresponsive copolymer PIPP-co-PEEP. 

Furthermore copolymers of PPEs with other biodegradable polymers have been synthesized 

(Scheme 24). The most thoroughly investigated and widely used biodegradable polymers are 

aliphatic polyesters such as poly(lactic acid) (PLA) and poly(ε-caprolactone) (PCL). 119, 123 In 

particular PLA is a suitable material for applications in the biomedical field. Due to its strong 

mechanical properties and antimicrobial and antioxidant characteristics it is appealing as 

materials for surgical sutures and reconstructive implants. On the other hand its hydrophobicity 

and slow degradation limits its application.119 Leong and associates showed that the 

copolymerization of lactic acid with phosphoesters allows an adjustability of its hydrophobicity 

and degradation rate.119 
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Scheme 24. Top: Synthesis of poly(D,L-lactide-co-2-ethoxy-2-oxo-1,3,2-dioxaphospholane) (PLA-co-

PEEP). Bottom: Synthesis of poly(ε-caprolactone-co-2-ethoxy-2-oxo-1,3,2-dioxaphospholane) (PCL-

co-PEEP). 

The obtained polymers have been used for the formation of microspheres and were loaded with a 

model protein, BSA. The incorporation of PEEP led to an accelerated degradation of the 

microspheres and furthermore eliminated the biphasic degradation behavior of PLA. The 

microspheres showed a constant release of BSA. Leong et al. successfully demonstrated the 

feasibility of encapsulating human β-nerve growth factor, stabilized by bovine serum albumin, in 

a copolymer of ε-caprolactone and EEP by electrospinning.118 The copolymer was synthesized 

by AROP with aluminum triisopropanolate as the initiator.  

Furthermore, the formation of block copolymers has been realized by controlled anionic ROP.120, 

124 The first report about block copolymers containing a PPE-block was released by Wang et al. 

in 2006.120 They reported about the synthesis of block copolymers consisting of poly(ε-

caprolactone) (PCL) and either poly(2-isopropoxy)-2-oxo-1,3,2-dioxaphospholane (PIPP) and 

poly(2-ethoxy-2-oxo-1,3,2-dioxaphospholan) (PEEP) respectively. The block copolymers were 

synthesized via a one-pot, sequential ROP with Al(iOPr)3 as the catalyst. 

The obtained block copolymer exhibit a molecular mass dispersity of Ð = 1.20 determined by 

GPC. The GPC curves also showed a slight bimodality towards higher molecular mass 

indicating the formation of branched structures due to transesterification reactions of the pendant 

group during the polymerization. 

A tremendous simplification of the ROP-process of cyclic phosphoesters has been made by 

Wang et al. in 2006 through employing the co-initiation of stannous octoate (Sn(Oct)2) and 

alcohols, a common initiation system for lactones, on the polymerization of 

dioxaphospholanes.125 The polymerization of cyclic phosphoesters with Sn(Oct)2 also provides a 

certain biocompatibility, due to the rather low amounts and toxicity of Sn(Oct)2 (which is FDA-



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-

Retardant Applications 

 

 
32 
 
 

approved in many formulations).126-127 However, alternatives to tin-compounds are a demand for 

future materials, to rule out any long-term toxicity based on the metal additives. Intensive 

mechanistic studies using MALDI-TOF mass spectrometry on the polymerization of cyclic 

carboxylic acid esters with Sn(Oct)2 as catalyst published by Penczek and co-workers indicate a 

coordination-insertion mechanism starting with the formation of the stannous alkoxide as the 

active initiating species. This initially formed stannous alkoxide reacts with a monomer by 

means of coordination-insertion and leads to the active chain end, which propagates 

polymerization by simple monomer insertion into the -Sn-O- bond.128 On the basis of these 

studies, Wang et al. suggested an analogues mechanism for the polymerization of cyclic 

phosphoesters catalyzed by Sn(Oct)2 (Scheme 25).125 

 

 

Scheme 25. Proposed mechanism of the ring-opening polymerization of 2-alkoxy-2-oxo-

dioxaphospholanes initiated by stannous octoate.
125

 

The polymerization can be forced to higher molecular masses by increasing the 

monomer/initiator ratio. With an increasing monomer conversion the molar-mass dispersity also 

increases: for conversions less than 70 % Mw/Mn is below 1.2, but increases to 1.5 for monomer 

conversions up to 95% due to transesterification reactions within the  polymerization with 

Sn(Oct)2. GPC shows besides a shift to higher molar masses, a multimodal molar-mass 

distribution as well as shoulders towards low molecular masses; the same was also reported for 

the ROP of cyclic esters.129-130 The ROP of cyclic phosphoesters is more complex due to the fact 

that besides the polymer backbone also the side chain can take part in transesterifications 

(Scheme 26).  
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Scheme 26. Schematic depiction of the transesterification reactions of poly(phosphoester)s during 

ring-opening polymerization (Adapted with permission from
131

 Copyright 2012 American Chemical 

Society.) 

This method allows the synthesis of polymers with adjustable molecular masses and  Ð < 1,5.125 

In 2010 Iwasaki et al. reported about a metal-free catalyzed ROP of cyclic phosphoesters by 

usage of organic superbases as catalysts, namely 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and alcohols as initiators. 13 Here again, it was 

possible to employ an established initiator/catalyst-system for ROP of cyclic carboxylic esters 132 

on the corresponding phosphoesters. Clément et al. reduced the amount of transesterifications to 

a minimum by using a catalyst-system that consists of DBU and organic Lewis acid thiourea 

(TU).131 Mechanistic studies indicated an activation of the initiator by formation of hydrogen 

bonds to the alcohol functionality resulting in a quasi-anionic ring-opening polymerization.131-133 

The catalysts, DBU, TBD and DBU/TU, differ by means of the activation mechanisms. DBU 

exhibits only one activation site, which functions as hydrogen-bond acceptor and therefore 

activates only the initiator. In contrast TBD has two activation sites available and can therefore 

activate the initiator by acting as hydrogen-bond acceptor and simultaneously the CPM by acting 

as hydrogen-bond donor. The combination of DBU with TU also leads to a catalyst system, 

which can activate initiator and the cyclic phosphoester monomer (Scheme 34). 

 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-

Retardant Applications 

 

 
34 
 
 

 

Scheme 27. Activation-mechanism of initiator and/or monomer by DBU, TBD and 

TU/DBU.(Adapted with permission from Reference 131. Copyright 2012 American Chemical 

Society.) 

For the organocatalytic polymerization molecular masses up to 7 × 104 g mol-1 can be achieved 

with monomodal molar-mass distributions lower than 1.10 and monomer conversion of 98%.131 

Furthermore, by this method metallic catalysts can be avoided, thus making PPEs more 

attractive as materials for biomedical applications.134 However, also care has to be taken, to 

remove unreacted monomer and the also potentially toxic organocatalysts from the final 

materials.  

PPEs have also been synthesized enzymatically in two reports by Wen135 and Zhuo and 

coworkers.136 Porcine pancreas lipase catalyzed the polymerization of ethylene isopropyl 

phosphate to polymers of about 1 kDa after rather long reaction times (24-120h) and moderate 

temperatures. The enzymatic synthesis of PPEs is, without doubt, together with the anionic ROP 

(AROP) the most promising polymerization technique for future applications, meeting the 

requirements of sustainability. 

Our group recently reported on the first living polymerization of cyclic 5-membered 

phosphonates (Scheme 28).25 In the 2-alkyl-2-oxo-1,3,2-dioxaphospholanes the exocyclic 

phosphoester is replaced by a phosphonate, whereas the advantageous properties of PPEs such as 

water-solubility and main chain degradabilitiy are preserved. The monomer was synthesized via 

a two-step synthesis starting with the preparation of the corresponding alkyl dichloro 

phosphonate. The following polymerization proceeds with a primary alcohol as initiator and 

DBU as catalyst.  
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Scheme 28. (a) General synthesis of cyclic phosphonate monomers; (b) polymerization of cyclic 

phosphonates initiated by 2-(benzyloxy)ethanol and catalyzed by DBU at 0°C in dichloromethane. 

Conversions above 90 % can be achieved, while transesterification reactions are reduced to a 

minimum. In contrast to poly(phosphate)s, within the polymerization process of (phosphonate)s 

only the main chain can participate in transesterification reactions. It can be distinguished 

between intra- and intermolecular transesterification resulting in the formation of cycles and 

termination of the chain growth respectively ( 

Figure 7). 

 

 

Figure 7. Two possible transesterification reactions during AROP of poly(phosphonate)s. 

Very recently we extended the family of cyclic phosphonates to ethyl, propyl, and butyl-

substituted structures. They all exhibit an excellent control over polymerization kinetics with full 

conversion and low molar-mass dispersities.137 They are currently under deeper investigation 

concerning their potential in biomedical applications. 

With the ROP established and the straightforward synthesis of the five-membered CPMs, it was 

possible to create more sophisticated polymer architectures especially by varying the pendant 

group. The thoroughly chosen side chain allows beside a precise adjustability of the 

hydrophilicity or lipophilicity respectively also a subsequent modification of the polymer. 

Iwasaki et al., for example, prepared copolymers consisting of PIPP (Table 2, Entry 9), PChOP 

(Table 2, Entry 20) and OPBB (Table 2, Entry 27) with adjustable hydrophobicity and functional 
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side chains.138 The incorporation of OPBB into the polymer allows a subsequent transformation 

of the PPE-based linear and hydrophobic copolymer into a grafted and amphiphilic polymer by 

ATRP of 2-methacryloyloxyethyl phosphorylcholine (MPC). Additionally, the cholesteryl-

containing units provide a control over the hydrophobicity and the hydrophobic interactions. So, 

the nature of the pendant group provides the control over solubility and supramolecular 

architecture. The CPM-synthesis based on the functionalization of COP provides, besides 

monomers with pendant ester linkages, also the preparation and direct polymerization of 

phosphoramidates, i.e. CPMs with amine attached to the phosphorus atom (Scheme 29). 

Previously, poly(phosphoramidate)s were exclusively accessible by post-polymerization 

modification of the corresponding poly(H-phosphonate). 

Zhang et al. reported for the first time about the synthesis of a poly(phosphoamidate)s by direct 

ROP of the corresponding cyclic phospholane amidate monomer (MOEPA, Table 2, Entry 

17).139 Furthermore, the obtained poly(phosphoramidate)s exhibit acid-labile phosphoramidate-

bonds along the backbone, thus providing access to phosphoester ionomers by one further step.  

 

 

Scheme 29.a) Synthesis of cyclic phospholane amidate monomer and b) Polymerization of MOEPA 

with TBD as catalyst and benzyl alcohol as initiator and subsequent cleavage of the side chain of 

PMOEPA. 

The presence of functional pendant groups in polymers is of great interest especially for the 

subsequent modification of polymers. For example, the pendant group in 2-((2,2-dimethyl-1,3-

dioxolan-4-yl)methoxy)-1-dioxaphospholane-2-oxide (GEP, 19 Table 2) can be cleaved under 

acidic conditions releasing two hydroxyl groups, which allow a subsequent polymer 

modification (Scheme 30).140 
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Scheme 30. a) Synthesis of 2-((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)-1-dioxaphospholane-2-oxide 

(GEP) and b) polymerization of GEP with Sn(Oct)2 as catalyst and PCL as macroinitiator and 

subsequent cleavage of the pendant acetal. 

Lim et al. designed a CPM with a vinyl ether side chain (Scheme 31)  as a versatile template for 

post-polymerization modification allowing beside a functionalization by thiol-ene click reaction 

also the subsequent introduction of acid labile functionalities, i.e. acetals and thio-acetals 

respectively.141 These functionalities are especially appealing for biomedical applications due to 

their cleavability in acidic environment typical for sites of inflammations, tumors or for the 

gastrointestinal tract.142-144 
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Scheme 31. a) Synthesis of ethylene glycol vinyl ether-1,3,2-dioxaphospholane-2-oxide (EVEP) and 

b) post-polymerization modification by three different reactions. (Adapted with permission from 

reference
141

; Copyright 2014 American Chemical Society.) 

The post-polymerization of PEVEP by thiol-ene reaction with an excess of 2-(2-

methoxyethoxy)ethanethiol leads to a quantitative functionalization of the pendant double bond, 

whereas the acetalization and thioacetalization are accompanied by transesterification reactions 

and degradation, thus leading to functionalization degrees of only 18 and 8%, respectively. 

Another two CPMs, namely 2-(but-3-yne-1-yloxy)- and 2-(but-3-en-1-yloxy)-2-oxo-1,3,2-

dioxaphospholane (BYP and BeneP, Table 2 entry 24 and 29) with ‘clickable’ side chains by 

thiol-ene/yne or azide-alkyne cycloadditions have also been investigated in depth in the Wooley 

lab (Scheme 32). 

 



Main-chain poly(phosphoester)s: History, Syntheses, Degradation, Bio-and Flame-Retardant 

Applications 

 

 
39 

 
 

 

Scheme 32. Post-polymerization modification of poly(2-(but-3-yne-1-yloxy)- and 2-(but-3-en-1-

yloxy)-2-oxo-1,3,2-dioxaphospholane) (PBYP and PBeneP, Table 2 entry 24 and 29). 

Our group recently reported on the first orthogonally protected PPEs carrying benzyl- and 

acetal-protected hydroxyl groups in the pendant chains. A new monomer (Table 2, Entry 21) was 

developed and copolymerized with GEP and EEP (Table 2, Entry 19 and 4). Sequential 

deprotection under mild acidic conditions or hydrogenation releases the OH-groups 

selectively.145 Also hyperbranched PPEs are accessible by ROP of HEEP (Table 2, Entry 22).27 

The inimer HEEP was prepared in high yield and the hyperbranched PPE was obtained by its 

self-condensing ROP in bulk without catalyst (Scheme 33).  
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Scheme 33. a) Synthesis of 2-(2-hdroxyethoxy)ethoxy-2-oxo-1,3,2-dioxaphospholane (HEEP) and b) 

self-condensing ring-opening polymerization at 60 °C. 

At 60°C after 14 h the molecular mass of the hyperbranched (hb) hbP(HEEP) reached 5,200 

g/mol with Ɖ= 1.75. The degree of branching of hbP(HEEP) was determined to be 0.47 

calculated from quantitative 31P NMR (Figure 8).  

 

Figure 8. 
31

P NMR spectra of hbPHEEP for the calculation of DB. (Reprinted with permission from 

reference 27; Copyright 2009 American Chemical Society.) 

Table 2 gives an overview of the structures, polymerization techniques (PT), which have already 

been employed on the individual monomer and their availability. 
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Table 2.  Five-membered cyclic phosphates for the ring-opening polymerization. 

# Monomer Monomer 
Yield [%] 

PT Name Ref 

2 

 

74 A - 

(HMEP) 

146 

3 

 

70 A,O,M MEP 
86 

4 

 

65 A,O,M EEP 
86 

5 

 

51 O MEEP 
147 

6 

 

55 A - 
86 

7 

 

80 A - 
86 
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8 

 

20 A - 
86 

9 

 

63 A IPP 
86, 148 

10 

 

- A, O  
86 

11 

 

78 A MOEEP 
124 

12 

 

36 M - 
149 

13 

 

65   
131 

14 

 

- O HEP 
150 
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15 

 

73 O EBP 
15 

17 

 

63  O MOEPA 
139 

18 

 

70 A PPEG 
121 

19 

 

63 M GEP 
140 

20 

 

32.5 A ChOP 
138 

21 

 

87 M BnEEP 
145 

22 

 

89.7 Thermal 
polym. 

HEEP 
27 
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23 

 

52.5 M EEAPBoc 
151 

24 

 

30 M, O BYP 
88, 152 

25 

 

76 O EVEP 
141 

26 

 

- A BP 
153 

27 

 

67.1 A OPBB 
138 

28 

 

- A OPEA 
154 

29 

 

97 A OPEMA 
155 
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30 

 

52 O BEneP 
156 

31 

 

- O AEP 
157 

32 

 

 M TEGDP 
95 

33 

 

- M SSDP 
158 

34 

 

79 O HexPhos 
159 

A = anionic polymerization, initiators: tBuOK, nBuLi and iPr3Al,   

O = Organocatalysis, initiators: DBU, TBD, DBU/TU 

M = Metallic catalysts, iniator: Sn(Oct)2 

 

1.5 Metathesis Polymerization of unsaturated phosphoesters 

High molar-mass PPEs can be prepared by chain or step growth olefin metathesis 

polymerization.41, 160-165 Cyclic or linear phosphoesters are readily accessible by esterification of 

POCl3 and its derivatives. A great advantage of the acyclic monomers compared to the highly 

strained CPMs is their easy handling and long shelf-life also at room temperature. The unique 
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characteristic of this technique is the combination of the high functional group tolerance of 

modern ruthenium catalysts with the structural versatility of pentavalent phosphorus, which 

allows a precise tailoring of the polymer properties and side-chain functionalities. 

The acyclic diene (ADMET) and triene metathesis (ATMET) polymerization are 

polycondensation reactions and follow a step-growth polymerization mechanism.166 The 

ADMET is reported so far for acyclic phosphates and phosphonates (with the stable P-C-bond 

either in the side chain162 or the polymer backbone24) carrying terminal double bonds. 

Esterification of unsaturated alcohols with phosphoryl chloride (or derivatives) allows access to 

difunctional or trifunctional monomers with different arm lengths (Figure 9). 

 

 

Figure 9. Monomer structures for the acyclic diene (ADMET) and triene (ATMET) metathesis 

polycondensation. 

The polycondensation is promoted by metal carbenes and structurally versatile, linear or 

branched, unsaturated poly(phosphoester)s (UPPEs) have been prepared with ethylene as the 

only byproduct (Scheme 34). With the metathesis approach molecular masses ranging from 

7 000 up to 50 000 g mol-1 can be obtained with molar-mass distributions of Ð ≈ 2.161 Also 

highly reactive P-Cl-containing monomers can be polymerized via the acyclic diene metathesis 

polymerization of the monomers di-(buten-3-yl) chlorophosphate and di-(undecen-10-yl) 

chlorophosphate. Molecular masses ranged from 1,000 to ca. 50,000 g/mol. These highly 

electrophilic phosphochlorides were post-modified with different nucleophiles, i.e. alcohols, 

amines, water, and thus allowed the synthesis of side chain polyphosphoamidates, -esters, and 

free acids from the same starting polymer.164 
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Scheme 34. a) Monomer synthesis for ADMET and ATMET polymerization and b) 

following ruthenium catalyzed polymerization. 

The polymerization of the acyclic dienes can be monitored by NMR spectroscopy, Figure 10 

shows this exemplarily for di-(but-3-en-1-yl) chlorophosphate. The polymerization is observed 

by 1H DOSY NMR spectroscopy: after polymerization the resonances of the terminal double 

bond protons (a and b) at 5.1 and 5.8 ppm are detected as the end groups of the polymers with a 

distinct lower diffusion coefficient compared to the monomer. Moreover, as expected, a new 

peak (c,c’) appeared at 5.4 ppm due to formation of internal double bonds. Further, the 

methylene group next to the phosphorus (d: 4.25 ppm) and the methylene group next to the 

double bond can be distinguished.  

The microstructural adjustability of backbone and side chain allows a facile tailoring of the 

thermal properties such as melting or glass transition temperatures. The glass transition 

temperatures decrease with increasing number of methylene groups in the polymer backbone 

ranging from -30 °C for the poly(phenyl (hex-3-en-1-yl)phosphate) to -70 °C for the poly(phenyl 

(icos-10-en-1-yl)phosphate). The hydrogenation of the double bonds in the polymer backbone 

results in a shift of the melting point from -7 °C for the poly(phenyl (icos-10-en-1-yl)phosphate)  

to 45 °C for the hydrogenated polymer.161 The respective poly(icos-10-en-1,20-dioxy 

methylphosphonate)s exhibit melting points up to 70 °C due to the smaller side chain.162 

The variation of the main chain and thus the distance between the phosphate units (and the P-

content) can be adjusted by the length of the unsaturated alcohol used in the monomer synthesis. 

Due to the „negative neighboring effect“ the ADMET polymerization, however, a certain 

distance between the coordinating oxygen atoms of the phosphate and the double bond is 

necessary to achieve a reasonable degree of polymerization.167 It was found that allyl esters do 
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not undergo ADMET polymerization for linear polymers, however, hyperbranched systems are 

accessible.41 Pentavalent phosphorus offers the immediate introduction of three functionalities 

by esterification of POCl3 with an ω-unsaturated alcohol, making phosphates ideal candidates 

for ATMET. Hyperbranched PPEs exhibit exceptional scavenging efficiency of singlet oxygen. 

This system was successfully employed to protect the triplet-triplet annihilation photon 

upconversion process against singlet oxygen quenching under ambient conditions.168 They were 

also investigated as flame-retardant additives for commodity plastics recently.41 

 

 

Figure 10. 
1
H NMR spectrum of monomer 1 (top spectrum of the 

1
H NMR axis; red signals in the 

DOSY spectrum) and the respective polymer poly(1) (bottom spectrum of the 
1
H NMR axis; blue 

signals of DOSY spectrum) proving the formation of internal double bonds at 5.4 ppm (500 MHz in 

CDCl3 at 25 °C). (Reprinted with permission from 
164

; Copyright 2014 American Chemical Society.) 

 

In our recent work, hydrophobic poly(phosphate)s and poly(phosphonate)s were prepared via 

ADMET polycondensation. Nanoparticles generated by miniemulsion from the corresponding 

PPEs exhibited strong binding affinity towards a model bone tissue, making this system 

potentially useful to deliver drugs to the bones. Fluorescent PPEs are accessible by metathesis by 

a BODIPY-modified phosphate monomer allowing to follow the pathway of nanoparticular drug 

carrier via fluorescence microscopy.169 Another functional ADMET monomer was developed in 

our group to perform polymer-mediated Horner-Wadsworth-Emmons (HWE) reactions: The 
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usage of linear poly(phosphonate)s minimizes purification efforts because the polymer is 

converted into a poly(phosphate) during the HWE reaction which can easily be precipitated from 

the mixture leaving the raw product in the organic supernatant.170 By this method, several olefins 

are accessible in high yields. 

Polyesters are rarely synthesized by ring-opening metathesis polymerization (ROMP): strained 

unsaturated lactones could not be initiated by Grubbs type, i.e. Ruthenium-carbenes, catalysts; 

considerable polymerization was only observed if a Schrock-type catalyst, i.e. Molybdenum-

carbene, was employed. For PPEs, however, ROMP was recently investigated for different 

monomers. The smallest ring systems, and the only ones that have been studied to date, are 

unsaturated seven-membered cyclic phosphonates, phosphates162-163 and the nitrogen-containing 

counterpart.171 The alkoxy-4,7-dihydro-1,3,2-dioxaphosphepine-2-oxides are accessible via 

condensation of cis-1,4-butene diol  and phosphorus dichlorides; for the 1,3,2-diazaphosphepine 

2-oxide, cis-1,4-butene diamine was used (Scheme 35). The pendant group, resulting from the 

third ester linkage, can be introduced prior to ring closure. The ring-closure was performed in a 

dilute THF solution (ca. 10 g L-1) with slow addition of the diol via a syringe pump to avoid 

unwanted oligomerization. The ROMP monomers were obtained in reasonable yield (ca. 50-

60%) and high purity. In the 1H NMR, it is noteworthy, that the resonances for the protons of the 

methylene groups next to the phosphonate split up into two distinct signals as they are 

diastereotopic. This indicates that the phosphonate ring is conformationally locked. 

 

Scheme 35. a) Synthetic approach to 7-membered unsaturated cyclic phosphates and b) homo- and 

co-polymerization of different ROMP-monomers.  
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The 1,3,2-diazaphosphepine 2-oxide monomer did not undergo polymerization and was used to 

terminate a living ROMP of norbornene derivatives.171 This allows, after acidic hydrolysis of the 

phosphoamides, the generation of amino-terminated poly(norbornene)s. In the case of the 

unsaturated seven-membered phosphates (2-phenoxy- and 2-ethoxy-4,7-dihydro-1,3,2-

dioxaphosphepine 2-oxide) and phosphonates, polymerization was promoted by the ring-strain 

in the presence of Grubbs 3rd generation catalyst at ambient temperatures under an argon 

atmosphere up to 90% monomer conversion.  The polymers show a rather broad molecular-mass 

distribution (Ð≈2) and molecular masses up to 5,000 g mol-1. They are amorphous materials with 

glass transition temperature of ca. -45°C. Also, copolymers with cis-cyclooctene have been 

prepared to adjust the crystallinity of the copolymers.162-163 ROMP allows to prepare 

poly(phosphonate)s at room temperature under less strict conditions as the anionic 

polymerization demands. In order to maximize the hydrophilicity of this polyester, the distance 

between two ester groups needs to be minimized by introducing short alkyl spacers as a linkage. 

The polyphosphates, which are accessible by ROMP, close the gap of a hypothetical ADMET 

polymerization of a diallyl phosphate monomer, which does not undergo ADMET 

polymerization due to the “negative neighboring group effect” of the phosphate ester.172  

3. Hydrolytic degradation of PPEs 

The degradation behavior of polymeric materials is important for many applications, especially 

in the biomedical field: for tissue engineering, the degradation rate, for example, needs to be 

designed in the time of the tissue growth, while drug delivery vehicles or nanocarriers need time-

dependent release, which should be adjusted by the chemistry. For PPEs several factors are 

important to consider: hydrophilicity, crystallinity/ glass transition temperature, binding motif 

around P, and the architecture of the polymer. The degradation rate of PPEs may be adjusted by 

controlling the chemical structure of the backbone and/or the pendant groups (Figure 11). For 

PPEs various enzymes have been reported to degrade phosphoesters in literature,173-176 

depending on their binding motif and their hydrophilicity. In addition often a combination of 

hydrolytical and enzymatic degradation of PPEs in vivo has to be expected making an in vitro 

simulation only partly reasonable. In addition, it has been found, that degradation products may 

self-catalyze further degradation.177 Intensive investigations on the kinetics and mechanisms of 

the hydrolysis of PPEs at different pH-values have been made by Baran and Penczek using the 

example of poly(2-methoxy-2-oxo-1,3,2-dioxaphospholane).9  
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Figure 11. Hydrolysis constants for the phosphoesters in the main chain (km) or side chain (ks) in 

PPEs. 

The investigations revealed that for different pH values the hydrolysis follows different 

mechanisms: at acidic conditions (pH = 2) the hydrolysis proceeds via a nucleophilic attack of 

water on the α-carbon atom after activation of the phosphoryl (P=O) bond. Due to the higher 

accessibility of the carbon atom in the side chain, the ester linkage of the pendant group is 

cleaved faster than the ester linkages in the main chain. Therefore the cleavage of the side chain 

can be decelerated by using voluminous side groups. Under weak acidic conditions hydrolysis 

does not occur for most phosphate esters.178 Under basic conditions the nucleophilic attack of the 

OH- takes place on the central phosphorus atom resulting in a trigonal bipyramidal geometry, 

wherein the axial position is preferentially broken. Due to the pseudo rotation of phosphorus 

center, the side chain as well as the polymer backbone can occupy this position thus resulting in 

similar rates for the cleavage of side and main chain (Scheme 36). Due to the simultaneous 

cleavage of ester linkages in the main chain and side chain, the disruption of the backbone would 

be accelerated under basic conditions. So the time needed until half of the ester bonds were 

cleaved have been dramatically faster in basic conditions compared to acidic conditions (6 h at 

pH 12.30 while 3775 h at pH 3.78). It has to be mentioned that phosphodiesters of phosphoric 

acid are remarkably stable against hydrolysis,139 however they may breakdown further by 

enzymatic degradation.  
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Scheme 36. Hydrolysis of poly(2-methoxy-1,3,2-dioxaphospholane) under 1. acidic and 2. basic 

conditions. 

4. Biomedical applications of poly(phosphoester)s 

The major challenges in drug delivery are the poor water-solubility of the majority of drugs, 

their short blood circulation times and the resulting inability to gain access to the site of action at 

an appropriate dose.179-180
 The therapeutic effectivity of hydrophobic drugs is often limited by 

the afore mentioned issues. One possibility to overcome these problems is the usage of 

nanocarriers, such as polymeric micelles, for the delivery of hydrophobic drugs. Polymeric 

micelles are formed by amphiphilic block copolymers, which consist in the simplest case of two 

different polymers covalently attached to each other and are able to self-assemble spontaneously 

into micelles in aqueous solution. They exhibit core-shell structures with the hydrophobic core 

serving as environment for hydrophobic drugs and the hydrophilic shell for stabilization in 

aqueous solution. The sizes of the micelles typically range from 10 to 50 nm. The micelles can 

be loaded with drugs by a physical entrapment as well as by covalent bonding to the block 

copolymer. These micelles possess several features such as enhancing the aqueous solubility of 

drugs, prolonging the blood circulation time, improving the preferential accumulation at tumor 

sites by the enhanced permeability and retention effect.181-182 To avoid an accumulation of the 

carrier materials in the body, biodegradable materials are particularly interesting for the design 

of micellar nanocarriers. With the development of controlled polymerization techniques, PPEs 

have attracted the interest of a few working groups as promising materials for drug delivery 

systems. Especially the controlled synthesis of water-soluble PPEs makes them interesting 

candidates for drug delivery as a potential substitute for the non-degradable poly(ethylene 

glycol) (PEG). PEG is the gold standard polymer in today’s drug delivery community: 
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PEGylated drugs (proteins or low molecular mass drugs), PEGylated liposomes or micelles with 

the hydrophilic corona based on PEG are dominating the scientific literature.183-185 This is mainly 

attributed to the extraordinary properties of PEG, such as high water-solubility, low protein 

affinity and easy access to well-defined structures. The commercially available methoxy-PEGs 

are typically used and modified with various hydrophobic segments, for example. PPEs, 

however, are typically biocompatible and degradable materials and by the ROP of EEP, also 

water-soluble PPEs are accessible with the benefits of a living/ controlled polymerization 

technique. Further developments, such as clickable PPEs186 for postpolymerization modification 

or also water-soluble poly(alkyl alkylene phosphonate)s broaden the potential of these 

biodegradable materials to replace the stable polyethers in the future. 

Just recently, our group successfully demonstrated the “stealth effect”, i.e. the inhibition of the 

unspecific cellular uptake of PEGylated and “PPEylated” nanocarriers.187 It was shown that the 

modification of polystyrene nanoparticles with both PEG or PEEP either by covalent187 or 

adsorptive188 attachment of the PPEs to the particle surface resulted in a drastically reduced 

uptake of the particles by cells of the immune system. 

This section will highlight several applications of PPEs for drug delivery; we selected 

representative and more recent examples for various applications. The interested reader may also 

refer other excellent reviews about PPEs for additional information.18, 20-21, 189-190 

To date, several working groups have published PPE-based drug delivery systems ranging from 

micellar191-193 to nanoparticulate strucutres.194-197  

Wang et al. demonstrated successfully the delivery of siRNA151, 198 or siRNA199 combined with 

paclitaxel to tumor cells both in vitro and in vivo without activation of the innate immune 

response or the generation of carrier associated toxicity. The partially degradable carrier system 

is based on a triblock copolymer consisting of monomethoxy poly(ethylene glycol),  poly(ε-

caprolactone) and poly(2-aminoethyl ethylene phosphate) (mPEG45-b-PCL100-b-PPEEA1,  

Scheme 37).151, 198 The triblock copolymer was prepared by sequential ROP of lactide and 2-(N-

tert-butoxycarbonylamino) ethoxy-2-oxo-1,3,2-dioxaphopholane, starting with a PEG 

macroinitiator and Sn(Oct)2 as the respective catalyst and subsequent careful hydrolysis of the 

protective group to release the pendant amines. 
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Scheme 37. Synthetic procedure for the synthesis of amphiphilic mPEG45-b-PCL100-PPEEA12 for 

gene delivery. (Adapted with permission from reference 151. Copyright 2008 American Chemical 

Society.) 

The micellar nanoparticles (MNPs) were prepared by the solvent evaporation method. Wang and 

coworkers assume a three layered structure for the MNPs with the hydrophobic PCL segment in 

the inner core and the outer corona consisting of two sublayers (Figure 12). The inner layer of 

the outer corona includes part of the PEG- and the PPEA-segment and the outer layer is 

represented by the remaining part of the PEG-block. The siRNA is believed to bind to the 

cationic layer by electrostatic interaction. 

 

 

Figure 12. Schematic drawing of self-assembled cationic micellar nanoparticles and loading with (a) 

siRNA (Reprinted with permission of reference 151. Copyright 2008, with permission from 

Elsevier.) and (b) siRNA and Paclitaxel (Reprinted with permission from reference 199;Copyright 

2011 American Chemical Society.) 

The effective internalization of the micellar carrier system by cancer cells and the subsequent 

siRNA release resulted in a significant down-regulation of protein expression of these cells. 

Furthermore, the micelles carrying both siRNA and paclitaxel showed remarkably inhibition of 

tumor growth in a synergistic way.  

Furthermore, Wang et al. developed an innovative, dual pH-sensitive anti-cancer drug delivery 

system based on PPEs with enhanced cytotoxicity in drug-resistant cancer stem cells. As proof 
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of concept, a polymer doxorubicin-conjugate was used that can react to the tumor extracellular 

and intracellular pH gradients.200 The nanocarrier was synthesized via a multi-step protocol 

(Scheme 38). The final drug carrier contains doxorubicin units that are bound to the polymer via 

an acid-labile hydrazone bond. The remaining amino groups were reacted with 2,3-

dimethylmaleic anhydride resulting in an amide bond that can be cleaved under slightly acidic 

conditions. Therefore, the resulting drug carrier can change its charge by cleavage of the amide 

bond in the tumor extracellular environment from negative to positive resulting in an enhanced 

internalization by the tumor cells. Then, in the more acidic intracellular environment the 

hydrazone bond is cleaved and the doxorubicin is released. 

 

Scheme 38. Synthetic approach to PPC-Hyd-DOX-DA. (Reprinted with permission from reference 

200. Copyright 2011 American Chemical Society.) 

The final drug carrier contains doxorubicin units that are bound to the polymer via an acid-labile 

hydrazone bond. The remaining amino groups were reacted with 2,3-dimethylmaleic anhydride 

resulting in an amide bond that can be cleaved under slightly acidic conditions (Figure 13A) . 

Therefore, the resulting drug carrier can change its charge by cleavage of the amide bond in the 

tumor extracellular environment from negative to positive (Figure 13 B) resulting in an 

enhanced internalization by the tumor cells. Then, in the more acidic intracellular environment, 

the hydrazone bond is cleaved and the doxorubicin is released (Figure 13C). 
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Figure 13. A) 
1
H NMR spectra of PPC-DA after incubation at pH 6.8 in D2O/DCl (25°C) for 

different time periods: (A) 0 min, (B) 10 min, (C) 30 min, (D) 60 min. B) Zeta potential change of 

PPC-Hyd-DOX-DA nanoparticles after incubation at pH 7.4 or 6.8 for different time periods. C) 

Time-dependent cumulative release of DOX from PPC-Hyd-DOX-DA NPs at different pH values. 

(Reprinted with permission from reference 200. Copyright 2011 American Chemical Society) 

The successful release of DOX in the tumor cells at pH = 6.8 has been demonstrated by a sphere 

formation assay in the SK-3rd cancer stem cell line. The treatment of cancer stem cells with the 

PPC-Hyd-DOX-DA nanoparticles resulted in a significant lower number of cells in the spheres 

compared to the treatment with free DOX. To conclude, the dual pH responsive nanoparticles 

represent an interesting platform for further investigations. 

The Wooley lab studied in excellent interdisciplinary collaborations block copolymers with one 

block consisting of either ‘clickable’ PBYP (Table 2, Entry 23) or PBEneP (Table 2, Entry 29) 

as the basic materials for drug delivery systems.14-15, 94, 152, 201-208 The double/triple bonds in the 

polymer side chains were subsequently functionalized by click reactions, i.e. the thiol-ene/yne 

reaction and the azide-alkyne-1,3-dipolar cycloaddition. 

These block copolymers have two major intentions: the delivery of the hydrophobic anticancer 

drug paclitaxel and the delivery of antimicrobial silver for the treatment of lung infections. 
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In 2013 the 1st generation MNPs was published based on an amphiphilic PEG-b-PPE-g-PTX 

block copolymer where the PPE-block consists of PBYP (Table 2 entry 23) serving as anchor 

point for the Paclitaxel (PTX) grafting.207 Paclitaxel is a potent microtubule-interfering agent for 

the treatment of breast, non-small lung and advanced ovarian cancers, which belongs to the class 

of hydrophobic anticancer drugs. One of the major challenges within the application of 

paclitaxel is the effective delivery through aqueous environment to intracellular targets. Due to 

its hydrophobicity it exhibits a strong tendency to aggregate, which can lead to complications 

such as embolism and local toxicity.209 One efficient approach to overcome the low water-

solubility is the usage of degradable micellar nanoparticle carriers.210 The pendant alkynes in the 

PBYP-block ensure the grafting of the azide-functionalized PTX by the azide-alkyne 

cycloaddition  

For the micellar nanoparticle formation, the polymer with a loading capacity of 55 wt% and a 

high water-solubility of 11.3 mg mL-1 was used. However, the polymer showed only a low PTX-

release of 5% after four days incubation in 20 mM acetate buffer at pH=6. Thus resulting in an 

8-to-63 fold lower cytotoxicity against several cancer cell lines compared to the commercial 

PTX. The low cytotoxicity can be ascribed to the slow dissociation of PTX from the polymer 

backbone. Therefore, in 2014 the 2nd generation PEO-b-PPE-g-PTX (G2) was published 

(Scheme 39), wherein the hydrophobic PBYP- is replaced by a PBEneP-block (Table 2, entry 

29).14 The PBEneP- in contrast to the PBYP-block allows a thermo-induced thiol-ene reaction 

for the post polymerization modification proceeding without the usage of potentially toxic metal 

catalysts. 
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Scheme 39. Synthesis of PEO-b-PPE-g-PTX G2. (Taken with permission from reference 14. 

Copyright 2014 Wiley). 

In G2 PTX is connected to the polymer backbone via an acid sensitive hydrolytically-labile β-

thiopropionate linkage, which ensures a PTX release of 50 wt% after 8 days in PBS buffer at 

pH=5.5 (under neutral conditions only 25 wt% release). The cytotoxicity of G2 was studied in 

vitro against OVCAR-3 and RAW 264.7 cells. Compared to the first generation PEO-b-PPE-g-

PTX, G2 showed an enhanced, but still 3-to-10 fold lower cytotoxicity compared to the free 

PTX.  

Beside the paclitaxel-conjugates the same group studied different PPE-nanoparticles for the 

therapy of bacterial infections.204, 206 Together with the Hunstad lab they prepared silver-bearing 

degradable nanoparticle consisting of PPE-block-poly(L-lactide) and studied the treatment of  

bacterial infections.204 The PPE segment in the polymer again consists of PBYP (Table 2 entry 

23) that was proven to be suitable for efficient post polymerization modification by thiol-yne 

reaction. Here, the thiol-yne reaction was performed with 3-mercaptopropanoic acid, which 

guarantees high water solubility as well as the interaction with silver. Nanoparticles were 

prepared by direct dissolution in water. The silver loading was performed using three different 

silver compounds, silver acetate (AgOAc), 1-methyl-3-(3-hydroxypropyl)-4,5-dichloroimidazol-

2-ylidene silver(I) acetate (SCC22), or 1-methyl-3-hexyl-4,5-dichloroimidazol-2-ylidene 

silver(I) acetate (SCC10). It was assumed, that the loading into the nanoparticles occured by 

three different mechanisms, i.e. electrostatic interaction with the carboxylate groups, 

coordination by the sulfur atoms and encapsulation by hydrophobic interactions (Figure 14). 
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Figure 14. Schematic illustration of the self-assembly of the PPEn-b-PLLA block copolymer into 

anionic micelles by direct dissolution in water followed by silver loading. (Reprinted with 

permission from reference 204. Copyright 2015 American Chemical Society) 

The highest loading capacity of 12% was achieved by using SCC22 and a feed ratio of 100 wt % 

feed amount. For the release kinetics four samples with the highest loading capacities were 

chosen and all samples showed a plateau with almost complete silver release on the 3rd day. The 

degradation of the nanoparticles in aqueous buffer solutions at pH 5.0 or 7.4 at 37 °C was 

evaluated by DLS measurements and 31P NMR spectroscopy. In both cases, after two weeks the 

hydrodynamic diameters were significantly decreased and after 35 days 31P NMR spectroscopy 

showed a distinct shift of the signal from the intact backbone to the degradation product, i.e. 

phosphoric acid. All in all, the fully degradable silver-bearing nanoparticles show high potential 

for treatment of bacterial infections and are of high interest for further investigation and 

development. 

A straight forward synthesis of new transporter systems based on oligophosphoesters for drug 

delivery has been developed by McKinlay et al.159 The presented drug delivery systems are 

based on a new cyclic phosphate monomer (Table 2, Entry 32) exhibiting a guanidine unit in the 

pendant chain that can facilitate the cell-penetrating properties. The conjugation of drugs and 

probe molecules respectively can be achieved by two different strategies (Scheme 40). Cargo 

molecules containing a nucleophilic functional group, i.e. alcohol, thiol or amine group, can be 

directly used as initiators in the oligomerization reaction resulting in the cargo-transporter 

system (Scheme 40B, Strategy 1). Cargo molecules that cannot be conjugated to the 

oligophosphoester directly in the oligomerization process can be attached to the transporter by 
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postoligomerization strategies. Using this pathway, cargo molecules can attach to be releasable 

or permanently bound (Scheme 40B, Strategy 2). 

 

 

Scheme 40. Overview of synthetic methodologies employed to access guanidinium-rich 

oligophosphoester transporters. (A) ROP of HexPhos for two step access to guanidinium-

functionalized oligophosphoester for drug/probe delivery. (B) Methods of conjugation of drugs or 

probe molecules to form cell-penetrating oligomeric conjugates. (Reprinted with permission from 

reference 159. Copyright 2016 American Chemical Society.) 

Studies of the length-dependence of the cellular uptake showed a maximum uptake for the 

HexPhos 10-mer and a in general drastically increased uptake compared to the analogous 

oligocarbonate (Dansyl-MTC-G8, Figure 15C) and system and the arginine homopolymer 

(Dansyl-Arg8, Figure 15C) (Figure 15A). Cellular uptake was proven in four different cell lines 

and compared to Dansyl-MTC-G8 and Dansyl-Arg8 (Figure 15B). 
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Figure 15.(A) Length dependence of uptake of Dansyl-HexPhos,oligomers 6a−e in HeLa cells 

compared to Dansyl-Arg8 (8) and Dansyl-MTC-G8 (9). (B) Cell line dependence of uptake of 

HexPhos8 in HeLa cells (blue), Jurkat cells (red), OVCA429 cells (green), and mouse 4T1 cells 

(purple). (c) Structures of previously reported transporter systems Dansyl-Arg8 (8) and Dansyl-

MTC-G8 (9). (Reprinted with permission from reference 159. Copyright 2016 American Chemical 

Society.) 

Collectively, this study impresses with a plain but clever design of new and efficient drug 

delivery systems that are accessible via a straightforward synthesis. 

Light-responsive amphiphilic hyperbranched PPEs as smart nanocarriers for controlled drug 

release have been published by Chen et al. (Scheme 41) 28, 211 The nanocarriers consist of 

HPHEEP, (Table 2, entry 22) endcapped with light-sensitive units. The first published polymer 

contained 2-diazo-1,2-naphthoquinone (DNQ) and the second one contained 1’-(β-

carboxyethyl )-3’-3’-dimethyl-6-nitrospiro[indoline-2’,2-chromane] (SP-COOH) as light-

sensitive unit.  
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Scheme 41. (A) Photoisomerization of the carboxyl-containing spiropyran. (B) the structure of 

HPEEP-OH and the synthetic route for HPEEP-SP. (Reprinted from Reference 211 Copyright 

2012, with permission from Elsevier) 

The next step in the design of smart drug delivery systems is the integration of specific moieties, 

i.e. for example antigens, proteins or sugars, into the drug carrier which allow a targeted drug 

delivery to distinct sites in the body. Typical problems associated with systemic drug 

administration are the even distribution of the pharmaceuticals within the whole body, the lack 
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of drug specific affinity toward a pathological site, the necessity of high drug doses to achieve 

sufficient local concentrations and the adverse side-effects due to high drug doses. Smart drug 

delivery systems allowing a targeted transportation of the drug to the affected site, may resolve 

many of these problems. Up to date some publications about the usage of poly(phosphoester)s in 

targeted drug delivery have been published.212-214 The following paragraph highlights a few of 

these publications. 

The brain is protected against potentially toxic substances by the blood-brain barrier (BBB), 

which restricts the entry of most pharmaceuticals into the brain. Especially the development of 

drugs for the treatment of CNS disorders has not kept pace with progress in molecular 

neurosciences, due to the fact that most new drugs cannot cross the BBB and thus the clinical 

failure of CNS drugs may be directly linked to a lack of appropriate drug delivery systems. 

Localized and controlled delivery of drugs at their desired site of action is preferred because it 

reduces toxicity and increases treatment efficiency.215 

PPEs are especially appealing as materials for drug delivery to the brain since an enrichment of 

polymeric drug carriers in the brain can be problematic and PPEs are potentially degradable in 

this environment. However, up to date there are only a few reports about the usage of PPEs as 

drug carrier systems for brain targeting.216-217  The efficient delivery of paclitaxel to the brain by 

the usage of transferrin-conjugated PPE hybrid micelles has been demonstrated by Yaping Li et 

al.218 Micelles consisting of PCL-b-PEEP and transferrin-conjugated PEG-b-PCl block 

copolymers have been prepared and loaded with paclitaxel. Transferrin (Tf) can facilitate the 

transcytosis of coupled nanocarriers through Tf receptor mediated pathway. To investigate the 

brain delivery properties of the TPM in vitro primary brain microvascular endothelial cells 

(BMECs) were used, because they closely represent the barrier property of the BBB. It was 

shown that the cellular uptake of the TPM nanocarriers in contrast to the unmodified 

nanocarriers is increased by the factor of two. Furthermore, the cellular uptake of the modified 

nanocarriers can be inhibited by the addition of free transferrin indicating that the uptake is 

indeed TfR-mediated (Figure 16A). The anti-glioma activity of the TPM was measured by the 

survival time of intracranial U-87 MG glioma bearing mice (Figure 16B). Tumor bearing mice 

were treated either with Taxol®, PM or the modified micelles. Mice treated with PM showed no 

significantly enhanced survival time compared to those treated with Taxol®, whereas the 

survival time of those mice treated with the TPM was significantly prolonged.  
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Figure 16. (A) Quantitative determination of the cellular uptake of PTX by BMECs after 1h 

incubation *p<0.05, **p<0.01. (B) Kaplan-Meiersurvival curve of mice bearing intracranial U-87 

MG glioma. (n=8) **p<0.01compared with Taxol®, 
††

p<0.01compared with Taxol®) (Reprinted 

from reference 218 Copyright 2012, with permission from Elsevier) 

With this work Yaping Li et al. have successfully demonstrated the potential of PPE-based 

targeted delivery and have laid the foundation for further investigations. 

A simple, but efficient sheddable ternary acidity-targeted nanoparticular drug delivery system 

for the delivery of siRNA has been developed by Wang and co-workers.219 The nanoparticles 

consist of a ssPEI800/siRNA particle core and a ternary negatively charged PEG-b-PPE block 

copolymer that is bound to the particle surface by electrostatic interactions. The outer PEG chain 

provides a prolonged blood circulation time by minimizing the unspecific interactions of the 

delivery system with blood components, while the inner PPE-block provides the pH-sensitivity. 

However, PEGylation also reduces the uptake of the nanoparticle by cancer cells. Therefore, a 

shedding of the PEG-layer after accumulation at the tumor site is needed which is realized by 

transferring the PPE-block from a negative to positive charge (Figure 17). 
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Figure 17: (A) Shielding and deshielding of the positively charged ssPEI800/siRNA nanoparticles by 

the PEG shell in the acidic environment of the tumor. (B) Schematic illustration of the stealth 

property and promoted tumoral cell uptake of sheddable nanoparticles. (Taken with permission 

from reference 219. Copyright 2012 American Chemical Society.) 

The deshielding of the of the PEG shell under slightly acidic conditions was demonstrated by the 

change of the zeta-potential from ca. -12 mV to 8 mV after incubation with PBS at pH 6.8. 

Furthermore, the increased cellular uptake after deshielding of the PEG shell under acidic 

conditions by MDA-MB-231 cells has been proven by incubation of sheddable and unsheddable 

nanoparticles at pH 7.4 and 6.8. The internalization of the unsheddable nanoparticles was not 

affected by the pH while the sheddable nanoparticles showed an enhanced cellular uptake at pH 
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6.8 compared to pH 7.4. Finally, the silencing of polo-like kinase 1 (Plk1) expression of MDA-

MB-231 cells at different pHs was studied by using sheddable and unsheddable nanoparticles 

loaded with siRNA targeting. It was found that the incubation of sheddable nanoparticles with 

MDA-MB-231 cells at pH 6.8 lead to a significantly improved silencing efficiency of Plk1 

expression. In conclusion, Wang et al. designed a drug delivery system meeting all requirements 

that are imposed by modern cancer therapy and that is therefore of high interest for further 

investigation. 

 

5. Conclusions 

Main-chain poly(phosphoester)s –and amides have been reviewed comprehensively. With 

diverse derivatives of phosphoric acid within the polymer backbone those materials are versatile 

candidates for various future applications. Going back to pioneering works in the 1960s, they are 

mainly used today in flame retardant additives, but their potential in biodegradable polymers 

with precise degradation profiles or adjustable adhesion has not been fully explored to date.  

The PPE and PPA platform was extended in recent years as novel synthetic techniques were 

introduced, such as living polymerization techniques to water-soluble polyphosphates and –

phosphonates with well-defined architectures. Also the potential of controlling materials 

properties by variation of the binding patterns around the central phosphorus was used in recent 

works to further adjust materials properties. This is especially important for biomedical 

applications, such as drug delivery or tissue engineering and further improved flame retardants.  

Today’s gold standards in biocompatible polymers have a low chemical functionality, such as 

poly(ethylene glycol) which is used in drug carriers or biodegradable polyesters, such as PLA 

and PLGA. In contrast PPEs allow the synthesis of functional polymers using a set of diverse 

and modular synthetic protocols. Even though PPEs have not found considerable commercial 

interest in materials science and biomedicine to date, we believe that the current research will 

lead to considerable innovative materials, which can be commercialized.  

The synthesis of PPEs relies on different techniques, depending on the monomer structure, 

phosphorus center, and the desired polymer properties. Recent advances in controlled 

polymerization routes, e.g., ROP by organocatalysis and Ruthenium-catalyzed metathesis 

polymerization, make PPEs readily available on large scale. Also some first approaches were 

made employing enzyme catalysis, but still being less efficient than classical polymerization 

techniques. Several groups use polyfunctional PPEs and use postpolymerization 

functionalization to prepare biodegradable drug-loaded nanocarriers. As most phosphate 
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monomers are prepared from high-energy products such as phosphoryl chloride, we believe that 

the next step in the PPE developments is the development of economic and ecological pathways 

to the monomers and to guarantee their efficient polymerization.  

Due to the diverse chemistry of phosphoric acid, the future development of PPEs and PPAs will 

certainly lead to many fascinating materials.  
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Abstract 

 

 

In-chain poly(phosphonate)s have been prepared via acyclic diene metathesis polymerization of 

three different monomers. Novel unsaturated phosphonate monomers with asymmetric structure 

have been developed. The monomers are accessible via a three-step synthesis that can be easily 

scaled up. This is the first report on poly(phosphonate)s by olefin metathesis where the stable 

carbon-phosphorus linkage is localized in the polymer backbone. This changes the nature of the 

degradation products compared to other poly(phosphoester)s. Polymers with molecular weights 

up to 28 000 g mol-1 can be achieved and have been characterized in detail by NMR 

spectroscopy, size exclusion chromatography, thermogravimetry, and differential scanning 

calorimetry. They have been also compared to structural analogues polyphosphates with respect 

to crystallization (SAXS, WAXS) and their rheological behavior. Also solution grown crystals 
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were analyzed rendering some of the herein reported poly(phosphonate)s as interesting defect 

poly(ethylene)-like structures. 

1 Introduction 

Degradable polymers - natural or synthetic- have become a major research area in polymer 

science, ranging from everyday plastics to complex nanostructures.1 Polymers with a merely 

carbon-based backbone are resilient against environmental influences (hydrolysis, enzymes, 

most UV light) and typically do not degrade in vivo and in many cases show long half-life times 

also in the natural environment.2 In contrast, polymers with heteroatoms in the backbone, such 

as polyesters, -amides, -anhydrides, polyurethanes and -ureas show a strong structure-

degradation relation depending on the conditions, e.g. hydrolysis and/or enzymatic cleavage.3-4 

During the last decades degradable polymers have attracted tremendous interest for the 

development of therapeutic devices such as temporary prostheses,5 porous structures as scaffolds 

for tissue engineering,6 or as vehicles for sustained drug release7. Each of these applications 

demands high standards concerning physical, chemical, biochemical, and degradation properties 

to guarantee efficient therapy. Beside the biodegradability, especially the biocompatibility of the 

polymer and the degradation products is crucial for the usage of a polymeric material in the 

biomedical field. One class of biodegradable polymers which is especially appealing for the 

application in the biomedical field are main-chain poly(phosphoester)s (PPEs) not only due to 

their similarity to biomacromolecules such as the most prominent PPE, deoxyribose nucleic acid 

(DNA), but also due to their high structural and chemical versatility.8-9 The pentavalency of 

phosphorus enables -in contrast to carboxylic polyesters- the introduction of pendant functional 

and/or solubilizing groups in every repeat unit, and at the same time is a direct handle for 

adjusting the degradation profile.10 Under physiological conditions PPEs can be degraded due to 

the hydrolytically and enzymatically degradable phosphoester bonds along the polymer 

backbone into phosphates, diols and alcohols as the final breakdown products.3 PPEs are known 

since the 1930s, but compared to conventional polyesters, the interest in these polymers faded 

because of the expensive synthesis and low molecular weights combined with mostly ill-defined 

structures. However, since the 1970s PPEs have been studied sporadically in academia mainly 

based on the pioneering works of Penczek11-14; later the groups of Wang,15-18 Leong,19-20 and 

Iwasaki21 have paved the way to PPEs with control over structure and molecular weights. 

Typical approaches to PPEs are first and foremost the polycondensation of phosphorus 
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dichlorides or diesters with diols,22-24 the polyaddition25-26 and the ring-opening polymerization 

of cyclic phosphorus compounds.27-28 During the past few years the acyclic diene metathesis 

(ADMET) polymerization has proven to be a reliable method for the preparation of 

(unsaturated) PPEs ((U)PPEs) with diverse thermal properties due to the precise adjustability of 

main- and side-chains.29-30  

 

Figure 1.1. Structure of poly(phosphate)s (left) and main-chain poly(phosphonate)s with the P-C-

bond as pendant group (middle) or as part of the PPE-backbone. (right). 

Furthermore, the high functional group tolerance of the ruthenium catalysts allows the synthesis 

of polymers with functional groups.31 However, the usage of these materials in biomedical 

applications is still limited due to the hydrophobic long-chain diols, which are part of the final 

degradation products of the PPEs and reduce the degradation kinetics. To date, the ADMET 

protocol was used to prepare poly(phosphate)s29, 32 and main-chain poly(phosphonates)s with the 

stable P-C-bond as side chain (cf. Figure 1.1).33 Poly(phosphonate)s are an almost forgotten 

subclass of PPEs, consisting of two ester linkages and one alkyl- or aryl-group, which is directly 

attached to the phosphorus atom. The degradation profiles of poly(phosphonate)s and 

poly(phosphate)s differ due to the stable P-C-bonds, however, for both systems hydrolytic and 

enzymatic cleavage has been reported. In the so far reported main-chain poly(phosphonate)s the 

two phosphoesters build up the polymer backbone, while the P-C-bond is the pendant group.34 

Especially aliphatic poly(phosphonate)s are interesting materials for usage in the biomedical 

field, since they are potentially biodegradable and biocompatible. Nevertheless, beside some 

recently published approaches to aliphatic phosphonates,28, 35 to date, mainly aromatic 

poly(phosphonate)s are known for their flame retardant properties.  
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Herein, we describe the first synthesis of a main-chain poly(phosphonate)s by ADMET 

polycondensation with the P-C-bond as a part of the polymer backbone (“in-chain”, Figure 1.1 

right) and compare them to structural analogues poly(phosphate)s. Different monomers and 

polymers have been prepared with varying the hydrophilicity and the phosphorus content. The 

monomer syntheses were performed in three to four steps yielding difunctional phosphonates 

with the polymerizable double bond in the stable phosphonate chain. The polycondensation was 

conducted in bulk or in solution leading to a quantitative polymer-formation. This new class of 

(U)PPEs allows the reduction of the hydrophobic degradation products to a minimum: by 

“rotating” the P-C-bond from the pendant chain into the polymer backbone, the degradation 

product remains attached to the charged phosphonates and thus should allow their easy body 

clearance.  

2 Results and Discussion 

Monomer synthesis. To date, difunctional or trifunctional phosphate or phosphonates 

monomers with different chain lengths were accessible via esterification of terminal unsaturated 

alcohols with phosphoryl chloride or derivatives.32, 36 In contrast, the protocol for the 

corresponding phosphonate monomers for the synthesis of in-chain poly(phosphonate)s needed 

to be designed. To generate a phosphonate monomer suitable for ADMET polymerization, the 

Michaelis-Arbuzov reaction between triethyl phosphite and an alkenyl-bromide or -iodide was 

applied to install the terminal double bond for olefin metathesis at the phosphorus center 

(Scheme 1.1, synthesis of 1’,2’,3’). The usage of either the alkenyl-bromide or -iodide is 

dependent on the reactivity: for the synthesis of the “short”- chain phosphonates, i.e. 1’, the 

bromide is sufficient, while for the synthesis of the derivatives with longer alkyl chain (2’, and 

3’), the more reactive iodides were necessary. The alkenyl-halides are commercially available or 

can be synthesized by the reaction of the corresponding alcohol with imidazole and iodine 

according to literature.37-38 After the formation of the diethyl-alkenyl phosphonates (1’,2’,3’), 

one phosphoester was cleaved with trimethylsilylbromide. The final difunctional monomer was 

then prepared by the esterfication of the crude precursor hydrogen-alkenyl-phosphonate with an 

alkenyl-halide of choice using Cs2CO3 in DMF (Scheme 1.1).  
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Scheme 1.1. a) Synthesis of in-chain phosphonate-monomers b) ADMET polycondensation of 

monomers 1-4 and subsequent hydrogenation.  

This protocol allows the synthesis of symmetrical and unsymmetrical phosphonates monomers, 

which was also not reported for the respective phosphates. The monomers were purified by 

column chromatography as colorless liquids in moderate yields (compare Experimental 

Section). For comparison, bis-(undec-10-en-1-yl) ethylphosphate (5), a so far not reported 

ADMET monomer, was prepared in high yields from ethyl dichlorophosphate and undecenol. 

All monomers were stable at room temperature at least for several months. This general protocol 

allows the variation of the phosphorus-content and thus the hydrophilicity of the materials 

easily. The pendant group could be varied by changing from triethyl phosphite to other 

precursors. Spectral characterization of all monomers is listed in the experimental section 

Figures 1.6-1.17.  

 

ADMET-Polycondensation. The polycondensation reactions of the monomers 1-4 were carried 

out according to the conditions developed by our group recently32 for the polymerization of the 

phosphates and phosphonates. The monomers 1-4 have been polymerized in a ruthenium-

catalyzed acyclic diene metathesis reaction at reduced pressure at 60 °C using the Grubbs 

catalyst 1st generation. Variation of molecular weights was achieved by conducting the reaction 
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in the high boiling solvent 1-chloronaphthalene (20 wt%) to guarantee continuous mixing during 

the polymerization process. The obtained polymers poly(1)-(4) are viscous materials with 

molecular weights up to 4 x 104 g mol-1 and molecular weight dispersities of Ð ≈ 2 for poly(3) 

and (4), which are in good agreement with the theoretically predicted distribution by the 

Carothers equation (compare Table 1.2). Poly(2) could not be analyzed by SEC, due to strong 

interactions with the column material (different conditions were tested, but in all cases no 

elution was detected). As the successful polymerization of 2 was proven by NMR spectroscopy, 

this is an interesting finding and distinct difference to the analogues phosphate, which eluted 

under the same conditions from the SEC column. Vapor pressure osmometry let us at least 

estimate a molecular weight of ca 8,000 g mol-1. For monomer 1 only oligomers were produced 

which can be attributed to the ‘negative neighboring group effect’. The proximity of the 

phosphonate enter to the double bond and thus to the ruthenium carbene after catalyst 

attachment probably hinders the propagation due to complexation, which was reported 

previously for diallyl-phenyl-phosphate.39 This effect can also be seen with the naked eye as the 

color of the catalyst changed from violet to brown within a few minutes indicating the formation 

of metathesis-inactive species. For all other polycondensations, after ceasing of the ethylene 

evolution, the polymers were precipitated into hexane three times to remove the catalyst (and 1-

chloronaphthalene for solution polycondensations). 

The obtained polymers exhibit irregular structures due to the asymmetric architectures of the 

monomers allowing hyphenated structures as well as tail to tail and head to head attachment (see 

Scheme 1.2). The structural irregularity results in varying distances between the phosphonate 

units. Compared to the corresponding poly(phosphate)s this characteristic leads to slightly 

altered properties such as a lower degree of crystallinity and the presence of several melting 

endotherms (see below). In a next step, saturated PPEs were synthesized from the obtained 

polymers via catalytic hydrogenation of the double bonds using Pd on carbon under a H2-

atmosphere. After hydrogenation the viscous UPPE changed into resin-like (for poly(4)-H) or 

solid (for poly(3)-H) materials. Only poly(2)-H remained a viscous oil after hydrogenation. The 

SEC results of the hydrogenated polymers are in good agreement with the results of the UPPEs, 

proving –in combination with NMR- the stability of the P-C- as well as the P-O-linkage under 

hydrogenation conditions (cf. Figures 1.24-1.25). Figure 1.2 shows an overlay of the 1H NMR 

spectra of the monomer (2), the polymer after ADMET (poly(2)), and the hydrogenated PPE 

(poly(2)-H). It is obvious that the terminal double bonds at 4.9 and 5.7 ppm disappear after the 

ADMET process and internal double bonds (5.3 ppm) can be detected, which disappear after 
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hydrogenation (other NMR spectra of polymer cf. Figures 1.18-1.23). The resulting polymers 

contain the expected high amount of trans olefins, around 80% (determined by NMR 

spectroscopy), since the stereochemistry is controlled thermodynamically. The polymers are 

readily soluble in organic solvents such as CH2Cl2, toluene and THF, but insoluble in hexane or 

methanol, for example. 

 

Figure 1.2. 
1
H NMR (500 MHz at 298.3 K) of monomer 2 and the corresponding polymers poly(2) 

and poly (2)-H after hydrogenation. 

Solid State Characterization. The UPPEs synthesized in this study are all sticky viscous 

materials, while the hydrogenated polymers range from sticky liquids to resin-like solids. The 

thermal stability of all synthesized polymers was examined by thermal gravimetric analysis 

(TGA), indicating a thermal stability comparable with the respective poly(phosphate)s (Ton 

between 260-300°C). However, two degradation steps are detected in TGA, probably due to the 

stable P-C bond in the backbone (cf. Figure 1.27). The glass transition temperatures (Tg) and the 

melting points (Tm) were determined by differential scanning calorimetry (DSC) under nitrogen. 

Table 1 summarizes the thermal properties of the synthesized polymers. The poly(phosphonate)s 
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show the expected low glass transitions ranging from -55 °C for poly(3) to -65 °C for poly(2) 

and -66 °C for poly(4), respectively, which are similar to the poly(phosphate)s (Figures 1.3, 

1.28-1.30). Interestingly, the poly(phosphonate)s with the longer alkyl chains, especially the 

hydrogenated samples (poly(3)-H and poly(4)-H, exhibit additional thermal transitions at low 

temperature at ca. -45°C, which could be due to the presence of different crystallite structures 

within the polymer matrix due to the asymmetry of the monomers. For poly(5)-H – the 

polyphosphate analogue – a glass transition of -47°C and a melting endotherm of ca 51°C is 

detected (Figure 1.30). 

 

Figure 1.3. DSC thermograms of poly(3) and poly(3)-H (heating and cooling rate 10 Kmin
-1

 (2
nd

 

run), the main melting endotherm are labelled, details see main text.).  

The hydrogenation of the double bonds in the polymer backbone causes a slight shift of the glass 

transitions but a distinct change of the melting behavior especially of the polymers with longer 

alkyl-chains in the backbone. The hydrogenation of poly(3) to poly(3)-H, for example, leads to 

a shift of the main melting temperature from 10 °C to 53 °C and an increase in the melting 

enthalpy from ca. -27 J g-1 to -71 J g-1(Figure 1.3). Poly(4) is amorphous, but after 

hydrogenation a melting endotherm at ca. 12°C can be detected (Figure 1.29). In contrast, the 

short-chain poly(2) exhibit neither as unsaturated nor as hydrogenated polymer poly(2)-H 

crystalline areas.  
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Table 1. Thermal properties (determined by DSC) of the UPPEs and the corresponding PPEs. 

Polymer Mn /gmol-1 Đ Tg /°C Tm /°C ΔHm /Jg-1
 

poly(2) 8700 - -66 - - 

poly(3) 27900 1.66 -52 10 -27.52 

poly(4) 27600 1.68 n.d. -45 -0.9 

poly(5) 9300 2.5 -61 14 -35.21 

poly(2)-H - - -61 - - 

poly(3)-H 31000 1.69 n.d. -48, -40, 53 -71.20 

poly(4)-H 14600 1.99 n.d. -47, -39, 10 -17.9 

poly(5)-H 9900 2.33 -47 51 -70.5 

 

The crystalline UPPEs synthesized by ADMET polymerization are considered to have a similar 

lamellar crystalline structure as polyethylene, in which the phosphate units as well as the double 

bonds, that can be either cis or trans, with the cis part acting as defects and thus reducing the 

melting points and enthalpies dramatically. By hydrogenation of the double bonds one defect 

can be eliminated and materials with higher degree of crystallinity can be obtained. Recently, 

the crystallization behavior of poly(phosphate)s and side-chain poly(phosphonate)s has been 

studied.40 Poly(3)-H was dissolved in hot n-octane and crystallized slowly during cooling from 

solution. Drop-cast TEM (Figures 1.4 and 1.33) shows the resulting crystals. The corresponding 

electron diffraction pattern (inset Figure 1.4) indicates that the crystal packing is similar to the 

pseudohexagonal crystal phase of polyethylene with a lattice spacing of 4.1 Å. The WAXS 
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measurement (Figure 1.5) yields a similar finding. In the respective angular range only one 

distinct peak at a position corresponding to a lattice spacing of 4.1 Å appears. Furthermore, the 

WAXS diffractogram reveals another noticable feature at low angular position, which 

corresponds to a structure having a periodicity of 2.6 nm. This structural feature is found in the 

SAXS measurements as well with a structural periodicity of 2.4 nm (Figure 1.32). It is straight 

forward to assign this periodicity to the all-trans length of the 19 methylene groups that form the 

crystalline stem of one crystal lamellae. However, the thickness of the solution grown crystals 

exceeds this one-fold thickness by far, as demonstrated from the EELS thickness measurements 

(Figure 1.31). Accordingly, the poly(3)-H crystals are assembled like a stack of folded chain 

lamellae.  

 

 

Figure 1.4. TEM brightfield micrograph and the ED pattern (inset) of solution grown crystals of 

poly(3)-H from n-octane solution. 

The crystallization behavior of poly(3)-H was also compared to a structural similar 

poly(phosphate) (Figure 1.5). X-ray diffractogramm of the two polymers shows similar degrees 

of crystallinity and a similar crystal structure as well. Even the feature at low scattering angles in 

WAXS is noticeable for both materials, which indicates the presence of polymer folded chain 

crystals with a typical thickness as expected from the length of the methylene groups between 

the phosphonate units.  

The investigation of the mechanical properties was accomplished by dynamic mechanical 

analysis (DMA) (Figure 1.5 (3)). To evaluate the mechanical properties of the in-chain 
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poly(phosphonate)s, again the poly(phosphate)s were used as comparison. Figure 1.5 shows the 

progression of the storage (G’) and the loss (G’’) modulus with increasing temperature of 

poly(3)-H and the corresponding poly(phosphate). The DMA analysis reveals the similar 

viscoelastic properties of both polymers. Below the glass transition, the storage moduli of both 

polymers are relatively high due to the nearly elastic properties at low temperatures. Above the 

Tg, the storage modulus decreases significantly and the loss moduli increases due to the 

softening of the material. By achieving the melting temperatures, the storage as well as the loss 

moduli decrease since the polymers lost their rigidity. Below the melting point the polymers 

differ in their behavior. The storage and the loss moduli of the poly(phosphate) are significantly 

lower and diffuse indicating that this material is significantly softer than the in-chain 

poly(phosphonate). 
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Figure 1.5. (1) structural comparison of poly(3)-H and poly(phosphate). (2) X-ray diffractograms of 

poly(3)-H and the corresponding poly(phosphate). (3) Temperature dependence of the shear moduli 

G and G’’ of poly(3)-H and the corresponding polyphosphate. 

3 Conclusion 

This study is the first report on main-chain  poly(phosphonate)s with the P-C-bond in the 

polymer backbone, i.e. in-chain poly(phosphonate)s. Several structurally different monomers 

with varying P-content have been prepared and their ADMET polycondensation was studied. 

The resulting polymers exhibit molecular weights up to 28 000 g/mol and show distinct different 

thermal properties, depending on the length of the alkyl spacers. The mechanical analysis of the 

materials reveals similar properties to the already established poly(phosphate)s making the in-

chain poly(phosphonate)s interesting materials for biomedical applications and as potential 

tissue engineering scaffold. Many postpolymerization reactions on the internal and external 



In-Chain Poly(phosphonate)s via Acyclic Diene Metathesis Polycondensation 

 

 

  
93 

 
 

double bonds might be carried out in order to vary their mechanical properties. Furthermore, the 

exchange of one ester linkage by a stable P-C-linkage inside the polymer backbone reduces the 

amount of hydrophobic degradation products. In conclusion, the in-chain poly(phosphonate)s 

are a further step to complete the wide range of biomedically interesting  polyphosphonates with 

various architectures and properties. 
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4 Experimental 

4.1 General information 

Materials. Solvents and chemicals were purchased from Acros Organics, Sigma Aldrich, or 

Fluka and used as received, unless otherwise stated. Triethylphosphite was used as received 

from Sigma Aldrich. Deuterated solvents were purchased from Sigma Aldrich and kept over 

molecular sieves. 

4.2 Instrumentation and characterization techniques.   

SEC. For the poly(phosphonate)s size exclusion chromatography (SEC) measurements were 

performed in THF with an Agilent 1100 Series as an integrated instrument, including a MZ-Gel 

SD plus e5/e3/100 column, a UV (Spectra System UV 2000), and a refractive index (RI) 

detector (Agilent Technologies 1260 Infinity). Calibration was carried out using polystyrene 

standards provided by Polymer Standards Service. For the poly(phosphate) SEC measurements 

were performed in THF with a PSS SecCurity system (Agilent Technologies 1260 Infinity). 

Sample injection was performed by a 1260-ALS auto sampler (Waters) at 30 °C. SDV columns 

(PSS) with dimensions of 300 × 80 mm, 10 μm particle size and pore sizes of 106, 104 and 500 

Å were employed. The DRI Shodex RI-101 detector (ERC) and UV-Vis 1260-VWD detector 

(Agilent) was used for detection. Calibration was achieved using poly(styrene) standards 

provided by Polymer Standards Service.  

NMR. For nuclear magnetic resonance analysis 1H, 13C and 31P NMR spectra of the monomers 

were recorded on a Bruker AVANCE III 500 MHz or 700MHz spectrometer. All spectra were 

measured either in CD2Cl2 or CDCl3 at 298 K. The spectra were calibrated against the solvent 

signal and analyzed using MestReNova 8 from Mestrelab Research S.L.  

DSC. The thermal properties of the synthesized polymers have been measured by differential 

scanning calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning cycles of 

heating-cooling were performed in a N2-atmosphere 30 mL/min) with a heating and cooling rate 

of 10 °C/min.  

TGA. TGA was measured on a Mettler Toledo ThermoSTAR TGA/SDTA 851-Thermowaage 

in nitrogen atmosphere. The heating rate was 10 °C/min in a range of temperature between 25 

°C and 600 – 900 °C. VPO. Vapor pressure osmometry (VPO) was measured on a Knaur vapor 
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pressure osmometer K-7000 in chloroform at 30 °C. Calibration was carried out using 

poly(ethylene glycol) methyl ether.  

DMA. Dynamic Mechanical Analysis (DMA) was performed using an Advanced Rheometric 

Expansion System (ARES) equipped with a force-rebalanced transducer. Plate-plate geometry 

was used with plate diameters of 6 mm. The gap between plates was around 1 mm. Experiments 

were performed under dry nitrogen atmosphere. The isochronal temperature dependencies of G’ 

and G’’ were determined for ω = 10 rad/s.  

WAXS/SAXS. For wide angle x-ray scattering (WAXS) and small angle x-ray scattering 

(SAXS) experiments the sample was prepared by hot pressing an approximately 200 - 400 µm 

thick film on a hot stage. In order to achieve a well crystallized specimen, we prepared an 

annealed sample by heating the sample well above the melting point to 120°C and kept it at this 

temperature for 10 min. Subsequently, it was cooled from the melt to 42°C and kept at this 

temperature for 48 h. SAXS was recorded using Cu Kα radiation (wavelength 1.54 Å) from a 

rotating anode source (Rigaku MicroMax 007 x-ray generator) with curved multilayer optics 

(Osmic Confocal Max-Flux). Polymer foils were measured in transmission geometry. The 

scattered intensity was recorded on a 2D detector (Mar345 image plate) with a sample-detector 

distance of 2 m. For WAXS measurements the sample-detector distance was set to 20 cm. 

TEM. For TEM examination solution grown crystals were prepared from a 0.05 % solution in 

n-octane. The solution was heated to 85 °C in a temperature controlled oil bath and slowly 

cooled down to room temperature to achieve a turbid dispersion. One drop of this dispersion was 

applied to a carbon coated TEM grid, excess liquid was blotted of with a filter paper and the 

specimen was allowed to dry under ambient conditions. A FEI Tecnai F20 transmission electron 

microscope operated at an acceleration voltage of 200 kV was used to determine the crystal 

morphology, thickness and crystal structure. Bright field (BF) and energy-filtered transmission 

electron microscopy (EFTEM) techniques were used for measurements. 

4.3 Synthetic Procedures 

Synthesis of 6-iodohex-1-ene. This compound was synthesized by a literature procedure37 from 

hex-5-en-1-ol (20.48 mL, 17 g, 169.73 mol) with triphenylphosphine (53.42 g, 203.7 mmol), 

imidazole (13.87 g, 203.7 mmol) and iodine (51.7g , 203.7 mmol) in dichloromethane to yield 

after distillation 6-iodohex-1-ene as a colorless oil (29.3 g, 82%).1H NMR (250 MHz, 
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chloroform-d) δ 5.72 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.02 – 4.84 (m, 2H), 3.12 (t, J = 7.0 Hz, 

2H), 2.10 – 1.93 (m, 2H), 1.86 – 1.69 (m, 2H), 1.52 – 1.36 (m, 2H). 

Synthesis of 11-iodoundec-1-ene. This compound was synthesized according to a literature 

procedure.38 11-bromoundec-1-ene (10 g, 42.9 mmol) was treated with NaI (12.86 g, 

85.8 mmol) in 50 mL acetone under reflux over 16 h. Acetone was removed under reduced 

pressure and water was added to the residue. The mixture was extracted with diethyl ether and 

the combined organic layers were dried with sodium sulfate and concentrated under reduced 

pressure to yield known 11-iodoundec-1-ene as slight yellow oil (11.35 g, 94%).1H NMR (300 

MHz, chloroform-d) δ 5.74 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.02 – 4.82 (m, 2H), 3.12 (td, J = 

7.0, 2.9 Hz, 2H), 2.06 – 1.91 (m, 2H), 1.75 (p, J = 7.1 Hz, 2H), 1.27 (d, J = 30.4 Hz, 12H). 

 

General procedure for the synthesis of diethyl alkyl phosphonates. The diethyl alkyl 

phosphonates were synthesized by a Michaelis-Arbuzov reaction of the corresponding alkyl 

halides with triethyl phosphite. For the synthesis of diethyl but-3-en-1-yilphosphonate (1’) 4-

bromobut-1-ene was used whereas 6-iodohex-1-ene and 11-iodoundec-1-ene were used as alkyl 

halides for the syntheses of diethyl hex-5-en-1-ylphosphonate (2’) and diethyl undec-10-en-1-

ylphosphonate (3’). A mixture of the alkyl halide (1 eq) and triethyl phosphate were mixed and 

heated up to 100-140 °C until the alkyl halide was consumed completely (the consumption of 

the alkyl halide was monitored by NMR measurements since no solvent is used for the reaction). 

The diethyl alkyl phosphonates are obtained in 75-85% yield.  

(1’) 1H NMR (300 MHz, chloroform-d) δ 5.79 (ddt, J = 16.6, 10.1, 6.3 Hz, 1H), 5.07 – 4.89 (m, 

2H), 4.10 – 3.99 (m, 4H), 2.28 (ddtt, J = 11.1, 9.4, 6.4, 1.5 Hz, 2H), 1.85 – 1.67 (m, 2H), 1.31 – 

1.24 (m, 6H). (2’) 1H NMR (300 MHz, chloroform-d) δ 5.72 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 

4.99 – 4.85 (m, 2H), 4.02 (dqd, J = 7.7, 7.1, 3.5 Hz, 4H), 2.07 – 1.94 (m, 2H), 1.73 – 1.47 (m, 

4H), 1.47 – 1.35 (m, 2H), 1.25 (t, J = 7.1 Hz, 6H). (3’) 1H NMR (250 MHz, chloroform-d) δ 

5.74 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.01 – 4.79 (m, 2H), 4.17 – 3.87 (m, 4H), 1.96 (qt, J = 

6.6, 1.4 Hz, 2H), 1.75 – 1.41 (m, 4H), 1.25 (t, J =  7.1 Hz, 18H). 

 

General procedure for the synthesis of ethyl hydrogen alkenylphosphonates. The compounds 

were synthesized according to literature.41 Briefly, a solution of the diethyl alkenylphosphonate 

(1 eq) was treated dropwise with trimethylsilyl bromide (1.2 eq) at room temperature. After 

stirring for a further hour at room temperature, the reaction was quenched with 5% KHSO4-

solution and stirred vigorously for five minutes. The phases were separated and the water phase 
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was washed with ethyl acetate. The organic layers were combined and dried with sodium 

sulfate. After removal of the solvent under reduced pressure the crude ethyl hydrogen 

alkenylphosphonates were obtained and used without further purification. 

(1’’)  1H NMR (300 MHz, chloroform-d) δ 10.25 (s, 1H), 5.89 – 5.64 (m, 1H), 5.15 – 4.84 (m, 

2H), 4.16 – 3.91 (m, 2H), 2.43 – 2.18 (m, 2H), 1.86 – 1.70 (m, 2H), 1.27 (td, J = 7.1, 2.0 Hz, 

3H). (2’’) 1H NMR (300 MHz, chloroform-d) δ 9.93 (s, 1H), 5.72 (ddt, J = 16.9, 10.2, 6.7 Hz, 

1H), 5.03 – 4.81 (m, 2H), 4.17 – 3.91 (m, 2H), 2.00 (q, J = 7.1 Hz, 2H), 1.80 – 1.33 (m, 6H), 

1.26 (td, J = 7.1, 1.3 Hz, 3H). (3’’) 1H NMR (250 MHz, chloroform-d) δ 7.61 (s, 1H), 7.20 (s, 

1H), 5.75 (ddt, J = 16.9, 10.1, 6.7 Hz, 2H), 5.01 – 4.74 (m, 2H), 4.14 – 3.91 (m, 2H), 2.04 – 1.87 

(m, 4H), 1.45 – 1.09 (m, 15H). 

 

General Procedure for the synthesis of in-chain phosphonate ADMET monomers. The 

respective hydrogen alkenylphosphonate (1 eq) was mixed with Cs2CO3 (1.1 eq) in DMF at 

room temperature. After stirring for 30 minutes the alkenyliodide was added dropwise and the 

reaction mixture was allowed to react for 12 h. The reaction mixture was filtrated and the 

filtration residue was washed thrice with DMF. The filtrate was concentrated under reduced 

pressure and the crude product was purified by column chromatography over silica using ethyl 

acetate/petroleum ether as eluent. The ADMET-monomers are obtained in 30-40% yield.  

(1) 1H NMR (500 MHz, chloroform-d) δ 5.87 – 5.70 (m, 2H), 5.14 – 4.92 (m, 4H), 4.14 – 3.97 

(m, 4H), 2.39 (qt, J = 6.7, 1.4 Hz, 2H), 2.31 (ddtt, J = 11.3, 9.5, 6.5, 1.5 Hz, 2H), 1.79 (ddt, J = 

20.0, 11.7, 4.4 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, chloroform-d) δ 137.18, 

133.60, 117.55, 115.10, 77.26, 64.54, 61.56, 34.95, 26.49, 25.54, 24.42, 16.44. 31PH NMR (202 

MHz, chloroform-d) δ 31.59. (2) 1H NMR (500 MHz, chloroform-d) δ 5.78 – 5.67 (m, 2H), 4.99 

– 4.86 (m, 4H), 4.10 – 3.88 (m, 4H), 2.06 – 1.94 (m, 5H), 1.71 – 1.49 (m, 6H), 1.41 (p, J = 7.5 

Hz, 4H), 1.25 (t, J = 7.0 Hz, 3H). 13C NMR (176 MHz, chloroform-d) δ 138.27, 138.18, 114.82, 

114.80, 65.21, 65.17, 61.45, 61.42, 53.41, 33.17, 29.97, 29.94, 29.88, 29.79, 29.69, 25.87, 25.07, 

24.80, 21.92, 21.89, 16.50, 16.46. 31PH NMR (283 MHz, chloroform-d) δ 32.36. (3)
 1H NMR 

(700 MHz, chloroform-d) δ 5.82 (ddd, J = 16.8, 10.4, 5.3 Hz, 2H), 4.98 (dd, J = 43.4, 13.6 Hz, 

4H), 4.07 (dddd, J = 59.0, 28.2, 15.3, 7.9 Hz, 4H), 2.06 (q, J = 7.5, 7.1 Hz, 4H), 1.68 (ddq, J = 

57.5, 43.3, 8.6, 7.7 Hz, 7H), 1.44 – 1.21 (m, 29H). 13C NMR (176 MHz, chloroform-d) δ 139.13, 

114.11, 65.44, 65.40, 61.38, 61.34, 33.77, 30.63, 30.58, 30.54, 29.44, 29.39, 29.37, 29.30, 29.14, 

29.07, 28.89, 28.71, 26.01, 25.52, 25.21, 22.41, 22.38, 16.50, 16.46. 31PH NMR (283 MHz, 

chloroform-d) δ 32.62. (4)
 1H NMR (700 MHz, chloroform-d) δ 5.85 – 5.73 (m, 2H), 5.03 – 4.89 
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(m, 4H), 4.14 – 3.93 (m, 5H), 2.07 (q, J = 7.2, 6.7 Hz, 2H), 2.05 – 2.00 (m, 3H), 1.74 – 1.64 (m, 

4H), 1.61 – 1.54 (m, 2H), 1.49 – 1.44 (m, 2H), 1.35 (qd, J = 7.0, 3.5 Hz, 4H), 1.30 (td, J = 7.1, 

1.3 Hz, 3H), 1.29 – 1.23 (m, 8H). 13C NMR (176 MHz, Chloroform-d) δ 139.17, 138.30, 114.83, 

114.12, 65.19, 65.15, 61.42, 61.39, 60.37, 33.79, 33.19, 30.64, 30.55, 29.40, 28.90, 26.03, 25.23, 

24.82, 22.43, 22.40, 16.52, 16.49, 14.19. 31PH NMR (283 MHz, Chloroform-d) δ 32.66. 

 

 Synthesis of Bis-(undec-10-en-1-yl) ethylphosphate (5). A schlenk flask, equipped with a 

dropping funnel, was charged with ethyl dichlorophosphate (1 eq.), dissolved in dry CH2Cl2 (1.9 

mol/L) under an argon atmosphere. The solution was cooled to 0 °C with an ice-bath. DMAP 

(0.01 eq.), Et3N (1.8 eq.) and 10-Undecen-1-ol (1.8 eq.) were dissolved in dry CH2Cl2 (10 

mol/L) and dropped over a period of 1 h via the dropping funnel. After the addition the reaction 

was stirred overnight at room temperature. The crude mixture was concentrated at reduced 

pressure, dissolved in diethylether and filtered. The organic phase was washed twice with 10 % 

aqueous hydrochloric acid solution and twice with brine. The organic layer was dried over 

sodium sulfate, filtered, concentrated at reduced pressure, and purified by flash chromatography 

over neutral alumina using dichloromethane as eluent to give a clear yellowish liquid. 1H NMR 

(300 MHz, chloroform-d) δ 5.79  (ddt,  J1= 15 Hz,  J2 = 9 Hz,  J3 = 6 Hz, 2H), 4.97 (ddt, J1 = 

17.1 Hz, J2 = 3.6 Hz, J3 = 1.5 Hz, 2H), δ 4.91 (ddt, J1 = 9.9 Hz, J2 = 2.1 Hz, J3 = 1.2 Hz, 2H), δ 

4.14-4.04 (m, 2H), δ 4.01 (td, J1 = 9 Hz, , J2 = 4.5 Hz, 4H), δ 2,06-1.98 (m, 4H), δ 1.70-1.63 (m, 

4H), δ 1.38-1.27 (m, 24H). 

 

General Procedure for the ADMET Bulk Polymerization. In a glass Schlenk tube the 

respective monomer (1eq) and the Grubbs catalyst first generation (0.03 eq) were combined 

under an argon atmosphere. Polymerization was carried out at reduced pressure (to remove the 

ethylene gas evolving during the metathesis polymerization) at 60 °C for 24h. The polymers are 

obtained as brown viscous materials in quantitative yield. 

 

General Procedure for the ADMET Solution Polymerization. In a glass Schlenk tube the 

respective monomer (1eq) and the Grubbs catalyst first generation (0.03 – 0.06 eq) were 

dissolved in 1-chloronaphthalene under an argon atmosphere. Polymerization was carried out at 

reduced pressure (to remove the ethylene gas evolving during the metathesis polymerization) at 

60 °C for 24 - 48h. To remove 1-chloronaphthalene the obtained polymers were precipitated 

three times from hexane. The polymers are obtained as brown viscous materials in quantitative 



In-Chain Poly(phosphonate)s via Acyclic Diene Metathesis Polycondensation 

 

 

  
99 

 
 

yield. Poly(2) 
1H NMR (500 MHz, chloroform-d) δ 5.46 – 5.31 (m), 4.17 – 3.91 (m), 2.13 – 

1.93 (m), 1.68 (dtd, J = 33.7, 18.7, 17.4, 10.5 Hz), 1.44 (qd, J = 7.6, 3.5 Hz), 1.32 (t, J = 7.0 Hz). 

13C NMR (126  MHz, Methylene Chloride-d2) δ 75.37, 75.11, 74.86, 63.37, 63.32, 59.56, 59.51, 

30.10, 28.66, 28.53, 28.25, 28.15, 28.10, 24.80, 24.11, 23.69, 23.53, 23.52, 22.99, 20.22, 20.08, 

20.04.  31P{H} NMR (202 MHz, Chloroform-d) δ 32.38. Poly(3) 
1H NMR (500 MHz, 

chloroform-d) δ 5.43 – 5.34 (m), 4.19 – 3.95 (m), 2.07 – 1.94 (m), 1.80 – 1.55 (m), 1.43 – 1.26 

(m). 13C NMR (126 MHz, chloroform-d) δ 65.31, 65.26, 61.42, 61.37, 32.62, 32.60, 32.03, 

30.71, 30.58, 30.05, 29.67, 29.62, 29.51, 29.47, 29.39, 29.20, 29.18, 29.13, 28.50, 26.18, 25.50, 

25.46, 25.07, 22.45, 22.41. 31P{H} NMR (202 MHz, chloroform-d) δ 32.59. Poly(4)
 1H NMR 

(500 MHz, chloroform-d) δ 5.46 – 5.29 (m), 4.17 – 3.93 (m), 2.01 (tdd, J = 25.3, 13.3, 6.7 Hz), 

1.82 – 1.53 (m), 1.43 (dt, J = 10.0, 6.6 Hz), 1.40 – 1.23 (m). 13C NMR (126 MHz, Methylene 

Chloride-d2) δ 75.40, 75.15, 74.89, 63.54, 63.48, 59.46, 59.41, 30.68, 30.28, 30.13, 28.76, 28.69, 

28.64, 27.84, 27.80, 27.73, 27.57, 27.53, 27.50, 27.44, 27.36, 27.26, 27.24, 27.18, 26.91, 26.25, 

25.29, 25.04, 24.39, 24.25, 23.77, 23.62, 23.13, 20.51, 20.47. 31P{H} NMR (202 MHz, 

Methylene Chloride-d2) δ 30.74 (d, J = 4.4 Hz). 

 

General Procedure for the Catalytic Hydrogenation of ADMET Polymers. The polymers 

Poly(2), Poly(3) and Poly(4) were charged into a schlenk flask and dissolved in toluene (ca. 12 

wt%). To remove the disturbing oxygen the flask was evacuated and flushed with argon again. 

10 wt% of 5 % Pd/C catalyst were added followed by the removal of argon under reduced 

pressure and flushing with hydrogen. Hydrogen was bubbled into the solution via septum and 

syringe. Hydrogenation was then performed with a hydrogen balloon under vigorous stirring at 

room temperature until NMR showed no signals of double bonds. The solution was filtered over 

Celite and the solid polymer isolated after removal of the solvent in quantitative yield.  

Poly(2)-H: 
1H NMR (500 MHz, Chloroform-d) δ 4.03 (ddt, J = 38.3, 13.6, 7.4 Hz), 2.10 (s), 

1.65 (ddq, J = 39.1, 32.3, 8.1 Hz), 1.33 (ddt, J = 28.9, 14.8, 6.1 Hz). 13C NMR (126 MHz, 

Chloroform-d) δ 77.20, 65.47, 65.42, 61.42, 61.37, 30.69, 30.63, 30.59, 30.56, 30.54, 29.69, 

29.51, 29.47, 29.45, 29.33, 29.28, 29.17, 29.09, 28.90, 26.22, 25.54, 25.52, 25.10, 22.45, 22.41, 

16.53, 16.49. 31P{H} NMR (202 MHz, Chloroform-d) δ 32.12. Poly(3)-H 
1H NMR (500 MHz, 

Methylene Chloride-d2) δ 4.03 – 3.82 (m), 1.58 (dddd, J = 21.5, 14.8, 11.8, 7.0 Hz), 1.47 (ddt, J 

= 15.7, 11.2, 7.2 Hz), 1.32 – 1.13 (m). 13C NMR (126 MHz, Methylene Chloride-d2) δ 65.31, 

65.26, 61.26, 61.21, 53.84, 53.63, 53.41, 53.19, 52.98, 30.62, 30.57, 30.52, 29.72, 29.71, 29.68, 

29.63, 29.60, 29.55, 29.42, 29.20, 29.12, 26.01, 25.57, 24.90, 22.44, 22.40. 31P{H} NMR (202 
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MHz, Methylene Chloride-d2) δ 32.12. Poly(4)-H 
1H NMR (500 MHz, Methylene Chloride-d2) 

δ 4.03 – 3.81 (m), 1.67 – 1.41 (m), 1.36 – 1.10 (m). 13C NMR (126 MHz, Methylene Chloride-

d2) δ 65.47, 61.47, 61.42, 54.00, 53.78, 53.57, 53.35, 53.14, 30.78, 30.73, 30.68, 29.88, 29.83, 

29.79, 29.76, 29.71, 29.61, 29.59, 29.36, 29.33, 29.28, 26.16, 25.72, 25.05, 22.59, 22.55. 31P{H} 

NMR (202 MHz, Methylene Chloride-d2) δ 32.19.  

 

Table 1.2. Synthetic results for in-chain poly(phosphonate)s prepared by ADMET polymerization in 

solution using 1-chloronaphthalene as solvent or in bulk. 

# catalyst Cat. / eq Vsolvent/mL t / h Mn /gmol
-1

 Mw/Mn 

Poly(1)-a Grubbs 1st Gen. 0,06 - 4 - - 

Poly(1)-b Grubbs 2nd Gen. 0,06 - 4 - - 

Poly(2)-a Grubbs 1st Gen. 0,09 2 48 8700* - 

Poly(2)-b Grubbs 1st Gen. 0,06 2 48 8000* - 

Poly(3)-a Grubbs 1st Gen. 0,09 2 48 27900 1.67 

Poly(3)-b Grubbs 1st Gen. 0,06 2 48 20600 1.84 

Poly(3)-c Grubbs 1st Gen. 0,03 - 24 5030 1.41 

Poly(4)-a Grubbs 1st Gen. 0,09 2 48 27600 1.68 

Poly(4)-b Grubbs 1st Gen. 0,06 2 48 6700 2.49 

Poly(4)-c Grubbs 1st Gen. 0,03 - 24 3640 8.4 

* determined by vapor pressure osmometry 
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4.4 
1
H, 

13
C, 

31
P NMR spectra 

4.4.1 Monomer Spectra: 

 

Figure 1.6. 
1
H NMR of compound 1 at 500 MHz in CDCl3 at 298 K.     

 

Figure 1.7. 
13

C NMR of compound 1 at 126 MHz in CDCl3 at 298 K.     
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Figure 1.8. 
31

P{H} NMR of compound 1 at 202 MHz in CDCl3 at 298 K.  

 

Figure 1.9. 
1
H NMR of compound 2 at 500 MHz in CDCl3 at 298 K. 
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Figure 1.10. 
13

C NMR of compound 2 at 176 MHz in CDCl3 at 298 K. 

 

                                                                                                                                                                                                        

Figure 1.11. 
31

P{H} NMR of compound 2 at 283 MHz in CDCl3 at 298 K. 
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Figure 1.12. 
1
H NMR of compound 4 at 700 MHz in CDCl3 at 298 K. 

 

Figure 1.13.
31

P{H} NMR of compound 4 at 283 MHz in CDCl3 at 298 K. 
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Figure 1.14. 
1
H NMR of compound 3 at 700 MHz in CDCl3. 

 

Figure 1.15.
13

C NMR of compound 3 at 176 MHz in CDCl3 at 298 K. 
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 Figure 1.16. 
31

P{H} NMR of compound 3 at 283 MHz in CDCl3 at 298 K.     

 

Figure 1.17. 
1
H NMR of compound 5 at 300 MHz in CDCl3. 
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4.4.2 Polymer NMR Spectra 

The monomer architecture allows three different types of conjunction, i.e. head to tail, 

tail to tail and head to head (see Scheme S1), all contained in the obtained polymers. In 

the following, the polymer structures are presented in the simplified head to tail 

structure. 

 

 

Scheme 1.2. Possible conjunctions within the polymer structure. 
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Figure 1.18. 
1
H NMR of poly(3) at 500 MHz in CDCl3. 

 

Figure 1.19. 
13

C NMR of poly(3) at 126 MHz in CDCl3 at 298 K. 
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Figure 1.20. 
31

P{H} NMR of poly(3) at 202 MHz in CDCl3. 

 

Figure 1.21. 
1
H NMR of poly(3)-H at 500 MHz in CD2Cl2 
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Figure 1.22. 
13

C NMR of poly(3)-H at 126 MHz in CD2Cl2 at 298 K. 

 

Figure 1.23. 
31

P{H} NMR of poly(3)-H at 202 MHz in CD2Cl2. 
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4.4.3 Size exclusion chromatography  
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Fiure 1.24.
 
 SEC elugrams of poly(3)s prepared ADMET polymerization. 
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Figure 1.25.
 
 SEC elugrams of  poly(4)s prepared ADMET polymerization. 
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Figure 1.26.
 
 SEC elugrams of  poly(5) prepared ADMET polymerization. 

4.4.4 DSC, TGA  

 

Figure 1.27.
 
TGA thermogram of poly(4)-a and the corresponding hydrogenated polymer poly(4)-H.  
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Figure 1.28.
 
DSC thermogram of Poly(2)-a and the corresponding hydrogenated polymer Poly(2)-H.  

 

 Figure 1.29.
 
DSC thermogram of Poly(4)-a and the corresponding hydrogenated polymer Poly(4)-

H.  
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Figure 1.30.
 
DSC thermogram (heating curve) of poly(5)-H .  

 

Figure 1.31. EELS thickness measurements for solution grown crystals of poly(3)-H. 
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Figure 1.32. SAXS measurements of poly(3)-H. 

 

 

Figure 1.33. TEM BF micrograph of solution grown crystals of poly(3)-H from n-octane solution. 
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Chapter 2 

 

2-Methyl-1,3,2-dioxaphosphinane-2-oxide as new monomer for the 
preparation of linear poly(phosphoester)s 
 

Foreword 

This project was started in the course of Torben Herrmann’s bachelor thesis and he prepared the 

monomer as well as (5,10,15,20-tetraphenylporphinato)aluminum methoxide ((TPP)AlOMe) 

and attempted the polymerization with (TPP)AlOMe. 

 

Abstract 

 

 

The six-membered cyclic 2-methyl-1,3,2-dioxaphosphinane-2-oxide (MPPn) was prepared as 

new monomer for the preparation of poly(phosphoester)s with altered backbone structure by 

ring-opening polymerization. MPPn showed increased stability compared to its five-membered 

analogon facilitating the preparation and further handling. MPPn was attempted to polymerize 

with standard catalysts, that are well-established for the polymerization of five-membered cyclic 

phosphoesters. For all applied catalysts no polymerization was observed. For the very reactive 

TBD particle partial ring opening was observed.  
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1 Introduction 

First attempts to produce linear PPEs by the anionic ring-opening polymerization were mainly 

made by Penzcek’s group in the 1960s and 1970s using the six-membered 2-alkoxy-1,3,2-

dioxaphosphorinane-2-oxides.
1-3

 Due to the lower ring strain of these monomers, they exhibit no 

tendency towards spontaneous polymerization and are therefore easier in handling. However, 

several attempts to polymerize these monomers either by cationic
2
 or anionic

3
 polymerization 

only led to colored, ill-defined materials with low molecular weights. Based on intensive kinetic 

studies, Penzcek and co-workers concluded that the poor polymerizability of these compounds 

by anionic polymerization is due to the formation of cyclic end groups during the propagation 

step (Scheme 2.1). Cyclic end groups can be built by nucleophilic attack of the propagating 

chain end on the last phosphorus atom. Usually, the high ring strains prevent the formation of 

cyclic end groups. However, the decreased ring-strain of six-membered cycles can lead to 

stabilization by several mechanisms. In the easiest case, the cyclic end group is opened again 

(Scheme 2.1, 1) and polymerization can continue. Furthermore, the cyclic end group can lead to 

the elimination of the main chain releasing a monomer molecule and the propagating species 

(Scheme 2.2, 3). Both possibilities do not lead to a final termination of the chain growth. 

However, in the third case, the cyclic end group can also be stabilized by eliminating the side 

chain producing a “dead” polymer chain with a cyclic end group and an alcoholate anion that 

can act as initiator (Scheme 2.1, 2) resulting in the presence of polymeric species initiated by the 

actual initiator as well as by the eliminated side chain. Thus, elimination of the side chain can 

lead to low molecular weights and broad molecular weight distributions. They concluded that 

due to the low ring strain, during the propagation step of the polymerization the cleavage of an 

inner cyclic ester linkage is as likely as the cleavage of the ester linkage in the side.  
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Scheme 2.1. Cyclic end group formation within the polymerization of 2-alkoxy-1,3,2-

dioxaphosphorinane-2-oxides. 

The aim of this project was the development of a new polymerizable six-membered monomer 

class for the preparation of linear PPEs by ring-opening polymerization. From the kinetic studies 

made by Penczek and coworkers, it was concluded that the poorly polymerizable 2-alkoxy-1,3,2-

dioxaphosphinane-2-oxides might be transferred into polymerizable monomers by the 

replacement of the ester linkage in the pendant chain by a stable P-C-bond (Figure 2.1). The 

introduction of hydrolytically stable P-C-bond avoids the formation of polymer chains with 

dead, cyclic end groups formed upon elimination of the pendant alkoxy chain.  
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Figure 2.1. Structures of the established 2-alkoxy-1,3,2-dioxaphosphorinane-2-oxide and the 

alternative 2-alkoxy-1,3,2-dioxaphosphorinane-2-oxide  

Furthermore, the preparation of poly(phosphoester)s by ring-opening-polymerization is up to 

date almost entirely limited to five-membered monomers. These monomers allow the 

introduction of a plethora of functional groups in the pendant chain while the spacer between the 

phosphorus atoms along the polymer chain is more or less limited to ethylene glycol. In contrast, 

polymerization of six-membered monomers leads to PPEs with a propylene glycol-based 

backbone and therefore the potential release of toxic ethylene glycole upon degradation can be 

avoided. Since altering the character of the pendant chain in PPEs prepared from five-membered 

monomers can significantly influence the polymer properties
4
, the variation of the backbone is 

also supposed to influence the polymer properties significantly concerning their thermal 

characteristics as well as their water-solubility. 

2  Results & Discussion 

Monomer Synthesis. For a first evaluation of the suitability of the 2-alkyl-1,3,2-

dioxaphosphorinane-2-oxides as new monomer class for the preparation of linear PPEs by ring-

opening polymerization 2-methyl-1,3,2-dioxaphosphorinane-2-oxide (MPPn) was prepared. The 

preparation of MPPn has been reported in literature before
5
 and several preparation methods 

were evaluated, but to the best of our knowledge, MPPn was never used as a monomer for the 

preparation of PPEs by ROP. The synthesis of MPPn was conducted similarly to the preparation 

of the analog five-membered cyclic phosphonate (Scheme 2.2).
4, 6

 The first step of the two-stage 

synthesis protocol comprises the chlorination of commercially available dimethyl methyl 
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phosphonate with thionyl chloride leading to dichloro methyl phosphonate. The cyclization to 

the monomer was achieved by reaction of the dichloride with 1,3-propandiol. Purification of the 

monomer was achieved by sublimation of the crude product. 

 

 

Scheme 2.2. Synthesis of 2-methyl-1,3,2-dioxaphosphorinane-2-oxide. Methylphosphonic dichloride 

was synthesized from the commercial dimethyl methylphosphonate with thionyl chloride under 

reflux and transferred into the monomer by cyclization with propane-1,3-diol. 

The purity of the monomer was confirmed by 
1
H NMR spectroscopy (Figure 2.2). The spectrum 

shows a characteristic duplet at 1.56 ppm that can be ascribed to the pendant methyl group. The 

splitting into a duplet results from the J-coupling with the adjacent phosphorus atom. 

Furthermore, the spectrum shows four signals for the inner cyclic protons. The appearance of 

four signals for the cyclic protons indicates that the monomer exists in a non-planar 

conformation, which leads to a separation of the cyclic protons into axial and equatorial protons 

distinguishable by NMR spectroscopy. The multiplets at 4.52 ppm and 4.21 ppm respectively 

can be ascribed to the methylene groups adjacent to the ester groups while the signals at 2 ppm 

result from the protons C (Figure 2.2).  
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Figure 2.2. 
1
H NMR of 2-methyl-1,3,2-dioxaphosphorinane-2-oxide in CDCl3 at 298 K and 300 MHz. 

However, MPPn existing in non-planar conformation already indicates an increased stability and 

therefore a lower ring-strain that allows the atoms to deviate from the planar conformation. 

Another indication of the decreased ring-strain of the six-membered MPPn is the chemical shift 

of the compound in the 
31

P NMR spectrum appearing at 28.2 ppm (Figure 2.3 (C)). The signal of 

the analog strained five-membered cyclic phosphonate, 2-methyl-1,3,2-dioxaphospholane 2-

oxide, appears at 48.71 ppm (Figure 2.3 (B)) and shifts to 32 ppm upon ring-opening. Similar 

observations were made for 2-ethoxy-1,2-oxaphospholane-2-oxide, a cyclic phosphonate 

monomer which carries the stable P-C-bond within the ring. The signal of the cyclic compound 

appears at 49.25 ppm (Figure 2.3 (A)) and shifts upon ring-opening to 31.8 ppm. Therefore, 

MPPn appears already as a cyclic compound in the region of strain-free phosphonate 

compounds, indicating a ring structure with very low strain. Additionally, the prepared monomer 

is stable in air at ambient temperature for several months in contrast to its five-membered 

analog. These finding might be an indication for an aggravated polymerizability of MPPn since 

the thermodynamic driving force for ring-opening polymerizations is typically the relief of ring 

strain, which enables the unfavorable entropy to be overcome.
7-8
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Figure 2.3. 
31

P NMR spectra of cyclic phosphonate compounds. (A) 
31

P NMR spectra (121 MHz, 

CDCl3, 298K) 2-ethoxy-1,2-oxaphospholane-2-oxide. (B) 
31

P NMR spectra (121 MHz, CDCl3, 298K) 

of 2-methyl-1,3,2-dioxaphospholane 2-oxide. (C) 
31

P NMR spectra (202 MHz, CDCl3, 298K) of 2-

methyl-1,3,2-dioxaphosphorinane-2-oxide (MPPn) 

Polymerization. The only attempts to polymerize six-membered cyclic phosphonates were 

made by Penzcek and co-workers in the 1970s using alkoxides, namely sodium ethoxide and 

potassium butoxide, as initiators. Due to the ill-defined materials and the low molecular weights 

achieved by these attempts, the six-membered monomers are more or less forgotten in the 

academic world to date. However, in the last decades various, more sophisticated approaches to 

polyesters by ROP have been developed including organocatalytic ROP as well as metal 

catalyzed ROP following a coordination-insertion mechanism.
9-10

 Both methods allow a good 

control over molecular weight and molecular weight distribution and have been successfully 

transferred to the polymerization of cyclic phosphoester monomers. Table 2.1 provides an 

overview of the conditions applied for the polymerization of MPPn. 
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Figure 2.4. General scheme for the polymerization of 2-methyl-1,3,2-dioxaphosphorinane-2-oxide 

 

Table 2.1. Conditions tested for the polymerization of MPPn 

# Catalyst [M]:[I]:[cat.] solvent T / °C t / h polymer 

1 Sn(Oct)2 50:1:5 toluene r.t. 24 x 

2 Sn(Oct)2 50:1:5 toluene 90 24 x 

3 DBU 50:1:5 toluene r.t. 24 x 

4 DBU 50:1:5 toluene 90 24 x 

5 TBD 50:1:5 toluene r.t. 24 x 

6 sec-BuLi 50:1 toluene r.t. 48 x 

7 (TPP)AlOMe 50:1 - 98 500 x 

 

For the polymerization of cyclic esters by a coordination-insertion mechanism tin(II) 2-ethyl 

hexanoate is one of the standard catalysts and has proven to be a suitable catalyst for the 

polymerization of cyclic five-membered phosphoester monomers with various pendant chains.
10

 

Thus, attempts to polymerize MPPn were conducted at ambient temperature. After 24 h the 

progress of the polymerization was checked by NMR spectroscopy showing that no 

polymerization took place at all. Thus, the reaction temperature was increased to 90 °C for 

further 24 h. NMR spectroscopy showed exclusively signals of MPPn proving that no 

polymerization took place. Today, ROP of five-membered phosphoester monomers is usually 

performed using organocatalysts. Especially for biomedical applications, metal-free polymers 

are necessary. The typical catalyst is 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) for cyclic 

phosphates and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) for the cyclic phosphonates which 

can be seen as the five-membered analog of MPPn. The polymerization of MPPn with DBU was 

conducted at ambient temperature analogously to the polymerization of the five-membered 

monomers. Polymerizations of the five-membered monomers are typically completed after 17 h. 

In case of MPPn, NMR spectroscopy showed no conversion at all after 24 h. A significantly 

more active catalyst for the ROP is TBD. In contrast to DBU, TBD exhibits two activation sites. 
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For the initiating species, TBD reacts as hydrogen acceptor while it acts as a hydrogen donor for 

the activation of the monomer. Combining both activation sites in one catalyst molecule leads to 

an immediate proximity of both reaction partners resulting in short reaction times. For the cyclic 

five-membered phosphates, reaction times are typically in the range of a few minutes at 0°C 

while for phostones reaction times are in the range of a few hours. However, polymerization of 

MPPn with TBD as catalyst was conducted at ambient temperature and the progress after 24 h 

was monitored by 
31

P NMR spectroscopy (Figure 2.5). The 
31

P NMR spectrum showed beside 

the main signal that can be ascribed to MPPn a second signal that was slightly shifted to the high 

field compared to the MPPn-signal. A slight shift to the high field is expected for the ring-

opening of MPPn indicating that MPPn was partially opened when using TBD as a catalyst. 

However, after 24 h the main signal still resulted from MPPn indicating that TBD is not suitable 

for the polymerization with TBD. Furthermore, MPPn was treated with sec-BuLi but did not 

result in the formation of the polymer. The failed polymerization using sec-BuLi might be 

attributed in part to the fact that phosphoesters are preferentially polymerized using oxygen-

based nucleophiles. 

 

 

Figure 2.5. 31P NMR (121 MHz, CDCl3, 298K) spectrum of the polymerization of MPPn after 24 h 

Additionally, (5,10,15,20-Tetraphenylporphinato)aluminum methoxide ((TPP)AlOMe) was used 

as initiator. (TPP)AlOMe showed excellent results for the polymerization of δ-valerolactone. 

https://www.dict.cc/englisch-deutsch/preferential.html
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However, treating MPPn over a period of 500 h with (TPP)AlOMe did not lead to 

polymerization. 

3 Conclusion & Outlook 

2-methyl-1,3,2-dioxaphosphorinane-2-oxides was prepared as a new monomer for the 

preparation of linear PPEs by ring-opening polymerization. However, this study shows that the 

new monomer was not successful at polymerizing under the conditions and catalysts well-

established for the polymerization of five-membered cyclic phosphates, phosphonates, and 

phostones. It may be possible that MPPn is capable of polymerizing using other known catalysts, 

outside the scope of this study. The reason for the unsuccessful polymerization of MPPn using 

well-established conditions can probably be attributed to the decreased ring-strain compared to 

its five-membered cyclic counterparts. The decreased ring-strain of MPPn was indicated by its 

enhanced stability in air at ambient temperature, the non-planar structure seen in the 
1
H NMR 

and the chemical shift in the 
31

P NMR spectrum. Penczek and coworkers already suggested the 

increased stability of the six-membered ring as a reason for the poor polymerizability of six-

membered phosphoesters compared to their five-membered counterparts. They proposed the 

formation of cyclic structures at the end of the growing polymer chain stabilizing itself by 

elimination of the pendant alkoxy chain. The objective of this study was the replacement of the 

eliminable alkoxy-side chain by an ineliminable alkyl side chain. However, cyclic end groups 

formed upon back biting can still lead to elimination of the polymer main chain leading to the 

release of a monomer molecule (Scheme 2.3). If this reaction is favored complete 

depolymerization can occur preventing the formation of a polymer. 

 

 

Scheme 2.3. Depolymerization of PMPPn 

Another reason of the failed polymerizations of MPPn might simply be the low ring-strain which 

makes the initial ring-opening thermodynamically unfavorable.  

https://www.dict.cc/englisch-deutsch/eliminable.html
https://www.dict.cc/englisch-deutsch/eliminable.html
https://www.dict.cc/englisch-deutsch/thermodynamical.html
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However, so far copolymerization of MPPn with other monomers, such as the well-

polymerizable five-membered phosphoesters, was not yet attempted. Copolymerization might 

lead to an incorporation of MPPn into the polymer structure.  
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4 Experimental 

NMR. 
1
H and 

31
P NMR spectra were recorded on a Bruker AVANCE III 300 MHz. The spectra 

were measured in CDCl3 at 298 K. The spectra were calibrated against the solvent signal and 

analyzed using MestReNova 8 from Mestrelab Research S.L. 

4.1 Synthetic procedures 

Synthesis of methylphosphonic dichloride. The dichloride was synthesized according to a well-

established literature procedure.
11

 Briefly, O, O-Dimethylmethylphosphonic acid diester (100.0 

g, 0.8 mol) and DMF (2 mL) were added dropwise to refluxing thionyl chloride (146 mL, 2 mol) 

and stirred for further 18 h at 120 °C after complete addition of the phosphonate. The product 

was obtained by fractionated distillation of the crude reaction mixture (62.3 g, 0.47 mol, 58%) 

 

Synthesis of 2-methyl-1,3,2-dioxaphosphorinane-2-oxide (MPPn). A flame-dried three-necked 

round-bottom flask, equipped with a magnetic stirring bar and two dropping funnels, was 

charged with 500 mL of dry THF and cooled to 0 °C. One dropping funnel contained methyl 

phosphonic acid dichloride (46.8 g, 0.3 mol) in 250 mL of dry THF (250 mL) and the other 

contained 1,3-propanediol and triethylamine dissolved in 230 ml THF. Both solutions were 

added with approximately the same dropping speed. After complete addition, the reaction 

mixture was stirred for one further hour at 50 °C. Subsequently, the reaction mixture was filtered 

and THF was removed under reduced pressure. Sublimation of the crude product yielded MPPn 

as colorless crystals (12.4 g, 0.09 mol, 30.2%). 

1
H NMR (300 MHz, Chloroform-d) δ 4.54 (dddd, J = 11.8, 9.2, 8.4, 3.6 Hz, 2H), 4.21 (dddd, J 

= 13.3, 11.6, 5.8, 4.1 Hz, 2H), 2.21 – 1.88 (m, 2H), 1.56 (d, J = 17.6 Hz, 3H). 31
P{H} NMR (202 

MHz, Chloroform-d) δ, 32.74. 

 

Synthesis of (TPP)AlOMe. The catalyst was synthesized according to a literature procedure.
12

 

Just briefly, 5,10,15,20-Tetraphenylporphine (615 mg, 1 mmol, 1eq) was dissolved in 20 mL of 

dry DCM and triethyl aluminum (0.16 mL, 1.2 mmol, 1.2 eq) was added and stirred for 2.5 h. 

Subsequently, the reaction mixture was heated to reflux for further 30 min, methanol (40.5 µL, 

1 mmol, 1 eq) was added and heated under reflux for 18 h. The solvents were removed under 

reduced pressure. (TPP)AlOMe was obtained as a purple powder. 
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Polymerization of MPPn using TBD as catalyst. The reaction was conducted in dry toluene 

with 2-(benzyloxy) ethanol as the initiator. All Schlenk-tubes were flame-dried prior to use. 

MPPn (103 mg, 0.8 mmol, 50 eq with respect to the initiator) and TBD (11.5 mg, 76 µmol, 5 eq 

with respect to the initiator) were charged into a Schlenk-tube and dried by lyophilization with 

benzene. After lyophilization 1 mL of dry toluene was added and the reaction was started at 

ambient temperature by the rapid addition of 230µL (2.3 mg, 15 µmol, 1 eq) of initiator stock 

solution. The reaction was stirred for 24 h at ambient temperature. The reaction was quenched 

by addition of acetic acid in toluene (20 mg mL
-1). 

  

Polymerization of MPPn using DBU/Sn(Oct)2 as catalyst. The reaction was conducted in dry 

toluene with 2-(benzyloxy) ethanol as the initiator. The Schlenk-tube was flame-dried prior to 

use. MPPn (103 mg, 0.8 mmol, 50 eq with respect to the initiator) and was charged into a 

Schlenk-tube and dried by lyophilization with benzene. After lyophilization 230µL (2.3 mg, 15 

µmol, 1 eq) of initiator stock solution were added and 1 mL of dry toluene. The reaction was 

started at ambient temperature by the addition of DBU (11.5 mg, 76 µmol, 5 eq with respect to 

the initiator) or Sn(Oct)2 (30.61 mg, 76 µmol, 5 eq with respect to the initiator) respectively via a 

Hamilton syringe. The reaction was stirred for 24 h at ambient temperature. After 24h the 

reaction progress was monitored by NMR spectroscopy and showed that no polymerization took 

place. Subsequently, the reaction temperature was increased to 90 °C and stirred for further 24 h. 

No polymer was obtained. 

 

Polymerization of MPPn using (TPP)AlOMe. The Schlenk-tube was flame-dried prior to use. 

MPPn (211 mg, 1.6 mmol, 50 eq with respect to the initiator) and (TPP)AlOMe (20.8 mg, 

31µmol, 1eq) were charged into a Schlenk-tube and heated to 98°C. To avoid crystallization at 

the cold top, the whole reaction vessel was plunged into the oil bath. The reaction was conducted 

for 500 h and the reaction progress was followed by NMR spectroscopy. No polymer was 

obtained. 

 

Polymerization of MPPn using sec-BuLi. The Schlenk-tube was flame-dried prior to use. MPPn 

(850 mg, 6.2 mmol, 50 eq) was charged into a Schlenk-tube and dried by lyophilization. 

Subsequently, MPPn was dissolved in 4 mL of THF. The reaction was started at ambient 

temperature by the addition of a 1.4 M sec-BuLi solution ( 89.2 µL 125 µmol) and stirred for 

48 h. No polymer was obtained.  
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Chapter 3 

Polymerizing phostones: A fast way to in-chain poly(phosphonate)s 
with adjustable hydrophilicity 
 

Foreword 

The following chapter is based on unpublished results.  

DFT calculations were performed by Dr. Denis Andrienko1 and the toxicity tests 

were conducted by Johanna Simon1.  

 

1
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

 

Abstract 

 

 

Phostones, i.e. 2-alkoxy-2-oxo-1,3-oxaphospholanes, are accessible in a one-pot reaction from 

commercially available 1,3-dibromopropane and alkyl phosphites. These 5-membered cyclic 

phosphonic acid esters are used for the preparation of linear poly(phosphonate)s via ring-

opening polymerization resulting in polymers with a hydrolytically stable P-C bond in the 
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polymer backbone. Phostones have the stable P-C-bond within the cycle, which leads to a 

dramatic increase of the monomer stability towards hydrolysis and long shelf-lives. Two 

phostone-monomers containing ethoxy or butoxy pendant chains were prepared in a single step 

synthesis from inexpensive starting materials avoiding the usage of SOCl2 or POCl3. Polymers 

with ethoxy side chains are water-soluble without a lower critical solution temperature, non-

toxic against murine macrophages, and hydrolytically degradable under basic conditions. The 

polymerization kinetics for different catalyst systems were evaluated for both monomers in order 

to identify optimal polymerization conditions, resulting in polyphosphonates with molecular 

weights between 3000 and 25100 g mol-1 with reasonable molecular weight dispersities (<1.6). 

Due to the ease of synthesis and distinct different hydrolysis kinetics compared to side-chain 

polyphosphonates, we believe that these new polyphostones represent a valuable addition to 

water-soluble biopolymers for future biomedical applications. 

1 Introduction 

Phosphorus-containing polymers, and especially poly(phosphoester)s (PPEs), are promising 

materials for biomedical applications.1-2  The pentavalency of the phosphorus atom allows the 

design of modular structures and the inherent ester bonds in the polymer backbone make them 

hydrolytically degradable. Furthermore, water-soluble PPEs are promising candidates for drug 

delivery vehicles,3-5 due to their “stealth effect”, similar to poly(ethylene glycol) (PEG), while 

their degradability prevents any potential bioaccumulation.6-7 Through precise control of their 

chemistry, the physical properties, degradation products, and time can be tuned. 8-10 

In recent years, we have been studying PPEs and developing both novel synthetic protocols and 

potential applications. We have focused our efforts on an almost forgotten subclass of PPEs: the 

poly(phosphonate)s. They contain a chemically stable P−C bond, replacing one of the P−O−C 

bonds of poly(phosphate)s, which has strong influence on hydrolysis rates, as the P-C-bond itself 

is stable against hydrolysis, but microorganisms can cleave the phosphonate linkage.11 However, 

poly(phosphonate)s are mainly found as aromatic oligomers prepared by step-growth 

polymerization and very few water-soluble, well-defined examples have been reported.12-14 In 

poly(phosphonate)s the P-C bond is commonly installed as a pendant group, however rare in-

chain P-C linkages have been reported.10, 15-16 

Herein, the first ring-opening polymerization (ROP) of 2-alkoxy-2-oxo-1,3-oxaphospholanes is 

reported with both ethyl and butyl side chains, carrying the P-C-bond within the ring structure 

and thus forming in-chain poly(phosphonate)s upon polymerization. These so-called phostones 
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have been of some interest in the past, due to their potential application as glycomimetics.17-19 

While the 2-ethoxy-2-oxo-1,3-oxaphospholane heterocycle has been known for a long time,20-21 

it has never been used in ROP to the best of our knowledge. The phostone monomers offer 

several advantages: The P-C bond in the ring reduces monomer synthesis to a single step from 

inexpensive, less-toxic starting materials, avoiding SOCl2 and POCl3; and the resulting 

monomers are stable towards hydrolysis and therefore have an extended shelf-life (>12 months) 

even at room temperature, and avoid undue precautions over the presence of water. We report an 

optimization of the polymerization of this new class of monomers, exploring different catalysts 

and monomer:initiator ratios, providing well-controlled and rapid access to PPEs with tunable 

hydrophilicity and improved hydrolytic stability compared to the analogous poly(phosphonate)s.  

2 Results & Discussion 

Monomer synthesis. A preparative route to the target phostones, alkoxy-2-oxo-1,2-

oxaphospholanes, was developed. Two monomers with different pendant chains (ethoxy (M1) 

and butoxy (M2)) were prepared in order to adjust the hydrophilicity of the resulting polymers. 

A one-pot reaction of the commercially available 1,3-dibromopropane and the corresponding 

trialkyl phosphite via consecutive Michaelis-Arbuzov and ring-closing reaction (Scheme 3.1) 

avoided use of the traditional toxic reagents used to prepare cyclic phosphate or phosphonate 

monomers.  

 

 

Scheme 3.1. One-pot synthesis of monomers M1 (A) and M2 (B). 

The formation of the phostone monomers from 1,3-dibromopropane and the trialkyl phosphite 

proceeds in two stages. First, the P-C bond is formed via a Michaelis-Arbuzov reaction 

accompanied by elimination of alkyl bromide.21 The cyclization proceeds within the second 
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stage via intramolecular nucleophilic substitution and elimination of further alkyl bromide to 

yield the monomers. Purification is required prior to polymerization, with fractional distillation 

providing highest quality, albeit in reduced isolated yields of ca. 20%. The yields are limited 

because of the presence of side reactions, such as the formation of oligomers by intermolecular 

nucleophilic substitution reactions or the reaction of the evolving alkyl bromide with the trialkyl 

phosphite. While further optimization of the synthesis could target improved yields, the focus for 

in this study was in the polymerization behavior of the phostones so this was not pursued. 

Purification of the monomers requires two successive distillations, first to remove the oligomeric 

side product and second a subsequent fractional distillation or column chromatography on the 

multi-gram scale.  
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Figure 3.1. 
1
H NMRs of (A) M1 and (B) M2 (CDCl3, 298 K, 300 MHz); 

31
P NMRs (CDCl3, 298 K, 

121 MHz 
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The 1H NMR spectra of both compounds exhibit two distinctly separated signals for the cyclic 

methylene groups B and C (Figure 3.1) typical for the rigid ring structure and complex splitting 

pattern due to J coupling to the phosphorus atom. The 31P NMR spectra show a single resonance 

at 49.24 ppm for M1 and at 49.28 ppm for M2, similar to the resonances of the cyclic 

phosphonates with the P-C-bond as pendant chain.10, 16 However, a distinct difference between 

phostones and the cyclic phosphate (EEP) and phosphonate (EtEPn) was observed concerning 

their stability. While, the cyclic phosphonates with the P-C-bond in the pendant chain as well as 

the phosphates must be stored under inert gas at low temperatures (-20°C) to avoid ring-opening 

degradation or spontaneous polymerization, the phostones show no such tendencies. 31P NMR 

spectroscopy in deuterium oxide showed immediate ring-opening for the cyclic phosphates and 

side chain phosphonates by a distinct signal shift to the high field, while the phostone stayed 

intact upon contact with deuterium oxide at least two days (Figure 3.36). This increased stability 

of the phostone monomers can be attributed to a reduced ring-strain compared to the phosphates 

and side chain phosphonates. Higher ring strain energy is often indicative of a better 

polymerization in cyclic phosphoesters.22 The ring strain energy can be evaluated as the 

difference between the formation enthalpy and the enthalpy of a strain free model reference 

compound (see experimental section for calculation details).23 Here we compare the ring-strain 

energy of one representative compound of each five-membered monomer class, i.e. the 

phosphates, phosphonates, and phostones. The six-membered 2-ethoxy-1,3,2-

dioxaphosphorinane-2-oxide (M5) was used as a reference compound (Figure 3.2).22 

 

 

Figure 3.2. DFT (B3LYP functional and aug-cc-pVTZ basis set) calculations of the ring strain 

energies (kcal/mol) of six-membered cyclic phosphoester (M5) and of five-membered cyclic phostone 

(M1), phosphate (M3) and phosphonate (M4) heterocycles.  

The calculations show significantly reduced ring-strain energy of 2.14 kcal mol-1 for the 

phostone monomer (M1) compared to the phosphate (M3) and phosphonate (M4) monomer with 
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ring-strain energies of 3.69 and 4.34 kcal mol-1, respectively. The decreased ring-strain energy of 

M1 can be rationalized by the replacement of one P-O-bond in the ring structure by a longer P-

C-bond.  

 

Ring-opening polymerization of phostones. A range of catalysts were investigated for the ROP 

of alkoxy-2-oxo-1,2-dioxaphospholanes (Scheme 3.2); monomer purity is crucial for efficient 

ROP. Table 3.1 shows that M1 polymerized readily with 1,5,7-triazabicyclo[4.4.0]undec-7-ene 

(TBD) as single catalyst in several hours, while the polymerization of M1 with DBU (1,8-

diazabicyclo[5.4.0]undec-7-ene) as single catalyst, which is an effective catalyst for the 

polymerization of other phosphoester monomers,24 did not produce any polymer in the case of 

M1 under these conditions (after 24 h, at 0°C or room temperature). In contrast, the combination 

of DBU with urea-derived co-catalysts turned out to be suitable for the polymerization of 

phostones. The combination of DBU and 1-(3,5-bis(trifluoromethyl)phenyl)-3-

cyclohexylthiourea (TU) as catalyst system25 was already established for the polymerization of 

other phosphoester monomers and turned out to be also effective for the polymerization of 

phostones leading to high monomer conversions above 90% (determined by 31P NMR 

spectroscopy) within reaction times of up to 5 days.  

 

 

Scheme 3.2. Ring-opening polymerization of M1 (A) and M2 (B) to main-chain and in-chain 

polyphosphonates.  

As second dual catalyst system DBU combined with 1,1',1''-(nitrilotris(ethane-2,1-diyl))tris(3-

(3,5-bis(trifluoromethyl)phenyl)urea) (Tris-Urea) was applied for the polymerization of M1. The 

high efficacy of the Tris-Urea cocatalyst for the ROP of lactones within short reaction times and 
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low transesterification rates was recently reported by Kiesewetter et al. 26 This catalyst system 

was not used for the polymerization of cyclic phosphoester monomers before. But indeed, the 

combination of DBU/Tris-Urea turned out to be an effective catalyst system for the 

polymerization of phostones with high monomer conversions of ca. 90% and significantly 

decreased reaction times to ~24 h compared to DBU/TU. Furthermore, tin(II) 2-ethylhexanoate 

(SnOct2) was attempted to polymerize M1, but led to lower monomer conversions of ca. 69% 

and rather ill-defined materials (Figure 3.11). Finally, the Lewis acidic tBu[salen]AlMe 

polymerized M1, albeit to lower conversions than other systems. While the Al catalyst was 

capable of polymerizing monomers at lower concentrations than the organocatalysts, the 

resulting ill-defined materials indicated organocatalysts are better suited for these systems, 

contrasting results for phosphonates where Al salen systems were excellent mediators of ROP.27  

Table 3.1. Overview over polymerization conditions tested for the polymerization of M1. 

# catalyst [M1]0:[I]0 [M1]0: [cat] solvent T (°C) time conv. (%) 

1 SnOct2 50 6 tol. 95 18 h 69 

2 DBU 40 5 tol. 0 /r.t. 24 h 0 

3 TBD 100 5 tol. 0 4.5 h 87 

4 DBU/TU 100 5 tol. 0 5 d >90 

5 DBU/Tris-Urea 100 2 tol. 0 30 h 87 

6 Al(Salen) 50 2 tol. 100 18 h 24 

 

For the polymerization with TBD, DBU/TU, or DBU/Tris-Urea (Table 3.1 entries 3, 4, and 5) 

detailed kinetic investigations were conducted (Figure 3.3). For the kinetic studies, monomer 

conversions as well as molecular weight and molecular weight distributions at different time 

points were determined by removing aliquots from the reaction mixture at defined reaction times 

and terminating in acidic CDCl3. Due to the stability of the phostones, the acetic acid only 

terminates the polymerization without hydrolyzing the remaining monomer, making analysis of 

monomer conversion (by 31P NMR) and molecular weight distribution (by SEC in DMF) 

straightforward. During the polymerization, the 31P NMR resonance of the cyclic monomer 

shifts from 49 ppm to 31 ppm for the linear polymer, allowing a quantification of the amount of 
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polymer and residual monomer (see example for M1 in Figure 3.3 (A)). For determination of 

Mn, the reaction aliquots were purified by precipitation into diethyl ether to remove residual 

monomer. Mn was calculated via 1H NMR spectroscopy by comparing the integrals of the 

initiator with the integrals of the polymer.  

 

 

Figure 3.3. (A) 
31

P NMR spectra of the polymerization of M1 at different time points. Plots of 

monomer conversion (ln([M]0/[M]t)) vs time obtained from 
31

P NMR spectra for the polymerization 

of EPP with DBU/Tris-Urea (B), TBD (C) and DBU/TU (D). The ratio of monomer : initiator : 

catalyst was 100 : 1 : 2 for (A) and 100 : 1 : 5 for (C), (D) 

The plots of ln([M]0/[M]t) vs time follow first order kinetics for all catalysts, suggesting a 

controlled polymerization of M1. The polymerization of M1 with DBU/Tris-Urea proceeded 

within 24 h with reasonable molecular weight dispersities of Đ ≈ 1.3-1.4 (Figure 3.3 (B)). In 

contrast, the exchange of Tris-Urea for TU as a cocatalyst leads to a distinct increase of the 

reaction time from 1 day to 5 days, albeit with similar molecular weight distributions (Figure 3.3 

(D)). The increased reaction time might be attributed to the lower activity of the TU cocatalyst, 
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previously observed for the ring-opening polymerization of lactones.26 With TBD as single dual-

functioning catalyst, the polymerization of M1 was accelerated and final monomer conversion 

was reached after 4-5 h (Table 3.1, entry 3). However, the high activity of TBD is associated 

with a broadening of the molecular weight distribution to Đ ≈ 1.7, probably due to competing 

transesterfication. Reduction of the temperature from r.t. to 0°C or -20°C resulted in decreased 

propagation kinetics (Figure 3.4 (A)) and in increased maximum monomer conversion from 86% 

at room temperature to 93% at -20°C. The change of the temperature also influenced the 

molecular weight distributions to some extent (1.60 and 1.89), probably due to the increased 

reaction time of 9.5 h at -20 °C (Figure 3.4(A)). Figure 3.4(B) shows the SEC traces for the 

polymerization of M1 with TBD at -20 °C. A distinct broadening of the elution peak can be 

observed from 60 min (corresponding to a conversion of 38%) onwards that can be attributed to 

transesterification reactions.  

The polymerization conditions established for M1 were transferred to M2 with similar 

observations concerning reaction time, monomer conversion, and molecular weight distribution. 

The polymerization of M2 at 0 °C with TBD proceeded within ca. 4.5 h to 86% conversion and 

broad molecular weight distributions of Đ = 1.5-2.0 (Figure 3.29, Figure 3.30). The change to 

Tris-Urea and DBU as catalyst system led to narrower molecular weight distributions of Đ ≈ 1.5, 

while the reaction time increased but remained reasonable (36 h, Figure 3.29). Conversions 

>90% were achieved with Tris-Urea/DBU.  

 

 

Figure 3.4. Temperature variation for the polymerization of M1 with TBD as catalyst at r.t., 0 °C, -

20 °C. The ratio of monomer : initiator : catalyst was 100 : 1 : 5. (A) Plots of monomer conversion 

(ln([M]0/[M]t)) vs time obtained from 
31

P NMR spectra. (B) SEC traces for the polymerization of M1 

with TBD at -20 °C with Đ=1.89.  
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Polymers P(1) and P(2) are readily soluble in common organic solvents such as THF, DCM or 

CDCl3, while P(1) is water-soluble up to concentrations of at least 10 mg mL-1. Like the 

corresponding polyphosphate (PEEP) and side-chain polyphosphonate (P(3)), P(1) shows no 

macroscopic phase separation from aqueous solution, even at high concentrations of 10 mg mL-1 

in milliQ water or PBS. However, turbidity measurements of P(1) in water showed a slight but 

constant transmission drop during the measurement, until a transmission of roughly 90% is 

reached, while for the ‘naked eye’ the polymer solution remained transparent (Figure 3.24 (a)). 

Temperature-dependent dynamic light scattering measurements of the aqueous solution of P(1)-

4 (c=5 mg mL-1 in water) showed the formation of temperature independent aggregates with 

hydrodynamic radii Rh of ca. 120 nm (Figure 3.24 (b)). In contrast, DLS measurements of the 

corresponding side-chain-phosphonate P(3) (Mn=6000 g mol-1, DP=50 (Figure 3.25)) only 

exhibited molecularly dissolved polymer with Rh=2 nm (Figure 3.25) and no aggregates at least 

up to 10 mg mL-1. Solution properties of water-soluble PPEs are currently a focus of deeper 

investigation for our group. 

Thermal Properties. All PPEs synthesized in this study are colorless, viscous, honey-like 

materials with low glass transition temperatures from -48 to -58°C for P(1) and -60 to -65°C for 

P(2). Such values are comparable to other aliphatic PPEs prepared by ROP (Table 3.2).10 

Thermal gravimetric analysis shows a single mass loss starting at Ton between 260-300°C, which 

is again comparable to structural similar poly(phosphate)s (Figure 3.20 and Figure 3.21).  
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Table 3.2. Polymer properties of P(1) and P(2) prepared by ring-opening polymerization  

Entry initiator catalyst DPtheo DP
a Mn /  

g mol
-1a 

Tg / 

 °C
b 

Mw/Mn
c 

P(1)-1  TU/DBU 20 19 3000 -48 1.25 

P(1)-2  TU/DBU 50 49 7500 n.d. 1.47 

P(1)-3  TU/DBU 60 54 8300 -56 1.24 

P(1)-4  TU/Tris-Urea 170 166 25100 -58 1.56 

P(1)-5 
 

TU/DBU 40 40 6300 -50 1.50 

P(2)-1  TBD 20 21 3900 -65 1.56 

P(2)-2  TBD 50 47 8500 -64 1.61 

P(2)-3  TBD 100 73 12800 -60 1.55 

P(3)-1 
 

DBU 40 40 5900 -46 1.10 

a: Determined via 1H NMR. b: Determined by differential scanning calorimetry. c: Determined via 

SEC in DMF. 

 

Toxicity. PPEs are currently regarded as promising materials for biomedical applications. 

However, phosphorus-containing compounds and especially phosphonates with good leaving 

groups attached to phosphorus gained notoriety, due to their application as chemical warfare 

agents. Many phosphonates are known to inhibit acetylcholinesterase (AChE) irreversibly, 

which is the typical mode of action of nerve agents.28 AChE is an enzyme that hydrolyzes the 

neurotransmitter acetylcholine (ACh), terminating incoming nervous signals and serving as a 

regulator of neurotransmission by ACh hydrolysis. Irreversible inhibition of AChE results in 

accumulation of acetylcholine in cholinergic receptors and continuous stimulation of the nerve 

fiber leading to, among other symptoms, bronchospasm and respiratory failure.29 As the 

phostones hydrolyze slowly in water, the effect of both monomers M1 and M2 on AChE was 
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investigated and no significant influence on the AChE activity up to concentrations of 0.4 g L-1 

was found. The positive control, tacrine, led to almost complete AChE inhibition even at the 

lowest concentration of 25 mg L-1. In addition, the cytotoxicity of M1 and M2 and the water-

soluble polymers P(1) with different degrees of polymerization were evaluated in vitro against 

murine macrophages (RAW264.7). Concentrations ranging from 37.5 to 1000 g mL−1 after 48 h 

of incubation at 37 °C in Dulbecco’s modified eagle medium (DMEM), supplemented with 10% 

FBS were investigated (Figure 3.5, 20 % DMSO was used as positive control.). Cell viability 

was monitored as a function of ATP concentration, which was dependent on the amount of 

living cells. M1 and P(1) showed no toxicity toward murine macrophages even at high 

concentrations, while M2 showed a slight and dose-dependent cytotoxicity under these 

conditions (Figure 3.5 B&C).  
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Figure 3.5. (A) In vitro cell-viability of murine macrophages (RAW264.7) treated with M1, M2 (left) 

and P(1)-2,P(1)-4 (right) after 48 h of incubation. The experiments were carried out as triplicates. 

(B) Acetylcholinesterase assay of M1 and M2 with tacrine as positive control 
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Degradation. The location of the hydrolysis-stable P-C-linkage in the PPE backbone was 

expected to influence the hydrolytic degradation of P(1) compared to other structurally similar 

PPEs (P(3) and P(4)). In general, degradation of PPEs follows different mechanisms under 

acidic or basic conditions. In acidic media the phosphoryl bond is activated by protonation 

allowing nucleophilic attack of water on the α-carbon atoms.30 As the α-carbons in the pendant 

chains are more accessible, the pendant chains are cleaved faster than the polymer backbone. 

Under acidic conditions, no or slow degradation has been reported for most PPEs.30 In contrast, 

under basic conditions, the degradation of PPEs is induced by nucleophilic attack of hydroxyl 

anions on the central phosphorus atom leading to a trigonal bipyramidal geometry, wherein the 

axial position is preferably cleaved. Due to the pseudo rotation of phosphorus, the main chain as 

well as the pendant chain can occupy this position and are therefore cleaved with approximately 

same rates (for low molecular weight compounds).30-31 

The degradation of polymer P(1) was investigated at three different pH values (pH 1, 10, 12) and 

the degradation at pH 10 was compared to the side-chain analog P(3)-1 (Figure 3.6 (B)). For 

polymers P(1) at pH 10 and 12, the degradation proceeded in two phases. In the first phase, a 

fast degradation was observed, which slows down and reaches a plateau with different degrees 

of degradation within the second phase. The degradation of P(1) can be accelerated with 

increasing pH. While the degradation at pH 10 proceeded slowly and did not exceed 10%, even 

after 10 days, a significantly acceleration was observed at pH 12. After 5 days, degradation of 

ca. 35%, and after 12 days of 40% was observed. The cleavage of the pendant chain was 

confirmed by the appearance of ethanol signals in the 1H NMR spectra (Figure 3.6 (C) signals at 

1.06 and 3.53 ppm), whereas cleavage of the main-chain is indicated by the evolution of 

resonances at 3.79 and 1.14 ppm (Figure 3.6). 
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Figure 3.6. (A) Degradation of polymer P(1) pH 1 (0.1 M HCl containing 10% D2O) and at pH 12 

(0.01 M KOH containing 10% D2O) . (B) Degradation of P(1) compared to the analogue side-chain 

phosphonate P(3) at pH 10 (borate buffer containing 10% D2O) (Data depicted in (B) are also 

presented in chapter 4 Figure4.4) . (C) 
1
H NMR spectra (300 MHz, H2O/ D2O 9:1, 298K)  of the 

degradation of P(1)-4 at pH12. 

Under acidic conditions (pH 1), only 4% degradation was observed over a period of 40 d. The 

dramatically decelerated degradation of P(1) observed under acidic conditions is in good 

agreement with the previously reported degradation studies of poly(phosphate)s and side-chain 

poly(phosphonate)s.16, 30 In contrast to P(1), the side-chain poly(phosphonate) degraded at pH 

10 within two days completely leading to selective degradation and only one break down 

product, 2-hydroxyethyl phosphonic acid, as confirmed by 1H NMR spectroscopy. The dramatic 

different degradation behavior of the two poly(phosphonate)s may be attributed to their different 

behavior in water. While polymers P(1) aggregate in water, as described above, the side-chain 

polyphosphonate P(3) are molecularly dissolved under these conditions (Figure 3.25). The 
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aggregate formation probably leads to a shielding of the polymer from nucleophilic attacks of 

the hydroxyl anions thus leading to increased stability compared to P(3). However, this unique 

degradation behavior of different PPEs is currently under further detailed investigation. 

3 Conclusion 

In summary, the first in-chain poly(phosphonate)s prepared by ring-opening polymerization is 

rported. In contrast to previously reported phosphate and phosphonate monomers, the unique 

phostone-monomers were prepared by a single-step protocol from inexpensive phosphites and 

dibromopropane, avoiding toxic reagents. Due to a significantly lower ring-strain of the 

phostones compared to the phosphate or phosphonate analogs they can be stored at room 

temperature and show significantly improved resistance to degradation by water. The phostones 

are thus a powerful alternative to other water-soluble PPEs due to easy monomer handling. 

However, monomer purification is still crucial to efficient polymerization. Both hydrophilic and 

hydrophobic materials are accessible by variation of the pendant chains. The controlled nature of 

the polymerization was shown in detailed kinetic studies with different catalyst systems and 

different monomer to initiator ratios. The Tris-Urea/DBU catalyst combination was preferred, 

with significantly reduced reaction times of 24 h and molecular weight dispersities of ca. 1.2-1.6. 

Initial studies on the biocompatibility were carried out by treating macrophages with various 

concentrations of the hydrophilic polymer P(1) and cell viabilities of above 88% were observed 

for  polymer concentrations up to 1 g L-1. The degradation of the hydrophilic polymer in aqueous 

media was investigated at different pH values and was found to be significantly slower than the 

degradation of the corresponding side-chain phosphonate, proving that a slight structural 

difference can lead to different polymer properties. In all, these new polymers offer an intriguing 

complement to other phosphorus monomers thanks to their ease of monomer synthesis, tunable 

hydrophilicity, biocompatibility and unique degradation behavior. 
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4 Experimental 

4.1 General Information 

All chemicals and solvents were purchased from Sigma-Aldrich, Acros Organics or Fluka and 

used as received unless otherwise stated. Monomers and Initiator were distilled from MgSO4 and 

stored over molecular sieves. Deuterated solvents were purchased from Sigma-Aldrich and used 

as received. tBu[salen]AlMe was synthesized according to well established literature 

procedures.32-33  

4.2 Instrumentation and Characterization Techniques  

NMR. 
1H 13C and 31 P NMR spectra were recorded using a Bruker Avance III 250, a Bruker 

Avance 300 or a Bruker Avance III 500. All spectra were referenced internally to residual proton 

signals of the deuterated solvent. All 31P NMR spectra were recorded proton decoupled.  

FTIR. FT-IR spectra were recorded using a Thermo Scientific iS10 FT-IR spectrometer, 

equipped with a diamond ATR unit. 

SEC. For the size exclusion chromatography (SEC) measurements two different methods were 

used. Method a: SEC measurements of standard polymers were performed in DMF (containing 1 

gL-1 of lithium bromide as an additive ) at 60 °C and a flow rate of 1 mL min-1 with a PSS 

SECurity as an integrated instrument, including a set of 3  PSS GRAM columns (porosity of 100 

Å and 1000 Å) and a refractive index (RI) Detector. Calibration was carried out using 

polyethylene glycol standards provided by Polymer Standards Service. Method b: SEC 

measurements were performed in DMF (containing 1 gL-1 of lithium bromide as an additive) at 

50 °C with an Agilent 1100 Series as an integrated instrument, including a HEMA column 

(300/100/40) from MZ Analysentechnik, a UV (275 nm), and a refractive index (RI) detector. 

Calibration was carried out using poly(ethylene glycol) standards provided by Polymer 

Standards Service. 

DSC. The thermal properties of the synthesized polymers were measured by differential 

scanning calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning cycles of 

heating-cooling were performed in a N2-atmosphere 30 mL/min) with a heating and cooling rate 

of 10 °C/min. 

TGA. Thermal gravimetric analysis (TGA) was measured on a Mettler Toledo ThermoSTAR 

TGA/SDTA 851-Thermowaage in nitrogen atmosphere. The heating rate was 10 °C/min in a 

range of temperature between 25 °C and 600 – 900 °C. 
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DLS. Dynamic light scattering (DLS) measurements were performed on an ALV spectrometer 

consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator( 320 channels) 

which allows measurements over an angular range from 30° to 150. A He-Ne Laser (wavelength 

of 632.8 nm) is used as light source. For temperature controlled measurements the light 

scattering instrument is equipped with a thermostat from Julabo.  

Acetylcholinesterase Assay. Inhibition of acetylcholinesterase was tested with the colorimetric 

Acetylcholinesterase Activity Assay Kit from Sigma Aldrich. The tests were performed 

according to the general protocol.  

Determination of the cloud point. Cloud points were determined in MilliQ water and detected 

by optical transmittance of a light beam (  = 500 nm) through a sample cell with 1 cm cell 

width. The measurements were performed in a Jasco V-630 photo spectrometer with a Jasco 

ETC-717 Peltier element. The intensity of the transmitted light was recorded dependent on the 

temperature of the sample cell. The heating/ cooling rate was 1 °C min−1, and values were 

recorded every 0.1 °C. 

Density functional calculations. Ring strain energies were calculated as a difference between 

energies of cyclic molecules and its strain-free, linear counterparts. All calculations were 

performed using the B3LYP density functional aug-cc-pVTZ basis set, and the Gaussian 09 

package. Results are given in Table 3.3.  

Table 3.3. Formation energies (Hartree) of cyclic compounds and their linear counterparts, their 

differences, and relative with respect to M5 strain energies. 

compound cyclic./ Hartree linear./Hartree difference/ kcal mol
-

1 
relative strain/ 

kcal mol
-1 

M1 -764.462657486 -840.937554072 47988.68588178427 2.14 

M3 -725.130710275 -801.609109812 47990.88401506339 4.34 

M4 -800.401795679 -876.879155007 47990.231274553975 3.69 

M5 -839.73594868 -916.207427025 47986.54090479263 0 

 

4.3 Synthetic Procedures 

2-Ethoxy-1,2-oxaphospholane 2-oxide (M1). M1 was synthesized according to a literature 

procedure.20  Triethyl phosphite (131 g, 0.8 mol, 2 eq) and 1,3-dibromopropane (80 g, 0.4 mol, 
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1 eq) were combined in a round bottom flask equipped with a distillation apparatus to remove 

evolving ethyl bromide. The mixture was heated up to 120 °C until 1,3-dibromopropane was 

consumed completely (the consumption of the alkyl halide was monitored by NMR 

measurements since no solvent is used for the reaction). The crude monomer was separated from 

the oligomeric side product by distillation (55-60 °C, 0.1 mbar) and purified by fractional 

distillation. 12.5 g (0.08 mol, 20%) 2-ethoxy-1,2-oxaphospholane-2-oxide is obtained as 

colorless liquid. 
1
H NMR (300 MHz, chloroform-d) δ 4.25 – 3.96 (m, 4H, -P-O-CH2-), 2.37 – 2.06 (m, 2H), 1.90 

– 1.65 (m, 2H, -P-CH2-), 1.28 (t, J = 7.1 Hz, 3H, -CH3). 
13

C NMR (176 MHz, chloroform-d) δ 

67.26 (-O-CH2-CH2-), 62.18 (-O-CH2-CH3), 23.92 (-P-CH2-), 18.49 (-P-CH2-CH2-), 16.47 (-

CH3). 
31

P{H} NMR (121 MHz, chloroform-d) δ 49.25. FTIR (cm−1): 2988, 2904, 1451, 1415 

(P-CH2-), 1392, 1364, 1266, 1235 (P=O), 1160, 1043 (P−O−C), 980 (P−O−C), 960, 894, 807, 

775 

 

2-butoxy-1,2-oxaphospholane 2-oxide (M2). Tributyl phosphite (198 g, 0.8 mol, 2 eq) and 1,3-

dibromopropane (80 g, 0.4 mol, 1 eq) were combined in a round bottom flask equipped with a 

distillation aparatus to remove evolving butyl bromide. The mixture was heated up to 120 °C 

until 1,3-dibromopropane was consumed completely (the consumption of the alkyl halide was 

monitored by NMR measurements since no solvent is used for the reaction). The crude monomer 

was separated from the oligomeric side product by distillation and purified by column 

chromatography using ethyl acetate as eluent to remove side products. The product can be 

removed from the column by using acetone as eluent to yield 15.6 g (21%) of a colorless liquid. 
1
H NMR (300 MHz, chloroform-d) δ 4.24 – 3.94 (m, 4H, -P-O-CH2-), 2.34 – 2.02 (m, 2H), 1.92 

– 1.69 (m, 2H), 1.71 – 1.52 (m, 2H), 1.46 – 1.23 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H, -CH3). 
13

C 

NMR (176 MHz, chloroform-d) δ 67.24 (-O-CH2-CH2-), 66.16 (-O-CH2-C3H7), 32.71 (-O-CH2-

CH2-), 29.83 (-CH2-CH3), 24.12(-P-CH2-), 19.10(-P-CH2-CH2-), 13.73 (-CH3). 
31

P{H} NMR 

(122 MHz, chloroform-d) δ 49.28. FTIR (cm−1 ): 2959, 2867, 1458, 1413(P-CH2-), 1379, 1358, 

1269 (P=O), 1235, 1151, 1062, 1020 (P−O−C), 978 (P−O−C), 897, 851, 796, 737 

 

General Procedure for the ROP of M1 and M2 using TBD as catalyst. The reaction was 

conducted either in dry dichloromethane or dry toluene at different temperatures with 2-

(benzyloxy) ethanol as the initiator and TBD as the catalyst. All Schlenk-tubes were flame-dried 

prior to use. M1/M2 and a stock solution of 2-(benzyloxy) ethanol (65.7 mmol L-1) were 
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introduced into a tube via syringe. TBD was freeze-dried with benzene before use and a stock 

solution (0.36 mol L-1) in dry solvent was prepared. The initiator stock solution was added to the 

monomer and the concentration was adjusted to an overall concentration of 2 mol L-1 of 

monomer with the respective solvent. The reaction tube as well as the TBD stock solution were 

cooled down to 0 °C and the polymerization was initiated by the rapid addition of the TBD 

solution (5 equivalents in respect to the initiator) to the stirred monomer/initiator solution via 

syringe. Polymerizations were quenched by addition of an excess of acetic acid (20 mg mL-1) in 

the respective solvent. The polymers were purified by precipitation into diethyl ether or hexane 

(for (P(2)) and subsequent dialysis.  

 

General Procedure for the ROP of M1 and M2 using TU/DBU or Tris-Urea/TU. All Schlenk-

tubes were flame-dried prior to use. 2-(benzyloxy) ethanol was used as initiator. TU/Tris-Urea 

was introduced into a flame-dried Schlenk-tube, dissolved in dry benzene, and dried by 

lyophilization. M1/M2 was introduced into the Schlenk-tube. A Stock solution of the initiator 

(65.7 mmol L-1) in the respective dry solvent was prepared. A calculated amount of the initiator 

stock solution was added to the stirred solution of monomer and co-catalyst. In all cases a certain 

amount of dry solvent was added to the monomer/co-catalyst solution to give a total reaction 

concentration of 2 mol L-1. The temperatures were adjusted and the polymerization was started 

by rapid addition of DBU to the reaction mixture by a microliter syringe. The polymerizations of 

M1 with TU/DBU as catalyst were conducted with 5 equivalents in respect to the initiator. The 

polymerizations with Tris-Urea/DBU as catalyst were conducted with 2 equivalents in respect to 

the initiator for M1 and with 4 equivalents for the polymerization of M2. Polymerizations were 

quenched by addition of an excess of acetic acid in the respective solvent. The polymers were 

purified by precipitation into diethyl ether or hexane (for (P(2)) and subsequent dialysis.  

Representative NMR data for P(1) 

1
H NMR (300 MHz, Methylene Chloride-d2) δ 7.27 (d, J = 3.9 Hz, aromatic CH), 4.47 (s, 

benzyl -CH2-), 4.15 – 3.81 (m, backbone /side chain –P-O-CH2-), 2.00 – 1.60 (m, backbone  –P-

CH2-CH2-), 1.23 (t, J = 7.0 Hz, side chain –CH3).
13

C NMR (126 MHz, Chloroform-d) δ 64.91 

(-P-C2H4-CH2-), 62.00 (-O-CH2-CH3), 23.88(-P-CH2-CH2-), 21.32 (-P-CH2-CH2-), 16.48, (-

CH3). 31
P{H} NMR (121 MHz, Methylene Chloride-d2) δ 31.29, 30.87. 

Representative NMR data for P(2) 

1
H NMR (300 MHz, Methylene Chloride-d2) δ 7.26 (d, J = 4.0 Hz, aromatic CH), 4.47 (s, 

benzyl -CH2-), 4.17 – 3.77 (m, backbone /side chain –P-O-CH2-), 1.96 – 1.44 (m, backbone –P-
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CH2-CH2– and side chain –CH2-C2H5 ), 1.32 (dq, J = 14.4, 7.3 Hz, side chain -CH2-CH3), 0.86 

(t, J = 7.3 Hz, side chain –CH3).
 13

C NMR (126 MHz, Chloroform-d) 65.68 (backbone -O-CH2-

), 65.01(side chain -O-CH2-CH3), 32.58(side chain –O-CH2-CH2-), 23.94 (backbone –P-CH2-)  

21.28 (backbone –CH2-CH2-CH2-), 18.74 (side chain –CH2–CH3), 13.61 (side chain –

CH3).
31

P{H} NMR (121 MHz, Methylene Chloride-d2) δ 31.42, 30.83. 

 

Synthesis of P(1)-5. Octadecanol and TU were dried by lyophilization with benzene. M1 

(490 mg, 3.26 mmol, 40 eq) was added to the dried TU. A stock solution of octadecanol in dry 

toluene was prepared with a concentration of 0.07 mol L−1. 1.1mL (22.0 mg, 0.084 mmol, 1 eq) 

of the initiator stock solution was added to the monomer resulting in a monomer concentration 

of 3 mol L-1. The polymerization was initiated by the addition of 60 µL of DBU (62 mg, 0.41 

mmol, 5eq ). Polymerization was conducted at 0 °C and terminated after 20 h by the rapid 

addition of an excess of acetic acid dissolved in dichloromethane with a concentration of 20 mg 

mL−1. The polymer was obtained by three-times precipitation in cold diethyl ether and 

subsequent dialysis against water to yield 396 mg (77%) of a colorless amorphous polymer. 
1
H NMR (500 MHz, chloroform-d) δ 4.22 – 3.83 (m), 1.99 – 1.69 (m), 1.27 (t, J = 7.0 Hz), 0.81 

(t, J = 6.9 Hz, 3H). 31
P{H} NMR (202 MHz, chloroform-d) δ 31.43. 13

C NMR (126 MHz, 

chloroform-d) δ 64.99, 61.71, 29.68, 22.50, 21.36, 16,51. 

 

General Procedure for the kinetic studies of the ROP of M1/M2. All reaction kinetics were 

conducted at a monomer concentration of  2 mol L-1. At different time points 100 L of the 

reaction mixture was removed and terminated in 1 mL CDCl3 containing 20 mg acetic acid. 

These solutions were divided in two parts each containing 0.5 mL. One part was freed from 

solvent under reduced pressure and analyzed without further purification by SEC. The other part 

was directly analyzed by 31P NMR spectroscopy without purification to determine the 

conversion. Mn was determined by 1H NMR spectroscopy of the purified polymer sample. The 

reaction mixture was purified by three-times precipitation into diethyl ether (3x) and vacuum 

dried. 

 

Synthesis of P(3)-1. 2-ethyl-1,3,2-dioxaphospholane-2-oxide (457 mg, 3.36 mmol, 40 eq) was 

placed in a flame-dried Schlenk tube. A stock solution of octadecanol in dry toluene was 

prepared with a concentration of 0.07 mol L−1. 1.13mL (22.7 mg, 0.084 mmol, 1 eq) of the 

initiator stock solution was added to the monomer resulting in a monomer concentration of 3 
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mol L-1. The polymerization was initiated by the addition of 62 µL of DBU (64 mg, 0.42mmol, 

5eq ). Polymerization was conducted at room temperature and terminated after 19 h by the rapid 

addition of an excess of acetic acid dissolved in dichloromethane with a concentration of 20 mg 

mL−1. The polymer was obtained by three-times precipitation in cold diethyl ether and 

subsequent dialysis against water to yield 448mg (93%) of a colorless amorphous polymer. 
1
H NMR (500 MHz, chloroform-d) δ 4.38 – 4.09 (m), 1.83 (dq, J = 18.4, 7.7 Hz), 1.19 (dt, J = 

20.5, 7.6 Hz, 126H), 0.86 (t, J = 6.9 Hz). 13
C NMR (126 MHz, chloroform-d) δ 64.50, 29.69, 

19.36, 18.22.
 31

P{H} NMR (202 MHz, chloroform-d) δ 35.23. 

4.4 Spectra 

4.4.1 Monomer spectra 

 

Figure 3.7. 
13 

C NMR (J MOD) (176 MHz) of M1 in CDCl3 at 298 K. 
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Figure 3.8: IR spectrum of M1. 

 

Figure 3.9.
13 

C NMR (J MOD) (176 MHz) of M2 in CDCl3 at 298 K. 
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Figure 3.10. IR spectrum of M2. 

4.4.2 Polymer spectra 

 

Figure 3.11. 
31

P{H} NMR (121 MHz) in CDCl3 at 298 K of the polymerization of M1 with Sn(Oct)2 

after 18 h at 95°C in toluene with a ratio [M]0:[I]0:[cat.] 50:1:5.7 
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Figure 3.12. 
1
H NMR (300 MHz) of P(1)-4 in CD2Cl2 at 298 K. 

 
Figure 3.13. 

31
P{H} NMR (202 MHz) of P(1)-4 in CD2Cl2 at 298 K. The spectra shows 2% of residual 

monomer at 49.3 ppm. 
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Figure 3.14. 
13

C NMR (126 MHz) of P(1)-1 in CDCl3 at 298 K. 

 

 
Figure 3.15. 

1
H NMR (300 MHz) of P(2)-3 in CDCl3 at 298 K. 
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Figure 3.16. 
31

P{H} NMR (121 MHz) of P(2) with DP=75 (product of the reaction kinetic with Tris-

Urea/DBU) in CD2Cl2 at 298 K.  

 

Figure 3.17.
13

C NMR (126 MHz) of P(2)-3 in CDCl3 at 298 K. 
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4.5 SEC-Elugrams 

10 12 14 16 18 20 22 24 26 28 30 32 34

Elution Volume / mL

 P(1)-1

 P(1)-2

 P(1)-3

 P(1)-4

 
Figure 3.18. SEC-elugrams of polymers P(1)-1in DMF at 50°C (method b). 

10 12 14 16 18 20 22 24 26 28 30 32 34

 P(2)-1

 P(2)-2

 P(2)-3

Elution Volume / mL  

Figure 3.19. SEC-elugrams of polymers P(2) in DMF at 60°C (method a). 
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4.6 Thermal Characterization 
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Figure 3.20. TGA measurements of polymers P(1). 
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Figure 3.21. TGA thermograms of polymers P(2).  
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Figure 3.22. DSC thermograms of polymers P(2) at a heating rate of 10 K min
-1

 (depicted is the 

second heating phase). 
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Figure 3.23. DSC thermograms of Poly(2)-polymers P(1) at a heating rate of 10 K min
-1

 (depicted is 

the second heating phase second heating).  
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Figure 3.24. (a) Turbidity measurements of P(1)-4 in H2O at a heating rate of 1°C min

-1
 

.Transmission was measured at 500 nm for two concentrations (5, 10 g L
-1

). (b) DLS measurements 

for P(1)-4 in H2O at a concentration of 5 g L
-1

 showed the formation of aggregates with 

hydrodynamic radii of ~120 nm.   
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Figure 3.25. DLS measurements for P(3) DP=50 in H2O at a concentration of 10 g L
-1

. 
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4.7 Kinetic studies for the polymerization of M1 

4.7.1 Kinetic studies with TBD 

 
Figure 3.26. (a) Kinetic plots of (ln([M]0/[M]t)) vs time obtained from 

31
P NMR spectra for the 

polymerization of M1 with TBD as catalyst at r.t., 0 °C, -20 °C. The ratio of monomer : initiator : 

catalyst was 100 : 1 : 5 (data listed in Table 3.4). (b) Linear area of the conversion (ln([M]0/[M]t)) vs 

time. 

Table 3.4. Kinetic data for the polymerization of M1 by organocatalytic ROP using 2-

(benzyloxy)ethanol as initiator and TBD as catalyst at different temperatures. Polymerizations were 

conducted at a monomer concentration of 2 mol L
-1

. 

# 

 

[M]0/[I]0/[cat.] T / °C solvent Time / min Conv. 
a
 / % DP

 

b
 

Mn
a 

Mn
b
/ 

gmol
-1 

Đc 

1 100:1:5 0 tol 2 7 n.d. 1200 n.d. n.d. 

2 100:1:5 0 tol. 5 12 n.d. 2000 n.d. 1.10 

3 100:1:5 0 tol. 8 15 n.d. 2400 n.d. 1.17 

4 100:1:5 0 tol. 30 40 53 6200 8100 1.41 

5 100:1:5 0 tol. 45 52 n.d. 8000 n.d. 1.41 

6 100:1:5 0 tol. 60 60 71 9200 10800 1.49 

7 100:1:5 0 tol. 90 71 82 10800 12500 1.63 

8 100:1:5 0 tol. 150 84 n.d. 12800 n.d. 1.76 

9 100:1:5 0 tol. 210 88 93 13400 14100 1.71 

10 100:1:5 0 tol. 270 87 n.d. 13200 n.d. n.d. 
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11 100:1:5 r.t. tol. 2 10 n.d. 1700 n.d. 1.12 

12 100:1:5 r.t. tol. 5 18 n.d. 2900 n.d. 1.23 

13 100:1:5 r.t. tol. 8 27 37 4200 5700 1.22 

14 100:1:5 r.t. tol. 15 43 52 6600 8000 1.32 

15 100:1:5 r.t. tol. 30 62 67 9500 10200 1.43 

16 100:1:5 r.t. tol. 45 72 75 11000 11410 1.46 

17 100:1:5 r.t. tol. 60 77 78 11700 11900 1.44 

18 100:1:5 r.t. tol. 90 82 81 12500 12300 1.52 

19 100:1:5 r.t. tol. 150 85 86 12900 13100 1.58 

20 100:1:5 r.t. tol. 240 86 86 13100 13100 n.d. 

21 100:1:5 r.t. tol. 270 86 n.d. 13100 n.d. 1.60 

22 100:1:5 -20 tol. 2 4 n.d. 800 n.d. 1.05 

23 100:1:5 -20 tol. 5 6 n.d 1100 n.d 1.08 

24 100:1:5 -20 tol. 8 9 n.d. 1500 n.d. 1.09 

25 100:1:5 -20 tol. 15 13 n.d. 2100 n.d. 1.12 

26 100:1:5 -20 tol. 30 23 n.d. 3600 n.d. 1.19 

27 100:1:5 -20 tol. 45 31 34 4800 5300 n.d. 

28 100:1:5 -20 tol. 60 38 53 5900 8100 1.29 

29 100:1:5 -20 tol. 90 49 n.d. 7500 n.d. 1.37 

30 100:1:5 -20 tol. 150 65 67 9900 10200 1.60 

31 100:1:5 -20 tol. 240 79 79 12000 12000 1.65 

32 100:1:5 -20 tol. 330 85 n.d. 12900 n.d. 1.75 

33 100:1:5 -20 tol. 390 89 n.d. 13500 n.d. 1.83 

34 100:1:5 -20 tol. 510 92 n.d. 14000 n.d. 1.81 

35 100:1:5 -20 tol. 570 93 n.d. 14100 n.d. 1.89 

Conv.a:  monomer conversions were obtained from 31P NMR spectra on aliquots taken from the 

polymerization mixtures. DP, Mn
a were calculated from the monomer conversion obtained by 31P 
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NMR spectroscopy. Mn
b was calculated from the monomer to initiator ratio based on 1H NMR 

of the purified aliquots. Đ c was measured by SEC calibrated using PEG standards. 

 

4.7.2 Kinetic studies with TU/DBU 

 

 

Figure 3.27. (a) Kinetic plots of (ln([M]0/[M]t)) vs time obtained from 
31

P NMR spectra for the 

polymerization of M1 with TU/DBU as catalyst system with different ratios of [M]0/[I]0/[cat.] (data 

listed in Table 3.5). (b) Linear fit of the conversion (ln([M]0/[M]t)) vs time. 

Table 3.5. Kinetic data for the polymerization of M1 by organocatalytic ROP using 2-(benzyloxy) 

ethanol as initiator and a DBU/TU as catalyst with different ratios of [M]0/[I]0/[cat.]. 

Polymerizations were conducted at a monomer concentration of 2 mol L
-1

. 

# [M]0:[I]0:[cat.] T / °C solvent Time / h Conv. 
a
 / % DP

a
 Mn

a
/ 

gmol
-1 

Mn
b
/ 

gmol
-1 

Đc 

1 50:1:5 0 tol. 0.5 10 n.d. 900 n.d. n.d. 

2 50:1:5 0 tol. 1 14 n.d. 1200 n.d. 1.05 

3 50:1:5 0 tol. 2 21 23 1800 3600 1.14 

4 50:1:5 0 tol. 5 38 23 3000 3600 1.23 

5 50:1:5 0 tol. 8 49 27 3900 4200 1.28 

6 50:1:5 0 tol. 12 59 n.d. 4700 n.d. 1.35 

7 50:1:5 0 tol. 18 70 n.d. 5400 n.d. 1.39 

8 50:1:5 0 tol. 24 77 n.d. 6000 n.d. 1.45 
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9 50:1:5 0 tol. 28 80 39 6200 6000 1.45 

10 50:1:5 0 tol. 34.5 83 n.d. 6500 n.d. 1.48 

11 50:1:5 0 tol. 46 87 n.d. 6600 n.d. 1.48 

12 50:1:5 0 tol. 57 89 n.d. 6900 n.d. n.d. 

13 50:1:5 0 tol. 76.25 90 n.d. 6900 n.d. n.d. 

14 100:1:5 0 tol. 0.5 6 n.d. 1100 n.d. n.d. 

15 100:1:5 0 tol. 1 11 n.d. 1800 n.d. n.d. 

16 100:1:5 0 tol. 2 14 n.d. 2300 n.d. 1.14 

17 100:1:5 0 tol. 3 20 31 3200 4800 1.18 

18 100:1:5 0 tol. 5 28 n.d. 4400 n.d. 1.29 

19 100:1:5 0 tol. 8 38 n.d. 5900 n.d. 1.32 

20 100:1:5 0 tol. 12 48 43 7400 6600 1.36 

21 100:1:5 0 tol. 18 59 60 9000 9200 1.34 

22 100:1:5 0 tol. 24 66 n.d. 10100 n.d. 1.45 

23 100:1:5 0 tol. 28 70 n.d. 10700 n.d. 1.46 

24 100:1:5 0 tol. 34.5 75 n.d. 11400 n.d. 1.50 

25 100:1:5 0 tol. 46 81 80 12300 12200 1.55 

26 100:1:5 0 tol. 57 85 n.d. 12900 n.d. n.d. 

27 100:1:5 0 tol. 76.25 87 n.d. 13200 n.d. 1.69 

28 100:1:5 0 tol. 96.5 90 n.d. 13700 n.d. 1.67 

29 100:1:5 0 tol. 118 91 n.d. 13800 n.d. 1.64 

Conv.a:  monomer conversions were obtained from 31P NMR spectra on aliquots taken from the 

polymerization mixtures. Mn
a was calculated from the monomer conversion obtained by 31P 

NMR spectroscopy. Mn
b was calculated from the monomer to initiator ratio based on 1H NMR of 

the purified aliquots. Đ c was measured by SEC calibrated using PEG standards. 
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4.7.3 Kinetic studies with Tris-Urea/DBU 

 

Figure 3.28. Kinetic plots of (ln([M]0/[M]t)) vs time obtained from 
31

P NMR spectra for the 

polymerization of M1 with Tris-Urea/DBU as catalyst system with different in different solvents 

(data listed in Table 3.6). (B) Linear fit of the conversion (ln([M]0/[M]t)) vs time. 

 

Table 3.6. Kinetic data for the polymerization of M1 by organo catalytic ROP using 2-

(benzyloxy)ethanol as initiator and a DBU/TU as catalyst with different ratios of [M]0/[I]0/[cat.] 

# [M]0/[I]0/[cat.] T / °C solvent Time / h Conv. 
a
 / % DP

a
 Mn

a
/ 

gmol
-1 

Mn
b
/ 

gmol
-1 

Đc 

1 100:1:2 0 tol 0.33 8 n.d. 1400 n.d. n.d. 

2 100:1:2 0 tol 0.5 10 n.d. 1700 n.d. n.d. 

3 100:1:2 0 tol 1 17 n.d. 2700 n.d. n.d. 

4 100:1:2 0 tol 1.5 22 n.d. 3500 n.d. n.d. 

5 100:1:2 0 tol 3 38 44 5900 6800 n.d. 

6 100:1:2 0 tol 5 52 58 8000 8900 n.d. 

7 100:1:2 0 tol 7 63 69 9600 10500 1.36 

8 100:1:2 0 tol 11 76 79 11600 12000 1.33 

9 100:1:2 0 tol 23 87 87 13200 13200 1.40 

10 100:1:2 0 tol 30 87 n.d. 13200 n.d. 1.40 
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11 100:1:2 0 DCM 0.75 45 52 6900 8000 1.26 

12 100:1:2 0 DCM 1.5 67 71 10200 10810 1.46 

13 100:1:2 0 DCM 3 79 77 12000 11700 1.53 

14 100:1:2 0 DCM 4 81 78 12300 11900 1.53 

15 100:1:2 0 DCM 5 81 n.d. 12300 n.d. 1.38 

16 100:1:2 0 DCM 6 81 81 12300 12300 1.44 

17 170:1:2 0 tol. 14.5 63 n.d. 9600 n.d. n.d. 

18 170:1:2 0 tol. 20 73 147 18800 22200 n.d. 

19 170:1:2 0 tol. 26.5 82 150 21200 22700 n.d. 

20 170:1:2 0 tol. 38.5 88 166 22700 25100 1.56 

Conv.a:  monomer conversions were obtained from 31P NMR spectra on aliquots taken from the 

polymerization mixtures.  Mn
a was calculated from the monomer conversion obtained by 31P 

NMR spectroscopy. Mn
b was calculated from the monomer to initiator ratio based on 1H NMR of 

the purified aliquots. Đ c was measured by SEC calibrated using PEG standards. 
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4.8 Kinetic studies for the polymerization of M2 

 

Figure 3.29. Plots of monomer conversion (ln([M]0/[M]t)) vs time obtained from 
31

P NMR spectra 

for the polymerization of M2 with TBD (A) and DBU/Tris-Urea (B). The ratio of monomer : 

initiator : catalyst was 100 : 1 : 5 for (A) and 100 : 1 : 4 for (B). 

 

 
Figure 3.30. Kinetic plots of (ln([M]0/[M]t)) vs time obtained from 

31
P NMR spectra for the 

polymerization of M2 with Tris-Urea/DBU and TBD as catalyst. The ratio of monomer : initiator : 

catalyst was 100 : 1 : 5 for the polymerization with TBD and 100:1:4 for the polymerization with 

Tris-Urea/DBU (data listed in Table 3.7). (b) Linear fit of the conversion (ln([M]0/[M]t)) vs time. 
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Table 3.7. Kinetic data for the polymerization of M2 by organo catalytic ROP using 2-

(benzyloxy)ethanol as initiator. 

# cat [M]0:[I]0:[cat] T / 

°C 

solvent Time 

/ h 

Conv.
a
  

/ % 

DP
a 

Mn
a 

/gmol
-1

 

Mn
b
/ 

gmol
-1 

Đc 

1 TrisU/DBU 100:1:4 0 tol. 1 21 n.d. 3900 n.d. n.d. 

2 TrisU/DBU 100:1:4 0 tol. 2,5 40 n.d. 7300 n.d. 1.15 

3 TrisU/DBU 100:1:4 0 tol. 4 55 n.d. 10000 n.d. 1.32 

4 TrisU/DBU 100:1:4 0 tol. 8 77 n.d. 13900 n.d. 1.47 

5 TrisU/DBU 100:1:4 0 tol. 21 90 94 16200 16900 1.50 

6 TBD 100:1:5 0 DCM 0.08 12 n.d. 2300 n.d. 1.21 

7 TBD 100:1:5 0 DCM 0.25 25 n.d. 4600 n.d. 1.40 

8 TBD 100:1:5 0 DCM 0.5 41 48 7500 8700 1.52 

9 TBD 100:1:5 0 DCM 1 63 60 11400 10800 1.59 

10 TBD 100:1:5 0 DCM 1.5 73 68 13200 12300 1.82 

11 TBD 100:1:5 0 DCM 2.5 84 86 15100 15500 1.83 

12 TBD 100:1:5 0 DCM 6.8 84 86 15100 15500 1.94 

Conv.a:  monomer conversions were obtained from 31P NMR spectra on aliquots taken from the 

polymerization mixtures.  Mn
a was calculated from the monomer conversion obtained by 31P 

NMR spectroscopy. Mn
b was calculated from the monomer to initiator ratio based on 1H NMR of 

the purified aliquots. Đ c was measured by SEC calibrated using PEG standards. 
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4.9 Degradation studies 

Degradation studies were conducted in NMR tubes and followed by 1H and 31P NMR 

spectroscopy. For the degradation at pH 12 a 0.01 M KOH solution was prepared containing 

10% D2O. The polymer (3.5 mg) was dissolved in 0.7 mL 0.01 M KOH and incubated at r.t.  

For the degradation at pH 1 a 0.1 M HCl solution was prepared containing 10% D2O and 3.5 mg 

of polymer were incubated in 0.7 mL at r.t. 

The degradation at pH 10 was conducted in 0.15 M Na2B4O7/NaOH buffer. 3.5 mg of polymer 

were incubated in 0.7 mL buffer at r.t.  

4.9.1 Degradation of P(1) at pH 1 

 

Figure 3.31. 
31

P NMR spectra (H2O/ D2O (9:1), 121 MHz, 298K) of the degradation of P(1)-4 at pH 

1 at different time points. After 6 days the evolution of a signal at 32.36 ppm indicates starting 

degradation. 
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4.9.2 Degradation of P(1) at pH 12 

 

Figure 3.32. Overlay of the 
31

P NMR spectra (H2O/ D2O (9:1), 121 MHz, 298K) during the 

degradation of P(1)-4 at pH 12 at different time points. 
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Figure 3.33. 

1
H NMR spectrum (300MHz) of the degradation of P(1)-4 after 39 days in D2O at 298K. 

4.10 Degradation of P(3) at pH 10 

 
Figure 3.34. 

31
P NMR spectra (H2O/ D2O (9:1), 121 MHz 298K) of the degradation of polymer P(3) 

at pH 10 
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Figure 3.35. 

1
H NMR spectrum (300MHz) of the final breakdown product of P(3) at pH 10 in D2O at 

298K 



Polymerizing phostones: A fast way to in-chain poly(phosphonate)s with adjustable 

hydrophilicity 

 

 
176 
 
 

4.11 Monomer stability in D2O  

 
Figure 3.36: 

31
P NMRs M4 (A), M3 (B), M1(C) in CDCl3 and D2O MHz 
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Chapter 4 

 

Polyphosphoester stealth surfactants: A general strategy to control 
the protein corona and the fate of nanocarriers 
 

Foreword 

The following project was accomplished in cooperation with Johanna Simon1, who did the 

biological evaluation of the prepared nanoparticle dispersions. 

Protein structures depicted in the graphic below were obtained as free download from RCSB 

Protein Data Bank and are based on reference 1 for fibrinogen and on reference 2 for albumin.  

 
1
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

Abstract 

 

 

Nanoparticles with long blood circulation times are crucial for efficient drug delivery. A critical 

parameter for the circulation time is the so-called protein ‘corona’, which forms upon exposure 

to biological fluids by physical adsorption of proteins. An unspecific adsorption of proteins leads 

to an enhanced recognition by cells of the immune system and to decreased blood circulation 

times. The typical approach to meet this problem is the decoration of the nanocarrier surface 

with polymer chains. Herein, the non-covalent adsorption of structurally diverse PPE-surfactants 
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is exploited to prepare stealth nanocarriers and to tailor their protein corona. Four PPE-

surfactants exhibiting different binding patterns around the central phosphorus atom of each 

repeat unit were prepared and assembled on the surface of nanocarriers consisting of different 

materials, i.e. polystyrene, poly(methyl methacrylate) and human serum albumin. The surfactant 

coated nanocarriers were evaluated with regard to their protein corona composition and cellular 

uptake against murine macrophages. The prepared PPE-surfactants were investigated in detail 

concerning their biocompatibility and hydrolytic degradation under basic conditions. 

1 Introduction 

The intended use of nanomaterials as drug carriers requires precise control of their biological 

‘fate’ after administration. A long blood circulation time of the nanomaterials is crucial for an 

efficient targeted delivery.3 A critical parameter for the circulation time is the so-called protein 

‘corona’, which forms immediately around the nanocarrier upon exposure to biological fluids by 

physical adsorption of proteins.4 An unspecific adsorption of proteins leads to an enhanced 

recognition by cells of the immune system thus leading to enhanced blood clearance and lower 

blood circulation times.5 The typical approach to meet this problem is the decoration of the 

nanocarrier surface with polymer chains, typically poly(ethylene glycol) (PEG).6 It is thought 

that PEG can reduce the protein adsorption, which lowers the recognition of the nanocarriers by 

immune cells and thus prolongs their blood circulation time.7 Prolongation of the blood 

circulation by reducing the amount of unspecific protein adsorption is known as the ‘stealth 

effect’.8  

However, since PEG is non-biodegradable, accumulation has been reported causing 

unpredictable risks.9-10 The use of biodegradable polymers can meet the problem of unwanted 

accumulation. Polyphosphoesters (PPE) are a class of biodegradable polymers, which are 

especially appealing as alternatives to PEG since they are not only biodegradable but also 

provide the possibility of precisely tailored characteristics due to the pentavalency of the 

phosphorus atom.11-12 Recently, poly(phosphoester)s were identified to induce a similar stealth 

effect as PEG.13 In recent studies, the PPE- or PEG-chains were covalently attached to the 

nanocarrier. The covalent attachment of such water-soluble polymers to the nanoparticles 

surface was achieved via grafting-to techniques of suitable end functionalized polymers. 

However, the covalent attachment of polymer chains to the nanocarrier surface requires careful 

preparation in order to retain the stability of the dispersion and achieve a high grafting density. 

https://www.dict.cc/englisch-deutsch/unpredictable.html
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More importantly, every nanocarrier requires a tailored strategy for its surface modification, 

depending on the functional groups on the surface.  

Recently, first experiments demonstrated that polystyrene nanoparticles stabilized with PPE-

surfactants exhibited a similar protein corona compared to the polystyrene nanoparticles 

modified by covalent attachment of PPEs.3  

Herein, we exploit the non-covalent adsorption of a library of structurally diverse PPE-

surfactants to prepare stealth nanocarriers. The non-covalently modified nanocarriers were 

analyzed with regard to their cellular uptake against murine macrophages and the composition of 

their protein corona. Macrophages are cells of the immune system and responsible for the 

detection and efficient clearing of foreign molecules from the blood. For nanoparticles, 

therefore, it is important to be well-camouflaged against the recognition by macrophages to 

avoid rapid blood clearance. Importantly, this strategy should allow the camouflage of basically 

any nanocarrier, which is demonstrated here with PS, PMMA, and HSA as the carrier materials.  

Furthermore, the PPE platform allows the synthesis of hydrophilic polymers with striking 

different properties, regarding degradation rates and products. Different PPE-surfactants were 

used to influence the composition of the protein corona and control the stability of the PPEs. 

Surfactant is an acronym for surface active agent and literally means active at surfaces.14 Here, 

they act to reduce and control the protein adsorption from human blood plasma on nanocarriers. 

Surfactants adsorb on hydrophobic surfaces from aqueous solutions via hydrophobic 

interactions. In case of the nanoparticle coating, the hydrophobic part of the surfactant (long 

alkyl chain) adsorbs to the particle surface while the hydrophilic part is extended into the 

aqueous surrounding producing a hydrophilic particle surface by a simple means. 

2 Results & Discussion 

Surfactant Preparation. Four different nonionic poly(phosphoester)-surfactants were prepared 

and were assembled on the surface of different polymer nanoparticles. The surfactants were 

prepared in a single step by the anionic ring-opening polymerization (ROP) of different cyclic 

phosphoester monomers (producing water-soluble polymers), initiated by octadecanol as the 

hydrophobic tail. The PPE surfactants differ in their hydrophilic part, exactly in the binding 

pattern around the central phosphorus atom of each repeating unit (Scheme 4.1). Here, the 

synthesized PPEs belong to two different PPE-subclasses, i.e. the poly(phosphate)s (Scheme 4.1, 

S1 and S4) and the poly(phosphonate)s while it has to be distinguished between in-chain 

(Scheme 4.1, S2) and side-chain poly(phosphonate)s (Scheme 4.1, S3). The different binding 
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motifs influence the hydrophilicity/hydrophobicity of the PPEs and especially influence the 

degradation behavior dramatically.15-16 In this study, the influence of the different binding 

patterns on the surfactant properties is evaluated in detail concerning their stabilizing ability, 

toxicity, protein interaction, stealth and degradation behavior and compared to the well-

established Lutensol® AT50. 

 

 

Scheme 4.1. General scheme for the synthesis of polyphosphoester-surfactants with different 

binding motifs. 

5-membered cyclic phosphates, phosphonates and phostones are the monomers used herein. In 

case of the cyclic phosphates, two different monomers were used one carrying a methyl ester 

(MEP) and the other one an ethyl ester (EEP) as pendant chain. Polymers of EEP have been used 

previously for the covalent surface modification of polystyrene nanoparticles and were the first 

polymers to demonstrate the stealth properties of PPEs. However, surfactant S4 prepared from 

EEP exhibited a temperature dependent solubility in water and PBS, due to the C18- tail. 

Especially the cloud point of the surfactants in PBS is pertinent since it has a similar ionic 

strength as cell culture medium used for all cellular uptake studies performed within this study. 

In PBS, a cloud point for S4 of Tcp= 29 °C (Figure 4.33) was determined that is below the 
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physiological temperature of 37 °C. For cellular experiments, lower critical solution 

temperatures (LCST) above 37 °C are needed to prevent precipitation of the surfactant. In order 

to increase the hydrophilicity of the polyphosphate ‘head’, MEP was used. Due to its more 

hydrophilic pendant chain it was supposed to show no or at least a higher LCST compared to 

PEEP-surfactants. Indeed, temperature dependent turbidity measurements showed no 

precipitation of S1 upon heating (Figure 4.32). The usage of phostones - cyclic phosphonates 

with the stable P-C-bond within the ring-structure - as monomers for the synthesis of PPEs was 

established in the course of this dissertation. The prepared polymers were found to be highly 

water-soluble up to concentration of at least 10 g L-1 and thus are potentially suitable for 

biomedical applications. Furthermore, the changed backbone structure in the PEPP-polymers 

avoids the potential release of toxic ethylene glycol upon degradation. We also prepared side-

chain phosphonates recently which exhibit faster kinetics compared to the other two PPE-

classes: 2-ethyl-1,2-oxaphospholane 2-oxide (EEPn) was used herein as representative of the 

phosphonates. 

All monomers were polymerized via organocatalytic ROP. Polymerizations of the cyclic 

phosphates and the phostone were conducted using a combination of 1,8- 

diazabicyclo[5.4.0]undec-7-ene (DBU) and N-cyclohexyl-N′- (3,5-

bis(trifluoromethyl)phenyl)thiourea (TU) as the catalyst. Polymerizations were initiated at 5 °C 

to avoid initiator precipitation and were subsequently cooled down to 0 °C. For the phosphates 

and the phostone molecular weight distributions of Đ ≈ 1.2-1.5 were obtained. In contrast, 

polymerization of the phosphonate EEPn was carried out at ambient temperature over a period of 

17 h using DBU as single catalyst yielding polymers with narrow molecular weight distributions 

(Đ ≈ 1.10). Typically, polymerizations of phosphonates lead to narrow molecular weight 

distributions due to stable P-C-bond in the pendant chain avoiding a high amount of 

transesterfication. All surfactants were purified by precipitation from diethyl ether and 

subsequent dialysis against water. Molecular weight distributions of the surfactants were 

determined by size exclusion chromatography (SEC) while 1H NMR spectroscopy (Figure 4.1) 

was used to determine the number of repeat units.  
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Figure 4.1. 1H NMRs of the surfactants 1-4. (a) 1H NMR of S1 (500 MHz, CDCl3, 298 K). (b) 1H 

NMR of S2 (500 MHz, CDCl3, 298 K). (c) 1H NMR of S3 (500 MHz, CDCl3, 298 K). (a) 1H NMR of 

S4 (300 MHz, CDCl3, 298 K).  

The number of repeat units was determined by comparison of the integration of the initiator 

signals with signals that can be ascribed to the PPE part. The initiator shows a characteristic 

triplet at 0.86 ppm (Figure 4.1) that can be ascribed to the terminal methyl group and was thus 

normalized to three. For the determination of the amount of repeat units, this signal was 

compared with distinct resonances for the PPE-part. For S1 (Figure 4.1(a)) the signal at 

3.81 ppm was used which belongs to the pendant methoxy group. For S2 (Figure 4.1 (b)) the 

signal at 1.32 ppm, which belongs to the methyl group in the pendant chain and the analogous 

signal at 1.34 ppm was used for S4 (Figure 4.1(d)). The repeat units in S3 (Figure 4.1 (c)) were 

determined by comparison of the initiator signals with the signal at ppm that can be attributed to 

the methylene group in the pendant chain adjacent to the phosphorus atom. Table 4.1 provides 

an overview over the properties of the prepared PPE-surfactants. The critical micelle 

concentrations (CMC) of the PPE-surfactants were determined by ring-tensiometry and were in 
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the range between 4.2 and 5.8 µmol L-1. Thus, the determined CMCs are in the same order like 

the CMC of Lutensol® AT50. Surface tensions above the CMC were found to be in the range 

between 37 and 45 mN m-1. 

Table 4.1. Overview over synthesized surfactants 

Surfactant Monomer Repeat Unitsa 
Mn

a / gmol-1 CMCb /  µmol L-1 
γ / mN m-

1 

S1 

 

35 5100 5.3 ± 1.8 44b 

S2 

 

40 6300 4.8 ± 0.9 37 b 

S3 

 

41 5850 5.8 ± 1.5 45 b 

S4 

 

35 5600 4.2 ± 1.3 44 b 

Lutensol® 

AT50c  
50 2500 2.5 48c 

a: Determined by 1H NMR spectroscopy. b: Determined by ring tensiometry. c: surface tension 

for c=1 gL-1 (data was retrieved from the data sheet provided by BASF). 

 

The aim of this project was the modification of polymeric nanoparticles with the prepared PPE-

surfactants to prolong their blood circulation time for potential in vivo applications. However, 

for polymers used in biomedical applications it is necessary to show no toxic side effects. 

Surfactants are known to target effectively cell membranes leading to membrane damage and in 

the worst case to cell lysis.17-18 In general, their cytotoxicity is dependent on the nature and the 

structure of the surfactant and it was found that nonionic surfactants show the least cytotoxicity 

in the order as cationic > anionic > zwitterionic > nonionic.19 However, the cytotoxicity of the 
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prepared PPE-surfactants S1-S4 was evaluated in vitro against murine macrophages (RAW 

264.7) and compared to the commercial surfactants, Lutensol® AT50 and SDS (Figure 4.2). 

Macrophages were used to evaluate the cytotoxicity of the prepared surfactants since they were 

used for all following cellular uptake studies. The cells were incubated for 12 h at 37 °C with the 

surfactants at concentrations ranging from 1.88 to 240 µmol L-1. The results of the toxicity test 

are depicted in Figure 4.2. 
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Figure 4.2. In vitro cell-viability assay of RAW 264.7 cells treated with surfactants S1-4, SDS and 

Lutensol® AT50 after 12 h of incubation. The experiments were carried out as three independent 

replicates. (Experiments depicted in this figure were conducted by Johanna Simon.) 

For SDS no cytotoxic effects were observed in the evaluated concentration range. This 

observation is probably due to the fact that the considered concentrations are below the critical 

micelle concentration of SDS which amounts to 7-10 mmol L-1. In contrast, Lutensol® AT50 

showed the highest cytotoxicity of the evaluated surfactants. Lutensol® AT50 has a low CMC of 

2.5 µmol L-1 which is exceeded by far in the conducted test. The low cell viabilities for the 

highest concentrations were expected since it is known, that surfactants far above their CMC can 
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induce cell lysis.20 At high concentrations of 240 - 60 µmol L-1 nearly entire cell death was 

observed, while abruptly increased cell viabilites were observed upon 30 µmol L-1. Surfactants 

S1 and S2 showed in concentrations ranging from 240 – 30 µmol L-1 slightly toxic effects, while 

high cell viabilities were observed for concentrations from 30 µmol L-1 on. Surfactants S3 and 

S4 showed not cytotoxic effects in all considered concentrations. However, in case of S4 the low 

cytotoxicity can probably be ascribed to partial precipitation of the surfactant during the 

incubation at 37 °C. S3 showed no toxic effects up to the highest concentration of 240 µmol L-1.  

Nevertheless, a major aspect of this project was the characterization of the surfactant coated 

nanoparticles with regard to their behavior in biological fluids, herein in human blood plasma. 

Surfactants are known to effectively denature proteins that can influence the particle protein 

interaction when getting in contact.21 Thus, the interactions of the PPE-surfactants with blood 

proteins were evaluated and compared with SDS and Lutensol® AT50. Two proteins were 

chosen to evaluate the interactions, i.e. human serum albumin as the most abundant protein in 

human blood and fibrinogen being the most abundant protein in the corona of unmodified 

polystyrene nanoparticles.3, 13 For the cellular uptake studies in presence of proteins, the 

nanoparticles are incubated in human blood plasma for 1 h at 37 °C containing 0.03 - 0.1 µmol 

PPE-surfactants. To simulate the incubation step as accurately as possible, protein 

concentrations were applied according to their concentration in human blood plasma. Thus, HSA 

was applied in a concentration of 60 mg mL-1 while fibrinogen was applied in a lower 

concentration of 10 mg mL-1.22 The proteins were separately incubated with the surfactants at 37 

°C in a concentration range of 0.02 – 0.1 µmol mL-1 according to the concentration range used 

for the particle modification. The protein/surfactant interaction for different surfactant 

concentrations, was determined by label-free differential scanning fluorimetry (nanoDSF).23 

Depending on the protein structure the thermal unfolding process led to changes in fluorescence 

emission properties which are monitored at two wavelengths (350 nm and 330 nm). The shift in 

fluorescence emission was plotted as the ratio of 350 nm and 330 nm against the heating 

temperature. As references, the distance between the curve of the native and the fully denatured 

protein was used and the other measurements are normalized to this value. Figure 4.3 depicts the 

results of the surfactant/protein interaction determined by nanoDSF. 

https://en.wikipedia.org/wiki/Thermal_Shift_Assay
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Figure 4.3. Protein surfactant interaction. Interaction of HSA (A) and fibrinogen (B) with SDS, 

Lutensol and the PPE-surfactants S1-S4. 

Figure 4.3 (a) shows for all considered surfactants a concentration dependent denaturation of 

HSA with the highest amount of denatured protein for the highest surfactant concentration. 

However, for HSA the highest denaturation was observed for Lutensol® AT50 and S3 with 

~23% of denatured protein for the highest concentrations. SDS and S2 showed lower effects on 

the protein denaturation with a maximum denaturation of ~15% for the highest concentration. In 

contrast, for S4 significantly lower amounts of denatured protein were observed. This can 

probably be attributed to its Tcp= 29 °C, which probably led to precipitation of the surfactant 

during the incubation step at 37°C and therefore causes only slight denaturation of HSA. The 

same measurement was conducted for fibrinogen (Figure 4.3 (b)) with significantly different 

results. In case of SDS, an almost linear increase of denatured protein was observed with 

increasing concentration culminating in a maximum denaturation of ~60 %. The highest 

interaction of fibrinogen with SDS was expected since it is the most abundant protein in the 

corona of SDS-stabilized nanoparticles. In contrast, the polymeric PPE-surfactants and 

Lutensol® AT50 showed no concentration-dependent denaturation of fibrinogen. For the 

surfactants S1 and S2, very low amount of denatured fibrinogen can be detected. 

 

Surfactant degradation. The objective of the degradation study in this project was the 

evaluation of the influence of the different polymer structures on the degradation rate. Detailed 

investigations on the degradation of different PPEs, concerning their degradation products and 

degradation mechanism, were conducted using non-amphiphilic homopolymers and are 

discussed in chapter 6. Polyesters are known to degrade faster with increasing pH.24 Therefore, 
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degradation of the surfactants was performed under basic conditions in order to keep the 

degradation studies in a reasonable time fame. Upon ester cleavage within the degradation 

process phosphoric or phosphonic acids are formed which lead to a decrease of the pH. 

Therefore, to guarantee a constantly basic pH throughout the whole degradation time, a borate 

buffer at pH 10 (0.15 M) was applied. The degradation for each surfactant was conducted at 

ambient temperature in a NMR tube and the degradation progress was monitored by 1H and 31P 

NMR spectroscopy. The quantitative evaluation of the degradation was performed using the 31P 

NMR spectra by comparing the integrals of the polymer signal with the integrals of the newly 

evolved signals. For surfactants S1, S2, and S4, ester cleavage can occur either in the side chain 

or in the main chain, while for S3 ester cleavage can only occur in the polymer backbone. For 

surfactants S1 and S4 phosphoric diesters are formed upon ester cleavage and can be 

distinguished from the triester (polymer) by 31P NMR spectroscopy. Analogously, for S2 and S3 

a phosphonic monoester is built upon ester cleavage that can also be distinguished from the 

phosphonic diester (polymer) by 31P NMR spectroscopy. Quantification of the degradation was 

achieved by comparing the integrals of the degradation product (diester/monoester) signals with 

the polymer (triester/diester) signals (Figure 4.4). 
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Figure 4.4. Degradation of PPE-surfactants S1-S4 at pH 10. The degradation was quantified by 

31P{H} NMR spectra recorded at different time points over a period of 18 days. The degradation 

curve was obtained by integration of the phosphorus triester/diester (polymer) and 

diester/monoester (degradation product) signal and comparison of the integrals. (The data 

presented for the degradation of S2 and S3 is the same data presented in chapter 3 Figure 3.6(B)). 

Figure 4.4 shows distinct different degradation behavior for the different surfactant structures. 

For S3 the fastest degradation was observed which proceeded within less than two days. For the 

other surfactants a significantly slower degradation was observed. The degradation of S1, S2, 

and S4 was found to proceed in two phases with an initial rapid degradation followed by a 

second slower degradation phase. In general, for all surfactants distinct different degradation 

times were observed. While for S4 initially rapid degradation lasted until day 11, after then it 

reached a plateau with a residual amount of polymer of ~51%, S2 showed only for the first 4 

days significant degradation that did not exceed 10% even after 18 days. For S1 a degradation of 

13 % was observed within the first three days and reached 15 % within the considered time. 

However, it need to be considered that surfactants far above their CMC were used for the 

degradation study and thus not only structural differences between the surfactants but also 

aggregation effects need to be taken into account when evaluating the results. 1H NMR spectra 

of S4, recorded throughout the degradation study, clearly showed that aggregates where formed 

at the beginning of the study which changed with increasing degradation. At the beginning of the 

degradation study, the signals of the initiator, such as the signal of the methyl group with a 
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resonance at 0.86 ppm, were not visible (Figure 4.5). The missing initiator signals indicate the 

formation of aggregates, where the hydrophobic initiator is located in the center of the aggregate 

and is therefore shielded by the outer sphere. The shielding of the hydrophobic tail by the outer 

sphere prevents its detection by NMR spectroscopy. However, after 14 days the initiator signals 

appeared again in the 1H NMR spectra (Figure 4.5), indicating that the aggregates have 

rearranged. Furthermore, after 14 days the quantitative analysis of the 31P NMR spectra showed 

an increasing polymer signal, which is a further indication of rearrangements within the 

surfactant solution – at the beginning, a part of the polymer was shielded due to its location in 

the inner part of the aggregates. Therefore, the amount of degradation was overestimated at the 

beginning. After rearranging, the polymer parts close to the initiator were no longer shielded by 

the outer sphere and thus the signal of the residual polymer increased again. However, the 

differences in the degradation behavior can probably be attributed to the formation of aggregates 

beside spheric micelles above the CMC exhibiting different structures for the different polymers. 

Therefore, significantly different degradation rates were observed for the considered surfactants. 

The degradation study showed that for the evaluation of the hydrolytic degradation of the 

polymers several factors have to be taken into account.  
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Figure 4.5. 1H NMRs (300 MHz, D2O/H2O (1:9), 298K) of the degradation of S4 at pH 10. 

Particle preparation. To evaluate the applicability of the prepared surfactants for the surface 

modification of nanoparticles prepared from different materials, two polymer nanoparticles were 

prepared by minimemulsion polymerization, i.e. polystyrene (PS) and poly(methyl 

methacrylate). PS-NPs are well-established model nanocarriers that have been intensively 

studied by our group concerning their interactions with proteins and have been modified with 

PPEs before.3, 13 PMMA was chosen as further material since it is one of the most widely 

explored materials for biomedical applications and is widely used in bone cements25 or surgical 

implants due to its good biocompatibility.26-27 Additionally, PMMA nanoparticles can be 

prepared analogously to PS-NPs via miniemulsion polymerization by exchanging the monomer. 

Thus, evaluation of the influence of the particle material on the interaction with blood proteins is 

possible. However, PS and PMMA are not biodegradable and might accumulate in the body. As 

an example for a fully biodegradable nanocarrier, human serum albumin (HSA) nanoparticles 

were prepared with incorporated doxorubicin by a surfactant-free precipitation method. HSA is 

the most abundant protein in human blood plasma with concentrations up to 50 g L-1 and is 

furthermore among the most studied proteins28 and is widely used as biodegradable material in 
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therapeutic applications.22 HSA exhibits a high binding capacity to a variety of substrates 

including therapeutic substrates.29 The high binding affinity and abundance have made HSA an 

attractive material for the preparation of drug carriers and furthermore albumin based 

nanocarriers were found to be well-tolerated without showing any serious side effects.22 Table 

4.2 provides an overview over the prepared nanoparticles.  

Table 4.2. Overview of the prepared nanoparticles. 

Particle Ø / nma ζ-Potentialb / mV m c / g V c / m3 A c / nm2 

PS 103 ± 7 -55 ± 15 6.01∙10-16 5.72∙10-22 33300 

PMMA 114 ± 13 -45 ± 12 9.15∙10-16 7.76∙10-22 40800 

HSA-A 153 ± 15 -45.3 - 1.88∙10-21 73500 

HSA-B 193 ± 22 -43.9 - 3.76∙10-21 117000 

HSA-C 195 ± 28 -43.6 - 3.88∙10-21 119500 

a: determinde by DLS, b : determined by electrophoresis,  c: calculated assuming the 

nanoparticles are perfect spheres. 

 

For the calculation of the mass, volume and surface of the nanoparticles, the following equations 

were used, assuming the nanoparticles are perfect spheres. 

 

 𝐴𝑠 =     (4.1) 

 𝑉𝑠 =     
(4.2) 

 𝑠 =  𝑃𝑆 ∙ 𝑉𝑠 (4.3) 

 

As= spherical surface, Vs= spherical volume; r: radius of nanoparticles; ms= mass of particle; 

ρPS= density of polystyrene (1.05 g cm-3); ρPMMA= density of poly(methyl methacrylate) (1.18 

g/cm-3) 
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All prepared nanoparticles were subsequently coated with PPE-surfactants and Lutensol® AT50 

as a PEGylated reference and analyzed with regard to their cellular uptake against murine 

macrophages and the composition of their protein corona. In order to coat the nanocarriers with 

the polymeric surfactants, two different techniques were applied. For the NPs prepared by 

miniemulsion polymerization, SDS was exchanged in the presence of polymeric surfactants by 

dialysis against water using a dialysis tube with a MWCO permeable for SDS but impermeable 

for the polymeric surfactant (Figure 4.6). As SDS has a CMC which is 3 orders of magnitude 

higher compared to the polymeric surfactants, it can easily be exchanged by dialysis. In contrast, 

HSA nanoparticles were coated with polymeric surfactant by redispersion in the respective 

surfactant solution (1wt%) and incubation for 24 h similar to the procedure reported by Kreuter 

et al.30 

 

 

Figure 4.6. Schematic depiction of the coating process for the nanoparticles prepared by 

miniemulsion polymerization using SDS as surfactant. 

To evaluate the amount of surfactant needed for an entire coverage of the PS- and PMMA-NP 

surface, surface tension measurements of the dispersions were conducted. Therefore, defined 

amounts of surfactant were dissolved in the particle dispersion and the surface tension was 

determined by ring tensiometry. The measurement was conducted for Lutensol® AT50 and S1 

as representative PPE-surfactant. The surface tension was plotted as a function of the surfactant 

concentration of a 2wt% dispersion (Figure 4.7). The critical micelle formation concentration of 

surfactants in the dispersions (CMCd) differs from the CMC in water – the surfactant interacts 

with the additional nanoparticle/water interface, thus the point of micellization is reached at 

much higher concentrations.31 However, the obtained graphs showed an analog shape like for the 

CMC determination of surfactants – with increasing amount of added surfactant the surface 
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tension of the dispersion decreased until a plateau was reached where further addition of 

surfactant did not lead to further surface tension decrease. Achieving the plateau indicated a full 

coverage of the particle surface with surfactant molecules and the formation of micelles upon 

exceedance. The results are depicted in Figure 4.7. 
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Figure 4.7. CMC determination. The CMCs of Lutensol AT50 and S1 were determined in 2wt% 

polystyrene particle dispersion. Different amounts of the respective surfactant were dissolved in the 

particle dispersion and the surface tension was determined by ring tensiometry. 

Figure 4.7 (a) and (b) shows the results for the surface tension measurements of the PS-NPs. For 

Lutensol® AT 50 the plateau is reached upon a concentration of c≈ 1.9 mg mL-1, while for S1 a 

constant surface tension was reached upon c≈ 4.4 mg mL-1. The higher amount of PPE-

surfactant needed for reaching a constant surface tension was expected due to the higher 

molecular masses. However, distinct lower concentrations were observed for the PMMA-NPs 

(Figure 4.7 (c) and (d)). For Lutensol® AT no further surface tension decrease was observed 

upon c≈ 0.9 mg mL-1 and for S1 a constant surface tension was observed for c≈ 1.7 mg mL-1. 

The surface of the PMMA-NPs is slightly larger than the surface of PS-NPs (Table 4.2), thus 
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slightly higher or at least similar surfactant concentrations were expected to be required to reach 

a constant surface tension for both NP-dispersions. However, the lower concentration observed 

for the PMMA-NP dispersion probably indicated a lower affinity of the surfactants to enrich at 

the particle surface. Due to the lower interaction with the PMMA-NPs, surfactants enrich 

preferably at the water/air interface leading to a constant surface tension upon lower surfactant 

concentrations. Upon complete occupancy of the air/water interface, the surfactant molecules are 

forced to either accumulate at the nanoparticle surface or to form micelles.  

A further indication of the lower interaction of the hydrophobic surfactant tail with PMMA 

compared to PS is the lower surface tension of the PMMA-NP dispersion containing no 

additional polymeric surfactant. For PMMA-NPs the surface tension was γ= 59 mN m-1 while 

the surface tension of the PS-NP dispersion was found to be γ= 71 mN m-1, matching the surface 

tension of water (γ= 72.8 mN m-1) indicating almost no free SDS in the dispersion. In contrast, 

the surface tension of the PMMA dispersion is distinctly below the surface tension of water 

indicating the presence of free SDS in the particle dispersion. However, the CMC determination 

in PMMA-NP dispersion indicated a lower interaction of the polymeric surfactants with PMMA 

compared to PS and thus higher amounts of surfactant were applied for coating PMMA-NPs to 

guarantee a sufficient surface coverage. 

For PS-NPs the amount of surfactant needed for an entire surface coverage was additionally 

evaluated by cellular uptake studies against murine macrophages. Therefore, nanoparticles 

coated with different amounts of surfactant were incubated with murine macrophages in the 

presence and absence of proteins and the cellular uptake was determined. With increasing 

amount of surfactant, the cellular uptake was expected to decreased due to increasing shielding 

of the hydrophobic particle surface. Thus, a full surface coverage was indicated by minimum 

cellular uptake (recognition) by the macrophages. Here, again Lutensol® AT 50 as well as S1 as 

representative PPE-surfactant were applied. Figure 4.8 shows the cellular uptake for PS-NPs 

coated with different amounts of surfactant. 
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Figure 4.8. Flow cytometry analysis of RAW264.7 cells incubated with polystyrene nanoparticles 

coated with different amounts of Lutensol® AT 50 or S1 for 2 h. The nanoparticles were incubated 

in human plasma (with proteins) or in water (without proteins) for 1 h at 37 °C and separated from 

residual proteins by centrifugation before incubation with macrophages. (Experiments depicted in 

this figure were conducted by Johanna Simon.) 

Figure 4.8(b) shows a decreasing cellular uptake for PS-NPs coated with Lutensol® AT50 up to 

a surfactant concentration of  c=3 mg mL-1 indicating a full coverage of the particle surface. For 

a surfactant concentration of c=4 mg mL-1, no further decrease of the cellular uptake was 

observed indicating a full coverage. For S1 (Figure 4.8 (b)) slightly higher concentrations are 

needed to reach minimum cellular uptake by macrophages. The lowest cellular uptake was found 

for a concentration of c=4mg mL-1 dispersion. Taking the results obtained by the CMC 

determination and the cellular uptake studies with different surfactant amount into account, PS-

NPs (2wt%) were coated with 3 mg surfactant per mL nanoparticle dispersion while for the 

PMMA-NPs (2wt%) higher amounts of 10 mg surfactant per mL NP dispersion were used. 

Table 4.3 provides an overview over the calculated theoretical maximum amount of surfactant 

molecules per particle calculated using equations (4.4) and (4.5) .  
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 𝑁 𝑎 𝑖 =  𝑖   𝑎 𝑖  
(4.4) 

 𝑁 . / 𝑎 𝑖 = 𝑁 .  𝑁 𝑎 𝑖  
(4.5) 

Table 4.3. Calculations of the theoretical maximum number of surfactant molecules per 

nanoparticle. 

 
m (surf.)/ mg n(surf.) / mol N(surf.) Ntheo, max surfactant  

molecules per particle 

Lutensol® AT50 (PS) 3 1.20∙10-6 7.23∙1017 21700 

Lutensol® AT50 (PMMA) 10 4.00∙10-6 2.41∙1018 110000 

S1(PS) 3 5.88∙10-7 3.54∙1017 10600 

S1 (PMMA) 10 1.96∙10-6 1.18∙1018 54000 

S2 (PS) 3 4.76∙10-7 2.87∙1017 8600 

S3 (PS) 3 5.12∙10-7 3.08∙1017 9250 

S3 (PS) 3 5.34∙10-7 3.21∙1017 9640 

 

The nanoparticles were coated with the polymeric surfactants by the dialysis method 

subsequently analyzed with regard to their size and ζ-potential. For the characterization in 

presence of proteins, the nanoparticles were incubated in human blood plasma for 1h at 37°C. 

Subsequently, the nanoparticles were centrifuged thrice in order to remove the excess of proteins 

and also analyzed with regard to their size and ζ-potential. The amount of proteins bound to 

nanoparticles were determined by a Pierce assay (Table 4.4). 
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Table 4.4. Diameter, ζ-potential for the surfactant coated nanoparticles in the absence and presence 

of proteins. 

Particle 
Øa / nm ζ-Potentialb / mV m(protein)c / 

ng cm-2 

- proteins + proteins - proteins + proteins 

PS(SDS) 103 250± 115 -55 ± 15 -20 ± 4 2,59 ± 0,06 

PS+S1 112 ± 16 160 ± 30 -36 ± 10 -25 ± 5 0.41 ± 0.02 

PS+S2 109 ± 9 131 ± 24 -34 ± 8 -20 ± 4 0.45 ± 0.04 

PS+S3 113 ± 29 140 ± 17 -22 ± 9 20 ± 5 0.40 ± 0.07 

PS+S4 109 ± 8 127 ± 44 -35 ± 9 -22 ± 5 0.52 ± 0.04 

PS+Lutensol 

AT 50 
104 ± 16 146 ± 32 -9 ± 8 20 ± 4 0.51± 0.14 

PMMA(SDS) 114 ± 13 150 ± 8 -46 ± 12 -26 ± 5 1.20 

PMMA+S1 121 ± 26 157 ± 32 -28 ± 8 -26 ± 7 0.79 

PMMA+Lutensol 

AT 50 
110 ± 13 146 ± 32 -30 ± 9 -20 ± 5 0.49 

a
: Determined by DLS. b: Determined by electrophoresis. c:  Determined by Pierce protein assay. 

 

The qualitative analysis of the composition of the hard corona of the SDS-stabilized PS- and 

PMMA-NPs as well as the surfactant-coated nanoparticles was analyzed by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). PS-NPs modified with PPE on the 

particle surface have been investigated before.3, 13 It was found that upon attaching PPE- or PEG-

chains on the particle surface, the composition of the protein corona changed significantly 

compared to the unmodified nanoparticles. For the unmodified nanoparticles, fibrinogen was 

found to be the predominant protein, while clusterin and ApoAI were the predominant proteins 

in the corona of the polymer-modified nanoparticles. Thus, a similar change was expected for 

coating the nanoparticles with the different PPE-surfactants. SDS-PAGE analysis for PS-and 

PMMA-NPs are depicted in Figure 4.9. 
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Figure 4.9. (a) SDS-PAGE analysis of (a) SDS-stabilized and surfactant coated (S1-S4, Lutensol® 

AT50) PS-NPs and (b) SDS-stabilized and surfactant coated (S1 and Lutensol® AT50) PMMA-NPs. 

(Experiments depicted in this figure were conducted by Johanna Simon.) 

Figure 4.9 (a) shows the expected protein corona change from fibrinogen as the dominant 

protein in the corona of the SDS-stabilized nanoparticles to clusterin and ApoA1 as the dominant 

proteins in the corona of the surfactant coated nanoparticles. However, the SDS-PAGE further 

showed that the different binding patterns of the PPE-surfactants indeed had an influence on the 

protein corona. It can be distinguished between two different corona-types, i.e. a PEG-like 

corona for PS-NPs coated with S1, S3 and Lutensol® AT50 and a second slightly different 

corona upon coating with surfactants S2 and S4. While the PEG-like corona showed two main 

bands at 28 kDa and 38 kDa which can be assigned to ApoA1 and Clusterin respectively, the 

protein corona of nanoparticles coated with S2 and S4 was dominated by the clusterin-band. 

Figure 4.9 (b) shows the SDS-PAGE analysis of the PMMA-NPs. For the SDS-stabilized 

PMMA-NPs distinct bands at 28 and 38 kDa that can be attributed to Clusterin and ApoA1 

respectively and two further bands at 62 kDa were observed. Upon coating with Lutensol® AT 

50 a change of the protein corona was observed – the two bands at 62 kDa disappeared and in 

the region between 6-14 kDa new bands emerged. Upon coating with S1 the intensity of the 
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bands at 62 kDa decreased significantly, but in general the protein corona of the S1 coated 

PMMA-NPs resembled strongly the protein corona of the SDS-stabilized nanoparticles. The 

slight change of the protein corona upon coating with S1 indicates that the NP surface is 

probably not entirely covered with surfactant. Furthermore, the protein corona of the SDS-

stabilized PMMA-NPs showed no fibrinogen-band at all, while the protein corona of the SDS-

stabilized PS-NPs was dominated by fibrinogen. Besides the differences in the protein corona, 

SDS-stabilized polystyrene and poly(methyl methacrylate) nanoparticles furthermore showed 

significantly different behavior when incubated in human blood plasma. While polystyrene 

nanoparticles are known to aggregate upon plasma incubation32, PMMA nanoparticles were 

rather stable in plasma and formed only small aggregates (Figure 4.45). The distinct different 

observation made for PS- and PMMA-NPs can probably be attributed to the different particle 

materials and their different protein interaction. The presence of fibrinogen on the bare PS-NPs 

and its absence on the analogue PMMA-NPs might indicate that the different particle properties, 

concerning protein corona and stability in blood plasma, can be attributed to the different 

interactions with fibrinogen. Fibrinogen is a fibrous protein that plays a crucial role in 

haemostasis and wound healing by forming fibrous networks that reinforce blood clotting.33 In 

2014, Hahm et al. reported about the self-assembly characteristics of fibrinogen on chemically 

different surfaces.34 Among others, they investigated the structure of fibrinogen on polystyrene 

and PMMA surfaces. And indeed, they found unambiguously different structures of fibrinogen 

on the two surfaces – on polystyrene they found significantly elongated structures for fibrinogen 

compared to the structure on PMMA. A direct investigation of the interaction of polystyrene 

nanoparticles of different size and surface modification with fibrinogen was done by Kendall et 

al.35 Dynamic light scattering measurements showed a distinctly increasing particle size for all 

examined PS-NPs upon exposure to fibrinogen. These observations were confirmed by 

environmental scanning electron microscopy that showed particle aggregates exhibiting bridges 

between the nanoparticles that were attributed to fibrinogen. Thus, the high amount of fibrinogen 

in the protein corona of SDS-stabilized PS-NPs may be ascribed to the specific interaction of 

polystyrene with fibrinogen that is suppressed upon coating of the polystyrene surface with 

polymeric surfactants. Furthermore, different amounts of SDS, present on the particle surface, 

might influence the interaction of the nanoparticles with fibrinogen. NanoDSF measurements 

showed that SDS – as the only considered surfactant – led to a high denaturation of fibrinogen. 

The surface tension measurements indicated a lower amount of free SDS in the PS-NP 
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dispersion compared to the PMMA-NP dispersion and therefore a higher concentration on the 

particle surface that can influence the protein/particle interaction. 

For the coated PS- and PMMA-NPs, the cellular uptake against murine macrophages was 

evaluated. PS-NPs were coated with all PPE-surfactants S1-S4 and Lutensol® AT50 to evaluate 

the provided stealth behavior. In contrast, PMMA-NPs were coated with Lutensol® AT50 and 

S1 as representative PPE-surfactant. The results of the cellular uptake studies are depicted in 

Figure 4.10. 

 

 

Figure 4.10. Flow cytometry analysis of RAW264.7 cells incubated with polystyrene and 

poly(methyl methacrylate) nanoparticles coated with PPE-surfactants S1-S4 and Lutensol AT 50. 

The nanoparticles were incubated in human plasma for 1 h at 37 °C and separated from residual 

proteins by centrifugation before incubation with macrophages for 2h. (b) laser scanning 

microscopy images of RAW264.7 cells incubated with SDS-stabilized and surfactant-coated PS-and 

PMMA-NPs, scale bars, 10 μm. (Experiments depicted in this figure were conducted by Johanna 

Simon.) 
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As depicted in Figure 4.10 (a) (left) for all surfactant coated PS-NPs distinctly reduced cellular 

uptake by murine macrophages was observed compared to the SDS-stabilized PS-NPs. For PPE-

surfactants S1-S3 as well as for Lutensol® AT50 a reduction of 95-97% compared to the SDS-

stabilized particle was observed. Slightly higher cellular uptake was observed for PS-NPs coated 

with S4. Coating PS-NPs with S4 led to a decrease of the cellular uptake by 85%. The higher 

cellular uptake of the S4 coated nanoparticles can probably be attributed to aggregation of the 

nanoparticles during the incubation step at 37°C due to partial precipitation of the surfactant. For 

surfactant coated PMMA-NPs, a significantly decreased cellular uptake was also observed upon 

surfactant-coating (Figure 4.10 (a) right). For PMMA-NPs coated with Lutensol® AT50 a 

reduction of 86% and upon coating with S1 a reduction of 80% was observed. In general, the 

cellular uptake for the surfactant coated PMMA-NPs were found to be higher than the cellular 

uptake of the surfactant coated PS-NPs that probably indicated an incomplete coverage of the 

PMMA-NP surface. However, the cellular uptake studies clearly showed a successful transfer of 

stealth behavior to NPs consisting of different materials upon surfactant-coating. Confocal laser 

scanning microscope (CLSM) imaging clearly confirmed the reduced cellular uptake of both 

nanoparticles upon coating with polymeric surfactants (Figure 4.10(b)). 

Human Serum Albumin Nanoparticles. In order to prepare a fully degradable drug delivery 

system, consisting of a degradable nanocarrier and a degradable surfactant, HSA nanoparticles 

were prepared and subsequently coated with S1 as degradable PPE-surfactant and Lutensol® 

AT50. HSA-NPs were prepared by a surfactant-free precipitation method according to a well-

established literature procedure and subsequently cross-linked by the addition of a 8% 

glutaraldehyde (GA) solution.36 Doxorubicin (DOX) was incorporated as dye to track the 

nanoparticles in biological experiments. HSA-NPs were prepared with varying amount of cross-

linker to achieve surfaces with different permeability for the incorporated DOX. Table 4.5 

provides an overview over the properties of the obtained nanoparticles concerning size, ζ-

potential and drug incorporation. 
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Table 4.5. Summary of diameter, ζ-potential, and drug incorporation of the prepared HSA-NPs 

# Øa / nm µL GA/ mg HSA DOX-incorporation 

HSA-A 153 ± 15 2.1 94.2 ± 0.4 

HSA-B 193 ± 22 0.4 87.9 ± 0.1 

HSA-C 195 ± 28 0.294 88.9 ± 0.8 

a
: determined by DLS.  

 

Due to the high hydrophilicity of HSA, a weaker interaction of the hydrophobic tail of the 

polymeric surfactants with the HSA-NPs was expected. And thus, less effective surface 

modification was expected compared to PMMA- and PS-NPs. SDS-PAGE analysis of the 

protein corona of HSA-NPs HSA-A- HSA-C showed a strong dependence of the amount of 

added cross-linker on the composition of the protein corona (Figure 4.11 (a)). For HSA-C with 

the lowest degree of crosslinking, SDS-PAGE analysis showed one predominant band at ca. 62 

kDa that can be attributed to albumin. However, with increasing amount of added cross-linker, 

the protein corona composition changes significantly. On the nanoparticles HSA-A and HSA-B, 

cross-linked with a higher amount of GA, a high amount of protein bands was observed that can 

be attributed to complement proteins. These observations indicate particle surfaces with 

significantly different characteristics for the prepared HSA-NPs, which influence the interaction 

with proteins and surfactants. The increased protein interaction of HSA-A indicates a higher 

hydrophobicity of the surface compared to HSA-NPs prepared with lower amounts of GA. Thus, 

HSA-A was used for subsequent coating with Lutensol® AT50 and S1 as representative PPE-

surfactant. For coating of the HSA nanoparticles, a different strategy was applied compared to 

the polymeric nanoparticles prepared by miniemulsion polymerization. Since they were prepared 

by a surfactant-free precipitation technique, no surfactant-exchange is necessary. Therefore, 

HSA-NPs were centrifuged, the supernatant was removed and the obtained pellet was 

redispersed in a surfactant solution, containing 1wt% of the respective surfactant. The surfactant 

coated HSA-NPs were analyzed analogously to the PS-and PMMA-NPs with regard to their 

cellular uptake by murine macrophages and the qualitative composition of the protein corona 

was evaluated by SDS-PAGE. The results are depicted in Figure 4.11 (b) and (c).  
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Figure 4.11. (a) Cellular uptake studies of surfactant coated HSA nanoparticles against murine 

macrophages (b) Qualitative SDS-PAGE analysis of the HSA nanoparticles (c) Qualitative SDS-

PAGE analysis of the protein corona of HSA-NPs with different degrees of crosslinking 

(Experiments depicted in this figure were conducted by Johanna Simon.) 

Figure 4.11 (b) shows that the cellular uptake of the HSA-NPs by macrophages can be reduced 

upon coating with Lutensol® AT50 and S1. For HSA-NPs, the cellular uptake can be reduced by 

75% when coated with Lutensol® AT 50 while the coating with S1 led to a reduction of the 

cellular uptake by 40%. In general, coating of HSA-NPs with polymeric surfactants, S1 and 

Lutensol® AT50, led to less decreased cellular uptake by murine macrophages compared to 

surfactant-coated PS- and PMMA-NPs. This can probably be attributed to less interaction of the 

surfactants with HSA compared to the other particle materials. HSA is hydrophilic and thus 

interaction with the hydrophobic surfactant tail is less likely compared to the more hydrophobic 

PMMA and PS. Furthermore, the low interaction between the mere surfactants and HSA 

observed by nanoDSF measurement (Figure 4.3) is probably a further indication for the weaker 

interaction of the surfactants with HSA-NPs compared to PS- and PMMA-NPs. The qualitative 

protein corona analysis by SDS-PAGE of the bare and Lutensol® AT 50 coated HSA-NPs 

(Figure 4.11 (c)) showed that the coating of the HSA-NPs with surfactants had no significant 

influence on the corona composition. The almost identical protein corona of the bare and 

surfactant coated HSA-NP is a further indication of less effective surface modification compared 

to the polymeric nanoparticle prepared by miniemulsion polymerization. 
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3 Conclusion  

A facile strategy for the non-covalent surface modification of different polymer nanocarriers 

with PPE-surfactants was presented. PPE-surfactants with altered binding pattern around the 

phosphorus of each repeat unit were prepared and characterized concerning their toxicity, 

protein interaction, and degradation under basic conditions. PPE-surfactants were found to be 

less toxic than the commercial Lutensol® AT50 and proved no significant protein denaturation 

in the considered concentration range. Degradation studies showed significantly different 

degradation rates for the PPE-surfactants with different binding patterns, allowing precisely 

tailored degradation behavior by variation of the PPE-structure. The surfactants were assembled 

on the surface of three different nanocarriers, i.e. PS-, PMMA- and HSA-NPs, and their ability 

to shield the modified nanocarriers from the recognition by cells of the immune system 

(macrophages) was evaluated. Cellular uptake studies against macrophages showed, that the 

cellular uptake can be decreased for all considered nanocarriers upon coating with PPE-

surfactants, while the effectivity is also dependent on the particle material. The amount and types 

of proteins identified on the PPE-surfactant-coated PS-NPs after incubation in human plasma 

resembled previously reported nanocarriers modified with PPEs. Furthermore, it was found that 

the protein corona composition can be influenced by small changes in the PPE-structure of the 

applied surfactants. In conclusion, the presented study demonstrates that non-covalent coating of 

nanocarriers with PPE-surfactants facilitates the surface modification of nanocarriers and allows 

a tailoring of the protein adsorption on nanoparticles and their behavior in a biological 

environment.   

https://www.dict.cc/englisch-deutsch/effectivity.html
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4 Experimental 

4.1 General Information 

All chemicals and solvents were purchased from Sigma-Aldrich, Acros Organics or Fluka and 

used as received unless otherwise stated. Monomers and Initiator were distilled from MgSO4 and 

stored over molecular sieves. Deuterated solvents were purchased from Sigma-Aldrich and used 

as received. Human serum albumin was purchased from Sigma-Aldrich and used as received. 

Fibrinogen (Haemocomplettan® P 1 g / 2 g) was used as received. Whole human blood was 

obtained form 10 healty donors. Sodium citrate was added as anticoagualant to generate human 

blood plasma. For serum preparation, blood from 6 healty donors was taken and allowed to clot 

overnight according to the standard procedure.  

NMR. 1H 13C and 31 P NMR spectra were recorded using a Bruker Avance III 250, a Bruker 

Avance 300, a Bruker Avance III 500 or a Bruker Avance700. All spectra were referenced 

internally to residual proton signals of the deuterated solvent. All 31P NMR spectra are recorded 

proton decoupled. 

SEC. Size exclusion chromatography (SEC) measurements of the surfactants were performed in 

DMF (containing 1 gL-1 of lithium bromide as an additive ) at 60 °C and a flow rate of 1 mL 

min-1 with a PSS SECurity as an integrated instrument, including a set of 3  PSS GRAM 

columns (porosity of 100 Å and 1000 Å) and a refractive index (RI) Detector. Calibration was 

carried out using polyethylene glycol standards provided by Polymer Standards Service.  

ξ-potential. The zeta potential of the prepared nanoparticles was measured with a Zeta Sizer 

Nano Series (Malvern Instruments, U.K.) at 25 °C. The samples were prepared by diluting 10 

µL of the nanoparticle dispersion in 1 mL of a 10-3 M potassium chloride solution 

DLS. Dynamic light scattering (DLS) measurements of the surfactants were performed on an 

ALV spectrometer  consisting of a goniometer and an ALV-5004 multiple-tau full-digital 

correlator (320 channels) which allows measurements over an angular range from 30° to 150. A 

He-Ne Laser (wavelength of 632.8 nm) is used as light source. For temperature controlled 

measurements the light scattering instrument is equipped with a thermostat from Julabo. The 

average size and the size distribution of the nanoparticles were measured by means of DLS at 

23 °C using a PSS NicompTM Submicron Particle Sizer 380 (Nicomp Particle Sizing Systems) 

equipped with a detector for a scattering angle of 90° to the incident beam. The samples were 

diluted in demineralized water to be hardly cloudy. 
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For evaluation of the stability of nanoparticles in human blood plasma the method by Rausch et 

al.
37 was applied. 

Tcp determination. Cloud points (Tcp) were determined either in MilliQ water or Dulbecco’s 

PBS from Sigma-Aldrich and detected by optical transmittance of a light beam (  = 500 nm) 

through a 1 cm sample cell. The measurements were performed in a Jasco V-630 photo 

spectrometer with a Jasco ETC-717 Peltier element. The intensity of the transmitted light was 

recorded versus the temperature of the sample cell. The heating/cooling rate was 1 °C min−1, and 

values were recorded every 0.1 °C. 

DSC. The thermal properties of the synthesized polymers have been measured by differential 

scanning calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning cycles of 

heating-cooling were performed in a N2-atmosphere 30 mL/min) with a heating and cooling rate 

of 10 °C/min. 

SFT Measurements. Surface tension measurements to determine the critical micelle 

concentration (CMC) of the surfactants in MilliQ water were performed using a DCAT 11 EC 

tensiometer (Dataphysics, Filderstadt, Germany) equipped with a TV 70 temperature control 

unit, a LDU 1/1 liquid dosing and a refill unit, as well as a RG 11 Du Nouy ring. The Du Nouy 

ring was washed with water and annealed prior to use. CMCs were determined using a standard 

program, where defined amounts of a surfactant solution (0.375 mg mL-1) were added into 16 

mL of MilliQ water. After each addition, the solution was stirred for 60 s and the surface tension 

was determined as average value of three measurements. Surface tension data were processed 

using SCAT v3.3.2.93 software. The CMC was determined by linear regression of the slopes at 

high and at low concentration. The point of intersection was the CMC. For the surface tension 

measurements in particle dispersions samples were prepared by dissolving a defined amount of 

surfactant in the particle dispersion. The surface tension of each sample was determined as 

average value of ten measurements. 

SEM. Scanning electron microscopy (SEM) of the prepared nanoparticles was performed using 

a Zeiss 1530 LEO Gemini microscope with an accelerating voltage of 0.2 kV and a working 

distance of ∼3 mm. The nanoparticles were prepared by dilution of the respective nanoparticle 

dispersion in MilliQ water. The diluted dispersion was dropped onto a silica wafer, and dried at 

ambient temperature. 

Confocal Laser Scanning Microscopy (CLSM).RAW264.7 (80.000 cells per well) were 

seeded in Ibidi iTreat -dishes (IBIDI, Germany) overnight, washed with PBS and kept in 

DMEM without additional proteins. Cellular uptake experiments were conducted as described 
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above (flow cytometry). For confocal images, the cell membrane was stained with CellMask 

Orange (CMO, stock solution: 5 mg mL-1 in DMSO, Thermo Fisher, USA). Images were taken 

on a Leica TCS SP5 II microscope with an HC PL APO CS 63x/1.4 oil objective using the 

software LAS AF 3000 software and the fluorescence signals of nanoparticles (excitation: 488 

nm) and CMO (excitation: 561 nm) were detected.  

Flow Cytometry. For cellular uptake analysis, 150.000 cells per well (RAW 264.7) were seeded 

out in 24-well plates. After overnight incubation at 37°C, cells were washed with PBS and  kept 

in cell culture medium additional proteins. Prior to cellular uptake experiments, nanoparticles 

were incubated with plasma/serum (see protein corona preparation above) and added to cells at a 

concentration of 75 µg/mL for 2h. Further, cells were washed wit PBS to remove free 

nanoparticles and detached with 2.5% trypsin (Gibco, Germany). Measurements were conducted 

on a CyFlow ML Cytometer and data analysis was analyzed with FCS Express V4 software. 

Cells were selected on a forward/sideward scatter plot, eluding cell debris and gated events were 

as median fluorescence intensity (MFI) or percentage of fluorescent positive cells (%).  

Toxicity. The toxicity of the surfactants and Lutensol© AT50 were evaluated using a Cell Titer-

Glo® Luminescent Cell viability assay from Promega. Tests were performed according to the 

provided protocol. 

Protein Corona Preparation. A constant ratio between nanoparticle surface are (0.05 m2) and 

human citrate plasma or human serum (1 mL) was chosen. Nanoparticles were incubated at 37°C 

for 1h to allow corona formation. To remove unbound proteins, nanoparticles were centrifuged 

for 1h, 20.000 g (4°C) and redispersed in 1 mL PBS (Sigma Aldrich, USA). This step was 

repeated three times. To elude the bound proteins, the nanoparticle pellet was resuspended in 2% 

(w/v) SDS (Carl Roth GmbH, Germany) with 62.5 mM Tris*HCl (Sigma Aldrich, USA) and 

incubated at 95°C (5 min). Nanoparticles were centrifuged (20.000g, 1h, 4°C) and the 

supernatant contained desorbed corona proteins.  

Pierce 660 nm Protein Assay. The protein concentrations were determined by Pierce 660 nm 

protein assay (Thermo Scientific, USA) according to the manufacturer’s instructions. 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE). Protein samples 

(26 µL) were diluted with 10 µL of NuPAGE LDS Sample Buffer, 6 L NuPAGE Sample 

Reducing Agent and incubated 70°C (10 min). Samples were applied to a NuPAGE® 10% Bis-

Tris gel and electrophoresis was carried out 100 V (1 h) in NuPAGE MES SDS Running Buffer. 

SeeBlue Plus2 Pre-Stained Standard was used as protein marker. Protein (1 µg) bands were 

visualized by Pierce Silver Stain kit according to the manufactures´ instruction. For high protein 
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amounts (6 µg per lane) the ready to use Coomassie solution (Simple Blue Safe Stain) was 

chosen. All reagents were obtained from Thermo Fischer Scientific, USA. 

Cell Culture. The murine macrophage cell line RAW264.7 was cultured in Dulbecco’s modified 

eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, 100 mg/mL streptomycin and 2 mM glutamine. All reagents were obtained from 

Gibco, USA. 

Particle coating. For coating of polystyrene nanoparticles S1-S4 and Lutensol® AT50 were 

dissolved at a concentration of 3 mg mL-1 in the particle dispersion (2wt%) and charged into a 

dialysis tube with MWCO of 1 kDa and dialyzed against deionized water for 24 h. For coating of 

poly (methyl methacrylate) nanoparticles S1 and Lutensol® AT50 were dissolved at a 

concentration of 10 mg mL-1 in the particle dispersion (2wt%) and charged into a dialysis tube 

with MWCO of 1 kDa and dialyzed against deionized water for 24 h. For coating of human 

serum albumin nanoparticles with S1 and Lutensol® AT50 the dispersion was centrifuged, the 

supernatant was removed and the obtained nanoparticle pellet was redispersed in 1wt% solution 

of the respective surfactant.  

4.2 Synthetic Procedures 

4.2.1 Monomer synthesis 

Synthesis of 2-Ethyl-2-oxo-1,3,2-dioxaphospholane (EEPn).
16 A flame-dried three-necked 

round-bottom flask, equipped with a magnetic stirring bar and two dropping funnels, was 

charged with 250 mL of dry THF and cooled to -21 °C. Ethylphosphonic acid dichloride (64 g, 

0.44 mol, 1 eq) was dissolved in dry THF (250 mL) and transferred into one dropping funnel. A 

solution of dry ethylene glycol (27 g, 0.44 mol, 1 eq) and dry pyridine (69 g, 0.87 mol, 2 eq) in 

THF (250 mL) was transferred into the second dropping funnel. The dropping speed was 

adjusted to be approximately equal for both dropping funnels. After complete addition the 

reaction mixture was stirred for further 3 h and kept overnight at −28 °C to facilitate the 

precipitation of the pyridinium hydrochloride byproduct. The precipitate was removed by 

filtration via a Schlenk funnel, and the solvent was removed at reduced pressure. Fractionated 

distillation yielded the desired product as colorless oil. (50.4 g, yield 85%, bp 95 °C/2.6 × 10-

2 mbar).  



Polyphosphoester stealth surfactants: A general strategy to control the protein corona and 

the fate of nanocarriers 

 

 
211 

 
 

1H NMR (300 MHz, Chloroform-d) δ 4.58 – 4.38 (m, 2H, -P-O-CH2-), 4.36 – 4.15 (m, 

2H, -P-O-CH2-), 2.08 – 1.88 (m, 2H, 2H, -P-CH2-), 1.29 – 1.10 (m, 3H, -CH3). 
31P{H} NMR 

(121 MHz, Chloroform-d) δ 52.52. 

 

Synthesis of 2-methoxy-1,3,2-dioxaphospholane 2-oxide (MEP). A flame-dried three-neck 

flask, equipped with a dropping funnel, was charged with a solution of dry methanol (11.24 g, 

0.35 mol) and dry triethylamine (39.1 g, 0.39 mol, 1.1 eq) in dry THF (250 mL) and cooled 

down to 0 °C. A solution of 2-chloro-2-oxo-1,3,2-dioxaphospholane (50 g, 0.35 mol, 1 eq) 

dissolved in dry THF (50 mL) was added to the trimethylamine/methanol mixture under constant 

stirring. After complete addition of COP the reaction mixture was stirred for 2 more hours at 0 

°C. The precipitated salt was removed by filtration and the filtrate was concentrated in vacuo. 

The residue was purified by distillation under reduced pressure. The product was obtained as 

colorless, liquid (30.8 g, 0.27 mol, yield: 80%, bp.: 62 °C, 10-2 mbar).  
1H NMR (300 MHz, Chloroform-d) δ 4.54 – 4.26 (m, 4H, -O-CH2-CH2-O-), 3.82 (d, 3H, 

J = 11.7 Hz, -CH3).
 31P{H} NMR (121 MHz, Chloroform-d) δ 18.57  

 

2-Ethoxy-2-oxo-1,3,2-dioxaphospholane (EEP). A flame-dried three-neck flask, equipped with 

a dropping funnel, was charged with a solution of dry ethanol (10.8 g, 0.23 mol 1.0 eq) and dry 

triethylamine (23.7 g, 0.23 mol, 1.0 eq) in dry THF (250 mL) and cooled down to 0 °C. A 

solution of 2-chloro-2-oxo-1,3,2-dioxaphospholane (33.4 g, 0.23 mol, 1 eq) dissolved in dry 

THF (50 mL) was added to the trimethylamine/methanol mixture under constant stirring. After 

complete addition of COP the reaction mixture was stirred for 2 more hours at 0 °C. The 

precipitated salt was removed by filtration and the filtrate was concentrated in vacuo. The 

residue was purified by distillation under reduced pressure. The product was obtained as 

colorless, liquid (37.3g, 0.27mol, yield: 77%, bp.: 83°C, 10-2 mbar). 
1H NMR (300 MHz, Chloroform-d) δ 4.51 – 4.30 (m, 4H, O-CH2-CH2-O), 4.29-4.13 (m, 2H, O-

CH2-CH3), 1.37 (t, 3H, O-CH2-CH3).
 31P{H} NMR (121 MHz, Chloroform-d) δ 17.50. 

 

Synthesis of 2-ethoxy-1,2-oxaphospholane-2-oxide (EPP). EPP was synthesized according to a 

literature procedure.38 Triethyl phosphite (131 g, 0.8 mol, 2 eq) and 1,3-dibromopropane (80 g, 

0.4 mol, 1 eq) were combined in a round bottom flask equipped with a distillation apparatus to 

remove evolving ethyl bromide. The mixture was heated up to 120 °C until 1,3-dibromopropane 
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was consumed completely (the consumption of the alkyl halide was monitored by NMR 

measurements since no solvent is used for the reaction). The crude monomer was separated from 

the oligomeric side product by distillation (55-60 °C, 0.1 mbar) and purified by fractional 

distillation. 12.5 g (0.08 mol, 20%) 2-ethoxy-1,2-oxaphospholane-2-oxide was obtained as 

colorless liquid. 
1H NMR (300 MHz, chloroform-d) δ 4.25 – 3.96 (m, 4H, -P-O-CH2-), 2.37 – 2.06 (m, 2H, 

P-O-CH2-CH2-), 1.90 – 1.65 (m, 2H, -P-CH2-), 1.28 (t, J = 7.1 Hz, 3H, -CH3). 
13C NMR (176 

MHz, chloroform-d) δ 67.26 (-O-CH2-CH2-), 62.18 (-O-CH2-CH3), 23.92 (-P-CH2-), 18.49 (-P-

CH2-CH2-), 16.47 (-CH3). 
31P{H} NMR (121 MHz, chloroform-d) δ 49.25. 

4.2.2 Surfactant synthesis 

Representative Synthesis of S1. Octadecanol and TU were dried by lyophilization with benzene. 

MEP (511 mg, 3.71 mmol, 40 eq) was added to the dried TU. A stock solution of octadecanol in 

dry dichloromethane was prepared with a concentration of 0.07 mol L−1. 1.25 mL (25.0 mg, 

0.084 mmol, 1 eq) of the initiator stock solution was added to the monomer resulting in a 

monomer concentration of 3 mol L-1. The polymerization was initiated by the addition of 60 µL 

of DBU (62 mg, 0.41 mmol, 5eq ). Polymerization was conducted at 5 °C and terminated after 

1 h by the rapid addition of an excess of acetic acid dissolved in dichloromethane with a 

concentration of 20 mg mL−1. The polymer was obtained by three-times precipitation in cold 

diethyl ether and subsequent dialysis against water to yield 396 mg (75%) of a colorless 

amorphous polymer. 

Representative NMR data. 
1H NMR (500 MHz, Chloroform-d) δ 4.29 – 4.21 (m, -O-CH2-CH2-O- polymer backbone), 3.81 

(d, J = 11.3 Hz, -O-CH3), 1.67 (m, -O-CH2-CH2- initiator) 1.24 (s, -(CH2)15-CH3 initiator) 0.87 

(t, J = 6.8 Hz, -CH3 initiator). 31P{H} NMR (202 MHz, Chloroform-d) δ 1.11, -0.18, -1.50. 13C 

NMR (126 MHz, Chloroform-d) δ 66.34 (-O-CH2-CH2-O- polymer backbone), 54.68 (-OCH3 

side chain) , 29.69, 29.68 (-CH2- initiator), 29.65, 29.52, 29.35, 29.16, 14.06 (-CH3 initiator). 
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Table 4.6. Analytical results for surfactants S1. 

# DPn Mn
a / g mol-1 

Mw/Mn
b CMCc / µmol L-1 

Tcp/ °C (PBS) 

S1-1 35 5100 1.36 5.3 ± 1.8 - 

S1-2 35 5100 1.33 7.45 ± 2.5 - 

S1-3 35 5100 1.24 n.d. n.d. 

a: determined by 1b: determined by SEC in DMF. c: determined by ring-tensiometry. (n.d. = not 
determined). 
Synthesis of surfactant S2. Octadecanol and TU were dried by lyophilization with benzene. EPP 

(490 mg, 3.26 mmol, 40 eq) was added to the dried TU. A stock solution of octadecanol in dry 

toluene was prepared with a concentration of 0.07 mol L−1. 1.1mL (22.0 mg, 0.084 mmol, 1 eq) 

of the initiator stock solution was added to the monomer resulting in a monomer concentration 

of 3 mol L-1. The polymerization was initiated by the addition of 60 µL of DBU (62 mg, 0.41 

mmol, 5 eq ). Polymerization was conducted at 0 °C and terminated after 20 h by the rapid 

addition of an excess of acetic acid dissolved in dichloromethane with a concentration of 20 mg 

mL−1. The polymer was obtained by three-times precipitation in cold diethyl ether and 

subsequent dialysis against water to yield 396 mg (77%) of a colorless amorphous polymer. 
1H NMR (500 MHz, Chloroform-d) δ 4.18 – 4.02 (m, -CH2-CH2-O- polymer backbone, -O-

CH2- side chain), 1.95 (ddt, J = 14.9, 11.0, 6.2 Hz, -O-CH2-CH2- polymer backbone), 1.82 (ddt, 

J = 16.7, 11.7, 7.2 Hz, -O-CH2-CH2-CH2- polymer backbone), 1.32 (t, J = 7.0 Hz, -CH3 side 

chain), 1.24 (s, -(CH2)15-CH3 initiator), 0.86 (t, J = 6.9 Hz, -CH3 initiator). 13C NMR (126 MHz, 

Chloroform-d) δ 64.99 (-CH2-CH2-O- polymer backbone) 61.71(-O-CH2- side chain), 29.68 

(-(CH2)15- initiator), 23.91 (-O-CH2-CH2- polymer backbone), 22.50, 21.36 (-O-CH2-CH2-CH2- 

polymer backbone), 16,51(-CH3 side chain), 14.12 (-CH3 initiator). 31P{H} NMR (202 MHz, 

Chloroform-d) δ 31.78, 31.43, 31.19. 

Table 4.7. Analytical results for surfactants S2. 

# DP Mn
a / g mol-1 

Mw/Mn
b CMCc / g L-1 

Tcp/ °C (PBS) 

S2 40 6300 1.50 4.8 ± 0.9 - 

a: determined by 1b: determined by SEC in DMF. c: determined by ring-tensiometry 
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Synthesis of S3. 2-ethyl-1,3,2-dioxaphospholane-2-oxide (457 mg, 3.36 mmol, 40 eq) was 

placed in a flame-dried Schlenk tube. A stock solution of octadecanol in dry toluene was 

prepared with a concentration of 0.07 mol L−1. 1.13 mL (22.7 mg, 0.084 mmol, 1 eq) of the 

initiator stock solution was added to the monomer resulting in a monomer concentration of 3 

mol L-1. The polymerization was initiated by the addition of 62 µL of DBU (64 mg, 0.42mmol, 

5eq ). Polymerization was conducted at room temperature and terminated after 19 h by the rapid 

addition of an excess of acetic acid dissolved in dichloromethane with a concentration of 20 mg 

mL−1. The polymer was obtained by three-times precipitation in cold diethyl ether and 

subsequent dialysis against water to yield 448mg (93%) of a colorless amorphous polymer. 
1H NMR (500 MHz, Chloroform-d) δ 4.38 – 4.09 (m, -O-CH2-CH2-O- polymer backbone), 1.83 

(dq, J = 18.4, 7.7 Hz, P-CH2-CH3 side chain), 1.26 (s, -(CH2)15- initiator), 1.19 (dt, J = 20.5, 7.6 

Hz, P-CH2-CH3 side chain), 0.86 (t, J = 6.9 Hz, -CH3 initiator). 13C NMR (126 MHz, 

Chloroform-d) δ 64.50(-O-CH2-CH2-O- polymer backbone), 29.69 (-(CH2)15- initiator), 19.36, 

18.22 (P-CH2-CH3 side chain), 14.12(-CH3 initiator), 6.44 (P-CH2-CH3 side chain). 31P{H} 

NMR (202 MHz, Chloroform-d) δ 35.23. 

Table 4.8. Analytical results for surfactants S3. 

# DPn Mn
a / g mol-1 

Mw/Mn
b CMCc / g L-1 

Tcp/ °C (PBS) 

S3 41 5700 1.10 5.8 ± 1.5 - 

a: determined by 1b: determined by SEC in DMF. c: determined by ring-tensiometry 
 
Representative Synthesis of surfactants S4. 2-ethoxy-1,3,2-dioxaphospholane-2-oxide (457 mg, 

3.36 mmol, 40 eq) was placed in a flame-dried Schlenk tube. A stock solution of octadecanol in 

dry toluene was prepared with a concentration of 0.07 mol L−1. 1.13 mL (22.7 mg, 0.084 mmol, 

1 eq) of the initiator stock solution was added to the monomer resulting in a monomer 

concentration of 3 mol L-1. The polymerization was initiated by the addition of 62 µL of DBU 

(64 mg, 0.42 mmol, 5eq). Polymerization was conducted at room temperature and terminated 

after 19 h by the rapid addition of an excess of acetic acid dissolved in dichloromethane with a 

concentration of 20 mg mL−1. The polymer was obtained by three-times precipitation in cold 

diethyl ether and subsequent dialysis against water to yield 448 mg (93%) of a colorless 

amorphous polymer. 

Representative NMR data 
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1H NMR (300 MHz, Chloroform-d) δ 4.39 – 3.95 (m, -O-CH2-CH2-O- polymer backbone, -O-

CH2- side chain), 1.35 (t, J = 7.1 Hz, -CH3 side chain), 1.24 (s, -(CH2)15- initiator), 0.86 (t, J = 

6.9 Hz, -CH3 initiator). 13C NMR (126 MHz, Chloroform-d) δ 66.56 (-O-CH2-CH2-O- polymer 

backbone), 64.86 (-O-CH2- side chain), 29.69(-(CH2)15- initiator), 16.12 (-CH3 side chain). 
31P{H} NMR (202 MHz, Chloroform-d) δ -1.31.  

Table 4.9. Analytical results for surfactants S4 

# DP Mn
a / g mol-1 

Mw/Mn
b CMCc / g L-1 

Tcp/ °C (H2O / PBS) 

S4-1 35 5500 1.22 4.2 ± 1.3 n.d. 

S4-2 35 5500 1.22 6.6 ± 6.1 57/28 

a: determined by 1b: determined by SEC in DMF. c: determined by ring-tensiometry 
 

Synthesis of polystyrene and poly (methyl methacrylate) nanoparticles. 

The nanoparticles were prepared according to a well-established method.39 Briefly, a 

macroemulsion was prepared with the continuous phase containing sodium dodecyl sulfate 

(SDS) (60 mg) as surfactant in 24 g Milli-Pore water and a dispersed phase containing distilled 

styrene or methyl methacrylate (6 g), hexadecane (250 mg) as ultrahydrophobe, BODIPY 

methacrylate (6 mg) as fluorescent dye and azoisobutyronitrile (AIBN) (100 mg, 0.6 mmol) as 

oil soluble initiator. Both phases were homogenized by mechanical stirring and subsequently, the 

organic phase was added slowly to the stirring aqueous phase. The macroemulsion was stirred 

for 1 h at highest speed. Subsequently, the macroemulsion was ultrasonicated with a Branson 

Sonifier (1/2“ tip) for 3 min (program: 10 s puls and 3 s pause) 70% amplitude under ice cooling 

to obtain a miniemulsion. The miniemulsion was directly transferred into a 50 mL flask, heated 

to 72 °C and stirred overnight. In this study two different batches of PS-NPs were used. PS-2 

was used for the surface tension measurements depicted in Figure 4.7. Table 4.10 provides an 

overview over the prepared particles. 
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Figure 4.12. Structure of the applied BODIPY methacrylate dye.  

Table 4.10. Analytical results for PS and PMMA particles 

# Ø / nm ζ-Potential 

PS-1 103 ± 7 -55 ± 15 

PS-2 108 ± 8 -51 

PMMA 114 ± 15 -46 ± 12 

 

Figure 4.13. Representative SEM pictures of PS-NPs. 

 

Figure 4.14. SEM pictures of PMMA-NPs. 
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HSA nanoparticles. HSA particle HSA-A was prepared according to a literature procedure.36, 40 

HSA was dissolved at a concentration of 100 mg mL-1 in 10 mM NaCl solution and the pH was 

adjusted to 8 by addition of 10 mM NaOH solution. Aliquots of 1 mL of the HSA solution were 

taken and mixed with 1 mg of doxorubicin hydrochloride and stirred for 2 h to achieve 

adsorption of doxorubicin to HSA. Subsequently, nanoparticles were formed by addition of 4 

mL of ethanol by using a syringe pump with a dropping rate of 1 mL min-1. The nanoparticles 

were crosslinked by subsequent addition of 118 µL of a 8% glutaraldehyde solution. The 

preparation of HSA-B and HSA-C was conducted analogously using 0.5 mg doxorubicin 

hydrochloride and crosslinking was achieved by addition of 24.6 µL (HSA-B) and 18 µL (for 

HSA-C) of an aqueous 8% glutaraldehyde solution respectively. 

Table 4.11. overview over prepared HSA nanoparticles  

# Ø / nm ζ-Potential /mV µL GA/ mg HSA 
Dox-

incorporation 

HSA-A 173 ± 15 -45.4 2.1 94.2 ± 0.4 

HSA-B 193 ± 22 -43.9 0.4 87.9 ± 0.1 

HSA-C 195 ± 28 -43.6 0.294 88.9 ± 0.8 

  

 

 

Figure 4.15. Representative SEM pictures of nanoparticles HSA-NPs (HSA-B). 
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4.3 NMR Spectra 

Figure 4.16. Representative 1H NMR (500 MHz) of S1 in CDCl3 at 298 K. 
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Figure 4.17. Representative 13C NMR (126 MHz) of S1 in CDCl3 at 298 K. 

 
Figure 4.18. Representative 31P{H} NMR (202 MHz) of S1 in CDCl3 at 298 K. 
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Figure 4.19. Representative 1H NMR (500 MHz) of S2 in CDCl3 at 298 K 

 
Figure 4.20. Representative 13C NMR (126 MHz) of S2 in CDCl3 at 298 K. 
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Figure 4.21. Representative 31P{H} NMR (202 MHz) of S2 in CDCl3 at 298 K. 

 

Figure 4.22. Representative 1H NMR (500 MHz) of S3 in CDCl3 at 298 K. 
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Figure 4.23. Representative 13C NMR (126 MHz) of S2 in CDCl3 at 298 K. 

 

Figure 4.24. Representative 31P{H} NMR (202 MHz) of S3 in CDCl3 at 298 K. 
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Figure 4.25. Representative 1H NMR (300 MHz) of S4 in CDCl3 at 298 K 

 
Figure 4.26. Representative 13C NMR (126 MHz) of S4 in CDCl3 at 298 K. 
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Figure 4.27. Representative 31P{H} NMR (202 MHz) of S4 in CDCl3 at 298 K. 

4.4 SEC 
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Figure 4.28. SEC traces (RI detection) of surfactants S1 in DMF at 60 °C 



Polyphosphoester stealth surfactants: A general strategy to control the protein corona and 

the fate of nanocarriers 

 

 
225 

 
 

15 20 25 30 35

Elution Volume / mL

 S2

 
Figure 4.29. SEC traces (RI detection) of surfactant S2 in DMF at 60 °C 
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Figure 4.30. SEC traces (RI detection) of S3 in DMF at 60 °C 
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Figure 4.31. SEC traces (RI detection) of S4 in DMF at 60 °C 
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Figure 4.32. Turbidity measurements of S1, S2 and S3 in PBS at a concentration of 5 g L-1 and a 

heating rate of 1°C min-1. Transmission was measured at 500 nm  
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Figure 4.33. Turbidity measurements of S4-2 in MilliQ water and PBS at a concentration of 5 g L-1 

and a heating rate of 1°C min-1. Transmission was measured at 500 nm. Cloud point temperature 

(Tcp) was measured at the inflection of the heating curve. The occurrence of phase separation was 

observed at 29 °C (PBS) and 57 °C (H2O), respectively.  
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4.6 DSC 

-75 -50 -25 0 25 50 75 100 125

-8

-6

-4

-2

0

2

4

6

8

-75 -50 -25 0 25 50 75 100 125

-8

-6

-4

-2

0

2

4

6

8

-75 -50 -25 0 25 50 75 100 125

-8

-6

-4

-2

0

2

4

6

8

-75 -50 -25 0 25 50 75 100 125

-8

-6

-4

-2

0

2

4

6

8

H
e

a
t 

F
lo

w
 /
 m

W

T / °C

 S1

H
e

a
t 

F
lo

w
 /
 m

W

T / °C

 S2

T
g
= -46 °C T

g
 = -58 °C

T
g
= -50 °C

T
g
= -46 °C

T
m
= 1 °C

T
m
= -3 °C

T
m
= 1 °C

T
m
= 1 °C

H
e

a
t 

F
lo

w
 /
 m

W

T / °C

 S3

H
e

a
t 

F
lo

w
 /
 m

W

T / °C

 S1

 

Figure 4.34. DSC thermograms of surfactants S1-S4 (heating and cooling rate 10 K min−1 (2nd run). 

4.7 Surfactant Degradation 

Degradation studies at pH 10 were conducted by incubating 3.5 mg of the respective surfactant 

in 0.7 mL of a 0.15 M borate buffer (Na2B4O7/NaOH) at r.t.. The surfactants were applied in 

concentrations c= 0.8 - 1µmol L-1 corresponding to c= 0.04 - 0.05 mol L-1 of repeat unit. 
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Figure 4.35. 1H NMRs (300 MHz, H2O/D2O (9/1), 298 K) of the degradation of S1 at pH10. Signals 

of the degradation products are marked in red. 

 
Figure 4.36. 31P{H} NMRs (121 MHz, H2O/D2O (9/1), 298 K) of the degradation of S1 at pH10. 

Signals of the degradation products are marked in red. 
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Figure 4.37. 1H NMRs (300 MHz, H2O/D2O (9/1), 298 K) of the degradation of S2 at pH10. Signals 

of the degradation products are marked in red. (Data depicted in this figure was also used in 

chapter 3) 
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Figure 4.38. 31P{H} NMRs (121 MHz, H2O/D2O (9/1), 298 K) of the degradation of S2 at pH10. 

Signals of the degradation products are marked in red. (Data depicted in this figure was also used in 

chapter 3) 
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Figure 4.39. 1H NMRs (300 MHz, H2O/D2O (9/1), 298 K) of the degradation of S3 at pH10. Signals 

of the degradation products are marked in red. (Data depicted in this figure was also used in 

chapter 3) 
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Figure 4.40. 31P{H} NMRs (121 MHz, H2O/D2O (9/1), 298 K) of the degradation of S3 at pH10. 

Signals of degradation products are marked in red. (Data depicted in this figure was also used in 

chapter 3) 

 

Figure 4.41. 1H NMRs (300 MHz, H2O/D2O (9/1), 298 K) of the degradation of S4 at pH10. Signals of 

degradation products are marked in red. 
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Figure 4.42. 31P{H} NMRs (121 MHz, H2O/D2O (9/1), 298 K) of the degradation of S4 at pH10. 

Signals of degradation products are marked in red. 

4.8 Surfactant Protein interaction 

4.8.1 Interaction with human serum albumin (HSA) 

A stock solution of HSA in MilliQ water at a concentration of 60 mg mL-1 was prepared and 

solutions of each surfactant in MilliQ water at a concentration of 4 µmol L-1 were prepared. To 

evaluate the concentration dependent interaction 200 µL of HSA stock solution were treated 

with 5, 10, 15, 20, 25 µL of the surfactant stock solutions and the amount of denatured protein 

was evaluated by NanoDSF measurements. As reference the native protein and the denatured 

protein were used. Denaturing of the protein was achieved by incubation of the protein in a SDS 

solution at a concentration of 2 wt% for 30 min at 95°C. The amount of denatured protein was 

determined by label-free differential scanning fluorimetry (nanoDSF). Depending on the protein 

structure the thermal unfolding process led to changes in fluorescence emission properties 

monitored at to wavelengths (350 nm and 330 nm). Here, the fluorescence emission is plotted as 

the ratio of 350/330 nm. As references the native protein and the denatured protein were used. 

Denaturing of the protein was achieved by incubation of the protein in a SDS solution at a 

concentration of 2 wt% for 30 min at 95°C. The distance between the plots for the native and the 
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denatured protein was assumed as maximum deviation. The percentage of denaturation of HSA 

at different surfactant concentrations was determined by referencing the deviation for each 

surfactant concentration to the maximum deviation. Here, the first six values were used to 

determine the deviation from the plot of the native protein. 
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Figure 4.43. Thermal unfolding curves of HSA in a temperature range between 20 and 95 °C plotted 

as the ratio between 350/330 nm. Each graph shows the plot for the native and denatured protein as 

well as the plots for HSA treated with different amounts of SDS (A), Lutensol AT50 (B), S1 (C), S2 

(D), S3 (E) and S4(F).  
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4.8.2 Interaction with fibrinogen 

The interaction between the surfactants and fibrinogen was evaluated analogously to the 

procedure for HSA. For fibrinogen a stock solution at a lower concentration of 10 mg mL-1 in 

MilliQ water was prepared.  
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Figure 4.44. Thermal unfolding curves of fibrinogen in a temperature range between 20 and 95 °C 

plotted as the ratio between 350/330 nm. Each graph shows the plot for the native and denatured 

protein as well as the plots for fibrinogen treated with different amounts of SDS (A), Lutensol AT50 

(B), S1 (C), S2 (D), S3 (E) and S4(F).  



Polyphosphoester stealth surfactants: A general strategy to control the protein corona and 

the fate of nanocarriers 

 

 
237 

 
 

 

Figure 4.45. Autocorrelation functions (ACFs) for PMMA-NPs stabilized with SDS. Upper graphs: 

ACF g1(t) (black dots) for a scattering angle of 30 ° with a forced fit consisting of the sum of the two 

individual components (red line −) and a fit with an additional aggregate function where necessary 

(blue line −). Lower graphs: Residuals resulting from the difference of the data and the 

corresponding fits.  
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Chapter 5 

 

Active targeting of mannose-receptor presenting cells with 
nanocarriers coated with mannosylated biodegradable 
polyphosphoester-surfactants 
 

Foreword 

The following project was accomplished in cooperation with Johanna Simon1 (MPIP), who did 

the biological evaluation of the prepared nanoparticle dispersions. The preparation and analysis 

of the mannose-derivatives (2) and (3) was performed by Jens Langhanki2 from the working 

group of Prof. Dr. Till Opatz2. MALDI-ToF analysis was performed by Dr. Elena Berger-

Nicoletti.2 

 

1
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

2
Institute of Organic Chemistry, University of Mainz, Duesbergweg 10–14, 55128 Mainz, 

Germany 

 

Abstract 

 

 

Functional mannose-containing PPE-surfactants for the surface modification of nanocarriers 

were prepared. The surfactants were designed in order to guarantee targeted delivery of the 

modified nanocarriers to mannose-receptor presenting cells. Various targeting surfactants 
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containing mannose moieties were prepared in a two-step synthesis starting with the ring-

opening polymerization of cyclic phosphoester monomers and following mannosylation by 

thiol-Michael addition. In the first approach a targeting surfactant containing one terminal 

mannose moiety was prepared and assembled on the surface of polystyrene nanoparticles. 

Cellular uptake studies against mannose-receptor presenting murine macrophages and immature 

dendritic cells showed no enhanced cellular uptake compared to polystyrene particles coated 

with mere PPE-surfactant. In the second approach, targeting surfactants were prepared with 

various amounts and location of mannose and were assembled on the surface of poly(methyl 

methacrylate particles) and HES nanocapsules. Cellular uptake studies against murine 

macrophages showed significantly enhanced uptake depending on the structure of the targeting 

surfactant. 

1 Introduction 

In recent years, the application of nanocarriers for medicine and more specifically for drug 

delivery has increased rapidly. The perfect drug delivery system fulfills four key requirements - 

(i) retaining the cargo, (ii) evading the immune cells to avoid rapid blood clearance, (iii) 

targeting the site of affection and finally (iv) releasing the cargo at the place of action.1-2 

However, today’s nanomedicine typically fulfills these requirements only in part.  

Here, we have focused on the targeted delivery of nanocarriers by noncovalent attachment of 

mannosylated surfactants on the surface of nanoparticles. The main mechanism behind active 

targeting is the recognition of a ligand that is installed on the carrier by its targeted substrate (on 

the surface of certain cell types).3 Many strategies have been developed to target nanocarriers to 

specific receptors in certain cells, and these typically involve covalent binding the surface of 

nanoparticles with proteins, antibodies, sugars, or other biomolecules.4-6 Covalent attachment of 

targeting moieties to nanocarriers often requires high synthetic efforts and furthermore is often 

plagued by low degrees of functionalization.7-8 Another approach towards surface modification 

of nanoparticles is the coating of the surface with amphiphilic polymers or surfactants 

respectively.9-11  

The objective of the current study was the preparation of structurally different mannosylated 

polyphosphoester-based surfactants for the non-covalent surface modification of any 

nanocarrier.  

Poly(phosphoester)s (PPEs) have gained attention in the past years due to their potential 

biodegradability and biocompatibility making them interesting materials especially for 
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biomedical applications.12-13 Here, several polymeric surfactants were prepared by ring-opening 

polymerization of cyclic phosphoester monomers which were subsequently functionalized with 

mannose. The mannosylated surfactants were used for coating of nanocarriers and their ability to 

target immature dendritic cells and murine macrophages were evaluated in vitro. Due to the 

amphiphilic character of surfactants, they typically enrich at the interphase between particle and 

surrounding continuous phase upon solution in nanoparticle dispersions. Thus, surfactants can 

be used for a straightforward surface modification of nanoparticles by coating-techniques. A 

further benefit of surfactants is their potential compatibility with nanoparticles consisting of 

different materials providing a universal strategy for nanoparticle modification.  

We selected targeting of the mannose receptor that is expressed on the surface of cells of the 

immune system, i.e. typically macrophages and immature dendritic cells (iDCs).14-15 

The mannose receptor is known to bind to mannose- and fucose-containing microorganisms by 

carbohydrate recognition domains.16 Recent strategies for developing preventing and therapeutic 

vaccines have focused on the ability to deliver antigen to dendritic cells.17-18 DCs are the most 

effective antigen-presenting cells and have a crucial role in initiating T-cell mediated 

immunity.19 Therefore, targeting DCs with an antigen-delivery system provides tremendous 

potential in developing new vaccines.  

2 Results & Discussion 

 

Figure 5.1. General structure of surfactants of the Lutensol® AT series and analog PPE-

surfactants. 

The mannosylated surfactants were designed in analogy to Lutensol® AT50 that is a well-

established polymeric surfactant (Figure 5.1). Surfactants of the Lutensol AT® series consist of 

a fatty alcohol (C16-C18) as the hydrophobic part and a hydrophilic PEG segment. PPE 

surfactants with an analogous structure were prepared by replacing the hydrophilic PEG-part by 

hydrophilic PPEs. Two different approaches to integrate the targeting mannose units into the 

surfactant structure were studied. In the first approach, one single mannose unit is attached to 

the hydrophilic PPE-part via a terminal linker (Figure 5.2, left). In contrast, in the second 
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approach PPE (co)polymers were prepared carrying a reactive methacrylate group in the pendant 

chain allowing the introduction of several mannose units along the hydrophilic chain of the 

surfactant (Figure 5.2, right). 

 

 

Figure 5.2. Schematic depiction of the mannose-containing targeting surfactants. 

All targeting surfactants prepared in this study were prepared by a two-stage protocol: the first 

step comprises the preparation of a precursor (P) containing methacrylate groups, which is 

subsequently transferred into a targeting surfactant (TS) by functionalization with mannose. The 

functionalization was accomplished by thiol-Michael addition (Scheme 5.1) with thiolated 

mannose. The thiol-Michael addition has been developed in the 1960s by Allen et al.20 and 

typically proceeds in quantitative yield under mild conditions. The thiol-Michael addition is 

ranked among the ‘click’ reactions and has proven to be a powerful tool for polymer 

modification.21 

 

 
Scheme 5.1 . General scheme of the thiol-Michael addition 

For the applicability of the thiol-Michael addition for the modification of the precursors 

containing attackable methacrylate groups, the mannose was transferred into a thiol-derivative 

(Scheme 5.2). The preparation and analysis of compounds (2) and (3) depicted in Scheme 5.2 

were performed by Jens Langhanki from the working group of prof. Dr. Till Opatz. 
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Scheme 5.2. Preparation of the thiol-mannose derivative (4) via a three-step synthesis. (The 

preparation and analysis of compounds (2) and (3) were performed by Jens Langhanki from the 

working group of Prof. Dr. Till Opatz.)  

α-D-mannopyranoside (1) was modified in the anomeric position to guarantee further 

recognition of the modified sugar by the lectins.22-23 In the first step, α-D-mannopyranoside (1) 

was modified at the anomeric hydroxyl-group by allylation with allyl alcohol and acetyl chloride 

and was subsequently transferred into acetylthiopropyl-α-D-mannopyranoside (3) by radical 

addition of thio acetic acid to the terminal double bond using α,α’-azoisobutyronitrile (AIBN) as 

radical initiator. In the last step the thioacetic acid ester is cleaved by sodium methylate in 

methanol24 leading to a mannose-derivative containing a terminal thiol group (4) which can be 

used as nucleophile in thiol-Michael addition. For each polymer modification the thiopropyl-α-

D-mannopyranoside was prepared freshly prior to use due to the tendency of thiols to form 

disulfides lowering the yield of the thiolated sugar acting as nucleophile in the thiol-Michael-

addition.  
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Figure 5.3. 1H NMR (250 MHz, D2O, 298 K) spectra of the thioester cleavage. The thioester was 

cleaved using NaOMe in dry methanol at 0 °C over a period of 3 h. Complete ester cleavage was 

indicated by the disappearance of the signal at 2.32 ppm. 

Successful cleavage of the thioester was indicated by the disappearance of the signals of the 

methyl group of the thioacetic ester at 2.32 pm. Furthermore, the signals of the methylene group 

adjacent to the sulfur atom shifted from 2.93 ppm to 2.51 ppm upon thiol formation. Depending 

on the reaction conditions disulfide formation was already observed during the preparation of 

thiopropyl-α-D-mannopyranoside. The formation of disulfide can be suppressed when the 

temperature of the cleavage of the thioester is performed at 0°C and reaction times of 2-3 h are 

not exceeded. As the disulfide cannot be used for the thiol-Michael addition, it needs to be 

avoided. However, when disulfide formation was observed a reduction agent, namely tris(2-

carboxyethyl)phosphine (TCEP), was added to the thiol-Michael addition to regain the thiol in 

situ. 
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The first approach to mannose-containing targeting surfactant (TS(1)) comprises the preparation 

of a PPE-based surfactant were one single mannose unit is attached to the hydrophilic PPE-part 

via a terminal linker group (Figure 5.2 (left)).  

Methyl ethylene phosphate (MEP) was used as the hydrophilic monomer. PMEP contains a 

short hydrophilic methoxy side chain and shows no temperature dependent solubility in water. 

In order to achieve the Lutensol-like structure, 1-ocatadecanol was used as the initiator in the 

organocatalytic ring-opening polymerization of MEP. Typically, ring-opening polymerizations 

of cyclic phosphoester monomers are conducted in dry dichloromethane at low temperatures and 

high monomer concentrations to avoid unwanted side reactions such as transesterification or 

cyclization. However, the usage of 1-octadecanol complicates the ROP of MEP due to its low 

solubility in DCM at 0 °C. Partially precipitation of the initiator at 0°C leads to a lower number 

of chains starting the polymerization and therefore higher molecular weights are obtained. Using 

THF as solvent guarantees a better solubility of 1-octadecanol but led to a precipitation of the 

polymer within the polymerization. To avoid initiator precipitation at 0°C a mixture of DCM 

and THF (3:0.8) was used. For the incorporation of mannose units into the surfactant structure a 

precursor was synthesized with a terminal methacrylate group (Scheme 5.3).  

 

 

Scheme 5.3. Synthesis of the precursor of the targeting surfactant containing one terminal mannose 

unit. 

The introduction of a terminal linker group was achieved by terminating the ring-opening 

polymerization of MEP by rapid addition of an excess (5 equivalents compared to the initiator) 

of the commercially available 2-isocyanatoethyl methacrylate. It was found that the usage of 

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst prohibits the introduction of the linker 

group while the change of the catalyst to a combination of 1-(3,5-bis(trifluoromethyl)phenyl)-3-
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phenylthiourea (TU) and 1,8-Diazabicyclo[5.4.0]undec-7-en (DBU) led to a reliable 

introduction of the linker. The incorporation of the terminal linker was proven by 1H NMR 

spectroscopy. 1H NMR spectra after three-times precipitation from diethyl ether showed clearly 

the introduction of the linker group by the appearance of the signals of the double bonds at 6.11 

ppm and 5.57 ppm respectively (Figure 5.4). The number of repeat units was calculated from the 
1H NMR spectra of the polymers. The signal of the methyl group of the initiator appearing at 

0.86 ppm was integrated and set as 3 and compared either with the integrals of the pendant 

methyl groups or the methylene groups of the backbone to calculate the Mn. The results from 

NMR and SEC results for the prepared precursors (P(1)) containing one terminal methacrylate 

functionality are listed in Table 5.1. 

 

Figure 5.4. 1H NMR (300 MHz, CDCl3 at 298K) spectrum of PMEP40 with terminal methacrylate 

group 

 

The terminal acrylate group always harbours the possibility of spontaneous crosslinking by free 

radical addition. Therefore, the prepared precursors (Table 5.1) were only purified by repeated 

precipitation from diethyl ether and subsequently stored at -80°C until further usage. 
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Table 5.1. Overview of the NMR and SEC data for the precursors with terminal methacrylate 

group. 

samplea 
solvent Mn,theo / g mol-1 a Mn / g mol-1b Đc 

P(1)-1 THF 5800 5200 1.26 

P(1)-2 THF 5800 6500 1.28 

P(1)-3 THF/DCM 5800 5800 1.32 

a
: According to monomer feed ratio.  

b
: Determined via 1H NMR. c

:Determined via SEC in 
DMF.  
 

The modification of the surfactant was performed by thiol-Michael addition with an excess of 

freshly prepared thiopropyl-α-D-mannopyranoside. The thiol-Michael addition was conducted in 

methanol due to the limited solubility of the mannose derivative in organic solvents at ambient 

temperature. After 24 h, the reaction was terminated and the polymer was charged into a dialysis 

tube with a molecular weight cut off (MWCO) of 3,500 g mol-1 and dialyzed against water for 

further 24 h to remove excess of thiopropyl-α-D-mannopyranoside. 

 

 
Scheme 5.4. Synthesis of the targeting surfactant TS-1 by thiol-Michael addition. 

After modification, the 1H NMR spectrum (Figure 5.5) showed only minimal signals at 6.11 

ppm and 5.57 ppm that can be ascribed to residual double bonds of the terminal methacrylate 

group indicating successful modification of the terminal methacrylate group. Furthermore, 

signals at 2.5-2.75 ppm emerged that can be ascribed to the methanetriyl group as well as to the 

methylene groups on both sides adjacent to the thioether (Figure 5.5) formed upon thiol-Michael 

addition. At 1.82 ppm the signals of the second  methylene group (-S-CH2-CH2-CH2-) in the 

thiopropyl spacer are visible. The signal of this methylene group was integrated, set as two and 

compared to the integral of the signal at 2.5-2.75 ppm showing the expected ratio of 2:5 
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indicating a successful modification of P(1)-3. However, comparing these integrals with the 

integral of the initiator methyl group indicated an incomplete modification of the precursor.  

 

 

Figure 5.5. 1H NMR (250 MHz, MeOD at 298K) of TS(1)-1. TS(1)-1 was prepared from P(3) by thiol 

Michael addition with (4) in methanol at ambient temperature. 

However, the size of the mannose signals in the 1H NMR spectra of the targeting surfactant 

TS(1)-1 makes it difficult to judge whether the mannose is attached to the precursor or if it is 

residual mannose that could not be removed during the purification by dialysis. Thus, a MALDI-

TOF spectrum (Figure 5.6) was recorded as further proof of the successful mannosylation of the 

precursor. 
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Figure 5.6. MALDI-ToF spectrum of TS(1)-1 with 2-(4'-hydroxybenzeneazo)benzoic acid as matrix 

. 

 

Table 5.2. Overview over calculated and found masses for TS(1)-1. 

n(repeat units) TS(1)-1 TS(1)-1+Na TS(1)-1+K found found 

19 3303 3326 3342 3327 3342 

20 3441 3464 3480 3465 3480 

21 3579 3602 3618 3602 3756 

22 3717 3740 3756 3740 3756 

23 3855 3878 3894 3879 3894 

 

Figure 5.6 shows the recorded MALDI-ToF spectrum of TS(1)-1 using 2-(4'-

hydroxybenzeneazo)benzoic acid as matrix. The molecular weight distribution is centered at 

~3,500 g mol-1 that is below the expected molecular weight of 6,100 g mol-1 and can be ascribed 

to a discrimination of higher molecular weights during the measurement. The resolved repeat 

units are separated by 138 mass units corresponding to the mass of one repeat unit of MEP. 

Magnification of the region m/z = 3,400-3,800 g mol-1 (Figure 5.6) showed that the signals are 
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split in two main signals. These two main peaks are separated by 13 mass units and the right 

peak matches the mass of TS(1)-1+Na and the left peak matches the mass of TS(1)-1+K 

indicating a successful mannosylation of precursor P(3)-1. However, the mass peak ascribed to 

TS(1)-1+Na also matches the precursor-mass without mannose. Nevertheless, the peak pattern 

indicates a successful mannosylation of the precursor. As the resolution of the mass spectrum 

could not be enhanced, not isotopic resolution was possible to rule out the latter option. 

However, together with the NMR results a conversion of the methacrylates most likely to the 

desired product was achieved.  

To evaluate the targeting ability of the synthesized surfactant, polystyrene nanoparticles (PS-

NPs) were coated with the mannosylated surfactant TS(1)-1 and the cellular uptake was 

evaluated against macrophages and dendritic cells both exhibiting mannose receptors on the cell 

surface. The applied PS-NPCs were prepared by miniemulsion polymerization with sodium 

dodecyl sulfate (SDS). For the particle coating the PPE-surfactant was dissolved in the 2wt% 

PS-NPs dispersion and the mixture was charged into a dialysis tube with MWCO = 3,500 g mol-

1, that is permeable for the small SDS but impermeable for the PPE-surfactant leading to an 

exchange of the surfactant. The particles were dialyzed for 24 h.  
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Figure 5.7. Flow cytometry analysis of RAW264.7 cells and immature dendritic cells incubated with 

differently coated PS-NPs for 2 h. As refrence, PS-NPs coated with a PMEP65-surfactant containing 

no terminal mannose moiety were used. Cellular uptake studies were conducted in the absence and 

presence of proteins where human blood plasma was used as protein source. 

The PS-NPs were coated with two different surfactants, one with a terminal mannose unit and 

the other one consisting exclusively of PMEP (presented in Chapter 4). The stability of the 

coated nanoparticles in plasma was evaluated by DLS measurements and showed no aggregation 
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(Figure 5.33). The cellular uptake studies against macrophages and DCs were conducted in the 

absence of proteins as well as in the presence of proteins using 10% human blood serum as 

protein source. 

Figure 5.7 shows a slightly increased cellular uptake for the PS-NPs coated with the mannose-

containing surfactant TS(1)-1 in absence of proteins for both cell lines. However, in the 

presence of proteins the cellular uptake decreased significantly for the PS-NPs coated with both 

PPE-surfactants and no enhanced cellular uptake was observed for the particles coated with the 

mannose containing surfactant compared to the PMEP-surfactant without mannose. Therefore, 

in the presence of proteins the introduction of a terminal mannose unit did not lead to an 

increased receptor mediated cellular uptake against macrophages and dendritic cells. However, 

these results may have different reasons. On the one hand, the targeting unit density per 

nanoparticle may be too low for surfactants bearing only one terminal mannose-moiety since it 

was described earlier that the interaction of mannosylated nanocarriers with lectins depends 

strongly on the density of mannose moieties on the surface.25-26 On the other hand, the presence 

of proteins may lead to shielding of the targeting units by the adsorption of serum proteins, 

which was described earlier by Dawson et al. for transferrin-functionalized nanoparticles.4 

Taking these results into account further studies were conducted including two alterations: (i) 

surfactants containing a higher number and density of mannose-moieties per surfactant molecule 

were prepared and applied to (ii) nanocarriers showing reduced protein adsorption compared to 

polystyrene nanoparticles, i.e. poly (methyl methacrylate) nanoparticles (PMMA-NPs) and 

hydroxyl ethyl starch nanocapsules (HES NCs). To achieve a higher mannose concentration per 

surfactant molecule 2-(2-oxo-1,3,2-dioxaphospholoyloxy)ethyl methacrylate (OPEMA) was 

used either as single monomer or as a comonomer during the surfactant synthesis. OPEMA was 

prepared by esterification of 2-chloro-1,3,2-dioxaphospholane 2-oxide (COP) with HEMA 

according to a literature procedure (Scheme 5.5).27 
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Scheme 5.5. Synthesis of 2-(2-oxo-1,3,2-dioxaphospholoyloxy)ethyl methacrylate (OPEMA).27 

The usage of OPEMA as monomer for the synthesis of precursors with multiple methacrylate 

moieties (P(2)) allowed the introduction of a high and precisely adjustable number of pendant 

methacrylate groups along the hydrophilic chain of the surfactant that can be used as working 

point for further modification with mannose by thiol-Michael addition. Three different precursor 

structures were synthesized using either a combination of MEP and OPEMA or exclusively 

OPEMA as monomers. The simplest precursor structure is a homopolymer of POPEMA, which 

allows the introduction of a maximum number of mannose units per surfactant molecule (Table 

5.3, Entry 1-4). As further precursor structure copolymers with MEP as comonomer were 

synthesized leading to a statistical distribution of pendant methacrylate chains and mannose 

units respectively along the polymer chain (Table 5.3, Entry 5,6). Finally block copolymers with 

the first block PMEP and the second block POPEMA were prepared (Table 5.3, Entry 7,8). 

Scheme 5.6 provides an overview over the preparation of precursors (P(2)) with multiple 

methacrylate moieties. 
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Scheme 5.6. Synthesis of the precursors P(2) by anionic ring opening polymerization of cyclic 

phosphates. 

The prepared surfactants were analyzed by size exclusion chromatography (SEC) and NMR 

spectroscopy. SEC analysis was used to determine the molecular weight distribution and 1H 

NMR spectroscopy was employed to determine the amount of repeating units of each monomer 

in the precursors and the molecular weight. Table 5.3 gives an overview over the SEC and NMR 

data of the prepared precursors. In Figure 5.8 one representative 1H NMR spectrum of each 

precursor type is presented.  
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Table 5.3. Overview of the NMR and GPC data for precursors P(2) with multiple methacrylate 

units. 

# precursor n(OPEMa)/n(MEP)a n(OPEMA)/n(MEP)b 
Mn,theo

 a
 / 

g mol-1 

Mn
b

 / 

g mol-1 
Đc 

1 P(2)-1 20/- 18/- 5,000 4,500 1.45 

2 P(2)-2 40/- 37/- 9,700 9,000 1.27 

3 P(2)-3 40/- 36/- 9,700 8,800 1.23 

4 P(2)-4 80/- 75/- 19,200 18,000 1.23 

5 P(2)-5 20/20 18/22 7,800 8,000 1.29 

6 P(2)-6 40/20 35/23 10,100 11,700 1.26 

7 P(2)-7 20/20 15/23 7,800 7,000 1.59 

8 P(2)-8 20/30 19/20 10,100 7,500 1.50 

aAccording to monomer feed ratio.  bDetermined via 1H NMR. cDetermined via SEC in DMF 
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Figure 5.8. Representative 1H NMR spectra (300 MHz, CDCl3, 298 K) of each precursor structure; 

homopolymer (top), copolymer(middle) and block copolymer bottom. 
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The number of OPEMA units represents at the same time the maximum number of introducible 

mannose units. 1H NMR spectra of precursors with the hydrophilic part consisting exclusively of 

POPEMA (Figure 5.8 top) show signals at 5.67 ppm and 6.16 ppm respectively that can be 

ascribed to the double bonds of the pendant methacrylate groups while the signal of the 

neighboring methyl group appears as singlet at 1.9 ppm. The signals of the backbone as well as 

of the ethylene glycol spacer in pendant chain appear as a broad signal at 4.4 - 4.1 ppm. The 

amount of OPEMA units and therefore, the amount of maximum insertable mannose units was 

determined by comparison of the integrals of the double bond signals with the integrals of the 

methyl group of the initiator that appears as typical triplet at 0.86 ppm. To evaluate if 

crosslinking of the terminal methacrylate groups of the OPEMA units occurred during the 

polymerization the integrals of the double bonds were compared to the integrals of the adjacent 

methyl group. The precursors P(2)-5,6 and P(2)-7,8 contain additionally MEP units or a MEP 

block respectively. The signals of the pendant methoxy group appear at 3.8-3.6 ppm (Figure 5.8 

middle and bottom) and were used to determine the number of MEP repeat units by comparison 

with the initiator signals. As mentioned previously, the final targeting surfactants were prepared 

by mannosylation of the precursors by thiol-Michael addition (Table 5.4). When the targeting 

surfactants are coated on the particle surface, the mannose units are supposed to form the outer 

sphere around the particle and are therefore in the best position to guarantee targeting of the 

mannose receptor (Figure 5.9). Polymer modifications were conducted at ambient temperature 

using 4-(dimethylamino)pyridine (DMAP) as catalyst and an excess of 5 eq of thiol-α-D-

mannopyranoside per methacrylate unit. Due to the limited solubility of the thiol-α-D-

mannopyranoside in organic solvents the reaction was performed in methanol. 
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Figure 5.9. Preparation of the targeting surfactants TS(2) by mannosylation of the methacrylate 

containing precursers by thiol Michael addition. 

As mentioned above the thiopropyl-α-D-mannopyranoside tend to form disulfides that are 

inactive in thiol-Michael additions. In order to reduce the disulfide, TCEP was added to the 

reaction mixture. The progress of the reaction was followed by 1H NMR spectroscopy. Figure 

5.10 shows the 1H NMR spectra recorded within the course of a representative mannosylation. 

In case of residual double bond signals in the NMR spectra further DMAP and TCEP were 

added to avoid too long reaction times that can lead to crosslinking of the methacrylate groups. 

The disappearance of the double bonds in the 1H NMR spectra (Figure 5.10) indicated the end of 

the reaction. Furthermore, the shape of the signal of the ethylenglycol backbone of the polymer 

changed throughout the reaction indicating successful mannosylation of the precursors. 

 



Active targeting of mannose-receptor presenting cells with nanocarriers coated with 

mannosylated biodegradable polyphosphoester-surfactants 

 

 
260 
 
 

 

Figure 5.10. Progress of the mannosylation of PC(2)-8 with thiol-α-D-mannopyranoside, DMAP and 

TCEP by monitored by 1H NMR spectroscopy (250 MHz, D2O or MeOD, 298K). 

The surfactants were purified by dialysis against deionized water using a dialysis tube with a 

MWCO of 3.5 kDa. The dialysis tube thus, is permeable for DMAP and the excess of 

thiopropyl-α-D-mannopyranoside but impermeable for the mannosylated surfactant. A 

representative 1H NMR spectrum of the purified targeting surfactant TS(2)-1 is depicted in 

Figure 5.11. The spectrum shows the signals of the polymer backbone at 4.37 ppm that lost its 

typical splitting pattern upon mannosylation. The signals of the hydrogen atoms of α-D-

mannopyranoside remained in the range of 3.95 - 3.45 ppm and stayed unaffected upon 

mannosylation. In contrast, the signals of the methyl group adjacent to the modified double bond 

shifted from 1.9 ppm to 1.22 ppm upon mannosylation. Furthermore, the methyl signal shows a 

slight splitting that can be attributed to coupling with the neighboring methanetriyl-hydrogen. 

The newly emerged signal at 2.78 ppm can be ascribed to the methylene group next to the 

sulfide indicating a successful introduction of mannose into the surfactant structure.  
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Figure 5.11. 1H NMR spectrum (250 MHz, D2O, 298K) of mannosylated TS(2)-1. 

The assignment of the newly emerged signals in the 1H NMR spectra was accomplished by H,H 

correlation spectroscopy (COSY). Figure 5.12 shows the correlation spectrum of TS(2)-2 in 

deuterium oxide.  
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Figure 5.12. H,H COSY spectrum (500 MHz, D2O, 298K) of mannosylated targeting surfactant 

TS(2)-2. 

However, 1H NMR spectra of the final targeting surfactants showed no initiator signals that can 

probably be attributed to self-assembly of the surfactants in deuterium oxide where the 

hydrophobic initiator is located in the center of the micelle to reduce contact with surrounding 

deuterium oxide. Due to the disappearance of the initiator signals, a determination of the number 

of introduced mannose units is not possible by 1H NMR spectroscopy. Thus, the determined 

number of methacrylate groups in the respective precursor was equated with the number of 

introduced mannose units since no residual double bonds were observed. Table 5.4 provides an 

overview over the prepared targeting surfactants. 

 

Table 5.4. Overview of the NMR data for the mannosylated targeting surfactants TS(2) containing 

multiple mannose units. 

# precursor n(mannose)a Mn
 a/ g mol-1 

Mw/Mn
b 
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TS(2)-1 P(2)-3 36 18,000 3.22 

TS(2)-2 P(2)-4 75 37,000 2.49 

TS(2)-3 P(2)-6 18 12,600 n.d. 

TS(2)-4 P(2)-8 19 12,300 2.33 

a :determined by 1H NMR spectroscopy of the respective precursor. b: determined by SEC in 

water at 30°C 

 

Mannoslyation of the surfactant precursors led to drastically changed solubility properties. The 

precursors are readily soluble in common organic solvents such as dichloromethane or DMF and 

the SEC elugrams were standardly measured in DMF. However, the introduction of mannose led 

to insolubility of the final surfactants in DMF thus SEC measurements of the targeting 

surfactants were conducted in water at 30 °C. In order to proof successful modification of the 

precursors diffusion-ordered spectroscopy (DOSY) was applied. Diffusion-ordered spectroscopy 

allows a separation of NMR signals of different species contained in one sample according to 

their diffusion coefficient. In case of separated precursor and mannose their 1H NMR signals 

would lead to two different diffusion signals with a distinctly lower diffusion coefficient for 

mannose compared to the precursor due its lower molecular weight. In Figure 5.13 a 

representative 1H DOSY spectrum of a mannosylated surfactant is depicted showing that the 

signals of the polymer backbone and the mannose are in line belonging to the same diffusion 

coefficient range. However, due to self-assembly of the final targeting surfactants in deuterium 

oxide the signals were rather broad.  
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Figure 5.13. 1H DOSY (500 MHz, D2O, 298K) of TS (2)-2 (Table 5.4 entry 2). The 1H DOSY 

spectrum shows that the signals of the polymer backbone and the signals of the mannose are in one 

line indicating that the mannose is attached to the polymer backbone.  

To evaluate the targeting ability of the prepared surfactants, nanocarriers were decorated with 

the different surfactants and the cellular uptake of the surfactant modified particles was 

evaluated against macrophages. In the first approach polystyrene nanoparticles were coated with 

the TS(1)-1 and no increased cellular uptake was observed, which might be attributed the 

protein corona formed upon plasma incubation shielding the mannose moieties. Thus, in 

addition also poly(methyl methacrylate) (PMMA) and hydroxyl ethyl starch (HES) 

nanocapsules were investigated, which generally show lower protein adsorpion.  
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Figure 5.14. Schematic depiction of nanocarriers decorated with targeting surfactants with altered 

mannose content and location. 

In recent years hydroxyethyl starch nanocapsules (HES-NCs) have been studied intensively by 

our group.23 HES is a derivative of starch and possesses high biocompatibility as well as 

improved stability against enzymatic degradation.28 HES-NCs are prepared by a well-established 

inverse miniemulsion via the polyaddition reaction at the interface of water nanodroplets 

dispersed in cyclohexane.29 This method allows precise adjustment of the particle size and the 

incorporation of hydrophilic cargo into the hollow nanocapsule.23, 30 Previous studies concerning 

HES nanocapsules covalently modified with mannose proved an increased affinity to dendritic 

cells both in the presence and absence of the plasma protein corona.23 Therefore, HES NCs are 

supposed to be suitable for the evaluation of the targeting ability of the prepared targeting 

surfactants.23 Additionally PMMA particles were used. PMMA is a well-established material in 

biomedical applications especially in the field of bone cements31 and particles can prepared 

analogously to the PS-NPs by miniemulsion polymerization with precisely adjustable 

diameters.32 For the coating, the particles at a concentration of 1wt% were centrifuged, the 

supernatant was removed and the particles were redispersed in the respective surfactant solution 

with a concentration of 10 mg mL-1 and incubated for 24 h. The cellular uptake of the coated 

particles was evaluated against macrophages (RAW 264.7). Table 5.5 provides an overview 

over ζ-potential and diameter of the particles used in the cellular uptake studies. 
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Table 5.5. ζ-Potential and diameter of HES nanocapsules used in the cellular uptake studies. 

 HES + PMEP35 +TS(2)-1 +TS(2)-2 +TS(2)-3 +TS(2)-4 

ζ-Potentiala / 

mV 
-4.6 ± 3.1 -8.4 ± 3.7 -5.5 ± 4.5 -5.6 ± 2.9 -16.7 ± 3.9 -17.8 ± 3.2 

 PMMA + PMEP35 +TS(2)-1 +TS(2)-2 +TS(2)-3 +TS(2)-4 

ζ-Potentiala / 

mV 
-35.1 ± 8 -29 ± 7 -25 ± 6 -37 ± 8 -36 ± 8 -28 ± 6 

Øb / nm 114 ± 15 115 ± 33 108 ± 11 116 ± 30 117 ± 37 119 ± 22 

a Determined by electrophoresis. b Determined by DLS (diameters were only determined for the 

surfactant coated PMMA particles since the dye, incorporated in the HES-NCs, showed 

interference with the laser). 

 

Cellular uptake of the nanoparticles coated with the mannosylated surfactants TS(2)-1–TS(2)-4 

towards macrophages (RAW 264.7) was evaluated. Therefore, cells were incubated with the 

respective particles for 2 h and subsequently cellular internalization was analyzed by flow 

cytometry. Data is presented as the relative amount of cells taking up particles (“positive cells”) 

and as the mean fluorescence intensity (“MFI”). Nanoparticles coated with the non-targeting 

surfactant PMEP (presented in Chapter 4) were used as reference. 
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Figure 5.15. Flow cytometry analysis of RAW264.7 cells incubated with differently coated HES 

nanocapsules for 2 h. Cellular uptake studies were conducted in the absence and presence of 

proteins where human blood plasma was used as protein source. (Experiments depicted in this figure 

were conducted by Johanna Simon) 

Cellular uptake of HES-NCs coated with the mannosylated targeting surfactants TS(2)-1, TS(2)-

2 and TS(2)-4 was increased compared to HES-NCs coated with PMEP-surfactant (Figure 5.15 

(a)-(d)) in the presence and absences of proteins. In contrast, coating with the targeting 

surfactant TS(2)-3 did not alter uptake behavior. In the absence of proteins (Figure 5.15 (a)), the 

highest cellular uptake was observed for HES-NCs coated with the block copolymer TS(2)-4, 

which led to a 2.7 fold higher uptake compared to the PMEP coated HES-NCs. In general, due 

to the presences of proteins the interactions of HES-NCs and cells are favored resulting in an 

increased unspecific uptake for all HES-NCs (Figure 5.15 (d)). Hence, coating HES-NCs with 

mannosylated surfactants TS(2)-1, TS(2)-2 or TS(2)-4 was still enhanced compared to PMEP 

and TS(2)-3 coated nanocapsules hereby proofing the targeting ability. 
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Furthermore, PMMA particles were coated with the targeting surfactants TS(2)-1–TS(2)-4 and 

the cellular uptake was evaluated towards murine macrophages and compared to PMMA-NPs 

coated with PMEP (Figure 5.16). In case of the PMMA particles, 10% human blood serum was 

used as protein source. Colloidal data for the surfactant coated PMMA-particles presented in 

Table 5.5 showed similar diameters for the PPE-surfactant coated nanoparticle as for the SDS-

stabilized nanoparticle indicating that the PPE-surfactants are suitable for stabilizing PMMA 

particles.  
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Figure 5.16. Flow cytometry analysis of RAW264.7 cells incubated with differently coated PMMA 

nanoparticles for 2 h. Cellular uptake studies were conducted in the absence and presence of 

proteins where 10% human blood serum was used as protein source. (Experiments depicted in this 

figure were conducted by Johanna Simon) 

 

Compared to PMEP coated PMMA-NPs, cellular uptake was dramatically increased upon 

coating with targeting surfactants TS(2)-1, TS(2)-2 and TS(2)-4 in the presence and absences of 
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proteins (Figure 5.16 (a)-(d)). The strongest cellular interaction was observed for NPs coated 

with homopolymer TS(2)-2 , while coating with TS(2)-3 caused minor effects. As observed for 

HES-NCs the presences of proteins enhanced cellular interactions for all PMMA-particles 

(Figure 5.16 (d)). However, for PMMA-particles coated with the targeting surfactants still a 

significantly increased uptake was observed indicating that the presence of proteins did not lead 

to complete shielding of the mannose units. 

Cellular uptake studies conducted for HES-NCs and PMMA-NPs coated with mannosylated 

targeting surfactants showed the highest cellular uptake for coating with homopolymer 

surfactants TS(2)-1 and TS(2)-2 and block copolymer surfactant TS(2)-4, respectively. In 

contrast, coating with the copolymer surfactants TS(2)-3 slightly elevated uptake for PMMA-

NPs, while coating of HES-NCs with TS(2)-3 did not alter uptake behavior. Thus, it can be 

concluded that the structure of the surfactant is critical for the targeting ability of the coated 

nanocarrier. Homopolymers TS(2)-1 and TS(2)-2 exhibit a mannose moiety on every repeat unit 

hereby achieving the maximum number and density of mannose moieties per surfactant 

molecule. In case of the block copolymer, a high density of mannose units is provided at the end 

of the surfactant molecule, that is supposed to form the outer sphere of the nanocarrier and 

therefore enables the interaction with the receptor presented on the cell surface. It was reported 

earlier, that the number of mannose functionalities presented by nanocarriers significantly 

influences the recognition by macrophages and that the binding affinity increases with 

increasing mannose density.33 Similar results were obtained in the here presented study. The 

copolymer surfactant, in contrast, contains randomly distributed mannose functionalities and 

therefore exhibit a lower density of mannose functionalities. Furthermore, the different 

nanocarrier materials need to be considered. In general, similar results were obtained for 

nanocarriers based on HES or PMMA - in both cases, the highest cellular uptake was observed 

for targeting surfactants with a high number and density of mannose moieties. However, 

compared to PMEP coated NPs the targeting effect caused by the mannose surfactants was 

stronger for PMMA-NPs compared HES-NCs. This can probably be attributed to the different 

binding affinities of the surfactants to the nanocarrier materials. HES is more hydrophilic than 

PMMA and thus a weaker interaction of the hydrophobic surfactant tail with HES is expected 

compared to PMMA. Therefore, the surface modification is more efficient for PMMA-NPs. 
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3 Summary & Outlook  

In this study, a facile strategy towards non-covalent surface modification of nanocarriers with 

mannose for active targeting of lectins (presented by cells of the immune system) by using 

mannosylated PPE-surfactants is presented. A library of surfactants was prepared by a two-step 

protocol, including the polymer preparation by ring-opening polymerization of cyclic 

phosphates and subsequent mannosylation by thiol-Michael addition. Within this study, 

surfactants with altered mannose content and position were prepared. The prepared surfactants 

were characterized in detail by size exclusion chromatography and NMR spectroscopy. The 

surfactants were assembled on the surface of nanocarriers consisting of different materials and 

the targeting ability of the modified nanocarriers was evaluated by cellular uptake studies 

against lectin presenting cells. It was found, that the targeting ability of the surfactants is 

strongly dependent on the mannose content and density. Polystyrene nanoparticles coated with 

TS(1)-1 containing one terminal mannose moiety showed no enhanced uptake by macrophages 

and dendritic cells. In contrast, coating of nanocarriers with the targeting surfactants TS(2), 

exhibiting multiple mannose moieties, led to a significantly increased cellular uptake by murine 

macrophages depending on the surfactant structure. 

The highest cellular uptake was observed for nanocarriers coated with surfactants containing a 

high number and density of mannose moieties, i.e. homopolymer surfactants TS(2)-1 and TS(2)-

2 as well as the block copolymer surfactant TS(2)-4, which is in agreement with earlier studies. 

Furthermore, slightly distinct results were found for nanocarriers consisting of different 

materials which can probably be attributed to material-dependent interactions with the 

surfactants. However, in further studies it need to be proven that the increased cellular uptake of 

the targeting surfactant coated nanocarriers is receptor-mediated. Thus, experiments need to be 

done where the mannose-receptor is blocked by presaturation for example with mannan, before 

incubation with the surfactant coated nanocarriers. If the cellular uptake of the surfactant coated 

nanocarriers decreases upon receptor-blocking, the receptor-mediated uptake provided by the 

mannosylated PPE-surfactants is proven.  

To conclude, for PMMA and HES nanocarriers coated with mannosylated targeting surfactants 

exhibiting a high density of mannose moieties a significantly increased cellular uptake was 

detected compared to nanocarriers coated with PMEP surfactant. Thus, the prepared PPE-based 

targeting surfactants provide a facile strategy towards functional surface modification of 

nanocarriers composed of different materials.   
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4 Experimental 

4.1 General information 

All chemicals and solvents were purchased from Sigma-Aldrich, Acros Organics or Fluka and 

used as received unless otherwise stated. Deuterated solvents were purchased from Sigma-

Aldrich and used as received. The eluents for column chromatography (cyclohexane and ethyl 

acetate) were distilled prior to use. Deuterochloroform was stored over alumina (Brockmann 

activity I).Whole human blood was obtained form 10 healty donors. Sodium citrate was added 

as anticoagualant to generate human blood plasma. For serum preparation, blood from 6 healty 

donors was taken and allowed to clot overnight according to the standard procedure.  

4.2 Instrumental Techniques 

NMR. NMR spectra of the mannose derivatives (2) and (3) were recorded on an Avance II 400 

(400 MHz 1H NMR, 101 MHz 13C NMR, COSY, HSQC, HMBC; Bruker), using a 5 mm probe 

head at a temperature of 23°C. The 13C-NMR spectra are 1H broadband decoupled. The HSQC 

sepctra are phase-sensitive (opposite signs for CH/CH3 and CH2).The 1H and 13C chemical shifts 

(δ) were referenced to the residual solvent signal as internal standard (DMSO-d6: δ = 2.50 ppm 

and 39.52 ppm, CD3OD: δ = 3.31 ppm and 49.00 ppm for 1H and 13C NMR, respectively).34 

Coupling constants (J) are reported in Hz (splitting abbreviations: s, singlet; d, doublet; t, triplet; 

q, quartet; m, multiplet; br, broad; and combinations thereof). 1H, 13C and 31 P NMR spectra of 

mannose derivative (3) and all polymers were recorded using a Bruker Avance III 250, a Bruker 

Avance 300, a Bruker Avance III 500 and processed with MestReNova. All 31P NMR spectra 

were recorded decoupled from protons. All spectra were referenced internally to residual proton 

signals of the deuterated solvent. 2D spectra were processed with the topspin 3.5 software. 

For the diffusion measurements (DOSY)35 a 5 mm triple resonance BBFO 1H/X probe equipped 

with a z-gradient on the 500 MHz Bruker AVANCE III system was used. For the diffusion 

measurements a 2D sequence (DOSY, dstebpgp3s) with a stimulated echo was used.36 The 

temperature was kept at 298.3 K and regulated by a standard 1H methanol NMR sample using 

the topspin 3.1 software (Bruker). The control of the temperature was realized with a VTU 

(variable temperature unit) and an accuracy of +/- 0,1K. The diffusion time was 30-70 ms and 

the gradient length to 1.4 ms. The relaxation delay between scans was 1.5-2 s. The gradient 

strength was calibrated by analysis of a sample of 2H2O/1H2O at a defined temperature and 

comparison with the theoretical diffusion coefficient of 2H2O/1H2O. 
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SEC. For the size exclusion chromatography (SEC) measurements two different methods were 

used. Method a: SEC measurements of standard polymers were performed in DMF (containing 

1 gL-1 of lithium bromide as an additive ) at 60 °C and a flow rate of 1 mL min-1 with a PSS 

SECurity as an integrated instrument, including a set of 3  PSS GRAM columns (porosity of 100 

Å and 1000 Å) and a refractive index (RI) Detector. Calibration was carried out using 

polyethylene glycol standards provided by Polymer Standards Service. Method b: SEC 

measurements were performed in DMF (containing 1 gL-1 of lithium bromide as an additive) at 

50 °C with an Agilent 1100 Series as an integrated instrument, including a HEMA column 

(300/100/40) from MZ Analysentechnik, a UV (275 nm), and a refractive index (RI) detector. 

Calibration was carried out using poly(ethylene glycol) standards provided by Polymer 

Standards Service. Method c: For the targeting surfactants TS(2) SEC measurements were 

performed in 0.1 M aqueous NaNO3 solution at 30 °C and a flow rate of 1 mL min-1 with a PSS 

SECurity as an integrated instrument including a PSS Suprema linear S column. and a 

refractive index (RI) Detector. Calibration was carried out using polyethylene glycol standards 

provided by Polymer Standards Service. 

Chromatography. Thin-layer chromatography (TLC) was carried out on silica gel 60 F254 

plates (Merck) or RP silica gel RP-18 F254s plates (Merck). Compounds were visualized by 

immersion in a solution of of m-methoxyphenol (0.1 mL) in ethanol (95 mL) and sulfuric acid (2 

mL) followed by heating. Chromatography was performed using flash chromatography of the 

indicated solvent system on 35-70 µm silica gel (Acros Organics) unless otherwise noted.  

Mass Spectrometry. HPLC-ESI-MSn was performed on a 1200 series HPLC system with a UV 

diode array detector coupled with a LC/MSD trap XCT mass spectrometer (Agilent 

Technologies). Mixtures of water (with 0.1% formic acid) and acetonitrile were used as eluents 

at a total flow rate of 0.5 to 1.0 mL/min. An Ascentis Express C18 column (pore size: 2.7 m, 

length: 3 cm, diameter: 2.1 mm; Supelco) was used at a temperature of 40 °C. High-

resolutionmasses (ESI) were recorded on a Q-ToF-Ultima 3 instrument (Waters) with 

LockSpray® interface and a suitable external calibrant. 

MALDI-ToF. For the matrix assisted laser desorption/ionization time of flight (MALDI ToF) 

mass spectrometry measurement a Shimadzu Axima CFR mass spectrometer equipped with a 

nitrogen laser with a pulse rate of t=3 ns at a wave length of =337 nm was used. 2-(4'-

hydroxybenzeneazo)benzoic acid was used as matrix 
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DLS. The average size and the size distribution of the nanoparticles were measured by DLS at 

25 °C using a PSS NicompTM Submicron Particle Sizer 380 (Nicomp Particle Sizing Systems) 

equipped with a detector for a scattering angle of 90° to the incident beam. The samples were 

diluted in demineralized water to be slightly cloudy.  

For evaluation of the stability of surfactant-coated nanoparticles in human blood plasma the 

method by Rausch et al.
37 was applied. 

ζ-Potential. The zeta potential of the dispersion was determined with a Zeta Sizer Nano Series 

(Malvern Instruments, U.K.) at 25 °C by diluting 10 L of a 2wt% dispersion in 1 mL of 10-3 M 

potassium chloride solution. 

Flow Cytometry. For cellular uptake analysis, 150.000 cells per well (RAW 264.7) were seeded 

out in 24-well plates. After overnight incubation at 37°C, cells were washed with PBS and kept 

in cell culture medium additional proteins. Prior to cellular uptake experiments, nanoparticles 

were incubated with plasma/serum (see protein corona preparation in the experimental section of 

Chapter 4) and added to cells at a concentration of 75 µg/mL for 2h. Further, cells were washed 

wit PBS to remove free nanoparticles and detached with 2.5% trypsin (Gibco, Germany). 

Measurements were conducted on a CyFlow ML Cytometer and data analysis was analyzed with 

FCS Express V4 software. Cells were selected on a forward/sideward scatter plot, eluding cell 

debris and gated events were as median fluorescence intensity (MFI) or percentage of 

fluorescent positive cells (%). 

DC Preparation. Dendritic cells were prepared according to method by Freichels et al.
38 

Particle coating. For coating of polystyrene nanoparticles TS(1)-1 was dissolved at a 

concentration of 3 mg mL-1 in the particle dispersion (2wt%) and charged into a dialysis tube 

with MWCO of 1 kDa and dialyzed against deionized water for 24 h. For coating of PMMA-

NPs and HES-NCs the dispersion was centrifuged, the supernatant was removed and the 

obtained nanoparticle pellet was redispersed in 1wt% solution of the respective surfactant. 

4.3 Synthetic procedures 

Allyl α-D-mannopyranose (2). A solution of α-D-mannopyranose (1, 5.00 g, 27.8 mmol, 1 eq.) 

in allylalcohol (48.4 g, 56.9 mL, 833 mmol, 30 eq.) was treated with acetyl chloride (5.41 g, 

4.92 mL, 69.4 mmol, 1.5 eq.) under stirring at room temperature. The reaction mixture was 

heated to 100 °C and stirred at that temperature 16 hours. Subsequently the reaction mixture was 

cooled to room temperature and treated with solid NaHCO3 until pH = 7. The mixture was 

filtered over a bed of Celite, which was washed thoroughly with toluene. The solvents were 
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removed under reduced pressure and the residue was purified by flash column chromatography 

(ethyl acetate/ methanol, 10:1) to give the title compound (4.75 g, 21.6 mmol, 78%) as a 

colorless viscous oil. 

Rf = 0.32 (silica gel, ethyl acetate/ methanol, 10:2). 
1H-NMR, COSY (400 MHz, CD3OD) δ (ppm) = 5.94 (dddd, 3

J = 17.3 Hz, 3
J = 10.7 Hz, 

3
J = 6.0 Hz, 3

J = 5.1 Hz, 1H, Man–O–CH2–CH), 5.30 (pseudo dq, 2J = 17.2 Hz, J = 1.7 Hz, 1H, 

O–CH2–CH=CH2,a), 5.17 (pseudo dq, 2J = 10.4 Hz, J = 1.5 Hz, 1H, O–CH2–CH=CH2,b), 4.97 (d, 

3
J = 1.7 Hz, 1H, HMan-1), 4.22 (pseudo ddt, 2J = 13.1 Hz, 3

J = 5.1 Hz, 4
J = 1.6 Hz, 1H, O–CH2,a–

CH=CH2), 4.00 (pseudo ddt, 2
J = 13.1 Hz, 3

J = 5.9 Hz, 4
J = 1.4 Hz, 1H, O–CH2,b–CH=CH2), 

3.86–3.78 (m, 2H, HMan-2, HMan-6a), 3.72–3.67 (m, 2H, HMan-3, HMan-6b), 3.61 (pseudo t, 

3
J = 9.5 Hz, 1H, HMan-4), 3.53 (ddd, 3

J = 9.8 Hz, 3
J = 5.8 Hz, 3

J = 2.3 Hz, 1H, HMan-5).13C-

NMR, HSQC, HMBC (100.6 MHz, CD3OD) δ (ppm) = 135.5 (Man–O–CH2–CH), 117.3 (O–

CH2–CH=CH2), 100.7 (CMan-1), 74.7 (CMan-5), 72.6 (CMan-3), 72.2 (CMan-2), 68.8 (Man–O–CH2–

CH), 68.6 (CMan-4), 62.9 (CMan-6). 

IR (ATR) max/cm–1 3344, 2923, 1453, 1422, 1412, 1261, 1129, 1096, 1053, 1024, 975, 925, 

879, 810. [𝒂]𝑫𝟐𝟒 = +62.5° (c = 1.00, H2O). 

ESI-MS: m/z (%) = 243.1 (100) [M + Na]+, 244.2 (11) [M + Na]+. 

The spectral data are in accordance with literature.39  

Acetylthiopropyl-α-D-mannopyranoside (3). A solution of allyl α-D-mannopyranose (2, 4.24 g, 

19.3 mmol, 1 eq.) in thoroughly degassed methanol (100 mL, four freeze-pump-thaw cycles) 

was treated with thioacetic acid (8.30 g, 7.83 mL, 109 mmol, 6 eq.) and AIBN (40 mg, cat.). The 

reaction mixture was heated under reflux for 3 days and subsequently the solvent was removed 

under reduced pressure. The residue was coevaporated with toluene (3 × 60 mL) and purified by 

flash column chromatography (dichloromethane/ methanol, 10:1.5) to give the title compound 

(1.83 g, 6.18 mmol, 32%) as a colorless viscous oil. Some of the starting material could be 

recovered (2.75 g, 12.5 mmol, 65%). 

Rf = 0.40 (silica gel, dichloromethane/ methanol, 10:1.5). 
1H-NMR, COSY (400 MHz, CD3OD) δ (ppm) = 4.73 (d, 3

J = 1.7 Hz, 1H, HMan-1), 3.86–3.76 

(m, 3H, HMan-2, HMan-6a, Man–O–CH2,a), 3.74–3.67 (m, 2H, HMan-3, HMan-6b), 3.60 (pseudo t, 

3
J = 9.5 Hz, 1H, HMan-4), 3.54–3.43 (m, 2H, HMan-5, Man–O–CH2,b), 3.03–2.90 (m, 2H, CH2–

SAc), 2.31 (s, 3H, CH3), 1.89–1.81 (m, 2H, Man–O–CH2–CH2). 
13C-NMR, HSQC, HMBC 



Active targeting of mannose-receptor presenting cells with nanocarriers coated with 

mannosylated biodegradable polyphosphoester-surfactants 

 

 
275 

 
 

(100.6 MHz, CD3OD) δ (ppm) = 197.4 (C=O), 101.6 (CMan-1), 74.7 (CMan-5), 72.6 (CMan-3), 72.2 

(CMan-2), 68.6 (CMan-4), 66.9 (Man–O–CH2), 62.9 (CMan-6), 30.7 (Man–O–CH2–CH2), 30.5 

(CH3), 26.9 (CH2–SAc). 

IR (ATR) max/cm–1 3354, 2920, 1688, 1414, 1354, 1321, 1129, 1086, 1051, 1022, 958, 915, 

810. [𝒂]𝑫𝟐𝟒 = +51.5° (c = 1.00, MeOH). 

ESI-MS: m/z (%) = 319.1 (100) [M + Na]+, 320.2 (9) [M + Na]+. 

HRMS (ESI): Calculated for [C11H20O7S + Na]+: 319.0827 found: 319.0830.  

 

Representative procedure for the synthesis of thiopropyl-α-D-mannopyranoside (4). 

Thiopropyl-α-D-mannopyranoside was synthesized freshly prior to use to avoid the formation of 

disulfide. Acetylthiopropyl-α-D-mannopyranoside (1 g, 3.37 mmol, 1 eq)  was dissolved in dry 

methanol and cooled down to 0 °C. Sodium methylate solution 5.4 M (1 mL, 5.06 mmol, 1.5 eq) 

in dry methanol was added and the solution was stirred for 2 h where a colorless solid 

precipitated. Subsequently, cation exchanger Amberlite® IR-120 was added, stirred for several 

minutes until the supension became a clear solution. The cation exchanger was filtered and the 

solvent was removed at reduced pressure. 860 mg of thiopropyl-α-D-mannopyranoside was 

obtained as colorless viscous oil in qunatitative yield. 1H NMR (250 MHz, Deuterium Oxide) δ 

3.91 – 3.34 (m, 9H), 2.49 (t, J = 7.1 Hz, 2H), 1.95 – 1.62 (m, J = 7.5 Hz, 2H). 13C NMR (75 

MHz, Deuterium Oxide) δ 118.15, 99.71, 72.78, 70.58, 70.04, 66.74, 65.80, 60.91, 48.86, 32.49, 

20.49. 

2-((2-Oxido-1,3,2-dioxaphospholan-2-yl)oxy)ethyl methacrylate (OPEMA).The compound 

was synthesized according to a literature procedure. 2-hydroxyethyl methacrylate (HEMA) 

(22.84 g, 175.5 mmol, 1eq) and triethylamine ( 17.76 g, 175.5 mmol, 1eq) were transferred into 

a 500 mL round-bottom flask equipped with a dropping funnel, dissolved in 200 ml of dry THF 

and cooled down to -20°C. 2-chloro-1,3,2-dioxaphospholane-2-oxide (COP) ( 25.00 g, 175.5 

mmol, 1eq)  was transferred into the dropping funnel and added droppwise to the stirred reaction 

mixture within the course of one hour. Subsequently, the reaction mixture was cooled down to -

30°C and stirred for several hours. The precipitated salt was filtered under argon, washed with 

dry THF and the solvent was removed at reduced pressure. Diethylether was added, precipitated 

salt was filtered, and the solvent was removed under reduced pressure. OPEMA was obatined as 
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a colorless viscous oil (31 g, 131.3 mmol, 74.8%). 1H NMR (300 MHz, Chloroform-d) δ 6.27 – 

5.97 (m, 1H), 5.57 (p, J = 1.6 Hz, 1H), 4.64 – 4.08 (m, 8H), 1.91 (t, J = 1.5 Hz, 3H). 31P NMR 

(121 MHz, Chloroform-d) δ 17.67. 

2-Methoxy-1,3,2-dioxaphospholane-2-oxide (MEP). A flame-dried three-neck flask, equipped 

with a dropping funnel, was charged with a solution of dry methanol (11.24 g, 0.35 mol) and dry 

triethylamine (39.1 g, 0.39 mol, 1.1 eq) in dry THF (250 mL) and cooled down to 0 °C. A 

solution of 2-chloro-2-oxo-1,3,2-dioxaphospholane (50 g, 0.35 mol, 1 eq) dissolved in dry THF 

(50 mL) was added to the trimethylamine/methanol mixture under constant stirring. After 

complete addition of COP the reaction mixture was stirred for 2 more hours at 0 °C. The 

precipitated salt was removed by filtration and the filtrate concentrated in vacuo. The residue 

was purified by distillation under reduced pressure . The product was obtained as colorless, 

liquid (37.3g, 0.27mol, yield: 77%, bp.: 83°C, 10-2 mbar). 1H NMR (300 MHz, Chloroform-d) δ 

4.54 – 4.26 (m, 4H,-O-CH2-CH2-O-), 3.82 (d, 3H, J = 11.7 Hz,- CH3).
 31P {H} NMR (121 MHz, 

Chloroform-d) δ 18.57.  

 

Representative procedure for the synthesis of precursor (P(1)). All Schlenk-tubes were flame-

dried prior to use. 1-octadecanol was used as initiator and DBU/TU as catalyst. TU (376 mg, 

1.02 mmol, 5 eq) and 1-octadecanol were introduced into separate flame-dried Schlenk-tubes, 

dissolved in dry benzene and dried by lyophilization. MEP (1.12 g, 8.08 mmol, 40 eq) was 

introduced into the TU-tube. A stock solution of the initiator in dry THF was prepared (240 

µmol mL-1). 0.82 mL (55 mg, 203 µmol, 1 eq) of initiator stock solution and 3 mL of dry DCM 

were added to the MEP/TU mixture. The mixture was cooled down to 0°C and the reaction was 

started by rapid addition of DBU. The reaction was stirred for 1h at 0°C and terminated by rapid 

addition of 2-isocyanatoethyl methacrylate (158 mg, 1.02 mmol, 5 eq). The ice bath was 

removed and the mixture was stirred for 10 minutes at ambient temperature. The polymer was 

obtained as a colorless viscous oil in quantitative yield by three times precipitation from diethyl 

ether and subsequent centrifugation and decantation. It was desisted from further purification to 

avoid crosslinking of the terminal methyl methacrylate groups and the polymer was stored at -

85°C until further usage. 1H NMR (300 MHz, Chloroform-d) δ 6.06 (s, double bond terminal 

methacrylate), 5.52 (s, double bond terminal methacrylate), 4.31 – 4.10 (m, -O-CH2-CH2-O-, 

backbone), 3.84 – 3.67 (m, -O-CH3, side chain), 1.88 (m, -CH3, terminal methacrylate), 1.18 (s, 

initiator, CH3-(CH2)15-), 0.86 – 0.76 (m, -CH3, initiator). 31P{H} NMR (121 MHz, Chloroform-

d) δ 1.09, -0.20,  
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Synthesis of targeting surfactant TS(1)-1. Precursor P(1)-3 (400 mg, 0.07 mmol, 1 eq) and an 

excess of thiopropyl-α-D-mannopyranoside (450 mg, 1.75 mmol, 25 eq) were dissolved in 25 

mL DMSO/MeOH (1:1) at ambient temperature. 0.1 mL trimethylamine were added and the 

reaction mixture was stirred for 24 h at ambient temperature. After 24 h the reaction mixture 

was transferred into a dialysis tube with MWCO = 3,500 g mol-1 and was dialyzed against 

deionized water to remove the excess of thiopropyl-α-D-mannopyranoside. The dialysis water 

was exchanged three times every 2 h. The product was obtained by lyophilization. NMR 

spectroscopy of the obtained product showed signals belonging to residual disulfide. In order to 

remove the residual amount of disulfide in the product, it was again dialyzed against water for 

24 h together with 1,4-dithiothreitol as reducing agent. The product was obtained by 

lyophilization in quantitative yield. 1H NMR (250 MHz, Methanol-d4) δ 4.50 – 4.19 (m, -O-

CH2-CH2-O-, backbone), 3.82 (d, J = 11.2 Hz, -O-CH3, side chain), 3.73 – 3.42 (m), 2.84 – 2.53 

(m), 1.86 (m), 1.26 (s, CH3-(CH2)15- initiator), 0.86 (m, CH3, initiator). 31P{H} NMR (121 

MHz, DMSO-d6) δ 1.11, -0.12. 

 

Representative procedure for the synthesis precursors P(2)-1 – P(2)-4. All Schlenk-tubes were 

flame-dried prior to use. 1-octadecanol was used as initiator and DBU/TU as catalyst. TU (376 

mg, 1.02 mmol, 5 eq) and octadecanol were introduced into separate flame-dried Schlenk-tubes, 

dissolved in dry benzene and dried by lyophilization. OPEMA (823 mg, 3.49 mmol, 40 eq) was 

added to the cocatalyst. The initiator stock solution was prepared at a concentration of 

10 mg mL-1. 2.35 mL (23.5 mg, 1 eq) were added to the TU/OPEMA mixture and cooled down 

to 0 °C. The reaction was started by rapid addidtion of DBU to the reaction mixture. The 

reaction was stirred for 1.75 h at 0 °C and terminated by rapid addition of an excess of acetic 

acid dissolved in DCM (20 mg mL-1). The ice bath was removed and the mixture was 

stirred for 10 minutes at ambient temperature. The polymer was obtained in quantitative 

yield as colorless viscous oil by precipitation from diethyl ether, subsequent 

centrifugation and decantation. 

Representative NMR data 

1H NMR (300 MHz, Chloroform-d) δ 6.14 (s, double bond terminal methacrylate), 5.60(s, 

double bond terminal methacrylate), 4.57 – 4.00 (m, -O-CH2-CH2-O- backbone and side chain), 
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1.93 (s, -CH3 methacrylate), 1.18 (s, CH3-(CH2)15- initiator), 0.86 (t, -CH3 initiator). 31P{H} 

NMR (121 MHz, Chloroform-d) δ -1.29. 

 

Representative procedure for the synthesis of precursors P(2)-7,8. All Schlenk-tubes were 

flame-dried prior to use. 1-octadecanol was used as initiator and DBU/TU as catalyst. TU (376 

mg, 1.02 mmol, 5 eq) and 1-octadecanol were introduced into separate flame-dried Schlenk-

tubes, dissolved in dry benzene and dried by lyophilization. MEP (416 mg, 3.02 mmol, 20 eq) 

was added to the TU cocatalyst. A stock solution of the initiator in dry DCM was prepared at a 

concentration of 148 µmol mL-1 (40 mg  mL-1). 1.02 mL (40.8 mg, 151 µmol, 1 eq) of initiator 

stock solution and 2 mL of dry DCM were added to the MEP/TU mixture. The reaction mixture 

was cooled down to 5 °C and the polymerization was started by rapid addition of DBU. 

Subsequently, the temperature was adjusted to 0 °C. The reaction was stirred for 1.5 h at 0 °C. 

After 1.5 h 0.1 mL of the reaction mixture was withdrawn for SEC analysis. 1.07 g OPEMA 

(4.52 mmol, 30 eq) was added and the reaction was stirred further for 1 h. The polymerization 

was terminated by rapid addition of an excess of acetic acid dissolved in DCM (20 mg mL-1). 

The ice bath was removed and the mixture was stirred for 5 minutes at ambient temperature. The 

polymer was obtained in quantitative yield as colorless viscous oil by precipitation from diethyl 

ether, subsequent centrifugation and decantation. 

Representative NMR data   

1H NMR (250 MHz, Chloroform-d) δ 6.14 (s, double bond terminal methacrylate), 5.60(s, 

double bond terminal methacrylate), 4.52 – 4.09 (m,-O-CH2-CH2-O- backbone and side chain), 

3.80 (dd, J = 11.2, 4.8 Hz, -O-CH3 side chain), 1.94 (s, -CH3 methacrylate), 1.24 (s, -(CH2)15-

CH3 initiator), 0.86 (t, -CH3initiator). 31P{H} NMR (121 MHz, Methylene Chloride-d2) δ -0.16, 

-1.27. 

 

Representative procedure for the synthesis of precursors P(2)-5,6. All Schlenk-tubes were 

flame-dried prior to use. 1-octadecanol was used as initiator and DBU/TU as catalyst. TU (376 

mg, 1.02 mmol, 5 eq) and octadecanol were introduced into seperate flame-dried Schlenk-tubes, 

dissolved in dry benzene and dried by lyophilization. MEP (1.12 g, 8.08 mmol, 40 eq) was 

introduced into the TU-tube. A stock solution of the initiator in dry THF was prepared (240 

µmol mL-1). 0.82 mL (55 mg, 203 µmol, 1 eq) of initiator stock solution and 3 mL of dry DCM 

were added to the MEP/TU mixture. The mixture was cooled down to 0°C and the reaction was 

started by rapid addition of DBU. The reaction was stirred for 1h at 0°C and terminated by rapid 
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addition of 2-isocyanatoethyl methacrylate (158 mg, 1.02 mmol, 5 eq). The ice bath was 

removed and the mixture was stirred for 10 minutes at ambient temperature. The polymer was 

obtained as a colorless viscous oil in quantitative yield by three times precipitation from diethyl 

ether and subsequent centrifugation and decantation. It was desisted from further purification to 

avoid crosslinking of the terminal methyl methacrylate groups and the polymer was stored at -

85°C until further usage.  

Representative NMR data   

1H NMR (300 MHz, Methylene Chloride-d2) δ 6.14 (s, double bond terminal methacrylate), 

5.60(s, double bond terminal methacrylate), 4.52 – 4.09 (m, -O-CH2-CH2-O- backbone and side 

chain), 3.79 (d, J = 11.2 Hz,-O-CH3), 1.94 (s, -CH3 methacrylate), 1.24 (s, -(CH2)15-CH3 

initiator), 0.86(t, -CH3 initiator). 31P{H} NMR (121 MHz, Chloroform-d) δ -0.16, -1.33. 

 

General procedure for the mannosylation of the precursors P(2). The respective precursor and 

thiopropyl-α-D-mannopyranoside were dissolved in methanol.  DMAP was added as catalyst and 

the reaction was stirred at ambient temperature. The progress of the reaction was monitored by 
1H NMR spectroscopy. When the signals of the double bond in the 1H NMR spectrum have 

disappeared the reaction was completed and methanol was removed under reduced pressure. The 

residue was dissolved in water and charged into a dialysis tube (MWCO = 3,500 kDa). The 

crude product was dialyzed against water where the water was exchanged four times to remove 

DMAP and TCEP. The products were obtained as white solids by lyophilization and  

Representative NMR data for homopolymer surfactants TS(2)-1 and TS(2)-2 

1H NMR (500 MHz, Deuterium Oxide) δ 4.42 – 4.19 (m, -O-CH2-CH2-O- backbone and side 

chain), 3.95 – 3.44 (m), 2.86 – 2.52 (m, -CR3H, -S-CH2-CH-), 1.82 (h, J = 7.0 Hz, -S-CH2-CH2-

O-), 1.20 (s, -CH3). 13C NMR (126 MHz, Deuterium Oxide) δ 99.78, 72.75, 70.69, 70.14, 67.10, 

66.52, 66.04, 66.01, 63.58, 60.85, 40.22, 34.52, 28.63, 16.46.  31P{H} NMR (202 MHz, 

Deuterium Oxide) δ 0.39, -0.00, -0.99 – -1.64  

NMR data for targeting surfactant TS(2)-3 

1H NMR (500 MHz, Methanol-d4) δ 4.36 (m, -O-CH2-CH2-O- backbone and side chain ), 3.92 

– 3.47 (m, -O-CH3), 2.91 – 2.59 (m, -CH, -S-CH2-CH-), 1.87 (m, -S-CH2-CH2-O-), 1.28 

(m, -CH3 ), 0.92 (t, -CH3 initiator). 31P{H} NMR (202 MHz, Methanol-d4) δ 0.62, -0.33, -1.76. 

NMR data for targeting surfactant TS(2)-4 

1H NMR (500 MHz, Deuterium Oxide) δ 4.66 – 4.27 (m, 18H), 4.01 – 3.52 (m, 15H), 2.96 – 

2.57 (m, 5H), 1.91 (s, 2H), 1.37 (d, J = 81.4 Hz, 7H). 13C NMR (126 MHz, Deuterium Oxide) δ 
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99.77, 72.76, 70.71, 70.16, 67.07, 66.51, 66.01, 64.38, 63.57, 60.86, 60.45, 55,25, 40.22, 34.51, 

29.85, 28.61, 16.32.31P{H} NMR (202 MHz, Deuterium Oxide) δ 1.48, -0.10, -1.44. 

4.3.1 Particle preparation 

Poly(methyl methacrylate) (PMMA)/polystyrene (PS) nanoparticles. A macroemulsion was 

prepared with a continuous phase containing sodium dodecyl sulfate (SDS) (60 mg, 0.21 mmol) 

as surfactant in 24 g Milli-Pore water and a dispersed phase containing distilled styrene (6 g, 

57.6 mol), hexadecane (250 mg, 0.9 mmol) as ultrahydrophobe, Bodipy methacrylate (6 mg, 

1.3·10-5 mol) as fluorescent dye and azoisobutyronitrile (AIBN) (100 mg, 0.6 mmol) as oil 

soluble initiator. For the synthesis of PMMA particles styrene was replaced by methyl 

methacrylate (MMA) (6 g, 59.9 mmol) as monomer, while all other components remained the 

same. In both cases, both phases were homogenized by mechanical stirring and subsequently, 

the organic phase was added slowly to the stirring aqueous phase. The macroemulsion was 

stirred for 1h at highest speed. Subsequently, the macroemulsion was ultrasonicated with a 

Branson Sonifier (1/2“ tip, 6.5 nm diameter) for 3 min (programm: 10 s puls and 3 s pause) at 

70% amplitude under ice cooling to obtain a miniemulsion. The miniemulsion was directly 

transferred into a 50 mL flask, heated to 72°C and stirred overnight.  

 

Table 5.6. Size and ζ-potebntial of nanoparticles prepared by miniemulsion polymerization. 

# Ø / nm ζ / mV 

PS 101 ± 12 -52 ± 13 

PMMA 114 ± 15 -46 ± 12 

 

Synthesis of hydroxyethyl starch nanocapsules (HES). HES nanocapsules were synthesized as 

previously described via by polyaddition reactions at the miniemulsion droplet interfaces.29 

Briefly, HES solution (10 wt%, 1.4g), 20 mg NaCl, 100 µL Cy5Oligo solution and 150µL 

CellTracker was added to 7.5 g cyclohexane containing 100 mg of P(E/B-b-EO) and stirred for 

1h. The emulsion was further sonicated under ice-cooling with a Branson W450-D sonifier. TDI 
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(100 mg) and P(E/B-b-EO) (30 mg) was dissolved in 5 g cyclohexane, added dropwise to the 

miniemulsion and stirred for 24h at RT. The nanocapsules were purified by centrifugation and 

redispersion in cyclohexane (2x).  Further, the nanocapsules were transferred into aqueous 

medium using 0.1wt% SDS solution. The dispersion was slowly added to the SDS solution in a 

sonication bath and stirred overnight to evaporate cyclohexane. To remove excess SDS, 

nanocapsules were dialyzed for 24h, centrifuged and redispersed in water (1x).  

4.4 SEC 

20 25 30 35

elution volume / mL

 P(1)-1

 P(1)-2

 P(1)-3

 TS(1)-1

 
Figure 5.17. SEC-elugrams of precursors P(1)-1, P(1)-2, P(1)-3 and targeting surfactant TS(1)-1 in 

DMF at 60 °C (Method a). 
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elution volume / mL

 P(2)-1

 P(2)-2

 P(2)-4

 P(2)-5

 P(2)-6

 
Figure 5.18. SEC-traces of precursors P(2)-1, P(2)-2, P(2)-4, P(2)-5, P(2)-6 in DMF at 60 °C (Method 

a). 

16 18 20 22 24 26 28 30

elution volume / mL

 P(2)-3

 
Figure 19. SEC-elugrams of precursor P(2)-3 in DMF at 50 °C (Method b). 
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elution volume / mL
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Figure 5.20. SEC-elugrams of P(2)-7 in DMF at 50 °C (Method b). 
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Figure 5.21. SEC-elugrams of P(2)-8 in DMF at 50 °C. 
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Figure 5.22. SEC-elugrams of TS(2)-1, TS(2)-2 and TS(2)-4 in water at 30°C (Method c). 
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4.5 Spectra 

4.5.1 1H NMR Spectra 

 

Figure 5.23. 1H NMR spectrum of TS(2)-2 (500 MHz, 298 K, D2O) (KRB331) 
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Figure 5.24. 1H NMR spectrum of TS(2)-3 (500 MHz, 298 K, D2O) (KRB344) 

 

Figure 5.25. 1H NMR spectrum of TS(2)-4 (500 MHz, 298 K, D2O) (KRB330) 
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31P NMR spectra 

 

Figure 26. 31P{H} NMR (202 MHz, MeOD, 298 K) of TS(2)-2 

 

Figure 5.27. 31P{H} NMR (202 MHz, D2O, 298 K) of TS(2)-1  
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Figure 5.28. 31P{H} NMR (202 MHz, D2O, 298 K) of TS(2)-4. 

 

Figure 5.29. 31P{H} NMR (202 MHz, MeOD, 298 K) of TS(2)-3.  
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4.5.2 DOSY spectra  

 

Figure 5.30. 1H DOSY NMR spectrum of TS(2)-4 (500 MHz, 298 K, D2O). 

 
Figure 5.31. 1H DOSY NMR spectrum of TS(2)-1 (500 MHz, 298 K, D2O). 
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Figure 5.32. 1H DOSY NMR spectrum of TS(2)-3 (500 MHz, 298 K, MeOD). 
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4.6 DLS measurements in human plasma 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

TS(1)-1   30°

g
1
(t

)

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

-0.1

0.0

0.1

re
s

t / ms  

Figure 5.33. Autocorrelation functions (ACFs) for PS-NPs coated with TS(1)-1. Upper graphs: ACF 

g1(t) (black dots) for a scattering angle of 30 ° with a forced fit consisting of the sum of the two 

individual components (red line −) and a fit with an additional aggregate function where necessary 

(blue line −). Lower graphs: Residuals resulting from the difference of the data and the 

corresponding fits.  
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 Chapter 6 

 

Hydrolytic degradation: poly(phosphate)s vs. poly(phosphonate)s 
 

Abstract 

 

 

 

The degradation of three different PPE-classes, i.e. poly(phosphate)s, in-chain and side-chain 

poly(phosphonate)s, exhibiting different binding patterns around the central phosphorus atom 

were studied to evaluated the influence of the binding pattern on the degradation profiles. The 

degradation studies were conducted in aqueous media under acidic and basic conditions and the 

degradation process was followed by NMR spectroscopy. Under acidic conditions no 

degradation was observed. In contrast under basic conditions degradation was observed for all 

considered polymers with distinct different degradation profiles. Detailed investigation of the 

degradation by NMR spectroscopy indicated a degradation mechanism proceeding by backbiting 

of the terminal alcohol group similar to the mechanism proposed for the degradation of 

poly(lactic acid) (PLA) to be most likely. Moreover, it was found that the aggregation behavior 

in aqueous media play a key role in the hydrolytic degradation of the considered polymers. 
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1 Introduction 

Polymeric materials have been used for a long time in biomedical applications and can be 

divided in two classes: biostable and biodegradable polymers. Biodegradable polymers are 

especially appealing for temporary therapeutic applications.
1
 Many types of surgical implants 

and drug delivery systems that are needed in vivo only temporarily can be made from polymers 

that are eliminated from the body by a combination of hydrolytic and enzymatic degradation 

after fulfilling the intended task.
2
 

Most biodegradable polymers contain linkages such as esters or amides along the polymer 

chains that are susceptible of enzymatic and hydrolytic cleavage.
3
 The pre-evaluation of 

enzymatic degradation in vivo is difficult, due to varying enzyme concentrations at different 

sites in the body. However, dissolved aliphatic polyesters with flexible polymer chains usually 

fit into the active site of an enzyme and are therefore readily degraded enzymatically. 

Furthermore, they are attractive materials due to their adjustable biodegradability and versatile 

physical and chemical properties.
4
 Hydrolytic degradation is affected by a number of parameters 

such as the polarity and molecular weight of the polymers as well as the pH.
5
 For the hydrolytic 

degradation of polymer agglomerates their size, shape and surface to volume ratio are crucial 

parameters that affect their degradation rates significantly.
6-8

 

For a few years, PPEs containing the phosphorus atoms within the polymer backbone are tipped 

promising candidates as degradable materials for biomedical applications. Although the 

potential biodegradability and biocompatibility is emphasized in most publications about PPEs, 

only a few deal with a more detailed investigation of the degradation kinetics of PPEs.
9-10

 First 

studies on the kinetics of PPE hydrolysis were presented by Penczek in the 1990s.
11

 They 

evaluated the hydrolysis of poly(methyl ethylene phosphate) (PMEP) at different pH-values 

ranging from 2 to 12. They suggested two different mechanisms for hydrolysis under basic and 

acidic conditions. Under basic conditions they proposed a direct nucleophilic attack of the OH
-
 

ion on the phosphorus atom leading to an intermediate five-binding phosphorus with a trigonal 

bipyramidal geometry in which the axial position is preferably shed. Due to comparable 

probabilities for main and side chain to occupy this position, side and main chain should be 

cleaved with the same probability taking the statistical factor into account. Under acidic 

conditions, however, they proposed a nucleophilic attack of H2O on the α-carbon, after 

protonation.  



Hydrolytic degradation: poly(phosphate)s vs. poly(phosphonate)s 

 

 

 

297 

 

 

Recently, we established the side-chain and in-chain poly(phosphonate)s as potentially 

degradable materials for future bioapplications. In contrast to the poly(phosphate)s, they are 

based on phosphonic acid, either with one or two phosphonate esters in the main chain. These 

in-chain or side-chain polyphosphonate exhibit a strongly altered hydrolysis profile compared to 

the polyphosphates, which is discussed herein (Figure 6.1). Due to the different binding patterns 

around the central phosphorus atom of each repeating unit, the polymers are expected to differ in 

their degradation behavior and time, especially. As a first approach the hydrolytic degradation of 

the different PPE-classes under basic and under acidic conditions were evaluated. 

 

 

Figure 6.1. Structures of the polyphosphoester classes used for the degradation study (R= methyl or 

ethyl). 

  



Hydrolytic degradation: poly(phosphate)s vs. poly(phosphonate)s 

 

 

 

298 

 

 

2 Results & Discussion 

For studying the influence of different binding patterns on the hydrolytic degradation of PPEs, 

four water-soluble polymers of the three different PPE-classes were used. To exclude steric 

effects, polymers with similar pendant chains were used (Figure 6.1). As representative of the 

side-chain poly(phosphonate)s, poly(ethyl ethylene phosphonate) (PEEPn, Figure 6.2, top left) 

with an ethyl side chain was used (Figure 6.2, top left). Poly(ethyl propylene phosphonate) 

(PEPP, Figure 6.2, top right) with an ethoxy side chain was used as representative of the in-

chain poly(phosphonate)s. In case of the poly(phosphate)s two different polymers were chosen, 

i.e. poly(methyl ethylene phosphate) (PMEP, Figure 6.2, bottom left) containing a methoxy side 

chain and poly(ethyl ethylene phosphate) (PEEP, Figure 6.2, bottom right) containing an ethoxy 

side-chain. 

 

 

Figure 6.2: Structures of the different poly(phosphoester)s used in the degradation study. 
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The degradation of the polymers was evaluated at pH 11 and 1. For the degradation at pH 11, a 

NaHCO3/NaOH buffer was chosen to guarantee a constant basic pH throughout the degradation 

time. For the degradation at pH 1 a 0.1 M HCl solution was used. The degradation was followed 

by 
1
H and 

31
P NMR spectroscopy, allowing quantification of residual polymer and degradation 

products respectively as well as the identification of the degradation products. For all considered 

polymers, scission of the main chain can occur randomly at any ester linkage within the polymer 

chain or at the last ester linkage at the polymer terminus. Scission of the last ester linkage of the 

polymer chain would result in the release of one monomeric repeat unit and a polymer with n-1 

repeat units. In contrast, scission of a random ester linkage, for example in the middle of a 

polymer chain, would lead to the formation of two polymeric degradation products.  

2.1 Degradation under basic conditions 

Side-chain polyphosphonates. As the cleavable phosphonic acid esters are located only in the 

polymer backbone, the side-chain poly(phosphonate)s represents the easiest degradation 

pathway of the three PPE classes used in this study. Thus, any cleavage of an ester bond will 

lead to a scission of the polymer backbone and thus results in a reduction of the molecular 

weight of at least one repeating unit.  

 

Figure 6.3. Possible degradation products upon ester cleavage in PEEPn. 

The degradation was followed continuously over a period of 4.5 h via 
1
H and 

31
P NMR 

spectroscopy. In the 
31

P NMR spectra, the phosphonic acid diesters were detected at 38.29 ppm, 

while the degradation product (i.e. a phosphonic acid monoester) appeared at 31.07 ppm (Figure 

6.5 (B)). In addition, 
1
H NMR spectroscopy showed the evolution of signals at 3.80 ppm and 

3.64 ppm that could be assigned to the methylene group next to the phosphonic acid diester and 

the terminal alcohol group, respectively. Furthermore, upon ester cleavage the signals of the 
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pendant alkyl chain in the monoester are shifted to higher field from 1.86 ppm to 1.49 ppm for 

the methylene group and from 1.06 ppm to 0.95 ppm for the methyl group. For quantification 

the signals of the methylene group attached to the diester and monoester respectively were used.  

As final breakdown product of the cleavage of both ester linkages contained in every repeating 

unit ethyl phosphonic acid was expected. However, under these conditions no signals in the 

NMR spectra were observed that can be assigned to formation of ethyl phosphonic acid over the 

investigated time period. Instead, 2-hydroxyethyl ethylphosphonate was identified as the only 

degradation product after 4 h. After cleavage of the first ester linkage, the electron density in the 

degradation product at the phosphorus atom is probably too high for a second nucleophilic 

attack of an OH
-
 ion under these conditions. 

 

Figure 6.4. 
1
H NMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEEPn at pH 11 

at different time points. 
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Figure 6.5. 
31

PNMR spectra (202 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEEPn at pH 11 

at different time points. 

For quantitative determination of the amount of degraded polymer by 
31

P NMR spectroscopy the 

signals for the phosphonic diester and monoester were integrated and the sum was normalized to 

1. The values of the integrals are plotted as a function of the degradation time (Figure 6.6). For 

quantitative determination of PEEPn hydrolysis by 
1
H NMR spectroscopy the signals of the 

methylene group in the pendant chain attached to a phosphonic diester or monoester were 

integrated and also plotted as function of the degradation time (Figure 6.6).  
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Figure 6.6. Quantitative analysis of the basic hydrolysis of PEEPn at pH 11 (in NaHCO3/NaOH 

buffer 0.2 mol L
-1

). Phosphonic diester/monoester signals in the 
1
H and 

31
P NMR spectra were 

integrated and the sum was normalized to 1. The values for the integrals are plotted. 

Quantitative analysis of the 
1
H and 

31
P NMR spectra recorded during the degradation of PEEPn 

showed a degradation of 95% within 4.5 h at pH 11 with a half life (τ) of ~ 1h. The degradation 

curves derived from 
1
H and 

31
P NMR spectroscopy proved to be almost identical values, which 

followed an exponential decay (equation (6.1)). The values for the parameters are summarized 

in Table 6.1.  

 

 𝑦 =  𝐴 𝑒−𝑘𝑥 + 𝑦  (6.1) 
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Table 6.1. Summary of the parameters of the exponential fit curves derived from the monoester and 

diester signals by 
1
H and 

31
P NMR spectroscopy. 

 

31
P NMR 

1
H NMR 

diester monoester diester monoester 

y0 0.00239 ± 0.008 0.99761± 0.008 0.03404 ± 0.006 0.96596 ± 0.006 

A1 0.98659± 0.008 -0.98659 ± 0.007 0.95486 ± 0.006 -0.95486 ± 0.006 

t1 1.52178± 0.035 1.52178 ± 0.035 1.47789 ± 0.028 1.47789 ± 0.028 

k 0.65713± 0.015 0.65713 ± 0.015 0.67664 ± 0.013 0.67664 ± 0.013 

τ 1.05482± 0.024 1.05482 ± 0.024 1.0244 ± 0.019 1.0244 ± 0.019 

  

In-chain poly(phosphonate)s. In contrast to the side-chain poly(phosphonate)s, the in-chain 

counterparts exhibit only one of the ester linkages in the polymer backbone, while the second 

one is located in the pendant chain. Therefore, only the cleavage of the ester bond located in the 

polymer backbone leads to a scission of the polymer chain, with reduction of the molecular 

weight. The scission of an ester linkage located in the polymer side chain leads to the formation 

of a polymeric anion accompanied by the release of ethanol. In case of statistical ester cleavage, 

as reported by Penczek for polyphosphates, a 1:1 ratio of side to main chain scission would be 

expected (Figure 6.7 ).  

 

 

Figure 6.7. Degradation products of in-chain polyphosphonates. 

The cleavage of an ester bond located in the polymer backbone leads to the formation of two 

polymeric breakdown products - one polymeric phosphonic acid diester, carrying a terminal 
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alcohol group, and the other one a terminal phosphonic monoester group. 
31

P NMR spectroscopy 

allows a differentiation between the phosphonic diester (intact polymer) and monoester and 

therefore a quantification of the ratio of cleaved to intact ester bonds by integration of the 

phosphonic diester (34.69 ppm, Figure 6.9) and monoester (28.28 ppm, Figure 6.9) signals, 

respectively. However, a differentiation between phosphonic diesters formed upon side or main 

chain scission is not possible by the 
31

P spectra, but can be determined form 
1
H NMR 

spectroscopy. The cleavage of the side chain can exclusively be followed by 
1
H NMR 

spectroscopy (Figure 6.8) by the evolution of signals that can be assigned to ethanol released 

within the degradation process. The methyl group in ethanol appears at 1.07 ppm and was used 

for the quantification of side chain scission. The formation of a terminal phosphonic monoester 

upon main chain scission shifts the signals of the attached pendant chain to the high field in the 

1
H NMR spectra. The signal of the methyl group in the pendant chain shifts to 1.14 ppm (from 

1.24 ppm) upon ester cleavage and was used for the quantification of the amount of cleaved 

main chain. By comparing the integrals of the three different methyl groups (pendant chain 

diester : pendant chain monoester : ethanol)  the ratio of cleaved to intact ester can be 

determined and allows a differentiation between side and main chain scission.  
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Figure 6.8. 
1
H NMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEPP at pH 11 

at different time points. 

 

Figure 6.9. 
31

PNMR spectra (202 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEPP at pH 11 

at different time points. 

Interestingly, evaluation of the 
1
H-

31
P correlation spectra of the degradation of PEPP (Figure 

6.10) showed that the methylene signal adjacent to the terminal alcohol group correlates 



Hydrolytic degradation: poly(phosphate)s vs. poly(phosphonate)s 

 

 

 

306 

 

 

exclusively with the monoester. In case of a random ester cleavage leading to the formation of 

polymeric degradation products, a correlation of the methylene group adjacent to the terminal 

alcohol with the diester is expected. Thus, the missing correlation indicates that mainly the 

monomeric degradation product was built. The formation of mainly monomeric product is 

further indicated by DOSY NMR (Figure 6.25) spectra, showing beside the signal of the 

polymer only one further signal with a significantly lower diffusion coefficient, that can be 

attributed to a low molecular weight species. 

 

Figure 6.10.  
1
H-

31
P HMBC NMR spectrum (500, 202 MHz, H2O/D2O (9:1), 298 K) of the 

degradation products of PEPP. The spectrum shows a correlation of the methylene group (C) with 

the monoester indicating the formation of mainly monomeric degradation product. 

For quantitative determination of the amount of degraded polymer from the 
31

P NMR spectra, 

the signals for the phosphonic diester and monoester were integrated and the sum was 

normalized to 1. The values of the integrals are plotted as a function of the degradation time 

(Figure 6.7). As mentioned above, 
1
H NMR spectroscopy can be further used for the 

differentiation between side and main chain cleavage. Scission of the pendant chain leads to the 

release of ethanol. The signal of the methyl group in ethanol was used for the quantification of 

side chain scission. The methyl group in the pendant chain attached to the phosphonic diester 

was used for the quantification of main chain scission and the methyl group in the pendant chain 
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of intact phosphonic diester was used for quantification of residual polymer. The signals of the 

three different methyl groups were integrated, the sum was normalized to 1 and the integral 

values were also plotted as function of the degradation time (Figure 6.7). The sum of main and 

side chain scission (derived from 
1
H NMR spectra) can be summarized and represents the 

amount of built phosphonic diester.  

 

Figure 6.11. Quantitative analysis of the basic hydrolysis of PEPP at pH 11 (in NaHCO3/NaOH 

buffer 0.2 mol L
-1

). The degradation curve derived from 
31

P NMR spectroscopy was obtained by 

integration of the phosphonic diester and monoester signal and normalizing the sum to 1. The 

degradation curve derived from 
1
H NMR spectroscopy was obtained by integration of the methyl 

group signals of the different degradation products and the sum was normalized to 1. The values for 

the integrals are plotted as a function of the degradation time. 

Quantitative evaluation of the NMR spectra over a period of 15 days (352 h) led to almost 

identical results for 
1
H and 

31
P NMR spectroscopy. For the in-chain polyphosphonate, PEPP, a 

two stage degradation pathway was observed, which fits to a biexponential decay (equation 

(6.2)) with an initial rapid degradation and a second phase of significantly slower degradation.  

 

 𝑦 = 𝐴 𝑒−𝑘 𝑥 + 𝐴 𝑒−𝑘 𝑥 + 𝑦  (6.2) 

 𝑘 = 1𝑡  
(6.3) 
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Table 6.2. Summary of the parameters of the biexponential fit curves derived from the monoester 

and diester signals by 
1
H and 

31
P NMR spectroscopy. 

 

31
P NMR 

1
H NMR 

diester monoester diester monoester 

y0 0.855 ± 0.005 0.145 ± 0.005 0.813 ± 0.047 0.187 ± 0.047 

A1 0.063 ± 0.008 -0.063 ± 0.008 0.093 ± 0.007 -0.093 ± 0.007 

t1 2.384 ± 0.664 2.384 ± 0.664 9.449 ± 1.394 9.449 ± 1.394 

k1 0.419 ± 0.117 0.419 ± 0.117 0.106 ± 0.016 0.106 ± 0.016 

A2 0.081 ± 0.006 -0.081 ± 0.006 0.090 ± 0.042 -0.090 ± 0.042 

t2 71.166 ± 15.482 71.166 ± 15.482 354.622± 309.396 354.622± 309.396 

k2 0.014 ± 0.003 0.014 ± 0.003 0.003 ± 0.002 0.003 ± 0.002 

τ1 1.653 ± 0.005 1.653 ± 0.005 6.549 ± 0.966 6.549 ± 0.966 

τ2 49.328 ± 10.731 49.328 ± 10.731 245.805 ± 214.457 245.805 ± 214.457 

 

The first rapid phase led to a degradation of ca. 9% within 19 h. Subsequently the degradation 

rate decreases dramatically and reaches a maximum degradation of 15% within the following 14 

days. Furthermore, evaluation of the amount of cleaved side chain showed a significantly lower 

amount of side chain scission of maximum 4% within the considered 15 days compared to 11% 

main chain scission. Based on a statistical degradation the same extent of side and main chain 

scission was expected. The significantly higher amount of main chain scission indicates that 

hydrolysis of the differently located ester bonds does not occurs statistically under these 

conditions (pH 11, NaHCO3/NaOH buffer, 0.2 mol L
-1

, 21°C). 

 

Poly(phosphate)s. In case of the poly(phosphate)s, the degradation behavior of two different 

polymers was investigated (PMEP and PEEP). In contrast to the poly(phosphonate)s, the 

phosphorus atoms in poly(phosphate)s are surrounded by three ester linkages, i.e. two in the 

polymer backbone and the third in the pendant chain. Upon scission of the main-chain, two 

polymeric breakdown products are formed one containing an alcohol as terminal group and the 

other one containing a phosphoric acid diester. Cleavage of the last ester linkage in the polymer 

chain leads to the formation of a monomeric breakdown product, where the terminal alcohol is 
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attached to a diester and a polymer with n-1 repeat units.  Scission of the side chain leads to the 

formation of a polymeric phosphoric diester and the release of the corresponding alcohol (Figure 

6.12). 

 

 

Figure 6.12. Degradation products upon hydrolysis of ester linkages located in the polymer 

backbone or side chain. 

PMEP. In case of PMEP, the evolution of methanol signals in the 
1
H NMR (Figure 6.13) 

indicated the scission of the side chain. Upon main chain scission a terminal alcohol group is 

formed, that can be identified by the signals of the adjacent methylene group appearing at 3.67 

ppm and the methoxy side chain attached to the phosphoric diester shifting to 3.50 ppm. For the 

quantitative evaluation of the degradation the methyl signal of methanol (OH-CH3 3.34 ppm) 

and the side chain attached to the phosphoric diester was used. In the 
31

P NMR spectra the 

evolving signal at 1.92 ppm (Figure 6.14) indicated the formation of phosphoric diester either by 

side or main chain scission and was compared to the triester signal for quantification. 
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Figure 6.13. 
1
H NMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PMEP at pH 11 

at different time points. 

 

Figure 6.14. 
31

PNMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PMEP at pH 11 

at different time points. 

Quantitative evaluation of the NMR spectra recorded over a period of 20.5 days showed a 

similar degradation progress as observed for the degradation for PEPP with following a double 

exponential decay (Figure 6.15). Within the first 15 h 10% of ester linkages were cleaved that 

rose to 13% until day 20. Furthermore, only slight evolution of methanol of maximum 2% 

within 20 days was observed indicating only small extent of side chain scission. With maximum 

11% of main chain scission this is the predominant degradation pathway in PMEP. However, 
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after 44 h the amount of cleaved ester bonds almost stagnated though control of the pH still 

showed basic conditions.  

 

Figure 6.15. Quantitative analysis of the basic hydrolysis of PMEP at pH 11(in NaHCO3/NaOH 

buffer 0.2 mol L
-1

).  The degradation curve derived from 
31

P NMR spectroscopy was obtained by 

integration of the phosphoric triester and diester signal and normalizing the sum to 1. The 

degradation curve derived from 
1
H NMR spectroscopy was obtained by integration of the methyl 

group signals of the different degradation products and the sum was normalized to 1. The values for 

the integrals are plotted as a function of the degradation time. 

Table 6.3. Summary of the parameters of the biexponential fit curves derived from the monoester 

and diester signals by 
1
H and 

31
P NMR spectroscopy for the degradation of PMEP. 

 

31
P NMR 

1
H NMR 

triester diester triester diester 

y0 0.872 ± 0.003 0.128 ± 0.003 0.872 ± 0.003 0.128 ± 0.003 

A1 0.084 ± 0.005 -0.084 ± 0.005 0.084 ± 0.004 -0.084 ± 0.004 

t1 3.486 ± 0.543 3.486 ± 0.543 3.204 ± 0.389 3.204 ± 0.389 

k1 0.287 ± 0.045 0.287 ± 0.045 0.312 ± 0.038 0.312 ± 0.038 

A2 0.036 ± 0.004 0.036 ± 0.004 0.039 ± 0.004 -0.039 ± 0.004 
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t2 104.058 ± 33.043 104.058 ± 33.043 60.914 ± 17.440 60.914 ± 17.440 

k2 0.010 ± 0.003 0.010 ± 0.003 0.016 ± 0.005 0.016 ± 0.005 

τ1 2.416 ± 0.376 2.416 ± 0.376 2.221 ± 0.269 2.221 ± 0.269 

τ2 72.127 ± 22.904 72.127 ± 22.904 42.222± 12.089 42.222± 12.089 

 

PEEP. Analogously to the degradation of PEPP or PMEP, the evolution of signals in the 
1
H 

NMR spectra (Figure 6.16) that can be assigned to released ethanol indicated the scission of the 

side chain (1.06 ppm HO-CH2-CH3 and 3.54 ppm HO-CH2-CH3). The amount of cleaved side 

chain during the degradation of PEEP was evaluated by integration of the methyl group at 1.06 

ppm. The amount of main chain scission was evaluated by the methyl signal (1.16 ppm) of the 

pendant chain attached to the built phosphoric diester upon main chain cleavage. During the 

degradation process of PEEP a second signal appears in the 
31

P NMR spectra (Figure 6.17) at 

0.79 ppm that can be attributed to the formation of phosphoric diester. By integration of both 

signals the ratio of intact triester to diester was determined.  

 

 

Figure 6.16. 
1
H NMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEEP at pH 11 

at different time points. 
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Figure 6.17. 
31

PNMR spectra (500 MHz, D2O/H2O 1:9, 298 K) of the degradation of PEEP at pH 11 

at different time points. 

 

The degradation of PEEP was observed over a period of 13 days and was found to follow the 

same biphasic slope like PMEP and PEPP with an initial rapid degradation which slowed down 

distinctly in the second phase. However, in contrast to PMEP with an almost stagnating 

degradation after the initial phase the degradation of PEEP proceeds clearly visible in the second 

phase. Furthermore, quantitative analysis of the 
1
H NMR spectra showed a maximum side chain 

cleavage of 5% after 13 days and a maximum main chain scission of 42% in the same time, 

indicating again a preference for main chain ester cleavage. As seen for the degradation of PEPP 

and PMEP, evaluation of the 
1
H-

31
P correlation spectrum (Figure 6.23) indicated also for the 

degradation of PEEP the formation of  monomeric ethyl (2-hydroxyethyl) phosphate as main 

degradation product. 
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Figure 6.18. Quantitative analysis of the basic hydrolysis of PEEP at pH 11(in NaHCO3/NaOH 

buffer 0.2 mol L
 -1

).  The degradation curve derived from 
31

P NMR spectroscopy was obtained by 

integration of the phosphoric triester and diester signal and normalizing the sum to 1. The 

degradation curve derived from 
1
H NMR spectroscopy was obtained by integration of the methyl 

group signals of the different degradation products and the sum was normalized to 1. The values for 

the integrals are plotted as a function of the degradation time. 

Table 6.4. Summary of the parameters of the biexponential fit curves derived from the monoester 

and diester signals by 
1
H and 

31
P NMR spectroscopy for the degradation of PEEP. 

 

31
P NMR 

1
H NMR 

triester diester triester diester 

y0 0.384 ± 0.120 0.616 ± 0.120 0.3120 ± 0.106 0.688 ± 0.106 

A1 0.193 ± 0.030 -0.193 ± 0.030 0.193 ± 0.015 -0.193 ± 0.015 

t1 18.785 ± 3.764 18.785 ± 3.764 20.243 ± 2.014 20.243 ± 2.014 

k1 0.053 ± 0.011 0.053 ± 0.011 0.054 ± 0.008 0.054 ± 0.008 

A2 0.415 ± 0.093 -0.415 ± 0.093 0.492 ± 0.052 -0.492 ± 0.052 

t2 294.135± 160.242 294.135 ± 160.242 386.861 ± 136.461 386.861 ± 136.461 
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k2 0.003 ± 0.002 0.003 ± 0.002 0.003 ± 0.001 0.003 ± 0.001 

τ1 13.021 ± 2.610 13.021 ± 2.610 14.031 ± 1.396 14.031 ± 1.396 

τ2 203.877 ± 111.071 203.877 ± 111.071 245.805 ± 214.457 245.805 ± 214.457 

 

As found for the degradation of PEPP, evaluation of the 
1
H -

31
P correlation spectra of the 

degradation of PEEP (Figure 6.23) and PMEP (Figure 6.29) showed that the methylene signals 

adjacent to the terminal alcohol group correlates exclusively with the diester. This observation 

indicated the presence of mainly monomeric degradation products. The presence of 

predominantly monomeric degradation products was further confirmed by DOSY NMR 

spectroscopy. DOSY NMRs recorded within the degradation of PMEP (Figure 6.31) and PEEP 

(Figure 6.22) showed significantly lower diffusion coefficients for the degradation product 

indicating the presence of only low molecular weight degradation products. Species with 

diffusion coefficients between the initial polymer and the “monomer” were not observed. 

Furthermore, the correlation spectra showed no correlation of the polymeric triester with the 

methylene group adjacent to the terminal alcohol in the 
1
H NMR spectrum at all. The 

identification of almost exclusively monomeric degradation product indicated that degradation 

occurred from the alcohol-terminus. Furthermore, 
1
H-

31
P correlation spectra showed no 

correlation of the terminal alcohol group with the polymer. The missing correlation might 

indicate, that the terminal hydroxyl group did not exist as hydroxyl group but reacts with a 

phosphorus atom within the polymer chain leading to cyclic structures. Figure 6.19 gives an 

overview over possible and identified degradation products. 

 

 

Figure 6.19. Overview over possible and identified degradation products for the degradation of 

poly(phosphate)s and in-chain poly(phosphonate)s. 
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The formation of predominant monomeric degradation products and the missing correlation of 

the terminal hydroxyl group with the polymer signal indicate a degradation of the 

poly(phosphoester)s by alkaline catalyzed intramolecular transesterfication (‘backbiting’) of the 

terminal alcohol group and elimination of one repeat unit similar to the hydrolysis mechanism 

proposed for PLA.
12-14

 Upon backbiting of the terminal alcohol group a trigonal bipyramidal 

coordinated phosphorus atom is proposed where the five-membered cycle can be either located 

in the equatorial or equatorial/axial position (Figure 6.20). Within the degradation of the 

poly(phosphate)s, (PMEP and PEEP) a small signal at 18 ppm (Figure 6.31) was observed in 

both cases. Furthermore, the 
1
H NMR spectra recorded within the degradation process of both 

polymers showed a characteristic doublet at 4.25 ppm (Figure 6.30). 
1
H-

31
P correlation spectrum 

of the degradation of PMEP (Figure 6.32) showed a correlation of both signals. Most likely, 

these signals can be asigned to the five-fold coordinated, cyclic phosphorus at the end of the 

polymer chain formed upon backbiting of the terminal alcohol on the adjacent phosphorus atom 

where the doublet can be attributed to the methylene groups located within the ring structure.
15

 

This assumption was further confirmed by 
1
H NMR predictions conducted with ChemDraw 

Professional 16.0 software. The signal, at 18 ppm observed in the 
31

P NMR spectra is in the 

same region like the signals of the five-membered cyclic phosphate monomers and therefore an 

attribution of this signal to the five-fold coordinated cyclic phosphorus atom is most likely. 

 

 

Figure 6.20. Proposed mechanism for the degradation of polyphosphoesters by backbiting of the 

terminal hydroxyl group on the neighboring phosphorus atom. 

Thus, degradation of poly(phosphate)s initiated by the terminal alcohol group is most likely 

under the considered conditions. For the in-chain polyphosphonate, correlation spectra also 
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indicate an analogous degradation mechanism as proposed for the poly(phosphate)s though a 

five-fold coordinated phosphorus was not identified by NMR spectroscopy. However, the 

degradation of the side-chain polyphosphonate, PEEPn, was exclusively followed by 
1
H and 

31
P 

NMR spectroscopy and therefore prediction of the degradation mechanism is not possible. 

Although similar observations were made for the considered polymers concerning their 

degradation products, distinct different degradation profiles were observed. In hydrolytic 

degradation under basic conditions, there are a number of parameters that affect the rates of 

degradation. OH
-
 ions are the agents that cause or catalyze hydrolysis. Therefore, the 

accessibility of the cleavable sites in the polymer by the OH
-
-ions is a crucial parameter. Upon 

molecular solution degradation is controlled by reactivity.
16

 In contrast, in the presence of 

polymer aggregates, the accessibility of the polymer by the hydrolizing agent is a key 

parameter.
17

 Cleavable sites located in in the center of the aggregate can be inaccessible or at 

least harder to reach for OH
-
-ions. Thus, a significantly slower degradation is supposed in 

presence of aggregates, where degradation is supposed to occur predominantly from the surface 

of the aggregate (similar to surface erosion). Cleavable polymer sites on the aggregate surface 

are easily accessible while for degradation of the inner part penetration by the hydrolysis agents 

is required.
18

 Therefore, the penetration rate that depends among others on the structure of the 

aggregate is supposed to have a pronounced effect on the degradation kinetics.
7, 19

 The 

significantly different degradation behavior of the analyzed polymers indicated that more 

aspects than simply the binding pattern around the phosphorus atom have to be taken into 

account. Especially, the almost stagnating degradation of PEPP and PMEP after an initial rapid 

degradation phase might point to the formation of aggregates in aqueous media where the easily 

accessible ester linkages on the aggregate surface are rapidly cleaved while the inner ester 

linkages are hard to reach and are therefore only slowly cleaved. A further indication for the 

influence of aggregate formation on the degradation behavior is the structure of the fit curve. For 

PMEP, PEEP and PEPP the experimental data fit a biexponential function indicating the 

superposition of two separate degradation processes – one with fast kinetics and the second one 

with distinctly slower kinetics. This points out to a superposition of different mechanisms 

occurring during the degradation of the polymers, besides the differences of main- and side-

chain hydrolysis. This might be attributed to the cleavage of ester linkages located on the 

aggregate surface and cleavage of internal ester linkages which is associated with the 

penetrativeness of the polymer aggregate. However, to evaluate if aggregation has to be taken 
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into account for the degradation behavior of the examined polymers, dynamic light scattering 

was measured for the polymers dissolved in water and the results are presented in Table 6.5.  

 

Table 6.5. Dynamic light scattering results for the polymers dissolved in MilliQ water. 

polymer Rh1 / nm Rh2 / nm 

PEEPn 2 - 

PEEP 2 410 

PMEP 1.3 240 

PEPP - 190 

 

Indeed, dynamic light scattering measurements of the polymers used in this degradation study 

showed significantly different results. For PEEPn up to high concentration of 10 mg mL
-1

 

exclusively small structures with hydrodynamic radii of 2 nm were found indicating that the 

polymers are unimolecularly dissolved. PEEPn was also the polymer (from the herein 

investigated PPEs) with the fastest degradation, following a monoexponential decay. In contrast, 

for PEPP exclusively large structures with hydrodynamic radii of 190 nm were detected by DLS 

after “solution” in water. The formation of aggregates is consistent with its degradation behavior 

– during the initial rapid degradation phase the readily accessible ester linkages on the aggregate 

surface are cleaved. When the outer ester linkages are cleaved, the degradation slows down due 

to the limited accessibility of the inner ester linkages. For PMEP aggregates with similar size 

(Rh,agg = 240nm) were found matching the resembling degradation kinetics of PEPP and PMEP. 

However, for PEEP significantly larger aggregates were found with Rh = 410 nm compared to 

the ones found for PMEP and PEPP. Furthermore, the degradation behavior of PMEP and 

PEEP, though belonging to the same PPE-class, differed significantly. For PEEP degradation 

proceeded faster compared to PMEP, in spite of its higher hydrophilicity. This difference might 

be attributed to the larger size of the aggregates allowing a better penetration of the OH
-
-ions 

and thus leading to a constantly faster cleavage of the inner ester linkages.
7
 

 

Degradation under acidic conditions 

For the degradation under acidic conditions the polymers were dissolved in 0.1 M HCl solution 

at pH 1 and the progress of degradation was followed by 
1
H and 

31
P NMR spectroscopy. Within 
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the considered time frame of 10 days for all polymers no hydrolysis, which is in agreement with 

the degradation studies conducted by Penczek et al. reporting a significantly slower degradation 

profile for PMEP under acidic conditions compared to alkaline hydrolysis. Thus, to evaluate the 

degradation behavior of PPEs under acidic conditions longterm studies need to be conducted. 

3 Conclusion 

All observed PPEs degraded under the investigated basic conditions, while they remained stable 

under acidic conditions during the time of the experiment. However, distinct differences 

concerning the degradation time and overall amount of cleaved ester bonds were found for all 

PPEs. The easiest degradation pathway was expected for the side-chain polyphosphonate, 

PEEPn, due to the location of the ester linkages within the polymer backbone, which was 

confirmed by the experimental results. 95% PEEPn were degraded within 4.5 hours and the 

degradation curve determined by 
1
H as well as by 

31
P NMR spectroscopy showed 

monoexponential decay. 
1
H NMR spectroscopy furthermore showed the formation 2-

hydroxyethyl ethylphosphonate as single degradation product indicating that at each repeating 

unit only one ester linkage is cleaved. However, as the only polymer used in this degradation 

study PEEPn showed no aggregation in MilliQ water. For the poly(phosphate)s a significant 

slower degradation was observed when compared to PEEPn. The degradation curves obtained 

from quantitative analysis of the NMRs showed, in contrast to PEEPn, slopes which fit 

biexponential decay. For both polymers exponential degradation was observed with an initial 

rapid degradation which slows down distinctly in the second phase. Though degradation of 

PEEP slowed down in the second phase degradation proceeded further. In contrast, for PMEP 

degradation almost stagnated after 44 h and showed after 20 days an overall degradation of 13%. 

Similar results were found for the main chain polyphosphonate PEPP which showed a 

degradation of 9% in the initial phase and an overall degradation of 15% after 15 days. 

Evaluation of the NMR spectra recorded within the degradation process indicated for PEPP, 

PMEP, and PEEP degradation by alkaline catalyzed intramolecular transesterification initiated 

by the terminal hydroxyl group. Furthermore, the significantly different degradation of PEEP, 

PMEP and PEPP can probably be attributed to the formation of aggregates upon dissolution in 

aqueous medium. In the aggregates the concentration of catalyzing OH
- 
-ion is lower compared 

to the concentration in the surrounding medium leading to a slower degradation of the polymers 

located within the aggregate compared to the polymers located in the outer sphere of the 

aggregates. Thus, the different OH
- 

-ion concentrations lead to different degradation rates 
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resulting in a biexponential degradation curves for the aggregating poly(phosphoester)s 

compared to the monoexponential degradation curve of the molecular dissolved PEEPn. 

In conclusion, all PPEs can be degraded under basic conditions, but further in vivo studies are 

essential to assess their potential for future bioapplications, as the presence of enzymes and 

other additives under in vivo conditions will govern the degradation behavior. 

4 Outlook 

The conducted studies on the degradation of different poly(phosphoester)s led two major 

findings. Firstly, all polymers were considered to be water-soluble and had been previously 

investiagtad for aqueous applications (PEEP and PMEP). PEEPn and PEPP are novel polymers 

prepared recently in our group. However, their hydrophilicity differs to a certain degree, which 

leads to altered solubility. The aggregation behavior of the PPEs in water strongly influences 

their degradation kinetics and secondly, degradation of PEPP, PEEP and PMEP followed mainly 

an intramolecular transesterification (‘backbiting’), mainly from the terminal hydroxyl group.  

However, further studies need to be conducted to finally proof these observations from NMR 

and DLS. In order to prove that the presence of aggregates strongly influences the degradation 

kinetics, further studies need to be conducted in the absence of aggregates. Thus, to guarantee 

the absence of aggregates, concentration dependent DLS measurements need to be conducted to 

evaluate a critical aggregate concentration (CAC) and further degradation studies thus need to 

be conducted below the CAC. If the presence of aggregates influences the degradation rate, 

below the CAC a faster degradation rate is expected similar to the degradation of PEEPn. 

Furthermore, in order to prove that degradation occurred mainly via intramolecular 

transesterification (backbiting) initiated by the terminal hydroxyl group, the terminal hydroxyl 

group need to be blocked (Figure 6.21). Degradation studies need to be conducted with 

polymers bearing a free terminal hydroxyl group and with polymers bearing a blocked one. If 

the polymer with the blocked hydroxyl group shows slower degradation, the critical influence of 

the terminal hydroxyl group is proven. Similar, experiments have been conducted for PLA and 

showed significantly attenuated degradation rates compared to polymers with a terminal 

hydroxyl group.
14
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Figure 6.21. Blocking of the terminal hydroxyl group by treatment with isocyanates. 

So far, degradation by backbiting of the terminal hydroxyl group was only indicated for the 

degradation of poly(phosphate)s and in-chain poly(phosphonate)s. The degradation of PEEPn 

was followed exclusively by 
1
H and 

31
P NMR spectroscopy, which allowed no evaluation of the 

degradation mechanism. In order to gain detailed insight into the degradation mechanism of 

PEEPn, correlation spectra need to be recorded throughout the degradation process.  
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5 Experimental 

NMR. 
1
H and 

31
 P NMR spectra were recorded using a Bruker Avance 300 and a Bruker Avance 

III 500. All spectra were referenced internally to residual proton signals of the deuterated 

solvent. 1D spectra were analyzed using MestReNova and for the alnalysis of the 2D spectra 

topspin was used.  

For the diffusion measurements (DOSY)
20

 a 5 mm triple resonance BBFO 
1
H/X probe equipped 

with a z-gradient on the 500 MHz Bruker AVANCE III system was used. For the diffusion 

measurements a 2D sequence (DOSY, dstebpgp3s) with a stimulated echo was used.
21

 The 

temperature was kept at 298.3 K and regulated by a standard 
1
H methanol NMR sample using 

the topspin 3.1 software (Bruker). The control of the temperature was realized with a VTU 

(variable temperature unit) and an accuracy of +/- 0,1K. The diffusion time was optimised at 70 

ms and the gradient length to 1.4 ms. The relaxation delay between scans was 2 s. The gradient 

strength was calibrated by analysis of a sample of 2H2O/1H2O at a defined temperature and 

comparison with the theoretical diffusion coefficient of 2H2O/1H2O. 

 

DLS. Dynamic light scattering (DLS) measurements were performed on an ALV spectrometer 

that consists of a goniometer and an ALV-5004 multiple-tau full-digital correlator( 320 

channels) allowing measurements over an angular range from 30° to 150. A He-Ne Laser 

(wavelength of 632.8 nm) is used as light source. For temperature controlled measurements the 

light scattering instrument is equipped with a thermostat from Julabo. 

5.1 Degradation kinetics 

5.1.1 Alkaline hydrolysis 

10 mL of Buffer solution with pH 11.08 were prepared by adding 5.6 mL of 0.4 M NaHCO3-

solution with 2.05 mL of 1 M NaOH solution and 1.35 mL H2O and 1 mL D2O to achieve a 

H2O: D2O ratio of 9:1. The pH of the buffer was determined with a pH electrode. 

 

The degradation studies of all polymers under basic conditions were conducted with 3.5 mg 

(0.03 mol L
-1

 (repeat unit)) of polymer dissolved in 0.75 mL of NaHCO3/NaOH (0.2 mol L
-1

) 

buffer at pH 11.08. The first 12 h of each degradation were observed constantly by recording 

alternating 
1
H and 

31
P NMR spectra. 
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5.1.2 Acidic hydrolysis 

The degradation studies of all polymers under acidic conditions were conducted with 5 mg of 

polymer dissolved in 0.75 mL of 0.1 M HCl (pH 1). Degradation was followed by 
1
H and 

31
P 

NMR spectroscopy. 

5.2 Synthetic procedures  

Synthesis of poly(ethyl ethylene phosphate) (PEEP33). All Schlenk-tubes were flame-dried 

prior to use. 2-(benzyloxy) ethanol was used as initiator and DBU/TU as catalyst. TU (1.3g) and 

EEP (5.0 g, 36.7 mmol) were introduced into a flame-dried Schlenk-tube, dissolved in dry 

benzene, and dried by lyophilization. 6 mL of dry DCM were added and 112 mg (734.8 µmol) 

initiator dissolved in 1 mL of dry DCM. The temperature was adjusted to 0°C and the 

polymerization was started by rapid addition of DBU (560 mg) to the reaction mixture. The 

polymerization was quenched after 1.5 h by addition of 2 mL of 2 M formic acid in dry DCM. 

The polymer was obtained as a colorless viscous liquid (1.4 g, 88%) and purified by 

precipitation into diethyl ether and subsequent dialysis.  

1
H NMR (300 MHz, Chloroform-d) δ 7.36 (d, J = 3.7 Hz), 4.58 (s), 4.43 – 4.06 (m), 1.37 (td, J = 

7.1, 1.0 Hz). 
31

P{H} NMR (121 MHz, Chloroform-d) δ -1.08, -1.28. 

 

Synthesis of poly(methyl ethylene phosphate) (PMEP54). All Schlenk-tubes were flame-dried 

prior to use. 2-(benzyloxy) ethanol was used as initiator and DBU/TU as catalyst. TU (1.1g, 2.90 

mmol) was introduced into a flame-dried Schlenk-tube, dissolved in dry benzene, and dried by 

lyophilization. Subsequently, EEP (4.0 g, 36.7 mmol), 5 mL of dry DCM and 88 mg (579.46 

µmol) initiator dissolved in 1 mL of dry DCM were added. The temperature was adjusted to 0°C 

and the polymerization was started by rapid addition of DBU (432 mg) to the reaction mixture. 

The polymerization was quenched after 1.25 h by addition of an excess of formic acid in dry 

DCM. The polymer was obtained as a colorless viscous liquid (2.67 g, 67%) and purified by 

precipitation into diethyl ether and subsequent dialysis.  

1
H NMR (300 MHz, Chloroform-d) δ 7.35 (m, 5H), 4.58 (s, 2H), 4.29 (q, J = 4.9, 4.4 Hz), 3.81 

(dd, J = 11.2, 6.2 Hz).
31

P{H} NMR (121 MHz, Chloroform-d) δ 1.12, -0.18, -1.49. 

 

Synthesis of poly(methyl ethylene phosphate) (PEPP54). All Schlenk-tubes were flame-dried 

prior to use. 2-(benzyloxy) ethanol was used as initiator and DBU/TU as catalyst. TU (122 mg, 
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328 µmol) was introduced into a flame-dried Schlenk-tube, dissolved in dry benzene and dried 

by lyophilization. EPP (585 mg, 3.94 mmol), 1 mL of dry toluene and 10 mg of initiator (734.8 

µmol) dissolved in 0.5 mL of dry toluene were added. The temperature was adjusted to 0°C and 

the polymerization was started by rapid addition of DBU (121.67 mg, 328.53 µmol) to the 

reaction mixture. The polymerization was quenched after 24 h by addition of 2 mL of acetic acid 

(20 mg mL
-1) in dry toluene. The polymer was obtained as a colorless viscous liquid (380 mg, 

65%) and purified by precipitation into diethyl ether and subsequent dialysis.  

1
H NMR (300 MHz, Methylene Chloride-d2) δ 7.27 (d, J = 3.9 Hz), 4.47 (s), 3.99 (ddtd, J = 9.6, 

8.0, 6.9, 4.1 Hz), 1.94 – 1.65 (m), 1.23 (t).
 31

P{H} NMR (121 MHz, Methylene Chloride-d2) δ 

31.21, 30.80  

 

Synthesis of poly(ethyl ethylene phosphonate) (PEEPn48). All Schlenk-tubes were flame-dried 

prior to use. 2-(benzyloxy) ethanol was used as initiator and DBU as catalyst. EEPn (1.5 g, 

11.02 mmol) was introduced into a flame-dried Schlenk-tube, dissolved in dry benzene, and 

dried by lyophilization thrice. 1.6 mL of dry DCM and 33.5 mg (220.45 µmol) initiator 

dissolved in 0.5 mL of dry DCM were added. The temperature was adjusted to 25°C and the 

polymerization was started by rapid addition of DBU (100.68 mg 661.34 µmol) dissolved in 1 

ml of dry DCM to the reaction mixture. The polymerization was stirred overnight and quenched 

by addition of 1 mL of 2 M formic acid in dry DCM. The polymer was obtained as a yellowish 

viscous liquid (1.33 g, 89%) and purified by precipitation into diethyl ether and subsequent 

dialysis.  

1
H NMR (300 MHz, Chloroform-d) δ 7.35 (d, J = 4.9 Hz), 4.58 (s), 4.43 – 4.03 (m), 1.98 – 1.65 

(m), 1.20 (dtd, J = 15.4, 8.3, 7.7, 3.3 Hz).
 31

P{H} NMR (121 MHz, Chloroform-d) δ 35.82, 

35.18. 

5.3 NMR spectra  

2D spectra of the degradation of PMEP, PEEP and PEPP were recorded to identify the 

degradation products. For the degradation of PEEPn no 2D spectra were recorded, since the 
1
H 

and 
31

P NMR spectra showed the formation of one single degradation product. 
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5.3.1 Spectra of the degradation of PEEP 

 

  

Figure 6.22. 
31

P DOSY NMR of PEEP (202 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PEEP. The spectrum shows two different diffusion coefficients for the triester and the 

diester signals indicating a significantly lower molecular weight of the diester. 
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Figure 6.23. 
1
H-

31
P HMBC NMR spectrum (202 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PEEP.  

 

Figure 6.24 . 
1
H COSY NMR spectrum (500 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PEPP.  
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5.3.2 Spectra of the degradation PEPP 

 

Figure 6.25. 
31

P DOSY NMR of PEPP (202 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PEEP. The spectrum shows two different diffusion coefficients for the diester and the 

monoester signals indicating a significantly lower molecular weight of the monoester 

 

Figure 6.26. 
1
H-

1
H COSY NMR spectrum (500 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PEPP.  
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5.3.3 Spectra of the degradation of PMEP 

 

Figure 6.27. 
31

P DOSY NMR (202 MHz, H2O/D2O (9:1), 298 K) of the degradation products of 

PMEP. The spectrum shows two different diffusion coefficients for the triester and the diester 

signals indicating a significantly lower molecular weight of the diester. 

 

Figure 6.28. 
1
H-

1
H COSY NMR spectrum (500 MHz, H2O/D2O (9:1), 298 K) of the degradation 

products of PMEP. 
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Figure 6.29. 
1
H-

31
P HMBC NMR spectrum (500, 202 MHz, H2O/D2O (9:1), 298 K) of the 

degradation products of PMEP. 

 

Figure 6.30. 
1
H NMR spectrum (500 MHz, H2O/D2O (9:1), 298 K) of the degradation products of 

PMEP after 70 days. 
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Figure 6.31. 
31

P NMR spectrum (202 MHz, H2O/D2O (9:1), 298 K) of the degradation products of 

PMEP after 70 days. 

 

Figure 6.32. 
1
H-

31
P HMBC NMR spectrum (500, 202 MHz, H2O/D2O (9:1), 298 K) of the 

degradation products of PMEP after 78 days.  
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