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Motivation and Objectives 
 

Poly(ethylene glycol) (PEG) also named Poly(ethylene oxide) (PEO) is one of the most important 

biocompatible polymers known today. It is chemically inert, shows good antigenicity and does not 

generate an immune response in vivo. Besides its valuable characteristics regarding pronounced 

biocompatibility, the excellent water solubility of PEG plays an important role. These features have 

led to applications in an immense variety of products, in areas as diverse as cosmetics and as food 

additive, either as homo-oligomer/polymer or as derivative in surfactants. PEG is also important in 

the pharmaceutical industry, as it can serve as a basis for creams and ointments as well as laxatives. 

PEG can be synthesized by anionic ring-opening polymerization (AROP) of ethylene oxide (EO), which 

is produced on a million ton scale per year. Besides its use in daily life applications, PEG is an 

important industrial product and can serve for example as a lubricant. 

One sophisticated application for PEG is its use in biomedical applications, with the most prominent 

example being PEGylation, i.e., the covalent attachment of PEG to small drug molecules or proteins, 

vesicles and nanoparticles, which brings along several advantages. In some cases, PEG can serve as a 

solubilizing agent of hydrophobic molecules or solubilize metal/metal oxide nanoparticles, which 

might be used in magnetic resonance imaging (MRI). Furthermore, PEG can increase the stability of 

vesicles used for controlled release of pharmaceutically active agents in physiological environment, 

the so-called “stealth”-effect. This describes the shielding effects of PEG chains that prolong the 

blood circulation time of active compounds, such as proteins. This effect is one of the main reasons 

for the recent success of the PEGylation strategy. 

One major drawback of PEG with respect to multiple covalent attachments of molecules is that 

commercially available PEG exhibits a maximum of two reactive sites viz. the hydroxyl groups at the 

polymer termini. Although PEG has been known and used in a variety of the above-mentioned 

applications for several decades, there has been no effort to modify PEG in such a way that the 

functionality is increased significantly without the implementation of a second, chemically different 

polymer block. The use of block copolymers can be advantageous in some applications, if phase 

separation between the blocks, i.e., the formation of micellar structures is required, but this should 

be avoided, when amphiphilicity leads to unwanted side effects. Generally, the introduction of 

multiple functional groups at the PEG backbone using functional oxirane comonomers in AROP has 

not been realized so far.  

The first objective of this thesis is to establish a general route for the synthesis of multifunctional 

PEGs (mf-PEG)s, avoiding block copolymer formation. This affords the synthesis of novel epoxide 

derivatives, which are easily accessible and carry suitable functionalities. To achieve this objective, 

different glycidyl ethers can be copolymerized as comonomers with EO via anionic ring-opening 
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polymerization. The introduction of different functionalities can be realized employing two different 

strategies. 

On the one hand comonomers carrying functional groups which are stable toward the highly basic 

conditions applied in AROP can be used. On the other hand protecting group chemistry can be 

utilized to introduce functionalities, such as hydroxyl-groups, which would usually serve as initiator 

themselves. In this context the following important questions need to be answered:  

 

i) Are the newly introduced functionalities randomly distributed along the PEG chain? 

 

The random distribution of the functional groups/side chains is important for two reasons: First of all, 

fundamental ideas on the relative glycidyl ether reactivity can be derived from an investigation of 

this type, which is useful for further syntheses. Secondly, if gradient type polymers are obtained, they 

might form undesired aggregates and/ or micellar structures. 

Another question which arises especially with respect to biomedical applications is: 

 

ii) Is it possible to obtain mf-PEGs, by simultaneous retention of the good water 

solubility and excellent biocompatibility known from PEG? 

 

Therefore, one major objective of this thesis was to study the temperature-dependent water 

solubility of several, newly synthesized glycidyl ether containing copolymers, followed by toxicity 

tests to establish, whether these materials show PEG like biocompatibility. 

The third objective of this thesis is to prove the addressability of the functional groups and the 

possibility to use the newly synthesized copolymers either as precursor for sophisticated 

architectures, e.g., brush-copolymers, or in the synthesis of organometallic polyethers. 

Following the general concept of functional gylcidyl ethers, which can be used to overcome the low 

loading capacity of PEG, the final question asked is: 

 

iii) Is it possible to synthesize degradable PEG? 

 

The synthesis of a suitable monomer with an acid-labile group incorporated and the subsequent 

anionic polymerization of this newly developed compound are the main tasks of the last part of this 

thesis. 
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Abstract 
 

This thesis aims at the development of novel functional polyethers based on the combination of 

ethylene oxide with other functional epoxide comonomers. In Chapter 1 functional epoxide 

monomers that are suitable for controlled ring-opening polymerization (ROP) are discussed. In this 

short review the recent renaissance in the field of epoxide polymerization is highlighted, with a 

special focus on living and controlled polymerization of functional epoxide monomers. The 

combination of i) easily accessible monomers and ii) the possibility to obtain well-defined materials, 

which are water-soluble in most cases and biocompatible as well as chemically robust, bears 

promising potential for different uses. Potential applications including biomedical aspects are also 

discussed in this context. 

In Chapter 2 the introduction of versatile functional groups into the poly(ethylene glycol) (PEG)-

based polyether backbone is shown. Among the oxiranes it is possible to distinguish between two 

different classes of functional epoxide-based monomers: the first class carries a functional group that 

is stable under the polymerization conditions, and the second class bears a group that needs to be 

protected. In this thesis different glycidyl ether monomers carrying both, protected (Chapter 2.1 and 

2.2) and directly usable (Chapter 2.3), functionalities are employed to implement reactive moieties, 

yielding multifunctional (mf)-PEG. 

In Chapter 2.1 polyethers with multiple hydroxyl groups and one orthogonal terminal moiety are 

presented. A series of polymers with varying comonomer ratio is synthesized by copolymerization of 

ethylene oxide (EO) and ethoxy ethyl glycidyl ether (EEGE), resulting in linear glycerol units with one 

hydroxyl group per monomer unit after acidic deprotection. The polymerization is followed by the 

removal of the terminal benzyl residues, resulting in an orthogonally addressable terminal 

functionality viz. an amine moiety. Molecular characterization is conducted by 1H and 13C NMR as 

well as size exclusion chromatography (SEC). Random incorporation of the two monomers was 

probed using 13C NMR, analyzing the triad sequence distribution and differential scanning calorimetry 

(DSC). In addition investigations of the thermal behavior of the series of polyethers with different 

comonomer ratios have been carried out. 

In Chapter 2.2 polyethers with vicinal diols in the side chain are introduced. A series of random 

copolymers with different fractions of EO and 1,2-isopropylidene glyceryl glycidyl ether (IGG) units is 

synthesized. Besides the introduction of an additional hydroxyl moiety the 1,2 diol-component of the 

side chains allows for attachment and facile acid-catalyzed release of molecules bearing 

ketone/aldehyde functionalities via reversible formation of cyclic acetals. This renders the materials 

potentially useful as support for reagents, drugs or catalysts. Random incorporation of both 

comonomers is verified by monitoring the copolymerization kinetics via real-time 1H NMR 
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spectroscopy during the polymerization in DMSO and by characterization of the triad sequence 

distribution, relying on 13C NMR analysis, as stated above. 

In Chapter 2.3 polyethers carrying highly reactive vinyl ether moieties along the PEG backbone are 

presented, employing the novel monomer ethoxy vinyl glycidyl ether (EVGE). The facile 

transformation of the vinyl ether side chains in click type reactions is verified by two different post 

polymerization modification reactions: (i) thiol-ene addition and (ii) acetal formation, using various 

model compounds. It can be shown that both strategies are very efficient, resulting in quantitative 

conversion. The rapid acetal formation with alcohols results in an acid-labile bond and is thus highly 

interesting with respect to biomedical applications that require slow or controlled release of a drug, 

while the thiol-ene addition to vinyl ether moieties prevents cross-linking efficiently, in contrast to 

other types of double bonds. Again the random incorporation of the EVGE comonomer can be 

proven by the methods employed in Chapter 2.1 and 2.2.  

Regarding the key issue concerning the structural constitution of these polymers: 

i) Are the newly introduced functionalities randomly distributed along the PEG chain? 

It can be stated that all three different polymer classes studied exhibit random incorporation, as it 

can be derived from NMR kinetics, triad analysis and is also indirectly confirmed by the thermal 

properties. Nevertheless, it should be mentioned that the results might vary in dependence on 

solvent, temperature, and counter ion. However, the statistical distribution of the glycidyl ether 

moieties is in accordance with other polymers investigated. 

In Chapter 3 another important question is targeted:  

ii) Is it possible to generate mf-PEGs preserving the good water-solubility and excellent 

biocompatibility known from PEG? 

This is investigated in in two different studies. In Chapter 3.1 the water-solubility of the novel mf-

PEGs is examined. Variable comonomer ratios of EO and the above mentioned oxiranes IGG, EVGE, as 

well as other monomers such as allyl glycidyl ether (AGE) and dibenzyl amino glycidol (DBAG) are 

found to influence the lower critical solution temperature (LCST) behavior. Sharp transitions from 

translucent to opaque solutions, comparable to other well-established stimuli-responsive polymers, 

are observed at temperatures ranging from 9 to 82 °C. The influence of the side group 

hydrophobicity as well as the comonomer ratios can be quantified by comparison of the different 

copolymer systems observed. 

In Chapter 3.2 the biocompatibility of the novel polymers is under investigation. Cytotoxicity of 

several mf-PEG-analogues is studied against chinese hamster ovary cells (CHO). Beside the random 

mf-PEG copolymers with different glycidyl ether-based comonomers also block copolymers with 

varying polymer architectures are studied. The data is evaluated via the Alamar Blue staining 

technique and the packed cell volume (PCV) method. Both methods prove that the random 
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copolymers exhibit similar toxicity compared to PEG, while block copolymers show a slightly higher 

toxicity, which can be assigned to the aggregation behavior. In addition, the data prove that the 

experimentally more convenient PCV method provides reliable results for the cytotoxicity of the 

investigated polymers. 

In Chapter 4 the previously introduced concept is used to synthesize metal-containing polyethers. In 

Chapter 4.1 anionic ring-opening polymerization is applied for the synthesis of several di- and 

triblock (PPO-b-PEO-b-PEVGE) copolymers bearing a variable amount of vinyl ether moieties using 

the above mentioned EVGE monomer. These vinyl ethers are reacted with Grubbs’ catalyst to 

generate organometallic copolymers via stable Fischer carbenes. The ruthenium containing block 

copolymers are investigated by transmission electron microscopy (TEM) for their aggregation 

behavior. 

In Chapter 4.2 EO is copolymerized with ferrocenyl glycidyl ether (fcGE) to generate water-soluble 

and thermo-responsive copolyethers with ferrocenyl moieties in the side chain. Up to 10% of fcGE 

can be introduced before the water-solubility at room temperature is lost. Interestingly, the thermo-

responsiveness, which is present in all copolymers can be switched off by oxidation of the iron 

centers, as the hydrophobicity is altered. In addition the LCST behavior can be recovered by 

reduction of the iron(III) species. For a low fcGE copolymer content the toxicity tests reveal 

biocompatibility of the newly developed materials, while the polymers with higher fc content show 

toxicity and might be interesting as cytostatics. 

In Chapter 5, the copolymerization strategy introduced throughout Chapter 1 and 2, is used to 

overcome another disadvantage of PEG, viz. its non-biodegradability. The introduction of acid 

degradable acetal moieties into a hyperbranched polymer backbone is realized by the design of a 

novel epoxide-based degradable inimer. This new compound, viz. glycoloxy ethyl glycidyl ether 

(GEGE) is copolymerized in the anionic ring opening polymerization (AROP) with either EO or glycidol, 

yielding branched degradable polyethers, i.e. (P(EO-co-GEGE) and P(G-co-GEGE)) with varying 

structure and an adjustable amount of acid-cleavable acetal units incorporated. An additional class of 

polymers P(G-co-GEGE-g-EO) is synthesized by using the P(G-co-GEGE) copolymers as macroinitiators 

for AROP of EO. The new materials are characterized in detail and the degradation kinetic of these 

polymers is analyzed via SEC and 1H NMR spectroscopy. 
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Abstract 

In this review article functional epoxide monomers that are suitable for controlled ring-opening 

polymerization (ROP) are discussed. Functional epoxides possess reactive groups, which are either 

directly accessible or carry suitable protective groups that can be removed in a facile one-step 

reaction after polymerization. The methods used to obtain linear, functional aliphatic polyethers rely 

on living polymerization techniques for the synthesis of well-defined structures. Materials properties, 

such as thermo-responsive behavior in combination with different functional groups that can be 

addressed selectively, render these novel materials interesting for a variety of applications. 

 

Introduction 

The combination of organic synthesis steps with well-established living polymerization techniques 

opens pathways for the preparation of polymers with well-defined architecture and tailor-made 

functionalities. The polymerization of substituted epoxides, or oxiranes via (ionic) ring-opening 

polymerization (ROP) is an established strategy for the synthesis of polyethers with varying materials 

properties that are often water-soluble.1, 2 

In this short review the recent renaissance in the field of epoxide polymerization will be discussed, 

with a special focus on living or controlled polymerization of functional epoxide monomers. Although 

cationic polymerization of epoxides has been carried out extensively and also bears great potential 

for different uses, due to the lack of control over molecular weights cationic ROP is not highlighted in 
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this article. It should be noted that the functionality of PEG can also be increased by varying the 

polymer architecture, e.g., by the synthesis of branched structures (using latent AB2-comonomers 

such as glycidol),3 star-like,4 or PEG-based dendrimer-like structures.5 However, this interesting field 

will not be highlighted in this article, since the main focus lies on linear polymer structures and tailor-

made epoxide monomers. 

The synthesis of functional epoxides bearing either a functional group that is stable towards the 

polymerization conditions or which is protected with a suitable protective group allows for the 

introduction of versatile functionalities, such as double bonds, hydroxyl groups or vicinal diols and 

amines. However, the combination of living polymerization and the systematic introduction of 

functionalities at a poly(ethylene glycol)/(PEG)-based backbone had only been realized for some 

limited systems until recently.6 The typical building blocks for functional epoxides are epichlorohydrin 

(ECH) or glycidol as well as an alcohol or amine carrying the (protected) functional group. Glycidol, 

ECH and a majority of the corresponding alcohols are common reagents in the chemical industry and 

a major fraction of the monomer syntheses are one- or two-step reactions. The monomers are 

typically synthesized via nucleophilic attack of the (functional) alcohol or amine of choice on the 

methylene group of ECH, followed by ring-closure through intramolecular nucleophilic substitution 

(SNi). In some cases the intermediate chlorhydrin can be isolated (e.g. for di-benzyl amino glycidol 

(DBAG))7, while if phase transfer catalysis conditions are applied the desired monomers are obtained 

in one step (e.g. 1,2-isopropylidene glyceryl glycidyl ether (IGG)8 or ethoxy vinyl glycidyl ether (EVGE)9 

see below). Another strategy relies on the hydroxyl group of glycidol, which can be protected with 

ethyl vinyl ether under acidic catalysis.10 An overview of all fundamental reaction types is given in 

Figure 1.  

 
Figure 1. Overview of the fundamental synthetic methods I-III yielding (functional) epoxides, suitable 

for (anionic) ROP. 
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The combination of i) easily accessible monomers and ii) the possibility to obtain well-defined 

materials, which are water-soluble in most cases and biocompatible as well as chemically robust, 

bears promising potential for different applications. Figure 2 gives an overview of the different 

functional epoxides discussed in the context of this article. 

 

Synthetic Strategies 

The controlled synthesis of functional polyethers is an important issue, since well-defined materials 

with narrow molecular weight distributions are desirable not only for biomedical uses, but also for a 

large number of other applications. 

 
Figure 2. Overview of the different (functional) epoxides, suitable for (anionic) ROP, as discussed in 

this review article. 

 

Not all of the different functional oxiranes presented in Figure 2 fulfil the necessary criteria for 

(an)ionic polymerization, but might be suitable for the quasi-living activated monomer mechanism 

(detailed discussion see below). 
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Polymerization Methods 

The oldest,11 but not out-dated living polymerization technique is anionic polymerization.12 Anionic 

ring-opening polymerization (AROP) of ethylene oxide was carried out as early as 1933 by 

Staudinger13 and 1940 by Flory,14 who established its controlled character. It is until today the most 

important method for epoxide polymerization, which is also widely used on industrial scale (e.g., for 

the polymerization of EO). Typically, the polymerization is initiated by an alcohol, activated (i.e. 

deprotonated) by a metal-ion forming an alkoxide. Versatile alcohols have been used to introduce 

functionalities or labels in a terminal position.15, 16 Intensive studies have been carried out focussing 

on the role of the counter ion, which is an alkaline metal in most cases. In the case of Li+ cations (the 

smallest counter ion possible) usually no polymerization occurs.17, 18 In the presence of a 

phosphazene base,19, 20 which acts like a chelating ligand, polymerization can take place. However, 

polymerization of glycidyl ethers (e.g. EEGE) employing the phosphazene base method is less 

common, since the obtained secondary alcohol affords increased reaction time and proton 

abstraction (compare Fig. 3) can take place.21 Very recently, Carlotti and coworkers22 reported that 

the addition of tri iso-butyl aluminium to a living polystyryl lithium (PS-Li) chain end allows the direct 

polymerization of ethylene oxide as a second block with Li+ as a counter ion. This effect was 

explained by the presence of an “ate” complex formed by the aluminium salt and the PS-Li. Although 

the diblock formation efficiency stays below 90%, this approach represents an interesting method to 

combine carb- and oxy-anionic polymerization. Apart from these two exceptions the strong Li-O 

interaction prevents insertion of the oxirane.23 The polymerization rate constants increase with 

increasing size of the counter ion (Na+<K+<Cs+),24 as it can be derived from the hard and soft acid and 

base (HSAB) concept.25 The concept allows predicting a decreasing affinity to the comparably “hard” 

oxygen atom with increasing atomic radius of the counter ion, which translates to increasing 

“softness”. Most commonly, potassium is applied, due to reasonable polymerization results and 

lower cost (in comparison to Cs+). However, it has been shown that cesium counter ions exhibit not 

only a higher polymerization rate, but moreover in the case of substituted oxiranes, such as 

propylene oxide (PO),26 the occurrence of transfer reactions resulting in unsaturated species (see Fig. 

3) can be reduced. This proton abstraction, or chain transfer reaction, can occur at all substituted 

oxiranes27, such as ethoxy ethyl glycidyl ether (EEGE). Möller and co-workers studied this chain 

transfer reaction to the monomer (in this case: EEGE) at various temperatures and different initiating 

systems (3-phenylpropanol/potassium 3-phenylpropanolate, potassium tert-butoxide and sec-

butyllithium/phosphazene base).28 It was shown that with K+ as the counter ion the extent of proton 

abstraction in comparison with the Li+ phosphazene base initiator is decreased, especially when 

moderate reaction temperatures (60°C) were applied. The authors conclude that there is an upper 

molecular weight limit for PEEGE (Mn) of 30,000 g/mol. 
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Figure 3. Mechanism of undesired proton abstraction for the AROP of substituted epoxides, as 

proposed.28 
 

Another method for the controlled polymerization of (functional) oxiranes, relying on an anionic 

coordination mechanism, 29-31 has been revitalised and investigated in elegant work by Deffieux and 

co-workers within the last decade. By the addition of triisobutylaluminium to either a metal (Na+) 

alkoxide32 or tetraalkylammonium salts33 as the respective initiators, two different complexes are 

formed. The authors propose that one species obtained is the initiating complex (I) and the other one 

is formed by the excess of aluminium salt and the corresponding monomer resulting in an activated 

monomer mechanism (II, compare Figure 4)32. With this approach it has been possible to obtain 

different copolymers (of EO/PO33, EEGE/PO and tBuGE/butylene oxide (BO)34, as well as AGE/ECH35, 

EEGE/ECH36 and AGE/EEGE37) and high molecular weight PEEGE34, with Mn exceeding the 

30,000 g/mol limit. In addition, this strategy broadens the toolkit of possible initiators, since 

bromides or even azides are sufficiently nucleophilic in the complex with the aluminiumalkylate to 

open the strained epoxide ring. Versatile initiators have been used to polymerize EO, PO, ECH and 

EEGE yielding α-azido or bromo, α-hydroxypolyethers.38 

 

 
Figure 4: Proposed monomer activation mechanism for the “living” polymerization using 

tetraoctylammonium salts and triisobutyl-aluminum.32 
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Very recently, Taton and co-workers presented a straightforward living polymerization technique for 

EO39 activated by N-heterocyclic carbenes (NHC), widely used in different organic catalysis reactions. 

This approach represents not only a metal-free alternative to the abovementioned protocols, but 

also generates the opportunity to obtain α,ω-functional polymers.40 However, to date this 

polymerization technique has not been applied for the (co)polymerization of functional monomers, 

but represents a very promising method and might be suitable for substituted oxiranes as well. 

 

Functional Epoxides 

The synthesis of multifunctional polyethers with either block or random structure can be conducted 

via two different strategies: the first one relies on polymer modification reactions of “common” 

precursor polymers, such as linPG or PECH (compare Fig. 4). These functionalization reactions are 

often accompanied by non-quantitative conversion32 or require multi-step syntheses.56 The focus of 

this article, however, is the expansion of these “common” materials toward a detailed description of 

specialized monomers allowing the introduction of the respective functional group via direct 

(co)polymerization of the oxirane carrying the desired functionality. 

Among the oxiranes it is possible to distinguish between two different classes of functional epoxide 

based monomers. The first class of oxiranes carries a functional group that is stable under the 

polymerization conditions applied, and the second class of functional epoxide bears a group that 

needs to be protected. In the two sections below, first monomers carrying a ROP-stable functional 

group will be highlighted, followed by epoxide monomers requiring a deprotection step to obtain the 

functional polymer. 

Several oxiranes do not need to be protected and thus lead to a functional group that is addressable 

right after polymerization, without the need for a further deprotection or activation step. Functional 

groups that are generally stable toward the highly basic conditions applied in AROP are double 

bonds. A typical example is AGE which is commercially available, easy to purify (distillation) and 

introduces an allylic double bond into the polymer backbone.2, 41 AGE can easily be homo-

polymerized, for example with PEG as a starting block,42-44 or copolymerized with other oxiranes, 

such as EO45 or ECH 35 and glycidol, yielding branched structures.46 Furthermore, the double bond can 

be post-modified via thiol-ene coupling reactions to attach biomolecules47, 48 or to build complex 

architectures using hydrosilylation.44 However, one major aspect which has to be considered in the 

case of AGE (co)polymerization is the tendency of the allyl double bond towards isomerization.45, 49 It 

was found that this isomerization is directly related to the polymerization temperature. This was 

studied intensively by Lee and coworkers,50 who varied the polymerization temperature from 40 to 

140 °C, obtaining polymers with 1.5 to 16.6% of cis-prop-1-enyl (isomeric structure) side chains. The 

resulting internal (and therefore less accessible) vinyl double bond has a different reactivity or does 
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not take part in subsequent reactions or can be even lost during the work-up procedure, as it is not 

stable toward acidic media and can be cleaved to release hydroxyl groups. However, this (usually) 

unwanted side reaction can not only be promoted by the reaction temperature, but also by 

palladium catalysts (i.e. Pd(PPh3)4 in DCM) and utilized for orthogonal deprotection of linear 

polyglycerol (linPG).51 

Introduction of vinyl ether moieties at the PEG backbone can be realized by the newly established 

monomer EVGE, which can serve as a (co)monomer in the polymerization with EO and has recently 

been carried out by our group. The resulting polymers cannot only be deprotected to afford a polyol, 

as mentioned above, but can in addition be used for thiol-ene click reactions and acetal formation.9 

The thiol-ene reaction with the vinyl ether double bond is very efficient and does not require an 

excess of the thiol component, since the vinyl ether radical formed in the transitional state is too 

stable to attack other double bonds. Therefore the undesired and often observed side-reaction of 

crosslinking does not occur, which allows for stoichiometric control over the thiol-ene click. In 

addition, the possibility to attach alcohols via an acid-labile acetal bond is interesting with regard to 

drug carrier applications as the corresponding alcohol can be released in acidic media, present for 

example in lysosomes or cancer cells. EVGE can also be homo-polymerized and the terminal vinyl 

ether can be used for the attachment of Grubbs´ catalyst via the formation of a stable Fischer 

carbene.52 53 

The activated monomer method developed by Carlotti and Deffieux permits the polymerization of 

functional monomers, which cannot be used in anionic polymerization, since they would suffer from 

nucleophilic attack of the propagating alkoxide. Therefore PECH54, which was available before only by 

cationic ROP,55, 56 is now accessible with this approach.33, 35, 36 Very recently, Carlotti and co-workers 

were able to polymerize another interesting monomer, viz. glycidyl methacrylate (GMA), by selective 

ring-opening of the epoxide group and simultaneous conservation of the methacrylate functionality, 

which was then used for crosslinking reactions.57 The conventional anionic ROP of GMA would lead 

to highly branched or crosslinked structures as the carbonylic C-atom of  the acrylate also reacts.58 

In the ensuing section functional oxiranes are presented which necessitate the use of protective 

groups. Especially functional groups that can undergo nucleophilic attack and can in principle initiate 

AROP themselves (OH, NH2) require protection. The protective group at a monomer/polymer 

backbone needs to fulfil two criteria: first, the monomer synthesis needs to be feasible. Secondly, 

and even more important the release of the functional group should be a facile, quantitative one-

step or a one-pot polymer transformation, such as hydrolysis or hydrogenation. 

Especially the introduction of hydroxyl groups into the polyether backbone is important, since 

alcohols show versatile reactivity and are essential for biomedical applications as they are nontoxic.59 

The protection of a single hydroxyl group can be realized by the ethoxy ethyl-10, the tert-butyl60- or 
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the allyl- protective group. EEGE1, 61 has been used in the synthesis of PEG copolymers with either 

random62-64 or block-like65-68 structures, serving as precursor for other sophisticated architectures.15, 

63, 69-76 The tert-butyl protective group has been less frequently employed until very recently,77, 78 

although the monomer t-butyl glycidyl ether is commercially available. This might be due to the 

harsh conditions (trifluoroacetic acid, TFA) which are needed for the deprotection of the 

homopolymers.79,67 A combination of protected allyl-, ethoxy ethyl and tert-butyl glycidyl ethers was 

carried out in an important work by Möller and co-workers, yielding linPG with orthogonal protected 

hydroxyl groups.79 

The introduction of two vicinal hydroxyl groups per monomer unit has first been realized by our 

group employing two different methods.8 In the first approach AGE was polymerized followed by the 

subsequent dihydroxylation (with osmium tetroxide). In the second approach a novel functional 

epoxide, viz. IGG was polymerized, which can easily be deprotected with diluted acids to release 

glyceryl glycerol units. It was also shown that IGG can be copolymerized with EO80 and the 1,2-diol 

can easily be reacted with aldehydes or ketones forming the cyclic acetals, as it is also known for 

hyperbranched PG.81 This reversible reaction allows the pH-controlled attachment or release of small 

molecules. 

Besides the introduction of hydroxyl groups, which is by now well-established, there have been only 

few attempts to introduce multiple amine functionalities, which is astonishing as they are highly 

interesting especially with respect to biomedical applications. In a polymer modification approach by 

Koyama and co-workers,2 the introduction of amines at the PEG-backbone has first been realized, 

accompanied with the before mentioned problematic aspects of post-polymerization reactions. An 

amine-carrying protected, functional epoxide has been employed by our group, the newly developed 

epoxide DBAG.7 The amine groups were released by hydrogenation with Pearlman’s catalyst 

(Pd(OH)2/C) and their addressability was proven by different model reactions. Another interesting 

amine-inhabiting oxirane (glycidyl phthalimide) was first mentioned by Meyer et al..36 Unfortunately, 

the sterically demanding phthalimide group only allows for single addition of the epoxide, i.e. 

quenching of the polymeric chain with a single amine. 

Other protective groups and interesting functional moieties have rarely been investigated, but as the 

demand for functional polyethers increases steadily, it is a safe bet that other functional epoxides 

will be developed. 

 

Properties and Applications 

Poly(ethylene glycol) (PEG) exhibits unusual properties that are exploited in a vast number of 

applications. The polymer backbone with –CH2CH2O- repeating units is flexible and in contrast to its 

smaller homologues (compare poly(oxymethylene)) water-soluble.82 PEG is also chemically robust 
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and due to its biocompatibility,83 it is widely used in medical and pharmaceutical formulations as well 

as specific applications, such as PEGylation.84 In addition, PEG is employed as soluble support in 

organic synthesis.85 Using functional epoxides to synthesize PEG-based homo-, block- or random 

copolymers some of these material properties are retained and some are significantly altered. In the 

following some uses and possible applications of functional polyethers will be discussed, with a focus 

on two different aspects. The first is related to general material properties and the second relies on 

the use of certain functionalities. 

One interesting, general feature, which is not directly related to the use of the functional groups 

introduced, is the (temperature dependent) water solubility of many polyethers. Polymerization, but 

also polymer modification reactions in water will be a highly relevant topic in the future, both with 

respect to technical aspects, but of course all biomedical uses require water soluble polymers, as 

they always take place in aqueous media. PEG itself exhibits a lower critical solution temperature 

(LCST) behavior, however, the cloud point temperature is approximately 100 °C.86 In addition, a 

variety of PEG-containing structures such as OEGMA87-90 as well as more sophisticated 

architectures91, 92 show thermo-responsive behavior, and it can be assumed that also other 

polyethers behave in a similar manner. Watanabe and co-workers showed that different 

homopolymers based on (functional and non-functional) glycidyl ethers exhibit LCSTs in the range of 

14 °C to 57 °C, dependent on the side chain hydrophicity.93 Various (tri)block-copolymers containing 

PEEGE and PPO blocks were also found to show thermo-responsiveness, which was mainly assigned 

to the PEEGE or PPO building blocks.68 Additionally, star-like polyethers with temperature dependent 

water solubility based on t-butyl glycidyl ether were investigated by Dworak and coworkers.77, 78 Very 

recently, we have been able to show that the random incorporation of the oxiranes IGG, EVGE, AGE, 

and DBAG into the PEG-backbone permits to tailor the LCST behavior. Sharp transitions from 

translucent to opaque solutions were observed at temperatures ranging from 9 to 82 °C. Plotting the 

LCST versus comonomer content provided a linear relationship with varying slopes, dependent on 

the comonomer hydrophobicity.94 The results were in good agreement with earlier reports on 

random PEO-co-PPO copolymers.95, 96  
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Figure 5. Some possible reactions for the functionalities introduced in PEG copolymers by the 

oxiranes presented. Literature for the displayed reactions: a)36, 59, 64, 97 b)36, 37, 45, 60, 96 c)7, 37, 42, 43, 98, 

99,35d)9 e)80. 

 

Potential applications for stimuli-responsive polyethers are in the field of bioconjugation.100 Haag and 

coworkers employed different random copolymers based on glycidyl methyl ether, glycidyl ethyl 

ether as well as EEGE to obtain self-assembled monolayers on gold101, aiming at protein resistant 

surfaces.102 Another possible application for poly(glycidyl ether)s could be their use as functional 

polyurethane (PU) precursors, replacing the well-known polyether polyols as reactive compounds. 
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This application with great potential for new promising PU-materials has been investigated in one 

single example only. Brocas et al. 35 used an isocyanate-free approach to synthesize cross-linked PUs 

from PECH-co-PAGE copolymers. One application related to PECH homopolymer was reported by 

Mohana Raju et al. The modification of the chlorides to azide-functionalities resulted in  poly(glycidyl 

azide) (GAP), which can be used as energetic material (propellant).103  

The second class of applications is related to the utilization of the functional groups. A majority of 

these uses are biomedical, especially if PEG represents the major component of the copolymer, and 

biocompatibility is assured. The attachment of drugs via the novel functionalities59 has been 

demonstrated in several cases, and also pharmaceutical activity has been demonstrated.9, 42, 43, 104 A 

detailed description on mf-PEGs with respect to their pharmaceutical applications can be found in a 

recently published review article by Obermeier et al.6 and is therefore only mentioned briefly in this 

overview.  

The possibilities for potential applications strongly depend on the nature of the functional groups 

and the feasibility of the post-polymerization reaction. Figure 4 presents an overview of different 

reactions. Especially reaction b) and c) have been employed intensively to attach small molecules 

onto the polyether structure, while d) and e) have only been carried out as model reactions. 

However, the opportunity for the reversible attachment of drugs, but also for example catalysts or 

reagents in soluble support applications, bears potential for future applications. 

Beside the addition of small molecules the functionalities can be used to gain more sophisticated 

architectures. Employing the protected hydroxyl group(s) of EEGE/IGG/tBuGE it is possible to obtain 

star-like-,77, 78 long-term branched/ arborescent-,75 hyperbranched-105 or linear-hyperbranched15, 106-

108 block structures based on glycidol and its derivatives. Amphiphilic linear-hyperbranched structures 

using PEO-PAGE as a platform and subsequent hydrosilylation of different Si-H-containig AB2 

monomers were synthesized by Wurm et al.44 Beside the (hyper) branched copolymers, different 

graft structures have been synthesized and investigated. Huang and co-workers presented versatile 

methods to obtain graft-copolymers based on linear PEO-co-PG, either using the multiple hydroxyl 

groups to directly initiate the polymerization (e.g., of Ɛ-caprolactone63) or to attach an ATRP initiator 

and use this complex as macroinitiator.71, 73, 74 Very recently Ozdemir et al. reported the synthesis of 

amphiphilic double-comb copolymers using PEEGE-co-PAGE as starting molecule.37 

 

Conclusions 

The use of functional oxiranes has recently led to a renaissance of the area of PEG-derived 

polyethers, synthesized by living polymerization methods. This is due to the easily available starting 

materials with a broad variety of functionalities that can be introduced. Relying on well-known 

protective group chemistry, halogens, hydroxyl groups and amines as well as vicinal diols, vinyl- and 
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allyl-ethers can be incorporated into the PEG-backbone. Some applications employing the newly 

emerging general material properties or the now accessible functional moieties are already in 

practice or subject of current investigations. However, with respect to potential future applications 

as well as novel (protected) functional oxiranes the growing field of functional polyethers is by no 

means a mature area yet, which motivates the search for other functional epoxide monomers. 
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Multifunctional Poly(ethylene glycol-co-glycerol) polyethers with multiple hydroxyl groups and 

orthogonal terminal moiety have been prepared. A series of polymers with varying comonomer ratio 

was obtained by copolymerization of ethylene oxide and ethoxy ethyl glycidyl ether, followed by the 

removal of the orthogonal protecting groups. The materials are promising for bioconjugation and 

PEGylation. 

 
Keywords: biopolymers; monofunctional PEGs; polyethers; PEGylations; random copolymers 

 

Abstract 

Hetero-multifunctional poly(ethylene glycol-co-glycerol) random copolymers with multiple hydroxyl 

functionalities and a single terminal functionality have been prepared by copolymerization of 

ethylene oxide (EO) and ethoxy ethyl glycidyl ether (EEGE) with the use of a suitable initiator, 

introducing a protected amino group or a double bond, respectively. Acidic deprotection was used 

for removal of the acetal protecting groups in the chain, and the terminal amino group was 

regenerated by catalytic hydrogenation. A series of copolymers with narrow polydispersity was 

obtained, varying comonomer fractions from 3-67% and molecular weights in the range of 5 000 to 

32 000 g/mol (1.05 < Mw/Mn < 1.25). Molecular and thermal characterization was carried out using 
1H- and 13C NMR, SEC and differential scanning calorimetry. 
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Introduction  

Poly(ethylene glycol) (PEG) is probably the most important and most widely used biocompatible 

polymer known today, which is not only due to its very low toxicity and excellent solubility in 

aqueous solutions, but also to its extremely low immunogenicity and antigenicity.1-3 PEGylation is an 

established and valuable method for increasing protein stability or solubilizing hydrophobic 

biomolecules.4-6 In order to link PEG to biomolecules (e.g., proteins, peptides, lipids or drugs) it is 

essential to introduce functional groups to realize a covalent linkage. There is a variety of synthetic 

routes to monofunctional PEG derivatives, mainly relying on either a functional initiator or a suitable 

terminating agent in the anionic polymerization of ethylene oxide (EO). Furthermore, various hetero-

bifunctional PEGs7 with two different termini have been reported that offer additional possibilities 

for bioconjugation. 

In a recent publication we reported α,ωn-heteromultifunctional PEG-b-polyglycerols with linear-

hyperbranched block copolymer structure.8 The application of a novel protected initiator, namely 

N,N-dibenzylaminoethanol, permits facile introduction of a terminal amino group, which can be 

recovered by catalytic hydrogenation subsequent to the polymerization.  

The use of poly(glycerol) for biomedical applications is a field of current interest, since both in vitro 

and in vivo studies have shown excellent biocompatibility and non-toxicity of both (hyper)branched 

and linear PG (linPG).9-11 While hyperbranched poly(glycerol)s can be synthesized by cationic12, 13 or 

anionic10, 14-16 ring-opening multibranching polymerization of glycidol, for the synthesis of linPG a 

protected glycidyl monomer has to be used, such as ethoxy ethyl glycidyl ether (EEGE), which can be 

polymerized in a living manner.17, 18 Subsequent acidic hydrolysis affords linear poly(glycerol). Use of 

EEGE as a comonomer for the synthesis of random or block copolymers has attracted increased 

attention recently and has been employed in several works.19-23 For instance, Erberich et al. have 

reported an elegant synthesis of copolymers using various glycidyl ethers, permitting orthogonal 

deprotection of the hydroxyl functionality.24 Block copolymers consisting of PEG block and linPG 

segments have first been reported by Dworak et al.,25 and now represent well-studied systems. 

However, rather surprisingly the random copolymers poly(EO-co-EEGE) and poly(EO-co-G) obtained 

after removal of the acetal protective groups, which can be viewed as PEGs with an adjustable 

number of randomly distributed hydroxyl groups at the polymer backbone, [5] have almost been 

unnoticed until very recently26-28 and the few existing reports lack characterization regarding 

copolymer microstructure, thermal behaviour and degree of crystallization. 

In this Communication we describe the synthesis and characterization of a series of random 

P(EO-co-G) copolymers with narrow molecular weight distributions Mw/Mn < 1.2 and varying 

compositions, ranging from 3 to 67 % glycerol incorporation. These copolymers represent functional 

PEG analogues. By the use of functional initiators, i.e., the cesium salt of either N,N-dibenzylamino-
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ethanol or 2-(allyloxy-ethanol) linear, orthogonally reactive, heteromultifunctional PEG-copolymers 

have been prepared that possess a single, discrete attachment site for bioconjugation. 

 

Experimental Part  

Materials 

All reagents and solvents were purchased from Acros and used as received, if not otherwise 

mentioned. Deuterated DMSO-d6 and CDCl3 were purchased from Deutero GmbH. Ethoxy ethyl 

glycidyl ether (EEGE) was prepared as described by Fitton et al.,29 dried over CaH2 and freshly distilled 

before use. N,N-Dibenzyl-2-aminoethanol was synthesized as reported previously.8 

Instrumentation 
1H and 13C nuclear magnetic resonance spectra were recorded using a Bruker AC 300 spectrometer, 

operated at 300MHz for 1H NMR spectra. 13C NMR spectra (referenced internally to solvent signals) 

were measured at 100.15 MHz. SEC measurements were performed in dimethylformamide (DMF) 

containing 0.25 g/L of lithium bromide. An Agilent 1100 Series GPC Setup (gel permeation 

chromatography) was used, including a PSS HEMA column (106/105/104 g/mol), and both a UV (254 

nm) and RI detector. Calibration was carried out with poly(ethylene oxide) standards provided by 

Polymer Standards Service (PSS). The eluent was generally used at 50°C and at a flow rate of 

1mL/min. DSC measurements were carried out using a Perkin-Elmer 7 series thermal analysis system 

and a Perkin-Elmer Thermal Analysis Controller TAC 7/DX in the temperature range from -80 to 

100 °C, using heating rates of 4 and 10 K·min-1. 

Synthesis 

General procedure: Copolymerization. N,N-Dibenzyl-2-aminoethanol or 2-alloxy-ethanol, 

respectively, was dissolved in benzene in a Schlenk flask and an equivalent amount of cesium 

hydroxide was added. The mixture was stirred at 60 °C under argon for 1 h and evacuated at 90°C 

(10-2 mbar) for 2 h to remove benzene and water, forming the cesium alkoxide, which was then 

dissolved in dry DMSO (20 wt%). In a separate setup, dry THF was cryo-transferred into a 250 mL-

Schlenk flask. EO was cryo-transferred to a graduated ampoule, dried over CaH2 and then cryo-

transferred into the flask containing THF to produce an approximately 50 weight % solution. 

Subsequently EEGE was added via syringe and the mixture was warmed to room temperature. The 

initiator was introduced via canula and the reaction solution was immediately heated to 90 °C and 

stirred for 12 h. The reagents were introduced in vacuo and the reaction is carried out in the sealed 

flask. After polymerization of the monomers again low pressure is present in the flask.  

Caution: in very few cases the pressure evolving in the early stages of the reaction in the flask led to 

the spontaneous removal of the septum and release of EO. Thus, the reaction has to be carried out in 

an appropriate fume hood and appropriate safety precautions should be taken. In general the 
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amount of EO used did not exceed 10 g per batch in a 250 mL flask (conc. of the comonomers ca. 

20%) to guarantee a safe reaction. 

Precipitation in cold diethyl ether resulted in the pure (co)polymers. For polymers with a high 

fraction of EEGE, polymer solution was dried in vacuo, since precipitation failed due to the 

amorphous nature of these materials. Yields: generally 95% to quantitative. N,N-Dibenzyl-poly(EO-

co-EEGE): 1H NMR (300 MHz, CDCl3): δ = 7.31 (m, C6H5), 4.69 (br, acetal-H), 3.78-3.37 (polyether 

backbone) 1.28-1.15 (br, CH3 acetal). 13C NMR see Supporting Information.  

Allyloxy-poly(EO-co-EEGE): 1H NMR (300 MHz, CDCl3): δ = 5.85 (m, H2C=CH), 5.21 (dd, H2C=CH), 4.69 

(br, acetal-H), 3.85-3.37 (polyether backbone) 1.28-1.15 (br, -CH3 acetal). 13C NMR see Supp. Inf.  

N,N-Dibenzyl-poly(ethylene oxide-co-glycerol): The acetal protecting groups were removed by the 

addition of 1N hydrochloric acid to a 20% solution of the polymer in methanol and stirring at room 

temperature for a period ranging from 30 min up to 2 h, depending on the amount of EEGE-

monomer incorporated. The reaction solution was concentrated in vacuo and then precipitated from 

a concentrated methanol solution in diethyl ether. Yields: 80-90%. 1H NMR (300 MHz, DMSO-d6): 

δ= 7.62, 7.40 (br, C6H5), 4.51 (br, OH), 3.59-3.27 (polyether backbone).  

Allyloxy-poly(ethylene oxide-co-glycerol): The copolymer was dissolved in methanol to form an 

approximately 20% solution. A strongly acidic ion exchange resin was added and the solution was 

stirred for 5 h at RT. After filtration the reaction solution was concentrated in vacuo and then 

precipitated in diethyl ether. Yields: 80-90%. 1H NMR (300 MHz, CDCl3): δ = 5.85 (m, H2C=CH), 5.21 

(dd, H2C=CH), 4.51 (OH), 3.85-3.37 (polyether backbone). 

H2N-poly(ethylene oxide-co-glycerol): N,N-Dibenzyl-poly(ethylene oxide-co-glycerol) was dissolved in 

methanol, and palladium on activated charcoal (10%) was added. The reaction vessel was flushed 

with hydrogen (8 bar) and the reaction was allowed to stir for 72 h at room temperature. The 

solution was filtered, concentrated and precipitated into cold diethyl ether. Yields: quantitative; 
1H NMR (300 MHz, DMSO-d6): δ = 4.79-4.42 (OH), 3.59-3.27 (polyether backbone).  
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Results and Discussion 

Synthesis of the Hetero-Multifunctional PEGs 

The synthetic strategy developed to obtain the polyfunctional PEG structures with precisely one 

terminal functionality is depicted in Figure 1. The synthesis was either carried out using a three step 

(route I) or a two step (route II) procedure. For both routes the synthesis commences with the 

copolymerization of EO/EEGE, using the protected initiator and subsequent acidic deprotection of 

the hydroxyl groups. The hydrolysis can be conducted without further purification of the polymer 

obtained. To regenerate the terminal amino functionality, the benzyl protective groups were finally 

removed by catalytic hydrogenation with Pd/C. 

 

 
 

 

Figure 1. Reaction sequence for random P(EO-co-G) with a terminal amino functionality or allyl 

group. 

 

In contrast to previously reported procedures for copolymerization of EO and EEGE28 our setup relies 

on controlling the amounts of monomers by cryo-transfer, subsequent rapid heating and 

polymerization at 90 °C in vacuo. Characterization data for the series of copolymers obtained from 

the copolymerization of EO and varying fractions of EEGE (3% to 67%) is given in Table 1 (samples 

1-8). The theoretical molecular weights of sample 1 to 6 were calculated on the basis of 227 
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monomer units, refering to a molecular weight of 10 000 g/mol for a PEG homopolymer. Since EEGE 

exhibits a higher molecular weight than EO, the theoretical molecular weights of the polymers 

increase with increasing amount of EEGE incorporated, starting from 10 900 g/mol for sample 1 (3%) 

up to 21 700 g/mol for sample 6 (67%). The targeted Mn of samples 7 and 8 was 5 000 g/mol. In 

general polymers with a slightly higher molecular weight (in comparison with the theoretical values) 

were obtained. This is explained by experimental inaccuracies, such as residual initiator solution 

remaining in the flask or the syringe used for transfer of the solution to the polymerization vessel.  

Size exclusion chromatography (SEC) DMF referenced to PEG-standards showed generally narrow 

molecular weight distributions with polydispersity indices in the range of 1.05 to 1.25 for all samples. 

However, the molecular weights, ranging from 5 000 to 30 000 g/mol determined by 1H NMR-

spectroscopy differ from the values obtained by SEC. SEC-values are approximately 65% of the actual 

molecular weight calculated from the NMR-data. This deviation becomes increasingly pronounced, 

when the amount of EEGE increases and can most likely be explained by the different chemical 

structure of the polymers investigated in comparison to the calibration standard applied (PEG). The 

more EEGE-units are incorporated, the more side chains are introduced and the hydrodynamic 

radius, which determines the elution volume, changes compared to PEG-standards. Therefore an 

increasing deviation is observed. Polymerization yields were quantitative, and no residual monomer 

was observed in the reaction mixture. Thus, the ratio of EO to EEGE in the copolymers was found to 

reflect the composition of the monomer feed. The targeted fractions were 3, 10, 15, 25, 40, and 65% 

for samples 1 to 6 and 3, 5%, respectively for sample 7 and 8. The incorporated monomer ratios 

determined by NMR can be found in Table 1. Detailed studies on reaction kinetics are in progress to 

determine the respective reactivity of the two comonomers. 

Deprotection of the hydroxyl groups of P(EO-co-EEGE) by hydrolysis with dilute hydrochloric acid 

resulted in the linear multifunctional PEGs (deprotected samples 1d-8d). For lower EEGE fractions (up 

to 14 %, sample 3) the deprotection was carried out using a strongly acidic ion exchange resin, such 

as Dowex 50WX8, while for higher fractions of EEGE (sample 4 to 6) complete removal of the acetal 

protective groups was only achieved using 1M hydrochloric acid. Full deprotection was confirmed by 
1H NMR-spectroscopy, and SEC characterization was carried out for all samples. Molecular weights 

determined by SEC are underestimated, but the results obtained by NMR correspond to the values 

targeted for the protected polymers (Table 1). 

To obtain the α-deprotected PEG-copolymers bearing a single terminal amino functionality and 

several OH-groups (samples 1da and 3da in Table 1), catalytic hydrogenation was carried out in a 

pressure vessel at 8 bar for 72 h. Deprotection was followed by 1H NMR, monitoring the 

disappearance of the aromatic protons. Related 1H and 13C NMR data as well as SEC-diagrams of the 

polymers are given in the Supporting Information. 
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Figure 2. Comparison of 1H NMR spectra of polymer sample 3 as obtained after polymerization with 

the benzyl-protected amino-ethanol initiator (a); after deprotection of the hydroxyl side chains 3d 

(b), and after removal of the benzyl protecting groups after catalytic hydrogenation 3da (c). 

 

Figure 2 shows a comparison of the 1H NMR spectra of the initial EO-EEGE-copolymer with the final, 

desired amino- and hydroxyfunctional H2NP(EO-co-G)-copolymers. As it can be seen, the acidic 

deprotection (a to b) as well as the cleavage of the benzylic protecting groups (b to c) can be 

followed conveniently.  
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Table 1. Characterization data for the series of PEG-co-PEEGE copolymers prepared 

 Sample 
EEGEa) 

 

Mnb) (NMR) 

g/mol 

Mnc) (SEC) 

g/mol 

PDIc)(SEC) 

 

Tg
d) 

°C 

Tm
e) 

°C 

ΔHm
f) 

J/g 

ΔHrecryst
g) 

J/g 

1 Bn2NP(EO335-co-EEGE11) 3% 16 600 10 000 1.11 -64* 41 85 - 

2 Bn2NP(EO234-co-EEGE26) 10% 14 100 7 600 1.13 -71 23 42 - 

3 Bn2NP(EO193-co-EEGE32) 14% 13 400 6 700 1.19 -69 10 33 -28 

4 Bn2NP(EO307-co-EEGE90) 23% 26 600 10 000 1.18 -68 -2 9 -12 

5 Bn2NP(EO245-co-EEGE154) 39% 23 700 9 200 1.20 -68 - - - 

6 Bn2NP(EO95-co-EEGE190) 67% 31 900 9 000 1.15 -67 - - - 

7 Allyl-P(EO120-co-EEGE3) 3% 5 700 3 900 1.07 -h) 45 90 - 

8 Allyl-P(EO101-co-EEGE6) 5% 5 500 3 100 1.06 -65h) 26 46 - 

1d Bn2NP(EO335-co-G11) 3% 15 800 9 200 1.09 -48h) 47 110 - 

2d Bn2NP(EO234-co-G26) 10% 12 500 7 200 1.15 -59 35 71 -2 

3d Bn2NP(EO193-co-G32) 14% 10 900 6 500 1.23 -56 20 42 - 

4d Bn2NP(EO307-co-G90) 23% 20 100 7 800 1.15 -53 - - - 

5d Bn2NP(EO245-co-G154) 39% 16 700 7 500 1.20 -52 - - - 

6d Bn2NP(EO95-co-G190) 67% 17 900 7 600 1.21 -50 - - - 

7d Allyl-P(EO120-co-G3) 3% 5 500 3 900 1.07 -h) 46 143 - 

8d Allyl-P(EO101-co-G6) 5% 5 000 3 000 1.09 -59i) 38 113 - 

1da H2NP(EO335-co-G11) 3% 15 600i) 7 000 1.25 - - - - 

3da H2NP(EO193-co-G32) 14% 10 700i) 4 200 1.31 - - - -  

a)comonomer content (EEGE or G); b)determined by 1H NMR-spectroscopy; c)determined via size 

exclusion chromatography in dimethylformamide vs. PEG-standards; d)glass transition temperature 

obtained from DSC; e) Tm= melting point obtained from DSC-measurements; f)melting enthalpy 

obtained from DSC; g)recrystallization enthalpy (DSC); h)estimated (peak too shallow for analysis) 
i)theoretical value. 
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13C NMR analysis of copolymer microstructure 

Random distribution of the functional EEGE units within the PEG backbone is an important issue with 

respect to a variety of future applications of the functional PEG copolymers. 13C NMR analysis 

permits to investigate the triad sequence distribution, giving information on the distribution of the 

EEGE units. To keep abbreviations short, in Figure 3, EEGE-units will be referred to as “G”, while EO-

units are indicated by the letter “E”. Figure 3 shows enhanced regions of the 13C NMR spectra related 

to the signals of the PEO (E) backbone for copolymers with EEGE (G) fractions of 3% (a) in 

Bn2NP(EO335-co-EEGE11)), 23% (b) in Bn2NP(EO307-co-EEGE90)) and 67% (c) in Bn2NP(EO95-co-EEGE190). 

The intensity of signals I-V corresponds to the sequence distribution of EO-centered triads, of which 

signal I is assigned to an overlap of the EEGE methylene backbone signal and the G-E-G triad. 

Additionally, signal II is due to an overlap of at least two triad signals. Clearly, in contrast to the 

established signal assignment for random copolymers of propylene oxide and ethylene oxide,30-32 for 

EEGE/EO copolymers the analysis is severely complicated by the presence of overlapping resonances 

of the EEGE backbone. However, most importantly, signal III can be unequivocally assigned to the E-

E-E homo-triad, the signal for both methylene groups of an EO unit adjacent to two other EO units. 

As expected, for 3% EEGE content (a) the E-E-E-triad signal shows the highest intensity, compared to 

the other triad signals of low intensity. An increase of EEGE incorporation up to 23% (spectrum b) 

directly results in a lower ratio of signal III in comparison to signals I, II, IV and VI, evidencing the 

increased amount of EO linked to EEGE comonomer units. 

 
Figure 3. 13C NMR (75.5 MHz, DMSO-d6) region for EO backbone signals Bn2NP(EO335-co-EEGE11) (a), 

Bn2NP(EO307-co-EEGE90) (b), and Bn2NP(EO95-co-EEGE190) (c) with relevant EO centered triads E-E-E 

(apparent signal shift for different composition is a result of overlay image, exact shifts are given in 

the Supporting Information). 
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The lower fraction of EO units adjacent to other EO-units results in a reduced relative intensity of the 

E-E-E triad. For the highest EEGE content of 67% investigated in this study the E-E-E triad signal 

decreases further. For this sample, the intensities are similar for all triad signals observed. In 

summary, the analysis of the triad sequence distribution, focusing on the important EO homo-triad, 

supports a random distribution of EEGE units along the polymer chain, since the evolution of the 

triad sequence distribution from a to c would not be observed, if copolymerization led to block or 

strong gradient block formation. Nevertheless, it is likely that the random distribution is slightly 

tapered due to the lower reactivity of EEGE compared to EO, based on the comparison with other 

comonomers with a certain structural analogy, such as propylene oxide. 

 

Thermal behavior  

The thermal behavior of the random copolymers is of crucial importance with respect to possible 

applications that are related to potential crystallization. To the best of our knowledge, the thermal 

properties of random copolymers of P(EO-co-EEGE) and P(EO-co-G) have not been studied to date. 

The thermal behaviour has been quantified by differential scanning calorimetry (DSC). Glass 

transition temperatures (Tg) of all P(EO-co-EEGE) samples are close to the literature value of PEG and 

are observed in the range of – 65 +/- 5 °C. With disregard to sample 1, which only shows a hardly 

detectable Tg due to the predominant crystalline domains, the Tgs of the other samples showed a 

slight decrease for increasing EEGE/EO-ratios. The same tendency was observed for the deprotected 

samples, but their glass transition temperatures (1d - 8d) are approximately 10 to 15 °C higher than 

those of the respective protected precursors, which we attribute to the interaction of the hydroxyl 

groups in these systems. These values are close to those reported for PEO-linPG- block copolymers.33  

The melting temperature of 66 °C of PEG34 is gradually lowered upon incorporation of the EEGE-

comonomers. Already 3% EEGE comonomer incorporation leads to a significantly lowered melting 

point of 41 °C, which further decreases to -2 °C for sample 4 (25% EEGE). As expected, samples 5 and 

6 (40 and 65% EEGE incorporated, respectively) showed no melting endotherms, since they are 

amorphous. The deprotected, hydroxyfunctional samples show the same trend, however, melting 

temperatures are generally higher for all deprotected analogues. The related decrease of the degree 

of crystallization can be quantified by determination of the melting enthalpy ΔHm, (in J/g), which 

decreases with increasing comonomer fraction. An additional issue is worth mentioning in this 

context: while samples 1, 1d, 2, 2d, 7, 7d, 8 and 8d only show a single melting endotherm, samples 3, 

4 as well as sample 3d in addition exhibited a pronounced recrystallization peak upon heating. 

Cooling rates of 10 K/min were too rapid for copolymers with larger fraction of EEGE to permit 

crystallization, leading to recrystallization events in subsequent heating runs. It is worth noting that 

the degree of crystallization generally increased after deprotection. 
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Considering the larger steric hindrance of the ethoxy ethyl side groups in comparison with the 

hydroxyl groups and the resulting impact on crystallization of the PEG sequences, the observations 

are consistent with expectation. Furthermore, the higher melting points and enthalpies of the 

deprotected polyols are most likely due to interaction of neighbouring hydroxyl groups, forming 

hydrogen bonds in the bulk. The gradual change of the thermal properties with EEGE comonomer 

fraction once again supports random comonomer incorporation in the chain. 

 

Conclusion  

We have described a convenient synthesis for linear, functional PEG-copolymers with a single 

orthogonal amino or allyl function in the α -position and an adjustable number of hydroxyl-groups in 

the polymer backbone. Particularly the orthogonal character of the functional groups and the 

excellent water solubility of the functional PEG structures bear promise for new pharmaceutical and 

biomedical applications, e.g., in PEGylation. The single amino-moiety as well as the allyl group can be 

specifically addressed in a variety of reactions and can therefore be utilized to obtain well-defined 

polymer-biomolecule conjugates and for surface modification of biomaterials. In contrast to PEG, the 

systems reported here possess a varying number of hydroxyl functionalities within the chain. This 

also results in adjustable thermal properties. Further studies on the bioconjugation of the novel PEG-

like materials are in progress. 
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Supporting Information 
 

Experimental 

Bn2NP(EO193-co-EEGE34) (15% EEGE incorporation). 193 mg N,N-Dibenzyl-2-aminoethanol (8.02*10-4 

mol, 1,1 eq.) was dissolved in 5 mL benzene in a Schlenk flask and 121 mg of cesium hydroxide 

(7.29*10-4mol 1 eq) was added. The mixture was stirred at 60 °C under argon for 1 hour and 

evacuated at 90 °C (10-2 mbar) for two hours to remove benzene and water, forming the cesium 

alkoxide, which was then dissolved in dry DMSO (20 wt%). In a separate setup, 20 mL dry THF was 

cryo-transferred into a 250 mL-Schlenk flask. 6.19 g EO (7 mL, 0.14 mol, 193 eq.) were cryo-

transferred to a graduated ampoule (at -80 °C) , dried over CaH2 and then cryo-transferred into the 

flask containing THF to produce an approximately 50 weight % solution. Subsequently 3.62 g EEGE 

(0.024 mol, 34 eq.) were added via syringe and the mixture was warmed to RT. The initiator was 

introduced via canula and the flask was double-sealed with electrical tape. Subsequently, the 

reaction solution was heated to 90 °C and stirred for 12 hours. Precipitation in cold diethyl ether 

resulted in the pure polymer (1H NMR = Bn2NP(EO193-co-EEGE32)).Yield: 95%. 

 
13C NMR spectroscopy 

N,N-Dibenzyl-poly(ethylene oxide-co-ethoxyethyl glycidyl ether): 13C NMR (300 MHz, DMSO-d6): δ = 

139.52, 128.43, 128.12, 126.75 (aromatic), 99.18 (d, OCH(CH3)O, 78.46-77.59 (OCH2CHO), 72.33 

(CH2CH2OH), 70.60-68.75 (OCH2CH2OCH2CHO), 64.46 (d, CHCH2O), 60.19 (OCH2CH3), 60.10 

(CH2CH2OH), 58.01 (NCH2Ph), 52.09 (NCH2CH2), 19.71 (CHCH3), 15.17 (CH2CH3).  

Allyloxy-poly(ethylene oxide-co-ethoxyethyl glycidyl ether): 13C NMR (300 MHz, DMSO-d6): δ = 135.28 

(CH=CH2), 116.22 (CH=CH2), 99.18 (d, OCH(CH3)O, 78.46-77.59 (OCH2CHO), 72.33 (CH2CH2OH), 71.05 

(CH2=CHCH2O), 70.60-68.75 (OCH2CH2OCH2CHO), 64.46 (d, CHCH2O), 60.19 (OCH2CH3), 60.10 

(CH2CH2OH), 19.71 (CHCH3), 15.17 (CH2CH3).   

N,N-Dibenzyl-poly(ethylene oxide-co-glycerol): 13C NMR (300 MHz, DMSO-d6): δ = 139.52, 128.43, 

128.12, 126.75 (aromatic),80.11-79.30 (OCH2CHO), 72.33 (CH2CH2OH), 71.15-68.75 

(OCH2CH2OCH2CHO), 60.10 (CH2CH2OH), 58.01 (NCH2Ph), 52.09 (NCH2CH2). 

 

Triad Sequence Analysis 

The triad sequence analysis was conducted in analogy to previous works on other EO-copolymers, 

especially on EO/PO random copolymers. This system was first analysed by Whipple and Green35, and 

a detailed characterization can also be found in several articles by Guyot et al.30 Possible monomer 

triads are shown below. 
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Figure S1. Possible triad sequence distribution, with R = ethoxy-ethyl-protecting group and E = EO 

unit and G = EEGE/G-units, respectively. 

 

 

 
Figure S2. Zoom into 13C-spectrum of entry 4 Bn2NP(EO307-co-EEGE90) in DMSO-d6, showing the 

E-centered triads (71-68 ppm) overlapping with the methylene-carbon from the EEGE-units (purple) 

and the G-centered triads (78 ppm, green), caused by the methin-carbon. 
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Figure S3. Zoom into the 13C NMR spectrum of entry 5d Bn2NP(EO245-co-G154) in DMSO-d6, showing 

the E-centered triads (71-68 ppm) overlapping with the methylene-carbon of the EEGE-units (purple) 

and the G-centered triads (80 ppm, green), in comparison to the previous spectrum: note that the 

signal at 64 ppm corresponding to the protecting group has disappeared. 

 

Size exclusion chromatography 

 
Figure S4. Molecular weight distributions of samples 1 to 6 obtained by SEC in DMF vs. PEG-

standards. 
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Figure S5. Molecular weight distribution of sample 1 before and after (1d) acidic deprotection of the 

acetals. 

 

Thermal properties 

The effects of comonomer incorporation on the morphology of the highly crystalline PEG are already 

obvious from the appearance of the materials. While copolymers 1 and 7 (3 and 2.5% EEGE-

incorporation) were obtained as colourless powders, all other materials (2-6 and 3d-6d, 10-65% 

incorporation) were highly viscous liquids. Samples 2d, 7d and 8d revealed a waxy consistency. 

 

 

 

 

 

 

 

 

 

Figure S6. 1) Sample Allyl-P(EO120-co-EEGE3) 2) Allyl-P(EO101-co-EEGE6) 3) Bn2NP(EO307-co-EEGE90) 
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Figure S7. DSC-heating curves for samples 1 to 6. The decrease in the melting enthalpy as well as the 

increasing Tg can be clearly observed. Additionally, samples 2 and 3 also show recrystallization 

events. 

 
Figure S8. DSC-heating curves of sample 1d to 6d. Samples 1 to 3 show a melting peak, whereas 

sample 2 and 3 also reveal a recrystallization peak. The Tg increases with increasing amount of 

glycerol units incorporated. For incorporation exceeding 20% no crystallization is observed. A 

detailed discussion is given in the main manuscript. 
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MALDI-TOF 

 
Figure S9. Molar mass distribution of sample 7d. 

 
Figure S10. Zoomed region of the spectra shown in Figure 9 (sample 7d), the values are assigned to 

the initiator + monomer combinations given below. 

 

Molecular weights 

Initiator: 102,13 g/mol 

EO: 44,05 g/mol 

G: 74,08 g/mol 

Cs+: 132,91 g/mol 

3115 Initiator + 62 EO + 2 G + Cs+ 

3160 Initiator + 63 EO + 2 G + Cs+ 

3190 Initiator + 62 EO + 3 G + Cs+ 

3205 Initiator + 64 EO + 2 G + Cs+ 

3219 Initiator + 61 EO + 4 G + Cs+ 
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Abstract 

A series of poly(ethylene glycol-co-isopropylidene glyceryl glycidyl ether) (P(EO-co-IGG)) random 

copolymers with different fractions of 1,2-isopropylidene glyceryl glycidyl ether (IGG) units was 

synthesized. After acidic hydrolysis a new type of “functional PEGs”, namely poly(ethylene glycol-co-

glyceryl glycerol) (P(EO-co-GG)) was obtained. Using an initiator that releases a terminal amino 

moiety after deprotection, functional end groups with orthogonal reactivity to the in-chain groups 

were obtained. All polymers showed narrow molecular weight distributions (1.07-1.19), and control 

of the molecular weights was achieved in the range of 5 000 to 30 000 g/mol. Random incorporation 

of both comonomers was verified by monitoring the copolymerization kinetics via real-time 1H NMR 

spectroscopy during the polymerization and by characterization of the triad sequence distribution, 

relying on 13C NMR analysis. Using the 1,2 diol-component of the side chains allows for attachment 

and facile acid-catalyzed release of molecules bearing ketone/aldehyde functionalities. This renders 

the materials potentially useful as support for reagents, drugs or catalysts. This was demonstrated 

using benzaldehyde as a model compound. DSC was carried out on all samples, showing amorphous 

structures upon incorporation of IGG fractions exceeding 15%. 
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Introduction 

Poly(ethylene oxide) (PEO) is undoubtedly the most important polymer for biomedical applications 

today. This is based on two major key features: on the one hand PEO shows excellent solubility in 

aqueous media, and second PEO is biocompatible, possessing low immunogenicity and antigenicity.1 

Therefore PEO, or poly(ethylene glycol) (PEG), which mostly refers to PEO with a molecular weight 

below 20 000 g/mol and its anionic or cationic derivatives are used in numerous cosmetic2 and also 

pharmaceutical products. Furthermore, molecular hybrids of PEG and peptide or protein drugs play 

an important role to enhance circulation times. The covalent linkage of monofunctional PEG (mPEG) 

to a variety of different biomolecules is known as PEGylation and represents a well-established 

method today,3, 4 which is already standard practice for different medications. The introduction of 

functional groups other than hydroxyl to obtain mono- or difunctional PEG derivatives can either be 

realized by a suitable initiator system or via appropriate terminating agents in the anionic ring-

opening polymerization of ethylene oxide (EO). A detailed overview has been given by Riffle et al..5 A 

newly developed initiator, which allows the introduction of a terminal amino moiety by catalytic 

hydrogenation subsequent to the polymerization was recently introduced by our group.6 The 

preparation of well-defined PEGs with more than two functional groups that are randomly 

distributed at the polyether backbone requires a comonomer bearing a protecting group, which must 

be stable under the strongly basic reaction conditions of the oxyanionic polymerization and can be 

removed quantitatively in postpolymerization reactions. Suitable comonomers are glycidyl ethers, 

which release one hydroxyl function per monomer unit upon acidic hydrolysis or catalytic 

hydrogenolysis. At present the most prominent glycidyl ether is ethoxy ethyl glycidyl ether (EEGE), 

which was first mentioned by Fitton et al.7 and has been employed by several groups8-10 to obtain 

block 11, 12 and recently also random copolymers with EO.13-15 Möller et al. have reported an elegant 

synthesis of copolymers using various glycidyl ethers for the orthogonal deprotection of the hydroxyl 

functionality.16 For the introduction of other functional groups two different methods are possible: 

The first option is the derivatization of hydroxyl-functionalized polymers in subsequent polymer 

modification reactions.13 In this case the degree of functionalization strongly depends on the yields 

and selectivity of the respective modification reactions, often leading to inhomogeneous product 

mixtures. An alternative approach to functional PEG-copolymers relies on the copolymerization of 

protected epoxide comonomers. In this context, we recently reported the use of the protected 

amino analogue of glycidol to introduce multiple amino groups via random copolymerization.17 

While polymerization of the above-mentioned “classical” glycidyl ethers results in linear 

poly(glycerol)s (linPG) after deprotection, the use of 1,2-isopropylidene glyceryl glycidyl ether (IGG),18 

a monomer that was recently developed in our group, permits the introduction of glycerol side 

chains with two adjacent hydroxyl functions for each IGG unit incorporated after acidic hydrolysis of 
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the acetal protective groups. To date, the IGG monomer has only been employed in the synthesis of 

block copolymers or served as precursor for the synthesis of linear-hyperbranched PEG-b-

hbpoly(glycerol) (PG) copolymers.19 However, the presence of two vicinal hydroxyl groups also opens 

a general pathway for attachment to the chain and facile, acid catalyzed release of any molecule with 

a ketone or aldehyde functionality via formation of the cyclic acetal or ketal, respectively. This leads 

to various interesting applications, such as transport and controlled release of drugs or other 

biomolecules and furthermore the use of these novel polymers as polymeric support for organic 

synthesis. 

 

 

 
 

Figure 1. Reaction sequence for the synthesis of the random P(EO-co-IGG)-copolymers bearing one 

single terminal amino- and multiple 1,2-diol side groups. 

 

In the current work we have studied the random copolymerization of the recently introduced, 

protected comonomer IGG with ethylene oxide by anionic ring opening copolymerization. 

Subsequent acidic hydrolysis results in PEG-copolymers with 1,2-diol side chains (Fig. 1). Detailed 

characterization focusing on polymerization kinetics, polymer microstructure and thermal properties 

is presented. With this work we aim at the following issues: (i) Can both comonomers be 

copolymerized in a random manner, despite the steric bulk of the IGG comonomer and the high 

reactivity of EO? (ii) How does copolymerization influence the materials properties of the “functional 

PEGs” in comparison to PEG? (iii) Can the resulting copolymers be employed for the reversible 

attachment and acid-catalyzed liberation of a model drug? 
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Experimental Section 

Instrumentation 
1H NMR spectra (300 MHz and 400 MHz) and 13C NMR spectra (75.5 MHz) were recorded using a 

Bruker AC300 or a Bruker AMX400. All spectra were referenced internally to residual proton signals 

of the deuterated solvent. For SEC measurements in DMF (containing 0.25 g/L of lithium bromide as 

an additive) an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA 

column (106/105/104 g/mol), a UV (275 nm) and a RI detector. Calibration was carried out using 

poly(ethylene oxide) standards provided by Polymer Standards Service. DSC measurements were 

performed using a Perkin-Elmer 7 series thermal analysis system and a Perkin Elmer Thermal Analysis 

Controller TAC 7/DX  in the temperature range from –100 to 80 °C at heating rates of 10 K·min-1 

under nitrogen. Matrix-assisted laser desorption and ionization time-of-flight (MALDI-ToF) 

measurements were performed on a Shimadzu Axima CFR MALDI-TOF mass spectrometer using 

potassium trifluoro- acetic acid as a cationizing agent and dithranol (1,8,9-trishydroxy-anthracene) as 

a matrix. 

 

Reagents 

All solvents and reagents were purchased from Acros Organics and used as received, unless 

otherwise stated. Chloroform-d1 and DMSO-d6 were purchased from Deutero GmbH. 1,2-

isopropylidene glyceryl glycidyl ether was prepared according to a recently published procedure, 

dried over CaH2, and freshly distilled before use. 

p-Methoxybenzyl bromide: 25 g of p-methoxy-benzyl alcohol (0.21 mol) and 400 mL of dry diethyl 

ether were placed in 1-L three-neck round bottom flask and 29 g of phosphorus tribromide 

(0.11 mol) were added via dropping funnel for 2 h. The reaction mixture was then allowed to stir at 

room temperature for additional 12 h. 300 g of ice were added to hydrolyse the excess of 

phosphorus tribromide. The organic and aqueous phases were separated and the aqueous phase was 

extracted with 2x 200 mL of diethyl ether. The combined organic extracts were washed with 300 mL 

H2O and 300 mL of a saturated NaHCO3 solution, dried with MgSO4 and concentrated in vacuo. A 

slightly yellow viscous liquid was obtained, which was then distilled at 13 mbar. bp.: 113 °C, yield: 

35.5 g (83%) 1H NMR (300 MHz, CDCl3): δ(ppm)= 7.33 (d, 2 H, aromatic), 6.88 (d, 2 H, aromatic), 4.51 

(s, 2 H, BrCH2Ph), 3.80 (s, 3 H, OCH3).  

N,N-di(para-methoxy-benzyl)aminoethanol: 15 g of the freshly distilled p-methoxybenzyl bromide 

(75 mmol) 2.3 g aminoethanol (37 mmol), 13.8 K2CO3 (100 mmol) and 100 mL DMF were refluxed for 

24 h. After cooling the reaction mixture to room temperature, the solution was filtrated and 300 mL 

of diethyl ether were added. The organic phase was then washed with water, a saturated NaHCO3 

solution and dried with MgSO4. The organic phase was dried in vacuo and a highly viscous liquid was 
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obtained. The crude mixture was purified by column chromatography using acetic acid ethyl ester 

and petrol ether as solvents. Yield: 9 g (80% th.) 1H NMR (300 MHz, CDCl3): δ(ppm)= 7.33 (d, 4 H, 

aromatic), 6.88 (d, 4 H, aromatic), 3.80 (s, 6H, OCH3), 3.60 (s, 4 H, NCH2Ph), 3.57 (t, 2 H,CH2OH), 2.65 

(t, 2 H, NCH2). 

General Procedure for the Copolymerization of EO and IGG: N,N-di(p-methoxy-benzyl)-2-

aminoethanol was dissolved in benzene in a 250 mL-Schlenk flask and 0.9 equivalents of cesium 

hydroxide were added. The mixture was stirred at 60 °C under argon for 1 h and evacuated at 90 °C 

(10-2 mbar) for 2 h to remove benzene and water, forming the corresponding cesium alkoxide. 

Approximately 1 mL dry THF was then cryo-transferred into the Schlenk flask to dissolve the initiator-

salt. EO was first cryo-transferred to a graduated ampoule, and then cryo-transferred into the flask 

containing the initiator in THF (at around -80 °C). Subsequently the second comonomer (IGG) was 

added via syringe and the mixture was heated to 60 °C and stirred for 18-24 h. Precipitation in cold 

diethyl ether resulted in the pure copolymers. For polymers with a high fraction of IGG, the polymer 

solution was dried in vacuo. Yields: 95% to quantitative. 1H NMR (300 MHz, DMSO-d6): δ(ppm)= 7.24, 

6.87 (d, C6H4OMe), 4.16 (m, acetal-H), 3.98 (t, CHH-acetal), 3.74 (s, C6H4OMe), 3.68-3.34 (polyether 

backbone), 1.3 (d, CH3 acetal). 

N,N-Di(p-methoxy-benzyl)-poly(ethylene oxide-co-glyceryl glycerol): The acetal protecting groups 

were removed by the addition of 1N hydrochloric acid to a 20% solution of the polymer in 

MeOH/THF 1:1 and about 500 mg of ion exchange resin (Dowex 50WX8). The reaction mixture was 

stirred at room temperature for 12 h, filtrated (to remove the resin) and concentrated in vacuo. 

Yields: 80-90%. 1H NMR (300 MHz, DMSO-d6): δ(ppm)= 7.53, 7.00 (d, C6H4OMe), 4.01-3.80 (br, OH), 

3.74 (s, C6H4OMe), 3.67-3.09 (polyether backbone). 

H2N-poly(ethylene oxide-co-glyceryl glycerol) or H2N-poly(ethylene oxide-co-isopropylidene 

glyceryl glycidyl ether): 1 g sample of copolymer was dissolved in 50 mL methanol (or a 

methanol/THF-mixture in the case of the IGG-species) and palladium on activated charcoal (10%) was 

added. The reaction vessel was flushed with hydrogen (8 bar) and the reaction was allowed to stir for 

72 h at room temperature. The solution was filtered, concentrated, and precipitated into cold diethyl 

ether. Yields: quantitative. H2N-poly(ethylene oxide-co-glyceryl glycerol): 1H NMR (300 MHz, 

DMSO-d6): δ(ppm)= 4.54 (m, OH, position varies dependent on concentration/ temperature etc.), 

3.81-3.15 (m, polyether backbone). H2N-poly(ethylene oxide-co-isopropylidene glyceryl glycidyl 

ether): 1H NMR (300 MHz, DMSO-d6): δ(ppm)= 4.16 (m, acetal-H), 3.98 (t, CHH-acetal), 3.74 (s, 

C6H4OMe), 3.68-3.34 (polyether backbone) 1.3 (d, CH3 acetal). 

N,N-Di(p-methoxy-benzyl)-poly(ethylene oxide-co-2-phenyl 1,3-dioxolan glycidyl ether): 1 g of 

P(EO-co-GG) as well as a tenfold excess (per GG-unit) of benzaldehyde dimethyl acetal was placed in 

a round bottom flask. A catalytic amount of p-toluenesulfonic acid was added and the mixture was 
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put into an ultrasonic bath at room temperature and under argon atmosphere for 3 h until a 

homogeneous mixture was obtained. Piperidine was added and all volatile compounds were 

removed under reduced pressure. The crude product mixture was then dialyzed in THF using 

benzoylated tubing with a molecular weight cut off (MWCO) of 1000 g/mol. After 72 h THF was 

removed in vacuo and the pure copolymer was obtained. Yield: 80%. 1H NMR (300 MHz, DMSO-d6): 

δ(ppm)= 7.52-7.33 (m, arom. side-chain), 7.22, 6.84 (d, C6H4OMe), 5.74 (d, acetal-H), 4.25-3.25 (m, 

polyether backbone). 
1H NMR kinetics17: In a conventional NMR tube a mixture of IGG and EO in DMSO-d6 was placed 

under an argon atmosphere, cooled to -196°C and evacuated. The initiator solution was added 

rapidly to guarantee that the first layer stayed frozen and no reaction took place. Then the tube was 

evacuated again while freezing the initiator-solution. The NMR-tube was flame-sealed by applying 

high vacuum. It is of crucial importance to keep both solution-layers frozen until the NMR 

measurements are started. Immediately after melting and mixing of the two solutions, the first 

spectrum was recorded. Intervals between two measurements were 5 s within the first minute and 

extended afterward. A sample of the pure monomer mixture was measured in advance to reduce the 

necessary time for locking and shimming.  

 

Results and Discussion 

Synthesis 

To copolymerize two monomers such as EO and IGG with highly diverging boiling points a procedure 

has to be chosen that levels these differences to a minimum. All reactions were therefore carried out 

at 60 °C in vacuo, as reported recently for another EO copolymerization.19 There appears to be a 

general bias that the reactivity of ethylene oxide is generally considerably higher than for all other 

epoxide monomers, such as glycidyl ethers. It is an important objective of this work to clarify this 

issue by probing the possibility of random copolymerization in this system that combines EO with a 

bulky epoxide as a comonomer. 

As a novel initiator N,N-di(p-methoxybenzyl)-aminoethanol has been prepared. This initiator has 

been improved in comparison to the previously mentioned N,N-Di-benzyl-aminoethanol by 

introducing methoxy groups in the para-position of the aromatic system, permitting more facile 

cleavage, which is due to the inductive effect of the methoxy groups. N,N-Di(p-methoxybenzyl)-

aminoethanol was deprotonated with 0.9 equiv. of cesium hydroxide monohydrate, and the 

polymerization was carried out in a highly concentrated solution of the two monomers and THF. In 

the NMR online experiments, which were carried out not only to verify the kinetics of the reaction 

but also the reactivity of the two comonomers, DMSO-d6 was used as a solvent. This is mainly due to 

experimental and security reasons with regard to the higher boiling point of DMSO in comparison to 
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THF. Depending on the IGG-content of the samples, the copolymers obtained possessed different 

appearance, ranging from amorphous solids (9% IGG) to highly viscous liquids (53% IGG), in 

pronounced contrast to PEG, which is a crystalline powder at room temperature. Detailed 

characterization of the thermal properties is given in a following section subsequent to the structural 

characterization of the materials. 

Completion of the polymerization was monitored via 1H NMR spectroscopy, relying on the absence of 

the oxirane signals corresponding to the two monomers after about 24 h stirring at 60 °C. The 

copolymer composition was also studied by 1H NMR spectroscopy (Figure 2). Agreement of the IGG 

fraction incorporated in the random copolymers with the composition of the monomer feed is 

confirmed by 1H NMR spectra from the comparison of the polyether backbone-signals with the acetal 

protons at 4.16 ppm and the methyl signals centered around 1.3 ppm. In addition, from 1H NMR 

spectroscopy the number average molecular weight was calculated by integration of the aromatic 

resonances of the initiator (6.87 ppm), the polyether backbone (3.5 ppm) and the signals referring to 

IGG-units (1.2 ppm). It should be noted at this point that due to the high molecular weights obtained 

the error of this method is on the order of 5-10%. Size exclusion chromatography (SEC) was carried 

out for all copolymer samples, demonstrating narrow molecular weight distributions (Mw/Mn= 1.08-

1.19). As can be seen from Table 1 the molecular weights obtained from the SEC-measurements 

using PEG-standards deviate from the values calculated from the 1H NMR measurements. The 

deviation is approximately half of the value for the 10% IGG-content samples and becomes gradually 

more pronounced with increasing amount of IGG incorporated. This is due to the peculiar nature of 

the molecular weight increase, since the additional groups are located in the side chains, most 

probably resulting in a stagnating hydrodynamic radius.  

Removal of the cyclic protecting group and release of the two adjacent hydroxyl-functionalities in the 

polymer-backbone was readily achieved under moderately acidic conditions and stirring for 12 h at 

room temperature. Removal of the protecting groups can be followed by NMR via disappearance of 

the peaks due to the isopropylidene groups, for instance the acetal proton at 4.16 ppm (1H NMR, 

Figure 2) or the corresponding carbon atom and its signal at 99 ppm (13C NMR). After release of the 

hydroxyl functions, the apparent molecular weights obtained from SEC increase for all P(EG-co-GG) 

samples, while a decrease would be expected due to the loss of the acetal group. Interestingly, this 

increase is directly correlated to the IGG-content and therefore to the number of hydroxyl functions 

formed. This can most likely be attributed to the emerging diol-functions that interact with the SEC 

columns, thus leading to an apparent increase in the hydrodynamic radii, (compare with Figure 7). 

The polydispersities remained low after deprotection and were in the range of Mw/Mn= 1.09-1.19. 
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Table 1. Overview of the characterization data for all copolymer samples prepared. 

No composition (th.) sum (NMR)a IGG/GG-

fractiona 

Mn 

(NMR) 

Mn  

(SEC)b 

PDI 

(SEC) b 

1 MeOBn2NP(EO200-IGG20) MeOBn2NP(EO265-IGG26) 9% 16 500 7 600 1.11 

2 MeOBn2NP(EO160-IGG40) MeOBn2NP(EO180-IGG32) 14% 14 000 7 000 1.15 

3 MeOBn2NP(EO45-IGG15) MeOBn2NP(EO47-IGG17) 26% 5 300 3 000 1.08 

4 MeOBn2NP(EO100-IGG50) MeOBn2NP(EO90-IGG40) 30% 11 800 4 700 1.11 

5 MeOBn2NP(EO100-IGG100) MeOBn2NP(EO122-IGG136) 53% 30 000 4 500 1.13 

1d MeOBn2NP(EO265-GG26) MeOBn2NP(EO265-GG26) 9% 15 700 8 000 1.15 

2d MeOBn2NP(EO180-GG32) MeOBn2NP(EO180-GG32) 14% 12 800 8 700 1.17 

3d MeOBn2NP(EO47-GG17) MeOBn2NP(EO47-GG17) 26% 4 800 3 700 1.08 

4d MeOBn2NP(EO90-GG40) MeOBn2NP(EO90-GG40) 30% 10 000 5 800 1.17 

5d MeOBn2NP(EO100-GG100) MeOBn2NP(EO100-GG100) 53% 25 200 5 700 1.18 

1dt H2NP(EO265-GG26) H2NP(EO265-GG26) 9% 15 400 8 000 1.15 

3dt H2NP(EO47-GG17) H2NP(EO47-GG17) 26% 4 500 3 900 1.14 

4dt H2NP(EO90-GG40) H2NP(EO90-GG40) 30% 9 700 5 600 1.30 

1t H2NP(EO265-IGG26) H2NP(EO265-IGG26) 9% 16 200 8 000 1.15 

3t H2NP(EO45-IGG15) H2NP(EO47-IGG17) 26% 5 000 3 000 1.11 

5t H2NP(EO122-IGG136) H2NP(EO122-IGG136) 53% 27 700 4 400 1.13 
a determined from 1H NMR (300 MHz, DMSO-d6; b Mw determined by SEC-RI in DMF. 

 

Similar to the deprotection of the acetals, the liberation of the terminal amino-moiety by catalytic 

hydrogenation can be followed via 1H NMR, monitoring the disappearance of the aromatic signals at 

6.86 and 7.24 ppm. The reaction conditions applied for the hydrogenolysis guarantee removal of the 

benzylic protecting groups at the amine without removal of the isopropylidene protecting groups. 

Figure 2 shows the respective 1H NMR spectra of the four different types of functional polyethers 

that can be synthesized after orthogonal reactions. Depending on the order of the deprotection 

reactions that can be chosen freely due to their orthogonal character, it is on the one hand possible 

to obtain P(EO-co-GG)-copolymers with glyceryl side chains, where the terminal amine still carries 

the benzyl protective groups, but on the other hand also P(EO-co-IGG)-copolymers with a cleaved 

amine in terminal position and isopropylidene-protected glyceryl units along the backbone are 

accessible. Both polymer types can finally be converted into the fully (terminal and in-chain) 

deprotected polymers (Figure 2). 
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Figure 2. 1H NMR spectra of the copolymers synthesized; the deprotection steps can be 

interchanged. 

 

The different possible copolymer structures have also been investigated by MALDI-ToF mass 

spectrometry. The recorded spectra obtained are quite complex with rather low resolution, but they 

clearly show the expected pattern for a copolymer with a variety of different possible comonomer 

combinations. The change in molecular weight after acidic hydrolysis or hydrogenation can also be 

followed by MALDI-ToF. The corresponding spectra are given in the Supporting Information. 

 
1H NMR Copolymerization Kinetics  

To investigate the copolymerization behavior of EO and IGG we used an experimental procedure that 

has recently been developed in our group.19 First a comonomer solution was transferred into a NMR-

tube, evacuated, cooled with liquid nitrogen, and the initiator solution was added thereafter. The 

cold NMR-tubes were evacuated, flame-sealed, and the polymerization was carried out in vacuo. 

Because of experimental reasons the online-kinetic studies were carried out in DMSO-d6 instead of 

THF, which usually serves as the solvent in the large-scale polymerizations. To examine the 

copolymerization kinetics three different temperatures, i.e., 25 °C, 50 °C and 70 °C were applied. The 

molecular weight distributions of all samples obtained in these online NMR experiments were 

narrow with PDIs around 1.06. Incorporation of the two comonomers and the growth of the 
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polyether chain was studied by following the decrease of the epoxide signals located at 2.61 ppm for 

the four protons of the symmetric EO monomer and at 3.09 ppm for the methine proton of IGG, 

respectively. All signals are referenced to the aromatic peaks corresponding to the initiator at 

6.87 ppm, which were set to 4 and should obviously remain constant in the course of the reaction. 

The emerging backbone signal at 3.54 ppm overlaps with different signals of the IGG-monomer, 

which complicates the calculation of the molecular weight. This is unfortunate, since Mn determined 

in this independent manner could otherwise serve as an affirmation for the molecular weight 

calculated from the monomer decrease. Plotting the monomer conversion versus molecular weight 

resulted in a linear graph (see Supporting Information), confirming the living character of the 

polymerization, as it is expected for the anionic ROP. Figure 3 displays a zoom-in (4.5-2 ppm) of 

different 1H NMR-spectra, showing the decreasing signal intensity of the monomer signals and the 

growing backbone signal. As expected, the rate of the polymerization is significantly influenced by 

the reaction temperature. While the copolymerization at 50 °C takes approximately 3.5 hours to 

completion (5 h for the sample with higher molecular weight), approximately one week is required 

for the polymerization at 25 °C. 

 
Figure 3. 1H NMR spectra for the copolymerization of IGG and EO at 50 °C in DMSO-d6 recorded after 

0, 0.1, 2, 13, 21, 26, 87, 115, 190 and 264 minutes, respectively.  

 

At 70 °C the reaction is completed already after one hour, and even the initial spectra taken after a 

few seconds already reveal signals of the polymer backbone. Figure 4 shows the conversion versus 

time plot for EO and IGG at different temperatures, as derived from the NMR measurements. The 

most relevant information clearly derived from the NMR-spectra is that there appears to be little 

difference in the reactivity of the two monomers, despite the sterically demanding structure of IGG 
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in comparison to EO. The conversion of both comonomers is virtually identical at all stages of the 

reaction (Figures 4 and 5). Unexpectedly, in the case of the two low temperature-samples (25 °C and 

50 °C) the decrease of the IGG-signal appears to be even faster at the beginning of the reaction than 

the decrease of the EO-resonances. Figure 5 shows exemplarily the conversion of both comonomers 

plotted against the overall monomer-consumption for one sample at 50 °C. 

 

 
Figure 4. Monomer conversion versus time monitored by 1H NMR in DMSO-d6 resulting in polymers 

with the following final composition: 70 °C (green triangles) MeOBn2NP(EO61-IGG7) (7*), 50 °C (blue 

squares) MeOBn2NP(EO31-IGG9), 25 °C (red, circles) MeOBn2NP(EO29-IGG9). 
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Figure 5. Momomer incorporation (percentage) versus the overall conversion at 50 °C. Final 

copolymer composition: MeOBn2P(EO31-IGG9). 

 

While the decrease of EO is directly related to the total conversion, small fluctuations (to higher but 

also lower values) are observed for the IGG content. At this point it should be noted that EO is the 

predominant component in the copolymer studied and that the EO-conversion contributes to a 

stronger extent to the overall conversion than the conversion of IGG. Therefore little variation of the 

EO-incorporation is observed. In addition, four proton signals of the two methylene groups of 

ethylene oxide are used to calculate the decrease of EO in the course of the polymerization, but only 

one methine signal is used as a reference for the determination of the IGG-conversion. Obviously a 

larger error is expected in the latter case. Taking the abovementioned considerations into account, it 

can be concluded that in all cases a linear EO/IGG-conversion is observed, that is the comonomers 

are incorporated equally, and a random distribution is obtained in the polymer backbone. This 

unexpected behavior is valid independent of the EO/IGG-ratio and for all temperatures studied. 

 
13C NMR Characterization 

Random distribution of the comonomer units within the PEG backbone is of crucial importance with 

respect to potential applications of the functional PEG copolymers. 13C NMR analysis permits to 

investigate the monomer triad sequence distribution, revealing details concerning the incorporation 

statistics of IGG units. Besides the well-established signal assignment for random copolymers based 

on propylene oxide and ethylene oxide,20 only few other oxirane monomer combinations have been 

investigated to date. However, EO has often been assumed to possess considerably higher reactivity 

than other epoxide monomers, such as glycidyl ethers. To confirm random incorporation, the 

deprotected copolymer samples were investigated, since fewer side group resonances overlap with 

the triad signals in question than in the respective acetal-protected copolymers. Figure 6 shows a 

section of the 13C NMR spectra of samples 1, 2 and 5 with increasing comonomer fraction from 

spectrum a (front) to c. To keep abbreviations short for the triad sequences, the EO unit is referred to 

as E and the GG (former IGG)-units are indicated as I. Two of the side group signals (1 and 2 in Figure 

7) resulting from the glycerol unit are located at 63.2 and 72.9 ppm, the other two (4 and 5) overlap 

with the triad sequence signals of either the two methylene carbon atoms of EO or the one of the 

GG-unit. Several microstructure-related resonances in the range of 71.1 to 68.7 ppm occur, of which 

one signal at 69.9 ppm can clearly be assigned to the EEE triad. This signal decreases with increasing 

GG content, while other triad signals become more pronounced. In addition the signal at 68.9 ppm, 

which can clearly be assigned to the methylene carbon in proximity of a GG unit (for example IEE) 

does not only increase, but is split up into several signals with increasing amount of GG units 
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incorporated (increasing abundance of IEI, IIE and III triads). The same observations are made for the 

methine carbon of the GG units. The sample with the lowest GG-content shows only one single peak 

that is assigned to the EIE-triad. This resonance also splits up with increasing GG-content, and the 

sample with 53% comonomer content shows three signals of different intensities, which is most 

probably explained by the occurrence of the III, EII and IIE as well as the EIE triads. The two possible 

end group signals of the primary or secondary carbons linked to the terminal hydroxyl groups cannot 

be discerned in the spectra due to the low concentration and high molecular weight of the samples. 

 

 
Figure 6. 13C NMR spectra of different P(EO-co-GG) copolymers with different GG fraction of a) 9%, b) 

14%, c) 53%.  

 

Although unequivocal assignment of all triad signals was not possible, the spectra permit to exclude 

the formation of longer runs of one comonomer. All observations confirm random incorporation of 

the IGG/GG-comonomer units in the PEG-backbone and are in line with the observations from the 

kinetic studies (vide supra). 

 

Thermal behavior 

The thermal properties of the P(EG-co-GG) copolymers are of central interest for future applications 

in the biomedical field as well as for use as polymer supports for organic synthesis. The thermal 

characteristics summarized in Table 2 have been studied using differential scanning calorimetry 

(DSC). The glass transition temperature (Tg) of all samples is higher than for the PEG-homopolymer 
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(-64 °C21 for MPEG-1000). The Tg is -54 °C for sample 1 with an IGG-content of 9% and increases 

slightly with increasing IGG-incorporation (sample 5 with 53% IGG exhibits a Tg of -49 °C). For the 

samples with lower molecular weights obtained from the 1H NMR-kinetic experiments, the Tgs were 

somewhat lower compared to those of higher molecular weight, but similar IGG-content, which is 

consistent with expectation. The deprotected analogues exhibit glass transitions that are 

approximately 5 to 10 °C higher than those of the respective protected polymers, which we ascribe 

to hydrogen bonding interaction of the 1,2-diol side chains. 

 

Table 2. Thermal properties of poly(ethylene glycol-co-isopropylidene glyceryl glycidyl ether) and 

poly(ethylene glycol-co-glyceryl glycerol) random copolymers (DSC-measurements). 

 

No. Formula IGG/GG 

fraction 

Tg (°C) Tm(°C) ΔH(J/g) Trc(°C) ΔHrc(J/g) 

1 MeOBn2NP(EO265-IGG26) 9% -54 31 35 / / 

2 MeOBn2NP(EO180-IGG32) 14% -51 31 13 / / 

3 MeOBn2NP(EO47-IGG17) 26% -55 / / / / 

4 MeOBn2NP(EO90-IGG40) 30% -50 / / / / 

5 MeOBn2NP(EO122-IGG136) 53% -49 / / / / 

6* MeOBn2NP(EO85-IGG8) 9% -58 13 39 -33 34 

7* MeOBn2NP(EO61-IGG7) 10% -59 14 49 -38 33 

8* MeOBn2NP(EO31-IGG9) 23% -51 / / / / 

1d MeOBn2NP(EO265-GG26) 9% -48 44 45 -27 28 

2d MeOBn2NP(EO180-GG32) 14% -42 35 18 -14 17 

3d MeOBn2NP(EO47-GG17) 26% -38 / / / / 

4d MeOBn2NP(EO90-GG40) 30% -32 / / / / 

5d MeOBn2NP(EO100-GG100) 53% -28 / / / / 
a determined from 1H NMR (300 MHz, DMSO-d6); b glass transition temperature in °C; c melting 

temperature Tm: in °C; d melting enthalpy in J/g determined by integration; e recrystallization 

temperature Trc, in °C f recrystallization enthalpy in J/g. 

 

Poly(ethylene oxide) is a crystalline polymer with a melting temperature of 66 °C.22 With increasing 

comonomer content (IGG or GG), Tm is gradually shifted to lower temperatures, until crystallization is 

completely inhibited, if the incorporated comonomer fraction exceeds 15-20%. For the P(EO-co-IGG)-

copolymer series crystallization can be observed up to an IGG-content of as much as 14%, however, 

the melting temperature is significantly lowered in comparison to PEG (31 °C vs. 66 °C for the 
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homopolymer). The same observations are made for the deprotected samples, but in this case the 

melting temperatures are higher and additionally the melting enthalpies exceed those of the 

protected samples. Thus, a higher fraction of crystalline domains is present, which we ascribe to the 

lower steric hindrance of the glyceryl units in comparison to the bulky 1,2 isopropylidene glyceryl 

units, which appear to strongly impede ordering of the chains. 

 

Derivatization 

The use of mPEG (5 000 g/mol) as soluble polymeric support in organic synthesis is a widely 

established method and is also conducted on industrial scale.23-26  Its success as a soluble support is 

based on its good solubility in water and various other organic solvents, but on the other hand good 

precipitability in diethyl-ether and 2-propanol.27 However, PEG exhibits low loading capacity, since it 

possesses only two end groups. It has been suggested that this drawback can be overcome by using 

hyperbranched poly(glycerol) (hbPG),28 which carries multiple hydroxyl groups in either linear or 

terminal positions. Different reactions have been carried out using PG as support for either reagents 

or catalysts and utilizing either the single hydroxyl-functionalities29 or the vicinal position30 of the 

terminal OH-groups. To demonstrate the potential of the synthesized copolymers as soluble 

polymeric support by the reaction with ketones or aldehydes to the respective acetals, we employed 

the dimethoxy-acetal derivative of benzaldehyde as a model compound. Removing the evolving 

methanol in the course of the reaction favors the formation of the polymeric acetal without cross-

linking and leads to high yields, which is evidenced by the absence of hydroxyl signals in the 1H NMR. 

After dialysis of the crude product, quantitatively acetalized polymers were obtained. Table 3 

summarizes the characterization data of the initial and the new polymers with 2-phenyl-1,3-

dioxolane (PDG) side groups.  

 

Table 3. Comparison of the characterization data of the initial polymer, the deprotected material and 

the benzyl-derivatives. 

No. Formula Mn (NMR)a Mn (SEC) PDI Tg (°C)b Tm (°C)c ΔH (J/g)d 

1 MeOBn2NP(EO265-IGG26) 16 500 7 600 1.11 -54 31 35 

1d MeOBn2NP(EO265-GG26) 15 700 9 200 1.15 -48 44 45 

1b MeOBn2NP(EO265-PDG26) 18 100 7 400 1.16 -49 26 36 

3 MeOBn2NP(EO47-IGG17) 5 300 3 000 1.08 -55 / / 

3d MeOBn2NP(EO47-GG17) 4 800 4 000 1.08 -38 / / 

3b MeOBn2NP(EO47-PDG17) 6 400 3 000 1.08 -31 / / 
a determined from 1H NMR (300 MHz, DMSO-d6); b glass transition temperature; c melting 

temperature Tm; d melting enthalpy in J/g determined by integration of the melting peak. 
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The products were characterized by 1H NMR spectroscopy. The newly emerging acetalic proton leads 

to signals at 5.78 and 5.69 ppm, and by integration of those and the aromatic signals of the initiator 

as well as the new aromatic side chains, quantitative derivatization can be confirmed. Corresponding 

NMR-spectra are shown in the Supporting Information. The molecular weights obtained from SEC-

measurements, which should increase by about 88 g/mol per GG-unit decreases slightly, which is 

consistent with the previously discussed observations made for the IGG-copolymers. Figure 8 shows 

the shift of the molecular weight obtained from SEC-experiments and the corresponding spectra 

obtained by MALDI-ToF, confirming the dependence of the apparent molecular weight on the 

presence of the hydroxyl groups. The MALDI-ToF spectra was depicted, although the complexity of 

the situation does not allow for distinct assignment of all peaks, but qualitative information regarding 

the molecular weight can be gained. The glass transition temperature increases significantly by 

exchanging the isopropylidene side group with a benzylidene side-group. Melting enthalpy and 

melting points are slightly lower in the case of the PDG-species. 

 

 

              
Figure 7. Molecular weight distribution of the samples 3, 3d and 3b from a) SEC-measurements in 

DMF and b) MALDI-ToF mass spectrometry using trifluoroacetate as a cationizing agent and dithranol 

(1,8,9-trishydroxy-anthracene) as a matrix. 

 

 

Conclusion  

A novel class of random poly(ethylene glycol)-based random copolymers with predetermined 

amount of glycerol side chain functionalities, low polydispersities as well as adjustable molecular 

weights have been synthesized and characterized in detail, focusing on macroscopic materials 

properties and microstructure. The copolymerization kinetics was investigated by 1H NMR 
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spectroscopy using a recently developed online NMR-technique, and 13C NMR measurements were 

employed to support random incorporation of the two comonomers. Differential scanning 

calorimetry was carried out on all samples confirming expectation for the thermal properties of 

random copolymers. Incorporation of the recently developed monomer 1,2-isopropylidene glyceryl 

glycidyl ether (IGG) allows to obtain one glycerol per comonomer unit upon acidic hydrolysis. Each 

glyceryl unit offers two vicinal hydroxyl groups, which can serve as diol-component in the reversible 

formation of a cyclic acetal/ketal. In contrast to hbPG, which is used as polymeric support, the 

number of vicinal hydroxyl groups is adjustable rather independent of the molecular weight of the 

whole polymer. 

This reaction can be used, as it has been shown exemplarily with benzaldehyde, to attach and release 

molecules that bear aldehyde or ketone functionality. The use of a new initiator N,N-di(p-

methoxybenzyl)aminoethanol leads to the facile introduction of a terminal amino group, which can 

be recovered by catalytic hydrogenation subsequent to the polymerization. In addition the reaction 

conditions applied allow to liberate the terminal amino moiety without removal of the acetal 

protecting groups. This means the in-chain functional groups and the terminal group are 

orthogonally protected and can be addressed selectively, which is interesting with respect to a 

variety of applications for bioconjugation, surface modification and drug transport and release. 
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Supporting Information 
 

1H NMR characterization 

 
Figure S1. Typical spectrum of a terminally deprotected and in chain deprotected copolymer. 

Comparison with Figure 2 of the main paper reveals that size, position and shape of the OH-signal are 

dependent on various factors (solvent, fraction of GG, etc.). 

 
Figure S2. 1H NMR spectra for the conversion of sample 3d MeOBn2NP(EO47-GG17) to sample 3b 

MeOBn2NP(EO47-PDG17). 
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1H NMR kinetic measurements 

 
Figure S3. Molecular weight versus conversion, as determined by 1H NMR kinetic measurements for 

the sample MeOBn2N-P(EO31-IGG9). 

 

 

MALDI-ToF mass spectrometry 

 
Figure S4. Zoom into the MALDI-ToF spectrum of sample 3t H2NP(EO47-IGG17) using trifluoroacetate 

as a cationizing agent and dithranol as a matrix. a) EO21-IGG11, b) EO34-IGG8, c) EO30-IGG9. The smallest 

distance between two signals is 12 g/mol, which results from the different molecular weights of the 

two monomer units (188 g/mol- 4x44 g/mol= 12 g/mol). All signals in the enhanced region can be 

assigned to the respective comonomer compositions, which is exemplarily shown for a, b and c, but 

also for the polymers with a constant number of 10 IGG- but varying number of EO units. 
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Figure S5. Shift of the molecular weight distribution obtained from MALDI-ToF upon deprotection of 

the acetalic side groups.  

 

 
Figure S6. Shift of the molecular weight distribution upon hydrogenation, that is removal of the 

terminal methoxy-benzyl protecting groups.  
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Abstract 

Introduction of highly reactive vinyl ether moieties along a poly(ethylene glycol) (PEG) backbone has 

been realized by copolymerization of the novel epoxide monomer ethoxy vinyl glycidyl ether (EVGE) 

with ethylene oxide (EO). A series of copolymers with varying structure (block and random) as well as 

EVGE comonomer content (5-100%) with molecular weights in the range of 3 900-13 200 g/mol and 

narrow molecular weight distributions (Mw/Mn= 1.06-1.20) has been synthesized and characterized 

with respect to their microstructure and thermal properties. The facile transformation of the vinyl 

ether side chains in click type reactions was verified by two different post polymerization 

modification reactions: (i) thiol-ene addition and (ii) acetal formation, employing various model 

compounds. Both strategies are very efficient, resulting in quantitative conversion. The rapid and 

complete acetal formation with alcohols results in an acid-labile bond and is thus highly interesting 

with respect to biomedical applications that require slow or controlled release of a drug, while the 

thiol-ene addition to a vinyl ether prevents cross-linking efficiently compared to other double bonds. 
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Introduction 

The importance of multifunctional, biocompatible polymer structures is obvious, particularly with 

respect to binding and release of pharmacologically active agents. Poly(ethylene glycol) (PEG), which 

exhibits low toxicity and antigenicity,1, 2 is used in a broad variety of biomedical applications.3, 4 

However, the use of PEG is limited by its low loading capacity in drug conjugation, particularly when 

used as support for low molecular weight drugs. One strategy to increase the functionality of PEG is 

the synthesis of star- or block copolymers, which often leads to amphiphilicity and requires multistep 

syntheses. Another, more recent approach for enhancing the functionality of PEG, but leaving the 

water-solubility and toxicity unchanged, is the random copolymerization with an epoxide 

comonomer bearing an additional functional group that in most cases has to be protected for the 

anionic ring opening polymerization (AROP). The most popular protecting groups in AROP are acetals, 

such as ethoxy ethyl- (for OH-functionalities), as for example in the case of ethoxy ethyl glycidyl 

ether5 (EEGE), a monomer which has been used in a number of reports for the copolymerization with 

ethylene oxide6-8 either in a random9,10, 11 or block-like 12, 13 manner to achieve linear and also more 

sophisticated structures.14, 15 Other functionalities introduced via the protected-monomer strategy 

are vicinal diols16 or amino functionalities,17 which were reported recently by our group. Currently, 

for the introduction of functionalities other than hydroxyl groups, different post-polymerization 

modifications are applied, which exceed a simple one-step deprotection reaction. A comprehensive 

overview of such reactions has been given by Li and Chau.18  

Functional macromolecules that permit facile and complete transformation of side chains play an 

important role in polymer science with respect to the attachment of drugs, catalyst structures or 

reagents.19 To date, the only functional epoxide monomer that contains a stable functional group for 

AROP, is allyl glycidyl ether (AGE),20-22 permitting the introduction of allyl groups. In the current 

report we present the novel comonomer EVGE for the AROP to introduce vinyl ethers attached 

randomly along a PEG chain. The monomer is accessible in a simple one-step reaction23 and can be 

purified by distillation. 

 

 
Scheme 1. Ethoxy vinyl glycidyl ether (EVGE), obtained via phase transfer catalysis. 

 

In a single previous work, this compound was used as a crosslinking reagent, 24 but to date, no 

reports on the AROP of the glycidyl ether have been reported. Since vinyl ethers are stable toward 

carbanionic25 and oxyanionic26 polymerization conditions, this monomer can be employed for AROP. 

In a recent first account we have demonstrated that EVGE can be homopolymerized and that 
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multiple attachment of Grubbs’ catalyst to the resulting structure is possible.27 The vinyl ether group 

does not only offer the opportunity for thiol-ene functionalization reactions, but also for the 

attachment of any molecule possessing an alcohol. The latter modification results in an acetal which 

allows triggered release of a specified target in acidic conditions. This is a promising approach for the 

design of novel polymer therapeutics with releasable payloads. There are various examples in 

literature, where this principle has been realized, but usually multistep procedures are necessary.28 

In the current publication we describe the random, anionic ring-opening copolymerization of EVGE 

with EO (Scheme 2). The resulting polyethers with vinyl ether side chains have been characterized 

with respect to their thermal behavior and their microstructure, particularly in view of the random 

incorporation of both comonomers. In addition, postpolymerization modifications were performed, 

i.e., thiol-ene functionalization with different model compounds, and the kinetics of the resulting 

acetal formation has been studied, employing 1H NMR online measurements. 

 

 
 

Scheme 2. Synthesis of random copolymers of EO and EVGE by simultaneous reaction of both 

monomers with the deprotonated initiator. 

 

Experimental Section 

Instrumentation 
1H NMR spectra (300 MHz and 400 MHz) and 13C NMR spectra (75.5 MHz) were recorded using a 

Bruker AC300 or a Bruker AMX400. All spectra were referenced internally to residual proton signals 

of the deuterated solvent. For SEC measurements in DMF (containing 0.25 g/L of lithium bromide as 

an additive) an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA 

column (106/105/104 g/mol), a UV- (275 nm) and a RI-detector. Calibration was carried out using 

poly(ethylene oxide) standards provided by Polymer Standards Service. DSC measurements were 

performed using a Perkin-Elmer 7 series thermal analysis system and a Perkin Elmer thermal analysis 
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controller TAC 7/DX in the temperature range from –100 to 80 °C at heating rates of 10 K·min-1 under 

nitrogen.  

Reagents 

Solvents and reagents were purchased from Acros Organics, Sigma Aldrich or Fluka and used as 

received, unless otherwise stated. Chloroform-d1, methanol-d4 and DMSO-d6 were purchased from 

Deutero GmbH. The two different initiators used, di(benzyl)-aminoethanol and di(p-methoxy-

benzyl)amino-ethanol, were synthesized as reported previously.14, 16  

Synthesis 

Ethoxy vinyl glycidyl ether (EVGE). 2-(vinyloxy)ethanol (10 g, 113.5 mmol) was placed in a 500 mL 

round bottom flask and dissolved in a mixture of 50% aqueous NaOH (150 mL) and benzene 

(150 mL). To this mixture 3.5 g (11 mmol) tetrabutylammonium bromide (TBAB) was added and the 

mixture was stirred quickly with a mechanical stirrer. Subsequently the reaction mixture was cooled 

with an ice bath, and epichlorohydrin (31.5 g, 340.5 mmol) was slowly added via a dropping funnel. 

After 24 h reaction time at room temperature, the organic phase was separated from the aqueous 

phase, washed several times with brine, dried and concentrated in vacuo to remove benzene and the 

excess epichlorohydrin. The resulting slightly yellow residue was distilled under reduced pressure to 

yield the desired product as a colourless liquid, typically in 70-80% yield (11-13 g). 1H NMR (CDCl3, 

300 MHz): δ (ppm) = 6.44 (1H, dd, CH2=CH, J1=14.3, J2=7), 4.13 (1H, dd, CH2=CH, J1=14.3, J2=2.2), 3.96 

(1H, dd, CH2=CH, J1=7, J2=2.2), 3.8-3.65 (4H, m, -O-CH2-CH2-O- & CH2 (glycidyl ether)), 3.38 (2H, dd, 

CH2 (glycidyl ether), J1=11.8, J2=5.9), 3.1 (1H, m, CH-epoxide), 2.74 (1H, dd, CH2-epoxide, 1H, J1=5, 

J2=4.2), 2.56 (1H, dd, CH2-epoxide, J1=5.2, J2=2.6). 

General Procedure for the Copolymerization of EO and EVGE. N,N-di(p-methoxy-benzyl)-2-amino 

ethanol was dissolved in benzene in a 250 mL-Schlenk flask, and 0.9 equiv. of cesium hydroxide were 

added. The mixture was stirred under argon for 3 h at room temperature and evacuated at 

(10-2 mbar) for 12 h to remove benzene and water, forming the corresponding cesium alkoxide. Then 

20 mL of dry THF was cryo-transferred into the Schlenk flask to dissolve the initiator-salt. EO was first 

cryo-transferred to a graduated ampule, and subsequently cryo-transferred into the flask containing 

the initiator in THF (at around -80 °C). The EVGE comonomer was added via syringe and the mixture 

was heated to 90 °C and stirred for 24-72 h. Precipitation in cold diethyl ether resulted in the pure 

copolymers. For polymers with a high fraction of EVGE, the polymer solution was dried in vacuo. 

Yields: 95% to quantitative. 1H NMR (DMSO-d6, 300 MHz): δ (ppm) = 7.24, 6.87 (8H, d, C6H4OMe) in 

the case of p-methoxybenzyl-; without methoxy-group: 7.40-7.15 (10H, m, aromatic), 6.48 (1H/EVGE-

unit, dd, CH=CH2), 4.16 (1H/EVGE-unit, dd, CH=CHH), 3.95 (1H/EVGE-unit, dd, CH=CHH), in the case of 

methoxy-benzyl: 3.74 (s, C6H4OMe), 3.68-3.34 (polyether backbone), 2.54 (2H, t, Bn2NCH2CH2O-). 
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Block copolymer synthesis. 2 g mPEG-5000 was deprotonated with 0.9 equiv. of CsOH·H2O. The 

reaction water was removed by azeotropic distillation with benzene. The deprotonated polymer was 

dissolved in dry DMSO to give a 50% solution. Subsequently EVGE was added to the mixture and the 

polymerization was allowed to proceed for 12 h at 90 °C. Precipitation in diethyl ether resulted in the 

pure block copolymer.  

Polymer Modification: Thiol-Ene-Functionalization. 0.2 g of the respective copolymer were 

dissolved in 10 mL DMF and 0.5 to 10 equiv. of benzyl mercaptan and 0.75 equiv. of 

azobis(isobutyronitrile) (AIBN) with respect to the absolute number of vinyl ether groups, were 

added. After three freeze-pump-thaw cycles the reaction mixture was heated to 75 °C and stirred for 

12 h. The reaction mixture was then dialyzed against THF/MeOH, using benzoylated tubings (MWCO 

1500 g/mol), for 2 days. 1H NMR (CDCl3-d1, 300 MHz): δ(ppm) = 7.39-7.10 (initiator & arom. side 

group), 4.15-3.36 (polyether backbone), 3.70 (s, benzylic), 2.57 (CH2S-benzyl). 

Polymer Modification: Acetal-Formation. 0.2 g of the respective copolymer and 10 equiv. of benzyl 

alcohol were placed in a round bottom flask and 0.01 equiv. of p-toluenesulfonic acid (in relation to 

the absolute number of vinyl-ether bonds) was added at 0 °C. After 2 h of stirring at RT, the reaction 

was stopped by the addition of triethylamine, and the mixture was dialyzed against THF (MWCO= 

1500 g/mol) for 24-48h, to remove the residual benzyl alcohol and PTSA as well as NEt3. 1H NMR 

(CDCl3-d1, 300 MHz): δ(ppm) = 7.36-7.18 (initiator & arom. side-group), 6.80 (d, ini.), 4.82 (m, acetal-

H), 4.54 (dd, benzyl-H), 3.68-3.34 (polyether backbone), 2.54 (2H, t, Bn2NCH2CH2O-), 1.33 (d, CH3). 
1H NMR-Kinetics 

30 mg of the copolymer was dissolved in 0.5 mL of deuterated methanol and the first spectrum (t=0) 

was recorded immediately. Then the respective amount of PTSA were dissolved in 0.2 mL deuterated 

methanol and added to the polymer solution via syringe. After rapid mixing, 1H NMR spectra were 

taken every minute (compare Figure 4). 

 

Results and Discussion 

A: Synthesis of P(EO-co-EVGE) Copolymers, Characterization and Thermal Properties 

Synthesis 

The copolymerization of two monomers with highly diverging boiling points requires special reaction 

conditions. The key for random incorporation of glycidyl ether comonomers is polymerization at an 

elevated temperature, which was proven in previous works for other glycidyl ethers.11, 16, 17, 22, 29 To 

level the different reactivities of the monomers, the reaction mixture was rapidly heated to 90 °C in a 

sealed system under vacuum. All polymerizations were carried out in THF and stirred for at least 48 h 

to guarantee full conversion of both monomers. N,N-di(p-methoxy-benzyl)-2-amino ethanol and N,N-

di(benzyl)-2-amino ethanol were used as the respective initiators, since they allow the facile 
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determination of the molecular weight via 1H NMR. The aromatic signals of the resulting end group 

do not interfere with other signals in the spectrum and therefore permit reliable integration of the 
1H NMR spectra for molecular weight determination. In addition, the protective groups can be 

removed to regenerate a primary amino group in the α-position of the polymer chain. The 

corresponding initiator was deprotonated with 0.9 equiv. of CsOH·H2O, and the evolving water was 

azeotropically removed under vacuum in the presence of benzene. As the vinyl ether groups are 

highly reactive and unstable toward acidic media, the resulting copolymers were either purified by 

dialysis or precipitation in diethyl ether (for low EVGE-content, compare Experimental Section). 

Stirring the polymers with acidic ion exchange resin to reprotonate the active species and to remove 

residual Cs+ ions leads to the deprotected polymer with -CH2OCH2CH2OH side chains and a similar 

structure as linear poly(glycerol); thus, the vinyl ether side chain can also be regarded as an efficient 

protective group for hydroxyl groups in the AROP. It should also be mentioned here, that the use of 

acidic media in combination with heat and low pressure can result in crosslinked products for this 

system. 

The EVGE comonomer content has been varied in a systematic manner from 5% to 100%, and Table 1 

summarizes the results for the series of copolymers that were prepared in this study with respect to 

molecular weights and polydispersities. From a comparison of the composition of the monomer feed 

and the copolymer composition it can clearly be stated that the monomer feed corresponds to the 

incorporated EO/EVGE-ratio, as determined by 1H NMR spectroscopy. The copolymers showed good 

water solubility up to 25% EVGE-content at room temperature, which is crucial for biomedical 

applications. A typical spectrum of a water soluble copolymer in D2O is displayed in Figure 1.  

 
Figure 1. 1H NMR spectra in D2O-d2 of P(EO120-co-EVGE30). 
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The resonances a, b and c correspond to the vinyl ether groups, and by integration of these signals 

and comparison to the polyether backbone (3.18-3.79 ppm) and the aromatic end group signals 

(6.78-7.25 ppm) the copolymer composition can be calculated. The structural parameters given in 

Table 1 have been determined using 1H NMR in CDCl3-d1 (additional 13C NMR spectra can be found in 

the Supporting Information) 

 

Table 1. Characterization data for all copolymer samples prepared. 

No monomer feed composition polymer composition a Mn (NMR) a Mn (SEC) b PDI b 

1 MeOBn2NP(EO100- co -EVGE10) MeOBn2NP(EO104- co -EVGE6) 5 800 2 400 1.06 

2 MeOBn2NP(EO120- co -EVGE10) MeOBn2NP(EO115- co -EVGE11) 6 700 2 500 1.08 

3 MeOBn2NP(EO120- co -EVGE30) MeOBn2NP(EO120- co -EVGE30) 9 900 5 130 1.08 

4 MeOBn2NP(EO100- co -EVGE30) MeOBn2NP(EO89- co -EVGE30) 8 500 5 100 1.11 

5 Bn2NP(EO25- co -EVGE25) Bn2NP(EO23- co -EVGE25) 4 600 1 600 1.20 

6 Bn2NP(EO30- co –EVGE90) Bn2NP(EO31- co –EVGE80) 13 200 4 000 1.20 

7 Bn2NP(EO2- co -EVGE20) Bn2NP(EO2- co -EVGE15) 2 200 1 600 1.15 

8 MeOP(EO114- block –EVGE10) MeOP(EO114- block –EVGE9) 6 300 4 900 1.04 

9 Bn2NP(EVGE30) Bn2NP(EVGE27) 3 900 2 300 1.22 
a determined from 1H NMR (300 MHz, CDCl3-d1); b determined by SEC-RI in DMF. 

 

The molecular weight distributions obtained from size exclusion chromatography (SEC) 

measurements (in DMF with PEG-standards) were in the range of Mw/Mn= 1.06 to 1.22, as expected 

for oxyanionic polymerization. The resulting monomodal SEC traces are given in the Supporting 

Information (Figure S1). The deviation of the molecular weights obtained from NMR and SEC can be 

explained by the presence of the sidechains, since their mass does not contribute to the overall 

hydrodynamic radius in the same manner as an increase of the degree of polymerization does, and 

SEC was calibrated with PEG. Furthermore, incorporation of EVGE units leads to more hydrophobic 

copolymers, which changes the hydrodynamic radius compared to the PEG-standards in DMF. The 

comparison reveals an average deviation factor of 2 for our setup. 
 

13C NMR Characterization (Triad Sequence Analysis) 

Random distribution of the vinyl ether side chains is essential for use of the EVGE/EO copolymers in 

any application. The influence of adjacent units on the methylene (and methine) carbon shift in 
13C NMR allows for the determination of the microstructure of copolymers. The resulting triad 

sequence distribution allows to investigate the distribution of two different monomers in the 

poly(ether) backbone and represents a well-established method for the characterization of 
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copolymers based on propylene oxide and EO.30 Recently, some other poly(ether)s have been 

investigated in this manner by our group (EEGE,11 IGG (1,2-isopropylidene glyceryl glycidyl ether),16 

AGE22 and DBAG17). For all of these monomers and the novel monomer EVGE, this technique clearly 

evidence the random composition of such epoxide-based copolymers. Figure 2 displays the relevant 

region of the 13C NMR spectra of several EO/EVGE copolymers, showing the resonances for the 

respective triads. For brevity, ethylene oxide units are referred to as “E”, while EVGE units are 

abbreviated with “V”. Both units have two different carbon atoms (a and b or a’ and b’), which are 

shifted in dependence of the adjacent monomer units. 

 
Figure 2. Typical 13C NMR spectra in DMSO-d6 of P(EO-co-EVGE) copolymers with varying EVGE 

fraction (in %), and a block copolymer (bottom) from A) 67 to 72 ppm and B) 77 to 79 ppm. 

 

In the 13C NMR spectrum of all different copolymers (Figure 2), two regions can be analyzed to 

determine the distribution of the comonomers via triad analysis: (i) from 69 to 72 ppm and (ii) from 

77 to 79 ppm, which stem from the carbon resonances of the polyether backbone. With the block 

copolymer (8% EVGE) in hand, all signals corresponding to the side group of EVGE (marked with I, II 

and III) and the methine signal (cf. Figure 2B) can be unequivocally assigned. In addition, the signals 

of the methylene carbons (a and b) of the EO triads, which are marked with EEE, can be clearly 

identified. As expected, the spectra of the random copolymers differ significantly from the block 

copolymer MeOP(EO114- block –EVGE9). With increasing EVGE-content several new resonances in the 

area of the side groups appear, but in addition new signals occur in the regions marked in gray in 

Figure 2A. These resonances overlap with the side group signals, rendering quantification difficult. 

A) B) 
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However, from simulated 13C NMR spectra (performed with ChemDraw Ultra 10.0), the triads can be 

assigned to the respective regions marked in gray. The signals in these regions increase steadily up to 

65% EVGE incorporation, while the EEE-triad decreases to the same extent. In the spectrum with 88% 

EVGE content the signals of the EEE-triad vanishes completely, which is in line with the expectation. 

Figure 2B gives a zoom into the area for the methine carbons of EVGE. In the case of the block 

copolymer, the methine-signal of the EVGE-unit (b’) is detected as a single signal (Figure 2B, bottom), 

which can be assigned to the VVV-triad of the P(EVGE) block copolymer. In the case of the random 

copolymer with only 5% EVGE, the most probable environment for one EVGE unit are two EO units 

(EVE-triad), and the only signal which appears in the respective region can be assigned to this triad. 

With increasing incorporation of EVGE, other combinations become likely and at least two other 

signals appear at 78 ppm. The spectrum of Bn2NP(EO2-co-EVGE15) (entry 8, table 1) with 88% EVGE-

content exhibits one major signal at the same position as it can be found in the block copolymer, 

which is again assigned to the VVV triad. The strongest evidence can be found by direct comparison 

of the two copolymers with approximately the same EVGE incorporation (8-9%), but varying internal 

structure. While in the block copolymer only four carbon resonances between 72 and 68 ppm are 

detected, the random copolymer exhibits a considerably more complicated spectrum. The 

occurrence of triad-signals confirms the random comonomer distribution. This result also is in line 

with previous works on other glycidyl ether copolymerizations with EO.11, 16, 17, 22, 29 

 

Thermal Behavior 

Characterization of the thermal properties was carried out via differential scanning calorimetry (DSC, 

heating rate 10 K/min). PEG with a molecular weight of 600 g/mol and higher is a crystalline polymer 

with a melting temperature, which is strongly dependent on the molecular weight of the polymer. 

PEG-600 has a melting range of 17-22 °C, and with increasing Mw the Tm increases steadily until a 

maximum of 65 °C31 is reached. PEVGE, on the other hand, exhibits an amorphous character and a 

low Tg (-63 °C, sample 9, Table 1). Incorporation of EVGE-units into the PEG-backbone leads to 

obvious morphology changes, as the copolymers are obtained as (i) white powder for 5% EVGE 

incorporation, (ii) sticky solid (at 10% EVGE-incorporation) and (iii) viscous liquids (with more than 

25% EVGE incorporated). DSC measurements demonstrate that the polymers with a low content of 

EVGE (5, 10%) contain a crystalline fraction and show a melting point and related melting enthalpies 

(compare Table 2). As the number of EVGE monomer units increases, the crystalline domains 

disappear, and no melting point can be detected via DSC. On the basis of the assumption that the 

distribution of the EVGE units is completely random, the average number of adjacent EO units is 17 in 

the case of copolymer 1 and 10 in the case of copolymer 2. The average length of homo-PEG units 

that is required to obtain a crystalline homopolymer is 13 (this corresponds to PEG-600).32 Thus, the 
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thermal characteristics reflect the random copolymer structure. The glass transition temperature of 

the copolymers, on the other hand, decreases only slightly, from -55 °C, to a Tg of -60 °C with 

increasing amount of EVGE. While a Tg of -55 °C (copolymer 1) can clearly be ascribed to the PEG-

domains, the final Tg of copolymer 7 (88% EVGE) corresponds to the PEVGE nature, since the pure 

homopolymer of EVGE exhibits a Tg of -63 °C. The slight variation of the Tg can be ascribed to differing 

molecular weights. 

 

Table 2. Thermal properties of poly(ethylene glycol-co-ethoxy vinyl glycidyl ether) with varying 

amounts of EVGE incorporated. 

No polymer composition EVGE % Tg
a / °C Tm

b / °C ΔHc / J/g 

1 MeOBn2NP(EO104- co -EVGE6) 5 -55 34 74 

2 MeOBn2NP(EO115- co-EVGE11) 9 -59 16 47 

3 MeOBn2NP(EO120- co -EVGE30) 20 -58 - - 

4 MeOBn2NP(EO89- co -EVGE30) 25 -58 - - 

5 Bn2NP(EO23- co -EVGE25) 52 -57 - - 

6 Bn2NP(EO31- co –EVGE80) 72 -60 - - 

7 Bn2NP(EO2- co -EVGE15) 88 -60 - - 

8 MeOP(EO114- block –EVGE9) 8 -55 54 103 

9 MeOBn2NP(EVGE27) 100 -63 - - 

10 mPEG-5000 0 -d 61 175 
a glass transition temperature; b melting temperature Tm: in °C; c melting enthalpy determined by 

integration. d not detectable in this set-up. 

 

Again, a block copolymer PEO-b-PEVGE was used to compare two polymers with similar EVGE 

content, but different structure. Comparing polymer 2 with polymer 8 (both with approximately 8-9% 

EVGE) clearly shows the presence of a crystalline fraction. However, the melting points differ strongly 

and the melting enthalpy in the random copolymer is reduced, since the crystalline order is impeded 

by the presence of the comonomer, as expected. In summary, thermal properties mirror the random 

incorporation of EVGE into the polymer backbone. 

 

B:“Click” Type Functionalization of the EVGE-Copolymers 

Two different types of high-yield transformations have been studied that capitalize on the peculiar 

reactivity of the vinyl ether side chains of the EVGE comonomer units (Scheme 3). 
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Scheme 3. Polymer modification reactions employed i) the thiol-ene reaction with compounds 

bearing a thiol group and ii) acetal formation with alcohols. 

 

Thiol-Ene Reaction 

The functionalization of double-bond carrying polymers by thiol-ene “click” reactions has been 

studied intensively by several groups.33-36 A major issue which has to be considered are undesired 

cross-linking reactions between the double bonds along the backbone. In the case of the thiol-ene 

reaction these can be successfully suppressed by using an excess of the thiolcontaining component in 

the reaction mixture. This necessitates subsequent purification (i.e., dialysis) of the polymers to 

remove residual thiol. The term “click-reaction”, with respect to polymer modification reactions has 

recently been subject of an intense discussion. The general requirements of click reactions are high 

(close to complete) conversion, facile reaction conditions with easily available starting materials, 

preferably with no solvent involved, and a simple isolation procedure. This general concept was 

expanded by the authors by introducing the concept of equimolarity, when a simple work-up 

procedure, such as precipitation, is not possible. This would imply that thiol-ene reactions are no 

“click-reactions” when employed for polymer modification. However, due to the stability of the vinyl 

ether radical, no crosslinking of the polymer chains occurs.37 This finding is in good agreement with 

prior reports on radical polymerization of vinyl ethers,38 which only undergo copolymerization in the 

presence of a second vinyl monomer with electron withdrawing groups39 or by the introduction of 

electron acceptors in proximity to the vinyl ether moiety.40  

In principle, the Markovnikov as well as the anti-Markovnikov addition of the thiol-component is 

possible, but fundamental studies on thiol-ene reactions involving vinyl ethers have shown that due 

to the prealignment of the molecules by the oxygen-hydrogen interaction the anti-Markovnikov 

product is clearly favored over the Markovnikov product, leading to more uniform products 

compared to allyl-systems.41 In addition, it should be mentioned that vinyl ethers do not exhibit 

double bond isomerization, which can be found for the allyl analogues.42  
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Figure 3. Copolymer 5 in CDCl3-d1 (Bn2P(EO23- co -EVGE25)) before and after the thiol-ene click 

reaction with 0.5 and 10 equivalents of added thiol (scale bar corresponds to the top spectrum). 

 

Benzyl mercaptan was chosen as a model compound, since it allows the facile assignment of the 

relevant resonances in 1H NMR spectroscopy. The reaction was carried out overnight in DMF at 75 °C 

and after work-up by dialysis (to remove residual DMF) the successful transformation of the vinyl 

ether can be observed by the (partial) disappearance of the resonances at 6.48, 4.16 and 3.95 ppm, 

while new resonances are detected due to formation of the thio ether structure. These are, e.g., for 

mercaptobenzyl alcohol in the aromatic region (c 7.34 ppm), at 3.70 (deriving from the benzylic 

protons), and at 2.57 ppm (corresponding to CH2 adjacent to the thioether bond, Figure 3). The 

comparison of the thio ether signals with the poly(ether) backbone and the initial amount of vinyl 

ether side chains allows to determine the conversion of the vinyl ether moieties. This demonstrates 

that attachment of small molecules to the vinyl ether side chains is possible and can in principle be 

employed for any compound bearing a thiol moiety. Since crosslinking reactions do not occur, it is 

possible to attach less than one equivalent of the thiol component and this implies that (i) this post 

polymerization reaction is a real “click reaction” and (ii) the remaining double bonds can be used for 

further functionalization reactions (compare Figure S7), which is highly interesting with respect to 

future applications. 
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Acetal-Formation as a Click-Type Polymer Modification 

The general requirements for click reactions and the currently considered criteria for polymer 

modification reactions have been discussed in the previous section. The first three criteria (high 

conversion, facile reaction conditions, easily available starting materials) are all met by the acetal 

formation reaction by addition of an alcohol to a vinyl ether. However, the criteria equimolarity, 

facile work-up procedure as well as stable end-products, are not fulfilled. The formation of acetals 

based on vinyl ethers and alcohols is generally fast and proceeds selectively in the absence of water. 

In the case of low molecular weight compounds, the acetal bond is generated under acidic catalysis 

from the respective alcohol and the vinyl ether within several minutes without any side-products. 

Compared to other polymer modification reactions this method allows the facile, rapid and 

quantitative attachment of alcohols via a pH-labile acetal bond.  

Benzyl alcohol was chosen as a model compound and PTSA was added as a catalyst. The reaction was 

monitored via 1H NMR, following the disappearance of the vinyl ether signals (compare Supporting 

Information S5, a,b,c) and the emerging signals at 4.82 (d, acetal), 4.54 (e, benzyl) and 1.33 

(f, CH3) ppm. From a comparison of the acetalic proton and the CH3-group integrals to the initial 

amount of vinyl ether side chains, it can clearly be concluded that this reaction is quantitative and no 

detectable side reactions occur. Removal of the acidic catalyst was most efficient via dialysis against 

THF/NEt3. The precipitation of the product in diethyl ether does not guarantee complete removal of 

the p-toluenesulfonic acid (PTSA) and, moreover, crosslinking by trans-acetalization can occur 

(compare above). 

Since the transformation of the vinyl ether groups was found to be very fast, the reaction was 

investigated by online 1H NMR kinetics (Figure 4). For the respective measurements, the polymer was 

dissolved in deuterated methanol, which served both as a solvent and as a reactant. The catalyst was 

dissolved in MeOD separately. After addition of the acid to the polymer solution NMR-spectra were 

measured in intervals of 30 s. 
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Figure 4. Reaction of copolymer 1 with MeOD-d4 (4.92 and 3.31 ppm), in the presence of PTSA (7.75, 

7.28 and 2.41 ppm). For clarity only the relevant part of the spectrum is shown, additional spectra 

with the whole ppm range can be found in the SI. 

 

Since the lock and shim process requires approximately 3-5 minutes, the resonance for the acetal 

proton is already present in the first spectrum. The corresponding signal can be discerned at 4.59 

ppm (d) and the corresponding methyl-group signal at 1.26 ppm (e + f). Nevertheless, the reaction 

can be followed by monitoring the disappearance of the vinyl ether signals at 6.54 (a), 4.26 and 2.04 

ppm (b + c). The reaction reached 99% conversion of the vinyl ether bonds within 10 minutes. Note: 

Even in the presence of trace amounts of water, which is due to the crystallization water of PTSA (not 

dried prior to the experiment) no cleavage of the acetal bond is found. If the acetal had been 

opened, the respective resonances for acetaldehyde around 9 ppm (aldehyde) and 2 ppm (methyl-

group) would have been detectable. Here, acetal formation at the multifunctional PEG copolymers 

can be described by first order kinetics, since one of the reagents serves as the solvent and thus the 

concentration is constant throughout the reaction. A plot of converted vinyl ether groups versus 

reaction time (shown in Figure 5) supports this assumption.  
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Figure 5. Conversion of vinyl ether groups versus time for the reaction of copolymer 1 with MeOD-d4. 

Black squares: measured values; red line: exponential fit (Origin 7).  

 

The first spectrum from the NMR experiment was obtained at already 61% conversion after 

approximately 3 minutes. Nevertheless, it is possible to assign these values with an exponential fit 

and estimate the half life time of the vinyl ether moieties to ca. 80 s. This value depends on the 

reaction conditions and has to be treated with care, since every alcohol will show a different 

behavior and methanol was used as a solvent in this case. In addition, both the concentration of the 

catalyst and of the alcohol represent key parameters for this reaction. Additional measurements 

were carried out, and the respective spectra are given in the Supporting Information. A comparison 

of the two kinetics conducted shows that reducing the amount of catalyst/vinyl ether ratio from 

1:2.5 to 1:20 prolongs the half life time from 80 to 180 s. The reaction time and conditions will have 

to be adjusted according to the respective molecule. Further work on a broad range of alcohols is 

currently in progress. 

In summary, these results clearly evidence that the acetal formation at the polymer backbone is a 

very rapid and selective transformation for polymer modification. In direct comparison with other 

polymer modification methods, it is facile, leads to high conversion, can be used to attach a variety of 

molecules bearing a hydroxyl functionality and is therefore as valuable as the widespread thiol-ene 

modification. It was also proven that in the presence of diluted acids the attached molecules can be 

released. This allows the attachment of drugs or biomolecules and the triggered release of them in 

slightly acidic media, as present e.g., in lysosomes. The use of these materials in biomedical 

applications is subject of ongoing studies in our group. 
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Conclusion  

The importance of functional and biocompatible polymers has increased steadily during the past 

decade. The materials are obtained either by radical polymerization techniques or end group 

modification of commercial PEG. Another, straightforward strategy for introducing a broad range of 

functionalities into the biocompatible PEG backbone is the direct copolymerization of functional 

comonomers with EO.43 In this work we have introduced the novel monomer EVGE with a vinyl ether 

group, which copolymerizes with EO in a controlled and random manner. The random distribution of 

the EVGE comonomer units in the PEG backbone was proven by NMR and DSC measurements. PEG-

copolymers with up to 25% vinylether content are soluble in aqueous solution, which opens manifold 

possibilities for biomedical applications.  

The PEG-based multifunctional polymers can be derivatized in different ways: (i) by reaction with a 

thiol a side-chain polythioether is generated and (ii) the reaction with any alcohol results in a side-

chain polyacetal. This has been demonstrated by different model reactions and by kinetic NMR 

measurements. The first transformation results in the stable, covalent attachment of thiols to the 

PEG-based copolymer, avoiding crosslinking, which represents a hard to exclude side reaction for 

comparable allyl bonds in poly(allyl glycidyl ether).20,41 Thus, this feature represents a significant 

advantage over the allyl-glycidyl ether (AGE) monomer which has been reported to permit sequential 

“click” reactions to multifunctional polymers in previous studies. 

In addition, the rapid acetal formation (ii), which has, to the best of our knowledge not been applied 

in a post-polymerization protocol, is highly interesting with respect to polymer therapeutics or 

hydrogels, due to the facile release of the alcohol in acidic media. In ongoing studies the suitability of 

these post-polymerization reactions with respect to the attachment of proteins or low molecular 

weight drugs is investigated and will be presented in near future. 
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Supporting Information 

 
Figure S1. SEC-traces of copolymers 1, 4, 6 and 7 with different molecular weights and different 

content of EVGE. 

 

 
 

Figure S2. 1H NMR spectrum of sample MeOBn2NP(EO104- co -EVGE6) 
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Figure S3. 13C-NMR spectrum of sample MeOBn2NP(EO89- co -EVGE30). 

 
Figure S4. 1H NMR spectrum of sample MeOBn2NP(EO115- EVGE11) before (bottom) and after click-

reaction with benzyl alcohol (top). 
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Figure S5. Reaction of copolymer 6 with MeOD (4.92 and 3.31 ppm), in the presence of PTSA (7.75, 

7.28 and 2.41 ppm). THF (3.71 and 1.87 ppm) was added as additional reference. The ppm scale 

corresponds to the upper spectra. 

 
Figure S6. Plot of conversion versus time for the reaction of copolymer 6 with MeOD. Black squares: 

measured values; red line: exponential fit (Origin 7).  
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Figure S7. Copolymer 6 first used in thiol-ene click reaction and then transferred into a NMR tube 

containing MeOD and PTSA. The spectrum displays the non-purified product. 
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Novel random copolymers based on ethylene oxide and a functional comonomer exhibit stimuli 

responsive behavior. The solubility in water can be altered by variation of comonomer 

hydrophobicity as well as the comonomer content. It was possible to adjust the lower critical solution 

temperature in the range of 9 to 82 °C. The materials investigated in this study are promising for a 

variety of biomedical applications. 

 
 

Keywords: copolymers, LCST, PEG, polyethers, stimuli-sensitive polymers. 

 

Abstract 

The LCST behavior of novel PEG-based copolymers bearing multiple functional groups, obtained by 

anionic ring-opening (co)polymerization (AROP), was investigated. Variable comonomer ratios of EO 

and the corresponding oxiranes IGG, EVGE, AGE or DBAG, particularly designed to implement 

functional groups at the PEG backbone, were found to influence the LCST behavior. Sharp transitions 

from translucent to opaque solutions, comparable to other well-established stimuli-responsive 

polymers, were observed at temperatures ranging from 9 to 82 °C. The influence of the side group 

hydrophobicity could be quantified by the comparison of the different copolymer systems observed. 
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Introduction  

Thermoresponsive polymers have gathered enormous attention over the past decade, as they are 

promising for a variety of uses, especially in the field of biomedical applications. The most prominent 

polymer exhibiting thermoresponsive behavior is poly(N-isopropylacrylamide) (P(NIPAM)).1 This is 

mainly due to its lower critical solution temperature (LCST) of 32 °C, which is close to the body 

temperature and the stability of this value with respect to external influences such as pH or salt 

concentration.2 Another class of materials exhibiting LCST behavior in aqueous solutions are 

polymers bearing oligo(ethylene glycol) side chains.3 These macromonomer-based comb 

(co)polymers can either be synthesized by cationic polymerization, as it has been presented by 

Aoshima and coworkers,4 or by (controlled) radical polymerization techniques via the respective 

(meth)acrylates, i.e. oligo (ethylene glycol) (meth)acrylate (OEG(M)A), studied intensively by Lutz et 

al..5 These OEGMAbased materials are highly versatile, because their LCST can be tailored by the 

incorporation of different comonomers6 or end groups.7 Another important aspect is their excellent 

biocompatibility, which is in line with their poly(ethylene glycol) (PEG)-based side chain structure. 

Besides these two prominent examples, only a few reports focus on linear poly(glycidyl ether)s, such 

as poly(glycidyl methyl ether), obtained by anionic polymerization,8 with either block9- or random 

structures.10 In addition to these relatively simple systems, more sophisticated polyether-based 

architectures exhibiting LCSTs are e.g., hyperbranched-11 or star-12 copolymers. Dendronized 

polymers with PEG side chains showing LCST behavior were recently developed by Schlüter and co-

workers.13, 14 Although there is an increasing interest in thermoresponsive polymers and their use in 

biomedical applications,15 one simple class of polymers has hardly been considered to date, namely 

random poly(ether)s based on ethylene oxide (EO) and a hydrophobic comonomer. The classical 

comonomer is propylene oxide (PO), and surprisingly it is rarely mentioned that random P(EO-co-PO) 

copolymers, produced on industrial scale, exhibit tunable LCSTs.16, 17 

Very recently, we have been able to develop a variety of different random copolymers of ethylene 

oxide18-21 with multiple functional groups (vicinal diols, vinyl ethers, double bonds or amines) that are 

randomly distributed in the PEG backbone (compare Scheme 1). These novel multifunctional (mf) 

PEGs22 are promising with respect to biomedical applications, as they are mainly comprised of PEG 

and permit the multiple (reversible) attachment of biomolecules, such as low molecular weight 

drugs. As it may be expected, with regard to the well-known PEO-PPO copolymers, these novel 

materials can exhibit temperature- and composition-dependent water-solubility. In this 

communication we describe the LCST behavior of these random copolyethers. To the best of our 

knowledge, this represents the first report on random copolymers based on EO and different 

oxiranes with a very broad range of adjustable LCSTs.  
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Experimental Section 

Reagents 

Solvents and reagents were purchased from Acros Organics, Sigma Aldrich or Fluka and used as 

received, unless otherwise stated. 

Instrumentation 
1H NMR spectra (300 MHz) were recorded using a Bruker AC300 or a Bruker AMX400. All spectra are 

referenced internally to residual proton signals of the deuterated solvent. For SEC measurements in 

DMF (containing 0.25 g/L of lithium bromide as an additive) an Agilent 1100 Series was used as an 

integrated instrument, including a PSS HEMA column (106/105/104 g/mol), a UV (275 nm) and a 

refractive index (RI) detector. Calibration was carried out using poly(ethylene glycol) standards 

provided by Polymer Standards Service. 

Cloud points were determined in deionized water at varying concentration and observed by optical 

transmittance of a light beam (λ=632 nm) through a 1 cm sample quartz cell. The measurements 

were performed in a Jasco V-630 photospectrometer with a Jasco ETC-717 Peltier element. The 

intensities of the transmitted light were 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. 

 

Results and Discussion  

Anionic ring opening polymerization permits the synthesis of well-defined polyethers with narrow 

molecular weight distributions (MWD) as well as the precise control of molecular weight and 

comonomer content. All copolymers investigated in this study exhibit polydispersities (PDI, Mw/Mn) 

below 1.17, the major fraction even below 1.1 (compare Table 1). Such low values are often 

inaccessible, when employing controlled radical techniques, such as atom transfer radical 

(co)polymerization (ATRP) in combination with a macromonomer approach. The copolymerization of 

EO and the respective oxirane was carried out at elevated temperature (60-90 °C) in a sealed system, 

using either tetrahydrofuran, dimethyl sulfoxid or a mixture of both as solvent(s) (a detailed 

description can be found in literature23). The random incorporation of the respective epoxide 

comonomers in the mainly PEG backbone is of great interest with respect to potential biomedical 

applications, since block-like structures might form undesired aggregates, whereas the random 

structure prevents the formation of micelles or other subordinate structures. Detailed microstructure 

investigation of all new copolymers has been performed, evidencing the random character of the 

macromolecules. (triad sequence analysis, employing 13C NMR and 1H NMR kinetics of the respective 

copolymerizations). Although two of the three glycidyl ether comonomers (AGE and IGG), which have 

been investigated in 1H NMR kinetics did show polymerization rates equal to ethylene oxide, the 

amine containing oxirane DBAG was found to be slightly less reactive. However, the P(EO-co-DBAG) 
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copolymers do not exhibit block-like structures, but a tapered microstructure.18 In contrast to the 

glycidyl ether copolymers, which exhibit a “perfect” random structure, their LCST behavior is slightly 

different, as it will be discussed in the following. Table 1 summarizes the key parameters of the 

copolymers investigated in this study. 

 

Table 1. Copolymers investigated and their respective cloud point temperatures. 

No. Formulaa) Mn (SEC)b) 

__________ 

g/mol 

PDIb) co. 

contenta) 

_____________ 

% 

LCST-5c) 

_______ 

°C 

LCST-10d) 

_________ 

°C 

LCST-20e) 

_________ 

°C 

1 MeOBn2NP(EO265-co-IGG26) 8 200 1.11 9 80.8 -f) - 

2 MeOBn2NP(EO180-co-IGG32) 9 750 1.15 15 66.7 - - 

3 MeOBn2NP(EO47-co-IGG17) 2 800 1.08 27 46.8 48.0 46.9 

4 MeOBn2NP(EO104-co-EVGE6) 2 400 1.06 5 82.5 - - 

5 MeOBn2NP(EO115-co-EVGE11) 2 500 1.08 9 68.7 69.6 - 

6 MeOBn2NP(EO120-co-EVGE30) 5 130 1.08 20 31.1 35.3 34.3 

7 MeOBn2NP(EO89-co-EVGE30) 5 100 1.11 25 ~9g) - - 

8 Bn2NP(EO52-co-AGE5) 3 900 1.13 9 72.9 74.5 73.8 

9 Bn2NP(EO102-co-AGE16) 4 600 1.11 14 62.4 - - 

10 MeOP(EO114-co-AGE29) 7 000 1.04 20 39.8 - - 

11 MeOP(EO110-co-DBAG2) 4 900 1.15 2 71.3 - - 

12 MeOP(EO112-co-DBAG5) 5 400 1.14 4 56.9 57.8 58.1 

13 MeOP(EO90-co-DBAG15) 5 800 1.17 9 21.9 - - 

 
a)obtained from 1H NMR, b)determined by SEC measurements in DMF (RI-signal) c)5 mg mL-1,  
d)10 mg mL-1, e)20 mg mL-1 solution of the copolymer in deionized water, f)values were not 

determined, g)estimated value obtained from cooling cycle. 
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Scheme 1. Copolymers investigated in this study. The comonomers used in the anionic ring opening 

copolymerization with EO are I) isopropylidene glyceryl glycidyl ether (IGG); II) ethoxyl vinyl glycidyl 

ether (EVGE); III) allyl glycidyl ether (AGE) IV) N,N-dibenzyl amino glycidyl (DBAG). 

 

The cloud points of the aqueous polymer solutions have been measured by monitoring the 

transmittance of a light beam (wavelength 632 nm) through a 1 cm quartz sample cell at a heating 

(cooling) rate of 1 °C .min -1. The cloud point temperatures of the very sharp transitions from 

translucent to opaque solutions were defined as the value measured at 50% transmittance. The 

corresponding figures displaying the transmittance versus temperatures plots for different polymer 

samples are given in the Supporting Information (Figure S1-S4). 

 

 
Figure 1. Comparison of LCST versus comonomer content for the different copolymer series. The 

values were fitted by a linear approach using Origin 8. The values for the PEO-PPO series was 

calculated from literature. 
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In the following we will refer to the LCST of the copolymers in a general sense, although we are 

aware that the term LCST in a strict sense corresponds to the lowest cloud point temperature 

possible, which is only observed at a certain concentration of a (co)polymer. However, considering 

the cloud point temperatures of the same copolymer (e.g., Table 1 copolymer 3, 6, 8 and 12) at 

different concentrations, it can be stated that in the range from 5 to 20 mg mL-1 (which are typical 

values employed for the investigation of LCST behavior) no significant change could be detected and 

the LCST, only varying within a few degrees, is almost constant. 

A comparison of the LCSTs within one random copolymer series with varying comonomer content 

reveals that with increasing amount of hydrophobic comonomer incorporated into the PEG backbone 

the LCST (at a concentration of 5 mg mL-1) decreases steadily. Plotting the LCST versus comonomer 

content for all different copolymer series clearly shows that this decrease follows a linear behavior 

(compare Figure 1). This is consistent with the previous report on linear random polyethers, based on 

EO and PO.17 While the slopes of the different linear fits vary with respect to the changing 

hydrophobicity or size of the side chains, the interceptions with the y-axis of the three glycidyl ether 

copolymer functions give approximately the same values, or they lie within the error margin of the 

average value (IGG: 97 +/- 3 °C, EVGE: 100 +/- 5 °C, AGE: 102 +/- 2 °C, PO (from literature): 102.5 °C). 

The interception with the y-axis yields the theoretical LCST of a polymer with 0% of comonomer 

incorporated (PEG homopolymer) and average value (100 °C) is in good agreement with previous 

experimental results on PEO-PPO-copolymers shown in Figure 1.24 The interception of the y-axis of 

the DBAG containing copolymer on the other hand is found at 85 +/- 2 °C and the deviation of 15 °C 

from the homopolymer value does not lie within the error margin, but might point to another 

important aspect. We assume that this deviation can be explained by the slightly inhomogeneous 

microstructure of the DBAG-containing copolymers, leading to the different behavior, which is still 

linear, but slightly shifted. Thus, this LCST behavior is another indirect proof of random incorporation 

of the other comomoners during the copolymerization. 

The x-axis interception on the other hand, which is of course dependent on the slope of the fitted 

functions (SI), gives the maximum amount of comonomer, which can be incorporated, until the 

copolymers become completely insoluble in water (or show a theoretical LCST below 0 °C). For the 

P(EO-co-IGG) copolymers a maximum of 50% IGG can be incorporated, whereas 34% of AGE, 27% of 

EVGE and only 12% of DBAG can be introduced into the PEG-backbone. It is instructive to compare 

these data with the established PEO-PPO copolymers. Applying the linear equation given for the 

P(EO-co-PO) copolymers by Louai et al.,17  the calculated x-axis interception is at 66% of PO 

incorporation for these systems. Other interesting benchmarks are the water solubility of a certain 

copolymer at room temperature (25 °C) or at body temperature (37 °C), which can easily be 
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calculated from the linear equation of the fitted values (obtained from Origin 8), which are all given 

in the Supporting Information (Figure S6-S9). These values, as well as the slopes of the fitted 

functions correlate with the comonomer hydrophobicity as well as the size of the side group. As it 

might be expected, the two bulky and hydrophobic benzyl protecting groups show the largest impact 

on the LCST behavior, as the LCST of the 9% sample is already at 21 °C. The smallest side group (i.e., a 

methyl group) in the case of PO on the other hand has the smallest influence on lowering the LCST, 

as it is expected from theoretical considerations. The incorporation of EVGE, which possesses a 

higher molecular weight side chain (ethoxy vinyl group) than the AGE monomer (allyl group), but 

shows a presumably similar hydrophobicity, lowers the LCST of the resulting copolymers to a greater 

extent than AGE. IGG, which is very bulky is an exception in this case, because the presence of 

oxygen atoms in the side chain enhances water solubility, and therefore the LCST is not lowered to 

such a strong extent as in the case of the two benzyl protecting groups of DBAG.  

An important aspect with regard to biomedical applications of these water soluble multifunctional 

copolyethers is the influence of an enhanced ionic strength of the medium on the LCST. Thus, the 

LCST behavior of four copolymers (one for each copolymer series, with approximately the same 

comonomer content) has been investigated at different salt concentrations. Table 2 summarizes the 

respective results. In Figure 2 the transmittance of light versus temperature was plotted exemplarily 

for sample 8 at a concentration of 5 mg mL-1 and with varying salt concentrations (0-10 mg mL-1). An 

additional graph for copolymer 12 is given in the Supporting Information (Figure S5). 

 

 
Figure 2. Intensity of transmitted laser light versus the temperature for copolymer 8 at a 

concentration of 5 mg.mL-1 (Bn2NP(EO52-co-AGE5) in aqueous solution with 3 different NaCl 

concentrations. 
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In general NaCl is known to lower the LCST of polymers in aqueous solutions, which is due to the 

disruption of the polymer hydration shell, caused by hydration structures of the salt ions.25 This so-

called salting out effect can be observed for a variety of salts, but also for other small molecules.26 

 

Table 2. Copolymers and their respective cloud points at different salt concentrations. 

 

No. Formula LCST-0a) 

_____________ 

°C 

LCST-2b) 

_____________ 

°C 

LCST-5c) 

_____________ 

°C 

LCST-10d) 

_______________ 

°C 

1 MeOBn2NP(EO265-co-IGG26) 80.8 79.9 77.8 75.3 

5 MeOBn2NP(EO115-co-EVGE11) 68.7 67.5 66.6 64.4 

8 Bn2NP(EO52-co-AGE5) 72.9 71.8 70.8 69.6 

12 MeOP(EO112-co-DBAG5) 56.9 56.0 51.8 49.7 

Copolymers in aqueous solution with a concentration of 5 mg mL-1 and a salt concentration of: a)0, b)2 

mg mL-1, c)5 mg mL-1and d)10 mg mL-1of NaCl. 

 

A comparison of the cloud point temperatures of the copolymers with increasing salt concentration 

clearly shows that this effect is also present for the different mf-PEGs. By changing the salt 

concentration from 0 to 10 mg mL-1, the LCST is lowered steadily by 2 to 7 °C, depending on the 

copolymer microstructure. This decrease lies within the values that are usually found for thermo-

responsive polymers, such as the “gold standard” P(NIPAM). This indicates that in principle all four 

copolymer series are suitable for application in physiological media, because the LCSTs are retained 

under physiological conditions. 

 

Conclusion  

In summary, we have shown that various water-soluble functional polyethers, with a predominantly 

PEG-type structure, exhibit adjustable LCST behavior. In principle any desired LCST can be realized by 

altering the copolymer composition. In our current study a variation from 9 to 82 °C was achieved for 

the LCST. Furthermore, it was demonstrated that the LCST values are rather constant with respect to 

different polymer concentrations and that the LCST is only slightly decreased by the addition of salts. 

In direct comparison with well-established thermoresponsive polymers, these novel materials exhibit 
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promising properties for future applications, in particular in the biomedical field, such as their use in 

temperature-responsive hydrogels, responsive nanoparticles or drug-delivery vessels. The promise of 

this class of copolymers is also founded on their facile further functionalization or modification and 

the possibility to use them as building units of stimuli sensitive hydrogels or microgels. We are 

currently studying variations of the LCST upon click-functionalization of these copolymers. 
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Supporting Information 
General Copolymerization Procedure 

N,N-di(p-methoxy-benzyl)-2-amino ethanol (or dibenzyl(amino ethanol), or methoxy-ethanol) was 

dissolved in benzene in a 250 mL-Schlenk flask and 0.9 eq. of cesium hydroxide were added. The 

mixture was stirred at RT under argon for 3 h and evacuated at (10-2 mbar) for 12 h to remove 

benzene and water, forming the corresponding cesium alkoxide. 20 mL of dry THF was then cryo-

transferred into the Schlenk flask to dissolve the partially deprotonated initiator. In some cases, 

especially when copolymerizing AGE and DBAG DMSO was added as well. Ethylene oxide was then 

first cryo-transferred to a graduated ampoule, and then into the reaction flask (around -80 °C). The 

second comonomer (IGG, EVGE, DBAG or AGE, respectively) was added via syringe and the mixture 

was heated to 90 °C and stirred for 24-71 h. Precipitation in cold diethyl ether resulted in the desired 

copolymers. For polymers with a high fraction of the hydrophobic comonomer, the polymer solution 

was dried in vacuo. Yields: 95% to quantitative. 1H NMR can be found in the SI. 

 
1H NMR: 

P(EO-co-IGG). 1H NMR (300 MHz, DMSO-d6, δ): 7.24, 6.87 (d, C6H4OMe), 4.16 (m, acetal-H), 3.98 (t, 

CHH-acetal), 3.74 (s, C6H4OMe), 3.68-3.34 (polyether backbone) 1.3 (d, CH3 acetal) ppm. 

P(EO-co-EVGE). 1H NMR (300 MHz,DMSO-d6, δ): 7.24, 6.87 (8H, d, C6H4OMe) in the case of p-

methoxybenzyl-; without methoxy-group: 7.40-7.15 (10H, m, aromatic), 6.48 (1H/EVGE-unit, dd, 

CH=CH2), 4.16 (1H/EVGE-unit, dd, CH=CHH), 3.95 (1H/EVGE-unit, dd, CH=CHH), in the case of 

methoxy-benzyl: 3.74 (s, C6H4OMe), 3.68-3.34 (m, polyether backbone), 2.54 (2H, t, Bn2NCH2CH2O-) 

ppm. 

P(EO-co-AGE). 1H NMR (300 MHz, DMSO-d6, δ): 7.38 - 7.16 (10 H, m, aromatic), 5.93-5.77 (1H/AGE 

unit, m), 5.15 (1H/AGE unit, dd), 3.93 (1H/AGE unit, dd), 3.68-3.34 (polyether backbone) ppm. 
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Figure S1. Intensity of transmitted laser light versus the temperature for the copolymer series P(EO-

co-IGG) at a concentration of 5 mg mL-1. 

 

 
Figure S2. Intensity of transmitted laser light versus the temperature for the copolymer series P(EO-

co-EVGE) at a concentration of 5 mg mL-1. The LCST of copolymer 4 could only be estimated, due to 

water condensation at the quartz cuvette, which disrupted the measurement. 
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Figure S3. Intensity of transmitted laser light versus the temperature for the copolymer series 

P(EO-co-AGE) at a concentration of 5 mg mL-1. 

 

 
Figure S4. Intensity of transmitted laser light versus the temperature for the copolymer series P(EO-

co-DBAG) at a concentration of 5 mg mL-1. 
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Figure S5. Intensity of transmitted laser light versus the temperature for copolymer 12 at a 

concentration of 5 mg.mL-1 (MeOP(EO112-co-DBAG5)) in aqueous solution with 3 different NaCl 

concentrations. 

 

 

 
Figure S6. LCST versus IGG content and the corresponding linear fit obtained from Origin 8. 
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Figure S7. LCST versus EVGE content and the corresponding linear fit obtained from Origin8. 

 

 
Figure S8. LCST versus AGE content and the corresponding linear fit obtained from Origin8. 
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Figure S9. LCST versus DBAG content and the corresponding linear fit obtained from Origin8. 
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Abstract 

Cytotoxicity of several multifunctional poly(ethylene glycol) (mf-PEG) copolymers is reported against 

chinese hamster ovary cells (CHO). Block copolymers with varying polymer architecture and random 

PEG copolymers with different glycidyl ether-based comonomers are compared. These mf-PEGs 

exhibit additional functionalities in comparison to PEG homopolymers, such as hydroxyl-, allyl-, vinyl-, 

or amine-moieties. The data is evaluated via the Alamar Blue staining technique and the packed cell 

volume (PCV) method. In this context not only the different polymers with structural variations at 

different concentrations and incubation times have been assessed, but also the two different 

evaluation methods and the comparability of the results obtained. Both methods demonstrate that 

random copolymers exhibit similarly low toxicity as the standard PEG, while block copolymers show 

slightly higher toxicity, which can be assigned to the aggregation behavior. In addition, the data 

confirms that the experimentally more convenient and rapid PCV method provides reliable results for 

the cytotoxicity of polymers. 
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Introduction 

The understanding of interactions between synthetic compounds and biological systems is a crucial 

issue for the development of new materials for therapeutics, regenerative medicine or diagnostic 

purposes.1 Polymer chemistry offers the possibility to design modern drug carrier conjugates for 

combating several diseases. The most prominent example is the well-established “PEGylation” 

(attachment of (multiple) poly(ethylene glycol) (PEG) chains) of pharmaceutically relevant proteins, 

peptides or low molecular weight drugs.2 Polymer conjugation allows for targeted delivery and 

guarantees prolonged plasma half-life times.3 These challenges call for synthetic strategies that allow 

precise control over molecular weight, molecular weight distribution (MWD), functionality and 

architecture of the respective polymers. One of the most important tasks lies in the development of 

methods to enable site and/or residue specific conjugation of synthetic polymers to peptides, 

proteins or other biomolecules.4 

PEG, which exhibits low toxicity and antigenicity,5 is used in most biomedical applications. A main 

reason for that is also the good solubility of PEG in most organic solvents and water. However, its 

limited loading capacity is often a drawback as the linear polymer chain offers a maximum of two 

conjugation sites. One possibility to increase the functionality of PEG is the synthesis of block-

copolymers,6-9 which often implies undesired amphiphilicity. In some cases, multi-step syntheses are 

required. A quite novel, potential PEG-substitute which offers a high number of functional groups is 

poly(glycerol) (PG). PG has been reported to exhibit a similar toxicity profile as PEG.10, 11 However, 

due to the multiple hydroxyl groups in the polymer structure, solubility problems can occur 

especially, if hydrophobic drug molecules are attached. Besides, the number of functional groups is 

directly dependent on the molecular weight and cannot be adjusted without changing the molecular 

weight of the polymer. This problem can be overcome by the synthesis of double hydrophilic di- and 

triblock copolymers with tailored architecture, e.g., PEG-block-PG9, 12 or by the random 

copolymerization of glycidol with ethylene oxide, as presented recently by our group.13 In recent 

work the linear and branched copolymers of EO and glycidol have been reported to show similar 

toxicity as PEG.13, 14 

Other PEG-analogues have also been reported, mainly via radical polymerization of methacrylate 

monomers, such as oligoethylene glycol methacrylate.15 However, this common approach results in 

comb-polymers with a methacrylate backbone and an ester linkage with the PEG-combs, which may 

be susceptible to hydrolysis. Moreover, in the case of the copolymerization of different 

methacrylates often gradient or block like copolymers are obtained, due to differing 

copolymerization behavior of  methacrylates with different substitutents.16 

Another approach for enhancing the functionality of PEG without introducing amphiphilicity is the 

random copolymerization with another comonomer that bears a protected functional group,17-19 or a 
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functionality that is stable towards the highly basic conditions of anionic ring opening 

polymerizations (AROP).20 These in-chain functionalities can then be used to increase the number of 

drug molecules loaded on the polymeric carrier and present an interesting strategy for a polymer 

therapeutic, so called multifunctional PEGs (mf-PEGs). Our group has focused on the synthesis of 

different mf-PEGs21 by anionic copolymerization of ethylene oxide and comonomers based on 

glycidol or glycidyl ethers.  

In recent years we have investigated several monomers, such as ethoxy ethyl glycidyl ether (EEGE),22 

isopropylidene glyceryl glycidyl ether (IGG),19 ethoxy vinyl glycidyl ether (EVGE),20 and dibenzylamino 

glycidol (DBAG).18 Detailed 13C NMR and triad analysis of the comonomer distribution and online 
1H NMR monitoring the decay of both monomers in the course of the polymerization were carried 

out to investigate the microstructure of the materials.21 A very interesting feature of these EO 

copolymerizations is the proven random character of the resulting mf-PEGs in most cases. Only the 

copolymerization of EO with DBAG, which exhibits bulky benzyl protecting groups led to a copolymer 

exhibiting a slightly tapered microstructure. This type of microstructure might also be a general 

feature of epoxides with amine moieties. Very recently, we were able to show that all the above 

mentioned random copolymers exhibit a lower critical solution temperature (LCST), which can be 

adjusted by the copolymer ratio and the comonomer hydrophobicity over a broad range of 

temperatures.23  

 

 
Figure 1: Alamar Blue assay for cytotoxicity in a 96 well plate vs. packed cell volume method for 

determination of the cell numbers (note: the yellow arrow marks the height of the cell cake in the 

test tube). 

 

This paper presents the toxicity studies of several mf-PEGs with varying macromolecular architecture. 

We report on the abovementioned linear PEG copolymers, linear PEG-based block copolymers, and 

linear-hyperbranched block copolymers bearing a single double bond at the linear chain end. For 

cytotoxicity, PEG and hyperbranched PGs of different molecular weight were used as reference 

materials. To the best of our knowledge this is the first report on a systematic, architecturally diverse 

library of PEG-copolymers with respect to their cytotoxicity. The toxicity of the polymers has been 

investigated against Chinese hamster ovary (CHO) cells at varying polymer concentrations and time 
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periods after incubation at 37 °C. The cell numbers were determined by the well-established Alamar 

blue staining protocol24 for counting viable cells (a measure of mitochondrial activity) with the much 

more convenient packed cell volume (PCV) method which is the typical method for the 

determination of the hematocrit value in blood tests (Figure 1) and affords less time as well as 

experimental effort.25  
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Scheme 1: Synthetic protocol to mf-PEGs prepared in this study, showing the functional groups 

introduced at the PEG backbone. 

 

 

Experimental Part 

Materials 

All solvents and reagents were purchased from Acros Organics and used as received, unless 

otherwise stated. Chloroform-d1 and DMSO-d6 were purchased from Deutero GmbH. 

1,2-Isopropylidene glyceryl glycidyl (IGG),26 ethoxy ethyl glycidyl ether (EEGE),7 ethoxy vinyl glycidyl 

ether (EVGE),20 and dibenzyl amino glycidol (DBAG)18 were prepared according to recent literature, 
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dried over CaH2, and freshly distilled before use. Polymerization was conducted as reported 

previously.8, 18, 20 

Instrumentation 
1H NMR spectra (300 and 400 MHz) were recorded using a Bruker AC300 or a Bruker AMX400. All 

spectra were referenced internally to residual proton signals of the deuterated solvent. For SEC 

measurements in DMF (containing 0.25 g/L of lithium bromide as an additive) an Agilent 1100 Series 

was used as an integrated instrument, including a PSS HEMA column (106/105/104 g/mol), a UV (275 

nm) and a RI detector. Calibration was carried out using poly(ethylene oxide) standards provided by 

Polymer Standards Service 

Cell studies, toxicity and degradation studies 

Cell culture. Suspension cell cultures of CHO DG44 cells were maintained in square-shaped glass 

flasks (250 mL) in serum free ProCHO5 cell culture medium (CCM) (Lonza AG, Verviers, Belgium) 

supplemented with 13.6 mg⋅L-1 hypoxanthine, 3.84 mg⋅L-1 thymidine and 4 mM glutamine (SAFC 

Biosciences, St. Louis, MO) as described by Muller et al.27 Cell culture was maintained at 37 °C in a 

95% humidified incubator with 5% CO2. The cells were passaged every 3 days at a seeding density of 

3x105 cells⋅mL-1.  

In vitro assessment of cytotoxicity. In vitro cell viability was investigated against CHO DG44 cells 

after 3,5 and 7 days incubation at 37 °C at varying concentrations (0.5 g/L, 1 g/L, 5 g/L) of the 

respective polymer and was performed as follows. On the day of the experiment, cells were 

centrifuged and resuspended in ProCHO5 medium to achieve a cell density of 250 000 cells⋅mL-1 in 

TubeSpin®bioreactor 50 tubes (TubeSpin; TPP, Trasadingen, Switzerland). Then, different sterilized 

96-well plates (for the different time intervals) were charged with each 50 µL of the cell suspension. 

The solution was mixed with the appropriate polymer sample dissolved in Milli Q water to afford a 

polymer concentration in the culture medium of 0.5, 1, or 5 g/L or diluted by the addition of 200 µL 

Milli Q water (for the control). The well-plate was placed in an incubator for the desired time-

interval. Each experiment was carried out as three independent replicates. 

AlamarBlue assay: 

25 µl of the 10% Alamar blue working solution (Serotec, Oxon, UK) in PBS were added to each well 

and left for 3 hours in a dark, humidified incubator (37 °C, 5% CO2) . Then, the absorbance was 

measured by at 540 and 630 nm on a FLUOstar OPTIMA multidetection microplate reader. 

Calibration was achieved by measuring cell suspensions with known cell numbers and plotted against 

the read-out.  

Packed cell volume: 

For PCV measurements, 200 µL of a suspension culture were transferred into a mini PCV tube 

(Techno Plastics ProductsAG, Trasadingen, Switzerland). The tubes were centrifuged in a 
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microcentrifuge (Model 5417C, Eppendorf AG, Hamburg, Germany) fitted with a swinging-bucket 

rotor (Model A-8-11, Eppendorf AG) for 1 min at 2,500g (5,000 rpm) unless otherwise mentioned. For 

determining the height of the cell pellet, a visual assessment was made using the capillary 

graduation. 

 

Results and Discussion 

A: Polymer Characterization 

PEGylation of proteins and other drugs has become a major strategy for combating diseases such as 

hepatitis or cancer.28 In order to evaluate, whether the newly designed mf-PEGs with varying 

microstructure and architecture are suitable for future drug conjugation and potential application in 

vivo, this paper investigates their cytotoxicity and compares the results to the well-established PEG 

and the proven biocompatible hyperbranched PG. A famous example for the dependence on 

architectural variations for a simple polymer structure like PEG on the pharmacological profile of a 

protein-polymer conjugate, is PEGasys, which is PEGylated interferon.29 This protein is available in 

two forms, the linear PEGylated and the branched PEGylated protein and it was reported that the 

branched structure of PEG improves the plasma-half life time of the conjugate significantly. This 

implies that polymer architecture plays an important role in tailoring the properties of  protein-

polymer conjguates29 and it is therefore important to investigate the influence of architectural 

differences on the cytotoxicity. 

 

The polymers were synthesized via anionic ring-opening polymerization (AROP) of EO and the 

respective comonomers, either applying random copolymerization or by sequential monomer 

addition in the case of block copolymers. The living character of the anionic ROP permits the 

synthesis of polymers with narrow molecular weight distributions, which represents one key 

requirement of polymers for biomedical uses. Linear and linear-hyperbranched block copolymers 

were synthesized in several steps starting from a functional alcohol which is activated by cesium 

hydroxide to start the polymerization of EO and subsequently of the second monomer EEGE. The 

acetal protective groups of P(EEGE) were removed in a following step via acidic hydrolysis resulting in 

the linear double-hydrophilic block copolymer PEG-block-linPG (Scheme 1 A). These block 

copolymers serve as multifunctional macroinitiators for the multibranching AROP of glycidol to 

generate the respective linear-hyperbranched block copolymers (Scheme 1 B).  

In addition, two different initiators were used: allyl alcohol (7a, 8a) and undecenyl alcohol (7b, 8b); 

with the longer aliphatic tail the effect of a possible amphiphilicity on cell viability have been 

investigated.  
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The second class of polymers investigated herein are random PEG-copolymers, which are prepared in 

a single step by direct copolymerization of EO with the respective comonomers (IGG, EVGE, DBAG, 

AGE) at elevated temperatures (Scheme 1 C). In the case of IGG, also a deprotected P(EG-co-GG) was 

investigated. This material possesses increased hydrophilicity. The DBAG-containing copolymers 

serve as a negative control due to the presence of the multiple amino groups, which were expected 

to be cytotoxic (see below). 

All polymers prepared in the course of this study exhibit a narrow molecular weight distribution 

(compare Table 1). Table 1 also gives the structure and composition and the (functional) initiator of 

the polymerization. The benzyl protected amino ethanol is a common initiator that offers the 

possibility to introduce an amino functionality at the linear chain end after hydrogenation. Using the 

aromatic signals, the molecular weight determination via end group analysis in 1H NMR is feasible. 

Nevertheless, it has to be noted here, that the single amino function may have a slight negative 

effect on cytotoxicity which should be kept in mind. 
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Table 1: Characterization data of all (co)polymers 

№ Sum Mn
1 PDI1 structure initiator %2 

1a P(EG174-co-DBAG)3 4 810 1.13 random methoxy ethanol 2 

1b P(EG131-co-DBAG)7 3 520 1.16 random methoxy ethanol 5 

1c P(EG70-co-DBAG)8 5 150 1.11 random methoxy ethanol 10 

2a P(EG135-co-AGE)2 5 400 1.05 random methoxy ethanol 2 

2b P(EG104-co-AGE)5 4 600 1.04 random methoxy ethanol 5 

2c P(EG132-co-AGE)13 5 700 1.04 random methoxy ethanol 10 

2d P(EG114-co-AGE)29 7 000 1.04 random methoxy ethanol 20 

4a P(EG265-co-IGG)26 8 200 1.11 random dibenzylamino ethanol 9 

4b P(EG180-co-IGG)32 9 750 1.11 random dibenzylamino ethanol 14 

4c P(EG122-co-IGG)136 5 300 1.15 random dibenzylamino ethanol 53 

5 P(EG122-co-GG)136 7 750 1.18 random dibenzylamino ethanol 53 

6a P(EG115-co-EVGE)11 2 500 1.08 random dibenzylamino ethanol 9 

6b PEG113-b-PEVGE11 5 500 1.05 lin block methanol 10 

7a A-PEG120-b-linPG37 7 800 1.10 lin block allyl alcohol 30 

7b U-PEG107-b-linPG32 7 000 1.15 lin block undecenyl alcohol 30 

8a A-PEG120-b-hbPG90 12 000 1.23 lin-hb block allyl alcohol 75 

8b U-PEG107-b-hbPG81 12 000 1.22 lin-hb block undecenyl alcohol 75 

9a hbPG41 3 000 1.28 hb trimethylolpropane 100 

9b hbPG135 10 000 1.34 hb trimethylolpropane 100 

10 mPEG113 4 800 1.05 lin methanol 0 

1: molecular weights determined by GPC vs. PEO standards 

2: percentage comonomer (determined by 1H NMR). 

 

B: Cytotoxicity tests using the Alamar Blue assay. 

The CHO suspension cell cultures were maintained in square-shaped glass flasks in serum free 

ProCHO5 cell culture medium supplemented with 13.6 mg⋅L-1 hypoxanthine, 3.84 mg⋅L-1 thymidine 

and 4 mM glutamine. The cell culture was maintained at 37 °C in a 95% humidified incubator with 5% 

CO2. The cells were passaged every 3 days at a seeding density of 3x105 cells⋅mL-1. For cytotoxicity 

tests, the cells were diluted to a concentration of 250 000 cells⋅mL-1 and the respective polymer 

solution was added. All (co)polymer/cell mixtures were incubated at 37 °C in 96 well plates at 

different polymer concentrations of 0.5 g/L, 1 g/L, and 5 g/L. The cells were analyzed after 3, 5, and 7 

days, respectively. As reference PG as well as PEG, which have been proven to be biocompatible, are 

investigated in the same study. Figure 2 shows the cell viability measured by the Alamar blue assay 

after 3 days incubation time at a polymer concentration of 0.5 g/L.  
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Figure 2: Cell viability after 3 days incubation at 37 °C at a polymer concentration of 0.5 g/L (Alamar 

blue assay). 

 
Figure 3: Cell viability after 3, 5, and 7 days incubation at 37 °C at a polymer concentration of 0.5 

(Alamar blue assay). 



 In Vitro Toxicity Evaluation of mf-PEGs with Varying Microstructure and Architecture 

 
140 

 

The samples were also investigated after 3, 5, and 7 days. A general trend was observed: for most 

polymers the cell number steadily increased over time, meaning that proliferation is possible in the 

presence of the polymers. Interestingly, most polymers show a similar toxicity compared to PEG or 

hyperbranched PG.  However, the rate of cell growth is lower in all cases compared to the control 

without polymer (Figure 3). Only the block copolymers show a rather constant value in cell numbers, 

i.e., the materials impeded the proliferation. Interestingly for PEG-b-PEVGE an increase in cell 

numbers is observed in comparison to the random copolymers. This could be attributed to the 

relatively short second block of PEVGE.  

Furthermore, the effect of polymer concentration on cell viability has been investigated (Figure 4). As 

expected from theory in most cases for higher concentration, the polymers become more toxic and 

cell proliferation is slower. 

 

 

 
Figure 4: Cell viability after 3 days incubation at 37°C at different polymer concentrations of 0.5, 1 

g/L, and 5 g/L (Alamar blue assay). 

 

From Figures 2-4 several general trends can clearly be identified, which will be supported by the 

following experiments (note: the numbers in the polymer sums represent the percentage of 
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comonomer): 1.) All random copolymers exhibit similar toxicity compared to PEG and hyperbranched 

PG; only the DBAG-containing copolymers become toxic when a certain amount of amine groups is 

present in the polymer structure. This finding was expected and suggests that for biomedical 

application of these copolymers the amine group should be converted into an amide, which is 

expected to be non-toxic. However, the polyamine could be an interesting candidate for applications 

in gene delivery as poly(ethylene imine)-substitute.30, 31 2.) The block copolymers have a higher 

toxicity than the random copolymers. In detail, the undecenyl initiated U-PEG-b-PGs and PEG-b-

PEVGE block copolymers show higher toxicity which is attributed to the amphiphilic structure of the 

polymer. The comparable A-PEG-b-PGs copolymers which are initiated by allyl alcohol showed 

slightly higher toxicity than PEG and the respective random copolymers.  

It has to be noted at this point that all polymers investigated in this study are known to exhibit an 

LCST exceeding 37 °C to guarantee a stable solution under physiological conditions. Only sample 4c 

(P(EG122-co-IGG)136) with 53% IGG incorporated exhibits an LCST of 9 °C. In this case the cells were 

mixed with the cold polymer solution, which started to cloud immediately after the addition. The 

high increase in cell numbers from 3 to 7 days for this sample could be explained by precipitation of 

the polymer over time. However, after three days the suspension was still stable and the toxicity 

values are comparable to the other IGG-containing copolymers as expected. 

 

C: Cytotoxicity tests using the PCV method. 

One major aim of this work besides the study of the toxicity of the mf-PEG structures was also a 

comparison of the convenient PCV method for the determination of cell numbers with the 

abovementioned more established Alamar Blue assay. The UV assay is a useful method for many 

samples, if an automated plate reader is at hand. We planned to investigate, whether the 

experimentally simple and cost-efficient PCV method is a suitable substitute for the conventional 

assay. The PCV method is widely employed for blood analysis. Typically, an aliquot of 50 mL of blood 

is centrifuged in a special capillary. Then the height of the cell pellet within the capillary is measured 

and expressed as the packed cell volume or more convenient as the hematocrit, i.e. the fraction of 

blood occupied by cells. Typical PCV values for blood range from 30–50%. For cultivated cells the PCV 

is much lower and as a consequence lower amounts and special PCV tubes have to be used. In our 

laboratory PCV is the standard method to determine the cell numbers for CHO cells and others, as 

reported previously.25 
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Figure 5: Comparison between the Alamar Blue UV read-out for cell viability and the packed cell 

volume method. 

 

From Figure 5 it can be derived that the PCV results are very close to the results determined by the 

Alamar Blue staining method. As a matter of fact, the experimentally determined errors of the PCV 

values are higher than for the staining protocol stemming from the simple read-out of a cell pellet for 

the determination of the relatively low cell number in the case of the toxicity measurements 

compared to blood tests or the previously reported cell growth of CHO cells and other.25 

Figure 6 shows the cell numbers determined by the PCV method over a period of several days. As 

above, the proliferation of cells can be proven with this experiment and the overall trend of both 

methods, i.e. by Alamar Blue staining and PCV is the same. 

Figure 7 shows the comparison of the cell numbers determined by PCV at different polymer 

concentrations. An interesting finding is that these results corroborate with the results from the 

Alamar blue assay for all concentrations, however, the comparison between PEG and the copolymers 

seems to be different in this case. A deviation in cytotoxicity might be explained by the impact of the 

dead cell volume. 
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Figure 6: Cell viability measured by PCV at a polymer concentration of 0.5 g/L over several days. 

 

 
Figure 7: Cell viability after 3 days measured by the PCV method at varying polymer concentrations. 
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Summary 

In summary we have obtained cytotoxicity data for a broad range of mf-PEGs with varying 

architecture and microstructure based on several comonomers. For the abovementioned data it can 

be stated that the random copolymers exhibit similar toxicity as PEG or hyperbranched PG, or lie 

within the error margin determined for the two methods presented herein.  

In addition, the Alamar Blue assay for the determination of cell numbers has been compared to the 

more convenient PCV protocol. Interestingly, both methods give reasonable and comparable results 

for the cytotoxicity of the investigated copolymers. Even for rather cytotoxic materials PCV gives 

reliable results even when the “dead cell material” is counted while the Alamar Blue redox reaction 

can only be conducted by living cells. We believe that with these results the mf-PEGs will find use in 

future drug/ protein conjugates (polymer therapeutics) and that, moreover, the simple PCV method 

can be more established for cytotoxicity measurements. 
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Abstract 

Ethylene oxide (EO) was copolymerized with the novel monomer ferrocenyl glycidyl ether (fcGE) to 

generate electro active, water-soluble and thermo-responsive poly(ethylene glycol)-derived 

copolyethers. Molecular weights were varied from 2 000 to 10 000 g mol-1, obtaining narrow 

molecular weight distributions (Mw/Mn = 1.07 to 1.20). The incorporation of ferrocene (fc) was 

adjusted from 3 to 30 mol%, obtaining water soluble materials up to 10 mol% incorporation of the 

apolar ferrocenyl comomonomer. Cyclovoltammetry experiments revealed that the iron centers can 

be oxidized reversibly, and all copolyethers synthesized exhibit a lower critical solution temperature 

(LCST), in accordance with previous works on random copolyethers. Moreover, the LCST is tunable by 

oxidation/reduction of ferrocene. In addition, toxicity tests were carried out with HeLA cell lines and 

revealed good biocompatibility in the case of low amounts of fcGE incorporated (below 5%) and a 

highly cytostatic behaviour, when higher fc content is present. The novel copolyethers are promising 

for biomedical applications or for redox sensors.  
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Introduction 

Ferrocene (fc)-containing polymers1 are interesting materials relying on their unique physical and 

chemical properties such as redox-2 and/or stimuli-responsive behavior.3, 4 Fc-derivatives are used in 

(electro)catalysis5 and in non-linear optical polymers.6 In addition, fc-containing materials are also 

important for biomedical uses, since ferrocenyl moieties exhibit antineoplastic properties,7, 8 and the 

redox-potential enables their utilization as amperometric glucose-sensors.9 Ferrocenyl groups can be 

incorporated into polymers either in the side chains or directly in the polymer backbone.10-13 

Manners and coworkers intensively studied the controlled ring opening polymerization of ansa-

metallocenophanes14, 15 leading to poly(metallocenes) via different polymerization techniques and 

with variable bridging elements.1 These elegant works rely on strict Schlenk techniques during 

monomer preparation and the resulting polymers are usually not water-soluble and have to be 

converted via post polymerization modification into their water-soluble counterparts.16 

Other groups emphasized the polymerization of monomers with fc as side chain substituents, such as 

vinylferrocene12 or ferrocenylmethyl (meth)acrylate.13, 17-19 Very recently a series of (meth)acrylate 

(MA) based monomers with varying spacers between fc and the MA-unit have been introduced by 

Laschewsky and coworkers.20 Another fruitful approach to incorporate fc moieties in polymers can be 

achieved via polymerization by hydrosilylation21, 22 or by introduction of amide linkages after 

polymerization.23  

Most of the abovementioned materials are organo-soluble, however, water-soluble fc-containing 

polymers can be synthesized by different approaches. The first one relies on the synthesis of block-

copolymers carrying water-soluble segments such as poly(2-(N,N-dimethylamino)ethyl methacrylate) 

(at pH: 8),24 or poly(ethylene glycol) (PEG) and subsequent attachment or polymerization of the fc-

containing block.25, 26 However, block copolymers show aggregation in different solvents can be an 

undesired behavior in many applications. The second approach relies on the polymerization of fc-

containing monomers, with hydrophilic side chains, such as oligo(ethylene glycol)27 or 

poly(electrolytes),28, 29 which lead to aqueous solubility with decreased aggregation behavior. 

A versatile, yet unexplored approach is the (co)polymerization of designed fc-based monomers with 

a hydrophilic comonomer resulting in water-soluble (random) copolymers. To the best of our 

knowledge this approach has not been realized to date. In this work we present the first 

poly(ethylene glycol)-based copolymers bearing ferrocenyl side chains. The synthesis relies on the 

anionic (co)polymerization of ferrocenyl-glycidyl ether (fcGE, 1) with ethylene oxide (EO) (Scheme 1). 

The polymer structures have been studied with respect to water solubility, thermo-responsive 

behavior30 and toxicity as a function of the ferrocene content. This LCST behavior can be switched off 

by oxidation of the iron centers, which means that multi-responsive structures31 are obtained. In 

addition, the water-soluble copolymers were investigated with respect to their cytotoxicity and it 
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was proven that the polymers with low fc content are not toxic rendering them very interesting 

candidates for biomedical applications, but higher fc containing materials could be interesting 

candidates as efficient cytostatic materials. 

 
Scheme 1. Strategy for the synthesis of water-soluble polymers containing ferrocene by employing 

the novel comonomer ferrocenyl glycidyl ether (fcGE). 

 

Experimental Section. 

Instrumentation 
1H NMR spectra (300 MHz and 400 MHz) and 13C NMR spectra (75.5 MHz) were recorded using a 

Bruker AC300 or a Bruker AMX400. All spectra were referenced internally to residual proton signals 

of the deuterated solvent. For SEC measurements in DMF (containing 0.25 g/L of lithium bromide as 

an additive) an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA 

column (106/105/104 g/mol), a UV- (275 nm) and a RI-detector. Calibration was carried out using 

poly(ethylene oxide) standards provided by Polymer Standards Service. DSC measurements were 

performed using a Perkin-Elmer 7 series thermal analysis system and a Perkin Elmer Thermal Analysis 

Controller TAC 7/DX in the temperature range from –100 to 80 °C. Heating rates of 10 K min-1 were 

employed under nitrogen. Cloud points were determined in deionized water and observed by optical 

transmittance of a light beam (λ = 632 nm) through a 1 cm sample quartz cell. The measurements 

were performed in a Jasco V-630 photospectrometer 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. Cyclic voltammetry (CV) 

was performed using a BAS CV-50 W potentiostat using dichloromethane as a solvent under an inert 

atmosphere (N2). The supporting electrolyte was tetrabutylammonium hexafluorophosphate (TBAH 

[0.1 M]). All experiments were performed at 25 °C, in a conventional three-electrode cell using a 

platinum working electrode (A ¼ 0.02 cm2). All potentials are referred to a saturated calomel 

reference electrode (SCE). A coiled platinum wire was used as counter electrode. 
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Reagents 

Solvents and reagents were purchased from Acros Organics, Sigma Aldrich or Fluka and used as 

received, unless otherwise stated. Chloroform-d1, methanol-d4 and DMSO-d6 were purchased from 

Deutero GmbH. Ferrocenecarboxaldehyde and ferrocenemethanol were synthesized according to 

reported procedures.32 

Synthesis 

Synthesis ferrocenyl glycidyl ether (fcGE, 1). The glycidyl ether was obtained in analogy to the 

procedures reported for other functional oxiranes.33 In a typical reaction 5 g ferrocenemethanol 

(0.023 mol) were placed in a round bottom flask and 100 mL benzene and 100 mL of a 50% NaOH 

solution were added. 1 g of tetrabutyl ammoniumbromide (TBAB) was added as a phase transfer 

catalyst. To this mixture an excess of epichlorohydrin (4.3 g, 0.046 mol) was added, while cooling the 

reaction mixture with ice. The solution was allowed to warm up to room temperature and rapidly 

stirred for 24 h. The progress of the reaction was followed by thin layer chromatography. The organic 

phase was washed with brine and NaHCO3-solution and the solvent was removed under vacuum. The 

crude product was purified by column chromatography using ethyl acetate and petroleum ether (3:7) 

as eluents. Besides the desired product (ferrocenyl glycidyl ether; Rf = 0.5), unreacted starting 

material (ferrocenemethanol; Rf = 0.2) could be recovered and reused. The product was obtained as 

orange solid in typical yields of 70-80%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.27-4.13 (m, 4 H, cp), 

3.97 (d, 7 H, cp and CH2-cp), 3.48-3.43 (dd, 1 H, CHCHHO), 3.20-3.14 (dd, 1 H, CHCHHO), 2.87 (q, 1 H, 

methine), 2.29-2.17 (m, 2 H, epoxide). The synthetic strategy is shown in Scheme 2. For a detailed 

assignment of the protons compare Figure 1. 

 

 
 

Scheme 2. Sequence for the synthesis of the novel epoxide monomer ferrocenyl glycidyl ether 

(fc-GE). 
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General procedure for the copolymerization with EO (P(EO-co-fcGE). Methoxy ethanol and 

0.9 equivalents of cesium hydroxide monohydrate were placed in a 250 mL Schlenk flask and 

benzene was added. The mixture was stirred at 60 °C under argon atmosphere for 1 h and evacuated 

at 60 °C (10-2 mbar) for 12 h to remove benzene and water to generate the corresponding cesium 

alkoxide. Subsequently, approximately 20 mL dry THF were cryo-transferred into the Schlenk flask. 

EO was cryo-transferred to a graduated ampoule, and then cryo-transferred into the reaction flask 

containing the initiator in THF. Subsequently, the second comonomer, fcGE, was added via syringe in 

a 50 wt% solution in anhydrous DMSO. The mixture was heated to 60°C and stirred for at least 12 to 

24 h. The polymer solution was dried in vacuo, and precipitated into cold diethyl ether to remove 

residual DMSO. The polymer was obtained as an orange powder or viscous liquid depending on the fc 

content. Yields: 60-90%. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 4.24-4.16 (m, 4 H, cp), 4.07 (d, 7 H, 

cp and CH2-cp), 3.68-3.45 (br, polyether backbone), 3.33 (s, 3 H, CH3). For a detailed assignment 

compare Supporting Information Figure S3. 

Cytotoxicity studies. 

The effect of fc containing PEG-copolymers on the viability of a human cervical cancer cell line (HeLa 

cells) was measured with a commercial luminescence assay CellTiter-Glo® (Promega, Germany). The 

assay based on the enzymatic reaction of Luciferase transferring luciferin and ATP, supplied by the 

living cells, to oxyluciferin and luminescence is used as a measure of cell proliferation and 

cytotoxicity).  

HeLa cells were cultured in Dulbecco´s modified eagle medium (DMEM), supplemented with 10% 

FCS, 100 units penicillin and 100 mg·mL-1 streptomycin, 2·10-3 M L-glutamine (all from Invitrogen, 

Germany). Cells were grown in a humidified incubator at 37 °C and 5% CO2. For determining the cell 

viability, HeLa cells were seeded at a density of 20 000 cells·cm-2 (6·104 cells·mL-1) in 96-well plates 

(black, opaque-walled, Corning, Netherlands). FcGE copolymers (100 mg/mL) were solved in sterile 

water (Ampuwa ®, pH 7.4, Fresenius Kabi, Germany) and the indicated concentrations were produced 

by a serial dilution in cell culture medium (DMEM, 10% FCS). After 24 h, the culture medium was 

replaced by fcGE copolymer supplemented medium (200 μL, DMEM, 10 % FCS) or medium without 

compound (DMEM, 10 % FCS) as a specific control for 100% cell viability. The cells were treated for 

24 h or 48 h and the number of viable cells were determined by the CellTiter-Glo® assay following the 

manufacturers´ instructions. Briefly, cell culture medium with compound was replaced by 100 µL 

CellTiter-Glo® reagent. The 96-well plates were mixed for 2 minutes and incubated for 10 minutes at 

room temperature. During this time, the cytosolic ATP was released for the enzymatic reaction. The 

luminescence was detected with a plate reader (Infinite M1000, Tecan, Germany) using i-control 

software (Tecan, Germany). The values represent the mean ± SD of four replicates and were plotted 

relative to the untreated cells. 
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Results and Discussion 

A: Monomer and Polymer Synthesis.  

Water-soluble fc-containing polymers with aliphatic polyether backbone are of interest for sensing 

and biomedical applications. The incorporation of fc into a water-soluble polymer backbone (viz. 

PEG) has been realized by copolymerization of a newly designed monomer with EO, which 

guarantees preservation of the metallocene during the anionic ring opening polymerization of the 

oxirane. The monomer (fcGE, 1) was synthesized in a three step protocol (Scheme 2), starting with a 

VILSMEIER-synthesis, to ferrocenecarboxaldehyde (1a). The aldehyde was transformed into the 

corresponding alcohol (ferrocenemethanol (1b)) by reduction with LiAlH4, which was subsequently 

used in a phase transfer catalyzed nucleophilic substitution reaction with epichlorohydrin to yield 

fcGE. This procedure was carried out in analogy to synthetic protocols of other previously described 

functional epoxides33, 34 (note: 1a and 1b are also commercially available). The monomer was 

obtained in overall good yields (up to 80%) and purified by column chromatography. Figure 1 shows 

the 1H NMR spectrum of 1 in benzene and the signal assignments were determined using COSY 

(Figure S1, Supporting Information). 13C NMR spectra with the respective assignment can also be 

found in the Supporting Information of this manuscript (Figure S2). 

 
Figure 1. Detailed assignement of respective protons of ferrocenyl glycidyl ether in 1H NMR. 

 

The polymer synthesis was carried out in analogy to previous works on random poly(ether)s.35-38 The 

cesium salt of methoxyethanol was used as the initiator and a mixture of THF and DMSO as well as a 

reaction time of 12-24 h were found to be the best polymerization conditions with respect to 
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complete conversion. With a fc content of more than 28% incorporated in the PEG-backbone, the 

polymers are no longer soluble in water, therefore the focus was set to ratios with lower fc content 

to guarantee water solubility. All polymers synthesized in this study exhibit narrow molecular weight 

distributions (in the range of Mw/Mn: 1.07-1.20, compare Table 1) and monomodal SEC-traces 

(compare Figure 2). This means that the fc moiety is stable towards the highly basic conditions 

applied during the polymerization of EO and fcGE and no undesired side reactions leading to 

crosslinking occur. This may be expected, since other fc-based monomers are also used in (carb-) 

anionic polymerizations.12 

 

 
Figure 2. SEC traces of different P(EO-co-fcGE) copolymers, showing monomodal molecular weight 

distributions and low PDIs. Characterization data are summarized in Table 1. 

 

The molecular weights of the polymers as well as the comonomer content were determined by 
1H NMR spectroscopy. The methyl group of the initiator can be used as a reference signal and is 

compared to the integral of the resonances of the polyether backbone between 3.68 and 3.45 ppm 

as well as the signals resulting from the cylcopentadienyl (cp) rings of the fc-moieties at 4.24-4.16 

and 4.07 ppm (Figure S3) The molecular weights obtained correspond to the theoretical values. This 

is good agreement with the condition found for anionic polymerization.  

An overview of all polymer samples prepared is given in Table 1. A comparison of the molecular 

weights determined via end group analysis from 1H NMR spectroscopy and SEC measurements shows 

a deviation between the two values which can be ascribed to the high molecular weight of the fc- 

side chains. The SEC calibration (PEG standards) underestimates the molecular weight, which we 

ascribe to the fact that the large fc moieties do not contribute to the hydrodynamic radii. In most of 
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the cases it can be observed that an increasing content of fcGE leads to an increasing derivation. This 

effect was already observed for other P(EO-co-glycidyl ether) copolymers.39 

 

Table 1. Molecular weight data for the ferrocene-containing copolymers synthesized in this study by 

anionic ROP. 

No. Formulaa fcGE/EO(%) Mn (g/mol)a Mn (g/mol)b PDIb 

P1 MeOP(EO99-co-fcGE3) 2.8 5 200 4 700 1.10 

P2 MeOP(EO195-co-fcGE6) 2.9 10 200 8 100 1.20 

P3 MeOP(EO64-co-fcGE4) 6.3 3 900 2 600 1.07 

P4 MeOP(EO36-co-fcGE4) 9.5 2 500 2 300 1.16 

P5 MeOP(EO28-co-fcGE11) 28 4 200 2 200 1.15 
a determined via endgroup analysis from 1H NMR in DMSO-d6, b determined from size exclusion 

chromatography in DMF vs. PEG-standards using the RI-signal. 

 

B. Materials Properties of the Copolymers 

Thermal Analysis. Thermal analysis of the copolymers was carried out using differential scanning 

calorimetry (DSC). The results are summarized in Table 2. As expected, the glass transition 

temperatures (Tg) for all polymers determined are close to the value of PEG (-56 °C), as most 

polymers contain a major fraction of PEG. Only in the case of copolymer P5 a slight increase of the Tg 

can be observed. 

 

Table 2. Thermal data of the copolymers synthesized in this study. 

No. Formula fcGE/EO (%) Tg (°C)a Tm (°C)b ΔH (J/g)c 

P1 MeOP(EO99-co-fcGE3) 2.8 -56 43 82 

P2 MeOP(EO195-co-fcGE6) 2.9 -54 42 72 

P3 MeOP(EO64-co-fcGE4) 6.3 -56 27 48 

P4 MeOP(EO36-co-fcGE4) 9.5 -59 14 40 

P5 MeOP(EO28-co-fcGE11) 28 -49 / / 
a glass transition temperature, b melting temperature Tm; c melting enthalpy determined by 

integration of the melting peak. 

 

Considering the melting behavior of the copolymers a clear trend is observed. PEG is a crystalline 

material with a melting temperature of ca. 65 °C.40 The degree of crystallizationof the copolymers is 

gradually lowered by the incorporation of the comonomer, which disturbs the crystallization of the 

PEG-domains. This can already be estimated from the physical appearance of the copolymers, as they 
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are either obtained as orange powder for low fc content or deep orange, sticky solids. In a previous 

work it was estimated that approximately 13 adjacent EO units are needed (i.e. PEG with a molecular 

weight of 600 g/mol)34, 41 to observe crystallization in random PEG copolymer structures, which is still 

the case for copolymer P4 (with an average of 10 adjacent EO units) but not observable for 

copolymer P5. As it was shown in previous works, DSC measurements can be used as an indicator for 

the random incorporation of glycidyl ether moieties. Incorporation of 28% of comonomer is required 

to suppress the crystallization of the PEG chains completely. From the thermal properties (Table 2), a 

first indication of a random comonomer distribution or only slightly tapered structure of the 

copolymers is given. 

 

Lower Critical Solution Temperature (LCST) Behavior. Very recently we showed that different 

copolymers based on EO and varied concentration of hydrophobic glycidyl ethers exhibit a tunable 

thermo-responsive behavior.30 It was demonstrated that the LCST can be varied by two different 

parameters, the first being the comonomer hydrophobicity and secondly the comonomer content. 

With increasing content of hydrophobic comonomer and with increasing hydrophobicity of the 

comonomer the LCST is lowered gradually, as it would be expected. All fc containing copolymers 

have been investigated with respect to their LCST behavior at a concentration of 5 mg/mL, and the 

results are summarized in Table 3.  

 

Table 3. LCST-values of different P(EO-co-fcGE)-copolymers. 

No. Formulaa fcGE/EO (%)a LCST (°C)b 

P1 MeOP(EO99-co-fcGE3) 2.8 82.2 

P2 MeOP(EO195-co-fcGE6) 2.9 69.1 

P3 MeOP(EO64-co-fcGE4) 6.3 61.8 

P4 MeOP(EO36-co-fcGE4) 9.5 50 

P5 MeOP(EO28-co-fcGE11) 28 - 
a obtained from 1H NMR, b 5 mg mL-1 solution of the copolymer in deionized water. 

 

The cloud points of the aqueous polymer solutions have been measured by monitoring the 

transmittance of a light beam (wavelength 632 nm) through a 1 cm quartz sample cell at a heating 

(cooling) rate of 1 °C .min-1. The cloud point temperatures of the very sharp transitions from 

translucent to opaque solutions were defined as the value measured at 50% transmittance. The 

respective graphs of the turbidimetry measurements can be found in the Supporting Information 

(Figure S4). 
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The LCST values of different copolymers with similar molecular weights were plotted against the 

comonomer content and a linear relationship between comonomer content and cloud point can be 

observed. Comparing the slope of the fitted line with the values from literature30 gives a clear hint 

with respect to the hydrophobicity of fcGE. It was found that the gradient of the line and therefore 

the hydrophobicity of ferrocenyl glycidyl ether is situated between ethoxy vinyl glycidyl ether34 and 

dibenzyl amino gycidol.30, 35 Furthermore, it was found that in the case of perfectly random 

copolymers, the interception with the y-axis is situated around 100 °C, as it is also present in PEG-

homopolymers. For the fcGE containing copolymers the interception was found to be at 94 +/- 6 °C, 

which gives another hint for the random distribution of the fc moieties. 

The fc groups at the polymer backbone can be further used to tune the LCST behavior of a given 

polymer sample by an external stimulus. First, β-cyclodextrin (β-CD) was added to the aqueous 

polymer solution since it is known from literature that inclusion complexes with fc are generated in 

this case. The addition of β-CD led to a shift of the respective LCST to slightly higher values. This 

unexpectedly small influence on the cloud point (increase by ca. 5 °C) can most probably be ascribed 

to the temperature-dependence of this host-guest complex42 as well as steric reasons. The respective 

experimental details can be found in the Supporting Information (Figure S6).43 

A strong influence on the LCST was observed by oxidation of fc using silver(I) triflate (AgCF3O3S). 

Upon addition of the oxidizing agent, the yellow color vanished and a greenish to blue solution 

resulted (compare Figure S7). The formation of silver(0) was observed, and after filtration from the 

precipitate the clear solutions were measured in turbidimetry experiments again. With increasing fc-

oxidation level, higher LCST values were detected, until finally a fully water-soluble polymer without 

LCST behavior was obtained (compare Figure S8). Further, this effect is reversible by the reduction of 

the iron center using sodium thiosulfate (Na2S2O3). The LCST values obtained after reduction reached 

similar values as for the pristine solutions, although it is important to mention that the salt 

concentration had an influence on the LCST (“salting out effect”).44 Intensive studies on the direct 

correlation of the oxidation state and the LCST behavior are currently under way.  

 

Cyclic Voltammetry Measurements. Fc can be oxidized reversibly by applying a cyclic potential and 

this redox-active behavior can be studied by cyclic voltammetry. To demonstrate that the fc-moieties 

attached to a polar polyether backbone can be addressed, we investigated two polymers with 

different fc content. The samples P1 and P5 with the lowest and the highest amount of fc 

incorporated have been dissolved in dichloromethane with 0.1 M conducting salt 

(tetrabutylammonium hexafluorophosphate) at a concentration of 5 mg/mL. Figure 3 shows the 

cyclic voltammogram of both polymers at a scan rate of 0.5 V/s . 
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Figure 3. Cyclic voltammogram of P1 and P5 at a scan rate of 0.5 V/s. 

 

It can be seen that at a similar weight fraction (targeted: 5 mg/mL) different maximum currents can 

be detected. For P1, 5 mg/mL correspond to 2.9 *10-6 mol of fc units/mL, while for P5 5 mg/mL 

correspond to 1.31*10-5 mol of fc units/mL, which is in accordance with the different maximum 

currents which can be observed. Another information which can be obtained from the cyclic 

voltammogram is that in this case oxidation is a homogeneous process and no stepwise oxidation is 

observed, as for example reported for poly(ferrocenylsilane)s.45 

 

C: Toxicity Studies.  

Toxicity studies of PEG-copolymers are a crucial part of the materials properties with respect to the 

potential applications. As it was shown recently, many P(EO-co-GE)s exhibit similar toxicity as PEG, 

we were interested on the effect of fc moieties at the PEG backbone. Ferrocenium salts are known to 

be cytostatic and have recently been investigated with respect to a potential use in anticancer 

therapy.46, 47 

The toxicity of the P(EO-co-fcGE)s was investigated against a human cervical cancer cell line (HeLa) 

from a concentration range of 1 µg·mL-1 to 1000 µg·mL-1 by measuring the ATP content of viable cells 

in relation to untreated cells. The results are displayed in Figure 4. While the two copolymers with 

less than 5 mol% fcGE units included show good biocompatibility  comparable to the PEG 

homopolymer, the two copolymers with higher fcGE incorporation (6.3 and 9.5%) are effective 

cytostatics with increasing concentration. These results are in good agreement with expectation, as 

an increasing weight fraction of copolymer translates to a higher molar amount of fc in the solution, 

which can be oxidized to ferrocenium ions that act as a cytostatic. 
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Figure 4. Cell viability of HeLa cells treated with fc-containing PEG-copolymers after 24 h of 

incubation. Untreated cells were set to 100%. The experiment was done in duplicate with n = 4. 

 

With respect to biomedical applications these novel water-soluble polymers might be interesting for 

PEGylation48-like applications, however enabling tracking of the polymer molecules due to the fc-

moieties, provided polymers with low iron content are used. Copolyethers with high iron content 

might be interesting in application like polymeric cytostatics and are currently under investigation for 

this purpose. 

 

Conclusion  

In summary, the first synthesis of water-soluble poly(ether)-based ferrocene containing polyethers 

with PEG like structure has been presented. The polymers were synthesized via anionic co-ROP of EO 

and fcGE to yield narrowly distributed random copolymers. The copolymers were investigated in 

detail via NMR spectroscopy and DSC suggesting a random incorporation of fcGE into the poly(ether)-

backbone. The copolymers exhibit thermo-responsive behavior, which can be further tailored either 

by the addition of β-cyclodextrin or by oxidation of the fc moieties. The toxicity of these materials 

was investigated against HeLa cells, and it was found that for a very low incorporation of fc-moieties 

the polymers are comparable to PEG, while higher fc concentrations lead to efficient cytostatics. We 

believe that these PEG-derived copolymers with pending ferrocene units possess intriguing potential 

due to their possible application in the biomedical field, e.g., for sensing, detection, and as potential 

polymer therapeutics. 
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Supporting Information 

 
Figure S1. COSY of fcGE revealing the correlation of different protons.  

 
Figure S2. 13C NMR of fcGE with peak assignement. 
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Figure S3. Peak assigment of P(EO-co-fcGE)/sample P3 in 1H NMR. 

 

 

 

 
Figure S4. Cloud point measurements exhibit reversible LCST behavior. 
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Figure S5. LCST temperature versus comonomer content of P(EO-co-fcGE) copolymer and other 

previously described copolyethers.30 

 

 
Figure S6. Cloud point measurements before and after treatment with β-cyclodextrin. 
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Figure S7. A colour change is observed after addition of oxidative reagents. 

 

 
Figure S8. By the addition of oxidizing agents the LCST can be altered until finally the thermo-

responsive behavior disappears. 
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Abstract 

Anionic ring-opening polymerization was applied for the synthesis of several di- and triblock 

copolymers bearing a variable amount of vinyl-ether moieties. These vinyl ethers were reacted with 

Grubbs’ catalyst to generate an organometallic copolymer via a stable Fischer carbene. The block 

copolymers were investigated via TEM for their aggregation behavior. 

 

Introduction 

The synthesis of block copolymers can be regarded as one of the key-features of macromolecular 

science. Block copolymers offer a tremendous field for applications mostly due to the possibility of 

combining different characteristics of the respective homopolymers, but also due to incompatibility 

of both segments resulting in a great variety of supramnolecular aggregates.1 Within the field of 

block copolymers, linear diblock copolymers are the most investigated class and their supramolecular 

structures in solution and in bulk have been studied in detail and are well-understood. Research in 

this field covers not only coiled block copolymers, but also other types of block copolymers like rod-

coil block copolymers2-4 or nonlinear block copolymers, i.e. stars5 or highly branched segments.6 

Introducing a third block results in terpolymers and the variety of possible superstructures increases 

even further.7 Until now there are only few literature examples focussing on the aggregation 

behaviour of block terpolymers in comparison to the abundance of reports investigating diblock 

copolymers. 
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In the last decades the synthesis of asymmetric nanoparticles, which are often called “Janus-

particles”, have gathered increased attention. Since de Gennes’ Nobel lecture in 1991, in which he 

presented the term “Janus grains”,8 different areas of researchers have focussed on the synthesis of 

asymmetric particles. Macroscopic, microscopic and nanoscopic particles have been prepared in 

which certain parts of their surface differ in chemical composition, polarity, color, or any other 

property. Spherical, cylindrical, disc-like, snowman-, hamburger-, and raspberry-like structures have 

been synthesized from organic as well as inorganic materials, or even as hybrids of both. The term 

“Janus” originates from the two-faced Roman god Janus, the god of the doors. Even in modern 

culture, the month of January, the first month of the New Year, and the janitor, who is a caretaker of 

doors and halls, remind us of this ancient Roman god. Janus is depicted as a double-headed god who 

represents dichotomy. Some recent reviews give an overview on different Janus particles in detail.9-11 

Within this field of research, linear and miktoarm ABC-block terpolymers have been used for the 

construction of multicompartment micelles, which are also referred to as janus micelles. Linear ABC-

block terpolymers have been ordered in the bulk or on solid surfaces to prepare janus micelles, 

which are asymmetric star copolymers, after physical cross-linking. Since the first mention of janus 

micelles, janus discs and janus cylinders have also been reported and generated increased academic 

as well as technological interest.9, 12 

We recently presented the first Janus particles which are based on an amphipjilic polyether diblock 

copolymer undergoing a cross metathesis reaction with Grubbs’ first generation catalyst.13 In 

addition to the unexpected formation of asymmetric aggregates this technique allows TEM staining 

of polymers by the attachment of the electron rich ruthenium to the “invisible” polyether chain. A 

principal problem in analyzing supramolecular polymeric or compartmented structures is their 

visualization. Typically, scanning force microscopy (SFM) or transmission electron microscopy (TEM) 

can be employed. The differentiation between individual compartments or constituents of the 

supramolecular assembly can be particularly difficult or impossible. In many cases where 

transmission electron microscopy is used for visualization of polymeric structures, heavy metal 

staining agents are employed to increase the image contrast between areas of different chemical 

composition.14 The most common examples are osmium tetroxide which has been widely employed 

as a stain for unsaturated polymers, ruthenium tetroxide for saturated and unsaturated polymers or 

phosphotungstic acid which is especially useful for polyamide staining.14 

To our surprise, the commercially available ruthenium carbene catalysts reported by Grubbs et al.15-17 

have to date not been employed in TEM staining of polymers. Compared to the highly toxic and 

volatile osmium tetroxide they offer lower toxicity and easier handling at lower cost.  

This chapter will summarize the results for the previously mentioned diblock copolymers based on 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO)13 and will introduce a novel block 
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copolymer with a highly hydrophobic block based on glycidyl-(1,1,2,2-tetrafluoro-ethyl)-ether. In 

addition we will present some first results on ABC-block terpolymer systems with a variable number 

of organometallic moieties attached to a polyether backbone via cross metathesis.18  

 

Results and discussion 

Diblock copolymers. All polymers presented herein rely on classical anionic ring-opening 

polymerization (ROP) of epoxides initiated by cesium alkoxides. 

We used the cesium salt of 2-(vinyloxy)ethanol (2) for the synthesis of diblock copolymers based on 

PEO and PPO via anionic polymerization bearing a single vinylether at the polyether chain end, either 

at the hydrophobic (PPO) (5) or hydrophilic (PEO) (3) end by variation of the monomer addition 

sequence. These narrowly distributed block copolymers were subsequently modified with a 

ruthenium carbene comlex, namely the first generation Grubbs catalyst (1) to introduce an 

organometallic moiety at the chain end via a stable Fischer carbene linkage. It has been well 

established that vinyl ethers react with ruthenium carbene catalysts to form Fischer carbene-type 

complexes that are effectively inactive for further olefin metathesis reactions.19 Reactions of this 

type are therefore often used for the non-functional chain termination of ring opening metathesis 

polymerizations (ROMP). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Top: Synthesis of diblock copolymers. Bottom: General procedure for cross metathesis of 

vinyl ether group(s) with Grubbs catalyst. 

 

We also synthesized a hitherto unknown block copolymer, poly(ethylene oxide)-block-poly(glycidyl 

1,1,2,2-tetrafluoro-ethyl ether) (4), again carrying a vinyl ether moiety at the hydrophilic chain end. 

The molecular weights of the narrow polydispersity block copolymers ranged from ca. 4 200-6 000 

g mol-1 (Table 1).  
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The synthesis of the diblock copolymers and their modification are shown in Scheme 1. Their 

supramolecular aggregation in water was monitored via transmission electron microscopy. A high 

contrast of the micelles was expected due to the presence of the electron-rich ruthenium in the 

micelle.  

Solutions of unmodified polymers 3, 4 and 5 were prepared in THF (1 mg mL-1), which is a good 

solvent for all segements. They were then further diluted with water to induce micellation. Due to 

lack of contrast the micelles could be observed using TEM. 

 

Addition of an excess of 1 to the THF solutions of 3, 4 and 5 resulted in an olefin metathesis reaction 

at the chain end of the block copolymers. This leads to the formation of a Fischer-type carbene, 

which is indicated by the color change from purple to light brown. This reaction sequence allows the 

covalent attachment of the Grubbs catalyst to the block copolymer chain end (Scheme 1). After 

dilution with water and removal of the insoluble excess of 1, TEM images were recorded of all three 

solutions, which revealed dark spherical objects with enhanced contrast compared to the TEM grid 

(not shown). We believe that parts of the ruthenium catalyst 1 were dissolved in the hydrophobic 

core of the formed micelles, leading to non-specific staining. 

To remove virtually all excess of catalyst 1, we prepared a scavenger resin which was functionalized 

with vinyl ether groups.13 In a subsequent experiment we added an excess of 1 to THF solutions of 3, 

4 and 5, followed by the  removal of the excess by the addition of the scavenger resin. For polymer 5 

dark spherical micelles were observed, as the organometallic group and the PPO-block form the the 

micellar core, while PEO solubilizes the aggregate in the corona (Figure 2, A). For polymers 3 and 4 

interestingly non-symmetrical aggregates (Figure 2, B, C) were observed which coexisted with 

supermicelles (Figure 2, D,E,F) as reported for other Janus micelles (for detailed information on 

aggregation model see reference13). 

To further investigate the micellization and staining process, we modified the terminal vinyl-bond by 

the addition of bromine and visualized the micelles from the aqueous solution via TEM. As expected, 

all diblock copolymers, regardless if modified on the hydrophilic or hydrophobic chain end, aggregate 

to conventional spherical micelles with a slightly increased TEM-contrast, which is due to the 

presence of the bromides at the chain end (Figure 2). 
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Figure 1. TEM images of block copolymers 3,4,5 reacted with Grubbs catalyst 1st generation dropcast 

from an aqueous solution. A:5-Ru. B:3-Ru. C:4-Ru. D: supermicelles of 3-Ru E: zoom into 

supermicelles of 3-Ru F: supermicelles 4-Ru. 

 

 
Figure 2. TEM pictures of brominated diblock copolymers left: Br-3, middle: Br-5, right: Br-4. 

 

This led us to the conclusion that cross metathesis between the terminal vinyl group and the carbene 

catalyst, does not only enhance the TEM contrast but in addition has a strong influence on the 
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aggregation behavior of the materials. It has to be pointed out that the strongly hydrophobic 

character and the quite high molecular weight of the Grubbs catalyst (ca. 800 g/mol) generate an 

ABC-system similar to an ABC-terpolymer with the organometallic unit representing a segment of 

similar molecular weight as the hydrophobic PPO-block. By decreasing the molecular weight of the 

“covalent stain” to bromine, conventional micellization was observed with a slight staining effect.  

 

Table 1: Molecular weight data for diblock copolymers. 

# Mn
 
(SEC)1 PDI1  

3 Vinyl-PEO102-PPO15  5 300 1.06 

4 Vinyl-PEO96- PTFGE10  6 000 1.07 

5   Vinyl-PPO13-PEO74  4 200 1.05 

1: determined via SEC in DMF vs PEO Standards. 

 

Terblock copolymers. In a following step the findings from the abovementioned diblock copolymer 

systems bearing only one organometallic side chain were extended to a block terpolymer system 

with a variable number of vinyl groups for attachment of the Fischer carbene. For this purpose we 

designed a novel monomer for anionic ROP, i.e. ethoxy vinyl glycidyl ether (EVGE). The monomer can 

be conveniently synthesized from epichlorohydrin and 2-(vinyloxy)ethanol under phase-transfer 

conditions as reported for other glycidyl ethers before20, 21 (Scheme 2) and was isolated by 

fractionated distillation.  

 
Scheme 2. Synthesis of ethoxy vinyl glycidyl ether under phase transfer conditions (TBAB= 

tetrabutylammonium bromide). 

 

ABC-terpolymers were then synthesized with propylene oxide as the first, ethylene oxide as the 

second, and EVGE as the last block by sequential anionic ROP. By the degree of polymerization of 

EVGE the number of possible metathesis sites can be adjusted. Scheme 3 shows the synthetic 

strategy and Figure 4 shows the SEC elugrams of the block copolymer after each block.  
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Scheme 3: Synthesis of ABC-triblock terpolymers bearing several vinyl ether groups along the 

backbone. 

 

As it can be clearly seen narrow molecular weight distributions are obtained for all blocks. Table 2 

summarizes the molecular weight data. Figure 5 shows the 1H NMR spectra for all stages of the 

polymerization from which the degree of polymerization of the terpolymer can be calculated 

accurately by comparison to the methyl group of the initiator (in this case methoxy ethanol). 

Furthermore the 1H NMR spectra prove the successful incorporation of EVGE with retention of its 

vinyl-functionality. The respective resonances for the vinyl protons appear at ca. 6.5 ppm and 

between 4.1 and 4.0 ppm. In addition to the non-functional methoxyethanol which was applied as 

the initiator, we also applied N,N-dibenzylaminoethanol as an initiator22 to introduce an additional 

aminofunctionality allowing orthogonal reactivity (not presented in this manuscript).  

 
Figure 3. Molecular weight distribution of samples 6-8 in THF. Additional data is given in Table 2. 
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Figure 4. 1H NMR spectra (CDCl3, 300 MHz) of samples taken after polymerization of each block; 

lower spectrum: PPO-OH, middle: PPO-b-PEO-OH, top: PPO-b-PEO-b-PEVGE-OH. 

 

MALDI-ToF MS further confirmed the successful incorporation of all monomers into the polymer as 

the distances for all monomer repeat units can be found in the spectrum. Figure 6 shows a zoomed-

in section of a typical mass spectrum of an ABC-terpolymer, highlighting its complex features due to 

the presence of three distinct distributions.  

 
Figure 5. Zoom into a MALDI-ToF spectrum of the terpolymer PPO-b-PEO-b-PEVGE (measured with 

CHCA as matrix and KTFA as a cationizing agent; triangles represent the monomer distance for PO (58 

g/mol), stars the distance for EVGE (144 g/mol) and the crosses represent the EO distance of 44 

g/mol). 
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Figure 6. TEM images of block copolymer 6 reacted with Grubbs' 1st generation catalyst dropcast 

from an aqueous solution. Left: unimers which coexist with supermicelles (right). 

 

In contrast to the AB-linear block copolymers, with only one Grubbs catalyst attached at the chain-

end, the aggregation behavior of the triblock terpolymers as investigated by TEM was found to be 

more complex. A similiar staining procedure was applied as reported above, i.e. addition of an excess 

of 1 and subsequent treatment with the vinylether-modified scavenger resin. In contrast to the 

abovementioned process for the diblock copolymers, the formation of the Fischer carbene, showed 

slow kinectics, which were investigated in detail by time-resolved  1H NMR experiments (data not 

shown here); thus, the reaction time was extended to several hours to guarantee a nearly 

quantitative (up to 90%) conversion of all vinyl-ether moieties.  

 

Table 2: Molecular weight data of ABC-terpolymers 

# Mn (NMR)1 PDI2  

6 PPO15-b-PEO156-b-PEVGE1.5 7 800 1.11 

7 PPO15-b-PEO156-b-PEVGE6 8 500 1.09 

8   PPO15-b-PEO156-b-PEVGE16 11 800 1.093 

 

1: determined from 1H NMR by comparison to the initiator protons. 2: Determined via SEC in THF vs. 

PEO-standards. 3: Showed a slightly bimodal distribution. 

 

Copolymer 6, whose microstructure is close to copolymer 3, forms similar aggregates, as can be seen 

in Figure 7. This finding is consistent with theoretical expectations. The vinyl-units of the terpolymers 

7 and 8 were also reacted to the corresponding organometallic polymers, but did not exhibit 

reproducible structures in TEM. This might be ascribed to the very high molecular weight of the 

organometallic block, which seems to suppress the influence of the two other blocks. We found that 
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our previous procedure used to visualize such structures in TEM is not suitable for these terpolymers 

as the water-solublity after modification is low. Ongoing studies investigate the variation of block 

ratios to obtain reliable results. Nevertheless, this first example proves the versatility of this 

approach to generate novel organometallic polymers with a nonconventional aggregation into 

asymmetric micelles, induced by olefin metathesis. In addition, by using EVGE as comonomer, one is 

still able to introduce an orthogonal by the  initiator, e.g. amines or orther chelating groups could be 

possible. 

 

Conclusions 

In summary, we have developed a versatile method for polymer staining using a ruthenium based 

irreversible olefin metathesis reaction which can be triggered along the polymer backbone by either 

initiating with a vinyl ether-based alcohol or by incorporation of a vinylether containing monomer 

into the polymer structure. Efficient removal of any excess of the Grubbs catalyst was performed by a 

specially designed scavenger resin, making specific staining visible. This scavenger resin could be also 

applied as a convenient protocol for removing the carbene catalyst from conventional metathesis 

reactions to prevent other purification steps such as chromatography.  

The organometallic polyether block copolymers exhibit interesting supramolecular structures which 

are strongly influenced by the attached ruthenium moieties. In addition, first results of novel triblock 

terpolymers with variable amount of vinyl were presented. 

While further and more detailed studies are currently undertaken, we assume that for larger 

polymers the effect on new architectures is negligible and pure staining can be observed due to the 

high contrast of ruthenium in TEM. This observation renders the described method highly versatile 

and applicable to many other materials, avoiding very toxic or radioactive reagents relying on well-

established olefin metathesis. 

 

Experimental 

Instrumentation. 1H NMR spectra (300 MHz) were recorded using a Bruker AC300. All spectra were 

referenced internally to residual proton signals of the deuterated solvent. Size exclusion 

chromatography (SEC) measurements were carried out in THF on an instrument consisting of a 

Waters 717 plus autosampler, a TSP Spectra Series P 100 pump, a set of three PSS SDV columns 

(104/500/50Å), and RI and UV detectors. All SEC diagrams rely on the RI detector signal, and the 

molecular weights refer to linear poly ethylene oxide (PEO) standards provided by Polymer  

Standards Service. Matrix-assisted laser desorption and ionization time-of-flight (MALDI-ToF) 

measurements were performed on a Shimadzu Axima CFR MALDI-TOF mass spectrometer equipped 

with a nitrogen laser delivering 3ns laser pulses at 337nm. α-cyano-4-hydroxy cinnamic acid (CHCA) 
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was used as matrix. Samples were prepared by dissolving the polymer in acetonitrile at a 

concentration of 1g/L. A 10μL aliquot of this solution was added to 10μL of a 10g/L solution of the 

matrix and 1μL of a solution of KTFA (0.1M in water as cationization agent). A 1μL aliquot of the 

mixture was applied to a multistage target and allowed to dry to create a thin matrix/analyte film. 

The samples were measured in positive ion and in linear or reflection mode of the spectrometer. A 

Philips EM 420 transmission electron microscope using a LaB6 cathode at an acceleration voltage of 

120 kV was used to obtain TEM-images. TEM grids (carbon film on copper, 300 mesh) were obtained 

from Electron Microscopy Sciences, Hatfield, PA, USA. 

Reagents. All solvents and reagents were purchased from Acros Organics and used as received, 

unless otherwise stated. Chloroform-d1 was purchased from Deutero GmbH. Polymerization 

procedure for the diblock copolymers based on PEO and PPO and scavenger resin can be found 

elsewhere.13 

Ethoxy vinyl glycidyl ether (EVGE). 2-(vinyloxy)ethanol (10 g, 113.5 mmol) was placed in a 500 mL 

round bottom flask and dissolved in a mixture of 50% aqueous NaOH (150 mL) and benzene (150 

mL). To this mixture tetrabutylammonium bromide (3.5 g, 11 mmol) was added and the mixture was 

stirred quickly with a mechanical stirrer. Then the reaction mixture was cooled with an ice bath and 

epichlorohydrin (31.5 g, 340.5 mmol) was slowly added via a dropping funnel. After 24h reaction 

time at room temperature, the organic phase was separated from the aqueous phase, washed 

several times with brine, dried and concentrated in vacuo to remove benzene and the excess 

epichlorohydrin. The resulting slightly yellow residue was distilled under reduced pressure to yield 

the desired product as a colorless liquid in typically in 70-80% yield (11-13 g). H NMR (CDCl3, 300 

MHz): δ= 6.44 (dd, CH2=CH, J1=14.3, J2=7), 4.13 (dd, CH2=CH, J1=14.3, J2=2.2), 3.96 (dd, CH2=CH, J1=7, 

J2=2.2), 3.8-3.65 (m, -O-CH2-CH2-O- 4H & CH2 (glycidyl ether) 1H), 3.38 (dd, CH2 (glycidyl ether), 1 H, 

J1=11.8, J2=5.9), 3.1 (m, CH-epoxide, 1H), 2.74 (dd, CH2-epoxide, 1H, J1=5, J2=4.2), 2.56 (dd, CH2-

epoxide, 1H, J1=5.2, J2=2.6). 

General procedure for the synthesis of the terpolymers P(PO-block-EO-block-EVGE). The 

corresponding initiator was dissolved in benzene in a 250 mL-Schlenk flask and 0.9 equivalents of 

cesium hydroxide were added. The mixture was stirred at 60 °C under argon for 1 h and evacuated at 

(10-2 mbar) for 6 h to remove benzene and water, forming the corresponding cesium alkoxide. 

Propylene oxide was first cryo transferred into a graduated ampoule and then into the Schlenck flask. 

The polymerization was carried out at 60°C.  After 24h approximately 15 mL dry THF was cryo-

transferred into the Schlenk flask. Ethylene oxide was first cryo-transferred to a graduated ampoule, 

and then cryo-transferred into the flask containing PO-Oligomers. The mixture was again heated to 

60 °C and stirred for 12h. Before the addition of  EVGE, it was dried with CaH2 and distilled freshly. 

The third monomer was added using a syringe and the solution was heated to 90°C for additional 
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12h. Precipitation in cold diethyl ether resulted in the pure copolymers. Yields: 95% to quantitative. 
1H NMR (300 MHz, CDCl3): δ = 6.46 (dd, H2C=CH), 4.15 (dd, HHC=CH), 3.97 (dd, HHC=CH), 3.68-3.34 

(polyether backbone) 1.15 (m, CH3). Additional signals occur in dependence of initiator: 

(MeOBn)2NC2H4OH: 7.21 (d, 2H, arom.) 6.81 (d, 2H, arom.),  3.76 (s, 6H, OCH3), 3.60 (s, 4H, NCH2Ph), 

3.57 (t, 2H,CH2OH) 2.60 (t, 2H, NCH2CH2O-). 

Staining and Micellization via Grubbs’ Catalyst: For staining with the 1st generation Grubbs’ catalyst, 

the calculated amount of polymer (ca. 5 mg) was dissolved in degassed THF (concentration ca. 50 mg 

mL-1) and 1.1 eq. Grubbs’ catalyst was added. The mixture was placed on an orbital shaker for 2 to 4 

hours. 

Without a scavenger resin: After the desired reaction time, degassed water (5 mL) was added to the 

polymer solution it was allowed to equilibrate at room temperature for 1 h and then ca. 2 μL were 

transferred on a TEM-copper grid and dried over night in vacuo. 

With scavenger resin: The mixture was diluted with THF to approx. 10 mg mL-1, the calculated 

amount of scavenger resin (2 eq excess, at theor. 100% degree of functionalization) was added and 

the mixture was placed on an orbital shaker for an additional 2-4 hours. Finally, the resin was 

removed by filtration and the solution was concentrated again to approx. 50 mg mL-1, diluted with 

water ( 100-200 μL of THF solution was diluted with 5 mL of water), equilibrated for 0.5 - 3h at room 

temperature and then drop cast onto a TEM grid and dried overnight in vacuo. 
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Abstract 

The introduction of acid-degradable acetal moieties into a hyperbranched polyether backbone has 

been realized by the design of a novel epoxide-based degradable inimer. This new monomer, viz. 

glycoloxy ethyl glycidyl ether (GEGE) has been copolymerized in the anionic ring opening 

polymerization (AROP) with either ethylene oxide (EO) or glycidol, yielding branched polyethers, i.e. 

(P(EO-co-GEGE) and P(G-co-GEGE)) with varying structure and an adjustable amount of acid-

cleavable acetal units incorporated. In addition, a novel class of multi-arm star polymers P(G-co-

GEGE-g-EO) with acid-labile polyether core and PEG side chains was synthesized by using the P(G-co-

GEGE) copolymers as multifunctional macroinitiators for AROP of EO. The new materials were 

characterized in detail, revealing relatively narrow molecular weight distributions. The degradation of 

these polymers was analysed via SEC and 1H NMR spectroscopy.  
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Introduction 

The use of biocompatible, non-degradable polymers in biomedical stealth applications, such as 

PEGylation1 is a well-established concept, which is widely used in academia, but also finds increasing 

application in the pharmaceutical industry. A well-known example is PegasysTM, which is PEGylated 

interferon used for the treatment of hepatitis C.2 Although PEGylation and similar concepts based on 

linking polymers with protein or drugs are of increasing importance in future biomedical applications, 

the use of polymer-drug (or polymer-protein conjugates) is currently limited to a maximum 

molecular weight of the conjugated chain, which is given by the eventuality of renal clearance. In the 

case of the widely used poly(ethylene glycol) (PEG), often referred to as “gold-standard” of all 

biocompatible polymers, the molecular weight (for biomedical uses) will be limited to a maximum of 

40 000 g/mol.3 This value translates to a hydrodynamic radius of 3.5 nm and varies in dependence of 

the class of polymers. Therefore, it is an important challenge to develop biocompatible polymers that 

degrade under physiological conditions. An acidic degradation mechanism of the respective polymer 

is often favored,4 due to the low pH-values present in lysosomes or cancer cells.5 

Synthetic routes for acid-degradable PEG have been described in a few works to date, employing 

varying synthetic strategies. All of the different routes applied rely on post-polymerization reactions,6 

and commonly an acetal moiety is used to guarantee the acid labile character. The most prominent 

example of an acid-labile PEG is “APEG”, developed by Brocchini and Duncan, which is obtained by 

the acid-catalyzed reaction of diols with vinyl-ether moieties, forming an acetal moiety.7 It has to be 

mentioned that this poly-addition of small oligo(ethylene glycol)-units yields degradable PEG-based 

polymers, but an unavoidable drawback is the broad molecular weight distributions of the polymers 

obtained due to the polycondensation kinetics employed.8, 9 This might be undesired for application 

in biomedicine. Another approach was developed by Taton and coworkers,10 who designed acid 

degradable PEG-based arborescent polymers, using an acid cleavable branching unit and repetitive 

ethylene oxide (EO) polymerization. This elegant method yields high molecular weight polymers with 

narrow molecular weight distributions, but a demanding reaction sequence is required, comparable 

to a dendrimer synthesis. A similar concept was introduced by Hawker and coworkers in recent work, 

who designed a novel initiator that is suitable for anionic ring opening polymerization of ethylene 

oxide bearing an acetal moiety, which could be transformed into a nitroxide mediated 

polymerization (NMP)-initiator. This initiator was then utilized to synthesize a block copolymer with 

one central cleavable moiety. The report did not focus on biocompatible materials, and to date only 

poly(styrene) has been introduced as a second block.11  

In this work, a novel acetal-containing inimer for anionic ring-opening polymerization (AROP) and its 

use for the preparation of different polyether structures is described. To the best of our knowledge, 
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there has been no effort to design an epoxide based monomer that is suitable for anionic ring 

opening (multibranching) polymerization and enables the introduction of acid-labile groups into a 

PEG-backbone in a direct manner. The novel acetal-containing epoxide monomer with an initiator 

moiety, glycoloxy ethyl glycidyl ether (GEGE, 3) can be synthesized in three reaction steps (compare 

Scheme 1). Besides, it possesses all characteristics of a degradable inimer,6 a concept first mentioned 

by Matyjaszewski et al. in an ATRP work.12, 13 

 
Scheme 1. Synthetic strategy for the novel inimer glycoloxy ethyl glycidyl ether (GEGE). 

 

In this report the synthesis and characterization of degradable polyether architectures, obtained by 

facile copolymerization of the novel compound glycoloxy ethyl glycidyl ether (GEGE) with ethylene 

oxide (EO) and glycidol (G) is described. GEGE has been used for copolymerization i) with ethylene 

oxide and ii) glycidol to obtain either degradable poly(ethylene oxide -co- glycoloxy ethyl glycidyl 

ether) (P(EO-co-GEGE)) or poly(glycerol-co-glycoloxy ethyl glycidyl ether) (P(G-co-GEGE)). The 

obtained highly branched polyether polyol architectures were characterized in detail using SEC and 

NMR spectroscopy. In addition, these PEG/PG-based polymers were probed with respect to their 

degradability, revealing a strong pH-dependency on the degradation kinetics. These materials, which 

are highly interesting for biomedical applications are currently tested with respect to their 

biocompatibility and future applications in the field of biomedicine. 

 

Experimental Section 

Instrumentation 
1H NMR spectra (300 MHz and 400 MHz) and 13C NMR spectra (75.5 MHz) were recorded using a 

Bruker AC300 or a Bruker AMX400. All spectra were referenced internally to residual proton signals 

of the deuterated solvent. For SEC measurements in DMF (containing 0.25 g/L of lithium bromide as 

an additive) an Agilent 1100 Series was used as an integrated instrument, including a PSS HEMA 
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column (106/105/104 g/mol), a UV- (275 nm) and RI-detector. Calibration was carried out using 

poly(ethylene oxide) standards provided by Polymer Standards Service (PSS Mainz). 

Reagents 

Solvents and reagents were purchased from Acros Organics, Sigma Aldrich or Fluka and used as 

received, unless otherwise stated. Chloroform-d1, methanol-d4 and DMSO-d6 were purchased from 

Deutero GmbH. 

Synthesis of N,N-Di(p-methoxy)-benzyl tris(hydroxymethyl) aminomethane (MeOBn2TRIS). 20 g of 

freshly distilled p-methoxy benzyl bromide (0.1 mol) 5.5 g (0.045 mol) tris(hydroxymethyl)-

aminomethane (TRIS), and K2CO3 (100 mmol) in DMF were refluxed for 24 h. After cooling to RT, the 

solution was filtrated and DMF was removed in vacuo. 300 mL of CHCl3 were added and the organic 

phase was washed with water, a saturated NaHCO3-solution and dried with MgSO4. The solvent was 

then removed in vacuo and a highly viscous, slightly yellow liquid was obtained. The crude product 

mixture was purified by recrystallization from petroleum ether and ethyl acetate. Yield: 60%.  
1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.12 (d, 4H, aromatic), 6.72 (d, 4H, aromatic) 4.24 (t, 3H, 

OH), 3.85 (s, 4H, PhCH2N), 3.65 (s, 6H, OMe) 3.46 (d, 6H, CCH2OH).  

Synthesis of N,N-Dibenzyl tris(hydroxymethyl) aminomethane (Bn2TRIS).14 17 g benzyl bromide 

(0.1 mol), 5.5 g (0.045 mol) tris(hydroxymethyl) aminomethane, 13.8 K2CO3 (100 mmol) and 150 mL 

DMF were refluxed for 24 h. After cooling the reaction mixture to room temperature, the solution 

was filtrated and DMF was removed in vacuo. 300 mL of CHCl3 were added and the organic phase 

was washed with water (3x 200 mL), saturated NaHCO3-solution and dried with MgSO4. The solvent 

was removed in vacuo and a highly viscous, slightly yellow liquid was obtained. The crude product 

mixture was purified by recrystallization from ethyl acetate, giving a white solid of the desired 

product which was dried under vacuum. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 7.28-7.02 (m, 10H, 

aromatic), 4.34-4.26 (br, 3H, OH), 3.99-3.91 (4H, PhCH2N), 3.55-3.45 (d, 6H, CCH2OH). 13C NMR 

(75 MHz, DMSO-d6): δ (ppm) = 142.6, 128.1, 127.7, 126.0 (Carom.), 65.4 (Bn2NC), 60.8 (CH2OH), 53.7 

(PhCH2). 

Synthesis of glycoloxy ethyl glycidyl ether (GEGE). 15 g of ethylene glycol mono vinyl ether 

(0.17 mol) was placed in a two neck round bottom flask in 100 mL THF. 8 g NaH (60% in paraffin oil, 

approx. 1.2 eq.), was washed with petroleum ether to obtain the pure hydride and added to the 

solution. The reaction mixture was allowed to stir for 1 h at 60 °C and 34 g of benzyl bromide 

(0.20 mol) was added subsequently. After refluxing for 24 h the emerging NaBr was removed by 

filtration and THF as well as the excess of benzyl bromide were removed in vacuo. 1 was obtained as 

a yellow oil; yield: quantitative. 
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The crude product was then reacted with glycidol in analogy to the established synthesis of ethoxy 

ethyl glycidyl ether (EEGE).15 In a typical procedure 5 g of 1, and 2.1 g of glycidol in dry THF (40 mL) as 

well as 0.5 g of freshly dried p-toluene sulfonic acid were placed in a round bottom flask and stirred 

for 5-10 h. Formation of the product (2) was monitored by thin layer chromatography (TLC). The 

crude product mixture was purified by column chromatography using a mixture of ethyl acetate and 

petroleum ether as eluent. Yield: 60-80%. 

1 g of 2 in 60 mL ethyl acetate/methanol (5:1) and 100 mg of Pd(OH)2/C were placed in a round 

bottom flask under argon atmosphere. H2 was bubbled through the solution and the reaction 

mixture was stirred for 6-10 h under an H2 atmosphere (1 bar). Product formation was monitored by 

TLC. The crude product mixture was purified by column chromatography (ethyl acetate/petroleum 

ether) and GEGE (3) was obtained as colourless liquid. Yield: 50-67%. 1H NMR (300 MHz, CDCl3): 

δ (ppm) = 4.78 (m, 1H, acetalic), 3.89-3.37 (m, 6H, CH2O), 3.13 (m, 1H, methine/epoxide), 2.80 (m, 

1H, methylene/epoxide-1), 2.62 (m, 1H, methylene/epoxide-2), 1.33 (m, 3H, CH3-acetal).  

Synthesis of poly(ethylene oxide -co- glycoloxy ethyl glycidyl ether) (P(EO-co-GEGE)). General 

procedure for the copolymerization: N,N-Di(p-methoxy)-benzyl tris(hydroxymethyl) aminomethane 

and 1.5 equivalents of cesium hydroxide monohydrate (50% of hydroxyl groups) were placed in a 250 

mL-Schlenk flask and benzene was added. The mixture was stirred at 60 °C under argon atmosphere 

for 1 h and evacuated at 60 °C (10-2 mbar) for 12 h to remove benzene and water, forming the 

corresponding cesium alkoxide. Then approximately 20 mL dry THF were cryo-transferred into the 

Schlenk flask. EO was cryo-transferred to a graduated ampoule, and then cryo-transferred into the 

reaction flask containing the initiator in THF. Subsequently, the second comonomer, GEGE, was 

added via syringe in a 50 wt% solution in anhydrous DMSO. The mixture was heated to 60 °C and 

stirred for 12 h. The polymer solution was dried in vacuo, and repeatedly precipitated into cold 

diethyl ether. Yields: 30-60% (after 2-3 precipitation steps). 1H NMR (300 MHz, DMSO-d6): 

δ (ppm) = 7.12 (d, 4H, aromatic), 6.72 (d, 4H, aromatic) 4.66 (m, 1H, acetalic and 1OH), 3.82 (s, 4H, 

PhCH2N), 3.71-3.16 (br, polyether backbone), 1.18 (m, 3H, CH3-acetal). 

Synthesis of poly(glycerol-co-glycoloxy ethyl glycidyl ether) (P(G-co-GEGE). General procedure for 

the copolymerization: N,N-dibenzyl tris(hydroxymethyl) aminomethane and 0.3 equivalents of 

cesium hydroxide monohydrate (25% of OH groups) and 2 mL of benzene were placed in a Schlenk 

flask and stirred for 30 min at room temperature. All solvents were removed under reduced pressure 

and the initiator salt was dried at 90 °C for 4 h under high vacuum. The initiator salt was dissolved in 

diglyme and a mixture of glycidol and GEGE in diglyme was slowly added under argon atmosphere 

using a syringe pump. The reaction was terminated by adding methanol. The mixture was 

concentrated and precipitated into and excess of cold diethyl ether. Yields: 70-80%. 1H NMR 
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(300 MHz, MeOH-d4): δ (ppm) = 7.35-7.05 (10H, aromatic), 4.79 (m, 1H, acetal), 4.02 (s, 4H, PhCH2N), 

3.95-3.45 (br, polyether backbone), 1.32 (m, 3H, CH3-acetal). 

Synthesis of poly(glycerol-co-glycoloxy ethyl glycidyl ether –graft-ethylene oxide) (P(G-co-GEGE-g-

EO). General procedure for the polymerization: 100 mg P(G-co-GEGE) copolymer and 0.1 equivalents 

of cesium hydroxide monohydrate (referenced to the total amount of OH groups) were placed a 250 

mL-Schlenk flask and benzene was added. After stirring for1 h at 60 °C, the residual water and 

benzene were removed by evaporation. The macroinitiator was dried overnight and then 

approximately 20 mL dry THF were cryo-transferred into the Schlenk flask. The respective amount of 

EO was cryo-transferred to a graduated ampoule, and then cryo-transferred into the reaction flask 

containing the initiator in THF. The polymerization was carried out at 60 °C for 12 h and the multi-

arm star copolymers were obtained by precipitation into cold diethyl ether. 1H NMR (300 MHz, 

CDCl3): δ (ppm) = 7.21-7.02 (d, 10H, aromatic) 4.66 (m, 1H/ GEGE unit, acetalic), 3.82 (s, 4H, PhCH2N), 

3.71-3.16 (br, polyether backbone), 1.44 (m, 3H/ GEGE unit, CH3-acetal). 

 

Results and Discussion 

A: Monomer Synthesis 

One major challenge in synthesizing a PEG/PG-based polymer with acid labile groups in the backbone 

in a single reaction step is the synthesis of a suitable monomer. For the introduction of acetal groups 

into a polyether backbone a so-called “degradable inimer” is needed. This concept has been 

employed in one case by Matyjaszewski et al., who synthesized different inimers suitable for ATRP.12, 

13 Transferring this idea to oxy-anionic polymerization a monomer is needed, which combines the 

characteristics of EEGE, additionally possessing an acid-labile moiety and of glycidol, a latent AB2 

monomer that can serve both as an initiator and a monomer.  

Using a latent AB2 monomer is advantageous, since every branching unit generates an additional 

hydroxyl moiety at the polymer periphery. This is beneficial with respect to the conjugation of 

functional molecules, e.g., drugs or target functionalities, as there is a significant increase in 

conjugation capacity. This is in correspondence with a recently developed concept, which has been 

employed for the synthesis of branched PEG.16 Besides the need for an inimer-type molecule the 

cleavable functional group needs to be stable under the strongly basic reaction conditions applied in 

the anionic ring-opening polymerization process. The acetal moiety has been proven to be highly 

efficient in the carb-17 and oxy-anionic polymerization process, e.g., in the synthesis of linear PG, 

which can be derived from a poly(ethoxy ethyl glycidyl ether) (P(EEGE)) precursor.18-20 Based on these 

design principles, we have synthesized glycoloxy ethyl glycidyl ether (GEGE, Scheme 1). 
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Protection of the focal hydroxyl functionality, which is required as a starting point in the 

multibranching reaction requires a protective group that is cleavable without applying very acidic or 

basic pH values. At low pH-values the desired acetal moiety would be cleaved, and at basic 

conditions ring-opening at the epoxide might occur. Thus, the benzyl group has been chosen as a 

suitable protecting group and has been introduced via the reaction of benzyl bromide with ethyl 

mono vinyl ether. In analogy to the established synthesis of EEGE, 1 ((2-

(vinyloxy)ethoxy)methylbenzene) was then reacted with glycidol to introduce the desired oxirane 

functionality (2) for AROP.15 To release the hydroxyl group in the last reaction step, the benzyl 

protective group was removed using catalytic hydrogenation (3). Although hydrogenation of the 

benzyl protecting group does not interfere with the stability of the acetal group, appropriate reaction 

conditions had to be found to prevent ring-opening of the oxirane. By adjustment of the solvents 

employed (ethyl acetate/ methanol, 5:1), catalyst stoichiometry (Pd(OH)2/C, 5%), concentration 

(10 wt%), H2-pressure (1 bar) and reaction time (6-10 h, followed by thin layer chromatography, TLC) 

yields up to 67% could be obtained in the critical final reaction step. The complete synthetic 

procedure is summarized in Scheme 1. 

Detailed studies revealed that under these conditions no ring-opening of the oxirane, resulting in an 

unsymmetric acetal-containing diol occurred (cf. Scheme S1, Supporting Information). GEGE was 

identified using 1H and 13C NMR spectroscopy. Detailed characterization data of all reaction steps can 

be found in the Supporting Information. 

 
Figure 1. 1H NMR of glycoloxy ethyl glycidyl ether in CDCl3 (300 MHz). 
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In Figure 1, the 1H NMR spectrum of GEGE is displayed. All signals are assigned to the respective 

protons. Due to the different stereocenters of the molecule, the signals split up in accordance with 

the signals found for EEGE, which is a structurally similar compund.15, 19 Strong evidence for the 

successful introduction of the acetal moiety is provided by the corresponding signals at 4.80 (acetalic 

proton) and 1.33 ppm (methyl group) as well as the oxirane signals at 3.14, 2.80 and 2.61 ppm. The 

integral ratio of 1 (acetalic proton) to 1 (epoxide proton) to 3 (methyl group) remains constant after 

hydrogenation, confirming the success of the reaction. The monomer yield after three reaction steps 

is in the range of 30-50%. 

 

B: Polymer Synthesis and Characterization 

Three different branched polyether architectures that are valuable for potential biomedical 

applications have been synthesized using GEGE as a key building block. GEGE was copolymerized 

with ethylene oxide (EO) and glycidol (G), respectively to obtain long-chain branched (P(EOn-co-

GEGEm)) and hyperbranched (P(Gn-co-GEGEm)) polyether polyols. In order to obtain acid labile star 

polymers, PEO chains were initiated from P(Gn-co-GEGEm) core molecules to obtain multi-arm star 

polymers P(Gn-co-GEGEm-g-EOk). An overview of the different polymer topologies synthesized is 

given in Scheme 2. The corresponding data, which will be discussed in the following paragraphs, are 

summarized in Table 1. 

 

[P(EO-co-GEGE)]. For the copolymerization of GEGE with EO, the alkoxide of the newly developed 

initiator N,N-Di(p-methoxy)-benzyl tris(hydroxymethyl) aminomethane ((MeOBn2)NTRIS) was 

prepared. This initiator allows to obtain a single amino moiety in the branched polymers by 

hydrogenation of the benzyl protecting groups. In contrast to its analogues19, 21, 22 it bears three 

hydroxyl-groups, which is important for the ring opening multibranching polymerization (ROMBP) of 

glycidol.23, 24 The copolymerization of different glycidyl ethers (ABR-monomers) with the latent AB2 

monomer glycidol and additional theoretical considerations regarding the degree of branching (DB) 

have been published by Sunder et al.25 In contrast to the system described in this early work, no slow 

monomer addition (SMA) could be used in the copolymerization of the functional glycidol analogue 

GEGE with EO (system (ii). For experimental reasons, there is no possibility to introduce the gaseous, 

highly toxic EO (bp. 11 °C) steadily into a reaction flask with an inside temperature of 60 °C without 

severe safety issues. Therefore, both monomers were added to the initiator salt in a one-pot 

reaction, in analogy to a previously described procedure. 16 Since GEGE is a inimer that can act as an 

initiator, the formation of small oligomeric side products was observed. This is in accordance with the 

findings for the EO/glycidol copolymers investigated by Wilms et al.16 However, the low molecular 
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weight side products can conveniently be removed by precipitation into cold diethyl ether. SEC-

traces of polymer no. 3 before and after precipitation are exemplified in the Supporting Information 

(Figure S4). In all cases, narrow molecular weight distributions were obtained (Mw/Mn < 1.3). The 

molecular weights of the polymers ranged between 1 800 and 2 200 g mol-1. The amount of GEGE 

was varied from 5 to 20 mol%.  

 
Scheme 2. Three different polymer classes prepared: (i) long-chain branched (P(EOn-co-GEGEm)), (ii) 

hyperbranched (P(Gn-co-GEGEm)), and (iii) multi-arm star (P(Gn-co-GEGEm-g-EOk)) polyethers. 
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Incorporation of the novel comonomer GEGE was confirmed via 1H NMR spectroscopy. By comparing 

the signals of the polyether backbone, the signals of incorporated GEGE (acetal at 4.66 ppm and CH3-

group at 1.18 ppm) and the aromatic signals of the initiator (7.14 and 6.69 ppm, in DMSO-d6) 

(compare also Figure 4), the comonomer ratio can be calculated. Additionally, 13C NMR can be 

employed to verify the incorporation of the acetal moiety into the branched polymer structure. In 

addition to the acetal resonances that occur at 101.7 (acetalic proton) and 20.3 ppm (methyl group), 

different repeat units can be identified with signals at 79.3, 73.3 and 66.1 ppm, which confirm the 

existence of dendritic and various linear repeat units that originate from the GEGE fraction 

(Figure S4, Supporting Information). 

 

Table 1. Overview on three different copolymer classes synthesized in this study. 

No 

 

Formula 

(NMR) 

% GEGE 

(NMR) 

Mn g/mol 

(NMR) 

Mn g/mol 

(SEC)  

PDI 

(SEC) 

1 (MeOBn)2NTrisP(EO129-co-GEGE8) 5.8 6 900 2 200 1.3 

2 (MeOBn)2NTrisP(EO129-co-GEGE13) 9.2 7 800 2 400 1.4 

3 (MeOBn)2NTrisP(EO131-co-GEGE15) 10.3 8 200 1 800 1.3 

4 Bn2NTrisP(G58-co-GEGE4) 6.4 4 900 2 300 1.9 

5 Bn2NTrisP(G34-co-GEGE11) 24.4 4 300 2 400 1.8 

6 Bn2NTrisP(G20-co-GEGE19) 38.7 4 100 3 100 1.6 

7 Bn2NTrisP(G34-co-GEGE11-g-EO147) 5.7 10 700 5 800 1.4 

8 Bn2NTrisP(G20-co-GEGE19-g-EO153) 9.8 10 800 5 200 1.6 
a) 1H NMR in DMSO-d6, b) obtained from the RI-detector signal of SEC, measured in DMF using PEG-

standards. 

 

The benzyl protected initiator provides the opportunity to determine the molecular weight of the 

polymer. However, it should be emphasized, that due to the formation of the oligomeric side 

products, the determination of the molecular weight by the use of the initiator protons results in a 

certain inaccuracy, since some of the polymers might originate from self-initiation and thus N,N-Di(p-

methoxy)-benzyl tris(hydroxymethyl) aminomethane might not be incorporated in all polymer 

chains. In addition, the targeted molecular weight does not correspond to the obtained molecular 

weight, which was also observed for similar systems.16 These drawbacks given by the utilization of 

ethylene oxide as a comonomer are avoided when employing glycidol as comonomer (see following 

paragraph). However, it is important to show that in principle copolymerization with EO is feasible, 

due to the high acceptance of PEG for biomedical stealth applications. Still, the polymerization set-up 
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needs to be adjusted to obtain better control over molecular weight. The development of new 

polymerization routes is currently subject of investigation. The characterization data of all P(EO-co-

GEGE) copolymers synthesized is summarized in Table 1. 

 

[P(G-co-GEGE)]. Hyperbranched polyglycerol (hbPG) can by synthesized with control over a broad 

range of molecular weights (5-25 kg mol-1) and low to narrow polydispersities (Mw/Mn = 1.3-1.8) by 

applying the slow monomer-addition (SMA) technique for the ring-opening multibranching 

polymerization (ROMBP) of the latent AB2 monomer glycidol.16, 23 The structural analogy of glycidol 

and GEGE allows for the controlled incorporation of GEGE into the hbPG scaffold and thus the 

introduction of a tailored number of acid-cleavable moieties. Polyglycerol (PG) in general is a highly 

suitable polymer class for biomedical applications, as it has been described in several works, e.g., 

Brooks and coworkers evaluated the biocompatibility of PGs with varying architecture and molecular 

weights.26-28 By slow addition of a mixture of glycidol and GEGE in high dilution to the partial 

deprotonated initiator Bn2TRIS, several poly(glycerol-co-glycoloxy ethyl glycidyl ether) (P(G-co-GEGE)) 

copolymers with varying GEGE-content were synthesized (compare Table 1, entry 4-6).  

 
Figure 2. SEC traces of polymer 4-6 after precipitation in DMF using the RI-signal. 

 

The molecular weight of the polymers was characterized using SEC and 1H NMR spectroscopy. In the 
1H NMR spectrum (Figure S5, Supporting Information), the incorporation of GEGE into hbPG can be 

quantified by comparing the integrals of the initiator (7.44 to 7.07 ppm), the signal of the acetal 

proton of GEGE (4.82 ppm) and the methyl group ( 1.35 ppm). Overall, we find good agreement 
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between the targeted values and the data obtained by NMR spectroscopy for all polymers (GEGE-

content = 5-38%). This is in accordance with the control over the copolymerization reaction in 

contrast to the above-mentioned findings for the copolymerization with EO. Since no oligomeric side 

products were found, full conversion of the benzyl-protected amine initiator is supposed. Thus, the 

number average molecular weight of the polymers can be calculated from a comparison of the 

signals of the initiator and the polyether backbone (4.11 to 3.42 ppm). The comonomer 

incorporation can also be proven by 13C NMR, and the respective signals correspondings to the GEGE-

units are identified in Figure S6 of the Supporting Information. Due to the overlapping signals of the 

dendritic and linear units originating from the two comonomers (GEGE and glycidol) a calculation of 

the degree of branching cannot be carried out, as described in literature.16, 23 In the SEC analysis, the 

molecular weight is usually underestimated compared to results from 1H NMR and the targeted 

values, since the branched architecture and the presence of multiple hydroxyl functionality within 

P(G-co-GEGE) lead to a decreased hydrodynamic volume compared to conventional linear PEGs, 

which were used for SEC calibration. The P(G-co-GEGE) copolymers show narrow to moderate PDIs 

(Mw/Mn = 1.6-1.9), with a monomodal distribution, as it can be seen from the SEC traces in Figure 2. 

These values are slightly higher than for conventional hbPG polymers, but still acceptable for some 

biomedical applications.9 Although the use of glycidol as comonomer resulted in controlled 

polymerization conditions, the maximum molecular weight that can be achieved, is still limited. An 

additional class of degradable polymers has been synthesized and is discussed in detail in the 

following paragraph. 

 

[P(G-co-GEGE-g-EO)].Due to the limitation in achievable molecular weights of P(G-co-GEGE) (around 

2 000 g/mol) and P(EO-co-GEGE) (2 000 to 3 000 g/mol), poly(ethylene glycol) (PEG) was grafted from 

P(G-GEGE), to obtain novel polyether-based multi-arm star polymers poly(glycerol-co-glycoloxy ethyl 

glycidyl ether-graft- ethylene oxide) (P(G-co-GEGE-g-EO). The use of PG as a core for the synthesis of 

multi-arm-star polymers with a polyether structure has first been described by our group.29-31 In 

analogy to this work the degree of deprotonation was kept low to guarantee the good solvatization 

of the P(G-co-GEGE) copolymers, which were used as macro-initiators in this case. Exemplary, the 

molecular weight increase from sample 6 to 8 by grafting EO onto the P(G-co-GEGE)-core is shown in 

Figure 3. 
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Figure 3. SEC traces of polymer no.6 (Bn2NTrisP(G20-co-GEGE19)) and 8 (Bn2NTrisP(G20-co-GEGE19-g-

EO153)) in DMF (refractive index detector). 

 

The PEO multi-arm star polymers exhibit molecular weights exceeding 10 000 g/mol, which can be 

derived from NMR by comparison of the signals of the initiator protons to the polyether backbone in 

analogy to the two previously described polymer classes. Exemplarily, one 1H NMR spectrum can be 

found in the Supporting Information (Figure S6). The spectrum was measured in CDCl3 and the 

solubility in this solvent confirms successful grafting of PEG, since PG and the P(G-co-GEGE)-

copolymers are insoluble in CDCl3. The PDIs obtained from SEC remain constant, compared to the 

hyperbranched precursors (Mw/Mn < 1.6). Similar to the hyperbranched structures described above, a 

strong deviation of the molecular weight obtained from NMR and the molecular weight obtained by 

SEC is observed, due to the globular structure of the polymers, which is referenced to linear PEG 

standards. Besides enhancing the molecular weight of the polymers, the grafting of PEG onto the 

polyethers will also results in larger fragments formed during the degradation process of the 

copolymers. 

 

C: Degradation Studies 

To confirm the pH-sensitive degradation of the polymers, it is important to demonstrate that the 

polymers are stable at neutral pH (pH=7) at room temperature. To this end, polymer 2 was kept in 

D2O for several weeks. Figure 4 displays the corresponding 1H NMR spectrum. Besides the signals 

resulting from the polyether backbone (3.5 – 4.1 ppm) and the signals of the initiator (7.44 to 7.07 

ppm), the signal of the acetal proton (c), which overlaps with the signal resulting from residual water 

and the methyl group (d) remains visible, and the integrals of these resonances remain constant over 

time. In addition, the absence of acetic aldehyde, which would be formed during degradation of the 
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polymers and would be observable at 2.12 and 9.58 ppm (in D2O, compare degradation kinetics), 

verifies the stability of the polymers in aqueous solution at pH=7. 

 

 
Figure 4. 1H NMR spectrum (300 MHz, D2O) of (MeOBn)2NTrisP(EO129-co-GEGE13)/ polymer after 2 

weeks. 

 

The polymers obtained have been investigated with respect to their degradation kinetics at room 

temperature using SEC measurements. For this purpose, sample 3 was dissolved in different buffer 

solutions. Aliquots have been measured by SEC after 1-24 h and up to 16 days. At pH=7.4 no 

degradation was observed. At pH 2 the polymer degraded completely within 2 h, while at pH 4 the 

polymer was degraded after 2 d. The respective SEC curves are given in the Supporting Information 

(Figure S7). Interestingly, the SEC-traces become bimodal after degradation, which can be explained 

by the presence of a core molecule and lower molecular weight fragments. This can be rationalized 

by the fact that during the addition of the GEGE-comonomer two different hydroxyl groups are 

formed, one at the end of acid-labile acetal moiety and  a second one covalently connected to the 

core molecule. As the probability for the addition of other monomers is the same for both hydroxyl 

groups, only half of the growing arms will be degradable afterwards, which results in the formation 

of two degradation modes. 

However, studying the degradation using SEC-traces does not allow for quantitative investigation of 

the degradation kinetics, since the intensity of the RI-signals is not only related to the polymer 
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concentration, but is also dependent on the molecular weight of the fragments. Therefore, we 

employed 1H NMR spectroscopy in deuterated water at different pH-values to determine the 

degradation behavior. All samples were kept at 37 °C to mimic physiological conditions. Sample 6 

was measured in acidic D2O (pH 4). A clear decrease of the acetal group concentration was observed 

within the first 8 h (compare Figure S8), but after 50% the degradation stagnated completely. This 

was explained by the presence of acetic aldehyde, which is formed during the degradation process. 

Possessing a boiling point of 20 °C it should be released from the NMR tube, but due to the small 

surface area in the NMR tube and the good water solubility of acetaldehyde it was found to remain 

within the solution and prevented further degradation due to the resulting acetalization/hydrolysis 

equilibrium. The reaction set-up had to be changed and the samples were stirred in a round bottom 

flask and the degradation of the polymers is observed, without stagnation. In Figure 5 the 

degradation of polymer no 5 is shown at different pH-values. 

 

 
Figure 5. Acetal moieties versus time obtained for polymer 5 from 1H NMR kinetics (Bn2NTrisP(G34-co-

GEGE11)) at pH 4 and 4.5 at 37 °C.  

 

A strong dependence of the degradation kinetics on the pH is observed. Using an exponential decay 

to fit the slopes, the half life time of the acetal groups can be calculated using Origin software 

(compare Figure S10, Supporting Information). At pH 4.5 t1/2 is approximately 76 h, while at pH 4 t1/2 

is less than half with 26 h.  

With the respect to biomedical applications, these materials are interesting, since no degradation is 

observed at pH 7 or higher. This means that for instance in the blood stream no molecular weight 

loss of the polyethers would occur. However, in tissues with lower pH value, a decrease in the 

molecular weight and therefore an increase in the activity of the drug/protein attached should be 
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observed. The covalent attachment of multiple reactive molecules (proteins or drugs) to the hydroxyl 

end groups is currently under investigation.  

 

Conclusion  

We have developed an epoxide-based acid labile inimer, permitting the one-step synthesis of acid-

degradable, branched PEG. To the best of our knowledge this represents the first synthesis of an 

acetal-containing inimer that is applicable for the synthesis of branched, degradable and 

biocompatible polyethers. With regard to the intitially mentioned limitation of the molecular weight, 

these polymers are promising concerning the combination of two properties: degradability and 

biocompatibility. The branched polyethers obtained showed moderate to narrow PDIs (Mw/Mn < 1.9), 

and control over molecular weight was obtained by slow monomer addition. Probing the 

degradability of the novel compounds revealed a strong pH-dependence of the half-life time of these 

polymers. On the one hand these materials can be used as carrier molecules and on the other hand 

an enhanced release of the active reagent at the respective site, after acidic degradation, can be 

obtained. Since PG has been proven to be biocompatible27 and exhibits a toxicity profile comparable 

to PEG, the novel structures are promising due to the acid-labile acetal moiety. Toxicity tests for the 

new materials are currently under way. We believe that pH-responsive materials are a promising 

development of conventional PEG and PG-based structures for pharmaceutical application. 
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Supporting Information 
 

 

 

 
Scheme S1. Formation of the undesired side product 1-(1-(2-hydroxyethoxy)ethoxy)propan-2-ol 

observed during hydrogenolysis due to undesired epoxide ring-opening. 

 

 

 

 
Figure S1.1H NMR spectrum of the intermediate product (2, cf. Scheme 1) prior to hydrogenation. 
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Figure S2. 13C NMR spectrum of the intermediate compound (2) prior to hydrogenation. 

 

 

 
Figure S3. SEC traces of polymer no. 3 ((MeOBn)2NTrisP(EO131-co-GEGE15)) before and after 

precipitation, demonstrating removal of oligomers. 
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Figure S4. Assignment of the different carbon atoms in 13C NMR spectrum of polymer sample 2 

((MeOBn)2NTrisP(EO129-co-GEGE13)) in MeOD.  

 

 

 
Figure S5. Assignment of the different carbon atoms in 13C NMR of polymer no. 5 Bn2NTrisP(G34-co-

GEGE11) in MeOD. For the assignment of the carbon atoms of PG in 13C NMR, compare Sunder et al.1 
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Figure S6. Assignment of 1H NMR spectrum of degradable multi-arm star polymer 8 Bn2NTrisP(G20-co-

GEGE19-g-EO153) in CDCl3.  

 

 

 

 

a)                                                                 b) 

 

 

 

 

 

 

 

 

 

Figure S7. a) SEC-trace of polymer no 3 (MeOBn)2NTrisP(EO131-co-GEGE15)) before and after 

treatment with pH 2 and b) pH 4 at various times. 
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Figure S8. Amount of acetal functionalities (%) versus time of polymer 6 (Bn2NTrisP(G20-co-GEGE19)) 

at pH 4, recorded in a closed NMR tube (normalized to initial acetal signal). 

 

 

 
Figure S9. 1H NMR kinetics of polymer 5 (Bn2NTrisP(G34-co-GEGE11)) in pH 4 (D2O, 300 MHz)  
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Figure S10. Acetal moieties versus time obtained from the 1H NMR kinetics of polymer 5 

(Bn2NTrisP(G34-co-GEGE11)) in pH 4 (blue symbols) and pH 4.5 at 37 °C. The half-life time can be 

calculated from the equation: t1/2=t1*ln2. 
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