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MOTIVATION AND OBJECTIVES Poly(alkylene oxide)s are a versatile and conveniently accessible class of polymers. Their linear polyether backbones are chemically inert in a wide range of conditions and flexible with low glass transition temperatures. Although different poly(alkylene oxide) comprise the same polyether backbone, their materials properties and thereby their fields of application differ tremendously depending on the presence and length of an alkyl side chain. Poly(ethylene oxide) (PEO) is the gold standard polymer for pharmaceutical applications as it is water-soluble, non-toxic, and able to prolong the ĐiƌĐulatioŶ tiŵe of dƌugs ďǇ pƌoǀidiŶg a ͞stealth effeĐt͟ against the immune system. PEO is also a widely used additive for food and cosmetic products. Poly(propylene oxide) (PPO) on the other hand is rather hydrophobic and employed in many formulations for polyurethanes. Poly(1,2-butylene oxide) (PBO) is a less widespread material, but has found commercial application as an oil-soluble lubricant. Amphiphilic block copolymers of PEO and substituted poly(alkylene oxide)s have surfactant properties and are widely used in industrial applications, personal care products and pharmaceuticals. PEO, PPO and PBO are produced on a large industrial scale from readily available alkylene oxide monomers. This thesis aims at combining the useful properties of linear poly(alkylen oxide)s with the advantages of a hyperbranched topology. In contrast to linear polymers, hyperbranched polymers exhibit dendrimer-like features such as a high number of functional end groups, a compact structure, and low viscosity in melt and in solution. In contrast to perfectly branched dendrimers, they are usually obtained in one-step polymerizations, generally resulting in irregular branching and broad molecular weight distributions. Hyperbranched polyglycerol is one of the few established hyperbranched polymers that can be prepared with control over molecular weight and narrow to moderate molecular weight distributions using slow addition of the glycidol (G) monomer. Its applications, however, are restricted because polyglycerol is highly hydrophilic with limited solubility in most organic solvents, and has a significantly less flexible polyether backbone than linear poly(alkylene oxide)s. Copolymerization of EO, PO or BO with glycidol as a branching agent provides a synthetic toolbox for adjusting the degree of branching, the number of hydroxyl functionalities, the solubility profile, and the thermal properties of the resulting materials. Controlled synthesis of these hyper-branched poly(alkylene oxide)s and elucidation of their complex branched structure are key challenges adressed in this thesis.    
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In summary, the following objectives were pursued in this thesis: 1) A main focus of this thesis is on the creation of a synthetic toolbox for hyperbranched poly(alkylene oxide)s that permits systematic variation of molecular weight, branching and solubility of the resulting materials. Already established batch procedures for the copolymerization of ethylene oxide and propylene oxide with glycidol as a branching agent only provided limited control over molecular weight and yielded hydrophiphilic materials mainly. Therefore the concept is further developed by introducing 1,2-butylene oxide as a hydrophobic comonomer to give access to more apolar hyperbranched polyether polyols. Slow monomer addition (SMA) procedures for the low-boiling alkylene oxide monomers are developed to enable polymerization with control over the molecular weight, a key challenge for the synthesis of hyperbranched polymers. 2) Anionic ring-opening copolymerization of glycidol with linear AB monomers leads to complex, irregularly branched polymer structures. A particular emphasis is placed on the detailed structure elucidation of the different copolymers synthesized, both individually and in comparison with each other. Precise information about the molecular weight and the microstructure of the hyperbranched copolymers prepared is the key to optimizing synthetic routes and to establishing and understanding structure-property relationships. Absolute molecular weight determination of hyperbranched polymers and examination of their monomer sequence distribution are challenges hardly solved to date. 3) Another important objective of this thesis is to capitalize on the high functionality of hyperbranched polyether polyols for applications as multifunctional macroinitiators for the core-first synthesis of multiarm star copolymers with a hyperbranched polyether core. Immortal copolymerization of carbon dioxide with epoxides and controlled radical polymerization of styrene are explored for the synthesis of linear hydrophobic arms. Following this concept, novel core-shell architectures can be accessed which have potential applications as unimolecular nanocontainers with adjustable core and shell. 4) Finally, this thesis aims at the development of thioether-functional polyether polyols. To achieve this, glycidol is copolymerized with a thioether-bearing epoxide monomer. The resulting materials offer great potential for post-polymerization modification due the high number of hydroxyl groups and the versatile chemistry of the thioether moieties. Thioether-containing polymers are known for their redox-switchable water solubility and their ability to form polyelectrolytes via alkylation.  



   

3 

   



Abstract / Zusammenfassung 

4 

ABSTRACT / ZUSAMMENFASSUNG This thesis aims to develop and improve the synthesis, characterization and modification of hyperbranched polyether polyol copolymers based on glycidol as a branching agent and other epoxide monomers, particularly ethylene oxide (EO), propylene oxide (PO) and 1,2-butylene oxide (BO). Chapter 1.1 summarizes the state of the art concerning the synthesis of star-shaped and hyperbranched polymers from ethylene oxide, propylene oxide and 1,2-butylene oxide. Core-first and arm-first strategies for the preparation of star, star block and miktoarm star architectures are presented. Different methods of introducing branch-on-branch topologies are discussed. Chapter 1.2 provides an overview of the synthesis, properties, and applications of poly(propylene oxide), poly(butylene oxide) and higher poly(alkylene oxide)s in general. Novel synthetic strategies and detailed characterization methods for hyperbranched poly(alkylene oxide)s are presented in chapter 2. The copolymerization kinetics of the multibranching ring-opening anionic copolymerization of glycidol with different alkylene oxides is investigated by online 1H NMR kinetic experiments in chapter 2.1. Reactivity ratios are calculated and related to the molecular weight distribution and the degrees of branching of the respective copolymers, implying a change from a hyperbranched to a hyperstar structure with increasing alkylene chain length of the alkylene oxide comonomer. Chapter 2.2 focuses on the synthesis of hyperbranched poly(ethylene oxide) (hbPEO) copolymers with limited extent of control over the molar mass by variation of the solvent and the absolute molar mass characterization of these materials. For this purpose, analytical ultracentrifugation (AUC), intrinsic viscosity, translational diffusion measurements and SEC were combined. It is demonstrated that the use of linear PEO for the SEC calibration results in significantly underestimation of the molar masses of hbPEO. Absolute molar mass values up to 1.7 x 106 g mol-1 are obtained by copolymerization in dioxane as an emulsifying solvent. First results from applying the slow monomer addition (SMA) technique for the synthesis of hbPEO are shown in chapter 2.3. A special reactor setup is employed to add gaseous EO and glycidol continuously in a safe manner. In contrast to previous batch procedures, well-defined hbPEO copolymers are obtained with control over the degree of polymerization.   
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In chapter 2.4 the synthesis of hyperbranched poly(butylene oxide) polyols by anionic copolymerization of 1,2-butylene oxide and glycidol is introduced. Systematic variation of the composition results in a series of moderately distributed copolymers, albeit with limited molecular weights in the solvent-free batch process. Considerably higher molecular weights are obtained under slow monomer addition conditions. By alteration of the comonomer ratio, glass transition temperatures and aqueous solubility of the hyperbranched copolymers can be tailored, resulting in well-defined cloud point temperatures.  The application of hyperbranched poly(alkylene oxide)s for the synthesis of different kinds of multiarm star copolymers is presented in chapter 3. Chapter 3.1 capitalizes on hyperbranched poly(propylene oxide) polyols as multifunctional initiators for the copolymerization of propylene oxide with CO2. Poly(propylene carbonate) (PPC) star copolymers with 14 and 28 arms, respectively, are obtained. These materials exhibit low glass transition temperatures ranging from -8 to 10 °C, approximately 30 °C lower than the glass transition temperatures of linear PPC. The terminal hydroxyl groups are capable of forming urethanes with phenylisocyanate, rendering the star copolymers potential building blocks for polyurethane networks. Chapter 3.2 further elaborates on the synthesis of polycarbonate multiarm star polymers. HbPEO and hyperbranched poly(butylene oxide) polyols are used to initiate the copolymerization of CO2 with PO and BO, respectively. The influence of the core polymer and different comonomers for the CO2 copolymerization on the polycarbonate star formation is studied. Amphiphilic core-shell structures able to encapsulate hydrophilic guest molecules are prepared. The three-step synthesis of ultra-high molecular weight polystyrene hyperstar copolymers with a hyperbranched PEO core is presented in chapter 3.3. HbPEO is modified with initiator groups for atom transfer radical polymerization (ATRP) and subsequently used for the controlled radical polymerization of styrene. Separation of the polystyrene arms from the polyether core allows individual characterization of the polystyrene arms and confirms narrow to moderate dispersities. Chapter 4 focuses on the multibranching copolymerization of glycidol with a thioether-functional comonomer, 2-(methylthio)ethyl glycidyl ether (MTEGE). The resulting materials provide various options for orthogonal post-polymerization modification. Oxidation of the thioethers enables 
tailoƌiŶg the ĐopolǇŵeƌs͛ soluďilitǇ pƌofile. Furthermore, the thioethers can be selectively alkoxylated with epoxides, resulting in functional hyperbranched polyelectrolytes. These moieties also tolerate urethane functionalization of the glycerol units.   
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ZUSAMMENFASSUNG Ziel dieser Dissertation ist die Entwicklung und Verbesserung der Synthese, Charakterisierung und Funktionalisierung von hyperverzweigten Polyether-Polyol-Copolymeren auf der Basis von Glycidol als Verzweigungseinheit und anderen Epoxid-Comonomeren, insbesondere Ethylenoxid (EO), Propylenoxid (PO) und 1,2-Butylenoxid (BO). Kapitel 1.1 fasst den Stand der Technik auf dem Gebiet sternförmiger und hyperverzweigter Polyether zusammen, die aus Ethylenoxid, Propylenoxid und 1,2-ButǇleŶeoǆid aufgeďaut siŶd. „Coƌe-fiƌst͟ uŶd ͞Aƌŵ-fiƌst͟ StƌategieŶ füƌ die Synthese von Stern-, Stern-Block- und Miktoarm-Stern- Architekturen werden gezeigt. Verschiedene Methoden zur Darstellung dendritischer Polyether-Strukturen werden diskutiert. Kapitel 1.2 bietet einen allgemeinen Überblick über die Synthese, Eigenschaften und Anwendungsmöglichkeiten von Poly(propylenoxid), Poly(1,2-butylenoxid) und höheren Poly(alkylenoxid)en. In Kapitel 2 werden neue Synthesestrategien und detaillierte Charakterisierungsmethoden für hyperverzweigte Poly(alkylenoxid)e präsentiert. Die Copolymerisationskinetik der verzweigenden, ringöffnenden Copolymerisation von Glycidol mit unterschiedlichen Alkylenoxiden wird in Kapitel 2.1 mittels online 1H NMR Kinetik-Experimenten untersucht. Copolymerisationsparameter werden berechnet und in Beziehung zu den Molekulargewichtsverteilungen sowie den Verzweigungsgraden der einzelnen Copolymere gesetzt. Mit zunehmender Länge der Alkylkette des Alkylenoxids lässt sich bei den Copolymeren eine Änderung von einer hyperverzweigten zu einer hypersternartigen Struktur feststellen. Kapitel 2.2 legt den Fokus auf die Synthese von hyperverzweigtem Poly(ethylenoxid) (hbPEO) mit begrenzter Kontrolle über die erreichbaren Molekulargewichte durch die Wahl des Lösungsmittels und die Bestimmung absoluter Molekulargewichte für diese Materialien. Zur Untersuchung werden analytische Ultrazentrifugation, Viskosimetrie, Diffusionsexperimente und GPC kombiniert. Es wird demonstriert, dass die Verwendung von linearen PEO-Standards für die GPC zu einer signifikanten Unterschätzung der Molekulargewichte von hbPEO führt. Absolute Molekulargewichte bis zu 1.7 x 106 g mol-1 werden für Copolymere bestimmt, die durch Copolymerisation in Dioxan erhalten werden. Kapitel 2.3 zeigt erste Ergebnisse der Anwendung der langsamen Monomerzugabe für die Synthese von hbPEO. Ein spezieller Reaktor-Aufbau wird verwendet um die sichere, kontinuierliche Zugabe von gasförmigem Ethylenoxid und flüssigem Glycidol zu ermöglichen. Im Gegensatz zu früheren Batch-Verfahren können auf diese Weise zum ersten Mal definierte hbPEO-Copolymere mit Kontrolle über den Polymerisationsgrad hergestellt werden. In Kapitel 2.4 wird die Synthese von hyperverzweigten Poly(butylenoxid)-Polyolen durch 



Abstract / Zusammenfassung  

7 

anionische Copolymerisation von 1,2-Butylenoxid mit Glycidol vorgestellt. Im Lösungsmittel-freien Batch-Verfahren wird durch systematische Variation der Zusammensetzung eine Reihe mäßig breit verteilter Copolymere mit begrenzten Molekulargewichten erhalten. Deutlich höhere Molekulargewichte sind unter Anwendung langsamer Monomerzugabe zugänglich. Durch Änderung der Copolymer-Zusammensetzung lassen sich Glasübergangstemperaturen und Wasserlöslichkeit steuern. So werden thermoresponsive Polymere mit einstellbaren Trübungstemperaturen erhalten. In Kapitel 3 wird die Anwendung hyperverzweigter Poly(alkylenoxid)e für die Synthese unterschiedlicher Multiarm-Stern-Copolymere präsentiert. Kapitel 3.1 zeigt die Verwendung von hyperverzweigten Poly(propylenoxid)-Polyolen als multifunktionellen Makroinitiatoren für die Copolymerisation von Propylenoxid mit CO2. Poly(propylencarbonat)-Stern-Copolymere mit 14 bzw. 28 Armen werden erhalten. Diese Materialien weisen niedrige Glasübergangstemperaturen im Bereich von -8 bis 10 °C auf, die etwa 30 °C unter den Glasübergangstemperaturen linearer Poly(propylencarbonat)e liegen. Die endständigen Hydroxylgruppen sind in der Lage Urethane zu bilden, womit diese Stern-Copolymere mögliche Bausteine für Polyurethan-Netzwerke darstellen. Kapitel 3.2 erweitert und verbessert die Synthese von Polycarbonat-Multiarm-Stern-Copolymeren. HbPEO- und hyperverzweigte Poly(butylenoxid)-Polyole werden eingesetzt um die Copolymerisation von CO2 mit PO oder BO zu initiieren. Der Einfluss der Kern-Polymere und unterschiedlicher Comonomere für die CO2-Copolymerisation auf die Bildung der Polycarbonat-Multiarm-Sterne wird untersucht. Es werden amphiphile Kern-Schale-Strukturen erhalten, die in der Lage sind hydrophile Gastmoleküle einzulagern. In Kapitel 3.3 wird die dreistufige Synthese von Polystyrol-Multiarm-Stern-Copolymeren mit hbPEO-Kern gezeigt, die ultrahohe Molekulargewichte aufweisen. HbPEO wird mit ATRP-Initiatorgruppen (Atom Transfer Radical Polymerization) funktionalisiert und anschließend für die kontrollierte radikalische Polymerisation von Styrol eingesetzt. Abspaltung der Polystyrol-Arme vom Polyether-Kern ermöglicht die individuelle Charakterisierung der Polystyrol-Arme. Enge bis mäßig breite Molekulargewichtsverteilungen werden gefunden. Kapitel 4 legt den Fokus auf die verzweigende Copolymerisation von Glycidol mit einem Thioether-funktionellen Comonomer, dem 2-(Methylthio)ethylglycidylether (MTEGE). Die resultierenden Materialien bieten verschiedene Optionen für orthogonale Post-Polymerisation-Modifikationen. Oxidation der Thioether ermöglicht die Beeinflussung der Wasserlöslichkeit der Copolymere. Desweiteren können die Thioether-Gruppen selektiv durch Epoxide alkoxyliert werden um funktionelle, hyperverzweigte Polyelektrolyte zu erhalten. Die Thioether-Gruppen tolerieren außerdem die Funktionalisierung der Glycerin-Einheiten zu Urethanen. 
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Sections 1.1 and 1.2 are contributions by the author of this thesis that were published in Chemical Reviews, 2016, 116, ϮϭϳϬ−ϮϮϰϯ ;SpeĐial Issue: FƌoŶtieƌs iŶ MaĐƌoŵoleĐular and Supramolecular Science) as part of   Polymerization of Ethylene Oxide, Propylene Oxide, and Other Alkylene Oxides: Synthesis, Novel Polymer Architectures, and Bioconjugation  Jana Herzberger1,2, Kerstin Niederer1, Hannah Pohlit1,2,3,4, Jan Seiwert1, Matthias Worm1,3, Frederik R. Wurm3,5, Holger Frey1,2,*  1 Institute of Organic Chemistry, Johannes Gutenberg-University Mainz, Duesbergweg 10-14, 55128 Mainz, Germany 2 Graduate School Materials Science in Mainz, Staudingerweg 9, 55128 Mainz, Germany 3 Max Planck Graduate Center, Staudingerweg 6, 55128 Mainz, Germany 4 Department of Dermatology, University Medical Center, Langenbeckstraße 1, 55131 Mainz, Germany 5 Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany  
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1.1 Star-Shaped and Hyperbranched Poly(alkylene oxide)s  Star-shaped, hyperbranched and dendritic polyethers exhibit unique properties that distinguish them from linear polymers, such as multiple functional end groups, a compact structure, low viscosities both in bulk and solution and a strongly reduced degree of crystallization in comparison to their linear counterparts. These properties are key to numerous advanced applications.  Star Polymers Star-shaped polymers can be obtained by two fundamentally different synthetic strategies: the 
͞Đoƌe-fiƌst͟ ;CFͿ aŶd the ͞aƌŵ-fiƌst͟ ;AFͿ appƌoaĐh. The ͞Đoƌe-fiƌst͟ pƌoĐeduƌe utilizes a multifunctional initiating core-molecule to start the chain growth of the arms. Defined molecules or polymers with a predetermined number of initiating sites or multifunctional cross-linked or 
deŶdƌitiĐ polǇŵeƌs aƌe ĐoŵŵoŶlǇ eŵploǇed foƌ the Đoƌe. IŶ the ͞aƌŵ-fiƌst͟ pƌoĐess, eŶd gƌoups of living or functionalized, prefabricated polymer chains are either attached to a multifunctional core or connected via a (cross)linking procedure.  A very detailed and comprehensive review on star-shaped polymers with poly(ethylene glycol) (PEG) / poly(ethylene oxide) (PEO) arms was given by Lapienis in 2009.1 Therefore, in the current review, mainly recent developments in the synthesis of PEG-based star polymers (Table 1), star-shaped block copolymers (Table 2), and miktoarm star copolymers (Table 3) since 2009 will be covered. Furthermore, star-shaped polymers containing poly(propylene oxide) (PPO) or poly(1,2-butylene oxide) PBO are summarized in Table 4. Star polymers based on commercially available, four- and eight-armed PEG stars are not considered. In recent years only few core-first syntheses of PEG star polymers have been reported. Most of them rely on the anionic ring-opening polymerization (AROP) of ethylene oxide (EO). The harsh, strongly alkaline reaction conditions, however, limit the synthetic scope with respect to suitable core molecules and copolymers. Multiarm stars were obtained from hyperbranched polyglycerol and characterized in detail by MALDI-ToF MS.2 Use of beta-cyclodextrin as an initiator gave access to 14-arm and 21-arm starPEG.3 Tonhauser et al. introduced iron-containing, water-soluble AB2 miktoarm stars via living anionic polymerization of vinylferrocene (VFc), followed by benzyl glycidyl ether termination, hydrogenative deprotection and subsequent AROP of EO.4 By Glaser coupling, Huang et al. obtained polystyrene (PS) and polyisoprene (PIP) macroinitiators with two 
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hydroxyl iniation sites at the center for the ensuing EO polymerization, resulting in amphiphilic A2B2 miktoarm star structures.5 Wang et al. used an orthofunctional core, having four hydroxyl and four allyl moieties, for the preparation of A4B4 miktoarm star copolymers. In the first step, PEG arms were synthesized and end-Đapped. SuďseƋueŶt thiol−eŶe ĐliĐk ƌeaĐtioŶ ĐoŶǀeƌted the allyl groups into initiating sites for the polymerization of poly(ɸ-caprolactone) (PCL), polystyrene, and poly(tert-butyl acrylate).6 The only report on cationic ring-opening polymerization (CROP) of EO in this area deals with the synthesis of a three-arm star(PCL-b-PEG).7 Due to the demanding handling of ethylene oxide and the restrictions regarding functional group 
toleƌaŶĐe, the ͞ aƌŵ-fiƌst͟ method and prefabricated PEG polymers are more commonly employed 
thaŶ the ͞Đoƌe-fiƌst͟ appƌoaĐh. CliĐk ĐoupliŶgs, espeĐiallǇ the Đoppeƌ-ĐatalǇzed azide−alkǇŶe 

ĐǇĐloadditioŶ, ďut also thiol−eŶe aŶd Diels−Aldeƌ ƌeactions, have been identified as a convenient method to attach prefabricated PEG chains.8-12 Since click reactions take place under mild conditions and tolerate a great amount of functional groups, they have found to be particularly useful for the preparation of miktoarm stars.13-25 Controlled radical polymerization techniques, such as atom transfer radical polymerization (ARTP) and reversible addition-fragmentation chain transfer polymerization (RAFT), have also been explored extensively as a synthetic tool for arm-first star polymer synthesis.26-33 After end functionalizing PEG with a suitable initiator group, cross-linking polymerization of divinyl monomers leads to star architectures. In analogy, ring-opening metathesis polymerization (ROMP) was applied using bis-norbonene monomers.34 Functional cross-linkers gave access to PEG stars with acid-labile, redox-cleavable, cationic, and fluorinated core, respectively (see Figure 1). 
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 Figure 1. Cleavage of an acetal-linked multiarm star polymer with P(EGDMA) core and PEG arms. (Adapted with permission from Terashima, T.; Nishioka, S.; Koda, Y.; Takenaka, M.; Sawamoto, M. J. Am. Chem. Soc. 2014, 136, 
ϭϬϮϱϰ−ϭϬϮϱϳ.30 Copyright 2014 American Chemical Society.) A particular research focus is currently on the development of biodegradable materials. Numerous star-shaped poly(ɸ-caprolactone)s, polylactides (PLA) and polyamides have been modified with PEG chains as a hydrophilic outer block to impart aqueous solubility. Mostly, the connection was established simplǇ ǀia esteƌifiĐatioŶ. These Đoƌe−shell aƌĐhiteĐtuƌes aƌe ŵostlǇ desigŶed foƌ encapsulation and release of hydrophobic guest molecules with potential applications as drug carriers in mind.35-44 Several works capitalize on the combination of hyperbranched polymer cores and prefabricated PEG blocks to gain facile access to multiarm star polymers and star block polymers.11,12,41,42,45-49 Cross-linked PS, polyethylenimine, polyesters, and specially designed conjugated polymers have been employed as core molecules.   
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Table 1. List of star-shaped PEG polymers (Reported since 2010). Number of arms Core molecule Arm attachment method Ref. 3 1,3,5-tri(azobenzeneethynyl)benzene AF, sonogashira coupling 50 3 / 6 / 12 polyester dendrimer AF, azide-alkyne click 8 4 dityrosine AF, esterification 51 4 phthalocyanine AF, cyclotetramerization  of phthalonitrile  52 8 octakis(hydridodimethylsiloxy)-octasilsesquioxane AF, hydrosilylation 53 9 nonaazido-dendrimer AF, azide-alkyne click 9 14 / 21 beta-cyclodextrin CF, AROP 3 Multi hyperbranched PG CF, AROP 2 Multi PS-co-PDVB AF, azide-alkyne click 45 Multi hyperbranched polyacetal AF, hydrazone formation 48 Multi hyperbranched conjugated polymer  AF, hydrazone formation 46 Multi hyperbranched conjugated polymer  AF, esterification 47 Multi hyperbranched  
P;ɶ-benzyl L-glutamate) AF, amidation 49 Multi PDVB AF, cross-linking ATRP /  free radical polymerization  26 Multi P(EGDMA-co-DMAEMA) /  P(EGDMA-co-disulfideDMA ) AF, cross-linking ATRP 27 Multi P(dimethylammonium DEMA) AF, cross-linking ATRP 28 Multi P[EGDMA-co-DMAEMA-co-(perfluoroalkyl methacrylate)] AF, cross-linking ATRP 29 Multi P(EGDMA) / P(PEGDMA),  arms attached via acetal linker AF, cross-linking ATRP 30 Multi P(EGDMA) AF, cross-linking eATRP 31 Multi P[N,N഻-methylene bis(acrylamide)] AF, cross-linking reversible-deactivation radical pol. (RDRP) 32   
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Table 1 (continued). List of star-shaped PEG polymers (Reported since 2010). Multi P(EGDMA) /  P(disulfideDMA) /  P(ketalDMA) AF, cross-linking RAFT 33 Multi acid-labile bis-norbornene cross-linker AF, cross-linking ROMP 34  Table 2. List of Novel Star-Shaped PEG Block Copolymers (Reported Since 2010). Number of arms Core molecule Arm A Arm B Method Ref. 3 trimethylolpropane (TMP) PCL PEG CF, CROP 7 3 phenyl polyisobutene PEG AF, esterification 54 3 / 4 glycerol triacrylate/ bisTMP tetraacrylate  poly 
;ω-undecenyl acrylate)  PEG AF, Heck coupling 55 4 a) PCL PEG AF, azide-alkyne click 14 4 cystamine b) PEG AF, thiol-yne click 10 4 Pentaerythritol (PETH) PCL c) AF, amidation 56 4 PETH PLA PEG AF, esterification 57 4 porphyrine PLA PEG AF, esterification 43 4 porphyrine PCL PEG AF, esterification 35 4/ 6 PETH / diPETH PCL PEG AF, esterification 36 7 beta cyclodextrin PCL-co-carbonate PEG AF, esterification 37 A4B8 PETH PCL-diol PEG AF, esterification 38 8 d) poly(benzyl  L-aspartate) PEG AF, amidation 39 16/ 32 poly(amidoamine) dendrimer poly(L-lysine) PEG AF, esterification 40 Multi polydivinylbenzene (PDVB) PS PEG AF, azide-alkyne click 11   



1.1 Star-Shaped and Hyperbranched Poly(alkylene oxide)s  

18 

Table 2 (continued). List of Novel Star-Shaped PEG Block Copolymers (Reported Since 2010). Multi PS-co-PDVB PMMA PEG AF, Diels-Alder click 12 Multi hyperbranched poly(ethylenimine) poly(L-lysine) PEG AF,  urethane formation 41 Multi hyperbranched Boltorn H40 e) PEG AF, esterification 42 Multi poly[(ϰ,ϰ͚-bioxep-ane)-ϳ,ϳ͚-dione] PCL PEG AF, cross-linking ROP 44 a) 2-(benzyloxycarbonyl)-2-methylpropane-1,3-diyl bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate], b) polǇ;ɸ-benzyl-oxycarbonyl-L-lysine), c) PEG-glycyrrhetinic acid, d) polyhedral oligomeric silsesquioxanes (POSS), e) biodegradable photo-luminescent polymer  Table 3. List of PEG Containing Miktoarm Star Copolymers (Reported Since 2010). Number of arms Core Arm A Arm B Arm C Method Ref. AB2 - PVFc PEG - CF, AROP 4 AB2 - PEG PS/ PtBuA - AF, azide-alkyne click 13 AB2 - PEG PCL - AF, Diels-Alder click 14 AB2 - PS/ PtBuA PEG - AF, nitroxide radical coupling 13 AB3 cholic acid PEG PCL - AF, azide-alkyne click 15 AB3 PETH triazide  a) PEG - AF, azide-alkyne click 16 AB3/ AB4 PETH triazide /  PETH tetrazide PE PEG - AF, azide-alkyne click 17 A2B2 coupled propargyl (propyl glycol) PS/ PI PEG - CF, AROP 5 A2B2 calixarene PCL PEG - AF, azide-alkyne click 18 A4B4 (OH)4/ (Allyl)4 PEG PCL/ PS/ PtBuA - CF, AROP 6   
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Table 3 (continued). List of PEG Containing Miktoarm Star Copolymers (Reported Since 2010). A14B7 beta cyclodextrin PCL PEG - AF, azide-alkyne click 19 A8B4 resorcinarene PEG PCL - AF, azide-alkyne click 20 ABC - PEG PS PCl AF, azide-alkyne click 21 ABC b) PS PCL PEG AF, Diels-Alder click 22 ABC beta cyclodextrin/ adamantane (supramolecular) PEG c) PMMA AF, azide-alkyne click 23 ABC - PEG PS d) AF, azide-alkyne click 24 ABC - PS-pyrene PEG PMMA AF, esterification 58 ABCDE - PEG PCL PS + e) AF, azide-alkyne click 25 Multi P(N,N഻-methylene bis(acrylamide)) PEG f) - AF,  cross-linking RDRP  32 Multi hyperbranched  Boltorn H30 PEG PCL - AF, esterification 59 a) Azobenzene-substituted methacrylate, b) 1-(allyloxy)-3-azidopropan-2-yl (anthracen-9-ylmethyl) succinate, c) poly(2-dimethylamino-ethylmethacrylate), d) poly[6-(4-methoxy-azobenzene-ϰ഻-oxy) hexyl methacrylate], e) Arm D: PLA, Arm E: poly(acrylic acid), f) poly(N-isopropylacrylamide)  PPO-containing star polymers are commercially used as building blocks for polyurethane soft foams. Reports on novel star-shaped architectures consisting of propylene oxide and higher alkylene oxides, however, are rare. In core first approaches, six-arm star[PPO-b-P(2,2-dimethyltrimethylene carbonate)] with p-tert-butyl-calix[6]arene core,60 multi-arm starPPO and star(PPO-b-PEG) with hyperbranched polyglycerol core have been introduced.61,62 Using phosphonium catalysts, three-arm starPBO copolymers with polycarbonate and polyester blocks, and four-arm starPBO with 1,2,4,5-benzenetetramethanol core were synthesized by anionic ring-opening polymerization.63,64    
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Table 4. List of Star-Shaped PPO/PBO Polymers and Block Copolymers. Number of arms Core molecule Arm A Arm B Method Ref. 6 p-tert-butyl-calix[6]arene PPO a) CF, AROP 60 Multi hyperbranched polyglycerol PPO - CF, AROP 61 Multi hyperbranched polyglycerol PPO PEG CF, AROP 62 3 TMP PBO b) CF, AROP 63 4 1,2,4,5-benzene tetramethanol  PBO - CF, AROP 64 a) poly(2,2-dimethyl-trimethylene carbonate), b) PEG-b-poly(trimethylene carbonate)-b-polǇ;ɷ-valerolactone)  Branched and Hyperbranched PEG, PPO, and PBO Derivatives Since 1990, hyperbranched polymers have attracted steadily growing attention. They belong to the class of dendritic polymers, i.e., they are characterized by a tree-like branch-on-branch topology. They resemble dendrimers, which are well-defined, perfectly branched macromolecules that have attracted vast attention because of their compact, globular structure in bulk and solution, and a very large number of end groups available for further modification. Since dendrimer preparation requires generation-wise construction in demanding multistep syntheses, hyperbranched polymers have been explored as less defined, but easily accessible materials. The perfectly branched, but tediously prepared dendrimer structure is traded off for a convenient polymerization that goes along with an irregular, statistical branching and a polydisperse molecular weight distribution.65 In order to characterize the structure of a hyperbranched polymer, the degree of branching (DB) is a decisive variable which can assume values between zero (linear) and one (perfectly branched).66,67 Table 5 lists (hyper)branched polymers containing in-chain linear poly(alkylene glycol) segments. Reviews on hyperbranched polyethers in general have been provided by our group.68,69 In addition to the advances in polyether chemistry, numerous branched poly(PEG acrylates) and poly(PEG methacrylates) have been synthesized in recent years using radical polymerization techniques, such as the so-Đalled ͞StƌathĐlǇde ŵethodologǇ͟ aŶd the ĐoŶtƌolled ƌadiĐal hoŵopolǇŵeƌizatioŶ of PEG diacrylate.70,71 Hawker and co-workers reported the first oligo(ethylene glycol)-based hyperbranched polymers. They synthesized poly(ether esters), consisting of oligo(ethylene glycol) segments and aromatic 
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branching points, via polycondensation of AB2−type methyl 3,5-bis[oligo(ethylene glycol)]benzoate macromonomers.72 The authors observed an elevated Lithium ion conductivity compared to linear PEG. The amorphous structure due to the branched topology leads to an increased chain and Lithium ion mobility. Similar poly(ether esters) were prepared by Long et al. via polycondensation of telechelic PEG oligomers as an A2-type macromonomer with 1,3,5-benzenetricarbonyl trichloride as a B3-type comonomer.73 Furthermore, the A2 + B3 polycondensation route was used by Patel to synthesize flame retardant, highly branched polyurethanes from PEG, diisocyanate, castor oil and tris(bisphenol A) mono phosphate.74 Shibasaki et al. obtained poly(propylene oxide)-based A2B3-type hyperbranched copolymers using 3-armed 4-N-methylbenzamide pentamers as branching agents.75 Several dendrimer-like iterative approaches toward branch-on-branch PEG architectures have been reported, all of them pursuing divergent synthesis strategies. In an elegant work, Taton et al. introduced dendrimer-like PEG structures by sequential anionic EO polymerization, allyl chloride termination and subsequent bishydroxylation of the chain ends.76 This leads to extremely well-defined, demanding PEG-dendrimer structures with very low polydispersity in the range of 
ϭ.Ϭϴ−ϭ.ϭϱ. The synthetic strategy is shown in Figure 2. 

 Figure 2. Synthetic strategy toward dendrimer-like PEG by Taton et al. (Adapted with permission from Feng, X.-S.; Taton, D.; Chaikof, E. L.; Gnanou, Y. J. Am. Chem. Soc. 2005, 127, 10956.76 Copyright 2005 American Chemical Society.) 
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Inspired by this approach, Deffieux and coauthors obtained second and third generation dendritic PEG structures by iterative azide−alkǇŶe ĐliĐk ĐoupliŶg of α-azido-functional PEG with propargylated tetrakis(4-hydroxyphenyl) porphyrin zinc(II) and subsequent attachment of further porphyrin branching points via etherification.77 Singlet oxygen production and photo stability were tested to investigate the first, second and third generation polǇŵeƌs͛ suitaďilitǇ foƌ use as photo sensitizers and to establish differences between the generations. Dworak and Walach performed repeated anionic block copolymerization of EO and ethoxyethyl glycidyl ether (EEGE), an acetal-protected glycidol derivative, followed by acidic deprotection to generate multiple hydroxyl initiation sites.78 Short PEG segments (DP = 10) resulted in amorphous materials while longer linear chains led to crystallization. Branched polymers with long PEG segments (DP = 50) exhibited enhanced uptake and transport of a hydrophilic dye into a methylene chloride solution, compared to linear and star-shaped PEG. Several promising synthetic works rely on the copolymerization of ethylene oxide with unprotected glycidol (G) as a branching agent, resulting in hyperbranched structures with mere polyether scaffold. The glycidol molecule possesses both a polymerizable epoxide ring and an alcohol moiety that is capable of initiating the growth of another chain in an anionic or cationic polymerization. Therefore, glycidol is often described as a latent AB2 monomer and represents a 
ĐǇĐliĐ ͞iŶiŵeƌ͟.  Dworak and co-workers reported the repeated anionic block copolymerization of EO and glycidol.79 The hyperbranching polymerization of glycidol on a PEG macroinitiator, however, was found to produce significant amounts of hyperbranched polyglycerol homopolymer. In a multistep, one-pot reaction, Taton et al. also synthesized multiblock copolymers, consisting of linear PEG chains interrupted by oligomeric poly(propylene oxide)-co-polyglycerol or poly(allyl glycidyl ether)-co-polyglycerol branching segments.80 In 2001, Tsvetanov and co-workers obtained high molecular weight random copolymers of EO and G by simultaneously bubbling EO through and adding G to a calcium amide-alkoxide initiator suspension.81 This procedure only permitted limited glycidol incorporation up to 3% and resulted in very broad molecular weight distributions (PDIs ranging from 3 to 13). Under different reaction conditions, the controlled copolymerization of this comonomer combination was realized by our group. We synthesized hyperbranched PEG with narrow molecular weight distributions, adjustable composition and tunable degree of branching by random anionic copolymerization in a batch process (see Scheme 1).82  
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Scheme 1. Hyperbranched Poly(alkylene glycol)s by copolymerization of alkylene oxides with glycidol.82,84,85 Contrary to the linear anionic polymerization, the resulting molar masses do not depend on the ratio of monomer to initiator. Limited control over the degree of polymerization was achieved by varying the polarity of the reaction media. The access to well-defined hyperbranched PEG copolymers of a wide range of molecular weights enabled a combined investigation by analytical ultracentrifugation, viscometry, translational diffusion measurements and size exclusion chromatography to establish the hydrodynamic properties of these structures. The obtained scaling relations imply an approximately globular, dendrimer-like structure. For the first time, sedimentation and diffusion analysis was employed to tackle the challenge of absolute molar mass characterization of hyperbranched polymers, revealing up to 25 times higher values compared to SEC data using linear standards. The characterization data demonstrate that the copolymerization of EO and glycidol can lead to molecular weights in the range of 106 g mol−1.83 Hyperbranched poly(propylene oxide)-co-polyglycerol and poly(1,2-butylene oxide)-co-polyglycerol were synthesized in a similar manner, but without solvent, leading to moderately distributed, albeit low molecular weight polymers with thermoresponsive properties in aqueous solution.84,85 By variation of the comonomer ratio, lower critical solution temperatures (LCST) and glass transition temperatures were tailored in a systematic manner. Monitoring the batch copolymerization of BO with G by in situ NMR spectroscopy, our group found a tapered structure with a hyperbranched PG-rich core and PBO arms. Hyperbranched poly(1,2-butylene oxide)-co-polyglycerol copolymers with elevated molecular weights up to Mw = 35000 g mol−1 could be prepared under slow monomer addition conditions. Among other polyglycerol copolymers, Royappa et al. reported various cationic copolymerizations of glycidol with propylene oxide and 1,2-butylene oxide, respectively, using boron trifluoride etherate. However, no information regarding degree of branching and amount of comonomer incorporated was given.86 
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Using glycidyl methacrylate as a branching agent and potassium hydride as a catalyst, Zhu et al. prepared long-chain hyperbranched PEG by proton-transfer copolymerization with telechelic PEG, albeit with broad molecular weight distribution. Polymer cytotoxicity and hydrolysis of the ester bonds under physiological conditions were studied.87 Table 5. List of dendritic PEG and poly(alkylene glycol) derivatives Polymerization method Initiator Linear (macro-) monomer unit Branching agent Ref. AB2 polycondensation - - methyl 3,5-bis[oligo-(ethylene glycol)]benzoate 72 A2 + B3 polycondensation - PEG 1,3,5-benzenetricarbonyl trichloride 73 A2 + B3 polycondensation castor oil PEG + diisocyanate tris(bisphenol A) monophosphate 74 A2 + B3 polycondensation - PPO 3-armed star-penta- (4-N-methylbenzamide) 75 multistep anionic polymerization a) EO allyl chloride + OsO4 76 multistep anionic block copolymerization PETH EO EEGE + deprotection 78 multistep azide-alkyne click coupling  PEG Zn(II) tetraphenylporphyrin 77 anionic block copolymerization PEG + CsOH EO glycidol 79 anionic block copolymerization a) EO + PO glycidol 80 random anionic copolymerization b) EO glycidol 81 random anionic copolymerization c) EO glycidol 82, 83 random anionic copolymerization TMP + KOtBu PO glycidol 84 random anionic copolymerization TMP + CsOH BO glycidol 85 
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Table 5 (continued). List of dendritic PEG and poly(alkylene glycol) derivatives random cationic copolymerization BF3:OEt2 PO / BO glycidol 86 Proton-transfer polymerization KH PEG glycidyl methacrylate 87 a) Trimethylolethane + diphenylmethylpotassium, b) calcium amide-alkoxide, c) TMP + potassium naphthalenide  References 1.  Lapienis, G. Star-Shaped Polymers Having PEO Arms. Prog. Polym. Sci. 2009, 34, ϴϱϮ−ϴϵϮ. 2. Doycheva, M.; Berger-Nicoletti, E.; Wurm, F.; Frey, H. Rapid Synthesis and MALDI-ToF Characterization of Poly(ethylene oxide) Multiarm Star Polymers. Macromol. Chem. Phys. 2010, 211, ϯϱ−ϰϰ. 3. Huin, C.; Eskandani, Z.; Badi, N.; Farcas, A.; Bennevault-Celton, V.; GuégaŶ, P. AŶioŶiĐ RiŶg-Opening Polymerization of Ethylene Oxide in DMF with Cyclodextrin Derivatives as new Initiators. Carbohydr. Polym. 2013, 94, ϯϮϯ−ϯϯϭ. 4. Tonhauser, C.; Mazurowski, M.; Rehahn, M.; Gallei, M.; Frey, H. Water-Soluble Poly(vinylferrocene)-b-Poly(ethylene oxide) Diblock and Miktoarm Star Polymers. Macromolecules 2012, 45, ϯϰϬϵ−ϯϰϭϴ. 5. Wang, G.; Fan, X.; Huang, J. Synthesis of 4μ-PS2PEO2, 4μ-PS2PCl2, 4μ-PI2PEO2, and 4μ-PI2PCl2 Star-Shaped Copolymers by the Combination of Glaser Coupling with Living Anionic Polymerization and Ring-Opening Polymerization. J. Polym. Sci., Part A: Polym. Chem. 2010, 48, ϱϯϭϯ−ϱϯϮϭ. 6. Guo, Q.; Liu, C.; Tang, T.; Huang, J.; Zhang, X.; Wang, G. Synthesis of Amphiphilic A4B4 Star-Shaped Copolymers by Mechanisms Transformation Combining with Thiol-ene Reaction. J. Polym. Sci., Part A: Polym. Chem. 2013, 51, ϰϱϳϮ−ϰϱϴϯ. 7. Jiang, G.; Xu, H. Synthesis and Evaluation of a Star Amphiphilic Block Copolymer from Poly(ɸ-Caprolactone) and Poly(ethylene oxide) as Load and Release Carriers for Guest Molecules. J. Appl. Polym. Sci. 2010, 118, ϭϯϳϮ−ϭϯϳϵ. 8.  Li, Y.; Zhang, B.; Hoskins, J. N.; Grayson, S. M. Synthesis, Purification, and Characterization of 
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1.2 Polymerization of Propylene Oxide, 1,2-Butylene Oxide and Higher 1,2-Alkylene Oxide Monomers  While poly(ethylene oxide) (PEO) has unique biomedical applications due to its remarkable watersolubility, substituted poly(alkylene oxide)s, particularly poly(propylene oxide) (PPO), play an important role as hydrophobic, chemically inert, amorphous and flexible polyether compounds in the industrial fabrication of polyurethane foams, for nonionic surfactants or lubricants. This chapter summarizes recent innovations in the area of alkylene oxide polymerization. Polymerization techniques established before 1990 are summarized in comprehensive book volumes.1-3 Among the alkylene oxides, ethylene oxide (EO), propylene oxide (PO), and 1,2-butylene oxide (BO) are available on large industrial scale. Twenty-five million tons of ethylene oxide and 8 million tons of propylene oxide were produced in 2014 (Source: BASF SE), whereas the world annual production of butylene oxide is on the kiloton scale.3 The epoxides are synthesized from the readily available steam cracking products ethene, propene, and 1-butene. Hexene oxide and 
higheƌ α-olefin oxide homologues, however, are solely commercialized as fine chemicals. Therefore, poly(alkylene oxide)s beyond poly(butylene oxide) (PBO) are of little industrial interest, and the majority of studies are performed in academia, mainly to explore modern polymerization strategies, while only limited attention has been devoted to the examination of their materials properties so far.4-7  In general, with increasing alkyl chain length, epoxide monomers exhibit lowered reactivity compared to ethylene oxide and glycidyl ethers.8-10 In contrast to the ROP of EO, the asymmetric substitution pattern of the other 1,2-alkylene oxides results in two different modes of ring-opening and three kinds of monomer unit connections in the corresponding polymer chain (see Scheme 1).  Scheme 1: Anionic ring-opening reaction of a substituted epoxide by methylene (left) or methine attack (right) Anionic alkylene oxide polymerization largely results in regioregular head-to-tail connections (mainly due to steric reasons), whereas irregular combinations of head-to-tail, head-to-head and tail-to-tail linkages are present in poly(alkylene glycol)s obtained by cationic polymerization due 
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to the stability of the respective carbocations. The microstructure can be characterized by 13C NMR spectroscopy (Figure 1).11-13 

 Figure 1. 13C NMR spectrum with methine and methylene carbon signal pattern of atactic, head-to-tail-linked PPO (A) and PPO with irregular microstructure (B). (Adapted with permission from Oguni, N.; Lee, K.; Tani, H. Macromolecules 1972, 5, 819.11 Copyright 1972 American Chemical Society.) Besides this isomerism in the microstructure of the polymer backbone, also different stereoisomers can occur due to the asymmetric substituted methine carbon of the ring. Recently, an excellent and comprehensive review by Coates et al. summarized the state of the art in stereoselective epoxide polymerization and its potential for unusual polyether structures.14 Therefore, this aspect is not covered in detail herein. In order to achieve stereoselectivity, a large range of metal catalysts have been synthesized and investigated, with focus on aluminum, zinc, iron and cobalt based systems, using porphyrin, calixarene or salen complexes (Scheme 2). All catalysts shown in Scheme 2 and the majority of other stereoselective catalysts produce poly-(propylene oxide) with semi-isotactic microstructure. These optically active polymers are semicrystalline, in contrast to stereoirregular PPO, which exhibits an amorphous structure. 
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 Scheme 2. Aluminum complexes with porphyrin (7,8,9), salen (10), calixarene (11), and silylamine (12) lLigands for stereoselective polymerization of propylene oxide (PO). (Adapted with permission from Childers, M.; Longo, J.; Van Zee, N.; LaPointe, A.; Coates, G. Chem. Rev. 2014, 114, 8129.14 Copyright 2014 American Chemical Society.) Anionic polymerization of substituted alkylene oxides using alkali metal alkoxide or hydroxide initiators comes with the drawback of competing chain transfer reactions (Scheme 3). The strongly alkaline alkoxide can, besides acting as a nucleophile that opens the ring, act as a base and abstract a proton from the alkyl substituent at the epoxide ring, generating an instable carbanion. The ensuing rearrangement results in an allyl alkoxide that is capable of initiating a new polymer chain with an unsaturated chain end. This side-reaction limits the achievable molecular weights of PPOs by conventional anionic polymerization (T > 90 °C) to approximately 6000 g mol−1.1 Sterically hindered epoxides such as 2,3-dimethyl-2,3-butylene oxide undergo almost quantitative elimination to allyl alcohols when treated with catalytic amounts of base. To avoid this issue, cationic ring-opening polymerization is often employed for polymerizing disubstituted epoxide monomers like cyclohexene oxide, despite the well-known disadvantages of this method, such as the lack of control over molecular weights and polydispersity.  Scheme 3: Propagation and chain transfer reaction in the anionic polymerization of propylene oxide, limiting achievable molecular weights.   
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Aiming at an improvement of the low monomer reactivity and at reducing chain transfer reactions in the anionic polymerization of 1,2-alkylene oxides, tremendous progress has been made in the last two decades. Allgaier et al. employed crown ethers to complex potassium counterions to increase the nucleophilicity of the chain ends. The accompanying increase of basicity did not affect the polymerization negatively, because reaction conditions below room temperature were chosen. With side reactions minimized, PBO, poly(hexene oxide) (PHO), poly(octane oxide), and poly(dodecene oxide) with high molecular weights up to 65000 g mol−1 and narrow MWDs became accessible.7,15 Deuterated analogues were synthesized in order to examine the effect of the side-chain length on the unperturbed chain dimensions and hydrogen dynamics via neutron scattering.16,17 Also copolymerization of different alkylene oxides has been performed for some comonomer pairs. Anionic copolymerization of EO and BO was conducted using in situ NMR spectroscopy to determine the copolymerization kinetics;18 strongly tapered compositional 
pƌofiles ǁeƌe fouŶd. XioŶg et al. eŵploǇed Allgaieƌ͛s polǇŵeƌizatioŶ stƌategǇ iŶ oƌdeƌ to pƌepaƌe gradient and block side-chain liquid crystalline copolymers from butylene oxide.19  Increased propagation rates for anionic PO and BO polymerization can be achieved using phosphazene bases as catalysts. t-Bu-P4 was found to both accelerate the reaction and to enable polymerization in a living manner without chain transfer.20-22 Capitalizing on this method, Hadjichristidis and co-workers developed a catalyst switch strategy by which PBO block copolymers with polyesters or polycarbonates could be obtained.23-25 For the preparation of the polyester/polycarbonate block, an excess of diphenyl phosphate was introduced to the reaction mixture before adding the cyclic carbonate or lactone monomer. Phosphazene base-promoted anionic polymerization also gave access to brush copolymers consisting of a polyacrylamide main 
ĐhaiŶ aŶd polǇ;alkǇleŶe oǆideͿ side ĐhaiŶs ǀia a ͞gƌaftiŶg fƌoŵ͟ appƌoaĐh ;Figuƌe 2).26 Kappe and co-workers studied the polymerization of alkylene oxides (up to hexane oxide) in the microwave, resulting in low molecular weight polymers, however with fast reaction kinetics. Both oligomers and side products from transfer reactions were studied in detail by SEC.27-29 Employing PEG monomethyl ether as an iniatior, they obtained amphiphilic block copolymers. Short, hydrophobic PBO or PHO segments sufficed to form micelles in aqueous solution.30 
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 Figure 2. Phosphazene base-mediated synthesis of brush polymers with polyacrylamide backbone and polyether side chains. (Adapted with permission from Zhao, J.; Alamri, H.; Hadjichristidis, N. Chem. Commun. 2013, 49, 7079.26 Copyright 2013 Royal Society of Chemistry.) By suspension polymerization using a calcium amide/alkoxide initiator system, Petrov and coworkers synthesized amorphous PO and BO homopolymers and PEO-co-PPO copolymers exhibiting low degrees of crystallinity. Without control over the degree of polymerization, high molecular weights in the range of several hundred kDa and MWDs between 2.3 and 3.2 were obtained.31 The materials were cross-linked photochemically with N,N′-methylenebis(acrylamide) and tested as polymer gel electrolytes in dye-sensitized solar cells. A solar cell containing a chemically cross-linked PEO-co-PPO copolymer with 21% PPO content maintained high power conversion efficiency for at least twice the lifetime of a conventional physical PEO gel electrolyte (Figure 3). 
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 Figure 3. Power conversion effiency over time of dye-sensitized solar cells containing physical PEO gel and chemically cross-linked PEO-co-PPO, respectively. (Adapted with permission from Petrov, P.; Berlinova, I. V.; Tsvetanov, C.; Rosselli, S.; Schmid, A.; Zilaei, A.; Miteva, T.; Dürr, M.; Yasuda, A.; Nelles, G. Macromol. Mater. Eng. 2008, 293, 598.31 Copyright 2008 Wiley.) The activated monomer technique, developed by Deffieux and Carlotti, uses efficient trialkylaluminum catalyst systems and ammonium salt initiators. It allows for minimizing chain transfer reactions during the polymerization of alkylene oxides. PO, BO, 1,2-hexene oxide, and 1,2-octadecene oxide were polymerized rapidly and in a controlled manner, resulting in well-defined polymers with molecular weights up to several ten thousand g/mol.32-34 This strategy gave direct access to α-azido,ω-hydroxy-PPO.35 By combining protonated phosphazene-base alkoxide initatiors with triisobutylaluminum, the same group synthesized telechelic PPO polyols.36 Via N-heterocyclic carbene-catalyzed polymerization, Taton et al. were able to prepare α,ω-difunctionalized PPO with MWs up to 7000 g mol−1 without the use of additional solvents.37 Recently, Limbach et al. introduced imidazol(in)ium carbonates as more stable precatalysts which released the N-heterocyclic carbene upon heating,38 demonstrating controlled synthesis of telechelic PPOs. In contrast, copolymerization of PO with ɸ-caprolactone and (S,S)-lactide, respectively, resulted in decreased conversion and broadened MWD. Carbene-mediated polymerization of higher alkylene oxide monomers has not been explored yet. The most prominent polyalkylene glycol surfactants are block copolymers consisting of hydrophilic PEG and hydrophobic PPO segments that are discussed in a separate section of the Chemical Reviews article (not included in this thesis). In search of an alternative for poloxamers and similar EO-PO block copolymers, Booth and co-workers synthesized a great variety of linear and cyclic diblock and triblock, as well as gradient polymers from EO and BO. Polymerizations were performed in bulk, using alcohol-potassium alkoxide mixtures as initiators, resulting in narrow 
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molecular weight distributions. In general, rather short PBO blocks were synthesized.39-42 Several groups extensively explored the materials properties of the copolymers, focusing on the dependence of micellization and gelation behavior on the block architecture.43-50 Following the trend in hydrophobicity, copolymers of EO and BO exhibit lower critical micelle concentrations than copolymers of EO with PO, even if the hydrophobic block is shorter (Figure 4). In this context one may emphasize that low molecular weight PPO homopolymers are water-soluble below a critical solution temperature.51,52 
 Figure 4. Critical micelle concentration of amphiphilic diblock and triblock copolymers in aqueous solution at 30 °C, versus PBO (B) and PPO (P) block length, respectively. (PEO (E) block length constant.) (Adapted with permission from Booth, C.; Attwood, D. Macromol. Rapid Commun. 2000, 21, 501.43 Copyright 2000 Wiley.) Bates and co-workers modified the reaction protocol of Booth et al. by using THF as a solvent and completely deprotonated potassium alkoxides as initiators. This strategy enabled the synthesis of narrowly distributed PBO-b-PEO and low molecular weight PHO-b-PEO block copolymers with low monomer conversion.5,53 The resulting materials were successfully tested for potential application as tougheners in cured epoxy resins.54 Higher molecular weight PBO-b-PEO and PHO-b-PEO block copolymers were obtained by Carlotti et al. via the activated monomer method, and their self-organization in aqueous solution was investigated.55 As expected from the high hydrophobicity of PHO, they observed very low critical micelle concentrations. Depending on the block lengths and molar ratio of hydrophilic and hydrophobic segments, spherical micelles or vesicles (polymersomes) or both in coexistence were observed. Multihydroxyfunctional polyalkylene glycol amphiphiles can be accessed by replacing the PEG segments with linear or hyperbranched polyglycerol (PG), retaining the hydrophobic PPO blocks. Following the first report on linear−dendritic PPO−PG block copolymers,56 linear diblock, triblock, and gradient copolymers were synthesized via polymerization and subsequent deprotection of 
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ethoxyethyl glycidyl ether (EEGE).57-60 Incorporation of small amounts G already lead to water-soluble materials. Carlotti et al. were able to synthesize gradient copolymers of EEGE and tert-butyl glycidyl ether with PO and BO, respectively, with elevated molecular weights up to 85000 g mol−1 by the activated monomer strategy.61 Kakuchi and co-workers combined the protected PG derivatives poly(benzyl glycidyl ether) and poly(tert-butyl glycidyl ether) with PBO segments, using phosphazene base-catalyzed polymerization.22 More than 60 years ago, random copolymers of EO and PO were commercialized as water-soluble polyalkylene glycol (PAG) lubricants by Union Carbide.62 EO/PO random copolymers do not show such low surface tensions as the corresponding PEO-b-PPO block copolymers, avoiding undesired foaming when in use. Their properties in aqueous solution have been investigated by FƌaŶçois and co-workers.63 Similar to the solubilization of hydrophobic compounds in water via PEGylation, oil-soluble gasoline additives were synthesized by butoxylation of hydrophilic amides.64 Recently, Dow Chemical released oil-soluble PAGs, based on PBO and PPO-co-PBO copolymers as performance additives in hydrocarbon lubricants.65 As part of their work on epoxide-termination of living carbanionic polystyrene polymerization and subsequent AROP of epoxides, Quirk et al. prepared block copolymers which contained PPO as a semipolar segment.66 Inspired by this, Bates and co-workers combined PBO with polyolefins and investigated the phase behavior of the completely hydrophobic, but phase-separated block copolymers.67 Noh and co-workers employed cationic ring-opening polymerization to copolymerize BO with epichlorohydrin.68 In a postpolymerization modification step, they etherified the chloride groups to obtain stimuli-responsive poly(ferrocenyl glycidyl ether)-PBO copolymers. Apart from its use in polyether chemistry, PO features prominently in the preparation of ͞green͟ polycarbonate. Driven by the global trend toward green chemistry and biodegradable materials, the copolymerization of PO (and other epoxides) with carbon dioxide has become a focus of major attention. Numerous reviews on the research in this area have been published in recent years.14,69-78   
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Abstract The reaction kinetics of the multibranching anionic ring-opening copolymerization of glycidol (a cyclic latent AB2 monomer) with ethylene oxide (EO), propylene oxide (PO) and 1,2-butylene oxide (BO) in dimethyl sulfoxide was examined. Online 1H NMR spectroscopy was employed for in-situ monitoring of the individual monomer consumption during the entire course of the copolymerisation. Varying the counter ion, both cesium alkoxide and potassium alkoxide initiated copolymerization were studied and compared. From the individual monomer consumptions, reactivity ratios were calculated. The reactivity ratio of the alkylene oxides decreases from 0.44 to 0.11 with increasing alkyl chain length on going from EO to BO. Glycidol was found to exhibit higher reactivity ratios in each combination ranging from 2.34 to 7.94. Different counter ions rather influence the absolute reaction rates than the relative monomer reactivity. Furthermore, the calculated reactivity ratios were related to the molecular weight distribution and the degrees of branching of the respective copolymers, implying a change from a hyperbranched to a hyperstar structure with increasing side chain length of the alkylene comonomer.  Introduction Hyperbranched polymers combine dendrimer-like materials properties, such as an amorphous nature and a high number of functional end groups with facile synthetic accessibility. Since Flory introduced the theoretical concepts for hyperbranched structures in 1952,1 a considerable amount of theoretical work has been devoted to understanding and predicting the reaction kinetics of multibranching polymerizations, varying reaction parameters.2–13 However, only in few works experimental data on polymerization kinetics have been reported. Several multibranching polycondensation and self-condensing vinyl polymerization reactions, mainly homopolymerizations, were investigated.14–23 Classical characterization methods such as NMR spectroscopy, gas chromatography and mass spectrometry, respectively, have been employed to monitor the polymerization progress.  In recent years, our group has established in-situ NMR spectroscopy as a convenient tool to follow copolymerization kinetics in real time during the entire course of a reaction. This method has granted insight into the reactivity ratios and copolymer sequences for the anionic ring-opening copolymerization of ethylene oxide (EO) with different glycidyl ethers and glycidyl amines,24–28 as well as the copolymerization of propylene oxide (PO) with acetal-protected glycidol.29 Allgaier et al. studied the copolymerization of ethylene oxide and 1,2-butylene oxide (BO) in the same 
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manner, revealing a strongly tapered microstructure.30 Poly(alkylene oxide)s are chemically stable, mostly non-toxic materials comprising flexible polyether chains. Their fields of application strongly depend on the materials properties of the respective polymer. The water-soluble and semi-crystalline poly(ethylene oxide) features prominently in biomedical, cosmetic and food products, whereas the hydrophobic and amorphous poly(propylene oxide) is a widely used building block for polyurethanes. The reaction kinetics of the multibranching anionic polymerization of glycidol has been hardly studied to date. In 1966, Sandler and Berg vaguely observed a higher reactivity of glycidol in comparison with propylene oxide.31 Copolymerization of glycidol has only been investigated by in-situ NMR spectroscopy in two reports to date. Kim and coworkers monitored the copolymerization of glycidol and an unusual redox-degradable glycidyl ether by quantitative 13C NMR measurements.32 This technique, however, requires polymerization in bulk to compensate for the low natural abundance of the 13C isotope.33 It is therefore unsuitable for the polymerization of volatile monomers such as ethylene oxide above their boiling points in the NMR tube. Furthermore, the established synthetic procedure for the anionic polymerization of glycidol and its copolymerization with glycidyl ethers involves slow addition of the monomer(s) to achieve control over molecular weights and molecular weight distribution.34,35 These particular conditions could not be transferred to an in-situ NMR kinetic experiment so far. In recent years our group introduced simple batch procedures for the copolymerization of the readily available alkylene oxide monomers ethylene oxide, propylene oxide and 1,2-butylene oxide (BO) with glycidol, resulting in moderately distributed hyperbranched polyether polyols with mostly low molecular weights (Scheme 1).36–39 In the recently reported procedures, hyperbranched anologues of the commercially widely used poly(alkylene) oxide homopolymers were obtained, which feature tunable solubility, multiple hydroxyl end groups, low viscosity and an amorphous structure. We also performed a first kinetic experiment to determine the reactivity ratios of the system glycidol/BO and found a strongly tapered structure, raising the general question: At what rates does glycidol polymerize compared to common alkylene oxides? 
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Scheme 1. Synthesis of hyperbranched copolymers from glycidol with EO, PO and BO, carried out in an NMR tube in this work. In this work, we study the anionic copolymerization kinetics of the cyclic, latent AB2-monomer glycidol with the common epoxide monomers EO, PO and BO in deuterated dimethyl sulfoxide by in-situ 1H NMR spectroscopy. From the monomer consumption during the copolymerization, we determine reactivity ratios of the three different comonomer combinations, using the Fineman-Ross formalism and discuss the consequences for the resulting branched polyether structure. The influence of the counterion is investigated by comparing potassium and cesium alkoxide initiated copolymerization. From the reactivity ratios conclusions regarding the (hyper)branched structures have been derived.  Experimental part Materials DMSO-d6 was purchased from Deutero GmbH (Kastellaun). Other solvents and reagents were purchased from Sigma Aldrich and Acros Organics and used as received, unless stated otherwise. Propylene oxide (99.5%), 1,2-butylene oxide (99%) and glycidol (96%) were dried over calcium hydride (CaH2) and distilled in vacuum directly prior to use.  Instrumentation NMR spectroscopy. 1H NMR spectra were recorded at 400 MHz and 13C NMR at 100 MHz on a Bruker Advance III HD 400 (5 mm BBFO-SmartProbe with z-gradient and ATM) and are referenced internally to residual signals of the deuterated solvent. Details of the in-situ NMR technique are given below. Analytical Size-exclusion chromatography. An Agilent 1100 series including a PSS HEMA column combination (106/104/102 Å porosity) and UV and RI detector, was used as an integrated 
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instrument for SEC measurements in DMF (containing 0.25 g L-1 of lithium bromide as an additive). Calibration was achieved with poly(ethylene glycol) standards provided by Polymer Standards Service (PSS). Preparative Size-exclusion chromatography. Sample fractioning by SEC was performed in CHCl3, at 25 °C and a flow rate of 3.5 mL min-1 using a LC-91XX Next Series Recycling Preparative HPLC Anlage by Japan Analytical Industry Co. Ltd.. It was equipped with a Jaigel-2H column (upper exclusion limit 5 ∙ 103 g mol-1) and a UV and RI detector. Calibration was achieved with polystyrene standards provided by Polymer Standards Service (PSS).  In-situ NMR-monitoring of the copolymerizations 4.0 mg (0.03 mmol, 1.0 eq.) 1,1,1-Tris(hydroxymethyl)propane (TMP) and either 1.7 mg (0.01 mmol 0.3 eq.) cesium hydroxide monohydrate or 1.1 mg (0.01 mmol 0.3 eq.) potassium methoxide were placed in a Schlenk tube and dissolved in methanol. Benzene was added and the initiator salt was dried in vacuum overnight. All ensuing operations were performed under protective gas atmosphere. The initiator salt was dissolved in 0.5 mL DMSO-d6. The solution was transferred to an NMR tube equipped with a Teflon stopcock and frozen. 60 µL (0.9 mmol, 30 eq.) glycidol and 0.6 mmol, (20 eq.) of the comonomer ethylene oxide, propylene oxide or butylene oxide, respectively, were added. In case of ethylene oxide, the monomer was transferred from a lecture bottle to a graduated ampoule and subsequently into the NMR tube via distillation in vacuum. The tube was evacuated and sealed; the solution was warmed to room temperature, mixed and then placed in the NMR spectrometer at 60 °C. Spectra were recorded with 16 scans at 2-minute intervals during the first hour, then at 5-minute intervals for 2 hours, and at 10-minute intervals within the next 15 hours. If necessary, the intervals were extended afterwards. Hb(PEO-co-PG) 1H NMR (400 MHz, DMSO-d6, ɷͿ: ϰ.ϴϭ – 4.35 (m, br, OH); 4.10 – 3.06 (m, O-CH, O-CH2); 1.36 – 1.18 (m, 2H, CH3-CH2 (TMP)); 0.89 – 0.68 (m, 3H, CH3 (TMP)).  13C-NMR (DMSO-d6, ϭϬϬ MHz, ɷͿ: ϴϬ.Ϯϱ – 79.45 (m, CH G1,3-Linear); 78.52 – 77.42 (m, CH GDendritic); 73.22 – 72.10 (m,, 2 CH2 G1,4-Linear); 72.04 – 69.62 (m, 2 CH2 GDendritic, 2 CH2 EOLinear, CH2-CH2-OH EOTerminal, CH GTerminal, CH2 GTerminal); 69.61 – 68.37 (m, CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.39 – 62.96 (CH2-OH GTerminal); 60.87 – 60.07 (m, CH2-OH EOTerminal, CH2-OH G1,3-Linear). Hb(PPO-co-PG) 
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1H-NMR (DMSO-d6, ϰϬϬ MHz, ɷͿ: 4.55 – 4.33 (m, br, OH); 4.08 – 3.02 (m, O-CH, O-CH2); 1.56 – 1.12 (m, CH3-CH2 (BO & TMP)); 0.87 (t, CH3 (BO); 0.79 (t, CH3 (TMP)). 13C-NMR (DMSO-d6, ϭϬϬ MHz, ɷͿ: ϴϬ.ϲ – 79.0 (CH G1,3-Linear, CH BOLinear); 78.8 – 77.4 (CH GDendritic); 75.8 – 75.0 (CH2 BOTerminal); 74.6 – 73.6 (CH2 BOLinear) 73.2 – 72.1 (2 CH2 G1,4-Linear); 72.0 – 69.9 (2 CH2 GDendritic, CH GTerminal, CH GTerminal, CH2 BOTerminal); 69.9 – 68.3 (CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.5 – 62.8 (CH2-OH GTerminal); 61.4 – 60.6 (CH2-OH G1,3-Linear).  Hb(PBO-co-PG) 1H-NMR (DMSO-d6, ϰϬϬ MHz, ɷͿ: ϰ.ϱϱ – 4.33 (m, br, OH); 4.08 – 3.02 (m, O-CH, O-CH2); 1.56 – 1.12 (m, CH3-CH2 (BO & TMP)); 0.87 (t, CH3 (BO); 0.79 (t, CH3 (TMP)). 13C-NMR (DMSO-d6, ϭϬϬ MHz, ɷͿ: ϴϬ.ϲ – 79.0 (CH G1,3-Linear, CH BOLinear); 78.8 – 77.4 (CH GDendritic); 75.8 – 75.0 (CH2 BOTerminal); 74.6 – 73.6 (CH2 BOLinear) 73.2 – 72.1 (2 CH2 G1,4-Linear); 72.0 – 69.9 (2 CH2 GDendritic, CH GTerminal, CH GTerminal, CH2 BOTerminal); 69.9 – 68.3 (CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.5 – 62.8 (CH2-OH GTerminal); 61.4 – 60.6 (CH2-OH G1,3-Linear).  Results and Discussion The synthetic protocols for the anionic ring-opening copolymerization of glycidol with ethylene oxide, propylene oxide and butylene oxide, respectively, in the NMR tube were adapted from the corresponding batch procedures that were introduced in recent works by our group.36–38  In order to enable safe polymerization in the NMR spectrometer, the copolymerizations of all monomer combinations were performed in deuterated DMSO at 60 °C. Samples were prepared in a teflon-sealed NMR tube under high vacuum (10-3 bar) and introduced into the preheated NMR spectrometer. The kinetic measurements were started after the sample temperature had remained constant at 60 °C for 120 s. During the first hour, the time interval between spectra recordings was 2 minutes. The interval was increased to 5 min for the next 2 h and to 10 min for 15 h afterwards, due to the decrease of the reaction rate with time. All spectra were recorded with 16 scans and a relaxation time of 1s between the individual scans to ensure comparability of the data. In the following, the data obtained will first be discussed separately for copolymerization of EO, PO and BO with glycidol and subsequently, all combinations studied will be compared. 
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Hb(PEO-co-PG). Consumption of both EO and glycidol was determined by following the decrease of the individual monomer signals over the course of the polymerization. By monitoring the four 
ŵethǇleŶe pƌotoŶs of ethǇleŶe oǆide ;ɷ = Ϯ.ϲϭ ppŵ, sͿ aŶd the ŵethiŶe pƌotoŶ of glǇĐidol ;ɷ = 2.99 ppm, m), the respective conversion rates were followed. An exemplary selection of NMR spectra is shown in Figure 1, revealing the decreasing monomer signals and the concurrent increase of the broad characteristic polymer signal of the polyether backbone in the range of 3.3 to 3.9 ppm. The decrease of the monomer signal intensity can be translated to the single monomer consumption. It is obvious that glycidol (highlighted in red) is consumed faster than the comonomer EO (highlighted in blue). 

 Figure 1. Online 1H NMR copolymerization kinetics of ethylene oxide and glycidol in DMSO-d6. Bottom: Overlay of spectra of the online 1H NMR kinetics study. Top: Zoom-in, showing the decrease of the monomer signal of glycidol (red) and ethylene oxide (blue).  The normalized single monomer conversion is plotted versus the total monomer consumption in Figure 2. The residual monomer concentration was normalized by the intersection with c(G) = c(EO). In contrast to the generally accepted validity of reactivity ratios for radical copolymerizations, data from anionic copolymerizations are often criticized with respect to their limited significance, because the reaction rates may vary drastically with solvent polarity and counterion employed. In order to generalize our conclusions, all copolymerizations in this work have been performed with both cesium alkoxide and potassium alkoxide initiation, respectively, 
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to investigate the dependence of the reactivity ratios on the counterion. Cesium alkoxide initiated copolymerization of EO and G was found to proceed at a faster reaction rate and 99% conversion was achieved after 40 h. Potassium alkoxide initiation, on the other hand, leads to a slightly longer reaction time of approximately 55 h (Figure S1).  The reactivity ratios for the copolymerizations were determined by the established Fineman-Ross formalism (as detailed in the Supporting Information).40 For the monomer pair EO/glycidol the polymerization with cesium shows the reactivity ratios rEO,Cs = 0.42 ± 0.02 and rG,Cs = 2.34 ± 0.13. The slower reaction with potassium as a counterion leads to slightly more disparate reactivity ratios of rEO,K = 0.44 ± 0.02 and rG,K = 2.64 ± 0.14. The disparate reactivity ratios indicate a gradient copolymer structure. It should be noted, however, that chain transfer reactions after different reaction times cause the formation of a mixture of copolymers with varying composition due to the drifting molar ratio in the monomer feed. These chain transfers may only occur as long as 
glǇĐidol is pƌeseŶt iŶ the ŵoŶoŵeƌ feed, as eǆplaiŶed iŶ seĐtioŶ ͚CoŶseƋueŶĐes of the ƌeaĐtioŶ 

kiŶetiĐs foƌ the ĐopolǇŵeƌ stƌuĐtuƌe͛.  
 Figure 2. Comparison of the monomer conversion of ethylene oxide (blue) and glycidol (red) in dependence of the total monomer conversion and for different counterions. Hb(PPO-co-PG). The NMR kinetic studies of the copolymerization of PO and glycidol were performed under the same conditions and with the same setup as the kinetic studies for EO/G. 

The iŶtegƌals of the ŵethiŶe sigŶals of glǇĐidol ;ɷ = Ϯ.ϵϵ ppŵ, ŵͿ aŶd pƌopǇleŶe oǆide ;ɷ = Ϯ.ϵϯ ppm, m) were followed for the calculation. Figure 3 shows a considerably faster decrease of the glycidol signal compared to the propylene oxide monomer signals. A concurrent increase of the signal of the polymer backbone can be observed. The single monomer conversion was calculated and plotted versus the total monomer conversion (Figure 4). The reactivity ratios determined for 
0,0 0,2 0,4 0,6 0,8 1,0

0,00

0,25

0,50

0,75

1,00

1,25

1,50 counterion K
+

 ethylene oxide

 glycidol

counterion Cs
+

 ethylene oxide

 glycidol

[M
] x

,t
/[
M

] c
(E

O
)=

c
(G

)

total monomer conversion



2.1 Online NMR Copolymerization Kinetics of Glycidol with EO, PO and BO: From Hyperbranched to Hyperstar Topology  

58 

the system PO/glycidol are rPO,Cs = 0.17 (± 0.02)/ rG,Cs = 4.70 (± 0.41) and rPO,K = 0.16 (± 0.01)/ rG,K = 4.86 (± 0.44). The polymerization with cesium as counterion proceeded slightly faster, and the potassium initiated copolymerization exhibited a slightly greater difference in the reactivity ratios. However, we emphasize that the kinetic data shows no significant difference in the polymers´ gradient structure for the different counterions. This monomer combination results in a pronounced gradient structure. Chain transfer reactions may only occur before a total conversion of 85% is reached, because the glycidol monomer has been consumed at this point.  
 Figure 3. Online 1H NMR copolymerization kinetics of propylene oxide and glycidol in DMSO-d6. Bottom: Overlay of spectra of the online 1H NMR kinetics study. Top: Zoom-in, showing the decrease of the monomer signals of glycidol (highlighted in red) and propylene oxide (highlighted in green). 
 Figure 4. Comparison of the single monomer conversion of propylene oxide (green) and glycidol (red) in dependence of the total monomer conversion and for different counterions. Hb(PBO-co-PG). The cesium alkoxide-initiated copolymerization of butylene oxide and glycidol had already been investigated in a preceding work.36 The Fineman-Ross determination of the reactivity 0,0 0,2 0,4 0,6 0,8 1,0
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ratios gave values of rBO,Cs = 0.19 (± 0.02)/ rG,Cs = 6.08 (± 0.23), revealing a strongly tapered structure with G being incorporated into the polymer considerably faster than BO. Herein, we analyze this system initiated by a potassium alkoxide for comparison. Interestingly, for this monomer combination, the nature of the counterion shows a more significant influence. The polymerization with potassium was significantly slower than with cesium as a counterion. Nearly twice the reaction time was required with potassium to achieve full conversion (Figure S2). Reaction of the more reactive monomer glycidol was even more favored for the slower polymerization with the potassium counterion (Figure 5). This leads to reactivity ratios of rBO,K = 0.11 (± 0.01) and rG,K = 7.94 (± 0.67) for the potassium system, indicating an even more pronounced tapered microstructure. Chain transfer may occur before a total monomer conversion of 75% is reached. 
 Figure 5. Comparison of the monomer conversion of butylene oxide (black) and glycidol (red) in dependence of the total monomer conversion and for different counterions. Table 1. Reactivity ratios for the anionic copolymerization of glycidol with EO, PO and BO, respectively, with cesium or potassium as a counterion.  glycidol + EO glycidol + PO glycidol + BO  rG rEO rG rPO rG rBO cesium 2.34 (±0.13) 0.42 (±0.02) 4.70 (±0.44) 0.17 (±0.02) 6.08 (±0.23) 0.19 (±0.02) potassium 2.64 (±0.14) 0.44 (±0.02) 4.86 (±0.44) 0.16 (±0.01) 7.94 (±0.67) 0.11 (±0.01)  
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Comparison of the hyperbranched poly(alkylene oxide) copolymers. It is long known that in an anionic ring-opening polymerization substituted epoxides polymerize at considerably slower rates than ethylene oxide, both due to statistical reasons and higher electron density at the epoxide ring.41–44 Under conventional AROP conditions, the nucleophilic attack on substituted alkylene oxides only takes place at the methylene group of the ring and not at the substituted carbon. The methine group does not react with alkoxide nucleophiles in general.45–47 Thus, there is only one reactive site, whereas ethylene oxide contains two reactive methylene groups. Furthermore, the electron-releasing inductive effect of the alkyl side chain lowers the overall reactivity of the ring towards nucleophiles.  The decrease in reactivity with increasing alkyl chain length is reflected by the comparison of the three copolymerizations (Table 1). PO and BO are incorporated very late when a large fraction of glycidol is already consumed. In contrast, the system EO/glycidol shows a simultaneous decrease of the monomer signals. It is a surprising result that glycidol is still the more reactive component in this system. Glycidol exhibits similarly high reaction rates in all kinetic experiments. The differences in the gradients can be seen in Figure 6A. The monomer conversion of ethylene oxide, propylene oxide and butylene oxide was significantly slower than glycidol consumption, and the time required for full conversion increased with increasing alkyl chain length (Figure 6B). The NMR kinetic data show similar results for potassium and cesium counterions. The only significant variation is the required time for complete monomer consumption with potassium.  
 Figure 6. A) Plot of the normalized single monomer conversion versus the total monomer conversion of the systems ethylene oxide/glycidol (sphere), propylene oxide/glycidol (star) and butylene oxide/glycidol (triangle) with cesium counterion; B) Plot of the single monomer conversion versus the time.  We conclude that the statistical copolymerization of these three polyether systems leads to different copolymer topologies (Figure 7). Hyperbranched poly(ethylene oxide)-co-polyglycerol can be polymerized in a batch polymerization, however branches will be formed mainly in the 
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initial stages of the polymerization. Poly(propylene oxide)-co-polyglycerol exhibits a more pronounced gradient structure. Poly(butylene oxide)-co-polyglycerol possesses a hyperstar-like structure because the monomers react almost sequentially. 
 Figure 7. Visualization of the topologies of the different copolymers, based on the reactivity ratios determined. Since all reactivity ratios have been determined, it is technically possible to generate all poly(alkylene oxide)-co-polyglycerol copolymers with branching points distributed homogeneously over the polymer structure. To this end, a reactor has to be charged with the less reactive epoxide monomer first and then glycidol would have to be added slowly at a specific rate determined by the reactivity ratios and concentration of monomers present. However, calculations have shown that for comonomers with greatly differing reactivity, such as BO and G, the more reactive monomer would have to be added at extremely low rates, leading to impracticably long reaction times.30 Consequences of the reaction kinetics for the copolymer structure. Contrary to (linear) living anionic copolymerizations that do not show transfer or termination steps, in which case the monomer consumption can be directly translated into a compositional profile of the resulting chains,24–29 deriving structural information for a branched copolymer from the copolymerization kinetics is more complex. The anionic (co)polymerization of glycidol does not proceed in a living fashion. Glycidol acts as an 

͞iŶiŵeƌ͟ because it contains both a polymerizable epoxide ring and an alcohol group. Thus, (co)polymerization of glycidol in batch involves chain transfer to this inimer and autoinitiation.48 As a consequence, copolymers obtained from glycidol and a distinctly less reactive comonomer exhibit an inhomogeneous composition. The glycidol fraction in the monomer feed decreases during the copolymerization (Figure 8). The more disparate the reactivity ratios of the comonomers, the steeper the slope of the drift in the molar ratio of the monomer feed. Due to 
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the drift, chain transfer reactions at different total conversions lead to initiation of copolymers with varying initial comonomer ratio. 
 Figure 8. Decreasing glycidol fraction in the monomer feed with increasing total monomer conversion for the different potassium alkoxide-initiated copolymerizations.  In order to visualize this effect, a hb(PBO-co-PG) copolymer with overall glycidol content of 60% was separated by hydrodynamic volume into five fractions using preparative size-exclusion chromatography. Figure 9 shows the respective glycidol content of each fraction, determined by 1H NMR, revealing a compositional drift from 55% to 62% glycidol with increasing molecular weight. This can be explained by the rapid decrease of the glycidol fraction in the monomer feed at the beginning of the copolymerization, while butylene oxide does not react significantly at first, but polymerizes without side reactions after glycidol is consumed completely. Therefore, chain transfer reactions occurring at different glycidol conversions result in different copolymer compositions and degrees of polymerization. On the one hand, a copolymer initiated at the beginning of the reaction contains a higher glycerol content than a copolymer started by a glycidol autoinitiation process later on, when a major fraction of glycidol is already consumed, however most BO is still present in the feed. On the other hand, delayed initiation leads to lowered molecular weight of the resulting polymer because the reaction time is shorter, provided that the deprotonation equilibrium among the hydroxyl groups is independent of the degree of polymerization.  



2.1 Online NMR Copolymerization Kinetics of Glycidol with EO, PO and BO: From Hyperbranched to Hyperstar Topology 

63 

 Figure 9. Shifting glycidol content of five fractions from the same hb(PBO-co-PG) copolymer in dependence of the molecular weight. 
AdditioŶal iŶfoƌŵatioŶ oŶ the ĐopolǇŵeƌs͛ ŵiĐƌostƌuĐtuƌe ĐaŶ ďe oďtaiŶed ďǇ ƌelatiŶg the reactivity ratios determined from the 1H NMR copolymerization kinetics to the degrees of branching of the resulting copolymers, determined from Inverse Gated (IG) 13C NMR spectra. 1H NMR spectra measured during the polymerization provide information regarding the monomer consumption during the copolymerization, but not on the respective propagation sites. Linear A+B copolymers commonly feature two types of active chain ends because either comomoner A or B can form the terminal unit. For the branched poly(alkylene oxide)-co-polyglycerol copolymers, however, there are more possible active chain ends than just terminal alkylene oxide and glycerol units. Due to the complex repeating pattern of branched polyglycerol, the polymerization of glycidol results in four different types of alkoxide moieties: primary alkoxides at terminal and 1,3-linked linear glycerol units as well as secondary alkoxides at terminal and 1,4-linked linear glycerol units. All of these end groups may participate in the polymerization because the deprotonation of the hydroxyl end groups resulting in intra- and intermolecular transfer is an extremely fast reaction. Inverse Gated 13C NMR spectroscopy allows for distinguishing the different repeating units and quantifying their relative amount in the copolymer. Thus, the degree of branching (DB) can be calculated according to Equation 1.49  
୔୅୓−௖௢−୔Gܤܦ = ଶ ீీ౛౤ౚr౟t౟ౙଶ ீీ౛౤ౚr౟t౟ౙ+ ீభ,య−ై౟౤౛౗r+ ீభ,ర−ై౟౤౛౗r+ ஺ைై౟౤౛౗r                (1) Figure 10 shows the degrees of branching of poly(alkylene oxide)-polyglyerol copolymer samples, prepared by batch copolymerization, in dependence of the copolymer composition.36–38 Our kinetic experiments revealed that glycidol is the more reactive monomer in each of these 
ĐopolǇŵeƌizatioŶs aŶd that the alkǇleŶe oǆides͛ ƌeaĐtiǀitǇ decreases with increasing alkyl chain 
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length. In addition, the DB provides information about the chain end reactivity, since the DB depends on the ratio of propagation steps occurring at different types of active chain ends. Only propagation steps at the hydroxyl groups of linear glycerol units lead to branching, increasing the DB. Any other possible propagation steps result in linear segments, decreasing the DB. If all chain ends are of equal reactivity, branching occurs randomly according to Equation 2.49  
.୅୆/୅୆మ,rୟ୬ܤܦ = ʹ ௥+ଵሺ௥+ଶሻమ , with ݎ = ௫ఽా௫ఽామ                  (2) The dashed line in Figure 10 represents the theoretical DB values of a random AB/AB2-system in dependence of the copolymer composition. It can be clearly seen that the DB values of the poly(ethylene oxide)-co-polyglycerol copolymers are close to the random values or slightly lower. This indicates an approximately equal reactivity of ethylene glycol and glycerol chain ends. The copolymerization of glycidol with substituted alkylene oxides leads to increased degrees of branching, corresponding to full reaction of the glycerol units. In contrast to EO units, terminal PO and BO units form secondary alkoxide chain ends after deprotonation, which are less reactive than primary alkoxides. Thus, propagation at primary glycerol alkoxide termini becomes more likely.  

 Figure 10. Degrees of branching of hb(PEO-co-PG) , hb(PPO-co-PG), hb(PBO-co-PG) copolymers with varying glycidol content. The dashed line represents the DB of an ideally random AB/AB2 system with all end groups possessing the same reactivity.   
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Conclusion The multibranching anionic copolymerizations of glycidol with EO, PO and BO were carried out in the NMR spectrometer and monitored in situ by 1H NMR spectroscopy to elucidate the copolymerization kinetics. Following the single monomer consumption revealed high reactivity of glycidol and lower reactivity of the alkylene oxide comonomers. The reaction rate of the alkylene oxides decreases with increasing alkyl chain length. This trend is reflected in the reactivity ratios determined using the Fineman-Ross formalism (rG/rEO = 2.34/0.42, rG/rPO = 4.70/0.17, rG/rBO = 6.08/0.19). Variation of the counterion from cesium to potassium mainly resulted in the deceleration of the absolute polymerization rate for copolymerization of glycidol with ethylene oxide and propylene oxide, however without a significant effect on the reactivity ratios. The copolymerization of glycidol with butylene oxide is strongly retarded with the smaller counterion, also leading to a greater difference between the reactivity ratios (rG/rBO = 7.94/0.11). The reactivity ratios were related to the degrees of branching of the copolymers to clarify their topology. While the results imply a hyperbranched gradient structure for hb(PEO-co-PG) copolymers, hb(PPO-co-PG) and hb(PBO-co-PG) copolymers can be visualized as hyperstar-like materials, comprising a strongly branched, glycerol-rich core and mostly linear poly(alkylene oxide) arms. The occurrence of chain transfer reactions could be confirmed by investigating the molecular weight-dependent composition of a fractionated hb(PBO-co-PG) sample. As expected, lower molecular weight fractions, presumably resulting from delayed initiation by chain transfer, were found to contain lower glycerol content, due to the decrease of the glycidol fraction in the monomer feed during the copolymerization. In summary, the reactivity ratios determined by in situ 1H NMR kinetics and the structural information derived from them provide a fundamental understanding on the three-dimensional structure of hyperbranched poly(alkylene oxide)s. These conveniently accessible complex polyether polyols allow polarity design, adjustment of the number of end groups, and further functionalization. Their tunable properties render them promising materials for diverse fields of application ranging from biomedicine to polyurethane cross-linking.  Acknowledgement D.L acknowledges a fellowship via the Excellence Initiative (DFG/GSC 266) in the context of MAINZ 
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Supporting Information  Calculation of the copolymerization parameters Copolymerization: 
ଵܲ− ଵܯ+ ௞భభ→ ଵܲܯଵ− 
ଵܲ− ଶܯ+ ௞భమ→ ଵܲܯଶ− 
ଶܲ− ଵܯ+ ௞మభ→ ଶܲܯଵ− 
ଶܲ− ଶܯ+ ௞మమ→ ଶܲܯଶ− 

ଵܲ−; ଶܲ−: active chain end ܯଵ; ܯଶ: monomer k: reactivity constant  Fineman-Ross equation:  𝑥 ∙ ଵ−𝑋𝑋 = − ௫మ𝑋 ଵݎ + ଵݎ ଶ withݎ = ௞భభ௞భమ and ݎଶ = ௞మమ௞మభ x: mole fraction of the stock X: mole fraction of the polymer at certain mole fractions of the stock ݎଵ: reactivity ratio for monomer ܯଵ ݎଶ: reactivity ratio for monomer ܯଶ    
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 Figure S1. Plot of the single monomer conversion of glycidol (red) and ethylene oxide (black) versus the time.  
 Figure S2. Plot of the single monomer conversion of glycidol (red) and propylene oxide (black) versus the time. 
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 Figure S3. Plot of the single monomer conversion of glycidol (red) and butylene oxide (black) versus the time.   0 2000 4000 6000 8000 10000 12000 14000 16000
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Abstract Hyperbranched poly(ethylene glycol) copolymers were synthesized by random anionic ring-opening multibranching copolymerization of ethylene oxide with glycidol as a branching agent, leading to a poly(ethylene glycol) structure with glycerol branching points. Extending the available range of molar masses by novel synthesis strategies, a limited extent of control over the degree of polymerization was achieved by variation of the solvent in this copolymerization. Generally, absolute molar mass characterization of hyperbranched polymers still represents an unresolved challenge. A series of the hyperbranched poly(ethylene glycol)–co–(glycerol) copolymers (hbPEGs) of a wide range of molar masses (1,400 < M < 1,700,000 g mol-1), degree of branching (DB) = 0.04-0.54 and moderate polydispersity (Mw/Mn  (2.1±0.2) was studied, both in water and dimethylformamid by the methods of molecular hydrodynamics. Analytical ultracentrifugation, intrinsic viscosity, translational diffusion measurements and SEC were combined. Molar masses of hbPEGs were estimated from the comparison of the velocity sedimentation and translational diffusion coefficients, i.e. using Svedberg relationship. It was demonstrated that the use of linear PEG for the SEC calibration results in the significantly underestimated values of the molar masses of hbPEGs. The largest hbPEG samples exhibited a hydrodynamic radius of ≈ 14 nm in aqueous solution. The obtained Kuhn-Mark-Houwink-Sakurada scaling relations show linear trends in the entire range of molar masses. Detected scaling indexes virtually correspond to the homologous series characterized by a direct proportionality between the molar mass and volume of the macromolecules that make up this series. The effect of branching on the molecular dimensions and on the hydrodynamic characteristics is discussed, and the corresponding contraction factors have been estimated.   Introduction Branched macromolecules with tree-like branching pattern play an important role in nature, where they perform a variety of essential functions, e.g., for energy storage and water retention. This class of polymers includes glycogen, amylopectin, dextran, glyco-protein complexes and others. Their synthetic analogues were first studied in a systematic manner in the seminal works of Paul Flory.1 The first actual syntheses of perfectly branched macromolecules, eventually called 
͞deŶdƌiŵeƌs͟, ǁeƌe developed in the late 1970s and 1980s, capitalizing on both divergent and convergent construction approaches.2-4 Dendrimers have attracted wide attention due to their unique branch-on-branch topology, compact structure and large number of end groups available for further modification. However, in recent years, motivated by the demanding multi-step 
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synthesis of dendrimers, the attention of researchers has turned to "one-pot" strategies, resulting in hyperbranched macromolecules that exhibit unique characteristics that are a consequence of their particular topology and high branching density.5-12 However, hyperbranched polymers based on multifunctional AB2 polycondensation show large heterogeneity both with respect to molar masses and branching.8,13-15 An important strategy to overcome these drawbacks relies on the slow addition of reactive AB2-monomers onto a core, permitting to reduce the dispersity and enabling a certain extent of control over molar mass.16,17 Despite the enormous advances in this area, absolute molar mass characterization for hyperbranched polymers is still an unresolved issue. Although several efforts have been reported in this direction and theoretical considerations have been published, in addition no suitable theory exists to describe the solution behavior of the different branched polymers.18-25 In particular, it is still unclear whether hyperbranched polymers will follow the well-known scaling relationships between hydrodynamic characteristics ( ௜ܲ = ௜௝ܭ ௝ܲ௕ , where Pi is one of the hydrodynamic characteristics [η], D0, s0, ks, f/fsph and Pj is another hydrodynamic characteristic from this row or molar mass), and, as a consequence, whether they can be considered as fractal or self-similar structures. Furthermore, the conformation of these macromolecules in solution is still an open issue.  In this contribution, on the one hand we demonstrate that by variation of the solvent used for the synthesis a broad range of molar masses of the hyperbranched poly(ethylene glycol) copolymers becomes available. On the other hand we report the results of a study of a series of such non-fractionated hyperbranched poly(ethylene glycol)–co–polǇ;glǇĐeƌolͿ ĐopolǇŵeƌs ;͞hǇpeƌďƌaŶĐhed 

PEG͟, hbPEG) copolymers with glycerol units as branching points, encompassing a wide range of molar masses. The materials were synthesized by the random anionic ring-opening copolymerization of ethylene oxide with glycidol as a branching agent, as introduced in a recent communication (Scheme 1).26 Linear PEG is the gold-standard biomedical polymer because of its outstanding biocompatibility and solubility both in water as well as polar organic solvents.27-29 Hyperbranched PEG copolymers combine these remarkable properties with a dendritic structure, which impedes or even prevents crystallization and provides multiple functional groups for further functionalization.17, 30-33 Contrary to other strategies for the synthesis of branched PEG analogues,34-44 hbPEG is obtained in a convenient one-step batch polymerization with full conversion, resulting in a purely aliphatic polyether structure (Scheme 1). The resulting hbPEGs exhibit high molar masses and moderate apparent dispersities in the range of 1.1 to 1.7, as determined by size-exclusion chromatography (SEC).24 However, reliable results concerning absolute molar masses cannot be obtained by this relative method. We have therefore chosen to 
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investigate the copolymers by the methods of molecular hydrodynamics, in particular by analytical ultracentrifugation, intrinsic viscosity measurements, translation diffusion as well as by SEC measurements for comparison. We focus on the properties of dilute solutions of the hyperbranched PEG copolymers, aiming at the effect of branching on the molecular characteristics and the conformation of the macromolecules.  To the best of our knowledge, ultracentrifugation has hardly been employed for the study of hyperbranched polymers to date.45 Here we introduce new synthetic strategies permitting to obtain hbPEG with different molar masses. In the ensuing sections we discuss the basic hydrodynamic data: (i) molar mass, (ii) scaling relationships, (iii) branching factors, and (iv) global conformation of the hyperbranched polyethers.  
 Scheme 1. Synthesis of hbPEG by random anionic ring-opening copolymerization of ethylene oxide and glycidol; the ratio of epoxide comonomers determines the degree of branching.  Experimental Part Analytical Ultracentrifugation (AUC) and Translation Diffusion Sedimentation velocity experiments were performed with a ProteomeLab XLI Protein Characterization System analytical ultracentrifuge (Beckman Coulter, Brea, CA), using conventional double-sector Epon or aluminum centerpieces of 12 mm optical path length and a four-hole rotor (AN-60Ti). Rotor speed was 40,000 to 60,000 rpm, depending on the sample. Cells 

ǁeƌe filled ǁith ϰϮϬ ʅL of saŵple solutioŶ aŶd ϰϰϬ ʅL of solǀeŶt ;ǁateƌ oƌ dimethylformamid (DMF)). Three concentrations of each sample in H2O and in DMF were studied, covering a wide 
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ĐoŶĐeŶtƌatioŶ ƌaŶge ;ϯ ч Đmax/cmin ч ϳͿ. The paƌaŵeteƌ  characterizing the degree of dilution was in the range 0.002  Đ[η]  0.038, corresponding to a very high dilution state. This, in turn, allows for reliable extrapolation to concentration zero (c: polymer concentration in g cm-3; [η]: intrinsic viscosity, measured in cm3 g-1). Before the run, the rotor was equilibrated for approximately 1 h at 20 °C in the centrifuge. Sedimentation profiles were obtained at the same temperature, using interference optics. For the analysis of the sedimentation velocity data, ls-g*(s) as well as c(s) with a Tikhonov–Phillips regularization procedure implemented into the Sedfit program were applied.46 The ls-g*(s) model represents a least-square boundary analysis which describes sedimentation of non-diffusing species. The c(s) analysis is based on the numerical resolution of the Lamm equation assuming the same frictional ratio (f/fsph) values for each sedimenting species. The velocity sedimentation coefficients (s) were extrapolated to zero concentration by linear approximation, following the relationship: s-1 = s0-1(1+ksc), where s0 is the extrapolated value of the velocity sedimentation coefficient and ks is the concentration sedimentation coefficient (Gralen coefficient). The translation diffusion coefficients D0 were estimated in water by the classical method of forming, in the analytical ultracentrifuge at low speed rotation (n = 3,000 rpm), a solution-solvent boundary using synthetic boundary cells.47 The diffusion interferograms were processed by the maximal ordinate and area method.48 The diffusion coefficient D0 was calculated from the slope of the experimental dependence of the dispersion σ2 (cm2) of the diffusion boundary on time (Figure 1). 
ܦ = ቀ∆𝜎మଶ∆௧ቁ                      (1) 

 
Figure ϭ. DepeŶdeŶĐe of the diffusioŶ dispersioŶ σ oŶ the tiŵe t for the hyperbranched PEG copolymers in water. For other properties of the samples No. 0-8, see Table 1-3. 
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Viscosity Measurements Viscosity measurements were conducted using an AMVn viscometer (Anton Paar, Graz, Austria), with a capillary/ball combination of the measuring system. The respective flow times for the 0 and t, were measured at 20 oC, with relative viscosities r = t/t0 in the range of 1.2 to 2.5, which corresponds to dilute solutions. The extrapolation to zero concentration was achieved by using both the Huggins (𝜂𝑟−ଵ௖ = [𝜂] + ݇ு[𝜂]ଶܿ + ⋯, where kH is the Huggins parameter, c – is the concentration) and the Kraemer equations ( ୪୬ηrୡ = [𝜂] +݇௄[𝜂]ଶܿ + ⋯, where kK is the Kramer parameter), and the average values were considered as the value of the intrinsic viscosity ([η], cm3 g-1).  Partial Specific Volume Determination The density measurements were carried out in the density meter DMA 02 (Anton Paar, Graz, Austria) according to the procedure of Kratky et al..49  NMR Spectroscopy 1H NMR and 13C NMR spectra were recorded at 400 MHz and 100 MHz, respectively, on a Bruker AMX400 apparatus and were referenced internally to residual signals of the deuterated solvent.  Size-exclusion Chromatography (SEC) For SEC measurements in DMF (containing 0.25 g L-1 of lithium bromide as an additive), an Agilent 1100 series was used as an integrated instrument including a PSS HEMA column (106/104/102 Å porosity) and UV and RI detector. As the first step calibration was carried out with linear poly(ethylene glycol) standards provided by Polymer Standards Service (PSS). Due to the completely different hydrodynamic behavior of linear PEG standards compared to highly branched PEG copolymers, in this case, SEC is considered only as a qualitative method to obtain basic information regarding the differences between the synthesized samples according to their elution volume. For the quantitative estimates the columns were calibrated with the molar masses obtained from the sedimentation-diffusion analysis of the samples.  
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Materials All reagents and solvents were used as received, if not otherwise mentioned. Ethylene oxide (EO) and glycidol were dried over calcium hydride (CaH2) and distilled in vacuum directly prior to use. Tetrahydrofuran (THF) was purified by vacuum distillation over sodium/benzophenone.  Synthesis of the hbPEG Polymers A two-necked glass flask equipped with a septum, teflon seal and a magnetic stirrer was connected to a vacuum line. 44 mg (0.33 mmol, 1.0 eq.) 1,1,1-tris(hydroxymethyl)propane (TMP) was mixed with 0.10 mL (0.10 mmol, 0.3 eq.) potassium tert-butoxide (1 M solution in THF) to deprotonate 10 % of the hydroxyl groups. 5 mL benzene was added to the resulting slurry, stirred for 30 min, and the flask was evacuated for at least 4 h to remove traces of water azeotropically as well as other volatiles. In contrast to previous syntheses,24 different solvents were employed to increase or lower the molar mass of the resulting polymers. For the synthesis of hbPEG oligomers and low molar mass polymers, the deprotonated initiator was dissolved in 5 mL dry dimethyl sulfoxide (DMSO). High molar mass copolymers were obtained by using 20 mL dioxane or THF as an emulsifying solvent. In both cases a total amount of 100 mmol (300 eq) monomer was transferred to the reaction vessel, systematically varying the comonomer ratio to obtain a series of hyperbranched copolymers with different degree of branching (DB). Ethylene oxide (40 to 95 mmol) was transferred to an ampoule, dried over calcium hydride and subsequently transferred to the reaction flask in vacuum. The flask was sealed with a septum and glycidol (60 to 5 mmol) was introduced through the septum via cannula. The reaction mixture was then immediately heated to 80 °C and stirred for 18 h. After completion of the reaction, methanol was added and the solution was neutralized by filtration over an acidic cation exchange resin (DOWEX WX8). The resulting hbPEG polymers were precipitated in cold diethyl ether. In the case of the high molar mass polymers the products were dialyzed against methanol (MWCO 3,000 g mol-1). All products were dried in vacuum overnight at 85 °C (yield 80 to 90%). 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 ethylene oxide. Thus, the reaction has to be carried out in an appropriate fume hood, and the respective safety precautions should be taken. In general, the amount of EO used did not exceed 10 g per batch in a 250 mL flask to guarantee a safe reaction. 
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1H NMR (DMSO-d6, ϰϬϬ MHzͿ: ɷ ;ppŵͿ = ϰ.ϴϭ – 4.35 (m, br, OH); 4,10 – 3.06 (m, O-CH, O-CH2); 1.36 – 1.18 (m, 2H, CH3-CH2 (TMP)); 0.89 – 0.68 (m, 3H, CH3 (TMP)). 13C NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ ;ppŵͿ = ϴϬ.Ϯϱ – 79.45 (m, LinearG13 CH); 78.52 – 77.42 (m, DendriticG CH); 73.22 – 72.10 (m,, 2 LinearG14 CH2); 72.04 – 69.62 (m, 2 DendriticG CH2, 2 LinearE CH2, TerminalECH2-CH2-OH, TerminalG CH, TerminalG CH2); 69.61 – 68.37 (m, LinearG13 CH2, LinearG14 CH-OH); 63.39 – 62.96 (TerminalG CH2-OH); 60.87 – 60.07 (m, TerminalE CH2-OH, LinearG13 CH2-OH).  Results and Discussion Synthesis and NMR/SEC Characterization In the first communication on the polymerization of hbPEG, copolymers with apparent molar masses in the range of 23,000 to 50,000 g mol-1 were described, as determined by SEC calibrated with linear PEG standards, focusing on the control over the glycidol content and the degree of branching.26 A detailed study of solvent effects in the current work made it possible to expand the synthetic strategy towards both higher and lower molar masses, as shown below. The degree of polymerization was found to be largely independent of the monomer ratio EO/glycidol. Unfortunately, the slow monomer addition strategy that was established for glycidol homopolymerization29 was not applicable in this case, due to the low boiling point of EO. One-pot synthesis leads to an increased extent of autoinitiation processes, i.e., glycidolate formed by proton transfer during polymerization. This originates from the fast proton transfer from excess glycidol to a TMP anion. Hence, after separating low molecular byproducts from the polymer during workup, NMR studies revealed significant amounts of unreacted initiator.  Since the previously reported procedure for the synthesis of hbPEG always afforded (apparent) molar masses of 23,000 to 50,000 g mol-1 (SEC using PEG standards), both THF and dioxane have been explored as emulsifying agents for the copolymerization. HbPEG samples with apparent molar masses up to 65,000 g mol-1(SEC) and mostly narrow, monomodal molar mass distribution were obtained (Table 1). This is in analogy to the approach introduced by Brooks et al. who obtained narrowly distributed, high molar mass hyperbranched polyglycerol (hbPG) with apparent Mn (SEC) up to 700,000 g mol-1 using dioxane as a cosolvent.50 The authors explained the unexpectedly high degree of polymerization with an accelerated proton transfer caused by the apolar medium and incomplete conversion of the initiator. Accordingly, for hbPEG as well as hbPG a small amount of a low molar mass fraction was obtained that could be removed from the 
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polymer by dialysis. In either case, neither the initiator nor the growing polymer is completely soluble in these solvents; i. e. the reaction can be viewed as an emulsion-like process. Surprisingly, although hbPEG 3 was prepared in the same manner, it exhibited a significantly lower molar mass of only 14,400 g mol-1 (SEC) and the broadest molecular weight distribution of all samples. Nevertheless, its solution properties were studied, despite the high dispersity of this sample, as no other polymers in the molar mass range between 3,000 to 20,000 g mol-1 (SEC) were obtained under the conditions explored. In contrast, copolymerization of ethylene oxide and glycidol in DMSO was generally found to lead to the formation of oligomers and low molar mass polymers in the range of 500 to 3,000 g mol-1 (Mn, apparent molar mass, SEC; samples 0-2 in Table 1) with moderate polydispersities between 1.3 and 1.4 after purification by precipitation in diethyl ether. Due to the polar solvent, the initiator is dissolved completely, and presumably chain transfer from polymer to monomer occurs with higher frequency, since the anion solvation is better than in THF/dioxane. DMSO provides better complexation of the cation, and as a stronger Lewis base it polarizes the oxygen-hydrogen bond more strongly. Determination of the degree of polymerization via 1H NMR spectroscopy, as often used in the case of hyperbranched polyglycerol was not feasible, since full incorporation of the initiator into each macromolecule is a prerequisite for this characterization technique. Even complete conversion, however, would not permit characterization for a molar mass beyond a few thousand g mol-1, as the initiator to monomer ratio is so low that the corresponding proton signal cannot be distinguished in the spectra. Characterization of the copolymers in this molar mass range by MALDI-ToF mass spectrometry is not possible either. However, both the ratio of incorporated monomers as well as the relative amounts of branched, linear and terminal units can be calculated from inverse gated 13C NMR spectra, as described previously.26 The signal splitting due to triad sequences allows for determining the relative amount of branched, linear and terminal units as well. From these, the degree of branching (DB) was calculated as defined by equation (2).51  ܤܦ୅୆/୅୆మ = ଶ஽ଶ஽+௅೎೚                     (2) D summarizes all dendritic units, whereas Lco summarizes all linear units in the hyperbranched copolymers. AB represents a monomer unit containing two reactive sites, in this case ethylene oxide, and AB2 represents the branching unit glycidol as a latent AB2 monomer. Assuming equal reactivity of all B-groups and full conversion, the theoretical DB of an AB/AB2 copolymer with the comonomer ratio r (xAB/xAB2; initial comonomer ratio) can be obtained from equation (3) for comparison, provided all B-groups possess reactivity (Figure 2).51 
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= ୅୆/୅୆మ,the୭ܤܦ ʹ ௥+ଵሺ௥+ଶሻమ , with ݎ = ௫ఽా௫ఽామ                  (3)  
 Figure 2. Experimentally determined degree of branching of hbPEG with varying monomer composition as function of the glycidol mole fraction. The dashed line represents theoretical values calculated from equation (3). SEC and NMR data are given in Table 1. The SEC peak volume is included for the ensuing discussion. Summarizing the results, the lack of control over the molar mass for the copolymerization of ethylene oxide and glycidol in bulk has been overcome to a certain extent by modifying the existing reaction protocol. While still obtaining relatively moderate PDI values (Table 1), the use of polar aprotic solvent led to the formation of oligomers. On the other hand, carrying out the polymerization in cyclic ethers increased apparent molar masses (SEC) up to 65,000 g mol-1.   
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Table 1. NMR and SEC characterization data for hbPEG with varying monomer composition, prepared in DMSO (samples 0 – 2) and THF/dioxane (samples 3 – 8). 
*apparent values of Mn and Mw/Mn obtained by calibration with linear PEG standards ** calculated based on the columns calibration with the molar masses obtained from AUC  Hydrodynamic Characterization Discussion of Experimental Data that Generally do not Depend on Molar Mass:  Primary experimental data. First, we discuss those experimental data and their combinations that typically do not depend on the molar mass. Other data allow calculation of the molar mass of the substances dispersed in the solvent and evaluation of their hydrodynamic size and shape. Note that the former data are important for the characterization of polymers in solution and, as a rule, are used for the homologous series of linear polymers; moreover, these data are usually included in the summary tables in various polymer handbooks.52 For branched polymer systems, the definition of ͞hoŵologous͟ iŶ its staŶdaƌd ŵeaŶiŶg cannot be applied due to the absence of uniform structural repeating units in the polymer. However, it seems worth testing how those values which are virtually constant for linear polymers will depend on the molar mass/composition for the particular case of hyperbranched poly(ethylene glycol)–co–polyglycerol copolymers.   

№ G% (13C) DB (13C) Mn* g mol-1 Mw/Mn* Mn** g mol-1 Mw/Mn** peak volume cm3 0 33 0.36 880 1.39 d 5.03 22.55 1 14 0.13 1,600 1.29 1,300 2.87 21.38 2 7 0.04 2,480 1.28 3,200 2.71 20.28 3 54 0.54 14,400 1.69 57,000 5.83 17.41 4 7 0.07 36,000 1.26 440,000 2.58 14.05 5 34 0.37 40,400 1.33 530,000 2.00 14.01 6 29 0.29 55,300 1.04 1,450,000 1.16 13.79 7 64 0.53 64,600 1.02 1,600,000 1.10 13.78 8 16 0.16 65,300 1.07 1,700,000 1.28 13.75 
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Table 2. Intrinsic viscosity ([η], cm3 g-1), Huggins (kH), Kraemer (kK) parameters and values of partial specific volume (υ, cm3 g-1) for all hbPEG samples in water and DMF. 
№ [η]water kH kK [η]DMF kH kK υwater υDMF 0 - - - 4.9 0.88 0.06 - 0.825 1 6.2 0.84 0.03 5.9 0.78 0.02 0.840 0.840 2 5.9 0.62 0.02 6.0 0.61 -0.04 0.817 0.853 3 6.5 1.79 0.53 6.9 1.23 0.26 0.787 0.792 4 7.3 2.03 0.50 6.8 2.33 0.44 0.829 0.857 5 5.7 2.40 0.52 6.3 1.14 0.22 0.802 0.813 6 5.6 2.05 0.50 5.7 1.76 0.35 0.772 0.810 7 5.5 1.59 0.42 6.5 0.77 0.03 0.769 0.760 8 7.9 1.78 0.32 7.1 1.65 0.33 0.813 0.857 Average values of the partial specific volume of hbPEG are υ = (0.804 ± 0.03) cm3 g-1 and υ = (0.82 ± 0.04) cm3 g-1 in H2O and DMF, respectively. It should be noted that these values of the partial specific volume generally decrease somewhat with increasing glycerol fraction (Figure 2). This trend is more pronounced in DMF than in water. Consequently, for all corresponding calculations the individual values of υ were used.   Partial specific volume and refractive index increment. The partial specific volume υ (cm3 g-1) was calculated from the corresponding density increment measurements as Δρ/ΔĐ = (1-υρ0), where ρ0 is the density of the solvent, for all samples in water and DMF (values are given in Table 2).  The values of the refractive index increment were evaluated from the sedimentation velocity data as follows:  

ௗ௡ௗ௖ = ቀ௃௖ቁ 𝜆௞௟                      (4) where (J/cͿ is the Ŷuŵďeƌ of iŶteƌfeƌeŶĐe fƌiŶges, ʄ is the ǁaǀeleŶgth used ;ϲϱϱ ŶŵͿ, l is the optical path length (12 mm) and k is a device constant. 
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 Figure 3. Correlation of the refractive index increment dn/dc (cm3/g) and the partial specific volume υ (cm3/g) on the glycidol content (%) in the hbPEG macromolecules. 1 – in water, 2 – in DMF, 3 – value for linear PEG in water and 4 – value for linear PEG in DMF (Polymer Handbook52). In water, the values of the refractive index increment of hbPEG are virtually independent of the glycerol content for the high molar mass samples (M > 100,000 g mol-1), and the average value of dn/dc is (0.126 ± 0.003) cm3 g-1. In DMF the dn/dc values increase slightly with increasing glycerol content (Figure 3) and the average values are lower in comparison to the aqueous solutions (dn/dcave   0.053). This difference in dn/dc is mainly due to the difference in the refractive indices of the solvents (nDMF = 1.427 and nH2O = 1.333). The linear approximation for dn/dc dependence of glycidol content in DMF is characterized by a low coefficient of linear correlation and cannot be used to determine the proportion of glycerol in the copolymer. In contrast to that, the dependencies of the partial specific volume vs. glycidol content are more pronounced, have a palatable quality of the linear fit and in principle can be used for the evaluation of the glycidol 
ĐoŶteŶt iŶ ĐopolǇŵeƌs. FolloǁiŶg depeŶdeŶĐes of υ iŶ ďoth solǀeŶts: υ = 0.831 – 0.977×10-3 G% (r 
= Ϭ.ϴϬϴϴͿ aŶd υ = Ϭ.ϴϲϳ + ϭ.ϱϵϬ×ϭϬ-3G% (r = 0.9689) in water and DMF were obtained, respectively. The results obtained by densitometry indicate that the value of the partial specific volume may be used for the approximate estimation of the glycerol content in the samples and, thus, the degree of branching of the macromolecules. Ratio of ks/[ η]. The dimensionless ratio γ = ks/[η], of the concentration dependence coefficient ks (Gralen coefficient) on the intrinsic viscosity [η],53 depends on the particle/macromolecule asymmetry/conformation; the value for coils of linear macromolecules is 1.7 with the general tendency to decrease for more rigid macromolecules and to increase for compact, globular molecules.53-55 The average values obtained for hbPEG samples are γ = 2.9 ± 0.5 and 4 ± 2 for water and DMF solutions, respectively. Remarkably, these values are close to the theoretically predicted value for rigid spheres: (ks/[η])sph = 2.75. 
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Huggins and Kraemer parameters. The viscometric Huggins parameter (kH) usually varies from 0.3 to 0.5 for linear polymers, and the Kraemer parameter (kK) is usually negative. For the hbPEG copolymers of high molar mass (M > 100,000 g mol-1), the kH and kK values fluctuate around the averages which are in H2O: kHav = 1.9 ± 0.1, kKav = +(0.47 ± 0.03), and in DMF: kHav = 1.5 ± 0.2, kKav = +(0.27 ± 0.06). These values are typical for compact macromolecules in solution. For rigid spheres kHsph is 2.26.56 Hydrodynamic invariants. The intercorrelation between the basic hydrodynamic characteristics ([η], s0, D0, (f/fsph)0) can be evaluated by calculating the hydrodynamic invariants A0 ([g cm2 s-2 K-1mol-1/3]) and βs ([mol-1/3]), which remain virtually independent of molar mass for linear homologous series.57, 58  
଴ܣ = ሺ𝑅[ݏ][ܦ]ଶ[𝜂]ሻభయ                     (5) 
𝛽௦ = ݇஻−మయሺ ஺ܰ[ݏ][ܦ]ଶ݇௦ሻభయ                    (6) where kB is the Boltzmann constant, R is the gas constant, NA is Aǀogadƌo͛s Ŷuŵďeƌ, [s] is the intrinsic sedimentation coefficient ([ݏ] = ௦బ𝜂బሺଵ−𝜐ఘబሻ), [D] = D0η0/T – intrinsic diffusion coefficient, ρ0 and η0 are density and dynamic viscosity of the solvent, T - temperature in K The average value of A0 is 3.2 × 10-10 for linear flexible chain polymers and 3.8 × 10-10 for rigid chain molecules; the minimum theoretically predicted value for rigid spheres is 2.914 × 10-10.57 In the current case the average value of A0 was calculated to be (2.35 ± 0.10)×10-10 and (2.5 ± 0.40)×10-10 for samples in water and DMF, respectively. Systematic observations on the hydrodynamic invariants for highly branched macromolecular systems have been published only for perfect dendrimers i.e., poly(amido amine) and poly(propylene imine) to date.59-65 The overall average value obtained for different dendrimer generations with up to 128 end groups is A0av = (2.53 ± 0.05) × 10-10, which correlates with the values obtained for hbPEG copolymers obtained in the current study. It should be noted that the values of A0 for highly branched macromolecules are generally lower than the theoretical value for rigid spheres. At the same time, the obtained values of the sedimentation parameter βs = (1.13 ± 0.06)×107 and (1.09 ± 0.10)×107 in water and DMF, respectively, are in the range known from the literature for linear chain polymers.66     
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Discussion: Basic Hydrodynamic Characteristics and Branching Factors of hbPEG: Molar Mass, Hydrodynamic Homology and Kuhn-Mark-Houwink-Sakurada Relationships The basic hydrodynamic characteristics are s0, D0 and [η]. These values are related to the molar mass, size and shape of the dissolved species. The values of the molar mass were calculated based on the coefficients s0 and D0 using the Svedberg equation (5): ܯ௦஽ = ௦బ𝑅𝑇஽బሺଵ−𝜐ఘబሻ ;                     (7) alternatively it was based on s0 and (f/fsph)0 coefficients using a modified Svedberg equation: 
௦௙ܯ = ʹ√ߨ9 ஺ܰ([ݏ] ݂/ ௦݂௣ℎ)ଷ/ଶ√𝜐                   (8) In the following discussion, the average values of the molar masses will be used:  Mav = (MsDH2O+MsfH2O+MsfDMF)/3                    (9) The molar mass values, together with other hydrodynamic characteristics in H2O, are summarized in Table 3; the data obtained in DMF are presented in the Supporting Information (Table 1 SI).  Table 3. Hydrodynamic characteristics, molar masses and hydrodynamic invariants of hyperbranched PEG copolymers in water at 20 °C. 
№ G content % s0 S ks cm3 g-1 ks/[η] D×107 cm2s-1 (f/fsph)0 Mav*×10-3 g mol-1 PDI** A0×10-10 β×ϭϬ7 0 33 - -  32.3  1.4 2.02 - - 1 14 0.16 20 3.2 13.8 1.91 2.2 2.20 2.27 1.13 2 7 0.20 21 3.6 13.5 2.03 2.0 2.42 2.25 1.15 3 54 3.36 21 3.2 3.29 2.36 130 3.30 2.20 1.09 4 7 9.97 23 3.2 1.78 2.75 1,000 2.01 2.32 1.14 5 34 10.8 14 2.5 2.00 2.80 800 1.77 2.42 1.10 6 29 15.0 14 2.5 1.88 2.93 1,500 1.75 2.34 1.07 7 64 17.6 18 3.3 1.82 2.44 1,000 1.37 2.46 1.23 8 16 20.1 16 2.1 1.30 1.95 1,700 2.07 2.43 1.03 *average values of the molar masses are obtained as: Mav = (MsDH2O+MsfH2O+MsfDMF)/3 with the average relative error 23% ** calculated from the sedimentation velocity data  
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The absolute values of the molar masses evaluated from the sedimentation-diffusion analysis allow appropriate calibration of the SEC columns. Such SEC calibration provides the adequate values of the molar mass (compare data in Table 1 and 3). Figure 4 compares differential distributions of the intrinsic sedimentation coefficients [s] of hbPEG in water and DMF. The two distributions are virtually identical. Notably, the distributions shift to higher values of the sedimentation coefficients with increasing molar mass. Moreover, the distributions in general are broad, which in turn reflects the high polydispersity/heterogeneity of the samples. In addition, it is obvious that at some point (sample 4) a second component in a higher molar mass region appears. In the following, the distribution becomes strictly bimodal (sample 5); afterwards the low molar mass component decreases (sample 6) and the distribution again becomes unimodal (sample 8). Since the samples are unfractionated, such a behavior is most probably related to inhomogeneous structures of the respective samples. 
 Figure 4. Semi-logarithmic plot of the differential distributions of intrinsic sedimentation coefficients of hyperbranched PEG copolymers in water, as obtained by the Sedfit software (c(s) analysis); left: samples in water, right: in DMF. The SEC data (Figure 5) do not provide such a clear tendency towards the existence of several species in the solution. They show, however, the presence of a shoulder/wide tail for samples 4 and 5; moreover, a clear bimodal distribution was obtained for sample 3.  
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 Figure 5. SEC traces (DMF, RI signal) of the hyperbranched PEG copolymers. The polydispersity can also be evaluated from the sedimentation velocity data by transforming the initial distribution of sedimentation coefficients into the distribution by the molar masses. PDI can be then calculated based on the known relationships: ܯ௡ = ∑ ே𝑖ெ𝑖𝑖ே𝑖 ௪ܯ , = ∑ ே𝑖ெ𝑖మ𝑖∑ ே𝑖ெ𝑖𝑖 . The calculated values are listed in Table 3. The differences in the distributions obtained by analytical ultracentrifugation and SEC could be related to the fact that the AUC is more sensitive in the range of high molar mass, and SEC is more sensitive in the range of the low molar mass polymers. Detailed discussion regarding the analysis of differences in the distributions obtained by SEC on one side, and AUC on another one will be made in a future publication. Comparison of the basic experimental characteristics s0, D0 and [η] shows that the value of [η] fluctuates around its average, while the values of s0 increase by two and the D0 values decrease by one order of magnitude when going from sample 1 to sample 8. The hbPEG samples can be qualitatively assigned to the most probable conformation by comparing their hydrodynamic volumes with the corresponding molar masses.67, 68 The [η]M is the key value in interpreting the results of size exclusion chromatography of polymers (Benoit universal calibration).69 It is proportional to the volume V occupied by the macromolecules in solution. In the first approximation, the slope of the [η]M dependency on molar masses, in a double logarithmic scale, will be inversely proportional to the average intracoil density ( lg(1/ρ)). The higher the curves are located along the ordinate, the lower will be the density of the polymer substance in the volume occupied by the polymer molecule. Figure 6 shows that the data obtained for hbPEG virtually coincide with the average dependence obtained for dendrimers, but also glycogen and globular proteins, where the slope is equal to 1. This means that the volume occupied by the macromolecules (V) is directly proportional to their molar mass: V~M and, 



2.2 Hyperbranched PEO Copolymers: Absolute Values of the Molar Mass, Properties in Dilute Solution and Hydrodynamic Homology  

91 

consequently, the intrinsic viscosity values are virtually independent from M, since [𝜂] =͸ଷ ଶ⁄ 𝛷ሺ<𝑅𝑔మ>యమெ ሻ, where Φ is the Flory hydrodynamic parameter and Rg is the radius of gyration. Homology of linear macromolecules is provided by the constant chemical structure of the repeating units, and persistence of a structural parameter – linear density of the polymer chains ML – can be defined as a structural homology. Homology of branched macromolecules, in particular hyperbranched copolymers, is more difficult to define and much more difficult to achieve and control. Here we propose the concept of hydrodynamic homology, which is based on the scaling relations linking the hydrodynamic characteristics of each other and/or the molar mass. The fulfillment of such relations would mean the macromolecules compared behave hydrodynamically similar to each other and would allow interpreting the experimental results based on a single hydrodynamic model. The structural homology – being the highest form of homology, automatically leads to hydrodynamic homology, whereas the latter does not necessarily grant the occurrence of the first one.  This result (Figure 6) also means that the shape and size of hbPEG macromolecules is not distorted 
sigŶifiĐaŶtlǇ ďǇ ĐeƌtaiŶ ͞defeĐts͟ iŶ the stƌuĐtuƌe of the ĐopolǇŵeƌs. Note that computer modeling of the shape and size of randomly hyperbranched polymers in solution allows to conclude that random attachment of component parts produces a good model of regularly branched polymers, i.e. dendrimers.18 It supports the conclusion that the size and shape of ideal dendrimers and dendrimer molecules of higher generations in solution, with few structural defects, are virtually indistinguishable.70, 71 Thus, it follows from Figure 6 that glycogen as a hyperbranched biopolymer, perfectly branched dendrimers, the hyperbranched hbPEG studied in this contribution and globular proteins, despite their different chemical structures and fine topology, are hydrodynamic homologues. For these polymers direct proportionality between the volume occupied by such macromolecules in solution and their masses is observed. It is the main feature of these systems. As a consequence, the intrinsic viscosity is independent of the molar mass for such homologous series. 
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 Figure 6. Dependence of the hydrodynamic volume [η]M on M, in a double-logarithmic plot. The dotted line 1: completely compact organization of the polymer species inside the occupied volume (similar to glycogen, dendrimers, globular proteins); dashed line 2 corresponds to the behavior of linear PEG (flexible linear macromolecules); the dashed line 3 describes the behavior of rigid linear macromolecules (polysaccharides schizophyllan72 and xanthan73); 4 – points corresponding to the studied hbPEG macromolecules in H2O, and 5 in DMF (see also Tables 2 and 3). From Figure 6 it is possible to determine the scaling relation between the value of the intrinsic viscosity and molar mass: [η] = KηMbη. A similar scaling relation or Kuhn-Mark-Houwink-Sakurada (KMHS) relationship/plot can be set for other hydrodynamic characteristics. Double logarithmic KMHS scaling plots for samples in water are shown in Figure 7, (scaling plots in DMF are presented in Figure 3 SI; and the parameters of the KMHS relations are summarized in Table 4. In spite of the high heterogeneity of the studied hbPEGs (broad molar mass distributions, in some cases bimodal) all samples behave similarly and linear trends of KMHS relationships were obtained. A satisfactory correlation between the scaling indices bi is observed within the error of their determination. Table 4. Parameters of the KMHS relationships for hbPEG copolymers in water and DMF at 20 °C. Pi-M* bi±Δďi Ki ri  water DMF water DMF water DMF s0 0.69 ± 0.03 0.65 ± 0.03 9.34×10-4 2.08×10-3 0.9959 0.9944 
[η] 0.01 ± 0.02 0.02 ± 0.01 5.67 4.70 0.1830 0.6333 D0 -0.32 ± 0.02 - 159 - 0.9931 - (f/fsph)0 0.04 ± 0.02 0.01 ± 0.05 1.48 1.80 0.6454 0.0702 * The properties Pi of all the samples are related by: logPi = logKi + bilogM; ri is the corresponding linear correlation coefficient. Taking into account experimental errors, it can be seen that the scaling indices bi are related to each other in the characteristic ways of a hydrodynamic homologous series of polymers: bD0 = (1 + b[η])/3; bD0 + bs0 = 1, bD0 = bff + 0.333. 
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 All our sets of hydrodynamic data indicate that the friction elements considered (isolated macromolecules) are similar with respect to their hydrodynamic behavior to globular-like particles with virtually constant degree of asymmetry. This conclusion is supported by the values of the scaling indices obtained from the double-logarithmic plots of the hydrodynamic characteristics vs. molar mass. Thus, the macromolecules of the hyperbranched PEG copolymer follow the scaling relationships of the KMHS type, and the usual correlation between the scaling indices bi is observed.  In this approach, the series of the hbPEG copolymers may be considered as a hydrodynamically homologous series. Values of bi as observed are characteristic of series of molecules/particles, which keep their form and asymmetry constant, going from low to high M. An example of a model that satisfies these conditions is a set of ellipsoids (spheroids) with a constant asymmetry. The simplest example of such a model is a series of hard spheres. 
 

Figure ϳ. DepeŶdeŶĐies of [η] ;ϭͿ, s0 (2), D (3), and (f/fsph)0 (4), in a double-logarithmic plot, on the average  molar mass Mav of hbPEG in H2O. The scaling indexes are summarized in Table 4. Filled symbols related to the samples with bimodal or highly broad molar mass distribution. It is evident that these data do not violate the general trend of the dependencies.    
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Comparison of the Retention Volume in SEC with Other Hydrodynamic Characteristics In the ideal SEC (without adsorption contribution), molecules are separated according to their hydrodynamic volume. The well-known Benoit universal calibration curve connects the hydrodynamic volume, expressed as [η]M, with the retention volume VR and can be used for molar mass estimation, however, the intrinsic viscosity must be known: ݈݃݋[𝜂]ܯ = ଵܥ − >ଶ𝑉𝑅                   (10) where C1 and C2 are constants characterizing the columns and VR is the retention volume.  Figure 6 aids in understanding the results obtained by SEC and the discrepancy between MsD and MSEC. In accordance with relation (10), each value of the retention volume corresponds to the hydrodynamic volume of macromolecules contained in a portion of eluent sorted from the column. Thus, any line parallel to the X-axis corresponds to a retention volume. Such a line parallel to the X-axis intercepts first line 2 corresponding to linear PEG at low M and then line 1 corresponding to hbPEG at higher M. The difference between MsD and MSEC increases with increasing molar mass and/or with decreasing VR so far as the slope of line 1 is lower than that of line 2.  It has been shown previously that similar calibration curves can as well be applied for other hydrodynamic characteristics or their combinations and in the general case can be written as: log[݂ሺܥ 𝑅 >ଶሻ] = ௜ܥ +  .௜+ଵ𝑉𝑅                  (11) where f(<R>2) is a function of the chain size and/or a combination of the experimental values which depend solely on the chain size, for instance, [η]M, s0[η], D0, M/s0, ksM and Ci+1 are the coefficients of different sign.74 In Figure 8 the dependencies of log(s0[η]), D and [η]M on VRet are shown; the parameters of the corresponding linear approximation procedures are listed in Table 2 SI. This kind of plot allows converting the macroscopic value of the retention volume to the nanoscale value of the hydrodynamic size of the macromolecules moving through the columnܥ
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Figure ϴ. UŶiǀersal ĐaliďratioŶ plots of log M[η], log s[η] aŶd log D ǀersus reteŶtioŶ ǀoluŵe VR in DMF. The scaling indexes are summarised in Table 2 SI.  Average Density of the Polymer in the Volume Occupied by Individual Macromolecules in Solution The average density of the hyperbranched macromolecules in the volume occupied by them can be calculated based on the hydrodynamic characteristics for both branched and linear PEGs.64 Using the equivalent sphere approximation, the following relationships is obtained: ߩ௦஽ = ͵ସʹߨଶ݇஻−ଶ[ݏ][ܦ]ଶ; ρη=2.5/[η]                 (12) The data for the calculations on linear PEG were taken from the literature and the corresponding densities were calculated according to the following equations:52,74  ߩ௦஽ = ܲଷ݇஻−ଶሺͲ.͵͸ሻ−ଵ[ݏ][ܦ]ଶ; ߩ𝜂 = 𝛷 ஺ܰͲ.͵͸[𝜂]⁄                       (13, 14) where P and Φ are the Flory hydrodynamic parameters. The dependency of the calculated average density values (in water) on molar mass is presented in Figure 9 in double logarithmic scale. For the hyperbranched molecules, at the highest molar mass the density of the polymer substance in the polymer coil is approximately 70 times higher than for the linear chains. Furthermore, for the hyperbranched chains the density is virtually independent on the molar mass, while for linear macromolecules it decreases with the molar mass. The average deŶsities aƌe ρη = (0.40 ± 0.02) and (0.41 ± 0.02) g cm-3 iŶ ǁateƌ aŶd DMF, ƌespeĐtiǀelǇ, aŶd ρsD = (0.21 ± 0.01) and (0.3 ± 0.1) g cm-3 in water and DMF correspondingly. These values are comparable with or similar to those obtained for dendrimers based on poly(amido amine), poly(propylene imine) and perfectly branched 
deŶdƌiŵeƌs ďased oŶ α-amino acids.64,65,75 
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 Figure 9. Dependence of the deŶsitǇ of the polǇŵer suďstaŶĐe iŶ the ǀoluŵe liŵited ďǇ the polǇŵer Đoil ;ρͿ oŶ the polymer mass (M) in double logarithmic scale, for linear and hbPEGs in water. The corresponding scaling 
relatioŶships are the folloǁiŶg: ρ = ϲ.ϴ M-0.55 ± 0.01 aŶd ρ = Ϭ.27 M0.00 ± 0.02 for linear PEG and hyperbranched PEG copolymers, respectively.  Sizes and Branching Factors of hbPEG  The degree of branching is an important parameter for the hydrodynamic volume of the macromolecule: the higher the degree of branching the smaller the size (as compared to linear macromolecules of the same molar mass). The effect of branching on the hydrodynamic volume of branched macromolecules can be characterized by the so-called shrinking or contraction factor, which is the ratio of the hydrodynamic characteristics and/or the square of the radius of gyration of the branched macromolecule and its linear analog of the same molar mass. These parameters were first introduced by Zimm and Stockmayer for the radius of gyration and then by Stockmayer and Fixman for the intrinsic viscosity. A similar relation can also be written for the translation friction coefficients g´ and h:20,21  
 ݃′ = [𝜂]್[𝜂]೗𝑖೙ ;  ℎ = ௙್𝑡௙೗𝑖೙𝑡                           (15, 16) The data on the intrinsic viscosity and translational friction coefficient (calculated from the corresponding diffusion coefficients) for linear PEGs can be taken from the literature 
;[η] = 0.133 M0.59, D = 940 M-0.53).74 The size can directly be represented either by the hydrodynamic radius (RD, Rs, and Rη) or by the mean-square radius of gyration (Rg). The molecular sizes were calulated using the following relationships: 
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𝑅஽ = ௞ಳ𝑇଺గ𝜂బ஽; 𝑅௦ = ଷ√ଶ√[ݏ]𝜐; 𝑅𝜂 = ቀ ଷଵ଴గேಲቁభయ ሺܯ[𝜂]ሻభయ               (17, 18, 19) The calculated values of the hydrodynamic radii for hbPEG in water and DMF are summarized in Table 3 SI. The hydrodynamic sizes increase with molar mass, reaching a maximum value of about 15 nm for the highest molar mass sample 8. The values of the contraction factors (g' and h) are summarized in Table 6. As expected, contraction factors decrease with increasing molar mass, reflecting higher segment density. The molar mass dependence of these parameters is presented in Figure 4 SI. Table 6. Correlation parameters of the contraction factors g', h of the hbPEG with the molar masses and between them. Gi-Gj* bij ± Δďij Kij ± Δ Kij riJ g' – M -(0.58 ± 0.02) 44 ± 3 0.9929 h – M -(0.20 ± 0.01) 5.8 ± 0.5 0.9705 g' – h 2.75 ± 0.20 0.30 ± 0.04 0.9831 * The contraction factor Gi of all the samples are related by: lgGi = lgKi + bilgM or  lgGi = lgKij + bijlgGj, and rij is the corresponding linear correlation coefficient.   The relation between g' and h for branched macromolecules was firstly proposed by Stockmayer and Fixman based on the Kirkwood-Riseman theory. It was shown that g' could be evaluated from the following approximation: ݃′ ≅ ℎଷ                    (20) which means that the differences in solvent draining between the linear and branched molecular chains, when included into their corresponding mean size, can describe both the frictional coefficient and the intrinsic viscosity.25 The double logarithmic dependence g' vs h is presented in Figure 4 SI, and the corresponding relation was obtained as g' = 0.30 h2.75 ± 0.20. In addition, some considerations regarding indirect estimation of the radius of gyration and evaluation of corresponding branching factor are presented in the supporting information.    
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Global Conformation of the hbPEG Macromolecules The experimental data obtained for the series of hbPEG copolymers in solution can be summarized as follows: (i) the values of the intrinsic viscosity are small and almost independent of molar mass; (ii) the values of the sedimentation coefficients are high and strongly dependent on the molar mass of the samples, and (iii) the translational frictional coefficients are markedly dependent on the molar mass of the samples. In addition, higher Huggins parameter values and also higher values of the parameter ks/[η] are observed, as compared with the values characteristic for linear chains. All this suggests that the macromolecules studied are compact nano-objects, characterized by a high average density of the polymer material in the volume occupied by them. For instance, the average value of the intrinsic viscosity of the hbPEG ĐopolǇŵeƌ saŵples aƌe [η] = ;ϲ.ϯ ± Ϭ.ϯͿ cm3 g−1 in H2O aŶd [η] = ϲ.ϰ ± Ϭ.ϰ iŶ DMF, ǁhiĐh is oŶlǇ ϯ tiŵes higheƌ thaŶ foƌ the ƌigid spheƌe limit: [η]sph = 2.5 υ, which in our case will be  [η]sph  2.0 cm3 g−1 in both solvents. The organization of the poly(ethylene glycol)–co–poly(glycerol)s can be described by a soft spheroid partially permeable for the solvent molecules. Modeling of the macromolecules in solution by rigid bodies, as performed earlier, nowadays is being replaced by the simulation of macromolecules by soft bodies.76,77 Such mathematical modeling is implemented using a coarse-grained modeling concept.78,79 The coarse-grained model 
;oƌ ͞ďloď ŵodel͟Ϳ ƌepƌeseŶts a ŵaĐƌoŵoleĐule as a whole in the form of a soft body, the radius of which is equal to its radius of gyration and is allowed to fluctuate. Different soft-body models were considered for different types of polymers.80,81 The direct application of a coarse-grained model and its straightforward comparison with the experimental results currently is not possible.  In general, the value of the intrinsic viscosity of the hyperbranched polymers may be represented 
as: [η] = ʆ;p, h, εͿυ̅, ǁheƌe ʆ;p, h, ε) is a dimensionless coefficient depending on the asymmetry p of the soft body modeling of any macromolecule, on the thickness of the corona h accessible for the solvent molecules, and on the thermodynamic quality of the solvent (ε). A significant part of the energy loss due to friction of any macromolecule in solution is contributed by the external layers. Some attempts to obtain a theoretical expression for the intrinsic viscosity of the soft sphere depending on the thickness of the layer available for the solvent molecules may be found in literature.82,83 However, the present state of theory does not allow for the interpretation of experimental data on the intrinsic viscosity of soft macromolecules. The influence of draining effects on the value of the intrinsic viscosity of spheres has been 
deŵoŶstƌated ďǇ the DeďǇe−BueĐhe theoƌǇ foƌ a ŵodel of a ƌigid spheƌe peƌŵeaďle foƌ the solvent molecules.84 The value of [η] for the uniformly permeable sphere was found to be 3.6 
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times higher than that for the impermeable one. The solution behavior of the hbPEG macromolecules can be described by soft spheroids with some asymmetry and with partial draining by the solvent molecules. Separating the contributions to the small value of [η] due to the draining effect on one side and to molecular asymmetry on the other side is currently not possible. The main result obtained in this study on the hbPEG copolymers is to establish a scaling relation, which is typical for a series of the macromolecules characterized by direct proportionality between molar mass and volume of the macromolecules/species. (The simplest case of such series is a series of rigid spheres.) This allows us to consider the studied set of hbPEG copolymers as a hydrodynamically homologous series.  Conclusions To the best of our knowledge, this study represents the first combined approach of analytical ultracentrifugation, intrinsic viscosity, translational diffusion measurements and SEC to a long-standing challenge, i.e., absolute molar mass determination of hyperbranched polymers. The one-step synthesis of hyperbranched poly(ethylene glycol)–co–poly(glycerol)s (hbPEG) copolymers based on random anionic ring-opening copolymerization of ethylene oxide with a minor fraction of glycidol as a branching agent has been further developed to generate a variety of molar masses. Biocompatible, material with multiple hydroxyl functionalities are obtained by this strategy. A series of copolymers with moderate polydispersity (Mw/Mn 2.1) was obtained, with varying glycerol content (7 to 64 mol%, DB = 0.04 to 0.54) and molar masses from 1,400 to 1,700,000 g mol-1, depending on the solvent employed for the synthesis. The randomly branched structure of the copolymers was confirmed by 1H and 13C NMR spectroscopy. Absolute molar mass characterization still represents a major challenge for hyperbranched polymers in general. This study aims at this issue using molecular hydrodynamic methods in dilute solution, showing that the isolated macromolecules follow the scaling relationships with scaling indices characteristic of particles with constant asymmetry. Remarkably, the intrinsic viscosity of the hbPEG polymers 
ǀiƌtuallǇ does Ŷot depeŶd oŶ ŵolaƌ ŵass ;[η] ~ M≈Ϭ), on another hand the sedimentation velocity coefficients strongly depend on molar mass (s0 ~ M0.69). The solution behavior of the hbPEG macromolecules can be qualitatively described by soft spheroids with some degree of draining and unknown asymmetry. Based on their hydrodynamic behavior and based on average coil density, the hbPEG macromolecules in solution can be viewed to some extent as a dendrimer or globular-like systems. Furthermore, the value of the partial specific volume of the copolymer molecules correlates with the content of glycerol component, which confirms the degree of 
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Supporting Information 
 

 Figure 1 SI. Concentration dependencies of the reduced viscosities ηsp/c of hbPEG samples in water (left) and DMF (right). The corresponding values of the intrinsic viscosities and Huggins parameters are presented in Table 1.   
 Figure 2 SI. Concentration dependence of the sedimentation coefficients of hyperbranched PEG copolymers, in a semi-logarithmic plot, in water (left) and DMF (right).   



2.2 Hyperbranched PEO Copolymers: Absolute Values of the Molar Mass, Properties in Dilute Solution and Hydrodynamic Homology  

106 

 Figure 3 SI. Dependencies of s, [η] and (f/fsph)0 in a double-logarithmic plot, on the molar mass M for the hbPEG samples in DMF. The scaling indexes are summarized in Table 4.  
 Figure 4 SI. A – double logarithmic dependence of the contraction factors g, g' and h on the molar mass. B – viscosity contraction factor as a function of geometric contraction factor g and h for the hyperbranched copolymers. The corresponding values of the equations are listed in Table 4 SI. 
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Table 1 SI. Hydrodynamic characteristics, molar mass and hydrodynamic invariants of hbPEG in DMF at 20 °C 
 Table 2 SI. Correlation of hydrodynamic characteristics to their retention volumes for the hbPEG (Figure 7).  characteristic Ci Ci+1 ri M[η] 12.27 -0.386 0.9823 s0[η] 5.80 -0.275 0.9770 D0 -1.48 0.124 0.9751    

№ G content % S0 S ks cm3 g-1 ks/[η] (f/fsph)0 Msf×10-3 g mol-1 Mav×10-3 g mol-1 A0 ×10-10 β ×107 0 33 0.25 (200) (56.3) 1.83 1.6 1.4 3.68 4.75 1 14 0.27 50 8.5 2.33 3.1 2.2 2.58 1.79 2 7 0.33 (47) (38.3) 1.02 1.7 2.0 3.14 3.57 3 54 3.93 26 3.8 2.14 109 130 1.98 1.03 4 7 11.3 18 2.6 2.21 890 1,000 2.07 0.96 5 34 13.0 3 0.5 1.43 410 800 2.16 0.57 6 29 20.0 20 3.5 2.59 1,870 1,500 2.78 1.42 7 64 23.1 22 3.4 1.05 440 1,000 2.39 1.21 8 16 29.1 10 1.4 1.00 1,100 1,700 2.94 1.11 
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Table 3 SI. Hydrodynamic (RD and Rs), viscosimetric (Rη) and radii of gyration (Rg) in nm for the hyperbranched PEG copolymers in water and DMF. 
 Radius of Gyration The estimation of the radii of gyration may be done through the well known relation <rg2>=0.6r2 (Table 3 SI). The Rg estimations in this case should be considered only as tentative. Furthermore, the Flory parameter  may be then formally calculated for the rigid sphere model to make the relationships similar to corresponding relationships regarding the linear macromolecules. The corresponding value is Φ = 9.23×1023 mol-1, while for the linear PEGs the value of Φ = 2.87×1023 mol-1.1 It must be noted that the Flory-Fox parameter could be different depending on the degree of branching.2 Based on the estimated Rg values the corresponding branching factor has been obtained.  

݃ = 𝑅௚,௕ଶ𝑅௚,௟௜௡ଶ ; Moreover, a quantitative relationship between g and g' can be established as follows: ݃′ ≈ ݃௕.3 (Figure 4 SI) For hyperbranched topologies, a wide spread of b values in the range of 2 < b < 0.26 was postulated for different polymers.4-6 Surprisingly, b was found to be equal to 1.51 ± 0.02. This value correlates well with the theoretically predicted value for branched polymers by Stockmayer (b = 1.5).7    

№ RD Rη Rs Rgav RD Rη Rs Rgav  water DMF 0         1 1.6 1.2 1.2 1 1.3 1.2 1.3 1 2 1.6 1.2 1.7 1.2 1.1 1.2 1.5 1 3 6.5 4.9 4.7 4.2 7.0 5.0 4.4 4,2 4 12.3 9.8 9.3 8.1 12.8 9.5 9.0 8,1 5 10.7 8.4 9.1 7.3 11.1 8.7 8.5 7,3 6 11.4 9.1 9.6 7.7 8.9 9.1 10.5 7,4 7 11.8 9.6 10.3 8.3 11.7 10.2 9.9 8,2 8 16.5 13.6 12.6 11 12.3 13.1 14.5 10.3 
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Table 4 SI. Correlation parameters of the contraction factors, g and g'  of the hbPEG. Gi-Gj* bij ± Δďij Kij ± Δ Kij riJ g – M -(0.39 ± 0.01) 5.95 ± 0.50 0.9970 g' – g 1.51 ± 0.02 3.1 ± 0.5 0.9998   References 1. Freire, J., Conformational Properties of Branched Polymers: Theory and Simulations. In Branched Polymers II, Roovers, J., Ed. Springer Berlin Heidelberg: 1999; Vol. 143, 35-112. 2. Tande, B. M.; Wagner, N. J.; Mackay, M. E.; Hawker, C. J.; Jeong, M. Macromolecules 2001, 34, 8580-8585. 3. Burchard, W., Solution Properties of Branched Macromolecules. In Branched Polymers II, Roovers, J., Ed. Springer Berlin Heidelberg: 1999; Vol. 143, 113-194. 4. Ioan, C. E.; Aberle, T.; Burchard, W. Macromolecules 1999, 32, 7444-7453. 5. Ioan, C. E.; Aberle, T.; Burchard, W. Macromolecules 2001, 34, 3765-3771. 6. De Luca, E.; Richards, R. W. J. Polym. Sci. Part B Polym. Phys. 2003, 41, 1339-1351. 7. Stockmayer, W. H.; Fixman, M. Ann. N. Y. Acad. Sci. 1953, 57, 334-352.   
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Abstract Hyperbranched poly(ethylene oxide) (hbPEO) copolymers with adjustable molar mass have been prepared using a slow monomer addition (SMA) procedure. Realizing a SMA procedure was the key to achieving control of the degrees of polymerization. The challenge of continuously adding low-boiling ethylene oxide and high-boiling glycidol to a partially deprotonated trimethylolpropane (TMP) core at 100 °C was solved by employing a customized, automated reactor setup. The setup comprised pressure resistant autoclaves and burettes, and customized mass flow controllers for the simultaneous addition of both liquid and gaseous monomers. An integrated automation and control unit was employed to ensure controlled copolymerization. By variation of the monomer to initiator ratio, three hbPEO copolymers exhibiting molar masses ranging from 3500 to 6800 g mol-1 and comparable glycidol ratios of 24% to 33% (determined by 1H NMR spectroscopy) were obtained. SEC characterization based on linear PEO standards yielded lower apparent molar masses in the range of 3000 to 4100 g mol-1 and narrow to moderate dispersities (Mw/Mn = 1.2 to 1.5). Medium degrees of branching ranging from 0.41 to 0.54 were determined by inverse gated 13C NMR spectroscopy.  Introduction Due to its excellent solubility in aqueous media and its low toxicity, poly(ethylene oxide) (PEO) has become the gold standard polymer for pharmaceutical applications and a wide-spread additive in cosmetic and food products as well.1,2 The prevalent production process for PEO relies on the anionic ring-opening polymerization (AROP) of ethylene oxide. The ethylene oxide monomer, however, is a carcinogenic, mutagenic, toxic and extremely flammable substance. Its low boiling point of 11 °C complicates safe processing, particularly at elevated temperatures. As a consequence, EO polymerization on larger scales is commonly carried out in semibatch procedures under slow addition of the monomer to avoid uncontrolled pressure build-up, explosive decomposition and runaway reactions.3,4 The required equipment capable of continuous addition of EO at elevated pressure over the course of the polymerization can hardly be found in university laboratories. However, Schubert and coworkers have presented an automated semibatch reactor setup for the synthesis of well-defined PEO on the multigram scale recently.5 Using common laboratory glassware, the semibatch approach can only be realized safely, if EO is processed under ambient pressure and strong cooling in the liquid state.6 Although the slow addition of EO is an important safety precaution for the preparation of PEO on larger 
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scales, it is not a necessary prerequisite for a controlled polymerization from a mechanistic point of view. Provided that appropriate reaction conditions are applied, the anionic ring-opening polymerization of EO proceeds in a living manner, independent of whether the reaction is conducted in a semibatch procedure or in a batch procedure. A large variety of well-defined linear PEO polymers and copolymers have been prepared by simple batch reactions on the lab scale.2,7 In contrast, slow monomer addition is a mandatory measure for multibranching glycidol polymerization with control of the degree of polymerization. Due to a different polymerization mechanism of glycidol from the polymerization mechanism of EO, batch procedures for the multibranching polymerization of glycidol do not enable control of the degree of polymerization.8–12 The mechanism of the anionic ring-opening multibranching polymerization is shown in Scheme 1. Glycidol acts as an inimer, comprising both a polymerizable epoxide ring and a hydroxyl moiety capable of initiating the growth of a new polyether chain. Chain transfer reactions occur due to a fast proton exchange equilibrium between different hydroxyl and alkoxide moieties, particularly if the monomer concentration is high. Polymerization under slow monomer addition (SMA) conditions is essential for obtaining well-defined hyperbranched polyglycerol (co)polymers.13–21 SMA allows keeping the monomer concentration low during the entire course of the polymerization. This has a profound influence on polymerization kinetics, and side reactions involving two monomer molecules are reduced. Since hyperbranched polymers feature advantages over their linear counterparts, such as a compact three-dimensional structure and large amounts of functional end groups,22,23 our group recently introduced hyperbranched analogues of widely used linear poly(alkylene oxide)s.20,24,25 These materials can be obtained by anionic ring-opening copolymerization of EO, propylene oxide PO or 1,2-butylene oxide with glycidol in batch procedures without control over the degree of polymerization. To date, the low boiling points of EO and PO (34 °C) in combination with the high reaction temperatures required for the polymerization of glycidol have prevented slow monomer copolymerization procedures for PO/glycidol and EO/glycidol. Only limited variation of the molar masses has been achieved for hyperbranched PEO (hbPEO) by employing different solvents for the copolymerization of EO and glycidol to date.26 
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 Scheme 1. Mechanism of the anionic ring-opening multibranching copolymerization of EO and glycidol, showing intramolecular transfer as a key step to obtain branching. In the current work we present a slow monomer addition procedure for the controlled anionic multibranching copolymerization of ethylene oxide and glycidol, resulting in well-defined hbPEO copolymers with adjustable molar mass. To realize slow monomer addition for the low-boiling EO (bp = 11 °C) and to ensure a safe polymerization under the evolving EO pressure, we rely on an automated reactor setup of Schubert and coworkers. The data shown herein represent preliminary results, as this project is still in progress at present and other molecular weights will be prepared.    
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Experimental Part Materials All reagents and solvents were purchased from Sigma Aldrich or Linde. Purification of ethylene oxide (EO) was performed in the closed autoclave system under inert conditions: EO (99.9%) was condensed from the lecture bottle into the dry glass autoclave, dried over sodium and subsequently transferred to the pressure burette via distillation. Glycidol (96%) and 1-methyl-2-pyrrolidone (NMP, 99.0%) were purified by distillation over calcium hydride before use. Diphenylmethyl potassium (DPMK) solution in THF was prepared following an established procedure.27 The exact concentration was determined by titration prior to use. Trimethylolpropane (TMP) was dried in high vacuum for 4 hours at 60 °C before use.  Instrumentation Reactor setup: Figure 1 shows a schematic illustration of the experimental setup comprising two autoclaves, two pressure burettes, two mass flow controllers, a cryostat and an automation and control unit. Polymerizations were carried out in two BüchiGlasUster (Uster, Switzerland) small scale PicoClave glass autoclaves (200 and 300 mL, pressure resistant up to 6 bar and 10 bar, respectively). The autoclaves are equipped with a stainless steel cover, fast action closure, pressure gauge, different valves, a rupture disc and a polycarbonate safety shield. They were dried under vacuum for 24 hours and flushed with argon prior to use. The pressure burettes consist of a cylindrical glass tube, equipped with a heating/cooling jacket, inside a stainless steel frame. They are pressure resistant up to 12 bar. Both autoclaves and burettes are equipped with PT100 temperature sensors as well as a signal to mA converters (GE UNIK 5000, PRelectronics 9113B2 and 9116B), displays (PRelectronics 4501) as well as power supply and control (PRelectronics 9410, 9420). Two Bronkhorst mini CORI-FLOW (M12V14I-PGD-22-K-S, Bronkhorst High-Tech B.V., Ruurlo, Netherlands) mass flow controllers were used (flow rate ranging from 0.1 to 200 g h-1, flow rate accuracy: ±0.2%). Temperature was adjusted using a Huber Unistat 390w chiller, enabling a temperature range of -90 °C to 200 °C (Huber Kältemaschinenbau GmbH, Offenburg, Germany). A Siemens Simatic S7-1200 was employed for the automation and control system (Siemens AG, Munich, Germany), equipped with the following modules: CPU 1212C, 2x SM 1231 AI, CM 1241 RS232, CM 1243-5 Profibus-DP, CSM 1277 Network switch, SM 1207 power supply.  
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 Figure 1. Piping and instrumentation diagram (P&ID) showing the reactor setup.5 (Reproduced by permission of The Royal Society of Chemistry) NMR spectroscopy: 1H and inverse gated 13C NMR spectra were recorded on a Bruker Advance III HD 400 (5 mm BBFO-SmartProbe with z-gradient and ATM) at 400 MHz and 100 MHz, respectively. The residual signals of the deuterated solvent were utilized as an internal reference. Size-exclusion chromatography: SEC measurements in DMF (containing 0.25 g L-1 of lithium bromide) were performed using an integrated Agilent 1100 series instrument, equipped with a PSS HEMA column combination (106/104/102 Å porosity), UV and RI detector. Calibration is based on linear poly(ethylene oxide) standards (Polymer Standards Service).  Synthesis Initiator preparation: The procedure was carried out inside the glove box under inert gas atmosphere. In a glass flask with a screw cap and tube connection, 268 mg (2 mmol, 1 eq.) TMP was dissolved in 120 mL NMP. The initiator was partially deprotonated by addition of 136 mg (0.66 mmol, 0.3 eq.) DPMK. The flask was sealed and removed from the glove box. The solution was homogenized by ultrasonication and transferred to the autoclave via a tube under reduced pressure. For the synthesis of hbPEO69, an initiator solution with double concentration was used. 
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Copolymerization of EO and glycidol: Glycidol was mixed with an equal volume of NMP in a pressure-resistant glass flask with a screw cap and tube connection. The flask was connected to one of the mass flow controllers. The other mass flow controller was connected to a pressure burette containing EO. After heating the initiator solution to 100 °C and applying excess argon pressure of 1 bar (0.5 bar for hbPEO69), the slow addition of the glycidol/NMP mixture and EO at a respective rate of 0.5 g h-1 was started. The amount of monomers added was adjusted via the automated control unit according to the desired molecular weight. After addition was completed, the autoclave was kept at 100 °C for one hour and then cooled to room temperature. Excess pressure was released through a washing bottle containing a concentrated potassium hydroxide solution in isopropyl alcohol, to eliminate residual EO. The polymerization was terminated using acetic acid. The reaction mixture was transferred to a flask and solvents were removed by distillation in vacuum. The crude polymers were purified by twofold precipitation in cold diethyl ether and subsequent dialysis in MeOH (MWCO = 1 kDa) to yield hbPEO as a brown, viscous oil. 1H NMR (DMSO-d6, ϰϬϬ MHzͿ: ɷ ;ppm) = 4.76 – 4.35 (m, br, OH); 3.90 – 3.15 (m, O-CH, O-CH2); 1.36 – 1.18 (m, 2H, CH3-CH2 (TMP)); 0.87 – 0.75 (m, 3H, CH3 (TMP)).  13C NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ ;ppŵͿ = ϴϬ.Ϯϱ – 79.45 (m, CH G1,3-Linear); 78.52 – 77.42 (m, CH GDendritic); 73.22 – 72.10 (m, 2 CH2 G1,4-Linear); 72.04 – 69.62 (m, 2 CH2 GDendritic, 2 CH2 EOLinear, CH2-CH2-OH EOTerminal, CH GTerminal, CH2 GTerminal); 69.61 – 68.37 (m, CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.39 
– 62.96 (CH2-OH GTerminal); 60.87 – 60.07 (m, CH2-OH EOTerminal, CH2-OH G1,3-Linear).  Results and Discussion The anionic ring-opening multibranching copolymerization of ethylene oxide (EO) with glycidol under slow monomer conditions was realized in analogy to the established procedure for synthesizing hyperbranched polyglycerol. However, a key issue in this context is the low boiling point (11°C) of EO in combination with the reaction temperature of 100°C required for the multibranching copolymerization. Both monomers were added continuously to a potassium alkoxide core in 1-methyl-2-pyrrolidone at 100 °C and 0.5 to 1 bar argon pressure. Due to the high reaction temperature and the low boiling point of EO, ensuring a safe and controlled execution of the addition and copolymerization of these two comonomers presented a particular challenge. While homopolymerization of glycidol is usually conducted using common laboratory glassware, the copolymerization with EO requires special equipment comprising pressure resistant autoclaves and burettes, and customized mass flow controllers for the simultaneous addition of 
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both a liquid glycidol/NMP mixture and gaseous EO. The slow monomer addition was enabled via an automated control unit, which allowed dosing the specified amounts of comonomers at a constant rate of 0.5 g h-1. By varying the duration of the addition process and, thereby, the initial molar ratio of added epoxide monomers to initiator, three different hbPEO copolymers with target molar masses of 2700, 5200 and 6700 g mol-1 were synthesized. SEC and NMR characterization data of the copolymers are summarized in Table 1.  Table 1. NMR and SEC characterization data of the hbPEO copolymers. Samplea) Mnb) (g mol-1) Mnc) (g mol-1) Đc) Xn,EOb)e) Xn,Gb)e) G% theo. G%b) G%d) DBd) hbPEO69 3500 3000 1.23 52 17 23 24 31 0.41 hbPEO98 5200 3600 1.37 68 30 23 31 40 0.48 hbPEO127 6800 4100 1.54 85 42 27 33 41 0.54 a) Terminology: indices denote the overall degree of polymeriziaton, determined from 1H NMR spectroscopy, b) determined from 1H NMR spectroscopy, c) determined from SEC (DMF, linear PEO standard), d) determined from inverse gated 13C NMR spectroscopy, e) number of the respective repeating unit per polymer, rounded to integer.  The SEC traces of the copolymers are shifted to lower elution volumes (Figure 2) with increasing targeted molar mass, confirming successful variation of the molar mass. Oligomeric side products, which can be seen in the elugrams of the crude polymers (Figure 2, left), were removed by precipitating the copolymers in diethyl ether and subsequent dialysis in MeOH (MWCO = 1000 g mol-1), resulting in mostly monomodal molecular weight distributions (Figure 2, right). SEC calibration based on linear PEO standards yields apparent molar masses ranging from 3000 to 4100 g mol-1 and narrow to moderate dispersities in the range of 1.23 to 1.54. While the average molar mass of 3000 g mol-1 determined for hbPEO69 is in good agreement with the targeted molar mass, the values determined for the larger copolymers deviate significantly from theory. This can be ascribed to the increasing difference in the hydrodynamic volume of a hyperbranched polymer and the corresponding linear standard material of the same molar mass with increasing degree of polymerization, as it was demonstrated in previous work by Perevyazko et al..26 
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 Figure 2. SEC elugrams (DMF) of three hbPEO copolymers with different molar masses before (left) and after (right) removal of oligomeric side products. 1H NMR spectroscopy in DMSO-d6 (Figure 3) provides information about the molar mass and the composition of the hbPEO copolymers. Using the methyl signal of the TMP core at 0.8 ppm as a reference, the number average (Xn) of glycerol (G) and EO repeating units per polymer can be determined from the hydroxyl signal (4.4 to 4.8 ppm) and the polyether backbone signal (3.2 to 3.9 ppm), according to equation 1 and 2.  𝑋௡,ீ = ሺOHሻܫ − ͵                     (1) 
𝑋௡,ாை = ூሺୠୟୡ୩ୠ୭୬eሻ − ହ∙௡𝐺 − ଺ସ                     (2) The normalized overlay of the spectra of the three samples in Figure 3 clearly demonstrates the differences in the degree of polymerization. The intensity of the backbone and hydroxyl signal increases with increasing target molar mass. The average molar mass of the copolymers can be calculated from the number of repeating units as follows: ܯ௡ሺℎܾPEOሻ = ሺTMPሻܯ + ͹Ͷ.ͳ g mol ⁄ 𝑋௡,ீ + ͶͶ.ͳ g mol ⁄ 𝑋௡,ாை               (3) Average molar masses determined from 1H NMR spectroscopy range from 3500 to 6800 g mol-1. The values match the targeted molar masses well. Only the molar mass determined for hbPEO69 is 800 g mol-1 higher than the targeted value (cf. Table 1). This can be ascribed to the removal of oligomeric products by dialysis prior to the NMR characterization. All hbPEO samples were purified using a membrane with molecular weight cut-off (MWCO) at 1000 g mol-1. Since the targeted molar mass of hbPEO69 is closest to the MWCO, a larger fraction of the polymer was removed during dialysis, resulting in a shifted molar mass average. The determination of absolute molar mass values by analytical ultracentrifugation and on-line viscometry is currently in progress. 
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 Figure 3. 1H NMR spectra (DMSO-d6, 400 MHz) of three hbPEO copolymers with different molar masses, normalized on the methyl signal of the trimethylolpropane (TMP) core. From the numbers of repeating units determined by 1H NMR spectroscopy based on the TMP core molecule as a reference, the copolymer composition of the hbPEO samples was calculated according to equation 4. 
content ܩ = 𝑋೙,𝐺𝑋೙,𝐺+ 𝑋೙,ಶ𝑂                     (4) For comparison, the copolymer composition was also determined from inverse gated (IG) 13C NMR spectroscopy as described in previous work (equation 5).24 Using this approach, integration over hydroxyl proton signals and the overlay of the polyether backbone signals with the water signal were eliminated as potential sources of error. This method, however, suffers from a worse signal to noise ratio than determination of the composition based on 1H-NMR spectra. 
content ܩ = ூሺீವ೐೙೏𝑟𝑖𝑡𝑖೎ሻ + ூ(ீభ,య𝐿𝑖೙೐ೌ𝑟) + ூ(ீభ,ర𝐿𝑖೙೐ೌ𝑟) + ூሺீ𝑇೐𝑟೘𝑖೙ೌ೗ሻூሺீವ೐೙೏𝑟𝑖𝑡𝑖೎ሻ + ூ(ீభ,య𝐿𝑖೙೐ೌ𝑟) + ூ(ீభ,ర𝐿𝑖೙೐ೌ𝑟 )+ ூሺீ𝑇೐𝑟೘𝑖೙ೌ೗ሻ + ூሺாை𝐿𝑖೙೐ೌ𝑟 ሻ+ ூሺாை𝑇೐𝑟೘𝑖೙ೌ೗ሻ         (5) IG 13C NMR spectroscopy yields higher glycidol contents than 1H NMR spectroscopy with a deviation of 7% to 9% (cf. Table 1). Further investigation will be necessary to identify the reason for this deviation. The glycidol content in the monomer feed of the samples hbPEO69 and hbPEO98 was 23%. The monomer feed of sample hbPEO127 contained 27% glycidol. Samples hbPEO98 and hbPEO127 were prepared applying an argon pressure of 1 bar to improve EO solvation and reaction rate. Due to the evaporation of EO at 100°C, the pressure in the autoclave further increased to 1.2 - 1.3 bar during the reaction. As a consequence, EO also condensed in the tubing connection 
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and was therefore not converted completely. Thus, the glycidol content incorporated into the resulting copolymers was found to be 6 and 8% (IG 13C NMR: 14 and 17%) higher than the glycidol content in the monomer feed. To avoid EO condensation, the ensuing synthesis of hbPEO69 was performed at a lower pressure of 0.5 bar. The glycidol content incorporated into this copolymer matches the monomer feed ratio well. Only a slight deviation of 1% (IG 13C NMR: 8%) was found. The degree of branching (DB) is a key parameter for describing the structure of a hyperbranched polymer. It can assume values between 0 (linear) and 1 (fully branched). The DB of hbPEO can be determined from IG 13C NMR spectroscopy as described in the literature.24,28 Figure 4 shows the DB values, calculated according to equation 6, in dependence of the glycidol content.  
ܤܦ = ଶ ூሺீವ೐೙೏𝑟𝑖𝑡𝑖೎ሻଶ ூሺீವ೐೙೏𝑟𝑖𝑡𝑖೎ሻ + ூ(ீభ,య𝐿𝑖೙೐ೌ𝑟) + ூ(ீభ,ర𝐿𝑖೙೐ೌ𝑟) + ூሺாை𝐿𝑖೙೐ೌ𝑟 ሻ                (6) The calculated DB values in the range of 0.41 to 0.54 confirm the synthesis of branched polymers with medium degree of branching. They are close to the theoretical values for an ideal AB/AB2 copolymerization by slow monomer addition (Figure 6, dashed line).13 The slightly higher DB value of hbPEO127 (red) might be a statistical deviation. As expected from theory, the DB values determined herein are higher than the DB values of hbPEO copolymers with comparable composition obtained by batch copolymerization.26,28 Further experiments concerning systematic variation of the copolymer composition will help to elucidate the general branching behavior of hbPEO copolymers prepared via slow monomer addition. 

 Figure 4. Degrees of branching of hbPEO69 (blue), hbPEO98 (green) and hbPEO127 (red) as a function of the glycidol content (determined from IG 13C NMR spectroscopy). The dashed line represents theoretical values for a random AB/AB2 copolymerization by slow monomer addition.13   
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Conclusion In summary, three hbPEO copolymers with different molar masses were synthesized by anionic ring-opening copolymerization of ethylene oxide and glycidol. Achieving control of the degree of polymerization presented a key challenge for the multibranching copolymerization of glycidol and EO. This challenge was mastered by employing a slow monomer addition protocol instead of the batch copolymerization procedure established previously. Molar masses were varied systematically in a range of 3500 to 6800 g mol-1 (determined by 1H NMR spectroscopy), surpassing the molar mass range accessible by batch copolymerization. The technical requirements for a safe and controlled continuous addition of EO and glycidol were met by conducting the reaction in an autoclave system setup including customized mass flow controllers. Glycidol incorporation in the copolymers was found to be slightly higher than the glycidol fraction in the monomer feed due to condensation of EO in the tubing connections which resulted in incomplete EO conversion. Medium degrees of branching in the range of 0.41 to 0.54 were determined from IG 13C NMR spectroscopy. Further studies with regard to absolute molar mass determination, enhancement of the accessible molar mass range, variation of the copolymer composition, and establishing structure-property relationships are in progress. The synthetic strategy presented herein provides access to amorphous, multifunctional, hyperbranched, mainly PEO-based materials with adjustable number of end groups and molar mass. The procedure can be modified in various ways to increase the number and type of functional groups: First, it opens up synthetic pathways towards heterofunctional, hyperbranched PEOs by terpolymerization with glycidol and another functional epoxide monomer. Second, it enables the controlled introduction of a single functionality at the focal point of the branched structure by employing a functional core molecule. Third, linear-hyperbranched block and graft copolymer architectures with a PEO-based hyperbranched blocks become accessible by initiating the polymerization from a hydroxyl-functionalized linear polymer.   Acknowledgement The authors thank Alexander Meier for technical assistance.    
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Abstract Hyperbranched poly(butylene oxide) polyols have been synthesized by multibranching anionic ring-opening copolymerization of 1,2-butylene oxide and glycidol. Systematic variation of the composition from 24 to 74% glycidol content resulted in a series of moderately distributed 
ĐopolǇŵeƌs ;Đ = ϭ.ϰϭ to ϭ.ϲϱ, SECͿ, alďeit ǁith liŵited ŵoleĐulaƌ ǁeights iŶ the solǀeŶt-free batch process in the range of 900 to 1300 g mol-1 (apparent Mn determined by SEC). In situ monitoring of the copolymerization kinetics by 1H NMR showed a pronounced compositional drift with respect to the monomer feed, indicating a strongly tapered microstructure caused by the higher reactivity of glycidol. In the case of slow monomer addition considerably higher apparent molecular weights up to 8500 g mol-1 were obtained (SEC). By alteration of the comonomer ratio, aqueous solubility of the hyperbranched copolymers could be tailored, resulting in well-defined cloud points between 20 and 84 °C. Glass transition temperatures between -60 and -29 °C were observed for the resulting polyether polyols. High degrees of branching (DB) between 0.45 and 0.77 were calculated from inverse gated (IG) 13C NMR. On-line viscosimetry and analytical ultracentrifugation (AUC) were employed to study hydrodynamic properties and to establish a universal calibration curve for the determination of absolute molecular weights. This resulted in Mw values between 2100 and 35000 g mol-1 that were generally 2-3 times higher than the apparent values determined by SEC with linear PEG standards.  Introduction Since their commercialization in the 1950s, poly(alkylene oxide)s have become important materials for an immense variety of consumer products and industrial applications.1 Both improving synthetic strategies, exploring and tailoring of polymer architectures and the resulting materials properties have been in the focus of research in this area. Among the alkylene oxide monomers, ethylene oxide and propylene oxide are the starting materials for the majority of polyether syntheses. Besides these two monomers, 1,2-butylene oxide (BO) is the third alkylene oxide monomer that is commercially available on an industrial scale. With the advent of advanced polymerization methods to overcome the low reactivity of the BO monomer and to suppress chain transfer reactions, materials based on poly(butylene oxide) (PBO) are now gaining increasing attention.2–7 PBOs are used as hydrophobic, oil-soluble polyether materials.8 Amphiphilic copolymers consisting of PBO and a hydrophilic block have found application as non-ionic surfactants.9 Linear and cyclic copolymer architectures with PBO and poly(ethylene oxide) (PEO) 
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have been studied in detail, particularly by Booth and coworkers.10 Carlotti et al. synthesized PBO-based amphiphilic structures containing multiple hydroxyl groups, obtained in two steps by monomer-activated copolymerization of BO with ethoxyethyl glycidyl ether or tert-butyl glycidyl ether and subsequent deprotection.11 The surfactant properties of the resulting linear PG-b-PBO copolymers, however, were not explored.  Hyperbranched polymers have been attracting significant attention for more than two decades because they combine dendrimer-like structural features with facile accessibility.12,13 They possess a high number of functional end groups and a compact structure, resulting in low viscosity both in bulk and in solution. Generally, crystallization is impeded by branching in this class of polymers, leading to amorphous structures. Synthetic methods that provide control over molecular weights and molecular weight distributions of hyperbranched polymers are an important target in this area.14–20 Glycidol is an established branching comonomer for anionic and cationic multibranching polyether synthesis.15,21–25 Anionic polymerization using slow monomer addition (SMA) gives access to well-defined hyperbranched polyglycerols with a broad range of accessible molecular weights and rather narrow molecular weight distributions.26 This technique has been successfully employed for the homopolymerization of glycidol and also for copolymerization with several glycidyl ethers. Via these comonomers, functional gƌoups foƌ ͚ĐliĐk͛ ĐoupliŶg ƌeaĐtioŶs, ďiodegƌadaďle Đleaǀage sites, and redox-responsive ferrocene moieties were introduced into the hyperbranched polyether structure in recent years.27–33 To the best of our knowledge, hyperbranched poly(alkylene oxide) copolymers have not been synthesized using a slow monomer addition protocol to date, which is mainly due to the low boiling point of the relevant alkylene oxide monomers (bpEO = 11 °C, bpPO = 34 °C, bpBO = 63 °C) and high temperatures required to polymerize glycidol at a reasonable rate. Taton and coworkers prepared well-defined oligomeric PG-co-PPO branching segments using a sequential procedure to generate dendrimer-like PEO structures.34 Tsvetanov et al. obtained high molecular weight PG-co-PEO copolymers by bubbling gaseous EO through a solution of glycidol and a calcium amide-alkoxide initiator.35 This method, however, permits limited glycidol incorporation of 3% at maximum. Recently, our group introduced a convenient one-step batch polymerization strategy for the anionic copolymerization of glycidol with EO and PO, respectively, allowing for systematic variation of the composition.36–38 In this way, narrowly to moderately distributed hyperbranched polyethers containing PEO or poly(propylene glycol) (PPO) segments became accessible. Such 
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hyperbranched polyether polyols have found application as initiators for the synthesis of multiarm star polymers and as a scaffold for further end group modification.39,40 
 Scheme 1: Synthesis of hyperbranched copolymers from butylene oxide and glycidol. In this work, we describe the first synthesis of hyperbranched PBO copolymers by random anionic copolymerization of butylene oxide with glycidol as a branching unit, both by batch polymerization and slow monomer addition procedures (Scheme 1). This allowed us to systematically vary both copolymer composition and molecular weight. For the batch process, detailed in situ investigations of the kinetics regarding the reaction rate of both comonomers have been carried out. In addition, we aim at characterization of absolute molecular weights of the novel hyperbranched polyethers by a combination of ultracentrifugation, viscosimetry and coupled SEC techniques.  Experimental Part  The instrumentation employed for characterization is described in the Supporting Information.  Materials All solvents and reagents were purchased from Acros Organics or Sigma Aldrich and used as received, if not mentioned otherwise. 1,2-Butylene oxide (99%) and glycidol (96%) were dried over calcium hydride (CaH2) and distilled in vacuum directly prior to use. Tetrahydropyran (THP) was freshly distilled from sodium prior to use.    
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Synthesis Batch Copolymerization. In a 250 mL Schlenk flask equipped with a magnetic stirrer, 89 mg (0.66 mmol, 1.00 eq.) 1,1,1-tris(hydroxymethyl)propane (TMP) and 37 mg (0.22 mmol, 0.33 eq.) cesium hydroxide monohydrate were dissolved in 3 mL methanol, and 5 mL benzene were added. The reaction vessel was evacuated for at least 5 h to remove methanol and traces of water azeotropically. After cooling to -78 °C a combined amount of 100 mmol (150 eq) butylene oxide (BO) and glycidol (G) was syringed into the flask and the reaction mixture was then immediately heated to 120 °C and stirred for 48 h. Due to the pressure evolving in the early stages of the polymerization, the flask was secured against spontaneous removal of the septum and the release of gaseous BO. Excess methanol was added to terminate the reaction and the solution was neutralized by filtration over acidic cation exchange resin (DOWEX WX8). After removal of the solvent, the resulting pale brown oil was precipitated in a mixture of cold diethyl ether and petroleum ether (ratio depending on comonomer composition). All products were dried in vacuum over night at 85°C (yield 80 - 90%). For in situ 1H NMR kinetics, the dried initiator was dissolved in 0.5 mL DMSO-d6 and placed in a NMR tube equipped with a Teflon stopcock. The solution was frozen, and G and BO were added under cooling. Immediately after melting, mixing and heating to 60 °C, the first 1H NMR spectrum was measured. Spectra were recorded with 16 scans. The intervals between two measurements were 5 min within the first 2 hours, 10 min during the next 6 hours and extended afterwards. Copolymerization under SMA (Slow Monomer Addition) Conditions. After drying in vacuum, the deprotonated initiator was dissolved in 1 mL THP and heated to 90 °C. A combined amount of 50 mmol G and BO diluted with an equal volume of THP was added to the reaction flask over the course of 3 days via a syringe pump. Termination was performed in analogy to the bulk polymerizations, and the resulting polymers were subsequently precipitated in methanol or dialyzed against methanol (MWCO 1000 g mol-1). 1H NMR (DMSO-d6, ϰϬϬ MHzͿ: ɷ ;ppŵͿ = ϰ.ϱϱ – 4.33 (m, br, OH); 4.08 – 3.02 (m, O-CH, O-CH2); 1.56 – 1.12 (m, CH3-CH2 (BO & TMP)); 0.87 (t, CH3 (BO); 0.79 (t, CH3 (TMP)). 13C NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ ;ppŵͿ = ϴϬ.ϲ – 79.0 (CH G1,3-Linear, CH BOLinear); 78.8 – 77.4 (CH GDendritic); 75.8 – 75.0 (CH2 BOTerminal); 74.6 – 73.6 (CH2 BOLinear) 73.2 – 72.1 (2 CH2 G1,4-Linear); 72.0 – 69.9 (2 CH2 GDendritic, CH GTerminal, CH GTerminal, CH2 BOTerminal); 69.9 – 68.3 (CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.5 – 62.8 (CH2-OH GTerminal); 61.4 – 60.6 (CH2-OH G1,3-Linear).   
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Results and Discussion A. Copolymer Synthesis and Characterization Two different strategies have been employed for the ring-opening anionic copolymerization of butylene oxide (BO) and glycidol (G). The batch polymerization procedure is based on a modified protocol for the multibranching copolymerization of PO and G reported recently.38 The lower reactivity of BO leads to low polymerization rates, thus long reaction times, and high reaction temperatures above the boiling point of BO (bpBO = 63 °C) are required to obtain high conversion. The rise of pressure in the sealed flask due to the evaporation of the BO monomer in the early stages of the reaction accelerates the polymerization. It should be emphasized that the batch copolymerization does not require the use of a solvent. The monomer mixture was added to partially deprotonated TMP as an established trifunctional initiator in vacuum, heated to 120 °C for two days, and subsequently the polymerization was terminated by adding methanol (Scheme 1). Scheme 2 demonstrates the reaction mechanism of the copolymerization. Fast intra- and intermolecular proton transfer among the partially deprotonated hydroxyl groups leads to a branched polymer structure. Cesium hydroxide was used as a base because the soft Cs cation leads to weak coordination to the alkoxide, increasing the reactivity of the chain ends.  
 Scheme 2: Mechanism of the anionic ring-opening copolymerization of butylene oxide and glycidol. 1H NMR spectra of the reaction mixture after two days revealed 97 to 99% monomer conversion calculated from the residual epoxide signals. As illustrated in Figure 1 and Equation 1, the polymer 
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composition after purification was determined by comparing the ethyl proton signals to the protons of the polymer backbone.  
 Figure 1. Calculation of the copolymer composition from BO signals (yellow diamonds) and G signals (blue squares) in the 1H NMR spectra (400 MHz, DMSO-d6). 

[ܩ] = ଷ ሺூా౗ౙౡౘ౥౤౛ − ூ౉౛t౞yౢሻଷ ூా౗ౙౡౘ౥౤౛ + ଶ ூ౉౛t౞yౢ                    (1) A small deviation of the copolymer composition compared to the molar fractions in the monomer feed was observed. This is a consequence of the incomplete BO conversion and the formation of a small amount of oligomeric side products. However, it was possible to obtain a series of copolymers with similar molecular weights and systematic variation of the BO/G ratio (see Table 1). Furthermore, the absence of unsaturated proton signals in the 1H NMR spectra proves that no allylic alcohols are formed by proton abstraction at the methylene group during the copolymerization of BO and glycidol. This common side reaction for the anionic polymerization of substituted epoxides under harsh conditions might be prevented by the high concentration of OH groups present in the multibranching copolymerization.2 Calculation of the degree of polymerization DPn of these samples from NMR is not feasible, because the batch copolymerization procedure leads to an unknown fraction of polymers that do not contain the TMP core molecule. This is supported by the presence of unreacted TMP that could be separated from the copolymers after precipitation. These findings can be explained by the addition of large amounts of glycidol at the beginning of the batch reaction, acting as a chain transfer agent as seen in Scheme 2. After proton transfer from glycidol to the deprotonated TMP, glycidolate autoinitiation can take place, initiating new polymer chains. This explains that the degree of polymerization was found to be independent of the monomer/initiator ratio.   
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Table 1. Characterization data of hb(PBO-co-PG) copolymers prepared via batch copolymerization. 
№ Sample namea G% Theo G% (1H) DB% (IG 13C) Mn / g ∙ mol-1 (SEC) Ð (SEC) Tg / °C (DSC) LCST / °C 1 hb(PBO0.76-co-PG0.24) 20 24 45 1280 1.65 -59 - 2 hb(PBO0.71-co-PG0.29) 30 29 65 1160 1.42 -55 - 3 hb(PBO0.58-co-PG0.42) 40 42 71 940 1.56 -48 20 4 hb(PBO0.51-co-PG0.49) 45 49 73 1150 1.46 -40 32 5 hb(PBO0.46-co-PG0.54) 50 54 63 1290 1.42 -39 49 6 hb(PBO0.40-co-PG0.60) 55 60 59 930 1.55 -35 84 7 hb(PBO0.34-co-PG0.66) 60 66 60 1130 1.41 -32 - 8 hb(PBO0.26-co-PG0.74) 70 74 54 890 1.64 -29 - aNoŵeŶĐlatuƌe: Saŵples ϭ-ϴ aƌe Ŷaŵed aĐĐoƌdiŶg to the ĐoŶteŶt of BO aŶd the ĐoŶteŶt of G iŶ the copolymers, as calculated from the 1H NMR spectra.  SEC (calibrated with linear PEG standards) revealed rather low apparent molecular weights in the range of 900 to 1300 g mol-1 and mostly monomodal, moderate distributions with Ð ranging in the range of 1.41 to 1.65. The molecular weight limiting chain transfer reaction was observed for hyperbranched polyethylene oxide and polypropylene oxide copolymers before.37,38 There are, 

hoǁeǀeƌ, ĐleaƌlǇ Ŷo sigŶs of ĐhaiŶ tƌaŶsfeƌ ďǇ pƌotoŶ aďstƌaĐtioŶ at the α-methylene group of the BO monomer, which is commonly observed during anionic homopolymerization of 1,2-butylene oxide.41 In this case, unsaturated chain ends would be found in the NMR spectra, which is not the case. In order to study the structure formation of hb(PBO-co-PG) in a detailed manner, the kinetics of the batch copolymerization was monitored in-situ, carrying out the polymerization directly in an NMR tube. The consumption of BO and G during the copolymerization was investigated by in situ 1H NMR spectroscopy (Figure 2). For technical reasons, the reaction temperature had to be lowered to 60 °C, and deuterated dimethyl sulfoxide (DMSO-d6) was added as a solvent. The in situ 1H NMR spectra reveal different incorporation rates for both comonomers (Figure 3A); i.e., glycidol is consumed considerably faster than butylene oxide. Full glycidol conversion was reached within 16 hours, at which point there is still about 60% unreacted BO left. The conversion of BO was complete only after five days. 
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Since both the molar fraction of the monomer feed and the copolymer composition are known at all times from the NMR data (Figure 3B), apparent copolymerization parameters rG and rBO could be determined using a Fineman-Ross plot (Figure S2, Supporting Information).42,43 The calculated values rG = 6.1 and rBO = 0.19 reflect the considerably higher reactivity of the G monomer, indicating a distinct gradient microstructure with a PG-rich, strongly branched core and a PBO-rich corona with little branched, dangling PBO chains. It must be noted that reactivity of all propagating glycerol chain ends has to be regarded as uniform in the simplified model of the Fineman-Ross formalism. Interestingly the reactivity ratios are in good agreement with previous studies of the copolymerization kinetics of the system ethylene oxide/butylene oxide, which also unveiled a strongly tapered microstructure.44  
 Figure 2. In situ 1H NMR spectra of the batch copolymerization of BO and G at 60 °C in DMSO-d6, revealing a decrease of the epoxide methine signal intensities over time (BO: 2.85 ppm, G: 2.99 ppm).   
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       A)  
B)  Figure 3. Batch copolymerization kinetic data: A) glycidol and 1,2-butylene oxide consumption over time, B) Relative residual monomer concentration and BO content in the copolymer versus total monomer conversion. Slow addition of glycidol is commonly employed for the controlled synthesis of the hyperbranched polyglycerol homopolymer.26 Aiming on the one hand at elevated molecular weight hb(PBO-co-PG) copolymers and on the other hand at a comparison of the methods, a second series of copolymers was synthesized employing a slow monomer addition protocol (Table 2). Under these reaction conditions, monomer concentrations are kept low during the entire course of the polymerization. Consequently, polymer-monomer reactions are statistically favored over monomer-monomer reactions, and chain transfer to the glycidol inimer is almost completely suppressed. Due to the increasing bulk viscosity of the polymers with increasing molecular weight, SMA syntheses had to be performed in solution. Since diglyme and N-methylpyrolidone (NMP), which are well-established solvents for the synthesis of other polyglycerol-based copolymers, were found to be unsuitable for the copolymerization of BO and G, tetrahydropyran (THP) was 



2.4 Hyperbranched Polyols via Copolymerization of BO and Glycidol: Comparison of Batch Synthesis and Slow Monomer Addition 

134 

chosen as an appropriate solvent.26,33 Furthermore, the reaction temperature was lowered to 88 °C, the boiling point of THP. As a consequence, BO conversion was reduced compared to the batch polymerizations, which was ascribed to leakage of the volatile monomer through the rubber septum at first. By adding the monomer via a long cannula through a reflux condenser, overall conversion was increased from 64-65% to 75-78%. NMR spectra of the reaction mixture revealed residual unreacted BO, even after extending reaction times from three to five days. Employing this procedure, the accessible molecular weight range could be increased considerably and molecular weights can be controlled to a certain extent, as can be seen in Figure 4. Low molecular weight samples 9 and 10 have also been synthesized deliberately to obtain materials for comparison with the polymers obtained by batch polymerization.  Again, apparent molecular weights were determined by SEC using linear PEG standards. The average molar mass of the hb(PBO-co-PG) copolymers prepared by the slow monomer addition strategy can also be calculated from 1H NMR by comparison with the signals of the initiator core, as it is known from other examples of glycidol copolymers.27–33 The methyl signal of the TMP core provides a reference for integration. This signal, however, diminishes with increasing degree of polymerization, rendering this method less exact for higher molecular weight copolymers. Furthermore, on-line viscosimetry and analytical ultracentrifugation characterization were employed to obtain absolute molar mass averages for the hyperbranched copolymers, which were compared with the apparent values from SEC characterization. The results are discussed in the section below.    
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Table 2. Characterization data of hb(PBO-co-PG) copolymers prepared by the slow monomer addition procedure (SMA). 
№ Sample namea G% Theo G% (1H) DB% (IG 13C) Mn / g ∙ mol-1 theo Mn / g ∙ mol-1 (NMR) Mn / g ∙ mol-1 (SEC) Ð (SEC) Tg / °C (DSC) LCST / °C 9 hb(PBO7-co-PG3) 20 29 57 3000 820 850 1.29 -49 23 10 hb(PBO8-co-PG6) 35 39 67 3000 1110 1170 1.49 -37 34 11b hb(PBO8-co-PG29) 50 77 66 6000 2800 2940 1.30 -37 - 12b hb(PBO17-co-PG66) 50 78 70 11000 6300 4250 1.49 -33 - 13 hb(PBO36-co-PG64) 50 64 77 6000 7500 7830 1.65 -36 - 14 hb(PBO57-co-PG120) 50 67 59 11000 13200 8460 1.58 -30 - a NoŵeŶĐlatuƌe: Saŵples ϵ-ϭϰ aƌe Ŷaŵed aĐĐoƌdiŶg to the Ŷuŵďeƌ of ĐoŵoŶoŵeƌ uŶits hb(PBOx-co-PGy), where x is the absolute number of BO units and y the absolute number of G units, calculated from 1H NMR spectra. b Polymers prepared without reflux condenser.  

 Figure 4. SEC traces (DMF, RI signal) of the hyperbranched hb(PBO-co-PG) copolymers; samples 10, 11, 12, and 14 (Table 2) prepared by slow monomer addition.  
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In order to study the influence of the slow monomer addition on composition and DB, kinetic studies were also important in this case. However, since in situ 1H NMR kinetic studies are not feasible for the copolymerization under slow monomer addition conditions, NMR samples were taken during polymerization using the conventional setup. In this manner, it was possible to monitor composition of the growing copolymers in the course of the reaction (Figure 5). It is a striking observation that in contrast to the copolymerization in batch (Figure 3B), there is no compositional drift. Except for the very beginning of the reaction, the monomers are incorporated at a constant ratio of 75% glycidol and 25% butylene oxide, when added in a 1:1 feed ratio. Although residual unreacted BO monomer can be found in the reaction mixture, its accumulation appears to have no visible effect on the copolymer composition due to its very low reactivity. Allgaier and coworkers calculated for the copolymerization of BO with ethylene oxide that extremely slow monomer addition over a period of more than a month would be required to avoid accumulation of the BO monomer in the reaction mixture.44 The exact microstructure of the copolymers cannot be elucidated, because there are multiple reactive chain ends per polymer molecule. Each monomer may react with alkoxide termini belonging to the two different linear G units as well as terminal BO or G units. However, significant deviations in the aqueous solubility of polymers prepared by batch polymerization and SMA, respectively, were found, which indicate that the SMA protocol leads to a less pronounced gradient structure. The findings are discussed in detail in the corresponding section. 
 Figure 5. Copolymer composition over the course of a copolymerization under slow monomer addition conditions. The dashed line represents the mole fraction in the monomer feed.    
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B. Determination of Absolute Molecular Weights and Intrinsic Viscosities Determining absolute molecular weight averages and molecular weight distribution is a key issue in the comprehensive characterization of hyperbranched polymers. Nevertheless, most works published in this area to date rely solely on conventional SEC calibrated with linear polymer standards, neglecting that significant deviations arise from the different hydrodynamic volumes of hyperbranched polymers and those of linear SEC standards.37 In addition, interaction of the multiple functional end groups with the SEC columns can also lead to erroneous results. We studied the two series of hyperbranched copolymers formed in batch and by SMA, respectively, by on-line viscosimetry and analytical ultracentrifugation to obtain absolute molar mass values. On-line viscosimetry is a hyphenated liquid chromatography coupling technique, combining a viscometer and a refractive index detector (RI). The intrinsic viscosity of the copolymers is measured, and subsequently the absolute molar mass distribution is determined based on a universal calibration curve. This method is independent of the polymer type or architecture of the calibration standards. All hb(PBO-co-PGͿ ĐopolǇŵeƌs eǆhiďited loǁ iŶtƌiŶsiĐ ǀisĐosities [η] iŶ DMF, ǁhiĐh ǁeƌe iŶ the range of 3.2 to 6.3 mL g-1, as summarized in Table S1. These results are typical for hyperbranched polymers due to their compact, three-dimensional structure. The values are in good agreement 
ǁith ƌepoƌted [η] ǀalues of hǇpeƌďƌaŶĐhed polǇglǇĐeƌol aŶd hǇpeƌďƌaŶĐhed polǇ;ethǇleŶe glǇcol)-co-polyglycerol copolymers.37,45 As a geŶeƌal tƌeŶd, [η] of hb(PBO-co-PG) obtained by batch polymerization shows a slight increase with increasing glycidol fraction (see Figure S3). This can be ascribed to a more expanded polymer conformation due to the increasingly favorable interactions between the polar solvent and the increasingly polar copolymers due to the additional hydroxyl groups. Measurements of the intrinsic viscosity of hb(PBO-co-PG) in DMF using the samples obtained by the SMA protocol yielded a sĐaliŶg ƌelatioŶship ďetǁeeŶ [η] aŶd the ŵolaƌ ŵass. PeƌfeĐtlǇ branched dendrimers do not show a straight linear dependence between intrinsic viscosity and molecular weight: the corresponding scaling Kuhn-Mark-Houwink-Sakuƌada plot ;[ƞ] = KMα) passes through a maximum.46,47 A similar behavior was also observed for several hyperbranched structures.48–50 As illustrated in Figure 6, the hyperbranched PBO copolymers prepared by the SMA 
pƌotoĐol eǆhiďit a ĐhaŶge iŶ the slope fƌoŵ Ϭ.ϯϯ ;[ƞ] = Ϭ.Ϯϲϱ M0.33±0.03) to α ≈ Ϭ, ǁhiĐh ƌefleĐts a transition to a highly compact state. This was shown to be a direct consequence of the change in the ratio of mass to volume for different degrees of polymerization. The samples prepared by batch polymerization, due to the very short molar mass range, do not show any dependence on 
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the molar mass. However, in spite of the differences between the samples obtained by SMA and batch procedure, the entire viscosity data in DMF can be considered in a single dependence, yielding the eǆpoŶeŶt ǀalue of Ϭ.ϭϱ ;[ƞ] = ϭ.ϯϬϬ M0.15±0.04), which corresponds to a highly compact structure of the series of hb(PBO-co-PG) copolymers as well. 
 Figure 6. Douďle logarithŵiĐ depeŶdeŶĐe of iŶtriŶsiĐ ǀisĐositǇ [ƞ] oŶ the ŵolar ŵass Mw in DMF at 70 ℃: ∎ - saŵples sǇŶthesized usiŶg SMA proĐedure, □ – samples obtained by batch procedure. Dotted line – linear extrapolation through all data points (SMA+batch).  Based on the intrinsic viscosities, universal SEC calibration becomes feasible. Hence, absolute molecular weight averages could be determined (Table S1). When compared with the apparent molecular weights obtained from conventional SEC, up to three times higher values were found. The Mw values of the batch copolymers are in the range of 2400 to 6440 g mol-1. The molecular weight of the copolymers prepared in the batch procedure decreases with increasing glycidol content, presumably because higher glycidol content leads to increased chain transfer to the monomer during polymerization. This correlation is not reflected in the conventional SEC results. The values obtained from universal calibration confirm that for hb(PBO-co-PG) copolymers prepared by the SMA procedure molecular weights can be tailored in a wide range from 2130 to 35400 g mol-1. Again, the viscosimetry results reveal an underestimation of Mw by SEC. However, Table 3 shows that - with one exception - both methods yield consistent results. Sample hb(PBO36-co-PG64) showed a larger Mw value than hb(PBO57-co-PG120) according to the viscosimetry data, contrasting SEC results. In this case, the molecular weight distribution of the former appears to be significantly broader than estimated by SEC. 
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For comparison, hb(PBO-co-PG) samples 8, 12, 13, and 14 with glycidol content around 75% and varying degree of polymerization were also studied in aqueous solution by the methods of molecular hydrodynamics, particularly regarding sedimentation velocity and intrinsic viscosity. The measured values of the intrinsic viscosity in water are similar to those obtained in DMF and do not show any dependence on molecular weight (Table 3). Furthermore, Figure 7 illustrates the differential distributions of the sedimentation coefficients. The distributions are generally rather broad and shift to higher sedimentation coefficients with increasing molar mass.   
 Figure 7. Normalized distributions of the sedimentation coefficients for hb(PBO-co-PGͿ ĐopolǇŵers № ϴ, ϭϮ, 13, 14 in water at 25 °C obtained by Sedfit. The molar masses were calculated based on the modified Svedberg equation using the estimated values of the sedimentation coefficient (s0) and frictional ratio (f/fsph)0: 

௦௙ܯ = ʹ√ߨ9 ஺ܰ([ݏ] ݂/ ௦݂௣ℎ)ଷ/ଶ√𝜐                   (2) where [s] is the intrinsic sedimentation coefficient ([ݏ] = ௦బ𝜂బሺଵ−𝜐ఘబሻ ǁheƌe ρ0 aŶd η0 are the density 
aŶd dǇŶaŵiĐ ǀisĐositǇ of the solǀeŶtͿ aŶd υ is the paƌtial speĐifiĐ ǀoluŵe. The ŵolar mass values, together with other hydrodynamic characteristics are summarized in Table 1. The molecular weights determined by analytical ultracentrifugation are in good agreement with the results of the on-line viscosimetry measurements. This confirms the accurate molecular weight characterization.   
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Table 3. Hydrodynamic characteristics of selected hyperbranched copolymers in water at 25 °C and comparison of molecular weight characterization data from AUC, on-line viscosimetry and conventional SEC. Sample name s0 / S (AUC) (f/fsph)0 [η]aq / cm3 ∙ g-1 Msf / g ∙ mol-1 (AUC) Mw / g ∙ mol-1 (Visco) Mw / g ∙ mol-1 (SEC) hb(PBO0.26-co-PG0.74) 0.34 1.1 5.2 2100 2400 1450 hb(PBO17-co-PG66) 1.20 1.1 4.7 14000 13900 6300 hb(PBO36-co-PG64) 2.14 1.1 5.4 32300 35400 12900 hb(PBO57-co-PG120) 1.55 1.1 4.7 20000 30700 13300  Information on the polymer conformation in aqueous solution can be obtained from comparing 
the hǇdƌodǇŶaŵiĐ ĐhaƌaĐteƌistiĐs ;s aŶd [η]Ϳ ǁith the ĐoƌƌespoŶdiŶg ŵolaƌ ŵasses. IŶ additioŶ to 

the alƌeadǇ estaďlished [ƞ]-M dependence, a scaling relationship between the sedimentation coefficient and molar mass was obtained: s = 0.002×M0.672±0.005 (Figure S4). Thus, the conformation of the hb(PBO-co-PG) polymer chains can be described as a compact, spherical-like structure (an ellipsoid) with a constant asymmetry. This result agrees well with the previously published study on hyperbranched poly(ethylene glycol)–co–poly(glycerol) copolymers.37 Furthermore, the series of hb(PBO-co-PG) copolymers could be considered as hydrodynamic homologues i.e. the macromolecules behave hydrodynamically similar to each other.  C. Degree of Branching (DB) Besides exact molecular weight determination, determination of the degree of branching (DB) is crucial in order to understand the actual structure of a hyperbranched polymer. When copolymerizing glycidol and BO, fast inter- and intramolecular proton transfer between different alkoxide chain ends leads to branching of the polymer (Scheme 2). The formation of a hyperbranched structure is proven by a characteristic splitting of the polyether backbone signals in the 13C NMR spectra (Figure S4). The peaks in the range of 60 to 80 ppm can be assigned to dendritic, linear and terminal units. The peak assignment of the differently linked BO and G units was confirmed by HSQC (Figure S5) and HMBC NMR (Figure S6). Using inverse gated 13C NMR, the degree of branching (DB) of the copolymers was determined according to the definition for AB/AB2 systems (Equation 3).51 The calculated values are summarized in Table 1 and Table 2 above. 
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୅୆/୅୆మܤܦ = ଶ஽ଶ஽+∑௅                     (3)  AB represents a monomer unit containing two reactive sites, in this case butylene oxide, that can only be incorporated as a linear or terminal unit, and AB2 stands for the branching unit glycidol. Surprisingly high DB values in the range of 0.45 and 0.73 for copolymerization in batch (Figure S7) and in the range of 0.57 and 0.77 for copolymerization under slow monomer addition conditions (Figure S8) were found. These values are significantly higher than the theoretical DB for a random AB/AB2 copolymerization. Presumably, lowered reactivity of BO termini leads to increased growth at the remaining linear and terminal glycerol units. This assumption is supported by the high number of terminal BO units that can be found in the IG 13C NMR spectra (Figure S4). As a result of the saturation of the glycerol units, copolymers with medium glycidol fraction show the highest experimental DB values. The DB values of copolymers containing mainly polyglycerol are closer to the theoretical values because the small BO content has less influence on the polymer structure. The high degrees of branching and the resulting compact structure of the copolymers may explain the exceptionally low bη parameter of 0.15 observed in the viscometric measurements.  D. Physical Properties of hb(PBO-co-PG) Copolymers in Bulk and Solution Thermal analysis of the hb(PBO-co-PG) copolymers by differential scanning calorimetry confirmed the expected amorphous structure for all samples and a linear correlation between the comonomer ratio and the glass transition temperature (Tg) of the polymers prepared by batch copolymerization (Figure 8). The Tg increases gradually with increasing glycidol content, reflecting the decrease in flexibility and the increased number of hydroxyl groups and resulting hydrogen bond interactions. The Tg can be readily adjusted from -59 to -29 °C via alteration of the composition. This findings resemble the features of both hyperbranched polypropylene oxide copolymers and the corresponding PPO multiarm star polymers.38,52 Copolymers synthesized via SMA exhibit more spread, but generally similar glass transition temperatures (Figure S9). This is tentatively explained by the influence of various polymerization parameters (monomer addition rate, initiator concentration, conversion, molecular weight) on the microstructure. 
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 Figure 8. Glass transition temperatures (Tg) of the hb(PBO-co-PG) copolymers obtained in the batch process, with varying composition. Tg of linear PBO and hbPG for comparison.26,53 Copolymers consisting of glycidol and propylene oxide as well as other hydrophobic comonomers are known to show thermoresponsive behavior and lower critical solution temperatures (LCST) in aqueous solution.33,38,54,55 The aqueous solubility of hb(PBO-co-PG) and its dependence on temperature and comonomer ratio was investigated by turbidimetry. Due to the opposite polarities of the hydrophilic glycerol segments and the hydrophobic BO units, the solubility of the 
ĐopolǇŵeƌs ǀaƌies gƌeatlǇ ǁith ĐoŵpositioŶ. CopolǇŵeƌs ǁith G fƌaĐtioŶ ш ϲϲ% ;polǇŵeƌized iŶ batch) were water-soluble at all temperatures. An amount of G in the range between 42% and 60% resulted in thermoresponsive behavior. Aqueous solutions of these copolymers exhibit reversible demixing above a lower critical solution temperature (Figure 9A). Except for sample 6 (60% G), which exhibits a broad transition close to the boiling point of water, all thermoresponsive copolymers show well-defined cloud points. For this intermediate range of compositions the LCST depends strongly on the comonomer ratio and can be tailored in a wide temperature range from 20 to 84 °C (Figure 9B). G contents of 29% and below resulted in hydrophobic materials that are not soluble in water at any temperature.  HbPBO polymers obtained by the SMA procedure with comparable molecular weights exhibit clearly increased aqueous solubility in comparison to copolymers obtained in the batch procedure. For instance, sample hb(PBO7-co-PG3) with 29% G exhibits a cloud point temperature of 23 °C, whereas the corresponding sample hb(PBO0.71-co-PG0.29) with the same fraction of 29% G is completely insoluble in aqueous media. The LCST of this sample is even slightly above the cloud point of hb(PBO0.58-co-PG0.42) with 42% G. A similar shift can be seen between hb(PBO8-co-PG6), 39% G, and hb(PBO0.51-co-PG0.49) (FigureB). These deviations can be attributed to a less 
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pronounced gradient microstructure, resulting from the SMA procedure, with more hydrophilic glycerol units situated at the periphery of the polymer. 
A)  

B)  Figure 9. A) Intensity of transmitted laser light versus temperature for hb(PBO-co-PG) copolymers of various compositions at a concentration of 5 mg mL −ϭ in aqueous solution, B) Comparison of the effect of the glycidol fraction on the cloud point temperatures of copolymers prepared by batch procedure and SMA.   Conclusion Hyperbranched, multi-hydroxyfunctional polyethers based on the copolymerization of the apolar epoxide monomer 1,2-butylene oxide with glycidol have been introduced. The ring-opening multibranching copolymerization of the AB/AB2 type has been studied in a detailed manner, including in-situ NMR kinetics and absolute molecular weight determination On the one hand, batch polymerization without solvent was employed in order to vary the copolymer composition systematically. On the other hand, slow monomer addition of mixtures of both comonomers enabled variation of the molecular weight up to 35000 g mol-1. The copolymerization kinetics of 
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the two synthetic approaches was compared by NMR spectroscopy, revealing significant differences concerning the incorporation of the comonomers, which are also reflected in the aqueous solubility and cloud points of the resulting materials.  Beyond standard SEC and NMR characterization, absolute molar mass determination - an important challenge in the characterization of hyperbranched polymers - was carried out comprehensively, relying on both on-line viscosimetry and analytical ultracentrifugation, resulting in a universal calibration curve for SEC characterization of the hyperbranched polyols. Both methods yielded consistent molecular weight values that were up to three times higher than the apparent values determined by SEC calibrated with linear PEG standards. The calculated hydrodynamic scaling relationships prove the globular and compact shape of the hyperbranched poly(butylene oxide) copolymers, which is a consequence of the surprisingly high degrees of branching up to 0.77, determined by Inverse Gated 13C NMR. The high DB values are tentatively explained by the low reactivity of terminal butylene oxide units.  Combination of the apolar butylene oxide monomer and glycidol with its opposite polarity enables 
tailoƌiŶg the ŵateƌials͛ phǇsiĐal pƌopeƌties, suĐh as glass tƌaŶsitioŶ teŵpeƌatuƌes ;Tg) and hydrophilicity, which translates to lower critical solution temperatures (LCST) in a wide temperature range that can be tuned by the copolymer composition. With their large number of hydroxyl groups, these hb(PBO-co-PG) copolymers open up possibilities for further chemical functionalization or crosslinking, rendering hb(PBO-co-PG) a stimuli-responsive building block for e.g., hydrogels, surface modification and polyurethane foams. Despite the limited molecular weights obtained, the solvent-free batch polymerization procedure based on the industrially available butylene oxide monomer may be readily adapted to larger scales.  Acknowledgement The authors thank Luka Decker for technical assistance.    
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Supporting Information  Instrumentation NMR spectroscopy. 1H NMR and 13C NMR spectra were recorded at 400 MHz and 100 MHz, respectively, on a Bruker AMX400 and are referenced internally to residual signals of the deuterated solvent. Size-exclusion chromatography. For SEC measurements in DMF (containing 0.25 g L-1 of lithium bromide as an additive), an Agilent 1100 series was used as an integrated instrument including a PSS HEMA column (106/104/102 Å porosity) and UV and RI detector. Calibration was achieved with poly(ethylene glycol) standards provided by Polymer Standards Service (PSS). Differential scanning calorimetry. DSC measurements were performed using a PerkinElmer 8500 thermal analysis system and a Perkin-Elmer CLN2 thermal analysis controller in the temperature range from -90 to +20 °C at a heating rate of 10 K min-1. Turbidimetry. Cloud points were determined using a Jasco V-630 photospectrometer with a Jasco ETC-ϳϭϳ Peltieƌ eleŵeŶt, aŶd oďseƌǀed ďǇ optiĐal tƌaŶsŵittaŶĐe of a light ďeaŵ ;ʄ = ϲϳϬ nm) through a 1 cm sample quartz cell. The intensity of the transmitted light was recorded versus the temperature of the sample cell. The heating/cooling rate was 1 K min−1, and values were recorded in 1 K steps. The polymers were solved in deionized water at a concentration of 5 mg mL-1. Analytical ultracentrifugation. Sedimentation velocity experiments were performed with a ProteomeLab XLI Protein Characterization System analytical ultracentrifuge (Beckman Coulter, Brea, CA), using conventional double-sector Epon or aluminum centerpieces of 12 mm optical path length and a four-hole rotor (AN-60Ti). Rotor speed was ϲϬ,ϬϬϬ ƌpŵ, Đells ǁeƌe filled ǁith ϰϮϬ ʅL 

of saŵple solutioŶ aŶd ϰϰϬ ʅL of solǀeŶt ;ǁateƌͿ. Thƌee ĐoŶĐeŶtƌatioŶs of eaĐh saŵple ǁeƌe studied, covering a wide concentration range. The parameter c[η] characterizing the degree of dilution was in the range 0.00047  c[η]  0.0216, which translates to a very high dilution state, which in turn allows for reliable extrapolation to concentration zero. Here c is the polymer concentration in g cm-3 and [η] is the intrinsic viscosity, measured in cm3 g-1. Before the run, the rotor was equilibrated for approximately 1 h at 25 °C in the centrifuge. Sedimentation profiles were obtained by interference optics at the same temperature. Sedfit software was employed for the analysis of the sedimentation velocity data. ls-g*(s) as well as c(s) with a Tikhonov–Phillips regularization procedure implemented into the Sedfit program were applied.1 The ls-g*(s) model represents the least-square boundary analysis, which describes sedimentation of non-diffusing 
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species. c(s) analysis based on the numerical resolution of the Lamm equation assuming the same frictional ratio (f/fsph) values for each s value. The reciprocal velocity sedimentation coefficients were extrapolated to zero concentration in the linear approximation, following the relationship: s-1 = s0-1(1+ksc), when s0 is the extrapolated value of the velocity sedimentation coefficient and ks is the concentration sedimentation coefficient (Gralen coefficient). Viscosity measurements. Viscosity measurements were conducted using an AMVn viscometer (Anton Paar, Graz, Austria), with capillary/ball combination of the measuring system. The 0 and t, were measured at 25 oC, with relative viscosities ηr = t/t0 in the range of 1.2 – 2.5, which corresponds to dilute solutions. The extrapolation to zero concentration was achieved by using both the Huggins and the Kraemer equations, and the average values were considered as the value of the intrinsic viscosity. Partial specific volume determination. The density measurements were carried out in the density meter DMA 02 (Anton Paar, Graz, Austria) according to the procedure of Kratky et al..2 The partial 
speĐifiĐ ǀoluŵe ǁas fouŶd to ďe υ = Ϭ.ϴϮϭ Đŵ3g-1. On-line viscometry. On-line viscometry measurements were performed at Polymer Standards Service GmbH using a PSS GRAM column (30/100/1000 Å porosity) equipped with a SECcurity GPC1260 Refractive Index RI detector and a SECcurity on-line viscometer DVD1260. DMF containing 5 g L-1 LiBr was used as a solvent. Samples and solvent were weighed in precisely to obtain exactly known sample concentrations of about 20 mg mL-1. After eight hours, 100 µL solution were injected. The flow rate was 1 mL min-1, and the temperature 70 °C. For each sample, the average over three injects was calculated. The universal calibration was based on poly(methyl methacrylate) standards.     
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Calculation of the Copolymerization Parameters  Copolymerization: 
ଵܲ− ଵܯ+ ௞భభ→ ଵܲܯଵ− 
ଵܲ− ଶܯ+ ௞భమ→ ଵܲܯଶ− 
ଶܲ− ଵܯ+ ௞మభ→ ଶܲܯଵ− 
ଶܲ− ଶܯ+ ௞మమ→ ଶܲܯଶ− 

ଵܲ−; ଶܲ−: active chain end ܯଵ; ܯଶ: monomer k: reactivity constant  Fineman-Ross equation:  𝑥 ∙ ଵ−𝑋𝑋 = − ௫మ𝑋 ଵݎ + ଵݎ ଶ withݎ = ௞భభ௞భమ and ݎଶ = ௞మమ௞మభ x: mole fraction of the stock X: mole fraction of the polymer at certain mole fractions of the stock ݎଵ: reactivity ratio for monomer ܯଵ ݎଶ: reactivity ratio for monomer ܯଶ   
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 Figure S1. Normalized monomer concentration plotted versus total conversion for BO and G  
 Figure S2. Fineman-Ross plot for the calculation of the copolymerization parameters     
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On-line Viscometry Table S1. Characterization data from SEC and on-line viscometry in DMF 
№ Sample name Mw / g ∙ mol-1 (SEC) Mw / g ∙ mol-1 (Visco)a [η]DMF / cm3 ∙ g-1 (Visco) 1 hb(PBO0.76-co-PG0.24) 2110 6440 4.0 2 hb(PBO0.71-co-PG0.29) 1640 4040 3.8 3 hb(PBO0.58-co-PG0.42) 1460 3090 3.8 4 hb(PBO0.51-co-PG0.49) 1680 3380 4.3 5 hb(PBO0.46-co-PG0.54) 1830 3120 4.9 6 hb(PBO0.40-co-PG0.60) 1430 2530 4.7 7 hb(PBO0.34-co-PG0.66) 1600 2690 5.1 8 hb(PBO0.26-co-PG0.74) 1450 2400 5.2 9 hb(PBO7-co-PG3) 1100 2130 3.2 10 hb(PBO8-co-PG6) 1750 3190 3.9 11 hb(PBO8-co-PG29) 3820 8420 4.9 12 hb(PBO17-co-PG66) 6300 13900 6.2 13 hb(PBO36-co-PG64) 12900 35400 5.9 14 hb(PBO57-co-PG120) 13300 30700 6.3 aThe weight-average molecular weights (Mw) are given because MW is less susceptible to detector noise and hence can be calculated with better accuracy.  

 Figure S3. Dependence of the intrinsic viscosity of the copolymers obtained by batch polymerization on the glycidol fraction 
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Hydrodynamic Characterization  
 Figure S4. Douďle logarithŵiĐ depeŶdeŶĐe of the sediŵeŶtatioŶ ĐoeffiĐieŶt ;sͿ aŶd iŶtriŶsiĐ ǀisĐositǇ ;[ƞ]Ϳ oŶ 

the ŵolar ŵass ;MͿ for the hǇperďraŶĐhed polǇŵers iŶ ǁater at Ϯϱ ⁰C. The resultiŶg sĐaliŶg relatioŶships are: s = 0.002 M0.672±0.005 aŶd [ƞ] = 5.36 M0.01±0.05.  Determination of the Degree of Branching 
 Figure S5. Inverse gated 13C NMR spectrum of hb(PBO36-co-PG64) (100 MHz, DMSO-d6) 
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Partial overlap and the noise level inherent to inverse gated 13C NMR may cause errors when integrating the signals of the different repeating units.  
 Figure S6. HSQC spectrum of hb(PBO8-co-PG6) (400/100 MHz, DMSO-d6 + CDCl3). 1H- and 13C NMR spectra can be found on the horizontal and vertical axis, respectively. Phase correlation is given by correlation of cross peaks (red: methyl, methine, blue: methylene).  
 Figure S7. HMBC spectrum of hb(PBO8-co-PG6) (400/100 MHz, DMSO-d6+CDCl3). 1H- and 13C NMR spectra can be found on the horizontal and vertical axis, respectively. 
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 Figure S8. Calculated degrees of branching of hb(PBO-co-PG) with varying monomer composition prepared by batch polymerization as a function of the glycidol molar fraction. The dashed line represents theoretical values for a random AB/AB2 copolymerization in batch.3  
 Figure S9. Calculated degrees of branching of hb(PBO-co-PG) with varying monomer composition prepared by slow monomer addition as a function of the glycidol molar fraction. The dashed line represents theoretical values for a random AB/AB2 copolymerization by slow monomer addition.4   
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Thermal Properties 
 Figure S10. Glass transition temperatures (Tg) of the hb(PBO-co-PG) copolymers with varying composition, prepared by SMA procedure. Tg of linear PBO and hbPG for comparison.5,6  References 1. Schuck, P. Biophys. J. 2000, 78, 1606–1619. 2. Kratky, O.; Leopold, H.; Stabinger, H. [5] The determination of the partial specific volume of proteins by the mechanical oscillator technique. Part D: Enzyme Structure; Methods in Enzymology; Elsevier, 1973; 98–110. 3. Frey, H.; Hölter, D. Acta Polym. 1999, 50, 67–76. 4. Sunder, A.; Türk, H.; Haag, R.; Frey, H. Macromolecules 2000, 33, 7682–7692. 5. Lai, J.; Trick, G. S. J. Polym. Sci. A-1 Polym. Chem. 1970, 8, 2339–2350. 6. Sunder, A.; Hanselmann, R.; Frey, H.; Mülhaupt, R. Macromolecules 1999, 32, 4240–4246.  
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Abstract Multiarm star copolymers based on a hyperbranched poly(propylene oxide) polyether-polyol (hbPPO) as a core and poly(propylene carbonate) (PPC) arms have been synthesized in two steps from propylene oxide (PO), a small amount of glycidol and CO2. The PPC arms were prepared via carbon dioxide (CO2)/propylene oxide copolymerization, using hbPPO as a multifunctional macroinitiator and the (R,R)-(salcy)-CoOBzF5 catalyst. Star copolymers with 14 and 28 PPC arms, respectively, and controlled molecular weights in the range of 2700-8800 g/mol have been prepared (Mw/Mn =1.23-1.61). Thermal analysis revealed lowered glass transition temperatures in the range of -8 to 10°C for the poly(propylene carbonate) star polymers compared to linear PPC, which is due to the influence of the flexible polyether core. Successful conversion of the terminal hydroxyl groups with phenylisocyanate demonstrates the potential of the polycarbonate polyols for polyurethane synthesis.   Introduction Carbon dioxide (CO2), an industrial waste product, is a potentially interesting C1 feedstock, as it is nontoxic, renewable, abundant and inexpensive. The growing recent interest of organic and bio-organic chemists in CO2 has led to the development of a variety of synthetic reactions using carbon dioxide directly as a raw material, especially in the field of polymer chemistry. 1–7 Since the seminal discovery of the copolymerization of CO2 and epoxide monomers by Inoue et al in 1969,8,9 numerous works on different heterogeneous and homogeneous catalyst systems have been reported, and mostly propylene oxide and cyclohexene oxide have been polymerized to poly(propylene carbonate) (PPC) and poly(cyclohexene carbonate) (PCHO).10–16 The commercialization of PPC has recently reached a modest volume of approximately 1000 t/year and is gaining increasing attention.5 The main reason for the interest in PPC is its smooth biological degradation characteristics.5 Current challenges for PPC include the diversification of its properties, especially with respect to broadening the scope of applications beyond the use as a thermoplastic material. Mostly linear poly(propylene carbonate) homopolymers have been studied to date.13,17–19 Only few works aimed at the synthesis of block copolymers or branched PPC architectures. Since it is well-known that in the synthesis of PPC molecular weights can be controlled, using various catalyst systems in an immortal polymerization, and in elegant works Lee et al. demonstrated the general feasibility of linear PPC block copolymers8,9,14,20–23, tailoring of 
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macromolecular parameters such as molecular weight, polydispersity, and chain-ends for PPC-based complex polymer structures is emerging as a current focus of research.  Here we present a rapid two-step approach to flexible multiarm star polymers with PPC arms. In multiarm star polymers a large number of linear arms is connected to a central branched core. Such materials show unusual mechanical, rheological, and biomedical properties that differ from the corresponding linear polymers.24–28 Furthermore they are particularly interesting because of their large number of functional end groups compared to linear polymers of similar molecular weight as well as their improved solubility profile.24,29,30 To date, multifunctional polycarbonate polymer architectures have been exclusively prepared by the ring-opening polymerization of six-membered cyclic carbonate monomers.31,32,33 Aliphatic polycarbonate polyols have already been suggested for a wide range of potential applications.34–38 The additional free hydroxyl groups in polycarbonate polyols provide sites for the attachment of dyes, flame retardants, bioactive molecules, or cross-linking of materials. In addition, polycarbonate polyols have been introduced for the manufacture of polyurethanes for high-performance coating applications.39 However, the respective cyclic carbonate monomers have to be prepared in multistep reactions, which represents a drawback for actual application. In this work we describe a synthetic route for flexible multiarm star block copolymers, using a hyperbranched poly(propylene oxide) copolymer with glycerol branching points40 as a multifunctional initiator for the controlled catalytic copolymerization of carbon dioxide with propylene oxide (Scheme 1).  
 Scheme 1: Two-step synthesis of hyperbranched PPC multiarm star copolymers from PO and CO2 with hb(PG-co-PPO) core (left); branching points are generated from glycidol in the first step. 
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This approach results in PPC multiarm star copolymers with flexible polyether core. The resulting multifunctional PPC copolymers have been investigated with respect to molecular weight control, PPC chain length per arm, thermal properties as well as the possibility to use the terminal hydroxyl groups for derivatization reactions with isocyanates.  Experimental Section Instrumentation as well as synthesis and characterization of the hyperbranched PPO core structures40 and the preparation of the catalyst employed for the PO/CO2 copolymerization are described in the Supporting Information.  Synthesis of hb-PG-co-PPO/PPC Star Copolymers (Table 1, Sample 3)  A 100 mL Roth autoclave was dried under vacuum at 40 °C. (R,R)-(salcy)-CoOBzF5 (11.7 mg, 0.0143 mmol), the cocatalyst (PPN)Cl (8.2 mg, 0.014 mmol), PO (1.9 mL, 26 mmol) and dried 200 mg hb-PG0.17-co-PPO0.83 (Table 1, sample 1) were placed in a glass tube with a Teflon stir bar inside the autoclave. The autoclave was pressurized at 50 bar CO2 and was left to stir at 30 °C for 18 h. The reactor was vented; the polymerization mixture was dissolved in chloroform (5 mL), quenched with 5% HCl solution in methanol (0.2 mL) and then precipitated in ice-cold pentane. The polymer (sample 3) was fractionated by preparative SEC, collected and dried in vacuo. Yield 95 %.  1H NMR (CDCl3-d1, ϯϬϬ MHzͿ: ɷ ;ppŵͿ = ϱ.ϬϬ ;ŵethaŶe CH backbone), 4.19 (methylene CH2), 3.55 (hyperbranched core), 1.33 (CH3) and 1.18 (CH3 core).  Transformation with Phenylisocyanate. 150 mg hb(PG0.39-co-PPO0.61)-g-PPC38 and 2mL phenylisocyanate were mixed and stirred under Argon for 4 h. The solution was precipitated once in methanol and twice in pentane to remove the excess of phenylisocyanate. The resulting product was dried at 60°C in vacuum for 24 h. Yield 90 %.  1H NMR (CDCl3-d1, ϯϬϬ MHzͿ: ɷ ;ppŵͿ = ϳ.ϰϬ-7.08 (aromatic protons and CDCl3-d1), 5.00 (methane CH backbone), 4.19 (methylene CH2), 3.55 (hyperbranched core), 1.33 (CH3) and 1.18 (CH3 core).   
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Results and Discussion Multifunctional, hyperbranched PPO copolymers with varied glycerol content and consequently varied number of glycerol branching points and end groups40 have been used to synthesize PPC multiarm star copolymers. The polyether-polyol samples were prepared by one-pot synthesis via random copolymerization of propylene oxide and glycidol (anionic ring-opening multibranching polymerization), using partially deprotonated trimethylolpropane as a trifunctional initiator according to a recently published procedure.40As listed in Table 1, two different hyperbranched PPO copolymers, namely hb(PG0.17-co-PPO0.83) and hb(PG0.39-co-PPO0.61) (listed as samples 1 and 5 in Table 1) have been prepared and used as multifunctional initiators, containing 17 and 39 mol% glycerol units, respectively. The fraction of glycerol units incorporated in the polymer was calculated by referencing to the methyl group of the initiator (0.78 ppm) and comparing this value with the integral of the methyl group of the propylene oxide units (0.99-1.05 ppm) and the methylene and methine groups of the polymer backbone (3.1-3.9 ppm). In addition, the total number of glycidol units of each macromolecule corresponds to the total number of hydroxyl groups (4.4-4.7 ppm) minus the number of hydroxyl groups introduced by the initiator moiety (assuming that the core is fully incorporated into all polymer molecules of the distribution). In the case of a trimethylolpropane core, n(OH) core equals a value of 3. The other five protons of each glycerol unit as well as three propylene oxide protons generate a broad resonance between 3.1 and 3.8 ppm. Hence, the ratio between propylene oxide and glycerol repeat units can be directly calculated.  For sample 1 and 5 the average number of hydroxyl groups was determined to be 14 and 28, respectively. Depending on the amount of hydroxyl functionalities, the number of arms can be varied in the grafting-from strategy applied. Characterization data for the core molecules can be found in the Supporting Information. In a solvent-free synthesis procedure, different poly(propylene carbonate) arm lengths were obtained by varying the PO/CO2 monomer to hydroxyl group concentration of the multifunctional macroinitiator (Figure 1). The synthesis of the copolymers was achieved via a grafting-from approach, performing the copolymerization of propylene oxide (PO) and carbon dioxide (CO2) in the presence of the multifunctional polyether as a macro-transfer agent, i.e., as a multifunctional initiator. It is imperative for the approach described in this work that the hyperbranched PPO macroinitiator is soluble in propylene oxide under pressure. In a series of solubility experiments it was established that the macroinitiator forms a homogeneous solution in the PO/CO2 monomer mixture. Due to the solubility of the hyperbranched PPO macroinitiator in neat propylene oxide no additional solvent was used. All PO/CO2 polymerizations were carried out under identical 
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reaction conditions, i.e., argon atmosphere, room temperature and 50 bar CO2 pressure with a (R,R)-(salcy)CoBzF5 catalyst and bis(triphenylphosphine(iminium cloride) (PPNCl) as a cocatalyst for 2 hours. The catalyst and cocatalyst were efficiently removed from the final product via precipitation in cold pentane (0°C). The resulting star polymers have been characterized by NMR- and IR-spectroscopy, size exclusion chromatography (SEC) and differential scanning calorimetry (DSC). All data are summarized in Table 1.  Table 1. Characterization data of all copolymer samples prepared. # Samplea Mn (g/mol)b Mn (g/mol) (NMR) PDIb # PPC Armsc DBd Tg (°C)e 1 hb (PG0.17-co-PPO0.83) 1800 4300 1.45 - 0.28 -59 2 hb(PG0.17-co-PPO0.83)-g-PPC9 2700 17 100 1.23 14 0.28 -8 3 hb(PG0.17-co-PPO0.83)-g-PPC19 5800 31 400 1.41 14 0.28 2 4 hb(PG0.17-co-PPO0.83)-g-PPC27 8800 42 800 1.38 14 0.28 7 5 hb(PG0.39-co-PPO0.61) 1400 3500 1.61 - 0.55 - 48 6 hb(PG0.39-co-PPO0.61)-g-PPC22 3500 66 300 1.62 28 0.55 -5 7 hb(PG0.39-co-PPO0.61)-g-PPC38 5300 112 000 1.53 28 0.55 1 8 hb(PG0.39-co-PPO0.61)-g-PPC46 6800 134 800 1.58 28 0.55 10 Reaction conditions: 50 bar CO2, 2h, RT; a)block lengths determined by 1H NMR spectroscopy, b)SEC calibrated with PEG standards in DMF at 40 °C, c)  determined by 1H NMR spectroscopy d)Degree of branching of the polyether core determined by Inverse-Gated 13C NMR spectroscopy e)Glass transition obtained from DSC.   In Figure 1 the 1H NMR spectrum of hb(PG0.17-co-PPO0.83)-g-PPC27 (Table 1, sample 4) in CDCl3 is shown as a typical example for the multiarm star copolymers. In this case, the average degree of polymerization of each PPC-arm is 27. In addition to the hyperbranched PPO core signal (3.50 and 1.12 ppm), the typical resonances for poly(propylene carbonate) can be discerned (5.00, 4.19 and 1.33 ppm). The average PPC side chain length and also the molecular weight were determined by comparison of the integration values of the PPC chain end-group resonances (4.86 ppm) with the poly(propylene carbonate) methine resonances (5.00 ppm). The number of PPC chains attached can be calculated as described below. Detailed characterization of the hyperbranched core molecules was performed as described in the Supporting Information. From these studies the number of protons in the macroinitiator-core is known. With this information the number of PPC end groups can be determined, and thus the number of PPC side chains can be calculated. For the 
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star copolymers prepared in this study, the number of PPC side chains is in good agreement with the number of hydroxyl groups from the macro initiator. 13C NMR spectroscopy also confirmed the structure of the copolymers aŶd the tǇpiĐal ĐaƌďoŶate ƌesoŶaŶĐe of the PPC aƌŵs at ɷ = ϭϱϰ.Ϯϲ ppm can clearly be detected. Furthermore the typical signals of the polyether core molecules are 
ĐleaƌlǇ ǀisiďle at ɷ = ϳϳ.ϭϲ, ϲϱ.ϲϴ aŶd ϭϳ.ϯϱ ppŵ ;Figuƌe SϲͿ.   In addition to the NMR data, the incorporation of CO2 into the polymer was confirmed by IR spectroscopy (Figure S5). Only one carbonate band at around 1740 cm -1 was detected, which can be assigned to the C=O group of the linear carbonate. No bands for a cyclic carbonate, which appear at around 1790 cm-1, were observed in the IR (or NMR) spectra of the non-purified copolymers.  

 Figure 1. 1H NMR spectrum of hb-(PG0.17-co-PPO0.83)-g-PPC27 (Table 1, sample 4) (300 MHz, CDCl3). Size exclusion chromatography (SEC) revealed apparent molecular weights between 2700 and 8800 g/mol, monomodal distributions and low to moderate PDI values between 1.23-1.61. The molecular weights (Mn) of all synthesized copolymers were significantly higher than for the starting core copolymers, and the molecular weight distributions were monomodal, indicating complete conversion of the hb-PPO-co-PG core molecule (Figure 2). In general, a strong deviation of the molecular weights determined by SEC and the calculated values based on the NMR results was observed (Table 1). The underestimation of Mn is particularly noticeable for samples 6-8 with the highest DB of the core molecule and can be ascribed to the highly branched architecture. It is well-known that the hydrodynamic radius, which determines the elution volume of the polymer, does not increase linearly with the increase in mass.41,42 Generally star-shaped or hyperbranched copolymers show lower hydrodynamic volume in solution compared to linear analogues of similar 
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molar mass. This explains why the most significant underestimation of molecular weight is found for the higher branched systems with the longest side chains. 
 Figure 2. SEC results for some of the (PG-co-PO)-g-PPC star copolymers in chloroform (samples 5-8, Table 1).  Thermal and Solution Properties The thermal behavior of the PPC multiarm copolymers has been studied by differential scanning calorimetry (DSC). No melting points were detected, as expected due to the atatic nature of the PPC chains and the hyperbranched core. For all samples no separate glass transition temperatures for the hbPPO or PPC homopolymer constituents were detected. These results lend additional support to the conclusion, that hbPPO/PPC star copolymers without homopolymer contaminants were obtained, as also confirmed by the SEC data. In general, the glass transition temperatures of the star copolymer structures are in the range of -8°C to 10°C and increase with increasing degree of polymerization of the PPC chains attached. However, compared to the linear PPC homopolymer (Tg around 40°C) the glass transition temperatures are still considerably lowered for the star copolymers, which is attributed to the flexibilizing effect of the polyether core. On the other hand, polymerization of poly(propylene carbonate) onto the hyperbranched core molecule leads to an increase of the Tg by about 50 °C compared to the highly flexible polyether core polymers. With increasing degree of polymerization of the PPC block from 9 to 46 units the glass transition temperature increases from -8°C to 7 °C and from -5°C to 10°C, respectively, which demonstrates the increasing impact of the PPC chains with their length. No significant difference can be found for the different types of stars, and also no significant effect of the number of PPC arms on Tg is visible. In summary, rather flexible polycarbonate-polyols can be realized by employing the mobile polyether core structure. 
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The intrinsic viscosity of samples 1-4 was determined using a Ubbelohde viscometer at 25°C in chloroform (for details see Supporting Information). The lowest intrinsic viscosity (5.9 cm3/g) was obtained for the hyperbranched core molecules (sample 1), which agrees with expectation, since it is a hyperbranched structure with low molecular weight. The star copolymers revealed values from 9.1 (sample 2) and 11.6 (sample 3) to 12.6 cm3/g (sample 4). Depending on the degree of polymerization of the PPC side chains the intrinsic viscosity increased, which again is in agreement with expectation. However the overall intrinsic viscosities are low in comparison to linear PPC44 and reflect the star shaped structure of the synthesized copolymers.  Functionalization Polycarbonate polyols with 2-3 hydroxyl end groups have been introduced as components for polyurethane elastomers, foams and coatings, in analogy to the polyether polyols that are highly established in these fields. Polycarbonate polyols are prepared by reacting polyol components such as 1,4-butanediol, 1,6-hexanedediol or 2-methyl-1,8-octanediol with an organic carbonate, such as dimethylcarbonate. However, most of these polyols available at present are solids at room temperature. Therefore additional solvents or heating is required in order to form polyurethanes. Therefore, non-crystalline and flexible polycarbonate polyols are desirable. Compared to linear polyether-polycarbonate polyols, the number of hydroxyl groups is strongly increased for the star shaped polycarbonate polyols reported in this work, and as shown above they are not crystalline. The hyperbranched polyether core provides flexibility, and the amorphous PPC arms prevent crystallization.  For a proof of principle study, phenylisocyanate has been used as a model compound for the reaction with the newly synthesized star shaped polyols to form urethanes. To this end, the polymers were mixed with an excess of phenylisocyanate and stirred for 4 hours. Subsequently the polymers were precipitated in cold pentane and dried in high vacuum to remove the excess of isocyanate. Figure S10 shows the 1H NMR spectrum of hb (PG0.17-co-PPO0.83)-g-PPC19 (Table 1, sample 3) in CDCl3 after reaction with phenylisocyanate. The aromatic signals of the phenyl group can clearly be seen in the region from 7.45 to 7.00 ppm, and the integral fits with the number of PPC side chains. SEC confirmed transformation of the hydroxyl end groups (Figure S9), evident from a strong UV-signal. Thus, these hyperbranched polyether-polycarbonate stars are promising polyols for polyurethane formation. Further work in this area is in progress.  
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Conclusions To the best of our knowledge, this work is the first account of the combination of anionic multibranching polymerization and the immortal polymerization of epoxides and CO2. Multiarm star shaped poly(propylene carbonate) polyols have been synthesized directly from CO2 and propylene oxide, based on a flexible, hyperbranched poly(propylene oxide) core. Importantly, this core molecule is fully soluble in liquid PO, which is a crucial precondition for the solvent-free synthesis strategy described. The average degree of polymerization of the poly(propylene carbonate) arms is adjustable by the monomer/initiator ratio. For the full structure elucidation of the resulting polymers SEC, NMR spectroscopy, DSC and FT-IR spectroscopy have been employed. A systematically varied series of polycarbonate stars with apparent molecular weights between 1400-8800 g/mol was obtained. The polydispersity was moderate for all materials, and the polydispersity index was in the range of 1.23 to 1.62 for all polymers. The materials exhibited low viscosity in solution, as is typical for multiarm star polymers. It should be emphasized that a solvent-free procedure was used for the PPC star polymer synthesis, which renders the approach interesting for large scale.  Depending on the degree of polymerization of the PPC arms the glass transitions decreased in comparison to the linear poly(propylene carbonate). Notably, the post-polymerization functionalization of the hydroxyl end groups with phenylisocyanate was shown to be highly efficient and occured without observable backbone degradation, enabling the potential use of the multifunctional PPC polymers as flexible, non-crystalline polycarbonate polyols for polyurethanes.  Acknowledgment J. H. is grateful for support through the Excellence Initiative (DFG/GSC 266) in the context of the 
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Supporting Information  Materials and Instrumentation Propylene oxide (PO, 98%, Aldrich) was distilled over CaH2 under reduced pressure prior to use. Carbon dioxide (>99.99%) was used as received. All other reagents were used as received. NMR experiments. 1H and 13C NMR spectra were recorded on a Bruker AC 300 spectrometer, operated at 300 and 75.4 MHz and the chemical shifts are given in parts per million (ppm).  Gel permeation Chromatography. Size exclusion chromatography (SEC) measurements were carried out in CHCl3 on an instrument consisting of a Waters 717 plus auto sampler, a TSP Spectra Series P 100 pump, a set of three PSS SDV columns (104/500/50 Å), RI- and UV-detectors (absorption wavelength: 254 nm or 500 nm). All SEC diagrams show the RI detector signal, unless otherwise stated, and the molecular weights refer to linear polystyrene (PS) standards provided by Polymer Standards Service (PSS). Differential Scanning Calorimetry.  DSC curves were recorded with a Perkin-Elmer DSC 7 CLN2 in the temperature range from – 100 to 150 °C at heating rates of 10 K min-1 under nitrogen.  IR-Spectroscopy. FT-IR spectra were recorded on a Thermo Scientific iS10 FT-IR spectrometer, equipped with a diamond ATR unit. Ubbelohde Viscometer. Viscosity measurements to determine the intrinsic viscosity were performed with a LAUDA S5 and LAUDA PVS 1 Ubbelohde viscometer, equipped with a Metrohm liquid dosing unit. An 0c capillary with k=0.003 and 290 mm length was used. All measurement were performed at 25 °C. For each sample four different concentration were measured. For each concentration, after a relaxation period of 10 s, five flow times were measured. The mean values of the five measurements were used to calculate the reduced viscosity. The intrinsic viscosity was then obtained by plotting the reduced viscosity against concentration and extrapolating against c=0. [𝜂] =  lim௖→଴𝜂௥௘ௗ   
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Synthesis Synthesis of Hyperbranched PPO-co-PG copolymers  (as described by Schömer et al.1) Typical procedure for the preparation of hyperbranched random copolymers of proyplene oxide and glycidol: An exemplary synthetic protocol is described for hbPPO0.80-co-PG0.20: A two-necked flask equipped with a septum, teflon seal and a magnetic stirrer was connected to a vacuum line. 45 mg (0.33 mmol) of 1,1,1-tris(hydroxymethyl)propane (TMP) was deprotonated with 0.3 eq. potassium tert-butoxide in methanol and dried azeotropically with benzene to remove the methanol together with formed tert-butanol and other volatiles. 2.32 g (40 mmol) propylene oxide (PO) was transferred to an ampoule and subsequently to the reaction flask in vacuo.  The flask was sealed and 740 mg (10 mmol) freshly distilled glycidol was introduced through the septum via cannula. The reaction mixture was then immediately heated to 120°C and stirred for 18 h. After addition of an excess of methanol to quench the polymerization, the solution of the copolymer was precipitated in a mixture of hexanes and isopropanol to afford the hyperbranched PPO0.80-co-PG0.20 in ca. 80-90% yield.   Synthesis of (R,R)-(salcy)-CoOBzF5.  (R,R)-(salcy)CoOBzF5 was prepared as described by Coates et. al.43 Recrystallized (R,R)-(salcy)-CoII and pentafluorobenzoic acid (0.42 g, 2 mmol) were added to a 50 mL round-bottom flask charged with a Teflon stir bar. Toluene (20 mL) was added to the reaction mixture, and it was stirred open to air at 22 °C for 12 h. The solvent was removed by rotary evaporation at 22 °C, and the solid was suspended in 200 mL of pentane and filtered. The dark green material was dried in vacuo and collected in quantitative yield (1.5 g). 1H NMR (DMSO-d6, ϱϬϬ MHzͿ: ɷ ϭ.ϯϬ ;s, ϭϴHͿ, ϭ.ϱϵ ;ŵ, ϮHͿ, ϭ.ϳϰ ;s, ϭϴHͿ, ϭ.ϵϬ ;ŵ, ϮHͿ, Ϯ.ϬϬ ;ŵ, 2H), 3.07 (m, 2H), 3.60 (m, 2H), 7.44 (d, 4J ) 2.5 Hz, 2H), 7.47 (d, 4J ) 3.0 Hz, 2H), 7.81 (s, 2H).     
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Characterization Characterization Data for the hb(PPO-co-PG) Copolymer Macroinitiators Figure S1 shows the 1H NMR spectrum of a typical PPO-co-PG copolymer. Both the initiator core and the hydroxyl protons are clearly visible. The fraction of glycerol units incorporated into the polymer was calculated by referencing to the methyl group of the initiator (0.78 ppm) and comparing this value with the integral of the methyl group of the propylene oxide units (0.99-1.05 ppm) and the methylene and methine groups of the polymer backbone (3.1-3.9 ppm). In addition, the total number of glycidol units of each macromolecule corresponds to the total number of hydroxyl groups (4.4-4.7 ppm) minus the number of hydroxyl groups introduced by the initiator moiety (assuming that the core is fully incorporated into all chains of the polymer distribution). In the case of a trimethylolpropane core, n(OH) core equals a value of 3. The other five protons of each glycerol unit as well as three propylene oxide protons generate a broad resonance between 3.1 and 3.8 ppm. Hence, the ratio of propylene oxide and glycerol repeat units can be directly calculated.  
 Figure S1. 1H NMR spectrum of a typical hyperbranched PPO-co-PG copolymer. 

#ܱܲ = ͵ெ௘௧ℎ௬௟ܫ  
ܩ# = ஻௔௖௞௕௢௡௘ܫ − ͵ × #ܱܲͷ  

ܩ# = ݊ሺܱܪሻ௧௢௧௔௟ − ݊ሺܱܪሻ௖௢௥௘ 
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Both equations for the calculation of the number of glycidol units are in good agreement. These values become incorrect if the core is not fully incorporated into the polymer and/or if the intensity of the hydroxyl groups is very low (e.g., at low glycidol feed ratios).  ܦ ௡ܲ = ܩ# + #ܱܲ  
ܩ% = ܦܩ# ௡ܲ The overall degree of polymerization (DPn) is the sum of both comonomers, and the glycidol content is calculated by dividing the number of G units by the DPn. All values are rounded to integer.  

 Figure S2. 13C NMR spectrum of a typical PPO-co-PG copolymer.1  The degree of branching DB was calculated using the equation introduced by Hölter and Frey for random copolymerization of AB/AB2 systems.[1] 
஺஻ܤܦ ஺஻మ⁄ = ܦʹܦʹ +  ௖௢ܮ
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Figure S3 shows typical SEC traces of hb-PPO-co-PGs, measured in DMF with linear PEG standards. Figure S3. SEC Results for hyperbranched core molecules 
 

 Figure S4. DSC Results for the hyperbranched core molecules.     
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Characterization Data for (PPO-co-PG)-g-PPC Star Copolymers 
 Figure S5. FT-IR spectrum of a typical (PPO-co-PG)-g-PPC star copolymer.  

 Figure S6. 13C NMR spectrum of hb-(PG0.17-co-PPO0.83)-g-PPC19 (Table 1, sample 3). 
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 Figure S8. DSC results for the (PPO-co-PG)-g-PPC star copolymers. Figure S9. SEC results before and after functionalization with phenylisocyanate. 
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 Figure S10. 1H NMR spectrum of hb(PG0.17-co-PPO0.83)-g-PPC19 (Table 1, sample 3) after reaction with phenylisocyanate in CDCl3.  
 Figure S10. 1H NMR spectrum of hb(PG0.17-co-PPO0.83)-g-PPC19 (Table 1, sample 3) after reaction with phenylisocyanate in DMSO.  
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Determination of the intrinsic viscosity in chloroform at 25 °C hb(PG0.17-co-PPO0.83) (sample 1): # Concentration (g/cm3) Reduced Viscosity (cm3/g) 1 0.0554 5.6776 2 0.0523 5.6782 3 0.0496 5.5844 4 0.0471 5.4530  Intrinsic Viscosity 5.8847 cm3/g   hb(PG0.17-co-PPO0.83)-g-PPC9(sample 2): # Concentration (g/cm3) Reduced Viscosity (cm3/g) 1 0.0441 12.3249 2 0.0416 12.1737 3 0.0394 12.0034 4 0.0375 11.8464  Intrinsic Viscosity 9.0658 cm3/g   hb(PG0.17-co-PPO0.83)-g-PPC19 (sample 3): # Concentration (g/cm3) Reduced Viscosity (cm3/g) 1 0.0783 17.4745 2 0.0718 17.0068 3 0.0664 16.6044 4 0.0618 16.2729  Intrinsic Viscosity 11. 6199 cm3/g  
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hb(PG0.17-co-PPO0.83)-g-PPC27 (sample 4): # Concentration (g/cm3) Reduced Viscosity (cm3/g) 1 0.0535 17.6031 2 0.0505 17.3698 3 0.0478 17.1377 4 0.0433 16.6439  Intrinsic Viscosity 12.5777 cm3/g   hb(PG0.39-co-PPO0.61) (sample 5, hyperbranched polyether): # Concentration (g/cm3) Reduced Viscosity (cm3/g) 1 0.1034 6.7147 2 0.0976 6.6653 3 0.0925 6.5750 4 0.0837 6.3701  Intrinsic Viscosity 4.9413 cm3/g   References 1. M. Schömer, J. Seiwert, H. Frey, ACS Macro Lett. 2012, 1, 888-891.   
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Abstract Multiarm star copolymers, consisting of hyperbranched poly(ethylene oxide) (hbPEO) or poly(butylene oxide) (hbPBO), respectively as a core, and linear aliphatic polycarbonate arms generated from carbon dioxide (CO2Ϳ aŶd epoǆides, ǁeƌe sǇŶthesized ǀia a ͞Đoƌe-fiƌst͟ appƌoaĐh in two steps. First, hyperbranched polyether polyols were prepared by anionic copolymerization of ethylene oxide or 1,2-butylene oxide with 8 - 35% glycidol. Second, multiple arms were grown via immortal copolymerization of CO2 with propylene oxide or 1,2-butylene oxide using the polyether polyols as macroinitiators and (R,R)-(salcy)-CoCl as catalyst in a solvent-free procedure. Molecular weights up to 812 000 g·mol-1 were obtained for the resulting multiarm polycarbonates. Comparing the synthesis of different multiarm star polycarbonates, a combination of a highly reactive macroinitiator with a less reactive monomer was found to be most suitable to obtain well-defined structures containing 25 – 88 mol% polycarbonate. The multiarm star copolymers were investigated with respect to their thermal properties, intrinsic viscosity, and their ability to encapsulate hydrophilic guest molecules. Glass transition temperatures in the range of -41 °C to +25 °C were observed by varying the amount of polycarbonate.  Introduction Carbon dioxide (CO2) is a non-toxic, sustainable and renewable C1 building block for chemicals that is available inexpensively in almost unlimited quantities. However, its thermodynamic stability and low reactivity impede the use of CO2. Since the discovery of the immortal copolymerization of carbon dioxide with epoxide monomers by Inoue et al., CO2 can also be used as a feedstock for aliphatic polycarbonates.1,2 Currently, the industrial production of these polymers has a modest volume of 1 000 tons per year, albeit with an increasing trend.3 Mostly propylene oxide and cyclohexene oxide are used as comonomers together with CO2 for the immortal polymerization with CO2, resulting in biodegradable materials.3,4 However, the resulting linear poly(propylene carbonate) and poly(cyclohexene carbonate) polymers exhibit glass transition temperatures (Tg) above room temperature, which are limiting for some areas of application, such as flexible polyols for polyurethanes.4 Besides the addition of flexible side chains, the introduction of branching points into the polycarbonate backbone can be used as a synthetic tool to decrease the Tg and to obtain unusual rheological and mechanical properties.5-13  
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Except for a single example of branched polycarbonate oligomers based on carbon dioxide and glycidol, only hyperbranched aliphatic polycarbonates prepared by the ring-opening of cyclic six membered carbonates are known to date.14–18 They have been tested successfully with regards to their properties for controlled release of drugs.17 However, the synthesis of these cyclic carbonate monomers requires multiple steps, presenting a drawback for scale-up and eventual application. Branched and linear polymers can be combined in multiarm star copolymers with a branched core and linear arms. Due to the unique architecture, these materials can feature both polymer and colloidal properties,19 and a large amounts of functional end groups. Multiarm star copolymers 
ĐaŶ ďe oďtaiŶed ďǇ ͞aƌŵ-fiƌst͟ oƌ ͞Đoƌe-fiƌst͟ stƌategies.20–24 IŶ the ͞aƌŵ-fiƌst͟ appƌoaĐh, prefabricated linear polymers are either attached to a hyperbranched core or interconnected via cross-liŶkiŶg of oŶe eŶd gƌoup. ͞Coƌe-fiƌst͟ appƌoaĐhes ƌelǇ oŶ ŵultifuŶĐtioŶal, ďƌaŶĐhed macroinitiators to graft linear arms. Hyperbranched polyether polyols have been employed as suitable macroinitiators for various types of arms as they tolerate most polymerization techniques.25–27 Recently, our group introduced hyperbranched poly(alkylene oxide)s based on the anionic ring-opening copolymerization of glycidol with ethylene oxide, propylene oxide, and 1,2-butylene oxide, respectively. The one-step synthetic procedures provide access to hyperbranched polyether polyols with adjustable branching, solubility and number of hydroxyl end groups.28–31 Using the hydrophilic hyperbranched poly(ethylene oxide) as a core, multiarm star copolymers with hydrophobic polylactide arms were prepared. Such polymers are inverse unimolecular micelles and can be used for the encapsulation of hydrophilic guest molecules.12  In contrast, all star-shaped aliphatic polycarbonates synthesized from CO2 and epoxides known to date are purely hydrophobic materials. Furthermore, star-shaped polycarbonates with low numbers of arms (3, 4 and 6) exhibit glass transition temperatures above room temperature, comparable to those of linear poly(propylene oxide) (PPC).32,33 Multiarm star polycarbonates have been hardly studied. In a first communication, our group reported multiarm star copolymers based on a hyperbranched poly(propylene oxide) (hbPPO) core and PPC arms. In that work, the star copolymers had to be fractionated to characterize the properties of the pure star-shaped copolymer separate from polycarbonate homopolymer side product.5  In the current work, the core-first synthesis of amphiphilic star-shaped polyether polycarbonates from hyperbranched poly(ethylene oxide) (hbPEO) cores and poly(butylene carbonate) (PBC) arms is introduced. We present a systematic comparison of two kinds of cores (hbPEO and hbPBO) and two epoxide monomers (propylene oxide and butylene oxide) for the copolymerization with CO2 with regard to controlled synthesis of the resulting multiarm star copolymers. The star copolymers 
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have been investigated with respect to their thermal properties, intrinsic viscosity, and their ability to encapsulate hydrophilic guest molecules. Both low and high molecular weight star copolymers in the range of 3 800 to 812 000 g·mol-1 were synthesized.  
 Figure 1. Synthetic scheme for the hb(PG-co-PEO)-g-PBC star copolymers from BO and CO2 with hb(PG-co-PEO) core.  Experimental Section Materials, instrumentation and further synthetic procedures are described in the Supporting Information.  Synthesis of Polyether-Polycarbonate Star Copolymers A typical polymerization was performed as follows for both types of core as well as for both epoxides. A 100 mL Roth autoclave was dried under vacuum at 50 °C. hbPG9-co-PEO16  (190 mg) dried in high vacuum for 2 d, BO (1.5 mL, 17 mmol), (R,R)-(salcy)-CoCl (9.1 mg, 0.014 mmol) and [PPN]Cl (8.4 mg, 0.014mmol) were combined with a  stir bar inside the autoclave. The mixture was stirred under 50 bar and 30 °C for 3 d. The crude product was dissolved in 5 mL acetone and quenched with 1.0 mL 5% HCl solution in methanol. Subsequently, the solution was precipitated in cold methanol. The solid product was dried in vacuum for 24 h; yield 75%. Dichloromethane 
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was used as a solvent for samples prepared from cores with a molecular weight of 389.000 g·mol-1. Purification was carried out by dialysis in CH2Cl2 (MWCO = 1000 Da). hb(PG-co-PEO)-g-PBC (samples 1 - 6): 1H NMR (CD3CN-d3, 400 MHz): ɷ (ppm) = 4.87 – 4.76 (CH PBC backbone), 4.38 – 3.92 (CH2 PBC backbone), 3.79 – 3.40 (polyether core), 3.01 (OH PBC) 1.74 – 1.55 (CH2), 1.53 – 1.32 (CH2 terminal unit), 1.09 – 0.83 (CH3).13C NMR (CD3CN-d3, 100 MHz): 
ɷ (ppm) = 155.88 – 155.38 (-O-CO-O-), 77.90 – 77.65 (CH PBC backbone), 72.41 (CH2 terminal PBC backbone), 71.79 – 70.06 (polyether core), 69.44 – 68.15 (CH2 PBC backbone), 26.97 (CH2 terminal unit), 24.26 (CH2), 10.13 – 9.69 (CH3). hb(PG-co-PEO)-g-PPC (sample 7): 1H NMR (CD3CN-d1, 400 MHz): ɷ (ppm) = 5.30 – 4.69 (CH PPC backbone), 4.32 – 3.88 (CH2 PBC backbone), 3.74 – 3.42 (polyether core), 1.33 – 1.18 (CH3), 1.12 – 1.07 (CH3 terminal group). hb(PG-co-PBO)-g-PPC (sample 8): 1H NMR (CD3CN-d3, 400 MHz): ɷ (ppm) = 5.02 – 4.89 (CH PPC backbone), 4.77 – 4.63 (CH PPC backbone terminal unit), 4.30 – 4.04 (CH2 PPC backbone), 4.02 – 3.88 (CH2 PPC backbone terminal unit), 3.77 – 3.19 (polyether core), 3.02 (OH PPC) 1.78 – 1.38 (CH2 polyether core), 1.36 – 1.14 (CH3 PPC), 1.14 – 1.06 (CH3 PPC terminal unit), 0.99 – 0.81 (CH3 polyether core).  hb(PG-co-PBO)-g-PBC (sample 9): 1H NMR (CD3CN-d3, 400 MHz): ɷ (ppm) = 4.88 – 4.75 (CH PBC backbone), 4.75 – 4.63 (CH PBC backbone terminal unit), 3.40 – 3.86 (CH2 PBC backbone), 3.77 – 3.18 (polyether core), 2.98 (OH PBC) 1.75 – 1.56 (CH2 PBC), 1.56 – 1.25 (CH2 polyether core), 0.99 
– 0.79 (CH3 PBC and polyether core).  Results and Discussion A. Synthesis and Characterization of Polycarbonate-Polyether Multiarm Stars Controlled synthesis of well-defined multiarm star architectures exclusively based on simple epoxide monomers and carbon dioxide was investigated. Four series of multiarm star polymers were targeted by grafting two types of polycarbonate arms from two different multifunctional hyperbranched polyether polyol cores. Control over the star architecture was achieved by using the immortal polymerization of CO2 with tailored epoxides with the polyether polyols acting as transfer agents, i.e., as multifunctional initiators.34,35  
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Hydrophilic hyperbranched poly(ethylene oxide) (hbPEO) and hydrophobic hyperbranched poly(1,2-butylene oxide) (hbPBO) copolymers with molecular weights ranging from 800 to 389 000 g mol-1 (determined by on-line viscometry) and moderate dispersities (Ð = 2.0 to 3.4) were employed as initiators, respectively. Both kinds of copolymers were synthesized via anionic ring-opening multibranching copolymerization of the respective alkylene oxide monomer with glycidol as a branching unit, according to procedures reported recently.30,31 Both polyether polyols were well soluble in propylene oxide and 1,2-butylene oxide. Variation of the glycidol content yielded polyols with different degrees of branching and different hydroxyl functionality. It should be noted that hbPEO polyols with low glycidol content mainly feature primary hydroxyl moieties from terminal ethylene oxide units, whereas hbPBO polyols mostly contain secondary hydroxyl groups from terminal butylene oxide units.36 The different repeating units of the hyperbranched polyether polyols can be determined from inverse gated 13C NMR spectroscopy (Supp. Inf., Table S 1).28,31 Propylene oxide and 1,2-butylene oxide were used as comonomers for the immortal polymerization with CO2 to study the influence of the comonomer and its reactivity on the success of the grafting of the polycarbonate arms. It is known that 1,2-butylene oxide reacts significantly slower than propylene oxide during anionic homopolymerization.37–39 Differences in reactivity can also be observed for the catalytic copolymerization with CO2. It has to be emphasized that based on the low glass transition, amorphous nature and flexibility of the hyperbranched polyether polyols the polymerizations were performed in bulk, with the epoxide monomers being good solvents for both the hyperbranched polyether polyol and the multiarm star polymers formed. Only for the reaction using a hbPEO core with very high molecular weight of 389.000 g·mol-1, dichloromethane had to be added as a solvent. (R,R)-(salcy)-CoCl as catalyst and bis(triphenylphosphine(iminium chloride) as cocatalyst were used. All multiarm star polymers were precipitated in ice-cold methanol. The insolubility in methanol demonstrates the transformation of the hydrophilic hbPEO cores to hydrophobic products, or more precise, to an amphiphilic star-like structure with a hydrophilic core and a hydrophobic shell. By changing the ratio of initiator and monomer, different polycarbonate arm lengths were targeted. Furthermore, the glycidol content of the cores was varied, resulting in different initiator to monomer ratios, which is due to their different number of hydroxyl groups. SEC, DSC and 1H NMR spectroscopy characterization data as well as the calculated composition of the multiarm star copolymers are summarized in Table 1.    
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Table 1. Overview of the characterization data for all multiarm star copolymers. # Sample namea) Mn / g mol-1 (SEC)b) Đ (SEC)b) Mn / g mol-1 (1H NMR)a) Unit ratioc)d) Tg / °Ce) 1 hb(PG9-co-PEO16)-g-PBC168 8 800 1.69 20 800 7.40 4 2 hb(PG9-co-PEO16)-g-PBC92 6500 1.55 12 000 4.05 1 3 hb(PG4-co-PEO15)-g-PBC50 10 600 1.37 6 800 2.99 -2 4 hb(PG5-co-PEO10)-g-PBC25 3 300 1.64 3 800 2.02 -11 5 hb(PG5-co-PEO57)-g-PBC20 3 900 1.62 5 300 0.33 -41 6 hb(PG1250-co-PEO6750)-g-PBC3640 68 800 1.13 812 000 0.46 -40 7 hb(PG4-co-PEO45)-g-PPC349 21 100 1.55 38 000 7.53 21 8 hb(PG4-co-PBO10)-g-PPC146 8 900 1.90 16 000 10.98 25 9 hb(PG4-co-PBO10)-g-PBC66 5 200 2.32 8 700 4.93 -12 a) Terminology: Indices represent the absolute number of the respective repeating unit (rounded to integer), determined by 1H NMR spectroscopy and on-line viscometry with universal calibration, b) determined by SEC in DMF calibrated with a PEO standard, c) determined by 1H NMR spectroscopy, d) ratio between polycarbonate and polyether repeating units, polyether units are normalized to 1  e) determined by DSC. The formation of cyclic carbonates, a typical side reaction in the polymerization of CO2 with epoxides, occurred just in a very small amount, when using butylene oxide. In the case of propylene oxide, no cyclic carbonates were formed. The small amount of this side product was confirmed by FT-IR spectra of the crude products (Figure S 1-4, Supporting Information). Besides the band at 1740 cm-1 that can be clearly assigned to the linear polycarbonate backbone, a small signal at 1804 cm-1 occurred when using BO as a monomer. This signal results from a small amount of cyclic carbonate byproduct. These impurities were conveniently removed by precipitation in methanol, as demonstrated by FT-IR and other characterization techniques. In addition to the FT-IR analysis the samples were also characterized by 1H NMR, 13C NMR and 2D NMR spectroscopy (correlation spectroscopy (COSY), hetero single quantum coherence (HSQC) and heteronuclear multiple bond correlation (HMBC)) with regard to their composition and their structure. Figure 2 shows a typical 1H NMR spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2). Beside the hbPEO backbone signal (3.79 – 3.40 ppm) the signals of aliphatic 1,2-poly(butylene carbonate) are visible at 4.87 – 4.76 ppm (methine backbone), 4.38 – 3.92 ppm (methylene backbone), 1.74 – 1.55 ppm (methylene side chain) and 1.09 – 0.83 ppm (methyl side chain). Furthermore, the methylene group in the side chain (1.53 – 1.32 ppm) and the hydroxyl group 
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(3.01 ppm) of the terminal carbonate unit are recognizable. Capitalizing on the signals of the terminal units and the known absolute molecular weight of the hyperbranched core polymers, determined by oŶ-liŶe ǀisĐoŵetƌǇ, the Ŷuŵďeƌ aŶd ĐhaiŶ leŶgth of the polǇĐaƌďoŶate aƌŵs ǁeƌe 

ĐalĐulated. AŶ oǀeƌǀieǁ of the ĐalĐulated data is giǀeŶ iŶ Taďle ϭ.  The 13C NMR spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) is shown in Figure 3. Signal h (155.88 – 155.38 ppm), signal g (77.90 – 77.65 ppm), signal d (69.44 – 68.15 ppm), signal b (24.26 ppm) and signal a (10.13 – 9.69 ppm) can be assigned to the poly(butylene carbonate) chains. The signal 71.79 – 70.06 ppm results from the hyperbranched polyether core. Similar to the 1H NMR spectra, resonances of the terminal carbonate unit are visible in the 13C NMR spectra. Signal f (72.41 ppm) and signal c (26.97 ppm) can be clearly distinguished from other signals, whereas the methine group signal of the terminal unit overlaps with the polyether signal.  The 2D NMR spectra of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) and the NMR spectra of further multiarm star copolymers with different core and epoxide combinations (hb(PG4-co-PEO45)-g-PPC349, hb(PG4-co-PBO10)-g-PPC146, hb(PG4-co-PBO10)-g-PBC66) are listed in the Supporting Information (Figure S 5-10).  
 Figure 2. 1H NMR spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (300 MHz, CD3CN). 
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 Figure 3. 13C NMR spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (100 MHz, CD3CN). Size exclusion chromatography (SEC, linPEO standards) yielded molecular weights between 3 300 g·mol-1 and 68 800 g·mol-1 ǁith Đ ; ௡ܯ̅/௪ܯ̅ ) values between 1.13 and 2.32. All polyether polycarbonate star copolymer samples exhibit a lower elution volume than the macromolecular initiator, corresponding to a higher molecular weight. 
 Figure 4. SEC results of  A) hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2), B) hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7), C) hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9) and D) hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8) and their macroinitiators in DMF. Figure 4 A shows the distribution of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2). It is monomodal, apart from a small shoulder at lower molecular weights. The elugrams of other hbPEO-g-PBC samples are listed in the Supporting Information (Figure S 12) and exhibit comparable distributions. In contrast, grafting poly(propylene carbonate) arms from hbPEO cores generally results in bimodal distributions (Figure 4 B). Using hbPBO as macroinitiator leads to 



3.2 Multiarm Star Polyether-Polycarbonates Based on Hyperbranched Polyether Polyols, Carbon Dioxide and Tailored Epoxides 

189 

polymodal distributions independently of whether poly(propylene carbonate) or poly(butylene carbonate) are grafted from it (Figure 4 C and D).  To elucidate, if the polycarbonate chains formed are attached to the hyperbranched polyether polyol core, DOSY NMR spectra were measured. Figure 5 reveals only one signal with low diffusion coefficient, corresponding to the 1H NMR signals of both the polyether as well as the polycarbonate for hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2). The formation of a significant amount of polycarbonate homopolymer and unreacted polyether core can thus be excluded and successful grafting can be confirmed. However, DOSY NMR spectroscopy cannot distinguish star copolymers and polycarbonate homopolymer with the same diffusion coefficient. Furthermore, the DOSY NMR data do not explain the existing lower molecular weight shoulder found in the SEC traces. The DOSY NMR spectra of further multiarm star copolymers with different core and polycarbonate arms (hb(PG4-co-PEO45)-g-PPC349, hb(PG4-co-PBO10)-g-PPC146, hb(PG4-co-PBO10)-g-PBC66) are listed in the Supporting Information (Figure S 13-15). For hb(PG4-co-PBO10)-g-PPC146 the mass fraction of the PPC arms is too high to permit resolution of the polyether signals. The other spectra are comparable to Figure 5. 
 Figure 5. DOSY spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (CD3CN, 400 MHz). Preparative size exclusion chromatography was used to shed light on the molecular weight-dependent composition of the different copolymers. The respective samples were dissolved in CHCl3 and fractionated depending on their hydrodynamic volume. For the discussion, fractions are labeled in ascending order with decreasing molecular weight according to SEC. These fractions were analyzed by 1H NMR spectroscopy and SEC individually. The NMR and SEC results of hb(PG9-co-PEO16)-g-PBC92 are shown exemplarily in Figure 6 and Figure 7. The 1H NMR spectra in Figure 6 show that polyether structures (signal 3.79 – 3.40 ppm) are present in each fraction. The ratio of core and polycarbonate chains is the same in the first eleven fractions. Larger polyether polyol 
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cores contain more hydroxyl groups and more polycarbonate chains can be grafted from them. However, the polyether to polycarbonate ratio exhibits a decreasing gradient from the lower molecular weight fractions 12 to fraction 18. This is a hint at the formation of short polycarbonate homopolymer. It can deduced from comparing SEC (Figure 7) and NMR spectroscopy data (Figure 6) that the small shoulder in the monomodal distribution of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) is non-grafted, bimodal homopolymer. It is known that the catalyst (R,R)-(salcy)-CoCl is able to copolymerize carbon dioxide and epoxides without macroinitiator, resulting in bimodal distributions.40 Characterization of fractionated samples was also performed for hb(PG4-co-PEO45)-g-PPC349, hb(PG4-co-PBO10)-g-PPC146 and hb(PG4-co-PBO10)-g-PBC66) (Figure S 17-22). In analogy to hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2), modes corresponding to lower molecular weight polycarbonate homopolymers are found at higher elution volume. All data show that the amount of non-grafted homopolycarbonate is higher when using PO instead of BO. PO is more reactive than BO in the immortal polymerization, rendering the formation of PPC homopolymer more likely. In addition, the characterization data demonstrate that hbPEO is a better initiator than hbPBO. The molecular weight distribution of the grafted polymers is much narrower with the polyfunctional hbPEO macroinitiator than with hbPBO, independently of whether PO or BO was used for polycarbonate synthesis. In line with these observations, the amount of PBC homopolymer using hbPEO as an initiator is very low compared to the other three combinations. Therefore, it can be concluded that the copolymerization of BO and CO2 with hbPEO as a polyfunctional macroinitiator represents the best combination to provide the targeted well-defined multiarm star polyether-polycarbonate polyols.  
 Figure 6. 1H NMR spectra of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) after separation with a preparative SEC. (300 MHz, CD3CN), demonstrating similar composition of all fractions of the material.  
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 Figure 7. SEC results for some fraction of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) star polymers in DMF. Capitalizing on the polyether polycarbonate combination yielding the most defined star copolymers, hbPEO and butylene oxide were used to create a high molecular weight multi-arm star polymer with a molecular weight average of 812 000 g·mol-1. This material is based on hbPEO macro initiator with a molecular weight of 389 000 g·mol-1. Due to the poor solubility of hb(PG1250-co-PEO6750) in butylene oxide, the grafting of PBC arms was carried out in dichloromethane as a solvent.  B. Properties of the Multiarm Stars In a proof of principle study, the thus obtained amphiphilic hb(PG1250-co-PEO6750)-g-PBC3640 core-shell multiarm star polymer was used as a container to incorporate Congo red. This hydrophilic dye is not soluble in organic solvents such as dichloromethane (Figure 7, left vial). In the presence of hb(PG1250-co-PEO6750)-g-PBC3640, however, it was possible to colorize a CH2Cl2 solution (Figure 8). This was achieved following a protocol by Chen et al..41 Congo red was dissolved in water and the amphiphilic star copolymer in CH2Cl2. Both solutions were mixed thoroughly by ultrasonication for 30 min. Strikingly, the red color spreads from the aqueous into the methylene chloride layer (Figure 7, right vial). The same treatment has no effect on the distribution of Congo red if the two layers are mixed without adding the star copolymer first (Figure 7, left vial). Thus, this experiment demonstrates successful uptake of the hydrophilic dye Congo red inside the hydrophilic hbPEO core and its shielding with the help of the hydrophobic PBC shell. More detailed studies to confirm the encapsulation and to quantify the amount of encapsulated dye are still in progress. Since 
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mixing by ultrasonication might cause polymer degradation during the mixing process, dye uptake under milder mixing conditions will be explored in further experiments.  
 Figure 8. Illustration of the incorporation of hydrophilic Congo red into the amphiphilic hb(PG1250-co-PEO6750)-g-PBC3640 star copolymer (bottom layer: methylene chloride; upper layer: water). Picture taken 12 h after mixing (ultrasonication, 30 min) of the samples, without (left vial) and with (right vial ) addition of star copolymer to the organic layer. The thermal behavior of the multiarm star polymers was studied by differential scanning calorimetry (DSC). The DSC results are listed in Table 1. As expected, the polymers reveal no melting point due to the amorphous nature of both the hyperbranched polyether core and the polycarbonate chains prepared from racemic PO and BO. Poly(butylene carbonate) homopolymer shows a glass transition temperature (Tg) around 8 °C, whereas hyperbranched poly(ethylene oxide) exhibits a Tg around - 60 °C. Hyperbranched poly(ethylene oxide) is known to exhibit a melting point only if a small amount of glycerol units is incorporated.28 The Tg of hyperbranched poly(ethylene oxide) is largely independent of the degree of branching.28 A blend of hbPEO and PBC exhibits two distinct glass transitions, because these polymers are immiscible (Figure 9, top). The synthesized multiarm star copolymers, however, exhibit merely a single Tg between the values of the homopolymers due to coupling of the different polymers. Figure 9 shows the DSC curves of different hbPEO-g-PBC copolymers, revealing increasing glass transitions with increasing content of polycarbonate units. As expected, a higher polycarbonate fraction results in a higher Tg. A clear shift from -41 °C to 4 °C is visible. The other three multiarm star combinations also exhibit single Tgs between those of the homopolymers. The stars comprising PPC arms showed values ranging from 21 °C (hb(PG4-co-PEO45)-g-PPC349) (Table 1, sample 7) to 25 °C (hb(PG4-co-PBO10)-g-PPC146) because of their high amount of polycarbonate. Furthermore, the DSC data clearly reveal that the Tg is independent of the molecular weight of the multiarm stars, but depend on the amount of the polycarbonate arms. hb(PG5-co-PEO57)-g-PBC20 and hb(PG1250-co-PEO6750)-g-PBC3640 (Table 1, 
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sample 5 and 6) have significantly different molecular weights, but their ratio of polycarbonate to polyether unit and their glass transition temperatures are nearly the same. Their cores have also similar Tgs (Table S 1).  Comparable results had been found previously for hyperbranched poly(propylene oxide) grafted with poly(propylene carbonate).5 In contrast to the preceding work the current findings reveal a more pronounced effect of the amount of polycarbonate. As a consequence, it was possible to tune the Tg in a broader temperature range from -41 °C to 25 °C, reflecting the flexibility of the respective polycarbonate polyols.  Viscometry experiments are still in progress at this time. 
A)  
B)  Figure 9. a) DSC results of the series of hb(PG-co-PEO)-g-PBC copolymers with decreasing PBC amount from top to bottom. The top curve resulting from a mixture of both homopolymers. Temperature range from -70 to +20 °C at heating rates of 10 K min-1; b) Glass transition temperatures of the series of hb(PG-co-PEO)-g-PBC copolymers plotted versus monomer unit ratio N(Carbonate) / N(Ether).  
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Conclusion Flexible multiarm stars based on hyperbranched polyether polyol core and linear aliphatic polycarbonate arms of varied degree of polymerization were synthesized in a two-step core-first approach. First, hyperbranched polyether polyols were prepared by anionic ring-opening copolymerization of glycidol with EO or BO, thereby varying the nature of the end groups from primary hydroxyls to secondary hydroxyl groups. In the second step, the resulting hbPEO and hbPBO polyols were employed as macro initiators for the immortal copolymerization of carbon dioxide with propylene oxide and butylene oxide, respectively. The star architecture was confirmed by IR spectroscopy, 1H, 13C and 2D NMR spectroscopy, SEC and DSC. The influence of both macroinitiators (hbPEO and hbPBO) and the two different epoxide monomers employed for the immortal copolymerization on the formation of multiarm star copolymers was investigated systematically. The molecular weight distributions were found to be much narrower when using hbPEO instead of hbPBO as initiators, independently of whether PO or BO was used for the grafting of the polycarbonate arms. Furthermore, a larger amount of polycarbonate homopolymer is formed in the case of hbPBO. These findings demonstrate the significant difference in the reactivity of the almost exclusively primary hydroxyl groups of hbPEO and the mainly secondary hydroxyl groups of hbPBO. Comparing the copolymerization of PO and BO with CO2, it becomes obvious that butylene oxide is more suitable for the preparation of well-defined multiarm star polymers, because of the lower amount of homopolymer formed. A series of multiarm star polymers based on hbPEO and PBC were prepared with molecular weights ranging from 3 800 to 20 800 g mol-1 and ǁith ŵodeƌate Đ ďetǁeeŶ 1.4 and 1.7. Depending on the ratio of polyether units and polycarbonate units, the glass transition temperature as well as the intrinsic viscosity can be tuned in a broad range between the values of the respective homopolymers.  Furthermore, an amphiphilic high-molecular hbPEO-g-PBC star copolymer (812 000 g mol-1) was prepared. This multiarm star polymer was used in a proof of principle study as a container to incorporate a hydrophilic dye, to shield it from external influences and thus solubilize it in dichloromethane. The multiarm star copolymers presented herein are obtained from very simple epoxide monomers and CO2. This renders them conveniently available materials with potential applications as inverse unimolecular micelles with a degradable shell and as highly flexible, biodegradable cross-linkers for polyurethanes. Viscometry experiments are still in progress at this time.  
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Supporting Information  Materials TsOH·H2O was dried using benzene. Propylene oxide (PO, 98%, Aldrich), 1,2-butylene oxide (BO, 99%, Aldrich) and glycidol (96%, Aldrich) were distilled over CaH2 under reduced pressure prior to use. Carbon dioxide (>99.99%) and all other solvents and reagents were used as received.  Instrumentation NMR experiments. 1H and 13C NMR spectra were recorded on a Bruker AC 300 and a Bruker 400 spectrometer, operated at 300, 400, 75,4 and 100 MHz respectively, at 21 °C and the chemical shifts are given in parts per million (ppm). All spectra are referenced to residual solvent signal. Size Exclusion Chromatography. For size exclusion chromatography (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-1) and a RI detector. Calibration was carried out using poly(ethylene oxide) standards provided by Polymer Standards Service. Preparative Size Exclusion Chromatography. For preparative size exclusion chromatography measurements in CHCl3, a LC-91XX Next Series Recycling Preparative HPLC Anlage by Japan Analytical Industry Co. Ltd., equipped with a Jaigel-2H column (upper exclusion limit 5 ∙ 104 g mol-1) and a UV and RI detector, was used. Sample fractionation was performed at 25 °C and a flow rate of 3.5 mL min-1. Differential Scanning Calorimetry. Differential Scanning Calorimetry (DSC) curves were recorded with a Perkin-Elmer DSC 7 CLN2 in the temperature range from -70 to +20 °C at heating rates of 10 K min-1 under nitrogen.  IR-Spectroscopy. FT-IR spectra were recorded using a Thermo Scientific iS10 FT-IR spectrometer, equipped with a diamond ATR unit. On-line Viscometry. On-line viscometry measurements were performed using a PPS GRAM column (30/100/1000 Å porosity) with a SECcurity GPC1260 Refractive Index RI detector as well as a SECcurtity on-line viscometer DVD1260. As solvent DMF with 5 g·mol-1LiBr was used. Samples with a concentration of 20 mg·mL-1 aŶd a ǀoluŵe of ϭϬϬ ʅL ǁeƌe ŵeasuƌed afteƌ ϴ h at 70 °C. Each 
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sample was measured three times and the average of the data obtained was calculated. As a universal standard, well-defined PMMA samples were used.  Synthesis of (R,R)-(salcy)-CoCl (R,R)-(salcy)-CoCl was prepared as described by Ford et al.42 A flame dried 250 mL flask was charged with (salen)Co(II) (1 g, 1.65 mmol) and 87 mL CH2Cl2. To this red suspension TsOH·H2O (0.33 g, 1.735 mmol) was added. The mixture was stirred for 1.5 h until it became a dark green solution. This solution was washed three times with 30 mL brine, dried over Na2SO4 and concentrated in vacuum. The dark solid was suspended in cold pentane, filtered over Celite® and washed with cold pentane. The (salen)Co(III)Cl complex was obtained as a dark green solid and was stored under inner gas atmosphere. (360 mg, 30% yield).  Synthesis of hbPEO and hbPBO Copolymers General procedure:30 In a Schlenk flask equipped with a septum and a magnetic stirrer, 44 mg (0.33 mmol, 1.0 eq.) trimethylolpropane (TMP) and 17 mg (0.10 mmol, 0.3 eq.) CsOH monohydrate were dissolved in MeOH. The partly deprotonated initiator salt was isolated by azeotropic removal of MeOH with benzene and subsequent drying in high vacuum overnight. The dried initiator salt was dissolved in 1 mL dimethyl sulfoxide. The flask was immersed in liquid nitrogen and glycidol was added via a syringe. Ethylene oxide was added via distillation (amount of monomers combined: 100 mmol, 300 eq.). The flask was sealed under vacuum and heated to 80 °C for 18 h. MeOH was added to terminate the reaction and the solution was neutralized by filtration over DOWEX WX8 resin. After removal of the solvents in vacuum and the removal of formed oligomers by precipitation in cold diethyl ether, the polymer was isolated as a brown oil and dried in vacuum at 85 °C for 24 h. Yield 80-90%. For the synthesis of high molecular weight hbPEO, the initiator salt was dissolved in 10 mL dioxane instead of DMSO. The resulting copolymer was purified by dialysis (MWCO = 3500 Da). Caution: In very few cases the pressure evolving in the early stages of the reaction in the flask may lead to the spontaneous removal of the septum and release of ethylene oxide. Thus, the reaction has to be carried out in an appropriate fume hood, and the respective safety precautions should be taken. In general, the amount of EO used did not exceed 5 g per batch in a 250 mL flask to guarantee a safe reaction. 
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1H NMR (DMSO-d6, ϰϬϬ MHzͿ: ɷ ;ppŵͿ = ϰ.ϴϭ – 4.35 (m, br, OH); 4,10 – 3.06 (m, O-CH, O-CH2); 1.36 – 1.18 (m, 2H, CH3-CH2 (TMP)); 0.89 – 0.68 (m, 3H, CH3 (TMP)).  13C NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ ;ppŵͿ = ϴϬ.Ϯϱ – 79.45 (m, CH G1,3-Linear); 78.52 – 77.42 (m, CH GDendritic); 73.22 – 72.10 (m, 2 CH2 G1,4-Linear); 72.04 – 69.62 (m, 2 CH2 GDendritic, 2 CH2 EOLinear, CH2-CH2-OH EOTerminal, CH GTerminal, CH2 GTerminal); 69.61 – 68.37 (m, CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.39 
– 62.96 (CH2-OH GTerminal); 60.87 – 60.07 (m, CH2-OH EOTerminal, CH2-OH G1,3-Linear). Copolymers based on glycidol and BO were obtained by changing the reaction conditions to solvent-free copolymerization at 120 °C for 2 days.31 Both comonomers were added via a syringe before polymerization (amount of monomers combined: 50 mmol, 150 eq.). The resulting copolymers were precipitated in a cold mixture of diethyl ether and hexane. 1H NMR (DMSO-d6, ϰϬϬ MHzͿ: ɷ ;ppŵͿ = ϰ.ϱϱ – 4.33 (m, br, OH); 4.08 – 3.02 (m, O-CH, O-CH2); 1.56 – 1.12 (m, CH3-CH2 (BO & TMP)); 0.87 (t, CH3 (BO); 0.79 (t, CH3 (TMP)). 13C NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ (ppm) = 80.6 – 79.0 (CH G1,3-Linear, CH BOLinear); 78.8 – 77.4 (CH GDendritic); 75.8 – 75.0 (CH2 BOTerminal); 74.6 – 73.6 (CH2 BOLinear) 73.2 – 72.1 (2 CH2 G1,4-Linear); 72.0 – 69.9 (2 CH2 GDendritic, CH GTerminal, CH GTerminal, CH2 BOTerminal); 69.9 – 68.3 (CH2 G1,3-Linear, CH-OH G1,4-Linear); 63.5 – 62.8 (CH2-OH GTerminal); 61.4 – 60.6 (CH2-OH G1,3-Linear). Table S 1. Overview of the characterization data for all hyperbranched polyether polyols. Sample namea)c) Mn / g mol-1 (Visco)a) PDI (Visco)a) Mn / g mol-1 (SEC)b) PDI (SEC)b) [G] %c) Tg / [°C]d) hb(PG5-co-PEO57) 3000 2.12 2 500 ϭ.ϱϴ ϴ -ϱϲ hb(PG4-co-PEO45)e) n.d. n.d. 2 300 ϭ.ϯϱ ϵ -62 hb(PG4-co-PEO15) 980 2.03 1 900 ϭ.ϯϭ Ϯϭ -ϲϮ hb(PG5-co-PEO10) 800 2.00 1 600 ϭ.ϯϯ ϯϬ -ϲϰ hb(PG9-co-PEO16) 1400 2.16 1 100 ϭ.ϱϭ ϯϱ -ϲϭ hb(PG1250-co-PEO6750) 389 000 2.81 53 000 ϭ.ϭϴ ϭϲ -ϲϬ hb(PG4-co-PBO10) 1100 3.40 1 100 ϭ.ϲϵ Ϯϵ -ϱϯ Terminology: Indices represent the absolute number of the respective repeating unit (rounded to integer), a) determined by on-line viscometry with universal calibration b) determined by SEC in DMF calibrated with a PEO standard, c) determined by inverse gated 13C NMR spectroscopy, d) determined by DSC, e) no on-line viscometry data available; Mn approximated from SEC and the on-line viscometry data of the other samples. n.d. = not determined 
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Investigation of the Weight-depending Composition To investigate the weight depending composition of the synthesized multiarm star polymers 300 mg polymer were dissolved in 3 mL CHCl3 and then fractionated by preparative SEC. The solvent was removed under reduced pressure, and the fractionated polymers were investigated by 1H NMR spectroscopy and SEC.  Dye Inclusion 2.8 mg Congo red were dissolved in 1 mL water. 20 mg hb(PG1250-co-PEO6750)-g-PBC3640 was dissolved in 1 mL dichloromethane (DCM). The two solutions were mixed thoroughly by ultrasonication for 30 min. Subsequently, the mixture was allowed to demix overnight to ensure complete phase separation. For comparison, the same procedure was carried out using a blank DCM solution without polymer added.  Additional Characterization Data  
 Figure S 1. FT-IR spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2).   
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 Figure S 2. FT-IR spectrum of hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7).  
 Figure S 3. FT-IR spectrum of hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8).  
 Figure S 4. FT-IR spectrum of hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9). 
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 Figure S 5. COSY spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (400 MHz, CD3CN).  
 Figure S 6. HSQC spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (400 MHz, CD3CN).  
 Figure S 7. HMBC spectrum of hb(PG9-co-PEO16)-g-PBC92 (Table 1, sample 2) (400 MHz, CD3CN). 
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 Figure S 8. 1H NMR spectrum of hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7) (400 MHz, CD3CN).  
 Figure S 9. 1H NMR spectrum of hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8) (300 MHz, CD3CN).  
 Figure S 10. 1H NMR spectrum of hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9) (300 MHz, CD3CN). 
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 Figure S 11. 1H NMR spectrum of hb(PG1250-co-PEO6750)-g-PBC3640 (Table 1, sample 6) (400 MHz, CD3CN).  
 Figure S 12. SEC results of all hbPEO-g-PBC samples in DMF.  
 Figure S 13. DOSY spectrum of hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7) (CD3CN, 400 MHz). 
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 Figure S 14. DOSY spectrum of hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8) (CD3CN, 400 MHz).  
 Figure S 15. DOSY spectrum of hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9) (CD3CN, 400 MHz).  
 Figure S 16. SEC results of hb(PG1250-co-PEO6750)-g-PBC3640 (Table 1, sample 6) and its macroinitiator in DMF. 
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 Figure S 17. 1H NMR spectra of hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7) after separation with a preparative SEC. (300 MHz, CD3CN).)  
 Figure S 18. SEC results for selected fractions of hb(PG4-co-PEO45)-g-PPC349 (Table 1, sample 7) star polymers in DMF.  
 Figure S 19. 1H NMR spectra of hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8) after separation with a preparative SEC. (300 MHz, CD3CN).) 
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 Figure S 20. SEC results for some fraction of hb(PG4-co-PBO10)-g-PPC146 (Table 1, sample 8) star polymers in DMF.  
 Figure S 21. 1H NMR spectra of hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9) after separation via preparative SEC. (300 MHz, CD3CN).)  
 Figure S 22. SEC results for selected fractions of hb(PG4-co-PBO10)-g-PBC66 (Table 1, sample 9) star polymers in DMF.  
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3.3 Ultra-high Molecular Weight Polystyrene Hyperstar Polymers with Hyperbranched Polyethylene Oxide as the Core  Jan Seiwert1, Pia Winterwerber1, Holger Frey1,*  1 Institute of Organic Chemistry, Johannes Gutenberg-University, Duesbergweg 10-14, D-55128 Mainz, Germany  In preparation.  This chapter summarizes research ƌesults that aƌe also pƌeseŶted iŶ Pia WiŶteƌǁeƌďeƌ͛s ďaĐheloƌ thesis. The project was planned and supervised by the author of this thesis.  
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Abstract A three-step core-first strategy to synthesize ultra-high molecular weight hyperstar polymers with hydrophobic polystyrene (PS) arms and a hydrophilic hyperbranched poly(ethylene oxide) (hbPEO) core is presented. First, two hbPEO polyether polyols with 800 and 2100 hydroxyl end groups for further functionalization were prepared by copolymerization of ethylene oxide with glycidol as a branching unit. Absolute molecular weight averages of 389 and 518 kg mol-1 were determined from on-line viscometry and a universal calibration. The degree of branching and the number of end groups were adjusted by variation of the comonomer ratio. Esterification of the hydroxyl end groups with 2-bromoisobutyryl bromide yielded multifunctional macroinitiators for atom transfer radical polymerization (ATRP). Subsequently, PS arms were grafted from the multifunctional macroinitiators, resulting in a core-shell structure. Successful copolymer formation was confirmed by 1H NMR spectroscopy, SEC and differential scanning calorimetry. Separation of hbPEO core and PS arms by alkaline cleavage of the ester linkages allowed for precise SEC characterization of the PS arms and monitoring of the ATRP reaction kinetics.  Introduction Polystyrene (PS) and polyethylene oxide (PEO) are among the most prominent types of commercial polymers, yet their material properties and therefore their scope of application differ greatly. The rigid, hydrophobic PS-based materials have found broad commercial use, e.g. for thermal, electrical and acoustic insulation as well as protective (food) packaging.1 PEO on the other hand has become the gold standard polymer for pharmaceutical applications, and has versatile application in cosmetic and food products due to its excellent solubility in water and its very low toxicity.2 Furthermore, it is employed for various industrial purposes, such as lubrication and defoaming.  The dissimilar couple of PEO and PS has been combined in a great variety of amphiphilic copolymer architectures. A vast amount of linear and star-shaped block copolymers, miktoarm star polymers and graft copolymers have been prepared.3,4 Early works mostly rely on anionic polymerization to obtain well-defined copolymer structures. Since the 1990s, controlled radical polymerization techniques such as atom transfer radical polymerization (ATRP) and reversible addition–fragmentation chain transfer (RAFT) polymerization have gained in importance for the preparation of the polystyrene blocks.3o) PEO and PS blocks are largely immiscible. Their phase 
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behavior in bulk and the self-assembly of their amphiphilic copolymers in solution have been investigated extensively.5  A special class of copolymers are hyperstar (alias multiarm star) copolymers; i.e. polymers consisting of a (hyper)branched core and several to hundreds linear arms attached to it. These 
polǇŵeƌs ĐaŶ eitheƌ ďe sǇŶthesized ǀia the ͞Đoƌe-fiƌst͟ oƌ ǀia the ͞aƌŵ-fiƌst͟ appƌoaĐh. The ͞Đoƌe-
fiƌst͟ stƌategǇ eŵploǇs the Đoƌe ŵoleĐule as a ŵultifuŶĐtioŶal ŵaĐƌoiŶitiatoƌ foƌ the 

polǇŵeƌizatioŶ of the aƌŵs, ǁheƌeas the ͞aƌŵ-fiƌst͟ ŵethod ƌelies oŶ pƌefaďƌiĐated aƌŵs. TheǇ can be grafted onto the core or connected by crosslinking of the end groups. Various hyperstar copolymers with a branched PS derivative as a core and linear PEO arms as a shell have been synthesized.4,6 These amphiphilic core-shell structures are potentially useful for encapsulation of hydƌophoďiĐ ĐoŵpouŶds. Both ͞aƌŵ-fiƌst͟ aŶd ͞Đoƌe-fiƌst͟ stƌategies haǀe ďeeŶ ƌepoƌted. These hyperstar copolymers mostly exhibit broad molecular weight distributions because neither multibranching self-condensing vinyl polymerization of chlorostyrene nor cross-linking of divinylbenzene results in well-defined hyperbranched polystyrene structures. Hyperstar copolymers with linear polystyrene arms and a hyperbranched polyether core have been prepared via ATRP of styrene from polyglycerol or polyoxetane macroinitiators.7,8 Rather small polyether cores with molecular weights below 50 kDa were employed, resulting in limited numbers of initiating moieties per polymer and polystyrene arms. Neither the hydrophobic polyoxetane nor the strongly polar polyglycerol matches the excellent solubility of PEO in both water and polar organic solvents. In this work, we present the synthesis of amphiphilic, ultra-high molecular weight polystyrene hyperstar polymers with hyperbranched polyethylene oxide (hbPEO) as the core by combining anionic ring-opening polymerization (AROP) and ATRP (Figure 1). Random anionic ring-opening copolymerization of ethylene oxide with glycidol in dioxane as an emulsifying solvent and subsequent modification of end groups provides access to well-defined high molecular weight hbPEO macroinitiators with an adjustable number of end groups.9,10 Polystyrene arms were grafted from the multifunctional macroinitiators via ATRP to attach a hydrophobic shell to the hydrophilic core in a controlled manner. 
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 Figure 1. Synthesis scheme for the core-first preparation of hbPEO-g-PS hyperstar copolymers in three steps.  Experimental Part Materials Solvents and reagents were purchased from Sigma Aldrich or Acros Organics. Deuterated NMR solvents were obtained from Deutero. Glycidol purified by distillation over CaH2 in vacuum. Dioxane was dried over sodium and distilled in vacuum prior to use. Styrene was distilled before use to remove the stabilizer. Other solvents and reagents were used as received.  Instrumentation NMR spectra were recorded a Bruker Advance III HD 300 (5 mm BBFO head with z-gradient and ATM) at 300 MHz (1H) and 75 MHz (13C) as well as on a Bruker Advance III HD 400 (5 mm BBFO-SmartProbe with z-gradient and ATM) at 400 MHz (1H) and 100 MHz (13C). The residual signals of the deuterated solvent were utilized as an internal reference. FTIR spectra were recorded on a Thermo Scientific iS10 FTIR spectrometer, equipped with a diamond ATR probe. SEC measurements were performed in DMF (containing 0.25 g L-1 of lithium bromide). An integrated Agilent 1100 series instrument, equipped with a PSS HEMA column (106/104/102 Å porosity), UV and RI detector, was used. Linear poly(ethylene glycol) standards (Polymer Standards Service) were employed for calibration. On-line viscometry measurements were performed at Polymer Standards Service. A PSS GRAM column (30/100/1000 Å porosity) equipped with a SECcurity GPC1260 Refractive Index RI detector 
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and a SECcurity on-line viscometer DVD1260 was employed. DMF containing 5 g L-1 LiBr was used as a solvent. Samples and solvent were weighed in accurately to generate precisely known sample concentrations of ~ 20 mg mL-1. 100 µL Solution were injected eight hours after dissolving of the polymer. Measurements were performed at a flow rate of 1 mL min-1 and a temperature of 70 °C. Molecular weights were calculated from averaging the results of three measurements. An universal calibration based on poly(methyl methacrylate) standards was applied.  Differential scanning calorimetry was performed on a PerkinElmer 8500 thermal analysis system, equipped with a Perkin-Elmer CLN2 thermal analysis controller. The temperature range was from -90 to +140 °C at a heating rate of 10 K min-1.  Synthetic Procedures Hyperbranched Poly(ethylene oxide) (HbPEO) HbPEO was synthesized as reported in previous work.9 66 mg (0.50 mmol, 1 eq.) Trimethylolpropane (TMP) and 17 mg (0.15 mmol, 0.3 eq.) potassium tert-butoxide were mixed in 1 mL MeOH. 3 mL Benzene were added and the mixture was stirred for 30 min. Solvents and volatiles were removed in high vacuum at room temperature overnight. The dried initiator salt was dissolved in 20 mL dioxane and 0.66 mL (10 mmol, 20 eq.) / 1.33 mL (20 mmol, 40 eq.) glycidol was added through a canula. 4.5 mL (90 mmol, 180 eq.) / 4.0 mL (80 mmol, 160 eq.) Ethylene oxide was added via vacuum distillation. The vacuum-sealed reaction flask was heated to 80 °C for 3 days. Subsequently, the polymerization was terminated with 5 mL MeOH. After neutralization with Dowex® 50WX8 ion exchange resin, the solution was filtrated and solvents were removed in vacuum. The crude polymer was dialyzed against MeOH (MWCO = 3000 Da) and dried in vacuum at 85 °C for 24 h. HbPEO was obtained as a highly viscous, brown oil in 80-90 % yield. Caution: In very few cases, the pressure evolving in the early stages of the reaction in the flask may lead to the spontaneous removal of the septum and release of ethylene oxide. Thus, the reaction has to be carried out in an appropriate fume hood, and the respective safety precautions should be taken. The amount of EO used did not exceed 5 g per batch in a 250 mL flask to guarantee a safe reaction. 1H-NMR (DMSO-d6, 400 MHzͿ: ɷ ;ppŵͿ = ϰ.ϲϮ – 4.29 (m, br, OH); 4.04 – 3.02 (m, O-CH, O-CH2).   
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13C-NMR (DMSO-d6, ϭϬϬ MHzͿ: ɷ ;ppŵͿ = ϳϴ.ϴϲ – 77.31 (m, DendriticG CH); 73.22 – 72.09 (m, 2 LinearG14 CH2); 71.97 – 69.42 (m, 2 DendriticG CH2, 2 LinearE CH2, TerminalE CH2-CH2-OH, TerminalG CH, TerminalG CH2); 69.41 – 68.14 (m, LinearG13 CH2, LinearG14 CH-OH); 60.79 – 59.84 (m, TerminalE CH2-OH, LinearG13 CH2-OH).  HbPEO-Br Macroinitiator The esterification of hbPEO was performed following a modified literature-known procedure.7 hbPEO was dissolved in benzene and azeotropicly dried in high vacuum overnight. Then, the polymer was dissolved in dry pyridine and warmed to 50 °C. 2-Bromoisobutyryl bromide was added dropwise. After stirring over night at room temperature, the mixture was stirred over potassium carbonate for 20 min and filtrated. Pyridine was removed by azeotropic distillation with toluene. The residue was dissolved in toluene and dried over magnesium sulfate. After filtration, toluene was removed. The crude product was dialyzed against chloroform (MWCO = 2000 Da) and subsequently dried at 80 °C in high vacuum overnight to yield the pure hbPEG-Br macroinitiator. 1H-NMR (DMSO-d6, ϯϬϬ MHzͿ: ɷ ;ppŵͿ = ϰ.Ϯϰ ;s, CH2-O-CO); 387 – 3.24 (m, polyether backbone); 1.89 (s, CBr-CH3). 13C-NMR (DMSO-d6, ϳϱ MHzͿ: ɷ ;ppŵͿ = ϭϳϬ.ϲ ;C=OͿ; ϳϴ.ϰ-64.8 (m, polyether backbone), 56.9 (C-Br); 30.3 (CBr-CH3).  N,N,N',N',N'',N''-Hexamethyl [Tris(2-aminoethyl)amine] (Me6-tren) Me6-Tren was synthesized following a procedure by Singha and coworkers.11 206 mL Acetonitrile, 46 mL glacial acetic, 15.6 mL (226 mmol) aqueous formaldehyde solution (40 w%) and 1.09 g (7.7 mmol) tris(2-aminoethyl)amine were mixed. After stirring for one hour, 3.38 g (89.3 mmol) NaBH4 were added at 0 °C. The mixture was stirred at room temperature for 72 h and the solvent was removed subsequently. The residue was alkalized (pH = 12) using 3 M NaOH solution and extracted with dichloromethane four times. The organic phases were collected and dried over MgSO4. Dichloromethane was removed and the residue was dissolved in pentane. After filtration, the product was isolated by distillation under reduced pressure. Me6-tren was obtained as a yellow liquid in 42 % yield. 1H NMR (300 MHz, CDCl3, ɷͿ: Ϯ.ϲϲ – 2.60 (m, 6H, N-(CH2)3), 2.46 – 2.39 (m, 6H, CH2-N-CH3), 2.26 (s, 18H, CH3) 
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HbPEO-g-Polystyrene Hyperstar Polymers The following steps were performed under Argon atmosphere. 2 mL Anisole, 46 mg (0.2 mmol, 1 eq.) Me6-tren, 26 mg (0.2 mmol, 1 eq.) CuBr and 5.0 mL (44 mmol, 220 eq.) styrene were mixed and degassed by bubbling Argon through the mixture for 30 min. In a separate flask, 98 mg hbPEO0.16-Br / 80 mg hbPEO0.30-Br macroinitiator (= 0.2 mmol C-Br initiator groups, 1 eq) was dissolved in 3 mL anisole, degassed and subsequently added to the mixture via cannula. The polymerization was started by immersing the reaction flask in an oil bath preheated at 70 °C. Samples were taken via syringe and frozen in liquid nitrogen. After 330 min, the polymerization was terminated by immersing the reaction flask in liquid nitrogen. The polymers were dissolved in tetrahydrofuran (THF), freed from copper ions by stirring over Lewatit ion exchange resin for 18 h and precipitated in cold methanol. After drying at 50 °C in vacuum overnight, hbPEO-g-PS was obtained as a colorless solid material. 1H-NMR (300 MHz, CDCl3, ɷͿ: = ϳ.ϰϯ-6.30 (m, aromatic polystyrene side chain), 2.01-0.75 (m, aliphatic polystyrene backbone).  Separation of hbPEO core and PS arms 10-20 mg hbPEG-g-PS was dissolved in 1-2 mL THF and 0.5 mL 1 M KOH in MeOH was added. The mixture was heated to 55 °C overnight. After partial removal of the solvents, the polymer solution was precipitated in water. Drying in vacuum gave PS homopolymer as a colorless solid.  Results and Discussion Hyperbranched Poly(ethylene oxide) Polyols Hyperbranched PEO copolymers were prepared by anionic ring-opening multibranching copolymerization of ethylene oxide (EO) and glycidol (G) according to an established procedure reported in a previous work (Scheme 1).9 Polymerization was performed in dioxane to obtain high molecular weights in the range of 389 to 518 kg mol-1. 
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 Scheme 1. Synthesis of hyperbranched polyether polyols from ethylene oxide and glycidol.  The characterization data for the hyperbranched polyether polyols is summarized in Table 1. Two copolymers with different EO/G ratios were synthesized to vary the number of hydroxyl end groups. Thereby, their influence on the synthesis of the ATRP macroinitiator and the following styrene polymerization could be investigated. Glycidol content ([G]) and degree of branching (DB) were determined by inverse gated 13C NMR spectroscopy according to equation 1 and 2.12  
[ܩ]  = [஽௘௡ௗ௥௜௧௜௖G] + [௅௜௡௘௔௥Gభయ] + [௅௜௡௘௔௥Gభర] + [𝑇௘௥௠௜௡௔௟G][஽௘௡ௗ௥௜௧௜௖G] + [௅௜௡௘௔௥Gభయ] + [௅௜௡௘௔௥Gభర] + [𝑇௘௥௠௜௡௔௟G] + [௅௜௡௘௔௥ు] + [𝑇௘௥௠௜௡௔௟ు]              (1) 
ܤܦ = ଶ [஽௘௡ௗ௥௜௧௜௖G]ଶ [஽௘௡ௗ௥௜௧௜௖G] + [௅௜௡௘௔௥Gభయ] + [௅௜௡௘௔௥Gభర] + [௅௜௡௘௔௥ు]                 (2) The first copolymer had a glycerol content of 16% and a DB of 0.17, whereas the second copolymer had a glycerol content of 30% and a DB of 0.28. EO and G can be copolymerized to very high molecular weights by employing dioxane as aŶ ͞eŵulsifǇiŶg͟ solǀeŶt.9,13 In this manner, absolute average molecular weights of Mn(hbPEO16G%) = 389 000 g mol-1 and Mn(hbPEO30G%) = 518 000 g mol-1 were obtained, as determined by on-line viscometry and universal calibration. The molecular weight distributions (Đ = Mw/Mn) were rather broad with values of 2.8 for both polymers. However, dispersities were much smaller than expected for hyperbranched polymers exhibiting degrees of polymerization in this order of magnitude (DPn(hbPEO16G%Ϳ ≈ ϴ∙ϭϬ3, DPn(hbPEO30G%Ϳ ≈ ϭ∙ϭϬ4).14 From the copolymer compositions and the absolute molecular weight values, the average numbers of hydroxyl end groups were calculated: 840 for hbPEO16G% and 2100 for hbPEO30G%.   
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Table 1. Characterization data of the hyperbranched PEO copolymers. Sample G contenta DBa Mnb kg mol-1 Đb Mnc kg mol-1 Đc #OHd hbPEO16G% 0.16 0.17 53 1.2 389 2.8 840 hbPEO30G% 0.30 0.28 43 1.5 518 2.8 2100 a Determined from inverse gated (IG) 13C NMR spectroscopy, b Apparent values determined from SEC (DMF, linear PEO standard), c Absolute values determined from on-line viscometry, d Calculated from IG 13C NMR and on-line viscometry results.  HbPEO-Br Macroinitiators  Scheme 2. Esterification of hbPEO with 2-bromoisobutyryl bromide. ATRP initiator groups were attached to the polymer hydroxyl groups by Einhorn esterification of the hyperbranched PEO polyols with 2-bromoisobutyryl bromide (Scheme 2). This procedure was performed in analogy to the functionalization of other hyperbranched polyether polyols reported in the literature.7 Successful functionalization was confirmed by 1H NMR spectroscopy (Figure 2). The broad singlet (bs) at 1.88 ppm corresponds to the two methyl groups adjacent to the bromide substituent. The signal attributed to the terminal methylene groups of the polyether polyol is shifted downfield after esterification due to the electron-withdrawing effect of the ester moiety and can be identified at 4.32 ppm. The signal intensity ratio of 3:1 proves that all 2-bromoisobutyryl moieties are attached to the polyether polyol and no free low-molecular 2-bromoisobutyric acid is present. The hydroxyl proton signal at 4.5 ppm disappears from the spectrum after derivatization, indicating complete conversion of the hydroxyl groups. 
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 Figure 2. 1H NMR spectra of hbPEO16G% before (top) and after (bottom) esterification of the hydroxyl groups with 2-bromoisobutyryl bromide (DMSO-d6, 300 MHz). This finding was confirmed by 13C NMR spectroscopy. Figure 3 reveals the disappearance of the characteristic terminal EO (60 ppm) and linear G signals (72 ppm). Terminal G units, which would result in a signal at 63 ppm, cannot be found at all (Figure 3, top). This can be ascribed to the high EO/G monomer feed ratio and the faster consumption of glycidol during the copolymerization.15 
 Figure 3. 13C NMR spectra of hbPEO16G% before (top) and after (bottom) esterification of the hydroxyl groups with 2-bromoisobutyryl bromide (DMSO-d6, 75 MHz). 
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Characterization by FTIR spectroscopy was performed for comparison, revealing both the expected carbonyl absorption band at 1730 cm-1 and a weak, remaining hydroxyl band at 3500 cm-1 after modification (Figure 4). However, since the deviation is small and might result from residual water rather than incomplete conversion, quantitative modification was assumed for further calculations. 
 Figure 4. FTIR spectra of hbPEO16G% (A) and hbPEO30G% (B) before (red line) and after (black line) esterification of the hydroxyl groups with 2-bromoisobutyryl bromide.  HbPEO-g-PS Hyperstar Copolymers The hbPEO-Br macroinitiators were employed for the atom transfer radical polymerization (ATRP) of styrene, using CuBr and Me6-tren as catalytic system. Me6-tren is known to be a powerful ligand for ATRP that ensures both high catalyst activity and sufficient deactivation rates.16 It was prepared from tris(2-aminoethyl)amine by reductive methylation, according to an established procedure.11 For the ATRP of styrene, the initial molar ratio of monomer, to copper salt, ligand and macroinitiator was fixed at 220:1:1:1. Polymerization in bulk led to fast gelation of the reaction mixture and an insoluble product. Therefore, polymerizations were conducted using anisole as a solvent to prevent gelation. After termination of the polymerizations by immersing the reaction flask in liquid nitrogen, copper salts were removed from the reaction mixture using Lewatit ion exchange resin. The resulting hbPEO-g-PS hyperstar polymers were moderately soluble in chloroform, tetrahydrofuran and dimethylformamide. Solutions were slightly turbid, presumably due to self-aggregation of the immiscible hbPEO and the PS segments of the high molecular weight polymers. Chemical star-star coupling via free radical side reactions was excluded as a cause for the turbidity after characterization of the individual polystyrene arms (vide infra). NMR and SEC samples were filtered to obtain entirely clear solutions. The 1H NMR spectra of the hyperstar polymers (Figure 5) show the aliphatic backbone and the aromatic side chain 
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signals of polystyrene. The polyether signal intensity is diminished for the hyperstar polymer with the hbPEO16G% core (Figure 5, top). In the spectrum of the hyperstar polymer with the hbPEO30G% core, the polyether backbone has vanished entirely (Figure 5, bottom). This can be explained by the high mass fraction of the PS shell and by potential shielding or poor solvation of the core. 
 Figure 5. 1H NMR spectra of hbPEO16G%-g-PS (top) and hbPEO30G%-g-PS (bottom), (CDCl3, 300 MHz). Thermal properties of hbPEO16G%-g-PS in bulk were determined by differential scanning calorimetry (DSC). The formation of a phase-separated block copolymer is unambiguously revealed by the occurrence of two distinct glass transition temperatures (Tg) at -43 °C for the polyether and 51 °C for the polystyrene segment that differ significantly from the transition temperatures of the individual homopolymers. The first Tg is 17 K higher than the Tg of the unmodified hbPEO16G% polyether polyol and the second Tg is approximately 50 K below the Tg of a polystyrene homopolymer. SEC (Figure 6) provides further evidence for the formation of hbPEO-g-PS hyperstar polymers. After the ATRP step, the traces are shifted to lower elution volumes in comparison to the hbPEO core polymers, implying a significant increase of the molecular weight. The traces of the hyperstar polymers reveal the same tailing as the curves of the hbPEO cores. However, no signs of low-molecular weight polystyrene homopolymers are found.    
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 Figure 6. SEC traces (DMF) of hbPEO16G% (A) and hbPEO30G% (B) before (red line) and after (black line) grafting with polystyrene.  Due to the unusual copolymer architecture and the lack of an appropriate standard material, the SEC traces of the hyperstar polymers do not provide quantitative information about the degree of polymerization of the PS arms. Furthermore, the filtration required due to the poor solubility of the hyperstar polymers might affect the SEC measurements and lead to incomplete information. Therefore, the PS arms were separated from the hyperbranched polyether core by saponification of the connective ester groups and characterized individually, employing an appropriate polystyrene calibration. Capitalizing on this approach, we envisaged to elucidate the polymerization kinetics of the ATRP grafting-from step. Samples were taken from the reaction mixture during the polymerization at different reaction times, quenched, freed from copper salts and saponified. Subsequently, the isolated arms were characterized by SEC (Figure 7).  
 Figure 7. SEC traces (DMF) of PS arms grafted from hbPEO16G% (A) and of PS arms grafted from hbPEO30G% (B) at different reaction times.  



3.3 Ultra-high Molecular Weight Polystyrene Hyperstar Polymers with Hyperbranched Polyethylene Oxide as the Core 

224 

Within the first 120 min of the ATRP, the PS arms of both hyperstar polymers grow continuously. hbPEO30G%-g-PS exhibits the linear correlation between degree of polymerization and reaction time expected for a controlled radical polymerization (Figure 8). For hbPEO16G%-g-PS, the expected linear dependence on time cannot be verified from the SEC data. 
 Figure 8. Degree of polymerization versus reaction time determined for the styrene polymerizations grafted from hbPEO30G%-Br (black) and hbPEO16G%-Br (white). After 120 min both polymerizations reached a maximum molecular weight and no further growth was observed (Figure 7). The styrene arms grafted from hbPEO30G%-Br reached an average molecular weight of Mn = 8050 g mol-1, corresponding to 35% styrene conversion (calculated from the degree of polymerization determined by SEC and the monomer to initiator ratio), at this point while the styrene polymerization grafted from hbPEO16G%-Br reached an average molecular weight of Mn = 5190 g mol-1 and 23% conversion. The small shift to higher elution volume in the SEC traces of samples collected after 120 min might result from inhomogeneities in the reaction mixture from which the samples were taken or non-uniform termination of the different samples. Depolymerization can be ruled out because the radical polymerization of styrene is irreversible. The hbPEO16G%-g-PS arms exhibit rather narrow molecular weight distributions with dispersities Đ ranging from 1.2 to 1.4. The hbPEO30G%-g-PS arms show higher dispersities in the range of 1.5 to 1.9. This can be ascribed to the higher grafting density of hbPEO30G%-g-PS causing sterical hindrance for the growth of some arms and an inhomogeneous overall chain growth. All SEC curves show monomodal distributions without minor maxima at higher molecular weights, eliminating radical recombination of two active polystyrene chain ends as a side reaction that would lead to covalent star-star coupling. The poor solubility of the hbPEO-g-PS hyperstar polymers has hindered a comprehensive molecular weight characterization to date. However, theoretical molecular weights can be 
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calculated from the known average molecular weight values of the hbPEO-Br macroinitiators and the individual polystyrene arms, and the known number of initiator groups per macroinitiator. The resulting theoretical molecular weight values of hbPEO16G%-g-PS and hbPEO30G%-g-PS are 4.9 · 106 and 1.8 · 107 g mol-1. Further studies to elucidate the true molecular weights of these exceptionally large hyperstar structures are in progress.  Conclusion In summary, we have presented the synthesis of two ultra-high molecular weight hbPEO-g-PS hyperstar polymers with 800 and over 2000 PS arms employing a three-step core-first approach. In the first step, hydrophilic, hyperbranched PEO polyether polyols were prepared by anionic ring-opening copolymerization of ethylene oxide and glycidol. Subsequently, ATRP initiator groups were attached to the polymer via esterification of the hydroxyl groups with 2-bromoisobutyryl bromide. In the third step, hydrophobic polystyrene arms were grafted from the resulting multifunctional macroinitiator by controlled radical polymerization (ATRP). Mediocre solubility posed a challenge for the characterization of the resulting hyperstar polymers. NMR spectroscopy, SEC and DSC confirmed the successful copolymer formation. Separation of the polystyrene arms from the core permitted precise SEC characterization for the individual arms and monitoring of the polymerization kinetics. Molecular weights up to 5190 g mol-1 with dispersities Đ of 1.2 to 1.4 were found for hbPEO16G%-g-PS. hbPEO30G%-g-PS arms exhibited higher molecular weights up to 8050 g mol-1 with broader molecular weight distributions ranging from 1.5 to 1.9. From the characterization data of the individual hbPEO cores and the PS blocks, exceptionally high overall molecular weights of 4.9 · 106 and 1.8 · 107 g mol-1 were calculated for hbPEO16G%-g-PS and hbPEO30G%-g-PS, respectively. Further studies concerning the experimental determination of molecular weights, imaging of the copolymers, their phase behavior in bulk and their self-aggregation in solution are in progress. The synthetic strategy described herein presents a universal concept for the synthesis of various ultra-high molecular weight hyperstar polymers. hbPEO-Br macroinitiators could be employed for the ATRP of other suitable vinyl monomers to tune the materials properties of the resulting hyperstar polymers.    
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Abstract The synthesis of thioether-bearing hyperbranched polyether polyols based on the copolymerization of AB/AB2 type (cyclic latent) monomers is introduced. The polymers are prepared by anionic ring-opening multibranching copolymerization of glycidol, and the novel monomer 2-(methylthio)ethyl glycidyl ether (MTEGE), which is conveniently accessible in a single etherification step. Slow monomer addition provides control over molecular weights. Given the hyperďƌaŶĐhed stƌuĐtuƌe, ŵodeƌate dispeƌsities ;Đ = 1.48 to 1.85) are obtained. In situ 1H NMR copolymerization kinetics revealed reactivity ratios of rG = 3.7 and rMTEGE = 0.27. Using slow monomer addition, copolymer composition can be systematically varied, allowing for the adjustment of the hydroxyl/thioether ratio, the degree of branching (DB = 0.36 - 0.48), thermal properties and cloud point temperatures in aqueous solution in the range of 29 to 75 °C. Thioether 
oǆidatioŶ eŶaďles tailoƌiŶg the ĐopolǇŵeƌs͛ soluďilitǇ pƌofile. Use of these copolymers as versatile, multifunctional platform for orthogonal modification is demonstrated. The methyl thioether group can be selectively alkoxylated, using propylene oxide, allyl glycidyl ether and furfuryl glycidyl ether, resulting in functional hyperbranched polyelectrolytes. These moieties tolerate urethane functionalization of the glycerol units.   Introduction Since 1999 both linear and hyperbranched polyglycerols (PG) have been established as a multifunctional alternative to poly(ethylene glycol) (PEG), the gold standard polyether for pharmaceutical application.[1] Both polyethers share excellent biocompatibility and good solubility in polar solvents.[2] In addition, the compact, three-dimensional structure of hyperbranched polyglycerol (hbPG) adds several dendrimer-like features. Hyperbranched polyglycerol possesses a high number of hydroxyl groups as well as a lower intrinsic viscosity than PEG and does not crystallize.[3] In contrast to many other hyperbranched polymers, polyglycerol can be prepared with control over molecular weight and narrow to moderate molecular weight distributions using multibranching anionic ring-opening polymerization and slow addition of the glycidol monomer.[3, 4] The slow monomer addition (SMA) procedure enables complete incorporation of the initiating core molecule and lowers the probality of chain transfer reactions.[5] Similarly controlled multibranching polymerization procedures often involve specifically designed monomers or core molecules, ruling out large-scale applications of the resulting materials, whereas hbPG can be prepared on a kilogram scale from commercial reagents.[6] 
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Polyglycerol-based materials bearing different functional groups in addition to the many hydroxyl groups are of special interest, e.g., for biomedical purposes and surface modification.[7] They can be accessed via various synthetic strategies. Initiating the polymerization from a heterofunctional polyol results in hbPG polymers containing exactly one functional moiety at the focal point of the branched structure, such as a single alkyne, amine, cholesterol or catechol group.[8] Furthermore, hbPG end groups can be partly modified after polymerization to obtain a large variety of functional materials.[9] This strategy commonly requires multi-step procedures and thorough purification. Copolymerization of glycidol with functional glycidyl ethers on the other hand provides an elegant way of introducing certain functional groups into hbPG directly in a single step. Via this approach the introduction of allyl, alkyne, phenyl, ferrocene, maleimide, and catechol moieties as well as stimuli-responsive cleaving sites into the hyperbranched polyether structure was accomplished.[10–13] In this work we present the synthesis of methyl thioether-bearing hyperbranched polyglycerol by random anionic copolymerization of glycidol and a novel comonomer: 2-(methylthio)ethyl glycidyl 
etheƌ ;MTEGEͿ. The thioetheƌ side ĐhaiŶ ƌeseŵďles ŵethioŶiŶe, aŶ esseŶtial α-amino acid. Sulfur opens manifold possibilities for modification by either oxidation or alkylation.[14, 15] Recently, also alkoxylation of thioethers using miscellaneous epoxides has been explored as a convenient click functionalization.[16] This renders thioether-bearing hyperbranched polyglycerol a multifunctional platform for a wide range of further modifications. 

 Scheme 1. Synthesis of hyperbranched copolymers from MTEGE and glycidol.   
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Experimental Section Materials, instrumentation and further procedures are described in the Supporting Information.  Monomer Synthesis: 2-(Methylthio)ethyl Glycidyl Ether (MTEGE) 10 mL (115 mmol, 1 eq.) 2-(Methylthio)ethanol was placed in a three-necked flask equipped with a mechanical stirrer and a dropping funnel. 4,6 g (115 mmol, 1 eq.) crushed NaOH pellets were added and the mixture was stirred at room temperature until most NaOH was dissolved. After cooling to 0 °C, 18 mL (230 mmol, 2 eq.) epichlorohydrin (ECH) was added dropwise and the mixture was stirred for two days. Subsequently, the formed salt was removed via centrifugation. The organic phase was dried over MgSO4. MTEGE was isolated by repeated, fractionated vacuum distillation (p = 0.006 mbar, Tb = 60°C) as a colorless liquid (yield: 50-60 %). 1H NMR (400 MHz, CDCl3, ɷͿ: ϯ.ϴϲ – 3.60 (m, 3H, CH-CHH-O, O-CH2-CH2); 3.43 (dd, J = 11.6, 5.9 Hz, 1H, , CH-CHH-O); 3.18 (ddt , J = 5.9, 4.2, 2.8 Hz, 1H, H2C(O)CH); 2.82 (dd, J = 5.0, 4.2 Hz, 1H, HHC(O)CH); 2.72 (t, J = 6.7 Hz, 2H, CH2-S); 2.64 (dd, J = 5.0, 2.8 Hz, 1H, HHC(O)CH); 2.17 (s, 3H, S-CH3). 13C NMR (100 MHz, CDCl3, ɷͿ: ϳϭ.ϳ ;CH-CH2-O), 70.8 (O-CH2-CH2), 50.9 (H2C(O)CH), 44.3 (H2C(O)CH), 33.7 (CH2-S), 16.2 (S-CH3). FDMS m/z: [M+] calc. for C6H12O2S, 148.06; found, 148.2.  Copolymerization of MTEGE and Glycidol General procedure: In a Schlenk flask equipped with a magnetic stirrer, 67 mg (0.5 mmol, 1.0 eq.) trimethylolpropane (TMP) was dissolved in methanol, partly deprotonated with 28 mg (0.17 mmol, 0.3 eq.) cesium hydroxide monohydrate and dried in vacuum overnight at room temperature. Subsequently, the initiator was dissolved in 1 mL N-methyl-2-pyrrolidone and heated to 100 °C under argon atmosphere. In a separate flask, the monomers MTEGE and glycidol were mixed under argon atmosphere and diluted with NMP in a volume ratio of 1:1. The solution was added dropwise to the initiator at a rate of 0.2 mL h-1 using a syringe pump. The polymerization was terminated with methanol 1 h after finishing the monomer addition. After removal of the solvent, the resulting pale brown oil was precipitated from MeOH into cold diethyl ether and then dried in vacuum at 50 °C for 24 h (yield 80 - 90%). 
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1H NMR (400 MHz, DMSO-d6, ɷͿ: ϰ.ϴϱ – 4.08 (br, OH); 4.05 – 3.05 (m, O-CH, O-CH2); 2.61 (t, J = 6.7 Hz, CH2-S); 2.07 (s, S-CH3); 1.38 – 1.18 (m, 2H, CH2-CH3 (TMP)); 0.87 – 0.72 (m, 3H, CH3 (TMP)).  13C NMR (DMSO-d6, 100 MHz, ɷ): 80.30 – 79.45 (m, CH G1,3-Linear); 78.68 – 77.63 (m, CH GDendritic, CH MLinear); 72.92 (s, 2 CH2 G1,4-Linear); 72.26 (s, 2 CH2 MTerminal); 72.04 – 70.41 (m, 2 CH2 GDendritic, CH GTerminal, CH2 GTerminal); 70.39 – 69.93 (m, 2 CH2 MLinear); 69.61 – 68.37 (m, CH2 G1,3-Linear, CH-OH G1,4-Linear, O-CH2-CH2-S MLinear, O-CH2-CH2-S MTerminal); 63.12 (s, CH2-OH GTerminal); 61.56 – 60.70 (m, CH2-OH G1,3-Linear); 32.69 (s, CH2-S MLinear, CH2-S MTerminal); 15.28 32.69 (s, S-CH3 MLinear, S-CH3 MTerminal).  Results and Discussion Monomer synthesis 2-(Methylthio)ethyl glycidyl ether (MTEGE) was synthesized from the commercially available reagents epichlorohydrin and 2-(methylthio)ethanol in a single, straightforward etherification step (Scheme 1). Successful synthesis was confirmed by 1H and 13C NMR spectroscopy (Figure S1) as well as mass spectrometry. Purification of the monomer by repeated fractionated distillation gave yields of 50 to 60% and allowed recollecting unreacted 2-(methylthio)ethanol. Column chromatography was found to be unsuitable for purification of MTEGE, due to side reactions with the column material (silica or aluminum oxide).  Copolymerization of MTEGE and Glycidol and Copolymer Characterization The anionic ring-opening multibranching copolymerization of MTEGE with glycidol was realized in analogy to the established procedure for the synthesis of polyglycerol-based copolymers (Scheme 1).[10–12] A mixture of both monomers was added slowly to a cesium alkoxide initiator in N-methyl-2-pyrrolidone, at 100 °C. The copolymer composition was systematically varied from 10% to 40% MTEGE content. 1H and quantitative Inverse Gated 13C NMR spectroscopy prove controlled incorporation of the MTEGE comonomer (Figure S2, Figure S3). The slightly lower MTEGE contents determined from the 1H NMR spectra can be attributed to an overlap of the polymer backbone signal between 3.05 and 4.05 ppm and the water signal at 3.33 ppm resulting from moisture in the NMR solvent. Average molecular weights can be calculated from the 1H NMR spectra, as it is known for other polyglycerol copolymers prepared by slow monomer addition, using the methyl group of the initiator as a reference. Molecular weights in the range of 3890 to 5490 g mol-1 are found, matching the theoretical values well. Due to the low hydrodynamic volume of the compact, 
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hyperbranched polymer structure in solution, size-exclusion chromatography based on linear PEG standards yields lower apparent molecular weights ranging from 1060 to 2170 g mol-1.[17, 5] Taking the hyperbranched structure into account, moderate, mostly monomodal molecular weight 
distƌiďutioŶs ǁith dispeƌsitǇ iŶ the ƌaŶge of Đ = 1.48 to 1.85 were obtained (Figure S4 – Figure S7). Table 1 summarizes the characterization data for the hb(PG-co-PMTEGE) copolymers. Table 1. Characterization data of the hb(PG-co-PMTEGE) copolymers. # Sample namea) MTEGE % theo MTEGE % b) MTEGE % c) DB% c) Mn Theo / g mol-1 Mnb) / g mol-1 Mnd) / g mol-1 Đd) Tge) / °C Tcpf) / °C 1 hb(PG44-co-PMTEGE4) 10 7 9 48 3370 3890 1060 1.85 -27 - 2 hb(PG36-co-PMTEGE6) 20 15 16 48 3690 3740 1750 1.51 -27 - 3 hb(PG46-co-PMTEGE13) 30 22 30 42 4950 5490 2170 1.48 -31 75 4 hb(PG32-co-PMTEGE18) 40 36 41 36 5320 5220 2160 1.58 -34 29 a) Terminology: Samples are named according to the number of comonomer units hb(PGx-co-PMTEGEy), where x is the absolute number of G units and y the absolute number of MTEGE units, calculated from 1H NMR spectra, b) determined by 1H NMR, c) determined by Inverse Gated 13C NMR, d) determined by SEC, e) determined by DSC, f) cloud point temperatures, determined by turbidimetry.  The copolymerization kinetics of MTEGE and glycidol was investigated using in situ 1H NMR spectroscopy. In order to ensure a safe reaction in the NMR tube, we altered the polymerization protocol described above and performed the copolymerization in deuterated DMSO-d6 at 60 °C without slow monomer addition. In situ NMR spectroscopy allows monitoring the single monomer conversion in real time. Figure 1 and Figure S8 demonstrate that MTEGE is consumed somewhat slower than glycidol in a batch copolymerization. Since the monomer feed ratio shifts continuously and is observed during the entire course of the polymerization, a single experiment provides sufficient data to calculate reactivity ratios according to the Fineman-Ross formalism: rG = 3.7 ± 0.3 and rMTEGE = 0.27 ± 0.02.[18] This implies that batch copolymerization of glycidol and MTEGE leads to a gradient compositional profile with a PG-rich center and a PMTEGE-rich periphery. It should be noted, however, that both comonomers react sufficiently fast to avoid accumulation of the less reactive MTEGE in the reaction mixture when employing slow monomer 
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additioŶ. Otheƌǁise, the ĐopolǇŵeƌs͛ composition would not equate the monomer feed ratio and residual monomer should have been found in the mixture after termination.[5]  
 Figure 1. Single monomer conversion plot of glycidol and MTEGE in DMSO-d6 at 60 °C versus time. The degree of branching is a key parameter to describe the structure of a hyperbranched polymer. It can assume values between 0 (linear, no branching) and 1 (dendrimer-like, completely branched). For the hb(PG-co-PMTEGE) copolymers, inverse gated 13C NMR spectroscopy reveals the characteristic signal pattern of a hyperbranched polyglycerol copolymer (Figure S3). The spectra enable to distinguish and quantify dendritic (D), linear (L) and terminal (T) repeating units. Due to the multiple chain ends of the branched structure, the spectra of the copolymers show considerably more terminal MTEGE units than the linear PMTEGE homopolymer (Figure S12). The degree of branching (DB) can be calculated according to Equation 1.[19] ܤܦ = ଶ஽ଶ஽+௅                      (1) As expected, the DB decreases from 0.48 to 0.36 with increasing MTEGE content, because only glycidol can form dendritic repeating units, whereas MTEGE forms linear and terminal units exclusively.  The composition and the DB affect the thermal properties of the copolymers. DSC measurements reveal a decrease in the glass transition temperature from -27 °C to -34 °C with increasing MTEGE content. This finding can be ascribed to the reduced hydroxyl group density and therefore weaker hydrogen bonding as well as the flexible methyl-thioethyl chain.   
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Post-polymerization Modification The two different kinds of functional groups of hb(PG-co-PMTEGE) offer the possibility for orthogonal modification. Treating the copolymers with acidified hydrogen peroxide solution for 30 min at room temperature selectively oxidizes the thioether moieties to the corresponding sulfoxides.[15] Complete disappearance of signals of the thioether-neighboring methylene and methyl groups in the 1H NMR proves complete conversion (Figure S13). After oxidation, the methylene and methyl signals reappear at 2.78 - 3.10 ppm and 2.57 ppm. Converting thioethers into sulfoxides increases the local dipole moment of the group. On the macroscopic scale, one can observe the impact of the increasing polarity by temperature-dependent turbidimetry of aqueous copolymer solutions before and after oxidation. Figure 2 and Figure S14 show that before oxidation, hb(PG46-co-PMTEGE13) and hb(PG32-co-PMTEGE16) exhibit thermoresponsive solubility with demixing above a cloud point of 29 °C and 75 °C, respectively. By oxidizing the thioether moieties, however, both copolymers become completely water-soluble at all temperatures. 
 Figure 2. Intensity of transmitted laser light versus temperature for hb(PG32-co-PMTEGE18) in aqueous solution (c = 5 mg mL–1) before and after oxidation of the thioether moieties. Besides their oxidation-responsiveness, thioether groups can act as Lewis bases; e.g. they can open epoxide rings in a nucleophilic addition under acidic conditions, forming sulfonium cations.[16] Capitalizing on this feature, hb(PG-co-PMTEGE) was dissolved in glacial acetic acid to alkoxylate the thioether moieties within 24 h at room temperature using the commercially available epoxides propylene oxide, allyl glycidyl ether (AGE) and furfuryl glycidyl ether (FGE) (Figure 3). Allyl and furfuryl functionalized polymers are known for their use in thiol-ene click and Diels-Alder click chemistry.[20] By dialyzing the modified polymers against diluted hydrochloric acid, the acetate anions were exchanged with chloride anions. The thioether groups were converted into sulfonium cations with 96-99% conversion, as can be deduced from the signal shift 
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of the neighboring methyl group in the 1H NMR spectra from 2.08 to 3.05 ppm. In addition, the characteristic signals of the attached methyl (1.22 ppm, Figure S15), allyl (5.17, 5.29 and 5.88 ppm, Figure S16) and furfuryl groups (4.46, 6.44, 7.64 ppm, Figure 3) appear after modification. Comparison of their intensity with the shifted thioether methyl signal confirms that under the acidic reaction conditions applied, the epoxides selectively react with the thioether moieties, but not with hydroxyl groups. Strikingly, this is exactly the opposite reactivity in contrast to the alkoxide-mediated ring-opening during the polymerization that leaves the thioether groups unchanged.  
 Figure 3. 1H NMR spectra of hb(PG46-co-PMTEGE13) before (black, top) and after (grey, bottom) modification of the thioether groups with furfuryl glycidyl ether (400 MHz, DMSO-d6). As a proof of principle experiment to demonstrate that the hydroxyl groups can also be modified selectively, hb(PG46-co-PMTEGE13) was reacted with phenyl isocyanate as a model compound to obtain urethanes. Figure S17 shows the new aromatic and NH-signals of the phenyl urethane groups in the downfield area of the 1H NMR spectrum between 6.74 and 8.15 ppm. Furthermore, the chemical shift of the thioether-related signals remains unchanged in the 1H NMR and 13C NMR (Figure S18) spectra, proving the selective modification of the hydroxyl groups. The urethane-functionalized polymer exhibits an increased glass transition temperature of 26 °C, due to reduced chain flexibility and increased hydrogen bonding. The material exhibits a strong UV signal in the 
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SEC due to the aromatic end groups, and the SEC trace is shifted towards higher molecular weights (Figure S19).  Conclusions We have introduced hyperbranched, thioether-bearing polyether polyols as a versatile platform for modification, employing the easily accessible MTEGE as a new comonomer for anionic ring-opening multibranching polymerization of glycidol. A series of copolymers with systematically varied MTEGE incorporation between 7 and 36% was synthesized with good control over molecular weight, degree of branching and thermal properties. Real time NMR kinetic studies elucidated the reactivity ratios of the two comonomers, revealing a sufficiently small difference in reactivity that allows polymerization under slow monomer addition conditions. Copolymerization of the hydrophilic glycidol with the hydrophobic MTEGE monomer permits tailoring the aqueous solubility, resulting in thermoresponsive behavior with cloud point temperatures in a wide temperature range between 29 and 75 °C. By oxidizing the thioether groups of the thermoresponsive copolymers with hydrogen peroxide, the solubility can be switched to fully water-soluble. This is an intriguing feature for potential application as an oxidation-responsive surface coating material. Functional sulfonium derivatives are conveniently accessible from the reaction of hb(PG-co-PMTEGE) with epoxides under acidic conditions. This was demonstrated using propylene oxide, allyl glycidyl ether and furfuryl glycidyl ether. Based on the great variety of available epoxides,[21] we envision hb(PG-co-PMTEGE) as a universal platform to create a library of heterofunctional hyperbranched polyelectrolytes and potentially as an unusual epoxy curing agent. Furthermore, the possibility to selectively modify the hydroxyl groups with isocyanates potentially renders these materials functional polyol building blocks for polyurethanes.  Acknowledgement  The authors thank Maria Golowin for technical assistance. J.H. is grateful to the Fonds der Chemischen Industrie for a scholarship. J.H. and D.L. acknowledge fellowships through the 
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Supporting Information  Materials Solvents and reagents were obtained from Sigma Aldrich and Acros Organics, respectively. DMSO-d6 and CDCl3 were received from Deutero GmbH. MTEGE, Glycidol (96%) and N-methyl-2-pyrrolidone (99.5%) were dried over calcium hydride (CaH2) and distilled in vacuum directly prior to use. Phenyl isocyanate was freshly distilled prior to use. Epichlorohydrin (99%), 2-(methylthio)ethanol (99%) and all other reagents and solvents were used as received.  Instrumentation NMR spectra were recorded on a Bruker Advance III HD 400 (5 mm BBFO-SmartProbe with z-gradient and ATM) at 400 MHz (1H) and 100 MHz (13C). The residual signals of the deuterated solvent were utilized as an internal reference. Analytical SEC measurements in DMF (containing 0.25 g L-1 of lithium bromide) were performed on an Agilent 1100 series instrument, including a PSS HEMA column (106/104/102 Å porosity) and UV and RI detector. Poly(ethylene glycol) standards (Polymer Standards Service GmbH) were employed for calibration. Purification by SEC was performed in CHCl3, at 25 °C and a flow rate of 3.5 mL min-1 using a LC-91XX Next Series Recycling Preparative HPLC Anlage by Japan Analytical Industry Co. Ltd.. A Jaigel-2H column (upper exclusion limit 5 ∙ 103 g mol-1) and a UV and RI detector were used. Differential scanning calorimetry (DSC) was measured using a PerkinElmer 8500 thermal analysis system and a PerkinElmer CLN2 thermal analysis controller in the temperature range from -90 to +20 °C at a heating rate of 10 K min-1. Cloud points were observed bǇ optiĐal tƌaŶsŵittaŶĐe of a light ďeaŵ ;ʄ = ϲϳϬ nm) through a 1 cm sample quartz cell containing the polymer solution in deionized water (5 mg mL-1), in dependence of the solution temperature. A Jasco V-630 photospectrometer with a Jasco ETC-717 Peltier element was used. The heating and cooling rate was 1 K min−1, and values were recorded in 1 K steps.    
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In situ 1H NMR Kinetics Copolymerization in the NMR tube was performed in DMSO-d6 following a procedure described in previous work. 4.0 mg (0.03 mmol, 1.0 eq.) 1,1,1-Tris(hydroxymethyl)propane (TMP) and 1.7 mg (0.01 mmol 0.3 eq.) cesium hydroxide monohydrate were dissolved in methanol. Benzene was added and volatiles were removed in high vacuum overnight. The following operations were performed under Argon atmosphere. The dried initiator salt was dissolved in 0.5 mL DMSO-d6. The solution was transferred to an NMR tube equipped with a Teflon stopcock. 60 µL (0.9 mmol, 30 eq.) glycidol and 0.6 mmol (20 eq.) MTEGE were added and the solution was degassed subsequently. The tube was sealed under vacuum and then placed in the NMR spectrometer at 60 °C. Spectra were recorded with 16 scans at 2-minute intervals during the first hour, at 5-minute intervals during the following 2 hours, at 10-minute intervals within the next 15 hours and extended afterwards.  Oxidation of the Thioether Groups Oxidation of the thioether groups was performed following a modified procedure by Deming et al..[15] 100 mg hb(PG32-co-PMTEGE18) was dissolved in aqueous hydrogen peroxide solution (35%) and acidified with  AcOH (1%). The mixture was stirred at room temperature for 30 min, quenched with 1 M aqueous sodium thiosulfate solution and dialyzed against deionized water (MWCO: 100 
– 500 Da). Subsequently, the oxidized polymer was isolated by lyophilization in 80% yield.  Alkoxylation of the Thioether Groups Alkoxylation of the thioether groups was performed following a modified procedure by Gharakhanian and Deming.[16] 100 mg hb(PG-co-PMTEGE) was dissolved in 6 mL glacial acetic acid. 3 Eq. (compared to the amount of thioether groups) propylene oxide, allyl glycidyl ether or furfuryl glycidyl ether were added and the mixture was stirred at room temperature for 24 h. Afterwards, the solvent and unreacted epoxide were removed in vacuum. The residue was dialyzed against 3 mM HClaq (MWCO: 100 – 500 Da) and freeze-dried subsequently. Hence, the alkoxylated polymer was obtained in 90-95% yield.    
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Urethane Formation 100 mg polymer was dried overnight in vacuum and dissolved in dry pyridine. Phenyl isocyanate (1.1 eq., compared to the amount of hydroxyl groups) was added and the mixture was stirred at room temperature for 4 hours. Then, pyridine and residual phenyl isocyanate were removed in vacuum. The residue was purified by preparative SEC and dried in vacuum subsequently, to yield the urethane-functionalized polymer.   Additional Characterization Data 
 Figure S1. 1H (bottom) and 13C NMR (top) spectra of 2-(methylthio)ethyl glycidyl ether (MTEGE) (400/100 MHz, CDCl3).  
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 Figure S2. 1H NMR spectrum of hb(PG32-co-PMTEGE18) (400 MHz, DMSO-d6).  
 Figure S3. Signal assignment of dendritic (D), linear (L) and terminal (T) MTEGE (M) und glycerol (G) units of hb(PG-co-PMTEGE) in the ether region of the IG 13C NMR spectrum (100 MHz, DMSO-d6). 
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100 1000 10000Molecular weight (g mol-1)  Figure S4. SEC trace (DMF, RI signal, PEG standard) of hb(PG44-co-PMTEGE4).  
1000 10000Molecular weight (g mol-1)  Figure S5. SEC trace (DMF, RI signal, PEG standard) of hb(PG36-co-PMTEGE6).  
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1000 10000Molecular weight (g mol-1)  Figure S6. SEC trace (DMF, RI signal, PEG standard) of hb(PG46-co-PMTEGE13).  
1000 10000Molecular weight (g mol-1)  Figure S7. SEC trace (DMF, RI signal, PEG standard) of hb(PG32-co-PMTEGE18).  
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 Figure S8. Relative single monomer conversion Mx/MMTEGE,0 versus total monomer conversion.  
 Figure S9. COSY NMR spectrum of hb(PG-co-PMTEGE) (400 MHz, DMSO-d6). 
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 Figure S10. HSQC NMR spectrum of hb(PG-co-PMTEGE) (400/100 MHz, DMSO-d6). Horizontal axis: 1H NMR spectrum; vertical axis: 13C NMR spectrum. Phase correlation is given by correlation of cross peaks (dark grey: methyl, methine, light grey: methylene). 

 Figure S11. HMBC NMR spectrum of hb(PG-co-PMTEGE) (400/100 MHz, DMSO-d6). Horizontal axis: 1H NMR spectrum; vertical axis: 13C NMR spectrum. 
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 Figure S12. Inverse Gated 13C NMR spectra of hb(PG-co-PMTEGE) copolymers with varying composition. Spectra of the two homopolymers for comparison (100 MHz, DMSO-d6). 
 Figure S13. 1H NMR spectra of hb(PG32-co-PMTEGE18) before (black, top) and after (grey, bottom) oxidation of the thioether groups (400 MHz, DMSO-d6). 
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 Figure S14. Intensity of transmitted laser light versus temperature for hb(PG46-co-PMTEGE13) in aqueous solution (c = 5 mg mL–1) before and after oxidation of the thioether moieties.  
 Figure S15. 1H NMR spectra of hb(PG32-co-PMTEGE18) before (black, top) and after (grey, bottom) modification of the thioether groups with propylene oxide (400 MHz, DMSO-d6).  
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 Figure S16. 1H spectra of hb(PG32-co-PMTEGE18) before (black, top) and after (grey, bottom) modification of the thioether groups with allyl glycidyl ether (400 MHz, DMSO-d6). 

 Figure S17. 1H NMR spectra of hb(PG46-co-PMTEGE13) before (black, top) and after (grey, bottom) transforming the hydroxyl groups into urethane groups (400 MHz, top: DMSO-d6, bottom: CDCl3).  
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 Figure S18. 13C NMR spectrum of hb(PG46-co-PMTEGE13) after transforming the hydroxyl groups into urethane groups (100 MHz, DMSO-d6).  
 Figure S19. SEC traces (DMF, PEG standard) of hb(PG46-co-PMTEGE13) before and after modification with phenyl isocyanate.  
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Abstract Backbone-thermoresponsive hyperbranched poly(propylene oxide)-based polyether polyols have been synthesized by anionic ring-opening copolymerization of glycidol and propylene oxide. The number of functional hydroxyl end groups and the lower critical solution temperature (LCST) can be readily adjusted ďǇ ǀaƌǇiŶg the ĐoŵoŶoŵeƌ ƌatio. MoleĐulaƌ ǁeights iŶ the ƌaŶge of ϭϮϬϬ−ϮϬϬϬ g/mol were achieved. Hyperbranched polyether polyols with LCST values between 24 and 83 °C can be obtained in a convenient one-step reaction.  Introduction Hyperbranched polymers have attracted broad attention, due to their unique molecular structures and distinct chemical and physical properties, as well as their numerous potential applications.ϭ−ϵ Among them, thermoresponsive polymers, which combine the advantages of a multifunctioŶal stƌuĐtuƌe ǁith ͞sŵaƌt͟ ďehaǀioƌ aƌe of paƌtiĐulaƌ iŶteƌest. To date, tǁo diffeƌeŶt strategies have been employed to prepare thermoresponsive hyperbranched polymers. One is the modification with temperature-responsive functional groups or oligomer segments.ϭϬ−ϭϰ The other option is the combination of hydrophobic and hydrophilic functionalities into a highly branched polymer backbone. This type of backbone-thermoresponsive hyperbranched polymer has been hardly investigated. Recently, some examples, prepared through proton transfer polymerization of diglycidyl ethers15-17 or cationic polymerization,18 were reported. Furthermore, poly(ether-ester)s19 and poly(ether-amine)s17,20,21 are known. Here we report the synthesis of a backbone-thermoresponsive hyperbranched polyether by anionic polymerization. Combining the two commercially available monomers propylene oxide and glycidol allows for the generation of copolymers with adjustable functionality and lower critical solution temperature (LCST) in one single step. Both monomers have been combined before to generate linear structures and block architectures,ϮϮ−Ϯϳ but a random copolymerization, as it has recently been reported for the monomer combination ethylene oxide/glycidol28 has not been successful to date.    
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Results and Discussion We present a straightforward random copolymerization protocol for the preparation of multifunctional and thermoresponsive poly(propylene oxide) (PPO) copolymers in one single step. The degree of functionality and the LCST can be controlled by the comonomer ratio. The synthetic route to the multifunctional hyperbranched PPOs is given in Scheme 1. The polymerization of propylene oxide (PO) and glycidol was carried out in bulk at 120 °C. These conditions result in an anionic ring-opening multibranching copolymerization.  
 

SĐheŵe ϭ. SǇŶthesis sĐheŵe for the aŶioŶiĐ riŶg‐opeŶiŶg ŵultiďraŶĐhiŶg ĐopolǇŵerizatioŶ of propǇleŶe oǆide and glycidol. An alkoxide initiator first reacts with one of the monomers and opens the epoxide ring. Rapid proton transfer from the secondary alkoxide to a primary alkoxide (either intra- or intermolecular) leads to branching during the reaction, generating hyperbranched poly(propylene oxide) copolymers with glycerol branching units. Protic termination is necessary to release the hydroxyl groups. The copolymerization can be carried out without any solvent and hyperbranched PPO 
ĐopolǇŵeƌs iŶ ϴϬ−ϵϬ% Ǉield aƌe oďtaiŶed.  Surprisingly, chain transfer to the monomer propylene oxide (which is a well-known side reaction for poly(propylene oxide)synthesis) is not observed. Therefore, potassium can be used as a counterion, and the use of the larger but more expensive cesium (that would lower the rearrangement tendency) can be avoided. 
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The end group functionality of the resulting copolymer depends on the number of incorporated glycerol branching units (because each glycerol unit adds exactly one additional hydroxyl group) and can thus be directly adjusted by the comonomer ratio. Incorporated glycidol monomer may result in branching points (if both functional groups propagate) as well as linear or terminal units. The hyperbranched structure of the obtained copolymers was confirmed by detailed NMR analysis. The assignment given in Figure 1 is based on literature data as well as twodimensional NMR spectroscopy that permits to correlate 13C and 1H NMR shifts (cf. Supporting Information, Figure S2). The occurrence of the methine carbon signal for the dendritic glycerol unit (78.0 ppm) is an unambiguous proof for the branched polymer structure together with the characteristic peak pattern of the PO methyl group (cf. Figure 1b).  
 Figure 1. a) 13C NMR spectrum (inverse gated) of hbPPO‐co‐PG saŵple ;ϯ% glǇĐidolͿ ǁith sigŶal assigŶŵeŶt; b) Comparison of the methyl region of 13C IG NMR spectra (400 MHz) obtained from hbPPO-co‐PG ǁith different glycidol fractions. The glycidol content was varied from 3 to 56%. With increasing glycidol fractioŶ the degƌee of 

ďƌaŶĐhiŶg ;DBͿ ǀalue iŶĐƌeases, staƌtiŶg ǁith oŶlǇ slightlǇ ďƌaŶĐhed polǇŵeƌs ǁith ϯ% glǇĐeƌol 

uŶits up to hǇpeƌďƌaŶĐhed polǇŵeƌs ǁith higheƌ glǇĐeƌol ĐoŶteŶts. The DB ǁas ĐalĐulated usiŶg 

the eƋuatioŶ iŶtƌoduĐed ďǇ Hölteƌ aŶd FƌeǇ foƌ ƌaŶdom copolymerization of AB/AB2 systems:29 
୅୆/୅୆మܤܦ = ܦʹܦʹ +   .௖௢ Details for the DB determination can be found in the Supporting Information. The calculated DB values are summarized in Table 1ܮ
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Introducing more glycerol units goes along with a rising number of end groups as each glycerol units adds exactly one additional hydroxyl end group. The methyl group of the propylene oxide unit shifts from 17.3 to 20.3 ppm when it is incorporated as a terminal unit, compared to the linear incorporation. In Figure 1b, a considerable shift of the intensities of the two resonances can be seen, which reflects the increase in terminal propylene oxide units, depending on the degree of branching. Table 1. Characterization data for hbPPOm‐co‐PGn copolymers with varying monomer compositions. 
 a) Determined from 1H NMR; b) Determined from inverse gated 13C NMR; c) Determined from SEC (solvent: DMF, linear PEO standard).  In contrast to previous reports on PPO star copolymers with hyperbranched polyglycerol as a core,24 random hyperbranched PPO copolymers are formed, as it is evident from NMR spectra and the dependence of the end group structure on the comonomer composition. For the random copolymers, the PO/G ratio can be adjusted and the so far necessary multistep synthesis can be reduced to one single polymerization step.  The thermal behavior of the hyperbranched polyethers has also been investigated. Differential scanning calorimetry (DSC) has been used to quantifiy the thermal properties of the materials. With increasing glycerol content, the glass transition (Tg) increases from the Tg of the linear homopolymer PPO (−73 °C)23 to the Tg of the hyperbranched homopolymer polyglycerol (−25 °C).30 We ascribe this to the additional interaction of the increasing number of hydroxyl groups via 
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hydrogen-bonding in the multifunctional copolymers. In contrast to hyperbranched poly(ethylene oxide),28 a completely amorphous and, thus, highly flexible hyperbranched polyether polyol is obtained. Size exclusion chromatography (SEC) yields molecular weight distributions with Mw/Mn between 1.4 and 1.7 (Table 1, Figure S4). MALDI ToF mass spectrometry shows molecular weights in the same range and supports incorporation of both comonomers (cf. Figure S5, Supporting 
IŶfoƌŵatioŶͿ. MoleĐulaƌ ǁeights aƌe geŶeƌallǇ iŶ the ƌaŶge of ϭϬϬϬ−ϮϬϬϬ g ŵol−1, that is, in the same range as for numerous other hyperbranched materials.6 It appears that the amount of initiator used does not permit to control molecular weights, in contrast to the hyperbranched polyglycerol homopolymer. Further work on this issue is under way. However, it is remarkable that hyperbranched PPO copolymers of moderate polydispersity index and adjustable functionality can be obtained, despite deviating from a slow addition protocol, as is typically employed to control the anionic hyperbranching homopolymerization of glycidol.3,30 In contrast to the PPO homopolymer, the hyperbranched polyethers are highly soluble in water under ambient conditions. This is attributed to the introduction of additional hydroxyl end groups as a consequence of the incorporation of glycidol as a comonomer. Interestingly, the hyperbranched PPO-based polyethers show temperature-sensitive solubility in aqueous solution with a lower critical solution temperature (LCST). The thermoresponsive behavior can be explained by the interplay of the hydrophilic groups (especially the hydroxyl end groups) and the hydrophobic methyl groups of the rather apolar PPO segments. At temperatures above the cloud point of the solutions, the hydrophobic domains cause a phase separation from water due to aggregation. This forces the polymer chain to undergo a coil-to-globule transition and consequently results in the observed macroscopic precipitation. For linear aliphatic polyether copolymers, a similar temperature-dependent solubility behavior in aqueous solution has been reported recently.22,31 Cloud points of aqueous copolymer solutions have been investigated by turbidimetry measurement, using a temperature-ĐoŶtƌolled UV−ǀis speĐtƌoŵeteƌ. Figuƌe Ϯ shoǁs the temperature dependence of the light transmission of aqueous polymer solutions and the dependence of the LCST on the glycerol content. As can be seen from Figure 2a, the LCST behavior can be controlled by variation of the comonomer content. With increasing fraction of the more hydrophilic glycerol units, the LCST of the hyperbranched PPO copolymers increases. At this point, we assume that the unusual curve shape of the copolymers with intermediate glycidol content has to be ascribed to the hyperbranched nature of the copolymers, as they differ from analogous linear copolymers.22 Figure 2b shows the effect of the glycidol content on the LCST. The LCST value increases almost linearly with increasing content of the hydrophilic glycerol comonomer. 
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 Figure 2. (a) Intensity of transmitted laser light vs temperature for hbPPO-co-PG copolymers of various compositions at a concentration of 5 mg mL−1 in aqueous solution. (b) Effect of glycidol content on LCST. This is consistent with previous reports on linear random polyethers based on ethylene oxide and PO or other glycidyl ethers.31,32 Our study demonstrates that this behavior is also found for hyperbranched polyethers. The interception with the y-axis (19.7 °C) corresponds to the LCST of a polymer with 0% of comonomer incorporated (PPO homopolymer) and is in good agreement with previous experimental results for the PPO homopolymer.33  Conclusion In summary, we have introduced a new type of backbone-thermoresponsive hyperbranched polyether prepared by solvent-free anionic copolymerization of propylene oxide and glycidol in one single step. The copolymer composition and the LCST values can be readily adjusted by varying the comonomer ratio. In all cases monomodal, moderate molecular weight distributions with PDIs generally below 1.7 were obtained. The hyperbranched polyethers with thermoresponsive backbone possess an adjustable number of hydroxyl end groups that can be used for further functionalization or cross-linking. Their possible use as building blocks for stimuli-responsive hydrogels or nanoparticles in the biomedical field or as flexible polyol component for polyurethanes renders them interesting for further exploration.    
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Acknowledgment M.S. and H.F. acknowledge funding of the Max Planck Graduate Center (MPGC) with the Johannes Gutenberg-UŶiǀeƌsitǇ aŶd the Gƌaduate SĐhool of EǆĐelleŶĐe ͞ Mateƌials SĐieŶĐe iŶ MaiŶz/MAINZ͟. The authors thank Sebastian Jäger for technical assistance.  References 1. Yan, D., Gao, C., Frey, H, Eds.; Hyperbranched Polymers: Synthesis, Properties, and Applications; Wiley: Hoboken, NJ, 2011. 2. CaldeƌóŶ, M.; Quadiƌ, M. A.; Shaƌŵa, S. K.; Haag, R. Adv. Mater. 2010, 22, ϭϵϬ−Ϯϭϴ. 3. Wilms, D.; Stiriba, S.-E.; Frey, H. Acc. Chem. Res. 2010, 43, ϭϮϵ−ϭϰϭ. 4. Zhou, Y.; Huang, W.; Liu, J.; Zhu, X.; Yan, D. Adv. Mater. 2010, 22, ϰϱϲϳ−ϰϱϵϬ. 5. Carlmark, A.; Hawker, C.; Hult, A.; Malkoch, M. Chem. Soc. Rev. 2009, 38, 352. 6. Voit, B. I.; Lederer, A. Chem. Rev. 2009, 109, ϱϵϮϰ−ϱϵϳϯ. 7. Voit, B. J. Polym. Sci., Part A: Polym. Chem. 2005, 43, Ϯϲϳϵ−Ϯϲϵϵ. 8. Gao, C.; Yan, D. Prog. Polym. Sci. 2004, 29, ϭϴϯ−Ϯϳϱ. 9. Voit, B. J. Polym. Sci., Part A: Polym. Chem. 2000, 38, ϮϱϬϱ−ϮϱϮϱ. 10. Liu, H.; Chen, Y.; Shen, Z. J. Polym. Sci., Part A: Polym. Chem. 2007, 45, ϭϭϳϳ−ϭϭϴϰ. 11. Kojima, C.; Yoshimura, K.; Harada, A.; Sakanishi, Y.; Kono, K. Bioconjugate Chem. 2009, 20, 
ϭϬϱϰ−ϭϬϱϳ. 12. Kojima, C.; Yoshimura, K.; Harada, A.; Sakanishi, Y.; Kono, K. J. Polym. Sci., Part A: Polym. Chem. 2010, 48, ϰϬϰϳ−ϰϬϱϰ. 13. Sun, X.; Zhou, Y.; Yan, D. Macromol. Chem. Phys. 2010, 211, ϭϵϰϬ−ϭϵϰϲ. 14. Wang, H.; Sun, S.; Wu, P. J. Phys. Chem. B 2011, 115, ϴϴϯϮ−ϴϴϰϰ. 15. Jia, Z.; Chen, H.; Zhu, X.; Yan, D. J. Am. Chem. Soc. 2006, 128, ϴϭϰϰ−ϴϭϰϱ. 16. Chen, H.; Jia, Z.; Yan, D.; Zhu, X. Macromol. Chem. Phys. 2007, 208, ϭϲϯϳ−ϭϲϰϱ. 17. Pang, Y.; Zhu, Q.; Zhou, D.; Liu, J.; Chen, Y.; Su, Y.; Yan, D.; Zhu, X.; Zhu, B. J. Polym. Sci., Part A: Polym. Chem. 2011, 49, ϵϲϲ−ϵϳϱ. 18. Xia, Y.; Wang, Y.; Wang, Y.; Wang, D.; Deng, H.; Zhuang, Y.; Yan, D.; Zhu, B.; Zhu, X. Macromol. Chem. Phys. 2011, 212, ϭϬϱϲ−ϭϬϲϮ. 19. Jia, Z.; Li, G.; Zhu, Q.; Yan, D.; Zhu, X.; Chen, H.; Wu, J.; Tu, C.; Sun, J. Chem. Eur. J. 2009, 15, 
ϳϱϵϯ−ϳϲϬϬ. 20. Yu, B.; Jiang, X.; Yin, G.; Yin, J. J. Polym. Sci., Part A: Polym. Chem. 2010, 48, ϰϮϱϮ−ϰϮϲϭ. 



A.1 Hyperbranched Poly(propylene oxide): A Multifunctional Backbone-Thermoresponsive Polyether Polyol Copolymer  

264 
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Supporting Information  Instrumentation 1H NMR and 13C NMR spectra were recorded on a Bruker AC300 or AMX400 and were referenced internally to residual proton signals of the deuterated solvent. For SEC measurements in DMF (containing 0.25 g L-ϭ of lithium bromide as an additive), an Agilent 1100 series was used as an integrated instrument including a PSS HEMA column (106/104/102 Å porosity) and both, an UV and a RI detector. Calibration was achieved with poly(ethylene oxide) standards provided by Polymer 
StaŶdaƌds SeƌǀiĐe ;PSSͿ. Matƌiǆ-assisted laseƌ desoƌptioŶ aŶd ioŶizatioŶ tiŵe-of-flight ;MALDI-ToF) measuƌeŵeŶts ǁeƌe peƌfoƌŵed oŶ a Shiŵadzu Aǆiŵa CFR MALDI-TOF ŵass speĐtƌoŵeteƌ, 

usiŶg dithƌaŶol ;ϭ,ϴ,ϵ-tƌishǇdƌoǆǇaŶthƌaĐeŶeͿ as ŵatƌiǆ. DSC Đuƌǀes ǁeƌe ƌeĐoƌded ǁith a PeƌkiŶ Elmer DSC 7. Samples were dried for 24 h at 80 °C in vacuum before measurements. Cloud points were determined in deionized water at varying concentration and observed by optical transmittance of a light beam (ʄ = 632 nm) through a 1 cm sample quartz cell. The measurements 
ǁeƌe peƌfoƌŵed iŶ a JasĐo V-ϲϯϬ photospeĐtƌoŵeteƌ ǁith a JasĐo ETC-ϳϭϳ Peltieƌ eleŵeŶt. The intensities of the transmitted light were recorded versus the temperature of the sample cell. The heating/cooling rate was 1 K min-ϭ and values were recorded every 0.1 K.  Materials All reagents and solvents were used as received, if Ŷot otheƌǁise ŵeŶtioŶed. Deuteƌated DMSO-d6 was purchased from Deutero GmbH. Propylene oxide and glycidol were dried over CaH2 and distilled under vacuum prior to use.  Synthesis of hbPPO‐co‐PG Copolymers Typical procedure for the preparation of random copolymers of propylene oxide and glycidol: Here, an exemplary synthetic protocol is described for hbPPO0.80-co-PG0.20: A tǁo-ŶeĐked flask eƋuipped with a septum, teflon seal and a magnetic stirrer was connected to a vacuum line. 45 mg (0.33 mmol) of 1,ϭ,ϭ-tƌis;hǇdƌoǆǇŵethǇlͿpƌopaŶe ;TMPͿ ǁas depƌotoŶated ǁith Ϭ.ϯ eƋ. potassiuŵ tert-butoxide in methanol and dried azeotropically with benzene to remove the methanol together with formed tertbutanol and other volatiles. 2.32 g (40 mmol) propylene oxide (PO) was transferred to an ampoule and subsequently to the reaction flask in vacuo. The flask was sealed 
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and 740 mg (10 mmol) freshly distilled glycidol was introduced through the septum via cannula. The reaction mixture was then immediately heated to 120°C and stirred for 18 h. After addition of an excess of methanol to quench the polymerization the solution the copolymer was precipitated in a mixture of hexane and isopropanol to afford the hyperbranched PPO0.80-co-PG0.20 
iŶ Đa. ϴϬ-ϵϬ% Ǉield. 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 PO. Thus, the reaction has to be carried out in an appropriate fume hood and according safety precautions should be taken. In general, the amount of PO used did not exceed 5 g per batch in a 250 mL flask to guarantee a safe reaction.  Supplementary Characterization Data Figure S1 shows the 1H NMR speĐtƌuŵ of a tǇpiĐal PPO-co-PG ĐopolǇŵeƌ. Both the iŶitiatoƌ Đoƌe and the hydroxyl protons are clearly visible. 

 Figure S1. 1H NMR spectrum (400 MHz) of hbPPO‐co‐PG ǁith a triŵethǇlol propaŶe Đore.   
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The fraction of glycerol units incorporated into the polymer was calculated by referencing to the methyl group of the initiator (0.78 ppm) and comparing this value with the integral of the methyl 
gƌoup of the pƌopǇleŶe oǆide uŶits ;Ϭ.ϵϵ - ϭ.Ϭϱ ppŵͿ aŶd the methylene and methine groups of 
the polǇŵeƌ ďaĐkďoŶe ;ϯ.ϭ-ϯ.ϵ ppŵͿ. IŶ additioŶ, the total Ŷuŵďeƌ of glǇĐidol uŶits of eaĐh 

ŵaĐƌoŵoleĐule ĐoƌƌespoŶds to the total Ŷuŵďeƌ of hǇdƌoǆǇl gƌoups ;ϰ.ϰ - ϰ.ϳ ppŵͿ ŵiŶus the number of hydroxyl groups introduced by the initiator moiety (assuming that the core is fully incorporated into the polymer distribution). In the case of a trimethylol propane core, n(OH)core equals a value of 3. The other five protons of each glycerol unit as well as three propylene oxide protons generate a broad resonance between 3.1 and 3.8 ppm. Hence, the ratio between propylene oxide and glycerol repeat units can be directly calculated. 
#ܱܲ = ͵ெ௘௧ℎ௬௟ܫ  

ܩ# = ஻௔௖௞௕௢௡௘ܫ − ͵ · #ܱܲͷ  
ܩ# = ݊ሺܱܪሻ௧௢௧௔௟ − ݊ሺܱܪሻ௖௢௥௘ Both equations for the calculation of the number of glycidol units are in good agreement. These values become defective if the core is not fully incorporated into the polymer and/or if the intensity of the hydroxyl groups is very low (e. g., at low glycidol feed ratios). ܦ ௡ܲ = ܩ# + #ܱܲ 

ܩ% = ܦܩ# ௡ܲ The overall degree of polymerization (DPn) is the sum of both comonomers, and the glycidol content is calculated by dividing the number of G units by the DPn. All values are rounded to integer. Figure S2 shows the HSQC (heteroŶuĐleaƌ siŶgle-ƋuaŶtuŵ ĐoƌƌelatioŶͿ speĐtƌuŵ of the saŵple with ca. 20% glycidol content. Methylene groups can be identified by their blue color, while red color represents the methine groups. The HSQC spectrum further confirms the assignments given in Figure 1 of the main manuscript. 
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 Figure S2. HSQC spectrum of hbPPO‐co‐PG ǁith a glǇĐidol fraĐtioŶ of ϮϬ%. 1H‐ aŶd 13C NMR spectra can be found on the horizontal and vertical axis, respectively.  The degree of branching DB was calculated using the equation introduced by Hölter and Frey for random copolymerization of AB/AB2 systems.29 
ܤܦ ୅୆୅୆మ = ܦʹܦʹ +  .௖௢ Figure S3 shows the experimental relation between the comonomer ratio (expressed as glycidol content) and the degree of branchingܮ
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 Figure S3. Plot of the degree of branching vs. the glycidol content (calculated from inverse gated 13C NMR spectra).  It has to be taken into account that integrals obtained from inverse gated 13C NMR spectroscopy may involve an error due to the noise level inherent to this technique. Partial overlap of the signals, particularly at high comonomer fractions, further complicates quantitative analysis.  Figure S4 shows typical SEC traces of hbPPO-co-PGs, ŵeasuƌed iŶ DMF ǁith liŶeaƌ PEG staŶdaƌds. 
 Figure S4. SEC traces (measured in DMF) of hbPPO‐co‐PGs with different glycidol fractions.    
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In addition to the NMR and SEC characterization the composition and molecular weight of the 
ĐopolǇŵeƌs ǁas also aŶalǇsed ďǇ MALDI-ToF ŵass speĐtƌoŵetƌǇ. IŶ Figuƌe S5 the characteristic subdistributions for copolymers can be seen. Each series of colored dots represents a distribution with the same number of glycidol units but different PO contents. As the generally used initiator 
ϭ,ϭ,ϭ-tƌis;hǇdƌoǆǇŵethǇlͿpƌopaŶe ;TMPͿ is Ŷot suitaďle foƌ MALDI-ToF aŶalǇsis ďeĐause 

distiŶĐtioŶ ďetǁeeŶ TMP-iŶitiated polǇŵeƌ ĐhaiŶs aŶd those iŶitiated ďǇ ƌesidual tƌaĐes of ǁateƌ would not be possible (M(TMP) = 134.17 g/mol = 2 x M(PO) + M(H2O)) another initiator was 
ĐhoseŶ ;ϭ,ϯ,ϱ-tƌis-;hǇdƌoǆǇŵethǇlͿďeŶzeŶeͿ foƌ the MALDI-ToF ĐhaƌaĐteƌizatioŶ. The incorporation of both comonomers and the initiator can be clearly seen. The molecular weights 
oďtaiŶed ďǇ MALDI-ToF-MS aƌe iŶ the saŵe ƌaŶge as the ǀalues oďtaiŶed fƌoŵ SEC.  

 
Figure Sϱ. MALDI‐ToF‐MS speĐtruŵ of hbPPO0.70‐co‐PG0.30 (SEC: Mn = 1700 g mol‐ϭ, PDI = 1.47) showing the characteristic subdistributions of copolymers.
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