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Abstract

:

The polymer class of poly(2-oxazoline)s currently is under intensive investigation due to the versatile properties that can be tailor-made by the variation and manipulation of the functional groups they bear. In particular their utilization in the biomedic(in)al field is the subject of numerous studies. Given the mechanism of the cationic ring-opening polymerization, a plethora of synthetic strategies exists for the preparation of poly(2-oxazoline)s with dedicated functionality patterns, comprising among others the functionalization by telechelic end-groups, the incorporation of substituted monomers into (co)poly(2-oxazoline)s, and polymeranalogous reactions. This review summarizes the current state-of-the-art of poly(2-oxazoline) preparation and showcases prominent examples of poly(2-oxazoline)-based materials, which are retraced to the desktop-planned synthetic strategy and the variability of their properties for dedicated applications.
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1. Introduction


Since their discovery in 1966 [1,2,3,4], the class of poly(2-oxazoline)s has received great interest due to its versatility in enabling the preparation of materials with tailor-made properties. The materials are currently receiving on-going interest in particular as potential biomaterials, also benefiting from the introduction of microwave reactors dedicatedly designed for chemical syntheses in polymer chemists’ and material scientists’ laboratories [5].



One huge advantage of the cationic ring-opening polymerization of 2-oxazoline monomers (Scheme 1) arises from the fact that they can be performed in a manner that side-reactions such as the termination of chain growth and/or chain-coupling are suppressed (because of the control of this type of polymerization, it has been described as living or quasi-living polymerization). Concomitant with first-order kinetics of the monomer consumption, the polymers with narrow molar mass distributions, pave the way for the synthesis of block copoly(2-oxazoline)s and other copolymers containing blocks of poly(2-oxazoline)s, and enable the synthesis of telechelic and semitelechelic poly(2-oxazoline)s due to dedicated (and quantitative) termination of the polymerization. Notably, also the initiation of the polymerization is highly regioselective and can only occur at the nitrogen atom of a 2-oxazoline monomer, but not at the oxygen atom [6]. In particular potential usage in mammalian bodies and/or sanitary applications greatly benefits from the control of the cationic ring-opening polymerization CROP and the regioselective initiation. The hydrolysis of poly(2-oxazoline)s yields poly(ethylene imine)s (Scheme 1), which opens a whole new area of synthetic strategies for (polymeranalogous) polymer modification, even further expanding the “toolbox” of chemical findings for fine-tuning the poly(2-oxazoline)-based materials with numerous potential applications in the biomedical sector [7,8,9].
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Scheme 1. Reaction scheme for the methyl tosylate-initiated cationic ring-opening polymerization CROP of 2-oxazolines for the example of the block copolymerization of 2-methyl-2-oxazoline and 2-ethyl-2-oxazoline, yielding the diblock copolymer poly(2-methyl-2-oxazoline)-block-poly(2-ethyl-2-oxazoline) after termination with water (top). Poly(2-oxzoline)s can be subjected to acid-mediated partial hydrolysis [shown for the example of poly(2-ethyl-2-oxazoline)], yielding the random copolymer poly(2-ethyl-2-oxazoline)-stat-poly(ethylene imine) (bottom) and paving the way to further polymeranalogous reactions. 
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This review aims to summarize the state-of-the-art of “poly(2-oxazoline) synthesis” and in particular to correlate the targeted properties of the poly(2-oxazoline)s and the materials derived from that class of polymers with the strategies required for their synthesis. The most recent developments published in the last ten years have been focused on during the compilation of this review; crosslinked poly(2-oxazoline)s, which were reviewed in a recent publication, have been omitted from this compilation [10]. While this review focuses on the synthesis of poly(2-oxazoline)s and copoly(2-oxazoline)s as well as the derived materials, the properties of the polymers and materials themselves will be discussed only for dedicated examples, and the reader interested in more and/or more general details is referred to recent reviews in that area [11,12,13,14,15,16,17,18,19,20].



Based on the accessibility of dedicatedly substituted 2-oxazoline monomers due to the (comparably) easy and straight-forward synthesis (see Section 3.1.2), a vaste number of 2-oxazoline monomers and polymers have been investigated over the last years. The monomers described in this article have been summarized in Table 1. Notably, while there is still no commonly designed acronym to use for 2-oxazolines, they have been defined consistently throughout this review such that they meet the (XX)AA=Ox(YY) notation, according to which AA (or AA=) specifies the substituent in 2-position of the 2-oxazoline ring (= and ≡ are indicative of C–C double and triple bonds of the AA substituent), XX specifies the substitution pattern of the AA substituent, and YY specifies the substitution pattern of the 2-oxazoline ring in its 4- and/or 5-position. In this sense, (Cl-Ph)cBuOx is a 2-cyclo-butyl-2-oxazoline, in which the cyclobutane unit carries a chlorophenyl substituent: 2-[1′-(4′′-chlorophenyl)-cyclo-butyl]-2-oxazoline. The term “ethylene imine” and the corresponding acronym EI are used only for hydrolyzed poly(2-oxazoline)s with the [–NH–CH2–CH2–] repeating unit (Scheme 1).
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Table 1. Overview of the 2-oxazoline monomers described in this review. Acronyms are defined such that they meet the style (XX)AA=Ox(YY), according to which AA or AA=, respectively, specifies the substituent in 2-position of the 2-oxazoline ring (= and ≡ are indicative of C–C double and triple bonds of the AA substituent), XX specifies the substitution pattern of the AA substituent, and YY specifies the substitution pattern of the 2-oxazoline ring in its 4- and/or 5-position.
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Methyl-based Substituents
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MeOx

2-methyl-2-oxazoline
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(F3)MeOx

2-trifluoromethyl-2-oxazoline
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(MeS)MeOx

2-(methyl-thio)-methyl-2-oxazoline




	
Ethyl-based Substituents
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EtOx

2-ethyl-2-oxazoline
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(BuO)EtOx

2-(2′-butoxy)ethyl-2-oxazoline
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(Carb)EtOx

2-(carbazolyl)ethyl-2-oxazoline
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(F3/MeO/Ph)EtOx

2-(2′,2′,2′-trifluoro-1′-methoxy-1′-phenyl)ethyl-2-oxazoline
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Et≡PhOx(Bn)

(S)-4-benzyl-2-(ethynyl-phenyl)-2-oxazoline
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(Gal-S)EtOx

2-[2-(2′′,3′′,4′′,6′′-tetra-hydroxyl-β-d-galactopyrano-sylthio)ethyl]-2-oxazoline




	
 [image: Polymers 05 00956 i010]

(5OAc∙Gal-S)EtOx

2-[2-(2′′,3′′,4′′,6′′-tetra-O-acetyl-β-d-galactopyrano-sylthio)ethyl]-2-oxazoline
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(SH)EtOx

2-2′-mercaptoethyl-2-oxazoline
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(SBz)EtOx

2-[2′-(4′′-methoxy-benzyl)thio]ethyl-2-oxazoline
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(Py)EtOx

2-(2′-N-pyrrolidonylethyl)-2-oxazoline

	




	
Propyl-based Substituents
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nPrOx

2-n-propyl-2-oxazoline
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cPrOx

2-cyclo-propyl-2-oxazoline
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iPrOx

2-iso-propyl-2-oxazoline
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iPr=Ox

2-iso-prop-2′-enyl-2-oxazoline
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(OH)iPrOx

2-(2′-hydroxy-iso-propyl)-2-oxazoline
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(OH)nPrOx

2-(3′-hydroxy-n-propyl)-2-oxazoline
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(OSiMe2tBu)iPrOx

2-[(tert-butyl-dimethyl-silyl-oxy)-1-methyl-ethyl]-2-oxazoline
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(ester)nPrOx

2-(2′-methoxycarbonyl-ethyl)-2-oxazoline
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(MeO-EO1)nPrOx

2-(3′-methoxymonoethylene-glycol)-n-propyl-2-oxazoline
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(MeO-EO3)nPrOx

2-(3′-methoxytriethylene-glycol)-n-propyl-2-oxazoline
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(DiOxal)nPrOx

2-[3-(1,3)-dioxolan-2-yl-n-propyl]-2-oxazoline
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(CHO)nPrOx

2-(4-oxobutyl)-2-oxazoline




	
Butyl-based Substituents
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iBuOx

2-iso-butyl-2-oxazoline
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nBuOx(Et)

2-n-butyl-4-ethyl-2-oxazoline
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nBu≡Ox

2-n-but-3′-inyl-2-oxazoline
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tBuOx

2-tert-2-butyl-2-oxazoline
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(Cl-Ph)cBuOx

2-[1′-(4′′-chlorophenyl)-cyclo-butyl]-2-oxazoline
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(imid2PdI2)nBuOx

2-(4′-Bis(1′′,3′′-dimethyl-imidazoline-2-ylidene)-palladium(II) diiodide)-2-butyl-2-oxazoline
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(COOH)nBuOx

5-(2-oxazoline-2-yl)-pentanoic acid

	




	
Pentyl-based Substituents
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nPeOx

2-n-pentyl-2-oxazoline
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nPe≡Ox

2-n-pent-4′-enyl-2-oxazoline
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(bipy)nPeOx

2-(5′-(4′′-methyl-[2,2′-bipyridin]-4-yl)-n-pentyl)-2-oxazoline
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(Et)nPeOx

2-1′-ethyl-n-pentyl-2-oxazoline
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(NH2)nPeOx

2-5′-amino-n-pentyl-2-oxazoline
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(NHBoc)nPeOx

Boc-protected 2-5′-amino-n-pentyl-2-oxazoline
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(OH)nPeOx

2-5′-hydroxyl-n-pentyl-2-oxazoline

	




	
Hexyl-based Substitutents
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nHxOx

2-n-hexyl-2-oxazoline
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(bipy)nHxOx

2-(6′-(4′′-methyl-[2,2'-bipyridin]-4-yl)-n-hexyl)-2-oxazoline
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(9F)nHxOx:

2-(1′H,1′H,2′H,2′H)-perfluoro-n-hexyl-2-oxazoline
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(imid2PdI2)nHxOx

2-(4′-bis(1′′,3′′-dimethyl-imidazoline-2-ylidene)-palladium(II) diiodide)-2-n-hexyl-2-oxazoline

	




	
Heptyl-based Substitutents
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nHpOx

2-n-heptyl-2-oxazoline
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(bipy)nHpOx

2-(7′-(4′′-methyl-[2,2′-bipyridin]-4-yl)-n-heptyl)-2-oxazoline
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(Et)HpOx

2-(3′-ethyl-n-heptyl)-2-oxazoline
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(MeMe)nHp= =Ox

2′,6′-dimethylhepta-1′,5′-dienyl-2-oxazoline

	




	
Octyl-based Substitutents
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nOctOx

2-n-octyl-2-oxazoline
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(bipy)nOctOx

2-(5′-(4′′-methyl-[2,2′-bipyridin]-4-yl)-n-octyl)-2-oxazoline
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(imid2PdI2)nOctOx

2-(4′-Bis(1′′,3′′-dimethyl-imidazoline-2-ylidene)-palladium(II) diiodide)-2-n-octyl-2-oxazoline




	
Nonyl-based Substitutents
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nNonOx

2-n-nonyl-2-oxazoline

	




	
Decyl-based Substitutents
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nDecOx

2-n-decyl-2-oxazoline
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(Gal-S)nDecOx

2-[2-(2′′,3′′,4′′,6′′-tetra-hydroxyl-β-d-galacto-pyranosylthio) decenyl]-2-oxazoline
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(5OAc∙Gal-S)nDecOx

2-[2-(2′′,3′′,4′′,6′′-tetra-O-acetyl-β-d-galacto-pyranosylthio) decenyl]-2-oxazoline




	
Decyl-based Substitutents




	
 [image: Polymers 05 00956 i055]

nDec=Ox

2-n-dec-9′-enyl-2-oxazoline

	




	
Undecyl-based Substitutents
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 nUndOx

2-n-undecyl-2-oxazoline

	




	
Phenyl-based Substitutents
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PhOx

2-phenyl-2-oxazoline

	
 [image: Polymers 05 00956 i058]

(tBu)PhOx

2-4′-tert-butyl-2-phenyl-2-oxazoline
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(2F)PhOx

2-2′,6′-difluorphenyl-2-oxazoline
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(F3CS)PhOx

2-[4′-(trifluoromethyl)-thio]phenyl-2-oxazoline
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(2I)PhOx(Bz)

(S)-2-(3′,5′-diiodophenyl)-4-benzyl-2-oxazoline
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(2I)PhOx(Ph)

(S)-2-(3′,5′-diiodophenyl)-4-phenyl-2-oxazoline




	
 [image: Polymers 05 00956 i063]

(NH2)PhOx

2-4′-aminophenyl-2-oxazoline
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1,3-PhOxOx

2,2′-(1,3-phenylene)-bis(2-oxazoline)
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1,4-PhOxOx

2,2′-(1,4-phenylene)-bis(2-oxazoline)
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PhOx(iPr)

(S)-4-iso-propyl-2-phenyl-2-oxazoline
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PhOx(Et)

(R)-4-ethyl-2-phenyl-2-oxazoline
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PhOx(Ph)

(R)-2,4-diphenyl-2-oxazoline
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(OH)PhOx

o/m/p-(2-oxazoline-2-yl)-phenol
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(OBn)2PhOx

2-(3,5-bis(benzyloxy)phenyl)-2-oxazoline
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(thiophen)PhOx(Et)

(R)-4-ethyl-2-(4-(thiophen-3-yl)phenyl)-2-oxazoline




	
Benzyl-based Substitutents
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BzOx

2-benzyl-2-oxazoline
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(CF3)BzOx

2-(4′-trifluoromethyl)benzyl-2-oxazoline

	




	
Others
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FurOx

2-furan-2′-yl-2-oxazoline
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Soy= =Ox

2-heptadeca-9,13-dien-1-yl-2-oxazoline
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2,6-PyOxOx

2,2′-(2,6-pyridylene)-bis(2-oxazoline)
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OxOx

2,2′-bis-2-oxazoline

	









This review has been divided into three parts according to the initiators/terminating agents available (unconventional initiators, initiators and terminating agents with targeted properties, macroinitiators for the synthesis of linear (co-)poly(2-oxazoline)s, macroinitiators: grafting of brush- and comblike structures, and macroinitiators: star-shape geometries), the poly(2-oxazoline)s reported over the last ten years [homopoly(2-oxazoline)s and homopolymers with pending 2-oxazoline groups, block copoly(2-oxazoline)s), and polymeranalogous reactions of poly(2-oxazoline)s (excluding and including partial hydrolysis). The term “polymeranalogous reactions” is used for reactions altering the side-chain functionalities; reports of the usage of semitelechelic and telechelic poly(2-oxazoline)s as macroinitiators have been summarized in the “initiator” section.




2. Initiators and Terminating Agents


2.1. Unconventional Initiators


Compounds capable of delivering strongly electrophilic, almost carbocationic species are the most commonly used initiators for the CROP of 2-oxazolines. Schubert and co-workers prepared a library of 128 homopolymers of the composition pMeOx, pEtOx, pPhOx, and pnNonOx and ranged the reactivity of four different initiators for the corresponding CROP reactions, namely benzyl bromide, methyl triflate, methyl tosylate, and methyl iodide [21]. In terms of polymerization rates, the initiators that delivered methyl cations during the initiation were ranked methyl triflate > methyl tosylate > methyl iodide.



2.1.1. Metal Cations as Initiators


The CROP of MeOx and PhOx initiated by metallocene complexes such as bis(η5-cyclopentadienyl)dimethyl zirconium cp2ZrMe2 and bis(η5-tert-butyl-cyclopentadienyl)dimethyl hafnium (tBu-cp)2HfMe2 was reported for the first time by Pitsikalis et al. [22]. Poly(2-oxazoline)s with narrow molar mass distributions were obtained after quantitative monomer consumption. The PhOx monomer showed lower polymerization rates than its MeOx congener; side-reactions like termination and/or chain transfer reactions were reported to occur. Kricheldorf and co-workers polymerized MeOx and EtOx using bismuth salts such as BiCl3, BiBr3, BiI3, and Bi(OTf)3 [23]. The authors revealed that the formation of cyclic oligomers was not observed, but nonetheless chain-transfer reactions limited the chain-growth of the poly(2-oxazoline)s.




2.1.2. Iodine-Based Initiators


In addition to well-described methyl iodide and benzyl iodide initiators, also acetyl iodine (amongst other acetyl halides) has been described as initiator for the CROP of 2-oxazolines by Schubert et al. [24]. pEtOx with low Mw/Mn values (according to SEC) were obtained. Lapinte and co-workers investigated the applicability of molecular iodine as an initiator for the polymerization of MeOx [25]. They reported an ionic-type mechanism for the polymerization in acetonitrile, involving the dissociation of molecular iodine to the active initiating species. Volet and co-workers prepared amphiphilic poly(iso-butylvinyl ether)-block-pMeOx block copolymers using the hydrogen iodide/iodine system for the initiation of the cationic polymerizations [26]. These block copolymers formed micelles, and their adsorption behavior onto porous silica particles was investigated using different solvents showing that nonselective solvents (dichloromethane) lead to higher adsorption.




2.1.3. Advanced Organic Initiators


The anionic polymerization technique was the method of choice for Dumas et al. to prepare poly(ethylene oxide) and poly(tert-butyl methacrylate), induced via the carbanion derived from the reaction of MeOx with nBuLi or LDA [27]. Notably, (OH)nPrOx derived from the reaction of deprotonated MeOx with ethylene oxide was found to be a dedicated initiator for the polymerization of ε-caprolactone. Starting from various tert-butyldiphenylsilyl monoprotected diols, Jordan et al. synthesized the corresponding triflates as initiators for the CROP of EtOx [28]. The polymers, which were end-capped with various cyclic amines, showed monomodal, narrow molar mass distributions. Easy cleavage of the protective groups revealed intact (lipo)polymer structures. Methacryloyl chloride, was employed as initiator for the CROP of EtOx or in polymeranalogous reactions (with OH end groups) after termination of the CROP of EtOx, respectively, in order to yield methacrylate- or methacrylamide-functionalized pEtOx [29]. Termination with methacryloyl chloride was performed in-situ or after the polymerization and “intermediate quenching” with alkaline aqueous solutions. Thomas et al. studied the microstructures of supramolecular-assembled star block copolymers consisting of six arms of pEtOx-block-pnUndOx with an iron tris(bipyridine) center [30]. For the CROP, iron(II)-tris[4,4′-bis(chloromethyl)-2,2′-bipyridine] was used as initiator after exchange of the chlorine atoms by iodine. A cylindrical pEtOx conformation was observed.





2.2. Initiators and Terminating Agents with Targeted Properties


2.2.1. Functionalization of Poly(2-oxazoline)s with Tracers


Statistical copoly(2-oxazoline) nanoparticles were surface-functionalized with fluorescein dyes by Schubert and co-workers [31]. The fluorescein label enabled unambiguous monitoring of cellular uptake of the nanoparticles. Jordan, Essler et al. reported the synthesis of radiolabeled poly(2-oxazoline)s [32]. They used N-tert-butyloxycarbonylpiperazine as terminating agent; after removal of the Boc protection group, the end-group was reacted with 2-(4-iso-thiocyanatobenzyl)-N,N′,N′′,N′′′-tetraazacyclododecane-1,4,7,10-tetraacetic acid yielding a poly(2-oxazoline) bearing the DOTA structural motif capable of complexing, e.g., 111indium. The polymers were found to not accumulate in body tissues, and only a minimal uptake into the reticuloendothelial system was observed.




2.2.2. Functionalization of Poly(2-oxazoline)s with Hydrophobic/Hydrophilic End-Groups


Winnik et al. reported the self-assembly of n-octadecyl end-modified piPrOx samples at the air/water interface [33]. The stability of their interfacial assemblies correlated with the molar mass of the polymer in a reciprocal way. It was also found that the telechelic (n-octadecyl group on both termini) rather than the semitelechelic (n-octadecyl group on one chain-end) piPrOx and higher temperature (36 °C instead of 14 °C) stabilized the interfacial assembly. The poly(2-oxazoline)s were prepared using n-octadecyl-4-chlorobenzenesulfonate as initiator and methanolic KOH or n-octadecyl isocyanate, respectively, as terminating agent [34]. Volet and co-workers used the “initiator method” to prepare monoalkyl-terminated pMeOx and pEtOx using long-chain alkyl iodides as initiator [35,36,37,38]. The authors investigated the aggregation behavior of those amphiphilic poly(2-oxazoline)s in aqueous media. Due to preferred supramolecular assembly of the semitelechelic poly(2-oxazoline)s with β-cyclodextrin, the addition of β-cyclodextrin resulted in dissociation of the aggregates. Analogously, pMeOx addition to silica nanoparticles that were shielded by cyclodextrin resulted in the formation of a second surrounding layer. Notably, Yan and co-workers synthesized pMeOx using benzyl bromide as initiator and formed complexes with cyclodextrin [39]. Yan and co-workers showed a crystalline inclusion complex formation using γ-cyclodextrin, but none with α- or β-cyclodextrin due to a geometric hindrance of the methyl side-groups of pMeOx that, according to molecular modeling, were too voluminous for α- or β-cyclodextrin. In order to fine-tune the LCST of piPrOx, not only the initiator and/or termination method by various reactants but also the sequential block copolymerization with MeOx was investigated by Jordan et al. [40]. Telechelic groups like methyl, n-nonyl, piperidine, piperazine, oligo(ethylene glycol) and oligoMeOx were used. In contrast to lipophilic reactants (which decreased the LCST), hydrophilic end-groups increased the LCST.




2.2.3. Telechelic Poly(2-oxazoline)s as Antimicrobially Active Compounds


Aguiar-Ricardo et al. synthesized semitelechelic pMeOx, pEtOx, and pPhOx that were end-functionalized with various amines (and subjected some congeners to acid-mediated hydrolysis, yielding pEI hydrochloride) [41]. The obtained oligomers exhibited antimicrobial activity due to the quarternary ammonium groups. pMeOx and pTMBO [poly(tetramethylene-bis-2-oxazoline)] that were end-capped with N,N-dimethyl-n-dodecylamine showed high antimicrobial activity, whereas linear pEI hydrochloride displayed the lowest minimal inhibitory concentration values, but higher activity against Staphylococcus aureus and Escherichia coli. Tiller and Waschinski initiated the CROP of MeOx and EtOx with the initiator 3-[(tert-butoxycarbonyl)amino]benzyl-p-toluenesulfonate and terminated the polymerizations with tertiary amines exhibiting one long alkyl chain (dimethyl-n-dodecylamine and dimethyl-n-hexadecylamine, respectively) [42]. In antimicrobial tests, the authors revealed that the satellite groups of the polymers had great influence on the bioactivity, which was verified with the example of the bacterium Staphylococcus aureus. Tiller et al. also investigated pMeOx with N,N-dimethyl-n-dodecyl-ammonium end-groups and different “satellite” groups such as methyl, n-decyl, n-hexadecyl in terms of their biocidal behavior (groups at the distal end of the polymer are referred to as “satellite” groups) [43]. They found that there are differences in the interactions between the polymer and the phospholipid membrane due to different affinities of the polymer to the membrane. Tiller et al. proposed that not only the polymers’ good adhesion to the membrane, but also their incorporation played important roles in the overall mechanism of biocidal activity. In case of the hexadecyl satellite group, the penetration of the DDA(N,N-dimethyldodecylammonium) functionality is prevented. Tiller et al. examined the great influence of the satellite groups on the antimicrobial activity of poly(2-oxazoline)s in an expanded study [44](Scheme 2). pMeOx, pEtOx, and the corresponding block copolymers with pPhOx with varying satellite groups and a dimethyl-n-dodecylammonium end-group were synthesized and their antibacterial activities against Staphylococcus aureus and Escherichia coli were examined. Tiller et al. postulated that the satellite groups induced destabilization of the bacterial membranes.




2.2.4. Functionalization of Poly(2-oxazoline)s with Non-Olefinic Reactive End-Groups


Schubert et al. reported the semitelechelic functionalization of OH-end-capped pEtOx by the reaction with 4′-chloro-2,2′:6′,2′′-terpyridine [45]. This type of end-functionalized chelating macromolecule was described as a key candidate for the preparation of metallo-supramolecular polymers via metallo-terpyridine complexation. Mero et al. terminated the CROP of EtOx with methyl 3-mercaptoproprionate and subsequently reacted the semitelechelic pEtOx with 3-amino-1,2-propanediol or alkylamines, yielding aldehyde or amine end-capped poly(2-oxazoline)s [46]. Both, N-terminal reductive amination as well as transglutaminase-mediated glutamine conjugation were used as coupling techniques for granulocyte colony stimulating factors. The thus-conjugated pharmaceutical protein maintained its biological activity. Tadpole-shaped pMeOx was synthesized by Ogoshi and Nakamoto et al. employing the CROP of MeOx using 2-(6-bromo-n-hexyloxy)-3,6,7,10,11-pentahexyloxytriphenylene as initiator [47]. In solution, the tadpole-shaped pMeOx formed crooked nanowires. Guis et al. investigated pMeOx-block-poly(propylene glycol)-block-pMeOx triblock copolymers as possible alternative to poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) compounds especially for the use in in vivo muscle gene transfer and found that the DNA transfection efficacy could be increased using these compounds [48]. For the synthesis, Guis et al. used ditosylated poly(propylene glycol) macroinitiators to initiate the CROP of MeOx. Meier and Stoenescu prepared poly(ethylene oxide)-block-poly(dimethyl siloxane)-block-pMeOx triblock polymers [49]. Therefore, poly(ethylene oxide) monomethyl ether was converted into the corresponding alcoholate anion and as such used for the initiation of the anionic ring-opening polymerization of octamethyltetracyclosiloxane with methacryloyloxypropyl-dimethylchlorosilane as terminating agent. After reduction of the ester end-group of the poly(ethylene oxide) block, the CROP of MeOx was carried out. These triblock copolymers aggregated to vesicles with asymmetric membranes in water.
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Scheme 2. Structural formula of telechelic pMeOx exhibiting antimicrobial activity (for details, see reference [44]). 
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2.2.5. Functionalization of Poly(2-oxazoline)s with End-Groups Containing Unsaturated C–C Bonds


Acetylene functionalized pMeOx, pEtOx, pPhOx, and pnNonOx was prepared by Hoogenboom, Schubert et al. using propargyl toluene-4-sulfonate or 3-butynyl toluene-4-sulfonate as initiators [50]. These homo poly(2-oxazoline)s were used for click-reactions applied onto azide-terminated silicon substrates using microwave irradiation [51]. Vuluga et al. used p-chloromethyl-styrene as initiator to prepare pEtOx bearing a styryl end-group in bulk and solution [52]. Higher conversion and molar mass, nonetheless, were achieved using the solution technique. Volet and co-workers prepared telechelic and semitelechelic pMeOx by initiating the CROP of MeOx with monofunctional iodomethane or bisfunctional 1,3-diiodopropane and terminating it with sodium azide [53]. The Huisgen’s cycloaddition with various alkynes yielded the corresponding triazole mono- or bis-terminated pMeOx. Poly(2-hexylthiophene)s, prepared by Stefan et al. using Grignard metathesis (GRIM) and (multi-step) termination with a triflate group, were used as macroinitiators for the CROP of EtOx [54]. Copolymers with 5, 15, and 30 mol % pEtOx displayed nanofibrills with inverse density behavior, meaning that the lowest pEtOx content showed the highest density of nanofibrills. The same correlation behavior was shown in the field-effect mobilities. The lowest pEtOx content displayed the highest field-effect mobility, which was ascribed to the insulating properties of the pEtOx block. Barner-Kowollik, Hoogenboom, Schubert, and co-workers reported the synthesis of cyclopentadienyl end-functionalized pEtOx using sodium cyclopentadienide for the termination of the CROP [55], followed by Diels-Alder reactions between the terminal cyclopentadienyl group and N-substituted maleimides. Employing this one-pot synthetic strategy, they prepared pEtOx-block-poly(ethylene glycol) block copolymers using maleimide terminated poly(ethylene glycol).




2.2.6. Telechelic Poly(2-oxazoline)s for Biological Applications


Jordan et al. prepared lipopolymers by using 2,3-di-O-octadecyl-1-trifluormethanesulfonyl-sn-glycerol as initiator for the CROP of (Py)EtOx, (MeO-EO1)nPrOx, and (MeO-EO3)nPrOx [56] (Scheme 3). The influence of the side-chain functionalities in terms of 2D-gel formation was investigated. This novel type of lipopolymers did not exhibit rheological transitions, and Jordan et al. correspondingly claimed jammed surface micelles to be responsible for the gelation. Hoogenboom, Veronese et al. compared pEtOx conjugates with low molar mass biomolecules such as trypsin with their poly(ethylene glycol) analogues, in order to prove if pEtOx is a suitable alternative polymer for poly(ethylene glycol) [57]. They converted the OH end-group of semitelechelic pEtOx to a carboxylic acid end-group (reaction with potassium tert-butoxide, addition of tert-butyl bromoacetate, and deprotection of the acid), subsequent activation with N-hydroxysuccinimide, and the reaction with amino groups of proteins, yielding their covalent linkage by amide bonds. For both systems, the poly(ethylene glycol)- as well as the pEtOx-based one, similar results were obtained in terms of preserving the enzymatic activity, increasing the drug hydrodynamic volume and being protein-repellant.
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Scheme 3. Structural formula of telechelic (MeO-EO1)nPrOx mimicking a lipopolymer structure (for details, see reference [56]). 
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Kabanov et al. conjugated pMeOx and pMeOx-block-pnBuOx via amide bonds to horseradish peroxidase with different linkers [58]. The synthetic routine comprised end-capping of the poly(2-oxazoline)s with piperazine, reaction of its remaining secondary amine with either di-succinimidyl proprionate or dithiobis(succinimidyl proprionate), and the reaction of amine groups of horseradish peroxidase with the succinimide-activated carboxylic acid at the poly(2-oxazoline)s’ end-groups. The conjugates correspondingly consisted of one to two polymer chains per enzyme and retained 70%–90% of the enzymatic activity. Notably, usage of dithiobis(succinimidyl proprionate) introduced a redox-labile disulfide linker into the conjugates. Tiller et al. reported on the conjugation of the proteins hen-egg white lysozyme, RNase A, and α-chymotrypsin with pEtOx with the aim to render the enzymes organosoluble while retaining their activity [59]. The synthesis was accomplished by terminating the CROP of EtOx with ethylene diamine and subsequent reaction with pyromellitic acid dianhydride as bifunctional reagent for the coupling between the amino groups of the proteins and pEtOx. Tiller et al. reported a two-step termination strategy for the CROP of MeOx and EtOx, comprising the reaction with ethylene diamine and (subsequently) with pyromellitic acid dianhydride [59]. The semitelechelic poly(2-oxazoline) could be coupled to enzymes by the reaction of the second anhydride group of the former pyromellitic acid “di”anhydride, rendering the polymer enzyme conjugates organosoluble while the enzymes were retaining their activity. Ulijn et al. coupled alkyne-functionalized piPrOx (obtained from the CROP of iPrOx using propargyl toluene-4-sulfonate as initiator) with azide functionalized Fmoc-pY (obtained from the reaction of Fmoc-pY with 11-azido-3,6,9-trioxaundecan-1-amine) by click-reactions using CuSO4 as catalyst and ascorbic acid as reducing agent [60]. These polymer “bio”conjugates displayed double responsiveness, on the one hand to temperature changes (piPrOx) and on the other to phosphatases present (phosphategroup-carrying Fmoc-pY).





2.3. Macroinitiators for the Synthesis of Linear (co-) Poly(2-oxazoline)s and Usage of End-Functionalized Poly(2-oxazoline)s as Macroinitiators


2.3.1. Poly(2-oxazoline)-co-poly(ε-caprolactone)s


Hwang, Hsiue et al. used hydroxyl end-capped pEtOx (from the CROP of EtOx and end-capping with water) as macroinitiator to synthesize the amphiphilic diblock copolymer pEtOx-block-poly(ε-caprolactone) [61]. To yield a thermosensitive triblock copolymer of the composition pEtOx-block-poly(ε-caprolactone)-block-pEtOx, the diblock copolymers were coupled with hexamethylene diisocyanate. In aqueous solution, the triblock polymer formed a hydrogel, which was used as an intraocular carrier for the antibody bevacizumab. Tarvainen et al. prepared poly(ε-caprolactone)-block-poly(2-oxazoline) copolymers via a linking reaction of carboxyl-terminated poly(ε-caprolactone) prepolymers and OxOx [62]. Copolymers loaded with various compounds were evaluated regarding degradation and erosion in phosphate buffer solution; films of the copolymer showed faster degradation, while erosion could not be detected for both types of films (polymer and copolymer). Both types of microparticles released low molar mass drugs similarly fast, while fluorescein isothiocyanate was released faster from copolymer particles. OxOx-linked poly(ε-caprolactone) copolymers were synthesized by Pulkkinen et al. [63]. The in-vitro erosion of films of these compounds was investigated, and lipase was found to be mainly responsible for that process, which can be controlled by the length of the poly(ε-caprolactone) blocks. In another study, Tarvainen et al. produced injection molded bars and films using the same type of polymers and copolymers [64]. The performance of the films and bars in simulated gastric fluid and simulated intestinal fluid was investigated. Simulated gastric fluid had no influence on the films or bars, while pancreatin-containing simulated intestinal fluid led to an elevated weight loss of the copolymer preparations. Jeong and co-workers synthesized pEtOx-block-poly(ε-caprolactone) that formed micelles in aqueous environment [65]. During loading of these micelles with paclitaxel, a positive correlation of the loading efficacy and the content of the hydrophobic block was observed.




2.3.2. Poly(2-oxazoline)-co-poly(lactid)s


Liu and co-workers reported that coupling of a similar type of semitelechelic diblock copolymer, namely OH-endcapped pEtOx-block-poly(lactic acid), with adipoyl chloride as a coupling agent yielded pEtOx-block-poly(lactic acid)-block-pEtOx triblock copolymers that showed temperature-dependent sol-gel-sol transition in water and possessed low cytotoxicity and good biocompatibility [66]. Similarly, Tarvainen and co-workers used OxOx for the coupling of two equivalents of poly(lactic acid), yielding poly(ester amide) copolymers that showed faster hydrolytic degradation for drug release compared to poly(lactic acid) homopolymers [67] (Scheme 4). Hsiue et al. reported on doxorubicin-loaded pEtOx-block-poly(l-lactide) diblock copolymer-based micelles with a diameter of around 170 nm [68]. The copolymer was synthesized using OH-end-capped pEtOx as macroinitiator for the tin octanoate-catalyzed ring-opening polymerization of l-lactide. Doxorubicin was released pH-dependent. Hsiue and Wang synthesized poly(l-lactic acid)-block-pEtOx-block-poly(l-lactic acid) triblock copolymers according to a synthetic strategy involving a telechelic pEtOx macroinitiator that was obtained by initiating the CROP of EtOx with bisfunctional 1,4-dibromo-2-butene [69] (Scheme 5). Subsequently, the OH-groups of the pEtOx macroinitiator initiated the tin octanoate-catalyzed polymerization of l-lactide. These pH- and thermo-sensitive triblock copolymers were claimed to be good candidates for drug delivery applications, since Hsiue and Wang expect anionic drugs to have an extended release time because of binding to the poly(l-lactic acid)-block-pEtOx-block-poly(l-lactic acid) micelles. Micelles of those triblock copolymers that were loaded with doxorubicin showed in in-vitro tests that inhibition of the compound release occurred at pH 7.4, with a faster release under acidic conditions [70].
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Scheme 4. Scheme of the reaction of a carboxylic acid-end-capped telechelic (bio)polyester with OxOx. 
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Scheme 5. Reaction scheme for the synthesis of poly(l-lactic acid)-block-pEtOx-block-poly(l-lactic acid) triblock copolymers from telechelic pEtOx macroinitiators, derived from the CROP of EtOx initiated with bisfunctional 1,4-dibromo-2-butene (for details, see reference [69]). 
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2.3.3. Copoly(2-oxazoline)-co-poly(amino acid)s


Using N-[2-(p-toluenesulfonyloxy)ethyl]phthalimide as initiator, Scholz et al. prepared semitelechelic linear pMeOx that could be reacted with hydrazine in order to yield ω-amino-α-hydroxy-pMeOx that carried a primary amino end-group [71]. This macroinitiator was used for the polymerization of N-carboxyanhydride protected amino acids, yielding amphiphilic diblock copolymers of the composition pMeOx-block-pAA that self-assembled in aqueous solutions.



Kuo and co-workers reported the Mitsunobu reaction of OH-end-capped pEtOx, yielding phthalimide-end-capped pEtOx [72], that subsequently could be reacted with hydrazine monohydrate for the preparation of primary amine-end-capped pEtOx. Using this macroinitiator, N-carboxyanhydride derivatives of amino acids could be polymerized, yielding amphiphilic diblock copolymers such as pEtOx-block-poly(γ-benzyl-l-glutamate) (Scheme 6). Responsive to the solvent, the diblock copolymers self-assembled into various aggregates. Another way of preparing amino-end-capped piPrOx was reported by Schlaad et al. [73], namely the usage of 4-(N-Boc-amino)-piperidine as terminating agent and subsequent cleavage of the protection group by trifluoroacetic acid. The thermoresponsive diblock copolymer piPrOx-block-poly(l-glutamate) was obtained using amino-end-capped piPrOx as macroinitiator for the polymerization of the N-carboxyanhydride derivative of γ-benzyl l-glutamate and subsequent alkaline cleavage of the protection group.
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Scheme 6. Synthesis of the diblock copolymer piPrOx-block-poly(L-glutamate) involving amine-functionalized piPrOx macroinitiators and N-carboxyanhydride protected l-glutamic acid (for details, see reference [73]). 
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Winnik et al. used N-[2-(p-toluenesulfonyloxy)-ethyl]phthalimide as initiator for the CROP of EtOx and subsequent reaction with hydrazine for the synthesis of primary amine-end-capped pEtOx [74]. The polymeranalogous reaction with polymeric hyaluronic acid (HA) yielded a diblock copolymer of the composition pEtOx-block-HA as potential candidates for drug delivery. Hsiue and co-workers used amino-pEtOx (obtained from quenching the CROP of EtOx with ammonia) as macroinitiator for the synthesis of the block copolymer pEtOx-block-poly(aspartic acid) [75]; aspartic acid was used as N-carboxyanhydride protected amino acid during the polymerization. Amphotericin B could be encapsulated into the polyion complex micelles while a clear core-shell structure was formed.




2.3.4. Other Copolymers Containing Blocks of Copoly(2-oxazoline)s


Poly(3-hydroxyalkanoate)s pHAs bearing an alkyne end-group (from the reaction of bacterially-produced pHA with propargyl alcohol) were reacted in a Huisgen cycloaddition click-reaction with azido-semitelechelic pMeOx to yield pHA-block diblock copolymers soluble in water by Langlois and co-workers [76]. Telechelic linear poly(arylene ether sulfone)s (pSFs) that were functionalized by tosylate groups were used as bivalent macroinitiators for the CROP of EtOx yielding amphiphilic pEtOx-block-pSF-block-pEtOx triblock copolymers [77]. Subsequently, the triblock copolymers were partially hydrolyzed to yield polyelectrolytes of the composition (pEtOx-co-pEI)-block-pSF-block-(pEtOx-co-pEI); due to increased polarity, water uptake at room temperature increased. Theogarajan et al. obtained ABA triblock copolymers employing the azide-alkyne cycloaddition reactions catalyzed via copper nanoparticles [78]. The amphiphilic triblock polymer based on an alkyne-terminated pMeOx A-block and a telechelic azide-terminated polysiloxane B-block displayed self-aggregation into vesicles. Halacheva and co-workers synthesized comblike linear pEI/linear pEtOx graft copolymers by terminating the CROP of EtOx with linear pEI. These copolymers were shown to yield comblike linear pEI/linear pEI homopolymers upon hydrolysis [79]. The pEI-comb-pEtOx particles featured bimodal distributions; polymers with low grafting densities formed elongated aggregates, whereas high grafting densities induced the formation of spherical core-shell structures. Fradet and co-workers coupled carboxyl-terminated polyamide-12 or carboxyl-terminated poly(butane-1,4-diyl adipate) with several aromatic bis(2-oxazoline)s, namely 1,3-PhOxOx, 1,4-PhOxOx, and 2,6-PyOxOx, yielding AB-type condensation copolymers [80]. Notably, no side-reactions were detected; 2,6-PyOxOx exhibited the highest reactivity.




2.3.5. Covalent Attachment to/Supramolecular Assembly with Cyclodextrins and other Cavitands


Supramolecular (thermoresponsive) diblock copolymers composed of two water-soluble polymers were obtained by Voit et al. from β-cyclodextrin-functionalized poly(N-isopropylacrylamide) and adamantine-end-capped pMeOx (Scheme 7) [81]. The telechelic pMeOx was synthesized using adamantan-1-ylmethyl 4-(bromomethyl)-benzoate as initiator and 2-(iso-propylamino)ethanol as terminating agent. The diblock copolymers formed by self-assembly in aqueous solution. The double hydrophilic block assembly showed thermoresponsive behavior with heat-induced hydrophilic-hydrophobic switching. Azido-semitelechelic pEtOx was coupled to a (former octaol) alkyne-functionalized “deep-cavity cavitand” using azide-alkyne click-coupling by Grayson et al. [82]. The resulting macromolecular cavitand exhibited tuneable solubility, while its ability to encapsulate guest molecules was maintained.
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Scheme 7. Diblock copolymers formed by the supramolecular assembly of β-cyclodextrin-functionalized poly(N-isopropylacrylamide) and adamantine-end-capped pMeOx (for details, see reference [81]). 
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2.3.6. Combination of CROP and Controlled-Radical Polymerizations


An alkoxyamine-functionalized pMeOx macroinitiator was synthesized via the CROP of MeOx using N-{1-[4-(chloromethyl)phenyl]ethoxy}-N-tert-butyl-2-methyl-1-phenylpropane-1-amine as initiator by Ibrahim and Voit [83]. This macroinitiator could be successfully employed in the subsequent nitroxide-mediated polymerization of styrene, yielding pEtOx-block-polystyrenes with well-defined molar mass. Schubert and co-workers described the employment of α-bromoisobutyrylbromide as initiator for the CROP of EtOx, yielding pEtOx macroinitiators for the synthesis of pEtOx-block-polystyrene diblock copolymers from subsequent copper-mediated ATR polymerizations [84]. The amphiphilic diblock copolymer formed micelles in solution. Becer, Schubert and co-workers managed to combine both, CROP and RAFT techniques, for the synthesis of various diblock copolymers of the composition poly(2-oxazoline)-block-poly(vinylic monomer)s [85,86]; the monomers employed were MeOx, EtOx and nNonOx on the one hand, and styrene, methyl methacrylate, tert-butyl acrylate, acrylic acid, N,N-dimethyl acrylamide, and N,N-dimethylaminoethylacrylate on the other. The diblock copolymer synthesis was realized as two-step routine with intermediate end-capping of the pEtOx-2-ethyl-2-oxazolinium cation with 2-(butylthiocarbonothioylthio)propanoic acid. Usage of the end-capping reagents 2,2,5-trimethyl-3-[1-(4′-chloromethyl)-phenylethoxy)-4-phenyl-3-azahexane, its corresponding iodine derivative, and 2,2,5-trimethyl-3-(1′-p-aminomethylphenylethoxy)-4-phenyl-3-azahexane after the CROP of MeOx was reported by Marx, Volet and Amiel [87]. Semitelechelic pMeOx was subsequently used as macroinitiator for the RAFT polymerization of styrene. Vuluga et al. used methylvinyldichlorosilane as bifunctional initiator for the CROP of EtOx, yielding pEtOx bearing a center-vinyl group [88]. This macromer was used in free-radical dispersion copolymerizations with styrene, yielding monodisperse microspheres. The CROP of EtOx using α-bromoisobutyryl bromide and 2-bromopropionyl bromide, respectively, as initiators and subsequent use of telechelic pEtOx as macroinitiator for the single electron transfer living radical polymerization (SET-LRP) of methyl acrylate, ethylene glycol methyl ether acrylate and 2-(dimethylamino)ethyl methacrylate was described by Becer and coworkers [89]. Due to pronouncedly low initiator efficiency, the block copolymers exhibited high molar masses.





2.4. Grafting of Brush- and Comblike Structures


2.4.1. Grafting from Pending 2-oxazoline Units


A substituted 2-aminoalcohol, namely 2-amino-2-ethyl-1,3-propanediol, was reacted with the nitrile groups of poly(acrylonitrile)s by Schmidt-Naake et al., yielding 2-oxazoline moieties attached to the polyolefin backbone [90]. The modified poly(acrylonitrile) particle surfaces were subsequently reacted with methyl triflate in order to graft pEtOx on those surfaces. Schmidt-Naake and Cabrera functionalized the nitrile groups of polystyrene-co-poly(acrylonitrile) and poly(butadiene)-co-poly(acrylonitrile) to oxazoline groups by the reaction with 1,3-aminoethylpropanediol [91]. The as-functionalized copolymers were reacted with methyl triflate and acted as macroinitiators for the CROP grafting of EtOx and PhOx. Jordan and co-workers used the living anionic nBuLi-initiated polymerization of iPr=Ox to prepare linear polyolefin chains with pending oxazoline moieties (Scheme 8) [92]. After the reaction with methyl triflate, these polyelectrolytes were used as macroinitiators for the CROP of iPrOx or nPrOx, yielding thermoresponsive molecular brushes with defined cloud points. Kinetic investigations of the grafting step showed that there was no correlation between the polymerization rate and the number of initiator functions per initiator molecule. Jordan and co-workers showed that the olefinic side-chains of iPr=Ox can be polymerized by either the free-radical or anionic polymerization technique, yielding polyolefins with pending un-reacted 2-oxazoline moieties [93]. Hence, this 2-oxazoline monomer enables the synthesis of brush-shaped polymers in a straight-forward manner due to its two orthogonal reaction sites. Goh and co-workers modified poly(styrene-co-acrylonitrile) with 2-aminoethanol in order to convert the cyano groups (partly) into 2-oxazoline groups [94]. Subsequently, acid-functionalized multiwalled carbon nanotubes were grafted onto the polymer by the reaction of the 2-oxazolines with the carboxylic acid groups. Jerca and co-workers performed the free-radical copolymerization of iPr=Ox and methyl methacrylate; the copolymer’s pending 2-oxazoline groups were subsequently reacted with carboxylic acid-functionalized dyes, yielding polymers with tuneable fluorescent properties [95]. The homo- and random copolymerization of iPr=Ox (and methyl methacrylate or N-iso-propylacrylamide) via RAFT polymerization was investigated by Becer and co-workers [96]. The copolymers exhibited thermoresponsive properties in aqueous solution and phosphate buffered saline at elevated temperatures. The pending 2-oxazoline moieties could be reacted in ring-opening fashion with thiols and carboxylic acids such as thiophenol, benzoic acid and 4-azidobenzoic acid.




2.4.2. Grafting from Surfaces


The synthesis of tailored poly(2-oxazoline) polymer brushes on glassy carbon was described by Jordan et al. [97], describing the end-functionalization of the grafted-from pEtOx chains by sterically demanding molecules such as rhodamine B isothiocyanate. Pompe, Jordan and co-workers successfully applied the synthetic routine to 3-aminopropyltrimethoxysilane-modified substrates, onto which iPr=Ox was polymerized via self-initiated photografting and photopolymerization involving the double bonds of iPr=Ox exclusively, yielding polymer chains covalently attached to modified silicon substrates (Scheme 8) [98]. Subsequently, after initiation by methyl triflate, the CROP of different 2-oxazolines was performed. Those poly(2-oxazoline)s were grafted from the surface-bound macroinitiators in order to build bottle-brush architectures. The chemical composition and architecture of these types of brushes was correlated with the adsorption and adhesion of proteins. Garrido, Jordan et al. prepared structured poly(2-oxazoline) bottle-brush brushes also on nanocrystalline diamond (NCD) surfaces, where covalent attachment during photografting was observed to the oxidized NCD areas selectively [99]. After the reaction with methyl triflate, the thus-generated macroinitiators started by the CROP of EtOx or CarbOx, bottle-brush brushes containing hole-conducting moieties such as carbazole units were described as potential amperometric biosensing systems. Kim, Lim, and co-workers grafted MeOx from SiO2/SiOH-based tips after its precedent surface reaction with a bromoalkyl-substituted trichlorosilane (Figure 1) [100]. The tip surface had pore sizes from 30–100 nm and correspondingly could absorb large-molecular-weight (bio-)molecules, capable of fast protein nanostructure generation during dip-pen nanolithography. The suspension copolymerization of methyl methacrylate, 2-bromoethyl methacrylate, and ethylene glycol dimethacrylate yielded crosslinked microspheres, the surfaces of which bore bromoalkyl groups [101]. MeOx was grafted onto the microspheres’ surfaces, covalently binding the pMeOx chains.
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Scheme 8. Performance of the living anionic nBuLi-initiated polymerization of iPr=Ox and subsequent graft polymerization of 2-oxazolines from the pending oxazoline moieties (top; for details, see reference [92]). Grafting of poly(2-oxazoline)s from dedicatedly equipped silicon surfaces (for details, see reference [98]). 
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Figure 1. SEM images of a SiO2/SiOH-based tip before (left) and after (right) grafting of pMeOx on the surface (for details, see reference [100]). 






Figure 1. SEM images of a SiO2/SiOH-based tip before (left) and after (right) grafting of pMeOx on the surface (for details, see reference [100]).



[image: Polymers 05 00956 g001]






2.4.3. Grafting from Heteropolymer Side-Chains


Yuan, Schlaad and co-workers reported that commercially available 1,2-poly(butadiene) could be quantitatively brominated and used as macroinitiator for the CROP of EtOx, yielding polymer brushes composed of a polyolefinic backbone with grafted pEtOx side-chains [102]. Voit et al. prepared thermo-sensitive graft copolymers based on poly(N-isopropyl-acrylamide)-co-poly(chloromethyl styrene) as the backbone, onto which MeOx and EtOx were grafted as chains of random or block copoly(2-oxazoline)s [103]. The CROP of 2-oxazolines was initiated by the benzyl chloride groups of the backbone copolymer. Phase transition could be altered not only via side-chain composition or structure, but also by hydrolysis of the methyl ester groups and subsequent carboxylic acid functionalization. Tailoring of the polymer properties was also reported to be feasible by the parameters macroinitiator and hydrophilic/hydrophobic segments [104]. An increasing quantity of chloromethylstyrene in the backbone lowered the LCST, while an increasing content of pMeOx or pEtOx (relative to the backbone) raised the transition temperature. Voit et al. employed the random copolymer composed of N-isopropylacrylamide and chloromethylstyrene, which they used as macroinitiator for the graft polymerization of (ester)nPrOx (the chloromethylstyrene units acted as initiators after dissociation of the chloride anions) [105]. In solution, core-shell nanogels with micellar shape and reproducible thermo- and pH-dependent swelling behavior formed, which could be stabilized by electron-beam crosslinking. Grafting of pEtOx from the copolymer composed of N-isopropylacrylamide and chloromethylstyrene yielded thermoresponsive nanogels (in solution) that responded with volume changes to temperature changes [106].




2.4.4. Grafting-onto Polymers


Monge et al. functionalised polymer brushes by grafting alkyne-end-capped pMeOx chains onto poly(α-azido-ε-caprolactone-co-ε-caprolactone) [107]. The Huisgen cycloaddition click-reaction was mediated by CuSO4·5H2O (0.1 equiv) and sodium ascorbate; the corresponding pMeOx chains were prepared from the CROP of MeOx using propargyl tosylate as initiator. The graft copolymers formed micelles in water and were considered as potential drug carriers. Preceded by correlating the LCST with the poly(methacrylic acid) content of copolymers prepared by grafting pEtOx onto linear poly(methacrylic acid) [108], Hoogenboom, Schubert and co-workers described a convenient procedure to synthesize graft copolymers composed of poly(methacrylic acid) as backbone with side-chains consisting of pEtOx. Two different methods were used [109]: (i) the macroinitiator method (end-capping of pEtOx-2-ethyl-2-oxazolinium with methacrylic acid, recovery, and subsequent RAFT copolymerization with methacrylic acid) as well as (ii) the grafting-onto method (RAFT polymerization of methacrylic acid and grafting of OH-functionalized pEtOx by reaction with carboxylic acids). Hence, both strategies combined CRO and RAFT polymerizations, but differed in the synthetic orders. Konradi et al. also prepared several poly(l-lysine)-graft-pMeOx comb copolymers with different grafting densities by reacting hydroxyl-terminated pMeOx with bisfunctional glutaric anhydride and subsequent grafting onto poly(l-lysine) by the unreacted carboxylic group of glutaric anhydride [110]. Linear poly(methacrylic acid) was reacted with OH-end-capped pEtOx to form graft copolymers (linkage by ester bonds) [111]. Covalently attached pEtOx enhanced intramolecular complexation at low ionization levels and led to elevated poly(methacrylic acid) expansion at high ionization. Zheng and Li prepared poly(ethylene imine)-graft-poly(ethylene oxide) copolymers from the Michael addition polymerization of acryl-terminated poly(ethylene oxide) methyl ether and poly(ethylene imine) [112]. The poly(ethylene oxide) side-chains of the semicrystalline copolymers showed inclusion complexation with α-cyclodextrin.




2.4.5. Grafting onto Surfaces


Textor and co-workers prepared poly(l-lysine)-graft-pMeOx copolymers by attaching carboxyl-terminated pMeOx copolymers to poly(l-lysine) polymers using EDC/sulfo-NHS-assisted coupling [113]. This graft copolymer was used to form surface platforms on Nb2O5 [114] to investigate the adhesion mechanism of Escherichia coli and in particular the influence of fimbriae expression. Expressing type 1 fimbriae bacteria adhered due to van der Waals forces and hydrophobic interactions. Only films with a grafting density of pMeOx of 0.33 (highest density with a surface potential close to zero) were able to inhibit the adhesion of bacteria. Stamm, Agrawal and co-workers synthesized p(ester)nPrOx-block-piPrOX block copolymers that were grafted (after alkaline deprotection of the carboxylic acids of the first block) onto poly(glycidyl methacrylate)-coated silicon wafers [115]. The chemical reaction between the carboxylic acid groups and the epoxy units of the poly(glycidyl methacrylate) layer provided chemical attachment of the poly(2-oxazoline)s on the silicon wafers in brush-like conformation. These brushes could be used to stabilize inorganic nanoparticles on their surfaces. Jordan, Tanaka and co-workers synthesized pMeOx and pEtOx with trimethoxysilane groups on their chain-ends and subsequently grafted them onto silicon/silicon dioxide substrates [116]. Characterization of these films was carried out by ellipsometry. Carboxyl-functionalized block copoly(2-oxazoline)s were synthesized by Agrawal, Stamm and co-workers after alkaline cleavage of the carboxylic acid protection groups of p(nPr-ester)Ox4-block-piPrOx100 [115]. These copoly(2-oxazoline)s were subsequently grafted onto poly(glycidyl methacrylate) spincoated on a silicon substrate. Covalent attachment was verified by contact-angle measurements; inorganic nanoparticles were stabilized on these macroscopic surfaces.





2.5. Star-Shaped Polymers Obtained from Using Macroinitiators


2.5.1. Multifunctional Tosylate and Triflate Initiators


Jordan et al. investigated the polymerization rates of the CROP of MeOx initiated by pluritriflates, namely by methyl triflate as well as its higher homologues bis-, tris-, and tetrakistriflate [117]. Unlike in other multivalent initiators, the functional groups of this type of multifunctional initiator proved to be of comparable reactivity, and the polymerization rate correlated linearly with the number of functional groups. Hence, this class of initiators enables the rational design of star-shaped poly(2-oxazoline)s. The preparation of well-defined polymer architectures using CROP of 2-oxazolines was the aim of Hoogenboom, Schubert et al. (Scheme 9) [118]. They synthesized various multifunctional tosylates of dendritic shape by esterification of alcohols with tosyl chloride. The alcohols investigated in their study comprised 1,4-butanediol, pentaerythritol, dipentaerythritol, and 5,10,15,20-tetrakis(4-hydroxy-phenyl)porphyrin. In the group of tetra- or hexavalent initiators, the best results were achieved using the porphyrin-cored tetra-tosylate initiator, whereas tetra- and hexa-tosylates lead to slow initiation and ill-defined polymers. Dworak and co-workers used dipentaerythrityl hexakis (4-nitrobenzenesulfonate) and tosylated hyperbranched polymers of glycidol (the latter with 13 initiating groups) as initiators for the CROP of EtOx [119]. The monomer consumption in the range 0–70% followed first-order kinetics [initiator: dipentaerythrityl hexakis (4-nitrobenzenesulfonate)]. The prepared star-shaped polymers were spherical and thermosensitive.




2.5.2. Star-Shaped Poly(2-oxazoline) Structures Comprising Cyclodextrins


Adeli and co-workers reported on the synthesis and characterization of multiarm star copolymers consisting of a β-cyclodextrin core with pEtOx arms [120]. β-Cyclodextrin was reacted with iodine and triphenyl phosphine (substitution of the primary OH groups by iodine) in order to yield a heptavalent cyclodextrin macroinitiator that initiated the CROP of EtOx. End-capping with aniline or diethanolamine yielded 1st generation dendrimers that, using diethanolamine as capping agent, could be used for the synthesis of higher generation dendrimers. The polymers with aniline or diethanolamine end-groups formed supramolecular dendritic aggregates in aqueous solutions. Host-guest interactions were investigated and proved the ability to incorporate small molecules on the head of the arms or form inclusion complexes. In another study, star copolymers with a poly(ethylene glycol) core and pEtOx arms bearing hydroxyl or aromatic end-groups were prepared [121]. Telechelic OH-end-capped poly(ethylene glycol) was reacted with cyanuric chloride and subsequently used as a tetravalent initiator. The CROP of EtOx was terminated with diethanolamine or O-methoxyaniline. Adeli et al. used a tosylated β-cyclodextrin, which bore two types of functional groups (hydroxyl and tosylate groups), to prepare amphiphilic block copolymers with star-shape geometry. First, the hydroxyl groups served as initiator for the ROP of lactide, and second, the tosyl groups served as initiator for CROP of EtOx [122]. Model compounds such as Congo red could be (reversibly) loaded into the copolymers.
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Scheme 9. Structural formulae of a hexatosylate initiator and the corresponding star-shaped pEtOx (for details, see reference [118]). 






Scheme 9. Structural formulae of a hexatosylate initiator and the corresponding star-shaped pEtOx (for details, see reference [118]).



[image: Polymers 05 00956 g010]






2.5.3. Further Multifunctional Initiators


Schubert and Heller reported that terpyridine-based supramolecular initiators of the composition bis(5,5′′-bis(bromomethyl)-2,2′:6′,2′′-terpyridine and bis-4′-(4-bromomethylphenyl)-2,2′:6′,2′′-terpyridine can be applied as four- and bisvalent initiators for the CROP of EtOx [123]. Fraser et al. synthesized a Ruthenium(II) tris(bipyridine)-centered pEI for gene delivery by using [Ru{bpy(CH2Cl)2}3]2+ as 3 × 2 = hexafunctional initiator for the CROP of EtOx (catalyst activation by heterolytic dissocation of the chloride anions) and subsequently hydrolyzing the pEtOx [124]. Schubert, Hoogenboom et al. reported the reaction of pEtOx-2-ethyl-2-oxazolinium cations with 1st and 2nd generation propylene imine dendrimers (four and eight primary amines, respectively), yielding star-shaped pEtOx (Scheme 10) [125]. The reaction rate of end-capping decreased with increasing pEtOx-2-ethyl-2-oxazolinium chain lengths and increasing dendrimer generation. In addition to tadpole-shaped pMeOx (see above), Ogoshi and Nakamoto et al. also reported six-arm star-shaped pMeOx with a triphenylene core [47], which was synthesized using 2,3,6,7,10,11-hexa(6-bromohexyloxy)triphenylene as initiator. In aqueous solution, the star-shaped pMeOx formed straight columnar stacks. Eight-arm dendrimers of pMeOx were prepared using a macroinitiator derived from the reaction of the phenolic groups of calix[4]rescorcinarene with 3-bromo-propanoic acid chloride [126]. Notably, in order to prepare multifunctional hyperbranched thioxanthone photoinitiators, Yin, Jiang and Wen modified hyperbranched pEI with 2-(2,3-epoxypropyloxy) thioxanthone and poly(ethylene glycol) monoethyl ether glycidyl ether [127]. These photoinitiators were soluble in water and showed high potential for preparing coatings, inks and photo-curing hydrogels.
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Scheme 10. Reaction scheme for the usage of 2nd generation propylene imine dendrimers as terminating agents during the CROP of EtOx (for details, see reference [125]). 
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2.5.4. Hyperstar Polymers and Second Generation Star Geometries


Voit et al. prepared dendrimers starting from benzene-1,3,5-triol that was reacted with (OBn)2PhOx, yielding the first generation dendrimer [128]. Removal of the benzyl protecting groups by hydrogenation (Pd/C) enabled the recovery of OH functionalities, which were subsequently reacted (again) with (OBn)2PhOx in order to yield aliphatic-aromatic poly(ether amide) dendrimers. Hyperstar polymers, the name of which refers to the usage of a hyperbranched core as macroinitiator, were reported by Voit et al. [129]. Hyperbranched poly(vinylbenzylchloride) could be successfully employed as initiator for the CROP of EtOx and iPrOx; (OSiMe2tBu)iPrOx was incorporated into the hyperstars in order to reproducibly fine-tune the amount of OH groups per poly(2-oxazoline) arm by trifluoroacetic acid-mediated cleavage. The hyperbranched poly(vinylbenzylchloride)-graft-[pEtOx-block-p(OH)iPrOx] particles are potential crosslinking agents in epoxy resins.






3. Synthesis of Poly(2-oxazoline)-Based Homo- and Copolymers


3.1. Homopoly(2-oxazoline)s and Homopolymers with Pending 2-Oxazoline Groups


3.1.1. Unconventional Solvents for the Performance of the CROP of 2-oxazolines


Notably, Schubert and colleagues verified that the microwave-assisted CROP of PhOx and (2F)PhOx can be performed in water-soluble ionic liquids [130]. As additional advantage, this polymerization medium was found to exhibit a more efficient heating profile and a green approach for hydrophobic polymer synthesis. Aguiar-Ricardo and co-workers polymerized MeOx, EtOx, and PhOx in supercritical CO2, employing BF3 etherate as initiator [131]. The polymers displayed CO2 insertion (10%–25%) in segments of polymer chains, giving rise to a polymer with a carboxylate end-group.




3.1.2. Synthesis of Monomers and the Corresponding Poly(2-oxazoline)s


Schubert and co-workers screened the synthesis of 2-oxazolines from nitriles with 2-aminoethanol (Scheme 11), yielding 2-substituted-2-oxazolines in order to optimize the reaction conditions [132]. The best results were achieved using chlorobenzene as solvent and zinc acetate as catalyst. Furthermore, the optimized conditions also confirmed the feasibility in larger-scale syntheses. This study comprised the successful syntheses of the monomers (MeS)MeOx, nUndOx, (MeMe)nHp= =Ox, nHpOx, nOctOx, (tBu)PhOx, (Cl-Ph)cBuOx, (F3/MeO/Ph)EtOx, iBuOx, iPr=Ox, (CF3)BzOx, (F3CS)PhOx, FurOx, tBuOx, MeOx, and (3F)MeOx. The CROP of several of these 2-oxazoline monomers (yielding homopolymers) was described in a later publication [133]. An 8-membered library of poly(2-n-alkyl-2-oxazoline)s, comprising pMeOx, pEtOx, pnPrOx, pnBuOx, pnPeOx, pnHxOx, pnHpOx, and pnNonOx was prepared by Schubert et al. [134]. The thermal and mechanical properties of these homopolymers could be correlated with the present phases in the material. While the E moduli decreased linearly with an increasing number of carbon-atoms in the side-chain of amorphous polymers, semicrystalline polymers by contrast do not display any correlation between the E modulus and the length of the side-chain. Schubert, Hoogenboom and co-workers also reported on the solubility transitions in ethanol-water binary mixtures for a series of homopoly(2-oxazoline)s, comprising the eight congeners of the just-above mentioned study as well as piPrOx, piBuOx, pnOctOx, pPhOx, and pBzOx [135]. As expected, the solubility of the polymers correlated with the length of the side-chain. Side-chains with more than three carbon atoms only dissolved during the first heating run, which was correlated to the melting transition of the polymers. Grayson et al. described the employment of thiol-ene click-functionalized iPr=Ox monomers in CROP, yielding poly(2-oxazoline)s with aryl, ester, protected amine, and protected carboxylic acid side-chain functionalities [136]. After deprotection of the amine and carboxylic acid functionalities, respectively, poly(2-oxazoline)s with properties interesting for biological applications were obtained. 2-Oxazoline monomers bearing S-galactosyl substituents, namely (5OAc∙Gal-S)EtOx and (5OAc∙Gal-S)nDecOx, were synthesized by Takasu et al. [137]. Subsequent homo- and statistical copolymerization, the latter with MeOx and BzOx, yielded (co-)poly(2-oxazoline)s with narrow molar mass distributions if 2-methyl-2-oxazolinium triflate was used as initiator. Deprotection could be performed quantitatively yielding polymers and copolymers containing p(Gal-S)EtOx and p(Gal-S)nDecOx units; the binding constants for the RCA120 lectin with the polymer were higher by a factor of 100 compared with that of the monosaccharide.
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Scheme 11. Three common strategies for the synthesis of 2-oxazoline monomers: from nitriles according to Witte and Seeliger (top), from carboxylic acids and esters according to the Henkel patent (middle), and the three-step synthesis from carboxylic acids involving activation by N-hydroxysuccinimide. 
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3.1.3. LCST, UCST, and Glass-Transition Temperature of Homo Poly(2-oxazoline)s in Solution


Winnik et al. prepared aqueous solutions of various piPrOx to investigate the effects of temperature [138]: The transition temperature correlated with the molar mass and was higher in H2O than in D2O, which are opposite observations to those made with aqueous solutions of poly(N-isopropylacrylamide). Katsumoto, Winnik et al. found that piPrOx undergoes irreversible crystallization and phase separation after extended heat treatment in aqueous solution [139]. This observation was referred to as gradual dehydration of the amide bonds in the temperature range from room temperature to the cloud point. Irreversible conformational transitions of the polymer backbone upon prolonged exposure to elevated temperatures facilitated the crystallization by a nucleation/growth mechanism in the polymer-rich phase, similar to the crystallization of proteins from solution. Demirel, Schlaad et al. reported that piPrOX, mimicking a thermoresponsive pseudopeptides, crystallized into nanoribbons in aqueous solution above its LCST as a result of hydrophobic and dipolar interactions [140]. Solvation was found to be especially important in lowering the kinetic barriers in the crystallization process, similar to the self-organization of polypeptides and proteins.



Polymerization rate acceleration was reported by Hoogenboom, Schubert and co-workers during the CROP of cPrOx and referred to the electron withdrawing effect of the three-membered ring [141]. Compared to semicrystalline piPrOx, pcPrOx is amorphous like pnPrOx, but has a slightly higher cloud point (CP). Furthermore, by end-capping pcPrOx with methacrylic acid, a macromonomer for subsequent RAFT polymerizations could be synthesized. Hoogenboom, Schubert and co-workers reported the synthesis of (Et)nHpOx and its subsequent homo- and copolymerization (the latter with EtOx) [142]. Characterization of the random copolymers composed of (Et)nHpOx and -EtOx displayed a linear correlation between the glass-transition temperature and the content of p(Et)nHpOx, due to the lower packing density of the flexible branched side-chains. Notably, p(Et)nHpOx was reported to be the amorphous poly(2-oxazoline) with the lowest glass-transition temperature. Schlaad and co-workers reported the crystallization of piBuOx and pnNonOx in ethanol-water solutions at room temperature with annealing below the upper critical solution temperature [143]. Parameters influencing the crystallization behavior were temperature, polymer concentration and solvent composition. Like piPrOx, also piBuOx and pnNonOx show self-assembly in solution, and the corresponding structures were induced by crystallization. Hoogenboom, Schubert et al. synthesized a library of random pEtOx-stat-nPrOx copolymers that differed in composition and chain length [144]. They found that the cloud points of the copolymers decreased not only with increasing chain length, but also with increasing content of pnPrOx. Furthermore, the thermal transitions of copolymers with cloud points of approx. 34 °C showed no hysteresis or concentration dependence, making them superior to poly(N-isopropylacrylamide). Hruby et al. synthesized pMeOx-block-(piPrOx-stat-pnBuOx)-block-MeOx block copolymers of the ABA type with hydrophilic A blocks and a thermoresponsive B block [145]. These copoly(2-oxazoline)s showed water solubility below the cloud point temperature of block B. At higher temperatures, micelles formed, the size of which depended on the A to B block weight ratio. Employing thiol-ene reactions, a phenolic moiety was introduced to enable radionucleide labeling for usage in solid tumor diagnostics. In a later study, these investigations were expanded to piPrOx-stat-pnBuOx, which molecularly dissolved below the cloud point temperature in water and were incorporated into micellar nanoparticles of Pluronic F127 after increasing the solution temperature beyond their transition temperature [146]. Furthermore, copolymerizations with nBu=Ox enabled subsequent covalent attachment of 2-(4-hydroxyphenyl)acetic acid (by thiol-ene reactions) and radionuclide labeling with iodine-125 of the aromatic moiety. Hoogenboom et al. investigated the effect of Hofmeister salts on the lower critical solution temperature of linear pEtOx, pnPrOx, piPrOx, and poly(methacrylate)-graft-pEtOx [147]. It was shown that the response to the addition of Hofmeister salts depended significantly on the (degree of) hydrophilicity of the polymers, but hardly on their architecture.




3.1.4. Optical Rotation of Polymers with Pending 2-Oxazolinyl Substituents


Onimura et al. synthesized optically active Et≡PhOx(Bn) monomers and polymerized them using a rhodium catalyst, yielding a polyacetylene with pending 2-oxazoline groups [148]. Induced by the chiral 2-oxazoline groups in the side-chains, the polymers showed higher-order structure with predominantly one-handed screw (helical) sense. In another study, Onimura et al. used the palladium- and copper-catalyzed Sonogashira-Hagihara coupling polymerization to copolymerize optically active (2I)PhOx(Ph) or (2I)PhOx(Bz) with 1,4- or 1,3-diethynylbenzene [149]. Investigation of the optical properties revealed the formation of higher-order structures such as helices. The monomers N-[o-(4-phenyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]methacrylamide, N-[o-(4-iso-propyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]methacrylamide, and N-[o-(4-iso-propyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl]-methacrylamide were synthesized and subsequently (radically) polymerized. Jiang et al. revealed the impact of the pending 2-oxazoline rings on the polymerization process and the optical properties of the polymers, suggesting the formation of higher-order polymer structures [150]. Jiang et al. prepared optically active polymers via nBuLi-initiated anionic polymerization of N-phenylmaleimides bearing 2-oxazolinyl substituents, namely PhOx(Et), PhOx(iPr), and PhOx(Ph) (Scheme 12) [151]. The polymers exhibited optical rotation that was referred not only to the optically active 2-oxazolinyl substituents, but also to the polymers’ partial helical structures (excess of threo-diisotactic configuration in the main chain). Jiang et al. synthesized block copolymers of poly(ethylene glycol) and poly(maleimide) carrying the optically active 2-oxazolinyl substituent PhOx(Ph) [152]. Copolymers with long blocks of poly(ethylene glycol) formed regular spherical micelles; the copolymers with short blocks of poly(ethylene glycol) formed larger-size aggregates. The variation in chiroptical properties correlated with the aggregated state of the block copolymers. Yashima et al. found pronounced differences in the CD and absorption spectra of a chiral regioregular polythiophene bearing the optically active 2-phenyl-5-ethyl-2-oxazolinyl substituent [153]. Upon addition of poor solvents to the polymer solutions, self-assembling of the polymer to chiral, supramolecular structures occured. Yashima et al. investigated the aggregation behavior of a regioregular optically active polythiophene, namely poly{(R)-3-[4-(4-ethyl-2-oxazolin-2-yl)-phenyl]thiophene} with several metal salts like copper(I), copper(II), silver(I), zinc(II), and iron(II) perchlorate [154]. They stated that these polymers possessed a split-type induced circular dichroism due to the chirality of the main chain with the pending optically active 2-oxazolinyl substituents.




3.1.5. Optical Rotation of Poly(2-oxazoline)s


Schubert, Hoogenboom and co-workers investigated the connection between the crystalline structure and the formation of ordered chiral structures in the semicrystalline polymers p(R)-nBuOx(Et), p(S)-nBuOx(Et) and p(RS)-nBuOx(Et) (Scheme 12) [155]. The polymers derived from enantiopure monomers exhibited double melting peaks in DSC measurements and were argued to recrystallize during melting from a disordered chiral structure into a more perfect chiral structure. By contrast, the racemic polymer was found to be amorphous. Schubert, Hoogenboom and co-workers also copolymerized R- or S-nBuOx(Et) and RS-nBuOx(Et) [156]. No chiral amplification, either in solution or the solid state, could be detected for those copoly(2-oxazoline)s. Nonetheless, the optical rotation, solubility and thermal properties of the copolymers could be regulated by the enantiomeric excess.
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Scheme 12. Structural formulae of poly(2-oxazoline)s with chiral carbon atoms in the main chain: p(R)-nBuOx(Et), p(S)-nBuOx(Et) and p(RS)-nBuOx(Et) (top; for details, see reference [155]). Anionic polymerization of maleimides bearing optically active 2-oxazoline substituents (bottom; for details, see reference [151]). 
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3.2. Block Copoly(2-oxazoline)s


The usage of microwave-assisted polymerizations for the synthesis of well defined block copoly(2-oxazoline)s (Scheme 13) has been described by Schubert et al. extensively for the monomers MeOx, EtOx, PhOx, and nNonOx. Preceded by a study of homopolymerizations [157], research examples comprise a 16-membered library of four chain-extended homo- and 12 diblock copoly(2-oxazoline)s [158], as well as the synthesis of the corresponding tri- [159] and tetrablock copoly(2-oxazoline)s [160].
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Scheme 13. Structural formula of amphiphilic pEtOx-block-pNonOx. 
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3.2.1. Block Copoly(2-oxazoline)s Containing a Block of pPhOx


Schubert et al. synthesized a series of gradient pnNonOx-stat-pPhOx copolymers (due to the pronouncedly different reactivity ratios of nNonOx and PhOx) [161]. Regarding the pronouncedly different polymerization rates of alkyl-substituted 2-oxazolines and their aromatic counterparts, Schubert and co-workers studied the kinetics and reactivity ratios of statistical microwave-assisted copolymerizations of PhOx with either MeOx or EtOx [162]. The formation of quasi-diblock copoly(2-oxazoline)s was proven. The mechanical properties of triblock copoly(2-oxazoline)s [163], in particular the elastic moduli, were found to correlate with triblock copolymer composition and chain architecture. In particular the surface energy strongly depended on the presence or absence of pnNonOx blocks due to phase segregation and crystallization on the surface. The investigation of the micellar morphologies in binary water-ethanol mixtures revealed that spherical micelles were obtained in the case when pnNonOx was the only solvophobic block; if pPhOx blocks were additionally present, spherical and cylindrical as well as vesicles were observed [164]. Trzebicka et al. investigated the self-association process of pEtOx-block-pPhOx block copolymers in aqueous media and on surfaces [165]. They revealed the correlation between copolymer composition and aggregation behavior: Highly hydrated particles were formed by copolymers with a (relatively) low amount of the hydrophobic block PhOx, whereas more stable aggregates of spherical micelles were formed by copolymers with longer blocks of PhOx. The micellization behavior of pEtOx-block-pPhOx and pMeOx-block-pPhOx quasi-diblock copolymers was discussed by Gohy and co-workers [166]. (Due to the different reactivity of MeOx/EtOx and PhOx during CROP, the copolymerization yielded quasi-block copolymers.) Micelles of the copolymers formed in spincast solutions due to the evaporation of the solvent; a correlation between the amount of pPhOx and the morphology and size of the micelles could be established. Tiller et al. synthesized amphiphilic pMeOx-block-pPhOx-block-pMeOx triblock copolymers in a two-step process using bisfunctional α,α′-dibromo-p-xylene as initiator and examined their self-assembling behavior [167]. Three coexisting structures (unimolecular micelles, micellar aggregates, form-stable polymersomes with a glassy middle-block) were observed.




3.2.2. Self-Assembly of Diblock Copoly(2-oxazoline)s


Sato et al. found that amphiphilic piPrOx-block-pEtOx formed “star” micelles (core-shell micelles containing a core of hydrophobic piPrOx) in water at 50 °C [168]. Those micelles formed large concentrated phase droplets after further aggregation, and finally droplet coalescence leading to bulk phase separation occurred. On the contrary, at 70 °C, the pEtOx blocks did not coalesce into a liquid bulk phase, since both blocks were sufficiently hydrophobic. Schlaad, Taubert et al. studied the solution behavior of double-hydrophilic poly(ethylene oxide)-block-pMeOx [169]. Pulsed field gradient NMR spectroscopy confirmed the presence of aggregates, despite the block copolymer’s double-hydrophilic character. Hoogenboom, Kjoniksen et al. investigated the aggregation behavior of pEtOx80-block-p(EtOxx-stat-nPrOx40−x) with x = 0, 4, or 8 [170]. Upon heating, the block copolymers exhibit two cloud points. The aggregates formed at the first cloud point restructured and fragmented into smaller micelle-like structures; at even higher temperatures, the block copolymer became double-hydrophobic and formed large compact aggregates. Gohy et al. investigated the micelle formation of various pnNonOx-block-pEtOx copolymers on surfaces during the spincoating process [171]. Due to the evaporation of the solvent ethanol, the less soluble pnNonOx blocks started to precipitate first. Depending on the relative content of the pnNonOx blocks, the size and the morphology of the surface micelles could be varied. Jordan, Papadakis and co-workers investigated the micellar structures of amphiphilic diblock copolymers synthesized by sequential CROP of MeOx as hydrophilic and either nNonOx as hydrophobic or (9F)nHxOx as fluorophilic part [172]. The copoly(2-oxazoline)s formed core/shell micelles in aqueous media. While pMeOx-block-pnNonOx formed spherical micelles, pMeOx-block-p(9F)nHxOx formed elongated assemblies; in water, those micelles coexisted but did not mix. Nuyken and co-workers synthesized a series of pyridine-bearing 2-oxazoline monomers, (bipy)nPeOx, (bipy)nHxOx, (bipy)nHpOx, and (bipy)nOctOx (Scheme 14) [173]. The diblock copolymers composed of a block of pMeOx and a block of the bipyridine-containing 2-oxazoline could be successfully used in ATRP as macroligands. In another study, Nuyken and co-workers synthesized amphiphilic blockcopolymers based on poly(2-oxazoline)s and introduced phosphine ligands by polymeranalogous P-C coupling between aryliodide bearing side-chains and bisaryl phosphine [174]. These micellar catalysts showed high catalytic activity during first experiments. Schubert, Gohy et al. synthesized amphiphilic pEtOx-block-pSoy= =Ox that formed aqueous spherical micelles with a pEtOx corona and a pSoy= =Ox core [175]. The core of the micelles was slightly crosslinked by UV irradiation. When changing the solvent from water to acetone the micelles’ morphology formed short rods similar to rice grains due to the swelling of the crosslinked core. This effect was claimed to be useful for the encapsulation and the release of molecules.




3.2.3. Self-Assembly of Triblock Copoly(2-oxazoline)s


The aggregation behavior of di- and triblock as well as copoly(2-oxazoline)s composed of pMeOx and pnNonOx was investigated by Jordan, Papadakis et al. [176]. They revealed that the architecture of the micelles formed by the copolymers characteristically correlated with their composition. Schubert and co-workers prepared pnNonOx-block-pEtOx block copolymers to provide micelles suitable for the thermoreversible phase transfer between hydrophobic ionic liquids and water [177]. Schubert and co-workers prepared triblock amphihpilic and fluorophilic copolymers of the composition pEtOx-block-p(Et)nPeOx-block-p(2F)PhOx via microwave-assisted polymerizations [178]. Two glass-transistions were detected, indicative of the immiscibility of the two types of blocks in the amphiphilic copoly(2-oxazoline). Kabanov et al. synthesized amphiphilic di- and triblock copolymers of the compositions pEtOx-block-pnBuOx and pMeOx-block-pnBuOx-block-pMeOx [179]. These block copolymers formed micelles in water and were used to solubilize otherwise water-insoluble drugs like Paclitaxel. Excellent drug loading efficacies were observed. Montemagno et al. synthesized amphiphilic pEtOx-block-poly(dimethylsiloxane)-block-pEtOx using telechelic poly(dimethyl-siloxane) as macroinitiator for the CROP of EtOx [180]. In aqueous media, the triblock copolymer formed vesicles with a shell thickness of 4 nm and diameters in the range of 150–250 nm. Weberskirch and co-workers also described a procedure to prepare block copolymers containing blocks of 2-oxazoline derivatives with N-heterocyclic carben/palladium catalysts in the lipophilic segment, involving the monomers (imid2PdI2)nBuOx, (imid2PdI2)nHxOx, and (imid2PdI2)nOctOx, (Scheme 14) [131,181]. Three different as-functionalized monomers, composed of a bis(imidazoline-2-ylidene)palladium(II) diiodide derivative covalently bound to the 2-oxazoline ring by alkyl spacers (n-butyl, n-hexyl, n-octyl), were incorporated into the block copolymers, which displayed self-assembly in aqueous solution and were furthermore used in Heck and Suzuki coupling reactions. Kabanov, Luxenhofer et al. prepared pMeOx-block-pnBuOx-block-pMeOx-based micelles that could be loaded with large amounts of various hydrophobic anticancer agents [182]. These multidrug loaded poly(2-oxazoline) micelles were also found to be more stable compared to single-drug loaded micelles and to exhibit synergistic effects useful against several tumor models.
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Scheme 14. Structural formula of imidazole-functionalized poly(2-oxazoline)s as immobilized catalysts for Heck and Suzuki coupling reactions (top; for details, see reference [181]). Structural formula of bipyridine-functionalized poly(2-oxazoline)s that can be used as macroligands in atom-transfer radical polymerizations (bottom; for details, see reference [172]). 
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4. Polymeranalogous Reactions


4.1. Polymeranalogous Reactions of poly(2-oxazoline)s Excluding (Partial) Hydrolysis


4.1.1. Click-Reactions Involving Olefinic Moieties


Schubert, Hoogenboom and Kempe reported that, due to its double bonds in the side-chains, pnDec=Ox can be crosslinked and as well be modified by thiol-ene reactions with thiols such as n-dodecanethiol or 2,3,4,6-tetra-O-acetyl-1-thio-glucopyranose (Scheme 15) [183]. Nuyken and colleagues prepared random copolymers of the composition p(SH)EtOx-stat-pEtOx from the CROP of (SBz)EtOx and EtOx and subsequent deprotection of the thiol function [184]. The thiol-bearing copolymer was reacted with various ene-bearing molecules as well as with acrylamide- and maleimide-capped semitelechelic pMeOx, yielding graft copolymers. Schubert et al. reported on the microwave-assisted CROP of Soy= =Ox [185]; the monomer could be synthesized from the reaction of ethanol amine with soy bean oil, retaining the double bonds of the unsaturated fatty acid side-chains. Successful UV-induced crosslinking of the polymer was showcased. pEtOx-stat-pnDec=Ox was subjected to photoinduced thiol-ene click-chemistry with 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranose, yielding glucosyl-functionalized copoly(2-oxazoline)s [186]. Hoogenboom, Schubert and co-workers investigated these thermoresponsive copolymers and found a linear correlation between the cloud point temperatures and the content of sugar groups; consequently the cloud points can be tuned as requested. Telechelic pEtOx-stat-pnDec=Ox, end-functionalized with an azide and an anthracene functionality, respectively, in addition enabled for triple post-modification due to the three different orthogonal click-able functional groups: azide alkyne cycloaddition (azide), Diels–Alder cycloaddition (anthracene), and thiol-ene click chemistry (pnDec=Ox) [187]. In this context, the reader’s attention is brought to the work of Böhme and co-workers who synthesized multifunctional coupling agents bearing a 2-oxazoline, an azinone, and an allyl ether group [188]. Investigations using model compounds showed that the oxazoline group reacted selectively with carboxylic groups, while the oxazinone groups reacted selectively with amino groups. These reactions yielding allyloxy-functionalized poly(ester amide)s occurred at different temperatures, and modifications using these multifunctional coupling agents correspondingly could be carried out stepwise. Schlaad et al. synthesized pnBu=Ox homo- and pEtOx-stat-pnBu=Ox copolymers [189]. These polymers were subjected to polymeranalogous thiol-ene click-reactions with mercaptans, yielding diol- perfluoro-n-octanyl-, and glucopyranosyl-functionalized poly(2-oxazoline)s. Schlaad et al. crystallized piPrOx-stat-pnBu=Ox from aqueous solution above its cloud point, yielding thiol-ene functionalizable microspheres for carbohydrate-protein recognition [190]. Photoaddition of carbohydrates to the aggregates’ surfaces was reported for 1-thio-glucose and 1-thio-galactose. Hydrophobic pnNonOx-stat-pnDec=Ox was further functionalized by thiol-ene additions of 2-mercaptoethanol, yielding poly(2-oxazoline)-polyols, by Ronda et al. [191]. By the subsequent reaction with methylene-bis(phenyl-iso-cyanate), amorphous as well as semicrystalline polyurethane networks were obtained. Schlaad et al. generated a toolbox of thermoresponsive polymers with tunable cloud points by using thiol-ene reactions to functionalize piPrOx-stat-pnBu=Ox with various thiols such as 1-thioglycerol, 2-mercaptoethanol, 1-n-octanethiol, 3-mercaptopropionic acid, and 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranose [192]. The relative content and type of functionalities bound to the polymer chain influenced the cloud points; hence, the glucopolymers synthesized were claimed to show potential for life sciences applications.




4.1.2. Click-Reactions Involving Alkines


Schubert and co-workers described the copper-catalyzed alkyne-azide cycloaddition reaction to synthesize a glucose-substituted 2-oxazoline monomer; well-defined copoly(2-oxazoline)s were prepared from the copolymerization thereof with either EtOx or nDec=Ox [193]. Thiol-ene click-reactions were described for the reaction of pnDec=Ox with thiols such as n-dodecanethiol or 3-mercaptopropionic acid. Well-defined hydrophilic homo- and copolymers of the composition pnPe≡Ox, pMeOx-stat-pnPe≡Ox, and pEtOx-stat-pnPe≡Ox were synthesized by Jordan et al. (Scheme 15) [194]. The subsequent copper-catalyzed Huisgen 1,3-dipolar cycloaddition of azides onto the polymers’ alkyne side-chains quantitatively yielded triazoles. Functionalization and simultaneous crosslinking of pnBu≡Ox-block-pEtOx micelles by thiol-yne photochemistry reactions with monofunctional thiols was reported by Schlaad et al. [195]. Simultaneous crosslinking occurred only if the solvent had induced the formation of micelles prior to the application of UV irradiation; if the copolymer was soluble in the solvent (e.g., tetrahydrofuran), thiol-yne reactions/polymeranalogous functionalization could be still observed while crosslinking of the dissolved polymer chains did not take place. Finn et al. reacted alkyne-functionalized poly(2-oxazoline)s of the compositions pMeOx, pEtOx, pMeOx-stat-pnPe≡Ox, and pEtOx-stat-pnPe≡Ox with icosahedral virus-like particles bearing azide-functionalized surfaces [196]. While pMeOx and pEtOx enabled single-point attachment only in the copper-catalyzed reaction, the other two copolymers allowed multiple-point attachment (because of the pnPe≡Ox units) and yielded fully crosslinked core-shell structures of high thermal stability.
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Scheme 15. Reaction scheme for the covalent attachment of 2,3,4,6-tetra-O-acetyl-1-thio-glucopyranose to pDec=Ox by thiol-ene reactions (top; for details, see reference [183]). Reaction scheme of the Huisgen cycloaddition of pMeOx-stat-pnPe≡Ox and small-molecule azides (bottom; for details, see reference [194]). 
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4.1.3. Functional Groups with Protonable Functionalities/Acidic Protons in the Side-Chains


Jordan et al. described a convenient procedure for the synthesis of amino-group bearing copoly(2-oxazoline)s, namely p(NH2)nPeOx-stat-pEtOx that was obtained from the CROP of (NHBoc)nPeOx (and EtOx) and deprotection of the copolymer [197]. The amino groups were subsequently reacted with various isothiocyanates, yielding crosslinked hydrogels in the case of bifunctional isothiocyanates. The copolymerization of EtOx with a non-protected amine, namely (NH2)PhOx, yielded an amino-bearing copolymer with however very high Mw/Mn values in the range from 2 to 4, which was referred to as side-reactions of the free amino group during the polymerization [198]. The copolymers were found to be biocompatible materials suited for the immobilization of bioactive species. Jordan et al. published a one-pot strategy for the synthesis of poly(2-oxazoline)s bearing a protected aldehyde functionalitiy in the side-chain [199]. The protected aldehyde group, a dioxalan, of the copolymer pMeOx-stat-p(DiOxal)nPrOx could be deprotected with trifluoroacetic acid; the aldehyde side-chains of the recovered copolymer pMeOx-stat-p(CHO)nPrOx reacted quantitatively with amino-oxy compounds such as O-benzylhydroxylamine hydrochloride. Analogously, Luston et al. reported the branching side-reactions during the AB polyaddition of (OH)PhOx, which was referred to as the reaction of amide groups (formed during the polyaddition) with unreacted (OH)PhOx monomers [200]. The hydroxyl groups of amphiphilic pMeOx-block-[pnNonOx-stat-p(OH)nPeOx] were reacted with hexafluoroglutaric anhydride and (in a multi-step reaction) attached to a ruthenium-based metathesis polymerization catalyst [173,201]. The metathesis polymerization of diethyl dipropargylmalonate yielded polymers with narrower molar mass distributions if the immobilized catalyst was used (compared to the non-immobilized catalyst). Aiming for the same class of immobilized catalysts, Weberskirch et al. also synthesized pMeOx-block-[pnNonOx-stat-p(COOH)nBuOx], reacted the (COOH)nBuOx units with 2-isopropoxy-5-hydroxystyrene, and bound the modified copolymer to a Grubbs-Hoveyda catalyst [202].




4.1.4. Various Polymeranalogous Reactions


Yan et al. attached pEtOx covalently to silicon wafers and gold slides employing the CH-insertion reaction of photoactivated perfluorophenyl azide to form thin films [203]. The films’ properties regarding protein resistance were investigated using bovine serum albumin and shown to positively correlate with the molar mass. Hoogenboom and co-workers reported the reduction of pMeOx, pEtOx, pPhOx, and pnNonOx by borane/dimethylsulfide [204], yielding alkyl- and benzyl-substituted pEIs. The pEIs exhibited decreased melting and glass-transition temperatures after removal of the carbonyl functional group.





4.2. Polymeranalogous Reactions Preceded by (Partial) Hydrolysis


4.2.1. Toxicity Studies of Poly(2-oxazoline)s and pEIs


As in particular fully and partially hydrolyzed poly(2-oxazoline)s are under intensive investigation for their usage in biomedical applications, the toxicity of congeners of these compound classes is briefly discussed at the beginning of this chapter. Fischer et al. investigated the cytotoxicity and hemocompatibility of poly(ethylene glycol) and pEtOx under standard conditions and concluded that pEtOx presents a promising alternative for poly(ethylene glycol), since pEtOx possesses several advantages such as easier synthesis, low viscosity, and high stability [205]. The cytotoxicity of a library of poly(2-oxazoline) polymers, comprising polymers and copolymers of MeOx, EtOx, nPrOx, iPrOx, nBuOx, nPe≡Ox, and nNonOx, was evaluated by Kabanov, Luxenhofer and co-workers who confirmed that this polymer class is not cytotoxic even at high concentrations [206]. The cellular uptake increased with the hydrophobic character of the polymers and was observed even at nanomolar concentrations. Hence, poly(2-oxazoline)s can be classified as candidates for the next generation of polymer therapeutics. Hoogenboom, Geest et al. examined the toxicity of partially hydrolyzed pEtOx and found that under physiological conditions no or hardly any decomposition of pEtOx occurred [207]; hence, partial hydrolysis does not limit the application of poly(2-oxazoline)s in biomedical applications.




4.2.2. Partial Hydrolysis: Copolymers Containing Units of pEI


Schubert, Hoogenboom and co-workers investigated the acid-mediated hydrolysis of pMeOx and pEtOx [208]. They found that the hydrolysis kinetics did not show significant dependency on polymer concentrations or polymerization degrees. Hydrolysis of pEtOx was more time-consuming than of smaller pMeOx. Konishi et al. synthesized partially hydrolyzed pMeOx and pEtOx and amidized the corresponding copolymers with pyrene-1-carboxylic acid, yielding a chromophore-functionalized copolymer as base of a polymer-chain-induced tunable luminescence system [209]. Hsiue et al. synthesized pEtOx-block-pEI block copolymers from a synthetic strategy comprising the usage of potassium thioacetate as terminating agent for the CROP of EtOx (pEtOx-SAc), the full hydrolysis of the recovered polymer yielding semitelechelic pEI, and the conversion of the end-group to a pyridyl disulfide group (pEI-ssPy) [210]. Subsequently, pEtOx-SAc and pEI-ssPy were coupled using a disulfide exchange reaction. These diblock copolymers were able to condense DNA completely when reaching a polymer/DNA weight ratio of over 12. The polyplexes formed stable aggregates of 190 nm and were sensitive to pH changes. The pEtOx-block-pEI compounds exhibited low cytotoxicity and high transfection efficacy. Kim and co-workers synthesized pMeOx-stat-pEI from the partial alkaline hydrolysis of pMeOx and reacted it with sterically demanding multiwalled carbon nanotubes bearing carboxylic acid groups [211]. The thus-functionalized multiwalled carbon nanotubes had good solubility in various organic solvents. Hoogenboom and co-workers synthesized pMeOx-block-pPhOx and pMeOx-stat-pPhOx and subjected them to acidic or basic hydrolyses, recovering copolymers with different contents of pMeOx, pPhOx and pEI [212]. Using acidic hydrolysis, pMeOx and pPhOx units were readily hydrolyzed; using NaOH for hydrolysis, more selectivity was observed: pPhOx units were hardly cleaved at all. However, under alkaline conditions, the copolymers partially degraded. The partially hydrolyzed copolymers exhibited self-assembly to micelles in acidic environments and were readily soluble. In water or in alkaline solutions, the polymers were insoluble but formed spherical micelles at higher temperatures. pEI-stat-pPhOx copolymers were both, thermo- and pH-responsive. In another study, Hoogenboom et al. reported that pronouncedly selective hydrolyses of poly(2-oxazoline)s could be performed in water-ethanol solutions [213]. The block copolymer pMeOx60-block-pPhOx15, for example, could be hydrolyzed such that 95% of the methyl side-chains, but only 10% of the phenyl side-chains were cleaved.




4.2.3. Fully Hydrolyzed Poly(2-oxazoline)s


Menzel et al. prepared alkylated pEIs by performing the CROP of MeOx with n-octadecyltosylate as initiator and subsequent hydrolysis with NaOH in order to study the correlation between alkyl chain, polymerization degree and the conformation [214]. When cooling hot aqueous solutions of the copolymers, hydrogel formation occurred depending on the polymerization degree of the pEI parts. Hammond and co-workers presented a synthetic route for the synthesis of linear-dendritic rod diblock copolymers starting from tosylation of poly(ethylene glycol) monomethyl ether, which in the next step acted as initiator for the CROP of EtOx (Scheme 16) [215]. After acidic hydrolysis yielding a poly(ethylene glycol)-pEI diblock copolymer, branches were synthesized by alternating addition of methyl acrylate and ethylene diamine (referred to as half and full generations, terminated with ester groups and amine groups, respectively) up to generation 4.5. The diblock copolymer possessed semicrystallinity, which decreased with every generation due to the decreasing (relative) content of poly(ethylene oxide). Furthermore, end-group modifications were carried out using various alkyl groups aiming at enhancing the phase segregation. Generation 4 bearing n-dodecyl alkyl groups adopted a worm- or rod-like conformation.
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Scheme 16. Reaction scheme for the synthesis of multiple-generation linear dendrimers with a pEI core by sequential (repeated) reaction with methyl acrylate and ethylene diamine (for details, see reference [215]). 
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4.2.4. Antimicrobial Activity of (Partially) Hydrolyzed Poly(2-oxazoline)s


Yan and Ren developed an immobilization process for pEtOx and other polymers on perfluorophenyl azide-functionalized silicon wafers employing the C–H/N–H-insertion reaction of perfluorophenyl nitrenes, which were formed by the precursors during heating [216]. The layer thickness of the films could be varied if polymers with different molecular structures were used. Locklin et al. synthesized reacted linear pEI (derived from the acid-mediated hydrolysis of pEtOx and subsequent neutralization) with a mixture of 1-bromo-n-dodecane and 4-[(6-bromohexyl)-oxy]benzophenone; the tertiary amines were subsequently quaternized with methyl iodide (Scheme 17) [217]. The benzophenone group in the side-chains of the copolymers enabled covalent attachment to substrates bearing C-H bonds due to insertion of the benzophenone C=O bond (R′R′′–C=O + R3–CH → R3–C–C(OH)R′R′′) during UV irradiation. The layers showed high biocidal activity. With a layer thickness of at least 50 nm, almost all the tested bacteria comprising Escherichia coli and Staphylococcus aureus were killed. The alternative approach was reported as well [218]: pEtOx, pEI and various other polymers were covalently bound to surfaces modified by a benzophenone monolayer using a photochemical process. For the attachment of the polymers via their C–H groups, UV irradiation was applied, and the C=O functionality of the benzophenone derivative reacted with the polymers’ C–H bonds (insertion mechanism). These attached polymer layers were found to promote the growth of human endothelial cells. Moeller et al. used carbonate couplers for the one-step functionalization of pEI [219]. Quaternary ammonium groups, alkyl chains, allylic and benzylic groups were used for modification. These amphiphilic polymers were water-soluble and considered to be interesting materials for antimicrobial coatings and disinfectants. Their activity against gram-negative and gram-positive bacteria was tested; the colony forming units of Escherichia coli and Bacillus subtilis were reduced between 95%–99%. Wiesbrock et al. investigated a small library of partially hydrolyzed pEtOx and pNonOx in terms of their antimicrobial activity after usage as additives to polyolefin mixtures [220]. They found that antimicrobial activity against gram-negative Escherichia coli and Pseudomonas aeruginosa as well as Candida albicans depended only on the degree of hydrolysis, while antimicrobial activity against gram-positive Staphylococcus aureus was only observed for hydrolyzed pNonOx.
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Scheme 17. Reaction scheme for the fabrication of functionalized surfaces: hydrolysis of pEtOx, reaction of the recovered pEI with 1-bromododecane and a brominated benzophenone linker, and subsequent C–H bond insertion (for details, see reference [217]). 
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5. Conclusions


Within a comparatively short time, in fact five decades after the first report of the polymer class of poly(2-oxazoline)s, a plethora of synthetic strategies for the preparation of poly(2-oxazoline)s and related polymers and materials has been described in literature. Recent work in that field has been described in this review article, and the general current trends can be briefly summarized in a list of 10 key facts:

	
The synthesis and polymerization of a large number of 2-oxazoline monomers has been reported during the last decade, enabling for the straight-forward synthesis of homo- and copoly(2-oxazoline)s with tailor made properties.



	
Non-conjugated double bonds in the side-chains of poly(2-oxazoline)s do not need to be protected during the polymerization; alcohols, amines, aldehydes, and carboxylic acids in the poly(2-oxazoline) side-chains nonetheless need to be protected during the polymerization in order not to lose control of the polymerization and/or observe crosslinking of the polymer chains.



	
Polymeranalogous click-reactions such as the thiol-ene reaction and the Huisgen cycloaddition further expand the range of functionalized poly(2-oxazoline)s.



	
Despite the large number of 2-oxazoline monomers known, MeOx and EtOx are still in the main focus of investigations due to their water solubility and FDA approval; unambiguously, poly(2-oxazoline)s are considered as novel high-potential polymers for biomedic(in)al applications.



	
In particular the choice and employment of dedicated functionalized initiators and terminating agents has been investigated recently, opening the pathway for semitelechelic and telechelic poly(2-oxazoline)s that have been successfully used as macroinitiators.



	
The hydrolysis of poly(2-oxazoline)s, yielding pEI and pEI-stat-poly(2-oxazoline) random copolymers, is currently under thorough investigation, aimed at the development of novel carrier materials for biological applications.



	
Telechelic poly(2-oxazoline)s and (partially) hydrolyzed poly(2-oxazoline)s display antimicrobial activity.



	
Due to the control, the so-called livingness or at least quasi-livingness, of the CROP of poly(2-oxazoline)s, also complex polymer structures and architectures such as dendrimers, combs, brushes, star-shape and hyperbranched designs can be synthesized.



	
The solubility and “solution behavior” of 2-oxazoline-based polymers and copolymers can be fine-tuned over a broad range, implying the formation of aggregates and their architecture (with relevance to biological applications) and paving the way to (micellar) catalysis with immobilized catalysts.



	
Benefiting from the straight-forward and highly-effective synthesis of tailor-made poly(2-oxazoline)s and (co-)poly(ethylene imine)s, these classes of polymers are about to establish themselves as “common” polymers for advanced/biological applications, with high relevance as well as in the areas of complexation and supramolecular assemblies.








In the authors’ opinion, a fundamental data set for the class of poly(2-oxazoline)s has been compiled so far. As of now, the class of poly(2-oxazoline)s displays great versatility in terms of functionalization by careful choice of, e.g., the initiators/terminating agents, side-chains of the poly(2-oxazoline)s, heteropolymers in copolymers, and architectural design. Without any doubt, this class of polymers and corresponding materials will be further investigated by numerous research groups and further developments and synthetic advances in the area of poly(2-oxazoline)s will be achieved.
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