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Abstract: The solution behavior of a series of poly(2-oxazoline)s with different side 

chains, namely methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, pentyl, hexyl, heptyl, 

octyl, nonyl, phenyl and benzyl, are reported in ethanol-water solvent mixtures based on 

turbidimetry investigations. The LCST transitions of poly(2-oxazoline)s with propyl side 

chains and the UCST transitions of the poly(2-oxazoline)s with more hydrophobic side 

chains are discussed in relation to the ethanol-water solvent composition and structure. The 

poly(2-alkyl-2-oxazoline)s with side chains longer than propyl only dissolved during the 

first heating run, which is discussed and correlated to the melting transition of 

the polymers. 

Keywords: poly(2-oxazoline); solubility transitions; ethanol-water; LCST; UCST; 

thermoresponsiveness 
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1. Introduction 

The cationic ring opening polymerization (CROP) of 2-oxazolines, which can be used to prepare 

well defined polymers with narrow molar mass distributions, was discovered back in 1966 [1-4]. In 

recent years, poly(2-oxazoline)s received renewed interest due to their potential use as biomaterials [5-7] 

and/or „smart‟ materials [5,8]. As biomaterials, poly(2-oxazoline)s can compete with poly(ethylene 

glycol) with regard to „stealth‟ behavior and biocompatibility while their synthetic scaffold is much 

more versatile [7].  

„Smart‟ materials are materials that respond to changes in the environment. A wide range of 

response factors, i.e., triggers, have been developed such as chemical or biological agents for 

sensors [9-11], mechanical forces [12,13], UV-vis or near-IR irradiation [14,15], magnetic and 

electrical fields [16,17] as well as temperature [18]. The response of the „smart‟ material to the 

external triggering event can be manifold too, ranging from surface energy switching [10,19], a shape 

change [20], variation in absorption or emission [12], or the material can undergo a phase 

transition [15,18]. „Smart‟ polymeric materials that undergo a phase-transition in water are in 

particular interesting for the development of responsive solutions, e.g., for the development of 

diagnostic tools and sensors [21-23]. The majority of such temperature induced solubility transitions 

are based on the lower critical solution temperature (LCST) behavior of polymers in aqueous solution, 

i.e., the polymer is dissolved at low temperature by favorable hydration while increasing the 

temperature leads to an entropy driven dehydration resulting in a collapse of the hydrophobic polymer 

chains [18,21,23]. Polymers exhibiting the opposite upper critical solution temperature (UCST) 

behavior in aqueous solutions, i.e., insoluble at low temperatures and soluble at elevated temperatures, 

are much less common [24-26]. 

„Smart‟ poly(2-oxazoline)s that undergo a LCST phase transition in water are also accessible by 

compensating the hydrophilicity of the polyamide backbone with small hydrophobic side-chains. In 

fact, poly(2-oxazoline)s with ethyl, i-propyl and n-propyl side chains are known to exhibit LCST 

transitions at ~65 °C, ~36 °C and ~24 °C, respectively [27-29]. It was previously demonstrated that the 

LCST transition of copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-n-propyl-2-oxazoline (PropOx) is 

almost as robust as the LCST transition of the most studied polymer poly(N-isopropylacrylamide) with 

regard to concentration and pH dependence while the reversibility of the poly(2-oxazoline) phase 

transition is even better [30]. It should be noted however that PNIPAM exhibits type II LCST 

behavior [31] and PEtOx exhibits type I LCST behavior [32], resulting in an increased molar mass 

dependence for the LCST of PEtOx. The thermal transition of poly(2-i-propyl-2-oxazoline)  

(i-PropOx) is reversible when cycled, but upon prolonged heating above the phase transition 

temperature crystallization occurs causing irreversible precipitation since the melting temperature of 

the crystals (almost 200 °C) is far beyond the boiling point of water [33,34]. In contrast to the LCST 

behavior, there are no poly(2-oxazoline)s reported with a UCST transition in water. Nonetheless, we 

previously reported UCST behavior of poly(2-phenyl-2-oxazoline) (PhOx), copolymers of PhOx with  

2-nonyl-2-oxazoline (NonOx), 2-methyl-2-oxazoline (MeOx) or EtOx as well as copolymers of 

NonOx and EtOx in aqueous ethanol solutions [35-37]. 

Tuning the solution behavior of polymers in binary solvent mixtures was already demonstrated by 

Shultz and Flory [38], as well as Wolf and Blaum [39] for non-aqueous solvent mixtures, resulting in 
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better polymer solubility compared to the individual pure solvents. However, little is known about the 

solution behavior of polymers in water-ethanol mixtures, despite such mixtures being known to exhibit 

interesting abnormal mixing properties due to the presence of hydration shells around the ethanol 

molecules [40-42]. This peculiar mixing behavior has been demonstrated to result in solubility maxima 

for several drug molecules in aqueous ethanol [43,44] as well as for poly(methyl methacrylate) [45,46] 

and several poly(2-oxazoline)s as already mentioned previously [33-35].  

Our previous efforts in evaluating the solution properties and phase transitions of  

poly(2-oxazoline)s in ethanol-water solvent mixtures were limited to a few selected monomers, 

namely MeOx, EtOx, PhOx and NonOx, and copolymers thereof. To establish a more detailed insight 

into the effect of side-chain substituent on the solution behavior of poly(2-oxazoline)s, the current 

study focuses on the solubility behavior of a range of poly(2-oxazoline) homopolymers with various  

n-alkyl substituents, two branched side chains, namely isopropyl and isobutyl, as well as phenyl and 

benzyl substituents. All investigated monomers and corresponding polymer structures are depicted in 

Scheme 1. The solubility behavior of these homo poly(2-oxazoline)s was investigated in ethanol-water 

solvent mixtures, which will be discussed in the following. 

Scheme 1. Schematic representation of the structures of the investigated 2-oxazolines and 

the corresponding poly(2-substituted-2-oxazoline)s prepared by cationic ring-opening 

polymerization (CROP). 
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2. Results and Discussion 

The investigated poly(2-oxazoline)s (see Scheme 1; the polymers will be abbreviated by the 

monomer names as given in Scheme 1 in the following discussion) were prepared by 

microwave-assisted polymerization of the corresponding monomers using methyl tosylate as initiator 

and acetonitrile as solvent as described in our previous publication [47]. The monomers were prepared 

by reaction of the corresponding nitriles with 1-amino-2-ethanol using zinc acetate as catalyst [48]. All 

investigated polymers have a degree of polymerization of 60 ± 5 and the polydispersity indices, 
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determined by size exclusion chromatography, were mostly below 1.20, indicating relatively narrow 

molar mass distributions. 

The solubility behavior of this series of poly(2-oxazoline)s was investigated at a polymer 

concentration of 5 mg/mL in ethanol-water solvent mixtures ranging from pure water to pure ethanol. 

Initially the solvent composition was varied in steps of 20 wt% ethanol and the interesting regimes, 

i.e., solvent compositions around observed solubility transitions, were investigated in further detail 

with steps of 5 wt% ethanol to elucidate all transition temperatures. The solubility screening was 

performed by turbidimetry of the polymer solutions as a function of temperature in the range from –20 

to 105 °C (for aqueous solutions the lower temperature was limited to 0 °C). The resulting 

transmittance versus temperature curves together with visual inspection of the solutions, if required 

also during the heating/cooling cycles, were used to evaluate the solubility behavior of the  

poly(2-oxazoline)s. As such, polymers that were soluble or insoluble over the entire temperature range 

were identified. In addition, LCST and UCST transitions were observed as well as polymers that only 

dissolved during the initial heating run and remained soluble throughout the remaining heating/cooling 

cycles (dissolution upon heating). Representative transmittance versus temperature plots of these three 

observed solubility transitions are depicted in Figure 1. The LCST transitions are illustrated by high 

transmittance at lower temperatures where the polymer is molecularly dissolved and a decrease in 

transmittance upon heating indicative of polymer precipitation. The cloud point of the LCST transition 

is taken as the 50% transmittance point during the transition. The UCST transitions show the reverse 

behavior, i.e., 0% transmittance at low temperature and an increase in transmittance upon heating, and 

the cloud point is taken as the 50% transmittance points. Dissolution upon heating is evidenced by 

strong scattering at low temperature resulting from the presence of polymer particles that pass between 

the light source and the detector. Upon heating the transmittance increases indicative of a clear 

polymer solution. Again the dissolution temperature is taken as the 50% transmittance point during the 

first heating ramp. In all cases, the transmittance for the clear polymer solutions decreases to ~80% 

upon heating, which is a measuring artefact due to temperature dependence of the used detector. 

Figure 1. Representative transmittance versus temperature plots for the three different 

phase transition phenomena that were observed for polymer solutions in this contribution, 

namely LCST and UCST behavior as well as dissolution upon heating. 

 

An overview of the qualitative solubility results of all investigated poly(2-oxaozline)s is provided in 

Figure 2. The main observations and trends in this phase diagram will first be discussed followed by a 
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more detailed discussion of the different phenomena and phase transition temperatures. The two most 

hydrophilic polymers, MeOx and EtOx, are soluble in water as well as all aqueous ethanol solutions. 

Even though EtOx with a DP > 100 is known to exhibit a LCST transition in water [27,30,32], the 

shorter polymer with DP ~ 60 investigated in this study is soluble in the investigated temperature 

regime in agreement with previous reports [30,47]. When the hydrophobicity of the poly(2-oxazoline)s 

is increased with an additional CH2 group, PropOx and i-PropOx, the polymers undergo a LCST 

transition in water and water rich ethanol solutions. The difference between these two polymers will be 

addressed in more detail later on. All remaining poly(2-oxazoline)s with larger hydrophobic  

side-chains were found to be insoluble in water and aqueous ethanol solutions containing up to 35 wt% 

ethanol. When the ethanol content of the solutions is just high enough to ensure dissolution of these 

hydrophobic polymers, the solutions revealed reversible UCST behavior, i.e., at low temperature the 

polymers are insoluble and upon increasing the temperature the polarity of the solvent mixture 

decreases resulting in dissolution of the polymers. The amount of ethanol that is required for this 

UCST behavior increases with increasing hydrophobicity of the side chains. It should be noted that the 

poly(2-oxazoline)s with aromatic side chains exhibit UCST behavior at much lower ethanol contents 

compared to the poly(2-alkyl-2-oxazoline) analogues with similar number of carbon atoms. This 

observation can be ascribed to the higher polarity of the aromatic side chains compared to the aliphatic 

side chains as well as a decreased shielding of the amide groups by the more rigid aromatic 

substituents. Upon further increasing the ethanol content, the poly(2-n-alkyl-2-oxazoline)s do not 

directly dissolve in the solvent mixture, but they dissolve during the first heating run. This initial 

heating is required to destabilize the crystals that are present in these semi-crystalline polymers 

allowing solvent penetration of the crystals and dissolution of the individual polymer chains. 

Previously, it was found that NonOx with a DP of 100 was also only soluble after heating. However, in 

the current study NonOx with a DP of 60 is studied and the observed difference in dissolution behavior 

indicates that either a smaller crystalline fraction is present in the shorter polymer or the formed 

crystalline domains are smaller and less stable. 

Figure 2. Solubility overview for poly(2-alkyl-2-oxazoline)s in water-ethanol mixtures (5 mg/mL). 

 

The cloud points that were determined for the LCST transition of PropOx and i-PropOx in aqueous 

ethanol are shown as a function of ethanol content in Figure 3. The cloud points in water are slightly 
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higher than the reported values of 36 °C and 24 °C for i-PropOx and PropOx, respectively, due to the 

relatively low DP of 60. The higher cloud points of shorter polymers can be ascribed to the stronger 

influence of the easily hydrated and hydrophilic end-groups of the polymers, which are a methyl group 

resulting from initiation and a hydroxyl group resulting from termination. From Figure 3 it is clear that 

i-PropOx is more hydrophilic compared to PropOx, which is due to the smaller size of the isopropyl 

group resulting in less effective shielding of the hydrophilic amide groups compared to the n-propyl 

side chains. Generally it would be expected that decreasing the solvent polarity by adding the less 

polar solvent ethanol to water, improves the solubility of the polymers and, thus, increasing the cloud 

points. However, the opposite effect is observed for both polymers upon addition of 5 wt% ethanol. 

This can be ascribed to the “water structure making” effect of small amounts of ethanol, i.e., when a 

small amount of ethanol is added, these molecules will be surrounded by a cage of water molecules, 

so-called hydrophobic hydration. It has been suggested that the presence of such “structured” water 

cages around ethanol decreases the hydration of the polymer chain resulting in decreased solubility 

and, thus, a lower cloud point [26]. A similar effect is described for longer n-alcohols (C4–C6) at low 

concentrations causing a decrease in cloud point for ethylene oxide-propylene oxide 

copolymers [49,50]. The different behavior between PropOx and i-PropOx upon increasing the ethanol 

fraction most likely arises from hydrophobic solvation of the side chain by ethanol molecules. Upon 

increasing the amount of ethanol not all ethanol molecules can be hydrated and the remaining free 

ethanol can solvate the polymer side-chains. This ethanol solvation will be more effective for i-PropOx 

due to its lower hydrophobicity, which is proposed to induce the different behavior of the two 

polymers. These results clearly indicate the importance of the non-ideal mixing behavior ofethanol-

water solvent mixtures for the solubility transitions of polymers.  

Figure 3. Cloud points as function of wt% ethanol for the LCST transitions of  

poly(2-propyl-2-oxazoline) (PropOx) and poly(2-isopropyl-2-oxazoline) (i-PropOx)  

at 5 mg/mL concentration.  

 

The cloud points obtained during the UCST transitions of the more hydrophobic poly(2-oxazoline)s 

are summarized in Figure 4. The results for the poly(2-alkyl-2-oxazoline)s are depicted in Figure 4, 

left, revealing three groups of polymer. The first group is formed by ButOx and i-ButOx revealing a 

narrow UCST regime of around 50 wt% ethanol content. The lower ethanol content required for 

dissolution and UCST behavior of i-ButOx indicates better solubility compared to ButOx. However, 
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the lower cloud point of ButOx with 50 wt% ethanol indicates that, at this specific solvent ratio, the 

ButOx is better soluble compared to the i-ButOx. Again, it is very difficult to conclusively interpret 

these results, but it is clear that the water-ethanol structure formation and the interactions with the 

hydrophobic and hydrophilic parts of the polymers are of major importance for the UCST behavior in 

this solvent composition regime.  

The second group of polymers is formed by PentOx and HexOx that combine an intermediate 

hydrophobic side chain with the hydrophilic polymer backbone. The observed behavior for PentOx, a 

steep decrease in cloud points from 60 to 70 wt% ethanol is similar to the observed solubility 

transitions of poly(methyl methacrylate) in water-ethanol solvent mixtures [30,51]. This peculiar 

solubility behavior is due to the clustering of water molecules in ethanol rich solutions. At 80 wt% 

ethanol, water is mostly present as individual water molecules driving the formation of a water 

hydration shells around the polymer by interactions with the amide groups [40,50] The resulting 

hydration shell acts as a compatibilizing layer between the solvent mixture and the polymer. When 

decreasing the amount of ethanol from 80 wt% to 60 wt% the water cluster size gradually 

increases [40] and, therefore, the driving force for polymer hydration decreases since hydration now 

competes with water-water hydrogen bonding in the clusters. Therefore, the cloud points strongly 

decrease with increasing water content. Even though only one cloud point is observed for HexOx  

with 75 wt% ethanol, it can be speculated that this polymer has a similar behavior as PentOx with an 

even steeper decrease in cloud point with increasing ethanol content pushing the cloud points outside 

the investigated temperature range with 70 and 80 wt% ethanol. 

The third group of polymers contains large hydrophobic side chains that suppress the solubilization 

effect of the formation of a hydration layer around the amide groups, i.e., the amide groups are 

shielded from the solution by the long alkyl chains. Therefore, the cloud point slightly decreases with 

increasing ethanol content, which can be ascribed to the slightly decreased polarity of the solutions. 

Furthermore, the cloud points increase with increasing side chain length indicating lower solubility 

corresponding to the hydrophobicity of the polymers. 

The cloud points of the UCST transitions of the poly(2-oxazoline)s with aromatic substituents, 

PhOx and BenzOx, are depicted in Figure 4, right. The higher hydrophobicity of the BenzOx is clearly 

evidenced in the higher cloud points as well as a shift of the transitions to higher ethanol content. 

Furthermore, it is observed that these polymer show similar behavior as the poly(2-alkyl-2-oxazoline)s 

in the second group comprising side-chains with intermediate hydrophobicity. As such, it can be 

concluded that a favorable hydration shell is also formed with these aromatic poly(2-oxazoline)s as 

was previously already reported for PhOx [33]. 

Detailed investigations on the dissolution upon heating behavior of the polymers were also 

performed and the dissolution temperatures in the first heating run are plotted as function of the 

ethanol content in Figure 5. The higher dissolution temperature of the i-ButOx can be directly related 

to the higher melting transition (Tm = 200 °C) [52] of a solid sample compared to the  

poly(2-n-alkyl-2-oxazoline)s that all have a melting transition close to 150 °C [45]. Even though the 

melting transition temperatures of the poly(2-n-alkyl-2-oxazoline)s are all similar, the increasing 

dissolution temperatures with increasing side-chain length can be related to the increased crystalline 

fraction of the copolymers as evidenced by the larger area of the melting transition, i.e., larger melting 

enthalpy [45]. 
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Figure 4. Cloud points as function of wt% ethanol for the UCST transitions of the  

poly(2-alkyl-2-oxazoline)s (left) as well as poly(2-phenyl-2-oxazoline) (PhOx) and  

poly(2-benzyl-2-oxazoline) (BenzOx; right) determined at 5 mg/mL. 

 

Figure 5. Dissolution temperatures in the first heating run for the  

poly(2-alkyl-2-oxazoline)s as function of wt% ethanol (5 mg/mL). 

 

3. Experimental Section 

The monomer synthesis and subsequent polymerization of the poly(2-oxazoline)s with varying 

alkyl side chain are described elsewhere [45,46]. All investigated polymers (DP ~ 60) have a relatively 

narrow molar mass distribution with a polydispersity index around 1.20 as obtained by 

SEC investigations. 

Before analysis the polymers were dried overnight at 40 °C under reduced pressure. The samples 

were prepared by weighing the polymer (5.0 ± 0.2 mg) in a sample vial followed by addition of 1.0 mL 

of the desired mixture of ethanol (Biosolve) and deionized water (Laborpure, Behr Labor Technik). 

The solubility screening was performed on these samples in the temperature range from –20 °C (0 °C 

for water) to 105 °C with heating and cooling ramps of 1 °C min
−1

 under stirring. During these 

controlled heating and cooling cycles (two cycles per sample), the transmission through the solutions 

was monitored in a Crystal 16 TM from Avantium Technologies [53]. In the Crystal 16 four blocks of 

four parallel temperature controlled sample holders are connected to a Julabo FP40 cryostat  
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allowing 16 simultaneous measurements. All vials were visually inspected after the heating program to 

facilitate the interpretation of the observed transmission profiles. Polymer-solvent combinations that 

gave unexpected transmission profiles were remeasured and the solution was visually inspected at 

different stages during the heating run. The presented cloud point and dissolution temperatures 

correspond to the dissolution temperature or precipitation temperature at 50% transmittance from the 

second heating run. 

4. Conclusions 

The solubility transitions of various poly(2-oxazoline)s in ethanol-water solvent mixtures were 

investigated by turbidimetry. As expected, MeOx and EtOx (DP ~60) were soluble in all solvent 

compositions at all investigated temperatures. Polymers with isopropyl and n-propyl side chains 

revealed LCST transitions in water and water rich ethanol solutions. Further increasing the 

hydrophobicity of the side chain rendered the polymers insoluble up to the presence of 35 wt% of 

ethanol. These polymers revealed UCST phase transition in between the insoluble and soluble (after 

heating) ethanol-water concentration regimes. The ethanol content required for the UCST transitions 

increased with increasing hydrophobicity of the polymer side chains. Detailed investigations on the 

cloud point of the UCST transition revealed three groups of polymers having a small hydrophobic side 

chain, an intermediate aliphatic or aromatic side chain, or a large hydrophobic side chain that shields 

the hydrophilic amide groups in the polymer backbone. The evolution of the UCST cloud points could 

be related to the hydrophilic-hydrophobic balance of the groups of polymers on one hand and the 

ethanol-water solvent structure on the other hand. 

These detailed insights in the solution behavior of poly(2-oxazoline)s in ethanol-water solvent 

mixtures will be important for the design and development of poly(2-oxazoline)s for applications in 

personal care and medicine where both ethanol and water are commonly used solvents. 
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