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Abstract 30 

Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are biocompaƟble polymers that are increasingly being applied 31 

in the biomedical field. Understanding their properƟes is crucial to raƟonally apply them in said field. 32 

Despite this increasing interest, many fundamental properƟes of PAOx, such as the semi-crystalline 33 

nature of poly(2-n-propyl-2-oxazoline) (PnPrOx) have not been fully elucidated yet, especially for higher 34 

molar mass polymers. In the present work, the crystallinity of PnPrOx was studied using modulated 35 

DSC as well as small-angle and wide-angle X-ray scaƩering. This study reveals that high molar mass 36 

PnPrOx show a much richer phase behaviour than their amorphous low molar mass counterparts. For 37 

instance, aqueous soluƟons turn cloudy upon prolonged exposure to high temperature due to 38 

crystallisaƟon of the phase separated high polymer concentraƟon mesoglobules. Moreover, dry solid 39 

samples display polymorphisms as well as a mulƟple melƟng behaviour due to the presence of different 40 

crystal sizes and overlapping crystallisaƟon and melƟng events. This work suggests that addiƟonal 41 

research into the semi-crystalline properƟes of other higher molar mass PAOx might be required to 42 

evaluate whether they have similar behaviour to higher molar mass PnPrOx. AddiƟonally, the results 43 

presented in this manuscript will allow for the raƟonal development and design of pharmaceuƟcal 44 

formulaƟons containing PAOx, as it elucidates some of their fundamental properƟes. 45 
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1 IntroducƟon  46 

Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are an emerging class of biocompaƟble polymers for biomedical 47 

applicaƟons. (1–3) The structures of several PAOx that have been studied as pharmaceuƟcal excipients 48 

are shown in Figure 1. (4) PAOx offer several advantages when compared to other commonly used 49 

pharmaceuƟcal polymer excipients, such as ethyl cellulose or poly(vinyl pyrrolidone). (5) Firstly, they 50 

can be synthesized with a low dispersity (Ɖ) via a living caƟonic ring opening polymerizaƟon reacƟon, 51 

making them suitable for a wide range of formulaƟons. (6,7) Moreover, polymers with different side 52 

chains and, thus, different physicochemical properƟes can be readily synthesized. Possible side chains 53 

include linear, branched, or cyclic alkyl subsƟtuents, chains with aromaƟc groups, chains containing 54 

nitrogen funcƟonal groups such as protected amines or amides, or even fully fluorinated alkyl chains, 55 

to list a few. (2,6) This large diversity in side-chains provides tuneability of PAOx properƟes, including 56 

design of smart polymers. (1,8,9) It has been demonstrated that the lower criƟcal soluƟon temperature 57 

behaviour in water and the cloud point temperatures, TCp, as well as the glass transiƟon temperature, 58 

Tg, and crystallisaƟon temperature, Tc, in the pure solid state, depend on the polymer side-chain 59 

composiƟon. (3,10)  60 

 61 

Figure 1. The chemical structures of several PAOx that have been reported as pharmaceuƟcal excipients: poly(2-ethyl-2-62 

oxazoline) (PEtOx), poly(2-n-propyl-2-oxazoline) (PnPrOx), and poly(2-sec-butyl-2-oxazoline) (PsecBuOx). 63 
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This versaƟlity of PAOx has inspired their evaluaƟon for numerous biomedical applicaƟons, including 64 

nanoparƟcle drug delivery, matrix delivery systems, amorphous solid dispersions, anƟfouling coaƟngs, 65 

and hydrogels, among others. (11,12) For a review regarding current emerging trends, the reader is 66 

referred to a paper by Hoogenboom. (13) The number of potenƟal applicaƟons of PAOx in nanoparƟcle 67 

drug delivery systems is parƟcularly impressive and was reviewed by Wilson et al. (12) Possible 68 

applicaƟons in this field make use of PAOx in the form of microbeads, capsules, vesicles, micelles, stars, 69 

dendrimers, and nanogels.  70 

AddiƟonally, Keßler et al. (14) recently applied PAOx in the formulaƟon of amorphous solid dispersions 71 

with indomethacin. Moreover, poly(2-ethyl-2-oxazoline) (PEtOx) was compared to several commonly 72 

used polymers for the formulaƟon of amorphous solid dispersions (ASDs) by Boel et al, who indicated 73 

that PEtOx could maintain drug supersaturaƟon. (15) PAOx were also applied to stabilize nanoparƟcles 74 

by Ramsey et al., who used them to stabilize remdesivir for aerosol treatment of COVID-19. (16) Samaro 75 

et al. formulated tablets with a high drug loading by using several PAOx, including PnPrOx, as a 76 

sustained release matrix system. (17) The use of PnPrOx as a sustained release matrix, combined with 77 

the ability of the structurally similar PEtOx to stabilize ASDs, suggests that PnPrOx may also be suitable 78 

for formulaƟng ASDs with a sustained release profile. Sustained release is a commonly used oral drug 79 

delivery strategy that aims at stabilizing plasma concentraƟon levels of drugs, resulƟng in less toxicity 80 

and an improved therapeuƟc effect. Applying this concept for ASDs has gained a lot of interest recently 81 

(18,19), and the hydrophobicity of PnPrOx makes it a good candidate for this applicaƟon.  82 

Knowledge of the thermal properƟes of PAOx is crucial for fully controlling and understanding the 83 

applicaƟons discussed above. Previously, it was reported that all PAOx with linear alkyl side chains, 84 

starƟng from n-butyl, are semi-crystalline. (24) However, there is also some evidence for crystallisaƟon 85 

from soluƟon for poly(2-methyl-2-oxazoline) and high molar mass (500 kg/mol) PEtOx. (25,26) There is 86 

some controversy in the literature on the crystallizability of PnPrOx, although the interesƟng properƟes 87 

of poly(2-propyl-2-oxazoline) have aƩracted a lot of aƩenƟon over the past years. (4,10,28–31) In fact, 88 
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the monomer on which this polymer is based, has two structural isomers, namely 2-n-propyl-2-89 

oxazoline and 2-isopropyl-2-oxazoline. AŌer polymerizaƟon, these result in poly(2-n-propyl-2-90 

oxazoline) (PnPrOx) and in poly(2-isopropyl-2-oxazoline) (PiPrOx). (10) AddiƟonally, poly(2-cyclopropyl-91 

2-oxazoline) has also been reported as related amorphous polymer structure. (32) One of the first 92 

papers about PPrOx dates from the 1960s (31) and reported that both PnPrOx and PiPrOx are semi-93 

crystalline. However, PnPrOx has also been reported to be completely amorphous in subsequent 94 

literature, especially for shorter polymers. (33) Oleszko-Torbus et al. more recently confirmed the semi-95 

crystalline nature of PnPrOx with a Mn of 8.7 kg/mol and Ɖ of 1.03. (10) In their study, they observed 96 

a single melƟng peak for PnPrOx in the 120-140 °C range, but aŌer annealing the sample at 90 °C, they 97 

found a double melƟng peak in the range of 100-140 °C. (10) Later, Everaerts et al. also noƟced the 98 

semi-crystalline character of PnPrOx with a Mn of 49.6 kg/mol and a Ɖ of 1.05 while studying the 99 

behaviour of PnPrOx in amorphous solid dispersions. (4) They also noƟced the double melƟng peak. 100 

Strikingly, their peaks were not at the same temperatures when compared to the Oleszko-Torbus paper, 101 

indicaƟng potenƟal molar mass effects, kineƟc effects, or the formaƟon of different crystalline phases.  102 

Whereas the glass transiƟon temperature, Tg, is heavily affected, the melƟng temperature (Tm) is only 103 

slightly influenced by the nature of the side chain for PAOx, and it is located around 150 °C. (3,4) 104 

However, it can change drasƟcally when the side chain is not linear, such as for poly(2-cycloalkyl-2-105 

oxazoline)s, which have melƟng points of 240 °C - 300 °C. (27) To the best of our knowledge, there is 106 

no menƟon of semicrystallinity occurring in PsecBuOx in literature, and it appears to be completely 107 

amorphous in the reported thermograms from DifferenƟal Scanning Calorimetry (DSC) (4).Many 108 

polymers are subject to a lower criƟcal soluƟon temperature (LCST) in water. This means that they are 109 

soluble up to a certain temperature but precipitate out when the temperature is equal to the TCp. This 110 

is accompanied by a “coil to globule transiƟon”. When in soluƟon, the polymer is present as a hydrated 111 

coil, ensuring that interacƟons between the side chains and water are maximized. However, aŌer 112 

exceeding the TCp, the polymer forms a globule to maximize the interacƟons which is itself driven by 113 

entropic dehydraƟon. This transiƟon is, in theory, reversible, and lowering the temperature should 114 
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result in the polymer being soluble again. However, if the polymer is annealed above its TCp for a 115 

sufficiently long Ɵme, crystallisaƟon can occur. These crystals remain insoluble upon cooling, by which 116 

the cloud point transiƟon is no longer reversible.  117 

The irreversible precipitaƟon from soluƟon explained above has been observed for PAOx with methyl, 118 

ethyl, isobutyl, and nonyl side chains. (25,26,34) AddiƟonally, Demirel et al. reported in 2007 that 119 

PiPrOx could also crystallize from aqueous soluƟon when kept above its TCp for an extended Ɵme. (30) 120 

The exact mechanism behind this phenomenon is sƟll subject to discussion, but it only occurs when 121 

the soluƟon is kept above its TCp, meaning that the phase separaƟon is criƟcal. (28) Using molecular 122 

orbital calculaƟons combined with vibraƟonal spectroscopy, Katsumoto et al. (35) gave further 123 

explanaƟon for the changes that occur upon crystallisaƟon of PiPrOx when annealed above its TCp in 124 

aqueous soluƟon. Aside from macroscopic phase separaƟon, they described that the PiPrOx chains 125 

dehydrate and subsequently undergo a conformaƟonal change. This then results in a crystallizable all-126 

trans configuraƟon that can only be reversed by melƟng the polymer crystals. Cooling the soluƟon 127 

below the TCp does not result in PiPrOx redissoluƟon as they remain stable in the all-trans polymer 128 

crystals.  129 

In this study, we invesƟgated previously unexplored thermal properƟes of PnPrOx with different molar 130 

mass in the solid state as well as in aqueous soluƟon. Understanding these properƟes is crucial to fully 131 

grasp the potenƟal of this polymer as a pharmaceuƟcal excipient. Hence, we provide novel insights 132 

regarding the semi-crystalline nature of PnPrOx using modulated differenƟal scanning calorimetry 133 

(mDSC), temperature resolved X-ray powder diffracƟon (XRPD), as well as synchrotron small and wide-134 

angle X-ray scaƩering. We also confirmed the completely amorphous nature of PEtOx in the absence 135 

of solvent and of PsecBuOx.  136 

137 
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2 Materials and methods 138 

2.1 Materials 139 

The syntheses of PnPrOx (with Mn 50 kg/mol and Ɖ ≤ 1.25), PEtOx (with Mn 100 kg/mol and Ɖ ≤ 1.3, 140 

respecƟvely), and PsecBuOx (with Mn 44.6 kg/mol and Ɖ = 1.07) have been reported previously. (17) 141 

PnPrOx (with Mn 23 and 11 kg/mol, and Ɖ ≤ 1.25) and PEtOx (with Mn 50 kg/mol and Ɖ ≤ 1.25) were 142 

obtained from Avroxa BV (Zwijnaarde, Belgium). 143 

Phosphorous pentoxide (98+ %, ACS) was acquired from Thermo scienƟfic® (Dreieich, Germany). 144 

Purified water (18.2 MΩ) was obtained from a Purelab® flex water purificaƟon system (Tienen, 145 

Belgium). Acetone (>99 %) was acquired from VWR® (Rosny-sous-Bois-Cedex, France).  146 

 147 

2.2 Freeze drying 148 

To ensure that the thermal history of PnPrOx and PEtOx would not influence the analyses, the polymers 149 

were first redissolved and freeze dried using an alpha 2.4-LSC plus® freeze dryer (MarƟn Christ®, 150 

Osterode am Harz, Germany). The protocol is described in the supplementary informaƟon (S1). The 151 

residual water content was determined using thermogravimetric analysis to be 1.9% m/m for PnPrOx, 152 

and 2.0% m/m for PEtOx and is further described in S1. 153 

RedissoluƟon and freeze drying was not possible for PsecBuOx since it is water insoluble. It also is not 154 

hygroscopic, so performing this step was not relevant for this polymer. The remaining solvent content 155 

for this polymer was determined by TGA to be 5.3% m/m.  156 

 157 
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2.3 Modulated differenƟal scanning calorimetry 158 

Modulated differenƟal scanning calorimetry (mDSC) was conducted using Discovery 2500® and Q2000® 159 

mDSCs, both equipped with RCS90 refrigerated cooling systems (TA Instruments®, Leatherhead, U.K.). 160 

Dry nitrogen with a 50 mL/min flow rate was used as a purge gas. Temperature and enthalpy 161 

calibraƟons were performed with indium at a heaƟng rate of 2 °C/min. In addiƟon, temperature 162 

calibraƟons (for 2 °C/min) were also performed for octadecane and Ɵn. Finally, the equipment was also 163 

calibrated for heat capacity using a heaƟng rate of 2 °C/min with sapphire. No calibraƟons were 164 

performed for the other heaƟng rates described in this paper, but an indium reference was analysed 165 

using heaƟng rates of 1 °C/min and 10 °C/min for a qualitaƟve analysis.  166 

Samples of 4.5 to 5.5 mg were analysed in duplicate or triplicate with two or three heaƟng runs 167 

depending on the experiment. The lids of the standard not hermeƟc aluminium mDSC pans were 168 

perforated using a needle for all experiments on PnPrOx, resulƟng in two holes of approximately 1 mm 169 

in diameter. The reader is referred to secƟons S3 and S4 in the supporƟng informaƟon for more 170 

informaƟon on the effects observed when perforated mDSC pan lids were used. PerforaƟng the lid was 171 

done to facilitate the moisture escape, which presumably already started upon loading the sample in 172 

the dry nitrogen atmosphere of the mDSC. As a result, perforaƟon led to a reducƟon of the moisture 173 

evaporaƟon peak in the actual experiments and a clearer Tg.  174 

For all measurements, the modulaƟon amplitude was set at 0.212 °C and the period was set at 40 s, 175 

resulƟng in at least 4 modulaƟons per thermal transiƟon. Samples were analysed between -10 °C and 176 

160 °C for the first heaƟng run and between 10 °C and 160 °C for subsequent heaƟng runs. Every 177 

heaƟng run was preceded by a one-minute isothermal step. Different heaƟng rates, cooling rates, and 178 

annealing temperatures were used to assess PnPrOx crystallinity.  179 

In a first set of experiments, heaƟng and cooling rates were varied (see Figure 2a and Figure 2b, 180 

respecƟvely). Firstly, heaƟng rates of either 1 °C/min or 2 °C/min were used, aŌer the sample was 181 

cooled from the melt at 160 °C at an average rate of 47 °C/min (Figure 2a). This nominal rate is based 182 
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on the Ɵme it took the mDSC to decrease the temperature from 160 °C to the starƟng temperature. 183 

Then, controlled cooling rates of 2 °C/min and 5 °C/min were used (Figure 2b), but the heaƟng rate was 184 

always kept constant at 2 °C/min. At the end of these experiments, the samples were cooled at 47 185 

°C/min and stored at room temperature. AŌer one week storage, the samples were subjected to exactly 186 

the same mDSC experiments once again.  187 

Since PEtOx and PsecBuOx were confirmed to be fully amorphous under the condiƟons studied in this 188 

manuscript (see results), they were only subjected to a heaƟng rate of 2 °C/min aŌer having been 189 

cooled at an average rate of 47 °C/min. As for PnPrOx, the effect of perforaƟng pan lids was studied for 190 

these polymers as well.  191 

A second set of experiments (see Figure 2c) studied the effect of high temperature annealing Ɵme 192 

combined with different heaƟng rates. First, samples were melted by heaƟng to 160 °C, followed by 193 

cooling to 20 °C at the average maximum rate of 47 °C/min. This was followed by annealing the samples 194 

at 105 °C for two hours (the heaƟng rate from 20 °C to 105 °C was always 2 °C/min). 105 °C was chosen 195 

as the annealing temperature to ensure the samples would be maximally crystalline. From the mDSC 196 

data in results secƟon 3.2.2, one can indeed conclude that this temperature is sufficient to induce 197 

crystallisaƟon, independent of sample history. Following this, the samples were cooled to 20 °C at 2 198 

°C/min before heaƟng again to 160 °C at 1 °C/min, 2 °C/min or 10 °C/min depending on the experiment. 199 

This experiment was also done with lower Mn PnPrOx (11 and 23 kg/mol), to study the effect of molar 200 

mass on semicrystalline behaviour. Furthermore, this experiment was also conducted on PEtOx and 201 

PsecBuOx to confirm their amorphous nature under these condiƟons.  202 

 203 

 204 

 205 
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Finally, two samples were condiƟoned outside the mDSC and analysed using a simple protocol. One 206 

sample was rendered fully amorphous by melƟng it at 160 °C and keeping it at that temperature for 207 

five minutes, followed by flash cooling with liquid nitrogen. This sample was then kept in an oven at 60 208 

°C for one week and subsequently analysed by heaƟng to 160 °C at 2 °C/min, preceded by a 60 minute 209 

isothermal step at 30 °C. The reason for performing the annealing at 60 °C was to study the effect of 210 

this longer annealing Ɵme at lower temperature on the double melƟng peak (see results). The other 211 

sample was obtained by crystallisaƟon from aqueous soluƟon (see point 4 in methods) and analysed 212 

using the same parameters. This experiment was performed to confirm whether the irreversible 213 

transiƟon (crystallisaƟon) that was observed for PiPrOx soluƟons also occurred in PnPrOx soluƟons 214 

kept above the Tcp. 215 

Figure 2. Summary of the different heaƟng cycles and parameters used in the mDSC experiments 

a b 

c 
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TRIOS® soŌware version 5.2 (TA Instruments®, Leatherhead, U.K.) was used for data analysis. Tg 216 

midpoints were calculated by determining the temperature at half the step height. The curves were 217 

displaced verƟcally for beƩer comparison in overlay figures. 218 

 219 

2.4 CrystallisaƟon from aqueous soluƟon  220 

Aqueous PnPrOx soluƟons 10% (m/V) were prepared using purified water and stored above their TCp 221 

(approximately 25 °C) (36,37) at 61 °C (this exact temperature determined using a thermocouple). AŌer 222 

four days, the soluƟon was stored in the refrigerator (between 4 °C and 8 °C) overnight. Precipitated 223 

material was then removed from the beaker and subsequently analysed using mDSC and XRPD. It must 224 

be noted that the sample was not dried to avoid any further crystallisaƟon due to water evaporaƟon. 225 

The residual water content, determined by thermogravimetric analysis, was 28% m/m (supplementary 226 

informaƟon, S2), leading to an underesƟmaƟon of the normalized enthalpy of fusion. An isothermal of 227 

60 minutes at 30 °C was performed during mDSC analyses to remove the large water evaporaƟon 228 

endotherm.  229 

 230 

2.5 Small-angle and wide-angle X-ray scaƩering  231 

Time-resolved synchrotron small-angle (SAXS) and wide-angle X-ray scaƩering (WAXS) experiments 232 

were performed at BM26, the Belgian beam line at the European Synchrotron RadiaƟon Facility (ESRF) 233 

in Grenoble, France using an X-ray wavelength 𝜆 of 1.03 Å. The intensiƟes were collected 234 

simultaneously on a Pilatus 1M detector aŌer an evacuated tube for SAXS and a Pilatus 300k detector 235 

close to the sample for WAXS. The scaƩering angles were calibrated against α-alumina and silver 236 

behenate standards and the isotropic powder paƩerns were azimuthally averaged using the ConeX 237 

soŌware. (38) The one dimensional data were corrected for the scaƩering of an empty sample holder, 238 

taking the sample transmission into account as derived from the transmiƩed primary beam intensity 239 
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measured by a photodiode downstream from the sample. IntensiƟes were normalized to the intensity 240 

of the incoming beam, measured by an ionizaƟon chamber upstream from the sample. Measured 241 

intensiƟes are presented as funcƟon of the modulus of the scaƩering vector 𝑞, with 𝑞 =
(ସగ ௦௜௡ఏ)

ఒ
 and 242 

𝜃 being half the scaƩering angle.  243 

Before performing the SAXS/WAXS measurements, all samples were heated at 30 °C/min to 160 °C, 244 

kept there for 5 min to ensure that all crystals had melted and subsequently cooled at 1 °C/min to 20 245 

°C using a DSC. The samples were kept in the standard non-hermeƟc aluminium DSC pans and placed 246 

in a TMS 600® hot stage (Linkam ScienƟfic Instruments®, Surrey, UK) for temperature control during 247 

the SAXS/WAXS measurements. Liquid nitrogen was used for cooling.  248 

Two SAXS/WAXS setups were used. The first setup consisted of subjecƟng the sample to a 10 °C/min 249 

heaƟng run from 20 °C to 180 °C, interrupted by a 20 min annealing step at 95 °C. The 𝑞 range was 250 

0.006 < 𝑞 < 0.38 Åିଵ for SAXS (detector placed 3 m from sample) and 0.64 < 𝑞 < 2.21 Åିଵ for 251 

WAXS. The minimal SAXS 𝑞-value of 0.006 means that d-spacings up to 100 nm should be accurately 252 

detected. SAXS and WAXS paƩerns were taken every 6 s. Only the WAXS data was analyzed for this 253 

setup, as the SAXS data in the menƟoned 𝑞 range did not have useful informaƟon except for some 254 

small changes at the highest 𝑞-values, suggesƟng that informaƟon was hidden in the blind region 255 

between SAXS and WAXS. This region was explored in the second setup. It cannot be excluded that 256 

useful informaƟon is also hidden behind the beam stop at low 𝑞-values. This region was not further 257 

explored.  258 

The second setup consisted of staƟc measurements at 20 °C. The SAXS range was 0.013 < 𝑞 <259 

0.76 Åିଵ (detector placed 1.5 m from the sample), and the WAXS range was 0.64 < 𝑞 < 2.21 Åିଵ, 260 

ensuring overlap between the SAXS and WAXS ranges. A sample was first condiƟoned in an external 261 

MeƩler hot stage by cooling at 1 °C/min from 180 °C to 20 °C and staƟcally measured at that 262 

temperature by SAXS/WAXS. The same sample was then heated at 10 °C/min to 95 °C and annealed 263 
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there for 20 min. AŌer cooling back to 20 °C at 10 °C/min (all using an external MeƩler® hot stage) the 264 

sample was measured a second Ɵme by SAXS/WAXS.  265 

 266 

2.6 X-ray powder diffracƟon (XRPD) 267 

An X’pert PRO diffractometer® (PANalyƟcal®, Almelo, The Netherlands) with a Cu tube (Kαλ = 1.5418 268 

Å) and a generator set-up at 45 kV and 40 mA was used in transmission mode at room temperature to 269 

conduct XRPD measurements. All scans were performed between 4° and 40° 2θ (0.284 < 𝑞 <270 

2.788 Åିଵ) with a 400 s counƟng Ɵme and a 0.0167° step size. Diffractograms of PnPrOx at different 271 

temperatures were collected using an Anton Paar® (Graz, Austria) TCU 100® temperature control unit. 272 

Prior to the start of the analysis, the PnPrOx sample was heated to 180 °C, which was followed by a 5-273 

minute isothermal and then cooling to room temperature at 10 °C/min. No higher cooling rate could 274 

be set using this instrument. Data were collected for ca. 2 hours at 25 °C increments from 50 to 175 °C. 275 

The heaƟng rate in between the data collecƟon isotherms was 2 °C/min. OriginPro® (version 8.5.0 SR1, 276 

OriginLab®, Northampton, USA) was used for data treatment and analysis. A fast Fourier transform 277 

filter was applied to remove noise (15 points).  278 

  279 
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3 Results  280 

3.1 Thermal behaviour of PEtOx and PsecBuOx 281 

First of all, perforaƟng mDSC pan lids has some interesƟng effects (supplementary informaƟon secƟon 282 

S3). It results in a lower moisture or solvent evaporaƟon temperature (PsecBuOx) and enthalpy (PEtOx 283 

and PsecBuOx). Moreover, it results in the Tg occurring at a temperature that is 8.4 °C higher for PEtOx. 284 

The significance of this is discussed in more detail in supplementary informaƟon secƟon S4. In 285 

summary, it can be useful to perforate mDSC pans when removing all solvent is difficult, which can 286 

result in interpretaƟon issues regarding the mDSC analysis (in ASDs for example). Another opƟon would 287 

be to perform a second heaƟng run, but this completely alters the thermal history of the sample.  288 

The mDSC thermograms obtained when heaƟng PEtOx (50 kg/mol and 100 kg/mol) and PsecBuOx at 289 

different heaƟng rates aŌer annealing for two hours at 105 °C are shown in the supplementary 290 

informaƟon (secƟon S5). InteresƟngly, these thermograms show none of the features that can be 291 

observed on the thermogram of PnPrOx (Figure 5). No crystallisaƟon or melƟng transiƟons are 292 

observed at all. The only thermal event that can be observed is a Tg of 70.3 (± 0.5) °C for PEtOx 50 293 

kg/mol, a Tg of 69.6 (± 0.2) °C for PEtOx 100 kg/mol, and a Tg of 59.0 (± 0.8) °C for PsecBuOx 50 kg/mol.  294 

 295 

3.2 Thermal behaviour of PnPrOx 296 

3.2.1 Temperature-resolved XRPD measurements 297 

Figure 3 shows XRPD diffractograms obtained over the course of a temperature-resolved measurement 298 

of PnPrOx (50 kg/mol) that was melted at 180 °C and cooled back to room temperature at 10 °C/min. 299 

The first diffractogram at 50 °C suggest that the material was fully XRPD-amorphous at this 300 

temperature. Evidence that crystallisaƟon is occurring appears at 75 °C. The peaks then increased in 301 
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intensity to a maximum at 125 °C. From 150 °C onward, melƟng occurs, as evidenced by the decreasing 302 

reflecƟons. The sample is fully melted at 175 °C. The peak at ca. 𝑞 =  2.0 Åିଵ is most likely an impurity 303 

from the synthesis. It might correspond to the (111) laƫce plane of pure silicon. (39) 304 

 305 

Figure 3. XRPD diffractograms of PnPrOx 50 kg/mol obtained during heaƟng over the course of a temperature-controlled 306 

experiment.  307 

This experiment shows that PnPrOx started to crystallize when heated above the Tg (which was 308 

determined to be 43 °C in the mDSC measurements shown later), which is so-called cold crystallisaƟon, 309 

and has a Tm at around 150 °C. There seemed to be no solid/solid phase transiƟons as only one 310 

polymorph was observed. It must be said that this experiment had an important limitaƟon, namely 311 

that each measurement took two hours. This means that the sample annealed at each temperature 312 

while it was being measured, complicaƟng the direct comparison with mDSC results. 313 

Synchrotron WAXS was used as a complementary technique to study the thermal behaviour of PnPrOx 314 

and to confirm the abovemenƟoned results. Figure 4a shows the evoluƟon of the scaƩering intensity 315 

with respect to Ɵme and in funcƟon of the scaƩering vector. The interpretaƟon is the same as for Figure 316 

3, but in this case, all crystals disappeared at ca. 143 °C.  317 
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Figure 4b shows several variables measured at the strongest reflecƟon, which occurs at around 𝑞 =318 

1.45 Åିଵ (see Figure 3). First, it seems that the material crystallises when heated above the Tg, as 319 

evidenced by an increase in the peak intensity (black data in Figure 4b), but that this is immediately 320 

followed by a melƟng event upon further heaƟng. AŌer this first melƟng event, crystallisaƟon occurred 321 

once more during the annealing step at 95 °C, followed by melƟng as soon as heaƟng was conƟnued.  322 

Aside from crystallisaƟon and melƟng, other phenomena can be observed in the WAXS data. There was 323 

some thermal expansion as evident from the increase in d-values along the heaƟng run. On top of this, 324 

the average crystal size grew during the heaƟng steps as well as during the isothermal step. This average 325 

crystal size growth was present even during the final melƟng process, as shown by the increasing 326 

Scherrer crystal size while the peak intensity was decreasing. Based on this data, the reason for this 327 

perceived average crystal growth could be the eliminaƟon of the smallest crystals, leading to an average 328 

size increase, the growth of larger crystals that have not melted yet, or a combinaƟon of these two 329 

factors. 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

The mDSC thermogram obtained when heaƟng the redissolved and freeze dried PnPrOx sample (50 339 

kg/mol) as such at 2 °C/min is displayed in Figure 5, revealing a Tg of 43.5 °C (± 0.6 °C), determined on 340 

a b 

Figure 4. (a) top viewed and color coded Ɵme dependent WAXS paƩerns of PnPrOx 50 kg/mol as a funcƟon of the modulus of 

the scaƩering vector while heaƟng with an intermiƩent 20 min annealing step at 95 °C. (b) Analysis of the strongest reflecƟon 

in the WAXS range, separated from the amorphous halo using a straight sector. Scherrer crystal size, peak intensity, and d-

value are shown as a funcƟon of Ɵme (and hence, temperature).  
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the reversing heat flow. Figure 5 is consistent with the synchrotron WAXS data, i.e., the sample started 341 

to crystallize above the Tg for both the first and second heaƟng run, followed by a small melƟng 342 

endotherm (2 and 2’), further crystallisaƟon (3 and 3’), and a final melƟng event or events (4 and 4’). 343 

It is intriguing that the second heaƟng run displayed a double melƟng peak around 140 °C, which is 344 

different to the single event seen in heaƟng run 1. However, the extent of crystallisaƟon and melƟng is 345 

much smaller in the second heaƟng run, indicaƟng that the crystallisaƟon is a rather slow process. It is 346 

difficult to disƟnguish the overlapping peaks such as those between arrows 3 and 4 as well as 3’ and 4’. 347 

In fact, the signal at these temperatures might be a mix of endothermic (melƟng onset) and exothermic 348 

(end of the cold crystallisaƟon peak, i.e., crystallisaƟon occurring during the heaƟng run) signals. Finally, 349 

it must be noted that the first endotherm in heaƟng run 1 (event 1) was especially difficult to interpret 350 

as it was most likely a combinaƟon of the Tg (heat capacity related baseline change), enthalpy recovery 351 

(also seen in heaƟng run 2 for 1’), solvent/moisture evaporaƟon (as shown by thermogravimetric 352 

analysis, see S1) and the start of the cold crystallisaƟon peak (3). Because of this, and because of 353 

differences in the appearance of the final melƟng peak (4) on heaƟng run 1 (due to differences in 354 

crystallinity between freeze dried batches), secƟons 3.1.2 and 3.1.3 of the results secƟon will focus 355 

only on differences in heaƟng run 2 for different parameters. 356 

 357 

 358 
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 359 

 360 

 361 

 362 

3.2.2 mDSC analysis of PnPrOx 50 kg/mol using different heaƟng and cooling 363 

rates 364 

Figure 6 shows the differences between the total heat flows of the second heaƟng run of PnPrOx (50 365 

kg/mol) heated at 1 °C/min and 2 °C/min, respecƟvely. Both were cooled at 47 °C/min. Cold 366 

crystallisaƟon in the 1 °C/min heaƟng curve peaked at approximately 95 °C and was much stronger 367 

compared to when heated at 2 °C/min for which the peak occurred at 107 °C. A striking difference 368 

resided in the different melƟng behaviour. When the sample was heated more rapidly, two disƟnct 369 

melƟng peaks were visible (melƟng one and melƟng two), where the first melƟng event seemed more 370 

prevalent. On the other hand, when the sample was heated more slowly, the double melƟng peak 371 

disappeared almost enƟrely, and the first melƟng event had become a shoulder of the second. The 372 

reader can refer to the supplementary informaƟon (S6) for other idenƟcal thermograms, as all analyses 373 

were conducted in triplicate and were reproducible.  374 

1 
2 3 

4 

1’ 
3’ 

4’ 
2’? 

Figure 5. HeaƟng runs 1 and 2 of a PnPrOx 50 kg/mol sample at 2 °C/min and cooled at 47 °C/min between heaƟng runs. 

Thermal events are linked to solvent/moisture evaporaƟon (heaƟng run 1, 1) Tg (1 and 1’), enthalpy recovery (1 and 1’), 

start of crystallisaƟon (1), melƟng (2 and 2’), cold crystallisaƟon (3 and 3’), final melƟng (4 and 4’).  
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The sample shown as the green curve in Figure 6 was subjected to a third heaƟng run and subsequently 375 

cooled at an average rate of 47 °C/min, which resulted in an idenƟcal thermogram when compared to 376 

the second heaƟng run (Figure 6, green curve). This sample was then kept at ambient condiƟons for a 377 

week and subsequently re-analyzed with mDSC using a heaƟng rate of 2 °C/min, which is shown as the 378 

red curve in Figure 6. The material underwent some structural changes during this period, as the 379 

thermograms were different. Notably, the Tg shiŌed to lower temperatures and a broad endotherm 380 

appeared, stretching from right aŌer Tg up to at about 80 °C where the exothermic cold crystallizaƟon 381 

signal starts. The endotherm likely links to the removal of water, taken up during storage. The presence 382 

of water leads to a plasƟcizaƟon effect also explaining why the Tg of the stored sample is considerably 383 

reduced compared to when heated right aŌer cooling in DSC. The exothermic peak appears at about 384 

the same temperature as in the heaƟng run at 1 °C/min (Figure 6 blue curve), although heaƟng in this 385 

case was conducted at 2 °C/min. The earlier cold crystallizaƟon in the red curve, compared to in the 386 

green, suggests a facilitated nucleaƟon. The laƩer is tentaƟvely associated with crystal fragments 387 

formed during the storage Ɵme. Indeed, the water uptake might reduce the Tg by which the mobility 388 

increases sufficiently to permit the (slow) creaƟon of crystal fragments. The relevance of nucleaƟng 389 

crystal fragments for the cold crystallizaƟon characterisƟcs is demonstrated once more in the next 390 

secƟon where such fragments are permiƩed to grow during a slow cooling run instead of isothermally 391 

during storage. 392 
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 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400  

 401 

 402 

3.2.3 mDSC analysis of PnPrOx 50 kg/mol using different cooling rates 403 

The behaviour of the system was also studied by using different cooling rates. Figure 7 shows another 404 

overlay of total heat flows in heaƟng run 2. This Ɵme, all the samples were heated at 2 °C/min, but 405 

were cooled at 47 °C/min (average rate), at 5 °C/min, and at 2 °C/min, respecƟvely. Replicates not 406 

shown here can be found in the supplementary informaƟon (S7).  407 

 408 

 409 

 410 

 411 

 412 

 413 

Figure 6. Total heat flow thermograms of heaƟng run 2 of a PnPrOx 50 kg/mol sample heated at 1 °C/min (blue) and at 2°C/min 

(green). One sample was kept at room temperature in the DSC pan for 10 days and subsequently re-analysed using the same 

protocol (heaƟng at 2 °C/min). Its first heaƟng run is shown in red. Note that these thermograms were not normalized for 



19 
 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

Figure 7. Total heat flow thermograms of heaƟng run two of a PnPrOx 50 kg/mol sample cooled at 47 °C/min (blue), at 5 421 

°C/min (green), and at 2 °C/min (red). The heaƟng rate was 2 °C/min in all cases.  422 

It is clear from Figure 7 that the cooling rate substanƟally affected the crystallisaƟon behaviour and the 423 

corresponding melƟng peak. When cooled at an average rate of 47 °C/min, the typical double melƟng 424 

peak was obtained. When cooling at 2 °C/min, melƟng peak one was barely present, and it is best 425 

described as the shoulder of melƟng peak two. Cooling at 5°C/min yielded something in between these 426 

two results. Furthermore, the cold crystallisaƟon peak also shiŌed to lower temperatures when using 427 

slower cooling rates.  428 

The explanaƟon for the laƩer can be found in the cooling runs of the same samples, shown in Figure 8. 429 

Some crystallisaƟon occurred during cooling at 5 °C/min, but was more pronounced when cooled at 2 430 

°C/min. This also indicates that crystallisaƟon would certainly have occurred during the condiƟoning 431 

step performed before the SAXS analysis (cooling at 1 °C/min). During the fast cooling at an average 432 

rate of 47 °C/min, no crystallisaƟon occurred (see supplementary informaƟon, S6). In the previous 433 

secƟon, it was shown that slower heaƟng rates also led to a higher contribuƟon of the second melƟng 434 

peak, while this secƟon shows a similar effect for slower cooling rates.  435 

 436 
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 437 

 438 

 439 

 440 

 441 

 442 

 443 

Figure 8. Total heat capacity thermograms of cooling run one of a PnPrOx 50 kg/mol sample cooled at 5 °C/min (green), and 444 

at 2 °C/min (red). Total heat capacity was used instead of total heat flow to normalize for the different cooling rates.  445 

3.2.4 StaƟc SAXS and WAXS measurements of PnPrOx 50 kg/mol 446 

The statements made above were corroborated with further structural informaƟon. The data above 447 

suggest that when the PnPrOx 50 kg/mol sample was cooled slowly, crystallisaƟon occurred during the 448 

cooling run. This was also evidenced by the difference in crystallinity detected by the temperature 449 

controlled XRPD and synchrotron measurements. The sample was cooled at 1 °C/min before 450 

performing the synchrotron measurement, whereas previously melted and rapidly cooled PnPrOx 50 451 

kg/mol was used for the XRPD measurement. A staƟc SAXS/WAXS experiment was performed to see 452 

whether this difference could be understood in more detail (Figure 9).  453 

 454 

 455 

 456 

 457 

 458 
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 460 

 461 

 462 

 463 

 464 

 465 

 466 

The diffractograms in Figure 9 confirm that a sample that was cooled from the molten state at 1 °C/min 467 

was indeed semicrystalline, something that was already evident from the Ɵme-resolved WAXS 468 

measurement (Figure 4). The peaks around 𝑞 =  0.53 Åିଵ also correspond to those observed during 469 

the XRPD measurement (Figure 3).  470 

In Figure 9, it can also be seen that the crystallinity further increased aŌer an addiƟonal 25 min 471 

isothermal step at 95 °C. Moreover, significant differences in the SAXS peaks suggest that there might, 472 

in fact, be two polymorphic forms present, characterized by the peaks at 𝑞 = 0.40 Åିଵ (form 1) and 473 

𝑞 = 0.53 Åିଵ (form 2) respecƟvely. The peak at 𝑞 = 0.48 Åିଵ is parƟcularly broad and is more likely 474 

to be due to an underlying amorphous halo. From this, it can be concluded that form 1 disappears 475 

when the sample is heated to 95 °C and does not return. Meanwhile, form 2 grows when annealed at 476 

95 °C. Finally, the peak at 𝑞 = 0.48 Åିଵ belonging to amorphous material decreases. Therefore, form 477 

1 is metastable and only forms at lower temperatures.  478 

 479 

Figure 9. SAXS/WAXS data of PnPrOx 50 kg/mol at 20 °C aŌer cooling at 1 °C/min (black). WAXS data at 95 °C aŌer subsequent 

heaƟng to 95 °C and 25 min isothermal Ɵme (red, right side image). SAXS data at 20 °C aŌer subsequent cooling from 95 °C 

(red, leŌ side image).  



22 
 

3.2.5 Annealing PnPrOx at 105 °C in the DSC  480 

To further mimic the SAXS/WAXS data, a PnPrOx 50 kg/mol sample was heated to 160 °C to melt all 481 

preexisƟng crystals, cooled down to room temperature at an average rate of 47 °C/min, and then 482 

annealed at 105 °C for two hours. This was followed by cooling the sample back to 20 °C at 2 °C/min 483 

and subsequently heaƟng it at 1 °C/min, 2 °C/min, or 10 °C/min (Figure 10). The mass normalized heat 484 

capaciƟes are shown instead of the total heat flows to avoid large differences in signal magnitude due 485 

to the different heaƟng rates. Replicates are shown in the supplementary informaƟon (S8).  486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

Figure 10. Normalized heat capacity curves of a PnPrOx 50 kg/mol sample annealed at 105 °C and re-heated at different 494 

heaƟng rates (1 °C/min in blue, 2 °C/min in green, 10 °C/min in red). The melƟng peak temperatures are indicated above their 495 

respecƟve curves. 496 

As shown in Figure 10, the melƟng peak temperature decreased with increasing heaƟng rate, whereas 497 

the opposite was true for indium (supplementary informaƟon, S9). The mDSC instrument was only 498 

calibrated for a heaƟng rate of 2 °C/min, but the relevant other heaƟng rates were also applied to an 499 

indium reference to idenƟfy the deviaƟons (supplementary informaƟon, S9). The deviaƟons for PnPrOx 500 

were much large compared to indium, and most importantly, the melƟng peaks shiŌed to a different 501 

direcƟon (indium upward and PnPrOx downward with increasing heaƟng rate). 502 
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The difference in Tm (peak) was up to 8 °C. This is counterintuiƟve, as one expects more thermal lag 503 

when increasing the heaƟng rate. However, we are not the first to report this, as this deviaƟon was also 504 

observed by Oleszko-Torbus et al. (10) The deviaƟon can be explained by overlapping recrystallisaƟon 505 

and melƟng phenomena, which will be addressed further in the discussion secƟon.  506 

The annealing experiment was also performed for lower molar mass PnPrOx with 11 and 23 kg/mol. 507 

First and foremost, these polymers were found to also be semicrystalline despite them being much 508 

shorter than the 50 kg/mol PnPrOx. InteresƟngly, increasing the heaƟng rate also decreased the peak 509 

temperature for PnPrOx of these molar masses. For the 11 kg/mol PnPrOx, the melƟng peak 510 

temperatures were 144.9 (± 0.2) °C, 143.0 (± 0.06) °C, and 139.4 (± 0.006) °C for heaƟng rates of 1 511 

°C/min, 2 °C/min, and 10 °C/min respecƟvely. For the 23 kg/mol PnPrOx, the melƟng peak 512 

temperatures were 147.6 (± 0.3) °C, 144.9 (± 0.10) °C, and 140.9 (± 0.07) °C for heaƟng rates of 1 °C/min, 513 

2 °C/min, and 10 °C/min respecƟvely. The thermograms of these samples are shown in the 514 

supplementary informaƟon secƟon S10. The melƟng temperatures show a slight increase with 515 

increasing molar mass, demonstraƟng the presence of slightly more intermolecular interacƟons due to 516 

the longer polymer chains. The fact that increasing the heaƟng rate for lower molar mass PnPrOx has 517 

the same effect as for 50 kg/mol PnPrOx demonstrates that the lower molar mass PnPrOx have very 518 

similar properƟes as the 50 kg/mol PnPrOx. Further interpretaƟon of this result is performed in the 519 

discussion secƟon.  520 

Something else that is clear from the data in Figure 10 is the lack of two disƟnct melƟng peaks. When 521 

the sample was given enough Ɵme to anneal at an elevated temperature, the melƟng endotherm was 522 

much broader. The heaƟng rate now had a much smaller effect on the presence of melƟng peak one 523 

or two, in contrast to the results presented for the different heaƟng and cooling rates. Moreover, there 524 

was no indicaƟon for crystallisaƟon during heaƟng. This suggests that the material was crystallised to 525 

a greater extent aŌer having been annealed under these condiƟons. The endotherm (melƟng) that 526 
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appeared before the crystallisaƟon peak was also not present (although there might sƟll have been 527 

overlapping crystallisaƟon and melƟng, as described in the discussion secƟon).  528 

To further study the behaviour of the sample aŌer it was annealed, a PnPrOx (50 kg/mol) sample was 529 

melted and then flash cooled with liquid nitrogen before storing it in an oven at 60 °C for one week 530 

(which is above the Tg). Figure 11 (leŌ) shows the first heaƟng run of the resulƟng mDSC analysis, while 531 

Figure 11 (right) shows the XRPD diffractogram prior to heaƟng. The other mDSC replicates can be 532 

found in the supplementary informaƟon (S11).  533 

 534 

Figure 11. LeŌ: mDSC thermogram showing the total heat flow (blue) of a PnPrOx 50 kg/mol sample annealed at 60 °C for a 535 

week and subsequently analyzed (heaƟng run 1). Right: XRPD diffractogram of the same sample.  536 

The sample appears to have been very crystalline, as evidenced by a large endotherm at around 147 537 

°C. What is interesƟng is that there appears to be another melƟng endotherm at around 85 °C. There 538 

are also significant differences above 95 °C between the thermogram show in Figure 11 and the ones 539 

shown in Figure 7 for instance. It is especially clear that the cold crystallisaƟon exotherm is less 540 

pronounced, indicaƟng that the material is more crystalline. InteresƟngly, melƟng one is sƟll present, 541 

indicaƟng that imperfect crystals are sƟll present.  542 

  543 
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3.3 CrystallisaƟon from aqueous soluƟon of PnPrOx  544 

As menƟoned in the introducƟon, it has been reported for PiPrOx that it crystallizes when an aqueous 545 

PiPrOx soluƟon is annealed above its TCp. Hence, it was interesƟng to conduct a similar experiment for 546 

PnPrOx (50 kg/mol) in the context of this study. When the temperature exceeded the TCp, the PnPrOx 547 

soluƟon did at first become cloudy, but then the polymer formed a precipitate consisƟng of larger 548 

parƟcles that seƩled out of the soluƟon aŌer several hours. The abovemenƟoned parƟcles remained 549 

visible aŌer cooling the soluƟon below the TCp for several weeks, suggesƟng that some irreversible 550 

transiƟon had occurred. 551 

To confirm that the parƟcles menƟoned above were indeed PnPrOx crystals, they were analysed with 552 

mDSC as well as XRPD (Figure 12 (leŌ) and (right), respecƟvely). These analyses further confirmed the 553 

crystallinity of the sample. The other mDSC replicates can be found in the supplementary informaƟon 554 

(S12).  555 

 556 

Figure 12. LeŌ: total heat flow (blue), curves of a PnPrOx 50 kg/mol sample that crystallized from aqueous soluƟon. Right: 557 

XRPD diffractogram of the same sample. 558 

Aside from the fact that this meant that the TCp is not reversible for PnPrOx when an aqueous soluƟon 559 

was annealed at higher temperatures, but below its Tm, it must be noted that this sample was the most 560 

crystalline of all samples analysed, with a melƟng enthalpy of around 25 J/g. In fact, this value was 561 

probably even higher, since the sample was sƟll moist when it was prepared for mDSC analysis. Despite 562 
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the isotherm that was prepared to remove some of the water, a small water evaporaƟon endotherm 563 

(as well as a Tg) remains visible on Figure 12a. Thermogravimetric analysis (see supplementary 564 

informaƟon S2) indicated a further reducƟon in mass of 28% m/m between room temperature and 65 565 

°C, indicaƟve of the loss of water, meaning that the real melƟng enthalpy could have been as high as 566 

32 J/g. Moreover, as opposed to the sample shown in Figure 11 that was annealed at 60 °C, melƟng 567 

one was no longer clearly present despite the presence of a broad endothermic melƟng signal starƟng 568 

around 110 °C.   569 
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4 Discussion 570 

4.1 Comparison with previous work 571 

The Tm reported for PnPrOx of all molar masses in this work corresponds to previous work from our 572 

group, (4) but not to those reported in the Oleszko-Torbus paper. (10) Both papers menƟon the double 573 

melƟng peak, but at different temperatures. This can be explained by differences in the PnPrOx that 574 

was used. Oleszko-Torbus et al. used PnPrOx with a number average molar mass of 8.7 kg/mol (Ɖ = 575 

1.03), while the current study (and that of previous findings from our group (4)) used PnPrOx with a 576 

number average molar mass of 50 kg/mol (Ɖ ≤ 1.25) down to 11 kg/mol (Ɖ ≤ 1.25). Moreover, Oleszko-577 

Torbus et al. used PnPrOx prepared with methyl 4-nitrobenzenesulfonate as iniƟator and n-578 

propylamine as terminaƟng agent, followed by solvent evaporaƟon without further purificaƟon. In 579 

contrast, the 50 kg/mol PnPrOx used in this work had a phenyl oxazoline α-group, BF4
- as counter anion 580 

and a hydroxyl ω-group, which was also used directly aŌer solvent evaporaƟon. The lower molar mass 581 

PnPrOx used in this work had a methyl α-group, and a hydroxyl ω-group. The difference in Mn parƟally 582 

explains the lower Tm found by Oleszko-Torbus et al., but it is possible that end groups as well as the 583 

difference in Ɖ also have an impact on the Tm of the polymers from the work of Oleszko-Torbus et al. 584 

The trend seen in this work further shows this to be the case, since the Tm did decrease with decreasing 585 

molar mass, but only very slightly, further indicaƟng that the end groups might play a more important 586 

role.  587 

The differences between the present work and previous work also explain why PnPrOx was found to 588 

be fully amorphous in earlier publicaƟons, (24) as shorter polymer chains may not crystallize or 589 

crystallize very slowly, making crystallisaƟon harder to detect. This being said, differences in heaƟng 590 

rate may also play a role, since slower heaƟng promotes cold crystallisaƟon and this manuscript mainly 591 

uses a slower heaƟng rate of 2 °C/min. Similarly, for the crystallisaƟon event Oleszko-Torbus et al. 592 

report no cold crystallisaƟon upon heaƟng for PnPrOx, which is indeed clear from their data. They used 593 
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heaƟng rates of 10 °C/min and 2.5 °C/min and did not find cold crystallisaƟon for either heaƟng rate. 594 

Previous findings from our group (4) do not explicitly exclude cold crystallisaƟon for PnPrOx, and a cold 595 

crystallisaƟon event can in fact be seen in the thermograms at a similar locaƟon to the one reported in 596 

this paper. This indicates that the presence of a cold crystallisaƟon event during the heaƟng cycle also 597 

depends on the chain length. It would be interesƟng to invesƟgate the relaƟonship between semi-598 

crystallinity and chain length further, not only for PnPrOx, but also for the other PAOx, in future work. 599 

  600 

4.2 The shiŌ of melƟng peaks and the double melƟng peak 601 

An explanaƟon for the shiŌ of the melƟng peaks to lower temperatures when the heaƟng rate is higher 602 

(Figure 10) can be found in a paper by Schulz et al., who have previously reported this behaviour for 603 

polycaprolactone. (41) The authors aƩribute this behaviour to compeƟng crystallisaƟon and melƟng 604 

events, whereby crystallisaƟon is slower than melƟng. This means that when a faster heaƟng rate is 605 

used, there is less Ɵme for (re)crystallisaƟon to happen, resulƟng in a larger contribuƟon from the 606 

melƟng that also appears at a lower temperature when the heaƟng rate is higher (as seen in Figure 10). 607 

This also means that for all heaƟng runs, there is melƟng aŌer recrystallisaƟon. This happens for the 608 

material annealed at 60 °C with the low melƟng peak (Figure 11), but also in the case of the double 609 

melƟng peak. 610 

The temperature-controlled WAXS experiment, which only required seconds for analysis at a certain 611 

temperature, also displayed a shiŌ in Tm with respect to the XRPD experiment, which required two 612 

hours for analysis at each temperature. Firstly, as can be seen in Figure 4, the crystal peak intensity 613 

decreased (indicaƟng that crystals are melƟng), while crystal size increased. This hints at the material 614 

undergoing reorganizaƟons as the melƟng occurs. InteresƟngly, this is also the explanaƟon for the 615 

apparent contradicƟon between Figure 3 (XRPD experiment) and Figure 4 (WAXS experiment). In Figure 616 

3, Bragg peaks were sƟll visible at 150 °C, whereas the crystal intensity was close to zero at 143 °C in 617 

Figure 4. This indicates that during the XRPD experiment, the melƟng was not finished at 150 °C, 618 
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whereas it was finished at 143 °C during the faster WAXS experiment. This is most likely the exact same 619 

shiŌing of the melƟng peak as was seen in the mDSC thermograms, although it could also be parƟally 620 

due to errors in the exact temperature measurement.  621 

Finally, this behaviour can also explain the double melƟng peak. Neither the WAXS nor XRPD data 622 

suggested that the melƟng peaks sƟll present at higher temperatures belong to different polymorphs. 623 

Hence, combining this knowledge with what was stated about the increasing crystal size in Figure 4, it 624 

can be concluded that the double melƟng peak is due to differences in crystal size.  625 

If the different Tm values are to be explained through differences in crystal size (or thickness) and not 626 

polymorphism, the explanaƟon for the different Tm is expressed through the Gibbs-Thomson equaƟon:  627 

𝑇௠(𝑛) = 𝑇௠
ஶ −

2𝜎௘𝑇௠
ஶ

∆𝐻௠𝑑௖
. 628 

Where 𝑇௠ is the melƟng temperature for a microscopic crystal of thickness 𝑑௖, 𝑇௠
ஶis the melƟng 629 

temperature of an infinitely large crystal sample, ∆𝐻௠ is the melƟng enthalpy, and 𝜎௘ is the surface 630 

free energy of polymer chains located at the two surfaces of the crystal (assuming crystal lamellae). 631 

(42) This equaƟon shows that if thicker or larger crystals are present, the Tm is closer to that of a 632 

macroscopic sample, meaning it is higher. Thus, smaller crystallites result in a larger melƟng point 633 

depression. It is remarkable that no shape scaƩering was recorded with SAXS when the detector was 634 

placed at 3 m from the sample to record q-values starƟng at 0.006 Åିଵ. This setup can detect crystals 635 

up to 100 nm in size, indicaƟng that PnPrOx crystals exceed this threshold or that the electron density 636 

difference between the crystallites and the surrounding amorphous maƩer is vanishingly low by which 637 

they escape the observaƟon. 638 

Something leŌ to explain is the nature of the melƟng peak at around 85 °C that appeared when an 639 

amorphous sample was annealed at 60 °C for a week (Figure 11). Again, the reader is referred to the 640 

paper by Schulz et al. (41) They also report a small melƟng peak, Tm0, whose presence and locaƟon 641 

depends on the crystallisaƟon (annealing) temperature. According to the authors, this peak might be 642 
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due to very thin, unstable crystalline lamellae (thin crystal sheets) forming at low annealing 643 

temperatures that melt earlier than the final Tm. Following this melƟng event, the material conƟnuously 644 

melts and recrystallizes before a final Tm is reached. Based on the data presented here, it is possible 645 

that PnPrOx follows similar behaviour. 646 

Finally, it must be noted that 60 °C is apparently not sufficient to only form large crystals, since melƟng 647 

peak one was sƟll present on the corresponding thermogram (Figure 11). However, when PnPrOx 648 

crystallized from a sample kept above its TCp, larger crystals were formed, as demonstrated by a 649 

complete lack of melƟng peak one in Figure 12. Annealing at 105 °C for two hours (Figure 10) results in 650 

an intermediate result, where neither melƟng peak one nor two is clearly present.  651 

Previous studies have found that a change to an all-trans conformaƟon plays an important role in the 652 

crystallisaƟon process of PiPrOx when it is kept above its TCp. (35) ConformaƟon changes might also 653 

play a role in forming more perfect crystals when PnPrOx crystallizes from aqueous soluƟon. Further 654 

research that can disƟnguish between conformaƟons would be interesƟng for PnPrOx as well and could 655 

be done using spectroscopy, such as Fourier-transform infrared spectroscopy.  656 

 657 

4.3 Overview of the effects observed when using different cooling- 658 

and heaƟng rates for mDSC 659 

Table 1 summarizes the data reported for 50 kg/mol PnPrOx in secƟons 3.1.2 and 3.1.3 and gives some 660 

addiƟonal insights. It confirms that there are in fact two possible melƟng peaks, and that the cold 661 

crystallisaƟon peak (i.e. the crystallisaƟon peak during heaƟng) tends to shiŌ. The peaks that were 662 

observed in an mDSC thermogram depend on the heaƟng and the cooling rate. The (cold) crystallisaƟon 663 

and melƟng enthalpies during heaƟng match very well, irrespecƟve of the adopted heaƟng rate, aŌer 664 

the sample had been cooled rapidly at an average rate of 47 °C/min. This suggests that the sample was 665 

amorphous and that most of the crystallisaƟon happens during the heaƟng run (i.e., cold 666 
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crystallisaƟon). On the other hand, when slower cooling was used, there was indeed a discrepancy 667 

between the crystallisaƟon and melƟng enthalpies, demonstraƟng that part of the crystallisaƟon had 668 

already happened during the cooling run.  669 

Table 1. Summary of data generated in the DSC heaƟng experiments for PnPrOx 50 kg/mol involving different heaƟng and 670 

preceding cooling rates. 671 

 672 

A more in-depth discussion of Table 1 is possible when keeping the previous secƟons from the 673 

discussion in mind. The differences between different heaƟng and cooling rates expressed in Table 1 674 

can be summarized as follows:  675 

1. Slower heaƟng or cooling resulted in a larger melƟng enthalpy  676 

CondiƟon heaƟng run 2 at 2 °C/min aŌer 
cooling at maximum rate  

heaƟng run 2 at 1 °C/min aŌer 
cooling at maximum rate 

Variables Means (± standard deviaƟons) Means (± standard deviaƟons) 

Cold crystallisaƟon onset  96 (± 13) °C 83.4 (± 1.5) °C 

Cold crystallisaƟon peak  107 (± 3) °C 96.5 (± 0.8) °C 

Cold crystallisaƟon 
enthalpy 2.1 (± 0.15) J/g 7.8 (± 0.6) J/g 

MelƟng onset  131.3 (± 0.3) °C 137.6 (± 0.4) °C 

MelƟng peak (largest) 139.2 (± 0.4) °C 147.8 (± 0.12) °C 

MelƟng enthalpy  2.1 (± 0.05) J/g 7.6 (± 0.6) J/g 

CondiƟon heaƟng run 2 at 2 °C/min aŌer 
cooling at 2 °C/min 

heaƟng run 2 at 2 °C/min aŌer 
cooling at 5 °C/min 

Variables Means (± standard deviaƟons) Means (± standard deviaƟons) 

Cold crystallisaƟon onset  73.5 (± 0.7) °C 79.2 (± 0.5) °C 

Cold crystallisaƟon peak  91.6 (± 0.6) °C 96.4 (± 0.4) °C 

Cold crystallisaƟon 
enthalpy  6.3 (± 0.3) J/g 4.6 (± 0.12) J/g 

MelƟng onset  131.1 (± 0.19) °C 131.4 (± 0.6) °C 

MelƟng peak (largest) 146.1 (± 0.06) °C 146.0 (± 0.12) °C 

melƟng enthalpy  11.1 (± 0.7) J/g 7.3 (± 0.18) J/g 
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2. Slower heaƟng or cooling resulted in a larger cold crystallisaƟon enthalpy 677 

3. The cold crystallisaƟon peak locaƟon was also affected by heaƟng and cooling rates. Slower 678 

cooling and heaƟng resulted in a crystallisaƟon peak at a lower temperature. 679 

4. Faster heaƟng or cooling resulted in the melƟng peak at a lower temperature (139 °C) being 680 

more important.  681 

5. Slower heaƟng or cooling resulted in the melƟng peak at a higher temperature (146 °C) being 682 

more important.  683 

The first point is straighƞorward and is caused by the fact that the sample is given more Ɵme to 684 

crystallize, resulƟng in a higher melƟng enthalpy. The second point can also be explained in a similar 685 

way when the slower heaƟng rate is concerned, but it is interesƟng that the slower cooling rate also 686 

affects the cold crystallisaƟon enthalpy during the subsequent heaƟng cycle. This points at more 687 

crystals forming during the cooling cycle, which promotes crystal growth during the subsequent heaƟng 688 

cycle. This apparently also lowers the temperature required for crystal formaƟon, explaining point 3, 689 

which is likely due to easier crystal nucleaƟon and/or growth in presence of crystals. 690 

Finally, secƟon two in the discussion pointed out that the higher Tm corresponded to larger, more 691 

perfect crystals. When PnPrOx is given more Ɵme to crystallize, it tends to form these more 692 

thermodynamically stable crystals. This explains points 4 and 5. Note that this Tm was also more 693 

prominent for the sample annealed at 105°C for two hours, for the sample annealed at 60°C for a week, 694 

and for the sample that crystallized in aqueous soluƟon due to the irreversible cloud point transiƟon. 695 

Another reason the change in the most prominent melƟng peak might occur is due to the 696 

recrystallisaƟon aŌer melƟng. During the mDSC run, the smaller crystals melt as apparent from the first 697 

melƟng peak, recrystallize, and then melt again in the second melƟng peak, making the laƩer more 698 

prominent. This phenomenon is more important when a heaƟng rate of 1°C/min is used, since this 699 

gives more Ɵme for the recrystallisaƟon to occur.  700 

 701 
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4.4 Polymorphism  702 

The WAXS data from Figure 4 and the data for intermediate angles from Figure 9 both suggest the 703 

existence of a second polymorph with a lower Tm. When studying thermograms such as the one shown 704 

in Figure 5 (heaƟng run 1) or in Figure 6 and Figure 7, it can be seen that an endotherm might be 705 

present that overlaps with the cold crystallisaƟon peak. The exothermic signal in Figure 8 right before 706 

the occurrence of vitrificaƟon might be the formaƟon of this form. The fact that these crystals only 707 

appear in certain circumstances, disappear upon annealing (SAXS data Figure 9) and at much lower 708 

temperatures indicates that they are unstable.  709 

None of the mDSC experiments performed here go into much depth regarding this potenƟal 710 

polymorph, since this manuscript focuses on explaining the melƟng and crystallisaƟon events occurring 711 

at higher temperatures. It would however be interesƟng to invesƟgate whether there is another 712 

polymorph and whether polymorphism might be present in other PAOx as well. Once more, it must be 713 

noted that polymorphism might be related to changes in conformaƟon, as was highlighted above. 714 

Further invesƟgaƟons are required to determine this conclusively.  715 

 716 

4.5 Relevance for future pharmaceuƟcal applicaƟons of PnPrOx 717 

As was menƟoned in the introducƟon, PnProx has already been applied for sustained release matrix 718 

systems. These drug delivery systems control drug release by allowing a drug to slowly diffuse out of 719 

an insoluble polymer matrix. This is in contrast to an immediate release dosage form, which 720 

disintegrates and allows for much faster drug release. Studies on drug release from poly(l-lacƟc acid) 721 

matrices show that a transiƟon of the polymer from the amorphous to the semicrystalline state results 722 

in a two-stage release profile. (43,44) AddiƟonally, Mallapragada and Peppas have developed a 723 

controlled release system that is enƟrely based on crystal dissoluƟon. (45) 724 
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More recently, dexamethasone release from polycaprolactone matrices was shown to depend on 725 

matrix morphology, including semicrystalline properƟes. (46) It has also been shown that polyethylene 726 

oxide crystal morphology and crystal size can significantly impact drug release from a matrix. Moreover, 727 

these properƟes were directly influenced by processing parameters such as injecƟon mold 728 

temperature, demonstraƟng the importance of considering semicrystalline properƟes in drug 729 

formulaƟon development. (47) Hence, to raƟonally develop a sustained release matrix with PnPrOx, it 730 

is not only crucial to know that it is semicrystalline, but also to know that different crystal sizes, degrees 731 

of crystallinity, and morphologies or polymorphs can be present.  732 

On a smaller scale, release from a polymer matrix in the case of micro- or nano-sized drug delivery 733 

systems seems to be influenced by semicrystalline properƟes as well. (48,49) This was shown to be the 734 

case by Jeong et al. for papaverine release from polycaprolactone microspheres. Moreover, the 735 

crystallite size was once more shown to be an important factor for drug release from microparƟcles by 736 

Miles et al. It is thus crucial to understand the semicrystalline properƟes of PnPrOx, including the fact 737 

that different crystal sizes can exist, for the development of polymeric microparƟcles with a PnPrOx 738 

matrix.  739 

Another potenƟal applicaƟon menƟoned in the introducƟon was that of amorphous solid dispersions, 740 

where a drug is molecularly dispersed in a polymer matrix, mainly to increase its apparent aqueous 741 

solubility and dissoluƟon rate. One of the important parameters governing ASD stability and maximum 742 

drug loading is solubility of a drug in the polymer. (50) It stands to reason that when a polymer is 743 

parƟally crystalline, it affects drug solubility since only a fracƟon of the polymer is amorphous and thus 744 

available for drug solubilizaƟon. Shi et al. reported that fully amorphous polymers were beƩer solubility 745 

enhancers and were beƩer at inhibiƟng crystallisaƟon. (51) Zhu et al. reported that the semicrystalline 746 

nature of polymers such as poly(ethylene glycol) can also influence the distribuƟon of a drug in an ASD. 747 

(52) Finally, the semicrystalline nature of a polymer can also lead to pracƟcal consideraƟons that can 748 

affect ASD performance. In the case of ASDs prepared by hot melt extrusion for instance, 749 
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semicrystalline polymers might require higher processing temperatures that can affect physical and 750 

chemical stability. (53) Hence, it is clear that a good understanding of the semicrystalline properƟes of 751 

PnPrOx is paramount if it were to be used in ASD development.  752 

  753 
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5 Conclusion  754 

The thermal properƟes of poly(2-n-propyl-2-oxazoline) have been invesƟgated using various 755 

techniques before, but this study is the first to go a step further in characterizing its thermal properƟes. 756 

First, this study shows that PnPrOx displays much more complex semi-crystalline behaviour than what 757 

was previously assumed, possibly also related to the use of defined higher molar mass PnPrOx (11, 23 758 

and 50 kg/mol). Using a combinaƟon of X-ray scaƩering techniques and mDSC, it was proposed that 759 

the polymer may exhibit polymorphism, that different crystal sizes lead to different melƟng peaks, that 760 

the sample crystallizes upon heaƟng, that the TCp can be irreversible under certain condiƟons, and that 761 

crystallisaƟon and melƟng overlap between 130-150 °C. This behaviour led to several addiƟonal 762 

observaƟons, such as a shiŌ of the melƟng peak to lower temperatures when using higher heaƟng rates 763 

and an addiƟonal melƟng peak at 85 °C aŌer annealing at 60 °C.  764 

The interpretaƟon of the data presented in this manuscript would not have been possible with mDSC 765 

alone. Although it was a useful tool to quickly invesƟgate the behaviour exhibited by the material, the 766 

overlapping peaks might lead to the wrong conclusions. It is only by also looking at structural data 767 

obtained by the WAXS/SAXS and XRPD experiments that correct conclusions could be drawn.  768 

The results presented in this manuscript elucidate what transiƟons happen in PnPrOx, but these could 769 

also occur in other PAOx. It is essenƟal to conduct more research regarding the fundamental properƟes 770 

of these polymers if we want to apply them raƟonally in the biomedical field, such as in the formulaƟon 771 

of matrix systems, amorphous solid dispersions, nanoparƟcle drug delivery systems, and so forth. For 772 

example, the crystalline properƟes of PnPrOx and any changes hereof could affect the release kineƟcs 773 

of such formulaƟons and thus be a decisive factor when considering their stability. The results also 774 

indicate how PnPrOx reacts upon heaƟng, helping with the future thermal analysis of the material 775 

when it is incorporated in more complex formulaƟons. 776 



37 
 

Acknowledgements 777 

The authors would like to acknowledge Bernard Appeltans’s help with XRPD and mDSC experiments, 778 

Ali Tigrine and MarƟn Purino who synthesized the polymers for a previous study and Senne Lauryssen 779 

who helped with the experiment involving the sample annealed at 60 °C for a week and the experiment 780 

where an aqueous PnPrOx soluƟon was kept above its TCp. This research was funded through an FWO 781 

grant (1SH0S24N). FWO is also acknowledged for supporƟng the DUBBLE projects (BM26 at the ESRF). 782 

 783 

 784 

 SupporƟng InformaƟon.  785 

 Freeze drying protocol in detail 786 

 Thermogravimetric analysis of freeze dried PnPrOx and the sample crystallized from aqueous 787 

soluƟon 788 

 Differences between perforated and unperforated mDSC pan lids and discussion hereof 789 

 Thermograms of PEtOx 50 kg/mol, PEtOx 100 kg/mol, and PsecBuOx 50 kg/mol.  790 

 Thermograms of PnPrOx 11 and 23 kg/mol. 791 

 Replicates of mDSC experiments 792 

 Indium reference analysed using different mDSC parameters  793 

 794 

 795 

 796 

  797 



38 
 

6 References 798 

(1) Sedlacek, O.; Hoogenboom, R. Drug Delivery Systems Based on Poly(2-Oxazoline)s and Poly(2-799 
Oxazine)s. Adv Ther (Weinh) 2020, 3 (1). hƩps://doi.org/10.1002/adtp.201900168. 800 

(2) Jana, S.; Hoogenboom, R. Poly(2-oxazoline)s: A Comprehensive Overview of Polymer Structures 801 
and Their Physical ProperƟes—an Update. Polym Int 2022, 71 (8), 935–949. 802 
hƩps://doi.org/10.1002/pi.6426. 803 

(3) Glassner, M.; Vergaelen, M.; Hoogenboom, R. Poly(2-oxazoline)s: A Comprehensive Overview of 804 
Polymer Structures and Their Physical ProperƟes. Polym Int 2018, 67 (1), 32–45. 805 
hƩps://doi.org/10.1002/pi.5457. 806 

(4) Everaerts, M.; Tigrine, A.; de la Rosa, V. R.; Hoogenboom, R.; Adriaensens, P.; Clasen, C.; Van den 807 
Mooter, G. Unravelling the Miscibility of Poly(2-Oxazoline)s: A Novel Polymer Class for the 808 
FormulaƟon of Amorphous Solid Dispersions. Molecules 2020, 25 (16), 3587. 809 
hƩps://doi.org/10.3390/molecules25163587. 810 

(5) Salawi, A. PharmaceuƟcal CoaƟng and Its Different Approaches, a Review. Polymers (Basel) 811 
2022, 14 (16), 3318. hƩps://doi.org/10.3390/polym14163318. 812 

(6) Verbraeken, B.; Monnery, B. D.; Lava, K.; Hoogenboom, R. The Chemistry of Poly(2-Oxazoline)s. 813 
Eur Polym J 2017, 88, 451–469. hƩps://doi.org/10.1016/j.eurpolymj.2016.11.016. 814 

(7) Monnery, B. D.; Jerca, V. V.; Sedlacek, O.; Verbraeken, B.; Cavill, R.; Hoogenboom, R. Defined 815 
High Molar Mass Poly(2-Oxazoline)s. Angewandte Chemie 2018, 130 (47), 15626–15630. 816 
hƩps://doi.org/10.1002/ange.201807796. 817 

(8) Hoogenboom, R.; Thijs, H. M. L.; Jochems, M. J. H. C.; Van Lankvelt, B. M.; Fijten, M. W. M.; 818 
Schubert, U. S. Tuning the LCST of Poly(2-Oxazoline)s by Varying ComposiƟon and Molecular 819 
Weight: AlternaƟves to Poly(N-Isopropylacrylamide)? Chemical CommunicaƟons 2008, No. 44, 820 
5758–5760. hƩps://doi.org/10.1039/b813140f. 821 

(9) Oleszko-Torbus, N. Recent Advances in ModificaƟons, ProperƟes and ApplicaƟons of 2-822 
Isopropyl-2-Oxazoline (Co)Polymers. Polymer Reviews 2022, 62 (3), 529–548. 823 
hƩps://doi.org/10.1080/15583724.2021.1993252. 824 

(10) Oleszko-Torbus, N.; Wałach, W.; Utrata-Wesołek, A.; Dworak, A. Control of the Crystalline 825 
ProperƟes of 2-Isopropyl-2-Oxazoline Copolymers in Condensed State and in SoluƟon 826 
Depending on the ComposiƟon. Macromolecules 2017, 50 (19), 7636–7645. 827 
hƩps://doi.org/10.1021/acs.macromol.7b01639. 828 

(11) Lorson, T.; Lübtow, M. M.; Wegener, E.; Haider, M. S.; Borova, S.; Nahm, D.; Jordan, R.; Sokolski-829 
Papkov, M.; Kabanov, A. V.; Luxenhofer, R. Poly(2-Oxazoline)s Based Biomaterials: A 830 
Comprehensive and CriƟcal Update. Biomaterials 2018, 178, 204–280. 831 
hƩps://doi.org/10.1016/j.biomaterials.2018.05.022. 832 

(12) Wilson, P.; Ke, P. C.; Davis, T. P.; Kempe, K. Poly(2-Oxazoline)-Based Micro- and NanoparƟcles: A 833 
Review. Eur Polym J 2017, 88, 486–515. hƩps://doi.org/10.1016/j.eurpolymj.2016.09.011. 834 

(13) Hoogenboom, R. The Future of Poly(2-Oxazoline)s. Eur Polym J 2022, 179. 835 
hƩps://doi.org/10.1016/j.eurpolymj.2022.111521. 836 



39 
 

(14) Keßler, L.; Mishra, R.; Hietala, S.; Lammens, M.; Peltonen, L.; Rades, T.; van Veen, B.; Juppo, A.; 837 
Laaksonen, T.; Strachan, C.; Luxenhofer, R. Amorphous Solid Dispersions of Amphiphilic Polymer 838 
Excipients and Indomethacin Prepared by Hot Melt Extrusion. European Journal of 839 
PharmaceuƟcal Sciences 2025, 204, 106960. hƩps://doi.org/10.1016/j.ejps.2024.106960. 840 

(15) Boel, E.; Smeets, A.; Vergaelen, M.; De la Rosa, V. R.; Hoogenboom, R.; Van den Mooter, G. 841 
ComparaƟve Study of the PotenƟal of Poly(2-Ethyl-2-Oxazoline) as Carrier in the FormulaƟon of 842 
Amorphous Solid Dispersions of Poorly Soluble Drugs. European Journal of PharmaceuƟcs and 843 
BiopharmaceuƟcs 2019, 144, 79–90. hƩps://doi.org/10.1016/j.ejpb.2019.09.005. 844 

(16) Ramsey, J. D.; Stewart, I. E.; Madden, E. A.; Lim, C.; Hwang, D.; Heise, M. T.; Hickey, A. J.; Kabanov, 845 
A. V. Nanoformulated Remdesivir with Extremely Low Content of Poly(2-Oxazoline)-Based 846 
Stabilizer for Aerosol Treatment of COVID-19. Macromol Biosci 2022, 22 (8). 847 
hƩps://doi.org/10.1002/mabi.202200056. 848 

(17) Samaro, A.; Vergaelen, M.; Purino, M.; Tigrine, A.; de la Rosa, V. R.; Goudarzi, N. M.; Boone, M. 849 
N.; Vanhoorne, V.; Hoogenboom, R.; Vervaet, C. Poly(2-Alkyl-2-Oxazoline)s: A Polymer Plaƞorm 850 
to Sustain the Release from Tablets with a High Drug Loading. Mater Today Bio 2022, 16. 851 
hƩps://doi.org/10.1016/j.mtbio.2022.100414. 852 

(18) Maincent, J.; Williams, R. O. Sustained-Release Amorphous Solid Dispersions. Drug Delivery and 853 
TranslaƟonal Research. Springer Verlag December 15, 2018, pp 1714–1725. 854 
hƩps://doi.org/10.1007/s13346-018-0494-8. 855 

(19) Schver, G. C. R. M.; Novakovic, J.; Lee, P. I. In Vivo Performance of Amorphous Solid Dispersions 856 
Based on Water-Insoluble versus Water-Soluble Carriers: Fenofibrate Case Study. Int J Pharm 857 
2025, 671. hƩps://doi.org/10.1016/j.ijpharm.2025.125227. 858 

(20) Ryma, M.; Blöhbaum, J.; Singh, R.; Sancho, A.; Matuszak, J.; Cicha, I.; Groll, J. Easy-to-Prepare 859 
CoaƟng of Standard Cell Culture Dishes for Cell-Sheet Engineering Using Aqueous SoluƟons of 860 
Poly(2-n-Propyl-Oxazoline). ACS Biomater Sci Eng 2019, 5 (3), 1509–1517. 861 
hƩps://doi.org/10.1021/acsbiomaterials.8b01588. 862 

(21) A Study of Weekly Subcutaneous InjecƟons of SER-214 in Subjects With Parkinson’s Disease 863 
(PD), to Determine the Safety, Tolerability and PharmacokineƟc (PK) Profile of SER-214. 864 
ClinicalTrials.gov idenƟfier: NCT02579473. 865 

(22) Roozen, E. A.; Lomme, R. M. L. M.; Calon, N. U. B.; Ten Broek, R. P. G.; van Goor, H. Efficacy of a 866 
Novel Polyoxazoline-Based HemostaƟc Patch in Liver and Spleen Surgery. World J Emerg Surg 867 
2023, 18 (1), 19. hƩps://doi.org/10.1186/s13017-023-00483-x. 868 

(23) Clinical Safety and Performance of GATT-Patch in Open Liver Surgery. Clinicaltrials.gov idenƟfier: 869 
NCT04819945 Updated 19/04/2024. 870 

(24) Oleszko-Torbus, N.; Utrata-Wesołek, A.; Bochenek, M.; Lipowska-Kur, D.; Dworak, A.; Wałach, 871 
W. Thermal and Crystalline ProperƟes of Poly(2-Oxazoline)s. Polym Chem 2020, 11 (1), 15–33. 872 
hƩps://doi.org/10.1039/C9PY01316D. 873 

(25) Güner, P. T.; Mikó, A.; Schweinberger, F. F.; Demirel, A. L. Self-Assembled Poly(2-Ethyl-2-874 
Oxazoline) Fibers in Aqueous SoluƟons. Polym Chem 2012, 3 (2), 322–324. 875 
hƩps://doi.org/10.1039/c1py00463h. 876 



40 
 

(26) ReƩler, E. F. J.; Lambermont-Thijs, H. M. L.; Kranenburg, J. M.; Hoogenboom, R.; Unger, M. V.; 877 
Siesler, H. W.; Schubert, U. S. Water Uptake of Poly(2-N-Alkyl-2-Oxazoline)s: Influence of 878 
Crystallinity and Hydrogen-Bonding on the Mechanical ProperƟes. J Mater Chem 2011, 21 (43), 879 
17331–17337. hƩps://doi.org/10.1039/c1jm12541a. 880 

(27) Jerca, V. V.; Lava, K.; Verbraeken, B.; Hoogenboom, R. Poly(2-Cycloalkyl-2-Oxazoline)s: High 881 
MelƟng Temperature Polymers Solely Based on Debye and Keesom van Der Waals InteracƟons. 882 
Polym Chem 2016, 7 (6), 1309–1322. hƩps://doi.org/10.1039/c5py01755f. 883 

(28) Li, T.; Tang, H.; Wu, P. Molecular EvoluƟon of Poly(2-Isopropyl-2-Oxazoline) Aqueous SoluƟon 884 
during the Liquid-Liquid Phase SeparaƟon and Phase TransiƟon Process. Langmuir 2015, 31 (24), 885 
6870–6878. hƩps://doi.org/10.1021/acs.langmuir.5b01009. 886 

(29) Sun, S.; Wu, P. ConformaƟonal Changes in the Heat-Induced CrystallizaƟon of Poly(2-Isopropyl-887 
2-Oxazoline) in the Solid State. Physical Chemistry Chemical Physics 2015, 17 (46), 31084–31092. 888 
hƩps://doi.org/10.1039/c5cp05719a. 889 

(30) Meyer, M.; Antonieƫ, M.; Schlaad, H. Unexpected Thermal CharacterisƟcs of Aqueous SoluƟons 890 
of Poly(2-Isopropyl-2-Oxazoline). SoŌ MaƩer 2007, 3 (4), 430–431. 891 
hƩps://doi.org/10.1039/b616678d. 892 

(31) LiƩ, M.; Rahl, F.; Roldan, L. G. PolymerizaƟon of Cyclic Imino Ethers. VI. X-ray Study of Some 893 
Polyaziridines. Journal of Polymer Science Part A-2: Polymer Physics 1969, 7 (3), 463–473. 894 
hƩps://doi.org/10.1002/pol.1969.160070302. 895 

(32) Bloksma, M. M.; Weber, C.; Perevyazko, I. Y.; Kuse, A.; Baumgärtel, A.; Vollrath, A.; Hoogenboom, 896 
R.; Schubert, U. S. Poly(2-Cyclopropyl-2-Oxazoline): From Rate AcceleraƟon by Cyclopropyl to 897 
Thermoresponsive ProperƟes. Macromolecules 2011, 44 (11), 4057–4064. 898 
hƩps://doi.org/10.1021/ma200514n. 899 

(33) Hoogenboom, R.; Fijten, M. W. M.; Thijs, H. M. L.; Van Lankvelt, B. M.; Schubert, U. S. 900 
Microwave-Assisted Synthesis and ProperƟes of a Series of Poly(2-Alkyl-2-Oxazoline)s. Des 901 
Monomers Polym 2005, 8 (6), 659–671. hƩps://doi.org/10.1163/156855505774597704. 902 

(34) Diehl, C.; Dambowsky, I.; Hoogenboom, R.; Schlaad, H. Self-Assembly of Poly(2-Alkyl-2-903 
Oxazoline)s by CrystallizaƟon in Ethanol-Water Mixtures below the Upper CriƟcal SoluƟon 904 
Temperature. Macromol Rapid Commun 2011, 32 (21), 1753–1758. 905 
hƩps://doi.org/10.1002/marc.201100421. 906 

(35) Katsumoto, Y.; Tsuchiizu, A.; Qiu, X.; Winnik, F. M. DissecƟng the Mechanism of the Heat-Induced 907 
Phase SeparaƟon and CrystallizaƟon of Poly(2-Isopropyl-2-Oxazoline) in Water through 908 
VibraƟonal Spectroscopy and Molecular Orbital CalculaƟons. Macromolecules 2012, 45 (8), 909 
3531–3541. hƩps://doi.org/10.1021/ma300252e. 910 

(36) NemaƟ Mahand, S.; Aliakbarzadeh, S.; Moghaddam, A.; Salehi Moghaddam, A.; Kruppke, B.; 911 
Nasrollahzadeh, M.; Khonakdar, H. A. Polyoxazoline: A Review ArƟcle from PolymerizaƟon to 912 
Smart Behaviors and Biomedical ApplicaƟons. Eur Polym J 2022, 178, 111484. 913 
hƩps://doi.org/10.1016/j.eurpolymj.2022.111484. 914 

(37) Park, J. S.; Kataoka, K. Comprehensive and Accurate Control of ThermosensiƟvity of Poly(2-Alkyl-915 
2-Oxazoline)s via Well-Defined Gradient or Random CopolymerizaƟon. Macromolecules 2007, 916 
40 (10), 3599–3609. hƩps://doi.org/10.1021/ma0701181. 917 



41 
 

(38) Gommes, C. J.; Goderis, B. CONEX , a Program for Angular CalibraƟon and Averaging of Two-918 
Dimensional Powder ScaƩering PaƩerns. J Appl Crystallogr 2010, 43 (2), 352–355. 919 
hƩps://doi.org/10.1107/S0021889810001937. 920 

(39) Hubbard, C. R.; Swanson, H. E.; Mauer, F. A. A Silicon Powder DiffracƟon Standard Reference 921 
Material; 1975; Vol. 8. 922 

(40) Demirel, A. L.; Tatar Güner, P.; Verbraeken, B.; Schlaad, H.; Schubert, U. S.; Hoogenboom, R. 923 
RevisiƟng the CrystallizaƟon of Poly(2-Alkyl-2-Oxazoline)s. J Polym Sci B Polym Phys 2016, 54 (7), 924 
721–729. hƩps://doi.org/10.1002/polb.23967. 925 

(41) Schulz, M.; Seidlitz, A.; Petzold, A.; Thurn-Albrecht, T. The Effect of Intracrystalline Chain 926 
Dynamics on MelƟng and ReorganizaƟon during HeaƟng in Semicrystalline Polymers. Polymer 927 
(Guildf) 2020, 196. hƩps://doi.org/10.1016/j.polymer.2020.122441. 928 

(42) Gert Strobl. The Physics of Polymers; Springer Berlin Heidelberg: Berlin, Heidelberg, 2007. 929 
hƩps://doi.org/10.1007/978-3-540-68411-4. 930 

(43) Miyajima, M.; Koshika, A.; Okada, ichi; Ikeda, M.; Nishimura, K. Effect of Polymer Crystallinity on 931 
Papaverine Release from Poly (L-LacƟc Acid) Matrix; 1997; Vol. 49. 932 

(44) Miyajima, M.; Koshika, A.; Okada, ichi; Ikeda, M. Effect of Polymer / Basic Drug InteracƟons on 933 
the Two-Stage Diffusion-Controlled Release from a Poly(L-LacƟc Acid) Matrix; 1999; Vol. 61. 934 
www.elsevier.com/locate/jconrel. 935 

(45) Mallapragada, S. K.; Peppas, N. A. Crystal DissoluƟon-Controlled Release Systems: I. Physical 936 
CharacterisƟcs and Modeling Analysis; 1997; Vol. 45. 937 

(46) Samavedi, S.; Joy, N. IdenƟfying Specific CombinaƟons of Matrix ProperƟes That Promote 938 
Controlled and Sustained Release of a Hydrophobic Drug from Electrospun Meshes. ACS Omega 939 
2020, 5 (26), 15865–15876. hƩps://doi.org/10.1021/acsomega.0c00954. 940 

(47) Van Renterghem, J.; Dhondt, H.; Verstraete, G.; De Bruyne, M.; Vervaet, C.; De Beer, T. The 941 
Impact of the InjecƟon Mold Temperature upon Polymer CrystallizaƟon and ResulƟng Drug 942 
Release from Immediate and Sustained Release Tablets. Int J Pharm 2018, 541 (1–2), 108–116. 943 
hƩps://doi.org/10.1016/j.ijpharm.2018.01.053. 944 

(48) Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable Controlled-Release Polymers and 945 
Polymeric NanoparƟcles: Mechanisms of Controlling Drug Release. Chemical Reviews. American 946 
Chemical Society February 24, 2016, pp 2602–2663. 947 
hƩps://doi.org/10.1021/acs.chemrev.5b00346. 948 

(49) Bikiaris, D.; Karavelidis; Karavas; Giliopoulos; Papadimitriou. EvaluaƟng the Effects of 949 
Crystallinity in New BiocompaƟble Polyester Nanocarriers on Drug Release Behavior. Int J 950 
Nanomedicine 2011, 3021. hƩps://doi.org/10.2147/ijn.s26016. 951 

(50) Shi, Q.; Chen, H.; Wang, Y.; Wang, R.; Xu, J.; Zhang, C. Amorphous Solid Dispersions: Role of the 952 
Polymer and Its Importance in Physical Stability and In Vitro Performance. PharmaceuƟcs. MDPI 953 
August 1, 2022. hƩps://doi.org/10.3390/pharmaceuƟcs14081747. 954 

(51) Shi, N. Q.; Lei, Y. S.; Song, L. M.; Yao, J.; Zhang, X. B.; Wang, X. L. Impact of Amorphous and 955 
Semicrystalline Polymers on the DissoluƟon and CrystallizaƟon InhibiƟon of Pioglitazone Solid 956 
Dispersions. Powder Technol 2013, 247, 211–221. 957 
hƩps://doi.org/10.1016/j.powtec.2013.06.039. 958 



42 
 

(52) Zhu, Q.; Taylor, L. S.; Harris, M. T. EvaluaƟon of the Microstructure of Semicrystalline Solid 959 
Dispersions. Mol Pharm 2010, 7 (4), 1291–1300. hƩps://doi.org/10.1021/mp1000907. 960 

(53) Huang, S.; Williams, R. O. Effects of the PreparaƟon Process on the ProperƟes of Amorphous 961 
Solid Dispersions. AAPS PharmSciTech. Springer New York LLC July 1, 2018, pp 1971–1984. 962 
hƩps://doi.org/10.1208/s12249-017-0861-7. 963 

  964 




