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Abbreviations

PAOx Poly(2-alkyl/aryl-2-oxazoline)s
PnPrOx Poly(2-n-propyl-2-oxazoline)

b Dispersity

Tep Cloud point temperature

Tg Glass transition temperature

Te Crystallisation temperature

PEtOx Poly(2-ethyl-2-oxazoline)

PsecBuOx Poly(2-sec-butyl-2-oxazoline)

ASD Amorphous solid dispersion

Mn Number average molecular mass
Tm Melting temperature
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LCST Lower critical solution temperature
mDSC Modulated differential scanning calorimetry
XRPD X-ray powder diffraction

SAXS Small-angle X-ray scattering

WAXS Wide-angle X-ray scattering
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Abstract

Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are biocompatible polymers that are increasingly being applied
in the biomedical field. Understanding their properties is crucial to rationally apply them in said field.
Despite this increasing interest, many fundamental properties of PAOx, such as the semi-crystalline
nature of poly(2-n-propyl-2-oxazoline) (PnPrOx) have not been fully elucidated yet, especially for higher
molar mass polymers. In the present work, the crystallinity of PnPrOx was studied using modulated
DSC as well as small-angle and wide-angle X-ray scattering. This study reveals that high molar mass
PnPrOx show a much richer phase behaviour than their amorphous low molar mass counterparts. For
instance, aqueous solutions turn cloudy upon prolonged exposure to high temperature due to
crystallisation of the phase separated high polymer concentration mesoglobules. Moreover, dry solid
samples display polymorphisms as well as a multiple melting behaviour due to the presence of different
crystal sizes and overlapping crystallisation and melting events. This work suggests that additional
research into the semi-crystalline properties of other higher molar mass PAOx might be required to
evaluate whether they have similar behaviour to higher molar mass PnPrOx. Additionally, the results
presented in this manuscript will allow for the rational development and design of pharmaceutical

formulations containing PAOX, as it elucidates some of their fundamental properties.
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1 Introduction

Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are an emerging class of biocompatible polymers for biomedical
applications. (1-3) The structures of several PAOx that have been studied as pharmaceutical excipients
are shown in Figure 1. (4) PAOx offer several advantages when compared to other commonly used
pharmaceutical polymer excipients, such as ethyl cellulose or poly(vinyl pyrrolidone). (5) Firstly, they
can be synthesized with a low dispersity (D) via a living cationic ring opening polymerization reaction,
making them suitable for a wide range of formulations. (6,7) Moreover, polymers with different side
chains and, thus, different physicochemical properties can be readily synthesized. Possible side chains
include linear, branched, or cyclic alkyl substituents, chains with aromatic groups, chains containing
nitrogen functional groups such as protected amines or amides, or even fully fluorinated alkyl chains,
to list a few. (2,6) This large diversity in side-chains provides tuneability of PAOx properties, including
design of smart polymers. (1,8,9) It has been demonstrated that the lower critical solution temperature
behaviour in water and the cloud point temperatures, Tcp, as well as the glass transition temperature,
Tg, and crystallisation temperature, T, in the pure solid state, depend on the polymer side-chain

composition. (3,10)

PEtOXx PnPrOx PsecBuOx

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

oxazoline) (PEtOx), poly(2-n-propyl-2-oxazoline) (PnPrOx), and poly(2-sec-butyl-2-oxazoline) (PsecBuOx).
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This versatility of PAOx has inspired their evaluation for numerous biomedical applications, including
nanoparticle drug delivery, matrix delivery systems, amorphous solid dispersions, antifouling coatings,
and hydrogels, among others. (11,12) For a review regarding current emerging trends, the reader is
referred to a paper by Hoogenboom. (13) The number of potential applications of PAOx in nanoparticle
drug delivery systems is particularly impressive and was reviewed by Wilson et al. (12) Possible
applications in this field make use of PAOx in the form of microbeads, capsules, vesicles, micelles, stars,

dendrimers, and nanogels.

Additionally, KelRler et al. (14) recently applied PAOXx in the formulation of amorphous solid dispersions
with indomethacin. Moreover, poly(2-ethyl-2-oxazoline) (PEtOx) was compared to several commonly
used polymers for the formulation of amorphous solid dispersions (ASDs) by Boel et al, who indicated
that PEtOx could maintain drug supersaturation. (15) PAOx were also applied to stabilize nanoparticles
by Ramsey et al., who used them to stabilize remdesivir for aerosol treatment of COVID-19. (16) Samaro
et al. formulated tablets with a high drug loading by using several PAOx, including PnPrOx, as a
sustained release matrix system. (17) The use of PnPrOx as a sustained release matrix, combined with
the ability of the structurally similar PEtOx to stabilize ASDs, suggests that PnPrOx may also be suitable
for formulating ASDs with a sustained release profile. Sustained release is a commonly used oral drug
delivery strategy that aims at stabilizing plasma concentration levels of drugs, resulting in less toxicity
and an improved therapeutic effect. Applying this concept for ASDs has gained a lot of interest recently

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

Knowledge of the thermal properties of PAOx is crucial for fully controlling and understanding the
applications discussed above. Previously, it was reported that all PAOx with linear alkyl side chains,
starting from n-butyl, are semi-crystalline. (24) However, there is also some evidence for crystallisation
from solution for poly(2-methyl-2-oxazoline) and high molar mass (500 kg/mol) PEtOx. (25,26) There is
some controversy in the literature on the crystallizability of PnPrOx, although the interesting properties

of poly(2-propyl-2-oxazoline) have attracted a lot of attention over the past years. (4,10,28-31) In fact,
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the monomer on which this polymer is based, has two structural isomers, namely 2-n-propyl-2-
oxazoline and 2-isopropyl-2-oxazoline. After polymerization, these result in poly(2-n-propyl-2-
oxazoline) (PnPrOx) and in poly(2-isopropyl-2-oxazoline) (PiPrOx). (10) Additionally, poly(2-cyclopropyl-
2-oxazoline) has also been reported as related amorphous polymer structure. (32) One of the first
papers about PPrOx dates from the 1960s (31) and reported that both PnPrOx and PiPrOx are semi-
crystalline. However, PnPrOx has also been reported to be completely amorphous in subsequent
literature, especially for shorter polymers. (33) Oleszko-Torbus et al. more recently confirmed the semi-
crystalline nature of PnPrOx with a M, of 8.7 kg/mol and D of 1.03. (10) In their study, they observed
a single melting peak for PnPrOx in the 120-140 °C range, but after annealing the sample at 90 °C, they
found a double melting peak in the range of 100-140 °C. (10) Later, Everaerts et al. also noticed the
semi-crystalline character of PnPrOx with a M, of 49.6 kg/mol and a D of 1.05 while studying the
behaviour of PNPrOx in amorphous solid dispersions. (4) They also noticed the double melting peak.
Strikingly, their peaks were not at the same temperatures when compared to the Oleszko-Torbus paper,

indicating potential molar mass effects, kinetic effects, or the formation of different crystalline phases.

Whereas the glass transition temperature, Tg, is heavily affected, the melting temperature (Tm) is only
slightly influenced by the nature of the side chain for PAOx, and it is located around 150 °C. (3,4)
However, it can change drastically when the side chain is not linear, such as for poly(2-cycloalkyl-2-
oxazoline)s, which have melting points of 240 °C - 300 °C. (27) To the best of our knowledge, there is
no mention of semicrystallinity occurring in PsecBuOx in literature, and it appears to be completely
amorphous in the reported thermograms from Differential Scanning Calorimetry (DSC) (4).Many
polymers are subject to a lower critical solution temperature (LCST) in water. This means that they are
soluble up to a certain temperature but precipitate out when the temperature is equal to the T¢,. This
is accompanied by a “coil to globule transition”. When in solution, the polymer is present as a hydrated
coil, ensuring that interactions between the side chains and water are maximized. However, after
exceeding the T, the polymer forms a globule to maximize the interactions which is itself driven by

entropic dehydration. This transition is, in theory, reversible, and lowering the temperature should
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result in the polymer being soluble again. However, if the polymer is annealed above its Tcp for a
sufficiently long time, crystallisation can occur. These crystals remain insoluble upon cooling, by which

the cloud point transition is no longer reversible.

The irreversible precipitation from solution explained above has been observed for PAOx with methyl,
ethyl, isobutyl, and nonyl side chains. (25,26,34) Additionally, Demirel et al. reported in 2007 that
PiPrOx could also crystallize from aqueous solution when kept above its Tc, for an extended time. (30)
The exact mechanism behind this phenomenon is still subject to discussion, but it only occurs when
the solution is kept above its T¢,, meaning that the phase separation is critical. (28) Using molecular
orbital calculations combined with vibrational spectroscopy, Katsumoto et al. (35) gave further
explanation for the changes that occur upon crystallisation of PiPrOx when annealed above its T, in
aqueous solution. Aside from macroscopic phase separation, they described that the PiPrOx chains
dehydrate and subsequently undergo a conformational change. This then results in a crystallizable all-
trans configuration that can only be reversed by melting the polymer crystals. Cooling the solution
below the T¢, does not result in PiPrOx redissolution as they remain stable in the all-trans polymer

crystals.

In this study, we investigated previously unexplored thermal properties of PnPrOx with different molar
mass in the solid state as well as in aqueous solution. Understanding these properties is crucial to fully
grasp the potential of this polymer as a pharmaceutical excipient. Hence, we provide novel insights
regarding the semi-crystalline nature of PnPrOx using modulated differential scanning calorimetry
(mDSC), temperature resolved X-ray powder diffraction (XRPD), as well as synchrotron small and wide-
angle X-ray scattering. We also confirmed the completely amorphous nature of PEtOx in the absence

of solvent and of PsecBuOx.
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2 Materials and methods

2.1 Materials

The syntheses of PnPrOx (with Mn 50 kg/mol and D < 1.25), PEtOx (with Mn 100 kg/mol and B < 1.3,
respectively), and PsecBuOx (with Mn 44.6 kg/mol and D = 1.07) have been reported previously. (17)
PnPrOx (with Mn 23 and 11 kg/mol, and D < 1.25) and PEtOx (with Mn 50 kg/mol and D < 1.25) were

obtained from Avroxa BV (Zwijnaarde, Belgium).

Phosphorous pentoxide (98+ %, ACS) was acquired from Thermo scientific® (Dreieich, Germany).
Purified water (18.2 MQ) was obtained from a Purelab® flex water purification system (Tienen,

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

2.2 Freeze drying

To ensure that the thermal history of PnPrOx and PEtOx would not influence the analyses, the polymers
were first redissolved and freeze dried using an alpha 2.4-LSC plus® freeze dryer (Martin Christ®,
Osterode am Harz, Germany). The protocol is described in the supplementary information (S1). The
residual water content was determined using thermogravimetric analysis to be 1.9% m/m for PnPrOx,

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

Redissolution and freeze drying was not possible for PsecBuOx since it is water insoluble. It also is not
hygroscopic, so performing this step was not relevant for this polymer. The remaining solvent content

for this polymer was determined by TGA to be 5.3% m/m.
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2.3 Modulated differential scanning calorimetry

Modulated differential scanning calorimetry (mDSC) was conducted using Discovery 2500® and Q2000°®
mDSCs, both equipped with RCS90 refrigerated cooling systems (TA Instruments®, Leatherhead, U.K.).
Dry nitrogen with a 50 mL/min flow rate was used as a purge gas. Temperature and enthalpy
calibrations were performed with indium at a heating rate of 2 °C/min. In addition, temperature
calibrations (for 2 °C/min) were also performed for octadecane and tin. Finally, the equipment was also
calibrated for heat capacity using a heating rate of 2 °C/min with sapphire. No calibrations were
performed for the other heating rates described in this paper, but an indium reference was analysed

using heating rates of 1 °C/min and 10 °C/min for a qualitative analysis.

Samples of 4.5 to 5.5 mg were analysed in duplicate or triplicate with two or three heating runs
depending on the experiment. The lids of the standard not hermetic aluminium mDSC pans were
perforated using a needle for all experiments on PnPrOx, resulting in two holes of approximately 1 mm
in diameter. The reader is referred to sections S3 and S4 in the supporting information for more
information on the effects observed when perforated mDSC pan lids were used. Perforating the lid was
done to facilitate the moisture escape, which presumably already started upon loading the sample in
the dry nitrogen atmosphere of the mDSC. As a result, perforation led to a reduction of the moisture

evaporation peak in the actual experiments and a clearer T,.

For all measurements, the modulation amplitude was set at 0.212 °C and the period was set at 40 s,
resulting in at least 4 modulations per thermal transition. Samples were analysed between -10 °C and
160 °C for the first heating run and between 10 °C and 160 °C for subsequent heating runs. Every
heating run was preceded by a one-minute isothermal step. Different heating rates, cooling rates, and

annealing temperatures were used to assess PnPrOx crystallinity.

In a first set of experiments, heating and cooling rates were varied (see Figure 2a and Figure 2b,
respectively). Firstly, heating rates of either 1 °C/min or 2 °C/min were used, after the sample was

cooled from the melt at 160 °C at an average rate of 47 °C/min (Figure 2a). This nominal rate is based
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on the time it took the mDSC to decrease the temperature from 160 °C to the starting temperature.
Then, controlled cooling rates of 2 °C/min and 5 °C/min were used (Figure 2b), but the heating rate was
always kept constant at 2 °C/min. At the end of these experiments, the samples were cooled at 47
°C/min and stored at room temperature. After one week storage, the samples were subjected to exactly

the same mDSC experiments once again.

Since PEtOx and PsecBuOx were confirmed to be fully amorphous under the conditions studied in this
manuscript (see results), they were only subjected to a heating rate of 2 °C/min after having been
cooled at an average rate of 47 °C/min. As for PnPrOx, the effect of perforating pan lids was studied for

these polymers as well.

A second set of experiments (see Figure 2c) studied the effect of high temperature annealing time
combined with different heating rates. First, samples were melted by heating to 160 °C, followed by
cooling to 20 °C at the average maximum rate of 47 °C/min. This was followed by annealing the samples
at 105 °C for two hours (the heating rate from 20 °C to 105 °C was always 2 °C/min). 105 °C was chosen
as the annealing temperature to ensure the samples would be maximally crystalline. From the mDSC
data in results section 3.2.2, one can indeed conclude that this temperature is sufficient to induce
crystallisation, independent of sample history. Following this, the samples were cooled to 20 °C at 2
°C/min before heating again to 160 °C at 1 °C/min, 2 °C/min or 10 °C/min depending on the experiment.
This experiment was also done with lower M, PnPrOx (11 and 23 kg/mol), to study the effect of molar
mass on semicrystalline behaviour. Furthermore, this experiment was also conducted on PEtOx and

PsecBuOx to confirm their amorphous nature under these conditions.



206

207

208

209

210

211

212

213

214

215

Tem’zoz?mre Experiment with a different heating rate Temperature EXperiments with different cooling rates
(°C)
160+ 160 +
2°C/min heating,
47 °C/min cooling
2°C/min heating, 2°C/min heating,
47 °C/min cooling 5°C/min cooling
1°C/min heating, 2°C/min heating,
47 °C/min cooling 2°C/min cooling
10 T 10 4
0¥ 80 160 240 B0 i 104 80 160 240 Time (min)
C
Tem'(’fc;?t”'e Annealing at 105°C experiment
2 °C/min heating
Conditioning: melting 10 °C/min heating 1°C/min heating
160 at 160 °C followed by
annealing at 105°C
105 1
20 1+
Time (min)
0¥ 80 160 240 320 400 480

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

Finally, two samples were conditioned outside the mDSC and analysed using a simple protocol. One
sample was rendered fully amorphous by melting it at 160 °C and keeping it at that temperature for
five minutes, followed by flash cooling with liquid nitrogen. This sample was then kept in an oven at 60
°C for one week and subsequently analysed by heating to 160 °C at 2 °C/min, preceded by a 60 minute
isothermal step at 30 °C. The reason for performing the annealing at 60 °C was to study the effect of
this longer annealing time at lower temperature on the double melting peak (see results). The other
sample was obtained by crystallisation from aqueous solution (see point 4 in methods) and analysed
using the same parameters. This experiment was performed to confirm whether the irreversible
transition (crystallisation) that was observed for PiPrOx solutions also occurred in PnPrOx solutions

kept above the Tqp.
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TRIOS® software version 5.2 (TA Instruments®, Leatherhead, U.K.) was used for data analysis. T
midpoints were calculated by determining the temperature at half the step height. The curves were

displaced vertically for better comparison in overlay figures.

2.4 Crystallisation from aqueous solution

Aqueous PnPrOx solutions 10% (m/V) were prepared using purified water and stored above their Tc,
(approximately 25 °C) (36,37) at 61 °C (this exact temperature determined using a thermocouple). After
four days, the solution was stored in the refrigerator (between 4 °C and 8 °C) overnight. Precipitated
material was then removed from the beaker and subsequently analysed using mDSC and XRPD. It must
be noted that the sample was not dried to avoid any further crystallisation due to water evaporation.
The residual water content, determined by thermogravimetric analysis, was 28% m/m (supplementary
information, S2), leading to an underestimation of the normalized enthalpy of fusion. An isothermal of
60 minutes at 30 °C was performed during mDSC analyses to remove the large water evaporation

endotherm.

2.5 Small-angle and wide-angle X-ray scattering

Time-resolved synchrotron small-angle (SAXS) and wide-angle X-ray scattering (WAXS) experiments
were performed at BM26, the Belgian beam line at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France using an X-ray wavelength A of 1.03 A. The intensities were collected
simultaneously on a Pilatus 1M detector after an evacuated tube for SAXS and a Pilatus 300k detector
close to the sample for WAXS. The scattering angles were calibrated against a-alumina and silver
behenate standards and the isotropic powder patterns were azimuthally averaged using the ConeX
software. (38) The one dimensional data were corrected for the scattering of an empty sample holder,
taking the sample transmission into account as derived from the transmitted primary beam intensity

9
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measured by a photodiode downstream from the sample. Intensities were normalized to the intensity

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

(41 sin@)

a and

intensities are presented as function of the modulus of the scattering vector g, with g =

0 being half the scattering angle.

Before performing the SAXS/WAXS measurements, all samples were heated at 30 °C/min to 160 °C,
kept there for 5 min to ensure that all crystals had melted and subsequently cooled at 1 °C/min to 20
°C using a DSC. The samples were kept in the standard non-hermetic aluminium DSC pans and placed
in a TMS 600® hot stage (Linkam Scientific Instruments®, Surrey, UK) for temperature control during

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

Two SAXS/WAXS setups were used. The first setup consisted of subjecting the sample to a 10 °C/min
heating run from 20 °C to 180 °C, interrupted by a 20 min annealing step at 95 °C. The g range was
0.006 < g <0.38 A~ for SAXS (detector placed 3 m from sample) and 0.64 < g < 2.21 A1 for
WAXS. The minimal SAXS g-value of 0.006 means that d-spacings up to 100 nm should be accurately
detected. SAXS and WAXS patterns were taken every 6 s. Only the WAXS data was analyzed for this
setup, as the SAXS data in the mentioned q range did not have useful information except for some
small changes at the highest g-values, suggesting that information was hidden in the blind region
between SAXS and WAXS. This region was explored in the second setup. It cannot be excluded that
useful information is also hidden behind the beam stop at low g-values. This region was not further

explored.

The second setup consisted of static measurements at 20 °C. The SAXS range was 0.013 < g <
0.76 A1 (detector placed 1.5 m from the sample), and the WAXS range was 0.64 < qg<?221 A1
ensuring overlap between the SAXS and WAXS ranges. A sample was first conditioned in an external
Mettler hot stage by cooling at 1 °C/min from 180 °C to 20 °C and statically measured at that

temperature by SAXS/WAXS. The same sample was then heated at 10 °C/min to 95 °C and annealed

10
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there for 20 min. After cooling back to 20 °C at 10 °C/min (all using an external Mettler® hot stage) the

sample was measured a second time by SAXS/WAXS.

2.6 X-ray powder diffraction (XRPD)

An X’'pert PRO diffractometer® (PANalytical®, AlImelo, The Netherlands) with a Cu tube (KaA = 1.5418
A) and a generator set-up at 45 kV and 40 mA was used in transmission mode at room temperature to
conduct XRPD measurements. All scans were performed between 4° and 40° 26 (0.284 < g <
2.788 A1) with a 400 s counting time and a 0.0167° step size. Diffractograms of PnPrOx at different
temperatures were collected using an Anton Paar® (Graz, Austria) TCU 100® temperature control unit.
Prior to the start of the analysis, the PnPrOx sample was heated to 180 °C, which was followed by a 5-
minute isothermal and then cooling to room temperature at 10 °C/min. No higher cooling rate could
be set using this instrument. Data were collected for ca. 2 hours at 25 °C increments from 50 to 175 °C.
The heating rate in between the data collection isotherms was 2 °C/min. OriginPro® (version 8.5.0 SR1,
OriginLab®, Northampton, USA) was used for data treatment and analysis. A fast Fourier transform

filter was applied to remove noise (15 points).
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3 Results

3.1 Thermal behaviour of PEtOx and PsecBuOx

First of all, perforating mDSC pan lids has some interesting effects (supplementary information section
S3). It results in a lower moisture or solvent evaporation temperature (PsecBuOx) and enthalpy (PEtOx
and PsecBuOx). Moreover, it results in the Tg occurring at a temperature that is 8.4 °C higher for PEtOx.
The significance of this is discussed in more detail in supplementary information section S4. In
summary, it can be useful to perforate mDSC pans when removing all solvent is difficult, which can
result in interpretation issues regarding the mDSC analysis (in ASDs for example). Another option would

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

The mDSC thermograms obtained when heating PEtOx (50 kg/mol and 100 kg/mol) and PsecBuOx at
different heating rates after annealing for two hours at 105 °C are shown in the supplementary
information (section S5). Interestingly, these thermograms show none of the features that can be
observed on the thermogram of PnPrOx (Figure 5). No crystallisation or melting transitions are
observed at all. The only thermal event that can be observed is a T, of 70.3 (+ 0.5) °C for PEtOx 50

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

3.2 Thermal behaviour of PnPrOx

3.2.1 Temperature-resolved XRPD measurements

Figure 3 shows XRPD diffractograms obtained over the course of a temperature-resolved measurement
of PnPrOx (50 kg/mol) that was melted at 180 °C and cooled back to room temperature at 10 °C/min.
The first diffractogram at 50 °C suggest that the material was fully XRPD-amorphous at this

temperature. Evidence that crystallisation is occurring appears at 75 °C. The peaks then increased in

12
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intensity to a maximum at 125 °C. From 150 °C onward, melting occurs, as evidenced by the decreasing
reflections. The sample is fully melted at 175 °C. The peak at ca. g = 2.0 A~1is most likely an impurity

from the synthesis. It might correspond to the (111) lattice plane of pure silicon. (39)
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Figure 3. XRPD diffractograms of PnPrOx 50 kg/mol obtained during heating over the course of a temperature-controlled

experiment.

This experiment shows that PnPrOx started to crystallize when heated above the Tg (which was
determined to be 43 °C in the mDSC measurements shown later), which is so-called cold crystallisation,
and has a T, at around 150 °C. There seemed to be no solid/solid phase transitions as only one
polymorph was observed. It must be said that this experiment had an important limitation, namely
that each measurement took two hours. This means that the sample annealed at each temperature

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

Synchrotron WAXS was used as a complementary technique to study the thermal behaviour of PnPrOx
and to confirm the abovementioned results. Figure 4a shows the evolution of the scattering intensity
with respect to time and in function of the scattering vector. The interpretation is the same as for Figure

3, but in this case, all crystals disappeared at ca. 143 °C.
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Figure 4b shows several variables measured at the strongest reflection, which occurs at around g =
1.45 A1 (see Figure 3). First, it seems that the material crystallises when heated above the Tg, as
evidenced by an increase in the peak intensity (black data in Figure 4b), but that this is immediately
followed by a melting event upon further heating. After this first melting event, crystallisation occurred

once more during the annealing step at 95 °C, followed by melting as soon as heating was continued.

Aside from crystallisation and melting, other phenomena can be observed in the WAXS data. There was
some thermal expansion as evident from the increase in d-values along the heating run. On top of this,
the average crystal size grew during the heating steps as well as during the isothermal step. This average
crystal size growth was present even during the final melting process, as shown by the increasing
Scherrer crystal size while the peak intensity was decreasing. Based on this data, the reason for this
perceived average crystal growth could be the elimination of the smallest crystals, leading to an average
size increase, the growth of larger crystals that have not melted yet, or a combination of these two

factors.
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Figure 4. (a) top viewed and color coded time dependent WAXS patterns of PnPrOx 50 kg/mol as a function of the modulus of
the scattering vector while heating with an intermittent 20 min annealing step at 95 °C. (b) Analysis of the strongest reflection
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 function of time (and hence, temperature).

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

kg/mol) as such at 2 °C/min is displayed in Figure 5, revealing a Tg of 43.5 °C (t 0.6 °C), determined on
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the reversing heat flow. Figure 5 is consistent with the synchrotron WAXS data, i.e., the sample started
to crystallize above the T, for both the first and second heating run, followed by a small melting
endotherm (2 and 2’), further crystallisation (3 and 3’), and a final melting event or events (4 and 4’).
It is intriguing that the second heating run displayed a double melting peak around 140 °C, which is
different to the single event seen in heating run 1. However, the extent of crystallisation and melting is
much smaller in the second heating run, indicating that the crystallisation is a rather slow process. It is
difficult to distinguish the overlapping peaks such as those between arrows 3 and 4 as well as 3" and 4.
In fact, the signal at these temperatures might be a mix of endothermic (melting onset) and exothermic
(end of the cold crystallisation peak, i.e., crystallisation occurring during the heating run) signals. Finally,
it must be noted that the first endotherm in heating run 1 (event 1) was especially difficult to interpret
as it was most likely a combination of the T (heat capacity related baseline change), enthalpy recovery
(also seen in heating run 2 for 1’), solvent/moisture evaporation (as shown by thermogravimetric
analysis, see S1) and the start of the cold crystallisation peak (3). Because of this, and because of
differences in the appearance of the final melting peak (4) on heating run 1 (due to differences in
crystallinity between freeze dried batches), sections 3.1.2 and 3.1.3 of the results section will focus

only on differences in heating run 2 for different parameters.
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Figure 5. Heating runs 1 and 2 of a PnPrOx 50 kg/mol sample at 2 °C/min and cooled at 47 °C/min between heating runs.
Thermal events are linked to solvent/moisture evaporation (heating run 1, 1) Tg (1 and 1’), enthalpy recovery (1 and 1°),

start of crystallisation (1), melting (2 and 2’), cold crystallisation (3 and 3’), final melting (4 and 4’).

3.2.2 mDSC analysis of PnPrOx 50 kg/mol using different heating and cooling
rates

Figure 6 shows the differences between the total heat flows of the second heating run of PnPrOx (50
kg/mol) heated at 1 °C/min and 2 °C/min, respectively. Both were cooled at 47 °C/min. Cold
crystallisation in the 1 °C/min heating curve peaked at approximately 95 °C and was much stronger
compared to when heated at 2 °C/min for which the peak occurred at 107 °C. A striking difference
resided in the different melting behaviour. When the sample was heated more rapidly, two distinct
melting peaks were visible (melting one and melting two), where the first melting event seemed more
prevalent. On the other hand, when the sample was heated more slowly, the double melting peak
disappeared almost entirely, and the first melting event had become a shoulder of the second. The
reader can refer to the supplementary information (S6) for other identical thermograms, as all analyses

were conducted in triplicate and were reproducible.
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The sample shown as the green curve in Figure 6 was subjected to a third heating run and subsequently
cooled at an average rate of 47 °C/min, which resulted in an identical thermogram when compared to
the second heating run (Figure 6, green curve). This sample was then kept at ambient conditions for a
week and subsequently re-analyzed with mDSC using a heating rate of 2 °C/min, which is shown as the
red curve in Figure 6. The material underwent some structural changes during this period, as the
thermograms were different. Notably, the T, shifted to lower temperatures and a broad endotherm
appeared, stretching from right after T, up to at about 80 °C where the exothermic cold crystallization
signal starts. The endotherm likely links to the removal of water, taken up during storage. The presence
of water leads to a plasticization effect also explaining why the T, of the stored sample is considerably
reduced compared to when heated right after cooling in DSC. The exothermic peak appears at about
the same temperature as in the heating run at 1 °C/min (Figure 6 blue curve), although heating in this
case was conducted at 2 °C/min. The earlier cold crystallization in the red curve, compared to in the
green, suggests a facilitated nucleation. The latter is tentatively associated with crystal fragments
formed during the storage time. Indeed, the water uptake might reduce the T by which the mobility
increases sufficiently to permit the (slow) creation of crystal fragments. The relevance of nucleating
crystal fragments for the cold crystallization characteristics is demonstrated once more in the next
section where such fragments are permitted to grow during a slow cooling run instead of isothermally

during storage.
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Figure 6. Total heat flow thermograms of heating 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 (heating at 2 °C/min). Its first heating run is shown in red. Note that these thermograms were not normalized for

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

The behaviour of the system was also studied by using different cooling rates. Figure 7 shows another
overlay of total heat flows in heating run 2. This time, all the samples were heated at 2 °C/min, but
were cooled at 47 °C/min (average rate), at 5 °C/min, and at 2 °C/min, respectively. Replicates not

shown here can be found in the supplementary information (57).
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Figure 7. Total heat flow thermograms of heating run two of a PnPrOx 50 kg/mol sample cooled at 47 °C/min (blue), at 5
°C/min (green), and at 2 °C/min (red). The heating rate was 2 °C/min in all cases.

It is clear from Figure 7 that the cooling rate substantially affected the crystallisation behaviour and the
corresponding melting peak. When cooled at an average rate of 47 °C/min, the typical double melting
peak was obtained. When cooling at 2 °C/min, melting peak one was barely present, and it is best
described as the shoulder of melting peak two. Cooling at 5°C/min yielded something in between these
two results. Furthermore, the cold crystallisation peak also shifted to lower temperatures when using

slower cooling rates.

The explanation for the latter can be found in the cooling runs of the same samples, shown in Figure 8.
Some crystallisation occurred during cooling at 5 °C/min, but was more pronounced when cooled at 2
°C/min. This also indicates that crystallisation would certainly have occurred during the conditioning
step performed before the SAXS analysis (cooling at 1 °C/min). During the fast cooling at an average
rate of 47 °C/min, no crystallisation occurred (see supplementary information, S6). In the previous
section, it was shown that slower heating rates also led to a higher contribution of the second melting

peak, while this section shows a similar effect for slower cooling rates.
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Figure 8. Total heat capacity thermograms of cooling run one of a PnPrOx 50 kg/mol sample cooled at 5 °C/min (green), and

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

3.2.4 Static SAXS and WAXS measurements of PnPrOx 50 kg/mol

The statements made above were corroborated with further structural information. The data above
suggest that when the PnPrOx 50 kg/mol sample was cooled slowly, crystallisation occurred during the
cooling run. This was also evidenced by the difference in crystallinity detected by the temperature
controlled XRPD and synchrotron measurements. The sample was cooled at 1 °C/min before
performing the synchrotron measurement, whereas previously melted and rapidly cooled PnPrOx 50
kg/mol was used for the XRPD measurement. A static SAXS/WAXS experiment was performed to see

whether this difference could be understood in more detail (Figure 9).
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Figure 9. SAXS/WAXS data of PnPrOx 50 kg/mol at 20 °C after cooling at 1 °C/min (black). WAXS data at 95 °C after subsequent
heating to 95 °C and 25 min isothermal time (red, right side image). SAXS data at 20 °C after subsequent cooling from 95 °C

(red, left side image).

The diffractograms in Figure 9 confirm that a sample that was cooled from the molten state at 1 °C/min
was indeed semicrystalline, something that was already evident from the time-resolved WAXS
measurement (Figure 4). The peaks around ¢ = 0.53 A~1 also correspond to those observed during

the XRPD measurement (Figure 3).

In Figure 9, it can also be seen that the crystallinity further increased after an additional 25 min
isothermal step at 95 °C. Moreover, significant differences in the SAXS peaks suggest that there might,
in fact, be two polymorphic forms present, characterized by the peaks at g = 0.40 A1 (form 1) and
q = 0.53 A1 (form 2) respectively. The peak at ¢ = 0.48 A1is particularly broad and is more likely
to be due to an underlying amorphous halo. From this, it can be concluded that form 1 disappears
when the sample is heated to 95 °C and does not return. Meanwhile, form 2 grows when annealed at
95 °C. Finally, the peak at ¢ = 0.48 A~1 belonging to amorphous material decreases. Therefore, form

1 is metastable and only forms at lower temperatures.
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3.2.5 Annealing PnPrOx at 105 °C in the DSC

To further mimic the SAXS/WAXS data, a PnPrOx 50 kg/mol sample was heated to 160 °C to melt all
preexisting crystals, cooled down to room temperature at an average rate of 47 °C/min, and then
annealed at 105 °C for two hours. This was followed by cooling the sample back to 20 °C at 2 °C/min
and subsequently heating it at 1 °C/min, 2 °C/min, or 10 °C/min (Figure 10). The mass normalized heat
capacities are shown instead of the total heat flows to avoid large differences in signal magnitude due

to the different heating rates. Replicates are shown in the supplementary information (S8).
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Figure 10. Normalized heat capacity curves of a PnPrOx 50 kg/mol sample annealed at 105 °C and re-heated at different
heating rates (1 °C/min in blue, 2 °C/min in green, 10 °C/min in red). The melting peak temperatures are indicated above their

respective curves.

As shown in Figure 10, the melting peak temperature decreased with increasing heating rate, whereas
the opposite was true for indium (supplementary information, S9). The mDSC instrument was only
calibrated for a heating rate of 2 °C/min, but the relevant other heating rates were also applied to an
indium reference to identify the deviations (supplementary information, S9). The deviations for PnPrOx
were much large compared to indium, and most importantly, the melting peaks shifted to a different

direction (indium upward and PnPrOx downward with increasing heating rate).
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The difference in Trm (peak) was up to 8 °C. This is counterintuitive, as one expects more thermal lag
when increasing the heating rate. However, we are not the first to report this, as this deviation was also
observed by Oleszko-Torbus et al. (10) The deviation can be explained by overlapping recrystallisation

and melting phenomena, which will be addressed further in the discussion section.

The annealing experiment was also performed for lower molar mass PnPrOx with 11 and 23 kg/mol.
First and foremost, these polymers were found to also be semicrystalline despite them being much
shorter than the 50 kg/mol PnPrOx. Interestingly, increasing the heating rate also decreased the peak
temperature for PnPrOx of these molar masses. For the 11 kg/mol PnPrOx, the melting peak
temperatures were 144.9 (+ 0.2) °C, 143.0 (+ 0.06) °C, and 139.4 (+ 0.006) °C for heating rates of 1
°C/min, 2 °C/min, and 10 °C/min respectively. For the 23 kg/mol PnPrOx, the melting peak
temperatures were 147.6 (£ 0.3) °C, 144.9 (+ 0.10) °C, and 140.9 (+ 0.07) °C for heating rates of 1 °C/min,
2 °C/min, and 10 °C/min respectively. The thermograms of these samples are shown in the
supplementary information section S10. The melting temperatures show a slight increase with
increasing molar mass, demonstrating the presence of slightly more intermolecular interactions due to
the longer polymer chains. The fact that increasing the heating rate for lower molar mass PnPrOx has
the same effect as for 50 kg/mol PnPrOx demonstrates that the lower molar mass PnPrOx have very
similar properties as the 50 kg/mol PnPrOx. Further interpretation of this result is performed in the

discussion section.

Something else that is clear from the data in Figure 10 is the lack of two distinct melting peaks. When
the sample was given enough time to anneal at an elevated temperature, the melting endotherm was
much broader. The heating rate now had a much smaller effect on the presence of melting peak one
or two, in contrast to the results presented for the different heating and cooling rates. Moreover, there
was no indication for crystallisation during heating. This suggests that the material was crystallised to

a greater extent after having been annealed under these conditions. The endotherm (melting) that
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appeared before the crystallisation peak was also not present (although there might still have been

overlapping crystallisation and melting, as described in the discussion section).

To further study the behaviour of the sample after it was annealed, a PnPrOx (50 kg/mol) sample was
melted and then flash cooled with liquid nitrogen before storing it in an oven at 60 °C for one week
(which is above the Tg). Figure 11 (left) shows the first heating run of the resulting mDSC analysis, while
Figure 11 (right) shows the XRPD diffractogram prior to heating. The other mDSC replicates can be

found in the supplementary information (S11).
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Figure 11. Left: mDSC thermogram showing the total heat flow (blue) of a PnPrOx 50 kg/mol sample annealed at 60 °C for a
week and subsequently analyzed (heating run 1). Right: XRPD diffractogram of the same sample.

The sample appears to have been very crystalline, as evidenced by a large endotherm at around 147
°C. What is interesting is that there appears to be another melting endotherm at around 85 °C. There
are also significant differences above 95 °C between the thermogram show in Figure 11 and the ones
shown in Figure 7 for instance. It is especially clear that the cold crystallisation exotherm is less
pronounced, indicating that the material is more crystalline. Interestingly, melting one is still present,

indicating that imperfect crystals are still present.
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3.3 Crystallisation from aqueous solution of PnPrOx

As mentioned in the introduction, it has been reported for PiPrOx that it crystallizes when an aqueous
PiPrOx solution is annealed above its T¢p. Hence, it was interesting to conduct a similar experiment for
PnPrOx (50 kg/mol) in the context of this study. When the temperature exceeded the Tc,, the PnPrOx
solution did at first become cloudy, but then the polymer formed a precipitate consisting of larger
particles that settled out of the solution after several hours. The abovementioned particles remained
visible after cooling the solution below the T, for several weeks, suggesting that some irreversible

transition had occurred.

To confirm that the particles mentioned above were indeed PnPrOx crystals, they were analysed with
mDSC as well as XRPD (Figure 12 (left) and (right), respectively). These analyses further confirmed the

crystallinity of the sample. The other mDSC replicates can be found in the supplementary information
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Figure 12. Left: total heat flow (blue), curves of a PnPrOx 50 kg/mol sample that crystallized from aqueous solution. Right:

XRPD diffractogram of the same sample.

Aside from the fact that this meant that the Tc, is not reversible for PnPrOx when an aqueous solution
was annealed at higher temperatures, but below its T, it must be noted that this sample was the most
crystalline of all samples analysed, with a melting enthalpy of around 25 J/g. In fact, this value was

probably even higher, since the sample was still moist when it was prepared for mDSC analysis. Despite
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563  the isotherm that was prepared to remove some of the water, a small water evaporation endotherm
564  (as well as a Tg) remains visible on Figure 12a. Thermogravimetric analysis (see supplementary
565 information S2) indicated a further reduction in mass of 28% m/m between room temperature and 65
566  °C, indicative of the loss of water, meaning that the real melting enthalpy could have been as high as
567 32 J/g. Moreover, as opposed to the sample shown in Figure 11 that was annealed at 60 °C, melting
568 one was no longer clearly present despite the presence of a broad endothermic melting signal starting

569 around 110 °C.
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4 Discussion

4.1 Comparison with previous work

The Tm reported for PnPrOx of all molar masses in this work corresponds to previous work from our
group, (4) but not to those reported in the Oleszko-Torbus paper. (10) Both papers mention the double
melting peak, but at different temperatures. This can be explained by differences in the PnPrOx that
was used. Oleszko-Torbus et al. used PnPrOx with a number average molar mass of 8.7 kg/mol (D =
1.03), while the current study (and that of previous findings from our group (4)) used PnPrOx with a
number average molar mass of 50 kg/mol (P < 1.25) down to 11 kg/mol (P < 1.25). Moreover, Oleszko-
Torbus et al. used PnPrOx prepared with methyl 4-nitrobenzenesulfonate as initiator and n-
propylamine as terminating agent, followed by solvent evaporation without further purification. In
contrast, the 50 kg/mol PnPrOx used in this work had a phenyl oxazoline a-group, BFs as counter anion
and a hydroxyl w-group, which was also used directly after solvent evaporation. The lower molar mass
PnPrOx used in this work had a methyl a-group, and a hydroxyl w-group. The difference in M, partially
explains the lower T, found by Oleszko-Torbus et al., but it is possible that end groups as well as the
difference in D also have an impact on the Tn, of the polymers from the work of Oleszko-Torbus et al.
The trend seen in this work further shows this to be the case, since the Tn, did decrease with decreasing
molar mass, but only very slightly, further indicating that the end groups might play a more important

role.

The differences between the present work and previous work also explain why PnPrOx was found to
be fully amorphous in earlier publications, (24) as shorter polymer chains may not crystallize or
crystallize very slowly, making crystallisation harder to detect. This being said, differences in heating
rate may also play a role, since slower heating promotes cold crystallisation and this manuscript mainly
uses a slower heating rate of 2 °C/min. Similarly, for the crystallisation event Oleszko-Torbus et al.

report no cold crystallisation upon heating for PnPrOx, which is indeed clear from their data. They used
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heating rates of 10 °C/min and 2.5 °C/min and did not find cold crystallisation for either heating rate.
Previous findings from our group (4) do not explicitly exclude cold crystallisation for PnPrOx, and a cold
crystallisation event can in fact be seen in the thermograms at a similar location to the one reported in
this paper. This indicates that the presence of a cold crystallisation event during the heating cycle also
depends on the chain length. It would be interesting to investigate the relationship between semi-

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

4.2 The shift of melting peaks and the double melting peak

An explanation for the shift of the melting peaks to lower temperatures when the heating rate is higher
(Figure 10) can be found in a paper by Schulz et al., who have previously reported this behaviour for
polycaprolactone. (41) The authors attribute this behaviour to competing crystallisation and melting
events, whereby crystallisation is slower than melting. This means that when a faster heating rate is
used, there is less time for (re)crystallisation to happen, resulting in a larger contribution from the
melting that also appears at a lower temperature when the heating rate is higher (as seen in Figure 10).
This also means that for all heating runs, there is melting after recrystallisation. This happens for the
material annealed at 60 °C with the low melting peak (Figure 11), but also in the case of the double

melting peak.

The temperature-controlled WAXS experiment, which only required seconds for analysis at a certain
temperature, also displayed a shift in T, with respect to the XRPD experiment, which required two
hours for analysis at each temperature. Firstly, as can be seen in Figure 4, the crystal peak intensity
decreased (indicating that crystals are melting), while crystal size increased. This hints at the material
undergoing reorganizations as the melting occurs. Interestingly, this is also the explanation for the
apparent contradiction between Figure 3 (XRPD experiment) and Figure 4 (WAXS experiment). In Figure
3, Bragg peaks were still visible at 150 °C, whereas the crystal intensity was close to zero at 143 °Cin

Figure 4. This indicates that during the XRPD experiment, the melting was not finished at 150 °C,
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whereas it was finished at 143 °C during the faster WAXS experiment. This is most likely the exact same
shifting of the melting peak as was seen in the mDSC thermograms, although it could also be partially

due to errors in the exact temperature measurement.

Finally, this behaviour can also explain the double melting peak. Neither the WAXS nor XRPD data
suggested that the melting peaks still present at higher temperatures belong to different polymorphs.
Hence, combining this knowledge with what was stated about the increasing crystal size in Figure 4, it

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

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

polymorphism, the explanation for the different Tn, is expressed through the Gibbs-Thomson equation:

20,Ty

Tn(n) =Tl = 3
m*c

Where T, is the melting temperature for a microscopic crystal of thickness d., Ty, is the melting
temperature of an infinitely large crystal sample, AH,, is the melting enthalpy, and o, is the surface
free energy of polymer chains located at the two surfaces of the crystal (assuming crystal lamellae).
(42) This equation shows that if thicker or larger crystals are present, the Tr, is closer to that of a
macroscopic sample, meaning it is higher. Thus, smaller crystallites result in a larger melting point
depression. It is remarkable that no shape scattering was recorded with SAXS when the detector was
placed at 3 m from the sample to record g-values starting at 0.006 A1, This setup can detect crystals
up to 100 nm in size, indicating that PnPrOx crystals exceed this threshold or that the electron density
difference between the crystallites and the surrounding amorphous matter is vanishingly low by which

they escape the observation.

Something left to explain is the nature of the melting peak at around 85 °C that appeared when an
amorphous sample was annealed at 60 °C for a week (Figure 11). Again, the reader is referred to the
paper by Schulz et al. (41) They also report a small melting peak, Tmo, whose presence and location

depends on the crystallisation (annealing) temperature. According to the authors, this peak might be
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due to very thin, unstable crystalline lamellae (thin crystal sheets) forming at low annealing
temperatures that melt earlier than the final Tr. Following this melting event, the material continuously
melts and recrystallizes before a final Tr, is reached. Based on the data presented here, it is possible

that PnPrOx follows similar behaviour.

Finally, it must be noted that 60 °C is apparently not sufficient to only form large crystals, since melting
peak one was still present on the corresponding thermogram (Figure 11). However, when PnPrOx
crystallized from a sample kept above its Tcp, larger crystals were formed, as demonstrated by a
complete lack of melting peak one in Figure 12. Annealing at 105 °C for two hours (Figure 10) results in

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

Previous studies have found that a change to an all-trans conformation plays an important role in the
crystallisation process of PiPrOx when it is kept above its Tcp. (35) Conformation changes might also
play a role in forming more perfect crystals when PnPrOx crystallizes from aqueous solution. Further
research that can distinguish between conformations would be interesting for PnPrOx as well and could

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

4.3 Overview of the effects observed when using different cooling-
and heating rates for mDSC

Table 1 summarizes the data reported for 50 kg/mol PnPrOx in sections 3.1.2 and 3.1.3 and gives some
additional insights. It confirms that there are in fact two possible melting peaks, and that the cold
crystallisation peak (i.e. the crystallisation peak during heating) tends to shift. The peaks that were
observed in an mDSC thermogram depend on the heating and the cooling rate. The (cold) crystallisation
and melting enthalpies during heating match very well, irrespective of the adopted heating rate, after
the sample had been cooled rapidly at an average rate of 47 °C/min. This suggests that the sample was

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

between the crystallisation and melting enthalpies, demonstrating that part of the crystallisation had

already happened during the cooling run.

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

preceding cooling rates.

Cold crystallisation onset

Cold crystallisation peak

Cold crystallisation
enthalpy

Melting onset
Melting peak (largest)

Melting enthalpy

96 (+ 13) °C
107 (+3) °C

2.1(+0.15) )/g
131.3 (+0.3)°C
139.2 (+ 0.4) °C
2.1(+0.05))/g

83.4(x1.5)°C
96.5(+0.8) °C

7.8 (£0.6) /g
137.6 (+ 0.4) °C
147.8 (£ 0.12) °C
7.6 (+0.6) J/g

Cold crystallisation onset

Cold crystallisation peak

Cold crystallisation
enthalpy

Melting onset
Melting peak (largest)

melting enthalpy

73.5(x0.7) °C
91.6 (£ 0.6) °C

6.3 (+0.3)J/g
131.1 (£ 0.19) °C
146.1 (+ 0.06) °C
11.1(+0.7) J/g

79.2 (£ 0.5) °C
96.4 (x0.4) °C

4.6 (+0.12) J/g
131.4 (+ 0.6) °C
146.0 (+ 0.12) °C
7.3 (+0.18) J/g

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

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

can be summarized as follows:

1. Slower heating or cooling resulted in a larger melting enthalpy
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2. Slower heating or cooling resulted in a larger cold crystallisation enthalpy

3. The cold crystallisation peak location was also affected by heating and cooling rates. Slower
cooling and heating resulted in a crystallisation peak at a lower temperature.

4. Faster heating or cooling resulted in the melting peak at a lower temperature (139 °C) being
more important.

5. Slower heating or cooling resulted in the melting peak at a higher temperature (146 °C) being

more important.

The first point is straightforward and is caused by the fact that the sample is given more time to
crystallize, resulting in a higher melting enthalpy. The second point can also be explained in a similar
way when the slower heating rate is concerned, but it is interesting that the slower cooling rate also
affects the cold crystallisation enthalpy during the subsequent heating cycle. This points at more
crystals forming during the cooling cycle, which promotes crystal growth during the subsequent heating
cycle. This apparently also lowers the temperature required for crystal formation, explaining point 3,

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

Finally, section two in the discussion pointed out that the higher T, corresponded to larger, more
perfect crystals. When PnPrOx is given more time to crystallize, it tends to form these more
thermodynamically stable crystals. This explains points 4 and 5. Note that this T, was also more
prominent for the sample annealed at 105°C for two hours, for the sample annealed at 60°C for a week,
and for the sample that crystallized in aqueous solution due to the irreversible cloud point transition.
Another reason the change in the most prominent melting peak might occur is due to the
recrystallisation after melting. During the mDSC run, the smaller crystals melt as apparent from the first
melting peak, recrystallize, and then melt again in the second melting peak, making the latter more
prominent. This phenomenon is more important when a heating rate of 1°C/min is used, since this

gives more time for the recrystallisation to occur.
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4.4 Polymorphism

The WAXS data from Figure 4 and the data for intermediate angles from Figure 9 both suggest the
existence of a second polymorph with a lower Tn,. When studying thermograms such as the one shown
in Figure 5 (heating run 1) or in Figure 6 and Figure 7, it can be seen that an endotherm might be
present that overlaps with the cold crystallisation peak. The exothermic signal in Figure 8 right before
the occurrence of vitrification might be the formation of this form. The fact that these crystals only
appear in certain circumstances, disappear upon annealing (SAXS data Figure 9) and at much lower

temperatures indicates that they are unstable.

None of the mDSC experiments performed here go into much depth regarding this potential
polymorph, since this manuscript focuses on explaining the melting and crystallisation events occurring
at higher temperatures. It would however be interesting to investigate whether there is another
polymorph and whether polymorphism might be present in other PAOx as well. Once more, it must be
noted that polymorphism might be related to changes in conformation, as was highlighted above.

Further investigations are required to determine this conclusively.

4.5 Relevance for future pharmaceutical applications of PnPrOx

As was mentioned in the introduction, PnProx has already been applied for sustained release matrix
systems. These drug delivery systems control drug release by allowing a drug to slowly diffuse out of
an insoluble polymer matrix. This is in contrast to an immediate release dosage form, which
disintegrates and allows for much faster drug release. Studies on drug release from poly(l-lactic acid)
matrices show that a transition of the polymer from the amorphous to the semicrystalline state results
in a two-stage release profile. (43,44) Additionally, Mallapragada and Peppas have developed a

controlled release system that is entirely based on crystal dissolution. (45)
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More recently, dexamethasone release from polycaprolactone matrices was shown to depend on
matrix morphology, including semicrystalline properties. (46) It has also been shown that polyethylene
oxide crystal morphology and crystal size can significantly impact drug release from a matrix. Moreover,
these properties were directly influenced by processing parameters such as injection mold
temperature, demonstrating the importance of considering semicrystalline properties in drug
formulation development. (47) Hence, to rationally develop a sustained release matrix with PnPrOx, it
is not only crucial to know that it is semicrystalline, but also to know that different crystal sizes, degrees

of crystallinity, and morphologies or polymorphs can be present.

On a smaller scale, release from a polymer matrix in the case of micro- or nano-sized drug delivery
systems seems to be influenced by semicrystalline properties as well. (48,49) This was shown to be the
case by Jeong et al. for papaverine release from polycaprolactone microspheres. Moreover, the
crystallite size was once more shown to be an important factor for drug release from microparticles by
Miles et al. It is thus crucial to understand the semicrystalline properties of PnPrOx, including the fact
that different crystal sizes can exist, for the development of polymeric microparticles with a PnPrOx

matrix.

Another potential application mentioned in the introduction was that of amorphous solid dispersions,
where a drug is molecularly dispersed in a polymer matrix, mainly to increase its apparent aqueous
solubility and dissolution rate. One of the important parameters governing ASD stability and maximum
drug loading is solubility of a drug in the polymer. (50) It stands to reason that when a polymer is
partially crystalline, it affects drug solubility since only a fraction of the polymer is amorphous and thus
available for drug solubilization. Shi et al. reported that fully amorphous polymers were better solubility
enhancers and were better at inhibiting crystallisation. (51) Zhu et al. reported that the semicrystalline
nature of polymers such as poly(ethylene glycol) can also influence the distribution of a drug in an ASD.
(52) Finally, the semicrystalline nature of a polymer can also lead to practical considerations that can

affect ASD performance. In the case of ASDs prepared by hot melt extrusion for instance,
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semicrystalline polymers might require higher processing temperatures that can affect physical and
chemical stability. (53) Hence, it is clear that a good understanding of the semicrystalline properties of

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

The thermal properties of poly(2-n-propyl-2-oxazoline) have been investigated using various
techniques before, but this study is the first to go a step further in characterizing its thermal properties.
First, this study shows that PnPrOx displays much more complex semi-crystalline behaviour than what
was previously assumed, possibly also related to the use of defined higher molar mass PnPrOx (11, 23
and 50 kg/mol). Using a combination of X-ray scattering techniques and mDSC, it was proposed that
the polymer may exhibit polymorphism, that different crystal sizes lead to different melting peaks, that
the sample crystallizes upon heating, that the Tc, can be irreversible under certain conditions, and that
crystallisation and melting overlap between 130-150 °C. This behaviour led to several additional
observations, such as a shift of the melting peak to lower temperatures when using higher heating rates

and an additional melting peak at 85 °C after annealing at 60 °C.

The interpretation of the data presented in this manuscript would not have been possible with mDSC
alone. Although it was a useful tool to quickly investigate the behaviour exhibited by the material, the
overlapping peaks might lead to the wrong conclusions. It is only by also looking at structural data

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

The results presented in this manuscript elucidate what transitions happen in PnPrOx, but these could
also occur in other PAOX. It is essential to conduct more research regarding the fundamental properties
of these polymers if we want to apply them rationally in the biomedical field, such as in the formulation
of matrix systems, amorphous solid dispersions, nanoparticle drug delivery systems, and so forth. For
example, the crystalline properties of PnPrOx and any changes hereof could affect the release kinetics
of such formulations and thus be a decisive factor when considering their stability. The results also
indicate how PnPrOx reacts upon heating, helping with the future thermal analysis of the material

when it is incorporated in more complex formulations.
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