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ABSTRACT: The formation of a crystalline structure with the presence of chiral secondary structures was
investigated for the enantiopure polymer, p-R-2-butyl-4-ethyl-2-oxazoline (p-R-BuEtOx), its enantiomer
p-S-BuEtOx, and the racemic p-RS-BuEtOx by differential scanning calorimetry (DSC), X-ray diffraction
(XRD), and circular dichroism (CD) of a polymer film. The DSC results revealed that the glass transition
temperatures (7,) of the enantiopure polymers and the racemic polymer are approximately the same with a
T, of ~50 °C. However, the enantiopure polymers showed an additional transition due to cold-crystallization
(T..) followed by two melting peaks (71,; and T},,»). Extended thermal investigations indicated that the double
melting peak is caused by the melt-recrystallization mechanism. The XRD results confirmed that the
enantiopure polymers are semicrystalline and p-RS-BuEtOx is amorphous and that no change in crystalline
structure appears during the melting transitions. Furthermore, comparison of the DSC results with the CD
measurements of the polymer film revealed that the crystals formed during the cold crystallization have an

ordered chiral structure, which almost completely disappears during melting.

Introduction

The majority of commercially used polymers like polyethylene
(PE) and polypropylene (PP) are semicrystalline polymers."
Therefore, 1t is important to control their crystall1zat1on in the
solid state.” Like PE and PP, poly(2-oxazoline)s® can also be
semicrystalline depending on the side chain. The thermal proper-
ties of a series of poly(2-n-alkyl-2-oxazoline)s have already been
investigated, revealing that the solid-state properties mainly
depend on the side-chain length.* Poly(2-oxazoline)s with
short alkyl side chains are amorphous polymers, while poly-
(2-oxazoline)s with longer alkyl side chains are semicrystalline
due to side-chain crystallization.’

The crystallization of chiral polymers is somewhat more
complex since the crystals can contain a secondary structure like
helices,” which are for example found in isotactic and syndiotactic
PP.%7 Atactic PP, on the other hand, is amorphous. The exact
conformation that is formed in the crystal6 depends on the degree
of stereoregulanty and the mechanical and thermal histories
of the samples as well as the molar mass and polyd1sper51ty
index.'® Well-known examples of semicrystalline main-chain
chiral polymers are poly(L-lactide) (PLLA) and PDLA, which
usually form crystals with a 105 helical chain when they are
crystallized from the melt or from solution.'""'> Depending on the
melt-crystallization temperature, disordered crystals or imperfect
crystals can be formed initially, which transform into ordered or
more perfect crystals upon heating.'*'* The racemic polymer
(PDLLA), however, is completely amorphous while a mixture of

*Corresponding authors. E-mail: r.hoogenboom@tue.nl (R.H.);
ulrich.schubert@uni-jena.de (U.S.S.).
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Figure 1. Schematic presentation of the chemical structures of the

investigated poly(2-oxazoline)s.

PDLA with PLLA forms a stereocomplex with a high T, at
230 °C."

Another class of main-chain chiral polymers are 4- and/or
S-substituted poly(2-oxazoline)s. A previous investigation
has shown by combined circular dichroism (CD) and small-angle
neutron scattering (SANS) measurements that poly(R-2-butyl-
4-ethyl-2-oxazoline) (p-R-BuEtOx) and p-S-BuEtOx form a
flexible, dynamic secondary structure in solution while p-RS-
BuEtOx forms a random coil.'> However, the bulk properties of
such chiral poly(oxazoline)s have only been briefly mentioned in
the literature. Optically active poly(2-oxazoline)s were found to
be semicrystalline since they reveal a melting peak in the first
heating scan while the second heating scan only showed a Tg.l6

Here, we report the bulk thermal properties of p-R-BuEtOx,
p-RS-BuEtOx, and p-S-BuEtOx (Figure 1), including thermal
transitions and the influence of annealing on the crystal forma-
tion as investigated by differential scanning calorimetry (DSC)
measurements and X-ray powder diffraction (XRD). Circular
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Figure 2. (a) TGA traces of p-R-BuEtOx, p-RS-BuEtOx, and p-S-BuEtOx indicating the temperature at which 5% of the weight was lost. (b) DSC
traces of the second heating scan and after annealing the sample for 1 h at 110 °C of p-R-BuEtOx, p-RS-BuEtOx, p-S-BuEtOx, and a 50:50 mixture of

p-R-BuEtOx and p-S-BuEtOx.

Table 1. Thermal Properties Obtained by the DSC Measurements

second heating run®

after annealing®®

polymer —BuEtOx 7, (°C)  AC,(J/(gK)) T (°C) AHU/g) T (°CO) T (°C) AH(/g) Tu(C) Twx(°C)  AH(/g)
N 50 0.33 173 12 206 217 15 184 215 30
RS 50 0.34
R 52 0.36 167 7.1 200 209 10 177 205 35
mixture 46 0.38 207 2.7 174 208 14

“Heating rate: 20 °C/min. ® Annealed at 110 °C for 1 h.

dichroism (CD) measurements were further performed to deter-
mine the possible formation of a secondary structure in the
crystals.

Experimental Section

P-R-BuEtOx, p-S-BuEtOx, and p-RS-BuEtOx were prepared
according to a previously reported procedure.'> The molar
masses (M) and polydispersity indexes (PDI) are 4.100 g/mol
and 1.27 for p-R-BuEtOx used for DSC measurements and
6.140 g/mol and 1.27 for p-R-BuEtOx used for XRD measure-
ments, 4.950 g/mol and 1.27 for p-S-BuEtOx used for DSC
measurements, and 6.850 g/mol and 1.31 for p-S-BuEtOx used
for XRD measurements and 5.100 g/mol and 1.25 for p-RS-
BuEtOx, respectively, as determined by size exclusion chromato-
graphy (SEC, polystyrene standards).

Thermal transitions were determined on a DSC 204 F1 Phoe-
nix by Netsch under a nitrogen atmosphere with cooling rates of
20 °C/min and heating rates of 20 °C/min. Thermal transitions
measured with a heating rate of 1 °C/min were measured on a
DSC Q2000 by TA under a nitrogen atmosphere.

X-ray diffraction (XRD) measurements were performed on a
Rigaku Geigerflex Bragg—Brentano powder diffractometer as
well as on a Bruker D8 discover with GADDS, a two-dimensional
(2D) detector, and parallel beam optics. The XRD powder
patterns were recorded with the Rigaku apparatus using Cu
radiation, wavelength 1.540 56 A, at 40 kV and 30 mA. The scans
were performed with a 0.02 step in 20 and a dwell time of 1.5 s.
The samples were mounted with Vaseline, pure petroleum jelly, as
a powder on a glass plate. The 2D diffraction patterns were
obtained with the Bruker system using Cu radiation, wavelength
1.54184 A, at40kV and 40 mA and a exposure time of 20 min. In
this case the samples were prepared in a glass capillary and heated
with a Linkam system, TMS94, to elevated temperatures.

CD spectra were measured on a Jasco J815 spectropolarimeter
equipped with a Linkam temperature controller for tempera-
tures ranging from 20 to 250 °C. The samples were spin coated
from chloroform (40 mg/mL) on a quartz glass for 2 min with

2000 rpm. The following scanning conditions were used: 50 nm/
min scanning rate; 1 nm bandwidth; 0.1 nm data pitch; 0.5 s
response time; and 10 accumulations. The melting curve was
obtained by heating the sample with 1 °C/min.

Results

The thermal properties of the enantiopure and racemic poly-
(2-oxazoline)s were measured by DSC from —30 to 250 °C with a
heating rate of 20 °C/min. From the thermal gravimetric analysis
(TGA) measurements (Figure 2a) it was observed that these
polymers are stable up to at least 250 °C. In the first heating run,
the enantiopure poly(2-oxazoline)s revealed a glass transition
temperature (7,) followed by cold crystallization (7,) and
double melting peaks (7T, and T),,,) while the racemic polymer
only revealed a T,. The DSC results from the second heating run
are shown in Figure 2b and summarized in Table 1. All polymers
have approximately the same glass transition temperature (7)
around 50 °C with a heat capacity (AC,) of about 0.3 J/(g K).
However, the enantiopure polymers show an exothermic crystal-
lization (T,.) due to cold crystallization and two melting peaks
(Tm1 and Typo) in the second heating run, while the racemic
polymer does not. The cooling rate of 20 °C/min was obviously
too fast for the enantiopure polymers to completely crystallize
from the melt, and therefore, the crystallization takes place from
the rubbery state during the heating run. In general, double
melting transitions can be explained by three major proposed
mechanisms, namely melt-recrystallization, dual lamellae popu-
lation, and dual crystal structures.'” The thermal behavior of the
polymers was further investigated after annealing above the T, at
110 °C for 1 h. Then, the polymer crystallizes and the cold-
crystallization exotherm is eliminated in p-R-BuEtOx and almost
completely disappeared in p-S-BuEtOx (Figure 2b). Again, two
melting peaks are observed. The first melting endotherm (7,) is
probably the result of crystals formed during annealing, and the
second melting peak (7y,,) is broad and is probably a combina-
tion of Ty, and Ty, that were observed in the second heating
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scan. The melt enthalpy (AH,,) increased after annealing, which
means that the crystallinity of the enantiopure polymers is
increased after the thermal treatment. After annealing, still no
melting peak appears for the racemic polymer, indicating its
amorphous behavior. The melting peaks observed for the enantio-
pure polymers might be due to melting of polymer crystals
containing an ordered chiral structure, which might be helices
or ordered arrays of helices, while the racemic polymer forms
an unordered amorphous structure.

When a 50:50 mixture of both enantiopure polymers is
measured with DSC, AH,., and AH,, are much lower during
the second heating run compared to the individual enantiopure
polymers (Figure 2b), which indicates a partial prevention of
crystallization after mixing. However, the formation of some
kind of superstructure upon mixing, similar to the stereo-
complexes formed by poly(L-lactide) and poly(p-lactide), might
be possible.'®!? Alternatively, the presence of both enantiomers
could obstruct the formation of crystals of single enantiomers,
resulting in a smaller crystalline fraction. After annealing, AH,;, is
increased but still not to the same extent as the individual
enantiopure polymers.

The melting behavior of p-S-BuEtOx was further investigated
by varying the heating rate between 10 and 70 °C/min and by
annealing the sample at different temperatures ranging from 110
to 180 °C for 1 h. The results, summarized in Table 2 and in
Figure 3a, reveal that T, is shifting to higher temperatures with
increasing heating rate, while T, stays at the same temperature.
Moreover, the ratio of AH,,;:AH,,, increases until only one
melting peak is observed. These results indicate that the two
melting peaks are caused by melt-recrystallization.'*° Accord-
ing to the melt-recrystallization mechanism, the first melting peak
is caused by the initially formed crystals, which recrystallize into
more perfect crystals that are responsible for the second melting
peak. During the heating run, melting and recrystallization are
competitive, and therefore, recrystallization is suppressed when
the heating rate is increased. This results in a smaller fraction of

Table 2. Thermal Properties of p-S-BuEtOx Obtained by DSC at
Different Heating Rates

heating rate

(C/min)  Tee (°C)  AHee (J/g) Ty (°C) T2 (°C)  AHi (J/2)

10 158 21 195 215 37

20 173 12 206 217 15

30 176 1.9 208 215 39
40 208 215 2.7
50 208 214 2.0
60 214 13
70 214 1.2

(@)
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recrystallized crystals until only one melting peak is observed.
Such a behavior is also observed, for example, in syndiotactic
polypropylene (sPP) if the stereoregularity is relatively low
(rrrr < 90%).” In that case a double melting peak is observed in
the DSC trace, whereby the first melting peak is due to the partial
melting of irregular crystals in the disordered helical form
followed by successive recrystallization into the more ordered
helical form which melts at higher temperatures, causing the
second melting peak.” Therefore, it is also possible that p-S-
BuEtOx initially forms crystals with a disordered secondary
structure that recrystallize during melting into crystals with a
more defined secondary structure.

Furthermore, T, is shifted to higher temperatures with increasing
heating rate and AH_ is decreasing until no 7. is observed anymore.
Less time is available for cold-crystallization with a higher heating
rate, which causes this shift of 7. to higher temperatures and a
decrease in enthalpy. Since fewer crystals are formed with the
increase in heating rate, AH,, also decreases in intensity.

The annealing temperature further influences the thermal
properties as illustrated in Table 3 and Figure 3b. With the
increase in annealing temperature from 110 to 180 °C, Ty, shifts
to higher temperature and increases in intensity, while 7o,
remains around the same temperature and decreases in intensity.
Although still two melting peaks are present after annealing at
180 °C for 1 h, such a shift in T}, and change in AH,, was also
observed for PLLA, where both melting peaks relate to the helical
a-form'*" and also to the helical comb polymer PLLA.*! The
authors attributed the double melting peaks to melt-recrystalliza-
tion. It seems that with increasing annealing temperature more
initial crystals are formed that cause an increase in AH,,,;. These
initial crystals are more perfect, which causes the increase in Ty,;.
Another indication that the second melting peak is due to melt-
recrystallization is the dip between the two melting endotherms
present after annealing the sample at 120—150 °C.'®

Table 3. Thermal Properties Obtained by DSC after
Annealing p-S-BuEtOx at Different Temperatures

for 1 h
sznculing (OC) chd (OC) AHCCH (J/g) Tml (OC) Tm2 (OC) AI—Im (J/g)
110 184 215 30
120 191 0.9 185 213 43
130 193 1.1 188 211 32
140 197 1.2 192 213 43
150 200 1.1 194 214 40
160 198 215 39
170 202 216 38
180 206 217 36

“Exothermic dip between two melting peaks.

(b)

DSC (mW/mg)

T T T T T T T 1
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Figure 3. DSC traces of p-S-BuEtOx (a) of the second heating run at different heating rates and (b) after annealing at different temperatures for 1 h

(heating rate: 20 °C/min).
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Figure 4. XRD patterns of (a) p-R-BuEtOx, (b) p-S-BuEtOx, (c) p-RS-BuEtOx, and (d) 50:50 mixture of p-R-BuEtOx and p-S-BuEtOx, before and

after annealing.

(a) )

g ©

Figure 5. XRD 2D patterns of p-R-BuEtOx during heating and cooling: (a) room temperature (RT), (b) 100 °C, (c) 150 °C, (d) 225 °C first
measurement, (e) 225 °C second measurement, (f) 250 °C, (g) 175 °C, (h) 150 °C, (i) 100 °C, (j) RT.

X-ray diffraction (XRD) measurements were performed
on p-R-BuEtOx and p-S-BuEtOx powders before and after
annealing at 110 and 140 °C to investigate if the polymers are
already crystalline after synthesis and if the crystal structure
changes upon annealing. For comparison, also p-RS-BuEtOx
was analyzed with XRD before and after annealing at 110 °C.
Figure 4a,b demonstrates that the enantiopure polymers are
obtained as semicrystalline materials after synthesis and purifica-
tion. No significant change is observed in the XRD pattern after
annealing at 110 or 140 °C, indicating that the crystal structure
does not change after the thermal treatment. The diffraction
peaks correspond to a d-spacing of 9.7, 7.9, 6.5, 5.2, 4.3, and
3.4 A. P-RS-BuEtOx (Figure 4c) shows broad bands before and

after annealing, indicating that this polymer is amorphous. The
broad peak between 20 of 15° and 30° with sharp peaks on top
arises from the Vaseline that was used for the sample preparation
and is also present in the XRD patterns of the enantiopure
polymers. The XRD of the 50:50 mixture of p-S-BuEtOx and
p-R-BuEtOx revealed the same crystal structure compared to the
separate enantiopure polymers. Also after thermal treatment the
crystal structure of the mixture does not change, indicating that
no stereocomplexes are formed.

Furthermore, the 2D XRD patterns of the p-R-BuEtOx
powder were measured at different temperatures to investigate
if the crystalline structure changes upon heating. From Figure 5 it
can be seen that the polymer was initially semicrystalline at room
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Figure 6. (a) CD spectra of p-R-BuEtOx spin-coated on quartz glass at different temperatures. (b) CD maxima obtained from (a) plotted against
temperature. (c) Melting curve of p-R-BuEtOx obtained with CD at a wavelength of 202 nm (heating rate: 1 °C/min). (d) First heating scan of

p-R-BuEtOx obtained by DSC (heating rate: 1 °C/min).

temperature (Figure 5a) and that the crystalline structure does
not change upon heating up to 200 °C. At 225 °C, the polymer
starts to become amorphous (Figure 5d), and during the second
measurement at 225 °C, the polymer was completely amorphous
(Figure 5Se). These results confirm that the double melting peak is
caused by the melt-recrystallization mechanism and not due to
the presence of a second crystalline structure. Upon slow cooling,
the polymer crystallizes again down to 100 °C. By further
decreasing the temperature to room temperature, the crystal-
lization occurs faster and the final crystalline fraction is similar to
the initial sample before heating.

To determine if the melting peaks are the result of the melting
of crystals that contain an ordered chiral structure, circular
dichroism (CD) measurements were carried out on a thin poly-
mer film spin-coated on a quartz slide. CD spectra of the polymer
film were taken at different temperatures starting at 25 °C up to
250 °C (Figure 6a,b). Below 100 °C, only a small dichroic Cotton
effect was observed, indicating that only a minor fraction of the
polymer is present in an ordered chiral structure. However, when
the temperature reached 100 °C, a significant increase in the
Cotton effect around 200 nm was observed, indicating the
formation of an ordered chiral structure at this temperature.
With the further increase in temperature up to 150 °C, the Cotton
effect remains constant and decreases again with increasing
in temperature until almost no Cotton effect was observed at
230 °C, meaning that the ordered chiral structure disappeared.
Even though the CD results clearly show the formation of an
ordered chiral structure, it cannot be assigned to a certain type of
secondary structure due to the absence of model compounds.

In order to compare the DSC results with the CD results, a
melting curve of the polymer was measured by both techniques

using a heating rate of 1 °C/min (Figure 6¢,d). Since the maxi-
mum Cotton effect stays around 202 nm in the CD spectra over
the whole temperature range, the CD melting curve was recorded
at this wavelength. By comparing the DSC with the CD results, it
is evident that the Cotton effect increases significantly during the
cold crystallization, which is indicated by a dip in the DSC trace
at 100 °C. This means that during cold crystallization crystals are
formed, which contain an ordered chiral structure. In addition,
the melting peaks observed in the DSC trace can be related to the
melting of this ordered chiral structure into a disordered melt,
since the Cotton effect completely disappears at a temperature
just above the end of the melting endotherms.

Conclusions

The enantiopure poly-R-BuEtOx and p-S-BuEtOx are semi-
crystalline polymers with 7, values around 50 °C and double
melting peaks caused by melt-recrystallization, which were de-
termined by DSC measurements. In the second heating run, an
exothermic dip was observed in the DSC thermograph due to
cold crystallization, which could not be observed anymore after
annealing the polymer. In contrary, the racemic p-RS-BuEtOx is
amorphous with a similar 7, around 50 °C. The XRD measure-
ments confirmed that the enantiopure polymers are semicrystal-
line and that the crystal structure does not significantly change
after annealing. Furthermore, the XRD measurements reveal
that the crystal structure does not change during heating, which
confirms that the double melting peaks found with DSC are due
to the melt-recrystallization mechanism.

By comparing the DSC data with the CD data, it was
concluded that the crystals formed in the enantiopure polymer
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contain an ordered chiral structure. Therefore, it was proposed
that these chiral poly(2-oxazoline)s initially form disordered
chiral structures that recrystallize during melting into a more
perfect chiral structure. Upon further heating, these crystals melt
into a disordered structure.

The amount of crystallization and type of crystals formed in
the chiral poly(2-oxazoline)s can be controlled by the thermal
history. This has a direct influence on the formation of the
ordered chiral structure.
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