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ABSTRACT

Even though the libraries of cyclic imino ethers, that is, 2-oxazoline and 2-oxazine monomers with different side chain sub-
stituents, have increased over the last years, there are still unsolved questions. Especially the less-studied kinetic properties,
which are influenced by the nucleophilic potential of monomeric cyclic imino ethers interacting with terminal groups of grow-
ing polymer chains, are addressed. Here, the focus is on the kinetic principles governing 2-oxazolines and 2-oxazines with
identical cyclopropyl side chains during homo- and copolymerization. We identified that the monomeric interaction with pol-
ymeric, terminal 2-oxazolinium species is favored over 2-oxazinium ions in both the homo- and cross-propagation. Moreover,
temperature-dependent measurements in water—ethanol mixtures proved the upper critical solution temperature behavior
of poly(2-cyclopropyl-2-oxazine),, compared to the 2-oxazoline-/2-oxazine-based variants of higher polymerization degree
and copolymers, which possess lower critical solution temperature characteristics. The low glass transition temperature of
poly-2-oxazines is increased by the co-synthesis with 2-oxazolines. This study provides information on the nucleophilic at-
tack during the cationic ring-opening polymerization of 2-oxazolines and 2-oxazines and highlights how the combination of
2-cyclopropyl-2-oxazoline and 2-cyclopropyl-2-oxazine can be used to manipulate the temperature-dependent properties of the
polymers.

1 | Introduction polymerization (CROP) yielding poly(2-oxazoline)s (POx) was

first reported in the 1960s [5-8] and since then, they have

In past decades, poly(cyclic imino ether)s (PCIEs) have gained
attention for their chemical versatility and unique tailored prop-
erties [1-3]. Intriguingly, different side chains within PCIEs
facilitate the formation of novel monomers with hydrophilic/
hydrophobic, (un-)charged, and stimuli-responsive moieties for
chemical and biological applications [4]. The polymerization of
the five-membered 2-oxazolines via the cationic ring-opening

evolved as the most heavily researched member of this mono-
mer family. Besides linear POx, the CROP synthesis strategy
serves to create more sophisticated structures such as polymeric
brushes, core cross-linked micelles, or hydrogels [9-13].

Since 2004, the simplest technique to generate monomers and
(co)polymers has been the utilization of microwave technology,
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which has, in particular, fostered further research on functional
POx. By now, various telechelic POx with functional a- and w-
groups have been synthesized by using functional initiators or
termination agents, respectively [14]. Thus, the (co)polymer-
ization of different 2-oxazoline monomers with varying sub-
stituents in 2-position enables further tuning of the polymer
properties in a precise manner [15-17]. Moreover, detailed in-
vestigations in the polymerization kinetics of 2-oxazolines have
provided a comprehensive overview of the parameters influ-
encing the polymerizability of 2-oxazolines [18] and synthesis
of homo- and heteropolymers [19]. In particular, variations of
the polymerizable unit itself, the ring structure, have become
a focus of research. Besides five-membered 2-oxazolines, six-
membered 5,6-dihydro-4H-1,3-oxazines—which are commonly
abbreviated as 2-oxazines in literature—as well as even seven-
membered 2-oxazepines have been investigated regarding their
polymerizability, either homopolymers or heteropolymers, as
well as the properties of the resulting polymers [20]. Due to low-
ered ring tension and increased steric hindrance, the propaga-
tion rate constant (kp) decreases in the following order: 2-oxazoli
ne > 2-oxazine > 2-oxazepine [20], which affects the polymeriza-
tion kinetics by reaction speed and favored monomeric attack.
For example, previously reported copolymerization kinetics of
2-oxazolines and 2-oxazines revealed a reactivity switch due to
end-group effects during the chain-growth [21, 22]. In this con-
text, Hoogenboom and coworkers have investigated the copo-
lymerization kinetics of different 2-oxazolines and 2-oxazines
[21, 22]. Their results showed that compared to homopolymer-
izations, the rate constants of both 2-oxazoline and 2-oxazine
are reduced. However, the higher nucleophilicity of 2-oxazines
enables a faster attachment to the reactive 2-oxazolinium chain
end and thus, an acceleration of the monomer consumption [23].
In the past, few studies have investigated the copolymerization
kinetics of 2-oxazolines and 2-oxazines [21, 22]. Reportedly, the
combination of an increased nucleophilicity of 2-oxazines and
the decreased steric hindrance of 2-oxazoline-derived active
chain ends facilitates significant acceleration of the propagation
rate constant of 2-oxazines [22]. Previous studies have focused
on the copolymerization of monomers with different side-chain
substituents, which also knowingly impact the propagation rate
constant [18]. Reports covering the copolymerization of hydro-
philic 2-oxazolines and more hydrophobic 2-oxazines with iden-
tical substituents in the 2-position and the effect of variations
concerning the monomer ratio on the reactivity of the individ-
ual monomers, as well as the solubility characteristics of those
newly formed polymers, are rare and have to be addressed in
more detail. One particularly interesting feature of different
PCIEs is their temperature response in aqueous environments.
Some polymers possess thermo-responsive behavior: lower crit-
ical solution temperature (LCST) and upper critical solution
temperature (UCST) type polymers show a sharp coil to globule
transition when the temperature exceeds (LCST) or decreases
below (UCST) a temperature threshold. The most prominent ex-
ample of an LCST type polymer is poly(N-isopropylacrylamide)
[24], however, in recent years also PCIEs like POx and poly(2-
oxazine)s (POz) have gained attention for the LCST behavior.
In 2008, Hoogenboom et al. reported the dependency of LCST
on molecular weight for poly(2-ethyl-2-oxazoline) and poly(2-n-
propyl-2-oxazoline) [25]. Variations of the side chain also influ-
ence LCST, which was, for example, shown by Bloksma et al.
for the three isomers of poly(2-propyl-2-oxazoline) [26]. Another

way to tune the LCST is through copolymerization which was
shown for linear and comb copolymers of 2-iso-propyl-oxazine
and 2-methyl-2-oxazine by Warne et al. [27] among others
[28-32]. Poly(2-cyclopropyl-2-oxazoline) is known for its ap-
plications in the biofabrication context, which are facilitated
by its LCST properties [33]. Similar to LCST, the (co)polymer
composition and concentration, as well as the solvent formula-
tion are crucial influencing factors for UCST behavior [34, 35].
Supramolecular assembly by intra- and intermolecular interac-
tions is favored by increasing hydrophobicity caused for example
by alkyl chains and 7-electron ring systems in the side chains
of synthesized POx. Hence, the more pronounced the monomer
side-chain hydrophobicity—for example, of 2-nonyl-2-oxazoline
and 2-phenyl-2-oxazoline compared to 2-methyl-2-oxazoline
and 2-ethyl-2-oxazoline—the more prone UCST behavior of the
formed (co)polymers is [36]. Moreover, measurements with eth-
anol (EtOH)-water mixtures have shown that copolymers with
stronger hydrophobic character require a higher concentration
of EtOH to induce UCST response [36]. Further increasing the
EtOH concentration leads to POx solubility, whereas an excess
of H,O results in POx insolubility as these water molecules form
hydrate shells clustered around the EtOH molecules and are
unable to interact with the POx [35]. Besides the polymeric and
solvent factor, the UCST and LCST of a peptidomimetic poly-
mer may be heavily influenced by the ionic strength as well as
the type of solvated ions in an aqueous system [37, 38], which
is of high relevance for any application in a biological environ-
ment. For example, Bloksma et al. studied the effect of different
salts and various concentrations thereof on POx with varying
hydrophobicity: the more hydrophilic the polymer the greater
the effect of ions on the solubility [37]. The thermo-response and
tailored hydrophilicity of PCIEs with tailored side-chain chem-
istry might be valuable for applications as polymeric additives in
research concerning microplastics or the preparation of micro-
and nanoparticles for biomedical applications. In particular,
their hydrophilic-hydrophobic balance tailors them suitable to
improve the hydrophilicity of hydrophobic materials, enabling
an increase in interaction with biological matter such as en-
zymes, which can trigger the hydrolytic degradation of synthetic
materials [39, 40].

The goal of this work was the comparison of hydrophilic
2-oxazolines and more hydrophobic 2-oxazines with cy-
clopropyl residues in the side chain: (i) the established
2-cyclopropyl-2-oxazoline (cPrOx) and (ii) the more scarcely
reported 2-cyclopropyl-2-oxazine (cPrOz), as well as copo-
lymerized, amphiphilic molecules thereof were assessed
concerning the synthesis kinetics. In detail, we wanted to un-
derstand the effect of the nucleophilicity of the cyclic imino
ether and the cyclopropyl substituent on the (co)polymeriza-
tion of both monomers. Thus, we were interested in studying
the effects of the ring chemistry exclusively and applied the
monomers cPrOx and cPrOz, which feature identical substitu-
ents in the 2-position. In addition, we studied the thermal and
solution properties of the formed (co)polymers with different
polarity to gain further insights into the influence of mono-
mer characteristics on the polymer properties such as solubil-
ity. In summary, the aim of the work is to gain insights into
the synthesis kinetics of homo- and copolymerization combin-
ing five- and six-membered rings with similar substituents by
CROP and investigate the comparative thermal properties, for
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example, UCST and LCST material behavior in bulk and solu-
tion to address fundamental research questions that still hold
in the literature.

2 | Results and Discussion
2.1 | Homopolymerization Kinetics

The two monomers of interest, cPrOz (Figure S1A-C) and
cPrOx (Figure S1D), were synthesized according to literature
procedures [26, 41]. Afterward, the homopolymerization ki-
netics of cPrOx and cPrOz were determined to confirm the
living character of the polymerizations and to determine kp
of both monomers under identical polymerization conditions.
The time-dependent conversion was analyzed by 'H-NMR
spectroscopy (Figures 1 and S2). Furthermore, the evolution
of the molar mass and dispersity was analyzed with SEC
(Figures 2 and S3).

For the first-order kinetic plot of cPrOx (Figure 1A), the sig-
nals at §=0.85ppm (4H) and § =4.17 ppm were compared for
the polymerization times from 0 to 900s. Under the used reac-
tion conditions, the polymerization proceeded in a controlled
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manner, as can be seen from the linear behavior of the kinetic
plot. The increased standard deviation at higher monomer
conversion (£15%) might be explained by increased sam-
ple viscosity and, hence, slightly altered propagation speed
(Figure S2B). The determined k,=0.19 +0.04 Lmol s~ for
2-cyclopropyl-2-oxazoline is in a similar range as the value pre-
viously reported by Goossens et al. (k,=0.27£0.01 Lmol~'s™)
[42]. Thisstudyfurtherreported the dependency ofk onelectro-
statics by comparing k, of the isomers 2-n-propyl-2-oxazoline
(k,=0.09£0.00L mol~'s™!) and 2-iso-propyl-2-oxazoline
(k,=0.05+0.01L mol~'s™1). It was suggested that the substit-
uent in the 2-position influences the charge of the nitrogen
atom, and therefore the nucleophilicity of the monomer. The
experimental findings were previously confirmed by density
functional theory (DFT)-calculations [42].

In this regard, we were keen on studying the polymerization ki-
netics of cPrOz (Figure 2B) to find out whether a similar effect
might be observed for this monomer class, which is commonly
polymerizing slower than its five-ring equivalents due to lower
ring tension and higher steric hindrance [20].

For the first-order kinetic plot, the signals at §=0.75ppm (4H)
and 6 =4.10 ppm were compared for polymerization times from 0
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FIGURE1 | First-order kinetic plot with standard deviation of cPrOx (A) and cPrOz (B). Reaction conditions: T=140°C; [M]/[I] =100; M, =2M;

solvent: acetonitrile; initiator: methyl tosylate (MeOTos).

—— 60s
A1.0- 180 s
300s [
<081----600s [/ % A
€ --=-000s ;[ ;O\
#0.61---1800s;; | '
z ‘i A
E' 0.4 ! :r
= ‘1
o i
€0.2-
o'o_ s .,,,
22 23 24 25

Elution Volume [mL]

B 6500 ] * Mnapp

©
£ |
2 4500 |
-3
3
E:

5500 -

= 3500 -

2500

1500 >

T T T T

0 10 20 30 40 50
Conversion [%)]

FIGURE 2 | Molar mass distribution (SEC in DMF, PS-cal.) of the homopolymerization kinetics of cPrOz. (A) SEC traces and (B) conversion-

dependent development of M napp

and B. T=140°C; [M]/[I]=100; M,=2M; solvent: acetonitrile; initiator: MeOTos.
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to 1800s (Figure S2). Under the used reaction conditions (140°C;
[M]/[1]=100; M,=2M; solvent: acetonitrile and MeOTos as ini-
tiator), the polymerization proceeded in a controlled manner, as
can be seen in the linear behavior of the kinetic plot. An issue that
should be mentioned is that for the second kinetic, the samples
for 1800 and 3600s unexpectedly turned solid and yellow with
clear supernatant. However, the solubility behavior of the formed
polymer was unaffected and thus, the solid could be dissolved in
organic solvents such as chloroform. In addition, we assessed an
TH-NMR spectrum to address possible artifacts of side products.
Owing to the absence of such pollutants, we analyzed the peak in-
tegration of the copolymerization product. As reported in the liter-
ature for PcPrOx, the problem with phase separation only occurs
upon cooling [42]. The kinetics of cPrOz proceeded in a highly
reproducible manner (kp =0.029+0.002Lmol"'s™!). The ob-
served k_value was compared to the isomers 2-n-propyl-2-oxazine
(k,=0.029+0.003 Lmol~'s7!) [43] by Bloksma et al and
2-iso-propyl-2-oxazine (k, =0.016Lmol~!s7!) [27] by Kempe
and coworkers. With the reactivities of the 2-propyl-2-oxazoline
isomers in mind (as described above), it might be assumed that
the same trend would be observed for the 2-propyl-2-oxazines.
However, the determined propagation constant is identical to the
propagation constant for 2-n-propyl-2-oxazine. It was concluded
that the steric hindrance of the six-membered ring has a greater
effect than the nucleophilicity of the side-chain functionality. The
observed propagation rate constant for cPrOx (kp =0.187+0.036L
mol~!s~!) was approximately six times higher compared to cPrOz
(k,=0.029+0.002Lmol~'s™"). The change in reactivity is in line
with previously reported results and can be explained by lower
ring tension and lack of planarity and therefore higher steric hin-
drance in the 2-oxazine [43].

For the kinetic of cPrOx neither fronting nor tailing was observed
in SEC measurements (Figure S3A). At 100% conversion, a  of
~1.5 was determined, which is comparable to P reported in litera-
ture with similar reaction conditions [26]. For the Mn’app, alinear
increase with increasing conversion was observed (Figure S3B).
In comparison, for cPrOz and longer polymerization times, some
tailing was observed in SEC (Figure 2A) indicating chain transfer
or termination. This finding was further supported by the slight
increase of P up to 1.25 (50% conversion) (Figure 2B). For P(2-n-
propyl-2-oxazine),,,, D=1.37 was reported in 2012 by Bloksma
et al. [43] which is slightly lower compared to our measurements.
The deviation is likely due to higher X, as D often increases with
higher [M]/[I] ratios [43]. For the M, o @ linear increase with
progressing conversion was observed (Figure 2B) depending on
the growing polymeric chain length.

2.2 | Copolymerization Kinetics

Copolymerization kinetics were conducted at monomer ratios
([M]O,cPrOX:[M]O,CPrOZ) of 10:90, 25:75, 50:50, 75:25, and 90:10. The
conversion was monitored via 'H NMR measurements (Figure S4,
Table S1). The derived plots (Figure 3A,B) revealed the expected
exponential correlation of the kinetics [22], in contrast to the lin-
ear pseudo first-order kinetics observed for the homopolymer-
ization of each monomer. Having a closer look at the monomer
fraction in the polymer chain at varying monomer conversion
(Figure 3C,D), it is obvious that at very low conversion (i.e., <5%),
the fraction of cPrOz in the polymer chain is close to or even

below the feed fraction of this monomer. In contrast, around 10%
monomer conversion, a boost of the incorporated monomer frac-
tion confirmed an acceleration of the propagation constant. The
increase of the propagation speed was found to be more distinct
at lower feed ratios of cPrOz. In addition, the maximum deviation
of the monomer fraction from the feed ratios was also found to be
dependent on the monomer feed ratio (f): fp.0,.25%:23% > fpr02.50%
:20% > [ 107,754 11% > fpro.004-8%- Moreover, for copolymers with
higher initial cPrOz fractions, the monomer fraction in the poly-
mer chain was found to be rather constant over the full course of
polymerization. These differences in monomer fractions and dis-
tribution patterns are likely attributed to two factors: (i) reaction
mixtures with higher initial 2-oxazoline concentrations comprise
a higher probability of 2-oxazoline-derived active chain ends,
which can accelerate the propagation of 2-oxazine monomers,
and (ii) reaction mixtures with lower initial 2-oxazine concentra-
tions reveal a faster monomer consumption and, consequently, a
more drastic drop in monomer concentration, which decreases
the probability of a 2-oxazine addition to the active chain end
during the kinetics. Derived from the monomer fractions, we cal-
culated the reactivity ratios and propagation constants (Tables S2
and S3). In contrast to the homopolymerizations, cPrOx propa-
gated about 20 times slower (k=11 1073 Lmol~'s™; Figure S5),
while the propagation of cPrOz was approximately 20 times faster
(k,=481 1073 Lmol~'s1; Figure S5). Previous studies investigat-
ing the reactivity switch of 2-oxazoline and 2-oxazine monomers
with different substituents in 2-position observed similar results
(~25-fold increase for 2-oxazines and 15- to 20-fold decrease for
2-oxazolines) [22]. Due to the identical substituents used in this
study, we assume that the values obtained in the current study
represent a guideline for the estimation of reactivity switches and
propagation changes for the copolymerization of 2-oxazolines and
2-oxazines with the same side chain chemistry. The obtained re-
activity ratios (v p,, =2.69; 7 .p, o, = 0.40) further confirmed the re-
activity switch. Previous studies have reported the dependence of
the reactivity ratios on the substituent in 2-position [21, 22]. Here,
the dependence on the ring chemistry is reported, leading to gra-
dient copolymers. Over the course of polymerization, all polymers
furthermore revealed a linear increase in molar mass and mono-
modal monomer distributions (Figures S6 and S7), suggesting a
controlled polymerization process.

3 | Thermal Characterization

One focal point of this work was the characterization of the
thermal and solubility properties of PcPrOx,,, and PcPrOz,, as
well as their respective copolymers. Polymerizations were run
to quantitative conversion to obtain polymers with an X, ~100.
The synthesized polymers were analyzed via 'H NMR and SEC
(Figures S8 and S9) and possessed the targeted monomer ra-
tios and narrow dispersity. For evaluation of the effect of the X,
of PcPrOz, a homopolymer with 25 repeating units (PCPI’OZZS;
Figure S10) was also synthesized. The polymers were thermody-
namically terminated using piperidine.

3.1 | Bulk Properties

To gain some insight into the bulk properties of the synthe-
sized cPrOx and cPrOz, thermogravimetric analysis (TGA;
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FIGURE 3 | Kinetic studies of the copolymerization of cPrOx and cPrOz at indicated monomer ratios. (A and B) kinetic plots and (C and D)
conversion-dependent monomer fractions. [M]/[I]=100; M,=2M; solvent: acetonitrile; initiator: MeOTos.

Figure S11, Table S4) and differential scanning calorimetry
(DSC; Figure S12) were measured. With TGA, the degradation
temperature was determined, whereas the glass transition tem-
perature (Tg) was identified by DSC. Initial experiments were
conducted with the homopolymers PcPrOx, ,, and PcPrOz, .

As for TGA measurements, the initial mass loss (2%-5% for
PcPrOx,,, and ~2% for PcPrOz, ) at around 100°C indicated some
residual solvent impurities. The residual solvent was most likely
diethyl ether as it was used to precipitate the polymers during pu-
rification. A 10% mass loss was observed at 326°C for PcPrOx, ,
and at 352°C for PcPrOz, ;. A 50% mass loss was observed at 417°C
for the PcPrOx,,—the value is ~10°C higher compared to the lit-
erature value of P(2-n-propyl-2-oxazoline) [44]—and at 421°C for
PcPrOz,,,. The mass loss between 10% and 50% can be attributed
to the loss of the side chain. The mass losses of PcPrOx,,, were
slightly shifted to lower temperatures compared to PcPrOz,,,
which is most likely due to the higher molecular mass of the POz
backbone, as the side chain is the same in both polymers. The re-
sidual masses were 10% for PcPrOx,, and 2% for PcPrOz .

For DSC measurements, solvent-free samples are crucial.
Therefore, the samples were tempered before the measurement
to remove any potential solvent traces. Figure S12 shows the

second heating cycle for the homopolymers and statistical het-
eropolymers formed. For PcPrOx,, a Tg of 79°C (midpoint) was
determined (Figure S11, Table S4). This is similar to the Tg of
79°C (X,,=38) determined by Bloksma et al. [26] For PcPrOz,
and PcPrOz,., respectively, a Tg of 41°C (midpoint) and 38°C
(midpoint) was determined (Figure S11, Table S4). This is in line
with literature as the observed T, of poly(2-alkyl-2-oxazoline)s
is usually 30°C-40°C higher than the equivalent POz [45]. The
same holds true for the shorter PcPrOz,. variant since the ob-
tained T, value of 38°C is 37°C lower in comparison to the T
value of PcPrOx, previously reported [46]. The difference in T,
can be explained with the flexibility of the backbone. Poly(2-alkyl-
2-oxazine)s have higher flexibility in the backbone than poly(2-
alkyl-2-oxazoline)s due to their additional methylene group [47].
The results described above for the homopolymers agree with the
trends in T, values for the copolymers (Figure S11, Table S4). For
all three copolymers, the T, value rises with decreasing oxazine
content: Tg=52°C for P(cPrOxZS-stat-cPrOz75)<Tg=S7°C for
P(cPrOx,,-stat-cPrOz,) < Tg: 68°C for P(cPrOx,-stat-cPrOz,.).

No endotherm melting point was observed up to 200°C for all
polymers, which means the polymers are amorphous. PcPrOx
was previously reported to be an amorphous polymer. Therefore,
it seems plausible that the POz equivalent is amorphous as well
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FIGURE4 | Transmissivity for indicated PcPrOx concentrations at different temperatures in different media: H,O (A), NaCl (0.9 wt%) (B), DPBS
(C), and the respective T, with standard deviation (D; n=3). (E) Temperature-dependent transmissivity for different solutions (EtOH:H,0) of
PcPrOz (c=5mgmL™). (F) Transmissivity for indicated polymers at c=5mg mL ™" at different temperatures. Solvent: H,0:EtOH (90:10).

[26]. To avoid (co)polymer degradation during DSC measure-
ments, we only heated them to 200°C.

3.2 | Temperature-Dependent Solution Properties

Having possible future applications in biological systems in
mind, the most relevant solvents are H,0 and aqueous buffers.
Hence, turbidimetry measurements were carried out in H,0,
physiological (0.9wt%) NaCl solution, and phosphate-buffered
saline (PBS).

Figures 4 and S13-S15 show the turbidimetry results of
PcPrOx,,,, P(cPrOx,.-stat-cPrOz.,), P(cPrOx,,-stat-cPrOz,),
and P(cPrOx,.-stat-cPrOz,,). LCST behavior was observed in
all three media since LCST behavior can be noticed by the dis-
tinct drop in transmissivity due to the precipitation of polymer.
The temperature at which the transmissivity drops is lower for
higher polymer concentrations, which is in line with literature
reports [26]. However, we observed a concentration depen-
dency for this effect as well: at higher temperatures, turbidity
measurements for low polymer concentrations show, at first
glance, a mixed behavior of LCST/UCST based on increasing
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transmissivity values (> 0%) after a threshold. However, an ex-
planation for this is not a mixed LCST/UCST property of the
polymers. Indeed, PcPrOx,,, can be seen as a pseudo-peptide
[48], and thus, it can be anticipated that the salting-in and
salting-out effects of Hofmeister salts are similar for proteins
and poly(2-oxazoline)s and show a pseudo-UCST behavior at
higher temperatures. The used salts (NaCl, KCl, Na,PO,, and
KH,PO,) are kosmotropic [49]. Hence, a salting-out effect
(lowering the solubility) was observed for the LCST measure-
ments in NaCl solution and PBS, not only for the homopolymer
but also for the copolymers.

In water, the PcPrOx,,, sample with 1mgmL~' showed a
minimum in transmissivity >0% (Figure 4A), likely due
to the low amount of precipitate. For NaCl, a minimum in
transmissivity >0% was observed for a polymer concentra-
tion up to 5SmgmL~! (Figure 4B). For PBS, even the sample
with 15mgmL~! showed a minimum in transmissivity > 0%
(Figure 4C). These results nicely illustrate the salting-out
effect in aqueous media. Moreover, the copolymer solubility
decreased with rising 2-oxazine content or in other words,
fewer copolymer concentrations were investigated for copoly-
mer transmissivity studies in the various solvents compared
to PcPrOx,,,. For P(cPrOx,-stat-cPrOz,;), P(cPrOx,-stat-
cPrOz,y), and P(cPrOx,.-stat-cPrOz,.), the minimum trans-
missivity was reached for a concentration of 1 mgml™ in H,0
(Figures S13A, S14A, and S15A). Due to the raising copolymer
hydrophobicity [50], the salting-out effect was enhanced by
the kosmotropic salts, but only in the case of NaCl, shown by
an increase of the minimum in transmissivity of 15mgmL~!
for P(cPrOx,,-stat-cPrOz, ) (Figure S14B) and P(cPrOx,,-stat-
cPrOz.,) (Figure S13B) compared to 5mgmL~" for PcPrOx,,,
(Figure 4B) and P(cPrOx,-stat-cPrOz,;) (Figure S15B).
However, we could not observe any difference in the trans-
missivity minimum with PBS (Figures S13C, S14C, and S15C)
between the homopolymer and the copolymers (15mgmL~1).
This might indicate that the salt concentration in PBS is al-
ready sufficient and therefore unable to further strengthen the
salting-out effect (Figure 4C).

On the one hand, the minimum of transmissivity of the samples
in salt solution is likely from the formation of larger aggregates
due to salting-out effects. The aggregates accumulate and sedi-
ment to the bottom of the vial, and therefore the transmissivity
drops no further. On the other hand, it might be a combination
of LCST and UCST behavior based on complex thermal effects
related to the copolymer interactions [34].

The difference between NaCl and PBS can be explained with
the higher salt concentration of PBS (152mM) versus NaCl
(15.5mM). For higher polymer concentrations, no minimum in
transmissivity > 0% was observed because of the high amount
of precipitate, and therefore the few aggregates formed by
salting-out do not affect the transmissivity. The increase of
transmissivity at higher temperatures is most likely due to the
formation of larger aggregates that sediment to the bottom of
the vial.

In theory the salting-out effect should translate to lower trans-
missivity for the same concentration in NaCl and PBS compared

to water. In Figure 4D, T, (temperature at 50% transmissiv-
ity) for different concentrations in the three different media is
shown. T, with increasing concentration shows nonlinear be-
havior. For the samples in the two salt solutions, the difference
in T, was negligible despite the difference in salt concentra-
tions. In comparison, the T, observed for water is higher up to
15mgmL~1. At higher concentrations (¢>20mgmL™), the salt
effect became negligible. So, at higher polymer concentrations
salt in the used concentration seems to make no difference be-
cause the hydrophobic moieties outweigh the hydrophilic moi-
eties with increasing temperature for LCST type polymers. The
small decrease in T, from 35 to 50mgmL~" indicates the ap-
proaching of the LCST [26].

Tep (mgmL~ in H,0, X, =100) for the three isomers poly(2-
propyl-2-oxazoline)s was reported by Bloksma et al. [43]. Out
of the three isomers, poly(2-n-propyl-2-oxazoline) showed the
highest T, at 44°C, whereas poly(2-iso-propyl-2-oxazoline)
showed the lowest T, at 27°C. PcPrOx,,, with a T, at 30°C,
is in between [26]. The different T, can be explained by the
different shielding of the hydrophilic moieties by the side chains.
With a T, at 35°C under the same conditions, the synthesized
PcPrOx,,, exhibited a slightly higher T, than the literature ref-
erence. The slight discrepancy in T, potentially resulted from
different end groups slightly altering the polarity of the poly-
mers [51].

The T, of the homopolymer hardly changes when the
P(cPrOx,,-stat-cPrOz,.) is tested in the three different sol-
vents. However, the polymer concentration at which the T,
is reached differs: For water, a T, is found at 25 mgmL~!
(29.9°C), whereas for PBS (29.8°C; ¢c=5mgmL~") and NaCl
(31.7°C; c=10mgmL™'), the temperature-driven phase tran-
sition occurs at lower polymer concentrations (Figure S15D).
This, in turn, might be attributable to the salting-out effect,
which limits the solubility of the copolymers and favors their
agglomeration [49]. This salting-out effect is negligible for
the copolymers with increasing oxazine content (P(cPrOx.,-
stat-cPrOz,)) since increased intermolecular interactions at
higher polymer concentrations promote agglomeration [35]. As
a result, the T, in water is achieved at 15 mgmL~! (28.4°C),
whereas in PBS (24.1°C; ¢=25mgmL~!) and NaCl (27.9°C;
c¢=25mgmL™), phase transition is only seen at higher polymer
concentrations (Figure S14D). With P(cPrOx,,-stat-cPrOz.,),
the determination of T, values is difficult, as the limited solu-
bility of the polymer provides hardly any data points for a T,
analysis (Figure S13D).

Unlike PcPrOx, ,, PcPrOz,,, was insoluble in water whereas it
was soluble in EtOH. The isomers poly(2-n-propyl-2-oxazine)
and poly(2-iso-propyl-2-oxazine) were previously reported to be
soluble in water. Poly(2-n-propyl-2-oxazine) exhibited a LCST at
11°C (5mgmL~"in H,0) [52]. The 2-oxazoline isomer of PcPrOz,
poly(2-n-butyl-2-oxazoline), is reportedly insoluble in water but
soluble in ethanol and features a UCST in water-ethanol mix-
tures containing 50-60wt% ethanol [53]. The insolubility of
PcPrOz,,,, in water as compared to its POz isomers is probably
rooted in the higher flexibility of the polymer backbone and the
rigid side chain, resulting in shielding of the hydrophilic moi-
eties and limiting its solubility in water.
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Because PcPrOz,,, was found to be soluble in EtOH, its po-
tential UCST in water-EtOH mixtures was studied. For this
purpose, different EtOH-water mixtures (10:90; 30:70; 40:60;
50:50) of PcPrOz,,, (c=5mgmL™") were studied with turbi-
dimetry measurements (T=10°C-60°C) (Figure 4E). While
PcPrOz,,, remained soluble in the 50:50 mixture over the
whole temperature range, the polymer was completely insolu-
ble in the 10:90 and 30:70 mixtures. Solely for the 40:60 mix-
ture, a UCST behavior was observed (T, =35°C). The UCST
behavior of PcPrOz,, compared to the LCST behavior of
PcPrOx,, likely resulted from the higher hydrophobicity due
to the additional methylene group in the backbone. Another
explanation could be the high molar mass, as the dependency
of T, on molar mass was previously reported for POx [54].
The latter aspect is consistent with the measurement data ob-
tained for PcPrOz,.. Interestingly, the short homopolymers ex-
hibited LCST behavior (EtOH:H, O ratio of 10:90) (Figure 4F).
Accordingly, the copolymers with the highest 2-oxazine con-
tent (PrOx,,-stat-PrOz,.) were insoluble in EtOH-water mix-
tures (90:10) and the increase of cPrOx within the copolymer
structure resulted in improved solubility as indicated by their
LCST behavior. As PcPrOx,, itself was fully soluble in the
applied media (data not shown), the observed T, is assumed
to be fully attributed to the cPrOz fraction within the poly-
mer chain.

4 | Conclusion

Here, we synthesized a novel cPrOz monomer for the formation
of homopolymers with different chain lengths and the design of
statistical copolymers including cPrOx. With the CROP strategy,
we introduced the kinetics of nucleophilic cyclic imino ether at-
tack on the terminal 2-oxazine or 2-oxazoline of the growing
polymers. Our results demonstrate that the interaction with the
polymeric five-membered ring system is favored in the homo-
and cross-propagation, and the cPrOz monomers interact faster
with the terminal polymeric cPrOx group compared to cPrOx
monomers. The nucleophilic attack on the five-membered ring
system is facilitated by its planarity and higher ring tension
compared to the oxazines, resulting in reduced steric hindrance
and enhanced interaction. Since the chain length of the homo-
and heteropolymers is also controlled, tunable, temperature-
responsive polymer characteristics are created. For example,
the short-chain PcPrOz,, possessed UCST properties, whereas
the long-chain homopolymers cPrOx,,, and cPrOz,,, and het-
eropolymers showed LCST behavior. In other words, the smart
combination of monomers allows the formation of statistical
copolymers with controllable thermal polymer characteristics
and identifies the potential of further monomer mixtures with
resulting material properties. Based on those experimental re-
sults, understanding the kinetics of 2-oxazine and 2-oxazoline
interactions during nucleophilic polymerization elongation pro-
vides a profound knowledge of the CROP mechanism and offers
a strategy to form novel (co)polymers. In the future, the (co)poly-
mers presented here will be investigated further regarding their
properties as additives to tune the hydrophilicity of bulk materi-
als in biofabrication and microplastics research. We will exploit
their unique hydrophilic-hydrophobic balance to study their
potential to increase hydrolytic degradation of materials, for ex-
ample, by enzymes.

5 | Experimental Section
5.1 | Materials

2-Aminoethanol (>99%) and 3-amino-1-propanol (>99%)
were purchased from TCI. Cyclopropyl cyanide (98%), piper-
idine (99.5%, extra dry), acetonitrile (99.9%, extra dry), and
barium oxide (99.5%) were purchased from thermo scientific.
Zinc acetate dihydrate (>99%) was purchased from Carl Roth.
Dichloromethane (DCM) (99.8%, analytical reagent grade)
was purchased from Fisher Scientific. Deuterated chloroform
(CDCI,) (99.8%) was purchased from Deutero. Magnesium sul-
fate (MgSO,) (99%, anhydrous) was purchased from Griissing.

5.2 | NMR Spectroscopy

1H- and 3C-NMR spectra were acquired with a Bruker Avance
III HD 500MHz spectrometer or a Bruker Avance 300 MHz
spectrometer. Some 'H-NMR spectra for the kinetic samples
were acquired with a Magritek Spinsolve 1.16.6 60 MHz spec-
trometer. Between each measurement, the spectrometer was
shimmed with a shim sample (10% H,0 and 90% D,0).

All spectra were calibrated via the residual solvent resonance
of CDCI,.

5.3 | Size-Exclusion Chromatography (SEC)

All polymers were analyzed with dimethylformamide-SEC
(DMF-SEC) (sample solvent and eluent: DMF with lithium
bromide (LiBr) (5gL71)) to determine Mn,app and D. "l:he mea-
surements were conducted with a GRAM 10pum 3000 A gel col-
umn (separation range of 5000-5,000,000Da) with a flow rate
of 0.5mLmin~!. For detection, a refractive index detector from
Agilent Technologies (1260 Infinity series) was used. For cali-
bration, a narrowly distributed polystyrene homopolymer (PSS
calibration kit) was used. All samples were dissolved in eluent
and filtered through a 0.22um polytetrafluoroethylene (PTFE)
filter. Each measurement was performed with a 20 uL injection
volume and toluene as an internal standard.

5.4 | Thermogravimetric Analysis (TGA)

TGA was performed on a Mettler TGA/DSC3. The measure-
ments were conducted in aluminum oxide ceramic crucibles
with a heating rate of 10Kmin~! from 30°C to 700°C under a
nitrogen atmosphere.

5.5 | Differential Scanning Calorimetry (DSC)

DSC was performed on a Mettler Toledo DSC 2 STARe system.
Before measurement, the samples were tempered for 1h at 100°C
to remove residual solvent. The measurements were conducted
in an aluminum pan with a pierced lid with a heating rate of
10K min~! from 5°C to 220°C under a nitrogen atmosphere. The
second heating cycle was used to determine T, temperature
and T,
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5.6 | Turbidimetry

T.p was measured on a Crystall6 parallel crystallizer turbidi-
meter developed by Avantium Technologies connected to a re-
circulation chiller and dry compressed air. Aqueous polymer
solutions at indicated concentrations were heated and cooled at
indicated temperature ranges (1.0°Cmin~). This cycle was re-
peated three times. The T, isreported as the 50% transmittance
temperature in the second heating run.

Solutions (5mgmL™) of polymer in a solvent mixture of EtOH
and H,0 at indicated ratios were cooled and heated at indicated
temperature ranges.

5.7 | Synthesis of 2-Cyclopropyl-2-Oxazoline
(cProOx)

The synthesis was adapted from a literature procedure
[26, 41]. Cyclopropyl cyanide (670 mmol; 45.6g; 1.0 equiv.)
and ZnOAc (catalyst; 14 mmol; 3.0g; 0.02 equiv.) were heated
to 130°C. 2-Aminoethanol (750 mmol; 45.6g; 1.1 equiv.) was
added dropwise. After 22h reaction time, the reaction mix-
ture was cooled to room temperature. DCM was added and
the organic phase was washed four times (3x with deionized
H,O and 1x with brine). The extracted solution was dried over
MgSO, and filtered through a folded filter. Under reduced
pressure, the DCM was removed (300 mbar). For further pu-
rification, the monomer was distilled under reduced pressure
(46°C; 70mbar) over barium oxide. After purification, the
monomer was distilled dry via static distillation (70°C) over
barium oxide.

'H-NMR (500MHz) in CDCl;: §=4.17 (2H, t, 0—CH,—CH,),
3.78 (2H, t, N—CH,—CH,), 1.62 (1H, m, C—CH—(CH,),), 0.87
(4H, m, CH—(CH,),) ppm.

5.8 | Synthesis of 2-Cyclopropyl-2-Oxazine
(cPrOz)

The synthesis was adapted from a literature procedure [41].
Cyclopropyl cyanide (680mmol; 45.6g; 1.0 equiv.) and ZnOAc
(catalyst; 14mmol; 3.0g; 0.02 equiv.) were heated to 130°C.
3-Amino-1-propanol (750mmol; 56.1g; 1.1 equiv.) was added
dropwise. After 22h reaction time, the reaction mixture was
cooled to room temperature. DCM (100mL) was added, and
the organic phase was washed four times (3x with deionized
H,O and 1x with brine; ~150mL). The extracted solution was
dried over MgSO, and filtered through a folded filter. Under re-
duced pressure, the DCM was removed (300 mbar). For further
purification, the monomer was distilled under reduced pres-
sure (90°C; 36 mbar) over barium oxide. After purification, the
monomer was distilled dry under reduced pressure (80°C) over
barium oxide.

Yield: 20g (0.16 mol) colorless liquid; 23.5%.
'H-NMR (500MHz) in CDCl,: §=4.09 (2H, t, 0—CH,—CH,),

3.30 (2H, t, N—CH,—CH,), 1.81 (2H, quint., CH,—CH,—CH,),
1.40 (1H, m, C—=CH—(CH,),), 0.87 (4H, m, CH—(CH,),) ppm.

13C-NMR (125MHz) in CDCl,: §=65 (O—CH,—CH,), 42 (2H,
t, N—CH,—CH,), 22 (CH,—CH,—CH,), 14 (C—CH—(CH,),), 5
(CH—(CH,),) ppm.

5.9 | Microwave-Assisted Polymerizations

All kinetics and polymerizations were conducted using a Biotage
Initiator Eight+ microwave. All reactions were carried out in
sealed containers with the “organic synthesis” mode.

5.10 | Kinetic Study of the Homopolymerization
of 2-Cyclopropyl-2-Oxazoline

Five milliliters of stock solution with an initial cPrOx con-
centration of 2M (10mmol; 1.1g) and a ratio of [cPrOx]|/
[MeOTos] =100 (MeOTos: 0.1 mmol; 0.019g) in 3.9 mL aceto-
nitrile was prepared under Ar atmosphere. Under Ar, the stock
solution was divided over nine microwave vials (0.4 mL per
vial). The vials were closed with a crimped septum. One vial
was held back for reference. Each of the eight remaining vials
had a different reaction time at 140°C reaction temperature
in the microwave synthesizer (1s; 30s; 1 min; 2min; 5min;
10min; 15min; 30 min). The monomer conversion was deter-
mined via '"H-NMR, comparing the signals at §=0.8 ppm (4H,
constant integral) and § =4.15 ppm, which decreased over the
course of the polymerization.

5.11 | Kinetic Study of the Homopolymerization
of 2-Cyclopropyl-2-Oxazine

Five milliliters of stock solution with an initial cPrOz concentra-
tion of 2M (10 mmol; 1.3 g) and a ratio of [cPrOz]/[MeOTos| = 100
(MeOTOs: 0.1 mmol; 0.019g) in 3.7 mL acetonitrile was prepared
under Ar atmosphere. Under Ar, the stock solution was divided
over nine microwave vials (0.4 mL per vial). The vials were closed
with a crimped septum. One vial was held back for reference.
Each of the eight remaining vials had a different reaction time
at a 140°C reaction temperature in the microwave synthesizer
(1s; 60s; 1 min; 3min; 5min; 10 min; 15 min; 30 min; 60 min). The
monomer conversion was determined via 'H-NMR by comparing
the signals at §=0.8 ppm (4H, constant integral) and §=4.1 ppm,
which decreases over the course of the polymerization.

5.12 | Copolymerization Kinetics

Copolymerization kinetics were conducted according to the ho-
mopolymerization kinetics described above. For monomer ra-
tios, please refer to Table S5.

The polymer composition (F) was determined by 'H NMR spec-
troscopy from the monomer conversion (Tables S1 and S2). The
copolymerization parameters r_, ., and r, ., were calculated
using Equations (1) and (2) (for the explanation of terms, see

footnote of Table S2).

r1f12 +fifs

L L 1
nfE + 200 + 1ff O

1
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n=(n+(2))(3) @

5.13 | Polymer Synthesis

The kinetics were calculated to 98% monomer conversion with
k, that was determined with the kinetic studies. The polymer-
ization and purification procedure is exemplarily described for
the synthesis of PcPrOx, . For all other polymers, please refer
to Table S5.

100°

5.14 | Synthesis of Poly(2-Cyclopropyl-2-
Oxazoline) (PcPrOx)

Twenty milliliters of reaction mixture with an initial cPrOx
concentration of 2M (40mmol; 4.5g) and a ratio of [cPrOx]/
[MeOTos] =100 (MeOTos: 0.4mmol; 0.075g) in 15.5mL acetoni-
trile was prepared in a microwave vial under Ar atmosphere. The
reaction was carried out at 140°C in the microwave synthesizer
with a reaction time of 14 min 10s. After the reaction time, 1mL
of sample was taken for calculation of conversion. The polymer
was terminated with 5.0 equiv. piperidine relative to the initiator
(2mmol; 0.17 g). After the piperidine addition, the mixture was
stirred overnight at 40°C. For purification, the polymer was pre-
cipitated in 240mL diethyl ether (—80°C). After centrifugation
at 5000rpm for 3min, the supernatant was discarded, and the
residue was dissolved in 10mL DCM. The polymer solution was
precipitated in 140 mL diethyl ether and centrifuged at 5000 rpm
for 3min. The supernatant was discarded, and the purified poly-
mer was dried in the vacuum oven at 40°C overnight.

Yield: 3.59¢g (X,,=100).

'H-NMR (500 MHz) in CDCl,: § = 3.5 (4H, br, 0—CH,—CH,—N),
1.6 (1H, br, C-CH—(CH,),), 0.9 (4H, m, CH—(CH,),) ppm.

SEC (DMF, PS-cal.): M, =4900gmol~!; D=1.39.

n,app

5.15 | Synthesis of Poly(2-Cyclopropyl-2-Oxazine)
(PcPrOz)

Yield: 2.07 g (X,,=90).

'H-NMR (500MHz) in CDCL,: § = 3.3 (4H, br, 0—CH,—CH,—N),
1.5 3H, br, CH,—CH,—CH,, C—CH—(CH,),), 0.75 (4H, br,
CH—(CH,),) ppm.

SEC (DMF, PS-cal.): M, =10,800gmol~; H=1.59.

n,app
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