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The synthesis of novel tertiary polythioamide copolymers, analogues of poly(2-ethyl-2-oxazoline)
(PEtOX), is reported. Firstly, the direct synthesis of poly(2-methyl-2-thiazoline) was attempted via the cat-
ionic ring-opening polymerization of 2-methyl-2-thiazoline, in analogy to the well-known 2-alkyl-2-oxa-
zoline monomers. Since no conversion was monitored under several conditions — which was investigated
in parallel by density functional theory calculations — the post-polymerization modification of PEtOx
using Lawesson's reagent was successfully achieved, yielding poly(2-ethyl-2-thiazoline)-co-(2-ethyl-2-
oxazoline) copolymers with up to 95 mol% of the thioamide unit. The newly synthesized copolymers
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exhibited significantly lower water solubility and thermal stability than the pristine PEtOx, as demonstrated
during cloud point temperature determination and thermal gravimetric analysis, respectively. Moreover,
the glass transition temperature of the copolymers increases linearly with increasing oxygen-sulfur
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Introduction

Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) constitute one of the
most promising classes of polyamides and have been exten-
sively investigated."™ PAOx are obtained by the cationic ring-
opening polymerization (cROP) of 2-alkyl/aryl-2-oxazolines
(Scheme 1). One of their great advantages is the facile access
to different solution properties by simple structural variation
of the pendant alkyl chain (length, branching, or the presence
of heteroatoms).® However, substitution of the carbonyl oxygen
atom to yield the polythioamide analogues has never been
reported. Recent advances have proved that the properties of
thioamides differ from those of the corresponding amides. For
example, thioamides can act as ligands in coordination chem-
istry due to their high affinity for certain metals such as
copper.®® The C=S bond is weaker (BDE ~130 kcal mol™)
than the C=0 bond (~170 kcal mol™").>*° Thioamides are less
flexible due to their higher rotational barrier'® and also
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appear to be less hydrophilic since sulfur is a poorer hydrogen
bond acceptor than oxygen.” Furthermore, there is an
increased interest in sulfur-containing polymers in general,
since they possess significant properties for a variety of appli-
cations such as in biomedicine and energy storage, or as flame
retardants.'” Interestingly, the synthesis of poly(2-alkyl-2-thiaz-
oline) (PAThz) homopolymers has not been reported yet,
despite the commercial availability of at least one sulfur ana-
logue of AOx, namely 2-methyl-2-thiazoline (MeThz), and the
reported efficient alkylation of a variety of AThz using alkyl
(pseudo)halogenides, which would represent the first mechan-
istic step in cROP. The only polymer-related AThz study
reported the spontaneous copolymerization of MeThz with
acrylic acid in the absence of an initiator, following a zwitter-
ionic mechanism,"* similar to the behavior of 2-alkyl-2-oxaz
(ol)ines."® However, the final polymer structures resulted from
the nucleophilic attack of the sulfur atom yielding imi-
nothioether-based repeating units rather than thioamides. We
also note that the term polythiazolines has already been intro-
duced in 1969, when polyureas were synthesized by polycon-
densation and subsequently treated with poly(phosphoric
acid) to yield in-chain five-membered thiazoline rings."*

As a consequence of the above, we first considered the
direct cROP of MeThz (Scheme 1, top). However, since no con-
version could be achieved under a range of experimental con-
ditions suitable for the cROP of AOx, we turned to a post-
polymerization approach in which poly(2-ethyl-2-oxazoline)
(PEtOx) was reacted with Lawesson’s reagent (LR)"2° as a
known oxygen-to-sulfur exchange agent (Scheme 1, bottom).
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Scheme 1 Schematic representation of the unsuccessful cROP of MeThz (top) and the suggested alternative by thionation of PEtOx with

Lawesson's reagent (bottom).

Results and discussion

The cROP of cyclic iminoethers such as AOx is typically
initiated by the nucleophilic attack of an alkylating agent such
as methyl tosylate or benzyl bromide by the nitrogen free elec-
tron pair of an AOx monomer. A careful literature search
reveals that the alkylation of methyl, ethyl, n-propyl, i-butyl,
and benzyl thiazolines could efficiently be carried out with
methyl iodide or ethyl ethanesulfonate.*'>* MeThz was used
for the initial studies of the polymerization (Scheme 1) since it
is a cheap and commercially available potential monomer.
Methyl tosylate (MeOTs) and methyl triflate (MeOTf) were used
as initiators under various stoichiometries and experimental
conditions (Table S1t). However, in all cases, zero conversion
was monitored (Fig. S1-S37). In order to gain insight into the
non-reactivity of MeThz under classic cROP conditions, we
turned to quantum chemical calculations based on density
functional theory. Fig. S121 depicts the reaction enthalpies
and Gibbs free energies for the dimerization and trimerization
reactions of both 2-methyl-2-oxazoline (MeOx) and MeThz at
various temperatures in acetonitrile (MeCN), assuming that
initiation had already taken place, that is, oxazolinium and
thiazolinium cations would react with the corresponding
monomers. While all reactions are exothermic with enthalpy
values essentially temperature-independent, the average reac-
tion enthalpy for MeOx dimerization and trimerization
(approx. —80 k] mol™") is about four times more negative than
that for MeThz (Fig. S12,} left). The Gibbs free energies are
even more distinct, revealing exergonic dimerization and tri-
merization for MeOx up to 160 °C, while these reactions for
MeThz are largely endergonic within the 0-180 °C range
(Fig. S12, right), thus highly unfavorable. These findings are
also independent of the solvent (Fig. S131). More details on
DFT calculations can be found in the ESI (ESI, pages S15-
S197).

LR is possibly the most successful thionation agent, typi-
cally used to convert carbonyl functional groups into thiocar-
bonyl moieties.”>° In polymer chemistry, it is mostly known
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for the synthesis of some chain transfer agents.?® Interestingly,
at least one example of polythioamide synthesis by thionation
of classic in-chain polyamides can also be found.>® We there-
fore set out to obtain PAThz by reaction of PAOx with LR, here
particularly focusing on PEtOx for a proof-of-principle.

To this aim, PEtOx with a targeted molecular weight of
about 6 kg mol™" was first synthesized (see the ESI}). Briefly,
EtOx was polymerized at 100 °C in MeCN at 4 M under inert
atmosphere and dry conditions using MeOTs as the initiator
and with [EtOx]/[MeOTs] = 60. The polymerizations were termi-
nated with either 5 wt% aqueous Na,CO; or 25 wt% methano-
lic tetramethylammonium hydroxide (TMAH),”” yielding PEtOx
A and PEtOx B, respectively, with low dispersity (Table 1).
Subsequently, thionation was performed using LR:PEtOx
molar ratios related to the EtOx units and varying them from
0.025 to 0.5. The latter ratio is designed to fully convert the
EtOx units to EtThz units since one equivalent of LR can theor-
etically convert two equivalents of carbonyl moieties.
Obviously, lower ratios should lead to copolymers of EtOx and
MeThz.

Due to the unprecedented character of the thionation per-
formed on PAOX, several initial trials were conducted to under-
stand the critical aspects of the reaction and optimize the con-
ditions. The present investigation employed a methodology
inspired by a prior publication dealing with the thionation of
low-molar mass compounds.?® Importantly, incomplete drying
of PEtOx led to a complete absence of reaction. Therefore,
before reacting with LR, PEtOx was thoroughly dried under
vacuum (P = 1.1 x 107> mbar). Furthermore, for LR : PEtOx
above 0.4, LR was added in portions because a batch protocol
led to early precipitation of the polymer and reduced the thio-
nation degree. The reactions were run at 90 °C for 2 to
2.5 hours. After cooling down to room temperature and con-
tinuous stirring overnight, MeCN was removed under reduced
pressure and the residues were redissolved in dichloromethane
before precipitation in diethyl ether, followed by elution
through a basic alumina column using chloroform as the
eluent for samples obtained with LR:PEtOx up to 0.15, and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Characteristics of the pristine PEtOx polymers, stoichiometry of the thionation reactions, and size-exclusion chromatography data for all

polymers

Theoretical thionation

Experimental thionation

Sample code [LR]: [PEtOX] degree (%) degree (%) M, M, b
PEtOx A — — — 6800° 7400° 1.10
5% 0.025 5 5 12 900° 16 600° 1.29°
11% 0.050 10 11 14 500° 17 700° 1.22°
23% 0.100 20 23 14 500° 17 900° 1.24°
28% 0.125 25 28 14 800° 18 600° 1.26°
33% 0.150 30 33 14 300° 18 400° 1.28°
PEtOx B — — — 9800° 10 300” 1.05
40% 0.165 33 40 10 000” 10 600° 1.06
55% 0.250 50 55 9200° 11 400° 1.24
91% 0.400 80 91 9300° 9700° 1.04
95% 0.500 100 95 9900” 10 100” 1.02

“Calculated from DMAc SEC using linear PMMA standards.  Calculated from HFIP SEC using linear PMMA standards. ¢ Bimodal distribution

due to end-to-end disulfide coupling.

final precipitation in Et,O or n-heptane for all. It is worth men-
tioning that since LR and its byproduct, namely (4-methoxy-
phenyl)(thioxo)phosphine oxide (denoted as LR’ in the NMR
spectra — possibly in the form of a trimer), have similar solubi-
lity behavior to the final polymers, several different purifi-
cation techniques were attempted for their complete removal
from the final polymers. This includes multiple reprecipita-
tions, manual size-exclusion chromatography (crosslinked
polystyrene, exclusion range 0.6-14 kDa), extraction, methanol
filtration, and elution through a basic alumina column, with
the last one yielding the best results. In addition, it has been
observed that the solubility of the copolymers evolves signifi-
cantly with increasing degrees of thionation. Interestingly, for
LR : PEtOx larger than 0.1, the polymers were not soluble in
water anymore and above 0.25, solubility decreased signifi-
cantly in common organic solvents too. That is why the com-
plete removal of LR by-products was conducted only up to
LR : PEtOx = 0.15. The isolated yields span a broad range, i.e.,
11 to 88%, depending on thionation degrees and required
purification protocols. Since the focus of this article was
placed on the generation and physical investigation of these
new thioazoline copolymers, no optimization was carried out.
The occurrence of a reaction could first be assessed using
"H NMR spectroscopy. For LR : PEtOx up to 0.25, that is, a tar-
geted fraction of 0.5 in sulfur-containing monomeric units,
the product could be analyzed in CDCl; (Fig. 1A). However, for
higher targeted modification degrees, deuterated trifluoroace-
tic acid (TFA-d) was required to fully dissolve the polymers
(Fig. 1B). In each spectrum of reacted PEtOx, a series of new
peaks appears slightly shifted downfield in comparison with
those of the oxazoline units. More specifically, in CDCl;, the
methylene protons b’ of the thiazoline unit side chain appear
at 2.84-2.72 ppm in comparison with those of the oxazoline
unit at 2.42-2.32 ppm. The side-chain methyl protons ¢’ logi-
cally experience a weaker but distinct shift from 1.12 to
1.29 ppm. Finally, the backbone protons a and a’ appear
within an extended range of 4.25 to 3.46 ppm (maxima) in
comparison with the single broad peak at 3.46 ppm for pris-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 1H NMR spectra of the final purified polymers before (pristine
PEtOx) and after reaction at various LR:PEtOx molar ratios: (A) up to
0.15, dissolved in CDCls and (B) from 0.165 on dissolved in TFA-d (LR’
stands for the LR-derived thionation by-product).
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tine PEtOx. The assignment of these protons is more complex
since they potentially correspond to various sequences of both
EtOx and EtThz repeating units in the copolymers. Similar
observations can be made in TFA-d, with different chemical
shifts and the progressive disappearance of the EtOx repeating
unit signals.

Integration of the b and b’ signals (i.e., the most separated
signals) allowed for the calculation of the experimental thiona-
tion degree, which could be compared with the theoretical one
assuming a quantitative reaction of LR (Fig. 2A). It can clearly
be seen that, within the NMR integration error range, the thio-
nation could be quantitatively performed at all stoichiometric
ratios, except for the targeted full modification, which never-
theless led to 95% of EtThz units. Furthermore, the COSY 2D
spectrum displayed in Fig. 2B clearly evidences cross-corre-
lation peaks within each of the proposed monomer unit side
chains, here highlighted in blue for EtOx and in orange for
EtThz. Fourier-transform infrared spectroscopy (Fig. S51) also
confirmed the reaction through the appearance of the charac-
teristic vibration of the symmetrical stretching of the S—C-N-
thioamide bond at 1120 cm™" (peak d)'**° and the progressive
depletion of the characteristic vibration of the O=C-N- amide
bond at 1630 cm™" (peak a), alongside additional vibration
variations. Elemental analysis carried out on the pristine
PEtOx A, as well as on samples 5%, 28%, and 95%, confirmed
the incorporation of sulfur, with experimental values close to
theoretical values based on NMR-determined thionation
degrees (Fig. S9At). In particular, experimental S/N mass ratios
match very well with the expected values (Fig. S9BT).

The next step was to confirm that the proposed post-
polymerization modification does not lead to a degradation of
the polymer backbone and hence preserves the well-defined
character of the PEtOx starting polymer. Size-exclusion chrom-
atography (SEC) was therefore performed. While the classic
N,N-dimethylacetamide (DMAc) was a suitable eluent for low
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thionation degrees (up to 33%), hexafluoroisopropanol (HFIP),
a significantly less common yet known SEC eluent for polya-
mides and other polar polymers, was required for a proper dis-
solution of the high-thionation-degree products. Fig. 3 depicts
the chromatograms of the PEtThz-co-PEtOx copolymers with
different thionation degrees ranging from 5% to 95% in com-
parison with the pristine PEtOx.

1.0
A ——PEtOX A
b 5%
—11%
0.8 — 3%
fg ——28%
o] —33%
E 0.6
o
[
N
© .
gos
2 a
0.2+ / \\
00—
5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Molar Mass (g/mol)
1.04
B ——PEtOx B
40%
0.8 55%
o 91%
3 ——95%
s
E 0.6 4
o
[
N
© -
gos
o
z
02
7
0.4

y —— T T T Tt T
2500 5000 7500 10000 12500 15000 17500 20000 22500
Molar Mass (g/mol)

Fig. 3 SEC chromatograms of pristine PEtOx and PEtThZ-co-PEtOx
copolymers with various thionation degrees. (A) Chromatograms in
DMAc with 0.7 wt% LiBr. Peak a corresponds to the chains that did not
undergo disulfide bridge formation, while peak b corresponds to the
dimers after the disulfide bridge formation. (B) Chromatograms in HFIP.
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(A) Comparison between experimental and theoretical thionation degrees. (B) COSY NMR spectrum of the poly(2-ethyl-2-thiazoline)-co-

poly(2-ethyl-2-oxazoline) copolymer obtained with LR : PEtOx = 0.25 (LR’ stands for the LR-derived thionation by-product).
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To our surprise, all copolymers with a low degree of thiona-
tion (5-33%) exhibited bimodal distributions, with the low-
molar mass maximum (indicated by a) matching the elution of
the pristine PEtOx and the high-molar mass maximum (b)
falling roughly at double the molar mass (Fig. 3A). In contrast,
all polymers with thionation degrees of at least 40%, hence
analyzed by HFIP SEC, showed the conservation of the original
molar mass distribution with rather high fidelity. It is crucial
to note that the polymers with 5-33% thionation were also
subjected to HFIP SEC (Fig. S6T) and still showed bimodal dis-
tributions, discarding the potential unsuitability of the DMAc
SEC system. Importantly, the common feature of low-thiona-
tion-degree polymers is the method employed for termination
during the synthesis of the original PEtOx A, namely with
aqueous Na,COs;, as opposed to methanolic TMAH for PEtOx
B. While TMAH was claimed to provide clean OH chain ends,*”
in our hands, it was found to be less potent than aqueous
Na,CO; and led to an w-propionate ester group due to water ter-
mination, as observed by "H NMR spectroscopy (see Fig. S7+).””°
Therefore, the disparate SEC results between low and high thiona-
tion degrees lie in the nature of the end group. While LR is
usually employed for the thionation of carbonyl groups, it has
been reported that hydroxyl groups are more reactive, notably
faster than amide groups which come second.'® Thus, during the
thionation reaction, the w-hydroxyl groups of low-thionation-
degree copolymers were converted into thiols, which are prone to
forming disulfide bridges, here yielding end-to-end chain coup-
ling into dimers. In order to further support this assumption, an
additional sample at a lower thionation degree was produced
using PEtOx B rather than PEtOx A. In that case, the monomodal-
ity was conserved (see Fig. S8Af), implying that the thionation
degree itself is not the cause for bimodality. All in all, it can safely
be concluded that the backbone remained intact during the post-
polymerization modification and, thanks to the unintentional
end-group discrepancy, it is highlighted that the presence of
other oxygen-based functional groups in the PEtOx structure
needs to be considered.

Subsequently, in order to investigate the properties of the
newly synthesized copolymers, we first turned to differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) to investigate their thermal properties.

View Article Online
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For the DSC measurements and the determination of glass
transition temperature (T,), four heating-cooling cycles were
performed at a heating rate of 10 K min~", the first one to
remove the thermal history of the sample. The third heating
curves are presented in Fig. 10,7 while T, values are compiled
in Fig. 4A. A linear increase in T, with rising thionation
degrees was observed, evidencing no phase separation in the
solid state. Since the solubility of Thz-rich polymers is strongly
diminished and no partitioning of polymers or self-assembly
was observed under any tested solvent conditions for low thio-
nation degrees, chain-wise or block-wise thionation in a proxi-
mity-based self-catalyzed manner is excluded. This therefore
suggests the formation of random copolymers. The increase in
T, can be rationalized by consideration of the literature-known
higher rotational barrier of the C-N bond in thioamides in
comparison with that in amides.”*' This leads to lower flexi-
bility in thiazoline monomeric units compared to the oxazo-
line ones. Hence, more energy is required to reach the glass
transition for higher thionation degrees. Furthermore, no crys-
tallization or melting transitions were detected. Extrapolation
of the linear fit would suggest that pure PEtThz would
undergo glass transition at approx. 83 °C. All individual TGA
measurements are included in the ESI (Fig. S11}) and also
reveal a clear trend: an increasing thionation degree leads to a
lower decomposition temperature, as illustrated in Fig. 4B.
Notably, a difference of approx. 150 °C between the decompo-
sition temperature of pure PEtOx and that of the PEtThz-co-
PEtOx copolymer with 95% EtThz units was observed, eviden-
cing a significantly higher thermal instability of polythioa-
mides in comparison with polyamides. We note that the
samples with intermediate thionation degrees exhibit a
complex degradation behavior with multiple steps, which
would require analysis of the degradation products, for
instance, by TGA coupled to mass spectrometry.

Lastly, we investigated whether the sulfur-containing mono-
meric units influence one of the most interesting properties of
PAOx, namely the temperature-dependent solution behavior in
aqueous solution. While poly(2-methyl-2-oxazoline) is very
hydrophilic and dissolves in water at any temperature under
atmospheric conditions, poly(2-butyl-2-oxazoline) is water-in-
soluble. However, PEtOx and all variants of poly(2-propyl-2-oxa-
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zoline)s (n-, iso-, and cyclopropyl-) possess lower critical solu-
tion temperatures (LCST), representing a transition from fully
solvated polymer chains at low temperatures to collapsed
chains at high temperatures, generally manifested via the
appearance of turbidity. This phase transition depends on the
concentration of the sample and the LCST represents the
absolute minimal temperature at which it occurs. Generally,
cloud point temperatures (T.,) are determined for a set of
specific conditions. Importantly, the degree of polymerization
plays a role,> which is a very relevant aspect for PEtOx:
According to the literature,®® a minimum of 100 EtOx units is
needed to observe the appearance of turbidity in pure water
below 100 °C. In the current study, a concentration of 5 mg
mL~" was used in double deionized water. Measurements were
carried out using a dynamic light scattering (DLS) device, able
to detect the appearance of aggregates. Therefore, the intensity
of the scattered light was monitored between 10 and 70 °C (the
range allowed by our DLS device), using a heating rate of
1 °C min~" (Fig. 5). Only the copolymers with up to 23% thiona-
tion degree could be examined in aqueous solutions because
higher EtThz contents led to temperature-independent water-
insolubility. Since the existence of disulfide bridges was estab-
lished for these samples, and as mentioned above, the solution
behavior is molar mass-dependent, not only pristine PEtOx A but
also a well-defined PEtOx with double the molecular weight (i.e.,
13 kg mol ") were included as references.

No cloud point was observed for both PEtOx under the
current conditions, as expected. However, even for a thionation
degree as low as 5 mol%, a cloud point was detected at 60 °C.
At 11 mol% thionation, T, decreased to 39 °C. At 23 mol%,
the experimental limits were already reached. While the
sample was fully soluble in water at 4 °C (kept in the refriger-
ator), it became cloudy after a few seconds at room tempera-
ture. Yet, with special care, a measurement could be con-
ducted and it was clearly evidenced that at 10 °C, the phase
transition had already started. Using a rough extrapolation, it
could be assumed that T, in this case lies around 8-9 °C. It is
obvious that the higher the thionation degree, the lower the
T.p and this can be explained considering that the sulfur lone
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Fig. 5 Evolution of the scattered light intensity for 5 mg mL™ aqueous

solutions of PEtOx and PEtThz-co-PEtOx during heating between 10
and 70 °C at a rate of 1 °C min~™,
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pairs of thioamides are weaker hydrogen bond acceptors com-
pared to the oxygen lone pairs in amides.”*?

Conclusions

In this work, the synthesis of polythiazolines was attempted and
led to the successful synthesis of novel PEtThz-co-PEtOx copoly-
mers. Various experimental trials showed that the direct polymer-
ization of 2-methyl-2-thiazoline using cROP was not accessible, at
least under conditions similar to those used for the cROP of AOx.
An alternative approach towards polythiazolines, namely the post-
polymerization modification of PEtOx with the most well-known
thionating agent, Lawesson’s reagent (LR), was therefore investi-
gated to convert amides into thioamides. Different thionation
degrees, ranging from 5% to 95%, were achieved via a one-pot
addition of LR (for lower than 80%) or stepwise addition (for
higher than 80% conversion) in acetonitrile. In the presence of
hydroxyl end groups, the formation of terminal thiols occurred,
which led to end-to-end chain coupling, as observed in size-exclu-
sion chromatograms. The newly synthesized copolymers exhibi-
ted a higher 7, than PEtOx, which linearly increases as the
number of sulfur-containing monomeric units increases. In
addition, it was observed that the thermal stability of the copoly-
mers decreased with increasing fractions of thiazoline units.
Finally, the thiazoline-containing copolymers exhibited decreased
solubility, notably in water, in which thionation of at least 28%
led to full water insolubility. For lower thionation degrees, the
copolymers possessed LCST-like behavior. Here, a related contri-
bution of Luxenhofer and coworkers, which appeared during the
revision of the present manuscript and tackles the introduction
of thiazoline units through a different angle and with high-disper-
sity polymers, yet with a similar protocol, should be acknowl-
edged.* Future research should be dedicated to attaining PEtThz
homopolymers, improving purification, and further expanding
the methodology to oxazoline and oxazine derivatives. These (co)
polymers could potentially find applications as flame retardants
or well-defined polyligands in coordination chemistry.
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