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Abstract: Although sulfurated polymers promise unique
properties, their controlled synthesis, particularly when
it comes to complex and functional architectures,
remains challenging. Here, we show that the copolymer-
ization of oxetane and phenyl isothiocyanate selectively
yields polythioimidocarbonates as a new class of sulfur
containing polymers, with narrow molecular weight
distributions (Mn=5–80 kg/mol with Đ�1.2; Mn,max=

124 kg/mol) and high melting points of up to 181 °C. The
method tolerates different substituent patterns on both
the oxetane and the isothiocyanate. Self-nucleation
experiments reveal that π-stacking of phenyl substitu-
ents, the presence of unsubstituted polymer backbones,
and the kinetically controlled linkage selectivity are key
factors in maximising melting points. The increased
tolerance to macro-chain transfer agents and the con-
trolled propagation allows the synthesis of double
crystalline and amphiphilic diblock copolymers, which
can be assembled into micellar- and worm-like struc-
tures with amorphous cores in water. In contrast,
crystallization driven self-assembly in ethanol gives
cylindrical micelles or platelets.

Introduction

Sulfur-containing polymers can exhibit improved semi-
crystallinity, recyclability and degradability in comparison to
their all-oxygen-containing counterparts, as well as unique
properties such as high refractive indices rendering them,
for example, as useful components in optical
applications.[1–14] In this regard ring-opening copolymeriza-
tion (ROCOP) of a strained heterocycle with a heteroallene
such as carbon disulfide (CS2), carbonyl sulfide (COS), or
isothiocyanates (RNCS) can provide access to sulfur-con-
taining polymers, which are otherwise difficult to obtain
with common synthetic strategies.[15] Much work has focused
on the copolymerization of substituted epoxides to produce
polythiocarbonates.[16–27] However, these polymers are amor-
phous if the tacticity of the resulting stereocenter is not
controlled. In contrast, unsubstituted epoxides, namely
ethylene oxide, can lead to semi-crystalline materials in the
ROCOP with sulfurated comonomers, as in this case, no
tacticity control is required.[28,29] The disadvantage is, how-
ever, that ethylene oxide is an explosive and highly toxic gas
requiring special reaction set-ups, which limits its applic-
ability in standard research laboratories. In contrast, the
unsubstituted four-membered analogue, trimethylene oxide,
also known as oxetane (OX), is a liquid at ambient
conditions and can also lead to unsubstituted semi-crystal-
line polymers. For example, copolymerization of OX with
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COS yields poly(trimethylene monothiocarbonate) with a
melting temperature (Tm) of 128 °C.[30] Overcoming the
practical challenge of using gaseous COS, our group and the
group of Zhang recently reported the selective ROCOP of
OX with liquid CS2 which gave rise to poly(trimethylene
dithiocarbonate) with a Tm of 82–89 °C.[31,32] However, both
ROCOP reactions result in polymers with a broadened
molecular weight distribution (Đ>1.5) which is also
observed for many other ring-opening polymerisations of
sulfurated monomers.[33–39] This suggests the occurrence of
side reactions alongside chain propagation, such as chain-
end coupling and transesterification.[40] These side-reactions
can reduce the resulting molecular weights, and can
complicate the application of the polymerisations in the
synthesis of more complex architectures, such as block
copolymers. The latter would allow to rationally combine
the properties of established polymers, such as poly-
(ethylene glycol) (PEG), with those of sulfurated ones. The
improved semi-crystallinity of sulfurated polymers suggests
their usefulness in applications requiring spatially confined
crystallization, such as crystallization driven self-assembly
(CDSA).[41,42] However, apart from poly(ethylene sulfide),
sulfurated polymers have not yet been applied in this field,
which is perhaps due to the challenging synthesis of the
required amphiphilic block copolymers.[43,44] Here, we report
the copolymerisation of phenylisothiocyanate (PhNCS) with
OX granting a straightforward synthetic access to sulfurated
polymers with high melting points and low dispersities as
well as amphiphilic diblock copolymers that can be applied
in CDSA.

Results and Discussion

To achieve the copolymerisation of PhNCS and OX we
employed our recently developed heterobimetallic
Cr(III)Rb catalyst (LCrRb) combining a Cr(III)OAc with a
RbOAc active site, which has performed well with other
sulfurated monomers (see Figure 1(a) and Supporting In-
formation Section S1).[31,45] The ROCOP of 1 eq.
LCrRb:1000 eq. OX: 1000 eq. PhNCS at 80 °C (Table 1
run #1) produces a solid reaction mixture after 60 min.
NMR spectroscopic analysis of the crude mixture (see
Supporting Information Figure S7) shows three broadened
resonances in the aliphatic CH2 region of the spectrum at
around 4.3, 2.9 and 2.0 ppm, in addition to the two sharp
resonances assignable to unreacted OX at 4.8 and 2.7 ppm.
The observation of three distinct CH2 resonances is
indicative of the ring-opening of the OX with the sulfur-
containing comonomer, generating unsymmetrically substi-
tuted (CH2)3 units (i.e. � O� CH2� CH2� CH2� S� ). The ab-
sence of any additional sharp resonances in the crude NMR
spectrum other than residual monomer indicates selective
polymer formation. The polymer can be straightforwardly
isolated from the unreacted monomers by precipitation,
followed by drying of the solid under reduced pressure. The
NMR spectroscopic analysis of the precipitated polymer
(see Figure 1(b) and Supporting Information Figure S8, S9)
indicates the equimolar incorporation of PhNCS and OX.
The observation of a resonance at 157 ppm in the 13C-
{1H} NMR spectrum is in line with the formation of a
heterocarbonate (see resonance 1 in Figure 1(b)), corre-
sponding to a polymer with � (CH2)3� O� C(=NPh)� S� link-
ages (abbreviated as ONS).[34] The formation of a � C=N�
group is further supported by IR spectroscopy with a
characteristic band for the C� N-stretching vibration at ṽ=

1630 cm� 1 (see Figure 1(c)). In addition, small aliphatic ester

Figure 1. (a) PhNCS/OX ROCOP Scheme. (b) 1H and 13C NMR (*CDCl3) of the copolymer corresponding to Table 1 run #1. (c) IR spectrum of the
copolymer corresponding to Table 1 run #8. (d) Overlaid GPC traces of (black) copolymer corresponding to Table 1 run #1 and (blue) copolymer
obtained from an analogous run to Table 1 run #1 with additional 20 eq. 1,4-benzenedimethanol acting as a bifunctional chain-transfer agent.
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bands (ṽ=1737 cm� 1A, see Figure 1(c)) are observed in the
IR spectrum. These ester groups are formed via initiation by
the acetate coligands in LCrRb inserting into OX. GPC
analysis of the isolated polymer (see Figure 1(d) black trace)
reveals a bimodal molecular weight distribution with Mn=

42.2 kg/mol (Đ=1.19). The chromatogram consists of two
narrow overlapping distributions, centered at 30 kg/mol and
60 kg/mol, respectively. These findings suggest the presence
of two distinct initiation events followed by highly controlled
propagation steps.[31] End-group analysis by the 31P-test also
unambiguously shows the formation of alcohol chain ends
(see Supporting Information Figure S16).[46] Hence the
formation of α-OAc,ω-OH functional chains can be as-
sumed.

However, the observed apparent molecular weight by
GPC is somewhat lower than the theoretical molecular
weight (Mn,theo=170 kg/mol) and we infer that chain-transfer
reactions with bifunctional protic impurities (typically diols
or H2O) in the monomers are responsible for this. These act
as bifunctional initiators that lead to the formation of α,
ω-OH telechelic chains, which is furthermore supported by
the weight difference of the overlapping distributions.
Accordingly, we deliberately added an excess of a bifunc-

tional alcohol (1,4-benzenedimethanol, 20 eq. per LCrRb)
to a polymerisation reaction with otherwise analogous
loadings as described in Table 1 run #1. This leads to a
reduction of the obtained molecular weight to Mn=15.2 kg/
mol as well as an apparently monomodal molecular weight
distribution with a slightly lower dispersity (Đ=1.17), as
now α,ω-OH telechelic chains dominate the sample (Fig-
ure 1(d) blue trace). Importantly, these results show that
propagation during PhNCS/OX ROCOP is very controlled
as multimodality arises from different initiation processes.

The 1H NMR spectrum of the PhNCS/OX copolymer
encompasses a second minor set of resonances. These
resonances are associated with a 13C resonance at 188 ppm
(Figure 2(a)) that can be assigned to thionourethane
� (CH2)3� O� C(=S)� NPh� groups (OSN link).[47] Formation
of both ONS and OSN links can be rationalised by a
propagation mechanism as depicted in Figure 2(b). In this
mechanistic scenario the alkoxide-bound intermediate A,
formed after OX ring-opening, reacts with PhNCS to a
k2-N,S coordinated thioimidocarbonate species C (ii). The
subsequent ring-opening of the OX monomer can proceed
via an attack of the sulfur atom in C (step (i)), leading to an
ONS link, or via attack of the nitrogen atom in C (step (i)),

Table 1: PhNCS/OX copolymerization.

Run Catalyst Cat:PhNCS:OX T [°C] t [h] TOF[a] Pol. Select. [%][b] ONS Select. [%][c] Mn, app [kg/mol] (Đ)[d]

#1 LCrRb 1 :1000 :1000 80 1 920 >99% 95 42.2 (1.19)
#2 LCrNa 1 :1000 :1000 80 8 180 >99% 78 19.4 (1.20)
#3 LCrK 1 :1000 :1000 80 7 150 >99% 87 39.0 (1.16)
#4 LZnK 1 :1000 :1000 80 24 – – – –
#5 LCrRb 1 :1000 :1000 100 0.3 3300 >99% 91 28.0 (1.24)
#6 LCrRb 1 :1000 :500 80 1 1500 >99% 94 31.7 (1.16)
#7 LCrRb 1 :2000 :2200 80 2 n.d. >99% 95 80.4 (1.20)
#8 LCrRb 1 :8000 :8200 80 24 n.d. >99% 95 124.0 (1.70)
#9 LCrRb 1 :50 :50 80 1 n.d >99% 95 4.6 (1.18)

[a] Turnover frequency (TOF) determined from fitting to the initial linear region of the conversion versus time plot obtained by 1H NMR analysis of
aliquots. [b] Relative integral in the normalised 1H NMR spectrum of resonances from polymer versus small molecule by-products. [c] Relative
integral in the normalised 1H NMR spectrum of deconvoluted resonances from ONS repeat units versus OSN repeat units. [d] Apparent number
averaged molecular weight determined by GPC (gel permeation chromatography) measurements conducted in THF, using narrow polystyrene
standards to calibrate the instrument.

Figure 2. (a) Zoom into the 13C NMR corresponding to Table 1 run #3. (b) Propagation steps leading to ONS and OSN links; M denotes metal
catalyst, Rn denotes polymer chain. (c) Computed free energy profile of step (ii) on the ωB97XD/def2-TZVPP level of theory.
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which generates an OSN link. To investigate which energetic
factors govern the preferential formation of ONS links
during propagation, we turned to DFT modelling on the
ωB97XD/def2-TZVPP level of theory (see Figure 2(c) and
Supporting Information Section S12). The assumed structure
of C in which the chain end is coordinated in proximity to
the incoming OX monomer was chosen in reference to
related heteroallene copolymerisations of bimetallic
catalysts.[21,48] Here, chain end coordination occurs at the
alkali metal while OX activation occurs at the adjacent
Cr(III) centre on the same side of the catalyst plane.
Geometry optimization of a model for C with an additional
coordinated OX monomer allowed for the localisation of
two discrete minima. In those the heterocarbonate group at
the chain-end and OX either arrange in a coplanar
(ΔG=8.6 kcal/mol) or an almost perpendicular fashion
(ΔG=0.0 kcal/mol). The perpendicular arrangement allows
for a SN2-type nucleophilic attack via the sulfur to form an
ONS link, which is associated with an activation barrier of
ΔG‡=23.5 kcal/mol (see Figure 2(c) orange path). In con-
trast, the attack via the nitrogen atom to form an OSN link
requires rotation of the coordinated OX to allow for a SN2-
type nucleophilic attack of the nitrogen with a barrier of
ΔG‡=26.4 kcal/mol (see Figure 2(c) purple path). In terms
of insertion thermodynamics, the resulting product has a
formation energy of � 18.1 kcal/mol in the OSN and
� 13.1 kcal/mol in the ONS case. This suggests that the
predominantly observed formation of the ONS link occurs
due to kinetic rather than thermodynamic reaction control.

Next, we studied the effects of catalyst choice, monomer
loading and reaction temperature. Changing the alkali metal
from Rb (TOF 920 h� 1, 95% ONS links, Table 1 run #1) to
Na (TOF 180 h� 1, 78% ONS links, Table 1 run #2) or K
(TOF 150 h� 1, 87% ONS links, Table 1 run #3) leads to a
substantial decrease of the reaction rate as well as more
OSN links. Unfortunately, the Cs derivative of LCrRb was
not synthetically accessible. Changing the transition metal to
Zn (Table 1 run #4) leads to a complete loss of activity. This
demonstrates that the right combination of metals is crucial

for both activity and selectivity which clearly indicates
metal-metal cooperativity. Hence, we continued our studies
with LCrRb. Moving from 80 to 100 °C (Table 1 run #5)
leads to an approximate tripling of the rate to a high TOF of
3300 h� 1 while somewhat reducing molecular weights. Devi-
ating from the 1 :1 PhNCS:OX ratio (Table 1 run #6)
maintains rates and selectivity. Decreasing the catalyst
loading expectedly increases molecular weights to Mn=80.4
(Đ=1.20, Table 1 run #6) and 124.0 kg/mol (Đ=1.70, Ta-
ble 1 run #7). Increasing the catalyst loading decreases
molecular weights to Mn=4.6 kg/mol (Đ=1.18, Table 1
run #8) demonstrating that PhNCS/OX ROCOP allows to
access of a wide range of molecular weights.

Wide angle X-ray scattering (WAXS) analysis of the as-
synthesised PhNCS/OX copolymer of Table 1 run #1 (see
Supporting Information Figure S21) shows distinct peaks at
2θ=16.0, 19.0, 22.1 and 22.4° indicating semi-crystallinity
(Xc=52%). Accordingly, differential scanning calorimetry
(DSC) at a heating rate of 10 °C/min shows a complex
multimodal endotherm associated with the melting of
crystals (see Figure 3(a) ‘First Heating’) with the most
pronounced peak at Tm=176 °C. This is one of the highest
melting points reported to date for ROCOP copolymers
without tacticity control and is far above the Tm of many
recently developed sulfur-containing polymers.[3,49–54] Similar
melting points for this class of copolymers have only been
achieved where molecular weights are limited (Mn<20 kg/
mol) or are not controllable due to e.g. side reactions or
zwitterionic propagation pathways.[29,55–57] Interestingly, this
sample does not crystallize upon cooling from the melt state
in the calorimeter at 10 °C/min. The cooling and second
heating scan presented in Figure 3(a) only display glass
transitions and this is also true for slower cooling rates of 5
and 1 °C/min. Although the as-synthesised PhNCS/OX
copolymer is semi-crystalline, its crystallisation from the
melt is slow. Therefore, we designed a procedure to
investigate if self-nucleation could induce crystallisation and
prove the slow non-isothermal crystallisation kinetics of the
material aiming for a generally applicable tool for the study

Figure 3. (a) DSC measurements of the polymer sample corresponding to Table 1 run #1. (b) First cooling from selected Ts temperatures and
(c) subsequent heating after cooling from Ts. Polarized optical microscopy images of recrystallised polymers after annealing for 2 days at room
temperature corresponding to (d) Table 1 run #1 and (e) Table 1 run #3; round objects surrounded by thick black edges are air bubbles.
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of sulfurated polymers showing slow crystallisation.[32,49,58] To
achieve self-nucleation (see Supporting Information Sec-
tion S1) an as-synthesised polymer is heated to a specific
temperature Ts whereafter the sample remains at Ts for
3 minutes before it is cooled. This specific time was chosen
to saturate the self-nucleation effect while avoiding the risk
of any sample degradation. Depending on Ts, three self-
nucleation domains can be defined as follows. When Ts is
higher than the end of the melting regime all crystals present
in the sample are molten (Domain I, color code: red in
Figure 3(b) and Figure 3(c)). All crystalline thermal history
is erased, and the sample is not able to crystallise during
cooling. When Ts is high enough to melt most of the crystals
but low enough to leave some self-nuclei, self-nucleation
occurs (Domain II, color code: blue in Figure 3(b) and
Figure 3(c)). In this domain the melt is not isotropic and it
either contains small crystal fragments (self-seeds) or the
chains retain some of the conformational order they had in
the crystals (self-nuclei). Upon cooling from Ts in Domai-
n II, the sample crystallises due to self-nucleation, a
crystallisation peak (Tc) is observed during cooling and the
second DSC melting trace does not change significantly
from the first. Finally, at lower Ts Domain III is entered
(color code: green in Figure 3(b) and Figure 3(c)). The
sample only partially melts, and the unmolten crystals
anneal during the 3 min at Ts. Upon cooling from Ts, the
sample crystallises at a higher Tc value because of the self-
seeding effect of the unmolten crystals. In the second
heating scan, an additional endothermic peak at a higher
temperature is observed due to the melting of the annealed
crystals. Figure 3(b) shows cooling scans from the indicated
Ts values for the polymer from Table 1 run #1, while
Figure 3(c) shows the subsequent heating scans. At Ts=

183 °C (Domain I), the sample is completely molten; any
melt memory has been erased, and crystallization is
prevented. At Ts=180 °C (Domain II), the sample is
efficiently self-nucleated, and crystallises with a clear and
sharp crystallisation exotherm at Tc=127 °C during cooling.
At 176 °C (Domain III), Ts falls within the melting range of
the material, causing partial melting. The unmolten crystals
anneal during the 3 min at Ts and melt in the second heating
cycle with a sharp peak at Tm=181 °C. Polarized Light
Optical Microscopy (PLOM) reveals that the crystals
formed during cooling could not be observed by the limiting
resolution imposed by the wavelength of visible light.
However, after annealing the samples at room temperature
for 2 days, crystalline superstructures were able to grow, and
their microcrystalline texture of small superstructural aggre-
gates was revealed, as seen in Figure 3(d). To investigate
how linkage selectivity affects semi-crystallinity, DSC and
PLOM were also performed with the sample from Table 1
run #3, which has a similar Mn but less chain regularity
(87% ONS-links). Although the as-synthesised sample is
also semi-crystalline to the same extent as the one from
run #1 by WAXS (Xc=53%), the dominant melting peak in
the first heating scan is ca. 10 °C lower (Tm=165 °C, see
Supporting Information Figure S29). Likewise, after self-
nucleation, it crystallises and melts at lower temperatures
than the run #1 and forms much smaller crystalline aggre-
gates (see Figure 3(e)).

Intrigued by the semi-crystallinity of the polymers we
investigated the copolymerisation of other isothiocyanates
and OX (see Figure 4(a)). The as-synthesised copolymers of
OX with para-methyl (MePhNCS, Table 2 run #1) and para-
fluoro (FPhNCS, Table 2 run #2) substituted phenyl isothio-
cyanate show a smaller degree of semi-crystallinity indicated

Figure 4. (a) Alternative oxetanes and isothiocyanates explored as part of the current study. (b) DSC measurements of the polymer sample
corresponding to Table 2 run #1 (black traces) as well as first cooling and second heating scan (blue and green traces) from selected Ts

temperatures. (c) WAXS spectrum of as-synthesised material (Xc=33%) and (d) PLOM images of recrystallised polymers corresponding to Table 2
run #1.
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by WAXS analysis (Xc=33% for MePhNCS/OX and Xc=
38% for FPhNCS/OX; see Figure 4(c) and Supporting
Information Figure S39) and show lower melting points with
respect to the unsubstituted derivative (Tm ca. 150 °C, see
Figure 4(b) and Supporting Information Figure S38). They
also rely on self-nucleation to crystallise during the non-
isothermal DSC measurements, as exemplarily shown for
the MePhNCS/OX copolymer for which spherulite forma-
tion could be resolved by PLOM after recrystallisation
(Figure 4(d)). For the OX copolymer of 3,5-(CF3)2 substi-
tuted arylisothiocyanate (CF3PhNCS, Table 2 run #4) an even
lower melting point by DSC and degree of crystallinity by
WAXS was observed (Tm ca. 87 °C, Xc=14%) and self-
nucleation was not successful to crystallise the melt. The
ROCOP of saturated cyclohexyl isothiocyanate (Table 2
run #4) with OX results in an amorphous polymer (Tg=8 °C,
see Supporting Information Figure S58). It becomes evident
that increasing aryl substitution decreases the melting point
while the absence of a π-system leads to an amorphous
material, and we, therefore, infer that π-stacking interactions
between the chains are at least partially responsible for the
high Tm of the PhNCS/OX copolymer. Employing 3,3’-
dimethyl substituted oxetane (MeOX, Table 2 run #5) in
combination with PhNCS yields a polymer that melts
already at 84 °C (see Figure S66) and could also not be
crystallised by self-nucleation. Accordingly, the as-synthes-
ised polymer exhibits a lower crystallinity of Xc=30% by
WAXS. This could again be due to the decreased ONS

selectivity observed for PhNCS/MeOX ROCOP. Though the
methyl substituents on the backbone could also somewhat
hinder the interaction of the phenyl rings between polymer
chains. Moving to an unsymmetrically substituted oxetane
bearing a methyl and a CH2OEt substituent at the 3 position
(EtOOX, Table 2 run #6) yields an amorphous material with
PhNCS presumably due to the atactic nature of the resulting
polymer.

Having established the ROCOP of isothiocyanates and
oxetanes as a robust methodology, we integrated this
method in block copolymer synthesis. Since the copolymer-
isation tolerates alcohol chain transfer agents (see Figure 1-
(d)), we hypothesized that the addition of alcohol-termi-
nated polymers acting as macroinitiators could allow for the
facile synthetic access to functional diblock copolymers.
Hence, we added 20 equivalents of poly(ethylene glycol)
monomethyl ether (i.e. Me-PEG-OH) to a copolymerisation
reaction analogous to Table 1 run #1 (see Figure 5(a)) and
obtained a polymer with a final apparent Mn of 8.0 kg/mol
(Đ=1.01) after precipitation of the crude mixture. Diblock
copolymer formation is clearly indicated by the increase in
apparent molecular weight compared to the Me-PEG-OH
macroinitiator before ROCOP (see Supporting Information
Figure S80). 1H NMR spectroscopy shows an approximate
ratio of the PEG to PhNCS-co-OX of 3 to 1 (see Supporting
Information Figure S76). Assuming a degree of polymer-
isation of 133 for the PEG block (as specified by the
supplier), the degree of polymerisation for the PhNCS-co-

Table 2: Monomer scope.

Run Monomers t [h] Conv. [%] Pol. Select. [%][a] ONS Select. [%][b] Mn, app [kg/mol] (Đ)[c] Tm, Tg
[d] Xc [%][e]

#0 PhNCS/OX 1 92 >99 95 42.2 (1.19) Tm=176 °C; Tg=28 °C 52
#1 MePhNCS/OX 2 82 >99 95 54.0 (1.17) Tm=151 °C; Tg=38 °C 33
#2 FPhNCS/OX 5 83 90 95 11.1 (1.50) Tm=154 °C; Tg=23 °C 38
#3 CF3PhNCS/OX 1 85 97 >99 77.3 (1.26) Tm=87 °C; Tg=22 °C 14
#4 CyNCS/OX 20 90 65 95 25.9 (1.08) Tg=8 °C –
#5 PhNCS/MeOX 14 96 >99 81 47.0 (1.15) Tm=84 °C; Tg=37 °C 30
#6 PhNCS/EtOOX 21 77 >99 >99 34.6 (1.16) Tg=22 °C –

Polymerisations conducted at 1 eq. LCrRb: 1000 eq. oxetane: 1000 eq. RNCS at 80 °C. [a] Relative integral in the normalised 1H NMR spectrum of
resonances from polymer versus small molecule by-products. [b] Relative integral in the normalised 1H NMR spectrum of deconvoluted
resonances from ONS repeat units versus other signals. [c] Apparent number averaged molecular weight determined by GPC (gel permeation
chromatography) measurements conducted in THF, using narrow polystyrene standards to calibrate the instrument. [d] Melting point Tm
determined from first heating scan of the as-synthesised polymer; glass transition temperature determined from the second cycle by differential
scanning calorimetry. [e] Determined for the as-synthesised polymers by WAXS.

Figure 5. (a) PEG-b-(PhNCS-co-OX) synthesised by macro chain transfer strategy. (b) First cooling from the indicated Ts temperatures and
subsequent second heating curve in DSC self-nucleation experiments for the diblock copolymer. (c) Polarised optical microscopy image of
recycrystallised diblock copolymer.
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OX block must be approximately 37. Note that some short
acetate-initiated chains might have also formed alongside
the Me-PEG-OH initiated chains, although the low disper-
sity indicates that the sample is primarily composed of the
diblock copolymer after precipitation. DSC shows that the
diblock copolymer features two distinct crystalline phases
for the PEG and PhNCS-co-OX blocks respectively (see
Figure 5(b)) with an overall crystallinity confirmed by
WAXS of Xc=49% (see Supporting Information Fig-
ure S82). Once again, self-nucleation is an effective way to
induce crystallisation upon cooling from the appropriate Ts
which could also be seen by PLOM (Figure 5(c)). As the
PhNCS-co-OX block crystallises at higher temperatures
from the self-nucleated melt (between 94 and 142 °C
depending on Ts, see Figure 5(b) and Table S10), these
crystals can nucleate the PEG block that crystallizes at much
lower temperatures (between � 21 and 9 °C). The lower the
Ts, the higher the crystallinity of both blocks and, in
particular, the PEG block, as concluded from the latent
enthalpies of crystallisation reported in Table S10. Hence,
the diblock copolymer has a clear tendency to self-assemble
into distinct crystalline phases. As PEG and PhNCS-co-OX
show different solubility properties, we hypothesized that
the polymer may show tendencies for defined self-assembly.
This is particularly interesting due to the slowly crystallising
nature of the PhNCS-co-OX block offering a potential
avenue to control the self-assembly process. Firstly, the self-
assembly was investigated in water. For this purpose, the
diblock copolymer was dissolved in 1,4-dioxane and then
added dropwise into water under vigorous stirring. A cloudy
but homogeneous solution was formed. Dynamic light
scattering (DLS) experiments suggest the presence of nano-
objects with an average size of 126 nm and a dispersity of
0.27 (see Supporting Information Figure S83). The DLS
trace remains unchanged over multiple weeks highlighting
the stability of the aggregates. Cryo transmission electron
microscopy (cryo-TEM) reveals the formation of spherical
aggregates with an average core-diameter of 29.6�0.2 nm
(Figure 6(a)). Furthermore, we also observed some elon-
gated aggregates with an approximate length of 100–200 nm
and a thickness of 10–30 nm, although there were too few
for a statistical evaluation. As a single PhNCS-co-OX repeat
unit in a stretched conformation extends across approx-
imately 0.8 nm (see Supporting Information Figure S88),
37 repeat units extend across 30 nm at maximum. Therefore,
the formation of micellar aggregates seems likely as the
average core diameter of the objects observed falls within
this range. The elongated aggregates consist of multiple
merging micelles rather than regular cylindrical structures.
This suggests that the cores are likely amorphous and not
semi-crystalline, which we attribute to the slow crystallisa-
tion kinetics of PhNCS-co-OX. We hypothesized that
moving to a weaker nonsolvent for the PhNCS-co-OX block
in the self-assembly procedure and introducing an additional
annealing step might provide sufficient time for core-
crystallisation as the insoluble central block is precipitated
less abruptly. This procedure has been previously used in
CDSA of crystalline-coil diblock copolymers.[58–60] Hence,
we repeated the self-assembly procedure outlined above

Figure 6. (a) Cryo-TEM image of spherical micellar aggregates obtained
via aqueous nanoprecipitation and statistical evaluation of the mean
diameter. (b) TEM images of cylindrical micelles and statistical
evaluation of the mean thickness and (c) TEM images of platelets.
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with ethanol in place of water as the nonsolvent for the
crystallisable PhNCS-co-OX block followed by heating of
the resulting solution at 80 °C for 1 day. A turbid solution
that exhibits no sedimentation over the course of weeks was
observed. TEM reveals the formation of uniform cylindrical
micelles exceeding lengths of 500 nm (Figure 6(b)) and their
regular shape contrasts the shorter irregular worm-like
aggregates previously obtained in water. Stiff cylindrical
micelles are typical objects obtained by CDSA, thus pointing
to crystallisation as driving force for self-assembly in
ethanol. The cylinders possess narrowly distributed thick-
nesses between 6 and 14 nm with a statistical average of
10.1�0.1 nm, this points towards folding of the PhNCS-co-
OX block within their cores. Heating the solution for
another three days at 80 °C results in a different morphology
as apparent from a shift of the average diameter by DLS
from 170 to 770 nm (see Supporting Information Figure S84
and S85). TEM reveals the fusion of the cylinders to
platelets (see Figure 6(c)). Similar platelets can also be
obtained by sonication of the bulk material followed by
annealing (see Supporting Information Figure S87) although
further investigations of sulfur-containing polymers in
CDSA are required.

Conclusion

In conclusion, we have established the copolymerisation of
oxetanes (OX) with isothiocyanates (PhNCS) as a practical
method to obtain sulfurated copolymers. The method can
deliver materials with high molecular weights that exhibit
some of the highest melting points in the field. To study
their crystallisation, we developed a self-nucleation proce-
dure revealing kinetically governed linkage selectivity, as
well as phenyl substitution, to be key for maximizing
crystallinity. Demonstrating the utility of the new polymer-
isation, we have prepared an amphiphilic and double-
crystalline diblock copolymer for which the crystallisation of
one block seeds the crystallisation of the other. Because of
the crystallisation kinetics, nanostructures with different
morphologies due to amorphous (spherical and worm-like
aggregates) or semi-crystalline cores (cylindrical micelles
and platelets) can be obtained depending on the self-
assembly conditions. Owing to the degradability and recycla-
bility benefits that sulfurated polymers can exhibit, PhNCS-
co-OX holds potential as an alternative to established
thermoplastic polymers.
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