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Abstract The facile synthesis of high-valued polymers from waste molecules or low-cost common chemicals presents a significant challenge.
Here, we develop a series of degradable poly(thiocarbonate)s from the new step-growth polymerization of diols, carbonyl sulfide (COS, or carbon
disulfide, CS,), and dichlorides. Diols and dichlorides are common chemicals, and COS (CS,) is released as industrial waste. In addition to abun-
dant feedstocks, the method is efficient and performed under mild conditions, using common organic bases as catalysts, and affording unprece-
dented polymers. When COS, diols, and dihalides were used as monomers, optimized conditions could completely suppress the oxygen-sulfur
exchange reaction, enabling the efficient synthesis of well-defined poly(monothiocarbonate)s with melting points ranging from 48 °C to 101 °C.
These polymers, which have a structure similar to polyethylene with low-density in-chain polar groups, exhibit remarkable toughness and ductili-
ty that rival those of high-density polyethylene (melting point: 90 °C, tensile strength: 21.6+0.7 MPa, and elongation at break: 576%). Moreover,
the obtained poly(monothiocarbonate)s can be chemically degraded by alcoholysis to yield small-molecule diols and dithiols. When CS, was
used in place of COS, a pronounced oxygen-sulfur exchange reaction occurred. By optimizing reaction condition, it was found that polymers with
—S(C=0)S— and —S(C=S)S— as the main repeating units exhibited high thermal stability and crystallinity. Thus, a new approach for regulat-
ing the structure of polythiocarbonates via the oxygen-sulfur exchange reaction is developed. Overall, the polymers hold great potential for

green materials due to their facile synthesis, readily available feedstocks, excellent performance, and chemical degradability.
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INTRODUCTION

Sulfur plays a fundamental role in polymer chemistry!" particu-
larly through its incorporation into diverse characteristic sulfur-
containing functional groups that impart unique chemical and
physical properties to the resulting molecules or materials.2*
Beyond traditional applications in rubber vulcanization and sul-
furic acid production, sulfur-containing polymers have gar-
nered considerable attention for their distinctive functionalities,
including high refractive indices,” strong affinity for heavy met-
als,’ and the ability of sulfur atoms to form dynamic covalent

* Corresponding authors, E-mail: chengjian.zhang@zju.edu.cn (CJ.Z))
E-mail: xhzhang@zju.edu.cn (X.H.Z)

* These authors contributed equally to this work.

Invited Research Article for the Special Topic of “Depolymerizable

Polymers”

Received April 28, 2025; Accepted June 5, 2025; Published online

September 10, 2025

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

bonds.B7# Over the past decade, significant advances have
been made in the synthesis of sulfur-containing polymers, in-
cluding polythioamides,“*'% poly(thiocarbonate),!'"'? poly-
thioesters,'>'4  polythioureas,®'>'® polydisulfide,""”'® poly-
(thiourethane)'” and so on. Among them, polythiocarbonates,
as sulfur-containing analogs of polycarbonates, exhibit signifi-
cantly stronger crystallizability compared to their correspond-
ing polycarbonate counterparts.2”

The synthesis of the poly(thiocarbonate)s is shown in Fig. 1.
Traditionally, these polymers have been synthesized via con-
densation of dithiols with phosgene,2' or diols with thio-
phosgene (route a in Fig. 1),122! which are not environmental-
ly friendly synthetic routes because of the use of highly toxic
reactants. Carbon disulfide (CS,) can be copolymerized with
epoxides directly to synthesize poly(thiocarbonate)s, a pro-
cess first reported by Adachi et al. in the 1970s,[23! utilizing di-
ethyl zinc and various bases as catalysts. However, long reac-
tion time, low molecular weights, byproduct formation of
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a. Common step-growth polymerization for synthesizing poly(thiocarbona)s
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Fig. 1 Strategies for the synthesis of poly(thiocarbonate)s.

cyclic (thio)carbonates, and oxygen-sulfur exchange reaction
(O—S ER) has been demonstrated by researchers, including
Darensbourg,i24251 Werner,[26!  Plajer,[27.281 Buchard,??! our
group,39-331 and others (route b in Fig. 1). The synthesis of
poly(thiocarbonate)s via the chain growth copolymerization
of carbonyl sulfide (COS) and epoxides (route b in Fig. 1) was
first reported by our group.34-38 Nevertheless, these synthet-
ic methods are still limited by the formation of cyclic (thio)car-
bonates, which can only introduce identical spacer groups on
both sides of the thiocarbonate moiety, and the tunability of
the distribution density of thiocarbonate groups along the
polymer backbone is limited by the available types of epox-
ide monomers, resulting in a uniform polymer backbone
structure. Recently, Hu et al.B% reported multicomponent tan-
dem polymerization using CS,, dithiols, and alkyl dihalides as
monomers, enabling the synthesis of poly(trithiocarbonate)s
with systematically tunable structures, as well as high molec-
ular weights and yields. In 2023, we discovered that COS can
bridge diacrylates and diols to undergo a step-growth poly-
merization reaction (route c in Fig. 1).140-42) |n this process, the
thiocarbonate anion generated from the reaction between
the diol and COS acts as a nucleophile, attacking the double
bond of the diacrylate and thereby affording poly(ester-thio-
carbonate) through a nucleophilic addition process. The re-
sulting polymers possessed both thiocarbonate and ester
linkages in the main chain, providing structural diversity and
tunability.

Herein, we describe the step-growth polymerization of
COS, diols, and dichlorides to yield a series of poly(thiocar-
bonate)s (route d in Fig. 1). Based on the nucleophilicity of the

thiocarbonate anion formed by the reaction of alcohols and
COS in the presence of an organic base, a nucleophilic substi-
tution reaction can be achieved in the presence of dichlo-
rides. The resulting polymers contained only thiocarbonate
linkages as functional groups in the main chain, enabling the
construction of poly(monothiocarbonate)s directly from COS.
As expected, originating from the in-chain thiocarbonate
group, the obtained polymers possessed degradability and
exhibited exceptional mechanical properties comparable to
commodity HDPE with a low density of in-chain thiocarbon-
ate polar groups. In addition, this synthetic method could be
extended to CS, (route d in Fig. 1). Diols and dihalides are
common and diverse chemicals used in industry. COS is re-
garded as an industrial waste gas, is produced in large quanti-
ties from abundant carbon monoxide and elemental sulfur,
and is widely used as a fumigant for grain storage.3! Its
flammability and toxicity upon inhalation pose significant
challenges for its transportation and storage. In recent years,
COS has emerged as a promising monomer for the synthesis
of sulfur-containing polymers.[3637.44451 Meanwhile, CS, is an
inexpensive and widely used chemical, with an annual global
production of approximately 2 million tons, and is industrially
synthesized from readily available sulfur and carbon.6! From
both environmental and polymer science perspectives, the
utilization of COS and CS, as monomers for the production of
high-performance sulfur-containing polymers is of consider-
able significance. In this study, we regulated the polymer
structure more arbitrarily (route d). The method is highly effi-
cient, facile, scalable, can be performed under mild polymer-
ization conditions, and uses readily available monomers.

https://doi.org/10.1007/510118-025-3392-9
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EXPERIMENTAL

General Considerations

"H- and '3C-nuclear magnetic resonance spectroscopy (NMR)
spectra were recorded using a Bruker Advance DMX 400 MHz
spectrometer. Chemical shift values were referenced to the sol-
vent signal (residual proton resonances for "TH-NMR spectra and
carbon resonances for '3C-NMR spectra).

The molar mass and polydispersity of the polymers were
measured by gel permeation chromatography (GPC) at 35 °C
using a Waters 1515 isocratic pump, a model 2414 differen-
tial refractometer GPC instrument with trichloromethane
(CHCI3) as the mobile phase, and Waters Styragel HR3 and
HR4 7.8x300 mm columns. The flow rate of CHCl; was 1.0 mL/
min. Linear polystyrene polymers with narrow molar mass
distributions were used as the standards to calibrate the ap-
paratus.

The decomposition temperatures (Ty) of the polymers were
determined using a TA Q50 instrument (TA Instruments). The
sample was heated from 40 °C to 600 °C at a rate of 10 °C/min
under nitrogen atmosphere. The temperature at which the
mass loss was 5% was considered as T 5.

Differential scanning calorimetry (DSC) measurements of
polymers were carried out on a TA Q200 instrument at a heat-
ing/cooling rate of 10 °C/min. The data reported were from
the second heating cycle.

Wide-angle X-ray scattering diffraction (WAXD) measure-
ments were performed using a Rigaku Utima IV instrument.

Tensile tests were performed on an Instron 3343 instru-
ment at a crosshead speed of 20 mm/min on the compres-
sion-molded tensile testing specimens. Extension-to-break
tests were performed with three replicates per material to re-
port the average values and standard deviations for each set.

Polymerization Experimental Procedure

Polymerization of 1,10-decanediol, COS and 1,10-
dichlorodecane

A 10 mL autoclave with magnetic stirrer was first dried in an
oven at 110 °C overnight, then immediately placed into the
glovebox chamber. After being kept under vacuum for 1-2 h,
the reaction vessel was moved into a glovebox under a nitro-
gen atmosphere. 1,10-Decanediol (0.35 g, 2.0 mmol, 1.0 equiv.)
was added to the reactor. 1,10-Dichlorodecane (0.42 mL, 2.0
mmol, 1.0 equiv.) was then added into the vessel. After that, cat-
alyst, for example, DBU (0.66 mL, 4.4 mmol, 2.2 equiv.) and DMF
(1.0 mL) was added into the reactor. The reactor was sealed and
charged with set amounts of COS (0.27 g, 4.4 mmol, 2.2 equiv.).
The reaction was carried out at 90 °C for 24 h. Subsequently, the
reactor was cooled in an ice-water bath. The residual gas was
then vented slowly. The crude product was quenched with HCI
in ethanol (1 mol/L). The crude product was dissolved in CHCl;
and precipitated using cold ethanol. The product was collected
via centrifugation and dried under vacuum at 45 °C until a con-
stant weight.

Polymerization of 1,10-decanediol, CS,and 1,10-
dichlorodecane

A 10 mL pressure-resistant glass tube equipped with a magnet-
ic stir bar was dried overnight in an oven at 110°C and then
promptly transferred to a glovebox. After standing under vacu-
um for 1-2 h, the reaction vessel was moved into a glovebox

under a nitrogen atmosphere. Subsequently, 1,10-decanediol
(0.35g, 2.0 mmol, 1.0 equiv.) and 1,10-dichlorodecane (0.42 mL,
2.0 mmol, 1.0 equiv.) were added to the pressure tube in se-
quence, followed by the addition of DBU (0.66 mL, 4.4 mmol, 2.2
equiv.), DMF solvent (1.0 mL), and CS, (0.24 mL, 4.0 mmol, 2.0
equiv.). The tube was then sealed and the reaction was carried
out at 60 °C for 5 h. Upon completion, the tube was cooled in an
ice-water bath, and the residual gas was slowly released. The
crude product was quenched with a 1 mol/L ethanolic hy-
drochloric acid solution, dissolved in chloroform, and precipitat-
ed in cold ethanol. The product was finally collected via filtra-
tion and dried under vacuum at 45 °C to constant weight.

RESULTS AND DISCUSSION

Diols-COS-dichlorides Polymerization

A variety of diols and dichlorides with different carbon numbers
were used. The nine diols used were 1,3-propanediol, 1,4-bu-
tanediol, 1,6-hexanediol, 1,10-decanediol, 1,12-dodecanediol,
1,14-tetradecanediol, 1,18-octadecanediol, 1,20-eicosanediol,
and 1,22-docosanediol. The four dichlorides used were 1,3-
dichloropropane, 1,4-dichlorobutane, 1,6-dichlorohexane, and
1,10-dichlorodecane. All monomers were commercially avail-
able and used as purchased without purification.

We first examined the step polymerizations of 1,10-decane-
diol, COS and 1,10-dichlorodecane, as model reactions under
various conditions. A range of commercially available basic
catalysts have been used for this reaction, including organic
bases such as 1,8-diazabicyclo[5.4.0]lundecane-7-ene (DBU),
1,5-diazabicyclo[4.3.0lnon-5-ene (DBN), and 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (TBD), as well as inorganic bases such as
K,COs3, Cs,CO3, NaH,PO,, Na,HPO,4, and NasPO,.

To determine the optimal reaction conditions, 1,10-decane-
diol and 1,10-dichlorodecane were allowed to react with COS
under various reaction conditions, and the results are shown
in Table 1. Compared to the results from 60, 80 and 100 °C
(Table 1, entries 14-16 and 17), the molecular weight and
polymer polydispersity index were the optimal at 90 °C in 1
mL of DMF within 24 h, thus generating the poly(thiocarbon-
ate) P7 with a number-average molecular weight (M) of 21.5
kDa and a polydispersity index (D) of 3.2 (Table 1, entry 11).

In addition, M,, of poly(thiocarbonate) was highly depen-
dent on the solvent. In the case of tetrahydrofuran, toluene,
and acetonitrile, M, of the poly(thiocarbonate)s was relatively
low, only 2.4-3.3 kDa (Table 1, entries 18-20). A similar sol-
vent dependence was observed in the cycloaddition reaction
of CO, with 1,3-diols.#7481 High polar solvents such as DMF,
DMSO, and NMP had better polymerization effects (Table 1,
entries 11, 21, and 22). It seemed that the higher polarity of
the solvent was beneficial to the formation of poly(thiocar-
bonate)s. On this basis, one hypothesis could be that high-po-
larity solvents were conducive to the dissolution of polymers,
which resulted in the improvement of molecular weight. Simi-
larly, in the absence of solvent, the M,, of the polymer was on-
ly 4.8 kDa (Table 1, entry 23). Furthermore, the monomer con-
centration also affects the M,, of the polymer. The optimal
monomer concentration was 2 mol/L (Table 1, entries 6 and
11-13).

No poly(thiocarbonate)s were detected when inorganic
base catalysts were used (Table 1, entries 1-5), probably be-
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Table1 1,10-Decanediol, COS, and 1,10-dichlorodecane polymerization. @
9~ Ay base i i
2n 5=C=0+n HO"V/SoH +n a-TTha ——— . J\o o + 2n base-HC
10 10

Entry Catalyst (equiv.) Solvent (mL) T(°Q) t(h) M, ® (kDa) pb
1 K,CO3 2.2 ACN 2 60 16 - -
2 Cs,CO3 2.2 ACN 2 60 16 - -
3 NaH,PO, 2.2 ACN 2 60 16 - -
4 Na,HPO, 1.1 ACN 2 60 16 - -
5 NasPO, 0.7 ACN 2 60 16 - -
6 DBU 2.2 DMF 2 20 24 133 2.6
7 DBN 2.2 DMF 2 90 24 5.2 2.6
8 TBD 2.2 DMF 2 90 24 33 3.0
9 DBU 2.0 DMF 2 20 24 12.2 23
10 DBU 1.6 DMF 2 90 24 5.0 2.0
11 DBU 2.2 DMF 1 90 24 21.5 3.2
12 DBU 2.2 DMF 3 20 24 238 35
13 DBU 2.2 DMF 4 90 24 10.5 44
14 DBN 2.2 DMF 2 60 16 5.6 2.8
15 DBN 2.2 DMF 2 20 16 9.2 3.8
16 DBU 2.2 DMF 1 80 24 10.5 4.2
17 DBU 2.2 DMF 1 100 24 2.2 2.2
18 DBU 2.2 toluene 2 60 16 24 33
19 DBU 2.2 THF 2 60 16 3.4 2.8

20 DBU 2.2 ACN 2 60 16 33 3.2
21 DBU 2.2 DMSO 1 20 24 11.1 3.1
22 DBU 2.2 NMP 1 90 24 11.2 25
23 DBU 2.2 - - 20 24 4.8 3.1

2 Reaction conditions: [1,10-decanedioll]:[1,10-dichlorodecane]:}COS] = 1:1:2.2 = 1:1:2.2. ® Number-average molecular weight (M,) and polydispersity index
(D =M,,/M,) determined by GPC in CHCl; at 35 °C using linear polystyrene standards.

cause of the release of CO, from the combination of carbon-
ate and hydrochloric acid. Gnanou et al.*! reported Cs,CO;-
promoted polycondensation of CO, with diols and dihalides
for the synthesis of miscellaneous polycarbonates. However,
carbonate is unsuitable for catalyzing the diol-COS-dihalides
reaction. As for phosphates, their insufficient basicity may
hinder the effective activation of diols or COS, and their poor
solubility, potential side reactions with COS, as well as the
steric hindrance and structural rigidity of phosphate anions,
may all contribute to their failure to form effective intermedi-
ates. DBU, DBN, and TBD are common organic-based cata-
lysts. These organic bases were found to effectively increase
the catalytic activity for the diol-COS-dichloride reaction, thus
generating the corresponding poly(thiocarbonate)s in good
to excellent yields. DBU showed superior catalytic perfor-
mance (Table 1, entries 6-8).

We further investigated the role of organic bases in the re-
action. When a substoichiometric amount of DBU was used, a
lower molecular weight was detected (Table 1, entries 6, 9,
and 10). In particular, when the DBU amount was below 2.0
equiv., the M,, dropped sharply from 13.3 kDa at 2.2 equiv. of
DBU to 5.0 kDa at 1.6 equiv. (Table 1, entries 6 and 10). This

SSRGS

suggests that DBU is more likely to participate in the reaction
as a reactant rather than as a catalyst. DBU was combined
with the removed hydrochloric acid to regulate the acid-base
environment of the reaction system.

Based on these results, a plausible reaction pathway for the
formation of poly(thiocarbonate)s is shown in Fig. 2. In the ini-
tial step, the base DBU interacts with the alcohol and en-
hances the nucleophilicity of the oxygen atom, which subse-
quently reacts with COS to selectively produce the thiocar-
bonate anion. The thiocarbonate anion undergoes a nucle-
ophilic substitution reaction with chloride to form a monoth-
iocarbonate linkage. Meanwhile, HCl generated during nucle-
ophilic substitution reacts with DBU to form a DBU-HCI salt.
Thus, DBU not only activated the alcohol for nucleophilic at-
tack but also acted as an acid acceptor.

With the optimal conditions in hand, the substrate scope of
the reaction was investigated, and the results are summa-
rized in Fig. 3. The diols and dichlorides are commercially
available. All substrates successfully produced the corre-
sponding poly(monothiocarbonate)s. With these diols and
dichlorides, we synthesized polymers P1-P15 with M, of
1.9-27.7 kDa and D of 1.4—4.1, in the presence of DBU as the

N
0-_S
Y OH — @H O~ — Uy ;1/0 m/o\n/s\/%
«»WOVC\\S 0 0

Fig.2 A plausible reaction pathway to the generation of thiocarbonate in the presence of DBU.
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90°C,24h o 0o
s=c=0 + Ho—{Tyom + a—Fsa o0 L/HWSJ‘\O/HWOKL
4 13 . "
(2.2 equiv.) (1.0 equiv.) (1.0 equiv.) (22 equiv) P7,M,=21.5 kDa, M,,/M,=3.2
Monomer
Ho — F~om a—Fa
X 3 6 10 12 14 18 20 22 y 3 4 6 10
Monomer| 1 3 4 5 6 7 8 9 Monomer| 10 11 12 13
Polymer
s~ A o—th—o y
X 3 4 6 10 10 10 3 4 6 12 14 18 20 22
y 3 4 6 3 4 6 10 10 10 10 10 10 10 10
P1 P2 P3 P4 P5 P6 P8 P9 P10 P11 P12 P13 P14 P15
Polymer | 1.9kDa 1.7kDa 5.7kDa 3.3kDa 52kDa 6.1kDa 7.1kDa 4.5kDa 27.7kDa 17.1kDa 21.3kDa 9.8kDa 22.3kDa 9.1kDa
(1.4) (1.4) (2.2) (1.5) (2.1) (2.1) (2.0) (2.0) (3.3) (2.3) (3.0 (4.1) (3.2) (2.7)

Fig. 3 Polymers are synthesized from diols, dihalides, and COS. M, and D values are determined by GPC in CHCl;, calibrated with polystyrene
standards. NMR spectra and GPC curves of the obtained polymers are shown in Figs. S1-538 (in the electronic supplementary information, ESI).
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catalyst. Compared to 1,10-dichlorodecane, 1,3-dichloro-
propane, 1,4-dichlorobutane, and 1,6-dichlorohexane exhibit-
ed much lower reactivity in this reaction because of the high
density of the thiocarbonate group, leading to a decrease in
the solubility of the polymer in DMF, resulting in polymers
(P1-P6) with low molecular weights (M,, of 1.9-6.1 kDa) for
24 h. The decomposition temperatures (Tyse, the tempera-
ture at polymer decomposition of 5% in mass fraction) of
the polymers (P1-P15) were in the range of 193-317 °C, as
determined by the thermogravimetric analysis (TGA, Fig. 4b,
Figs. S45-S58 in ESI). The thermal stability of these polymers
is generally negatively correlated with the density of in-chain
thiocarbonate polar groups. The polymers (P11-P15) with x 2
10 and y 2 10 present high Ty s, of > 260 °C, while the poly-
mer of P1 with x = 3 and y = 3 exhibited the lowest T sy, of
193 °C due to the incorporation of high-density easy-to-break
carbon-heteroatom bonds, as determined by thermogravi-
metric analysis. The readily available feedstock, simple reac-
tion conditions, high efficiency, and absence of metal
residues make this method a straightforward approach for
polymer synthesis.

Among these polymers, P7 and P11-P15, structurally simi-
lar to polyethylene with a low density of in-chain thiocarbon-
ate group, have relatively high M, values of 9.1-22.3 kDa (D of
2.3-4.1). The wide-angle X-ray scattering diffraction (WAXD)
patterns of these polymers were nearly identical to those of
high-density polyethylene (HDPE), exhibiting two prominent
diffraction peaks at 21° and 24°. This indicates that polymers
containing in-chain thiocarbonate groups possess crystalline
structure similar to that of polyethylene (Fig. 4¢).5%9 Conse-
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quently, these semicrystalline materials exhibit impressive
mechanical properties comparable to those of commercial
HDPE, as well as favorable melt processability (Figs. 4a and
4d). Polymer P7 exhibits tensile strength (o) value of 21.6+0.7
MPa, elongation at break (g) value of 576%, respectively, as
determined by stress-strain experiments on specimens pre-
pared by melt processing. These polymers exhibit the melt-
ing points ranging from 48 °C to 101 °C (Figs. S39-5S64 in ESI),
attributable to the energetic penalty associated with the in-
corporation of in-chain polar groups into the crystalline
lamellae.l*41] Hence, the thermal and mechanical properties
of the resulting polymers can be reliably predicted based on
their sequential structures. It is worth noting that although
significant progress has been made in the copolymerization
of ethylene with polar monomers, the synthesis of polyethy-
lene with polar groups remains one of the foremost chal-
lenges in polymer chemistry. 4951 Qur study offers a facile ap-
proach for that purpose.

Using the in-chain thiocarbonate group as a cleavage site,
we conducted experiments on the chemical degradation of
the polymer. At 60 °C for 24 h, the hydrolysis of P7 was car-
ried out in methanol solution of potassium hydroxide, yield-
ing the diol of 1,10-decanediol (4) and 1,10-decanedithiol
with >99% purity (Figs. 5c and 5d, S65 and S66 in ESI). Diols
and dithiols are valuable raw materials in the organic chemi-
cal industry, and have applications in a wide range of fields.

Diols-CS,-dichlorides Polymerization
This polymerization reaction can be extended to the copoly-
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Fig.5 (a) 'H-NMR spectrum (400 MHz) of P7 in CDCl; (b) '3C-NMR spectrum (101 MHz) of P7 in CDCls. (c) "H-NMR spectrum (400 MHz) of 1,10-
decanediol obtained from methanolysis of P7 in CDCls. (d) "H-NMR spectrum (400 MHz) of 1,10-decanedithiol obtained from methanolysis of P7

in CDCls.
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1,10-Decanediol, CS,, and 1,10-dichlorodecane polymerization.

base
2n s=Cc=S +n HO L SoH +n -y ——— { AR I~ )‘l + 2n base-HCl
10 10 B

Entry Solvent T(0) t (h) [[scgi]f[osgs%]@ M, < (kDa) pe
1 DMF 90 23 0:10:14:3 8.7 26
2 DMF 60 4 9:1:10:1 7.7 22
3 DMF 60 5 20:4:18:3 185 1.8
4 DMF 80 5 3:13:10:2 37.9 2.0
5d DMF 60 5 10:0:13:1 22.8 1.8
6 ACN 60 17 20:16:20:3 273 1.6
7 DMSO 60 17 13:20:20:3 22.0 1.7
gd DMF 90 5 0:8:10:1 - -
9 DMF 60 23 3:7:6:1 443 3.1
1049 ACN 60 5 14:0:6:1 33.2 26
11 DMF 70 5 12:8:17:3 49 47
12 ACN 60 5 11:0:4:1 29 43
13¢ DMF 60 5 17:0:14:1 3.2 5.0
14f DMF 90 23 0:8:7:1 - -
15 DMF RT - 20:0:5:1 3.0 3.9
16 DMF 40 18 25:0:11:2 34 47
179 DMF 60 5 25:0:25:4 3.3 46

2 Reaction conditions: [Diol]:CS,:[Diohalide]:DBU = 1:2:1:2.2, [Diol] = 1 mol/L. ® [0SS]:[SOS):[SSSI:[00S] ratios determined by 'H-NMR analysis of the products.
€M, and D determined by GPC in CHCl; at 35 °C using linear polystyrene standards. ¢ [Dioll:CS,:[Diohalide]:DBU = 1:2.2:1:2.2. ¢ [Diol]:CS,:[Diohalide]:DBU =
1:4:1:2.2. f catalyst is DBN. 9 [Diol]:CS,:[Diohalide]:DBU = 1:2:1:2. NMR spectra and GPC curves of the obtained polymers are shown in Figs. $67-583 in ESI.

merization of diols, CS,, and dihalides. During this process, the
oxygen-sulfur exchange reaction (O—S ER) occurs. Using the re-
action of 1,10-decanediol, CS,, and 1,10-dichlorodecane as an
example, the resulting polythiocarbonate contained four types
of repeating units: (—O(C=S)S—), (—S(C=0)S—),
(—S(C=9S)S—), and (—O(C=0)S—), which are denoted as
[OSS], [SOS], [SSS], and [0O0S], respectively. The polymer struc-
ture and molecular weight were influenced by the reaction con-
ditions. To systematically investigate the effects of various pa-
rameters (temperature, reaction time, catalyst, and solvent) on
the polymerization outcome, a detailed study was conducted.
The results are presented in Table 2.

First, the effect of temperature on the polymerizations of
1,10-decanediol, CS,, and 1,10-dichlorodecane was investi-
gated. As shown in entries 3, 5, 12, and 13 of Table 2, when
the reaction was conducted at 60 °C for 5 h, the main repeat-
ing units of the resulting polythiocarbonate were [0SS] and
[SSS], regardless of variations in monomer ratio or solvent
type. This result indicates that the solvent and monomer ra-
tio have minimal influence on the polymer structure, which is
further supported by the comparison of entries 5 and 10, 6
and 7,as wellas 3,12, and 13.

A more detailed analysis of the polymer structures ob-
tained at different temperatures revealed the following: at
80°C and above, [SOS] and [SSS] were the dominant struc-
tures (Table 2, entries 1, 4, 8, and 14). Under the reaction con-
ditions of 70 °C (Table 2, entry 11), the main repeating units
were [0SS], [SOS], and [SSS], indicating a more pronounced
O—S ER at this temperature, resulting in a more complex
polymer structure. When the temperature was 60 °C or below,
the polythiocarbonate consists mainly of [0SS] and [SSS] units
(Table 2, entries 15 and 16). These results demonstrate that
temperature regulation can serve as an effective method for

controlling the structural composition of polymers.

According to the results shown in entries 6 and 12, as well
as entries 2, 3, and 9 in Table 2, the reaction time also influ-
ences the polymer structure. At a reaction temperature of
60 °C, the polymer structure exhibited minimal changes over
shorter reaction times (such as 4 or 5 h), with [OSS] and [SSS]
being the predominant repeating units. However, as the reac-
tion time was extended to 15 h or longer, the proportion of
[SOS] units in the polymer increased significantly, indicating
that the O—S ER became more pronounced with prolonged
reaction time. At higher reaction temperature conditions
(90 °C, Table 2, entries 1 and 8), the effect of reaction time on
polymer structure was relatively minor, with temperature act-
ing as the dominant factor. Therefore, it can be concluded
that at lower temperatures, the reaction time plays a more
significant role in modulating the polymer structure, whereas
at elevated temperatures, the temperature becomes the pri-
mary influencing factor.

The effects of different organic base catalysts (DBU and
DBN) on polymerization were also investigated. The results in-
dicated that the type of organic base had little effect on the
polymer structure but significantly influenced the molecular
weight of the resulting polymer (Table 2, entries 1 and 14).
Notably, the polymer obtained in entry 14 possessed a high
molecular weight and strong crystallinity, making it difficult
to dissolve completely in the solvent. Thus, its molecular
weight could not be accurately determined. In addition, the
influence of the amount of the DBU catalyst on the reaction
was studied. The results show that when the amount of DBU
was less than 2.2 equiv., the molecular weight of the polymer
decreased significantly: for example, when 2.2 equiv. of DBU
were used, the polymer had a M,, of 18.5 kDa (Table 2, entry
3), while reducing the DBU amount to 2.0 equiv. resulted in a
M,, of only 3.3kDa (Table 2, entry 17). These results further
confirm that DBU not only acts as a catalyst, but also serves as

https://doi.org/10.1007/510118-025-3392-9
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a proton acceptor, binding with the HCl generated during the
nucleophilic substitution process to form a DBU-HCI salt,
thereby facilitating the progress of the reaction. This reaction
mechanism is consistent with that observed for the nucle-
ophilic substitution process during the polymerization of di-
ols, COS, and dihalides.

In this study, the observed O—S ER occurred during step-
growth polymerization involving CS,. Previously reported
mechanisms of O—S ER associated with CS, have been de-
scribed in the context of chain-growth polymerization.[2452
Therefore, there may be mechanistic differences between the
two processes, although certain similarities may also exist.
The proposed mechanism is as follows. The intermediate
formed by the reaction of an alcohol with CS, readily under-
goes decarboxylation in the presence of an organic base (par-
ticularly at high base concentrations), generating intermedi-
ates such as COS, CO,, and thiols. These intermediates can
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then participate in cross-polymerization reactions, ultimately
leading to the occurrence of the O—S ER. There is much more
to discover about this. about these reactions.

The polymer obtained in entry 4 of Table 2 exhibited og of
20.2 MPa and & of 606% (Figs. 6e, S84 and S85 in ESI),
demonstrating excellent mechanical properties. All of the re-
sulting polythiocarbonates were crystalline polymers. To
characterize their thermal stability and crystallinity, TGA and
DSC analyses were conducted on the polymers with three dif-
ferent structural types. The results are as follows: the polymer
with [SOS] and [SSS] as the main repeating units exhibited
Tq 50 Of 230 °C and T, of 91 °C (Figs. 6d and 6c); the polymer
with [OSS] and [S5S] as the main repeating units showed T s,
of 160°C and T, of 64 °C (Fig. 6d and 6a); and the polymer
with [SOS], [0SS], and [SSS] as the main repeating units had
Tg 50 Of 198 °C and T, of 68 °C (Fig. 6d and 6b). These results
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Fig. 6

(@) DSC curve of the polymer in Table 2, entry 5 (with [OSS] and [SSS] as the main structures); (b) DSC curve of the polymer in Table 2,

entry 6 (with [SOS], [0SS] and [SSS] as the main structures); (c) DSC curve of the polymer in Table 2, entry 8 (with [SOS] and [SSS] as the main
structures); (d) TGA curves of the polymer in Table 2, entries 5, 6 and 8; (e) Stress-strain curve of the polymerization product of 1,10-decanediol,

CS,, and 1,10-dichlorodecane (Table 2, entry 4).
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indicate that a higher proportion of [SOS] and [SSS] repeating
units in the polymer leads to improved thermal stability and
crystallinity. This may be attributed to the fact that both the
[SOS] and [SSS] structures are highly symmetric functional
groups, which promote greater regularity in the polymer
chains, thereby enhancing the crystallization ability and ther-
mal stability of the polymer. Therefore, in the step-growth
polymerization of diols, CS, and dihalides, the polymer struc-
ture and properties can be regulated by controlling the reac-
tion conditions and utilizing the O—S ER. This type of reac-
tion is vital for the efficient and facile synthesis of sulfur-con-
taining polymers. Further studies on this type of reaction are
underway in our group.

CONCLUSIONS

We demonstrated a new step-growth polymerization of COS
(CS,), diols, and dichlorides. This method uses readily available
monomers of COS (CS,), diols and dihalides, which is efficient,
convenient, and scalable. The step-growth polymerization of
COS, diols, and dichlorides catalyzed by organic bases efficient-
ly yields structurally diverse poly(monothiocarbonate)s, with no
chain units resulting from the O—S ER detected. When long-
chain linear diols and dichlorides (such as 1,10-decanediol and
1,10-dichlorodecane) were used as monomers, the resulting
polymers exhibited excellent mechanical properties compara-
ble to those of commercial HDPE. This is attributed to the low-
density thiocarbonate groups in the polymer backbone, which
allow the long alkyl chains to crystallize in a manner similar to
polyethylene. Furthermore, the obtained poly(monothiocar-
bonate)s could be chemically degraded via alcoholysis to yield
small diol and dithiol molecules. In contrast, the step-growth
polymerization of CS,, diols, and dichlorides catalyzed by organ-
ic bases is accompanied by an unavoidable O—S ER. By devel-
oping strategies that utilize this O—S ER, it is possible to obtain
polythiocarbonates with diverse sequence structures and tun-
able properties. Using the polymerization of 1,10-decanediol,
CS,, and 1,10-dichlorodecane as model system, we systemati-
cally investigated the effects of temperature, reaction time, cat-
alyst type, and catalyst loading on polymer structure and
molecular weight. Polymers with [SOS] and [SSS] as the main re-
peating units exhibited higher thermal stability and crystallinity.
Synthetic methods have the advantages of high efficiency, facile
synthesis, adjustable structure, and being carried out under mild
conditions. The produced polymers are expected to become
green materials with large raw material scale, easy synthesis,
wide application, and excellent performance.
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