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Polythiourethanes (PTU) and polythioesters (PTE) derived from renewable sources are emerging sustainable polymers for their
excellent degradability and recyclability. However, P(TU-alt-TE) copolymers have been rare and challenging to synthesize.
Here, we report the efficient synthesis of novel P(TU-al/t-TE) copolymers via the alternating copolymerization of N-thio-
carboxyanhydrides (NTA)/episufides (ES) and provide mechanistic insight into the alternating chain propagation process via
density functional theory (DFT) calculation. The incorporation of ESs into traditional peptide backbone is capable of adjusting
the glass transition temperature below thermal decomposition temperature, which confers better thermal processability by
regulating the rigidity of the backbone and the hydrogen bond interaction among the polymer chains. Crosslinked PTUs with
tailored properties are accessible by altering the feeding ratio of NTAs and (bifunctional) ESs. Moreover, the thiourethane in the
backbone can endow interesting underwater adhesion properties to the materials. Considering the broad scope of NTA and ES
monomers, this method is expected to provide a promising and general route to a wide range of P(TU-alt-TE) copolymers with

diverse properties.
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1 Introduction

Petroleum-based plastics play an important role in social life
with their advantages of low cost, easy processing, and
portability. However, most of the traditional plastics are non-
degradable and non-renewable, and the accumulation of
plastic wastes has imposed global environmental crises and
resource depletion [1]. To address these challenges, one
appealing approach is to develop plastics from renewable
biomass-based resources such as carbohydrates, terpenes,
vegetable oils, lignin [2-6]. For instance, fine chemicals

*Corresponding authors (email: wmren@dlut.edu.cn; chemhualu@pku.edu.cn)

© Science China Press 2024

derived from these renewable sources are converted into
polymerizable monomers and successively transformed into
polymers through either step growth condensation/addition
reactions, or ring-opening polymerizations (ROP) [7-22].
As a kind of renewable source, o-amino acids have at-
tracted considerable attention for their versatile structures,
multivalency, well-defined optical activity, environmentally
benign, and biological safety. Previously, amino acids have
been exploited to construct various degradable functional
materials such as polypeptides [23-25] (a.k.a. poly(amino
acid)s), polyurethanes, polyesters [26—28], polythioesters
(PTE) [29-35], and polydisulfides [36]. Perhaps the most
famous examples are the synthesis of polypeptides through
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the ROP of the cyclic a-amino acid N-carboxyanhydrides
(NCA) [37-40] or N-thiocarboxyanhydrides (NTA) [41-44].
By harnessing the unique secondary structures of polypep-
tides [45,46], fascinating crystalline, mechanical, and ther-
mal properties that stem from the well-defined intra/inter-
molecular hydrogen bonding in the mainchain can often be
obtained. However, these unique features are sometimes a
double-edged sword, as excessive hydrogen bonding often
results in poor processability. Moreover, the degradability of
polypeptides, which usually relies on enzymes and micro-
bials, needs to be finetuned for certain applications. Overall,
to meet the growing demand for sustainability, there is a
strong motivation to develop new chemistry of amino acid-
based monomers for high-performance and degradable new
materials.

During the ring-opening process of NTA, a synergetic
dethiocarboxylation step occurs to ensure the chain growth
via the a-amine and the successive generation of amide
linkage in the main chain (Figure 1a). We envision that if the
dethiocarboxylation step can be inhibited, new types of
polymers bearing thiourethane functionalities in the main
chain could be generated, which may possess improved
processability. However, the dethiocarboxylation is gen-
erally considered to be favorable, posing a significant chal-
lenge to achieving our envision. Fortunately, Lu and Ren
[47] previously reported the alternating ring-opening copo-
lymerization (ROCOP) of cyclic thioanhydrides and epi-
sulfides, which produced polythioesters with excellent
degradability. Inspired by this seminal study and noticing the
structural similarity of NTA with cyclic thioanhydrides, we
hypothesize that NTA and episulfides might be able to un-
dergo alternating ROCOP without dethiocarboxylation,
generating poly(thiourethane-alt-thioester) (P(TU-alt-TE))
in an unprecedented, efficient fashion (Figure 1b). Such
materials may enjoy the backbone thiourethane hydrogen
bonding and, in the meantime, with excellent solubility
tunable thermal properties owing to the insertion of epi-
sulfides and side chain chemical diversity. Moreover, both
thiourethane and thioester functionalities are highly dynamic
and exchangeable under mild conditions, making them ap-
pealing for various recyclable thermoplastic and thermoset
materials [48-51].

2 Results and discussion

To begin with, we chose phenylalanine NTA (Phe-NTA) and
propylene sulfide (Me-ES) as our modal monomers of RO-
COP because the ROP of PheNTA alone would produce
polyphenylalanine that is insoluble in almost any solvent
(entry 1, Table 1). In this fashion, the unsuccessful ROP
could be facilely ruled out by the naked eye. By using Me-
ES, a liquid monomer, no extra solvent was needed because
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Figure 1 (a) ROP of NTAs and synthesis of polypeptides. (b) The
synthesis of poly(thiourethane-alt-thioester) from the ROCOP of NTAs and
episulfides (color online).

Phe-NTA was dissolved in Me-ES well. We tested the
combined use of benzyl mercaptane (BnSH) with 1,8-dia-
zabicyclo5.4.0Jundecane-7-ene (DBU) as an initiation sys-
tem, which has been widely used for the ROP of various
cyclic thiolactone monomers. Upon complete monomer
consumption, the viscosity of the system increased sig-
nificantly but without visible precipitation after the reaction,
suggesting no homopolymerization of NTA (entry 2). Sig-
nals attributable to both NTA and Me-ES, as well as the
absorbance band of thioester bond, were presented in the
proton nuclear magnetic resonance (IH NMR) and Fourier
transform infrared spectrometerFTIR spectroscopy of the
purified product, denoted as p(Phe-MeES) (Figure SI,
Supporting Information online). When the polymerization
was quenched before NTA was fully consumed, the resulting
polymer gave almost 1/1 molar ratio of PheNTA and Me-ES
in the 'H NMR spectrum (Figure 2A), despite an exceedingly
disproportional feeding ratio of the two monomers. Notably,
the "C NMR spectrum of this polymer showed two types of
carbonyl groups (Figure 2B) originated from Phe-NTA with
chemical shifts of ~168 and ~199 ppm, respectively, which
supported the notion of dethiocarboxylation inhibition. To
further confirm the alternating ROCOP, the heteronuclear
multiple bond correlation (HMBC) spectra demonstrated a
strong coupling correlation between the carbonyl (h) at
~168 ppm and the hydrogen atoms of the methylene group
(f) at ~3.1 ppm, as well as the carbonyl (g) at ~199 ppm and
the methine group (g) at ~3.7 ppm (Figure 2C). This con-
clusion was further supported by matrix-assisted laser des-
orption/ionization time of flight (MALDI-ToF) mass
spectrometry, in which the difference between the adjacent
molecular ion peaks was found to be ~281.02 g/mol, exactly
the sum of the molar mass of Phe-NTA and Me-ES (Figure
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Figure 2 Characterizations of the ROCOP of PheNTA and Me-ES. (A) 'H NMR, (B) Bc NMR, (C) HMBC, (D) MALDI-TOF spectrum of p(Phe-MeES).
(E) TGA and (F) DSC curves of p(Phe-MeES), pPhe, and pMeTE (color online).

2D). Next, the thermal properties of the polythiourethane
were investigated using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). As illustrated in
Figure 2E, the polymer exhibited good thermal stability with
a thermal decomposition temperature (7yso,) of ~243 °C. As
mentioned by Numata et al. [52], many polypeptides are
challenging to heat process because their melting tempera-
ture/glass transition temperature (7,,/7,) is even higher than
their T,, which was found to be exactly true for the poly-
peptide pPhe (Figure 2E, F). Interestingly, the 7, of the
P(TU-alt-TE) copolymer p(Phe-MeES) can be adjusted to
~69 °C, which gave a broad heat processing window of the
material (Figure 2F). Together, the above results confirmed
the alternating ROCOP of NTAs and episulfides without
dethiocarboxylation, affording poly(thiourethane-alt-thioe-
ster) as we initially designed.

To obtain molecular insight of the alternating selectivity,

we calculated the free energy of important intermediates
(INT) and transition states (TS) in the ROCOP process, as
well as the dethiocarboxylation step in the ROP of NTA as a
competitive reaction (Figure 3), using density functional
theory (DFT). To simplify the calculation, we used Gly-NTA
and propylene sulfide as model monomers, methylamine as
initiator, and DBU as catalyst. It was found that, starting
from the thiourethane intermediate (INT,), the free energy of
the transition state for the NTA homopolymerization (TS;)
was ~1.38 kcal/mol higher than that of the alternating
polymerization transition state (TS;) opening the ring of
episulfide, which generated the thiol/DBU intermediate
(INT,). This was further enhanced by the excessively high
equivalent of propylene sulfide in the experimental setup. Of
note, even though the energy barrier for the direct dethio-
carboxylation from INT, to generate an amine (INT,,) was
low, the free energy difference of this process was found
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Figure 3 Free-energy profiles for the ring-opening process of NTA and propylene sulfide initiated by active chain end (color online).

thermodynamically unfavored, ~3.25 kcal/mol. This implies generated, it could attack NTA at either the carbonyl 2 (route
that a fast equilibrium between INT, and INT,, might exist, A) or carbonyl 5 (route B) of NTA, or react with another
but it is highly favorable to the former. Once INT, was episulfide corresponding to the homopolymerization of epi-
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sulfide (route C). It was found that, the energy barrier of
route B (TS,) was ~5.74 and ~13.06 kcal/mol lower than that
of route A (TS,) and route C (TS;), respectively. Overall, the
DFT results also supported the preference for alternating
polymerization over homopolymerizations of NTA or epi-
sulfide.

Having established the alternating sequence of the RO-
COP, we sought to screen catalysts to optimize the MW
control of the obtained PTU-co-PTE. The BnSH/DBU sys-
tem gave an unsatisfactorily low M, ~2,830-4,970 g/mol
(entries 24, Table 1), despite the complete conversion of
Phe-NTA monomer. Moreover, even though the size exclu-
sion chromatography (SEC) peak was unimodal (Figure S2),

Table 1 Ring-opening copolymerization of Phe-NTA and Me-ES/Gem-ES”

September (2024) Vol.67 No.g9
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the dispersity () was found to be 1.60-2.08. Conducting the
polymerization at a lower temperature (e.g., —20 °C) resulted
in only 10% conversion of NTA after 24 h (entry 5, Table 1).
Weaker bases such as TEA (pKaDMSO = 9.0) gave a NTA
conversion of ~95% after 48 h, but only led to the production
of polymers with a M, of ~2,770 g/mol (entry 6, Table 1).
Other  organocatalysts such as  bis(triphenylpho-
sphoranylidene)ammonium (PPN) and organometallic cata-
lysts such as [(Salen)Colll] and [(Salen)CrlII], which
previously showed excellent controllability and alternating
selectivity for the ROCOP of cyclic thioanhydrides/epi-
sulfides or meso-epoxides/carbonyl sulfide [53,54], all failed
to give a satisfactory M, in the ROCOP of NTA/ES (entries
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+ _/_\/ [AV _ éﬁ/ I \/Ls} EéjN\g,S\Xs}

O~ OO K

BnSH N DBU

jTE»‘\

e W =N, j"
<:§ o .

‘B 07 ). ~0 B t “\. N0
u &I u Bu O tl

Mo

PPNOAc

0RO
o 5

N
:@»'Bu 'Bu{g ’&I\O 'Bu

‘Bu B Bu Bl ‘Bu ‘Bu
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Entry Initiator Catalyst ES [h[laﬁgggiﬁgo/ Time (h) M, (g mol ) p° conv.? (%)
1 BnSH - Me 50/~/1/— 48 - - -
2 BnSH DBU Me 50/500/1/1 12 4970 1.69 > 95
3 BnSH DBU Me 100/1000/1/1 24 3870 1.60 >95
4 BnSH DBU Me 200/2000/1/1 48 2830 2.08 > 95
59 BnSH DBU Me 50/500/1/1 24 1430 1.53 10
6 BnSH TEA Me 50/500/1/1 48 2770 1.67 > 95
7 PPNOAc - Me 250/1000/1/— 18 4600 2.81 74
8 PPNOAc MTBD Me 250/1000/1/1 18 5300 2.10 > 95
9 PPNOAc MTBD Me 250/1000/1/1 1.5 3100 2.45 60
10 SalenCrCl MTBD Me 500/500/1/1 30 4100 2.32 87
11 SalenCoCl MTBD Me 500/500/1/1 30 4200 2.48 91
12 SalenAlCl MTBD Me 500/500/1/1 30 7000 1.94 > 95
13 BnSH DBU Gem 100/500/1/1 120 2780 - >95
14 PPNOAc MTBD Gem 100/500/1/1 120 4360 1.43 >95

a) ROCOP was performed at 25 °C in tetrahydrofuran (THF) under bulk condition. b) Obtained MW. ¢) Determined by SEC-MALLS analysis in N,N-
dimethylformamide (DMF). d) Determined by 'H NMR. e) ROCOP was performed at —20 °C. The monomer utilized in entries 1-12 is MeES, whereas

GemES is employed in entries 13, 14.
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Figure 4 (a) The ROCOP results of Phe-NTA, Me-ES, and bisPA yielding two crosslinked polymers, CPP-1 and CPP-2. (b) The DSC curves of CPP-1 and
CPP-2. (c) Photographs of the underwater adhesion performance of CPP-1. (d) The lap shear strength of CPP-2 and a photograph showing the loading

capacity of CPP-2 adhesive (color online).

7—-12, Table 1). We also attempted to replace Me-ES with
1,1-dimethyl episulfide (Gem-ES) for the ROCOP with Phe-
NTA. However, the full conversion of the monomer required
~120 h due to the lower reactivity of Gem-ES as compared
with Me-ES, and the resulting copolymers still displayed low
M, below ~5,000 g/mol (entries 13 and 14, Table 1). We
speculated that the low M, was due to the highly dynamic
P(TU-alt-TE) backbone, which may give rise to extensive
chain transfer and chain backbiting side reactions during the
ROCOP process.

To overcome the limitations of the low M, of the P(TU-al¢-
TE), we synthesized a bifunctional monomer, denoted as
bisPA, as a crosslinker. We then prepared dynamic P(TU-alt-
TE) networks (Figure 4a) through the ROCOP of NTA, ES,
and bisPA at two different feeding ratios. By adjusting the
feeding ratio of Phe-NTA, the 7, of the polymer network
ranged from approximately —11 to 34 °C, and the resulting
crosslinked P(TU-alt-TE) (CPP) exhibited elastomer/resin-
like properties (Figure 4b). Both materials exhibited certain
adhesion properties. As shown in Figure 4c, CPP-1 main-
tained good adhesion on a glass substrate even after being
submerged in water for 24 h. For CPP-2, the adhesion per-
formance was improved significantly at temperatures above
its T, (~34 °C), making it suitable as a hot-melt adhesive. For
instance, after hot-compression treatment, CPP-2 was found
to tightly bond aluminum substrates together even after
being immersed in water for 24 h (Figure 4d). CPP-2 also
showed a significant improvement in adhesion strength
compared with CPP-1, reaching a lap shear strength of
~1.2 MPa between two aluminum surfaces. As a control, we
found that the bisPA-crosslinked pES network did not show
any adhesive property (data not shown). Together, we at-
tributed the adhesive properties of the PTU networks mainly
to the hydrogen bond interactions between the thiourethane

bonds in the polymer network and the hydroxyl groups on
the substrate surface.

3 Conclusions

In summary, we successfully achieved the alternating RO-
COP of NTAs and ESs, which offered an efficient approach
for synthesizing unprecedented P(TU-alt-TE) copolymers.
The alternating and regioselective structure of the resulting
P(TU-alt-TE)s was confirmed using experimental techni-
ques such as NMR and MALDI mass spectrometry. Fur-
thermore, the mechanism behind the formation of alternating
sequences was revealed through DFT calculations. Although
the MW control of the ROCOP system was unsatisfactory,
we were able to obtain a range of dynamic PTU networks by
using bifunctional monomers as crosslinkers. Due to the
abundant amide bonds in their backbone, these networks
exhibited good adhesive properties and potential applications
as hot-melt adhesives.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (22125101, 22331002 to H.L., 22171037,
22101040 to W.R.). The computation was supported by the High-Perfor-
mance Computing Platform of Peking University.

Conflict of interest The authors declare no conflict of interest.

Supporting information The supporting information is available online at
chem.scichina.com and link.springer.com/journal/11426. The supporting
materials are published as submitted, without typesetting or editing. The
responsibility for scientific accuracy and content remains entirely with the
authors.

1 Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady
A, Narayan R, Law KL. Science, 2015, 347: 768-771
2 Cywar RM, Rorrer NA, Hoyt CB, Beckham GT, Chen EYX. Nat Rev


https://chem.scichina.com
https://link.springer.com/journal/11426
https://doi.org/10.1126/science.1260352
https://doi.org/10.1038/s41578-021-00363-3

w

10

11
12

13

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Xiong et al.  Sci China Chem
Mater, 2022, 7: 83-103

Zhu Y, Romain C, Williams CK. Nature, 2016, 540: 354-362

Tran DK, Braaksma AN, Andras AM, Boopathi SK, Darensbourg DJ,
Wooley KL. J Am Chem Soc, 2023, 145: 18560—18567

Yang G, Wang Y, Qi H, Zhang Y, Zhu X, Lu C, Yang L, Wu G. Angew
Chem Int Ed, 2022, 61: €202210243

Fu L, Sui X, Crolais AE, Gutekunst WR. Angew Chem Int Ed, 2019,
58: 1572615730

Abel BA, Snyder RL, Coates GW. Science, 2021, 373: 783-789

Tu YM, Wang XM, Yang X, Fan HZ, Gong FL, Cai Z, Zhu JB. J Am
Chem Soc, 2021, 143: 20591-20597

Shieh P, Zhang W, Husted KEL, Kristufek SL, Xiong B, Lundberg
DJ, Lem J, Veysset D, Sun Y, Nelson KA, Plata DL, Johnson JA.
Nature, 2020, 583: 542-547

Zhang Z, Xiong Y, Yang P, Li Y, Tang R, Nie X, Chen G, Wang L,
Hong C, You Y. Angew Chem Int Ed, 2023, 62: 202216685

Cao W, Dai F, Hu R, Tang BZ. J Am Chem Soc, 2020, 142: 978-986
Haque FM, Ishibashi JSA, Lidston CAL, Shao H, Bates FS, Chang
AB, Coates GW, Cramer CJ, Dauenhauer PJ, Dichtel WR, Ellison CJ,
Gormong EA, Hamachi LS, Hoye TR, Jin M, Kalow JA, Kim HJ,
Kumar G, LaSalle CJ, Liffland S, Lipinski BM, Pang Y, Parveen R,
Peng X, Popowski Y, Prebihalo EA, Reddi Y, Reineke TM, Sheppard
DT, Swartz JL, Tolman WB, Vlaisavljevich B, Wissinger J, Xu S,
Hillmyer MA. Chem Rev, 2022, 122: 6322-6373

Li Z, Zhao D, Shen Y, Li Z. Angew Chem Int Ed, 2023, 62:
€202302101

Xia'Y, Yuan P, Zhang Y, Sun Y, Hong M. Angew Chem Int Ed, 2023,
62: 202217812

Xia'Y, Yue X, Sun Y, Zhang C, Zhang X. Angew Chem Int Ed, 2023,
62: 202219251

Zhou L, Zhang Z, Shi C, Scoti M, Barange DK, Gowda RR, Chen
EYX. Science, 2023, 380: 64-69

Zhang Z, Lei D, Zhang C, Wang Z, Jin Y, Zhang W, Liu X, Sun J. Adv
Mater, 2023, 35: 2208619

Li J, Liu F, Liu Y, Shen Y, Li Z. Angew Chem Int Ed, 2022, 61:
€202207105

MaY, You X, Zhang J, Wang X, Kou X, Liu S, Zhong R, Li Z. Angew
Chem Int Ed, 2023, 62: €202303315

Chao J, Yue T, Ren B, Gu G, Lu X, Ren W. Angew Chem Int Ed,
2022, 61: €202115950

Gutekunst WR, Hawker CJ. J Am Chem Soc, 2015, 137: 8038-8041
Zhang H, Qin J, Tang X. Chin J Chem, 2024, 42: 963-972

Murphy RD, Garcia RV, Oh SJ, Wood TJ, Jo KD, Read de Alaniz J,
Perkins E, Hawker CJ. Adv Mater, 2023, 35: 2207542

Tian ZY, Wang S, Lu H. Curr Opin Solid State Mater Sci, 2021, 25:
100902

Qiu R, Sasselli IR, Alvarez Z, Sai H, Ji W, Palmer LC, Stupp SI. J Am
Chem Soc, 2022, 144: 5562-5574

Yuan J, Shi D, Zhang Y, Lu J, Wang L, Chen E-Q, Lu H. CCS Chem,
2: 236244

Shi CX, Guo YT, Wu YH, Li ZY, Wang YZ, Du FS, Li ZC. Mac-
romolecules, 2019, 52: 4260—4269

Benner NL, McClellan RL, Turlington CR, Haabeth OAW, Waymouth

September (2024) Vol.67 No.g9

29

30

31

32

33

34
35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50
51

52

53

54

3097

RM, Wender PA. J Am Chem Soc, 2019, 141: 8416-8421

Wang Y, Li M, Wang S, Tao Y, Wang X. Angew Chem Int Ed, 2021,
60: 10798-10805

Yuan J, Xiong W, Zhou X, Zhang Y, Shi D, Li Z, Lu H. J Am Chem
Soc, 2019, 141: 4928-4935

Xiong W, Chang W, Shi D, Yang L, Tian Z, Wang H, Zhang Z, Zhou
X, Chen EQ, Lu H. Chem, 2020, 6: 1831-1843

Wang Y, Li M, Chen J, Tao Y, Wang X. Angew Chem Int Ed, 2021,
60: 2254722553

Lyu CY, Xiong W, Chen EQ, Lu H. Chin J Polym Sci, 2023, 41:
1555-1562

Xiong W, Lu H. Sci China Chem, 2023, 66: 725-738

Zhu'Y,Li M, Wang Y, Wang X, Tao Y. Angew Chem Int Ed, 2023, 62:
€202302898

Behrendt FN, Hess A, Lehmann M, Schmidt B, Schlaad H. Polym
Chem, 2019, 10: 1636-1641

Wu'Y, Chen K, Wu X, Liu L, Zhang W, Ding Y, Liu S, Zhou M, Shao
N, Ji Z, Chen J, Zhu M, Liu R. Angew Chem Int Ed, 2021, 60: 26063—
26071

Tian ZY, Zhang Z, Wang S, Lu H. Nat Commun, 2021, 12: 5810
Jacobs J, Pavlovi¢ D, Prydderch H, Moradi MA, Ibarboure E, Heuts
JPA, Lecommandoux S, Heise A. J Am Chem Soc, 2019, 141: 12522~
12526

Lv W, Wang Y, Li M, Wang X, Tao Y. J Am Chem Soc, 2022, 144:
23622-23632

Siefker D, Williams AZ, Stanley GG, Zhang D. ACS Macro Lett,
2018, 7: 1272-1277

Zhou M, Xiao X, Cong Z, Wu Y, Zhang W, Ma P, Chen S, Zhang H,
Zhang D, Zhang D, Luan X, Mai Y, Liu R. Angew Chem Int Ed, 2020,
59: 7240-7244

Xiao X, Zhou M, Cong Z, Liu L, Zou J, Ji Z, Cui R, Wu Y, Zhang H,
Chen S, Li M, Liu R. CCS Chem, 2022, 5: 994-1004

Tao X, Deng Y, Shen Z, Ling J. Macromolecules, 2014, 47: 6173—
6180

Song Z, Fu H, Wang R, Pacheco LA, Wang X, Lin Y, Cheng J. Chem
Soc Rev, 2018, 47: 7401-7425

Fang H, Guo Z, Lin L, Chen J, Sun P, Wu J, Xu C, Tian H, Chen X. J
Am Chem Soc, 2018, 140: 11992—-12000

Yue T, Zhang M, Gu G, Wang L, Ren W, Lu X. Angew Chem Int Ed,
2019, 58: 618-623

Cui C, An L, Zhang Z, Ji M, Chen K, Yang Y, Su Q, Wang F, Cheng
Y, Zhang Y. Adv Funct Mater, 2022, 32: 2203720

Lopez de Pariza X, Fanlo P, Polo Fonseca L, Ruiz de Luzuriaga A,
Sardon H. Prog Polym Sci, 2023, 145: 101735

Zheng N, Xu Y, Zhao Q, Xie T. Chem Rev, 2021, 121: 17161745
Zhou S, Tong F, Chen M, Gu R, Shi C, Yu C, Zhang Q, Qu D. Angew
Chem Int Ed, 2022, 61: ¢202117195

Yazawa K, Gimenez-Dejoz J, Masunaga H, Hikima T, Numata K.
Polym Chem, 2017, 8: 4172-4176

Yue T, Ren B, Zhang W, Lu X, Ren W, Darensbourg DJ. Angew Chem
Int Ed, 2021, 60: 43154321

LiJ, Wang M, Liu Y, Ren W, Lu X. Angew Chem Int Ed, 2021, 60:
17898-17903


https://doi.org/10.1038/s41578-021-00363-3
https://doi.org/10.1038/nature21001
https://doi.org/10.1021/jacs.3c05529
https://doi.org/10.1002/anie.202210243
https://doi.org/10.1002/anie.202210243
https://doi.org/10.1002/anie.201909172
https://doi.org/10.1126/science.abh0626
https://doi.org/10.1021/jacs.1c10162
https://doi.org/10.1021/jacs.1c10162
https://doi.org/10.1038/s41586-020-2495-2
https://doi.org/10.1002/anie.202216685
https://doi.org/10.1021/jacs.9b11066
https://doi.org/10.1021/acs.chemrev.1c00173
https://doi.org/10.1002/anie.202302101
https://doi.org/10.1002/anie.202217812
https://doi.org/10.1002/anie.202219251
https://doi.org/10.1126/science.adg4520
https://doi.org/10.1002/adma.202208619
https://doi.org/10.1002/adma.202208619
https://doi.org/10.1002/anie.202207105
https://doi.org/10.1002/anie.202303315
https://doi.org/10.1002/anie.202303315
https://doi.org/10.1002/anie.202115950
https://doi.org/10.1021/jacs.5b04940
https://doi.org/10.1002/cjoc.202300684
https://doi.org/10.1002/adma.202207542
https://doi.org/10.1016/j.cossms.2021.100902
https://doi.org/10.1021/jacs.2c00433
https://doi.org/10.1021/jacs.2c00433
https://doi.org/10.1021/acs.macromol.8b02498
https://doi.org/10.1021/acs.macromol.8b02498
https://doi.org/10.1021/jacs.9b03154
https://doi.org/10.1002/anie.202016228
https://doi.org/10.1021/jacs.9b00031
https://doi.org/10.1021/jacs.9b00031
https://doi.org/10.1016/j.chempr.2020.06.003
https://doi.org/10.1002/anie.202109767
https://doi.org/10.1007/s10118-023-3001-8
https://link.springer.com/article/10.1007/s11426-022-1418-9
https://doi.org/10.1002/anie.202302898
https://doi.org/10.1039/C9PY00118B
https://doi.org/10.1039/C9PY00118B
https://doi.org/10.1002/anie.202103540
https://doi.org/10.1038/s41467-021-25689-y
https://doi.org/10.1021/jacs.9b06750
https://doi.org/10.1021/jacs.2c10950
https://doi.org/10.1021/acsmacrolett.8b00743
https://doi.org/10.1002/anie.202001697
https://doi.org/10.31635/ccschem.022.202201840
https://doi.org/10.1021/ma501131t
https://doi.org/10.1039/C8CS00095F
https://doi.org/10.1039/C8CS00095F
https://doi.org/10.1021/jacs.8b05341
https://doi.org/10.1021/jacs.8b05341
https://doi.org/10.1002/anie.201812135
https://doi.org/10.1002/adfm.202203720
https://doi.org/10.1016/j.progpolymsci.2023.101735
https://doi.org/10.1021/acs.chemrev.0c00938
https://doi.org/10.1002/anie.202117195
https://doi.org/10.1002/anie.202117195
https://doi.org/10.1039/C7PY00770A
https://doi.org/10.1002/anie.202012565
https://doi.org/10.1002/anie.202012565
https://doi.org/10.1002/anie.202104750

	Synthesis of poly(thiourethane-alt-thioester) by alternating ring-opening copolymerization of N-thiocarboxyanhydrides and episulfides 
	Introduction� ion�
	Results and discussion� ion�
	Conclusions� ons�


