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The precise placement of thioester bonds into sequence-controlled polymers
remains a grand challenge. Here, we demonstrate the versatile synthesis of

sequence-controlled polymers from the step polymerization of cyclic thioan-
hydrides (A), diacrylates (B), and diols/diamines (C). In addition to easily
accessible diverse monomers, the method is metal-free/catalyst-free, atom-
economical, and wide in monomer scope, yielding 107 polymers with >90%
yields and weight-average molecular weights of up to 175.4 kDa. The obtained
polymers contain ABAC-type repeating units and precisely distributed in-
chain thioester and ester (and amide) groups. The chemoselectivity of the
polymerization is revealed by density functional theory calculations. The
polymer library exhibits considerably tunable performance: glass-transition
temperatures of —36-72 °C, melting temperatures of 43-133 °C, degradability,
thermoplastics/elastomers, and thioester-based functions. This study fur-
nishes a facile method to precisely incorporate thioester bonds into sequence-
controlled polymers.

Thioester (O = C-S) bonds are ubiquitous units in biology as they play a
significant role in biological systems'>. As an example, acetyl coen-
zyme A is a thioester that participates in the metabolism of cellular
components by virtue of the highly reactive thioacetyl group®*. Thioe-
sters are also widely present in many cosmetics, antibiotics, foods, and
natural products, which act as valuable building blocks in synthetic
chemistry®”. Inspired by the feature of thioesters in nature, research-
ers have pay widespread attention to thioester-functionalized poly-
mers, resulting in wide applications such as responsive materials,
biological conjunctions, and degradable materials® %,

Current methods for the synthesis of poly(thioester)s, however,
mainly rely on the polycondensation of dicarboxylic acids and dithiols,
suffering from unpleasant odor of dithiols, energy intensive, and the
release of water byproduct (Fig. 1a)"*?°. Another typical route is the
radical polymerization of acrylics and vinyls containing pendant
thioester groups (Fig. 1b)**%. Ring-opening polymerization (ROP) or
copolymerization (ROCOP) of thioester-containing cyclic monomers is

a more general method for the synthesis of poly(thioester)s
(Fig. 1¢)**°. Recent elegant research has designed a variety of intri-
cately structured monomers for the latter two methods. Despite such
progress, the synthesis of such monomers usually requires time-
consuming and labor-intensive multiple steps. Furthermore, the reg-
ulation of polymer structure and properties is limited due to less
monomer diversity. Developing facile and versatile method for the
synthesis of poly(thioester)s is highly desirable, yet remains
challenging.

Sequence-controlled polymers containing highly ordered multi-
ple monomer units in a polymer chain have attracted widespread
attention*®*, Inspired from nature like DNA, well-defined monomer
sequences in synthetic polymers may deliver applications such as data
storage, catalysis, and nanoelectronics**>. The obvious method for
synthesizing sequence-controlled polymers is to link diverse mono-
mers one by one using iterative chemical steps® %, however, requires
much time and effort to attain high-MW polymers. Another feasible
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Fig. 1| Illustration of the synthesis of poly(thioester)s. a Polycondensation of
dithiols and dicarboxylic acids. b Representative monomers for the synthesis of
polymers containing side-chain thioester groups. ¢ Representative cyclic thioester-
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Atom-economical >90% yield Thioester-based functions
containing monomers for ROP or ROCOP to synthesize poly(thioester)s. d This
work: step polymerization of cyclic thioanhydrides, diacrylates, and diols (or

diamines).

method is through monomers containing a predesigned sequence™ ',
however, usually requires inefficient monomer synthesis. The direct
polymerization of various monomers in one step is the simplest
method to prepare sequence-controlled polymers®>”, but is still rare.
The precise incorporation of thioester bonds into sequence-controlled
polymers is even rarer.

Here, we report the step polymerization of cyclic thioanhydrides
(A), diacrylates (B), and diols (or diamines, C). The method yields 107
polymers containing ABAC-type units and precisely distributed in-
chain thioester bonds. The polymers have widely tuned structure and
properties owing to their structural diversity. In addition to easily
accessible monomers, the method is nearly quantitative yield, atom-
economy, and metal-free/catalyst-free.

Results
We first studied the kinetics of the step polymerization of cyclic
thioanhydrides, diacrylates, and diols by the in-situ infrared (IR)
spectrometer (Figs. S7-S10). The in-situ IR instrument can display the
FT-IR spectra of the reaction mixture in real time, thus revealing the
composition and monitoring the polymerization process. The mono-
mers used include 1,10-decanediol, 1,10-decanediol diacrylate, and
succinic thioanhydride (Fig. 2a). The common organobase of
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) was used as the catalyst.
With a molar ratio of [diolly:[diacrylate]o:[thioanhydride]o:[DBU] =
50:50:100:1, the polymerization was run at 90 °C without solvent. The
evident peak at 1735 cm™ in the IR spectrum of the obtained polymer is
ascribed to the in-chain C=0 bond, which is absence in the IR spectra
of the monomers (Fig. S7). As shown in the stacked in-situ IR profile
(Fig. 2b), the peak at 1735cm™ grows rapidly and reaches almost
equilibrium within 90 min (Fig. 2c). The obtained polymer contains in-
chain thioester bonds and ABAC-type repeating units, as determined
by the NMR spectra (Figs. S13 and S14). By contrast, under the same
conditions, the direct step-polymerization of 1,10-decanediol and 1,10-
decanediol diacrylate was failed.

Then, the density functional theory (DFT) calculations were per-
formed to investigate the  polymerization = mechanism

(Fig. 2d and Supplementary Information). We selected the addition of
succinic thioanhydride, ethanol, and methyl acrylate as a model reac-
tion. First, the oxygen anion (S1, 1.63 kcal mol™) generated from the
DBU-catalyzed deprotonation nucleophilic attacks the carbonyl group
of succinic thioanhydride via TS1 with a barrier of 18.44 kcal mol’,
yielding the thioester anion of $2 (=3.61 kcal mol™). Then, the thioester
anion nucleophilic attacks the C = C bond of methyl acrylate through
TS2 with a barrier of 15.67 kcal mol™, affording the negatively charged
intermediate of $3 (5.22 kcal mol™). Finally, the protons are transferred
to S3, yielding the final three-component addition product of S4
(-12.2 kcal mol™). As a control, the direct addition of ethanol to methyl
acrylate requires a higher barrier of 31.06 kcal mol™. Thus, the cou-
pling reaction of thioanhydride, alcohol, and acrylate undergoes cas-
cade Michael additions with chemoselectivity.

After understanding the polymerization kinetics and mechanism,
we extended the polymerization method to a variety of monomers.
The monomers used include 13 diols, 9 diacrylates, and 3 cyclic
thioanhydrides. The common diols and diacrylates are commercially
available and are used as purchased without purification. The cyclic
thioanhydrides are synthesized by a simple method: reacting sodium
sulfide with related cyclic anhydrides (Figs. S1-S6)’%. The obtained
cyclic thioanhydrides are sublimated twice for purification before use
for polymerization. The cyclic thioanhydrides used are solids and do
not release the unpleasant odor that sulfides often carry. The opti-
mized polymerization conditions include: [diolly:[diacrylate]o:
[thioanhydride]o:[DBU] = 50:50:100:1, at 90 °C, for 12 h (Table S1). By
the versatile method, we prepared polymers of P1 to P36 having
weight-average molecular weight (M,,) of 8.6-47.5kDa and poly-
dispersity (P) of 1.6-2.3, as determined by gel permeation chromato-
graphy (GPC) (Fig. 3 and Table S2). In step polymerization, the feeding
ratio of functional groups has a great influence on the molecular
weight of the obtained polymer. The difference in the M,, is mainly
attributed to the monomer purity and the feed error. To obtain high-
M,, polymers, pure monomers and accurate feeding ratios are neces-
sary. These polymers incorporate ABAC-type repeating units con-
taining precisely distributed in-chain thioester bonds, as revealed by
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polymerization. ¢ Time-dependent peak intensity at 1735 cm™ in-situ IR profile.
d Free energies associated with the coupling of ethanol, succinic thioanhydride,
and methyl acrylate.

the NMR spectra (Figs. S11-S82). Owing to the step-growth poly-
merization mechanism, the yields of the polymers are >90%, as
determined by the weighing method. Additionally, the obtained
polymers are metal-free and colorless and have high solubility in
organic solvents like THF, CH,Cl,, and DMF.

These polymers demonstrate widely tunable properties owing to
their structural diversity. The polymers exhibit high thermal stability
with high decomposition temperatures (7 sy) of 222-342 °C, as deter-
mined by thermogravimetric analysis (Figs. 4a and S242-S313). The
thermal stability of these polymers is generally negatively correlated
with the density of in-chain easy-to-break carbon-heteroatom bonds. For
instance, as illustrated in Fig. 4a, the polymers (P1 to P5 and P10 to P14)
with x> 9 and y =9 present high T4 sy of >300 °C. The polymers con-
taining in-chain long-carbon chains (P1 to P5, P10 to P14) or oxamide
groups (P6 to P8, P15 to P18) are semi-crystalline. The polymers with
long-carbon chains are analogous to linear polyethylene incorporating a
low density of in-chain thioester and ester groups™. The in-chain

oxamide groups can provide hydrogen bonding of polymers. These
polymers show melting temperatures (7;,,) of 43-98 °C, as determined
by differential scanning calorimetry (DSC, Figs. 4b and $242-S313). The
Tm values are related not only to the carbon number (x) of diamines and
the carbon number (y) of diacrylates, but also to the presence of
hydrogen bonding. For example, P10 to P14 exhibit gradually increasing
Tm (43, 44, 55, 62, and 66 °C). P7 and P8 exhibit higher T, (95°C and
98 °C) compared to P4 and P5 (65°C and 70 °C) (Fig. 4c). Also, the
crystallinities of the polymers are confirmed by the wide-angle X-ray
scattering diffraction (WAXD, Figs. S456 and S457). By tensile stress-
strain experiments, the specimens of semi-crystalline P7 (7;,,=95°C)
show the ultimate tensile strength (og) of 25.0 MPa and the elongation at
break (eg) of 34% (Fig. S460). Other obtained polymers are amorphous
and show a broad range of glass-transition temperatures (7T,) ranging
from -29 to 72 °C (Figs. 4c¢ and S242-S313).

Owing to the incorporation of massive in-chain ester and thioester
bond, the polymers are easy to degrade under alkaline conditions. We
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Fig. 3 | Synthesis of P1 to P36 from diols, cyclic thioanhydride, and diacrylates. Polymerization conditions: at 90 °C, using DBU as a catalyst, for 12 h,
[diollp:[diacrylate]o:[thioanhydridelo:[DBU] = 50:50:100:1. M, and D values are determined by GPC in THF, calibrated with polystyrene standards.

examined the alkalysis of the P2 (1.0g) in a methanol solution of
sodium hydroxide (0.35 M). The polymer was completely degraded at
60 °C for 12 h (Supplementary Information). After simple purification,
we obtained 0.49 g (97% yield) of 1,10-diol and 0.82 g (97% yield) of the
mixture of sodium mercaptocarboxylate and sodium dicarboxylate
(Figs. 4d and S497-S500).

We then sought to improve the mechanical and thermal proper-
ties of the polymers by introducing in-chain amide groups that can
provide hydrogen bonding of polymers. The step polymerization of di-
primary amines, diacrylates, and cyclic thioanhydrides was achieved in
the absence of catalysts, owing to the strong nucleophilicity of amines.
The polymerization kinetics was monitored using the in-situ IR

spectrometer. The selected monomers include 1,3-bis(aminopropyl)
tetramethyldisiloxane, 1,10-decanediol diacrylate, and succinic
thioanhydride (Fig. 5a). With a molar ratio of [diamine]o:[diacrylate]o:
[thiocanhydride]o =1:1:2, the polymerization was run at 60 °C without
solvent. The peak at 1735cm™ attributed to the C=0 bond of the
resulting polymer increases rapidly and reaches near equilibrium in
60 min, as shown in the stacked in-situ IR profile (Fig. 5b, c). The
obtained polymer in 120 min has an M,, of 52.6 kDa, suggesting a rapid
manner of the polymerization. The polymer contains precisely dis-
tributed thioester, ester, and amide groups in repeating units, as
determined by the NMR spectra (Figs. S133 and S134). By contrast,
under the same conditions, the direct step-polymerization of 1,3-bis(3-
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aminopropyl)tetramethyl disiloxane and 1,10-decanediol diacrylate
yielded the insoluble cross-linked polymer, reaching near equilibrium
in 90 min (Figs. S9 and S10). We propose that the crosslinked
polymer is formed through a Michael addition mechanism, wherein
the primary amine reacts with the acrylate to generate a secondary
amine, which subsequently undergoes a second Michael addition
with another acrylate moiety, leading to the formation of the cross-
linked network.

The DFT calculations were also run to study the polymerization
mechanism and selectivity (Fig. 5d and Supplementary Information).
The addition reaction of succinic thioanhydride, n-butylamine, and
methyl acrylate was selected as a model reaction. The primary amine
nucleophilic attacks the carbonyl group of succinic thioanhydride via
TSI” with a barrier of 14.30 kcal mol™, affording the thioacid of S1’
(4.26 kcal mol™). The deprotonation of SI’ generates the thioester
anion of $2’ (-10.92 kcal mol™). The thioester anion then nucleophilic
attacks the C = C bond of methyl acrylate through TS2’ with a barrier of
9.62 kcal mol™, yielding the negatively charged intermediate of $3’
(8.29 kcal mol™). The final product of S4’ (-18.98 kcal mol™) is gener-
ated by the transfer of protons. As a control, the direct addition of n-
butylamine to methyl acrylate requires a higher barrier of
19.48 kcal mol™. Therefore, the cascade Michael additions lead to the
coupling reaction with chemoselectivity. Additionally, the use of
amines for the coupling reaction requires a lower activation energy
(14.30 vs. 18.44 kcal mol™) than the use of alcohols by comparing
energy files in Figs. 2d and 5d. These calculations are consistent with
the experimental results that the amine-based polymers generally
exhibit higher M,, than the alcohol-based polymers. The experimental
results are caused by the nucleophilicity of amines being much higher
than that of alcohol.

We then extended the versatile polymerization method to 6 di-
primary amines, 7 diacrylates, and 2 cyclic thioanhydrides. The opti-
mized polymerization conditions include: [diamine]o:[diacrylate]o:
[thioanhydride]o =1:1:2, at 60 or 90 °C for 2 h, and DMF as a solvent
(Table S3). Generally, the solubility of these polymers in organic sol-
vents is lower than that of polymers synthesized from diols, possibly
due to the interaction of hydrogen bonds. DMF with strong solubility is
therefore selected as the solvent for the polymerization of diamines,
diacrylate, and cyclic thioanhydrides. The method yielded 71 polymers
of P37 to P107 with M,, of 25.1-175.4 kDa and P of 1.2-2.5 (Fig. 6 and
Table S4). The multimodal GPC curves of the polymers are mainly due
to the heterogeneity of the system during the polymerization process.
These polymers possess ABAC-type units containing precisely dis-
tributed in-chain thioester, ester, and amide groups, as determined by
the NMR spectra (Figs. S83-5224). Combining kinetics results and DFT
calculations, we can get the conclusion that the method presented in
this study leads to well-defined sequence-controlled polymers.

Owing to the incorporation in-chain amide groups, the obtained
polymers demonstrate improved thermal and mechanical properties.
The obtained polymers (P37 to P107) show high T4 5y of 241-305°C
(Figs. S314-S455). The polymers (P51, P52, P56 to P71, P86 to PSS, P91
to P106) are amorphous, which were synthesized from diamines
bearing flexible chain or large steric hindrance including 1,3-bis(3-
aminopropyl)tetramethyl disiloxane, 1,2-bis (2-aminoethoxy) ethane,
and isophoron diamine. These amorphous polymers exhibit 7, ranging
from -36 to 44 °C (Figs. 7a and S314-S455). The large steric hindrance
of diamine leads to higher T (>0 °C) of the polymers. Additionally,
due to the presence of hydrogen bonding that acts as physical cross-
linking points, some of the amorphous polymers are thermoplastic
elastomers (Figs. S470-S479, S488-S490, and S493-S495). For
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instance, the cyclic tensile testing curves of P93 were demonstrated in
Fig. 7b. The P93 specimens were stretched to the maximum elongation
of 200%, then released to 0% at 10 mm min.. A total of 10 cycles were
performed without delay between stretching and releasing cycles. The
recovery rates [(emax- Eresidual) €max 1 Was calculated as 99% in ten
cycles. Other obtained polymers are semi-crystalline with T, of
64-133 °C (Figs. 7c and S314-S455). The crystallinities of the polymers
are also confirmed by the WAXD patterns (Figs. S458 and S459). Some
of the semi-crystalline polymers exhibit good mechanical properties
(Figs. S461-S469, S480-S487, and S496). As an example, the speci-
mens of P90 prepared by melt processing demonstrate the og of
25.7 MPa and the eg of 832% (Fig. 7d).

We also provided some computational evidence on the influ-
ence of hydrogen bonding on the thermal properties of the poly-
mers. P47 was selected as a representative case. The corresponding
diamine was replaced with a diol containing an identical alkyl chain,
yielding polymer P47-1. DSC analysis revealed that the 7, of P47
(-11°C) is higher than that of P47-1 (-36 °C) (Fig. S507). Also, P47
exhibits a T;;, of 100 °C while P47-1 exhibits no T,,,. To further explore

this phenomenon, molecular dynamics simulations of P47 and P47-1
were performed using the GROMACS software package (2018).
Balancing computational efficiency with accuracy, 10 polymer
chains, each comprising 9 ABAC repeating units, were placed in a
4x4x4nm3 simulation box. Following energy minimization,
annealing was conducted from 700K to 200K at a rate of 10 K/ns,
employing the GAFF force field and excluding polymer chain
decomposition. The simulations identified T, of 419.5K for P47 and
395.5K for P47-1 (Fig. S508). This difference suggests stronger
intermolecular interactions in P47. To quantify these interactions,
additional simulations were carried out under NPT ensembles at
297K for 20 ns. The analysis decomposed interactions into Cou-
lombic (Coul-SR) and van der Waals (LJ-SR) contributions. As illu-
strated in Fig. S509, van der Waals forces dominate in both
polymers; however, total intermolecular interactions are stronger in
P47 compared to P47-1. For P47, the strongest interaction occurred
between chains r6 and r7 (-984.89 kJ/mol; Coulomb: -256.27 kJ/mol,
VdW: -728.62 kJ/mol), whereas for P47-1, it was between chains r3
and r7 (-669.15 kJ/mol; Coulomb: -118.11 kJ/mol, VdW: -551.04 kJ/
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[diamine]y:[diacrylate]o:[cyclic thioanhydride]o =1:1:2. M,, and D values are determined by GPC in DMF with 0.05M LiBr, calibrated with polystyrene standards.

mol). Crucially, the interaction regions highlighted significant
differences: while P47-1 exhibited ester group interactions, P47
displayed pronounced hydrogen bonding. The stability and persis-
tence of hydrogen bonding in P47 further explain its superior T /T,
and enhanced intermolecular interactions (Fig. S510).

In conclusion, we have reported a facile and versatile method to
precisely incorporate thioester bonds into sequence-controlled poly-
mers. The step polymerization of cyclic thioanhydride, diacrylates, and
diols/diamines features easily accessible monomers, metal-free/cata-
lyst-free, atom-economical, and wide monomer scopes. Using diverse
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monomers, the polymerization yields 107 polymers with >90% yields
and M,, as high as 175.4 kDa. The rapid polymerization kinetics is
monitored by the in-situ IR spectrometer. The polymerization
mechanism and selectivity are revealed by DFT calculations of the
model reaction. The library of polymers incorporates ABAC-type units
and precisely distributed thioester and ester (and amide) groups.
These polymers manifest a wide range of desirable and tunable
properties: Tgsy%>220TGA°C, Ty of -36-72°C, T, of 43-133°C,
degradability, thermoplastics and elastomers, and thioester-given
functions. This study provides a versatile method to synthesize a
library of thioester-containing sequence-controlled polymers, which
could attract general interests from researchers in polymer chemistry
and materials science.

Methods

Materials

All chemicals were used as received without further purification.
1,5-Pentamethylene glycol diacrylate (97%), 2,5-furandimethanol
(98%), and sodium trifluoroacetate (97%) were purchased from Alad-
din. 1,4-Butylene glycol diacrylate (90%), neopentyl glycol diacrylate
(89%), 1,6-hexamethylene glycol diacrylate (85%), 1,9-nonamethylene
glycol diacrylate (98%), 1,10-decamethylene glycol diacrylate (90%),
diethylene glycol diacrylate (75%), tetraethylene glycol diacrylate
(90%), 1,4-benzenedimethanol (99%), isosorbide (98%), 1,6-hex-
ylenediamine (99%), 1,7-diaminoheptane (98%), isophorondiamine
(99%), N,N-bis(2-hydroxyethyl)oxamide (98%), and DBU (98%) were
purchased from TCI. 1,3-Bis(3-aminopropyl)tetramethyldisiloxane

(97%), 1,10-decanediamine (97%), 1,8-diamino-3,6-dioxaoctane (98%),
and DMF (99.8%, Super Dry) were purchased from J&K Chemical.
Succinic anhydride (98%), glutaric anhydride (98%), and phthalic
anhydride (99%) were purchased from Macklin. Sodium hydroxide
(96%), dichloromethane (99%), ethanol (99%), methanol (99%), tri-
chloromethane (99%), methyl tert-butyl ether (99%), tetrahydrofuran,
hydrochloric acid (-36%), sodium sulfide nonahydrate (98%), and
anhydrous magnesium sulfate (98%) were purchased from SCR.

Characterization and processing techniques

'H and C NMR spectra were performed on a Bruker Advance DMX
400 MHz. And chemical shift values were referenced to the signal of
the solvent (residual proton resonances for 'H NMR spectra, carbon
resonances for ®C NMR spectra).

Infrared spectra of polymer samples were recorded on Nicolet
iS20 attenuated total reflection spectrometer.

The M,, and P of polymers (P37 to P107) were determined by a
DSC equipment composed of Waters 1515 isocratic HPLC pump,
Waters 2414 refractive index detector, Waters 2707 autosampler and
Styragel series columns (HR3, HR4 and HR5, MW between 500 and
4,000,000). DMF (containing 0.05 mol/L of dry LiBr) was employed as
eluent with a flow rate of 1 mL/min at 60 °C. Commercial polystyrenes
were used as the calibration standards.

The M,, and P of polymers (P1 to P36 with poor solubility in DMF)
were determined by a DSC equipment composed of Waters 1515 iso-
cratic HPLC pump, Waters 2414 refractive index detector, Waters 2707
autosampler and Styragel series columns (HR1, HR2 and HR4, MW
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between 100 and 600,000). THF was employed as eluent with a flow
rate of 1 mL/min. Commercial polystyrenes were used as the calibra-
tion standards.

The T4 of the polymers were determined by using TA Q50
instrument. The sample was heated from 40 to 600 °C at a rate of
10 °C/min under nitrogen atmosphere. Temperature when the mass
loss is five percent was taken as Tg s.

DSC measurements of polymers were carried out on a TA Q200
instrument with a heating/cooling rate of 10 °C/min. Data reported are
from second heating cycles.

WAXS diffractograms were recorded on a Rigaku Utima IV
instrument.

Tensile tests were performed on an Instron 3343 instrument at a
crosshead speed of 10 mm/min on compression-moulded tensile
testing specimens. Extension to break tests were performed with three
replicates per material to report average values and standard devia-
tions for each set.

Data availability

Data supporting the findings of this study are available within the
article (and its Supplementary information files). All other data are
available from the corresponding author upon request.
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