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polymerization of salicylate cyclic esters
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Xiaobo Pan a and Jincai Wu *a

Salicylate copolyesters are promising biomedical materials due to their biodegradability, biocompatibility,

and bioactivity. Eliminating toxic catalyst/initiator residues in polymers is of great importance for their

medical applications; however, achieving this remains a formidable challenge in controllable high-

molecular-weight polyester synthesis in certain cases. In this work, dimethylformamide (DMF) and

dimethyl sulfoxide (DMSO) as weak hydrogen-bonding catalysts are found to efficiently catalyze the

controllable ring-opening polymerization (ROP) of salicylate cyclic esters, where the phenolic ester bond

in the monomer is selectively cleaved rather than that in the polymer chains. Therefore, high-molecular-

weight salicylate copolyesters in a controlled manner (Mn, PSG = 177.5 kg mol−1 and Mn, PSMG = 530.0 kg

mol−1) are successfully synthesized due to effective suppression of backbiting and intermolecular

transesterification side reactions. DMF and DMSO are easily removed through devolatilization after

polymerization, eliminating tedious purification steps and toxicity concerns for potential medical

applications. In addition, the polymerization remains well-controlled even in the presence of water.

Theoretical calculations indicate that DMF/DMSO catalyze the ROP through weak hydrogen interactions

with the monomer and initiator/phenolic propagation species, which enables the selective ROP of

salicylate cyclic esters.
Introduction

The production of biodegradable polymers reached 2.47 million
tonnes in 2024 and will hit 5.73 million tonnes by 2029 (ref. 1)
due to their potential to end plastic pollution.2,3 Among them,
polyesters such as polylactide (PLA), polycaprolactone (PCL),
poly(glycolic acid) (PGA), poly(hydroxy alkanoates), and
poly(butylene adipate-co-terephthalate) are the primary ones.4–13

Some of them are widely applied in the drug, food, and
healthcare industries due to their good biocompatibility. For
medical applications, catalyst residues in polymers are subject
to strict limits; for example, tin residues in medical-grade
polylactide are required to be below 20 ppm by the U.S. Food
and Drug Administration (FDA).14,15 Therefore, non-toxic metal
and metal-free catalysts are widely explored.16–28 However, the
toxicity of organic catalysts and most ligands of non-toxic metal
complexes remains ambiguous.

Salicylate-based polyesters are promising medical polymers
that exhibit better biodegradability than polylactide.4,29,30 In
addition, salicylate-based copolyesters can demonstrate good
antimicrobial activity.31 However, the synthesis methodology for
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high-molecular-weight salicylate-based polyesters still requires
further exploration because the highly active phenolic ester
bonds in monomer and polymer chains lead to serious side
reactions during the ROP of related cyclic esters, such as
intermolecular transesterication and backbiting reactions
when using tin(II) 2-ethylhexanoate (Sn(Oct)2)30 or 4-di-
methylaminopyridine (DMAP)32 as a catalyst. Therefore,
synthesizing high-molecular-weight salicylate-based polyesters
is challenging. Recently, it was reported that tetra-
butylammonium halides can selectively ring-open monomers
while remaining inactive toward polymer chains in bulk poly-
merization, and high-molecular-weight lactic acid salicylate
copolyester (PSMG with Mn = 361.8 kg mol−1 and narrow di-
spersity Đ = 1.25) was achieved.33 However, it is difficult to
completely remove tetrabutylammonium chloride from the
polymer (tetrabutylammonium chloride can decompose and
volatilize above 170 °C).34 At such high temperatures, salicylate-
based copolyesters (such as PSMG) tend to undergo a certain
degree of degradation, which prevents the complete removal of
tetrabutylammonium halides.33

In this work, DMF/DMSO was fortunately discovered as
a green catalyst for the ROP of salicylate cyclic esters (Scheme 1).
In this catalytic system, DMF/DMSO shows good selectivity
toward the cleavage of the phenolic ester bond in the monomer
rather than in polymer chains. Controllable high-molecular-
weight copolyesters can also be achieved (PSMG with Mn =
Chem. Sci., 2025, 16, 23203–23213 | 23203
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Scheme 1 (a) Previous catalysts for uncontrolled ROP of cyclic phenolic ester monomers. (b) TBACl for controlled ROP of cyclic phenolic ester
monomers. (c) DMF/DMSO catalytic system for controlled ROP of cyclic phenolic ester monomers.
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198 kg mol−1 and Đ= 1.25 using DMF andMn = 530.0 kg mol−1

and Đ = 1.28 using DMSO). In addition, traces of water do not
inhibit the controllability of the ROP of salicylate cyclic esters;
replacing phenolic initiators with water still enables controlled
ROP. More importantly, DMF/DMSO can be easily removed via
a simple devolatilization process at room temperature. In this
system, DMF/DMSO acts as both solvent and the catalyst and
can be recycled through devolatilization under vacuum.
Results and discussion
Catalytic ROP of SMG, SEG, SG, and SBG using DMF/DMSO as
solvent and catalytic species

Based on previous controllable ROP of salicylate cyclic esters
catalyzed by tetrabutylammonium halides via hydrogen bond
interactions between the catalyst, monomer, and initiator, the
weak activation of the monomer is necessary to avoid activation
of the phenolic ester bond in polymer chains and to selectively
cleave the phenolic ester bond in the monomer rather than in
polymer chains. Aer careful literature research, it was found
that DMF35,36 and DMSO37–39 can act as weak Lewis bases to
stabilize cationic intermediates and catalyze some organic
reactions, for example, by raising intramolecular hydroarylation
of alkene with simple arene,35 by acting as Lewis base catalysts
in the chlorination of (hetero)arenes,38,39 and sometimes by
playing a synergistic role with a base in the initiation of the
radical process of a-arylation of enolizable aryl ketones.36

Thus, by employing DMF as both the solvent and catalyst,
the ROP of lactic acid salicylate copolyester (PSMG) was
23204 | Chem. Sci., 2025, 16, 23203–23213
conducted at 40 °C with p-methoxyphenol as the initiator,
maintaining a ratio of [I]0/[PSMG]0 at 1 : 100 and a monomer
concentration in DMF of 1 M. Under these conditions, 90% of
the monomer was converted aer 1 hour (Table S1, entry 2).
Both the NMR molecular weight (Fig. S1) and the gel perme-
ation chromatography molecular weight were consistent with
the theoretical value of 18.0 kg mol−1. When the temperature
was decreased to 20 °C, the polymerization process became
signicantly slower (Table S1, entry 1), indicating that the
energy barrier for this polymerization is not particularly low.
Upon changing the solvent to amixture of DMF and toluene, the
polymerization was almost undetectable within 2.5 hours when
the DMF content was below 20% (Table S2, entry 6). At a DMF
proportion of 60 vol%, 56% of the monomer was converted
under identical conditions, and the conversion gradually
increased with higher DMF concentrations (Table S2, entries 1–
5). All synthesized polymers exhibited Mn values that closely
matched theoretical predictions and displayed narrow di-
spersity (Đ = 1.2–1.3). However, the Size-Exclusion Chroma-
tography (SEC) traces revealed shoulder peaks when 60–80 vol%
DMF was used as the solvent (Fig. S2c–e), which disappeared
when the DMF concentration reached $90 vol%, resulting in
monomodal distributions (Fig. S2a and b). Therefore, DMF
concentrations below 90 vol% not only reduced catalytic effi-
ciency but also raised side reactions, likely due to insufficient
activation of both the initiator and the monomer. Polymeriza-
tion nearly ceased below 20 vol% DMF, further emphasizing the
essential role of high DMF content in maintaining polymeri-
zation control.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Controllable polymerization of SMG and SEG in DMFa

Entry [I]0/[M]0 T/°C t/h Conv. b/% Mn,calcd
c (g mol−1) Mn,NMR

c (g mol−1) Mn,obsd
d (g mol−1) Đd

1 1 : 25 40 0.5 97 4700 6700 6300 1.16
2 1 : 100 40 1 90 18 000 25 900 22 000 1.28
3 1 : 200 40 2 97 38 300 47 000 50 000 1.31
4 1 : 400 40 2.5 99 76 000 80 000 83 000 1.25
5 1 : 600 40 3 99 115 000 — 128 000 1.23
6 1 : 800 40 3.5 99 153 000 — 155 000 1.29
7 1 : 1000 40 3.5 97 182 000 — 195 000 1.25
8e 1 : 500 40 3 96 99 000 — 115 000 1.18
9e 1 : 1000 40 4 98 202 000 — 217 000 1.31

a Conditions: under a dry N2 atmosphere, DMF, initiator = p-methoxyphenol, [M]0 = 1 M, monomer = SMG. b Determined using the 1H NMR
spectrum. c Calculated from MSMG × [SMG]0/[I]0 × conversion yield + Mp-methoxyphenol.

d Absolute values of Mn and Đ determined by SEC in THF.
e SEG.

Fig. 1 (a) Plots of the relationship between Mn and molecular weight distribution Đ of the polymer versus [SMG]0/[I]0 ratios, and representative
SEC traces of PSMG (Table 1, entries 2–7); the black fitted line exhibits excellent correlation (R2= 0.99). (b) MALDI-TOFMS of PSMGwas obtained
in THF using DMF as a catalyst (Table 1, entry 1).
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With the optimized catalytic system, the polymerization of
the SMGmonomer was systematically investigated at a constant
monomer concentration ([M]0 = 1 M) and varying [I]0/[M]0
ratios from 1 : 25 to 1 : 1000 (Table 1, entries 1–7). The experi-
mental Mn values closely matched the theoretical predictions
across the full [SMG]0/[I]0 range, exhibiting linear growth
behavior (Fig. 1a). SEC analysis further conrmed narrow di-
spersity (Đ z 1.25) for all synthesized polymers, indicating
controlled polymerization. Under optimal conditions ([I]0/[M]0
= 1 : 1000), PSMG with Mn = 198.0 kg mol−1 was successfully
synthesized (Table 1, entry 7 and Fig. S11). Aer completion of
the polymerization, direct solvent recovery was performed.
Initial vacuum treatment at room temperature yielded a poly-
mer with approximately 3% residual solvent, as determined by
1H NMR analysis (Fig. S16). This corresponds to a solvent
recovery efficiency of 97.8%. The polymer was heated to 130 °C
under continued vacuum, aer which no solvent signal was
observed in the 1H NMR spectrum (Fig. S17) to remove residual
solvent. This method successfully enabled direct solvent
recovery and efficient solvent removal. At an initial [I]0/[M]0
ratio of 1 : 25, matrix-assisted laser desorption/ionization time-
of-ight mass spectrometry (MALDI-TOF MS) analysis of the
resulting polymer (Table 1, entry 1) displayed a series of well-
dened peak clusters at m/z = 123 + n × 192 + 1 + 23
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 1b), corresponding to polymer chains composed of n
repeating SMG units (Dm/z = 192 matching the monomer
molecular weight). The terminated p-methoxyphenoxy end
group, veried by both NMR and MALDI-TOF MS, conrmed
the formation of linear polymers with controlled architecture.
No cyclic polymers were detected in this MALDI-TOF MS, indi-
cating that side reactions were minimal in this catalytic system.
These ndings indicated that DMF, serving as both solvent and
the catalytic medium, can effectively and selectively activate
phenolic ester groups in the monomer, enabling the controlled
synthesis of high molecular weight polymers.

Methyl 2-((2-acetoxypropanoyl)oxy)benzoate (MAOB) was
designed as a model compound representing the phenolic ester
bond in polymer chains (Scheme S3, Fig. S3 and 4) to clarify the
high selectivity of the DMF solvent system toward the cleavage
of phenolic ester bonds in monomers rather than those within
polymer chains. The chiral methine proton signal of MAOB at
5.37–5.41 ppm shied to 5.22–5.26 ppm in the corresponding 4-
methoxyphenyl-2-acetoxypropanoate (4-MAP) aer the methyl
salicylate group was substituted by the p-methoxyphenoxy
group through a transesterication reaction between MAOB
and p-methoxyphenol (Fig. 2 and S5–7). No reaction was
observed between p-methoxyphenol andMAOB in DMF at 40 °C,
even aer 5 hours, as evidenced by the unchanged NMR
Chem. Sci., 2025, 16, 23203–23213 | 23205
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Fig. 2 Methine proton signals in 1H NMR spectra for exploring the
phenolic ester bond cleavage reaction of MAOB using DMF and DMAP
as catalysts.
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spectrum of MAOB. This result indicates that DMF cannot
catalyze the cleavage of phenolic ester bonds in linear polymer
chains. In contrast, under identical conditions with DMAP as
a catalyst, 23% of MAOB was converted to 4-MAP, indicating
a pronounced transesterication side reaction. These results
demonstrate that high concentrations of DMF selectively acti-
vate phenolic ester bonds in cyclic SMG monomers while
preserving those within polymer chains. This high selectivity
ensures chain-end stability during propagation and is critical
for synthesizing high molecular weight PSMG with narrow
dispersity.

Then the ROP behaviors of other similar cyclic monomers,
including salicylic glycolide (SG) (Scheme S1 and Fig. S8), sali-
cylic ethyl glycolide (SEG) (Scheme S2 and Fig. S12), and salicylic
benzyl glycolide (SBG) (Scheme S2 and Fig. S14), were system-
atically evaluated. Using DMF as a catalyst, the ROP of SEG
exhibited good controllability. When the initiator-to-monomer
ratio ([I]0/[M]0) varied from 1 : 500 to 1 : 1000 (Table 1, entries
8–9; Fig. S18a and b), the Mn values of poly(SEG) (PSEG) (Fig.
S13) were consistent with theoretical predictions, achieving Mn

= 217.0 kg mol−1 under 1 : 1000 conditions with narrow
Table 2 Controllable polymerization of SG, SBG, SMG and SEG in DMSO

Entry [I]0/[M]0 T/°C t/h Conv. b/% Mn,calcd
c

1 1 : 25 40 0.5 95 4200
2 1 : 100 40 1 97 17 200
3 1 : 500 40 3 97 86 000
4 1 : 1000 40 5 99 176 220
5e 1 : 500 40 1 94 125 000
6e 1 : 1000 40 1.5 98 263 000
7f 1 : 1000 40 1 93 178 000
8f 1 : 2000 40 4 75 288 000
9g 1 : 1000 40 1.5 98 202 000

a Conditions: under a dry N2 atmosphere, DMSO, initiator = p-methoxyp
spectrum. c Calculated from MSMG × [SG]0/[I]0 × conversion yield + Mp-m
solvent CHCl3 +30% HFIP (SG) and in THF (SBG, SMG, and SEG). e SBG.

23206 | Chem. Sci., 2025, 16, 23203–23213
dispersity (Đ = 1.31). However, experimental observations
revealed that the DMF/p-methoxyphenol initiating system failed
to promote the ROP of SG (Table S3, entry 1). When DMF was
replaced with DMSO, due to its higher catalytic activity, SG
polymerization proceeded effectively at [I]0/[M]0 = 1 : 25
(Table 2, entry 1). DFT calculations (Fig. S40) showed that the
transition state of the SG monomer in DMF (TSpath6) is
approximately 2 kcal mol−1 higher than that in DMSO (TSpath7).
Therefore, the lower energy barrier in DMSO facilitates more
efficient ring-opening polymerization of SG. The carbonyl
carbon in TSpath7 of the DMSO system carries a charge of +0.697,
which is higher than that in TSpath6 of the DMF system (+0.681),
indicating that the phenolic ester bond of SG is more activated
in DMSO than in DMF. In addition, with DMSO as a solvent,
PSG maintained homogeneous dissolution throughout the ROP
process, which represents a signicant advancement consid-
ering its insolubility in THF/toluene. Systematic evaluation of
the polymerization with [M]0/[I]0 ratios ranging from 1 : 25 to 1 :
1000 in DMSO ([M]0 = 1 M, Table 2, entries 1–4) revealed linear
molecular weight growth and narrow dispersity (Đ < 1.24). With
[I]0/[M]0 at 1 : 1000 (Table 2, entry 4 and Fig. S18c), theMn of PSG
(Fig. S9) achieved a record value of 177.5 kg mol−1, surpassing
literature-reported values.32 Therefore, DMSO promotes poly-
merization due to its dual functionality as both a catalytic
species and a solubilizing agent. Unlike SG, SMG, and SEG, the
solubility of the SBG monomer in DMF is very low (monomer-
insoluble/polymer-soluble), leading to anomalous SEC proles
(shoulder peaks, Table S3, entries 2 and 3, Fig. S19a and b) in
the DMF catalytic system, possibly due to localized concentra-
tion gradients. In contrast, DMSO effectively resolved the solu-
bility limitations of SBG (Table 2, entries 5 and 6), enabling the
controlled synthesis of poly(SBG) (PSBG) (Fig. S15) with anMn of
up to 286.0 kg mol−1 (Đ = 1.33) (Table 2, entry 6 and Fig. S18d).
Under optimized conditions ([I]0/[M]0 = 1 : 2000) in the DMSO
solvent catalytic system, the molecular weight of PSMG reached
a high value of 530.0 kg mol−1 (Đ = 1.31) (Table 2, entry 8;
Fig. S18f). However, the observed Mn,obs signicantly exceeded
the theoretical predictions for PSMG (Table 2, entries 7 and 8),
which can be attributed to the high ring strain of the SMG
monomer, endowing it with exceptionally high polymerization
activity and enabling rapid chain propagation within a short
a

(g mol−1) Mn,NMR
c (g mol−1) Mn,obsd

d (g mol−1) Đd

4500 4250 1.05
19 000 17 500 1.11

105 000 93 000 1.15
— 177 500 1.24
— 121 000 1.20
— 286 000 1.33
— 371 000 1.25
— 530 000 1.28
— 288 000 1.30

henol, [M]0 = 1 M, monomer = SG. b Determined using the 1H NMR
ethoxyphenol.

d Absolute values of Mn and Đ determined by SEC in mixed
f SMG. g SEG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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timeframe. In addition, the dense solvation shell formed by
highly polar DMSO molecules around the initiator could have
caused the initiation rate to be slower than the propagation rate
during ROP of SMG. Hence, the dependence of Mn on conver-
sion was analyzed. Table S4 and Fig. S20 indicate that at low
monomer conversion, the polymers exhibited relatively broad
dispersities ranging from 1.7 to 1.9 (Table S4, entries 1 and 2,
Fig. S21a and b). As conversion increased, dispersity gradually
decreased to approximately 1.19 (Table S4, entry 4 and Fig.
S21d). This observation indicates that during the early stage of
polymerization, the initiator efficiency was relatively low, pre-
venting complete initiation within a short time, while the high
monomer reactivity led to rapid chain growth. Therefore, broad
dispersity appeared in the SEC traces. As polymerization pro-
gressed and monomer conversion increased, the polymer
chains reached higher molecular weights, and the non-uniform
initiation in the early stage was masked by rapid chain growth
and the formation of high molecular weight species, leading to
narrow dispersity in the SEC traces. This set of experiments
further conrmed that in DMSO, the initiator efficiency was
suppressed, whereas high monomer reactivity drives rapid
polymer chain growth, resulting in Mn,obsd values deviating
from Mn,calcd values.

Melt polymerization represents a scalable production tech-
nology consistent with the principles of green chemistry and
holds considerable industrial importance. DMSO was utilized
to construct a solvation environment suitable for high-
temperature reactions due to its high boiling point (189 °C)
and low volatility to evaluate the applicability of solvent-
catalyzed systems in melt polymerization. Controlled polymer-
ization of SMG was achieved at an initiator-to-solvent ratio ([I]0/
[DMSO]0) of 1 : 140 and [I]0/[M]0 = 1 : 1000 (a high monomer
concentration [M]0 = 80 M), producing PSMG with Mn = 101.0
kg mol−1 and Đ = 1.14 (Table S5, entry 9). These ndings
conrm that even under molten-state high-temperature condi-
tions, DMSO effectively stabilizes active species through its
solvation effects, suppressing side reactions.
Mechanistic studies

The interaction between DMF and the p-methoxyphenol initi-
ator was examined using 1H NMR titration in chloroform-
d (CDCl3) (Fig. 3a and Table S6) to gain further insight into
the polymerizationmechanism. The hydroxyl proton signal of p-
methoxyphenol appeared as a single resonance, which exhibi-
ted signicant downeld shis upon incremental DMF addi-
tion (0.20–16.45 eq.). These shis indicate dynamic hydrogen
bonding between the phenolic OH and DMF, accompanied by
rapid proton exchange on the 1H NMR timescale. Job plot40,41

analysis revealed a maximum change at a mole fraction value of
approximately 0.34 (Fig. 3b), corresponding to a 1 : 2 binding
stoichiometry between p-methoxyphenol and DMF. This
observation demonstrates that two DMF molecules simulta-
neously coordinate with the initiator. Previous studies have
shown that phenolic hydroxyl groups exhibit enhanced acidity
in polar aprotic solvents.42–44 In such systems, solvent molecules
form a solvation shell around the polarized hydroxyl group of p-
© 2025 The Author(s). Published by the Royal Society of Chemistry
methoxyphenol through hydrogen bonding interactions,
attenuating the coulombic interaction between the oxygen and
proton while stabilizing the ionized state (schematic structural
representation in Fig. 3b). In the present case, dynamic coor-
dination with DMF compensates for entropic penalties through
a synergistic effect, necessitating excess DMF ($10.37 eq.) for
full initiator activation. This cooperative solvation mechanism
accounts for the requirement of high DMF concentrations to
ensure effective initiator activation, overcoming the weak
hydrogen-bonding ability of individual DMF molecules and
enhancing their collective catalytic performance. This mecha-
nism closely parallels that observed in recent studies on hexa-
uoroisopropanol (HFIP)-catalyzed cationic polymerization of
vinyl monomers.45 Similarly, 1H NMR titration in CDCl3
demonstrated that DMSO interacts with p-methoxyphenol in
a manner analogous to that of DMF (Fig. S22 and Table S7). Job
plot analysis revealed a maximum change at a mole fraction
value of approximately 0.38 (Fig. S23), conrming a 1 : 2 binding
stoichiometry between p-methoxyphenol and DMSO.

The ROP of SMG was conducted with four different DMF
concentrations (100, 95, 90, and 85 vol% DMF in toluene),
corresponding to 12.9, 12.3, 11.7, and 11.0 M, respectively,
while maintaining a DMF volume fraction >80 vol% to suppress
side reactions to determine the kinetic order of DMF in the
catalytic system. Real-time monitoring of the polymerization
(Fig. 3c) enabled determination of apparent rate constants (kapp)
through rst-order kinetic tting on the monomer. Linear
regression of −ln(kapp) versus −ln([DMF]0) yielded a slope of
3.35 (R2= 0.99; Fig. 3d), indicating a third-order dependence on
the DMF concentration. Together with the previously estab-
lished 1 : 2 solvent–initiator binding stoichiometry, these
results support a trimolecular cooperative activation model in
which the third DMF molecule likely interacts with the mono-
mer via a hydrogen-bonding interaction (see DFT calculations,
vide infra).

Fourier-transform infrared spectroscopy (FT-IR) was
employed to probe dynamic interactions between DMF and the
p-methoxyphenol initiator (Fig. S24) to substantiate the
proposed mechanism. A gradient concentration protocol was
applied. The O–H stretching vibration of p-methoxyphenol at
3367.53 cm−1 exhibited a pronounced red shi when the
equivalents of DMF to p-methoxyphenol increased to 10.37 (Dn
z −120 cm−1, Fig. S24b). Simultaneously, the C]O stretching
vibration of neat DMF at 1670.16 cm−1 displayed an initial red
shi (Dn z −8 cm−1) at low DMF equivalents to p-methoxy-
phenol (0.203 eq.; Fig. S24c), followed by a gradual return to the
initial wavenumber (1670.16 cm−1) as the DMF equivalents
increased. Therefore, strong hydrogen bonding of O–H/O]C
between the phenolic hydroxyl and the carbonyl group of DMF
is evident. The C–O stretching vibration of p-methoxyphenol at
1231.06 cm−1 exhibited a distinct blue shi (Dnz +4 cm−1, Fig.
S24d), further indicating the DMF coordination effect. This shi
plateaued between 1.83 and 2.74 DMF equivalents, corrobo-
rating the [I]0 : [DMF]0 = 1 : 2 stoichiometry determined by Job
plot analysis through 1H NMR titration. This spectral evolution
reects a dynamic coordination equilibrium, wherein excess
DMF molecules offset entropic penalties through transient
Chem. Sci., 2025, 16, 23203–23213 | 23207
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Fig. 3 (a) The binding interaction between DMF and the p-methoxyphenol was investigated via 1H NMR titration in CDCl3, monitoring proton
signals of the hydroxyl group of p-methoxyphenol. (b) Job plot analysis for 1H NMR titration (c = [I]/([I] + [DMF]), Dd = (d − d0)) and schematic
structural representation of the 1 : 2 stoichiometric complex between p-methoxyphenol and DMF. (c) Plot of SMG conversion vs. time in four
distinct DMF concentration systems. (d) Linear regression analysis of −ln(kapp) versus −ln([DMF]0).
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interactions. Collectively, these ndings demonstrate that DMF
dynamically coordinates with p-methoxyphenol to enhance
oxyanion electronegativity and nucleophilicity while maintain-
ing rapid exchange.

However, the interaction between the SMG monomer and
DMF at a DMF/SMG ratio ranging from 0.2 to 10 cannot be
detected using FT-IR and 13C NMR titration experiments,
possibly because the interaction is very weak and the equilib-
rium constant is small for the complex formed between SMG
and DMF. When large amounts of DMF were utilized, SMG
became labile due to the ROP initiated by residual water (vide
infra) with DMF acting as a catalyst. However, the third-order
dependence on DMF indicates a potential interaction between
SMG and DMF. Therefore, to clarify the catalytic role of DMF/
DMSO in the ROP of the phenolic ester monomer, DFT calcu-
lations were conducted using methyl salicylate as a model
initiator to simulate chain propagation conditions (Fig. 4).
Initially, a trimolecular solvent-activation mechanism was
proposed (Path 1 in Fig. 4a).

At the outset, two adducts were formed: INTpath1 1 (Fig.
S29a), a complex consisting of two DMF molecules and one
methyl salicylate molecule, and another complex composed of
one DMF molecule and one SMG monomer. The catalytic
mechanism proceeds through three coordinated steps: (1)
23208 | Chem. Sci., 2025, 16, 23203–23213
initiator activation, one DMF molecule interacts with the initi-
ator through pronounced hydrogen bonding (C]O/H–O); (2)
oxygen anion stabilization, the second DMF molecule stabilizes
the emerging oxyanion through weaker hydrogen bonds,
enhancing ionization efficiency and electronegativity; and (3)
monomer activation, the third DMF molecule polarizes the
carbonyl group of SMG through hydrogen bonding, thus
lowering the activation barrier for the ring-opening of the
monomer. The transition state TSpath1 (Fig. S29b) exhibited an
activation barrier of 28.19 kcal mol−1, which is dramatically
lower than that of the solvent-free TSpath3 (Fig. S25) barrier
(42.26 kcal mol−1). The Independent Gradient Model based on
Hirshfeld partition (IGMH)46–48 analysis revealed ve charac-
teristic hydrogen-bonding interactions (Fig. 4b and c). The
synergistic effects of these interactions increased the electron
density of the hydroxyl oxyanion, elevating its charge from
−0.648e (INTpath1 1) to −0.731e (TSpath1). Simultaneously,
monomer activation enhanced carbonyl polarization,
increasing the ester carbon charge from +0.638e (INTpath1 1) to
+0.649e (TSpath1). These ndings conrm that DMF at a high
concentration dynamically activates dormant species through
weak non-covalent interactions. The trimolecular DMF coordi-
nation substantially reduces the activation energy barrier,
facilitating efficient nucleophilic attack by the initiator on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Gibbs free energy profile for the ROP of DMF/DMSO catalytic systems and mechanism for ROP of SMG. Calculations indicate a tri-
molecular solvent activation mechanism. (b) Optimized transition structure of TSpath1. (c) Local NCI analysis of TSpath1 using IGMH method
displaying the key five characteristic hydrogen-bonding interactions between methyl salicylate/SMG and DMF. Isosurfaces are generated for s =
0.1 a.u., and the colour scale is in the range of 0.05 < r < −0.05 a.u. Dark blue, blue, green and red indicate regions of bond forming, notable
attraction (hydrogen bond), van der Waals (vdW) interaction and notable repulsion (steric clashes), respectively.
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SMG monomer. This process generates the active intermediate
INTpath1 2 (Fig. S29c), which converts into the thermodynami-
cally stabilized dormant species INTpath1 3 (Fig. S29d). The
catalytic pathway involving two DMF molecules, without
monomer activation, was also examined (Fig. S26); the energy
barrier of TS0path1 at 35.71 kcal mol−1 was higher, indicating
that during the catalytic process, the monomer is likely acti-
vated through the formation of a DMF-SMG adduct.

The catalytic ROP employing DMSO as both solvent and the
catalyst was also analyzed (Fig. 4a, Path 2). Initially, the adducts
INTpath2 1 (Fig. S31a) were formed through the coordination of
two DMSO molecules with methyl salicylate and one DMSO
molecule with SMG. The hydrogen bonding formation energy
barrier between DMSO and methyl salicylate was calculated to
be 4.51 kcal mol−1, signicantly lower than the 6.83 kcal mol−1
© 2025 The Author(s). Published by the Royal Society of Chemistry
observed in the DMF system (INTpath1 1), indicating stronger
thermodynamic stabilization of the DMSO-initiator adduct.
Then, the transition state TSpath2 (Fig. S31b) exhibited an acti-
vation energy of 25.26 kcal mol−1, which is 2.93 kcal mol−1

lower than that of TSpath1 catalyzed by DMF. Similarly, for
transition state TSpath2 (Fig. S27a and b), non-covalent interac-
tion (NCI)49,50 analysis revealed four hydrogen bonds and
a distinctive dipole–dipole interaction (2.87 Å). The sulfur atom
in DMSO, bearing a substantial positive charge (+0.830e),
enhanced dipole coupling with the carbonyl oxygen of the
monomer. This interaction amplied carbonyl polarization,
increasing the carbon charge to +0.701e, which is signicantly
higher than that in the DMF system (+0.649e). The reaction then
proceeded to form the active intermediate INTpath2 2 (Fig. S31c),
ultimately yielding the stabilized dormant species INTpath2 3
Chem. Sci., 2025, 16, 23203–23213 | 23209
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Table 3 Controllable water initiated ROP of SMG in DMFa

Entry [H2O]0/[M]0 T/°C t/h Conv. b% Mn,calcd
c (g mol−1) Mn,obsd

d (g mol−1) Đd

1 1 : 200 40 2.5 91 34 900 41 000 1.43
2 1 : 400 40 3.5 93 71 400 59 000 1.24
3 1 : 600 40 3.5 90 103 000 83 000 1.21
4 1 : 800 40 4 94 145 000 111 000 1.16
5 1 : 1000 40 5 90 173 000 142 000 1.19

a Conditions: solvent= DMF, initiator=H2O, [M]0 = 1 M, monomer = SMG. b Determined using the 1H NMR spectrum. c Calculated fromMSMG ×
[SMG]0/[I]0 × conversion yield + Mp-methoxyphenol.

d Absolute values of Mn and Đ determined by SEC in THF.
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(Fig. S31d). Collectively, the DFT calculations validated the tri-
molecular solvent-cooperative activation mechanism. Both
pathways exhibited signicantly lower activation barriers than
the solvent-free condition (TSpath3, 42.26 kcal mol−1), high-
lighting the synergistic role of high-polarity aprotic solvents
(DMF/DMSO) at elevated concentrations in activating phenolic
initiators and cyclic ester monomers through multi-molecular
coordination. The DMSO system demonstrated consistently
lower barriers than DMF for both intermediates and transition
states, signifying stronger intermolecular interactions among
DMSO, the initiator, and the monomer. These enhanced inter-
actions, particularly the robust dipole–dipole coordination,
substantially improved the thermodynamic favorability of the
ROP process.
Catalyst water tolerance experiment

Given the advantages of weak interactions in adapting to envi-
ronmental conditions, the water tolerance of the catalytic
system was systematically examined. Interestingly, this solvent
catalytic system exhibited remarkable resistance to moisture. In
DMF solvent under conditions of [I]0/[M]0= 1 : 600, the addition
of water at ve equivalents (corresponding to 500 ppm in the
solvent) relative to the initiator (Table S8, entry 4 and Fig. S33c)
resulted in only a slight reduction in catalytic efficiency, with
the monomer conversion decreasing by merely 16%. When
water was considered an initiator, the experimental molecular
weight closely matched the theoretical value. The SEC trace
revealed a bimodal distribution (Đ= 1.57), indicating that water
participated in the initiation process. However, the lower initi-
ating efficiency of water compared to p-methoxyphenol likely
caused the observed bimodality. Simultaneously, MALDI-TOF
MS analysis (Fig. S34) revealed two distinct polymer pop-
ulations initiated by p-methoxyphenol and water, respectively.
At a lower water content of 100 ppm (Table S8, entry 2 and Fig.
S33a), the SEC trace displayed a unimodal peak with a narrow
dispersity (Đ < 1.20), and the conversion exceeded 95%, indi-
cating well-controlled polymerization. These results indicate
that water-initiated ROP follows a slow initiation but a rapid
propagationmechanism. In addition, DFT calculations revealed
that employing water as an initiator (Fig. S36) yielded the
transition state TSpath4 (Fig. S37) with an activation barrier of
29.21 kcal mol−1, slightly higher than that of TSpath1 (28.19 kcal
mol−1). This nding validates the lower initiation efficiency of
water relative to phenol initiators. Within the water initiation
system, weak hydrogen bond interactions with DMF facilitated
23210 | Chem. Sci., 2025, 16, 23203–23213
its activation as an initiator, promoting the ROP of monomers.
This observation motivated further investigation of water as an
initiator for the controlled ROP of phenolic ester monomers. At
[I]0/[M]0 = 1 : 200 (Table 3, entry 1 and Fig. S33d), the experi-
mental molecular weight closely approached the theoretical
value, although the SEC trace exhibited a relatively broad
distribution (Đ = 1.43), again reecting the slow initiation and
fast propagation nature of water in DMF. Increasing the feed
ratio to [I]0/[M]0 = 1 : 1000 (Table 3, entry 5) signicantly
improved polymerization control, producing a polymer with
a molecular weight of 142.0 kg mol−1 and a narrow dispersity (Đ
< 1.20). The molecular weight increased linearly with the
monomer-to-initiator ratio, conrming the controllability of the
solvent system. The presence of water did not disrupt the
dynamic hydrogen bonding network in DMF. Instead, water
molecules were activated by DMF through hydrogen bonding
and directly participated in ROP. The strong moisture tolerance
of the solvent system was further veried in DMSO. At [I]0/[M]0
= 1 : 1000, the addition of up to three equivalents of water (300
ppm) caused only a minor decrease in molecular weight (>300.0
kg mol−1) without signicantly affecting catalytic efficiency
(Table S9, entries 2–4, Fig. S32g and h). Even at 500 ppm water
(Table S9, entry 5 and Fig. S33i), the conversion decreased to
69%, but the polymerization remained well-controlled, yielding
a high-molecular-weight polymer (282.0 kg mol−1) with
a narrow dispersity (Đ= 1.16). MALDI-TOFMS analysis detected
polymer chains initiated solely by p-methoxyphenol, with no
signals arising from water initiation (Fig. S35). DFT calculations
demonstrated that the energy barrier for the process initiated by
water was 3.22 kcal mol−1 higher (TSpath5 = 28.48 kcal mol−1 vs.
TSpath2 = 25.26 kcal mol−1, Fig. S38) than that for the reaction
initiated by p-methoxyphenol in DMSO. Therefore, ROP initi-
ated by water was suppressed by p-methoxyphenol. This DMF/
DMSO solvent catalytic system exhibits outstanding water
tolerance. Signicantly, in DMF solvent, water can be effectively
utilized as an initiator to achieve controlled ROP. This strategy
not only addresses the challenge of catalyst residues but also
eliminates initiator residue issues, greatly enhancing the
biocompatibility and safety of the resulting polymers—an
essential advantage for medical polymer development.

Conclusion

This study establishes a green and controllable polymerization
system catalyzed by DMF and DMSO, enabling efficient ROP of
cyclic phenolic ester monomers such as SG and SMG. In this
© 2025 The Author(s). Published by the Royal Society of Chemistry
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system, solvent molecules simultaneously act as both solvent
and the catalyst, challenging conventional paradigms of catalyst
design. Mechanistic investigations reveal a “solvent cooperative
activation” mechanism: (1) the rst solvent molecule activates
the phenol initiator through a strong C]O/H–O hydrogen
bond; (2) the second solvent molecule stabilizes the phenoxide
anion intermediate via a weak C–H/O interaction; and (3) the
third solvent molecule activates the ester bond in the monomer,
reducing the nucleophilic attack barrier. The system demon-
strates good moisture tolerance. Even in the presence of ve
equivalents of water relative to the initiator, effective polymer-
ization control is maintained. Controlled ROP is successfully
achieved using water as the initiator in DMF, yielding PSMG
with a molecular weight of up to 142 kg mol−1 and a narrow
dispersity (Đ < 1.20). This approach fundamentally addresses
the problems associated with catalyst and initiator residues,
enhancing the biocompatibility and safety of the resulting
polymers, simplifying post-processing, and reducing produc-
tion costs. This solvent-catalyzed strategy presents a new
perspective for ROP and broadens the application potential of
bio-based phenolic ester polymers.
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