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a b s t r a c t

The innovation in polymer design to rival conventional polyethylene glycol (PEG) is an important ap-

proach to achieving a more sustainable society. Here, cyclic PEG-like polycarbonates having high molec-

ular weight (4.4–49.5 kg/mol) were enabled through zwitterionic ring-opening polymerization (ZROP) of

macrocyclic carbonates (MCs) mediated by N-heterocyclic carbene (NHC). The thermodynamic behavior of

polymerization depends on the ring size of monomers. During this process, the ZROP of 11-membered MC

was driven by the change of enthalpy (�Hp) which differed from the ZROP of 14-membered MC driven by

the entropic change (�Sp). Cyclic polycarbonates depicted improved thermostability (Td5% ≥ 204 °C) and

higher glass transition temperatures (Tg > –40 °C) in comparison to their linear analogues (Td5% ≤ 185 °C,
Tg ∼–50 °C). In addition, the mechanism of ZROP of MC was addressed through computational study. A

distinct mechanism of polymerization distinguishable from the well-known NHC-mediated ZROP of cyclic

esters was revealed, where the zwitterion from nucleophilic addition to MC, i.e. tetrahedral intermediate,

cannot be ring-opened probably due to the delocalization of negative charge on the carbonate group, but

serves as an active center for the polymerization. In comparison to PEG, the attained polymer demon-

strated comparable hydrophilic and biocompatible properties, as revealed by the results of contact angle

and in vitro cytotoxicity studies, suggesting that cyclic polycarbonate hold the promise as the alternative

of PEG.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrophilic cyclic polymers have no chain ends which helps

them exhibit superior physical properties such as thermal stability

and affinity to nanoparticles over their linear counterparts [1,2].

In this regard, cyclic poly(ethylene glycol), cPEG depicts signifi-

cant prospects of advancing surface modification [3–6] and drug

delivery applications [7]. However, health and environmental im-

pact assert that the innovation in polymer design should be in-

tended to decrease the reliance on the conventional PEG, due to

undesired genotoxicity [8,9] and facilitated uptake of harmful sub-

stances through biological membranes and tissues by PEG [10].

Additionally, cPEG is synthesized through a ring-closure strategy,

which entails using large amounts of solvent to overcome the en-
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tropic penalty of tethering chain ends [11]. Aliphatic polycarbon-

ates with PEG-like properties, where the main chains contain long

ethylene glycol segments including tri- and tetraethylene glycol,

are potential alternatives, as they remain nontoxic to health in case

of degradation of these polycarbonates [12].

Zwitterionic ring-opening polymerization (ZROP) mediated by

N-heterocyclic carbene (NHC) [13,14] is an effective method to ac-

cess cyclic polymers with high molecular weight [15]. By decreas-

ing the entropy of coupling chain ends through the ionic attrac-

tion of the zwitterion, cyclic monomers [16] for ZROP are well

developed including lactide [17,18], lactones [19–21], carbosilox-

anes [22], N-substituted carbonate [23], N-carboxylanhydrides [24].

However, ZROP to attain hydrophilic cyclic polymers for decreas-

ing the environmental impact of cPEG by more sustainable alterna-

tives has not been addressed. We recently developed a simple ap-

proach for the synthesis of macrocyclic carbonates (MCs) with long

alkyl chain segments through selective depolymerization of poly-

https://doi.org/10.1016/j.cclet.2023.108643
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Table 1

Zwitterionic ring-opening polymerization of macrocyclic ethyleneoxy-substituted carbonate.a

Entry [NHC]0:[M]0 Monomer Time (min) Conv. (%)b Mn theo.(kg/mol) c Mn SEC (kg/mol) c ĐM
c

1 1:10 4EGMC 20 96 2.2 4.4 1.53

2 1:20 4EGMC 40 94 4.4 4.7 1.58

3 1:50 4EGMC 120 96 11.0 5.2 1.58

4 1:10 3EGMC 10 >99 1.76 17.7 1.45

5 1:20 3EGMC 20 >99 3.52 34.9 1.40

6 1:50 3EGMC 60 98 8.8 49.5 1.53

a Experimental conditions: [M]0 = 0.5 mol/L, 1 mL DCM, at ambient temperature.
b Conversion of monomer was determined by 1H NMR (conv. = Ipolymer/(Imonomer+Ipolymer) × 100%).
c Determined by SEC, calibrated with polystyrene standards.

carbonates [25], yet the mechanism of ZROP of MC is still unclear

[26]. Herein, we describe a zwitterionic ring-opening polymeriza-

tion (ZROP) strategy to obtain cyclic polycarbonate with cPEG-like

properties. While the polymerization of MC with a modest ring

size (i.e., 11-membered MC) was driven by enthalpy change, 14-

membered MC was polymerized by the entropic change. A three-

step zwitterionic process was proposed for the study of mecha-

nism of polymerization. To our surprise, the computational results

revealed the ring-opened zwitterion of MC could not be located

as an intermediate. Rather, the tetrahedral yielded from the nu-

cleophilic addition to carbonate served as an active center for the

chain propagation and ring-closure steps, which is distinct from

NHC-mediated ZROP of cyclic ester. Moreover, the hydrophilic-

ity and biocompatibility of cyclic polycarbonate were investigated

showing its comparable properties with PEG.

Based on our previous work, 1,3-dimethyl-1H-imidazol-3-ium-

2-ide (Me-NHC) exhibited the highest catalytic activity toward

ZROP of macrocyclic carbonates (MCs) [26], ZROP of MCs with

ethylene glycol segments (nEGMC, n refers to the number of ethy-

lene glycol groups in the ring) were performed with a ratio of

[Me-NHC]0/[nEGMC]0 = 1:20 in dichloromethane (DCM) at ambi-

ent temperature, [nEGMC]0 = 0.5 mol/L. Tetraethylene glycol car-

bonate (4EGMC) was selected as the model MC since the synthe-

sis of 4EGMC through depolymerization of poly(teraethylene gly-

col carbonate), poly(4EGMC) has a higher yield than 3EGMC. Af-

ter 1 h, the aliquot of the reaction mixture was withdrawn fol-

lowed by characterized by 1H NMR spectroscopy. This revealed

the generation of poly(4EGMC) with 96% conversion of 4EGMC

(Fig. S1 in Supporting information). Size-exclusion chromatogra-

phy (SEC) analysis of the resulting material revealed poly(4EGMC)

with a molecular weight (4.7 kg/mol) and a moderate dispersity

(ĐM = 1.46) (Fig. S2 in Supporting information). The significant

difference in theoretical molecular weight (Mn theo. = 3.5 kg/mol)

and Mn determined by SEC could be with a result that the slow

generation of active zwitterions in the initiation stage and the fast

propagation of polymer chain [27]. In addition, polymerization of

3EGMC with different ratios yielded an increase in Mn (Table 1,

entries 4–6), distinct from ZROP of 4EGMC, which could be orig-

inated from the intrinsic properties of structure. To this end, the

kinetic behaviors of ZROP of nEGMCs were investigated.

Kinetics for ZROP of nEGMCs were performed at same condi-

tions (i.e., [Me-NHC]0:[nEGMC]0 = 1:20, in 1 mL DCM, ambient

temperature, [nEGMC]0 = 0.5 mol/L). The aliquots of the mixture

were withdrawn after predetermined time intervals followed by

characterized using 1H NMR spectroscopy to determine the conver-

sion of monomers. The semilogarithmic plots for ZROP of nEGMC

Fig. 1. The semilogarithmic kinetic plot of the ZROP of nEGMCs (left); re-

sults of thermodynamic polymerization and DFT calculated energy of ring

strain (right). Experimental conditions of kinetics: [Me-NHC]0:[nEGMC]0 = 1:20,

[nEGMC]0 = 0.5 mol/L, 1 mL DCM, at ambient temperature; Ln ([M]0/[M]) = kobst.
a Thermodynamic polymerization were performed at different temperature with

same ratios and concentrations for kinetic studies; b ring strains were calculated

at rωB97XD/6–311+g(2d,p)/cpcm = dichloromethane.

are linear which showed pseudo-first-order polymerization behav-

ior (Fig. 1 and Fig. S3 in Supporting information). ZROP of 3EGMC

is faster than that of 4EGMC by ca. 7.6 times (kobs = 0.33 min−1 vs.

kobs = 0.043 min−1). We hypothesize that this significant differ-

ence in kobs could correlate to the ZROP of nEGMCs under different

thermodynamic principles (i.e., enthalpy-driven vs. entropy-driven

polymerization). While 3EGMC had an intermediate ring size (11-

membered) with a modest ring strain, the ZROP of 3EGMC may be

partially assisted by the release of ring energy (�Hring strain), lead-

ing to a faster kinetic (i.e. enthalpy-driven polymerization) [28].

In contrast to the ZROP of 3EGMC, 14-membered 4EGMC has

little energy of ring strain [29] where polymerization is driven

by the entropy change. This was supported by the thermody-

namic polymerization using Van’t Hoff equation in DCM at dif-

ferent temperature, where the enthalpy change of polymeriza-

tion (�Hp) for 3EGMC was higher than 4EGMC (−10.12 kJ/mol

vs. −3.16 kJ/mol, Fig. S4 in Supporting information); DFT calcula-

tion of isodesmic ring-opening 3EGMC or 4EGMC with dimethyl

carbonate [30], where the difference in ring strain was fur-

ther revealed (3EGMC �Hring strain = −4.41 kcal/mol vs. 4EGMC

�Hring strain = −1.62 kcal/mol, Fig. 1, Table S1 in Supporting infor-

mation).

An assignment of signals for 1H and 13C NMR spectra of

P4EGMC was achieved by analyzing the long-range correlation be-
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Fig. 2. Mark-Houwink comparison of the P4EGMC with different topologies (cyclic

vs. linear), cyclic polymer from Table 1, entry 2 and linear polymer with 7.3 kg/mol,

ĐM = 1.63.

tween the carbonyl carbons and the methylene protons (2J1H-13C
and 3J1H-13C, 2D HMBC NMR spectrum). Additionally, the short-

range correlation between proton and carbon (1J1H-13C, 2D HSQC

NMR spectrum) was also performed. The signal at 4.28 ppm in

the 1H NMR spectrum was assigned to the α-proton of methy-

lene close to the carbonate group (-OCOO–CH2CH2-). A 3J1H-13C
long-range correlation with α-proton was observed at 155.24 ppm

and assigned as carbonyl carbon (-OCOO–CH2CH2-). The triplet

at 3.72 ppm was assigned to β-proton of methylene (-OCOO–

CH2CH2-) and 2J1H-13C and correlation was observed with α and

β carbon (68.98 and 67.14 ppm). Moreover, the analysis of 1J1H-13C
short-range correlation characterized by 2D HSQC NMR spectrum

gave confirmation for all assignments of proton and carbon signals

(Fig. S5 in Supporting information).

The cyclic topology of attained P4EGMC was confirmed by

combining MALDI-ToF mass spectroscopy and SEC with a light-

scattering and a viscometer detector. The repeating unit corre-

sponded to a 4EGMC monomer (m/z 220.09) characterized by

MALDI-ToF spectroscopy. This was associated with a sodium-

charged cyclic structure with different chain lengths (Fig. S6 in

Supporting information). Further evidence of cyclic topology was

obtained by using SEC, where cP4EGMC had low intrinsic viscos-

ity as compared to linear analogues due to the reduced entangle-

ment of cyclic architecture [11]. The ratio of intrinsic viscosities

[η]cyclic/[η]linear = 0.69 revealed the main population of cyclic poly-

mers close to the theoretical value (0.66) in a theta solvent (Fig. 2)

[31].

Cyclic polymers present distinct thermal properties from their

linear analogues (lPnEGMCs). Therefore, we sought to investigate

the thermal behaviors of PnEGMCs (n = 3, 4) in hands. The results

of differential scanning calorimetry (DSC) revealed amorphous

polymers of P3EGMCs regardless of topologies, while P4EGMC de-

picted endothermic peak which could be a result of the crystalliza-

tion of long ethyleneoxy chain [32–34]. The cPnEGMCs, associated

with no chain ends, had higher glass transition temperatures (Tg)

by 10–20 °C, compared to lPnEGMCs (Fig. S7 in Supporting infor-

mation). This is in good agreement with that cyclic topology leads

to high Tg, as free chain ends of cyclic polymer enable low con-

figurational mobility [35–37]. In addition to the increased Tg orig-

inating from cyclic structure, cPnEGMCs also exhibited improved

thermal stability characterized by thermogravimetric analysis (Fig.

S8 in Supporting information). While cP3EGMC and cP4EGMC were

associated with a degradation temperature of 5% weight loss (Td5%)

above 200 °C, their linear counterparts with hydroxyl chain-ends

enable lower degradation temperature, ca. 180 °C, which may be

due to competition for backbiting from chain-ends [38,39].

In our previous work, we revealed the NHC-mediated initiation

of ZROP of MC through the theoretical study; yet the ring-opened

the structure of tetrahedral intermediate cannot be located, which

differs from the well-known mechanism of NHC-mediated ZROP of

Fig. 3. Energetic profiles for zwitterionic ring-opening of 3EGMC mediated by Me-

NHC and optimized structures with distances at the catalytic site for the opening

of 3EGMC at initiation (TS1) and propagation (TS2) steps.

cyclic ester [21,27]. In this context, the endeavor to understand the

polymerization was made through calculation. Density functional

theory (DFT) simulations were performed with the Gaussian 16

suite of programs. Following our previous work [26] and reports by

Jones and Waymouth [21,27], we assume that the reaction pathway

involves nucleophilic addition of NHC on nEGMC, ring-opening of

nEGMCs, and ring closure to yield a cyclic polymer. In order to

lower the computational cost, Me-NHC and 2 equiv. of 3EGMC to

form a cyclic dimer were selected as a model reaction.

Computational findings revealed that the initial tetrahedral in-

termediate (Int1) was yielded through a nucleophilic attack from

Me-NHC to 3EGMC assisted by weak hydrogen-bonding between a

hydrogen atom from the methyl group of NHC and the carbonyl

oxygen from MC (dH-O= 2.18 Å, Fig. S9 in Supporting information).

The subsequent ring-opened intermediate of NHC/3EGMC zwitte-

rion could not be located after many attempts, which could be a

result that the ring-opened cyclic carbonate readily revert to the

tetrahedral intermediate (Int1) with little to no energy barrier and

thus inhibiting the generation of ring-opened structure. Moreover,

the comparable Hirshfeld partial charge of sp3 hybridized oxygen

atoms on the carbonate group (ca. −0.18 e) afford negligible driv-

ing force to ring-opened structure (Fig. S9). This shows confor-

mance with the previous report that involved calculations in an

anionic pathway [40]. As ring-opened intermediate could not be

identified, we assume that the transition state for adding the sec-

ond 3EGMC to Int1 involves both the simultaneous cleavage of

the O-acyl bond from Int1 and the generation of new zwitterionic

tetrahedral (Int3). Calculation of TS2 revealed a relatively shorter

distance (1.93 Å, Fig. 3 and Fig. S9) between the carbonate oxygen

atom of Int1 and carbonyl carbon of 3EGMC. This confirmed our

hypothesis that the propagation occurs between different tetra-

hedral intermediates (i.e., Int1 and Int3). The carbonyl carbon of

3EGMC with a positive Hirshfeld partial charge (+0.25 e), which

is relatively higher than the carbonyl carbon of Int1 by +0.05 e,

ensures the generation of Int3 (Fig. 3 and Fig. S9). In addition, in-

teraction region indicator [41] and Wiberg Bonding Index (WBI)

analysis confirmed this process in the transition state (TS2, Fig. 4).

While Int2 is associated with a high activation energy barrier of

12.3 kcal/mol for overcoming TS2, the reverse reaction requires rel-

atively low energy (9.1 kcal/mol) for the regeneration of Int2 and

3EGMC (Fig. 3). In comparison to DC in TS1 with 9.8 kcal/mol en-

ergy in the initiation step, relatively high energy requirement and

reversible reaction in propagation demonstrate that the addition of

the second 3EGMC to Int1 is a rate-determining step. As the direct

ring-closing of dimer by Int3 could not be located, Int3 reaches

Int4 with a small energy barrier (� = 2.0 kcal/mol, Fig. 3). After

Int4 overcomes TS3 with an energy barrier of 8.8 kcal/mol to yield

Int5, the reverse reaction needs over 25.5 kcal/mol. This confirmed

3
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Fig. 4. Selected region of isosurface map of interaction region indicator (IRI)

[41] for transition state (TS2) reveals the simultaneous breaking and forming of

C–O bonds (left) [42,43]. Wiberg Bonding Indices of C25-O27 and C1-O27 shows

the stronger bond between C1-O27 (right).

that the NHC-involved tetrahedral intermediate is thermodynami-

cally favored.

Overall, the computational study contributes to revealing the

mechanism of NHC mediated ZROP of EGMC to a cyclic polymer.

Unlikely ZROP of the cyclic ester with identified ring-opened inter-

mediate as the propagation center [21], ZROP of EGMC proceeds

through transformation between different tetrahedral intermedi-

ates (Scheme 1). The addition of the second 3EGMC to Int1 is the

rate-determining step is. All calculated reaction steps are associ-

ated with relatively low activation energy, yielding an enthalpy-

favorited cyclic dimer from Me-NHC and two 3EGMC (Fig. 3 and

Fig. S10 in Supporting information).

The medical treatment using PEG as the stealth polymer to de-

livery drug remains controversial [44], as the clinic results demon-

strate unexpected pharmacokinetic behavior [45,46]. In this con-

text, the degradable polycarbonate could be potential alternative

of PEG for medical application. To evaluate the wettability of the

cyclic polycarbonate, cP4EGMC with a Mn of 4.4 kg/mol was se-

lected as a representative example. While water droplets com-

pletely spread on both cP4EGMC and cPEG, demonstrating the

comparable hydrophilicity, the analysis of contact angle revealed

the relative wettability of cP4EGMC using n-hexane droplets, in

comparison to cPEG. The results showed cP4EGMC had a con-

tact angle of 12° ± 1.6°, while cPEG afforded a contact angle of

16° ± 1.8° (Fig. S11 in Supporting information).

Fig. 5. Cytotoxicity of cP4EGMC and cPEG at different concentrations using L929

cells for 24 h. The relative growth rate (RGR) of cells was determined by MTT assay

and shown as ± SD of three determinations.

To assess the biocompatibility of cP4EGMC, the cytotoxicity was

performed through MTT assay with L929 cells. The cell culture

mediums were added into cP4EGMC and cPEG with different con-

centrations (0.01–5 mg/mL), where neither polymer significantly

influenced the relative growth rate (RGR) after 24 h (≥77%), in

comparison to the positive control group that phenol-involved ex-

periment (ca. 18%, Fig. S12 in Supporting information). These re-

sults demonstrated cP4EGMC afforded no toxicity to cells, albeit a

relative decrease in RGR at 5 mg/mL (Fig. 5). In addition, the mor-

phology of cells after incubating cells in polymer solutions pho-

tographed by the inverted microscopy revealed that cP4EGMC en-

abled to retain cells (Fig. S12), further demonstrating the biosafety

of cyclic polycarbonate in reference to the international standard

(ISO 10993–5).

Materials with chemical recyclability allow the transformation

of current linear economy of polymers into a sustainable circular

one [47]. Recycling cyclic polycarbonate (e.g., cP4EGMC) to regener-

ate 4EGMC were therefore studied. Depolymerization of cP4EGMC

was achieved at 230 °C under a vacuum of 0.05 mbar with ca. 85

mol% in selectivity (Fig. S13 in Supporting information), which dif-

fers from polycarbonate with long alkyl groups between carbonates

[25,26]. This comparable selectivity could be a result that the ethy-

lene glycol segment on main chain induces the oxidation thereby

leading to the side reactions [48–50].

Scheme 1. Computed mechanism of zwitterionic ring-opening 3EGMC mediated by Me-NHC to generate the cyclic dimer.
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Designing advanced alternatives of conventional polymer pro-

vides opportunities to avoid damages to environmental sustainabil-

ity. We demonstrated NHC-mediated ZROP of macrocyclic carbon-

ates comprising of ethylene glycol segments to yield cyclic poly-

carbonates with high molecular weights and modest dispersity (up

to 49.5 kg/mol, ĐM = 1.40–1.58). The attained cyclic structures ex-

hibited high thermostability and increase of Tg. It was found that

the active center of polymerization is not the ring-opened zwitte-

rion but the tetrahedral intermediate. It is where the simultaneous

breaking and forming bonds to yield different tetrahedral zwitte-

rions for transition state occurs which presents a distinct mecha-

nism from ZROP of cyclic esters. Moreover, polycarbonate depicted

PEG-like wettability and biocompatibility supported by analysis of

contact angle and cytotoxicity assay revealed polycarbonate, which

was promising to be the alternative of PEG. By chaining up neu-

tral and eco-friendly diols with carbonate groups, the sustainable

polymers providing a promising route to compete the conventional

plastics can be developed.
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