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ABSTRACT: Synthetic polypeptides, mainly prepared through the
ring-opening polymerization (ROP) of amino acid N-carboxyanhydrides
(NCAs), have garnered significant interest for biomedical and material
applications. Tertiary amines, such as triethylamine (TEA), typically
initiate the polymerization of NCAs through the activated monomer
mechanism (AMM), which proceeds in a fast but uncontrolled manner,
and thus are no longer used for polypeptide synthesis. In this study, we
demonstrate that the addition of acetic acid (AcOH) effectively
modulates the reactivity of tertiary amines to suppress the AMM
initiation while retaining its accelerating role, enabling rapid and controlled preparation of polypeptide materials. With the sequential
addition of AcOH and TEA, well-defined polypeptides are synthesized with predictable molecular weights and narrow dispersity
within minutes. Detailed mechanistic studies suggest that the partial protonation of TEA by AcOH facilitates the monomer
activation while minimizing the NCA deprotonation. This work provides new insights into the role of tertiary amines in ROP of
NCA, offering a simple and efficient strategy for the scalable production of high-quality polypeptide materials.

■ INTRODUCTION
Synthetic polypeptides, serving as structural and functional
analogues of natural proteins, have attracted considerable
attention for applications in drug delivery, tissue engineering,
and antimicrobial materials.1−11 Among various synthetic
strategies, the ring-opening polymerization (ROP) of amino
acid N-carboxyanhydrides (NCAs) represents a powerful
method for preparing polypeptides with tunable structures.
Depending on the initiation step and the chain-end of the
propagating species, conventional ROP of NCA proceeds
through two distinct pathways: slow but controlled “normal
amine” mechanism (NAM) and fast but uncontrolled
“activated monomer” mechanism (AMM) (Scheme 1).12−15

While primary amines are widely used as NAM initiators,
tertiary amines are believed to mainly initiate polymerization
through AMM.
Due to the requirement to prepare well-defined polypeptide

materials with predictable molecular weights (MWs) and
narrow dispersity, significant efforts have been devoted to
improving the NAM polymerization systems in recent decades.
Notably, recent advances in accelerated polymerization
facilitated the rapid synthesis of polypeptides with minimized
side reactions.16−23 The cooperative covalent polymerization
(CCP) in low-polarity chlorinated solvents, for instance,
enabled the NCA polymerization even in the presence of a
water phase.16,18,24−31 Meanwhile, few systems utilize AMM
initiators these days despite their fast kinetics.32 Considering

the simple structure, low costs, and high reactivity of tertiary
amines such as triethylamine (TEA), it would be interesting to
retain their role as kinetic accelerators while suppressing their
initiations that led to uncontrolled polypeptide growth.
Previous reports suggested the suppressed initiation of tertiary
amines with specially designed initiator structures.33−35 With
recent studies on various catalysts for NCA polymerization,
especially protic acids, we reasoned that it is possible to fine-
tune the reactivity of tertiary amines to facilitate the desired
rate acceleration while minimizing the undesired AMM
initiation.
Herein, we report the fast and living polymerization of NCA

in the presence of tertiary amines with the incorporation of
acetic acid (AcOH) (Scheme 1). The addition of AcOH
lowered the reactivity of tertiary amine through partial
protonation, which activated the NCA monomer for rate
acceleration with negligible AMM initiation. While the
simultaneous addition of AcOH/TEA led to acceptable MW
control, in-depth study suggested the coexistence of both
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NAM and AMM initiation. The sequential addition of AcOH/
TEA was thus used to suppress AMM initiation, leading to the
synthesis of well-defined polypeptides within 10 min. We
believe this work not only improves our understanding on the
manipulation of NCA polymerization pathways but also offers
simple and effective polymerization systems for the efficient
preparation of polypeptide materials.

■ RESULTS AND DISCUSSION

Organic Acid-Mediated Controlled Polymerization in the
Presence of Tertiary Amines
To check the impact of organic bases on the polymerization
behavior of NCA, a conventional AMM initiator, TEA, was
added into the dichloromethane (DCM) solution of γ-benzyl-
L-glutamate NCA (BLG-NCA) in the presence of a NAM
initiator, n-hexylamine (Hex-NH2) ([M]0 = 0.1 M, [M]0/

Scheme 1. Illustration of Conventional NCA Polymerization with NAM and AMM and the Polymerization in This Work in the
Presence of Organic Acids and Tertiary Amines

Figure 1. Impact of organic acids on the polymerization of NCA in the presence of Hex-NH2 and TEA in DCM. (a) Polymerization scheme
showing the polymerization of BLG-NCA in the presence of Hex-NH2 and TEA with or without AcOH. (b) Semilogarithmic kinetic plots of
polymerization of BLG-NCA in the presence of Hex-NH2 with or without the addition of TEA or AcOH. [M]0/[Hex-NH2]0 = 100. (c)
Normalized GPC-LS traces of obtained PBLG from the polymerization in the presence of Hex-NH2 and TEA with or without the addition of
AcOH. [M]0/[Hex-NH2]0 = 100. (d) The obtained MWs and dispersity of resulting PBLG from the polymerization at different [M]0/[Hex-NH2]0
ratios in the presence of Hex-NH2 and TEA. (e) Semilogarithmic kinetic plots of polymerization of BLG-NCA in the presence of Hex-NH2, TEA,
and AcOH at different [AcOH]0/[TEA]0 ratios. [M]0/[Hex-NH2]0 = 100. (f) The obtained MWs and dispersity of resulting PBLG from the
polymerization at different [M]0/[Hex-NH2]0 ratios in the presence of Hex-NH2, TEA, and AcOH. (g) Semilogarithmic kinetic plots of
polymerization of BLG-NCA in the presence of TEA and AcOH and TEA with or without the addition of Hex-NH2. For all experiments, [M]0 =
0.1 M, [M]0/[AcOH]0/[TEA]0 = 100:100:25.
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[Hex-NH2]0/[TEA]0 = 100:1:25) (Figure 1a). At low [M]0,
the polymerization of BLG-NCA in the absence of AcOH and
TEA proceeded in a relatively slow manner even in the low-
polarity, chlorinated solvents, reaching only 20% monomer
conversion after 40 min that agreed well with literature results
(Figure 1b).36 In contrast, the addition of TEA significantly
accelerated the polymerization with NCA conversion >95%
after 1 min (Figure 1b). Further tuning of the [TEA]0/[Hex-
NH2]0 ratio revealed a faster polymerization with a higher
amount of TEA (Figure S1). While the addition of equimolar
Hex-NH2 and TEA required ∼40 min to complete the
polymerization, increasing [TEA]0/[Hex-NH2]0 to 5 short-
ened the polymerization to sub-10 min. The polymerization
time to reach >95% conversion was 7 and 0.5 min at [TEA]0/
[Hex-NH2]0 ratios of 10 and 50, respectively (Figure S1),
confirming the accelerating role of TEA in NCA polymer-
ization.
Despite the significant improvement in polymerization rate,

the resulting poly(γ-benzyl-L-glutamate) (PBLG) exhibited
broad dispersity (D̵ = Mw/Mn = 1.61), which indicated poor
polymerization control (Figure 1c). In fact, while the
incorporation of TEA reduced the polymerization time at
various [M]0/[Hex-NH2]0 ratios to sub-10 min, the obtained
MWs of resulting PBLG were 1.2−4.7 times larger than the
theoretical values calculated from [M]0/[Hex-NH2]0, with the
dispersity varying from 1.55 to 1.83 (Figure 1d, Figure S2, and
Table S1). The addition of strong organic bases like TEA
inevitably deprotonates NCA monomers, resulting in the
uncontrolled polymerization through the AMM pathway. It is
therefore necessary to suppress the NCA deprotonation
process for the controlled synthesis of polypeptide materials
in the presence of tertiary amines.
In order to circumvent NCA deprotonation and AMM

polymerization, the addition of protic organic acids is a natural
choice. Several research groups reported the catalyzed ROP in
the presence of organic acids to prepare polypeptide and
polypeptoid materials.29,37−40 Interestingly, the addition of
AcOH at an equimolar ratio of NCA monomers did not
significantly slow down the polymerization, where the
polymerization reached >95% conversion within 4 min at
[M]0/[Hex-NH2]0/[AcOH]0/[TEA]0 = 100:1:100:25 (Figure
1b). In comparison, while AcOH exhibited a catalytic effect,29

the polymerization proceeded in a much slower manner in the
absence of TEA (Figure 1b). Further increase in [AcOH]0
slightly slowed down the polymerization rate, but still with
>95% monomer conversion within 10 min (Figure 1e).
According to previous literature results, the relatively weak
acidity of AcOH likely contributed to the rate acceleration

rather than inhibition.29 Therefore, even though the amount of
AcOH was larger than that of basic species (i.e., Hex-NH2 and
TEA), the polymerization still proceeded in an accelerated
manner. While the addition of AcOH did not significantly alter
the polymerization time, its impact on MW control was
obvious. The obtained MWs of PBLG at [M]0/[Hex-NH2]0 =
100 was 20.4 kDa (Figure 1c), agreeing well with the
theoretical value from [M]0/[Hex-NH2]0 (i.e., 21.9 kDa).
Meanwhile, the MWs of polypeptides at various [M]0/[Hex-
NH2]0 (25−400) scaled linearly with the predicted values
(Figure 1f). All polypeptides exhibited narrow dispersity (D̵ <
1.15) except for that at low [M]0/[I]0 (i.e., 50 and 25), with
the GPC trace of the resulting polypeptide at [M]0/[I]0 = 25
exhibiting an obvious low-MW shoulder peak (Figure S2 and
Table S2). Meanwhile, the kinetic profile in the presence of
AcOH and TEA resembled that of AcOH-catalyzed polymer-
ization (Figure 1b).29 The hydrogen-bonding interactions
between AcOH and polypeptide chains likely minimized the
differences between α-helical and random-coiled chains,
contributing to the one-stage kinetics. Finally, it has to be
noted that Hex-NH2 mainly served as initiators even in the
presence of TEA and AcOH, as the absence of Hex-NH2
significantly elongated the polymerization time (Figure 1g),
presumably due to the absence of an effective initiation step.
While the introduction of AcOH improved the MW control of
TEA-initiated polymerization (Figure S3 and Table S3), the
bimodal GPC peak suggested the important role of Hex-NH2
in mediating the controlled polymerization process.
Competing NAM/AMM Initiation in the Presence of
Organic Acid/Tertiary Amine

Encouraged by the controlled and accelerated polymerization
of NCA in the presence of TEA and AcOH, we further
checked the livingness of the TEA/AcOH-catalyzed polymer-
ization by measuring the MWs at various monomer
conversions. While the Mn-conversion plot exhibited a linear
relationship (Figure 2a), the dispersity of the resulting
polypeptides was relatively broad at conversions <80%, ranging
from 1.3 to 1.5, which suggested the existence of multiple
initiation mechanisms. Indeed, GPC characterization suggested
a bimodal distribution of PBLG at early stages of polymer-
ization (i.e., conversion <20%) (Figure S4). Moreover,
consistent with the GPC result at [M]0/[Hex-NH2]0 = 25
(Figure S2), a bimodal GPC peak with an obvious low-MW
shoulder peak was observed on the GPC trace of the
polypeptides obtained in the presence of TEA and AcOH at
[M]0/[Hex-NH2]0 = 10 (Figure S4). These results collectively
suggested multiple reaction pathways at the early stage of

Figure 2. Poor control over MWs for polymerization in the presence of Hex-NH2, TEA, and AcOH with simultaneous addition. (a) The obtained
MWs and dispersity of resulting PBLG from the polymerization in the presence of Hex-NH2, TEA, and AcOH at various monomer conversions.
[M]0/[Hex-NH2]0 = 100. (b) MALDI-TOF spectrum of resulting PBLG obtained from polymerization in the presence of Hex-NH2, TEA, and
AcOH. [M]0/[Hex-NH2]0 = 10. (c) Scheme illustrating the generation of various oligomeric species in b. For both experiments, [M]0 = 0.1 M,
[M]0/[AcOH]0/[TEA]0 = 100:100:25.
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polymerization, presumably due to the initiation from both
Hex-NH2 and TEA.
To further confirm the multiple reaction pathways, matrix-

assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrum of the resulting polypeptide was
collected, which revealed oligomeric species from both NAM
initiation (i.e., with an n-hexyl tail at the C terminus) and
AMM initiation (i.e., with a five-membered NCA ring at the C
terminus) (Figure 2b). Even in the presence of AcOH, the
competing initiation from Hex-NH2 and the NCA anion led to
the chain propagation with two different mechanisms, which
deviated from ideal living polymerization behavior (Figure 2c).
Only at sufficiently high [M]0/[Hex-NH2]0 or monomer
conversions did the two polymeric species reach comparable
growth, resulting in the monomodal GPC peak. Therefore,
although the addition of TEA/AcOH effectively accelerated
the polymerization to generate polypeptides with predictable

MWs, complete suppression of the AMM pathway remains
challenging, especially at low [M]0/[Hex-NH2]0. The existence
of two different C termini also raised issues regarding the
functionalization of the polypeptide chain-end or the
preparation of block copolymers.
Fast and Controlled Polymerization with Sequential
Addition of Acids and Tertiary Amines

To solve the competing AMM initiation issue while taking
advantage of the accelerating role of TEA, we sought to
temporally decouple the initiation/early propagation stage
from the later propagation stage by manually adding Hex-
NH2/AcOH and TEA in a sequential manner (Figure 3a). The
first addition of Hex-NH2/AcOH ([M]0/[AcOH]0 = 1) not
only guaranteed the sole initiation with a NAM but also
skipped the two-stage kinetics that is commonly observed for
the polymerization in DCM.16,18 On the other hand, the later
incorporation of TEA accelerated the polymerization with

Figure 3. Accelerated and living polymerization initiated by Hex-NH2 with sequential addition of acids and tertiary amines in DCM. (a) Scheme
illustration showing the accelerated and controlled polymerization with sequential addition of AcOH and TEA. (b) Semilogarithmic kinetic plots of
polymerization of BLG-NCA in the presence of AcOH with the addition of TEA at various time points. [M]0/[Hex-NH2]0 = 100. The red
diamonds represent the polymerization kinetics without the addition of TEA. (c) MALDI-TOF spectrum of resulting PBLG obtained from
polymerization with sequential addition of AcOH and TEA. [M]0/[Hex-NH2]0 = 10. (d) Normalized GPC-LS traces of the obtained PBLG from
polymerization at various [M]0/[Hex-NH2]0 ratios with sequential addition of AcOH and TEA. (e) The obtained MWs and dispersity of resulting
PBLG from the polymerization at various monomer conversions with sequential addition of AcOH and TEA. [M]0/[Hex-NH2]0 = 100. (f)
Normalized GPC-LS traces showing the synthesis of diblock copolypeptides PBLG-b-PZLL with sequential addition of AcOH and TEA. [M]0/
[Hex-NH2]0 = 50 for each block. (g) Normalized GPC-LS traces of the resulting PBLG obtained from the polymerization with sequential addition
of AcOH and DIPEA or DMAP. [M]0/[Hex-NH2]0 = 100. For all experiments, [M]0 = 0.1 M, [M]0/[AcOH]0/[TEA]0 = 100:100:25. For
experiments c-g, the time interval for sequential addition was 5 min.
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minimal AMM initiation. As expected, the introduction of TEA
into the polymerization mixture of NCA/Hex-NH2/AcOH
significantly boosted the polymerization rate regardless of the
time intervals between two additions ([M]0/[TEA]0 = 4)
(Figure 3b). In all cases, the conversion of NCA reached 95%
within 3 min after the introduction of TEA. GPC analysis
showed that the resulting polypeptides possessed predictable
MWs along with narrow dispersity (D̵ = 1.05) (Figure S5 and
Table S4). Furthermore, MALDI-TOF analysis revealed that
the C terminus of the resulting PBLG was capped with an n-
hexyl group, with no polymeric species corresponding to AMM
initiation (Figures 3c and S6), confirming that the sequential
addition is key to suppressing undesired AMM pathway to
achieve rapid and controlled polymerization. Therefore, [I]0
was assigned as the initial concentration of Hex-NH2 for the
later presentation of our studies.
Unlike the poor MW control of polymerization with

simultaneous addition of acid/base, the polymerization with
sequential addition of AcOH and TEA at varying [M]0/[I]0
ratios yielded well-defined polypeptides with narrow dispersity
(D̵ < 1.1), whoseMn values measured by GPC closely matched
theoretical predictions (Figure 3d and Table 1). Additionally,
the Mn-conversion plot exhibited a linear relationship,
suggesting a living polymerization process (Figure 3e). Even
at early stages with low conversion, the sequential addition
strategy outperformed the simultaneous addition strategy with
low dispersity (D̵ < 1.1), which was attributed to the
minimized AMM initiation. The earlier addition of AcOH

likely contributed to the excellent MW control by eliminating
the differences between the α-helical and random-coiled
chains,29 even though the conformational transition was
obvious from circular dichroism characterization (Figure S7).
Since the TEA-initiated polymerization took ∼30 min to finish
in the presence of AcOH, the accelerated polymerization with
Hex-NH2/TEA likely outpaced the growth of AMM-initiated
polymers, especially when the TEA was added in a later stage.
Meanwhile, the change in the acid/base ratio (i.e., [AcOH]0/
[TEA]0 = 1−16) while fixing [M]0/[AcOH]0 = 1 did not
significantly alter the polymerization kinetics or the MW
control (Figure S8).
The sequential addition of acid/base was also applied to the

polymerization of other NCA monomers, including Nε-
benzyloxycarbonyl-L-lysine NCA (ZLL-NCA) and γ-(4-
propargyloxy)benzyl-L-glutamate NCA (POB-NCA). Both
monomers underwent rapid polymerization to yield well-
defined polypeptides (Figure S9 and Table 1). With the
suppression of AMM initiation, various primary amines,
including benzylamine, propargylamine, and methoxy poly-
(ethylene glycol) (PEG) amine (5.0 kDa), were successfully
employed as NAM initiators to introduce functional handles at
the C-terminus (Figure S9 and Table 1). Moreover, sequential
addition of monomers enabled the accelerated synthesis of
diblock copolymers (PBLG-b-PZLL) within 20 min, further
confirming the living character of the polymerization (Figure 3f
and Table 1). Additionally, the sequential addition was
extended to other tertiary amines, which served as kinetic

Table 1. Characterization of Resulting Polypeptides from Polymerization with Sequential Addition of Acids and Tertiary
Aminesa

entry [M]0/[I]0 initiator monomer tertiary amine t (min)b Mn, GPC (kDa)
c Mn, theo. (kDa) D̵c

1 25 Hex-NH2 BLG-NCA TEA 6 5.3 5.5 1.06
2 50 Hex-NH2 BLG-NCA TEA 6 11.6 11.0 1.05
3 100 Hex-NH2 BLG-NCA TEA 7 23.7 21.9 1.05
4 200 Hex-NH2 BLG-NCA TEA 8 45.3 43.8 1.05
5 400 Hex-NH2 BLG-NCA TEA 8 85.2 87.6 1.05
6 100 Hex-NH2 ZLL-NCA TEA 8 34.7 26.2 1.07
7 100 Hex-NH2 POB-NCA TEA 8 31.8 26.8 1.05
8 100 benzylamine BLG-NCA TEA 8 20.2 87.6 1.05
9 100 propargylamine BLG-NCA TEA 8 18.8 21.9 1.05
10d 50 + 50 Hex-NH2 BLG-NCA/ZLL-NCA TEA 8 + 11 10.4/19.7 10.8/24.1 1.05/1.06
11 100 Hex-NH2 BLG-NCA DIPEA 8 30.1 21.9 1.05
12 100 Hex-NH2 BLG-NCA DMAP 8 27.1 21.9 1.06

aAll polymerizations were conducted at room temperature in DCM with sequential addition of AcOH and tertiary amines (time interval: 5 min).
[M]0/[AcOH]0/[tertiary amines]0 = 100:100:25, [M]0 = 0.1 M.

bPolymerization time reaching 95% monomer conversion. cDetermined by GPC;
dn/dc = 0.1−0.123. dPreparation of diblock copolypeptides through sequential addition of NCA monomers.

Figure 4. Exploration of polymerization mechanisms in the presence of acids and tertiary amines. (a) Normalized GPC-LS traces of resulting PBLG
in various solvents initiated by Hex-NH2 with sequential addition of AcOH and TEA. (b) The ionization fraction of Hex-NH2 and TEA in the
presence of AcOH at different [TEA]0/[Hex-NH2]0. [AcOH]0/[Hex-NH2]0 = 100. (c) The change in chemical shift of ring N−H protons of NCA
at various [TEA]0/[NCA]0 in the presence of AcOH. [NCA]0 = [AcOH]0 = 0.1 M.
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modulators with suppressed AMM initiation. The use of N,N-
diisopropylethylamine (DIPEA), whose basicity is comparable
with that of TEA (the pKa of conjugated acid, pKaH = 11.0 and
10.8 for DIPEA and TEA, respectively), exhibited similar
kinetic regulation (Figure S10). On the other hand, the
addition of a weaker base, 4-dimethylaminopyridine (DMAP,
pKaH ∼ 9.7), led to slightly slower polymerization that took 10
min to reach 95% conversion. Despite the rate differences, all
three polymerizations produced well-defined polypeptides with
narrow dispersity (D̵ < 1.1) (Figure 3g and Table 1).
Mechanism Studies

Encouraged by the versatile strategy of sequential addition of
acid/base for the preparation of polypeptide materials within
minutes, we further moved on to explore the underlying
mechanism of the kinetic regulation and the suppression of
AMM initiation. Similar with the acid-assisted polymerization
of NCA and other CCP systems,26,29 the polarity and
hydrogen-bonding ability of solvents significantly influence
polymerization behaviors. Controlled polymerization was
observed only in chlorinated solvents, such as chloroform,
with a low dielectric constant and weak hydrogen-bonding
capability (Figure 4a). While the use of ethyl acetate and 1,4-
dioxane yielded PBLG with a monomodal distribution, the
MWs were larger than theoretical values (Table S5). The use
of DMF, on the other hand, generated PBLG with a broad
GPC trace bearing a shoulder peak in the low-MW region
(Figure 4a). The solvent effect suggested the critical role of
molecular interactions, especially hydrogen-bonding interac-
tions, between monomers/polymers and acid/base kinetic
modulators. The solvation of these reactants in polar or strong
hydrogen-bonding solvents thus blocked the interactions,
yielding ill-defined polypeptides.
Since TEA retained its ability to accelerate polymerization

even in the presence of excessive AcOH (Figure 1b), we
reasoned that the introduction of AcOH enabled fine-tuning of
TEA function in NCA polymerization, which suppressed its
ability to deprotonate NCA monomers while preserving its
potential to activate the monomers via hydrogen bonding.
Indeed, proton nuclear magnetic resonance (1H NMR) spectra
of TEA/AcOH mixtures at varying molar ratios suggested
continuous protonation of TEA with a gradual increase in the
[AcOH]0/[TEA]0 ratio, even when AcOH is in large excess.
The downfield shift of methylene protons of TEA was obvious
when the [AcOH]0/[TEA]0 ratio was boosted from 4:1 to 8:1
(Figure S11), indicating the protonation of TEA and the
reversible formation of TEA-AcOH salts. Quantitative NMR
titration analysis suggested ∼80% ionization of TEA at
[TEA]0/[Hex-NH2]0 = 25 (Figure 4b). Considering the
large excess of AcOH and the low efficiency of AMM initiation
by TEA (Table S3), the generation of NCA anion was
minimized in our studies. The small fraction of unprotonated
TEA in the presence of AcOH thus served as relatively weak
hydrogen bonding acceptors, which activated the NCA
monomers and thereby accelerated the polymerization. As
expected, NMR titration analysis suggested an upfield shift of
ring N−H protons of NCA with increasing TEA (Figure 4c).
Meanwhile, excessive AcOH also partially protonated the
primary amino groups at the propagating chain-end. According
to previous studies, AcOH catalyzed the NCA polymerization
through the activation of monomers.29 Even though half of the
propagating chain-end was protonated, which slowed the
polymerization, the net effect was still rate acceleration.

Therefore, the kinetic accelerating role of TEA in our system
presumably originated from not only its ability to activate the
NCA monomers but also the liberation of propagating chain-
ends due to its higher basicity. Quantitative NMR titration
indicated that ∼53% of primary amines were protonated in the
presence of excessive AcOH (i.e., 100 equiv), which dropped
to 46.8% upon the addition of 25 equiv of TEA and further
decreased to 22% in the presence of 100 equiv of TEA (Figure
4b), validating that TEA could partially deprotonate the
propagating chain-ends and restore their nucleophilicity for
accelerated polymerization. It must be noted that the use of
AcOH with weak acidity is crucial in our system for reversible
protonation of TEA and propagating chains, as replacing
AcOH with stronger acids, such as trifluoroacetic acid (TFA)
or hydrochloric acid (HCl), completely suppressed polymer-
ization with no detectable NCA consumption even with the
sequential addition of TEA (Figure S12).

■ CONCLUSION
In this work, we developed a simple yet highly effective
strategy to achieve accelerated and controlled polymerization
of NCAs in the presence of tertiary amines through minimizing
the AMM pathway with organic acids. This sequential addition
of acid/base avoided the initiation from tertiary amines such as
TEA, thereby contributing to controlled polymerization
progress while taking advantage of the rate acceleration
mediated by the organic bases. Well-defined polypeptides
(degree of polymerization, DP up to 400) with functionalized
C terminus, predictable MWs, and low dispersity (D̵ < 1.1)
were obtained within 10 min. This approach not only improves
our understanding on the NAM/AMM regulation during NCA
polymerization but also provides a practical route toward the
scalable synthesis of polypeptide materials, boosting the
downstream applications in materials science, chemical
biology, and biomedical engineering.

■ ASSOCIATED CONTENT
Data Availability Statement
The data underlying this study are openly available in the
published article and its online Supporting Information.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02668.

Materials and instruments, experimental procedures,
impact of acid/base ratios on polymerization kinetics,
polymerization initiated by TEA, CD characterization
during polymerization, additional GPC and MALDI-
TOF characterization results, and NMR titration (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Xingliang Liu − School of Engineering, Westlake University,
Hangzhou 310030, China; Department of Biomedical
Engineering, School of Engineering, China Pharmaceutical
University, Nanjing 211198 Jiangsu, China; orcid.org/
0009-0008-5431-1185; Email: liuxingliang@cpu.edu.cn

Ziyuan Song − Institute of Functional Nano & Soft Materials
(FUNSOM), Jiangsu Key Laboratory for Carbon-Based
Functional Materials and Devices, Soochow University,
Suzhou 215123, China; orcid.org/0000-0002-3165-
3712; Email: zysong@suda.edu.cn

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c02668
Macromolecules 2026, 59, 728−735

733

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02668?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c02668/suppl_file/ma5c02668_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingliang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-5431-1185
https://orcid.org/0009-0008-5431-1185
mailto:liuxingliang@cpu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyuan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3165-3712
https://orcid.org/0000-0002-3165-3712
mailto:zysong@suda.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Jianjun Cheng − School of Engineering, Westlake University,
Hangzhou 310030, China; Research Center for Industries of
the Future, Westlake University, Hangzhou 310030, China;
Institute of Advanced Technology, Westlake Institute for
Advanced Study, Hangzhou, Zhejiang 310024, China;
orcid.org/0000-0003-2561-9291; Email: chengjianjun@

westlake.edu.cn

Authors

Xuetao Zheng − School of Materials Science and Engineering,
Zhejiang University, Hangzhou 310058, China

Jing Huang − School of Engineering, Westlake University,
Hangzhou 310030, China; School of Biomedical Engineering
and Informatics, Nanjing Medical University, Nanjing
211100 Jiangsu, China

Haonan Sheng − School of Engineering, Westlake University,
Hangzhou 310030, China

Zhen Yuan − School of Engineering, Westlake University,
Hangzhou 310030, China

Yu Zhao − School of Engineering, Westlake University,
Hangzhou 310030, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.5c02668

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the National Natural Science
Foundation of China (52233015 for J.C. and 22101194 for
Z.S.), the Zhejiang Provincial Kunpeng Scholars program, the
Westlake Education Foundation, the Natural Science Founda-
tion of Jiangsu Province (BK20210733 for Z.S.), the
Collaborative Innovation Center of Suzhou Nano Science &
Technology, the 111 Project, the Joint International Research
Laboratory of Carbon-Based Functional Materials and Devices,
and the China Postdoctoral Science Foundation
(2023M743133).

■ REFERENCES
(1) Deming, T. J. Synthetic polypeptides for biomedical applications.
Prog. Polym. Sci. 2007, 32 (8), 858−875.
(2) Song, Z.; Han, Z.; Lv, S.; Chen, C.; Chen, L.; Yin, L.; Cheng, J.
Synthetic polypeptides: from polymer design to supramolecular
assembly and biomedical application. Chem. Soc. Rev. 2017, 46
(21), 6570−6599.
(3) Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block copolymer
micelles in nanomedicine applications. Chem. Rev. 2018, 118 (14),
6844−6892.
(4) Song, Z.; Tan, Z.; Cheng, J. Recent advances and future
perspectives of synthetic polypeptides from N-carboxyanhydrides.
Macromolecules 2019, 52 (22), 8521−8539.
(5) Rasines Mazo, A.; Allison-Logan, S.; Karimi, F.; Chan, N. J.-A.;
Qiu, W.; Duan, W.; O’Brien-Simpson, N. M.; Qiao, G. G. Ring
opening polymerization of α-amino acids: advances in synthesis,
architecture and applications of polypeptides and their hybrids. Chem.
Soc. Rev. 2020, 49 (14), 4737−4834.
(6) Melnyk, T.; D̵ord̵evic,́ S.; Conejos-Sánchez, I.; Vicent, M. J.
Therapeutic potential of polypeptide-based conjugates: rational
design and analytical tools that can boost clinical translation. Adv.
Drug Delivery Rev. 2020, 160, 136−169.
(7) Deng, C.; Zhang, Q.; Guo, J.; Zhao, X.; Zhong, Z. Robust and
smart polypeptide-based nanomedicines for targeted tumor therapy.
Adv. Drug Delivery Rev. 2020, 160, 199−211.

(8) Zhang, Y.; He, P.; Zhang, P.; Yi, X.; Xiao, C.; Chen, X.
Polypeptides-drug conjugates for anticancer therapy. Adv. Healthc.
Mater. 2021, 10 (11), 2001974.
(9) Li, N.; Lei, Y.; Song, Z.; Yin, L. Helix-specific properties and
applications in synthetic polypeptides. Curr. Opin. Solid State Mater.
Sci. 2023, 27 (5), 101104.
(10) Wu, Y.; Chen, K.; Wang, J.; Chen, M.; Dai, W.; Liu, R. Recent
advances and future developments in the preparation of polypeptides
via N-carboxyanhydride (NCA) ring-opening polymerization. J. Am.
Chem. Soc. 2024, 146 (35), 24189−24208.
(11) Song, P.; Lv, J.; Yang, C.; Gu, Q.; Liu, S.; Zhang, Y.; Wang, W.;
Zhu, Y.; Du, J. Ring-opening polymerization of N-carboxyanhydrides:
an efficient approach toward peptides, peptoids, and functional
materials. Prog. Polym. Sci. 2025, 169, 102013.
(12) Hadjichristidis, N.; Iatrou, H.; Pitsikalis, M.; Sakellariou, G.
Synthesis of well-defined polypeptide-based materials via the ring-
opening polymerization of α-amino acid N-carboxyanhydrides. Chem.
Rev. 2009, 109 (11), 5528−5578.
(13) Peggion, E.; Terbojevich, M.; Cosani, A.; Colombini, C.
Mechanism of N-carboxyanhydride (NCA) polymerization in
dioxane. Initiation by carbon-14-labeled amines. J. Am. Chem. Soc.
1966, 88 (15), 3630−3632.
(14) Goodman, M.; Hutchison, J. The mechanisms of polymer-
ization of N-unsubstituted N-carboxyanhydrides. J. Am. Chem. Soc.
1966, 88 (15), 3627−3630.
(15) Bamford, C. H.; Block, H. The initiation step in the
polymerization of N-carboxy-α-amino-acid anhydrides. Part I.
Catalysis by tertiary bases. J. Chem. Soc. 1961, 0, 4989−4991.
(16) Baumgartner, R.; Fu, H.; Song, Z.; Lin, Y.; Cheng, J.
Cooperative polymerization of α-helices induced by macromolecular
architecture. Nat. Chem. 2017, 9 (7), 614−622.
(17) Wu, Y.; Zhang, D.; Ma, P.; Zhou, R.; Hua, L.; Liu, R. Lithium
hexamethyldisilazide initiated superfast ring opening polymerization
of alpha-amino acid N-carboxyanhydrides. Nat. Commun. 2018, 9,
5297.
(18) Song, Z.; Fu, H.; Wang, J.; Hui, J.; Xue, T.; Pacheco, L. A.; Yan,
H.; Baumgartner, R.; Wang, Z.; Xia, Y.; Wang, X.; Yin, L.; Chen, C.;
Rodríguez-López, J.; Ferguson, A. L.; Lin, Y.; Cheng, J. Synthesis of
polypeptides via bioinspired polymerization of in situ purified N-
carboxyanhydrides. Proc. Natl. Acad. Sci. U.S.A. 2019, 116 (22),
10658−10663.
(19) Grazon, C.; Salas-Ambrosio, P.; Ibarboure, E.; Buol, A.;
Garanger, E.; Grinstaff, M. W.; Lecommandoux, S.; Bonduelle, C.
Aqueous ring-opening polymerization-induced self-assembly (ROPI-
SA) of N-carboxyanhydrides. Angew. Chem., Int. Ed. 2020, 59 (2),
622−626.
(20) Hu, Y.; Tian, Z.-Y.; Xiong, W.; Wang, D.; Zhao, R.; Xie, Y.;
Song, Y.-Q.; Zhu, J.; Lu, H. Water-assisted and protein-initiated fast
and controlled ring-opening polymerization of proline N-carbox-
yanhydride. Natl. Sci. Rev. 2022, 9 (8), nwac033.
(21) Lv, W.; Wang, Y.; Li, M.; Wang, X.; Tao, Y. Precision synthesis
of polypeptides via living anionic ring-opening polymerization of N-
carboxyanhydrides by tri-thiourea catalysts. J. Am. Chem. Soc. 2022,
144 (51), 23622−23632.
(22) Liu, B.; Fang, R.; Li, W.; Wu, X.; Liu, T.; Lin, M.; Sun, J.; Chen,
X. Fast catalyst-free synthesis of stereoselective polypeptides via
hierarchical chiral assembly. J. Am. Chem. Soc. 2024, 146 (24),
16558−16566.
(23) Chen, K.; Wu, Y.; Chen, M.; Huang, X.; Zou, J.; Chen, X.; Liu,
R. Cationic-catalyst strategy enabling ultrafast and controlled
polymerization and efficient depolymerization toward a circular
polymer economy. Angew. Chem., Int. Ed. 2025, 64, No. e20392.
(24) Wang, W.; Fu, H.; Lin, Y.; Cheng, J.; Song, Z. Cooperative
covalent polymerization of N-carboxyanhydrides: from kinetic studies
to rfficient synthesis of polypeptide materials. Acc. Mater. Res. 2023, 4
(7), 604−615.
(25) Lv, S.; Kim, H.; Song, Z.; Feng, L.; Yang, Y.; Baumgartner, R.;
Tseng, K.-Y.; Dillon, S. J.; Leal, C.; Yin, L.; Cheng, J. Unimolecular

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c02668
Macromolecules 2026, 59, 728−735

734

https://orcid.org/0000-0003-2561-9291
https://orcid.org/0000-0003-2561-9291
mailto:chengjianjun@westlake.edu.cn
mailto:chengjianjun@westlake.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuetao+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haonan+Sheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02668?ref=pdf
https://doi.org/10.1016/j.progpolymsci.2007.05.010
https://doi.org/10.1039/C7CS00460E
https://doi.org/10.1039/C7CS00460E
https://doi.org/10.1021/acs.chemrev.8b00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00738E
https://doi.org/10.1039/C9CS00738E
https://doi.org/10.1039/C9CS00738E
https://doi.org/10.1016/j.addr.2020.10.007
https://doi.org/10.1016/j.addr.2020.10.007
https://doi.org/10.1016/j.addr.2020.10.019
https://doi.org/10.1016/j.addr.2020.10.019
https://doi.org/10.1002/adhm.202001974
https://doi.org/10.1016/j.cossms.2023.101104
https://doi.org/10.1016/j.cossms.2023.101104
https://doi.org/10.1021/jacs.4c05382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c05382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c05382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2025.102013
https://doi.org/10.1016/j.progpolymsci.2025.102013
https://doi.org/10.1016/j.progpolymsci.2025.102013
https://doi.org/10.1021/cr900049t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900049t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00967a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00967a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00967a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00967a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/JR9610004989
https://doi.org/10.1039/JR9610004989
https://doi.org/10.1039/JR9610004989
https://doi.org/10.1038/nchem.2712
https://doi.org/10.1038/nchem.2712
https://doi.org/10.1038/s41467-018-07711-y
https://doi.org/10.1038/s41467-018-07711-y
https://doi.org/10.1038/s41467-018-07711-y
https://doi.org/10.1073/pnas.1901442116
https://doi.org/10.1073/pnas.1901442116
https://doi.org/10.1073/pnas.1901442116
https://doi.org/10.1002/anie.201912028
https://doi.org/10.1002/anie.201912028
https://doi.org/10.1093/nsr/nwac033
https://doi.org/10.1093/nsr/nwac033
https://doi.org/10.1093/nsr/nwac033
https://doi.org/10.1021/jacs.2c10950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c03281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202520392
https://doi.org/10.1002/anie.202520392
https://doi.org/10.1002/anie.202520392
https://doi.org/10.1021/accountsmr.3c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.3c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.3c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polypeptide micelles via ultrafast polymerization of N-carboxyanhy-
drides. J. Am. Chem. Soc. 2020, 142 (19), 8570−8574.
(26) Xia, Y.; Song, Z.; Tan, Z.; Xue, T.; Wei, S.; Zhu, L.; Yang, Y.;
Fu, H.; Jiang, Y.; Lin, Y.; Lu, Y.; Ferguson, A. L.; Cheng, J.
Accelerated polymerization of N-carboxyanhydrides catalyzed by
crown ether. Nat. Commun. 2021, 12, 732.
(27) Li, Q.; Lan, Y.; Wang, W.; Ji, G.; Li, X.; Song, Z. Polymerization
of N-carboxyanhydride in cosolvents: The balance between the
polymerization rate and molecular weight control. Macromolecules
2023, 56 (17), 7023−7031.
(28) Ji, G.; Zheng, X.; Hou, X.; Sun, X.; Wang, S.; Li, X.; Cheng, J.;
Song, Z. Modulation of polymerization rate of N-carboxyanhydrides
in a biphasic system. Chin. Chem. Lett. 2024, 35 (1), 108872.
(29) Liu, X.; Huang, J.; Wang, J.; Sheng, H.; Yuan, Z.; Wang, W.; Li,
W.; Song, Z.; Cheng, J. Accelerated and controlled polymerization of
N-carboxyanhydrides assisted by acids. CCS Chem. 2025, 7 (9),
2769−2780.
(30) Cao, T.; Ji, C.; Qin, Q.; Wang, H.; Zhao, Y.; Song, Z.; Cheng, J.
Controlled synthesis of telechelic polypeptides via polymerization of
N-carboxyanhydrides mediated by phosphate kinetic modulators. ACS
Macro Lett. 2025, 14 (6), 858−864.
(31) Huang, J.; Liu, X.; Yuan, Z.; Yang, T.; Zhao, Y.; Lin, Y.; Song,
Z.; Cheng, J. Facile and controlled synthesis of poly(ethylene glycol)-
polypeptide in an acidic, biphasic system. Macromolecules 2025, 58
(18), 9692−9699.
(32) Jacobs, J.; Pavlovic,́ D.; Prydderch, H.; Moradi, M.-A.;
Ibarboure, E.; Heuts, J. P. A.; Lecommandoux, S.; Heise, A.
Polypeptide nanoparticles obtained from emulsion polymerization
of amino acid N-carboxyanhydrides. J. Am. Chem. Soc. 2019, 141 (32),
12522−12526.
(33) Kricheldorf, H. R.; Von Lossow, C.; Schwarz, G. Tertiary amine
catalyzed polymerizations of α-amino acid N-carboxyanhydrides: the
role of cyclization. J. Polym. Sci., Part A: Polym. Chem. 2006, 44 (15),
4680−4695.
(34) Zhao, W.; Gnanou, Y.; Hadjichristidis, N. Fast and living ring-
opening polymerization of α-amino acid N-carboxyanhydrides
triggered by an “alliance” of primary and secondary amines at room
temperature. Biomacromolecules 2015, 16 (4), 1352−1357.
(35) Vacogne, C. D.; Schlaad, H. Controlled ring-opening
polymerization of α-amino acid N-carboxyanhydrides in the presence
of tertiary amines. Polymer 2017, 124, 203−209.
(36) Song, Z.; Fu, H.; Baumgartner, R.; Zhu, L.; Shih, K.-C.; Xia, Y.;
Zheng, X.; Yin, L.; Chipot, C.; Lin, Y.; Cheng, J. Enzyme-mimetic self-
catalyzed polymerization of polypeptide helices. Nat. Commun. 2019,
10, 5470.
(37) Siefker, D.; Williams, A. Z.; Stanley, G. G.; Zhang, D. Organic
acid promoted controlled ring-opening polymerization of α-amino
acid-derived N-thiocarboxyanhydrides (NTAs) toward well-defined
polypeptides. ACS Macro Lett. 2018, 7 (10), 1272−1277.
(38) Zheng, B.; Xu, S.; Ni, X.; Ling, J. Understanding acid-promoted
polymerization of the N-substituted glycine N-thiocarboxyanhydride
in polar solvents. Biomacromolecules 2021, 22 (4), 1579−1589.
(39) Yu, X.; Wang, Y.; Dong, Y.; Zhao, N.; Zhang, L.; Xuan, S.;
Zhang, Z. Efficient synthesis of N-methyl polypeptides by organic acid
promoted controlled ring-opening polymerization of N-methyl-α-
amino acids N-carboxyanhydrides. Macromolecules 2023, 56 (21),
8899−8911.
(40) Wang, S.; Lu, M.-Y.; Wan, S.-K.; Lyu, C.-Y.; Tian, Z.-Y.; Liu, K.;
Lu, H. Precision synthesis of polysarcosine via controlled ring-
opening polymerization of N-carboxyanhydride: fast kinetics, ultra-
high molecular weight, and mechanistic insights. J. Am. Chem. Soc.
2024, 146 (8), 5678−5692.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c02668
Macromolecules 2026, 59, 728−735

735

https://doi.org/10.1021/jacs.0c01173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20724-w
https://doi.org/10.1038/s41467-020-20724-w
https://doi.org/10.1021/acs.macromol.3c00704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c00704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c00704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2023.108872
https://doi.org/10.1016/j.cclet.2023.108872
https://doi.org/10.31635/ccschem.024.202403954
https://doi.org/10.31635/ccschem.024.202403954
https://doi.org/10.1021/acsmacrolett.5c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c01761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c01761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.21553
https://doi.org/10.1002/pola.21553
https://doi.org/10.1002/pola.21553
https://doi.org/10.1021/acs.biomac.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2017.07.062
https://doi.org/10.1016/j.polymer.2017.07.062
https://doi.org/10.1016/j.polymer.2017.07.062
https://doi.org/10.1038/s41467-019-13502-w
https://doi.org/10.1038/s41467-019-13502-w
https://doi.org/10.1021/acsmacrolett.8b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c14740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c14740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c14740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

