
Carbonyl Aziridines: Strained Amides for Rapid Polyamide Synthesis
Taoguang Qu and Paul A. Rupar*

Cite This: Macromolecules 2022, 55, 9513−9519 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The polymerizations of bis(N-carbonyl aziridine)s to form polyamide copolymers are reported. Terephthalaziridine
(TP-Az), derived from postconsumer PETE, reacts with a variety of dinucleophiles, including dicarboxylic acids, diphenols, and
disulfides, to form poly(amide ester)s, poly(amide ether)s, or poly(amide sulfide)s, respectively. The step-growth polymerization of
the aliphatic adipoyl aziridine (AD-Az) and the 2-methyl-substituted TP-MeAz mirrors that of TP-Az. The polymerizations of TP-
Az, AD-Az, and TP-MeAz are performed under mild conditions and open air, conditions that are compatible with many functional
groups. As examples, both itaconic acid (containing a vinylidene group) and D-tartaric acid (containing a diol) copolymerize with
TP-Az without the need for protecting group chemistry.

■ INTRODUCTION
Polyamides are among the most important class of polymeric
materials1 and are widely used in the automotive, furniture,
textile, and electronics industries.2−4 There are a limited
number of routes to polyamides,5−7 the most common being
step-growth polycondensations of carboxylic acids and
amines8−10 or by the ring-open polymerizations of caprolactam
and related cyclic amides.11,12 Chain-growth polycondensa-
tions have also been reported in polyamide synthesis.13

Unfortunately, existing polyamide syntheses lack flexibility,
are functional group intolerant, can require complex monomer
synthesis and purification, and often require the removal of
byproducts during the polymerization.
We now report the base-catalyzed copolymerization of

bis(N-carbonyl aziridine)s and dinucleophiles to form
polyamides (Scheme 1a). The polymerization is driven by
the nucleophilic ring-opening of N-carbonyl aziridines to form
amide linkages. Compatible dinucleophiles include dicarbox-
ylic acids, diphenols, and dithiols. Stringent reaction conditions
are avoided as the bis(N-carbonyl aziridine)s polymerizations
are performed in an ambient atmosphere under mild
conditions. Furthermore, there are no condensation by-
products to remove during or postpolymerization. Moreover,
excellent functional group tolerance allows polymerization with
highly functionalized comonomers without the need of
protecting group chemistry.
Our work builds on the development of the anionic

polymerization of N-sulfonyl aziridines (Scheme 1b), which

are now recognized as valuable monomers to prepare poly(N-
sulfonyl aziridine), poly(sulfonamide amine), polyimines,
thiacyclic polymers, and poly(N-sulfonyl aziridine) containing
copolymers and composites.14−28 We have also recently
reported the polymerization of a tert-butyloxycarbonyl
(BOC)-activated aziridine, demonstrating that non-sulfonyl
electron-withdrawing groups can support anionic aziridine
polymerizations.29 The versatility of N-sulfonyl aziridines has
expanded with reports that bis(N-sulfonyl aziridine)s form
polysulfonamides, the sulfonyl analogues of amides, upon
reaction with dinucleophiles. Specifically, Yoon prepared a
bis(N-sulfonyl aziridine) monomer derived from bisphenol A
that reacts with various dinucleophiles under mild conditions
(Scheme 1c), although competing AROP chain growth also
occurred.30 In addition, Zhang developed a bis(N-sulfonyl
aziridine) that polymerized with nucleophilic comonomers in
the presence of organobase catalysts (Scheme 1d).31

■ RESULTS AND DISCUSSION
There are only a few examples of polymer synthesis involving
bis(aziridine)s.32−34 Here, we began our investigation into the

Received: August 22, 2022
Revised: October 10, 2022
Published: October 25, 2022

Articlepubs.acs.org/Macromolecules

© 2022 American Chemical Society
9513

https://doi.org/10.1021/acs.macromol.2c01748
Macromolecules 2022, 55, 9513−9519

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
A

LA
B

A
M

A
 o

n 
Ja

nu
ar

y 
5,

 2
02

3 
at

 2
0:

02
:2

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taoguang+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+A.+Rupar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c01748&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/21?ref=pdf
https://pubs.acs.org/toc/mamobx/55/21?ref=pdf
https://pubs.acs.org/toc/mamobx/55/21?ref=pdf
https://pubs.acs.org/toc/mamobx/55/21?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


polymerization of bis(N-carbonyl aziridine)s using terephtha-
laziridine (TP-Az). In 1967, TP-Az was disclosed to
copolymerize to form poorly characterized, low molecular
weight materials under acidic conditions.33 However, this
initial work on acid-catalyzed TP-Az copolymerization
predates reports on base-catalyzed polymerizations of N-
sulfonyl aziridines35−37 as well as work on nucleophilic
carbonyl aziridine ring-opening.38−43 Therefore, we suspected
that TP-Az should copolymerize to form polyamides under
basic conditions.
N-Carbonyl aziridines are known to undergo ring-opening

with a variety of nucleophiles and have been employed as
cross-linking agents.38−44 We decided to investigate the
potential for terephthalaziridine (TP-Az) as a representative
bis(N-carbonyl aziridine) for use in step-growth polymer-
izations. TP-Az was synthesized from terephthalic acid, which
was generated by hydrolyzing post-consumer poly(ethylene
terephthalate) (Scheme 2, Figures S1 and S2).45

We observed that in the presence of a base, TP-Az reacted
rapidly with benzoic acid to quantitatively form an amide ester
(Scheme 2 and Figure S3). Encouraged by this result, we next

attempted a polymerization between TP-Az and terephthalic
acid with catalytic P4-t-Bu.

46 P4-t-Bu has been used previously
to promote the AROP of N-sulfonyl aziridines.21,37 After 72 h,
the polyamide PA-1 (Table 1, entry 1) was precipitated in
methanol and isolated in a moderate yield and molecular
weight (54%, Mw,GPC = 12.5 kDa, Đ = 1.67, Figure S31). The
1H NMR spectrum of PA-1 is consistent with the proposed
poly(amide ester) copolymer structure (Figure S4) as is the
MALDI-ToF MS spectrum (Figure S5).
There is no evidence in the 1H NMR spectrum of PA-1 to

suggest that TP-Az is homopolymerizing or that branching is
occurring.22 The lack of TP-Az homopolymerization or
branching contrasts that of bis(N-sulfonyl aziridine)s, which
can undergo chain-growth propagations concurrently with
step-growth copolymerizations.30 We propose that this is due
to the reduced electron-withdrawing capability of carbonyl
groups compared to sulfonyl groups. Less electron-with-
drawing activating groups on aziridines correlate with reduced
rates of aziridine homopolymerizations.47

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and triethyl-
amine (Et3N) were evaluated as catalysts in the copolymeriza-
tion of TP-Az and TPA (terephthalic acid). The attempted
polymerization using DBU produced a complex reaction by 1H
NMR spectroscopy. Although the desired polyamide appeared
to be forming, the 1H NMR spectrum of the reaction mixture
was much more complicated than what was observed during
the P4-t-Bu-catalyzed reaction. Attempts to purify the poly-
(amide ester) were unsuccessful, and polymerizations with
catalytic DBU were not explored further. In contrast, 10 mol %
Et3N promoted polyamide formation (Table 1, entry 3, PA-2)
in similar yields Mw,GPC, and Đ to that of PA-1 (Table 1, entry
1).
To understand the impact of catalytic base on the rate of the

copolymerization of TP-Az and TPA, the polymerizations
listed in Table 1, entries 1 (10 mol % P4-t-Bu), 3 (10 mol %,
Et3N), and 4 (20 mol % Et3N), were monitored by real-time
1H NMR spectroscopy in DMSO-d6 (Figure S6). Two features
were observed: (I) at identical concentrations, reaction kinetics
are independent of catalyst species; (II) increasing the catalyst
concentration only shortened the polymerization time. There-

Scheme 1. (a) Alternating Polyamides Prepared by Step-Growth Polyaddition of Bis(N-carbonyl aziridine)s (This Work); (b)
Anionic Ring-Opening Polymerization of N-Sulfonyl Aziridines; (c, d) Examples of Alternating Polymers Prepared by Step-
Growth Polyaddition of Bis(N-sulfonyl aziridine) Containing Monomers

Scheme 2. Synthesis of TP-Az and Its Reaction with Benzoic
Acid

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01748
Macromolecules 2022, 55, 9513−9519

9514

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01748/suppl_file/ma2c01748_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01748?fig=sch2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fore, 10 mol % Et3N was used throughout the rest of the
project.
We then studied the impact of solvent on the polymerization

between TP-Az and TPA, examining the aprotic, polar solvents
NMP, DMF, and THF (Table 1, entries 5−7). Because NMP
is a high-boiling-point solvent, the polymerizations were
conducted at 50, 100, and 150 °C, respectively. Reactions in
NMP produced no polymeric materials as GPC analysis
showed only low molecular weight compounds (Mn < 1.2 kDa,
Mw < 2.5 kDa), and the 1H NMR spectra were complex. The
outcome of polymerization in DMF is indistinguishable from
that in DMSO (Table 1, entry 6). THF appears to be the best
solvent (Table 1, entry 7) because the polymerization resulted
in a satisfactory isolated yield (82%) and a high molecular
weight (PA-5, Mw,GPC = 23.3 kDa, Đ = 1.61), and THF is an
easier solvent to remove postreaction. The thermal properties
of PA-5 are summarized in Figures S29 and S30 and in Tables
3 and S1.
We next explored the copolymerization of TP-Az with two

other carboxylic acid containing comonomers, adipic acid
(ADA) and trimesic acid (H3BTC), under the optimized
conditions. In the case of ADA, the resulting polymer (PA-6)
was characterized by 1H NMR spectroscopy, MALDI-ToF MS,
and GPC. PA-6 was isolated in good yield and molecular
weight, thus showing that aliphatic dicarboxylic acids react in a
similar fashion to their aryl counterparts (Figures S7 and S8).
Copolymerization of TP-Az and H3BTC produced a colorless,
insoluble film, presumably cross-linked, that was characterized
by FT-IR spectroscopy (Figure S9).
Upon establishing that TP-Az readily polymerizes with

dicarboxylic acids, we explored the polymerizations of TP-Az
with other dinucleophilic comonomers, including bisphenols,
diols, and dithiols. Both bisphenol A (BPA) and bisphenol S
(BPS) polymerized cleanly with TP-Az. The copolymerization
of TP-Az with BPA produced a white powder polyamide with

a 74% isolated yield (PA-8, Mw = 20.6 kDa, Đ = 1.86).
Similarly, bisphenol S (BPS) copolymerized readily to form
PA-9 with a Mw of 32.7 kDa and a Đ of 1.81. The 1H NMR
spectroscopic and MALDI-ToF mass spectra of PA-8 and PA-
9 were consistent with their proposed structures (Figures
S10−S13). Surprisingly, the aliphatic diols 1,4-butanediol or
1,4-benzenedimethanol did not copolymerize with TP-Az
under the conditions examined; rather, both produced reaction
mixtures with complex 1H NMR spectra.
Synthetic polyamides containing sulfide linkages have

attracted attention due to their promising applications in
membrane preparation or as an adsorbent of heavy metal
ions.48,49 Reported methods for poly(amide sulfide)s syntheses
are performed at high temperatures that require stringent
conditions to remove byproducts.48−50 We found that both the
aromatic dithiol, benzene-1,4-dithiol (BDT, Table 2, entry 3),
and the aliphatic dithiol, 1,2-ethanedithiol (EDT, Table 2,
entry 4), react rapidly to form the expected poly(amide
sulfide)s PA-10 and PA-11, respectively. The polymers were
characterized by 1H NMR spectroscopy, MALDI-ToF MS, and
GPC (Figures S14−S17 and S31). The low melting point of
BDT (94−97 °C) also facilitated a solvent-free polymerization
of TP-Az at 100 °C. The resulting polymer (PA-12, Table 2,
entry 5) was indistinguishable from that synthesized in THF
solution.
We synthesized adipoyl aziridine (AD-Az, Figure S18) to

examine if aliphatic carbonyl aziridines polymerize similarly to
the aryl TP-Az.51 The step-growth polymerization of AD-Az
with TPA or ADA was performed under the same conditions
as those used in TP-Az polymerizations (Scheme 3).
Poly(amide ester)s PA-13 and PA-14 were precipitated in
methanol and analyzed by GPC (Figure S31). The 1H NMR
spectra and MALDI-ToF MS of PA-13 and PA-14 were
consistent with the structures depicted in Scheme 3 (Figures

Table 1. Step-Growth Polymerizations of TP-Az with Dicarboxylic Acidsa

entry, polymer comonomer solvent, 10 mol % base Mw/kDa (Đ) yield/%

1, PA-1 TPA DMSO, P4-t-Bu 12.5 (1.67) 54
2, n/a TPA DMSO, DBU n/a n/a
3, PA-2 TPA DMSO, Et3N 11.8 (1.79) 58
4, PA-3 TPA DMSO, Et3N

b 12.6 (1.86) 61
5, n/a TPA NMP, Et3N n/a n/a
6, PA-4 TPA DMF, Et3N 12.1 (1.82) 50
7, PA-5 TPA THF, Et3N 23.3 (1.61) 82
8, PA-6 ADA THF, Et3N 27.8 (1.80) 86
9, PA-7 H3BTC THF, Et3N n/a 82

aWeight-average molecular weight (Mw) and dispersity (Đ) were determined by GPC in HFIP at 35 °C (PMMA calibration). b20 mol % Et3N.
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S19−S22), and there was no indication of AD-Az branching or
homopolymerization.

We note the similarities in the ring-opening chemistries of
carbonyl aziridines and 2-oxazolines. 2-Oxazolines are
structural isomers of N-carbonyl aziridines. Bis(2-oxazoline)s
can undergo ring-opening with dinucleophiles to produce
polyamides similar to those we have reported.52,53 Indeed,
Luston reported the copolymerization of a bis(2-oxazoline)
with ADA to produce a poly(amide ester)54 which has the
same structure as PA-6. However, the polymerizations of
oxazolines require inert atmospheres and high temperatures
(170 °C) and yield polyamides with lower molecular weights.
The N-carbonyl aziridines provide a distinct advantage, as the
polyaddition reactions occur under mild conditions that are
likely more tolerant of functional groups.
To illustrate the potential of N-carbonyl aziridines to

undergo copolymerization with highly functional monomers,
we examined the copolymerization of TP-Az with itaconic acid
and D-tartaric acid, both of which are naturally derived
diacids.55,56 Itaconic acid can be derived from citric acid and
contains a vinylidene group, while D-tartaric acid is a diol
isolated from many fruits. As desired, both itaconic acid and D-
tartaric acid copolymerize with TP-Az to form the desired
polyamides (PA-15 and PA-16, Scheme 4, Figures S23 and

S24). The successful copolymerization of D-tartaric acid with
TP-Az is especially noteworthy as it exhibits the tolerance of
N-carbonyl aziridine step-growth polymerizations to unpro-
tected alcohols. We believe that the alcohol groups of D-tartaric
acid are not acidic enough to be activated by the Et3N base and
therefore do not react during copolymerization with TP-Az.
The presence of substituents at the 2-carbon of the aziridine

ring plays a significant role in terms of extending the monomer
scope and product property control of aziridine-derived
polymers.16,57 We synthesized a 2,2′-dimethyl terephthalazir-
idine (TP-MeAz, Figures S25 and S26) to evaluate this

Table 2. Step-Growth Polymerizations of TP-Az with
Diphenols or Dithiolsa

entry, polymer comonomer solvent Mw/kDa (Đ) yield/%

1, PA-8 BPA THF 20.6 (1.86) 74
2, PA-9 BPS THF 32.7 (1.81) 79
3, PA-10 BDT THF 25.6 (1.94) 91
4, PA-11 EDT THF 34.1 (1.72) 82
5, PA-12 BDT no solvent 3.7 (3.85) 84

aWeight-average molecular weight (Mw) and dispersity (Đ) were
determined by GPC in HFIP at 35 °C (PMMA calibration).

Scheme 3. Step-Growth Polymerization of AD-Az with
Dicarboxylic Acidsa

aWeight-average molecular weight (Mw,GPC) and polydispersity (Đ)
were determined by GPC in HFIP at 35 °C (PMMA calibration).

Scheme 4. Step-Growth Polymerization of TP-Az with
Bioderived Dicarboxylic Acidsa

aWeight-average molecular weight (Mw,GPC) and polydispersity (Đ)
were determined by GPC in HFIP at 35 °C (PMMA calibration).
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method. TP-MeAz and either TPA or ADA were copoly-
merized under the same conditions for the unsubstituted
version. Encouragingly, TP-MeAz polymerized smoothly with
TPA and ADA to produce two polyamides, PA-17 and PA-18
(Scheme 5, Figures S27 and S28). It can be expected that if an
enantiopure TP-MeAz is employed, optically active poly-
amides are likely to be obtained.58,59

The thermal properties of these polyamide copolymers were
examined by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). All the polyamides showed
good thermal stability with onsets of mass loss ranging from
284.1 to 374.7 °C (Figure S29 and Table S1). The DSC
measured Tg’s for PA-6, PA-8, PA-9, PA-11, PA-13 to PA-16,
and PA-18 varied between 67.2 and 168.5 °C (Figure S30 and
Table 3). The highest glass transition temperatures were

observed for the BPA or BPS-containing polyamides PA-8 and
PA-9. In addition, the DSC trace of PA-14 exhibited
endothermic and exothermic peaks consistent with melting
and crystallizing transitions (Tm = 171.6 and Tc = 127.2 °C)
(Figure S30). An endothermic peak for PA-8 was found in the
first heating step, which is likely a melting transition; however,
no crystallization exotherms were observed upon cooling.

■ CONCLUSIONS
In summary, we have reported the base-catalyzed, step-growth
polymerizations of bis(N-carbonyl aziridine)s with a variety of

nucleophilic comonomers including diacids, diphenols, and
dithiols. The resulting polyamides were synthesized in good
yields and molecular weights. The mild reaction conditions
and functional group tolerances enabled bis(N-carbonyl
aziridine) TP-Az to copolymerize with itaconic acid and with
D-tartaric acid, bioderived monomers that contain vinylidene
and diol functional groups, respectively. These results hint at a
larger potential for carbonyl aziridines in the preparation of
polyamides from functional group (e.g., alcohol) rich
monomers, including those sourced from bioderived feed-
stocks.
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