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ABSTRACT: Polymers with carboxylic acid functionalities are widely
used in adhesives, absorbents, dispersants, drug delivery systems, and
hydrogels. Unlike common radical polymerization, it is difficult to
synthesize polymers with carboxylic acid groups via anionic ring-opening
polymerization because of the harsh reaction conditions. Although a
carboxylic acid-functionalized polyether, poly(glycidoxy acetic acid), was
previously prepared by using monomer-activated ring-opening polymer-
ization, this approach often suffers from a low initiation efficiency and is
limited to homopolymerization. Herein, we present a novel functional epoxide monomer bearing oxazoline as a protecting group,
4,4-dimethyl-2-oxazoline glycidyl ether, for a controlled synthesis of poly(4,4-dimethyl-2-oxazoline glycidyl ether) by overcoming the
aforementioned limitations. The stepwise syntheses of the monomer and polymers were carefully analyzed via 1H NMR, GPC, FT-
IR spectroscopy, and MALDI-ToF analysis. Furthermore, copolymerization with another monomer and a macroinitiator yielded
well-defined polymers. We anticipate that this study will provide a new platform for the synthesis of polyethers with carboxylic acid
functional groups.

■ INTRODUCTION

Poly(ethylene glycol) (PEG) is the most representative class of
aliphatic polyethers with a broad range of applications in the
biological field and pharmaceutical industry because of its
excellent solubility, biocompatibility, and low immunogenic-
ity.1−3 However, the limited functionality within the PEG
backbone represents a fundamental challenge that prevents its
widespread applications.4 Significant progress has been made
during the past decades in the development of efficient
approaches to prepare functionalized polyethers containing
diverse arrays of structures and functionalities.5−9

The most conventional synthetic approach for functional
PEGs and their derivatives involves anionic ring-opening
polymerization (AROP) of functional epoxide monomers. To
date, a diverse array of epoxide monomers with unique
functionalities have been developed, including azide,9 allyl,10

thiol,11 and acetal functionalities.12−15 However, many of these
functional moieties are labile to direct polymerization under
the harsh anionic polymerization conditions, resulting in
undesirable side reactions and/or no polymerization.16,17

Alternatively, monomer-activated ring-opening polymerization
(MAROP) has been suggested to enable versatile approach to
a diverse array of polyethers possessing sensitive functional
groups by using an initiating complex of aluminum-based
catalyst and a weakly nucleophilic quaternary ammonium-
based initiator.18−20 Nevertheless, novel functional epoxide
monomers that can tolerate common AROP conditions are

still highly desirable, in view of their wider utility for the
creation of functional polyethers.
Polyanions, such as poly(carboxylic acid),21−23 poly(sulfonic

acid),24,25 and polyphosphate,26,27 represent one of the most
unique classes of macromolecules. In particular, poly-
(carboxylic acid)s are useful in many fields because of their
distinct intrinsic properties, such as hydrophilicity, pH
responsibility, and hydrogen-bonding capability. For example,
as one of the most widely used polysaccharides, alginic acid
derived from brown seaweeds has a broad range of potential
applications in food, medicines, environmental protection, and
packaging.21,28 In addition, because of its superior hydration
and biocompatibility, hyaluronic acid found in the human skin
is used in food, medical, pharmaceutical, and cosmetic
industries.22,29 As a synthetic analogue to these natural
poly(carboxylic acid)s, poly(acrylic acid)s and poly-
(methacrylic acid)s are also widely employed in adhesives,30

dispersants,31 absorbents,32 and drug delivery systems.33,34

Despite the significant progress made in the synthesis of
poly(carboxylic acid)s, only a few studies reported the
synthesis of polyethers possessing carboxylic acid function-

Received: April 13, 2022
Revised: June 9, 2022
Published: June 29, 2022

Articlepubs.acs.org/Macromolecules

© 2022 American Chemical Society
5448

https://doi.org/10.1021/acs.macromol.2c00761
Macromolecules 2022, 55, 5448−5458

D
ow

nl
oa

de
d 

vi
a 

Y
O

N
SE

I 
U

N
IV

 o
n 

A
ug

us
t 3

, 2
02

2 
at

 0
7:

59
:2

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 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="Jihye+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yeji+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joo+Won+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byeong-Su+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c00761&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00761?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00761?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00761?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00761?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00761?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/13?ref=pdf
https://pubs.acs.org/toc/mamobx/55/13?ref=pdf
https://pubs.acs.org/toc/mamobx/55/13?ref=pdf
https://pubs.acs.org/toc/mamobx/55/13?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.2c00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


alities. Polyethers containing carboxylic acid groups have been
recently introduced as a unique polymeric system combining
both hydrogen-bonding acceptor and donor moieties within a
single repeating unit; this enables the precise control of the
cooperative hydrogen bonding, providing excellent adhesive
property along with intrinsic biocompatibility.20 However,
because of the limited choice of functional monomers
amenable to direct polymerization under the harsh conditions
of anionic polymerization, postpolymerization modification via
thiol−ene addition35 and hydrolysis of nitrile groups36 are
typically employed in the synthesis of polyethers containing
carboxylic acids. In this context, our group reported the direct
synthesis of poly(glycidoxy acetic acid) (PGA) using MAROP
of tert-butyl glycidoxy acetate monomers recently;20 however,
this approach suffered from a low initiation efficiency, resulting
in limited fidelity in modification and conjugation with other
chemical moieties and was only applied in homopolymeriza-
tion (Scheme 1a). In another noteworthy effort, Frey and co-
workers presented novel epoxide monomers, such as tert-butyl
4,5-epoxypentenoate and methyl 4,5-epoxypentenoate, for
homo- and copolymerization with ethylene oxide via
MAROP, affording polyethers with gradient and random
distributions of carboxylic acid functionalities.19

To develop a facile and controllable synthetic method of
polyethers bearing carboxylic acid pendant groups, herein we
report a novel functional epoxide monomer containing the
oxazoline ring as a protecting group for the carboxylic acid
functionality, amenable to direct polymerization under the
harsh conditions of anionic polymerization. Specifically, we
introduced an oxazoline-bearing monomer, 4,4-dimethyl-2-
oxazoline glycidyl ether (DOGE), to perform a controlled
synthesis of poly(4,4-dimethyl-2-oxazoline glycidyl ether)
(PDOGE) with a narrow molecular weight dispersity, followed
by a subsequent acidic deprotection process to yield
poly(glycidoxy acetic acid) (PGA), alleviating the aforemen-
tioned limitations (Scheme 1b). The stepwise syntheses of the

monomer and polymers were carefully analyzed through 1H
NMR, gel permeation chromatography (GPC), and Fourier-
transform infrared (FT-IR) spectroscopies as well as matrix-
assisted laser desorption and ionization time-of-flight
(MALDI-ToF) analysis. Furthermore, copolymerization with
other common monomers, such as allyl glycidyl ether, and
polymerization using a poly(ethylene oxide) (PEO) macro-
initiator were demonstrated to yield well-defined random and
block copolymers. We anticipate that this study will open new
avenues for the synthesis of polyethers with carboxylic acid
functionality.

■ EXPERIMENTAL SECTION
Materials. All the materials used in this study were purchased

from commercial chemical suppliers (Sigma-Aldrich, TCI Chemicals,
Thermo Fisher Scientific, Acros Organics, and SAMCHUN
Chemicals), unless otherwise stated. Deuterated CDCl3 and MeOD
NMR solvents were purchased from Cambridge Isotope Laboratory.

Characterizations. 1H, 13C, correlation spectroscopy (COSY),
and heteronuclear single-quantum correlation (HSQC) NMR spectra
were recorded on a Bruker 400 MHz spectrometer at 25 °C. CDCl3
(δH = 7.26 ppm and δC = 77.16 ppm) and MeOD (δH = 3.31 ppm
and δC = 49.00 ppm) were used as internal standards. The number-
average (Mn) and weight-average (Mw) molecular weights and
corresponding molecular weight distribution (Mw/Mn, Đ) were
measured through GPC by using an Agilent 1200 series with THF
as eluent at 25 °C and a flow rate of 1.00 mL min−1with a refractive
index (RI) detector. All calibrations were performed by using
polystyrene (PS) standards (Sigma-Aldrich; Mp, 250−1100000).
FT-IR spectra were recorded on an Agilent Cary 630 spectrometer
with an attenuated total reflection (ATR) module. MALDI-ToF mass
spectrometry (MS) measurements were performed by using trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile as a
matrix on a Bruker Autoflex Max instrument. Differential scanning
calorimetry (DSC) (Q200 model, TA Instruments) was employed
under a nitrogen atmosphere from −80 to 150 °C with a heating rate
of 10 °C min−1. Prior to the measurement, the sample was annealed,
and the second cycle was used to determine the thermal properties of
the resulting polymers.

Scheme 1. Synthesis of Polyethers with Carboxylic Acid Pendant Groups
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Synthesis of (4,4-Dimethyl-4,5-dihydrooxazol-2-yl)-
methanol. The synthesis of (4,4-dimethyl-4,5-dihydrooxazol-2-
yl)methanol was performed according to a method reported in the
literature with slight modifications.37 Glycolic acid (5.97 g, 78.5
mmol) was added to a solution of 2-amine-2-methyl-1-propanol (7.49
mL, 78.5 mmol) in 125 mL of xylene in a 250 mL round-bottom flask
equipped with a Dean−Stark apparatus and heated to 170 °C for 16
h. Xylene was removed under reduced pressure. Afterward, the
obtained yellow viscous mixture was purified by sublimation to yield
white solid crystals of (4,4-dimethyl-4,5-dihydrooxazol-2-yl)methanol
(4.69 g, 36.30 mmol, 46.2% yield). 1H NMR (400 MHz, CDCl3): δ
1.29 (s, 6H), 4.02 (s, 2H), 4.22 (s, 2H).

Synthesis of 4,4-Dimethyl-2-oxazoline Glycidyl Ether
(DOGE). In a 500 mL round-bottom flask, 13.07 g of NaOH was
dissolved in 19.60 mL of water to prepare a 40% aqueous NaOH
solution, which was cooled in an ice bath to 0 °C. Tetrabutylammo-
nium hydrogen sulfate (TBAHSO4; 0.62 g, 1.82 mmol) and (4,4-
dimethyl-4,5-dihydrooxazol-2-yl)methanol (4.69 g, 36.30 mmol) were
added to the NaOH solution and stirred for 30 min at 0 °C. After
that, epichlorohydrin (14.23 mL, 181.50 mmol) was added slowly at 0
°C; the reaction mixture was stirred for 18 h and then heated to 25
°C. After extracting the reaction mixture with ethyl acetate, the
organic layer was dried over Na2SO4 and concentrated in vacuo. The
crude product was stored over CaH2 for 12 h to remove moisture,
followed by distillation to yield a yellow oil product (3.00 g, 16.20

Scheme 2. Representative Scheme for the Synthesis of (a) DOGE Monomer and (b) PDOGE Homopolymer with Subsequent
Deprotection for the Synthesis of PGA

Figure 1. Representative 1H NMR spectra of (a) DOGE monomer, (b) PDOGE25 homopolymer (entry 1 in Table 1), and (c) deprotected PGA25.
See the Experimental Section for details.
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mmol, 44.6% yield). 1H NMR (400 MHz, CDCl3): δ 4.22 (m, 2H),
3.99 (s, 2H), 3.87 (dd, J = 11.7, 3.1 Hz, 1H), 3.50 (dd, J = 11.7, 5.9
Hz, 1H), 3.21 (m, J = 5.9, 4.1, 2.9 Hz, 1H), 2.81 (dd, J = 4.9, 4.2 Hz,
1H), 2.62 (dd, J = 5.0, 2.7 Hz, 1H), 1.30 (s, 6H). 13C NMR (101
MHz, CDCl3): δ 162.03, 79.24, 72.05, 67.20, 65.68, 50.47, 44.18,
28.27. Electrospray ionization mass spectrometry (ESI-MS) (m/z):
[M + H]+ calcd for C9H15NO3, 185.11; obsd 186.11.
Synthesis of Poly(4,4-Dimethyl-2-oxazoline glycidyl ether)

(PDOGE). A mixture of t-BuP4 (0.8 M in hexane, 1.2 equiv) and
benzyl alcohol (1.0 equiv) in toluene (2.5 M relative to the
monomer) was stirred for 30 min. The mixture was cooled in an
ice bath to 0 °C, and then DOGE (500 mg, 2.7 mmol, 25 equiv) was
slowly injected to the mixture for the initiation of the polymerization.
The completion of the polymerization was determined via 1H NMR
by checking the residual epoxide peaks of the monomer. Polymer-
ization was terminated by adding an excess amount of methanol. The
polymer was concentrated in vacuo to obtain a yellow oil
corresponding to PDOGE (entry 1 in Table 1). 1H NMR (400
MHz, CDCl3): δ 7.37−7.33 (m, 5H), 4.53 (s, 2H), 4.16 (s, 50H),
3.96 (s, 50H), 3.70−3.58 (m, 125H), 1.29 (s, 150H).
Deprotection of PDOGE. PDOGE (450 mg, 1.0 equiv of

oxazoline moiety) was reacted with 1.0 M HCl (5.0 equiv with respect
to the oxazoline moiety) in methanol (1:1, v/v %). The mixture was
reacted at 25 °C for 24 h. Complete deprotection was confirmed by
1H NMR. Residual HCl was removed in vacuo, and the mixture was
treated with Amberlite IR-120(H) to remove t-BuP4. The residual oily
product was dissolved in methanol and purified by precipitation in
cold 1.0 M HCl, to prepare a white oil of the deprotected PGA
polymer derived from PDOGE (entry 1 in Table 1). 1H NMR (400
MHz, MeOD): δ 7.41−7.22 (m, 5H), 4.55 (s, 2H), 4.26−4.09 (m,
50H), 3.89−3.50 (m, 125H). 13C NMR (101 MHz, MeOD): δ
172.70, 80.05, 72.55, 70.78, 69.43.
Synthesis of Copolymers. Synthesis of P(DOGE-b-AGE). A

mixture of t-BuP4 (0.8 M in hexane, 162 μL, 0.130 mmol, 1.2 equiv)
and benzyl alcohol (11.23 μL, 0.108 mmol, 1.0 equiv) in toluene
(0.42 mL, 2.5 M relative to the DOGE monomer) was stirred for 30
min. Then, DOGE (500 mg, 2.70 mmol, 25 equiv) was added
dropwise to the mixture, while monitoring the polymerization via 1H
NMR. We determined the completion of the reaction using 1H NMR
by checking the residual epoxide signals of the monomer. After it was
confirmed that the DOGE monomer was completely consumed, allyl
glycidyl ether (AGE; 308 mg, 2.70 mmol, 25 equiv) was slowly added
to the solution. The polymerization was terminated by adding an
excess amount of methanol after the reaction was completed. The
polymer was then concentrated in vacuo to yield the desired polymer.
1H NMR (400 MHz, CDCl3): δ 7.32 (s, 5H), 5.88 (ddd, J = 22.4,
10.6, 5.5 Hz, 25H), 5.26 (dd, J = 17.2, 1.6 Hz, 25H) 5.16 (dd, J =
10.4, 1.6 Hz, 25H), 4.53 (s, 2H), 4.15 (s, 50H), 3.97 (two s, 100H),
3.57 (m, 250H), 1.27 (s, 150H) (entry 2 in Table 2).
Synthesis of P(DOGE-co-AGE). A mixture of benzyl alcohol (11.23

μL, 0.108 mmol, 1.0 equiv), DOGE (500 mg, 2.70 mmol, 25 equiv),
and AGE (308 mg, 2.70 mmol, 25 equiv) in toluene (1.18 mL, 2.5 M
relative to the monomers) was stirred. Then, t-BuP4 (0.8 M in hexane,
162 μL, 0.130 mmol, 1.2 equiv) was added to the mixture, and the
reaction was monitored by 1H NMR. The completion of the reaction

was determined by using 1H NMR to check the residual epoxide
peaks of the monomer. The polymerization was terminated by adding
an excess amount of methanol after the reaction was completed.
Then, the polymer was concentrated in vacuo to yield the desired
polymer. 1H NMR (400 MHz, CDCl3): δ 7.32 (s, 5H), 5.88 (ddd, J =
22.4, 10.6, 5.5 Hz, 25H), 5.26 (dd, J = 17.2, 1.6 Hz, 25H) 5.16 (dd, J
= 10.4, 1.6 Hz, 25H), 4.53 (s, 2H), 4.15 (s, 50H), 3.97 (two s, 100H),
3.57 (m, 250H), 1.27 (s, 150H) (entry 3 in Table 2).

Deprotections of Copolymers. Copolymer (470 mg, 1.0 equiv
of oxazoline moiety) was reacted with 1.0 M HCl (5.0 equiv with
respect to the oxazoline moiety) in methanol (1:1, v/v %). The
mixture was reacted at 25 °C for 24 h. Complete deprotection was
confirmed by 1H NMR. Residual HCl was removed in vacuo, and the
mixture was treated with Amberlite IR-120(H) to remove t-BuP4. The
residual oil was dissolved in methanol and precipitated into a cold
ethyl ether to prepare a white oil of the deprotected copolymers. 1H
NMR (400 MHz, MeOD): δ 7.25 (d, J = 4.7 Hz, 5H), 5.88−5.74 (m,
25H), 5.12 (dd, J = 49.1, 13.7 Hz, 50H), 4.44 (s, 2H), 4.10 (d, J =
12.0 Hz, 50H), 3.91 (d, J = 5.1 Hz, 50H), 3.74−3.34 (m, 250H).

In Situ 1H NMR Polymerization Kinetics. A mixture of benzyl
alcohol initiator (1.0 equiv), DOGE monomer (25 equiv), and AGE
monomer (25 equiv) in toluene-d8 (2.5 M relative to the monomers)
was transferred to a NMR tube sealed with a rubber septum.
Afterward, 1.2 equiv of t-BuP4 was introduced to the NMR tube and
mixed thoroughly, before being analyzed via NMR spectroscopy. The
analysis temperature was set to 27 °C, and spectra were collected
every 15 min with a total of 16 scans over 6 h. The integrals of the
allylic proton of the AGE monomer (δ = 5.74 ppm) and methylene
protons of DOGE (δ = 3.98 ppm) were checked to calculate the
monomer conversion with regard to the residual peak of toluene (δ =
2.09 ppm) as internal standard.

Synthesis of PDOGE-b-PEO-b-PDOGE. A mixture of t-BuP4 (0.8
M in hexane, 162 μL, 0.130 mmol, 2.4 equiv) and poly(ethylene
oxide) (PEO; Mn: 10000 g mol−1, 540.0 mg, 0.054 mmol, 1.0 equiv)
in toluene (1.00 mL) was stirred for 30 min in 60 °C. The mixture
was cooled to 40 °C, and then DOGE (500 mg, 2.70 mmol, 50 equiv)
was dropwise added to the solution while the polymerization was
monitored via 1H NMR. The completion of the reaction was
determined by using 1H NMR to check the residual epoxide peaks of
the monomer. After the polymerization was completed, the reaction
was terminated by adding an excess amount of methanol, and the
polymer was concentrated in vacuo. 1H NMR (400 MHz, CDCl3): δ
4.16 (s, 100H), 3.97 (s, J = 7.3 Hz, 100H), 3.73−3.50 (m, 346H),
1.28 (s, 300H) (entry 4 in Table 2).

Deprotection of PDOGE-b-PEO-b-PDOGE. PDOGE-b-PEO-b-
PDOGE (entry 4 in Table 2) (1.10 g, 1.0 equiv of oxazoline moiety)
was reacted with 1.0 M HCl (5.0 equiv with respect to the oxazoline
moiety) in methanol (1:1, v/v %). The mixture was reacted at 25 °C
for 24 h. Complete deprotection was confirmed by 1H NMR. Residual
HCl was removed in vacuo, and the mixture was treated with
Amberlite IR-120(H) to remove t-BuP4. The residual oil was
dissolved in DCM and precipitated in a cold hexane through
precipitation to prepare a white oil of the deprotected PGA-b-PEO-b-
PGA. 1H NMR (400 MHz, MeOD): δ 4.20 (s, 100H), 3.71 (d, J =
39.7 Hz, 1408H).

Table 1. Characterizations of the Synthesized PDOGE

entry temp (°C) DOGE (equiv) time (h) conva (%) Mn,th (g/mol) Mn,NMR
b (g/mol) Mn,GPC

c (g/mol) Đc Tg
d (°C)

1 0 25 12 >99 4740 4740 3600 1.07 n.d.
2 50 24 >99 9370 9370 6030 1.06 n.d.
3 100 36 72 13440 13260 5800 1.08 n.d.
4 25 25 4 >99 4740 4740 2900 1.09 −18.9
5 50 4 >99 9370 9370 4430 1.10 −16.2
6 100 8 >99 18630 21220 6100 1.08 −15.6
7 200 36 97 37150 39930 5200 1.15 −13.2

aDOGE conversion as determined by using 1H NMR spectra of crude mixture. bDetermined from 1H NMR spectra of isolated polymer (CDCl3,
400 MHz). cDetermined from GPC in THF by using an RI signal and a PS standard. dDetermined by the differential scanning calorimetry (DSC)
at a rate of 10 °C/min.
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■ RESULTS AND DISCUSSION

Design and Synthesis of DOGE Monomer. To
synthesize a polyether containing carboxylic acid functional
groups, we designed an epoxide monomer with oxazoline as
protecting group. The DOGE monomer, containing a
protecting group for the carboxylic acid moiety, was
synthesized through a simple two-step reaction (Scheme 2a).
The initial reaction of 2-amine-2-methyl-1-propanol with
glycolic acid, performed by using a Dean−Stark apparatus to
capture H2O as a byproduct, yielded the 4,4-dimethyl-2-
oxazoline alcohol intermediate (Figure S1 in the Supporting
Information). Interestingly, we found that controlling the
reaction temperature and time was critical to increase the yield
of the desired product due to the occurrence of 5,5-dimethyl-3-
morpholinone as a side product (see Figure S1). Subsequently,
a substitution reaction of the intermediate alcohol with
epichlorohydrin produced the DOGE monomer, which was
further purified by fractional distillation to an isolated yield of
45% (Scheme 2a). The chemical structure of the DOGE
monomer was successfully verified through different NMR
spectroscopic techniques, including 1H NMR, 13C NMR,
correlation spectroscopy (COSY), heteronuclear single quan-
tum correlation (HSQC), and electrospray ionization mass
spectrometry (ESI-MS) (Figures 1a and S2−S5).
In contrast, our initial attempts using simple oxazoline

derivatives without a dimethyl group, such as oxazoline and 4-
methyl-2-oxazoline glycidyl ethers, were unsuccessful due to
stability issues during the purification steps, which resulted in
considerably low yields (Figures S6 and S7). Thus, we
introduced two methyl groups in the oxazoline moiety to
prevent the potential side reaction, in which the oxazoline ring
is involved in the cationic ring-opening polymerization.38

Synthesis and Characterization of PDOGE. After its
successful characterization, the DOGE monomer was sub-
jected to polymerization via AROP to produce PDOGE in the
presence of benzyl alcohol as initiator and t-BuP4 as organic
superbase catalyst. The highly basic organic base t-BuP4 was
selected for the reaction because it facilitated the controlled
polymerization of the DOGE monomer under mild conditions
(Scheme 2b). Considering the stability of DOGE, the initial
polymerization was performed at 0 °C (entries 1−3 in Table
1). The DOGE monomer consumption was checked by using
1H NMR to follow the disappearance of the methine and
methylene protons of the epoxides (a and b) at 3.21, 2.81, and
2.62 ppm (Figure 1a). All proton peaks of PDOGE were
assigned in the 1H NMR spectrum, which displayed the
characteristic peaks corresponding to the protons of the benzyl
alcohol initiator (x) at 4.53 ppm and of the polymeric
backbone at 3.70−3.58 ppm (Figure 1b). The degree of
polymerization (DP) and the corresponding number-average
molecular weight (Mn,NMR) of PDOGE were determined from
the ratio of these two peaks. As shown in Table 1, the GPC
analysis of the PDOGE homopolymers displayed a mono-
modal distribution with a narrow dispersity (Đ = 1.06−1.08)
for all the entries, indicating a controllable polymerization. It is
of note that the Mn,GPC values tended to be relatively lower
than the Mn,NMR ones, possibly due to the high hydrophobicity
of the DOGE monomer; this difference became more
pronounced as the DP of PDOGE increased, as similarly
observed in previous studies.15,39,40 In addition, the oxazoline
moiety could interact with GPC column because of the basicity
of oxazoline, which contributed to the underestimation of
Mn,GPC. Furthermore, residual t-BuP4 was still present even
after a rigorous treatment using Amberlite IR-120(H) as an
ion-exchange resin because of the potential interaction

Figure 2. Polymerization kinetics of PDOGE50 collected in toluene (2.5 M relative to DOGE) at 25 °C (entry 5 in Table 1). (a) Plot of Mn,NMR
and dispersity as a function of the total monomer conversion and (b) first-order kinetic plot of ln([M]0/[M]t) over polymerization time. (c)
Evolution of corresponding GPC elugrams of samples collected at different polymerization times.
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between the protonated t-BuP4 and the nitrogen atoms of the
oxazoline moiety in PDOGE. Complete removal of the residual
t-BuP4 was successfully observed after the deprotection of the
oxazoline moiety, as shown in the 1H NMR spectrum (Figure
1c).
Deprotection of PDOGE was conducted by hydrolysis under

1.0 M HCl condition, yielding PGA (Scheme 2b). As shown in
Figure 1, the 1H NMR spectrum shows that the characteristic
oxazoline protons at 3.96 ppm disappeared after the
deprotection. In addition, the deprotection was verified by
13C NMR spectroscopy (Figure S8). Further details on the
deprotected PGA are described in the following section.
Despite the stability issues of the monomer, DOGE could be

polymerized in a controlled manner at 25 °C, as confirmed by
1H NMR and GPC analyses (entries 4−7 in Table 1). The
AROP of DOGE proceeded smoothly, achieving >99%
conversion within 8 h, producing PDOGE with a controlled
molecular weight and narrow dispersity (Đ < 1.10). Although
the polymerization to PDOGE200 was not completed even after
a prolonged polymerization time at 25 °C, the reaction
generally produced PDOGE polymers with a well-defined
molecular weight and narrow dispersity at a fast reaction rate.
To further evaluate the controlled polymerization of

PDOGE, the polymerization kinetics running in toluene at
25 °C was examined via 1H NMR and GPC (Figure 2). The
monomer conversion, calculated from the evolution of the
methylene proton signal of DOGE at 2.81 ppm, reached >99%
within 4 h (entry 5 in Table 1). The linear correlation between
Mn,NMR and total monomer conversion, together with the low
Đ values, supported the controllable polymerization of
PDOGE (Figure 2a). Moreover, the linear correlation between
ln([M]0/[M]t) and the polymerization time indicated the
complete living characteristics of the AROP of DOGE,
exhibiting an apparent propagation rate constant (kp,app) of
18.3 × 10−3 min−1 (Figure 2b). This value is ∼3 times higher
than that observed for the AROP of azidobutyl glycidyl ether
(6.47 × 10−3 min−1) in a previous study.9 In parallel, the
propagation rate constants (kp) of glycidyl ether derivatives,
determined from the kp,app/[I]0 ratio of the respective
monomer by using the t-BuP4 base, were 3.00 × 10−1 L
mol−1 min−1 for allyl glycidyl ether, 2.23 × 10−1 L mol−1 min−1

for ethoxyethyl glycidyl ether, and 4.12 × 10−1 L mol−1 min−1

for benzyl glycidyl ether.41 These values are similar to the kp of
3.66 × 10−1 L mol−1 min−1 determined for the present DOGE
system, indicating a reaction rate comparable to that of other
epoxide monomers. As shown in Figure 2c, the molar mass
distribution of PDOGE shifted toward a lower retention time
as the polymerization proceeded, indicating that the polymer
chain length increased during propagation and nearly saturated
after 4 h.
Moreover, MALDI-ToF spectrometry was employed to

evaluate the controlled polymerization of PDOGE and for end-
group analysis (Figure 3). The MALDI-ToF spectrum of
PDOGE displayed a single mass distribution with a constant
interval of 185.22 g mol−1 corresponding to the molar mass of
DOGE, demonstrating the successful incorporation of the
functional monomer. The representative mass spectrum with
the obtained molecular weight of 4205.43 g mol−1

corresponded to the PDOGE homopolymer, comprising the
benzyl alcohol initiator (108.06 g mol−1) and 22 monomers
(185.22 g mol−1), with Na+ as the counterions. Irrespective of
the type of counterions present, all peaks in the spectrum
originated from the benzyl alcohol initiator, indicating a highly
controllable initiation with a markedly higher efficiency than
that reported in previous studies using MAROP.20,42 A high
initiation efficiency is critical when considering the reliability of
initiators with other functionalities and of the conjugation of
the prepared PDOGE polymers with other chemical moieties.

Deprotection of PDOGE. The prepared PDOGE and the
deprotected PGA polymer were analyzed by FT-IR spectros-
copy. The characteristic peak at 904 cm−1 corresponding to the
epoxide moiety of DOGE disappeared, while the imine peak of
the oxazoline moiety at 1667 cm−1 was retained after
polymerization to PDOGE, indicating its successful synthesis
without the degradation of the oxazoline moiety. Furthermore,
the imine peak disappeared upon deprotection to PGA; this
was accompanied by the observation of the carbonyl and
hydroxy peaks at 1740 and 3563 cm−1, respectively, and of the
phenyl peak from the initiator at 1630 cm−1; these results
confirmed the preparation of the desired PGA product with the
liberation of the carboxylic acid group (Figure 4).
The GPC analysis of PGA was limited due to potential

interaction of carboxylic acid moieties with the GPC column.
However, to determine Mn,GPC of the deprotected PGA

Figure 3. Representative MALDI-ToF mass spectrum of PDOGE25 homopolymer (entry 1 in Table 1) synthesized with individual peak
assignments in the selected region. Experimental conditions: positive mode, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malononitrile matrix; Na+ (squares) and K+ (circles) cationizing ions.
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polymer indirectly, esterified PGA50 was synthesized by using
trimethylsilyldiazomethane in methanol as confirmed by the
13C NMR spectrum (Figure S9).43 While the Mn,GPC value of
the methyl ester of PGA50 still showed a moderate difference
with the Mn,NMR, the Đ value does not vary considerably from
that of PDOGE50, indicating successful deprotection and
controlled conversion (Figure S10).
Differential scanning calorimetry (DSC) analysis was used to

evaluate the thermal property of the PDOGE polymers. The
glass transition temperature (Tg) of the obtained polymers

increased from −18.9 to −13.2 °C as the DP of PDOGE
increased from 25 to 200 (Table 1 and Figure S11). These Tg

values are in a similar range to those of other polyethers with
pendant functional groups, such as tert-butyl acetate.20 In
addition, the Tg value of PDOGE25 showed a significant
increase from −18.9 to −7.85 °C upon deprotection to PGA25,
suggesting the presence of hydrogen-bonding interactions
between the polymer chains at both inter- and intramolecular
levels, as demonstrated in a previous study (Figure S11).20

Copolymerization of DOGE. To demonstrate the
versatility of the DOGE monomer, we performed its
copolymerization with AGE, one of the most widely used
commercial epoxide monomers (Figure 5 and Table 2). First, a
block copolymer, P(DOGE-b-AGE), was prepared by
sequential addition of AGE monomer after the DOGE
polymerization at 25 °C (entry 2 in Table 2). The 1H NMR
spectrum of P(DOGE-b-AGE) clearly exhibited the character-
istic peaks originating from each monomer (Figure S12).
Furthermore, the GPC trace shifted to higher molecular
weights after the addition of the AGE monomer, indicating the
successful block copolymerization of the desired P(DOGE-b-
AGE) polymer; no unreacted chain ends of PDOGE were
present, as evidenced by the absence of the shoulder peak
(Figure 5a). Along with the low Đ value of the block
copolymer, this observation clearly demonstrates the living
characteristics of the propagating chain end of PDOGE. In
parallel, the copolymerization in a reverse sequence of
monomer addition provided a well-defined diblock copolymer
of P(AGE25-b-DOGE25) (Figure S13). It should be noted that
the successful preparation of a well-defined block copolymer
achieved in this study is challenging for MAROP systems
because of their poor initiation efficiency.20

Figure 4. FT-IR spectra of (a) DOGE monomer, (b) PDOGE25
homopolymer (entry 1 in Table 1), and (c) PGA25 with the
assignments of characteristic peaks.

Figure 5. Copolymerization of DOGE with AGE to synthesize P(DOGE25-b-AGE25) (entry 2 in Table 2) and P(DOGE25-co-AGE25) (entry 3 in
Table 2). (a) GPC traces of PDOGE25 (black), P(DOGE25-b-AGE25) (red), and (b) P(DOGE25-co-AGE25) (blue), with the corresponding Mn,GPC
and Đ values measured in THF.
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Moreover, a desired statistical copolymer, P(DOGE-co-
AGE), was synthesized by use of the living characteristics of
the polymerization using the two monomers in a one-pot
reaction (entry 3 in Table 2). The 1H NMR spectrum of the
prepared copolymer displayed the characteristic peaks of both

oxazoline moiety and allyl groups (Figure S14). Moreover, the

GPC analysis of P(DOGE-co-AGE) showed a monomodal

distribution with narrow dispersity (Đ = 1.13) (Figure 5b).

This is in clear contrast with a previous copolymerization study

Table 2. Characterization Data for All the Copolymers Prepared in This Study

entry polymer composition temp (°C) time (h) convb (%) Mn,th (g/mol) Mn,NMR
c (g/mol) Mn,GPC

d (g/mol) Đd Tg
e (°C)

1 PDOGE25
a 25 4 >99 4740 4740 3450 1.10 −18.9

2 P(DOGE25-b-AGE25) 25 8 >99 7600 7710 5550 1.10 −48.1
3 P(DOGE25-co-AGE25) 25 8 >99 7600 7180 4060 1.13 −44.2
4f PDOGE25-b-PEO-b-PDOGE25 40 12 >99 19260 19260 16940 1.10 −18.5, 52.5g

aFirst block polymer of P(DOGE25-b-AGE25).
bAGE and DOGE conversion, as determined from 1H NMR spectra of a crude mixture.

cDetermined from 1H NMR spectra of isolated polymer (CDCl3, 400 MHz). dDetermined by GPC in THF using RI signal and PS standard.
eMeasured via DSC. fPrepared using PEO with Mn = 10000 g mol−1. gTm of resulting PDOGE25-b-PEO-b-PDOGE25.

Figure 6. (a) Time-resolved 1H NMR spectra obtained during the copolymerization of DOGE and AGE in 2.5 M toluene-d8 at 27 °C. (b) Total
polymerization conversion with respect to monomer conversion for copolymerization of DOGE (blue open circles) and AGE (red open squares).
Initial fractions: nDOGE = 0.57 and nAGE = 0.43.

Figure 7. Polymerization of the DOGE monomer using the PEO macroinitiator (entry 4 in Table 2). (a) 1H NMR spectrum and (b) GPC profile
of PEO (black) and PDOGE25-b-PEO-b-PDOGE25 (blue) with the corresponding Mn,GPC and Đ values measured in THF.
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using MAROP, which reported a bimodal distribution
originating from undesired initiation.19

The DSC analysis showed that both block and random
copolymers had similar Tg values of −48.1 and −44.2 °C,
respectively (Table 2 and Figure S15). Interestingly,
considering the weight fractions of the respective blocks
within the copolymer and the Tg values of the corresponding
homopolymers (i.e., PDOGE25: −18.9 °C; PAGE: −77 °C),35

a Tg of −44.7 °C was calculated on the basis of the Fox
equation,44 in concert with the observed Tg value of the
copolymer.
To elucidate the microstructure of the P(DOGE-co-AGE)

copolymer, the reactivity ratios of DOGE and AGE during the
copolymerization were further examined by in situ 1H NMR
spectroscopy (Figure 6). Statistical copolymerization of DOGE
and AGE in toluene-d8 was conducted in an NMR tube. Both
monomer conversions and total conversions were measured as
a function of time, from which the reactivity ratios of DOGE
and AGE were determined by using the nonterminal model of
chain copolymerization developed by Lynd and co-workers.45

In particular, the methylene peak of DOGE (a, 3.98 ppm) and
the allylic peak of AGE (b, 5.74 ppm) were integrated to
obtain the monomer conversion relative to the toluene peak at
2.09 ppm as an internal standard (Figure 6a). The plot of total
vs monomer conversion was used to extract the following
reactivity ratios for the pair of monomers: rDOGE = 1.40 ± 0.02
and rAGE = 0.74 ± 0.01, which denoted an almost ideal
statistical copolymerization (rAGE × rDOGE = 1.04 ± 0.02)
(Figure 6b).
Subsequently, deprotection of each copolymer was per-

formed by further treatment with 1.0 M HCl. In all cases, the
characteristic peaks of the PGA polymer were observed via 1H
NMR and FT-IR analyses, which indicated that deprotection
was successfully achieved, while leaving the allyl group intact
(Figures S16−S19). This feature promises potential for an
orthogonal functionalization to provide a diverse array of
functional polymers on the PGA copolymer platform.
Encouraged by the well-defined copolymerization of the

DOGE monomer discussed above, we extended the present
approach to highlight the controllable initiation process using
α,ω-dihydroxy-terminated PEO (Mn = 10 kDa) as macro-
initiator at 40 °C (Figure 7 and entry 4 in Table 2). The
chemical structure of the resulting ABA-type triblock
copolymer, PDOGE-b-PEO-b-PDOGE, was successfully iden-
tified via 1H NMR spectroscopy (Figure 7a). For example, the
molecular weight and DP of the ABA triblock copolymer were
determined by integrating the oxazoline protons at the 5-
position of the DOGE monomer (peak e, 3.98 ppm) and
polyether backbone (3.75−3.43 ppm). Moreover, the GPC
profiles of the triblock copolymers showed a monomodal
distribution with narrow dispersity (Đ = 1.10), exhibiting a
clear shift to the higher-molecular-weight region without any
noticeable shoulder trace (Figure 7b). DSC analysis further
provided the thermal properties of the resulting triblock
copolymer (Figure S20). Interestingly, we observed a single Tg
of −18.5 °C together with a Tm of 52.5 °C, suggesting the
good miscibility of all polyether-based triblock copolymers,
while retaining the highly crystalline nature of the PEO
midblock within the ABA triblock copolymers.
Finally, the deprotection of PDOGE block within the

triblock copolymer was conducted in the presence of 1.0 M
HCl to produce the ABA triblock copolymer PGA-b-PEO-b-
PGA containing carboxylic acid functionalities. The 1H NMR

spectrum showed the disappearance of the oxazoline protons at
3.75 ppm upon deprotection (Figure S21). Moreover, it was
found that the characteristic oxazoline peak at 1666 cm−1

disappeared following the deprotection, with the concomitant
appearance of the carbonyl peak at 1740 cm−1 (Figure S22).
Taken together, these results show the successful preparation
of the desired PGA-b-PEO-b-PGA triblock copolymer, which
will find its utility in hydrogel and drug-delivery systems.

■ CONCLUSION
In summary, we developed a novel functional epoxide
monomer, DOGE, for the synthesis of polyethers possessing
carboxylic acid functionalities. Controlled AROP of the DOGE
monomer proceeded without degradation of the oxazoline
moiety, and the following acidic deprotection produced well-
defined PGA in a highly controllable manner and without any
side reactions. On the basis of its high initiation efficiency (as
demonstrated via MALDI-ToF analysis), we successfully
combined DOGE with the commercial AGE monomer to
prepare well-defined block and statistical copolymers with a
narrow dispersity, which could not be obtained in previous
synthetic approaches involving MAROP. The successful
deprotection of the block and random copolymers while
leaving their allyl group intact has significant potential for the
orthogonal functionalization of the prepared polymers.
Furthermore, we demonstrated the successful use of the
PEO macroinitiator, which poses its future applications in
hydrogel and drug-delivery systems. Given the wide applic-
ability of the new class of functional epoxide monomers
presented in this study, we anticipate that they will contribute
to the development of functionalized polyethers with potential
applications in biomedical and biological fields.
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