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ABSTRACT: Ring-opening alternating copolymerization
(ROAC) of cyclic anhydrides and epoxides has emerged as a
powerful strategy to produce degradable polyesters with a diverse
array of structures from the combination of two distinct building
blocks. In this work, we exploited the organocatalytic ROAC of
cyclic anhydrides and a functional epoxide, t-butyl glycidoxy
acetate, followed by acidic deprotection to access degradable
polyesters with carboxylic acid pendants. To study the interplay
between monomers, diglycolic anhydride and glutaric anhydride
were used as cyclic anhydrides to prepare two polyesters. In
particular, the effects of the oxygen heteroatom in the cyclic
anhydrides on the properties of the carboxylic acid-containing polyesters were investigated. The introduction of the oxygen
heteroatom into the cyclic anhydrides significantly influenced their thermal properties and pH-dependent self-association behavior in
an aqueous solution. Furthermore, molecular dynamics simulations elucidate that the number and type of hydrogen bonds play a
crucial role in the self-association behavior between the polymers both in the solution and bulk states. The findings of this study
highlight the importance of the interplay between monomers in the design of functional polyesters with tunable properties.

The continuously increasing environmental pollution
caused by nondegradable petroleum-based plastics has

become a global issue.1 Recently, degradable polymers have
emerged as suitable alternatives to nondegradable plastics
owing to their advantageous properties, especially their ability
to degrade at a faster rate without causing significant
environmental concerns. Aliphatic polyesters are sustainable
alternatives because of their numerous renewable sources,
facile hydrolytic degradation, and high biocompatibility.2

Consequently, they are widely used in packaging, tissue
engineering, and biomedical devices.3−5

Among the well-known synthetic routes to polyesters, the
step-growth approach has reached maturity; however, it
typically requires harsh conditions and the removal of
byproducts. Ring-opening polymerization (ROP) of lactones
has also been studied extensively, although the resulting
polyesters have a limited range of properties, owing to the
minimal functional diversity of the available lactones. An
alternative chain-growth route to polyesters is the ring-opening
alternating copolymerization (ROAC) of cyclic anhydrides and
epoxides.6−8 The combinations of two distinct monomers
enable the production of degradable polyesters with a diverse
array of structures.

One appealing aspect of the ROAC of cyclic anhydrides and
epoxides is the use of two types of monomers, which facilitate
the synthesis of polymers with wide structural diversity. To

date, several commercially available monomers, such as
propylene oxide, cyclohexene oxide, and phthalic anhydride,
have been widely studied. Interestingly, further advancements
have made it possible to explore more functionally diverse
monomers for achieving polyesters with specific functionalities.
As a representative example, Coates and co-workers synthe-
sized renewable tricyclic anhydrides and copolymerized them
with propylene oxide and cyclohexene oxide to tune the glass-
transition temperature (Tg) of the polymers and enhance their
sustainability.9 Moreover, the ROAC of a D-xylose-based
oxetane with cyclic anhydrides was demonstrated to synthesize
an array of sugar-based polyesters, which were amenable to
further postpolymerization functionalization through the
hydroxyl group and internal alkene.10 The recent study of
copolymerization of fatty acid-based epoxides and various
cyclic anhydrides afforded functional polyesters, which can
form rigid macromolecular networks upon subsequent cross-
linking processes.11 However, systematic studies used to
investigate the influence of the interplay between two

Received: February 19, 2023
Accepted: April 11, 2023

Letterpubs.acs.org/macroletters

© XXXX American Chemical Society
590

https://doi.org/10.1021/acsmacrolett.3c00104
ACS Macro Lett. 2023, 12, 590−597

D
ow

nl
oa

de
d 

vi
a 

Y
O

N
SE

I 
U

N
IV

 o
n 

M
ay

 2
, 2

02
3 

at
 1

0:
17

:2
4 

(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="Sumin+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Woo+Hyuk+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minseong+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+June+Ahn"&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/acsmacrolett.3c00104&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00104?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00104?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00104?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00104?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00104?fig=tgr1&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


monomers on the chemical and physical properties of
polyesters are scarce.

In this context, it is essential to develop functional
monomers to tailor the characteristics of polyesters using
ROAC. As a part of our ongoing effort in the development of
functional epoxide monomers,12−16 t-butyl glycidoxy acetate
(t-BGA) was designed to produce a carboxylic acid-function-
alized polyether.17 Polymers bearing carboxylic acid groups are
useful because of their versatile applications in pH-responsive
drug delivery systems,18 hydrogels,19 self-healing materials,20

adhesives,21 and battery binders.22 Thus, we envision that the
synergistic interplay between the monomers influences the
properties of polyesters synthesized via the ROAC of various
anhydrides with functional epoxide monomers.

Herein, we present the synthesis of degradable polyesters
with carboxylic acid pendants via the ROAC of cyclic
anhydrides and t-BGA using benzyl alcohol as an initiator
and a mild phosphazene base (t-BuP1) and triethylborane
(TEB) as Lewis pair catalysts (Scheme 1). Diglycolic
anhydride (DGA) and glutaric anhydride (GA) were used as
cyclic anhydrides, which afforded two different polyesters,
P(DGA-alt-t-BGA) and P(GA-alt-t-BGA), respectively. After
the cleavage of the t-butyl ester protecting groups, we obtained
the desired carboxylic acid-containing polyesters, P(DGA-alt-
GA) and P(GA-alt-GA).

The impact of oxygen heteroatoms present in cyclic
anhydrides on the properties of the resulting polyesters was
investigated. The introduction of oxygen heteroatoms
significantly influenced the thermal properties and pH-
dependent self-association in an aqueous solution. Notably,
the number and lifetime of hydrogen bonds (H-bonds)
according to the types of interactions between the functional
moieties were further analyzed via molecular dynamics (MD)
simulations of the solution and bulk states. Finally, the
degradability of the polyesters was evaluated under basic
conditions.

To prepare carboxylic acid-containing polyesters via ROAC
of cyclic anhydrides and t-BGA, we initially optimized the
reaction conditions using a Lewis pair catalyst consisting of t-
BuP1 and TEB. Specifically, the effects of the catalyst ratio,
reaction medium, temperature, and reaction time on the

polymerization were investigated. As a model reaction, the
ROAC of DGA and t-BGA was performed using benzyl alcohol
(BA) as an initiator. The molar feed ratio of BA and monomers
(i.e., [BA]0/[DGA]0/[t-BGA]0) was fixed at 1/50/100. Our
first attempt using 1 equiv of t-BuP1 (relative to the hydroxyl
group of BA) without TEB in the bulk at 25 °C (entry 1 in
Table S1 in the Supporting Information) was unsuccessful,
suggesting that the basicity of t-BuP1 cannot induce a self-
buffering mechanism that renders the carboxy and hydroxy
terminals active to allow chain growth.23−25

We thus performed polymerization with varying ratios of [t-
BuP1]0/[TEB]0 in the bulk at 25 °C (entries 2−4 in Table S1)
while monitoring the conversion of the monomer, molecular
weight, and dispersity of the resulting polymers by withdrawing
aliquots at predetermined time intervals. Using 1 equiv of t-
BuP1 and 2 equiv of TEB with regard to BA, the conversion of
DGA reaches 65 and >99% in 8 and 20 h, respectively (entry 2
in Table S1). This result suggests that the ROAC of DGA and
t-BGA is affordable at 25 °C by the cooperative catalysis of t-
BuP1 and TEB, likely through the activation of chain ends
(carboxyl and hydroxyl) by t-BuP1 and the activation of t-BGA
by TEB. However, when the amount of TEB is increased to 4
equiv of BA at a fixed t-BuP1, the reaction proceeds much
slower as more than 20 h is needed to reach complete DGA
conversion (entry 3 in Table S1). This is probably because
catalyst binding to the cyclic anhydride causes a decrease in the
polymerization rate via competitive inhibition. Entry 4 in Table
S1 performed with an [t-BuP1]/[TEB] ratio of 0.5/2 shows
that the copolymerization rate is noticeably low due to the
decreased chain-end nucleophilicity. Furthermore, the reaction
rate became slower in THF and the conversion of DGA was
lower than that in the bulk, while other conditions are fixed
(entry 5 in Table S1).

Furthermore, as the reaction time was increased, the
dispersity increased, indicating that transesterification oc-
curred; for example, as the reaction time was increased from
8 to 20 h, the molecular weight dispersity (Đ) increased from
1.15 to 1.23 (entry 2 in Table S1). When the reaction
continued beyond >99% monomer conversion, it was found
that Mn,GPC tended to decrease under some conditions.
According to the literature, the chain scission of polyester

Scheme 1. Ring-Opening Alternating Copolymerization (ROAC) of Cyclic Anhydrides and t-BGA Catalyzed by a t-BuP1/TEB
Paira

aSee the Supporting Information for details of the polymer structures.
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was observed via a base-catalyzed hydrolysis mechanism, which
possibly suggests chain scission under a prolonged reaction
time.26

Next, polymerization was conducted at 60 °C while keeping
all of the other conditions fixed. In this case, the overall
reaction rate accelerated, and the highest molecular weight of
8.0 kg mol−1 was obtained in 4 h (entry 8 in Table S1).
Considering the reaction time, molecular weight, and
dispersity, in this study, the optimal condition for ROAC
was set to an initiator-to-catalyst ratio of [BA]0/[t-BuP1]0/
[TEB]0 = 1/1/4 in the bulk at 60 °C.

The polymerization was examined at shorter time intervals
under the optimized conditions. Figure 1a shows the stacked
1H NMR spectra of the reaction mixture from the
copolymerization of DGA and t-BGA (Table S2). Upon
polymerization, the proton signal representing DGA at 4.43
ppm (a peak) decreases while signals corresponding to
P(DGA-alt-t-BGA) at 5.34 and 5.27 ppm (c′ peak) and 4.58
and 4.49 ppm (b′ peak) appear. As shown in Figure 1b, the
GPC traces indicate that the molecular weight of P(DGA-alt-t-
BGA) shifts to a lower elution time, suggesting chain growth
during polymerization.

Furthermore, the copolymerization of GA and t-BGA was
examined under the optimized conditions via 1H NMR and
GPC analyses (Figure S2 and Table S2). Upon polymerization,
the proton signals representing GA at 2.75 ppm (a peak) and
2.01 ppm (b peak) decrease while those representing P(GA-
alt-t-BGA) at 5.28−5.15 ppm (d′ peak), 4.47−4.34 ppm (c′
peak), and 4.23−4.11 (c′ peak) appear. The molecular weight
of P(GA-alt-t-BGA) increased as the polymerization pro-

ceeded, which supports the controlled chain growth during
propagation.

Interestingly, we found that the reactivity of the DGA
monomer was higher than that of GA during ROAC,
considering a higher conversion under identical reaction
conditions. This higher reactivity of DGA can be mainly
attributed to the ring strain and nucleophilicity of anhydride
carboxylate as recently demonstrated in the literature.27,28

According to previous studies, when the ROAC reaction is
catalyzed by the t-BuP1/TEB pair and the equivalence of
epoxide is typically in excess compared to that of cyclic
anhydride, polyether blocks begin to form after all of the cyclic
anhydrides are consumed during the synthesis of the
polyester.29 Recently, it was found that the copolymerization
of cyclic anhydride and excess epoxide at elevated temper-
atures was free of polyether formation when catalyzed by the t-
BuP1/TEB pair, even after complete anhydride consumption.30

In the case of ROAC utilizing DGA and t-BGA, approximately
46% of the polyether segment (vs 54% of the polyester
segment) was generated when the reaction was prolonged for
20 h to realize a full monomer conversion (>99%) (Figure S3).
As such, we halted the ROAC for 2 and 3 h for DGA and GA,
respectively, to limit the monomer conversion below 95% to
minimize the generation of the polyether segment.

Meanwhile, the copolymerization was performed using
equivalent amounts of the two monomers in bulk at 60 °C
with a ratio of [BA]/[t-BuP1]/[TEB]/[DGA]/[t-BGA] at 1/
1/4/50/50 for 22 h. The 1H NMR spectrum of the isolated
product did not indicate the formation of the polyether
segment (Figure S4a). However, it was found that the feed

Figure 1. (a) Stacked 1H NMR spectra and (b) evolution of the GPC traces of the crude reaction mixture collected from the copolymerization of
DGA and t-BGA at different reaction times (Table S2 in the Supporting Information). 1H NMR spectra were collected in CDCl3, and GPC
analyses were performed in THF with a PS standard.
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ratio of the two monomers influences the relative polymer-
ization rate (Figure S4b).

As shown in Figure 2, the 1H NMR spectra indicate that the
conversion of the monomer to the polymer is accompanied by
the disappearance of the epoxide peaks at 2.62, 2.81 (b peaks),
and 3.20 ppm (c peak) upon polymerization. The peaks of
isolated P(DGA-alt-t-BGA) could be clearly assigned along
with the methylene protons in the benzyl ester at 5.1 ppm (x
peak) in Figure 2c. Likewise, the peaks of isolated P(GA-alt-t-
BGA) were assigned with the methylene protons in benzyl
ester (Figure S5).

The obtained number-average molecular weight (Mn) of the
polyesters varies from 4.2 to 5.2 kg mol−1, with the molecular
weight dispersities (Đ) of 1.16 and 1.22 based on the GPC
measurements in THF. The results obtained from the GPC
measurements in DMF were almost consistent with the
theoretical values, indicating 14.4 and 11.0 kg mol−1, with
molecular weight dispersities (Đ) of 1.24 and 1.25,
respectively. These results prove that all of the synthesized
polyesters had similar molecular weights and comparable
molecular weight distributions (Table 1). To further identify
whether both monomers were involved in the formation of the
copolymers, we analyzed each polyester by 1H DOSY-NMR. A
single diffusion coefficient was obtained for each polymer,

revealing the successful copolymerization of the polyester via
ROAC (Figure S6).

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) measurements were performed to confirm
the chemical structure of the obtained polymer (Figure S7).
The MALDI-ToF spectrum of P(DGA-alt-t-BGA) displays a
major mass distribution with a constant interval of 304.29 g
mol−1, corresponding to the sum of the molecular weights of
the two monomers, demonstrating the alternating structure of
the polyester. Specifically, a representative mass spectrum with
the observed molecular weight of 2189.28 g mol−1 corresponds
to the BnOH-initiated polymer with the t-BGA end group
without one t-butyl group with Na+ as the counterion.
Similarly, P(GA-alt-t-BGA) shows an alternating structure of
the resulting polyester, demonstrating the major series with a
constant spacing of 302.32 g mol−1, corresponding to the sum
of the molecular weights of the two monomers. Moreover, a
representative mass spectrum with the observed molecular
weight of 2946.58 g mol−1 matches the BnOH-initiated
polymer with a GA end group.

Subsequently, the deprotection was followed by treatment
with HCl in hexafluoroisopropyl alcohol (HFIP) to produce
the desired polyesters with carboxylic acid pendants.
Compared to the common trifluoroacetic acid treatment, the

Figure 2. Representative 1H NMR spectra of the (a) DGA monomer, (b) t-BGA monomer, (c) P(DGA-alt-t-BGA), and (d) deprotected P(DGA-
alt-GA). All spectra were collected in CDCl3 except for panel (d) acquired in CD3OD.

Table 1. Characterization of the Synthesized Polyestersa

Polyester Time (h) Conv. (%)b Mn,theo (kg mol−1)c Mn,GPC (kg mol−1)d Mn,GPC (kg mol−1)e Đd Đe Tg (°C) Tg (°C)f

P(DGA-alt-t-BGA) 2 92 14.1 5.2 14.4 1.22 1.24 15.4 35.1
P(GA-alt-t-BGA) 3 66 10.1 4.2 11.0 1.16 1.25 −7.2 −3.7

aPolymerization conditions: [OH]0/[t-BuP1]0/[TEB]0/[DGA]0/[t-BGA]0 = 1/1/4/50/100, bulk, 60 °C. bConversion of cyclic anhydride
calculated from 1H NMR spectra of the crude product. cCalculated using [anhydride]0/[I]0 × Conv. × (M.W. of anhydride + M.W. of epoxide) +
(M.W. of initiator). dObtained from GPC analysis (THF, PS standards) of the isolated product. eObtained from GPC analysis (DMF, PS
standards) of the isolated product. fThe deprotected polyester. See the Supporting Information for the full list of polymers synthesized.
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combination of HCl with HFIP exhibited a fast and complete
removal of the t-butyl groups.31 We thus exploited the HCl/
HFIP deprotection process to cleave the t-butyl groups in both
P(DGA-alt-t-BGA) and P(GA-alt-t-BGA) to yield P(DGA-alt-
GA) and P(GA-alt-GA), respectively. In our case, the reaction
was completed within 1 h, which is indicated by the
disappearance of the characteristic t-butyl proton signal at
1.46 ppm (Figure 2d and Figure S5). Notably, no noticeable
degradation of the polyester backbone was observed, as
confirmed by the 1H DOSY-NMR spectra of P(DGA-alt-

GA) and P(GA-alt-GA), which showed a single diffusion
coefficient (Figure S6). In addition, both polymers were
viscous oils before the deprotection; however, an apparent
difference was observed between the two samples upon
deprotection. For instance, P(DGA-alt-GA) showed a glassy
phase, whereas P(GA-alt-GA) displayed a rubbery phase at
room temperature.

In all cases, changes in the characteristic functional moieties
were clearly observed via FT-IR analysis. For example, the
disappearance of the t-butyl peak at 1368 cm−1 revealed that

Figure 3. (a) Changes in the transmittance of the aqueous P(DGA-alt-GA) and P(GA-alt-GA) solutions at 500 nm under varying pH conditions.
The concentration of the polymers was set at 5 mg mL−1. The inset image corresponds to the P(GA-alt-GA) solution at pH 2.4 and 6.4. (b)
Various types of interactions between the functional groups of P(DGA-alt-GA) and P(GA-alt-GA). (c−f) All-atom molecular dynamics (MD)
simulations of the aqueous solution of P(DGA-alt-GA) and P(GA-alt-GA) at pH 2 and 5. (Left) Initial and (right) final configurations of the
P(DGA-alt-GA) solution at (c) pH 2 and (d) pH 5. (Left) Initial and (right) final configurations of the P(GA-alt-GA) solution at (e) pH 2 and (f)
pH 5. (g, h) Time-lapsed solvent-accessible surface area (SASA) of the P(DGA-alt-GA) and P(GA-alt-GA) solutions at (g) pH 2 and (h) pH 5. (i)
Number of H-bonds according to the types of interactions between the functional groups of P(DGA-alt-GA) and P(GA-alt-GA) under different
conditions. Refer to the notation presented in panel (b) for different H-bonding types.
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polymerization upon deprotection results in the desired
polyesters with carboxylic acid groups (Figure S8).

The Tg of the polyesters both before and after deprotection
was analyzed by differential scanning calorimetry (DSC). No
melting or crystallization peaks were identified for these
polymers, suggesting their amorphous nature. Before depro-
tection, P(DGA-alt-t-BGA) exhibited a higher Tg of 15.4 °C
compared to −7.2 °C for P(GA-alt-t-BGA) (Table 1). This
observed Tg difference can be attributed to the presence of a
more electronegative oxygen atom within the structure of the
cyclic anhydride, which facilitates stronger intermolecular
interactions in P(DGA-alt-t-BGA). After the deprotection of
the t-butyl groups, the Tg of the carboxylic acid-containing
polyesters significantly increased to 35.1 °C for P(DGA-alt-
GA) and −3.7 °C for P(GA-alt-GA) due to the introduction of
the carboxylic acid functional groups for H-bonding in the
polymer chains. It is also of note that the difference in the Tg
value change upon deprotection of P(DGA-alt-GA) (ΔTg =
19.7 °C) was higher than that of P(GA-alt-GA) (ΔTg = 3.5
°C). This behavior can be attributed to the cooperative H-
bonding interactions in P(DGA-alt-GA), including those
between the carboxylic acid in the side chain (H-bonding
donor) and the oxygen heteroatoms in the polyester backbone
(H-bonding acceptor).

Subsequently, the self-association of aqueous solutions of
P(DGA-alt-GA) and P(GA-alt-GA) was investigated under
varying pH conditions. The transmittance of the polymer
solution was measured via UV/vis spectroscopy while
increasing the degree of protonation by the gradual addition
of dilute HCl solution. Interestingly, the transmittance of the
P(GA-alt-GA) solution remained steady before sharply
dropping to 0% at pH 2.5, whereas the P(DGA-alt-GA)
solution demonstrated a negligible change in transmittance
upon pH changes (Figure 3a). Similar to the self-association
behavior of the polyether with carboxylic acid pendants
demonstrated in our previous study,17 the inter- and
intramolecular H-bonding between the polyether backbone
and the carboxylic acid pendant groups was found to be
responsible for the observed self-association behavior under
acidic conditions. We also checked the stability of the polyester
backbone in aqueous solutions at pH 2 and 6. As shown in
Figure S9, there was no significant degradation after 3 days.
Moreover, the reversibility of the self-association behavior was
clearly demonstrated in the aqueous P(GA-alt-GA) solution
with cycles of alternate addition of 0.1 M NaOH or 0.1 M HCl.

To unveil the differences between the self-association
behaviors of P(DGA-alt-GA) and P(GA-alt-GA) at the
molecular level, we performed all-atom molecular dynamics
(MD) simulations of the systems containing eight polymer
chains of P(DGA-alt-GA) and P(GA-alt-GA) under different
pH conditions (Figure 3c−f). In the fully protonated P(DGA-
alt-GA) system at pH 2, some polymers remained separated
until the end of the 400 ns simulation (Figure 3c). Meanwhile,
all of the polymers in the fully protonated P(GA-alt-GA)
system at pH 2 became organized into a large single cluster by
the end of the simulation (Figure 3e). This result is consistent
with that obtained from the experiments. We then conducted
simulations of the polymer solutions at pH 5 to verify the effect
of pH on the self-association process (Figure 3d, f). In this
case, half of the carboxylic acid moieties were assumed to be
deprotonated on the basis of the pKa values of common
carboxylic acid groups (pKa ∼5 to 6). No cluster formation was
observed in either system, following the 400 ns simulation due

to the repulsion between the negative charges of the carboxylic
acid groups. Furthermore, the solvent-accessible surface area
(SASA) was calculated to quantitatively confirm the
aggregation tendency of the polymers (Figure 3g, h).
Evidently, the SASA of P(GA-alt-GA) was approximately half
of that of P(DGA-alt-GA) at pH 2. These results again indicate
that the self-association in P(GA-alt-GA) is more pronounced
than that in P(DGA-alt-GA) in concert with the experimental
results.

Furthermore, in order to determine the effect of H-bonding
on the self-association behavior, we calculated the number and
lifetime of H-bonds according to the types of interactions
between the functional groups of P(DGA-alt-GA) and P(GA-
alt-GA) under different conditions (Figure 3b, i and Table S3).
The number of H-bonds in P(DGA-alt-GA) is expected to be
higher because the polymer backbone includes carboxylic acid
pendants and oxygen heteroatoms, which can exhibit
cooperative H-bonding interactions. However, the number of
H-bonds formed between the polymers was found to be 12.12
for P(DGA-alt-GA) and 32.43 for P(GA-alt-GA) in the
solution states at pH 2, respectively. This unexpected influence
was evident from the number of H-bonds formed between the
polymers and the water molecules. Specifically, the number of
H-bonds formed between the polymer and the water molecules
was considerably higher in P(DGA-alt-GA) (986.6) than in
P(GA-alt-GA) (735.4). As the oxygen heteroatoms in the
polyester backbone induced more hydrogen bonding with the
water molecules, they prohibited the formation of hydrogen-
bonding networks in the P(DGA-alt-GA) polymer chains in
the solution state. Moreover, the number of H-bonds formed
between the polymers was significantly lower at pH 5 than at
pH 2. Taken together, we propose that the stronger H-bonding
networks formed in P(GA-alt-GA) originate from the
carboxylic acid and ester backbone (i.e., COOH−COO) and
the carboxylic acid (i.e., COOH−COOH)-induced self-
association process at pH 2.

We extended the MD simulation to extract more detailed
descriptors to understand the different behaviors of the two
polyesters in a bulk state, including the number and lifetime of
H-bonds, Tg, the diffusion coefficient, the fractional free
volume, and solubility parameters (Figure 3i, Figure S10, and
Table S4). In the bulk state at 500 K, P(DGA-alt-GA)
possessed a slightly higher number of H-bonds than did P(GA-
alt-GA) due to the additional interactions between carboxylic
acid and the ether backbone (i.e., COOH−COC). Notably,
the simulated Tg value is different from the Tg value obtained
from the DSC analysis. However, the difference between Tg of
the two polyesters P(DGA-alt-GA) and P(GA-alt-GA) is in
close agreement with each other (Figure S10). The difference
between the two polyesters is further highlighted by the
diffusion coefficient and fractional free volume of the systems
shown in Table S5. Furthermore, the solubility parameter (δ),
which is defined as the square root of the cohesive energy
density, can act as an indicator of the intermolecular
interactions of the polymers. The solubility parameters of
P(DGA-alt-GA) are higher than those of P(GA-alt-GA),
demonstrating that P(DGA-alt-GA) exhibits stronger inter-
molecular interactions, owing to the presence of oxygen atoms
in the DGA monomer. In concert with our results, Tian et al.
recently demonstrated that heteroatoms within polyesters
enhance their thermal and gas barrier properties.32 These
results validate the formation of stronger inter- and intra-
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molecular H-bonding networks in P(DGA-alt-GA) in the bulk
state, in contrast to that observed in the solution state.

Finally, the prepared polyesters were subjected to basic
conditions (0.25 M NaOD in D2O) to confirm their
degradability at 25 °C. It was found that the polyesters readily
degraded into the corresponding monomer derivatives, as
determined by 1H NMR spectra (Figure S11).

In summary, we synthesized polyesters with carboxylic acid
pendants via ROAC of cyclic anhydrides and t-BGA. To study
the interplay between monomers, we used DGA and GA as
cyclic anhydrides. The effects of oxygen heteroatoms on the
properties of the resulting polyesters were investigated by a
combination of experiments and MD simulations. The self-
association behavior of P(GA-alt-GA) in the solution state at
pH 2 was induced by the larger H-bonds that originated from
the carboxylic acid and ester backbone as well as the carboxylic
acid moieties. Meanwhile, stronger intermolecular interactions
were observed in the bulk state of P(DGA-alt-GA) owing to
the cooperative H-bonding that originated from the con-
tribution of the oxygen heteroatom in the DGA monomer.
This study reveals how the combination of two monomers can
significantly affect the properties of functional polyesters.
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