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Ring-opening Alternating Copolymerization of Cyclic Anhydrides and Isobutylene Oxide using
Organobase Catalysts
Running head: A new method for crystalline polyester synthesis
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Abstract (up to 200 words)

Ring-opening alternating copolymerization (ROAC) of cyclic anhydrides and epoxides is a
promising approach for the well-controlled synthesis of polyesters with versatile structures. ROAC
typically yields amorphous polyesters owing to challenges in controlling the main-chain
stereochemistry, whereas most applied polyesters are crystalline. Isobutylene oxide (IBO), a highly
symmetric epoxide, can overcome this issue, thus facilitating the synthesis of crystalline polyesters
via ROAC. However, low reactivity and potential side reactions remain major obstacles to achieving
an IBO-based ROAC in a controlled manner. In this study, we successfully developed a well-
controlled ROAC of cyclic anhydrides and IBO using environmentally benign organobase catalysts.
Using ¢#-BuP2 as a catalyst, the ROAC of phthalic anhydride (PA) and IBO proceeds smoothly,
yielding crystalline P(PA-a/t-IBO) with narrow molecular weight distribution (D < 1.1). This method
was extended to other cyclic anhydrides and initiators, enabling the synthesis of polyesters with
diverse structures. Additionally, this ROAC system was applied to the synthesis of copolymers,
including statistical copolymer of P(PA-a/t-IBO) and P(PA-alt-butylene oxide), as well as block
copolymer comprising P(PA-alt-IBO) and poly(trimethylene carbonate). This study not only expands
the scope of epoxides in ROAC but also provides a straightforward and precise strategy for

synthesizing crystalline polyesters and further macromolecular designs.

Keywords (2-7): crystalline polyesters, isobutylene oxide, ring-opening alternating copolymerization,

organobase catalyst, self-switchable polymerization



Introduction

Polyesters are an important class of polymer materials, with the most representative example being
polyethylene terephthalate (PET), which accounts for approximately 13% of total plastic usage
worldwide (V. With increasing awareness of the environmental issues caused by plastics, polyesters
have been regarded as environmentally friendly alternatives to nondegradable polyolefins because of
their hydrolyzable nature, which stems from the ester moieties in their main chains. Polyesters are
primarily synthesized through two methods: polycondensation of diols and dicarboxylic acids and
ring-opening polymerization (ROP) of cyclic esters. In addition, the ring-opening alternating
copolymerization (ROAC) of cyclic anhydrides and cyclic ethers, particularly epoxides, has emerged
as an attractive alternative. This method is favored because of its controllable polymerization
behavior via a chain-growth polymerization mechanism and the versatility of the polyester structures
achieved by varying the combinations of cyclic anhydrides and epoxides ® ~®.

For practical applications, crystalline polyesters such as PET and polylactic acid (PLA) are far
more widely used than their amorphous analogs. Crystalline polyesters are typically synthesized via
polycondensation or ROP. By contrast, most polyesters obtained through ROAC are amorphous,
primarily because of the use of racemic or meso-epoxide monomers in catalytic systems that lack or
exhibit low stereoselectivity ®. The limited successful examples of synthesizing crystalline
polyesters via ROAC typically rely on the use of enantiopure epoxide monomers or sophisticated
chiral catalysts to achieve stereoselective polymerization, thus realizing a high tacticity control level
(-0 For example, Coates et al. used enantiopure propylene oxide (PO) in ROAC with succinic
anhydride (SA). The obtained enantiopure P(SA-alt-PO) is not only crystalline but also forms a more
thermally stable stereocomplex with the P(SA-a/t-PO) made from the opposite enantiomer. ") Lu et
al. reported a highly enantioselective ROAC of racemic or meso-epoxides by an enantiopure chiral
dinuclear AI(III) catalyst. ©

While significant efforts are required to achieve tacticity control, the use of achiral and symmetric
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monomers, which circumvent the issue of tacticity, offers a straightforward approach for synthesizing
crystalline polymers. However, only a few examples of ROAC using symmetric epoxides such as
ethylene oxide (EO) and isobutylene oxide (IBO) have been reported. EO is highly flammable and
toxic and is difficult to handle "V~ U3 IBO, which has a symmetric 1,1-dimethyl substitution, is an
attractive monomer often used in cationic (co)polymerization !4, To the best of our knowledge, only
two successful examples of ROAC of IBO with cyclic anhydrides have been reported to date. Coates
et al. achieved the ROAC of IBO with diglycolic anhydride (DGA) using a zinc complex catalyst ©),
while Zhang et al. developed a heterogeneous zinc-cobalt complex for the ROAC of IBO with various
cyclic anhydrides !>, Both approaches rely on transition-metal complexes, which may lead to metal
residues in the final product. Additionally, these polymerization methods resulted in relatively broad
dispersities (P = 1.5-1.7) and undefined chain-end functionalities, limiting their utility in block
copolymer synthesis or other chain-end functionalization applications. Organocatalyzed ROAC of
epoxides and cyclic anhydrides has been reported as an environmentally benign alternative to
transition metal complex catalysts (!®- (17 Among them, commercially available organobase catalysts
show high reactivity with a good level of control of polymerization (8- (9 In this study, we
demonstrate the use of organobase catalysts for the ROAC of IBO and cyclic anhydrides to synthesize
crystalline polyesters. This environmentally friendly approach ensures superior polymerization
control with low dispersity (D < 1.1). Moreover, it has been utilized in terpolymerization to synthesize
statistical copolymers or block copolymers with different third monomers in one-pot and one-step

(Figure 1).

(Figure 1)
Results and Discussion
Organobase-Catalyzed ROAC of Phthalic anhydride (PA) and Isobutylene oxide

(IBO): Optimization of Polymerization Condition
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The optimization began with the screening of organocatalysts, with a particular focus on
organobase catalysts, based on our previous research experience with ROAC (Scheme 1) @ -9,
The ROAC of PA and IBO was selected as the model polymerizations for this study. Polymerization
was conducted under bulk conditions at 80 °C, using 1,4-benzenedimethanol (BDM) as a difunctional
initiator with the ratio of [PA]o/[IBOJo/[BDM]o/[catatalyt] = 50/200/1/1. Initially, phosphazene bases
t-BuPi, -BuP2, and #-BuP4 were examined. When using #-BuPi, the conversion of PA (conv.pa)
reached 77.9% after 4 h (Table 1, Figures S1 and S3, Run 1). The number-average molecular weight
via size-exclusion chromatography (M, sec = 5,500) was relatively high, and the obtained polymer
exhibited a very narrow dispersity (P = 1.07). The molecular weight determined by nuclear magnetic
resonance (NMR) (Mn, nmr = 8,160) of the obtained polymer showed good agreement with the
theoretical molecular weight (Mh, theo = 8,720) calculated based on monomer conversion. When ¢-BuP2
was used as the catalyst, the polymerization rate significantly increased, achieving a PA monomer
conversion of 79.7% within 3 h (Table 1, Run 2). The turnover frequency (TOF) was 13.3 h,
approximately three times that obtained with #-BuPi (TOF = 4.39 h'!') (Figure S4). The polymer
dispersity (P = 1.05) remained low, even with the increased polymerization rate (Figure 2A).
Moreover, Mn, NnMr (10,700) and Mh, theo. (8,920) were in relatively good agreement, indicating
improved polymerization control (Figure S2). Further increasing the basicity of the phosphazene
base by using -BuP4, a similar polymerization rate (TOF = 13.6 h'') was observed as that using -
BuP2. The polymer product was obtained with slightly broader dispersity with a small shoulder peak
in the SEC trace (P = 1.09) (run 3 in Table 1 and Figure S7). The similar polymerization rates
obtained with -BuP2 and #-BuP4 suggest that beyond a certain basicity threshold, the organobase
catalyst completely deprotonates the propagating chain end, generating naked anions % 23 In
addition to the phosphazene-type organobase catalysts, other basic organocatalysts were examined

for ROAC (runs 4-5 in Table 1). Alkali metal carboxylates such as cesium pivalate (CsOPiv) are

simple, efficient, and industrially relevant catalysts for the ROP of cyclic esters and the ROAC of
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cyclic anhydrides and epoxides 29 ~(22- (25 When CsOPiv was used as the catalyst in the ROAC of
PA and IBO, polymerization proceeded in a highly controlled manner but at a much slower rate than
when using #-BuP2 (run 4 vs. run 2 in Table 1). Tetramethylammonium acetate (TMAA) is an
effective catalyst for ROAC of cyclic anhydrides and epoxides in our recent finding ?®. When applied
to the ROAC of PA and IBO, TMAA exhibited catalytic performance between that of CsOPiv and #-
BuP2. However, the resulting polymer had a broader molecular weight distribution (D = 1.24) with a
bimodal SEC trace, presumably due to TMAA functioning as both a catalyst and a monofunctional
initiator (run 5 in Table 1 and Figure S7).

The 'H NMR spectrum of the product obtained from run 2 (Table 1) confirms the presence of
signals corresponding to the desired P(PA-alt-IBO) structure, with clear assignments for each proton
of the repeating units and initiator (Figures 2B and S6). The structure of P(PA-al/t-IBO) was also
confirmed using '*C NMR spectroscopy, in which only two peaks corresponding to carbonyl carbons
were observed, indicating a regular head-to-tail connection (Figure 3) (!>, To further characterize the
polymer, matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy
(MS) was performed on P(PA-a/t-IBO). Although detailed structural features such as the initiator and
chain ends could not be identified, the periodic peak spacing (220.4 Da) matched the sum of the
molecular weights of PA and IBO (220.2 Da), supporting the formation of an alternating copolymer
(Figure S8). Notably, Zhang et al. reported isobutyral (IBA) and cyclic acetal-isobutyleneisobutyral
(IBIB) as byproducts of the ROAC of IBO and maleic anhydride (MA) using various catalysts,
including phosphazene catalysts (!> However, in the ROAC of IBO and PA using #-BuP: catalyst, no
such byproducts were observed during the polymerization. Among the screened catalysts, -BuP2
exhibited excellent polymerization control and a high polymerization rate, making it an optimal
organocatalyst. To gain further insights into the polymerization mechanism, kinetic studies were
conducted using #-BuP: catalyst. The conversion of the PA monomer increased linearly with

polymerization time (Figure 4A, S3, S4), indicating that the polymerization followed zero-order
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kinetics with respect to the PA concentration. Considering that IBO was added in large excess (four
times) compared with PA, these polymerization kinetics indicate that PA is not involved in the rate-
determining step. Therefore, it leaves the only possibility to be the incorporation of PA was the fastest
step in the polymerization, whereas the incorporation of IBO was the rate-determining step (Figure
5). This polymerization is consistent with previous reports on ROAC using cyclic anhydrides and
other epoxides ®. Regarding the regioselectivity of IBO, it is commonly known that the Sn2-type
nucleophilic attack takes place at the less sterically hindered methylene carbon under neutral to basic
conditions - @®_ The DFT calculation showed that the activation energy of ring-opening of IBO at
the methylene carbon is 6.2 kcal/mol lower than that at the quaternary carbon (Figure S31). It further
corroborated the regioselectivity and head-to-tail sequence. With the consumption of PA monomer,
the MaNMmr increased linearly, while the dispersity (D) remained below 1.10, confirming a well-
controlled polymerization process (Figure 4B).

To synthesize P(PA-alt-IBO) with different molecular weights, the monomer-to-initiator ratio, that
is, the target degree of polymerization (DP), was adjusted to 100 and 150 in ROAC (runs 6 and 7 in
Table 1). The obtained P(PA-al/t-IBO)s had correspondingly higher molecular weights. The MnNmr
values were in reasonable agreement with Mhn teo. The SEC traces of P(PA-alt-IBO) polymers with
target DP values of 50, 100, and 150 showed narrow distribution (D = 1.05—1.13), although a small
shoulder peak was observed in the one having a target DP 150 (Figure S10). These results
demonstrated that ~-BuP2 catalyzed ROAC of PA and IBO is well-controlled over a relatively broad

range of molecular weights.



(Scheme 1)

(Table 1)

(Figure 2)

(Figure 3)

(Figure 4)

(Figure 5)



Initiator and Cyclic Anhydride Scope

After optimizing the catalytic conditions, various initiators and cyclic anhydrides were investigated
to evaluate the versatility of the polymerization system (Scheme 2). First, alcohol initiators with
different numbers of hydroxyl groups were examined. In addition to the bifunctional BDM described
above, 3-phenyl-1-propanol (PPA) and trimethylolpropane (TMP) were also tested as mono- and
trifunctional alcohol initiators, respectively (runs 1 and 2 in Table 2, Figures S11-S14). In both cases,
the polymerization proceeded in a well-controlled manner, yielding polymers with very narrow
dispersity indices (P = 1.03—1.04) (Figures S12 and S14). The three-armed star-shaped P(PA-alt-
IBO) was obtained using a TMP initiator. Based on the alternating polymerization mechanism,
initiation should be feasible not only for alcohols but also for carboxylic acids. To confirm this,
benzoic acid (BA) was used as the initiator (run 3 in Table 2, Figures S15-S17). Consequently, the
polymerization proceeded at a rate comparable to that achieved using the PPA initiator, with 59.0%
conversion of PA after 3 h. However, the resulting polymer showed a bimodal distribution in SEC
with relatively broad dispersity (P = 1.19). The Mnsec of the lower-molecular-weight peak was
approximately half that of the higher-molecular-weight peak (Figure S16 and S17). These peaks
presumably correspond to P(PA-al/t-IBO) originating from BA and water, respectively.

Following initiator screening, the monomer scope of the cyclic anhydride was investigated. Given
the successful polymerization using PA, 5-norbornene-2,3-dicarboxylic anhydride (NA), which has a
similar fused-ring structure, was first tested. When using NA, the NA conversion reached 65.0% after
7 h. Although the polymerization rate was slower than that of PA (run 4 in Table 2), it was well-
controlled and gave the corresponding polymer P(NA-a/t-IBO) with a narrow dispersity (D = 1.09)
(Figures S18 and S19). Monocyclic anhydrides, including diglycolic anhydride (DGA), glutaric
anhydride (GA), and maleic anhydride (MA), were tested in ROAC with IBO (runs 5-7 in Table 2).
When DGA was used, the polymerization proceeded smoothly, reaching nearly complete conversion

after 5 h (run 5). The resulting P(DGA-a/t-IBO) exhibited slightly broader dispersity compared to
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those obtained using PA and NA (P = 1.26) (Figure S22). The 'H NMR spectrum of the obtained
polymer matched the data previously reported by Coates et al., confirming the successful synthesis
of P(DGA-alt-IBO) ©. However, the regioselectivity was not well-controlled, and the underlying
cause remains unclear (Figure S20, S21). In contrast to the moderate success achieved with DGA,
the polymerization with GA was entirely different (Run 6). Although GA reached nearly full
conversion after 10.5 h, the SEC analysis showed only peaks corresponding to low-molecular-weight
compounds (Mn < 1 kDa) (Figure S23). The '"H NMR spectrum of the obtained P(GA-alt-IBO) was
relatively complicated with unidentified byproducts (Figure S24). The stark contrast between the
results using DGA and GA may be attributed to the significantly higher reactivity of DGA toward
alcohol nucleophiles compared to GA %, thereby reducing undesired side reactions, for example,
chain transfer. Finally, the ROAC of MA and IBO was examined (run 7); however, the expected
P(MA-alt-IBO) was not observed by '"H NMR. Instead, several isomerization byproducts were
detected, which is consistent with the findings previously reported by Zhang et al. when using this
specific cyclic anhydride monomer (%)

(Scheme 2)
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(Table 2)

Polymer material properties

After monomer scope screening, the material properties of the obtained polyesters were evaluated,
with a focus on P(PA-al/t-IBO). Thermogravimetric analysis (TGA) revealed that P(PA-alt-IBO)
remains thermally stable up to temperatures around 200 °C, with a 5% weight loss temperature (74,5%)
of 208 °C (Figure S25). Differential scanning calorimetry (DSC) analysis on the solvent-cast sample
showed that P(PA-alt-IBO) exhibits a relatively high glass transition temperature (7%) of 56.4 °C and
a melting point (7m) of 118.0 °C (Figure 6A), suggesting its crystalline nature. These thermal
properties were consistent with those previously reported by Zhang et al '>. A comparison of Ty value
between P(PA-alt-IBO) and its amorphous structural isomer, atactic P(PA-a/t-BO) (BO = 1,2-
butylene oxide), revealed that P(PA-alt-BO) has a lower T of 41.3 °C @9, This difference is likely
due to the higher flexibility of the ethyl side chain in P(PA-a/t-BO) and reduced mainchain flexibility
because of dimethyl substitution in P(PA-a/t-IBO) (Table S1). The crystalline nature of P(PA-alt-
IBO) was further investigated using wide-angle X-ray scattering (WAXS) and polarized optical
microscopy (POM). The WAXS profile showed sharp scattering peaks, confirming the crystalline
characteristics of P(PA-al/t-IBO) with a peak pattern consistent with a previous report (Figure 6B)
(13 The crystallinity of P(PA-alt-IBO) is 42.4%. Under POM, the solvent-annealed P(PA-alt-IBO)

sample exhibited clear Maltese cross patterns, indicating the formation of spherulites (Figure 6C, D).

(Figure 6)
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Terpolymerization: synthesis of statistical and block copolymers

Copolymers synthesized from two or more monomers with different sequences, such as random or
block, can exhibit drastically different material properties compared to those of homopolymers and
polymer blends. Therefore, the incorporation of a third monomer into this newly developed cyclic
anhydride/IBO ROAC polymerization system to evaluate its polymerization behavior is crucial for
designing functional polymer materials. Moreover, the exceptional level of control, especially over
dispersity, makes such an investigation possible in this organobase-catalyzed cyclic anhydride/IBO
ROAC, compared to previously reported methods.

BO, a structural isomer of IBO, has been used in ROAC with cyclic anhydrides in various
catalytic systems, including organocatalysts @?. A comparison of the reactivities of BO and IBO in
ROAC could provide valuable insights into the polymerization behavior of IBO. Therefore, the
terpolymerization of BO, IBO, and PA was investigated (Figure 7A). Polymerization was performed
at a ratio of [PA]o/[IBO]o/[BOJo/[BDM]o/[t-BuP2] = 50/100/100/1/1 at 80 °C in bulk. After 1.5 h, the
monomer conversions of PA, BO, and IBO reached 76%, 22%, and 14%, respectively, indicating that
BO exhibited a slightly higher reactivity than IBO in ROAC with PA (Figure 7B). Density functional
theory (DFT) calculation of the ring-opening step of BO and IBO by benzoate anion was conducted.
The activation energy of BO ring-opening is 1.5 kcal/mol lower than that of IBO, aligning well with
the experimental results (Figure S31). The reactivity ratios, #(BO) and »(IBO), were determined to
be 1.67 and 0.594, respectively, using the nonterminal model based on the reaction mechanism
(Figures 7C and S26) GV. Based on these polymerization kinetics, a statistical (nearly random)
copolymer, P(PA-alt-BO)-stat-P(PA-alt-IBO), was obtained. The narrow dispersity (P = 1.07) of the
terpolymer exhibited good control in this terpolymerization (Figure S27 and S28). However, in terms
of material properties, P(PA-alt-BO)-stat-P(PA-alt-IBO) was obtained as a sticky liquid, in stark
contrast to the solid states of both P(PA-alt-BO) (Tz = 41.3 °C) and P(PA-alt-IBO) (Tg= 56.4 °C, Tm

= 118.0 °C). DSC analysis revealed a significantly low Ty (—10.3 °C) for this terpolymer, deviating
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substantially from the expected linear trend between the 7 values of P(PA-a/t-BO) and P(PA-alt-
IBO) (Figure S29 and Table S1). Although the reason for this intriguing deviation has not yet been
clarified, it could be speculated that the nearly random incorporation of BO and IBO disrupts the
polymer chain packing, thus weakening the intermolecular interactions and preventing the formation
of possible locally rigid conformational structures that exist in either P(PA-al/t-BO) or P(PA-alt-1BO)
(32)

After terpolymerization of PA/IBO/BO, which resulted in a statistical copolymer with a nearly
random sequence, the incorporation of PA/IBO ROAC in block copolymer synthesis was investigated.
Self-switchable polymerization, a one-pot/one-step approach integrating different catalytic
polymerization cycles such as the ROAC of cyclic anhydrides and epoxides with the ring-opening
polymerization (ROP) of cyclic esters or cyclic carbonates, has gained significant attention G339,
Herein, as a proof-of-concept, the terpolymerization of PA, IBO, and trimethylene carbonate (TMC)
was investigated. Terpolymerization was conducted at a [PA]o/[IBOJo/[TMC]o/[£-BuP2]/[BDM]o =
40/200/80/1/1 in bulk (Figure 8A). The polymerization kinetics showed that the ROAC of PA and
IBO proceeded first. Once PA was fully consumed, the ROP of TMC commenced at an even higher
rate (Figure 8B and S30). SEC analysis showed a continuous shift toward the higher molecular
weight region even after switching to the ROP of TMC (Figure 8C). Diffusion-ordered nuclear
magnetic resonance (DOSY NMR) spectroscopy revealed a single diffusion coefficient
corresponding to all polymer segments. This confirms the formation of the PTMC-b-P(PA-alt-1BO)-
b-PTMC block copolymer (Figure 8D). The successful ROP of TMC from the chain end of P(PA-
alt-IBO) suggested that the IBO-derived tertiary alkoxide initiated the ROP of TMC despite its steric

hindrance.
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(Figure 7)

(Figure 8)

Conclusion

In this study, we developed an organobase-catalyzed ring-opening alternating copolymerization
(ROAC) of cyclic anhydrides and IBO in a well-controlled manner. The phosphazene base #~-BuP-
demonstrated superior catalytic activity and molecular weight controllability (D < 1.1), particularly
in the ROAC of PA and IBO. The resulting P(PA-a/¢-IBO) exhibited crystallinity with the melting
point of 118 °C, because of its symmetric molecular structure. Polyesters with various chemical
compositions, chain-end structures, and topologies were obtained using different cyclic anhydrides
and initiators. Furthermore, the ROAC of cyclic anhydrides and IBO was successfully integrated with
other monomers, including butylene oxide and trimethylene carbonate, resulting in statistical and
block copolymers, respectively, demonstrating the potential of this polymerization for the production

of functional materials.
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Figure legends

Figure 1. (A) Organocatalyzed ROAC of cyclic anhydrides and IBO and (B) the obtained crystalline
polyester with polarized optical microscopy (POM) image; (C) application of the ROAC of IBO in
one-pot/one-step terpolymerization.

Figure 2. (A) SEC trace of P(PA-alt-IBO) catalyzed by -BuP2 (run 2 in Table 1) (eluent, THF; flow
rate, 1.0 mL min’'; polystyrene standard); (B) 'H NMR spectrum of P(PA-a/t-IBO) in CDCIs (400
MHz) (run 2 in Table 1).

Figure 3. 1°C NMR spectrum of P(PA-a/t-IBO) in CDCls (100 MHz) and the expanded spectrum (run
2 in Table 1) (165.0~168.0 ppm).

Figure 4. (A) Kinetic plots for the polymerization of PA and IBO obtained from run 2 in Table 1.
Each plot shows conv.pa (m) and D (m). (B) Dependence of Maxwvr (m) and D (m) on PA monomer
conversion.

Figure 5. Polymerization mechanism (rate-determining step and regio-selectivity).

Figure 6. (A) First heating DSC curve of P(PA-a/t-IBO), at the heating rate of 10 °C min™' under
nitrogen atmosphere. (B) WAXS profile of P(PA-al/t-IBO) (A = 1.50 A). (C), (D) POM image of
P(PA-alt-1IBO). (Note: the samples tested in this figure are prepared by solvent-casting using THF)

Figure 7. (A) Terpolymerization of PA, IBO, and BO; (B) plots of monomer conversion versus time
monitored by the *H NMR spectrum. (C) the selectivity step of the terpolymerization that determines
the reactivity ratio.

Figure 8. (A) Synthesis of block polyesters from the mixture of PA, IBO, and TMC; (B) plots of conv.
of monomer PA and TMC versus time. Polymerization of PA, IBO, and TMC was performed at 80 °C
using #-BuP2 as the catalyst. (C) SEC trace of P(PA-alt-IBO)-b-PTMC (eluent, THF; flow rate, 1.0
mL min~'; polystyrene standard) and (D) DOSY spectrum in CDCl3 (600 MHz).

Scheme 1. ROAC of PA and IBO using various organocatalysts

Scheme 2. ROAC of cyclic anhydrides and IBO using various initiators.
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