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Abstract

Polymerization—depolymerization equilibrium is a promising strategy for the construction of polymerization systems through
which sustainable polymers can undergo reversible polymer—monomer transformations. In this study, we perform monomer
sequence transformation and copolymer depolymerization, which are based on transacetalization reactions and
polymerization—depolymerization equilibrium, in the cationic ring-opening copolymerization of 2-methyl-1,3-dioxepane
and y-butyrolactone with a protonic acid. The removal of monomer molecules from the copolymerization solution by
vacuuming with a vacuum pump caused monomer sequence to transform into pseudo-alternating copolymer chains and
subsequently depolymerize into oligomers. Increasing the temperature during copolymerization also resulted in
depolymerization, while copolymers were regenerated by the subsequent decrease in temperature.

Introduction

Recently, emerging demands for polymers with low environ-
mental loads have shed light on recyclable polymers and
degradable polymers. One ideal polymer recycling or degra-
dation method is to produce original monomers from polymers
by depolymerization. A polymerization—depolymerization
equilibrium primarily relies on the Gibbs free energy of pro-
pagation reactions; hence, to achieve efficient and smooth
depolymerization into monomers, it is essential to fine tune the
energy balance by designing monomers and reaction condi-
tions. Conventional studies on depolymerization reactions
have often focused on the polymerization—depolymerization
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equilibrium based on the equilibrium monomer concentration,
which is also related to the ceiling temperature (7,); in con-
trast, recent studies purposefully employ depolymerization
reactions to develop recyclable polymers that undergo closed-
loop chemical recycling [1-4].

Monomer sequences in polymer chains can also be
controlled when polymerization—depolymerization equili-
briums are employed in copolymerization. The cationic
polymerizations of cyclic acetals [5-7] and cyclic esters
[8-11] by a protonic acid catalyst involve a
polymerization—depolymerization equilibrium, particularly
when monomers with low homopolymerizability (i.e., high
equilibrium monomer concentrations) are used. In our
previous study on the cationic copolymerizations of 2-
methyl-1,3-dioxepane (MDOP) and e-caprolactone (¢CL),
copolymers that contain isolated single eCL units among
MDOP blocks were transformed into alternating copoly-
mers by removing MDOP monomers from a reaction
solution by vacuuming (Scheme 1A) [12]. This monomer
sequence transformation occurred because the depoly-
merization of MDOP was promoted in the
polymerization—depolymerization equilibrium by the
removal of MDOP (Scheme 1E). Transacetalization reac-
tions in polymer chains are also important for the transfer
of midchain MDOP homosequences into chain end

SPRINGER NATURE
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Scheme 1 Schematic illustrations of (A) previous studies and (B) this study. (C)-(G) Reactions that occur in the copolymerization of MDOP and

cyclic esters. (H) In situ generation of MDOP from HBVE

locations at which depolymerization occurs (Scheme 1F).
Monomer sequence transformation was also demonstrated
to occur, which is achieved by controlling the
polymerization—depolymerization equilibrium via tem-
perature change, in the cationic copolymerizations of
MDOP and eCL or &-valerolactone (8VL) [13]. In these
previous studies, further depolymerization reactions from
the alternating chains did not occur because eCL- and
dVL-derived units were inert (Scheme 1C) at room tem-
perature due to the low equilibrium monomer concentra-
tions (i.e., the high T.s; 7. of 261°C [eCL] and
155 °C [8VL] for an equilibrium monomer concentration
of 1 M [14]).

SPRINGER NATURE

In this study, we focused on y-butyrolactone (yBL) as a
comonomer for cationic copolymerization with MDOP
(Scheme 1B). yBL has been regarded as a non-
homopolymerizable monomer due to the high equilibrium
monomer concentration (i.e., the low T,; T, of —131 °C for an
equilibrium monomer concentration of 1 M [14]), while yBL
homopolymerization was attained by the development of
effective catalysts several years ago [15-19]. Chemical
recycling of poly(yBL) into a yBL monomer was also
achieved by smooth depolymerization. The low homo-
polymerizability of yBL is very attractive for the control of
polymerization—depolymerization (Scheme 1D) in not only
homopolymerization but also copolymerization. As explained
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above, eCL and O6VL-derived ends negligibly underwent
depolymerization (Scheme 1C) in the copolymerization with
MDOP. In contrast, based on investigations with yBL in this
study, monomer sequences were transformed into pseudo-
alternating sequences and subsequently degraded into oligo-
mers through controlling polymerization—depolymerization
equilibria, which was achieved by removing monomers
through vacuuming or by temperature changes.

Experimental section
Materials

4-Hydroxybutyl vinyl ether (HBVE; Sigma-Aldrich, >99%)
and yBL (TCI, >99.0%) were distilled twice from calcium
hydride under reduced pressure. EtSO;H (Sigma-Aldrich,
>95.0%), PhSO;H (TCI, >98.0%), 2,4,5-tri-
chlorobenzenesulfonic acid (CsH,C13SO3H; TCI, >98.0%),
benzyl alcohol (Kanto Chemical, >99.0%), and 1,5,7-triaza-
bicyclo[4.4.0]dec-5-ene (TBD; Sigma-Aldrich, 98.0%) were
used as received. Toluene (Wako, >99.5%) was dried by
passage through solvent purification columns (Glass
Contour).

Polymerization procedure

A glass tube equipped with a three-way stopcock was dried
using a heat gun (Ishizaki PJ-206A; the blowing tempera-
ture was ~450°C) under a dry nitrogen atmosphere.
Toluene, HBVE, and yBL were sequentially added to the
tube using dry syringes. Polymerization was initiated by
adding a protonic acid solution in toluene. After pre-
determined intervals, aliquots were withdrawn from the
reaction solution using dry syringes and subsequently added
to vials containing methanol and a small amount of aqueous
ammonia. The quenched mixtures were diluted with
dichloromethane and washed with water. The volatile
materials were removed under reduced pressure at 50 °C to
afford polymers. Monomer conversion was calculated from
the '"H NMR spectra of the quenched reaction mixtures. The
polymer yield was not determined. Vacuuming during
polymerization was conducted with a vacuum pump (SATO
VAC TSW-50). The pressure was ~5 mmHg.

Characterization

The molecular weight distribution (MWD) of the polymers
was measured by gel permeation chromatography (GPC) in
chloroform at 40 °C with polystyrene gel columns [TSKgel
GMHpr-M x2  (exclusion limit MW =4 x 10% bead
size =5 pm; column size =7.8 mm i.d. x 300 mm); flow
rate = 1.0 ml/min] connected to a JASCO PU-4580 pump, a

Tosoh CO-8020 column oven, a Tosoh UV-8020 ultraviolet
detector, and a Tosoh RI-8020 refractive-index detector.
The number-average molecular weight (M,) and the poly-
dispersity ratio (weight-average molecular weight/number-
average molecular weight [M/M,]) were calculated from
the chromatographs based on 16 polystyrene standards
(Tosoh; M, =5.0x10°-1.09 x 10°, M,/M,<1.2). NMR
spectra were recorded by a JEOL JNM-ECA 500 spectro-
meter (500.16 MHz for 'H and 125.77 MHz for '*C) or a
JEOL JNM-ECA 400 spectrometer (399.78 MHz for 'H and
100.53 MHz for 13C) in chloroform-d at 30 °C. Electrospray
ionization mass spectrometry (ESI-MS) data were acquired
on an LTQ Orbitrap XL (Thermo Scientific) spectrometer.

Transesterification

A polymer was dissolved in butyl acetate. Transesterifica-
tion was started by adding a Ti(OBu), solution. After the
reaction was performed at 70 °C for 21.5 h, the solution was
diluted with dichloromethane at room temperature to
quench the reaction. The quenched solution was washed
with water, and volatile materials were removed under
reduced pressure at 60 °C to yield a product.

Results and discussion

Investigation on the suitable reaction conditions for
cationic copolymerization of MDOP and yBL

To determine the appropriate reaction conditions, cationic
copolymerizations of a cyclic acetal MDOP and a cyclic ester
yBL were conducted at different monomer concentrations
and protonic acid catalysts. MDOP was used as a cyclic
acetal monomer because this monomer was suitable for
copolymerizations with eCL and 6VL [12, 13]. MDOP was
synthesized in situ from HBVE in a polymerization solution
as performed in our previous studies (Scheme 1H) [12, 13].
The concentrations of MDOP and yBL greatly impacted the
occurrence of polymerization. Both monomers were not
consumed at MDOP/yBL concentrations of 0.50 M/0.50 M
in the reaction with EtSOsH as a catalyst (entry 1 in Table 1).
The increase in the MDOP concentration to 2.5 M resulted in
the consumption of both monomers (entry 2); however, the
product was an oligomer with an M, value of 0.8 x 10°.
Interestingly, when the YBL concentration was also increased
from 0.50M to 2.0 M, a polymer with a bimodal MWD
containing a portion of molecular weights (MWSs) greater
than 10* was obtained (entry 3; Fig. 1A). The M, value of the
higher-MW peak was 10 x 10°. Ineffective copolymeriza-
tions at low concentrations of MDOP and/or yBL (entries 1
and 2) probably result from the low homopolymerizability of
not only yBL but also MDOP. MDOP was reported to have

SPRINGER NATURE
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Table 1 Cationic

copolymerization of MDOP and Entry Conc (M) Catalyst Time Conv (%)° M, x 10734 MW/MHd Elr;ict]ieper
yBL® - -
MDOP® yBL MDOP yBL MDOP yBL
1 0.50 0.50 EtSO;H 143h 0O 0 - - - -
2 2.5 0.50 EtSO;H 119h 8 9 0.8 291 4.6 1.1
3 2.5 2.0 EtSO3;H 335h 28 15 2.1 [10]F 7.44 2.5 1.2
4 2.5 2.0 PhSOsH 244h 28 17 22 [7.8" 523 2.5 1.2
5 2.5 20 CgH)ClI3SOsH 170h 38 26 1.4 3.07 23 1.2
6 2.5 4.0 EtSO;H 336h 43 18 32 [8.01' 456 1.8 1.3
7 5.0 2.0 EtSO;H 270h 59 43 6.2 [19]° 6.15 3.1 1.1
8 - 5.0 EtSO;H 216h - 0 - - - -
[Catalyst]y = 4.0 mM, in toluene at 30 °C
bSynthesized from HBVE in situ (Scheme 1H)
“Determined by 'H NMR
Determined by GPC (polystyrene calibration)
°By 'H NMR
Values for the main peak
an equilibrium monomer concentration ((MDOP],) of 2.7M Time M. x 1073
at 30 °C (this corresponds to a T, of —37 °C for an equili- Conv. (,T/,w/M )
brium monomer concentration of 1 M) [20]. The increase in [N!DB?_P .
the yBL concentration resulted in effective copolymerization /
(entry 3) via the promoted reactions between MDOP and (A) EtSO3H
yBL (Monomer reactivity ratios are useful for discussing 335h 21 10 i
copolymerization behavior. However, it is unclear whether 28:/ ° (7.44) [(1 .91)
monomer reactivity ratios can be determined for the copo- 15%
lymerization that involves intra- and intermolecular transa-
cetalization reactions).
'H NMR analysis of the obtained polymer (Fig. 2a)  (B) PhSOsH
indicated that the structures of the polymer chains result 244 h 29 7.8 T
from the reactions between MDOP and yBL. A spectrum 28:/° (5.23) [(1 .83)
of a yBL homopolymer, which was produced by a strong 17%
organobase catalyst (TBD) [18], is also shown in Fig. 2B
for comparison. An obvious difference between the two (C) CeHoClSOH
spectra is the peak for the methylene group at the center of
the propylene unit derived from yBL at 1.8-2.0 ppm 170 h 1.4
(peaks 8 and 13). The methylene peak in the yBL gg:? (3.07)
(<]

homosequences was observed at 1.96 ppm (peak 13) in
Fig. 2B, while this peak was very small in the copolymer
spectrum (Fig. 2A), indicating that yBL homosequences
were not efficiently generated during copolymerization
with MDOP. The methylene peak of a yBL unit located
between MDOP units was present at a higher field (1.88
ppm, peak 8) than the corresponding methylene peak in
yBL homosequences. The other two methylene groups of
the propylene unit derived from yBL exhibited peaks in
similar regions in both spectra, although the oxygen-
adjacent methylene peak (~4.1 ppm) was observed at a
slightly higher field in the copolymer spectrum (peak 6)
than in the homopolymer spectrum (peak 14). Based on
the integral ratios of these peaks and the peaks assigned to

SPRINGER NATURE

10°

194 193 3|x102 MW(PSt)
1

| T T
12 15 18 21 EV/mL

Fig. 1 MWD curves of the MDOP-yBL copolymers. Entries (A) 3,
(B) 4, and (C) 5 in Table 1. *Values for the main peak

MDOP units, the average number of MDOP/yBL units per
block was calculated to be 2.5/1.2.

The initial monomer concentrations affected the average
number of monomer units per block and MWs. A further
increase in the initial concentration of YBL to 4.0 M resulted
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in a copolymer with 1.8/1.3 MDOP/yBL units (entry 6; see
Fig. S1 for the '*C NMR spectrum of this polymer). Ana-
lyses of the copolymers obtained at different reaction times
indicated that the length of the MDOP blocks gradually
decreased as the copolymerization proceeded (Figs. S2—-S4;
entries 3, 6, and 7). In addition, very long MDOP homo-
sequences were generated in the very early stage of the
copolymerizations, while considerable amounts of the
MDOP homosequences were smoothly transformed into

(A) MDOP—yBL copolymer 6 o s
J\z - \/\OJ\/\/O\T/O\ -
5 7 9
---071°0 "

3
A0 0
4 \I/ MDOP-yBL-MDOP

MDOP homosequence 4,5 21
110 6,14 7,12
138
J
(B) poly(yBL) j\/,s\/o |
14|00 0 \ﬂ/ 12
13

vBL homosequence

5 (ppm)

Fig. 2 'H NMR spectra of (A) the MDOP—yBL copolymer (entry 3 in
Table 1) and (B) the YBL homopolymer ([yBL]y=9.5M, [benzyl
alcohol]p = 19 mM, [TBD], = 9.5 mM, in dichloromethane at —40 °C;
conv=35% (24h), M (GPC)=1.6x 10%; the spectrum of the high-
MW portion separated by preparative GPC). See Scheme S1 for other
possible structures

MDOP monomers (Figs. S2 and S4). A polymer with a high
MW was obtained at MDOP and yBL concentrations of
5.0 M and 2.0 M, respectively (entry 7). The M, value of the
main peak was 19 x 10°. Homopolymerization of yBL did
not proceed with EtSO;H as a catalyst (entry 8), which is
consistent with the inefficient generation of yBL homo-
sequences in the copolymerization.

ESI-MS analysis of a copolymer suggested that a low-
MW peak of the bimodal MWD mainly consists of cyclic
chains. The ESI-MS spectrum of the copolymer obtained
above (entry 6 in Table 1; see Fig. S5A for the MWD curve)
exhibited main peaks with m/z values that are consistent
with the values of cyclic chains in the low-MW region
(Fig. S5B). It is unclear whether linear or cyclic chains are
mainly contained in the high-MW peak of the bimodal
MWD because high-MW compounds were not sufficiently
detected in ESI-MS analysis.

The effects of protonic acid catalysts were also examined
using PhSO;H and 2.4,5-trichlorobenzenesulfonic acid
(C¢H,ClI3SO5H). The acidity increases in the order of
EtSO3;H < PhSOsH < C¢H,CI5SOsH [21] (the acidity order
of C¢H,C13SO5H was not reported; however, this acid is
most likely stronger than PhSO3;H due to the three chlorine
atoms). Copolymerization using PhSO;H yielded a product
with a similar MW to that obtained with EtSOs;H (entry 4 in
Table 1 and Fig. 1B). In contrast, utilizing C¢H,Cl3;SO;H
resulted in a lower-MW product (entry 5; Fig. 1C) com-
pared to the above two cases. Based on these results, we
used EtSO3;H or PhSO;H as a catalyst in copolymerizations
for monomer sequence transformation, as demonstrated
below.

M/O 0 O\
7 9 \r o
11

MDOP—yBL-MDOP

2
-ojt\o/a\‘,/\/o\ro"' s

MDOP homosequence

Fig. 3 (A) MWD curves and (B) o

'H NMR spectra (in CDCI, at oJ\o e alyst
30 °C) of the poly(MDOP-co- U + °. Vacuuming
yBL)s obtained (i) before and MDOP 4L after118h
(ii), (iii) after vacuuming.

Polymerization conditions: (R) Time M, x 10-3

[HBVE (MDOP)], = 6.6 M,
[yBL]p=2.1 M, [PhSO;H], =
4.0 mM, at 30 °C (before
vacuuming) or room
temperature (after vacuuming).
See Scheme S1 for other
possible structures

S|

BV
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o
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0.6

(158 |

105

12 15 18 21 EV/mL

After
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Scheme 2 Schematic illustration of (A) depolymerization by
vacuuming and (B) depolymerization—polymerization control by
temperature change. The yBL-derived chain ends (red symbols with an

Monomer sequence control by vacuuming

As explained in the “Introduction” section, vacuuming dur-
ing the copolymerization of MDOP and yBL potentially
results in transformation from MDOP homosequence-
containing copolymers to alternating copolymers and fur-
ther depolymerization into oligomeric products due to the
high equilibrium concentration (low ceiling temperature) of
yBL [14]. To conduct this vacuuming experiment, a copo-
lymer with MDOP homosequence blocks and isolated single
yBL units was prepared by copolymerization at MDOP/yBL
concentrations of 6.6 M/2.1 M with PhSO;H as a catalyst.
The copolymer obtained in 118h has an M, of 4.8 x 10°
(Fig. 3A, (1)), and the average number of MDOP/yBL units

SPRINGER NATURE
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OH group) may be unstable due to the very low 7, of yBL, although
these chain ends can be transiently generated

per block is 3.7/1.1 (Fig. 3B, (i)). Subsequently, the poly-
merization solution was vacuumed with a vacuum pump to
remove MDOP and yBL monomers. After vacuuming was
performed for 6.5 h, the M|, value of the polymer decreased to
2.1x10° (Fig. 3A, (ii)), suggesting that depolymerization
partly occurred. The 'H NMR analysis revealed that the
copolymer had almost alternating sequences at this stage
(Scheme 2A), as demonstrated by the number of MDOP/yBL
units per block of 1.1/1.1 (Fig. 3B, (ii); see Fig. S6 for the
degradation of an alternating copolymer (obtained at initial
MDOP/YBL concentrations of 2.5M/2.0 M) by transester-
ification). A possible mechanism that explains the transfor-
mation from MDOP homosequence-containing copolymers
into alternating copolymers is as follows [12]: removing
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(B) '"H NMR spectra of purified products
2

LWT

(A) MDOP homosequence
Conv. My x 1072
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0]

29%, 17%
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Fig. 4 (A) MWD curves and (B) '"H NMR spectra (in CDClj; at 30 °C)
of the poly(MDOP-co-yBL)s. Polymerization conditions (the same
conditions as those for entry 4 in Table 1 except for temperature
change): [HBVE (MDOP)], =2.5M, [yBL]p=2.0M, [PhSOsH]y, =

MDOP monomers by vacuuming promotes the depolymer-
ization from MDOP homosequences at chain ends
(Scheme 1E). MDOP depolymerization does not occur when
a cyclic ester-derived unit is present at the penultimate
position (Scheme 1E, right); however, midchain MDOP
homosequences are transferred into chain ends via transace-
talization reactions (Scheme 1F), triggering the resumption of
MDOP depolymerization. Depolymerization and transaceta-
lization reactions continuously occur until polymer chains
with alternating sequences are generated (Scheme 2A). The
poorer stability of MDOP homosequences, as suggested by
the low 7, (—37 °C for an equilibrium monomer concentra-
tion of 1 M [20]), than the MDOP—yBL heterosequences is
likely responsible for the generation of alternating sequences
through MDOP depolymerization from its homosequences.
Unlike the copolymerizations that occur with eCL [12],
when the polymerization mixture was vacuumed, the
alternating copolymer degraded into oligomeric products
even after the alternating copolymer was generated. After
vacuuming was performed for an additional 8 h, a product
with an M, of 0.6 x 10* was obtained (Fig. 3A, (iii)). The 'H
NMR spectrum of the product exhibited peaks assignable to
both MDOP and yBL units, although MDOP-derived peaks
were likely small compared to yBL-derived peaks (Fig. 3B,

———
3
3 (ppm)

4.0 mM, in toluene at (i) 30 — (ii) 60 — (iii) 90 — (iv) 30 °C). (C) 'H
NMR spectra (in CDCl; at 30 °C) of the quenched reaction solutions.
See Scheme S1 for other possible structures

(iii)). The degradation of the alternating copolymer most
likely resulted from the depolymerization of yBL units at
the chain end (Scheme 1D), unlike the inertness of the eCL
units for depolymerization (Scheme 1C) [12]. Removing the
“unzipped” yBL monomers and MDOP monomers from the
reaction mixture by vacuuming further promoted the
depolymerization reactions (Scheme 2A).

Reversible control of the polymerization-
depolymerization equilibrium by changing the
temperature

Another method used to control the polymerization—
depolymerization equilibrium is changing the temperature.
Unlike irreversible depolymerization in the vacuuming method,
which results from the removal of depolymerized monomers
from the reaction mixture, the method relying on temperature
change is potentially reversible because depolymerized mono-
mers are present in the reaction solution. As shown in our
previous study, a copolymer of MDOP and dVL changed into
an alternating copolymer upon heating and subsequently
returned into a copolymer with MDOP homosequences upon
cooling in a reversible manner [13]. Utilizing yBL instead of
OVL should induce degradation to oligomeric products upon

SPRINGER NATURE
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Fig. 5 ESI-MS spectrum of the
product obtained by the
copolymerization of MDOP and
yBL after the temperature was
increased to 90 °C (see Fig. 4 for
the polymerization conditions).
TVarious structures containing
ethylidene or butylenedioxy
units are possibly present (see
Scheme S1)
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heating, as observed with the vacuuming method, and sub-
sequent regeneration of a polymer upon cooling.

To demonstrate the temperature change method, a copoly-
merization of MDOP and yBL was first conducted at 30 °C with
EtSO;H as a catalyst. A product, which was withdrawn from the
polymerization solution after 282h, had an M, of 2.0x 10°
(Fig. 4A, (1)) and an average number of MDOP/yBL units per
block of 2.5/1.2 (Fig. 4B, (i)). When the temperature was
increased to 60 °C, the MW slightly decreased to an M, of
1.5x%10° (Fig. 4A, (ii)). The MDOP units per block also
decreased from 2.5 to 2.2 (Fig. 4B, (ii)), while the number of
yBL units per block was unchanged (1.2). This result suggests
that MDOP monomers were partly removed from MDOP
homosequences due to the promotion of depolymerization
(Scheme 1E) at high temperature (Scheme 2B).

A further increase in temperature to 90 °C resulted in a
drastic decrease in the MW of a product. The higher-MW
portion of the MWD peaks observed in the products at 30 and
60 °C disappeared at 90 °C (Fig. 4A, (iii)). The M,, value of the
oligomeric product was 0.6 x 10°. The monomer conversion
values of MDOP and yBL were 7% and 3%, which were much
lower than the values of 29% and 17%, respectively, at 30 °C. A
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relatively large peak assignable to the chain end hydroxy group-
adjacent methylene group was observed in the 'H NMR spec-
trum of the product (Fig. 4B, (iii)). ESI-MS analysis of the
product obtained at this stage revealed that linear and cyclic
oligomer chains consisting of MDOP and yBL units were pre-
sent (Fig. 5). These results indicate that depolymerization of
MDOP and yBL units (Scheme 1E, D) was highly promoted at
this temperature (Scheme 2B).

Importantly, the presence of MDOP and yBL monomers
was confirmed by 'H NMR analysis of the reaction solution
obtained at 90 °C, while undesired side products were not
observed (Fig. 4C, (iii)). Therefore, subsequent cooling of the
reaction solution at 30 °C led to the regeneration of a polymer
product due to the shift in polymerization—depolymerization
equilibrium to the polymer side. The monomer conversion
values of MDOP and yBL returned to 31% and 20%,
respectively. The polymer exhibited a comparable M, value
(1.7 x 10%; Fig. 4A, (iv)) and number of MDOP/yBL units per
block (2.4/1.2; Fig. 4B, (iv)) to those of the polymer obtai-
ned before heating. Due to the absence of undesired
reactions during the heating—cooling cycle, the
polymerization—depolymerization equilibrium was
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successfully controlled by changing the temperature
(Scheme 2B). It could be possible to depolymerize all poly-
mer and oligomer chains into monomers by combining the
heating and vacuuming methods.

Conclusion

In conclusion, monomer sequence transformation and rever-
sible polymerization—depolymerization control were achieved
by vacuuming or changing the temperature in the cationic
copolymerization of MDOP and yBL. The removal of MDOP
and yBL monomers from the polymerization solution with a
vacuum pump promoted depolymerization; as a result, the
materials were transformed into pseudo-alternating copoly-
mers and oligomers were subsequently formed. Heating the
polymerization solution also promoted monomer sequence
transformation and oligomer formation, and when the tem-
perature was decreased, polymerization occurred from mono-
mer molecules generated via depolymerization. Copolymer
chains that are similar to those obtained before heating were
regenerated upon cooling. In these methods, the
polymerization—depolymerization equilibrium and transaceta-
lization reactions are responsible for the smooth transformation
of copolymer and oligomer products via changes in monomer
concentrations or temperature. The strategy devised in this
study will help establish copolymerization reactions through
which the MW, monomer sequence, and
polymerization—depolymerization cycle can be reversibly
controlled.
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