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ABSTRACT: This communication reports on vinyl polymers capable of selective and fast main-chain scission (MCS). The trick 
is the domino reaction in an alternating sequence of methyl 2-(trimethylsiloxymethyl)acrylate and 5,6-benzo-2-methylene-
1,3-dioxepane, a cyclic ketene acetal for radical ring-opening polymerization. Removal of the trimethylsilyl group using 
Bu4N+‧F− readily led to MCS via irreversible transesterification of the ester backbone, affording a five-membered lactone frag-
ment. The molar mass decreased drastically within 5 min, and no side reactions were observed. Control experiments suggest 
that the formation of a five-membered ring via a domino reaction is critical for fast and selective MCS. The terpolymers with 
methyl methacrylate and styrene also exhibited a large decrease in molar mass within 5 min. In addition, MCS was also ob-
served for the heterogeneous reaction system in acidic aqueous media; treatment of the binary copolymer in a 50 wt% acetic 
acid solution resulted in a significant decrease in molar mass after 30 min. These results suggest efficient construction of 
degradable sites using a binary monomer system corresponding to the pendant trigger and ester backbone. Because this 
molecular design, which uses a combination of simple monomers, is applicable to terpolymers containing other vinyl mono-
mers, it can provide various degradable vinyl polymers. 

Domino reactions, also known as cascade and tandem re-
actions, are sequential reactions in which the moieties 
formed in the first reaction induce further intramolecular 
reactions.1,2 In addition to the advantages of atom economy 
and eco-friendliness, domino reactions provide quantita-
tive and regioselective modifications via intramolecular re-
actions. Therefore, domino reactions have also been applied 
to polymer synthesis.3–12 We envisioned that a similar 
scheme would be effective for polymer degradation, partic-
ularly for fast and selective main-chain scission (MCS). 

Because MCS significantly reduces the molar mass in a 
small number of reactions,13–16 it causes drastic changes in 
polymer materials, such as the size, topology, mobility, and 
entanglement of polymer chains at the microscopic level, 17 
as well as solubility,18 solution viscosity,19 and self-assem-
bly20–23 at the macroscopic level. Owing to this feature, MCS 
has been applied to photoresists,18,24,25 dismountable adhe-
sives,26 degradable gels,27 and drug delivery systems.28 Vi-
nyl polymers are attractive for applications in material en-
gineering because of their facile synthesis by free radical 
polymerization (FRP) and property tunability by copoly-
merization. However, the MCS of vinyl polymers requires 
harsh conditions because the carbon backbones are ther-
modynamically stable.29–33 Therefore, the incorporation of 
ester bonds via radical ring-opening polymerization 
(rROP),34 typically using cyclic ketene acetals (CKAs),35–39 
has gained attention. Nevertheless, this strategy is not al-
ways optimal, particularly for polymers bearing ester pen-
dants such as poly(meth)acrylates. The MCS of such 

polymers requires excess reagents37,39 and long reaction 
times,36,37 because the ester bonds in both the main chains 
and pendants are hydrolyzed. For application in material 
engineering, a selective MCS that rapidly reduces molar 
mass using weak stimuli is desirable. 

To address these demands, we noticed a domino reaction 
consisting of pendant modification and subsequent MCS. 
Such reactions have already been reported for some polyes-
ters that undergo MCS via the amination of pendant 
groups.40,41 To apply this concept to vinyl polymers, copoly-
merization of 142 and CKA 243 was proposed (Scheme 1). 1 
and 2 were expected to form statistically alternating se-
quences,37,39 as predicted by the classical Alfrey–Price Q-e 
scheme.38,44 In the alternating sequence, the removal of silyl 
protection readily led to MCS via transesterification, afford-
ing a five-membered lactone. Importantly, because five-
membered lactones have few ring strains,45 MCS is expected 
to become irreversible with increasing entropy. Note that 
the protection of the hydroxy group with a trimethylsilyl 
(TMS) group was necessary; otherwise, electrophilic addi-
tion of the hydroxyl group of 1 to 2 occurred before 
polymerization (Figure S1).  

The concept was first examined using P1, a binary copol-
ymer of 1 and 2 (Table 1). P1 was treated with Bu4N+·F− in 
tetrahydrofuran (THF) at 0 °C for 30 min (Figure 1A). In 
the 1H NMR spectrum after 60 min (Figure 1B), signals A, 
B, and E indicate the five-membered lactone fragment, 
whereas signal F indicates the benzyloxy fragment. The 
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Scheme 1. Design of degradable vinyl polymers via domino reaction. 

 

Figure 1. MCS of P1 using Bu4N+·F− in THF (A) and the changes in 1H NMR spectra (B: 400 MHz, CDCl3, 25 °C) and SECs (C: THF, 
40 °C, PMMA standards). The SEC changes during the reaction of P2 and 1 with Bu4N+·F (D) and during that of P3 and Bu4N+‧F− (E).  

Table 1. Copolymers for degradation tests. 

Code 
   Compositiona (%) Mnb Ðb Tgc Td5c 

M1 M2 M3 M1 M2 M3 (g·mol−1)  (°C) (°C) 

P1 1 2 – 73 27 – 18900 1.59 34 328 

P2 MMA 2 – 66 34 – 11000 2.00 35 307 

P3 3 2 – 74 26 – 16100 2.72 −5 312 

P4 1 2 MMA 57 18 25 31100 1.54 48 307 

P5 1 2 MMA 41 28 36 20600 1.90 40 308 

P6 1 2 MMA 28 25 47 18700 1.93 50 320 

P7 1 2 MMA 10 12 78 13500 2.83 50 242 

P8 1 2 styrene 45 9 46 15200 1.76 58 302 

P9 1 2 MA 7 8 85 19100 2.32 31 332 

aDetermined by 1H NMR spectroscopy (Figure S6–11). bDe-
termined by SEC (THF, 40 °C, PMMA standard).  cDetermined 
using TG-DTA and DSC curves (Figure S12–27). 

 

peak-top molar mass (Mp) observed in the size-exclusion 
chromatograms (SECs; Figure 1C) shifted from 22000 to 

3510 g·mol−1 after 5 min and outside of the calibration 
curve (< 830 g mol−1) after 30 min, suggesting the progress 
of the MCS. The extension of the reaction at 25 °C resulted 
in a shift of Mp to an even lower molar mass region after 30 
min, that is, 1 h after the start of the reaction, but no changes 
were observed thereafter. The degree of deprotection (P) at 
each reaction time was estimated from the intensity of 1H 
NMR signals c and C, while those of lactonization (L) were 
estimated from the intensity of signals f and B. P and L after 
5 min were 31% and 13%, respectively, and the expected 
peak-top molar mass (Me) was 3470 g·mol−1, which is in 
agreement with the Mp of 3510 g·mol−1. Therefore, we con-
cluded that MCS is induced by a domino reaction triggered 
by the removal of the TMS group. 

To evaluate the importance of five-membered lactone for-
mation, P2, a copolymer of methyl methacrylate (MMA) and 
2, was treated with Bu4N+·F− in the presence of 1 as an ex-
ternal alkoxide source. No significant changes were ob-
served in the SECs (Figure 1D) or 1H NMR spectra after 24 
h (Figure S28), suggesting the absence of MCS. A similar ex-
periment was conducted using P3, a copolymer of 2-
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trimethylsiloxyethtyl methacrylate (3) and 2. If MCS by the 
domino reaction occurs for P3, the fragment should be an 
eight-membered lactone (Figure S29A). Mp decreased from 
41100 to 28100 g·mol−1 (Figure 1E), whereas that expected 
for complete deprotection was 29600 g·mol−1. Therefore, 
the decrease in Mp was mainly attributed to deprotection. 
The shoulder of the SEC in the lower molar mass region be-
came larger after 24 h and precipitation was observed. Ap-
parently, these changes were not caused by MCS. A possible 
scenario is loop formation by intramolecular transesterifi-
cation between ester pendants (Figure S29A). In fact, 1H 
NMR signal Q, assignable to ethylene glycol, a byproduct of 
transesterification, was observed (Figure S29B). These ex-
periments using P2 and P3 suggest that the formation of a 
five-membered lactone is significant for efficient and fast 
MCS. 

P1, prepared from an equimolar mixture of 1 and 2, con-
tained more 1 units (Table S1), and not all 1 units func-
tioned as triggers for MCS. To reduce such ‘useless invest-
ment,’ terpolymer P4, containing MMA at 25 mol%, was 
prepared. Treatment of P4 with Bu4N+·F− resulted in lactone 
formation (Figure 2A), as indicated by the 1H NMR spec-
trum (Figure 2B), whereas Mp decreased from 39300 to 
4890 g·mol−1 after 5 min and to 1370 g·mol−1 after 7 h (Fig-
ure 2C). Mp agreed with Me (Table S2), suggesting MCS via 
a domino reaction. Therefore, molecular design using 1 and 

 

Figure 2. MCS of the terpolymers using Bu4N+·F− in THF (A). 
Changes in 1H NMR spectra (B: 400 MHz, CDCl3, 25 °C) and SECs 
(C: THF, 40 °C, PMMA standards) during the reaction of P4. The 
relationship between the mole fraction of MMA and Mp during 
MCS (D); the raw SECs are shown in Figure S30. 

2 was also effective for the terpolymer. Figure 2D shows 
the relationship between MMA content and Mp reduction in 
various terpolymers. Notably, the decrease in Mp after 5 min 
was not significantly different, regardless of the MMA con-
tent. In other words, the rate of MCS at the early stage was 
not affected by the content of degradable sites. Terpolymers 
P8 and P9, containing styrene and methyl acrylate (MA) 
units, respectively, were also examined. P8 exhibited degra-
dability (Figure S31), whereas the SEC of P9 was barely 
changed (Figure S32). Mp after 7 h was 24600 g·mol−1, 
which is close to Me in the absence of MCS (30300 g·mol−1). 
The poor degradability of P9 was attributed to the low con-
tent of the alternating sequence of 1–2 due to the low co-
polymerizability of MA. 

Although the reaction in THF led to efficient and fast MCS, 
the reaction in a homogeneous system is impractical in ma-
terial engineering. Therefore, MCS in aqueous media was in-
vestigated. P7, a terpolymer containing 78 mol% MMA, was 
suspended in 70 wt% Bu4N+·F− aq. at 25 °C, although no 
changes were observed in SEC (Figure S33). A similar ex-
periment at 65 °C resulted in a decrease in Mp from 29900 
to 2470 g·mol−1 (Figure S34), whereas the 1H NMR spec-
trum did not clearly show lactone signals (Figure S35). To 
observe the details, the binary copolymer P1 was treated 
under similar conditions. Although the SEC after the reac-
tion exhibited no polymer peaks, no polymer fragments 
were observed in the 1H NMR spectrum (Figure S36). This 
suggests that the products were water-soluble and could 
not be extracted using chloroform. Thus, side reactions, 
such as the hydrolysis of ester pendants, may have occurred 
because of the basic conditions.  

To achieve selective MCS, other stimuli were investigated. 
P1 was suspended in 50 wt% acetic acid aq at 25 °C (Figure 
3A, B). Mp decreased from 24000 to 3510 g·mol−1 after 3 h, 
whereas SEC exhibited a shoulder in the higher molar mass 
region (Figure S37a). SEC became unimodal after 24 h. The 
1H NMR spectrum (Figure 3C-c) was similar to that ob-
tained after degradation by Bu4N+·F− in THF (Figure 3C-b), 
suggesting lactone formation. Therefore, the domino reac-
tion was effective even under heterogeneous conditions. 
Note that a control experiment using P2, a copolymer of 
MMA and 2, did not show any changes in the SEC (Figure 
S38). Next, the acceleration of the MCS by heating was in-
vestigated. Figure 3D shows the change in Mp over time 
during the reaction at each temperature. The reaction be-
came much faster above 60 °C, which is sufficiently higher 
than the glass transition point (Tg = 34 °C). MCS became 
faster with increasing acetic acid concentration (Figure 3E). 
To understand this phenomenon, similar experiments were 
conducted using different aqueous solutions. The oxalic 
acid buffer solution (pH 1.6) resulted in a decrease in Mp 
(Figure S40b), although the reaction was slower than that 
using 30 wt% acetic acid (pH 1.4; Figure s40a). The 1H NMR 
spectrum (Figure S41) also suggests MCS via a domino re-
action. In contrast, diluted sulfonic acid (pH 1.4) did not in-
duce MCS even after 24 h (Figure S42, S43A), suggesting 
that pH was not the key to accelerating MCS. However, the 
dilution of this sulfonic acid solution with an equal volume 
of THF, a good solvent for P2, resulted in a decrease in Mp 
(Figure S42B), while the 1H NMR spectrum suggested the 
deprotection and formation of the lactone (Figure S44).  
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Figure 3. A: MCS of P1 in 50 wt% aq. B: Photograph of the reaction mixture at the initiation. C: 1H NMR spectra (400 MHz, CDCl3, 
25 °C) of P1 (a), reaction products of P1 and Bu4N+·F− in THF (b), and reaction products of P1 and acetic acid in water (c). D: Decrease 
in Mp over time during reactions using 50 wt% of acetic acid aq. at various temperatures. The raw SECs are shown in Figure S37. D: 
Decrease in Mp over time during reactions using various concentrations of aqueous acetic acid at 80 °C. The raw SECs are shown in 
Figure S39. 

These results suggest that the affinity of the aqueous solu-
tion for the polymer is an important factor in MCS. This ten-
dency is in agreement with our recent report on MCS of un-
saturated polyesters in aqueous suspensions.46 

In conclusion, the domino reaction between alternating 
sequences of 1 and 2 was effective in inducing fast and se-
lective MCS in both homogeneous and heterogeneous sys-
tems. This molecular design is applicable to terpolymers 
that contain MMA and styrene. For MCS in aqueous suspen-
sions, an increase in temperature above Tg significantly in-
creases the reaction rate. However, MCS was also observed 
at temperatures lower than Tg. Consequently, the strategy 
in which the trigger reaction is initiated at pendant groups 
with high mobility to induce the subsequent local intramo-
lecular reaction enables the MCS in polymers in the glass 
state. We believe that the strategy proposed in this study 
will contribute to material engineering by providing a vari-
ety of degradable vinyl polymers with tunable properties 
through copolymerization. 
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