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Mechanically triggered on-demand  
degradation of polymers synthesized by  
radical polymerizations

Peng Liu    1,2,6 , Sètuhn Jimaja1,2, Stefan Immel    3, Christoph Thomas    4, 
Michael Mayer    1,2, Christoph Weder    1,2 & Nico Bruns    2,3,5 

Polymers that degrade on demand have the potential to facilitate 
chemical recycling, reduce environmental pollution and are useful 
in implant immolation, drug delivery or as adhesives that debond on 
demand. However, polymers made by radical polymerization, which 
feature all carbon-bond backbones and constitute the most important 
class of polymers, have proven difficult to render degradable. Here 
we report cyclobutene-based monomers that can be co-polymerized 
with conventional monomers and impart the resulting polymers 
with mechanically triggered degradability. The cyclobutene residues 
act as mechanophores and can undergo a mechanically triggered 
ring-opening reaction, which causes a rearrangement that renders the 
polymer chains cleavable by hydrolysis under basic conditions. These 
cyclobutene-based monomers are broadly applicable in free radical and 
controlled r ad ic al p ol ymerizations, introduce functional groups into the 
backbone of polymers and allow the mechanically gated degradation of 
high-molecular-weight materials or cross-linked polymer networks into 
low-molecular-weight species.

Most commercially exploited polymers are made by addition polymeri-
zations of monomers featuring a C=C bond1. The most important prod-
ucts include polyolefins, such as polyethylene and polypropylene, vinyl 
polymers, such as polystyrene (PS) and polyvinyl chloride, and (meth)
acrylates, such as poly(methyl acrylate) (PMA) and poly(methyl meth-
acrylate) (PMMA), as well as co-polymers, such as styrene-butadiene 
rubber (SBR)1. The main chains of these polymers are all exclusively 
composed of carbon–carbon bonds and are, thus, highly resistant 
to degradation in a broad range of conditions2,3 (Fig. 1a). While high 
stability is an attractive feature for the service life of plastic products, 
it is also a key reason for their accumulation in the environment4,5.

In this context, polymers that degrade under a specific set of 
conditions represent a promising strategy6,7. Such materials have 

already been demonstrated to be useful for implant immolation8, 
drug delivery9, adhesives that debond on demand10, microelectron-
ics11, signal amplification12 and other applications13,14. The chemical 
recycling of polymers through degradation into small molecules or 
oligomers is also receiving growing attention15–17 because the prod-
ucts can be used as fuels, additives or new monomers18–20. Moreover, 
low-molecular-weight products and short polymers show a higher 
biodegradability than high-molecular-weight polymers21,22. Degrada-
bility can a priori be achieved by modifying polymer backbones with 
functional groups that can be cleaved under certain conditions23–25. 
While this approach is relatively straightforward for polymers made 
by step-growth polymerizations, the introduction of cleavable groups 
into the C–C backbones of polymers made by chain polymerizations, 
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Fig. 1 | Concept and reaction schemes of the synthesis and degradation of 
cyclobutene imide-based and cyclobutene carboxylate-based co-polymers 
and polymer networks. a, Schematic representation of conventional C–C 
main-chain polymers made by radical polymerization that are not degradable 
under hydrolytic conditions. b, Schematic representation of polymers whose 
propensity to degrade under basic conditions is mechanically activated. Grey 
spheres, conventional monomers for radical polymerizations; green spheres, 
cyclobuten imide-based monomers that can be mechanically activated in the 
polymer backbone; blue spheres, hydrolyzable imide units in the polymer 
backbone; red spheres, end-groups of degraded, low-molecular-weight 
species. c, Synthesis of HCBI, radical homo- and co-polymerization of HCBI, 

force-induced rearrangement of cyclobutane rings to introduce imide groups 
into the polymer backbone and co-polymer degradation to small molecules 
after treatment with 1.0 M NaOH (aq.). d, Synthesis of MCBI, the cross-linker 
DCBI and polymer networks (PS-co-PMCBI)-l-PDCBI, as well as force-induced 
rearrangement of cyclobutane rings to introduce imide groups into the polymer 
backbone and degradation of the cross-linked polymer to small molecules after 
treatment with 1.0 M NaOH (aq.). e, Synthesis of the cyclobutene carboxylate 
monomer CBO, radical co-polymerization of CBO and styrene and degradation 
of the co-polymer to small molecules under grinding without hydrolysis. TFA, 
trifluoroacetic acid.
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such as radical polymerizations, is more challenging. So far, the 
most reliable method is the radical ring-opening polymerization of 
cyclic monomers that feature a carbon–carbon double bond26–28.  
However, radical ring-opening polymerization is often hampered by side  
reactions, such as ring retention, during the polymerization.

Independent of the polymerization mechanism, degradable  
polymers generally suffer from limited thermal and chemical stability, 
as the labile bonds may also cleave when this is not intended. To address 
this problem, the groups of Craig29–31, Wang32 and Xia33 introduced 
the general idea of mechanically gated degradable polymers, which 
only become degradable after mechanical activation. To achieve this 
function, the mechanophores made by fusing cyclobutanes with a 
hydrolysable cycle were (co)polymerized by ring-opening metathesis 
polymerization. The cyclobutane moieties can be ring opened upon 
application of mechanical force, so that the labile linkages become part 
of the polymer backbones and can then be cleaved under basic or acidic 
conditions. So far, however, this elegant approach has been limited 
to monomers that can be polymerized by ring-opening metathesis 
polymerization.

In this Article, we show that a similar approach can be used to 
bestow important commodity polymers, which are made by free radi-
cal polymerization, with on-demand degradability. To achieve this, we 
exploited that appropriately designed cyclobutenes can be polymer-
ized using radical addition polymerizations34–36. We devised cyclobu-
tene imide monomers (CBI) and cross-linkers that can be synthesized 
in one step from commercially available or easily accessible chemi-
cals and demonstrated that these building blocks can be efficiently 
co-polymerized with styrene, methyl acrylate, methyl methacrylate 
and probably many other monomers by free radical polymerization 
and also reversible addition–fragmentation chain-transfer (RAFT) 
polymerization (Fig. 1). In response to mechanical activation, the CBI 
residues in the polymer backbone rearrange, and the imide groups are 
inserted into the C–C backbone of the polymers. These materials can 
further be degraded into small molecules and oligomers by hydroly-
sis of the imides under basic conditions. This feature is very useful in 
the context of mechanochemical recycling37–39 (for example, by ball 
milling) and could accelerate the degradation of such polymers upon 
release into seawaters, where they experience mechanical forces and 
basic conditions40.

Results and discussion
Polymer synthesis
Due to the stable π double bond, unsubstituted cyclobutene cannot 
be polymerized by radical polymerization under mild conditions. 
However, the introduction of electron-withdrawing substituents sta-
bilizes the propagating radical and enables this process34. Building on 
this knowledge, we designed the monomer ethyl 3-hexyl-2,4-dioxo-3
-azabicyclo[3.2.0]hept-6-ene-6-carboxylate (HCBI, Fig. 1c). HCBI  
features a cyclobutene ring that is activated by an ethyl carboxylate 
group and fused to a cyclic imide. It was synthesized in one step by the 
photochemical [2 + 2] cycloaddition of ethyl propiolate and N-hexyl 
maleimide (Fig. 1c). The structure and purity of the monomer were 
confirmed by 1H and 13C nuclear magnetic resonance (NMR) spectros-
copy and by mass spectrometry (Supplementary Figs. 117 and 118).

To confirm that HCBI can be polymerized by free radical polym-
erization, we homopolymerized HCBI with azobisisobutyronitrile 
(AIBN) as the initiator in 1,4-dioxane at 65 °C. While the yield (5%), 
number-average molecular weight (Mn = 22 kg mol−1) and disper-
sity (Đ = 1.4) of the HCBI homopolymer (PHCBI) isolated after 72 h  
were relatively low, presumably due to the steric hindrance and high 
stability of the tertiary radicals36, the experiment confirms that free 
radical polymerization of HCBI is feasible.

We next investigated the free radical co-polymerization of HCBI 
with styrene, which we selected as an industrially relevant example of 
a vinylic monomer41. The reactions were carried out in bulk at 65 °C 

with AIBN as the initiator and an initial HCBI fraction (fHCBI) of 0.14 in the 
monomer feed. After reaction for 60 h, the product (PS55-co-PHCBI45) 
was isolated by precipitation into cold methanol. Size exclusion chro-
matography (SEC) of the purified co-polymer shows an unimodal 
molecular weight distribution with an Mn = 38 kg mol−1 and Đ = 1.9 
(Table 1). 1H NMR spectra exhibit the characteristic signals of both 
HCBI and styrene residues (Supplementary Fig. 1). The analysis of  
the 1H NMR data reveals a HCBI fraction in the co-polymer (FHCBI) of 
0.45 (Supplementary Fig. 137), which suggests that the incorporation 
of HCBI is preferred over styrene. A similar preference can be observed 
for different HCBI fractions in the feed (fHCBI = 0.02–0.69 resulting 
in FHCBI = 0.18–0.62), although the difference between fHCBI and FHCBI 
decreases with increasing fHCBI (Table 1). This trend agrees with the 
monomer reactivity ratio (see Fig. 2). Two-dimensional NMR spectros-
copy experiments, specifically nuclear Overhauser effect spectroscopy 
and correlation spectroscopy, carried out with PS55-co-PHCBI45, show 
a strong correlation of signals, which suggests that the monomer dis-
tribution in the co-polymer is not blocky (Table 1 and Supplementary 
Figs. 2 and 3).

To develop a better understanding of the co-polymerization pro-
cess and the reactivity of HCBI, we determined the co-polymerization 
parameters (monomer reactivity ratios) for HCBI and styrene. Thus, 
HCBI:styrene mixtures with fHCBI = 0.06–0.40 were co-polymerized 
under bulk conditions at 65 °C and quenched at low conversion (<20% 
for each monomer) to limit the compositional drift. The composi-
tion of the co-polymers was determined by analysis of the 1H NMR 
spectra, and their Mn and Đ were determined by SEC (Supplementary 
Table 1). The reactivity ratios were determined by analyses according to 
Fineman-Ross42, Kelen-Tüdos43 and Mayo-Lewis44,45 (Fig. 2). The meth-
ods afford similar results, with average values of rHCBI/styrene = 0.79 ± 0.3 
and rstyrene/HCBI = 0.046 ± 0.05 (Supplementary Figs. 4–6). Since both 
co-polymerization parameters are below 1, the two monomers each 
preferably add to propagating centres formed by the other mono-
mer, leading to statistical co-polymers. The data also reflect a higher 
reactivity of HCBI and the preferred accumulation of this monomer 
in the co-polymers.

Since reversible deactivation radical polymerizations can offer 
better control over the polymer molecular weight and microstruc-
ture, and yield polymers with lower Đ than free radical polymeriza-
tions46–48, we explored if HCBI can be co-polymerized with styrene 
by RAFT polymerization. Gratifyingly, the polymerization of sty-
rene and HCBI (fHCBI = 0.10) with the chain transfer agent 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid and AIBN as initiator at 
65 °C in bulk afforded a co-polymer with Mn = 34 kg mol−1 and Đ = 1.3 
(PS73-co-PHCBI27) (Table 1). The Mn was lower than the theoretical value 
(Mn(theo.) = 120 kg mol−1) which, based on earlier studies36, we relate to the 
stable nature of the tertiary radical and the low C–H bond dissociation 
energy in HCBI. Nonetheless, HCBI can indeed be co-polymerized with 
styrene by RAFT polymerization, and the dispersity of the resulting 
co-polymer is lower than that of the corresponding material made by 
free radical polymerization.

To demonstrate versatility, we explored the possibility to 
co-polymerize HCBI with methyl acrylate and methyl methacrylate. 
With fHCBI = 0.02, the free radical co-polymerization of HCBI with 
methyl acrylate afforded a co-polymer with Mn = 220 kg mol−1, Đ = 1.6 
and FCBI = 0.03. Increasing fHCBI to 0.12 afforded a co-polymer with 
Mn = 250 kg mol−1, Đ = 1.7 and FHCBI = 0.13 (Table 1). The same protocol 
was applied to co-polymerize HCBI with methyl methacrylate, and with 
fHCBI = 0.02, a co-polymer with Mn = 300 kg mol−1, Đ = 1.6 and FHCBI = 0.02 
was obtained. Finally, we also co-polymerized HCBI with styrene and 
1,3-butadiene (molar ratio of the monomer, 4:48:48) in tetrahydrofuran 
(THF) by free radical polymerization. The HCBI-functionalized SBR thus 
made PS34-co-PB49-co-PHCBI17, characterized by an Mn = 40 kg mol−1 
and Đ = 1.6 (Table 1), and 1H NMR spectra reveal a composition of 
HCBI:styrene:1,3-butadiene of 17:34:49 (Supplementary Fig. 165).
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Thermal and mechanical properties of polymers
The thermal and mechanical properties of PHCBI and HCBI-containing 
co-polymers and of neat PS, PMA, PMMA and SBR reference polymers 
were characterized by thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC) and dynamic mechanical analyses (DMA) 
(Table 1). The TGA data show that the decomposition temperature 
(Td) of PHCBI (315 °C) is lower than that of the PS (395 °C, Fig. 3), PMA 
(372 °C) and SBR (370 °C) homopolymers. Consequently, the Td of the 
co-polymers is also lower than that of the homopolymers (Fig. 3a), 
decreasing with increasing HCBI content (Supplementary Figs. 8–14). 
Similar Td values were measured for PMMA-co-PHCBI and PMMA (Table 1 
and Supplementary Figs. 18 and 22).

All DSC thermograms show exclusively one glass transition, 
which demonstrates that all materials are, as expected, fully amor-
phous (Fig. 3b and Supplementary Figs. 7–23). The glass transition 
temperature (Tg) of PHCBI (171 °C) is higher than that of the neat PS 
(104 °C), and consequently, the Tg of PS-co-PHCBI increases with the 
HCBI content. However, for a HCBI fraction of 0.18, the Tg increase is 
negligible (Table 1 and Fig. 3b). No obvious Tg change, relative to the 
neat PMMA, is observed for PMMA98-co-PHCBI2 with a HCBI fraction of 
0.02 (Table 1 and Supplementary Figs. 18 and 22). In the case of PMA 
and SBR, which have lower Tg values than PS and PMMA, the Tg increase 
is more pronounced (Table 1). Interestingly, an exothermic event can 
be observed in the first DSC heating thermogram of PHCBI just above 
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Fig. 2 | Determination of the co-polymerization parameters of HCBI and 
styrene. a–c, Plots used to determine the co-polymerization parameter 
(reactivity ratio) for the co-polymerization of HCBI and styrene by the methods 
of Fineman-Ross (a), Kelen-Tüdos (b) and Mayo-Lewis (c). The conditions include 
bulk polymerization and AIBN at 65 °C. All three methods yield co-polymerization 

parameters rHCBI/styrene = 0.79 ± 0.3 and rstyrene/HCBI = 0.046 ± 0.05, indicating the 
formation of statistical co-polymers with a preference for the incorporation 
of HCBI over styrene into the growing polymer chain. The data are shown in 
Supplementary Table 1.

Table 1 | Summary of synthesized HCBI homo and co-polymers, as well as reference polymers

Name Polymerization 
Methoda

Solvent Reaction 
time (h)

Yieldb fHCBI
c FHCBI

d SEC TGA  
Td (°C)

DSC  
Tg (°C)

DMA

Mn 
(kg mol−1)

Đ tan δ 
(°C)e

Storage 
modulus 
(MPa)e,f

PHCBI FRP 1,4-Dioxane 72 5% 1.00 1.00 22 1.4 315 171 –g –g

PS82-co-PHCBI18 FRP – 60 12% 0.02 0.18 40 2.7 371 105 122 ± 2 1,265 ± 135

PS75-co-PHCBI25 FRP – 60 16% 0.05 0.25 45 2.3 366 113 124 ± 4 1,155 ± 207

PS60-co-PHCBI40 FRP – 60 20% 0.09 0.40 37 2.1 360 114 134 ± 5 1,128 ± 182

PS55-co-PHCBI45 FRP – 60 23% 0.13 0.45 38 1.9 360 118 137 ± 6 1,205 ± 204

PS50-co-PHCBI50 FRP – 24 37% 0.20 0.50 52 1.8 –h –h –h –h

PS49-co-PHCBI51 FRP – 24 28% 0.23 0.51 69 1.8 356 132 157 ± 2 870 ± 30

PS45-co-PHCBI55 FRP – 24 37% 0.40 0.55 49 1.8 349 140 165 ± 3 749 ± 107

PS38-co-PHCBI62 FRP – 24 38% 0.70 0.62 26 1.7 349 152 175 ± 1 575 ± 225

PS73-co-PHCBI27 RAFT – 168 45% 0.10 0.27 39 1.3 366 102 125 ± 2 1,120 ± 382

PMA87-co-PHCBI13 FRP – 15 30% 0.12 0.13 250 1.7 371 35 52 ± 2 1,045 ± 185

PMA97-co-PHCBI3 FRP 1,4-Dioxane 15 75% 0.02 0.03 220 1.6 373 20 32 ± 2 242 ± 134

PMMA98-co-PHCBI2 FRP 1,4-Dioxane 15 43% 0.02 0.02 300 1.6 313 128 146 ± 3 2579 ± 206

PS34-co-PB49-co-PHCBI17 FRP THF 15 15% 0.05 34:49:17 40 1.6 371 14 30 ± 2 128 ± 130

PSi – – – – – – 45 1.03 395 104 121 ± 2 1,127 ± 434

PMA RAFT 1,4-Dioxane 15 68% – – 250 1.7 372 19 30 ± 4 30 ± 19

PMMA RAFT 1,4-Dioxane 15 35% – – 300 1.2 315 129 141 ± 2 2,637 ± 373

PS47-co-PB53 (SBR) RAFT THF 15 12% – 47:53 36 1.6 370 10 21 ± 2 1.13 ± 0.59
aAll free radical polymerizations (FRP) were carried out with AIBN as the initiator at 65 °C. All RAFT polymerizations were carried out with 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 
as the chain transfer agent and AIBN as the initiator at 65 °C bIsolated yield after precipitation cFraction of HCBI in the monomer feed, determined by 1H NMR spectroscopy after degassing 
dFraction of HCBI in the isolated polymer, determined by 1H NMR spectroscopy eMean value ± standard deviation, n = 3 fAt 25 °C gNo homogeneous film could be produced hThis sample was not 
characterized by TGA, DSC and DMA iCommercial product
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Tg (Supplementary Fig. 7), which might be related to the thermally 
activated ring opening of the cyclobutane. Indeed, a 1H NMR spectrum 
recorded after heating PHCBI for 30 min under Ar at 180 °C shows 
considerable changes, including the appearance of weak signals that 
are consistent with newly formed C=C double bonds (Supplementary 
Fig. 40). However, the DSC thermograms of the co-polymers are devoid 
of exothermic signals (Supplementary Figs. 8–19), and the 1H NMR 
spectrum recorded after heating PS49-co-PHCBI51 for 30 min under Ar 
at 180 °C (Supplementary Fig. 41) shows no change in comparison to 
the as-prepared materials, which suggests that the co-polymers have 
a higher thermal stability than the PHCBI homopolymer.

The DMA data show that the storage moduli (E′) of the PS-co-PHCBI 
samples at 25 °C are statistically indifferent from the value of the neat 
PS control (1,127 MPa) up to FHCBI = 0.45 (Table 1 and Fig. 3c). At higher 
HCBI contents, E′ drops and reaches 575 MPa at FHCBI = 0.62 (Table 1). The 
maxima of the ratio of loss and storage moduli (tan δ), which mark the 
Tg, of PS82-co-PHCBI18 and PS are the same (122 °C, Fig. 3c). The tempera-
ture of the tan δ peak increases to 175 °C with increasing HCBI content, 
that is, the trend is the same as established by DSC. The same observa-
tions, within the margin of error, are also made for PMMA-co-PHCBI 
and PMMA (Table 1 and Supplementary Figs. 34 and 38). In the case of 
PMA (Supplementary Figs. 32, 33 and 37) and PS-co-PB (Supplementary 
Figs. 35 and 39), the E′ of the co-polymers at 25 °C is influenced in a more 
pronounced manner by the incorporation of HCBI. The neat PMA and 
PS-co-PB both have a Tg just below room temperature, and these materi-
als are therefore rubbery at ambient temperature, with E′ values of 30 
and 1 MPa, respectively. The incorporation of HCBI brings the Tg closer 
to, or above, ambient temperature, and the related transformation 
from a rubbery to a glassy state is reflected by an increase of E′. This 
effect is particularly pronounced in PMA87-co-PHCBI13, which at room 
temperature exhibits an E′ that is 30-fold higher than that of the neat 
PMA (Table 1). However, at −20 °C and 75 °C, that is, at temperatures 
where both polymers are well below or above Tg, the two materials 
display the same stiffness. Thus, overall, the thermal and mechani-
cal data show that the incorporation of moderate amounts of HCBI 
impacts the thermomechanical properties of the polymers only in 
very moderate ways.

Polymer degradation
The mechanochemical behaviour of the HCBI-containing co-polymers 
was first investigated by way of ultrasonication of selected samples, 
which is a reliable and convenient method to explore mechanically 
induced bond scission event in polymers49. 1H NMR spectra acquired 
after ultrasonication of PS50-co-PHCBI50 in THF show four clear new 
signals (Fig. 4). We assign the signals at 8.46 and 5.60 ppm to the alkene 
groups formed upon the cyclobutane ring opening (Hd and Ha), while 
the signal of another alkene proton (Hb) appears to be largely hidden 
under the aromatic signals. The peak at 3.96 ppm can be assigned to 

the CH2 group of the acrylic ester formed upon ring opening (He), and 
the signal around 3.75 ppm (Hc) is assigned to the CH2 group next to 
acrylic amide formed upon ring opening. The intensity of all four signals 
increases with sonication time (Fig. 4). After 240 min of sonication, 12% 
of the cyclobutane rings opened according to the analysis of relevant 
integrals of the 1H NMR spectrum (Supplementary Figs. 44 and 45, 
see also Fig. 4). To further confirm the formation of carbon–carbon 
double bonds, we acquired Fourier-transform infra-red spectra of 
PS49-co-PHCBI51 before and after sonication. Signals between 1,600 
and 1,700 cm−1 that appear upon sonication indicate the formation of 
carbon–carbon double bonds (Supplementary Fig. 47). No changes of 
the 1H NMR and IR spectra are seen in a control experiment in which 
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neat PS was sonicated under the same conditions, confirming that the 
spectral changes observed in the co-polymers are indeed caused by the 
mechanochemical opening of the cyclobutane ring (Supplementary 
Figs. 47–49).

To shed more light onto the mechanism of the mechanochemical 
transformation of PS-co-PCBI, computational studies were carried out. 
The constrained geometries simulate external force (CoGEF)50 analysis 
of PS-co-PMCBI polymer models, as well as relaxed electronic transi-
tion states that were identified from unrestrained density functional 
theory calculations, suggest that the opening of the cyclobutane ring 
proceeds by a radical stepwise mechanism via initial diradical forma-
tion, which is in accord with the findings by Boulatov and coworkers51 
(Supplementary Information, CoGEF).

The SEC chromatograms recorded after ultrasonicating solu-
tions of the various co-polymers reveal molecular weight reductions 
that agree with previous investigations on ultrasound-induced poly-
mer chain cleavage29,32,33 (Fig. 5a and Supplementary Figs. 50–68) and 
suggest that in addition to the intended mechanophore activation, 
some unspecific chain scission takes place. For example, the Mn of 
PS49-co-PHCBI51 decreased from 69 to 30 kg mol−1 after 240 min of 
sonication. Reference experiments with neat PS (Fig. 5b) also show 
some unspecific chain scission. Similar results were observed for 
other CBI-co-polymers and their reference polymers (Supplemen-
tary Figs. 69–83).

To explore if the imide groups, which become part of the co- 
polymer backbones upon mechanical activation, can be hydrolytically 

N
H

O
O OH

OH

O

Chemical formula: C13H19NO5
•+

Exact mass: 269.1

Ph

OH

O

HO

O
OO

Chemical formula: C17H18O6
•+

Exact mass: 318.3

Ph

N
H

O

HO

O
OO

1

Chemical formula: C23H35N2O5
+

Exact mass: 419.2

NH4
+

Ph

N
H

O
H
N

O
OHO

1

Chemical formula: C27H40N2O4Na+

Exact mass: 479.3

Na+

Ph

N
H

O
H
N

O
OHO

2

Chemical formula: C35H48N2O4Na+

Exact mass: 583.3

Na+

Ph
N
H

O
H
N

O
OO

2

Chemical formula: C37H52N2O4Na+

Exact mass: 611.4

Na+

a b c

d

g

e f

100,000

10 12 14

Time (min)
16 18 20

PS49-co-PHCBI51
PS
PS 30 min
PS 60 min
PS 120 min
PS 180 min
PS 240 min

PS49-co-PHCBI51 30 min

PS49-co-PHCBI51 60 min

PS49-co-PHCBI51 120 min

PS49-co-PHCBI51 180 min

PS49-co-PHCBI51 240 min

10,000

Mn (g mol–1)
1,000 100

PS49-co-PHCBI51

PS49-co-PHCBI51–NaOH

PS49-co-PHCBI51–NaOH 30 min

PS49-co-PHCBI51–NaOH 60 min

PS49-co-PHCBI51–NaOH 120 min

PS49-co-PHCBI51–NaOH 180 min
PS49-co-PHCBI51–NaOH 240 min

100,000 10,000

Mn (g mol–1)
1,000 100 100,000 10,000

Mn (g mol–1)
1,000 100

PS–NaOH 240 min

10 12 14

Time (min)
16 18 20 10 12 14

Time (min)
16 18 20

PS
PS–NaOH
PS–NaOH 30 min
PS–NaOH 60 min
PS–NaOH 120 min
PS–NaOH 180 min

PS49-co-PHCBI51

PS49-co-PHCBI51 10 min

PS49-co-PHCBI51 30 min

PS49-co-PHCBI51 60 min

PS49-co-PHCBI51–NaOH 10 min

PS49-co-PHCBI51–NaOH 30 min
PS49-co-PHCBI51–NaOH 60 min

10 12 14

Time (min)
16 18 20 10 12 14

Time (min)
16 18 20 300 350 400

m/z
450 500 600

611.4

583.3

479.4

419.1

318.3

269.0

550

100,000 10,000

Mn (g mol–1)
1,000 100 100,000 10,000

Mn (g mol–1)
1,000 100

Fig. 5 | Polymer degradation by mechanical force and basic hydrolysis. 
a–e, SEC chromatograms of the mechanically gated degradable co-polymer 
PS49-co-PHCBI51 and unmodified PS in response to ultrasound or cryo-milling 
and NaOH treatment: PS49-co-PHCBI51 after different sonication times (a), PS 
after different sonication times (b), PS49-co-PHCBI51 hydrolysed with NaOH after 
different sonication times (c), PS treated with NaOH after different sonication 

times (d) and PS49-co-PHCBI51 treated by cryo-milling as well as cryo-milling and 
hydrolysis with NaOH (e). The differential refractive index (dRI) signal is shown 
in a and b and the UV signal is shown in c–e. f, Electrospray ionization mass 
spectrometry of PS50-co-PHCBI50 degradation products after ultrasonication 
and hydrolysis. g, Chemical structures and calculated molar masses (g mol−1) of 
possible degradation products.

http://www.nature.com/naturechemistry


Nature Chemistry | Volume 16 | July 2024 | 1184–1192 1190

Article https://doi.org/10.1038/s41557-024-01508-x

cleaved, the sonicated polymer solutions were treated with 1.0 M 
aqueous NaOH at room temperature overnight. The SEC chromato-
gram of PS49-co-PHCBI51 thus treated exhibits several signals with long 
retention time and a nominal Mn below 1,000 g mol−1 (Fig. 5c). No such 
fragmentation is observed when the neat PS control polymer, soni-
cated or not, is exposed to the same hydrolysis conditions (Fig. 5d), 
which supports the conclusion that in the case of PS49-co-PHCBI51, 
the molecular weight decrease is indeed caused by the sequential 
mechanoactivation and imide hydrolysis. This is further supported 
by the observations that the small molecule fraction after base treat-
ment of PS49-co-PHCBI51 increases with the sonication time (Fig. 5c) 
and that the molecular weight of the smallest fragments decreases 
with the concentration of the NaOH solution. Similar results were 
observed for the other co-polymers. In all cases, the small molecule 
fractions increase with sonication time and base treatment time (Sup-
plementary Figs. 51–76).

All SEC chromatograms of HCBI-containing co-polymers that were 
sonicated and subsequently exposed to hydrolytic conditions show 
that some polymeric fragments (Mn ≈ 10 kg mol−1) persist (Fig. 5c and 
Supplementary Figs. 52–76), arguably because the mechanophores 
placed away from the centre of the polymer chains do not experience 
a sufficiently high mechanical force to allow the cyclobutane rings to 
open52,53. We, thus, subjected dry PS49-co-PHCBI51 to cryogenic grinding, 
as this process has been shown to exert considerable mechanical forces 
to all positions along the macromolecules54. The SEC chromatograms 
recorded after 60 min of cryo-milling (Fig. 5e) reveal a considerable 
reduction of Mn from 69 to 5 kg mol−1, on account of mechanically 
induced chain scission. Upon hydrolysis of this sample with NaOH, the 
Mn decreases further. The SEC chromatograms reveal signals associ-
ated with low-molecular-weight products with a broad distribution 
and a nominal Mn of below 1,000 g mol−1 (Fig. 5e). In the case of the 
neat PS control polymer, some random chain scission was observed 
after cryo-milling, but upon hydrolysis of this sample with NaOH, 
no further reduction in Mn was observed (Supplementary Fig. 85). 
Chromatographic separations of the products that resulted from 
the cryo-milling-hydrolysis and sonication-hydrolysis sequences of 
PS50-co-PHCBI50 revealed mostly oligomers and low-molecular-weight 
products (95%, Mn < 1 kg mol−1) for the former and polymeric fragments 
(34%, Mn = 10 kg mol−1) and degraded low-molecular-weight products 
(58%, Mn < 1 kg mol−1) for the latter sequence (Supplementary Figs. 100 
and 101). Thus, cryo-milling followed by base treatment converts 
the co-polymer into much smaller fragments than ultrasonication,  
hydrolysis or cryogenic milling alone.

To compare the efficiency of the different methods to apply 
mechanical force, PS60-co-PHCBI40 was mechanically activated by ultra-
sonication, cryo-milling and ball milling, the latter method being widely 
considered a viable process in the context of polymer recycling37–39. 
The SEC traces recorded after subsequent hydrolysis in 1.0 M NaOH 
(aq.) show a bimodal distribution with Mn values of 15 kg mol−1 and 
3 kg mol−1 for the ultrasonicated sample and monomodal distributions 
for the ball-milled (Mn = 8 kg mol−1) and the cryo-milled (Mn = 2 kg mol−1) 
samples (Supplementary Figs. 93–95). These results demonstrate that 
PS-co-PHCBI can be activated by different mechanical methods. The 
control experiments with the neat PS show that ball milling also caused 
some random chain scission, but again, subsequent hydrolysis caused 
no further Mn reduction (Supplementary Fig. 96).

To simplify the degradation process and make it more practical, 
dry powder of the co-polymer PS50-co-PHCBI50 was ball-milled together 
with solid NaOH in the absence of any solvent55. After 60 min, the SEC 
showed almost complete degradation of the co-polymer while in the 
case of ball milling a neat PS control under these conditions, only some 
random chain scission was observed (Supplementary Figs. 97 and 98).

To confirm the proposed degradation mechanism as well as 
the chemical identity of the low-molecular-weight degradation  
products, mixtures produced by treating PS50-co-PHCBI50 with 

ultrasound (4 mg ml−1 in THF for 240 min) or cryo-milling (60 min), 
followed by base hydrolysis (1.0 M NaOH (aq.)) were analysed by 
mass spectrometry (Fig. 5f and Supplementary Figs. 103 and 104) and 
ultraperformance liquid chromatography coupled to a hybrid quad-
rupole, orthogonal time-of-flight high-resolution mass spectrometer 
(Supplementary Figs. 105–109 and Supplementary Tables 2 and 3). 
Several small molecules could be identified using the accurate mass 
information, which correspond to degradation products expected 
from the sequence of cyclobutene ring opening and imide hydrolysis 
(Supplementary Fig. 102)56.

On-demand degradation is particularly important for 
cross-linked polymers, which are insoluble and constitute a par-
ticularly poorly degradable class of polymers57,58. To test if the 
approach presented here can be used to accelerate the degradation 
of such networks, a cross-linked PS-co-PMCBI was synthesized by 
co-polymerizing styrene, the monofunctional CBI derivative ethyl 
3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-ene-6-carboxylate 
(MCBI, fMCBI = 0.15) and the difunctional CBI-containing cross-linker 
diethyl 3,3’-(hexane-1,6-diyl)bis(2,4-dioxo-3-azabicyclo[3.2.0]
hept-6-ene-6-carboxylate) (DCBI, fDCBI = 0.05) (Fig. 1d). To increase 
the monomer diversity, MCBI was used for these materials. The poly-
mer network thus made features degradable CBI residues in the 
chain segments and in the cross-links. Gratifyingly, cryo-milling 
(60 min) and hydrolysis (overnight, 1.0 M NaOH (aq.)) transformed 
the initially insoluble cross-linked (PS-co-PMCBI)-l-PDCBI into soluble 
low-molecular-weight products, which cannot be achieved by treat-
ment of commercially available cross-linked PS as control under the 
same conditions (Supplementary Figs. 90–92).

Finally, we explored if cyclobut-1-ene-1-carboxylate motifs with-
out the imide ring can be co-polymerized in a similar manner and if 
polymers containing such motifs can be mechanically cleaved without 
the need for subsequent hydrolysis. Thus, we synthesized ethyl-3
,4-dipropylcyclobut-1-ene-1-carboxylate (CBO, Fig. 1e)59 and success-
fully co-polymerized this monomer with styrene (PS65-co-PCBO35, 
fCBO = 0.25, Mn = 26 kg mol−1 and Đ = 2.2). After cryo-milling the result-
ing polymer, the fragments with an Mn = 3.5 kg mol−1 were observed 
in the SEC traces (Supplementary Fig. 89). The Mn of these species 
is comparable with that of the degradation products obtained after 
cryo-milling and hydrolysis of PS60-co-PHCBI40 (Supplementary Fig. 94), 
which suggests that the mechanically induced ring opening in CBO and 
HCBI residues is similar.

Conclusions
In summary, we report new monomers that can be (co)polymerized 
by radical polymerizations and allow the incorporation of mecha-
noresponsive cyclobutene residues into the resulting polymers. The 
cyclobutene motif can be fused to a second ring, such as the imide that 
was employed in the present work. The force-activated ring-opening 
reaction of the residues of such bicyclic monomers causes a rearrange-
ment that places the imide groups into the polymer backbone. Since 
the imide can be cleaved by hydrolysis under basic conditions, poly-
mers containing the specific motifs studied here can be degraded on 
demand, that is, under conditions that combine mechanical forces and 
basic pH. This degradation pathway is absent in conventional poly-
mers that feature backbones that exclusively contain C–C bonds. Thus, 
CBI-containing materials could become important for the mechano-
chemical recycling of polymers. Moreover, they should degrade faster 
than conventional polymers in environmental conditions that combine 
mechanical forces and basic pH, such as sea water, leading to polymer 
fragments, oligomers and small molecules that should be more prone to 
biodegradation. Finally, the specific chemical structure of the cyclobu-
tene monomers, including the nature of the activating group and the 
latent labile group in the second ring, can be readily varied to prepare 
monomers that allow introducing mechanically responsive residues 
that can be transformed into degradable groups upon activation and 
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rearrangement, or that cleave directly upon mechanoactivation. Thus, 
we envision that the properties of co-polymers that can be accessed 
through the presented approach can be further tailored for applications 
as degradable plastics, on-demand polymer cleavage or debonding on 
demand in polymer adhesives.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41557-024-01508-x.

References
1. Nesvadba, P. in Encyclopedia of Radicals in Chemistry, Biology 

and Materials (eds Chatgilialoglu, C. & Studer, A.) https://doi.
org/10.1002/9781119953678.rad080 (Wiley, 2012).

2. Delplace, V. & Nicolas, J. Degradable vinyl polymers for 
biomedical applications. Nat. Chem. 7, 771–784 (2015).

3. Rorrer, J. E., Troyano-Valls, C., Beckham, G. T. & Roman-Leshkov, Y.  
Hydrogenolysis of polypropylene and mixed polyolefin plastic 
waste over Ru to produce liquid alkanes. ACS Sustain. Chem. Eng. 
9, 11661–11666 (2021).

4. Jambeck, J. R. et al. Plastic waste inputs from land into the ocean. 
Science 347, 768–771 (2015).

5. Chamas, A. et al. Degradation rates of plastics in the environment. 
ACS Sustain. Chem. Eng. 8, 3494–3511 (2020).

6. Zhong, Y., Godwin, P., Jin, Y. & Xiao, H. Biodegradable polymers 
and green-based antimicrobial packaging materials: a 
mini-review. Adv. Ind. Eng. Polymer. Res. 3, 27–35 (2020).

7. Kaul, R. H., Nilsson, L. J., Zhang, B., Rehnberg, N. & Lundmark, 
S. Designing biobased recyclable polymers for plastics. Trends 
Biotechnol. 38, 50–67 (2020).

8. Anju, S., Prajitha, N., Sukanya, V. S. & Mohanan, P. V. Complicity 
of degradable polymers in health-care applications. Mater. Today 
Chem. 16, 100236–100255 (2020).

9. Kamaly, N., Yameen, B., Wu, J. & Farokhzad, O. C. Degradable 
controlled-release polymers and polymeric nanoparticles: mechanisms 
of controlling drug release. Chem. Rev. 116, 2602–2663 (2016).

10. Mulcahy, K. R., Kilpatrick, A. F. R., Harper, G. D. J., Walton, A. & 
Abbott, A. P. Debondable adhesives and their use in recycling. 
Green Chem. 24, 36–61 (2022).

11. Cao, Y. & Uhrich, K. E. Biodegradable and biocompatible 
polymers for electronic applications: a review. J. Bioact. Compat. 
Polym. 34, 3–15 (2019).

12. Sun, X. S., Shabat, D., Philips, S. T. & Anslyn, E. V. Self-propagating 
amplification reactions for molecular detection and signal 
amplification: advantages, pitfalls, and challenges. J. Phys. Org. 
Chem. 31, e3827 (2018).

13. Kenry & Liu, B. Recent advances in biodegradable conducting 
polymers and their biomedical applications. Biomacromolecules 
19, 1783–1803 (2018).

14. Kaitz, J. A., Lee, O. P. & Moore, J. S. Depolymerizable polymers: 
preparation, applications, and future outlook. MRS Commun. 5, 
191–204 (2015).

15. Huang, Z. et al. Chemical recycling of polystyrene to valuable 
chemicals via selective acid-catalyzed aerobic oxidation under 
visible light. J. Am. Chem. Soc. 144, 6532–6542 (2022).

16. Oh, S. & Stache, E. E. Chemical upcycling of commercial 
polystyrene via catalyst-controlled photooxidation. J. Am. Chem. 
Soc. 144, 5745–5749 (2022).

17. Wang, H. S., Truong, N. P., Pei, Z., Coote, M. L. & Anastasaki, A. 
Reversing RAFT polymerization: near-quantitative monomer 
generation via a catalyst-free depolymerization approach. J. Am. 
Chem. Soc. 144, 4678–4684 (2022).

18. Prajapati, R., Kohli, K., Maity, S. K. & Sharma, B. K. Potential 
chemicals from plastic wastes. Molecules 26, 3175 (2021).

19. Coates, G. W. & Getzler, Y. D. Y. L. Chemical recycling to monomer 
for an ideal, circular polymer economy. Nat. Rev. Mater. 5, 501–516 
(2020).

20. Abel, B. A., Snyder, R. L. & Coates, G. W. Chemically recyclable 
thermoplastics from reversible-deactivation polymerization of 
cyclic acetals. Science 373, 783–789 (2021).

21. Gewert, B., Plassmann, M. M. & Macleod, M. Pathways for 
degradation of plastic polymers floating in the marine 
environment. Environ. Sci. Process. Impacts 17, 1513–1521 (2015).

22. Sullivan, K. P. et al. Mixed plastics waste valorization through 
tandem chemical oxidation and biological funneling. Science 
378, 207–211 (2022).

23. Kimura, T., Kuroda, K., Kubota, H. & Ouchi, M. Metal-catalyzed 
switching degradation of vinyl polymers via introduction of an 
‘in-chain’ carbon–halogen bond as the trigger. ACS Macro Lett. 10, 
1535–1539 (2021).

24. Feist, J. D., Lee, D. C. & Xia, Y. A versatile approach for the 
synthesis of degradable polymers via controlled ring-opening 
metathesis copolymerization. Nat. Chem. 14, 53–58 (2021).

25. Baur, M., Lin, F., Morgen, T. O., Odenwald, L. & Mecking, S. 
Polyethylene materials with in-chain ketones from nonlternating 
catalytic copolymerization. Science 374, 604–607 (2021).

26. Pesenti, T. & Nicolas, J. 100th anniversary of macromolecular 
science viewpoint: degradable polymers from radical 
ring-opening polymerization: latest advances, new directions, 
and ongoing challenges. ACS Macro Lett. 9, 1812–1835 (2020).

27. Tardy, A., Nicolas, J., Gigmes, D., Lefay, C. & Guillaneuf, Y. Radical 
ring-opening polymerization: scope, limitations, and application 
to (bio)degradable materials. Chem. Rev. 117, 1319–1406 (2017).

28. Kiel, G. et al. Cleavable comonomers for chemically recyclable 
polystyrene: a general approach to vinyl polymer circularity.  
J. Am. Chem. Soc. 144, 12979–12988 (2022).

29. Lin, Y., Kouznetsova, T. B. & Craig, S. L. Mechanically gated 
degradable polymers. J. Am. Chem. Soc. 142, 2105–2109 (2020).

30. Lin, Y., Kouznetsova, T. B., Chang, C. C. & Craig, S. L. Enhanced 
polymer mechanical degradation through mechanochemically 
unveiled lactonization. Nat. Commun. 11, 4987–4996 (2020).

31. Bowser, B. H. et al. Single-event spectroscopy and unravelling 
kinetics of covalent domains based on cyclobutane 
mechanophores. J. Am. Chem. Soc. 143, 5269–5276 (2020).

32. Hsu, T. G. et al. A polymer with ‘locked’ degradability: superior 
backbone stability and accessible degradability enabled by 
mechanophore installation. J. Am. Chem. Soc. 142, 2100–2104 (2020).

33. Yang, J. & Xia, Y. Mechanochemical generation of acid-degradable 
poly(enol ether)s. Chem. Sci. 12, 4389–4394 (2021).

34. Hall, H. K. & Padias, A. B. Bicyclobutanes and cyclobutenes: 
unusual carbocylic monomers. J. Polym. Sci. A 41, 625–635 
(2003).

35. Ihara, E. et al. Radical copolymerization of alkyl 
cyclobutenecarboxylates fused with cycloaliphatic framework 
with alkyl (meth)acrylates. J. Polym. Sci. A 51, 2716–2724 (2013).

36. Bowser, B. H., Ho, C. H. & Craig, S. L. High mechanophore 
content, stress-relieving copolymers synthesized via RAFT 
polymerization. Macromolecules 52, 9032–9038 (2019).

37. Park, J. et al. Extremely rapid self-healable and recyclable 
supramolecular materials through planetary ball milling and 
host-guest interactions. Adv. Mater. 32, 2002008 (2020).

38. Zhou, J., Hsu, T. & Wang, J. Mechanochemical degradation 
and recycling of synthetic polymers. Angew. Chem. Int. Ed. 62, 
e202300768 (2023).

39. Sievers, C., Tricker, A., Nair, S., Jones, C. & Boukouvala, F. 
Mechanocatalytic depolymerization of plastics. Patent, 
WO2021168402A1 (2021).

http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-024-01508-x
https://doi.org/10.1002/9781119953678.rad080
https://doi.org/10.1002/9781119953678.rad080


Nature Chemistry | Volume 16 | July 2024 | 1184–1192 1192

Article https://doi.org/10.1038/s41557-024-01508-x

40. Wang, G., Huang, D., Ji, J., Volker, C. & Wurm, F. R. 
Seawater-degradable polymers-fighting the marine plastic 
pollution. Adv. Sci. 8, 2001121 (2021).

41. Maul, J. et al. in Ullmann’s Encyclopedia of Industrial Chemistry 
(ed. Ley, C.) https://doi.org/10.1002/14356007.a21_615.pub2 
(Wiley, 2007).

42. Fineman, M. & Ross, S. D. Linear method for determining 
monomer reactivity ratios in copolymerization. J. Polym. Sci. 5, 
259–262 (1950).

43. Kelen, T. & Tudos, F. Analysis of the linear methods for 
determining copolymerization reactivity ratios. I. A new improved 
linear graphic method. J. Macromol. Sci. Chem. 9, 1–27 (1975).

44. Scholten, P. B. V. et al. Merging CO2-based building blocks with 
cobalt-mediated radical polymerization for the synthesis of functional 
poly(vinyl alcohol)s. Macromolecules 51, 3379–3393 (2018).

45. Drean, M. et al. Controlled synthesis of poly(vinylamine)-based 
copolymers by organometallic-mediated radical polymerization. 
Macromolecules 49, 4817–4827 (2016).

46. Truong, N. P., Jones, G. R., Bradford, K. G. E., Konkolewicz, D. & 
Anastasaki, A. A comparison of RAFT and ATRP methods for 
controlled radical polymerization. Nat. Rev. Chem. 5, 859–869 (2021).

47. Grubbs, R. B. & Grubbs, R. H. 50th anniversary perspective: living 
polymerization-emphasizing the molecule in macromolecules. 
Macromolecules 50, 6979–6997 (2017).

48. Perrier, S. 50th anniversary perspective: RAFT polymerization-a 
user guide. Macromolecules 50, 6979–6997 (2017).

49. Caruso, M. M. et al. Mechanically-induced chemical changes in 
polymeric materials. Chem. Rev. 109, 5755–5798 (2009).

50. Klein, I. M., Husic, C. C., Kovacs, D. P., Choquette, N. J. & Robb, M. 
J. Validation of the Cogef method as a predictive tool for polymer 
mechanochemistry. J. Am. Chem. Soc. 142, 16364–16381 (2020).

51. Zhang, H. et al. Multi-modal mechanophores based on cinnamate 
dimers. Nat. Commun. 8, 1147 (2017).

52. Paulusse, J. M. J. & Sijbesma, R. P. Ultrasound in polymer 
chemistry: revival of an established technique. J. Polym. Sci. A 44, 
5445–5453 (2006).

53. Lenhardt, J. M., Ramirez, A. L. B., Lee, B., Kouznetsova, T. B. & 
Craig, S. L. Mechanistic insights into the sonochemical activation 
of multimechanophore cyclopropanated polybutadiene 
polymers. Macromolecules 48, 6396–6403 (2015).

54. Smith, A. P. et al. High-energy mechanical milling of poly(methyl 
methacrylate), polyisoprene and poly(ethylene-alt-propylene). 
Polymer 41, 6271–6283 (2000).

55. Štrukil, V. Highly efficient solid-state hydrolysis of  
waste polyethylene terephthalate by mechanochemical  
milling and vapor-assisted aging. ChemSusChem 14, 330–338 
(2021).

56. Kean, Z. S., Niu, Z., hewage, G. B., Rheingold, A. L. & Craig, S. 
L. Stress-responsive polymers containing cyclobutane core 
mechanophores: reactivity and mechanistic insights. J. Am. 
Chem. Soc. 135, 13598–13604 (2013).

57. Chen, J., Garcia, E. S. & Zimmerman, S. C. Intramolecularly 
cross-linked polymers: from structure to function with 
applications as artificial antibodies and artificial enzymes. Acc. 
Chem. Res. 53, 1244–1256 (2020).

58. Fortman, D. J. et al. Approaches to sustainable and continually 
recyclable cross-linked polymers. ACS Sustain. Chem. Eng. 6, 
11145–11159 (2018).

59. Wang, Z. et al. Toughening hydrogels through force-triggered 
chemical reactions that lengthen polymer strands. Science 374, 
193–196 (2021).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

http://www.nature.com/naturechemistry
https://doi.org/10.1002/14356007.a21_615.pub2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Chemistry

Article https://doi.org/10.1038/s41557-024-01508-x

Methods
Synthesis of cyclobutene-based monomers
HCBI, MCBI and DCBI were synthesized as following procedure. 
Maleimide, ethyl propiolate and trifluoroacetic acid were dissolved 
in methylene chloride in a flask. After sparging the solution for 30 min 
with N2, the flask was sealed by septum and stirred under ultraviolet 
(UV) irradiation (mercury lamp, 400 W) for 48 h. After completion 
of the reaction (thin-layer chromatography monitoring), the solvent 
was removed under vacuum. The crude residue was purified by silica 
column chromatography to afford the product. CBO was synthesized as 
following procedure. Anhydrous aluminium chloride (1.79 g, 13.4 mmol 
and 0.5 equiv.) was charged to a 100 ml flame-dried round bottom 
flask under N2, followed by 20 ml anhydrous toluene. Ethyl propiolate 
(3.1 g, 32.1 mmol and 1.2 equiv.) was then added dropwise, followed by 
(Z)-oct-4-ene (3 g, 26.7 mmol and 1.0 equiv.). The reaction was stirred 
for 7 days at room temperature, then poured into an aqueous solution 
of KH2PO4 (0.2 M and 60 ml) with stirring, resulting in the formation of 
a white precipitate. A total of 20 ml of a 10% HCl solution was added to 
dissolve the precipitate. The aqueous layer was extracted with 3 × 20 ml 
portions of diethyl ether. The combined organic layers were washed 
with brine and dried over MgSO4. The solvent was removed under 
reduced pressure. The crude residue was purified by silica column 
chromatography (0–20% ethyl acetate/hexane) to afford the product 
as a colourless liquid.

Linear co-polymer synthesis. HCBI or CBO, comonomer (styrene, 
methyl acrylate, methyl methacrylate or a mixture of styrene and 
1,3-butadiene) and AIBN were added into a Schlenk flask. The mixture 
was degassed by three freeze–pump–thaw degassing cycles before 
taking 0.1 ml solution for 1H NMR measurement to determine the 
monomer feed. After stirring for defined times at 65 °C under Ar, the 
reaction solution was cooled to room temperature and precipitated 
into cold methanol. The precipitate was filtered off and dried under 
vacuum to isolate the co-polymer. Experimental details can be found 
in Supplementary Information.

Polymer degradation by ultrasound, followed by hydrolysis. For a 
typical pulsed ultrasonication experiment, a solution of co-polymer 
(80 mg polymer in 20 ml THF) was placed in a Suslick reaction vessel 
and sparged with N2 for 15 min before sonication. Pulsed ultrasound 
(1 s on, 1 s off at 20% amplitude) was applied with a Branson 450 digital 
sonifier using a 13 mm tip while the solution was kept at 0 °C. At each 
sonication time (0, 30, 60, 120, 180 and 240 min), an aliquot (1.5 ml) 
was taken from the solution and directly subjected to SEC analysis. 
After SEC measurement, 150 μl NaOH aqueous solution (1 M or 0.5 M 
for PMA) was added into the aliquot. After stirring overnight (0.5 h for 
PMA), the NaOH treated solution was further analysed by SEC directly.

Polymer degradation by cryo-milling and ball milling, 
followed by hydrolysis
PS, PS-co-PHCBI, PS-co-PCBO, (PS-co-PMCBI)-l-PDCBI or cross-linked 
PS was placed in a cryo-milling or ball milling machine. After milling, a 
sample (2 mg) was taken and dissolved in 1.5 ml THF, filtered through 
a syringe filter (0.22 μm) and then directly subjected to SEC analysis. 
Another 2 mg sample was taken and dissolved in 1.5 ml THF. Then, 150 μl 
NaOH solution (1 mol l−1) was added into the polymer solution. After 
stirring overnight at room temperature, the NaOH treated solution 
was further analysed by SEC.

Polymer degradation by ball milling of dry polymers with solid 
NaOH
A total of 300 mg PS50-co-PHCBI50 (or PS) and 300 mg of solid NaOH 
were placed in a 10 ml top-screwed stainless steel grinding jar with 

stainless steel grinding balls with a diameter of 2 mm. The polymer was 
ground for 60 min with a 30 Hz frequency. Thereafter, a sample (2 mg) 
was taken and dissolved in 1.5 ml THF, filtered through a syringe filter 
(0.22 μm) and then directly subjected to SEC analysis.

Data availability
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available in the Figshare repository at https://doi.org/10.6084/
m9.figshare.21646715 (ref. 60).
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